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Abstract 

A dynamic modelling methodology has been developed for the computer 

simulation of industrial refrigeration systems. A computer program, RefSim, has 

been developed which embodies the new methodology. RefSim contains a total of 

3 3  separate models- 1 1  derived from existing models, six which are substantially 

enhanced and 16 which are new. In general, these models were derived from 

thermal considerations and ignored the effect of hydrodynamic processes in the 

refrigeration circuit. Models can be dynamically linked together as specified by the 

input data in order to simulate a complete plant. The program includes a set of 

simulation utilities which reduce the amount of work required to develop models. 

The object-oriented features of inheritance, encapsulation and polymorphism are used 

extensively. 

Substantial model development was carried out to achieve accurate predictions 

of the heat release profile during chilling and freezing of food product as product 

cooling makes the greatest contribution to both mean and peak heat loads in many 

industrial refrigeration plants. The new ordinary differential equation (ODE) model 

was tested against finite difference (FD) calculations for a range of product shapes 

and Biot numbers. The ODE model predicted to within ±10% of the FD calculation 

during almost all of the cooling process under the test conditions. The ODE model 

required several orders of magnitude less computation than FD while being capable 

of extension to shapes that could not be handled by FD. 
To test the new ODE model against experimental data, a differential air 

temperature method to measure the cooling food product heat load profile was 

developed. Both the FD and ODE methods predicted the heat load profile of 

freezing meat canons to within the experimental margin for error (±10%). The ODE 

model also predicted the heat load profile of freezing lamb carcasses to a similar 

level of accuracy. 

Three refrigeration plants (a laboratory water chiller, a 18500 lamb per day 

meat processing plant, and a 6000 lamb/1 000 beef per day meat processing plant) 
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were surveyed to obtain data for testing the whole simulation environment RefSim 

was found to predict the measured data satisfactorily in most c ases. The results were 

superior to those from a commercial refrigeration simulation environment and 

comparable to an enhanced version of that environment which included the new ODE 

product heat load model. Differences between the measured values and those 

predicted by Refsim were probably more attributabl
.
e to uncertainties in the 

simulation input data than to model deficiencies. RefSim was found to be a flexible 

environment which was general enough to simulate both simple and complex 

refrigeration systems. Unusual components could be simulated by combining 

existing models rather than implementing custom models. 

Nevertheless, the simulation results have indicated a number of areas for 

further model improvement The effects of air mixing and the thermal buffering of 

structural m aterials were shown to be modelled poorly for some refrigerated rooms. 

There is some scope for improving the chilling stage of the ODE product heat load 

model. 
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Chapter 1 :  Introduction 

Refri geration plants in the New Zealand meat indus try are characterised by 

their large s ize ( 1  - 6 MW), complexity, and hi ghly varia ble heat load 

(Fleming, 1 976). The capit al and operating costs of the refrigeration system form a 

s ign ificant fract ion of total p lant costs, so the
. 
industry is concerned to contain and 

reduce these costs. S ince the 1960s, the refrigeration group at the Meat Industry 

Research Institute of New Zealand (MIRINZ ) has worked to improve refri gerat ion 

system and appl icat ion desi gn, operation and control. 

1 

The work descr ibed here in deve loped from two related streams of research. 

The Engine Room Control project of the MIRINZ refrigeration group had the goal of 

deve lop in g  superior strategies for the control of refrigeration systems. Testing such 

strate gies on a rea l plant would have requ ired a great deal of expenditure on 

sophisticated automatic control systems and a degree of risk to product quality should 

any error be made in setting the control system parameters. Unti l a programme of 

testing was complete , this expenditure and risk would have been incurred without any 

guarantee that the ne w control system would perform any better th an the old. 

At this point, the MIR INZ Engine Room Control project became interested in 

the use of computer simulations of refriger ation systems for gaining a qu ant itat ive 

evaluation of control str ategy performance. Of the limited ran ge of refri geration 

simulation environments availa ble, the Refrigeration Analysis, Desi gn and Simul ation 

computer progr ams developed by Clel and (1985b) appeared to be most appropri ate 

for the MIRINZ work, and so the RADS environment was eva lu ated for possible use 

as a test-bed for adv anced control strategies . While R AD S  was considered gener ally 

sat isfactory for the purpose of simu lat ing refrigerat ion systems of the scale found in 

the meat industry, it was found to be too inflexible for extension to advanced control 

strategy test ing. In addit ion, it was considered that some of the component models 

w ithin R ADS would require upgrading, and this was a lso found to be difficult to do 

whi le remaining  w ithin the existing program structure. 

A Dynamic Modelling Methodology for the Simulation of Industrial Refrigeration Systems 



CHAPTER I: INTRODUCTION 2 

The refrigeration group at Massey University has been prominent in the 

development of general refrigeration system models with particular emphasis upon 

food product freezing time prediction. The importance of meat industry refrigeration 

in  New Zealand led Massey University to carry out co-operative work with MIRINZ 

and several meat processing plants, for example, the work described by Loeffen et al 
. 

( 1 9 8 1 )  and Cleland ( 1 983) from which the projects reported by Loeffen and 

Carrie ( 1 986) and Cleland ( 1985a) were partially derived. 

At about the time that the MIRINZ group found a need for a flexible 

refrigeration system simulation environment, the Massey University group perceived 

a need for similar development and it was discovered that a commonality of 

objectives existed between the two. The present project was therefore an attempt to 

develop a dynamic simulation environment with a level of flexibility sufficient to 

allow its use as a control system test-bed, and to improve the component models 

which most required enhancement so that the simulation more accurately represented 

the dynamics of the simulated system. 
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Chapter 2: Literature Review 

The literature relevant to the present work may be divided into four principle 

areas: refrigeration system and application component models, refrigeration system 

simulation, and simulation methodologies applied in related fields. The first three 

areas are covered in detail in this review. Th
.
e founh is very broad and only the 

most imponant and relevant literature is discussed. 

3 

Dynamic modelling and simulation are comparatively recent approaches to the 

study and operation of refrigeration systems. While individual components have 

been modelled for some time, the complexity of a plant consisting of many 

components was beyond the resources of researchers until the early 1 970s. Since 

then, the increasing availability of digital computers has allowed researchers to 

develop dynamic mathematical models which are sophisticated enough to simulate 

any refrigeration system. James et a! ( 1986c) , and Cleland ( 1 990, Chapter 1 0) have 

conducted comprehensive surveys of the field. 

2.1 Refrigeration System Components 

2.1.1 Models 

Component models are the models of individual system elements which m::ty 

be linked together to simulate a complete refrigeration system. Refrigeration system 

components are the hardware which implements a refrigerating heat engine cycle. 

For a vapour compression refrigeration system, these components would include 

compressors, condensers, expansion valves, evaporators, refrigerant vessels and 

pipelines. Control systems may also be considered as refrigeration system 

components. 

This survey of component models emphasises those which have been 

developed for or used in dynamic refrigeration system simulations. Certain other 
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CHAPTER 2: LITERATURE REVIEW 

models have been included where they provided a basis for the later development of 

simulation models. 

The majority of models discussed below are of the lumped parameter type. 

4 

Lumped parameter models are formulated by dividing the modelled component into a 

number of zones, each of which is characterised by a set of dynamic variables. A 

differential equation for each dynamic variable can be derived from a conserved 

quantity balance. Algebraic equations are derived to calculate other variable values 

from the dynamic variables and system inpuLdata. The conserved quantities which 

are most often considered in refrigeration system component models are mass and 

energy, so a maximum of two differential equations is usually required to 

characterise each zone. In the case of what Cleland (1985a) called "thermal" models, 

it is assumed that there is little variation in the way in which mass is distributed 

within or between models, and so only one differential equation (derived from an 

energy balance) is required for each zone. 

Steady state models of refrigeration system components have been used for 

design purposes since refrigeration systems were first constructed but dynamic 

models have only been used within the last 50 years. According to James et al 

(1986c), in their survey of dynamic mathematical models of refrigeration systems and 

heat pumps, the first attempts at dynamic modelling in the field were hydraulic 

analogues (Hrones, 1942), electronic analogues (Hasegawa et a!, 1965, Finlay and 

·Smith, 1967) and simplified mathematical models capable of solution by Laplace 

transformation .  These models were specific to individual components. 

Improvements in digital computer technology allowed attempts at more 

detailed component models. The vegetable freezing plant simulation of Marshall and 

James (1975) contained a number of significant new models. All of the refrigeration 

system component models considered both mass and energy flows. Evaporators were 

modelled using three zones for the metal (each with a differential equation for 

temperature) and three zones for the refrigerant (each with energy and mass ODEs). 

A liquid separator was modelled as two zones, each with energy and mass ODEs. 
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CHAPTER 2: LITERATURE REVIEW 

The compressor suction l ine was modelled us in g  O D Es to describe refri gerant mass 

and energy and w ith a mass flow-dependent pressure drop. 

5 

Compressors were modelled using an algebraic equation derived from 

thermodynamic theory together with an empirical correlation which related 

volumetric efficiency to compression ratio . A combined intercooler and l iqu id sub­

cooler was modelled in four zones (l iquid, vapour bubble, sub-cool ing coil and 

vapour space), each with mass and energy ODEs. The evaporat ive condenser was 

modelled in four zones (refrigerant vapour space, boundary layer, refrigerant l iqu id 

space, and tu bes). Refr igerant sta te equations were evaluated us ing  correla tions fit ted 

to thermodynamic table da ta .  Model predictions were compared with da ta measured 

from the real plant and were found to be of sufficient quality to permit the evalua tion 

of alternat ive capacity control strategies . 

Blankespoor et a! (1976) developed an in teractive compressor s imula tion for 

use in des ign optimizat ion. This ut il ised a hybrid d igital/analogue electronic 

computer in order to take advanta ge of analogue compu ta tion in the solu tion of the 

d ifferen tial equations. The reciprocating compressor was divided into three zones 

with ordinary differen tial equat ions to describe refr igerant pressure, refri geran t mass, 

refri gerant mass flow ra te and compressor valve mot ion. The model was val ida ted 

w ith some success, but it was specific to a p art icular varie ty of rec iproca ting  

compressor which made general applica tion of  its results dif ficul t. 

The direct expansion R22 hea t pump simula tion of Chi and D iction (1982) 

con ta ined componen t models for an hermetic compressor and mo tor, condenser, 

expansion valve, evapora tor, fan and accumula tor. Several lumped parametric 

ordinary different ial equat ions were used to descri be each model, each derived 

d irectly from energy balance and thermodynamic considerat ions. Testing showed 

good correspondence between the s imulat ion and measured resul ts . Model 

parameters were measured directly from the simulated plant . 

Higuchi and Hayando (1982) developed a dynamic model of a thermostat ic 

expansion valve w ith the objective of establishing a test in g  method for a TEV in 

dynamic flow condit ions. Having  developed the means to measure the response of 
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the TEY, they derived a transfer function for the valve and generated Bode diagrams 

to show the effect of changing the parameters of the transfer function. A first-order 

lag was found to be an insufficient model for a TEY, and it was shown that 

additional factors for bulb temperature and pressure, and for heat transfer to the 

sensor bulb were necessary. With these details included, calculated frequency 

responses for the tested expansion· valve demonstrated good agreement with the 

measured response. 

The first simulation of a large New Zealand meat processing plant 

refrigeration system was presented by Cleland ( 1 983). Many of the component 

models followed those of Marshall and James ( 1 975), but they were simplified by 

. assuming that the refrigerant mass distribution through the plant remained constant 

during the simulation. This removed the need to evaluate equations representing 

refrigerant mass balances and made it practical to implement such a large simulation. 

The refrigeration plant used the pump-circulation method, so the models could be 

simplified without substantial loss of accuracy by assuming that refrigerant streams 

were saturated (with the exception of compressor outlets), and by describing 

evaporators and pipelines with algebraic rather than differential equations. 

6 

Refrigerant vessels and condensers were described using a single refrigerant 

zone each rather than the two or more used by Marshall and James ( 1 975). Model 

testing was described by Cleland ( 1 985a), and performance was found to be adequate 

for time scales of several hours and longer, while short term transients were 

predicted less well. 

Yasuda et a/ ( 1 983) developed a dynamic simulation of a laboratory-scale 

R1 2 refrigeration system consisting of a single cylinder reciprocating compressor, a 

shell and tube condenser, a thermostatic expansion valve, and a dry evaporator. The 

compressor model followed that of Blankespoor et a/ ( 1 976), with highly detailed 

descriptions of each portion of the compressor and a combination of ordinary 

differential and algebraic equations which described both the energy and mass 

balances in all zones. The simulation was tested using step changes in the 

evaporator outlet static superheat to generate dynamic responses in both the 
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s imulation and the real plant . Comparisons between simulated and measured results 

showed good a greement. 

Bonte and Veldhoven ( 1983) presented a series of  input/output transfer 

funct ion models for a thermostatic expansion valve , an evaporator and a compressor . 

Validation was c arr ied out for the TEV and evaporator, showin g  an adequate 

s imulation of  the refrigerant and p ipe temperature, but less accurate predict ion of the 

air temperature passin g  off the evaporator . The s imulation was tested in an open 

loop manner (i.e . w ithout a product or environment model) and 
·
so no interaction 

was possible with the environment. 

The simulat ion system of Glockner and F indeisen (1 984) was used by 

Gunther et a! ( 1 984) in a very detailed invest igation of  the transient behaviour of  an 

hermetic compressor during start-up. The model was compared with a real 

compressor and good agreement was o btained for the d ischarge temperature and 

power input during the first 20 m inutes of operation. This contrasted with other 

models which had done well over longer t ime spans but failed to produce good 

transient results . 

.MacAnhur ( 1 984) presented a wholly theoret ical model of  t ransient heat 

pump behaviour. This model s imulated refrigerant mass flows within the system as 

well as energy flows. The compressor model used a polytrop ic compress ion model 

with ODEs for refrigerant enthalpy , cyl inder and shell temperatures . A fLxed 

expansion orifice was modelled us ing a convent ional orifice equat ion. An 

accumul ator was modelled in t wo zones (l iquid and vapour), with mass and energy 

O DEs for each . The condenser and evaporator models were also split into l iqu id­

f illed and vapour-f illed zones. The model was not validated aga inst a real heat 

pump , although val idation was planned at the t ime of the init ial paper. The model 

was run in an open-loop manner only, with fixed application condit ions . 

Beckey ( 1 986) described a dynamic s imulation o f  a heat pump which 

7 

included considerat ion of  refr igerant flow around the system. The evaporator, 

compressor , condenser , expansion valve and accumulator were all modelled in det ail 
. 

comparable to that of  .MacAnhur ( 1 984). The s imulat ion was verified aga inst 
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measurements of the real plant with good results during the first twelve minutes after 

start-up. 

James and James ( 1 986a) developed a simulation for the dynamic analysis of 

a heat pump. This included a six-zone model of an hermetic compressor and its 

cooling system, a twelve-zone condenser model (three zones for each of refrigerant 

vapour, boundary layer, tube metal and cooling water), a six-zone liquid receiver 

(vapour, liquid, metal shell and boundary layer in contact with vapour, and metal 

shell and boundary layer in contact with liquid), and a two-zone (refrigerant, tube 

metal) evaporator model. All of the refrigeration component model zones had ODEs 

derived from energy balance considerations, while those zones which contained 

refrigerant also included ODEs to describe the refrigerant mass balance. A total of 

26 ODEs and 95  algebraic equations were used in the whole simulation. The 

responses of the model were assessed by James and James ( 1986a) as comparing 

well with the expected behaviour. 

A group of models for simulating severe transients in compression 

refrigeration systems was described by Rajendran and Pate (1 986). The models used 

were similar to those of MacAnhur ( 1984) and Murphy and Goldschmidt ( 1 984), but 

additionally included a pressure-volume energy term in the refrigerant energy balance 

equations. An unusually detailed thermostatic expansion valve model was included 

which was capable of dealing with liquid, vapour or mixed phase refrigerant flow. 

No testing was carried out against measured data. 

Vidmar and Gaspersic ( 1 987) modelled a natural draft condenser of the type 

found on domestic refrigerators using a set of partial differential equations (PDEs) 

with zones at each node for refrigerant, tube metal and air. The PDEs were solved 

numerically to obtain a plot of refrigerant temperature as a function of time and tube 

length. Favourable comparisons were drawn with previous verified models. The 

simulation was entirely independent of any real plant, requiring no experimental 

values to be input prior to a simulation. Heat transfer coefficients and pressure drops 

were calculated using built-in correlations. The model was used to study start-up and 
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shut-down transients as well as the effects of design changes on  the operation of the 

condenser. 

Xiao and Yu ( 1 987) developed a mathematical model of a screw compressor 

with an economizer. Previous detailed compressor models had predominantly dealt 

with reciprocating  compressors, so this model provided an interesting variation. The 

model was thermodynamic in nature and comparisons with experimental 

measurements revealed deviations of less than 1 0% from the empirical variation of 

performanee with operating temperature. No dynamic results were presented.. 

James ( 1 988) developed a number of component models for use with a 

flexible modelling environment (FME). All of James' models included ODEs 

9 

derived fro m  both energy and mass balances. A water-cooled condenser was 

modelled in two zones (refrigerant vapour and water) with refrigerant liquid modelled 

by algebraic equations as a part of the refrigerant-water boundary. The heat transfer 

coefficient was not measured but was predicted from heat transfer theory. A liquid 

refrigerant separator was modelled in two zones (vapour and liquid) with checks to 

ensure that the separator did not became full of l iquid, or empty (at which point the 

equations used would have broken down). 

Two flooded evaporators were modelled, each in two zones (refrigerant and 

metal). Energy and mass balance ODEs were given for the refrigerant zones, and 

energy balance ODEs were given for the metal zones. The pressure drop in each 

evaporator was estimated using a factor proponional to the square of mass flow and 

another factor proportional to the change in head. Evaporator metal temperature was 

measured over time for use as input to the evaporator model during testing, making 

application models unnecessary. A float valve was modelled with algebraic 

equations for vapour and liquid flow with valve setting provided by measured input 

data. 

The FME also included a rotary compressor model which used a pseudo­

thermodynamic algebraic equation with fitted constants based upo n  experimental 

data. Volumetric efficiency was fitted to a linear function of operating speed, but i t  

was assumed not to vary with pressure ratio. The suction line model had one zone 
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with ODEs for energy and mass balances and a similar pressure drop calculation as 

had been used for the evaporator model, though it was assumed that there was no 

change in head along the suction line. The oil separator and the compressor 

discharge line were modelled together as one zone with energy and mass balances, 

but no pressure drop calculation. 

A number of other components were modelled by James ( 1 988), but the 

models were not validated, and were only used for testing the FME simulation 

env ironment. The models described above were compared with a previously 

validated set of models. The FME models were found to produce very similar 

results to the pre-FME models, the plant dynamics being predicted with an error of 

approximately 1 5%. 

Wong and James ( 1 988) applied the methods of Cleland ( 1 983) to the 

simulation of a l iquid chill ing plant By considering only thermal variation within 

the plant and by having a constant heat load provided by flowing water, the plant 

1 0  

was simulated using only two ODEs: one for condensing and one for evaporating 

temperature. Wong and James noted that this simplification increased solution speed 

by a factor of about 1 00 while reducing the number of equations by % compared with 

a full hydrodynamic model. They reported that predictions made by the simplified 

model compared well with both measured data and an earl ier more detailed model. 

Wang and Touber ( 1 99 1 )  modelled a dry expansion air cooler using a very 

sophisticated model which included consideration of momentum, mass and heat 

transfer in the two-phase flow region. The model was made tractable by decoupling 

the momentum equation from those for heat and mass transfer using similar 

techniques to those used for refrigerated rooms by Wang and Touber ( 1 990). The 

model was validated against an evaporator in a test rig with satisfactory results over 

periods of up to 2500 seconds. Computing requirements were substantial for this 

model as with the room model , with about 1 0  hours of computation required on a 

S un 3/60 workstation per hour of simulated time. For this reason, \Vang and Touber 1 
recommended that a combination of models with different levels of complexity . · · I 
would be better for longer temi simulations. j I 
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2 .12 Refrigerant thermodynamic and transport property correlations 

A substantial step forward in the digital computer modelling of refrigeration 

system components was taken by Chan and Haselden (198 1a,b,c) who published a 

set of thennodynamic property correlations for the refrigerants R1 1 ,  R 12, R 13 ,  

R 1 3B 1 ,  R 14, R22,  R 1 1 3 ,  R1 14, R502 and R717 .  The correlations were derived from 

thennodynamic theory and fitted to the best available experimental data, generally 

predicting within the experimental margin of error. The correlations-were 

conveniently presented as subroutines in the FORTRAN programming language 

(ANSI, 1 978) but several  of the equations used were implicit and required iterative 

solution, thereby making  their direct use impractical for applications where high rates 

of computation are required, such as dynamic simulation. In the present author ' s  

experience, implementation of  the  correlations exactly as presented by Chan and 

Haselden ( 1981  a,b ,c) required high precision calculation to avoid over- and under­

flows in intermedia te calculations, although minor modifications allowed them to be 

implemented with no loss of accuracy. 

Cleland ( 1 986a) developed a set of computer subroutines to calculate 

thennodynamic properties for the refrigerants R 1 2, R22, R 1 14, R502 and R7 17 .  

These FORTRAN (ANSJ,  1978) subroutines implemented polynomial equations fitted 

to the results of Chan and Haselden ( 1981a,b,c) , and were therefore much faster to 

evaluate than the originals while generally agreeing with the results of Chan and 

Haselden to within 0 .25%.  This made the routines much more appropriate for use in  

dynamic simulations than those of Chan and Haselden, though care was required to 

avoid exceeding the range of data to which the polynomials were fitted. 

2 . 1 .3 Summary 

Refrigeration  system component model development has been the subject of 

considerable research, with the result that many of the models discussed in  the 

literature are capable of predicting the thermodynamic behaviour of individual 
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refrigeration system components with an accuracy close to that of experimental data. 

One difficulty in using the more sophisticated models described above was in 

obtaining the large quantities of data required to evaluate their parameters. Having 

done this, it was often hard for model developers to fully validate their models as 

some of the predicted values were difficult to measure. Measurement of refrigerant 

distribution within a refrigeration system, for instance, nas been shown to be a very 

complex problem (Belth and Tree, 1 986). Cleland ( 1 990, p.237) has pointed out that 

there is a need for modellers to have guidelines to indicate what complexity !?vel 

would be appropriate to a given modelling problem. Wang and Touber ( 1 99 1 )  have 

shown that even with modern computing resources, it may be necessary to choose 

models which have reduced levels of complexity in order to make model evaluation 

practical. Despite these considerations, some workers have continued to develop 

very complex models with many parameters, demanding validation requirements and 

long evaluation times. 

2.2 A p plication Components 

The behaviour of a refrigeration plant often depends upon factors external to 

the refrigeration cycle, such as the refrigerated product and its surroundings. These 

items may be grouped as application component models. 

2 .2 .1 Food Product Models 

The purpose of a food product model within a refrigeration system simulation 

is to characterise any behaviour of the product which may affect the behaviour of the 

refrigeration system. The most important effect of food product on the refrigeration 

system is commonly the heat load that it releases as a function of time and ambient 

conditions during a cooling or freezing process. Other important behaviours to be 

predicted in specific applications may include heat of respiration, moisture loss (or 

sometimes moisture gain), extent of freezing at any time during the process, and total 
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freezing time. As  with the discussion of refrigeration system component models 

above, the present survey is limited to those models which have been used in  

dynamic refrigeration system simulations and those which provided a basis for the 

l ater development of simulation models. 

13 

The earliest food product freezing model was that of Plank ( 1913, 194 1),  who 

developed a model for freezing of food product. Plank considered the motion of a 

n otional freezing front passing from the surface to the centre of the product and 

solved the differential equations governing this motion by analytical methods for one, 

two and three-dimensional rectilinear product shapes. The resulting equations 

predicted freezing time if constant external conditions were assumed, but they were 

n o t  able to predict the heat load profile due to the method of integration. 

Marshall and James ( 1975) modelled freezing vegetable pieces by assuming 

an effective specific heat which v aried depending upon the refrigerated space zone in 

which the product rested at any given time. The effec tive specific heat was adjusted 

so that the product temperature reduction through the tunnel corresponded with 

experimental measurements. This provided a partially experimental heat load for the 

simulated refrigeration system. 

Cleland and Earle ( 1982a) developed a model for the heating and cooling of 

solids without phase change which built upon the work of Pflug et a/ ( 1965). Exac t  

series solutions were calculated for each of  the three shapes for which the transient 

heat conduction differential equati on could be solved analytically. These solutions 

were then used as reference shapes to which the chilling times of other shapes could 

be related using the equivalent heat transfer dimensionality shape factor, E. The 

m odel was found to predict expe1imentally measured heating and cooling times with 

an accuracy of ± 12%. 

Wade ( 1984) developed a model for the cooling of horticultural produce 

u nder moderate B iot number conditions. The model was largely based upon the 

work of Cleland and Earle (1982a) and it used a cooling coefficient and a lag factor, 

along  with a simple solid interpretation of the shape of the cooled material to 

produce an estimate of the required heat duty. Application of the model 
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demonstrated that the required refrigeration capacity for a given task could be 

over-estimated if an average cooling rate was assumed. Predicted heat loads were 

not tested, although predicted cooling times were compared favourably with 

previously measured data. 

1 4  

Loeffen e t  a l  ( 1 9 8 1 )  presented two methods for predicting the freezing times 

of slab, cylinder and sphere shapes with time-variable boundary conditions. An 

ordinary differential equation was derived from the work of Plank ( 1 94 1 )  to predict 

the motion of a freezing front from the smface of the freezing body-to its centre. 

Instead of assuming constant boundary conditions so that the equation could be 

integrated analytically, Loeffen et al ( 1 98 1 )  integrated the equation numerically so 

that both heat transfer coefficient and ambient temperature boundary conditions could 

be varied during the process. The model predictions were compared with the results 

of finite difference calculations and were found to predict freezing time with time­

variable boundary conditions to the same level of accuracy as previous analytically­

integrated methods had predicted freezing times with constant boundary conditions. 

Cleland and Earle ( 1982b) developed a model for predicting the freezing time 

of food products under constant ambient conditions which was based upon the work 

of Plank ( 1 94 1  ). The shape factor concept of Cl eland and Earle ( 1 982a) was used to 

allow the freezing product to be of any shape. As with earlier work, the emphasis 

was on chilling and freezing times in constant ambient conditions rather than upon 

heat load prediction. Experimentally measured freezing times were predicted with an 

accuracy of ± 1 0%.  

The time-variable product heat load models used by Cl eland ( 1 983) were 

derived from the chilling and freezing models of Cleland (1 982a,b). The freezing 

model calculated the freezing front motion during the process by numerically 

integrating the governing ODE after the fashion of Loeffen et al ( 198 1 ). The rate at 

which frozen volume changed with frozen depth was determined individually for 

each shape to be frozen by assuming that the freezing front maintained its original 

shape throughout freezing. The rate of volume change with depth was multiplied by 

the rate of freezing front motion to predict the rate at which frozen volume changed 
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with time. This was in turn multiplied by the volumeoic latent heat content of the 

product to e stimate the freezing heat load at any time during the process. 

The chilling model of Cleland ( 1 983) used a numerically-integrated form of 

Newton ' s  law of cooling to predict the temperature of the product and the product 

heat load profile during chilling. Heat load prediction was made more accurate by 

choosing the UA (heat transfer coefficient by surface area) factor so that predicted 

cooling times corresponded with experimental measurements. 

When the work of Cleland ( 1983) was tested (Cleland, 1985a), the freezing 

product model was further enhanced as described by Cleland ( 1986b). The model 

was improved to remove the assumption that the freezing front shape remained 

constant and Cleland ( 1986b) showed that this resulted in significant improvements 

in prediction accuracy by testing against finite difference freezing heat load 

predictions. Use of the new model was also shown to improve the prediction of a 

freezer room air temperature compared with the earlier model .  

2 .22 Food product rhermophysical properties 

1 5  

T o  u se any of the food product models described above, one must have know 

the values of several physical properties for the foods in question. Some of these 

properties are difficult to measure so it may be necessary to rely upon methods for 

predicting them from more accessible data. 

Jowitt ( 1 983) presented a comprehensive survey of food physical properties. 

Of the contributions to that survey, those of Miles er a! ( 1983) and Melior ( 1 983) 

were of most interest to workers modelling food cooling and freezing processes. 

Miles er al ( 1 983) presented a list of published equations for predicting enthalpy, 

specific h eat, ice content, thennal conductivity, thermal diffusivity and density, 

reviewed the accuracy of some of these equations and selected several for use in a 

property estimation computer program. Melior ( 1 983) presented comparisons of 

predicted and measured properties, along with methods for measuring some 

properties. 
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2 .2 3  Non-product Models 

Food product may not be the only application component to significantly 

affect the behaviour of a refrigeration system. Heat flows between the product and 

the refrigeration system are often transferred through some intervening fluid, usually 

air. The space in which the product is processed may be surrounded by walls which 

conduct heat. Walls may be pierced by doors and ventilation ducts through which 

heat and water vapour may pass. The refrigerated space may contain machines, 

people, and objects with significant thermal mass. It may be necessary to model 

some or all of these non-product application components in order to accurately 

predict the behaviour of the application, and thus its effect upon the refrigeration 

system. 

In the vegetable freezing plant simulated by Marshal! and James ( 1 975), the 

refrigerated air space was modelled as eight "stirred-tank" zones, with an ODE 

represen ting the enthalpy of air in each zone. Heat flowed from the freezing product 

through this air space and into the refrigerant evaporators. 

Cleland ( 1 983)  described each refrigerated room in a large plant simulation 

using a single mixed zone, with ODEs for air temperature and humidity. This model 

was also used within the RADS simulation environment (Cleland, 1 985a,b) . 

Cleland ( 1 990) and Cornelius ( 1 99 1 ) have detailed the other application models 

available within RAD S  simulations. Rooms could have a number of doors, for each 

of which the heat and water vapour flows from a fixed outside environment were 

modelled after the method of Tamm ( 1 965), as modified to reflect the measured 

results of Pham and Oliver ( 1 983) .  

Room walls in RADS were modelled using steady-state heat conduction 

theory with surface heat transfer coefficients estimated from air velocities, a thermal 

conductivity provided by the user and a fixed outside environment. The heat 

capacity of all structures within the room was represented by one thermal mass with 

a single ODE to describe its temperature. In air-conditioned applications, heat and 

water vapour loads could be provided by surfaces of hot water modelled using the 
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Lewis relationship (Treybal, 1 9 84, p.240). Finally, there could be a fixed sensible 

heat load on the room at all times, or just during working hours to represent active 

machinery, lighting  and working personnel. 

Murphy and Goldschmidt ( 1 984) devised and verified a model of an air­

conditioning duct to discover the effect of the duct upon the performance of the 

air-conditioning plant. The model comprised a fin ite difference description of heat 

conduction through, along the duct walls and in the air along the length of the duct. 

Models for the temperature measurement-thermocouples and air blower blades were 

based upon first-order response characteristics with time constants calculated from 

heat transfer relationships. Some difficulties were ide ntified in  obtaining the data 

required for the model to function correctly. 

1 7  

S zczechowiak and Rainczak ( 1 987) developed a dynamic simulation o f  a 

cooling chamber and air cooler system which included consideration of the change i n  

air temperature as i t  passed across the chamber. The chamber was modelled b y  a 

system of hyperbolic partial differential equations .  The panial differential equations 

were solved analytically. The solution was verified against a real cooling chamber 

with excellent results for the air temperature distribution and adequate results for the 

product surface temperatures. 

Wang and Touber ( 1 987) demonstrated the use of a finite difference model 

for temperature and air velocity distribution in a cold store. By omitting 

consideration of momen tum, the system of equations for macro-scale energy and 

mass flows in the store was made tractable, while a separate set of partial differen ti al 

equations described the micro-climate within boxes of product. The temperatures 

predicted by the model were found to be very similar to those measured in the store 

itself. 

Reynoso and De Michelis  ( 1 988) simulated a batch freezer which used direct 

injection of cryogen into the freezing chamber. Uniform internal product temperature 

and perfect mixing of the refrigerant medium were assumed during the freezing 

process. Product and structural material in the freezing chamber were modelled 
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using finite difference methods. Validation showed a good correlation between the 

simulated and experimental results. 

1 8  

Pala and Devres ( 19 8 8 )  presented a long-term (32 weeks of simulated time) 

simulation of a cool store which included some detailed application models. Wall 

gain load was c alculated using measured temperatures and a calculated overall heat 

transfer coefficient. Product and packaging heat load was evaluated by assuming that 

the product and packaging temperatures would be the same as that of the room 24 

hours after loading. Other models described product respiration, product weight loss, 

air change heat load, door heat load, refrigerant evaporator operation and defrosting 

using algebraic equations. The model was not tested against experimental 

measurements. 

Wang and Touber ( 1 988)  developed three alternative refrigerated room 

models. One utilized the Navier-Stokes equation to predict mass flow rates around 

the room. Another model took an experimental approach by recognising the analogy 

between heat and mass transfer, and using temperature measurements in the room to 

indicate energy and m ass flows after the manner of Wang and Touber ( 1 987).  This 

second approach required that there be a substantial heat source in the room. A third 

approach simplified the Navier-Stokes equation by using a resistance network 

concept and ignoring natural convection and external force effects. This third 

approach was shown to be more useful than the second, and more practical to deal 

with than the first approach. The third model predicted temperature and hu midity 

distributions within the room. The temperature distribution predicted by the third 

model was found to be in good agreement with measured data. 

Wang and Touber ( 1990) described a sophisticated model of a refrigerated 

room which used the three-dimensional Navier-Stokes equation decoupled from 

expressions for energy and mass transfer within the room. Decoupling allowed the 

air flows in the room to be calculated once while the energy and mass flows were 

calculated repeatedly for the changing conditions in the room. This substantially 

reduced the computer resources that were required to solve the model equations over 

a period of simulated time. The energy and mass transfer equations were solved by 
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finite difference methods. Despite the economies made by decoup1ing, Wang and 

Touber noted that predicting the air flow patterns in the room still required about 1 00 

hours of computation on their Sun  3/60 workstation. The model was validated 

against experimental measurements and found to produce satisfactory results over 

peri ods of up to 24 hours. 

2 .2 .4 Summary 

Application models have received less attention than models of refrigeration 

hardware and are consequently less well developed. Most food product  models were 

unsophisticated in comparison with the models used for refrigeration system 

c omponents, despite refrigeration of food product frequently being the main purpose 

of  the refrigeration system. A lack of accurate food property correlations has limited 

the complexity of cooling and freezing models to some extent, but this is becoming 

less of a problem. 

Refrigerated rooms have usually been described either as single stirred tanks , 

or with highly complicated three-dimensional partial differential equations. Other 

application components (such as doors, walls, ventilation and structures) have 

received less attention, with the sometimes important dynamic effect of thermal mass 

in the refrigerated space being treated simply or not at all .  

2.3 Refrigeration system simulat ion environments 

Component  models may provide valuable insight into the characteristics and 

behaviour of individual elements in a refrigeration system. If the task is to predict 

the behaviour of the whole system, or to predict the effect of the refrigeration system 

upon other systems (such as ambient air, food product, or condenser cooling water, 

for instance), then component models representing each elemen t  of the refrigeration 

system must be l inked together and solved in parallel. This i s  the task of a 

simulation environment. 
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Several types of simulation environment may be identified (partially following 

Kreutzer, 1986, p.9 1 ) :  

A. S pecialised models custom-built using general purpose programming 

languages. 

B .  Specialised models custom-built using general purpose programming 

languages with extension libraries which include simulation features 

and utilities which are commonly required by models. 

C. Specialised models described in a general simulation programming language. 

D. General models linked together and parameterised to describe a particular 

system, using a simulation environment specific to the sort of system 

to be simulated. 

E.  . Model generators which produce source code in a general programming 

language. 

Each of these approaches has its advantages and disadvantages. Freedom in 

the choice of model representation decreases from type A to type E, while the ease 

of simulation preparation increases from type A to type E as the descriptive level 

becomes higher. Refrigeration system simulations which use each of the above 

environment types are described below. Many reports of refrigeration system 

simulations have concentrated upon the models used and provided little detail on the 

simulation environment. S uch cases have not been included in this discussion. 

2.3.1 Custom-built simulations in general purpose programming languages 

The first dynamic mathematical model of an entire refrigeration system was 

that of Marshall and James ( 1 975). This was also the first recorded work in which a 

digital computer was used to solve refrigeration system component model equations 

and so must be seen as the progenitor of most of the subsequent work in the 

refrigeration system simulation field. The models were expressed as a set of 
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equations i n  a general purpose programming language with simulation utilities 

included along with the models. Linkages between models were implicit due to the 

n ature of the environment. Little information was provided on the structure of the 

simulation system or on the available simulation utilities as the report concentrated 

m ainly on the models used. 

The system of Chi and Diction ( 1 982) was described in more detai l .  Their 

heat pump model was expressed as a FORTRAN (ANSI, 1 978) computer program 

which comprised O'{_er 2500 statements. The program included functions to calculate 

thermodynamic and transport properties for air and refrigerant, functions for 

calculating heat and mass transfer rates under various conditions ,  and subroutines for 

evaluating the dynamic responses of each component model. Euler's method was 

used to solve the ordinary differential equations in the model with time steps of 

0.005 seconds required to maintain close error tolerances. The small time step did 

not cause substantial problems because the model was developed for the prediction of  

short-term startup transients and runs  typically proceeded for only a few minutes  of 

simulated time. Linkages between models were expressed in the main program body 

where linking variables were maintained. A variable naming convention assisted in 

making clear the nature of each variable and which model output it represented. 

James and James ( 1 986a) modelled a heat pump both to study its dynamic 

behaviour and to study the modelling techniques used. The simulation program was 

written in FORTRAN, and a complete listing was provided. Linkages between 

models were unclear and model boundaries were indistinct. Dynamic variables were 

stored in an array with only an index number to identify them. Despite liberal 

comments in the program and variable names which were as informative as was 

possible within the six-character length limit imposed by the language, the models as 

expressed in the program were difficult to understand. 
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James and James drew a number of conclusions about the approach that they 

(and m ost of the other workers mentioned here) had taken in their simulations: 

1 Most of the simulations were "custom built" and specific to the problem in 

hand. 

2 The computer programs were not "user-friendly". 

3 The programs were not easy to modify, maintain and correct. 

4 The programs were difficult to understand. 

5 It was difficult to link new component models into existing models. 

6 An extensive knowledge of mathematical modelling, thermodynamics, 

refrigeration systems and the derivation of the model was required in 

order to use current simulation environments. 

7 Component models were not necessarily compatible with each other. 

James and James ( 1 986a) decided on this basis that a new type of 

refrigeration system simulation environment was necessary (see section 2.3.5) .  

2 .3 2 Custom-built simulations making use of simulation libraries 

Nowotny ( 1 983) described the STASAN/DYSAN system which included both 

steady state simulation of refrigeration systems with statistical sampling of variations 

(STASAN) and dynamic simulation (DYSAN). Nowotny reported that DYSAN 

solved ODEs using an adaptive time step Runge-Kutta method, but little further 

information was available on other simulation utilities, availability of property 

correlations, input or output techniques. Both systems were written in the 

FORTRAN IV programming language. 

Bullock et a! ( 1 983) modelled a residential air-to-water heat pump using a 

m odular system called TRNSYS. No models were described and little detail was 

provided on the simulation system itself. According to Jarnes (1988), TRNSYS 

solved ODEs using a modified Euler method. 
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Glockner and Findeisen ( 1984) developed the LF74 state-space and heat 

balance network modelling environment as a basis for a complex system simulation, 

including simulation of refrigeration systems. This environment was implemented in 

FORTRAN, with subroutines written by the user to implement specific model types.  

LF74 supported steady-state and dynamic simulation with ODEs solved by a variable 

step length method. A number of workers snbsequently reported using this system 

for a variety of simulation models, for instance that of Gunther et c:I ( 1984). It  

appears that -some refrigerant property subroutines were available. 

2 .33 Custom-built simulations in specialised simulation programming languages 

It may be expected that a number of refrigeration system models have been 

implemented in specialised simulation programming languages, but few have been 

reported as such or described in detail. One use was presented by Darrow ( 1 990), 

who used the ISIM simulation language (Hay and Crosbie, 1 984) to describe a 

laboratory water chiller plant. ISIM provided a range of facilities for solving ODEs 

using high-order Runge-Kutta methods which included integration error control, but 

program structuring, input and output flexibility were limited when compared with 

general purpose programming languages. As a continuous system simulation 

language, ISIM had no features for dealing with discrete events. The results of this 

work were reported by Darrow et al ( 1 99 1 )  (of which a copy is included in this 

thesis as Appendix 4.3),  though the simulation environment was not discussed in that 

paper. 

2 .3 .4 Refrigeration system simulan·on environments with generalised models 

Thorbergsen ( 1 985) reported the development of the PROSIM steady-state 

h eat pump simulation environment. PROSIM used linear input-output models for all 

refrigeration components and, although it  was not a dynamic simulation environment, 

it was worthy of note because of the degree of flexibility available to the user. The 
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system to be simulated was described in a declarative input language which indicated 

the parameters of the component models and showed the linkages between them as 

numbered streams. This language was understandable both to the user and to 

PROSIM, removing the need for a separate data input program. The output produced 

by PROSIM was also superior to most dynamic simulation systems in that it was 

capable of plotting diagrams of the simulated system and of producing graphical 

summaries of the simulation results. 

Cleland ( 1985a,b) made the first attempt at a generalized dynamic 

refrigeration system simulation environment when the RADS system was developed. 

RADS comprised a suite of computer programs which allowed the dynamic 

simulation of almost any refrigeration system for which the required parameters 

could be obtained using the models described in the component models section 

above. The original papers contained little detail about the simulation system itself, 

so the following discussion is largely based upon the information provided by 

Cornelius ( 199 1  ), which described a later version. 

The numerical methods used in RADS were superior to most of the 

si mulations mentioned here, with founh order ODE solution techniques being used 

exclusively. Time step length was decreased automatically during periods when 

temperature variables were changing rapidly. This allowed simulation of large plants 

for extended periods with reasonable levels of accuracy and without excessive 

computational cost. Model initialisation was handled by assuming that the plant 

operations cycled every 24 or 48 hours. The simulation was run for several cycles 

and the last cycle was considered to be reliable if it repeated the output of the 

penultimate cycle. 

Discrete events were handled by checking conditions at the start of each 

timestep and changing each discrete state if its condition was satisfied. This meant 

that it was always possible for any event to be up to one time step late, although this 

was not a major problem as time steps were usually about 30 seconds long 

(Cornelius, 1 99 1 ). RADS was the first refrigeration system simulation environment 

which was reported to deal explicitly with discrete events. 
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Refrigerant property calculations were available for the range of refrigerants 

correlated by Cleland ( 1986a). The RADS environment included models for 

application components as well as refrigeration system components, s o  that complete 

p lants could be simulated without the need to provide the application heat load as 

input data. RADS was written in portable FORTRAN-77 (ANSI, 1 978)  and it was 

available on a range of computers from IBM-compatible personal computers to 

m ainframes. 

Compatibility with powerful computers, advanced numerical methods, and the 

u se of thermal models which were less computationally-intensive than many of the 

others discussed above meant that RADS had the capability to simulate large plants 

such as that described by Cleland ( 1985a). The ability to deal with large systems 

allowed this package to present results of value to industrial users of refrigeration 

rather than (as with many previous dynamic simulations) being of value only to 

researchers and designers of small systems. This advantage was enhanced by the 

flexibility of the package which allowed the simulation of many types of plant 

without the need to re-write the program itself. On the other hand, if the large 

variety of models within the system proved insufficient then, in the present author's 

experience, it was difficult to add new models or control systems . 

2 .3 S  Refrigeration system simulation generators 

Following the conclusions drawn by James and James ( 1 986a), James ( 1 988)  

developed a "Flexible Modelling Environment" (FME) by applying the techniques of 

" structured programming" to the dynamic refrigeration system simulation problem. 

The FME comprised a group of programs written in a DEC V AX dialect of Pascal 

(Jensen and Wirth, 1985). The programs included menu-driven interfaces to the Vax 

s ystem editor, Pascal compiler, linker, and command processor, and the simulation 

program itself. A main Pascal source file, a set of component modules and a 

refrigerant properties module were linked together after compilation using the system 

object file linker to produce the executable simulation program. S eparate files 

A Dynamic Modelling Methodology for the Simulation of Industrial Refrigeration Systems 



CHAPTER 2: LITERATURE REVIEW 26 

described the model instances and listed numerical indices to indicate the linkages 

between models which existed in each simulation. In the categorisation above, the 

FME could best be described as a combination of types B and E because simulation 

programs were not generated entirely automatically. Significant features of the FME 

included: 

• clear definition of model boundaries. 

• - the concept of a standard model template into which component models were 

fitted. 

• the concept of model compatibility. 

• the use of unbounded data structures so that the number of component models 

in a simulation was not arbitrarily restricted. 

• the identification and implementation of a methodical modelling technique for 

application to a wide range of models. 

Several difficulties remained unresolved, some of which were identified by 

James ( 1 988). N o  general ODE solver was available within the FME, so models 

which required the solution of ODEs had to include the code to do this amongst their 

model evaluation code. In practice, the time required to implement a sophisticated 

high-order ODE solver within every dynamic model would have been prohibitive and 

Hv1E models would have been restricted to the use of low-order ODE solution 

methods. Low order methods require very small time steps to retain integration 

accuracy and stability while having no easy way to check that accuracy unless the 

simulation is repeated with an even smaller time step. 

No explicit provision was made for dealing with discrete events. If such 

events had occurred, the results produced by the FME simulation would have been 

poor for some time after the event. 

Generation of a specific plant simulation required the user to be conversant 

with the Pascal programming language, and to have access to the main program 

source code so that it could be modified to correspond with the new simulation. 
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This risked the possibility of the user inadvertently altering something important to 

the correct operation of the simulation system. 
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While most of the model templates were well-suited to the test cases used by 

J arnes ( 1 98 8), they were inappropriate to models which had links to many other 

models. Jarnes struck this difficulty with pipeline and tee-junction models but it was 

not satisfactorily resolved. 

2.4 General System Simulation 

Substantial progress has been made since the early 1960s in  the development 

of general model ling and simulation methodologies which may be applied to a wide 

range of problems in the physical, social, and management sciences. The literature 

in this area is  extensive and much is  not directly useful to the simulation practitioner. 

This discussion therefore concentrates upon a few major surveys which were 

especially beneficial to the author in  developing an understanding of the field. 

A review by Zeigler et a! ( 1 979) included many papers which cast light upon 

the problem of applying a methodology to systems modelling and simulation. 

Among these, Zeigler ( 1 979) in the introduction identified the similarities and 

differences between the concepts of design and modelling. Design has a definite 

objective, a tangible end product, and a definite life span. On the other hand, the 

objectives of a model are often indefinite, the end product is usually something as 

intangible as "understanding", and a model invariably has a life cycle which involves 

repeated cycles of formulation , implementation and validation. 

Oren ( 1 979) discussed the application of computers to the modelling problem, 

the classification of model types, the acceptability of models and their representation 

as computer programs. Elzas ( 1 979) constructed a definition of "robust simulation" 

which covered computational algorithms, assuring model description validity, 

program integrity, program structure, program readability, and bounds for permissible 

experimentation. A robust simulation, in Elzas' view, ought to: 
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• free the user from anificial constraints which would otherwise restrict use of 

the simulation. 

• ensure that the models are appropriately combined and used. 

• protect against numerical pitfalls and attempts to use the models outside their 

bounds of applicability. 

Cellier ( 1 979) demonstrated the features required of simulation languages 

which are to be capable of combined continuous and discrete event simulation. In 

this case, the simulated system is defined by a set of differential equations but one or 

more variables may be discontinuous during the simulation run . For such systems, 

the efficient execution of a simulation requires consideration of both the discrete and 

continuous aspects of the problem. 

The proceedings edited by Oren et al ( 1 984) continued in the vein of 

Zeigler et al ( 1 979). Elzas ( 1 984) considered the concept of looking at a simulation 

as a reality mapping. The methodologies of bottom-up (feature extraction) modelling 

and top-down (hypothesis verification) modelling were compared and shown to be 

largely compatible within a larger simulation framework. It pointed out that it is 

difficult to establish the degree of realism of a model with reference to behaviour and 

structure for large systems where one cannot influence the design of the experiment 

from which data is obtained. 

Crosbie ( 1 984) looked at the difficulties encountered by numerical integration 

techniques in a combined continuous and discrete event simulation where it must be 

ensured that integration proceeds through discontinuities efficiently and accurately. 

Methods were discussed by which discontinuities could be identified so that the 

numerical integrator could step exactly up to each discontinuity and then proceed 

from the other side, rather than attempting to step over the discrete event. 

Kreutzer ( 1 986) presented a comprehensive survey of simulation languages 

and methodologies, including discrete event, continuous, and combined simulations, 

ranging from the use of general purpose programming languages to model generators 

specialised for simulating panicular systems. For the most complicated simulation 
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problems, and particularly for combined simulations,  Kreutzer recommended the use 

of object-oriented design and programming methods. Examples of object-oriented 

simulation applied to various problems were compared with other methodologies. 

The object-oriented system which has received the most attention in the 

l i terature i s  the Smal l talk programming language and i ts environment. Lalonde and 

Pugh ( 1990) presented a detailed discussion of both object-orie nted design and 

programming in the context of the Smalltalk environment. One way i n  which they 

characterised the object-oriented methodology was as "programmin g  by simulation "  

(Lalonde and Pugh, 1 990, p . l ) . 

2 .4.1 Swnmary 

M any features and concepts which have long been util ized i n  general system 

simulation had not been appl ied to refrigeration system simulation.  James ( 1 988) 

was the first to apply structured programming techniques and a modem progranuning 

language (Pascal) to refrigeration system simulation, while object-oriented simulation 

systems (which are in many respects a generation ahead of structured techniques) had 

been developed in  o rher fields since 1 967 (Kreutzer, 1 986, p . 86) .  

In the area of numerical methods, most workers in refrigeration system 

simulation have con tinued to use elementary techniques (e .g. Euler ' s  method) for 

ODE integration, despite a lack of error control and the extensive computer resources 

required to solve ODEs by first-order methods. Only one worker (Cleland, 1985a) 

has explicitly dealt  with refrigeration systems as combined rather than as exclusively 

continuous simulations. 
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Chapter 3: Prel iminary Consid erations 

Models of  refrigeration system components have been developed by 

r es earchers f or many years. Less a ttention has been given to applica tion components 

such as food product, the r ooms in which they are processed and the structural 

componen ts wi thin those rooms. Chillin g  anQ. freezing of f ood product  produces a 

large fraction of the heat  load  which is ex tracted by a mea t  processing p lan t 

r efrigera tion system and it has a dominan t effect upon the dynamic behaviour of the 

r ef rigera tion system in such a plant (Cleland, 1 985a). Food product was therefore  

iden tif ied as  the component model which required the mos t  improvement over 

exis ting models . 

For a l l  m odels ,  there was a n eed to defin e  the boundaries and content of each 

componen t mor e  clear ly than ha d been done by many r esearchers in the past. If 
m odels were m ore  clearly defined, then similari ties between models could be 

r ecogn ised. Model development effort which had been spread over severa l m odels 

cou l d  be concen tra ted upon common fea tures .  For example, a given m odel may , in 

fac t, be bener described as a combina tion of two or m ore models of grea ter 

g en erali ty. Parallel developmen t of s tructurally similar models would economis e  on 

m odel developmen t  and tes ting effort, and also raise m odel relia bili ty due to the 

increased level of tes ting to which fewer individua l model types would be put. 

It was imponan t to develop a model forma t in to which a wide v ariety of 

m odels of varying complexity could fir.  If a pa rticular simula tion were  to require a 

v ery detailed m odel of one component, i t  should be p ossible to apply a detailed 

m odel to tha t component wi thout  n ecessarily using a h igh level of detai l in other 

componen t models. Thus models originating fr om different sources and with 

differen t complexi ty levels could be "mixed and matched" to make s imula tions 

appropria te to each task. 

A simula tion environmen t must a llow a s et of genera l models to be lin ked 

together to form a s imula tion of an actua l or hypothetical  plant. If a collecti on of 

very general m odels were avai la ble, then the complex i ty of s imu la tion tha t could  be · 
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performed would increase rapidly with the number of models available. I t  may not 

make sense to link certain types of models together, but within that constraint, a 

model which is flexible enough to be linked to a large variety of other models is 

clearly superior to one which can be linked to a only a few other models. A group 

of general models in a simulation environment may then be used for purposes well 

beyond those originally considered by the environment and model designers. 

A simulation environment powerful enough to deal with complex systems 

requires a similarly powerful method by-which the user may describe the simulated 

system. This descriptive method must  be capable of handling systems which may 

have a large number of interactions between models and be intelligible both to the 

user and to the simulation environment. S imilarly, there must be a method through 

which the models can communicate the values of their state variables back to the 

user. 

The simulation environment must ensure that model evaluation is both 

accurate and efficient. Methods of model evaluation (numerical integration of 

differential equations, for example) should not introduce errors which compromise 

the accuracy of the models. 

3 1  

The refrigeration system behaviour of interest to this project extends over 

periods of hours or days. It was desirable to implement the simulation environment 

in such a way that this behaviour could be accurately simulated at a rate significantly 

greater than that of the real phenomena while using a commonly-available personal 

computer. 

This work had the following objectives:  

(a) Develop a new model for the heat load produced by chilling and freezing 

food product. 

(b) Develop an experimental method to measure the heat load released during the 

freezing of actual product items. 

(c) Test the product heat load model against  existing numerical methods and 

experimental data. 
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(d) Design a simulation environment for the combined continuous/discrete event 

s imulation of indusnial refrigeration systems. 

(e) Implement the simulation environment together with a set of component 

models sufficient for testing purposes. 

(f) Compare overall simulated resul ts with data measured for real refrigeration 

p l an ts and the results predicted by earlier simulation e nvironmen ts .  

(g) Compare the strengths and weaknesses of the new simulation environment 

with those of earlier simul ation e nvironments. 
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Thi s  chapter describes the development o f  a model for predicting the heat 

released by chilling and freezing food product. Much of this work has previously 

been reponed in a manuscript by Lovatt er al (1 992a) which is reproduced in 

Appendix 4. 1 .  

4.1  Objectives 
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The review of simulation component models in  Chapter 2 showed that 

application component models have received less attention from previous researchers 

than have refrigeration system component models. One area which has been studied 

by only a few workers i s  the modelling of heat load arising from food product 

cooling and freezing. Thi s  was not a serious deficiency for those simulations which 

were concerned only with the behaviour of refrigeration plant under rightly-speci fied 

operating conditions because those operating conditions were provided as 

independent input variables. The lack of accurate food product models was more 

imponant where simulations were concerned with the behaviour of refrigeration 

applications and their effects on the refrigeration plant behaviour. For these 

simularions,  a poor product heat release model could significantly restrict the 

accuracy of the overall simulation. 

Cooling and freezing of food product is  the principle purpose of the meat 

industry refrigeration plants of interest to this project. Steady state analysis (using 

the RADS APPLICS application analysis program of Cleland, 1 985b) of the large 

meat processing plants used for simulation testing in Chapter 1 0  showed that 449o of 

the daily refrigeration load at Alliance Ocean Beach and 43% of the daily 

refrigeration load at  AFFCO Horotiu resulted from food product cooling. As well as 

comprising a large part of the total load, the variation in heat load during the cooling 

process i s  an imponant contributor to the peak heat load sustained by the plant. 
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One would expect more heat to be released during the early pan of the 

process than at the end due to differences in temperature driving force but there is 

little quantitative information available on the shape of the heat load profile. This 

lack of information is of concern when implementing a dynamic refrigeration system 

simulation which involves cooling product. 

4.2 The food cool ing p rocess 

The food product cooling process can be considered to consist of three stages. 

First, there is a "chilling",  or pre-cooling, stage during which the product cools from 

.its initial temperature, releasing sensible heat. This stage comes to an end and 

"phase change" starts when the surface temperature drops below the initial freezing 

temperature and ice fom1ation commences, although there is no sharp transition 

between the stages. At the end of the chilling stage, the mass average temperature is 

still above the freezing temperature, and the remaining sensible heat is removed in 

the phase change period. The rate of cooling can be characterized by the Biot 

number, Bi: 

where: 

Bi  = h X 
k 

(4- 1 )  

h is the surface heat transfer coefficient I W m·2 K1 

X is the critical depth I m 

k is the thermal conductivity of the body I W m·1 K1  

At  slow rates of cooling (Bi -7 0) ,  the difference between the mass average 

and surface temperatures is small, so that little sensible heat remains at the end of 

chilling. In contrast, at high rates of cooling (Bi -7 oo), the surface is much colder 

than the mass average, with the result that the chilling stage is short, and ends with 

much of the material still significantly superheated. 

Once the phase change period commences, the dominant influence on heat 

load is the latent heat of freezing. Initially, freezing commences at the surface, and a 
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distinct (but not  sharp) "freezing front" moves into the object. For this front to  pass 

through a region, both the latent heat of freezing and the residual superheat must be 

removed, so it i s  common to treat any residual superheat and latent heat as a lump 

sum. 

Even after the freezing front has passed, the material i s  not completely frozen 

and has not yet cooled to the ambient temperature. Further ice formation and 

sensible cooling will occur as the region progressively drops in temperature. Hence 

a third stage, that of "sub-cooling", can be distinguished. Sub-cooling commences 

once the further cooling of the region through which the phase change front has 

already passed dominates the heat release from the phase change front surrounding 

the s hrinking unfrozen region. Again,  the transition i s  not c lear-cut. When Bi -7 0, 

the surface temperature remains higher than when Bi -7 oo, so in  the former case, the 

transition occurs when the unfrozen region is very smal l ,  while for the latter there 

may be a sign ificant fraction of the whole object still completely unfrozen when the 

transition to sub-cooling occurs. 

The three stages of the process h ave quite different heat load vs. time profiles, 

so to be able to predic t heat load accurately for the whole process, a model needs to 

take the characteristics of each into account. Of the various available methods that 

estimate the cooling heat load profile, finite difference (FD) and finite element (FE) 
methods haye the strongest theoretical foundation, are known to predict freezing 

times within the margin of error for experimental measurements and may be expected 

to predict heat loads with similar preci sion. Unfortunately, they both have significant 

disadvantages which make them inappropriate for use in a dynamic simulation 

program: 

1 FD may be conveniently used for only a small range of regular shapes. FE 
can deal with a wider range of shapes, but is stil l  l imited to shapes 

that can be described using only a few parameters. 

2 It can be time-consuming to prepare an FD calculation, and more so for an 

FE calculation. 
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3 FD calcul ation is computationally intensive and FE is even more so. In the 
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author's experience, both FD and FE require too much computer 

memory and execution time for these methods to be used as part of a 

complete refrigeration system simulation on a personal computer. 

An alternative group of methods includes those which utilize a small number 

of ordinary differen tial equations (ODEs) to describe the problem. These may 

sometimes b e  i nteg-Ntted analytical ly if simplifying assumptions can be made, but an; 

s till much quicker to prepare and run than FE or FD methods when integrated 

n umerically. Empirical factors are easily included when required. ODE methods 

were therefore the focus of this study. 

4.3 Previous work 

4.3 .1 Freezing hear load 

The first detai led dynamic food refrigeration system simulations were carried 

out by Marshall  and James ( 1 975).  In that work, the product in  a con tinuous 

vege table freezing tu nnel was characterized using a lumped parameter model with an 

apparent product specific heat capaci ty which varied through the process to account  

for latent heat. The product heat load was described by: 

where:  

dT 
<)> = V C � = hA (T - T ) 

dt  
s " ma 

(4-2) 

is the rate of heat release from the product i tem I W 

V i s  the volume of the product i tem I m3 

C i s  the volumetric specific heat capacity of the food material 

I J m·3 K1 
T tnQ i s  the mass average temperature of the product i tem I oc 
t is the time I s 

A, i s  the s urface area of the product item I m2 
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Ta is the ambient temperature around the product I oc 
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The apparent volumenic specific heat capacity of the product, C, at any given 

time, was estimated from the amount of time that a product item had been in the 

freezer rather than from the amount the product was frozen, or i ts temperature. The 

model was accurate as long as the refrigeration plant was workin g  correctly, but  i t  

was difficu l t  to extend t o  other si tuations. Further, equation (4-2) implicitly requires 

that TJ = T ma • (where TJ i s  the product surface temperature) which i s  true only if 

Bi = 0. Models s uch as  this which do not take the in ternal temperature profile into 

account may be expected to be accurate only under low Biot number conditions 

(typically less  than 5% error below Bi = 0. 1 ,  according to Welty, 1 97 8 ,  p . 1 19) .  This 

approach i s  therefore inaccurate for most food freezing  situations (where the Biot 

number is more commonly between 1 and 1 0) unless h is adjusted somehow to 

reflect the in ternal temperature profi le. 

Reynoso and De Michelis ( 1 988) used a similar approach ,  but more correctly 

made the apparent  specific heat capacity a function of temperature and position 

within the product, with the consequent drawback that they had to use fi nite 

difference methods to solve the equation. 

Cleland ( 1 986b) presented a method which was used in the RADS 

(Cleland, 1 985a ,b) s imu lation environment and comprised a modified form of 

Plank ' s  ( 1 94 1 )  ordinary di ffe ren t ia l  equation model.  Cleland's  method simplified the 

prediction problem by separat ing it i n to (a) a technique for predicti ng  the position of 

the freezi n g  front, and (b) a technique for es timating the volume of product enclosed 

by that freezing front; that is :  

dx1 = 
--------�------------------------� dt (4-3) 
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dV = K E E - 1  
- Cl X dx 

(and hence: V = Kc1 X E ) 

_ dV dx1 
4> - - - (MI1o + Cr( Ti - Tf)) dx dt  

(4-4) 

(4-5) 

is the freezing front position (between X and 0) I m 

T1 is the freezing temperature of the food material I oc 
E i s  the Equivalent Heat Transfer Dimensionality 

M/10 is the change in enthalpy between T1 and - l 0°C I J m·3 

E,.1 i s  the E value of a reference shape 

P c1.Rc1 constants (Cleland, 1 986b) 

� thermal conductivity of the frozen material I W m·1 K1 

Xme1 "mean radius"  (Cleland, 1 986b) 

Kc1 a constant (Cleland, 1986b) 

C1 the unfrozen volumeoic specific heat capacity I J m·3 K1 

T; the initial temperature I oc 

The Equivalent Heat Transfer Dimensionality (£) was used to deal with 

irregular shapes. Empirically, E may be viewed as being defined by equation (4-6). 

(4-6) 

where:  i s  a freezing time I s 

3 8  

That  is ,  a body with a given E value will freeze E times faster than a n  infinite 

slab. Unti l  the work of McNabb et a/ ( l 990a,b), equation (4-6) and correlations 

derived by combining i t  with experimental data were the only available methods of 

determining E for complex shapes, but it  may now be determined from the physical 

shape of the product as described by Hossain et al ( 1 992a,b). While E is largely 
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dependent upon the geometry of the freezing body, i t  is also a weak function of the 

Biot n umber. 

3 9  

Cleland's method was found to  be accurate for some simple shapes during 

that  portion of the freezing process where latent heat release was dominant and when 

the Biot n umber was between 0. 1 and 1 0. This corresponded with the assumptions 

made when the model was developed - specifically, the l umping of sensible heat 

with latent heat. While this was a significant improvement over the earlier models,  i t  

had the disadvan tage that i t  relied upon an  appropriate choice of  reference shape, to 

which the predicted heat load cou ld be very sensitive. A better method would 

predict chilling and sub-cooling heat loads as well as the phase change heat load and 

would not require a reference shape . 

4.3 .2 Chilling heat load 

Chilling heat load mode ls have been developed by Cleland ( 1 9 8 3 ) ,  Cleland  

( 1 9 85a) , Wade ( 1 9 8 4  ),  and  Szczechowiak and Rainczak ( 1 987) .  All were of  similar 

form to equation (4-2) ,  except that  the heat capacity was constant with product 

temperature .  The mode ls of Wade ( 1 984) and Cleland ( 1 9 85a) improved upon the 

basic technique by using the half-l ife me thod of Cleland and Earle ( 1 98 2a) to correct 

the cooling rate for the implied Ts = T m.a assumption when Bi > 0. This  method was 

found to be satisfactory for most food product chi l l ing applications and for a wide 

range of product shapes ,  but i t  was not direct ly  compatible with any of the freezing 

models. 

There have been no previous models specifically for sub-cooling of frozen 

product, although Cleland ( 1 9 85a) included a model identical to that for chil l ing 

which ignored the possibility of residual latent heat. 

A Dynamic Modelling Methodology for the Simulation of Industrial Refrigeration Systems 



CHAPTER 4: PRODUCT HEAT LOAD MODEL DEVELOPMENT 40 

4.4 The presen t work 

A new method was s ought to predict food product heat release over the whole 

cooling process.  Its desired attributes were as follows: 

1 The method had to be accurate over most (preferably all) of the process.  

2 The method had to be accurate over a broad range of Biot numbers. 

�3 The method had to be extensible to all shapes of food product (including 

complex shapes such as lamb and beef carcasses). 

4 The method had to be general enough to handle both chilling and freezing 

processes. 

5 Ideally, the method should have a sound theoretical basis, and require a 

minimum of empirically-derived p arameters. 

6 The method had to be convenie n t  to implement and practical to compute on a 

personal computer as pan of a dynamic simulation which may include 

hu ndreds of models of this type. 

4.4 .1 Theoretical developmem 

G iven the discussion above , an ODE model appeared to hold the most 

promise. Following the discussion of section 4.2, i t  was appropriate that the 

structure of the product heat load model should mirror the structure of the food 

cool ing process.  A heat re lease profile calculation should commence with the 

chi l l ing model , transi tioning to the phase change, and thence to the s ub-cooling 

model when appropriate. It  will be seen that correct selection of the transi tion 

criteria is important.  

For the chilling and sub-cooling periods ,  equation (4-2) was considered a 

reasonable beginning. The idea of tracing the freezing front movement first proposed 

by Plank ( 1 94 1  ), and the re lationship between that and the product heat release rate 
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developed by Cleland ( 1986b) provided a starting point for a model of the phase 

c hange period. 

4 1 

If the resulting ODEs were integrated numerically, then time-variable 

conditions (for i nstance, surface heat transfer coefficien t  and ambient temperature) 

could be taken into account  after the fashion of Loeffen et al ( 19 8 1 ). In the special 

case of constant conditions, it would be advaHtageous if the ODEs could be 

i ntegrated analytically. Many refrigeration systems are designed for mean 

e nvironmental conditions, and in such case� an analytical solu tion could predict the 

heat  release profile without the need for numerical integration .  

4.5 Chi l l ing model 

The model used for the chilling stage heat load follows that of Pflug et al 

( 1 965), as extended by Cleland and Earle ( 1982a) to deal with a greater range of 

shapes. The general equation for one-dimensional transient heat conduction i s  given 

by: 

where: 

1 a ( n a r) 1 a r  - - X - = - -
X n d X  OX  a dt 

(4-7) 

n is a shape factor. n = 0, 1 ,  2, for an infin ite slab, infinite 

cylinder and sphere respectively. 

a is the thennal diffusivity I m2 s· 1 

For these three cases, there are exact analytical solutions and so the approach 

of Cleland and Earle ( 1 982a) was to calculate solutions for a simple reference shape, 

and  use E to estimate solutions for more complex shapes from that reference. For 

reasons which will be discussed below, it is general ly most u seful to use the sphere 

as a reference shape when dealing with food products. For a sphere, the solution for 

the fractional unaccomplished mass average temperature change, Y '"" ' for cooling 

u nder constant conditions may be found to be: 
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Fo is the Fourier number (dimensionless rime) 

�i is ith root of: 

� cot � + (Bi - 1 )  = 0 

(4-8) 

(4-9) 
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Duri ng all but the initial period of the cooling process, the terms where i > 1 

are i n significant. In that case, the s lope of In(Y ,...) as described by the abbreviated 

series solution ought to equal the slope of the i n tegrated equation (4-2) when 

expressed in terms of Y ""'. This implies that: 

(4- 1 0) 

where :  i s  t h e  thermal conductivi ty o f  the unfrozen material I W m · 1  K1 

Substi tuted into equation (4-2), th is  gives:  

<)>chill 
where :  

d T  
= \IC ma = I (if ( 4- 1 1 ) 

i s  the vol u metric specific heat capacity of the unfrozen material 

I J m·3 K 1  

This i s  not an exact solution , although t h e  importance o f  the imp lied 

assumption that Ts = T tnll is considerably reduced compared with equation (4-2). A 

coroll ary of equation (4- 1 0) implies that: 

� i  [� i + Bi (Bi - 1 )] = 1 (4- 12) 
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This i s  true with less than 10% error for Bi < 3.5, indicating that reasonable 

heat load estimates may be expected from equation (4- 1 1 ) for Biot number values 

commonly found in food chilling and freezing. 
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E is c alculated by the method of McNabb et a/ ( 1990a,b). The McNabb 

method is strictly derived only for the phase change case and E values for chilling 

may be somewhat different from those for freezing. In the absence of bener 

information, the phase change E values are used for both chilling and freezing. 

Experience has shown that freezing food products are generally  best represented by 

equivalent ellipsoids when E is found using the McNabb method. Geometrically, the 

sphere shape is a special case of the ellipsoid so the sphere was considered to be a 

better reference shape for the purpose of food product chilling heat load prediction 

than either the slab or the cylinder. 

As a resu l t  of the weaknesses described above, the heat load predicted by this 

method will underestimate the actual load at the s tan of the chilling process, and this 

error will increase as Bi � oo. 

4.6 Freezi ng model 

The freezing stage of the product heat load model has two alternative 

formulations which were developed independently and in parallel by the present 

author and Pham ( 1 989) respectively. The work of Pham has only been reponed 

separately in a personal conununication to the author, so that document (Pharn, 1 989) 

i s  reproduced in this thesis as Appendix 1 .  
The model used for the freezing stage was developed from the fol lowing 

assumptions, most of which hold much bener for freezing than for chilling: 

1 Sensible heat effects are negligible or can be bundled with the latent heat 

effects. 

2 The body is homogeneous. 
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3 It i s  possible to treat heat transfer at the surface of the body as varying 

linearly with the di fference between the body surface and ambient 

temperatures. 

4 The cross-sectional area through which heat flows within the frozen region 

from the freezing front to the surface is  related to the distance from 

the product centre by equation (4- 1 3). 

A cx: x  .. (4- 1 3) 
z 
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where n corresponds wi th that of equation ( 4-7) and Az i s  the cross 

sectional area at the distance x from the centre. When n = 0, 1 ,  or 2 ,  

equation (4- 1 3) describes t h e  cases of infinite slabs,  infinite cylinders 

and spheres respec tive ly. For other shapes, equation (4- 1 3) 

approx imates the three-dimensional conduction problem using one 

dimension, thereby al lowing the conduction problem to be solved 

without the need for partial differe ntial equations. 

An e nergy balance at  the freezing  front requires that the rate at which heat is  

conducted away equals the rate at which that  heat  is released at the front,  hence: 

ks (dT1 = L (dx!J 
dx =x d t  

J 

(4- 14) 

(4- 15)  

The heat re lease rate a t  t h e  surface equal s t h e  rate a t  which heat flows 

through the frozen region: 
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hA (T -T ) = k A . (dTJ z .. z z ; dx 
Substituting the relationship in  equ ation (4- 13) :  

� (TJ dT = .!:_x 11 (T -T )  ("1 x-1ldx Jr. k a z Jx z z 

(4- 1 6) 

(4- 17) 

(4- 1 8) 

Assuming that n ;e: 1 ,  integrating equ ation (4- 1 8) gives equ ation (4- 1 9) :  

T = ( 1 - n)T1 - (h/k)X "�; -" -X1-")Ta 
z 

( 1 -n) - (h/k)X ���;-11 -X 1 -1I) (4- 1 9) 

S ubsti tu ti ng equ ation (4- 1 9) into equation (4- 17)  and the nce in to equation  

(4- 15)  gives equatio n  (4-20) . 

(4-20) 

Thi s  equation can be regarded as a replacement for equation (4-3), with the 

advantage s  of greater simplicity and no need for a reference sh ape . To e stim ate the 

freezing heat load from thi s  equation, i t  i s  necessary to find an expre ssion for the 

rate of change i n  fro zen volume with xl 
It was i ni tially speculated that the rate of change in  frozen volume with x1 

may be some functio n  of the shape factor n, but testing of several alternative form s  

for thi s function showed thi s appro ach to be u seful o nly at low v alue s  of the Biot 

number. In a personal communication to the author (reproduced i n  Appendix 1) ,  

Pham ( 1 989) sugge sted that the change i n  frozen volume wi th x1 may be a function 

of a shape f actor N which i s  differe nt from n. 
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If i t  i s  assumed that the volumetric unfrozen fraction i s  related to the linear 

u n frozen fraction by equation (4-2 1 ) , 

then differentiating equation (4-2 1 )  obtains equation (4-22). dV = N [x1)"- 1 � dx1 X X 

(4-2 1 )  

(4-22) 

A n d  so the freezing heat l oad at any given time, t, may be estimated by: 

where:  

<P frct:t 

is the volumetric specific enthalpy I J m·3 

L i s  the  l ate nt  heat of freezi ng I J m·3 

The problem of evalua t i ng N i s  considered below. 

(4-23) 

4 .6.1 Product entha/py in ji"ee:ing and sub-cooling 

For food products ,  the freezing fron t  i s  not sharp, and not all  of the heat is  

released at T1, so when eq u a t ion (4-20) is  in tegrated n u merical ly ,  experience h as 

s hown th a t  much better resu l t s  are achieved by replacing T1 with the mass average 

temperature , Tma· Tma is re-calcula ted at each t imestep from the commonly used 

p roduct e n th al py fu nct ion ( S c h wart zberg, 1 976): 

where: 

H = a  + b T  m a 
c 

+ -
T 1Nl 

a,b,c are constants  (see below) . 

(4-24) 

Equation (4- 24) c a n  be solved for T rna to obtain equation (4-25): 
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= ( H - a )  - V ( 11 - a ?  - 4 b c  
2 b  

(4-25) 

47 

The va lue  of fl can be obtained at any time i n  the process from solving 

equa tion (4-23) .  The coefficients a, b and c 
.
are given for many food products by 

Pham ( 1 987a), o r  they may be c alcul ated by sol v i n g  equation (4-24) a t  three points .  

For example,  data for enthalpy fl1 at  the freezing temperature T1, e nthalpy Hb<U• at the_ 

enthalpy base temperu. ture Tb<U• (usual ly  -40°C), and the frozen heat  capacity C, at 

Tbau allow one to eval uate the fol lowing equations:  

c = 
J bare T - T ( 1  1 
TL.re + TJ - Tba.u 

� c c H1 - -T + -T-
b J ba.<e =

-T----T--1 bcu 

a = - h T  -
bC.\C 

4.7 Su b-coo l i ng  model  

(4-26) 

(4-27) 

(4-28) 

This model i s  s i m i br to the chi l l ing model ,  except that frozen materi al 

properties are subst i tu ted for the u n frozen material properties and T ma is calc u lated 

u s i n g  the enrh alpy fu nction descri bed above so that the re mai n i n g  late n t  heat is 

included in the calcul ation. The mode l which resul ts  from these modifications is 

described by: 

4> :ubcoo/ = V 
dH 
dt 

V A 2 k 
= £ 1-' I : ( T - T ) 

3 x2 G trl4 
(4-29) 
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T INJ i s  re-calculated from fl at each time step using equation (4-25). 

The chilling model has two weaknesses when it is  applied to s ub-cooling. 

Firstly, the presence of residual latent heat means that the notional heat capacity of 

the body changes during the sub-cooling period. This violates the assumption of 

constant heat capacity made in deriving the analytical series solution for chilling 

under constant conditions. One might expect the sub'-cooling heat load to be 

predicted poorly until the latent heat component becomes negligible. 
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Secondly, the presence of the freezing front within the body during the first 

part of the sub-cooling period causes the shape of unfrozen region to continue 

changing, with the corollary that the shape of the frozen region will also change. 

This violates the assumption that the E geometry factor is constant during sub­

cooling - a problem that does not occur during freezing as the freezing front motion 

is handled separately from the heat load. Again, one would expect this problem to 

decrease in importance during the latter part of the sub-cooling stage. 

4.8 Criteria for tra nsition between models 

There is no theoretical basis for deciding when to move from one model to 

the next during a numerical integration of the heat load estimation method. A 

number of criteria were considered: 

1 Move from chill to freeze when the mass average temperature of the body 

drops to 1j. 
2 Move from freeze to sub-cool when the mass average temperature drops to 

some point at which freezing is considered to be complete (e.g. - l 0°C). 

3 Move from the current model to the next when the next model produces a 

higher heat load than the current one. 

4 Move from the current model to the next when the rate of change of heat 

release in the current model is equal to the rate of change of heat 

release in the next model. 
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Of these, c riteria I and 2 are physically reasonable only at low B iot numbers .  

At  h igher B iot numbers, they generate discontinuiti e s  i n  the predicted heat load 

profile. Criterion 4 provides a continuous first derivative for the heat load result, but  

the equali ty condi tion is  difficult to implement successfully i n  a computer algorithm. 

Criterion 3 provides a heat load result  without discontinuities (although transitions 

may not be smooth,  i .e .  the first derivative is- discontinuous) ,  and real istically sites 

the transition poi nts  depending upon the B iot number for the process.  

Criterion 3 was chosen as being the most appropriate for the chil l--?freeze 

transition. Cri terion 3 was also chosen for the freeze--?sub-cool tran si tion , but some 

difficulties remained in th is  case. Firs tly, the trans i tion from freeze to sub-cool is 

made before the freezi ng front has reached the centre of the product. This is  

desirable as i t  avoids the point  where x1 = 0, under which circumstances the freezin g  

front  moves a t  a nominally infin ite rare for all shapes but the s lab. It does introduce 

the problem, however, that when the sub-cool ing s tage comme nces there is still  some 

l atent heat remai n i n g  in the body.  

Secondly,  c riterion 3 alone is inadequate at h igh B iot n umbers , and i t  causes a 

tran sition to sub-cool ing  when there is st i l l  a substantial latent  heat load, despite that 

fact  that the sub-cool i n g  model is physical l y  unreal i s tic when the l atent  heat load i s  

s t i l l  domi nant. In  practice , t h e  overa l l  method h a s  been found t o  perform much 

better if tran sit ion to sub-cool ing is nor al lowed unt i l  the freezi n g  object is at least 

80% frozen by volume,  i . e . :  ( J n • l � < 0.2 
(4-30) 

The factor �/ks in equation (4-29) i s  re-calculated at the time of transition to 

make the i nitial s u b-cooling s tage heat load equal to  the fi nal freezing stage heat 

load. This  is  a rather crude correction, but high accuracy at this poin t  in the process 

is not usually cri t ical because the tota l hear load i s  quite small .  
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4.9 Evaluation of freezing equation parameters 

Two parameters are used by the freezing equation to define the geometry of 

the freezing body. The parameter n (which describes the temperature profile 

curvature at the phase change front) is not new, but rather, n = £- 1 ,  so n may be 

evaluated by the same methods as are used for E (Hossain et al, 1992a,b). 

50 

The second geometry parameter, N, describes the way in which unfrozen 

volume changes with freezing  fron t  position. At the start of freezing, the shape ot:­

the unfrozen region is the same as the shape of the outer surface, thus it can be seen 

from equation (4-2 1 )  that N = 1 ,  2, 3 for the slab, cylinder, and sphere cases 

respectively. For all shapes, N initially follows the expression: 

N = AX 

V 
(4-3 1 )  

When Bi = 0, E = A  X I V, so N =  E under these conditions. For Bi  > 0 and 

any shape but the slab, cylinder or sphere, the value of N may be expected to change 

during any process as the shape of the unfrozen region changes by becoming more 

rounded. Thus,  an accurate estimate of N at any given time would depend upon the 

relationship between the whole body shape and that of the remaining unfrozen 

region. Evaluating N exactly would therefore require a great deal of data for the 

more irregular shapes as well as considerable computation. It could be postulated 

that N might change from the initial value given by equation (4-3 1 )  downwards, 

perhaps reaching E at the completion  of freezing, but the mathematical function 

relating  N to frozen volume may be very complicated. To simplify the problem, it 

may be hoped that there i s  some average N for any given shape that is adequately 

close to the real (changing) N during the period of significant heat release. In the 

absence of other data, equation (4-3 1 )  was used as an approximation to this 

average N. 
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The latent heat of freezing, L, is  not well defmed for food products. For the 

purposes of this heat load prediction method, L may be conveniently defined by: 

(4-32) 

If freezing starts when T""' i s  still above Tp the overall energy balance can be 

maintained if L i s  defined so that it includes the residual superheat: 

(4-33) 

4.10 Practical implementation 

Accurate es timation of the sub-cooling heat load is strongly dependent upon a 

correct prediction of the mass average temperature, T ,.... This can cause some 

difficulty as the predicted temperature is very sensitive to the accuracy of equation 

(4-25). Fonunately, the heat load is small during this stage, and accurate estimation 

is  less  important than it is  earlier in  the process. 

When solving the ordinary differential equations numerically, care must be 

taken at the transitions between chilling and phase change, between phase change and 

sub-cooling, and when the freezing front is close to the centre of the object. Some 

of the less sophisticated numerical ODE solution methods may have difficulty at 

these points due to discontinuities and singularities. 

There is a singularity in equation (4-20) for n = 1. It i s  not wonh deriving 

the results for this special case, however, as one may s imply use some value of n as 

close to 1 as the precision of one' s  computer allows and expect that the predicted 

heat loads will be negligibly different from the special case i tself. 

4.1 1  Extension to n on-food materials 

While the model above was specifically developed for predicting the cooling 

heat load of food product, much of the derivation is  quite general and did not require 

A Dynamic Modelling Methodology for the Simulation of Industrial Refrigeration Systems 



CHAPTER 4: PRODUCf HEAT LOAD MODEL DEVELOPMENT 52 

any assumptions regarding the composition of  the cooling material. In particular, the 

above model could be used to characterise already-frozen food product and the room 

structural materials (such as steel or concrete) within a refrigeration application by 

s taning the material in  the sub-cooling stage rather than in  the chilling stage. One 

difficulty was encountered with the temperature-enthalpy function when this was 

done. 

The hyperbolic function used above to describe the variation of enthalpy with 

mass-average temperature contains an implicit parameter, Tu, which expresses the 

freezing temperature of the pure substance within the material which crystallizes 

during the freezing process. In the case of food materials the crystallizing substance 

i s  water (Tff = 0°C) and so Tu was ignored, but this may not be the case for non-food 

materials. The addition of Tff to equation (4-25) results in equation (4-34):  

__ ( H -a ) - V (H - a )2 - 4bc  � + � 2 b 
(4-34) 

This extension to the heat load model made it unnecessary to develop a 

separate model to represent the heat load due to structural materials within 

applications. The heat load model of this chapter when applied to structures should 

also  be more accurate than previously-developed structural material models because it 

i ncludes compensation for the effect of Biot number on the interior temperature 

profile .  For example, the structural material model of Cleland ( 1 985a) was identified 

by Cornelius ( 1 99 1 )  as being of the same form as equation (4-2). 

For most non-food materials ,  it is not necessary to provide the actual value of 

Tff. For some materials (e .g.  concrete), there may be no real Tff value at all. The 

most important criterion in these cases is to set Tff above the range of temperatures 

which may be expected in the application so that simulated structural materials 

cannot "mel t". The most simple form of the heat load equation parameters for use 

with structural materials is as fol lows: 
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Cl Heat capacity of the structural material I J m·3 K1 

T Exuc = -40°C 

fllxuc = 0 J m·3 

T1 = 99°C (well above the expected operating temperature range) 

T.u = 100°C (well above the expected operating temperature range) 

fl1 = cl cr1 - r �xu.) 
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If equations (4-26) to (4-28) are used to evaluate- the enthalpy equation 

p arameters, then Tu should not be equal to either T1 or T base to avoid division by zero. 

Thi s  parameter set assumes that the specific heat capacity of the structural 

material can be adequately represented by a constant value. If the heat capacity was 

known to vary significantly with temperature, then H1 and T1 could be given values 

w hich allow the enthalpy function to represent this  variation. The specific heat 

capacities of the structural materials modelled in  the simul ations of Chapter 1 0  did 

not vary substantially with temperature so this has not been done in the present work. -
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Chapter 5: Food Prod uct Heat L oad Measu rem en t  

Validation of the food product heat load model developed i n  Chapter 4 

required data against which the model could be tested. An i ndirect approach was 

described by Cleland ( 1985a, 1 986b), who used a ful l  plant s imulation to test his 

heat load model. In that case the product he.at load models comprised only about 

1 0% of the dynamic models i n  the simulation. A l l  of these model s  were subject to 

error, and mos t  of them i nteracted with the others to some greater or lesser degree. 

Product heat load was not measured explicitly, so the accuracy of the product heat 

load model could only be inferred from its effects upon secondary values such as the 

ambient air temperature i n  each refrigerated room. Thi s  limited the extent to which 

the conclusions drawn from this validation method could be relied upon. 

More confidence could be placed in a validation procedure which tested the 

model again s t  actual experimental measurements of product heat load. Thi s  

presented the problem o f  measuring the heat load of cool ing food prod uct. The 

product types of most interest to this project were two principal exports of the New 

Zealand meat industry: frozen whole Iamb and sheep carcasses (with weights up to 

30 kg) and frozen boned meat canons (of about 27 kg each) .  

The fol lowing methods of measuring the heat load v s .  time profile o f  cool ing 

food product have previously been reported in  a manuscript by Lovatt er a! ( 1 992b) 

which is reproduced in Appendix 4.2.  

5.1 Deve l o pmen t of methods for measu r ing  p ro d uct  heat  load 

Three techniques for measuring food cool ing heat load were attempted. 

5.1 .1 Industrial freezer air cooler load measurement 

The principle of this method was to measure the performance of one freezer 

i n  detail rather than attempting to measure overaii  plant performance in the fashion 
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of Cleland ( 1985a). This would allow a much more sensitive evaluation of the 

product heat load model than a full plant simulation. The minimum requirement was 

to measure the cooler air flow rate before or after the freezing process, and to 

monitor the air temperature change over the air cooler during the process using 

differential temperature probes. Heat infiltration could be estimated by conventional 

means (Cleland, 1990, p.214), and the remaining heat load would be due to items 

within the room. 

It was hoped that if a batch freezer were instrumented in this fashion then the 

total heat load resulting from the product freezing in the room could be calculated. 

There are a number of problems which restrict the quality of any results obtained: 

1 There are other heat loads in a typical freezer room besides the product. In 

particular, the effect of structural loads will distort the measured load 

(the author' s experience suggests that an initially warm concrete floor 

may add 20% or more to the total load in a typical New Zealand batch 

freezer). Steady state loads such as forced convection evaporator fans 

may be accounted for by measuring electrical energy input, but time­

variable loads such as those due to air interchange are difficult to 

estimate accurately. 

2 Differential temperature measurements record sensible loads only so it is not 

practical to use this method for product where there is a significant 

latent load due to evaporation from the product. 

· 3 Refrigeration conditions in the room may not remain consistent during the 

freezing process. Refrigerant evaporating temperatures may fluctuate 

considerably over the freezing period due to interactions with the rest 

of the plant, and in a batch freezer the air temperature will often fall 

during much of the process as the refrigeration load drops 

(Cleland, 1 985a). 
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4 If the refrigerant or air flow i s  varied to regulate air temperature, the 
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measured instantaneous load may not bear any resemblance to the real 

load under constant conditions. 

Whe n  preliminary trials  of this method were u ndertaken, all of the problems 

discussed above were identified and the method was found to be insufficiently 

precise. Errors in the energy balance were typically i n  the range 50- 1 00%, and there 

was no indication that this level of error <;ould be substantially reduced without a 

radical change of approach. 

While thi s method was found to be impractical for product heat load model 

validation, it was found that for some operating conditions the measured heat load 

did provide some u seful information on the performance of the individual room. If 

the differen tial temperature measurement was properly calibrated for the freezing 

conditions,  it could be a useful source of data for a refrigeration plant strategy 

controller. 

5.1 2 Electrical heat make-up 

In principle, product heat load measurement required a forrn of calorimeter. 

The produc t and process were not suitable for placing in a conventional calorimeter, 

so the principles of calorimetric operation were extended to an existing controiied­

e nvironment tunnel (as shown in  Figure 5- l )  which was converted for the purpose . 

I t  was intended to supply a constant  refrigeration effect to the freezing tunnel 

throughout the process and to control an electrical heater in such a way that the 

temperature of the air passing over the product was h eld constant. If this was done, 

then the heat load of the product at any given time would be  equal to the difference 

between the electrical power input to the heater and the power required to maintain 

the s ame air temperature in  the absence of product. That is:  
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Figure 5-l Diagram of the MIRINZ environmental tunnel as  set  up for product 
heat load measurement. 
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<Pp =
<P ... - <1> � (5- 1 )  

i s  the heat flow from the product at a given time I W 

<j> � is the elecnical heater energy flow at a given time I W 

<j> ... is the elecnical heater energy flow at steady state I W 

. 
This followed the method of James and B ailey ( 198 1 )  who applied a similar 

5 8  

method t o  measure the heat load while chilling pork sides. When this technique was 

nied, there were found to be a number of problems : 

1 It was not practical to use alternating current to supply the heat because the 

regulation of the heater modified the AC waveform, thus making accurate 

power measurement prohibitively expensive. This mandated the use of a 
, ·  I 

direct current heater, which in turn limited the capacity of the electrical heater i 
to the capacity of the available DC source (about 650W). 

2 It was very time-consuming to adjust the plant to the point where the heater 

was near, but below, maximum output and therefore had enough range 

to cope with the maximum load without dropping to zero output. 

3 At the start of the freezing process, the peak load resulting from the warm 
product and the air which had entered with the product exceeded the 

maximum capacity of the electrical heater, and so the air temperature 

became temporarily uncontrolled. This had a deleterious effect on the 

estimated heat load. 

4 It was very difficult to keep the refrigeration effect constant. In the experi-

mental plant, refrigeration was supplied as chilled ethanol which 

circulated through the air cooler. The ethanol temperature was 

controlled to within O. l°C of its setpoint, but even this small variation 

had a 2% effect on the supplied refrigeration effect due to changes in 

the logarithmic mean temperature difference. In turn, this resulted in 

larger percentage changes in the heater power (5% of m aximum 
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output) and even larger changes in the calculated heat load ( 10- 15% of 

the mean freezing product heat load). This noise obscured much of 

the useful data. 

5 The baseline electrical heat input, cl>"'' was subject to significant shifts when 

the door was opened to load and unload product. Heat infiltration 

around the door was affected by the way in which the door seated and 

this varied from closing to closing. 

6 The large surface area of the environmental tunnel made heat infiltration an 

important factor. Runs had to be adjusted for changing heat 

infiltration due to the changing external temperature over the length of 

the run ( 12  to 60 hours depending on product and freezing conditions). 

7 The heater power measured in this experiment was the output of the controller 

rather than the controlled variable. Whilst the air temperature was 

well controlled except immediately after starting a freezing run, the 

heater power output by the controller was subject to considerable 

noise. De-tuning the controller helped reduce the noise level, but 

some noise remained due to this source 

In spite of these difficulties, some valid results were achieved through the use 

of this method although data smoothing was required to make the results intelligible. 

It was necessary to estimate the refrigeration effect and include it in the heat 

load calculation because of the extent of its variation. This was done by measuring 

the change in temperature of the ethanol flow across the air cooler with a differential 

thermocouple, and its volumetric flow rate with a turbine flow meter. 

The start of each run was inaccurate due to starting effects, while the last half 

of each run had a heat load which was within the range of the data noise.  Results 

could only be relied upon for the period after start-up and before the heat load 

dropped below about 40W. This was not acceptable for the purpose of validating the 

heat load model. It was concluded that. the method could only be made satisfactory 
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i f  a p urpose-designed experimental plant were constructed - an exercise which 

would h av e  required expenditure beyond the budget of the project. 

5.1 3 Differential air temperature measurement 
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I n  an attempt to find a method which was less sensi tive to external infl uences, 

the principle of the flow calorimeter was adapted to product heat load measurement. 

The environmental tunnel described in section 5. 1 .2 was retained, but a 

thermocouple array was placed before and after the product i n  the air stream as 

shown in Figure 5- 1 .  The array comprised 1 6  differential T-type thermocouples 

combined together in series and spaced evenly across the cross-section of the tunnel 

with 1 6  junctions before the product and 1 6  after the product. An anemometer tra­

verse was carri ed out  to measure the air flow rate in the working section of the 

tunnel so that the sensible product heat load could be calculated from equation (5-2). 

w here: 

,;., = C .  Q . 6T . 't' p QJT QlT QJT 
(5-2) 

cair is the vol umetric specific heat capacity of air I J kg·1 K1  

Q,.;r is the volumetric flow rate of air I m3 s·1 

6T cu·r is the change in temperature of the air passing over the 

prod uct I K 

A n umber of advantages ensued : 

1 With the thermocouple arrays just each side of the product, the amount of 

heat infiltration through the walls  of the tunnel which was included in 

the raw heat load data was reduced by a factor of abou t  10 compared 

with the whole tunnel surface infiltration. 

2 There was now no need for the tunnel air temperature to be held exactly 

constant. The previous  tigh t air temperature control (used in the 

method of section 5. 1 .2) was therefore disconti nued. 
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3 With the improved air temperature tolerance, it was no longer necessary to 

include the refrigeration effect in  the heat load calcul ations, and 

therefore a large source of noise was removed from the data. 

There remained two principal disadvantages with this approach: 

1 Only sensible heat could be measured. For this reason, a load cell was 
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installed to monitor product weight during processes where latent heat 

was important. There was some difficulty in making that system 

function in a repeatable manner, so estimates of the latent heat 

contributions are not included in the results shown in Chapter 6. Most 

of the experimental run s  were carried out with the product enclosed in 

a vapour-tight wrapping to minimise any latent heat load as the 

product heat load model described in Chapter 4 did not explicitly take 

latent heat load into account. 

2 There was some difficulty in accurately measuring the air flow rate. It was 

not possible to carry out a complete rraverse across the tunnel because 

there were only three points in the tunnel ceiling where the 

anemome ter could be inserted. Fortunately the data collected showed 

that there was little horizontal variation in air flow rate across the 

width of the tunnel. There was some variation in air flow rate with 

vertical position, but this was taken into account by the anemometer 

rraverse. 

Given the advantages of this method and the acceptability of its disadvant­

ages,  the method of this section was chosen as the best technique for producing 

repeatable product heat load profiles. 
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5.2 Materials and preparation 

5.2 .1 Carton Shape 

The first process to be studied was the freezing of boned meat cartons in a 

moderate air velocity environment, as occurs· in many New Zealand meat processing 

plants. To make the process more convenient to simulate with finite difference 

methods, the meat analogue Tylose ?v1H1 000 was used instead of bone-less beef or 

l amb. The multi-layer cardboard boxes which are used in the industry were also 

difficult to accurately quantify in a finite difference scheme, so open-topped light­

gauge galvanised steel boxes were used to hold the Tylose. The boxes were 335mm 

wide by 5 1 0mm long, and they were filled with Tylose to a depth of 1 54mm, making 

e ach essentially the same shape and volume as a typical export meat carton. Two 

c artons were used in each run. A diagram of the two cartons i s  shown in Figure 5-2.  

The Tylose was made up using the hot water method (described by 

Riedel, 1960) in which the Tylose powder was mixed with hot water prior to placing 

i t  in the boxes. Tylose made in this way was slower to set than Tylose made with 

cold water and the slower setting resulted in easier mixing, a smoother surface, and a 

negligible amount of dry powder in the finished product when compared with Tylose 

made with cold water. The only additive used was some 5g of copper sulphate per 

carton to retard the growth of mould and bacteria. No sodium chloride was added. 

5.2 2 Lamb and Sheep Carcasses 

The frozen lamb or sheep carcass is another significant product of the New 

Zealand meat industry. It was important to find the best way of representing such an 

irregularly-shaped product using the ODE heat load prediction method. 

A variety of lamb and sheep carcasses were frozen at different air velocities 

with several of the different wrappings used in the industry. 
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1 54-mm 

� Air Flow 

Figure 5-2 Diagram of Tylose-filled meat canon shapes as arranged for product 
heat load measurement. Thermocouple positions are numbered. 

5.3 Experimental m ethod 

The runnel was cooled from room temperature to the working temperature and 

then run until it equilibrated at the experimental conditions. Equilibration required 

several days running at the operating temperature as heat load measurements using 

the method described in section 5 . 1 .2 had indicated that the empty tunnel contained a 

heat load which declined slowly after starting the tunnel from room temperature. It 

was speculated that this s lowly-declining heat load was due to moisrure gradually 

freezing within the tunnel insulation. The tunnel was run for several days at a 

temperature of about 35°C in an anempt to evaporate any moisture in the insulation, 

and this procedure may have succeeded as equilibration times were shorter 
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afterwards. For many runs, the tunnel was held at its operating temperature after the 

previous run so the equilibration problem was not encountered. 

Meanwhile, the product to be frozen was allowed to equilibrate in a con­

trolled-temperature room at 8°C. The Tylose cartons were left until their 

temperatures were negligibly different from the controlled room temperature, as 

monitored by a thermocouple probe in the centre of one of the two cartons.  Two 

cartons were used in order to maintain sufficient  heat load for accurate measuremen t  

during the experiment. Thermocouples were inserted i n  the centre and-five surfaces 

of one carton, as shown in Figure 5-2. 

The lamb and sheep carcasses were processed to ensure that they were 

hygienic, and met the New Zealand Accelerated Conditioning and Aging (AC&A) 

specification for high-quali ty frozen meat. The lambs and sheep were killed early in 

the morning, the carcasses were electrically stimulated within 30 minutes of 

slaughter, then covered with the wrapping specified for that run and placed in the 

8°C conrrolled- temperature room for about 6.5 hours. The highest temperature in the 

carcasses was then typically about l 8°C. 

Before loading into the tunnel, each carcass  was weighed and six thermo­

couples were inserted in various locations,  always including at least one deep leg and 

one deep shoulder position. The 0. 1 2  mm type T thermocouples used in the 

experiment were not very durable and there was typically one broken thermocouple 

in each heat load measurement run. The six thermocouple pairs were all brought 

together to a male 25 -pin electronic connector which could be quickly mated to a 

female connector installed in the tunnel. 

Each carcass was wired to a stainless steel rod in a configuration similar to 

the way in which it would hang in the air stream of a typical New Zealand vertical 

air flow blast freezer. The rod was then hung horizontally from a wire s ling to 

support it in the tunnel. By this means the experiment  was kept directly comparable 

to industrial freezing practice while still fitting a whole carcass into the working 

section of the tunnel. 
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Both product types were loaded into the tunnel in  the same manner. The 

tunnel fan was s topped, the side loading door opened, and the product lifted inside. 

Carc asses were hung on their sling from a double hook in the ceiling of the working 

sectio n  with hind legs towards the airflow. Cartons were placed on metal supports 

which allowed the air to pass along all surfaces. The carton with the temperature 

probes inserted was placed o n  top of the other one, sepcirated from it by similar 

supports. The six thermocouple probes were plugged into the data logging system, 

the s idedoor closed, and the fan restaned. The loading operation-usually took about 

30 seconds, but never more than 60 seconds. 

All of the run s  were conducted with a nominal ambient air temperature of 

approximately -2 1 °C but the air temperature was not closely controlled and therefore 

tended to drop from about - 1 9.5°C to -21 .5°C over the course of each run. 

Three carcass runs (numbers 6 to 8) were carried out at an average air 

velocity of 0.35 rn/s, but the energy balances for these runs were found to be very 

poor. It was speculated that the air flow distribution across the tunnel was uneven at 

such a low air velocity, with a consequent detri mental effect on heat load 

measurement accuracy. All other runs (carton runs 1 to 3 and carcass runs 1 ,2,3,4,5 

and 9) were conducted at an average air velocity of 1 .42 rn/s. Most runs were halted 

when the lowest measured product temperature was within 1 oc of the tunnel air 

temperature to make baseline heat load estimation easier. Some runs were 

terminated early due to mechanical problems (notably carton run 3). 

5.4 Air fl ow ra t e  measurement 

The major area of potential error in the heat load measured by the differential 

temperature method lay in the measurement of air flow rate in the tunnel. Mea­

surement duri n g  an actual run was impractical due to the effect on heat load 

measurement accuracy of warm air infiln·ating through the anemometer access holes, 

so the air flow rate was measured when there was no run taking place. 
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Initial air velocity measurements were conducted with the tunnel at room tem­

perature, but an early analysis indicated that the total heat load was being overesti­

m ated by a considerable fraction so the tunnel air velocity was re-measured at the 

operating temperature (-2 1 °C). This was done even though the vane anemometer 

u s ed for the purpose was not rated a s  accurate below ooc (no anemometer available 

to the author at the time was guaranteed at the temperature in question). Air velocity 

measurement inaccuracy was minimized by only holding the anemometer in the cold 

air flow for a few seconds at a time - just long enough to obtain a consistent 

reading. 

Air mass flow rate was calculated from the mean of the measured air 

velocities, the air density, and the cross-sectional area of the tunnel. While the mass 

flow rate would have been s lightly different due to the increased pressure drop when 

the product was in the tunnel, the pressure drop caused by the product  was expected 

to be negligible compared with the pressure drop within the air cooler and that 

caused by the direction changes as the air passed around the tunnel. 

5.5 Logged differential thermocou ple array output 

An example of the raw output from the differential air temperature 

thermocouple array (for canon run 1 )  is shown in Figure 5-3 .  The way in which 

these data were processed to produce a heat load vs. time profile for each 

experimental run is described in Chapter 6. 

5.6 Conclusions 

The differential air temperature method for measuring the heat load vs. time 

profile of freezing food product was found to be the most successful of the three 
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techniques attempted. It was more accurate than measuring the temperature change 

acros s an industrial evaporator and the results were easier to process than those of 

the heat make-up method. The differential air temperature method also required a 

lower standard of c onrrol over the experimental conditions than did the heat make-up 

method. 
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A new model for predicting the heat load profile of cooli n g  food product  was 

developed in Chapter 4. Chapter 5 described three methods which were attempted 

for measuri n g  product heat load. Chapter 5 aJso outlined the experime n tal procedure 

which was fol lowed to obtain heat load vs.  time profiles for freezin g  carton shapes 

and lamb carcasses using the differen ti al  air temperature measureme n t  technique. 

Chapter 6 reports the results of analyzing the experimental measu remen t s  and of 

v al idati n g  the ODE heat load model against  both the experimental measurements and 

finite d ifference heat load predictions.  

Much of this analysis  has previously been reported i n  manuscripts by 

Lovatt et a/ ( l 992a,b) which are reproduced i n  this  thesis as Appendices 4. 1 and 4.2. 

6.1 Heat load b asel ine  est i mation 

A n  example of the raw outp u t  from the differential air temperat ure 

thermocouple array (for c arton ru n  1 )  is  shown in Figure 5-3.  

The differential thennocouple heat load measurement technique could not 

measure the absolute sen sible heat load of the product. Heat i nfi l tration around the 

workin g  section of the environmen tal tunnel signi ficantly affected the measured air 

temperature change and the extent of this i n filtration load v aried from run to run due 

to differences i n  the quality of the loading door seal  after each closing.  Thu s  i t  was 

n ecessary to estimate the base level of heat i nfiltration within  the workin g  section 

d u ri n g  each run .  

The basel ine estimation approach assume d  that the heat load a t  t h e  end o f  the 

run was a good estimate of the baseline. One e arly run showed that this was 

superior to ass u mi n g  that the basel ine was e stimated by the heat load measured 

i mmediately prior to loading the product because the heat load at the e n d  of this run 

was much lower than the heat load before the start. For run s  which were cut  short 
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for any reason, the baseline was assessed as being the lowest heat load measured 

from several hours before the start of the run (when logging was started) until the 

run finished. To reduce the influence of random error, the measured loads were 

averaged over 20 minute periods for baseline estimation purposes.  

The baseline estimate accuracy could be assessed by checking the energy 

balance for the experiment - since the s tarting and finishing temperatures, and the 

mass of the product were all known, the theoretical change in enthalpy between the 

two temperatures could be estimated from product thermal properties. 

6.2 Carton shapes 

6.2 .1 Finite difference calculations 

The cartons used for experimental heat load measurement were of a 

sufficiently regular shape that they could be modelled using finite difference 

methods. Finite difference calculations have been found to predict  freezing times 

within the bounds of experimental freezing time measurement accuracy 

(Cleland, 1 990, Chapter 4) and, by the nature of the finite difference methods, they 

may be expected to predict heat loads to a comparable degree of accuracy. If finite 

difference methods could be used to test the ODE method for regular shapes then 

this would greatly reduce the number of experimental measurement runs required to 

gain confidence in the ODE method. The first objective of the heat load 

measurement experiments was therefore to verify the accuracy of !mite difference 

methods when predicting product heat load. 

69 

A finite difference calculation was carried out for the conditions encountered 

in the experiment using the FINDIFF program supplied as part of the RADS package 

(Cornelius, 1 99 1 ). This program implemented the Lees scheme described by 

Cleland (1990, Chapter 4), and the initial FD calculation used a grid of 10x 1 0x8 

cells ( l l x l l x9 nodes). 
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The simulated carton shape was started at the same uniform temperature as 

the experimental c arton (8°C). The heat transfer coefficient used in the FD run was 

back-calculated to give the same freezing time (to - 1  SOC centre temperature) as was 

measured in the experimental case. 

The Tylose MH 1 000 used in this  experiment had an initial freezing tempera­

ture of - 1 .2°C rather than the expected -0.68°C (Ph am, 1 987 a). The Tylose density 

was measured by fluid displacement to be 1050 kg m·3, thermal conductivity was 

obtained from Pham ( 1 990), and enthalpy vs. temperature data was obtained from 

unpublished experiments with an adiabatic calorimeter by the MIRINZ refrigeration 

group. The thermal conductivity data used in the FD runs are shown in  Table 6- 1 

and the enthalpy vs .  temperature data is shown in  Table 6-2. 

6.2 .2 Experimental measuremellts 

The experimentally-measured heat loads are shown together with various 

predictions in Figure 6- 1 .  The FD calculation is plotted as the "Even HTC" l ine. 

Comparison of the predicted and experimentally-measured heat loads demonstrated 

that there was a problem with the overall energy balance. The change in enthalpy 

over the process for runs 1 and 2 (as estimated by numerically integrating the 

measured heat load) was 25% and 1 2% greater than the theoretical result .  The 

measured enthalpy change for run 3 was 4% less than the theoretical result, but this 

run was shorter than the others due to equipment failure. 

The shapes of the FD and experimental heat load profiles were also quite 

d ifferent. 

The failure to obtain an energy balance and the differen t  shapes of the 

experimental and finite difference heat load profiles must have been due either to 

error in the experiment, error in the finite difference calculation or some error in  

both. Both possible error sources were investigated. 
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Table 6-1 Thennal conductivity of Tylose :MH1000 

Temperature Thermal 
; oc Conductivity 

/ W/mK 

-39.4 1 .573 

-38.4 1 .597 

-29.6 1 .532 

- 19.7 1 .437 

- 12.8 1 .404 

-8.9 1 .38 1 

-7.0 1 .385 

-4.4 1 .296 

- 1 .2" 1 .200 

-0.9" 0.48 1 

3.2 0.48 1 

14.9 0.479 

27.7 0.5 1 1  

37.6 0.530 

6.2 3 Sources of experimental error 

These data were derived from 
Pham (1990). 

"Data marked with an asterisk were 
added to the measured data to allow 
accurate linear interpolation by the 
FINDIFF program. 

1 There was some initial heat load due to opening the tunnel door when loading 

the product. The size of this load was checked by carrying out the 

nonnal loading operation, but without actually loading any product 

into the tunnel. Loading effects were seen to be insignificant within 

five to ten minutes of commencing the test run. 
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Table 6-2 Temperature vs. enthalpy data for Tylose MH 1 000 

Temperature I Enthalpy I Heat Capacity 
oc kJ/kg I kJ!kgK 

-38.93 1 .49 1 . 89 

-35.86 5 .88 1 .9 1  

-28.09 2 1 . 20 2. 1 3  

-20.62 36.89 2 .38 

- 1 3 .56 54. 1 8  3 .36 

-7.83 77.77 6.25 

-4.04 1 1 0.86 1 3 .56 

-2.02 1 52.78 3 1 .77 

- 1 .09" 200. 1 2  52.88 

- 1 .08 200. 1 2  5 1 5.73 

-0.90" 293.44 5 1 5.73 

-0.89" 293.44 3.99 

40.7 1 452.95 4.04 

These data were derived from unpublished work by the MIRINZ refrigeration 
group as reported by Pham ( 1 99 1 ). Enthalpies were measured by calorimeter. 
Heat c apacities were required for use by the FINDIFF program and were 
calculated from the measured enthalpies by numerical differentiation. 

"Data marked with an asterisk were added to improve numerical 
differentiation accuracy. 

2 The method used to estimate the heat load baseline was susceptible to some 

error. S ince this error would have been different for each of the runs, 

i t  was checked by comparing the three experimental profiles with the 

smoothed mean of the three. The standard deviation of the 

experimental profiles about this mean w as found to be 6.5W, which 

was about 5% of the mean product heat load. Error in the heat load 
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Figure 6-1 S ingle meat canon shape heat load as measured and as predicted by 
both FD and ODE methods. 

baseline estimate would have contributed to the energy balance error 

but  not to the difference between the heat load profile shapes.  

3 The differential thermocouples may have been susceptible to radiation effects 

which could have caused the thermocouples to report higher 

temperatures than actually existed in the air. This was indeed a 

problem while commissioning the experimental plan t. but it appeared 

to be resolved by shielding each of the thermocouples upstre3.ITI of the 

product with aluminium foil, while still allowing air to flow around the 

probe s .  There may have been some residual trouble with radiation 

effects, but this was not expected to be a major source of error. 

4 As discussed in section 5.4, the process of measuring the air mass flow rate in 

the tunnel was difficult and error-prone. A 1 0- 1 5 %  error in the results 

of that procedure was quite conceivable, but it would affect the energy 

balance - not the shape of the heat load profile. 
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The energy balance error in  each run was within the combined uncertainties 

of the air flow rate measurement  method and the heat load baseline e stimate. 

Improved precision may be possible, but air flow rate measurement  precision may be 

expected to set a lower bound upon the overall accuracy of the experiment. 

6.2 .4 Sources offinite difference error 

There were three possible sources of error in the finite difference heat load 

prediction. The finite difference computer program used for these calculations has 

been well tested over 1 5  years and was considered to be reliable, but  its input data 

may not have accurately represented the reality of the experiment. 

1 One area of possible error was i n  the thermal properties used for the 

calculation. An error in the estimated enthalpy change may explain 

some of the energy balance error, but this was not expected to 

contribute more than about 2% error. 

2 The radiation effects discussed with reference to the differential thermo-

couples were not considered in the finite difference calculation. The 

effective heat transfer coefficient used in the finite difference 

calculation included a radiation component which treated radiation as a 

pseudo-convective process. The error introduced by not treating 

radiation in the correct manner (proportional to the difference between 

the fourth powers of surface and ambient temperatures) was checked 

and found to be no more than about 4%. 

3 The final assumption made for the finite difference run was that the heat 

transfer coefficient was the same on all pans of all surfaces. That this 

was not so was indicated by the plot of measured temperatures in the 

carton during the process. Figure 6-2 shows a plot of the six 

measured temperatures during the first canon run. The thermocouple 

located under the upper (open) surface of the carton (T5 in Figure 6-2) 

A Dynamic Modelling Methodology for Lhe S imulation of Industrial Refrigeration Systems 



u 

CHAPTER 6: HEAT LOAD EXPERIMENT ANALYSIS A."'D MODEL TESTING 75 

1 5  r-------,,--------�.------,--------r-------, 
Ai r ­
T 1  

1 0  � T2 
• ' , T3 

5 � ' . ' ,  T 4  
., ' ', T5 

11\ ' • ' ... ... T 6  - - -
0 � ...... ' . .:. .. ..  - .. ·-· : ::__- :. · ... · . . . . .. .. . . .. . . . .. . . . .. . . .. . .. .. . . . . . . . . . . . . . . . .. .. . .. .  -

I'\·. ... . - .-..... .. � - - - - - - - - - -
, -�- -� --: - - - - - - - - - :._ .... ' . ..... · · .-:.- ·' 

- 5 ' · - . · .: - ... . \ 
........ � .. · · .. .. .... ... ,. ' .... - : :..... . ... ... ... '\ 

...... ....... ' ··""'::--.' ... ... 
, .. 

- 1 0  - .... ·.·...... ... ... '\ ....... · .. ... ...... .... .... '· ' ,  · · .. .. · ...... ..... .... '\ ...... .. .. .. ........ ... t 
- 1 5  .... ...... · · . . : ...: .... ... t 

...... ....... · · .. .. .. ........ ..... ... \ 
...... _ · · · -�--� '

, - - - · - �  ..... 
- - - - - - -"""' �-- 2 0 - - .:--,--:.;;: 

- 2 5  I 
0 5 0 0  

I I 
1 0 0 0  1 5 0 0  

T ime I m i n u t e s  
2 0 0 0  2 5 0 0  

Fi£Ure 6-2 b Product temperatures around the meat carton shape during freezing 
-· measured. 

remained much warmer than would have been expected if the heat 

transfer coefficient was as high on that face as it was on the other 

faces. Funher, T l  and T4 (the leading and trailing surfaces) should 

have maintained similar temperatures (as the two surfaces were of the 

same area), but showed a difference of up to 5°C. T2 and T3 were as 

close as might be expected given slight variations in depth beneath 

their surfaces. 

To test hypOthesis 3 ,  the relative sizes of the heat transfer coefficients in the 

cen tre of each surface were evaluated separately using the "Goodman plat'' method 

of Cl eland and Ear le ( 1 97 6). The heat transfer coefficient which had previously been 

found by back-calculating from the freezing time was scaled on each surface to these 

relative sizes, giving five local heat transfer coefficients - one for each side of the 

canon where there was a thermocouple. There was no thermocouple on the bottom 

surface of the carton, so the he.at transfer coefficient on that surface was assumed to 
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be equal to those on the long side surfaces (derived from the measurements recorded 

from thermocouples T2 and T3). 
The FINDIFF program was not capable of simulating a canon shape with a 

different heat transfer coefficient on each face, so it was mcxiified for the purpose. 

To maintain the integration accuracy of the earlier predictions, the uneven heat 

transfer coefficient  case was calculated with a finite difference grid of 20x20x 1 6  

cells (2 1x2 1 x 17 nodes). The modified finite difference program produced the 

"Uneven FHC" line in Figure 6- 1 .  

The temperatures predicted b y  this FD calculation for the centre of each 

surface are shown in Figure 6-3 for comparison with the experimental temperatures 

shown on Figure 6-2. T7 is the estimated temperature at the centre of the bottom 

s urface of the canon. The two plots are similar (and Figure 6-3 is much better than 

the equivalent temperature plot for the "Even HTC" case), indicating that the . 

estimated individual surface heat transfer coefficients were approximately correct. 
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Product temperatures around the meat carton shape during freezing 
- predicted by the FD method with uneven hear transfer 
coefficients. 
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The heat load estimated using uneven heat transfer coefficients was a much 

better fit to that measured experimentally than the uniform surface heat transfer 

coefficient heat load prediction had been. 

Under-estimation of the measured heat load by the FD method early in the 

run and over-estimation later probably resulted from other uneven heat transfer 

effects. To properly assess the effects of variable heat· transfer coefficient, i t  would 

be necessary to measure heat transfer coefficients at more than five points on the 

carton. It is possible that heat transfer coefficient variation across different parts of 

the same surface may be at least as great as that found between faces. This was not 

explored experimentally. 

In practice, a typical carton freezer contains several thousand cartons and each 

carton moves through a variety of positions in the freezer, encountering a variety of 

air velocities and heat transfer coefficients as it freezes (Pham and Willix, 1 987). 

The total product heat load on an industrial freezer at any time represents the loads 

of all of these cartons together, but modelling each carton individually (even if only 

one heat transfer coefficient was assumed for each) would make a complete meat 

processing plant simulation very complex indeed. A more practical approach is only 

to model a typical carton with a typical even heat transfer coefficient and to rely 

upon the averaging effect of the large number of canons to make the total predicted 

load similar to the total load on the real plant. 

6.2 5 ODE model validation 

To apply the ODE model to the conditions found in the experiment, it was 

necessary to take the uneven heat transfer conditions into account. Pham ( 1987b) 

showed that (for a slab) where heat transfer coefficients or surface temperatures are 

asymmetric the freezing time could be estimated by adjusting the critical depth, X, to 

represent the asymmetry and then calculating as if for symmetrical conditions. An 

attempt was made to use Pham's  technique in conjuction with the method of 

Chapter 4 to predict the carton shape heat load profile under the experimental 
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conditions. I t  would h av e  been very complicated t o  apply this  technique to three­

dimensional asymmetry, but most of the carton heat content passes out  through i ts 

top and bottom surfaces, so it was proposed that the technique only be used i n  this 

"primary" dimension and not in the other two. 

The critical depth of the c anon was adjusted by Pham 's ( 1 987b) technique to 

compensate for the u neven heat transfer coefficients o n  the top and bottom surfaces 

and E (and hence n) was recalculated for the new cri ti cal depth using the method 

described by Hossain et a/ ( 1992a). The shape of the freezin g  front  i n  the 

asymmeaic case was not expected to be much differen t from the symmeaic case so 

N was left unchanged and was sti l l  calculated with the original X value using 

equation (4-3 1 ). 

The heat load predicted by the asymmeaic ODE calculation i s  shown i n  

Figure 6- 1 a s  the "ODE Method" l i ne. I t  may b e  seen that the predi cted heat load 

was very close to that of the "Uneven HTC" FD run except at the start of the 

process. While this does not con s ti tute a comprehensive test of the ODE method 

u nder asymmeaic conditions, it does provide some confidence that the method i s  

capable o f  extension t o  complicated heat transfer situations. 

6.3 Other regu l a r  s h a pes 

6.3.1 ODE model validarion 

Section 6.2 established that finite difference heat load predictions for the meat 

carton shapes corresponded wel l  with experimental measurements when allowance 

was made for the difficulties of representing the experimental conditions in a finite 

difference scheme. Thi s  meant that finite difference methods could be u sed to test 

the ODE heat load prediction method for a range of regular shapes.  

Comparisons of the ODE method against the heat loads predicted by the 

RADS FINDIFF program for various shapes and freezing conditions are shown i n  
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Figures 6-4 to 6-6. The conditions of these tests were particularly demanding for 

any heat load or freezing time estimation method: 

Initial Temperature: 30°C - high initial superheat 

Fin al Temperature: - l 2°C - significant sub-cooling 
. 

B iot Number: 0.0 1 to 1 00 - wide range of Bi 

A mbient Temperature: -2 1 °C 

The simulated product was the commonly-used food product analogue Tylose 

as was used for the meat carton shapes. For each ODE run, N was calculated from 

equation ( 4-3 1)  and E was evaluated by the methods described by Hossain et al 
( 1 992a). 

Figure 6-4 shows results for a 200 mm thick slab (£ = 1 .0) with Biot 

n umbers from 0.0 1 to 100. The time axis has been normalized by dividing by the 

freezing time, t.t Heat loads are shown as ratios to the finite difference prediction, so 
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Figure 6-5 Ratio of ODE to FD heat load predictions - Cube, range of Bi 

that ideally, all of the ratios should equal 1 .0  for the whole process. The p laned 

ratios for Bi = 0.0 1 and 0. 1 are indeed very close to 1 .0, but the ODE method 

predictions for even the highest v alues of Bi are well within 10% of the FD 

predictions for almost all of the cooling process. 

Figure 6-5 shows results for a 200 mm thick cube cooled under the same 

conditions as the slab. This is a more difficult test than the slab as E for the cube 

varies from 3.0 at Bi = 0.0 1 to 2.23 at Bi = 1 00. Even so, the Bi = 0.0 1 ,  0. 1 ,  and 1 .0 

cases are still within 10% of the FD prediction throughout the process and the 

Bi = 1 0  and 100 cases are within 20% of the FD prediction until the process is 70% 

finished. Deviations late in the process are more acceptable due to the reduced total 

heat load at this time. Oscillations in the heat load ratio early in the process for the 

higher Bi cases were not due to the ODE method, but to discretization error in the 

finite difference calculation which could have been solved by increasing the number 

of integration nodes used (at the cost of more computer resources). 
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Figure 6-6 Ratio of ODE to FD heat load predictions - Bi = 1 .0, range of 
shapes. 

Figure 6-6 shows the ODE to FD heat load ratios for a selection of five 

s hapes presented for Bi = 1 .0. The sphere (E = 3.0) and infinite cylinder (E = 2.0, 

but with E = 2.0 1 used to avoid the singularity discussed in section 4.9) had 

diameters of 200mm. The rectangular rod (E = 1 . 899) was 200 mm square and the 

finite cylinder (E = 2.447) was 200 mm in diameter and 300 mm long. The meat 

c arton (E = 1 .3 26) was 1 54 mm by 3 3 5  mm by 5 1 0  mm. Again, all shapes were 

well within 10% of the FD prediction except very early and very late in the process.  

In section 4.8,  i t  was pointed out that the actual value of N for any shape 

other than a slab, cylinder or sphere may be expected to change during the freezing 

process, but that the way in which it would change is difficult to predicl To test the 

benefits of assuming that N changed in some simple way with the extent of freezing, 

some ODE method calculations were carried out which assumed that N changed 

linearly with frozen volume from the value estimated by equation (4-3 1 )  to E. This 

produced no net improvement over using the N of equation (4-3 1 )  throughout the 

run.  
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Figure 6-7 Heat load of a canon shape as predicted by the FD method, the ODE 
method of Chapter 4 and the ODE method of Oeland ( 1 986b). 

Figure 6-7 puts the comparison in a practical perspective by dernonsrrating the 

scale of the heat loads involved for a typical New Zealand meat canon freezing 

s ituation. The meat canon run was the same as that shown in Figure 6-6. The 

prediction of the Cl eland ( 1986b) method is  also shown for this case. It  can be seen 

that the apparent error in the ODE heat load prediction at the end of the process is, 

in fact, small. Funher, the method of Chapter 4 is a significant improvement over 

u1e previous best ODE heat load prediction method of Cleland ( 1986b). 

6.4 Lamb carcasses 

6.4.1 Experimenral results 

S ummary results for the lamb carcass runs are shown in Table 6-3. Of the 

nine experimental runs carried out to measure the heat load profile of lamb and sheep 

carcasses, the three which were conducted at an air velocity of 0.35 ms·1 had very 
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poor energy balances as is shown by the "Enth Chg Ratio" column of Table 6-3. It 

was considered likely that this was due to air flow stratification in the tunnel and the 

fact that lower product heat loads at low air velocities made measurement noise a 

larger fraction of the total load. 

Given the air mass flow rate uncertainties discussed in section 6.2.3 and the 

difficulty in  estimating thermal property data for carc�ses of varying composition, 

runs 1 ,  2, 3, 4, 5 and 9 had a tolerable level of heat balance error. 

Variability in heat transfer coefficient over the product surface was expected 

to be less important with the carcasses than it was with the cartons because for most 

of the runs, the carcass surfaces were covered with wrappings which were expected 

to dominate the value of the heat transfer coefficient. The rate of heat transfer from 

the cooling meat into the cavity of the carcass was expected to be essentially zero 

and temperature measurements made by the probes inserted into various parts of the 

carcass confmned this. 

No finite difference or finite element calculations were conducted for the 

carcasses as it was difficult to accurately describe their shape to the FD or FE 
method. The following analysis therefore focuses directly upon testing the ODE 

method. 

To apply the ODE model to a lamb carcass, it was necessary to obtain the 

values of the two shape factors, E and N. 

6.4 .2 Evaluation of E for a lamb carcass 

E has previously been evaluated for a lamb carcass by Cleland and 

Earle ( 1 982), who calculated that an E value of 2.4 allowed freezing times calculated 

by freezing time prediction methods to best fit experimentally-measured freezing 

times. In the light of .the work of McNabb et al ( 1 990), the opportunity existed to 

evaluate E by a new technique. 

The £-estimation method (Hossain et al. 1 99 1b) required that an irregular 

shape be approximated by an ellipsoid with the same volume, cross-section 
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Table 6-3 Lamb and sheep carcass experimental data summary 

RW1 Wrapping Mau Critical Exp Enth Exp Enth St.arting Ending Fr.t Tltlle (hn) HTC Th Enth Enth 
(leg) Dimension Olg (J) Olg Temp Tanp CN/m2K) Olg Dig 

(m) {1/kg) ("C) ("q Leg Shoulder {1/kg) R�tio 

1 Shrink 1 1 .67 0. 1 3 1  1 4727039 252391 8.3 -1 8.0 1 0.3 1 5 . 1  1 4.4 247333 1 .02 

2 Shrink 1 0.48 0. 124 1 6447569 3 1 3885 12.3. 
- 19 .7 12.8 1 2.7 1 7.0 264798 1 . 1 9  

3 Poly+Stk 23.36 0.179 3636 1 465 3 1 13 1 4  17.4 - 1 9.7 1 8.0 24.7 1 3.7 28 1934 1 . 1 0  

4 Poly+Stk 26.65 0.1 90 35898854 2694 10 1 4.4 · 1 9.8 1 4.7 2 1 .4 1 8.5 272086 0.99 

5 Bare 22.09 0.175 25803835 233625 17.7 -1 9.2 9.4 1 3 .6 35.0 28 1773 0.83 

6 Poly+Stk 2 1 .20 0.172 525 1 9 1 99 495464 1 4.7 - 17.4 33.3 40.8 6.3 267378 1 .85 

7 Stockinet 23.79 0. 1 8 1  23266702 195601 1 6.6 - 1 7 .3 2 1 .5 27.0 1 1 .6 2735 1 6  0.72 

8 Bare 20. 1 0  0. 1 68 1 9694 101 1 95961 1 5.7 - 1 6.3 1 4.4 1 8.0 1 8.0 267999 0.73 

9 Polybag 27.70 0. 193 32265715 232965 1 4.8 - 1 3 .7 23.0 23.0 1 6.2 258074 0.90 

Notes: 

S hrink 
Poly+Stk 
Poly bag 

• S hrink wrapping 
- Polythene bag with stockinet covering 
- Polythene bag 

Starting and Ending temperatures (in the columns " S tarting Temp" and "Ending Temp") 
are means of all temperatures measured, and therefore only approximate the 
actual mass average temperatures at  those times. 

All runs had an air temperature of -2 1 "C. Air velocities were 1 .42ms·1 (runs 1 ,  2, 3, 4, 5 
and 9) and 0.35ms·1 (runs 6,7 and 8). 

The columns labelled "E:x.p Enth Chg" show the total enthalpy change and enthalpy change 
per unit mass evaluated by numericaiiy integrating the measured heat load dal3. 

The columns labelled "Frz Time (hrs)" show the experimentally measured times required 
for the product to freeze to - l 0°C in the deep leg and deep shoulder positions 
respectively. 

The column labelled "HTC" shows the mean heat transfer coefficient estimated for each 
carcass by changing the IITC parameter of the Pharn ( 1 986) freezing time 
prediction equation until the freezing time prediction agreed with the 
experimental freezing time for the carcass shoulder. 

The column labelled "Th Enth Chg" shows the theoretical enthalpy change per unit mass 
between the starting and ending temperatures using the enthalpy data of 
Fleming (1969). 

The column labelled "Enth Chg Ratio" shows the ratio of the "E:x.p Enth Chg" value to the 
"Th Enth Chg" value for each carcass and is therefore an indication of the 
energy balance for each run. For runs 5, 7 and 8, evaporative cooling was 
important, but was not measured by the differential air temperature method. 
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perpendicular to the major axis,  and characteristic dimension. Three Iamb carcasses 

of widely varying weights and grades were frozen and cut  through i n  various areas to 

obtain this data. I t  was not possible to do this with the carcasses actually used the 

heat load experiment. 

Firstly, each c arcass was divided into three sections - leg (from the front of 

the pelvis backwards), loin (from the front  of the pelvis to two ribs up from the base 

of the sternum, including most of the rack and all of the flap), and shoulder (the rest 

of the carcass, including the neck and forelegs)._ Each of these sections was expected 

to i nclude a thennal centre (a unique location which would be the last part of the 

section to freeze) . Each section was weighed and its volume calculated from its 

mass and density. The leg and shoulder sections were then cut in  half venically 

alon g  the spine, and all sections were cut into slices perpendicular to the apparent 

major axis of the section (usually the cenrral bone). The slice with the greatest 

characteristic dimension from each section was selected as the likely location of the 

thennal cenrre for that section. For the shoulder and leg sections, both left and right 

halves were measured. 

I t  has previously been assumed that the thermal cen tre of a whole Iamb 

carcass lay at the "deep leg" location .  Consideration of the freezing times shown in 

Table 6-3 indicates that low heat transfer within the carcass cavi ty for most of the 

experimental runs  resul ted i n  the last frozen point being within the shoulder, close to 

the i nner cavity. For the purposes of the ODE heat load prediction method, the 

cri tical depth, X, was taken as being the full  thickness of the shoulder, and E was 

calculated from the geometric data using the method of Hossain et al ( 1 992b) to 

be 1 .48 .  

6.43 Evaluation of N for a lamb cazrcass 

I t  was suggested i n  section 4.9 that N could be estimated by equation (4-3 1 ) .  

S ections 6.2 and  6 .3  have confirmed that this was a useful approximation for regular 

shapes .  
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For the lamb and sheep carcasses, V, the carcass volume, was estimated from 

the known mass and estimated density. X was measured whilst evaluating E. 

The surface area of the carcass was more difficult to estimate. It was 

assumed that the carcass area was similar to the pelt area and the carcass mass vs. 

area data of Fleming and Earle ( 1967) were correlated using a second order poly­

nomial to produce the following result: 

A=  0.065 3 M  - 0.000927 M2 (6- 1 ) 

where A was the pelt area of the carcass in square metres and M was the carcass 

mass in kilograms. The critical dimension (i.e. 2X) is shown in Table 6-3 for each 

carcass. The N values calculated from this equation were about 3.7 for runs 1 and 2, 

and about 4.0 for the other runs. 

6.4.4 Evaluation of thennal properties 

The ODE heat load estimation method required a number of thermal prop­

erties to characterise the material to be cooled. It was impractical to render down 

entire carcasses in order to estimate a mean composition, so the enthalpies measured 

by Fleming ( 1 969) were used together with thermal conductivities estimated from 

Fleming ' s  measured compositions using the methods recommended by 

Miles et al ( 1 983). The following properties were used as input data for the heat 

load prediction method: 

Frozen thermal conductivity ( 1 .486 W m·1 K1) 

• Unfrozen thermal conductivity (0.467 ·W m·1 K·1) 

• Volumetric enthalpy at the onset of freezing (based on 0 enthalpy at -40°C) 

(264.7 MJ m·3) 

• Frozen volumetric specific heat capacity ( 1 .945 MJ m·3 K1) 

• Unfrozen volumetric specific heat capacity (3.476 MJ m·3 K1) 
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6.4 5 Evaluation of the mean heat transfer coefficient 

The heat transfer coefficient i n  each run was evaluated indirectly. Given the 

measured time requ ired for each carcass to freeze to - 1  0°C, a freezing time prediction 

method of established accuracy (Pham, 1986) was used to back-calculate the mean 

heat transfer coefficient. The heat transfer coefficients 'thus derived are shown in 

Table  6-3 .  

6.4.6 Comparison of experimental carcass results with the ODE method 

When the N values found from equation (4-3 1 )  were used to predict the heat 

load profiles of the lamb carcasses studied in the experiment, the fit of the prediction 

to the experimental measurement was found to be poor. Figure 6-8 shows a typical 

example for carcass run 4. 

It was pointed out i n  section 4.9 that equation ( 4-3 1 )  was only strictly correct 

at the start of the freezing process, and that N could be expected to vary after that 

time as the shape of the unfrozen region changed. In a lamb carcass, the shape of 

the unfrozen region would quickly become quite different from the shape of the 

carcass surface, and therefore the true value of N would also change quickly. 

Funher, the multiplicity of thennal centres (both shoulders, both legs, the loin, and 

possibly others) mean that l ater in the process there would be more than one 

u n frozen region, thus conflicting with one of the assumptions made in developing the 

model (section 4.5) .  

The range of values which may be assumed by N has not been ful ly 

established. Hossain er a! ( 1 992b) note that E � A  X I V under all conditions so i t  

was postulated that N = E and N = A X I V might represent bounds on N. The heat 

load profiles predicted using these bounds are shown for carcass run 4 in Figure 6-8 

(for which A X I V = 4.0). As a further refinement to the upper bound, it was noted 
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Figure 6-8 Measured heat load for lamb carcass run 4, and loads predicted by the 
ODE method which show the effects of using extreme N values. 

that the regular shape with the highest surface area to volume ratio is the sphere, for 

which A X I V = 3.0. N values higher than 3.0 make the initial pan of the heat load 

profile very steep and such a steep initial heat load profile did not seem likely in 

practical c ircumstances. 

In the absence of better information, a trial and error approach was used and 

an N value of 2.5 was found to provide the bes t  fit  to the experimental data. Figures 

6-9 to 6- 1 7  show the experimental heat load profiles and the heat load profiles 

predicted by the ODE method for the nine carcass runs. For each of runs 1 ,  2, 3, 4, 

5 and 9, the ODE heat load estimate was within about 10% of the experimental result 

during the first h alf of each run, and within 20% of the experimental result during 

the second half of each run, when the absolute heat load was smaller. The low air 
velocities  of runs 6 to 8 made them significantly worse than the higher air velocity 

runs.  

The sudden change in  the direction of the predicted heat load curve about half 

way through each plot was due to a transition from the freezing model to the sub-
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Fi gure 6-9 Measurement and ODE prediction of lamb carcass heat load - Run 1 .  
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Figure 6-10 Measurement an d  ODE prediction o f  lamb carcass heat load - Run 2. 
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Figure 6-11 Measurement and ODE prediction of lamb carcass heat load - Run 3. 
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Figure 6-12 Measurement and ODE prediction of lamb carcass heat load - Run 4. 
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Figure 6-13 Measurement and ODE prediction of lamb carcass heat load - Run 5. 
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Figure 6-14 Measurement and ODE prediction of lamb carcass heat load - Run 6. 
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Figure 6-15 Measurement and ODE prediction of lamb carcass heat load -- Run 7. 
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Figure 6-16 Measurement and ODE prediction of lamb carcass heat load -- Run 8.  
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Figure 6-17 Measurement and ODE prediction of lamb carcass heat load - Run 9. 

c oo ling modeL The reasons for this lack of smoothness have been discussed in 

section 4.8 .  

As was done with regular shapes in section 6.3 ,  an attempt was made to 

model the changing value of N for carcass heat load prediction by assuming that N 

changed linearly wi th  frozen volume, but this was not pursued as there was no net 

improvement compared with the results predicted by using a single N value. 

6.5 D iscussion 

65.1 Experimental technique 

While the results of the product freezing heat load measurements were not as 

consistent as had been hoped, they were good enough to show that the differential air 
temperature measurement method was practical and useful. 
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S ome of the problems encountered in the experimental technique were not 

ful ly resolved. Inaccuracies due to poor air distribution at low air velocities, and 

variabil i ty in  heat transfer coefficient over the surface of the product  were problems 

which reflected the environment in which the product was frozen. These problems 

would be lessened in  practice by the averaging effect of the l arge n umbers of 

c arcasses or c artons found in an industri al freezer. 

It is h ard to obtain accurate estimates of the heat tran sfer coefficients over a 

_ product surface. Even if good heat transfer coefficient estimates were available for 

each part of the product, i t  would be difficult to include such detai l i n  a relatively 

simple heat load prediction method. It would also be impractical to require that the 

u ser of such a method provide such detailed data. 

6.52 ODE heat load prediction method 

The ODE heat load estimation method described in Chapter 4 performed at 

least up to the standard of the measured data for both the carton and carcass runs. 

The expression N = A X I V appears to be satisfactory for regular shapes. 

Where a shape is irregular and has more than one thermal centre, the 

fol lowing approximate guidelines could be used : 

Calculate N = A X I V. 

Calculate E by the methods of Hossain et al ( 1 992a,b). 

If N is  greater than 3 .0, set N = 3 .0. 

These guideli nes are based only upon the au thor' s experience, and should not 

be u sed once guidel ines which have some theoretical basi s are developed. It  is 

speculated that there may be some link between N and £, but while the nature of this 

relationship is uncertain ,  an additional guideline that seems to h ave some merit is  to 

restrict N so that i t  may not be greater than about  E+ l .  
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Chapter 7: Simulation Environment Design 

A structure within which a group of models may be implemented and 

connected together is most commonly called a simulation system. In the present 

context, where the subject of simulation is also a system, such terminology may 

become confusing so such a structure is described here as a simulation environment. 

For brevity of reference, the environment which was designed in this project 

for the purpose of applying dynamic models, controls and operating strategies to 

simulations of real or hypothetical refrigeration systems has been given the name 

RefSim. This chapter describes the principles which were used to design the RefSim 

environment and the design itself. The name is also shared by the computer program 

in which the design was implemented and that computer program is described in 

Chapter 8 .  

7 . 1  Design principles 

Several general principles were considered in designing the RefSim 

environment. 

7.1 .1 Simulation as a representation of reality 

The concept of model may be defined in a variety of ways, depending upon 

point of view and level of abstraction. When considering the design of an 

environment in  which to implement models, it is appropriate to use a definition 

which suggests the implementation of a model as a sequence of instructions while 

remaining at a high level of abstraction: 
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A model is not only a "compact representation of a real 

phenomenon which can generate a behavior comparable 

with some behavior of interest in the real system" but 

also a vehicle to make more evident key characteristics 

of an object under study. 

- Elzas ( 1984) 

This definition of model has a number of important consequences. 
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A model is a representation, therefore it has a form by which it represents 

reality. The quantitative models with which this project is concerned are mostly 

represented by mathematical expressions ,  but few are completely represented by 

mathematics alone. Many models require the evaluation of several expressions in a 

particular order. Others require decisions (which depend upon their current states) to 

be made in order to determine their future states. Some may interact with other 

models.  It is necessary to use an algorithmic form rather than a mathematical form 

to completely describe such models. 

A general algorithmic form may be useful in some contexts but if a model is 

to be evaluated without error then the representation must be such that it can be 

evaluated automatically. This suggests that the best representation for a model is as 

(possibly part of) a computer program in an implemented progranuning language. 

While correct evaluation is essential, a model must also be understandable to 

modellers and users. A computer program representation aids this goal at the 

syntactic level because the rules for interpreting the program are unambiguously 

expressed in the l anguage definition. On the other hand, a poorly-written computer 

program will defeat this goal at the semantic level. 

A model is a compact representation. If one assumes that the phenomenon to 

be represented contains no redundancy, then it cannot be completely described by 

any model which is less complex than itself. This implies that a compact 

representation must describe the real phenomenon incompletely. If there is a model 
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which completely describes the input/output behaviour of the real system, then 

Elzas ( 1984) terms it the base model. 
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A model generates behaviour. Given a set of inputs, it will produce a set of 

outputs such that the outputs are determined by the combination of the current model 

s tate with the inputs. Where a model generates behaviour over a period of time, the 

set of inputs may include all inputs up to the time of the output, and so it may be 

necessary for a model to have a "memory" of past events. 

The behaviour generated by a model is comparable to some behaviour of 

i nterest in the re al system. When designing a model, it is necessary to define the 

behaviour which is of interest and the extent to which the behaviour generated by the 

model should be comparable with the behaviour of the real system. This 

comparability is confmned during the validation phase of model development. 

By restricting the behaviour of interest and the required level of 

comparability, the scope and therefore the necessary complexity of the model may be 

greatly reduced. A very common restriction limits interest to the boundaries of the 

model. If this  is so then the model is free to have any interior structure which 

generates behaviour comparable to the real system. The lowest level of detail which 

is of interest must be defined early in the model development process as it may 

strongly affect model generality and complexity. 

Finally, a model is a vehicle to make more evident key characteristics of an 

object under study. A model should have a defined purpose otherwise there is no 

point in its existence. A clear purpose can make the model development process 

much easier than i t  would otherwise be. 

Given a set of models which generate behaviour, simulation is the process of 

behaviour generation and a simulation environment is a structure which facilitates 

this process. 
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7.1 2  M ode! validation 

One of the purposes of generating model behaviour is to compare it with the 

behaviour of the real system. This critical comparison is called model validation. 

Following Elzas (1984), an experimental base is the set of all experiments 

which may be performed upon the real system. From this set, Elzas (1 984) further 

defines an experimental frame which is that subset of all feasible experiments which 

may be performed reproducibly on both the real system and the model. A fully 

validated model should completely reproduce the behaviour of the real system which 

has been defined as being of interest to the modeller. 

The form of model description should be designed to assist validation. It 

should allow easy access to all features of the model which are included in the 

experimental frame. The boundaries of the model should be defined so that they 

match the boundaries of the real system. Thus the modelled phenomena exist exactly 

within the boundaries of the real system. 

The simulation environment should be designed to assist validation. When a 

group of models are connected together to simulate a larger system, the behaviour of 

interest for each model should still be accessible to the modeller. When it is desired 

to validate a single model independently of others, it should be possible to set up a 

" test-rig" within the simulation environment to provide the model with its input data 

without the need to simulate a larger system or to include other models whose 

behaviour may complicate the validation process. 

7.2 Scope of a refrigeration system simulation 

The area of interest to this project was the simulation of industrial 

refrigeration systems - especially those found in the New Zealand meat industry. 

Consideration of the broad range of compression refrigeration plants and heat pumps 

required little additional effort. Extension of the simulation scope to absorption 

refrigeration systems would have required significantly more work with little 
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practical gain in the context of the project, so this was not done. The elements of 

the simulation may be divided into three main groups: 

7.2 .1 Refrigeration system components 
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The simulation environment contains  models for all of the components found 

in a compression refrigeration system. The refrigeration system components to be 

modelled may include compressors , filters, pipelines, condensers, refrigerant vessels, 

expansion and control valves, heat exchangers and evaporators. At  lower levels of 

abstraction, models may include (for example) individual cylinders, inlet and outlet 

valves within a compressor. At higher levels of abstraction several real components 

may be combined into a single model, for instance by including filters as part of a 

pipeline model, or pipelines as part of a refrigerant vessel model. Identification of 

the most appropriate level of abstraction will be discussed in section 7.5.  

7.2 2 Application components 

The behaviour of a refrigeration  system is usually dependent upon the load 

which it sustains. This load is generated by the refrigeration application. The range 

of possible refrigeration applications is large, but a number of common components 

may be identified. Freezing and chilling food product is a common application in 
the food process industries. Frequently, there is a fluid (e.g. air, brine) by which 

heat is transferred from the product to the evaporator. The boundaries of the room 

or vessel in which the food processing takes place may also be components. In the 

case of an air-filled room, these boundaries may comprise walls, ceiling, floor, doors 

and ventilation ducts. In addition to product, there may be structures with significant 

heat capacity, machines, personnel and other sources of sensible and latent heat 

which may affect the behaviour of the refrigeration system. Each of these items may 

be regarded as application components. 
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7.23 Control systems 

All but the smallest and simplest refrigeration systems operate away from 

their normal point of balance, so control systems are important components of 

refrigeration systems. Controllers range from single-input single-output differential,  

P, PI, PID and similar controllers used for evaporator and individual compressor 

control to sophisticated multiple-input multiple-output strategy controllers. In a 

refrigeration system where the available capacity exceeds the application load, 

control action may dominate system dynamics. 

The controllers to be considered by a simulation may not be restricted to the 

programmable-logic, analogue electronic and computerised automatic devices which 

are normally considered as controllers. Where the behaviour of the refrigeration 

system is significantly affected by the actions of the plant operator, that person 

should be  considered as  a controller for the purposes of  the simulation, even though 

the decision-making process of an operator may be difficult to model when compared 

with automatic controllers. 

In the context of this project, control systems were particularly important as 

the development of a simulation environment for the testing of sophisticated control 

s trategies was one of the reasons for the project. 

7.3 Combined continuous/discrete event simulation 

A dynamic system generates behaviour over a period of time. As time 

passes, the state of the system may change in some manner which a dynamic 

simulation is intended to predict. 

Kreutzer ( 1986) has identified three principle paradigms which have been 

used in system simulation. The first, continuous system simulation, views the system 

behaviour as a s mooth progression through a set of states. The passage of time in a 

continuous system may be sliced into arbitrarily small increments and as the 

increments become smaller the behaviour of the system appears progressively 
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smoother. This concept has proved useful to engineers i n  all fields, and almost all of 

the refrigeration system simulations discussed in the literature review have applied 

the continuous system paradigm. Models in this paradigm are described using 

ordinary or partial differential equations. 

The second paradigm, discrete event simulation, views the system behaviour 

as a set of state changes which occur at discrete time intervals. The state of the 

s ystem does not change between events, but at the time of each event there is a 

sudden step change from one state to another. The time between discrete events is 

of no interest, and is therefore not simulated. The discrete event paradigm has been 

u s ed in the information and management sciences ,  and queuing models form a 

typical example. 

The third paradigm, combined continoousldiscrete event simulation, has been 

developed more recently. A combined simulation views system behaviour as a 

predominantly continuous phenomenon which incorporates the possibility of 

irregularities and discontinuities. Between discrete events, the simulation proceeds in 

a continuous manner, but step changes of state may occur at each event. This allows 

the combined simulation to deal with real-world discontinuities which may defeat 

continuous simulations. One example is the possibility that a simulated fluid vessel 

may become empty or overflow. Combined simulation is a superset of the two 

preceding paradigms, but efficiency and complexity considerations mean that this 

paradigm is used only where a combined approach is necessary for accurate 

simulation. 

73.1 Applicability to refrigeration system simulation 

The majority of refrigeration system simulations have been conducted using 

the continuous simulation paradigm. This being so, it was necessary to justify the 

u s e  of the more complicated combined s imulation paradigm in the present work. 

The example of a fluid vessel which may empty or overflow often exists 

within a refrigeration system. James ( 1 98 8) identified this as a possibility in the 
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Bv1E refrigerant vessel model, but dealt with i t  in the conventional manner for a 

continuous system simulation: such an event does not occur if the plant is operated 

correctly so it need not be considered in simulations of normal operation. Other 

discrete events may be caused by the scheduled switching of compressors from on to 

off, off to on, or between compression pathways. Evaporators may be turned on, 

turned off, or defrosted at scheduled times. 
· 

For application components, discrete events are often more important due to 

the short reaction time of ai.F-filled rooms. Product may be loaded and unloaded and 

doors may be opened and closed, both with dramatic and sudden effects upon the 

heat load in the room. 

Control systems may also change state suddenly, though they may be more 

difficult to deal with if the state changes cannot be predicted in advance. 

In a complex industrial refrigeration system simulation, all of these discrete 

events may occur and to ignore them would risk significant error. Cleland ( 1985b) 

had found it necessary to deal with the opening and closing of doors as discrete 

events within the RADS simulation environment but the discrete event mechanism 

was not made available to any other model. After considering the other discrete 

event types discussed above, it was decided that RefSim should be designed as a ful l  

combined continuous/discrete event simulation environment with both continuous 

simulation and discrete event facilities available to all models .  

7.3 2 Special difficulties 

Two different kinds of event may exist in a combined simulation. Time 

events are scheduled in advance of their occurrence to change the system state at a 

predefined point in  time. State events are triggered by the system itself when  a 

predefined set of conditions is met. 

Time events may be dealt with by scheduling the event well in advance and 

carrying out a continuous simulation exactly up to the event time. State events are 

more difficult to handle because they interrupt the nonnal course of continuous 
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simulation and require modifications to the continuous simulation algorithm so that 

their occurrence may be recognised. 

It is important for efficiency and accuracy reasons to recognise  each discrete 

event so that it may be handled properly. The alternative approach of ignoring 

discrete events may cause either a dramatic reduction i n  the rate of continuous 
. 

s imulation (as the continuous simulation algorithm reduces its time step i n  an attempt 

to step over the discrete event) or a dramatic increase in integration error after the 

event (if the continuous simulation algorithm is incapable of error control) 

(Crosbie, 1 984). 

7.4 A ppropriateness of object-oriented design to the simulation problem 

In a survey of general system simulation styles and languages, 

Kreutzer ( 1 986) evaluated a variety of simulation design and implementation 

methodologies and assessed the object-oriented methodology as being "a very elegant 

and productive programming style for dealing with complex models and software 

systems" (p. 1 03). Kreutzer concluded for combined simulation that "object-oriented 

m odelling seems to offer natural repre sentations of systems of this kind" (p.205). 

The object-oriented point of view seeks to correlate the structure of the 

s imulation with the structure of the real system. Each component of the real system 

i s  represented by a distinct component (an object) in the simulation. Every 

i n teraction between real system components is identified with a corresponding 

i n teraction between objects. Superimposing the real system structure upon the 

s imulation produces a model which is both a quantitative and a structural 

representation of the system. 

Four basic features characterise an object-oriented methodology: 

encapsulation, inheri tance, polymorphism and message passing. Object-orientation 

h as been called "anthropomorphic programming or programming by personification" 

(Lalonde and Pugh, 1 990, p. 1 )  so i t  i s  natural to discuss objects as if they were 
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active entities rather than symbolic representations of real system components. Thi s  

practice i s  followed in the following d iscussion. 

7.4.1 Encapsulation 

In most computer program design methodologies, data and function are 

separate concepts which only come together when function transforms data or data 

determines a choice of function.  Thi s  does not accurately represent a real system, 

where data and function are often very closely associated. 

Where there is  a loose connection between data and function, the data for one 

system componen t  may be as closely bound to the function of another component as 

i t  i s  to its own. This can make it very difficult to identify where one component 

meets another, where the boundary between them lies,  and how they relate to each 

o ther. 

Object-orientation encapsulates an object ' s  data along with its function. The 

s tate of an object i s  only directly available to the object i tself, and not  to any other 

object. The function of the object may only be performed upon i ts own data, and not 

upon data belonging to some other part of the system. 

Having encapsulated an object ' s  code and data together, there remain a small 

set of relationships which the object may have with other objects. These are 

identified as the interface between the object and the rest of the system, or perhaps 

between the object and other specified objects in the system. Where an object 

represents a model in a simulation system, this interface clearly defines the model 

boundary and what l inks i t  has to other models.  

B esides making the model expression much clearer than in o ther designs, the 

object-oriented approach local izes any model errors, making model development  

much  easier. Model validation i s  enhanced by  encapsulation because an encapsulated 

object may be extracted from a larger system and fitted into a "test-rig" with l ittle 

difficulty. The test-rig design is straightforward because the inputs required by the 

model to be tested are expl icitly defined by its interface. 
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7.42 Inheritance 

In a real system, i tems may be grouped into classes and sub-classes. 

Members of a class share a number of properties and members of sub-classes share 

the properties of their superclass and have additional properties of their own. It 

makes sense to develop models in  such a way that the common properties of the 

objects are grouped together and inherited by each of the derived objects. Only the 

differences between objects need be considered separately. 

A n  object-oriented design allows this commonality to be exploited by having 

an  explicit hierarchy of objects with common properties implemented only by the 

class whose descendants share those properties. As with encapsulation, this localizes 

model design and construction errors. Inheritance also recognizes similarities 

between models which mirror the similarities between real system components, 

thereby enhancing the correlation between the real system and its simulated 

representation. 

7.4.3 Polym01phism 

As well as  having common properties, a group of models may often have 

common functionality, even though the details of that functionality may differ. For 

example, both valves and doors may open and close, but the ways in which they do 

so can be quite different. The idea of polymorphism lets a group of objects share a 

function while allowing each object to specify a different technique for carrying out 

that function. When an object receives the instruction to open (for instance) , i t  will 

do so in i ts own way and the object itself is responsible for choosing that way. 

Polymorphism further enhances encapsulation because it allows an object's 

function to be known to other objects without making available the knowledge of 

how the object carries out that function. 
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7.4 .4 Message passing 

Once an object's function is encapsulated with its data, it becomes essential to 

provide a mechanism for transferring data between objects. The technique used in 

object-oriented systems is that of the message. 

When object A wishes to obtain sorne· information about the state of object B ,  

A sends a message to B asking for that information. I f  B can provide that 

information, then the information is returned to A. 0nly certain of the properties 

held by B are available to be sent to other objects . This concept can be enhanced by 

the convention that A must identify itself to B when requesting the information. 

Therefore, B can decline to supply information to A should B consider A to be an 
inappropriate object to receive that information. 

The same principle applies should object A wish to change the state of B. 

Object A must send B a message requesting that B change its state ,  which B may 

accept or decline. Thus the only object that may actually change the state of an 

object is the object itself. 

The message passing convention prevents objects from directly accessing or 

manipulating the contents of other objects. A distinction is drawn between an 

object's own data which remains unchanged unless the object explicitly changes it, 

and data belonging to other objects which is assumed to be subject to constant 

change and therefore should be requested anew every time it is required. 

7.5 Mapping models to objects in RefSim 

The nature of object-oriented design requires that each single component in 

the system be identified as a single object. For the general case of object-oriented 

software design, the object identification phase can be difficult, but for simulation 

software there is an intervening modelling phase which eases this problem. Once a 

set of models has been identified, their translation into objects i s  straightforward. 
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7 5.1 Component model design 

A component model should be a self-contained description of that component, 

containi n g  only those properties and functions which are intrinsic to tha t  component. 

Derivations of the most important RefSim model s  are given in Chapter 9 but as an 

example of  the model identification process consider the RefSim Room model: 

A room contain s  a volume of air with some absolute humidity (the ratio of 

water vapour mass to dry air mass) and temperature. If i t  is assumed that the air is 
well mixed, the n  one h umidity and one temperature may serve to adequately describe 

the  s tate of the room. If i t  is assumed that the volume of the room and the air 

pressure in the room are i nvariant, then the state of the room may be changed only 

by flows of heat and water (generally in the form of vapour). An initial description 

of the room therefore has one fixed property (Volume) and two dynamic properties 

(Humidity and Temperature) whose current values depend upon their past values and 

upon the net  flows of water and heat in to the room. Using the acquisi tive 

convention, these flows are assumed to pass from other models into the room -

flows i n  the other direction have a negative sign. 

Consider now the possibility of extreme conditions in  the room. Heat flows 

may affect the room temperature and water flows may affect the absolute humidity. 

A ssuming the availability of exact thermodynamic and psychrometric properties for 

air, extreme temperature condi tions could be reached at absolute zero (safely outside 

the  range of in terest of this project), and extreme humidity conditions could be 

reached at both zero and saturated humidi ty. Zero humidity conditions should be 

dealt  with by models  which calculate the flows into the room (the i nterface models 

discussed in section 7.5.2) as zero humidity is a natural extension of  low humidity, 

bu t  saturated h umidity represents a possible discontinui ty in room behaviour and so 

mus t  be dealt with by the room model . 

One way to deal with saturated humidity in  a room would be to allow the air 

to become supersaturated. One room model in RefSim (implememented as the 

m odel RADSRoom and detailed in Appendix 5) does just this. Room is derived from 

A Dynamic Modelling Methodology for the Simulation of Industrial Refrigeration Systems 



CHAPTER 7: SI MULATION ENVI RONMENT DESIGN 1 08 

an alternative approach. Where warm humid air passes into a real room, saturated 

h umiclity may be exceeded for a time. When this h appens, water droplets wil l  

precipitate and a fog wil l  form i n  the air, or "drip" (or frost,  depending upon room 

temperature) will form on the structures in the room. Room contain s  an additional  

property (WaterMass) which represents the amoun t  of water present in the room i n  

ei ther liquid or frozen form. If the air is supersaturated, water vapour conden ses 

(releasing its latent heat into the air) and WaterMass increases. If the air is 

subsaturated and WaterMass i s  posi tive, then water evaporates (taking i ts heat of 

evaporation from the air) and WaterM ass decreases. The rates at which condensation 

and evaporation take place depend upon the extent of super- or sub-saturation 

respectively and upon the room TimeConstant (the ratio of room vol ume to the total 

air flow rate in the room). The temperature of the WaterMass i s  assumed to equal 

that of the room and the heat capacity of the WaterMass i s  considered when 

evalu ating the rate of change in room temperature. Thi s  treatment of the saturation 

h umidity problem i s  reasonable if the WaterMass i s  wel l  distributed throughou t the 

room, with no "puddles" .  

With this analysis complete, the Room model may be described b y  the 

diagram shown in Figure 7- 1 .  Dynamic propenies are :  

H u midity,  Temperature , Water�1ass 

The one fixed propeny is:  

Vol ume 

One propeny which may be variable but not dynamic i s :  

TimeConstant 
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(due to the approximate nature of the WaterMass part of this model, TimeConstant is 

actually a flXed variable in the Room implementation so that it is not necessary for 

Room to add up all of the air flows every time it is evaluated) 

A number of other properties are derived from these which may be useful 

either to other models,  or as output to the u ser: 

RelHum, Heat_Load, Water_Load 

(RelHum i s  the relative humidity in the room, Heat_Load and Water_Load are the 

sums of all positive Heat and Water flows .into the room respectively) 

The most important things to note about this model are not the features which 

it h as but the features which it does not have. The Room model does not explicitly 

consider the possible existence of walls, ceilings, floors, doors, ventilation, structures, 

Enporalio:J. 
�-----------

1iaterMa�s 

________ ,.. 1 Cond'"''tion 

Possible 
flow to drain 

Temperature 

Absolute Humidity 

____ Water fl ow 
----------- Hec.t flow 

f+--------� Arbitrary number 
of linked models 

Figure 7-1 Conceptual diagram of the RefSim Room model. 
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machines, people, product, drains, or any other sort of component model. All such 

models are only considered i n  the abstract sense as providers of heat and water flows 

to the room. If any other models are connected to the room in some way, then their 

names will be provided to the Room model so that it knows the models from which 

to request heat and water flows. 

Properties like: 

contains_food_product, is_refrigerated, has_concrete_floor 

are not intrinsic properties of a room but relationships which the room may have 

with other components of the system (food produc t, refrigerant evaporators, concrete 

floors). As such, they are h andled by the message-passing mechanis m  which links 

models together rather than by the internal description of the model itself. 

B y  separating the c oncerns of the model itself from the relationships that it  

may have with other models ,  the model can be described at a higher level of 

abstraction and c an therefore be more general. Instead of having several different 

types of room depending upon contents or usage (after the manner of RADS ,  

described b y  Cornelius ( 1 99 1 ) ,  for instance), there can b e  one room model which i s  

capable o f  a variety of relationships with other models. 

In some cases, i t  may be difficult to identify the model to which a particular 

propeny should belong. This may indicate that an additional model is required. 

Consider the heat transfer coefficient on the surface of a body. This is not a 

propeny of either the body or the surrounding fluid, but of the interface between the 

two because heat transfer coefficient is a function of both fluid and body properties. 

This analysis would normally indicate that the body-fluid interface should be the 

subject of a separate model, and that approach would be compatible with the RefSim 

system should such a detailed study be necessary. Efficiency considerations preclude 

the proliferation of models when large and complex systems are to be simulated, 

however, so a compromise has been made and the RefSim Therma!Objecr model 

includes heat transfer coefficient as one of its intrinsic properties. This has the 
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disadvantage that although the ambient temperature around a Therma/Object may 

change during a simulation, the heat transfer coefficient may not, thereby reducing 

the generality of the Therma/Object model. 

752 Model types 

One way i n  which models may be differentiated is by distinguishing item, 

_interface, instrument and environment models . 

1 1 1  

Item models have variable and/or dynamic properties. Some or all of these 

property values are usually of interest to  the user. Item models may be linked to 

zero (in practical cases,  one) or more other models. The Room and Therma/Object 

· models are examples of item models.  

Interface models have no dynamic properties of their own. They are linked to 

exactly two other models,  each of which represents one side of the two-sided 

i nterface. Flows may occur through an Interface model and the extent of those flows 

i s  determined by the states of the models on either side and by any variable 

properties belonging to the i nterface model. Door is an example of a model which 

may form an interface between two room models. 

Instrument models are used in RefSim to group process controllers. 

Instruments differ from other models in that they transfer information rather than 

some conserved quantity like mass or energy. This means that they may be linked to 

o ther models without those models necessarily being linked to them, whereas a 

linking mismatch would be a logical error for Item or Interface model types.  

Environment models are simple models which are completely passive. Their 

properties may be invariant, or they may change according to some schedule, but 

they do not change in response to other models. Environment models are used to 

represent ambient conditions, fixed heat flows (such as those from machines within a 

room) and to act as dummy models to represent any parts of a system which are not 

being fully simulated. Environment models are also ideal for setting up test-rigs in 
w hich to validate individual models. 
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7.6 Communication between m odels 

7.6.1 The data request 

A model can obtain data from a target model by requesting that the target 

provide that data. Should the target model be able and willing to supply the 

specified data to the requesting model, the data is returned as requested. If the data 

cannot be returned as requested due to non-availability of the data, or because the 

requesting model type is inappropriate (for example, it  may be inappropriate for a 

compressor to request a room temperature), such a request causes an error report. If 

the requested data is temporarily unavailable, or the requesting model is temporarily 

inappropriate, then a safe default value is returned. An example of the last case 

would occur if a compressor could operate on one of several suction lines and one of 

the lines to which it was not connected at the time requested a mass flow rate. In 
this situation, the compressor would return 0.0 kg/s as the mass flow rate taken from 

that suction line. 

When a model receives a data request, it may sometimes have to use the 

identity of the requesting model to indicate the correct value to be returned. For 

example, if a pipeline receives a request for pressure it must decide the end of the 

pipe to which the requesting model corresponds and return the pressure at that end of 

the pipe. If an evaporator receives a request for mass flow rate, then it must decide 

whether the requesting model is the refrigerant source or sink (in which case it  

should return the refrigerant flow rate with the appropriate sign) or the application (in 

which case it  should return the rate of water vapour flow onto the evaporator 

s urface). 
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7.62 A llowable data transfer 

The following types of data can be requested from a model: 

Time seconds, only from m Time and mU serTime 

models. 

degrees Celsius 

Pascals 

Watts 

kg/s 

1 1 3 

Temperature 

Pressure 

Heatflow 

Massflow 

ControlVar unspecified dimensionality, only from controllers 

(the range depends upon the MinOutput 

and MaxOutput parameters of the 

controller) 

RelHumidity 

AbsHumidity 

State 

None 

fraction 0 -7 1 

wt/wt 

fraction liquid 0 -7 1 

used for error cases. 

In general , the data which models may request from each other correspond to 

values which may be measured in a real refrigeration plant. Heatflow is an 

exception to this guideline which is necessary if thermal models (as developed by 

Cleland, 1 983) are implemented within RefSim. 

The S tate data type serves a dual role. For refrigeration system component 

models ,  it represents the liquid fraction of the refrigerant passing between the 

requesting and the target models. For application component models ,  State 

represents the liquid fraction of any water flow (State = 1 .0 for liquid water, 

S tate = 0.0 for water vapour in air). 
The ControlVar data type represents the output of a controller. Where the 

controller may have multiple outputs, it is responsible for deciding which value to 

retwn depending upon the identity of the requesting model. 
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This list may be extended without deviating from the RefSim design, but the 

data types available already are sufficient for the level of detail required to simulate 

complete refrigeration plants and their applications. 

7.7 Required level of component model detail 

Refrigeration system components can be (and have been) modelled using 

many different levels of detail, and so the RefSim environment does not restrict 

models to particular levels of detail or complexity. To maximise compatibility 

between models of different complexity, it is desirable that each model attempt to 

provide a full interface as described in section 7.6.2 in so far as that i s  appropriate to 

the model type (e.g. it is inappropriate to request Pressure from a food product 

model), even if some of the values returned by the model are approximate. For 

example, a thermal model of a refrigerant evaporator should make some estimate of 

the refrigerant mass flow rate passing through it in case the evaporator model should 

be linked to a hydrodynamic header or pipeline model which may require that data. 

If a model is completely unable to estimate a value for a requested data item, then it 

should produce an error report to indicate that it is incompatible with the model 

requesting that data. 

No restrictions are placed upon the level of detail used in model evaluation. 

Any model may be described by any number of algebraic or ordinary differential 

equations. It would be more difficult to describe models by the use of partial 

differential equations as no partial differential equation solver is included in the 

current set of simulation utilities (section 7 . 1 1 ). PDE models would not, however, be 

incompatible with the RefSim environment. 
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7.8 Model hierarchy 

Object oriented design encourages the development of hierarchies of objects 

where descendant objects inheri t  the features of their parents and add more features. 

Con sideratio n  of the models to be included in an industrial refrigeration system 

simulation  produced the model hierarchy shown in Figure 7-2. 

In the model hierarchy, descen t  i s  shown by indentation. The root model 

(Model) i s  found at .the top and is the leftmost model. The other model sub­

hierarchies are shown to the right and below. Models at the same level of 

i ndentation share the same level in the hierarchy. 

The ful l  model hierarchy was not identified during the early design stage, but 

instead it developed as models were added to the system. In fact, the hierarchy 

should not be regarded as complete, and additional models may easily be added by 

descending from whichever existing model they most closely resemble. 

7.9 Model i n terface specifica tion 

In RefS im, all models are derived from the base class Model. Model provides 

three variables and six methods of which four may be re-implemented by its derived 

objects: 

Variables: 

n ame the name of the model instance. 

LinkedObjects a list of other models which are linked to thi s one. 

Evaluated a flag which is  TRUE if the model has been evaluated in the 

current time step and FALSE otherwise. 

Virtual methods (may be re-implemented by derived objects}: 

GetValue which takes a model and variable type as parameters. 

GetValue first calls the Evaluate method and then the 
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Model 
Application 

Room 

Environment 

LagRoom 
RADSRoom 

D ayTirneEnviron 
D ummy Load 
HotWaterSource 

Instrument 
CompController 

CCManuaiSched 
RADSTyp4Control 

ConvS ignal 
SISOController 

SODiffControl 

OUTPUT 
FINAL 

RefrigComp 
Header 
Pipel ine 

SOPIDComroller 
TimedOutpuL 
VeiPIControl 

RADSPipe 
RADSCompressor 
RADSCondenser 

RADSACondenser 
RADS ECondenser 
RADSWCondenser 

RADSVessel 
Refr_Room_IFace 

RADS Evapor:nor 
RADS �todEvap 
RADSNat.Evap 
RADSStd.Evap 

Room_Room_IFace 
Door 
Ventilation 
Wall 

Thermal Object 
Time 

UserTime 

Figure 7-2 RefSim model hierarchy. 

(base model type) 
(base type for applications) 

(base type for controllers etc.) 

(output data LO user) 
(end of simulation output) 
(refrigeration component base) 

(base type for pipe lines) 

(base type for air coolers etc.) 

(room-room interface base type) 

(system clock model) 
(user-definable Lime units) 
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current model i s  prepared to provide the specified 

variable type to the querying model, i t  returns the most 

up to date value of the specified variable. 

which executes a discrete event  for that model. Normally this  

occurs because i t  was scheduled earlier by the model 

itself. 

if the Eval uated flag is not already set, Evaluate sets the 

Evaluated flag and then calculates the current values of 

the model state variables. 

which sets up initial default values, reads in data from an input 

fi le via a centralised parser (section 7. 1 1 ) and schedules 

any ini tial events. This is  only called once, at the start 

of the simulation , for any given model instance. 

Methods which may not be re-implemented by derived objects: 

New Evaluation which prepares for a new evaluation by reseting the 

Evaluated flag. 

D ummy Evaluate which sets the Evaluated flag for this model and all of 

the models which are linked to this one . 

S ome derived models provide addi tional methods, but these are only for use 

by the model i tself, except for the case of OUTPUT and i ts derived models. 

7.10 1\1odel l inking 

As each model i s  created and in i tialised, it is  added to a model l is t  which 

iden tifies the models  to be evaluated during the simulation. At each ODE solver 

evaluation step, each model in the l ist  has its Evaluate method cal led . 
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Whe n  a model i s  ini tialised, i t  registers each of i ts  dynamic variables with the 

simu lation system for solu tion. Registration adds the variable to a list of dynamic 

variables which are to be integrated. 

Individual variables within a model may be registered for output  with the 

OUTPUT model durin g  in i ti alisation. On the occurrence of any OUTPUT event, the 

values of all registered variables are written ·to an output fi le. 

Lastly, models may be l inked with other neighbouring models. Each model 

main tain s  a l i s t  of those models to which it is l i nked as provided by the user in the _  

input  data. Once al l  of the models have been read into the environment, the model 

names are cross-referenced with the model object instances, and those instances are 

recorded i n  the l inked model l is t  for each model. Upon evaluation, each model run s  

through the l is t  o f  models l inked t o  i t  and obtains  whatever data i t  may require by 

callin g  the Get Value  method of each of those models before doing its own 

calculations. If a variable value is requested from a model which has not yet been 

evaluated during  the curren t time step, the model carries out its own evaluation 

before returning the variable value to the requester. The Evaluated fl ag is  se t before 

the GetYalue methods of li nked models are evaluated so that i f  any of those models  

requests a variable va lue from the current model it wi l l  receive the  value as  i t  was 

after the last evaluation. Groups of models are therefore always evaluated 

sequen tial ly .  

In principle, i t  may be necessary for groups of model s to be evaluated in 

parallel rather than in  sequence because their properties are most accurately 

expressed by a set of simul taneous equations. S imultaneous model evaluation would 

be difficult  to carry out wi thou t violating the principle of encapsulation outli ned in  

section 7 .4. 1 .  In practice, the error incurred by evaluating models sequentially rather 

than simultaneously i s  expected to be smal l as long as the changes in  model 

propenies between evaluations are smal l .  

The l inking system is sufficien tly flexible so  tha t  once a model is declared to 

be linked to a number of other models, the models from which it actually requests 

data and to which i t  will provide data may vary with time or with state. For 
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Figure 7-3 Links between ·a model and the simulation environment data structures. 

A D)m.miC Modelling Methodology for the Sirnularion of Industri2.l Refrige:c.tion Systems 



CHAPTER 7: S I MULATION ENVIRONMENT DES IG N  1 20 

example, h av i n g  l inked a compressor to two different suctions ,  the c hoice of which 

s uction to use  may be made by the compressor controller. 

Figure 7-3 shows the possible model l inkages i n  diagrammatic form. The 

n umber of l inkage s  i n  which a model may participate i s  l imited only  by available 

s torage. 

7. 1 1  Access to simulat ion u ti l i t ies 

Unlike component models, the simulation uti l ities do not map easi ly to 

o bjects, and so they are designed i n  a conventional procedural man ner. The 

implementatio n  of these simulation uti l i ties is described i n  section 8 .2. 

The RefS i m  input l anguage is defined in Appendix 2 u s i n g  the Extended 

B acku s-Naur Form described by Winh ( 1 982). Two parsers are provided for reading 

the simulation input data described i n  that  language. Parser reads the overal l  input 

file,  creating the model instances specified by the input data and executing the 

Initial ise method each new model instance. The I nicialise method i s  responsible for 

reading the data p articular to that model instance from the input  fi le. To do th is ,  the 

Initialise method may cal l  the model data parser MParser, which i s  sufficiently 

general to read the data required by al most any type of model . M Parser checks that 

the input parameters for each model  are correct but i t  leaves data value veri fication 

to the Initialise method. 

Data types which may be i nput by MParser include scalars (such as i n itial 

temperatures, pressures etc), strings  (such as con troller names) , tables (such as time­

output value profiles for TimedOutput or polynomial coefficients for the 

RADSEvaporator derived classes), l inked model lists and outp u t  variable l ists .  Other 

data types may be added whi le remaining compatible with the exist ing design.  

A n  example containing part of a RefSim input  file is  shown in Figure 7-4. 

The input fil e  from which the example was taken was automatical l y  generated from a 

RADS .APP file (described by Cornelius,  1 99 1 )  which accounts  for the some what 

cryptic model  n ames. The example appl ication is  the batch freezer Room 1 1  at the 
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Alliance Ocean Beach Plant, Bluff, New Zealand (code-named zfrml l ) which freezes 

lamb carcasses (code-named zfrml l  Prodl). The room has a door (zfrml l  Door 1 ), 

and that door has an external environment (zfrmll Doorl EO) which describes the 

conditions i n  the corridor outside the room. The data values used in the example are 

discussed in  section  1 0.3. A complete input file for a water chiller simulation is  

shown in Figure 1 0-3. 

An ordinary differential equation solver is provided for the solution of 

dynamic variables. The ODE solver accesses the Evaluate method in each active­

model instance, so models need not have access to the ODE solver i tself. Control 

over the behaviour of the ODE solver and its associated step size controllers may be 

exercised by the user upon starting a RefSim simulation. 

A discrete event scheduler is provided for the execution of discrete events 

during simulation. Models may schedule time events by calling the scheduler 

Add.Event procedure with the event time and handler model as parameters. Time 

events may be scheduled only during initialisation or when a previously-scheduled 

event has occurred. Models may schedule state events during evaluation by call ing 

the AddS tateEvent procedure. AddStateEvent sets the scheduler S tateChanged flag to 

restart the current ODE solution step after the state event has been scheduled. The 

behaviour of the discrete event scheduler may be controlled by the user upon starting 

a RefSim simulation (Appendix 7). 

A l ibrary of refrigerant, air and water thermodynamic and rranspon property 

correlations, and air-water psychrometric correlations is provided for the use of all 

models .  

The ful l  range of object-oriented data structures used by the RefSim 

environment is  available to  any component model which may require them. 
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This example contains some of the models which comprise the RefSim description of 
Alliance Ocean Beach Plant batch lamb carcass freezer room No.l l .  Text enclosed in 
braces is ignored by RefSim and is used for comments. } 

MODEL zfrm ! !Prod 1 ( Thermal Object ) { Product model description, see Chapter 4 }  
Cs = 2.055744E+6 { Frozen heat capacity J/m3K } 
Cl = 3 .347898E+6 { Unfrozen heat capacity J/m3K } 
Hf = 2.723043E+8 { Enthalpy at Tf J/m3 } 

ks = 1 .45094 1 853 { Frozen thermal conductivity W/rrU< } 
kl = 0.46205 1 696 { Unfrozen thermal conductivity W/rrU< } 
h = 8.396989 1 94 { Surface heat transfer coefficient W/m1K } 
Tf = - 1 . 1 5000000 { Initial freezing temperature •c } 
Tff = 0.000000000 { Section 4 . 1 0  ) 
V 0.01 3430339 { Volume of the body m3 } 
A = 0.335000000 { Surface area of the body m1 ) 
X = 0.07 1 000000 { Critical depth m ) 
N = 2.500000000 { Heat load shape factor } 
E = 1 .480000000 { Freezing time shape factor } 

Tstan = 25 .00000000 { Initial temperature of the body ·c } 
Multiple = 2700.000000 { Number of bodies in the application ) 

VapD iffuRes = 4 1 .0286653 1  { Vapour diffusion resistance, section 9.7 } 
MassTrCoef = 0.00924097253 { Mass transfer coefficient, section 9.7 ) 
TABLE Load [ 1 2.50000000 30.50000000 { Loadiunload times, hours ) 

36.50000000 54.50000000 
60.50000000 78.50000000 
84.50000000 102.5000000 

Repeatlnterval = 24 .00000000 ( Interval between re-uses of this model, 

[ zfrm l 1 ) 
< Temp x > 

END zfrm l l Prod l 

MODEL zfrm 1 1 Door ! EO ( Environment ) 
Temperature = I 0.000000000 
ReiHumidity = 0.750000000 
[ zfrm i ! Door 1 ) 

END zfrm 1 1 Door ! EO 

MODEL zfrm l ! Door l ( Door ) 

OHTC = 

Height = 

Width = 

First Open = 

LastClose = 

FractionOpen = 

ProtFactor = 

[ zfrm l l  zfrm l l Doorl EO ] 
END zfrml l Doorl 

0.000000000 
2.000000000 
1 .500000000 
7 .500000000 
1 6.00000000 
0.500000000 
1 .000000000 

hours ) 
( Model to which this one is l inked } 
{ Variables to be wr i tten to the output file ) 

( Exterior environment of zfrm ! I  Door I ) 
( Temperature •c ) 
( Relative humidity, fractional } 
( Model to which this one is l inked ) 

( Loading door, see section 9 .4 ) 
{ No heat transfer when the door is closed } 
( Doorway height m } 
( Doorway width m } 
( Time first opened in the day, hours ) 
( Time last closed in the day, hours ) 
{ Fraction of time open}  
{ Door protection factor } 
{ Models to which this is l inked ) 

Figure 7-4 Extract from a RefS im simulation input fi le. 
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Chapter 8 :  RefSim Implementation 

This chapter describes the refrigeration system simulation environment 

implementation which follows the design described in Chapter 7. Model 

implementation details are described in Chapter 9. The complete source code for 

RefSim is  provided in Appendix 8 (on diskette). 

8. 1 Implementation goals 

It was desirable that the RefSim implementation achieve several goals: 

1 23 

1 Clarity. In accordance with the principles outlined in section 7. 1 . 1 ,  one of the 

best ways of describing a model is in terms of a computer 

programming language. A model implemented in this way is defined 

unambiguously (because the syntax of the language is unambiguous) 

and it may be evaluated automatically without error. While a 

computer program cannot be ambiguous, it may nevertheless be 

unclear and difficult for a human reader to understand. It was 

important to ensure that a high level of code clarity was maintained in 

the RefS im implementation. 

2 Accuracy. Any model is an approximate representation of a real 

phenomenon. The process of model evaluation should not degrade the 

accuracy of the models any further. 

3 Easy maintenance and extension. The addition or modification of models and 

system utilities should require little effort. To some extent this goal 

relies upon goal 1 ,  but easy maintenance and extension are further 

enhanced if the implementation utilizes the same concepts of 

encapsulation, inheritance, polymorphism and message passing as did 

the design. In particular, use of encapsulation in the implementation 
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allows a modification to be made t o  one part of RefSim without that 

modification affecting the rest of the program. 

4 Minimal use of computer resources. It was desirable that the RefS im 

implementation execute quickly on  the available computer equipment 

and that it do so within the available memory. This would minimize 

development and tes ting costs: In the context of this project, goal 4 

h ad a lower priority than goals 1 ,  2, and 3 because the time spent 

executing the program was likely to be a_small fraction of the 

development time even if the execution was very slow. 

8.2 Choice of implementation language 

The object-oriented design described in the preceding chapter could have been 

implemented in almost any computer programming l anguage. The majority of 

s imulation environments discussed in  Chapter 2 were implemented in 

FORTRAN (ANSI, 1978) .  Eldredge et a! ( 1 990) showed that this was true over the 

whole simulation field, but noted that most authors "attribute this to the fac t  that the 

choice of l anguage is primarily based upon the availability of the l anguage to the 

user and the user's knowledge of the language" .  For these reasons of availability and 

user's familiarity ,  a preliminary implementation of the RefS im environment was 

developed in FORTRAN-77. 

8.2.1 FORTRAN- 77 implementation 

The FORTRAN-77 version was implemented to the stage where it could 

simulate simple refrigeration applications,  but not an entire refrigeration plant. The 

FORTRAN-77 language lacked both a method for dynamic memory allocation and a 

pointer data type so a memory pool was simulated using two l arge one-dimensional 

arrays, one of type INTEGER *4 and one of type REAL *4, which were superimposed 

using the EQUIVALENCE statement. This data structure was then used l ike 
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dynamic memory, with each object instance being allocated a part of the structure for 

its exclusive use. INTEGERs were used as pointers to reference other object 

instances in the system and data values were stored as REALs at specified offsets 

from the start of the object. Each model had a key number to identify its type and 

an index (pointer) to the next model in the evaluation chain. Model evaluation 

proceeded by moving through the memory pool from ·model to model, calling the 

model evaluation subroutines indicated by the key number. 

Even with the use of constant PARAMETER values to indicate offsets and 

after taking advantage of extensions to the FORTRAN-77 standard which allowed 

variable names with mixed case and more than six characters ,  the model descriptions 

became unclear. The essence of each model description became lost in the 

circumlocutions required to reference the values of its propenies. For example, a 

reference to the REAL value (stored in the array mr) which indicated the pressure at 

end 1 of a pipeline from within the pipeline model itself (Se/f) had the form: 

mr ( S e l f  + P r e s sure + 1 )  

Lack of clarity was not the only problem. Any error in the values of Self or 

Pressure could result in the wrong data value being referenced or modified. The size 

of the data stored for each model type also had to be calculated carefully to avoid 

object instances overlapping in the memory pool. The PARAMETER values and 

object sizes had to be checked every time a model was modified by adding an 

additional variable. This problem was made even more difficult by the fact that most 

models could have arbitrarily long lists of indices to indicate the other models to 

which they were linked, and so the storage required for each instance of the same 

model type could be different Development of the FORTRAN-77 implementation 

was halted when these difficulties became too taxing. 

Some consideration was given to implementing a pre-processor for the 

FORTRAN-77 compiler to automate the mechanical processes of dynamic memory 

allocation, checking offsets, object s izes and references. Several such approaches 
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have been discussed by Kreutzer ( 1986, Chapter 4). It was decided, however, that 

these problems had already been solved by a number of other existing programmin g  

languages and that the bes t  approach was to use a more suitable lan guage. 

8.22 TopSpeed Modula-2 implementation 

The development of object-oriented design techniques has led to the 

development of pmgramming languages in which obj ect-oriented designs could be 

implemented directly. Object-oriented programmin g  languages may be divided into 

two major groups:  pure and hybrid. The advantages of each approach have been 

discussed by Cox ( 1986, Chapter 1) .  

In a pure object-oriented language, each and e very component of the language 

is  an object. The Smalltalk language (Lalonde and Pugh, 1990) is  the best developed 

example of this  approach . The principles of software development  which were 

initially established for Smallt41k were found to be applicable to any object-oriented 

programming language so most modem object-oriented languages and the software 

implemented in  those languages derive their conceptual bases from this root. The 

use of Small talk itself or of another pure object-oriented language for developing a 

refrigeration system simulation environment was precluded for efficiency reasons 

because pure object-oriented systems generally require substantial computing 

resources (Cox, 1 986, p. 7). It was preferable to reserve these resources for executing 

the simulation itself. 

Hybrid object-oriented languages have attempted to combine the efficiency of 

conventional languages (Pascal, Modula-2, and C, for example) with the clarity and 

expressive power of object-oriented techniques. Hybrid languages achieve greater 

efficiency than pure object-oriented languages by us ing objects for only those parts 

of the program which require them, while retaining procedural representation and 

conventional data types where they are suitable. In Smalltalk, for instance, an object 

is  always implemented by describing it in terms of other objects, but a hybrid 

language provides the additional option of implementing an object in terms of a 
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procedural description in the base conventional language. This is advantageous in 

the context of a simulation environment, because as well as providing greater 

execution efficiency, it allows each model to be described in a procedural 1anguage 

which is familiar to many modellers. 

The Modula-2 programming language (Wirth, 1 982) was found by the present 

author to provide significant advantages in the development of large software systems 

due to its utilisation of the module concept. TopSpeed Modula-2 by JPI ( 199 1 )  

provided extensions to the base language which made i t  CL_suitable hybrid object­

oriented language for implementing the RefSim environment. The other language 

considered for the purpose was C++ (Ellis and Stroustrup, 1990), but TopSpeed 

M odula-2 was preferred because the underlying Modula-2 language was very similar 

to the popular Pascal language. 

RefSim was developed using the MS-DOS version of TopSpeed Modula-2 

Version 3.0 1 .  It was run on IBM PC and compatible computer systems under 

MS-DOS or compatible operating systems. 

8.3 Program structure 

The RefSim implementation may be divided into the same two parts as its 

design: simulation utilities and models. The way in which these two parts fit into the 

physical program structure is shown in Figure 8- 1 .  In this  diagram, each arrow 

indicates that the procedure at the tail of the arrow uses the procedure at the head of 

the arrow. The "uses" relationship is  implemented when a high level procedure calls 

a lower level procedure. 

Figure 8-2 shows the simulation utilities which are available for use by all 

model methods. These utilities provide commonly-used thermodynamic and transport 

property correlations, commonly-used data structures, discrete event scheduling and 

random number generation. 
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RefSinn - main progrann 
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Key 

Sequential 
exe cution 

Repe ated 
execution 

Choice between 
alternatives 

P arser - read 
input file ,  c al l  
model Initialise 
methods. 

LinkModels -
Resolve model 
references. 

Integrate -
Inte gration 
strategy control. 

MP arser - read 
individual model 
data 

Le:xAnal -
Lexically analyse 
the input fil e  
into tokens 

RKCtrl - Integral 
tYPe ODE s tep 
s1ze controller 

RKF - Run g e ­
Kutta-Fehlb erg 
ODE solver 

Figure 8-1 RcfSim program structure diagram. 

RKPICtrl - P.I .  
tYPe ODE step 
s1ze controller 
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Refrig -
refrigerant 
thermodynamic & 
transport props. 

Air - humid air 
thermodynamic 
and transport 
properties. 

Water - water 
thermodvnamic 
prop erties. 

Random ­
generate various 
random d eviates. 

Figure 8-2 S imulation utilities which may be called by model methods. 

A Dynamic Modelling Methodology for the Simularion of Industrial Refrigeration Systems 

;I 
i 

; 
! .. 
I 



CHAPTER 8: R.EFSIM IMPLEMENTATION 

The simulation utilities shown on these diagrams are described in the 

. 
remainder of this chapter. The individual model implementations are described in 

Chapter 9. 

8.4 Simulation environment 
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The object-oriented simulation environment design was followed closely in 

the implementation. Object-orientation provided no benefit in the implementation of 

the s imulation utilities, so these were wrinen as procedural code. 

A range of simulation utilities is available to any model running within the 

RefSim system. The availability of these features made each model description 

simpler, smaller and more reliable. A further advantage of centralising the 

simulation utilities was that they were only implemented once and so more time 

could be spent ensuring that each utility was of a high s tandard. The simulation 

u tilities are described first so that the subsequent model descriptions may be more 

easily understood. The basic data structures used in RefSim which are available to 

models are also described here. 

The most common data type used by the models in RefSim is the 

LONGREAL number. The LONGREAL is a floating point number which is capable 

of expressing values in the range ±2.3  ( 1 0.308) to ± 1 .7 ( 1 0+308) with a precision of 

approximately 1 5  decimal digits. The other data types which are provided directly 

by TopSpeed Modula-2 are described by JPI ( 1 99 1 ,  pp. 1 5-23). 

Diagrams of the more sophisticated data structures are provided in section 9. 1 

together with an example of how a simple simulation is represented within RefSim. 

8.4.1 The simulation generator App2Ref 

This was the only RefSim simulation utility to be written as a separate 

program. 
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A number of refrigeration plants have been modelled using the RADS 

dynamic simulation system (Cleland, 1 985b, Comelius, 1 99 1 ). To save the need to 

re-enter the data for these plants from scratch, the program App2Ref was written to 

translate RADS application files (as generated by the RADS program APPLICS) 

directly into the RefS im input language. This process was facilitated by the 

availability of all the major RADS models within RefSim. 

App2Ref accepts a single parameter which i s  the name of a RADS application 

file and it writes the resulting RefS im input language file to the standard output from 

where i t  may be redirected to a file for inclusion in a RefSim simulation. App2Ref is 

s tarted with a command of the following form: 

C : \ > App2Re f  f r e e z e r . app > free z e r . re f  

which produces a RefSim input file  containing the many model descriptions which 

together represent the application characterised by the file "freezer.app". The text 

" C:\.>" is  an operating system prompt. The text ">freezer.ref' indicates that output is 

directed by the operating system into the fi le  "freezer.ref'. 

App2Ref does not generate a complete RefSim input file. Header and trailer 

records must be appended to the start and end respectively of the App2Ref output file 

to provide the simulation control parameters. Additional application and refrigeration 

component model descriptions may also have to be added to create a complete 

R e fS i m  input  file. 

No program was provided for convening the RADS engine-room file into a 

RefS i m  simulation input fi le because the work required to do that task by hand was 

comparatively small. 
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8.42 Fluid thermodynamic and transport property correlations 

All fluid thermodynamic and transport property calculations in RefSim are 

carried out in  the modules Refrig (for refrigerant properties), Air (for air properties 

and humidity calculations) and Water (for water properties). The interfaces to these 

m odules are clearly defined so that alternative procedures could easily be written in 

the event that the correlations described below were not satisfactory. These 

interfaces are shown in Figures 8-3, 8-4, and 8-5. A change to any of the 

correlations would only require re-compilation of the applicable property module and 

re-linking of the RefSim program. 

The refrigerant thermodynamic property correlations used in RefSim were 

those described by Cleland ( 1986a), which were in turn based upon those of Chan 

and Haselden ( 1 979a,b,c). The correlations of Chan and Haselden were based upon 

thermodynamic theory and experimental data compiled by a working party of the 

International Institute of Refrigeration and they were found to accurately represent 

the available experimental data. Cleland's correlations produced results which were 

within ±0.25% of the Chan and Haselden results, but they were much faster to 

evaluate, making them a great deal more suitable for use in RefSim. The polynomial 

equations are evaluated in factorized form to maximise both speed and accuracy. 

Cleland' s  correlations covered R l 2, R22, R 1 1 4, R502 and R7 17 ,  so the current 

implementation of RefS im is limited to systems using these refrigerants. S hould they 

be required, polynomial curve fits for additional refrigerants may be derived in the 

manner described by Cleland ( 1986a). 

The interface shown in Figure 8-3 uses an enumerated type (Refrig.Type) 

variable containing the refrigerant type (R l 2, R22,  R 1 1 4, R502, R7 1 7  or 

SecondaryRefrig) to indicate which refrigerant properties are required. 

S econdaryRefrig is not an appropriate refrigerant type to be used when accessing 

these property correlations. 

Air property calculation procedures were derived by assuming that dry air 
behaved as an ideal gas and then adding modifications for humidity to the density, 
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PROCEDURE EvapTemp (ref : Refrig.Type; p : LONGREAL) : LONGREAL; 
Returns evaporation temperature at pressure, ·p· 

PROCEDURE EvapPress (ref : Refrig.Type; t : LONGREAL) : LONGREAL; 
Returns saturation pressure at temperature, + 

PROCEDURE LiquidEnthalpy (ref : Refrig.Type; t : LONGREAL) : LONGREAL; 
Returns saturated liquid enlhalpy at temperature + 

• 

PROCEDURE VapourEnthalpy (ref : Refrig.Type; t :  LONGREAL) : LONGREAL; 
Returns saturated vapour enthalpy at temperature + 

PROCEDURE LiquidSpecHt (ref : Refrig.Type; t : LONGREAL) : LONGREAL; 
Returns saturated liquid specific heat at temperature + 

PROCEDURE VapourSpecHt (ref : Refrig.Type; t : LONGREAL) : LONGREAL; 
Returns saturated vapour specific heat at temperature + 

PROCEDURE SupEnthalpy (ref : Refrig.Type; t l ,t2 : LONGREAL) : LONGREAL; 
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Returns superheated vapour enlhalpy at saturation temperature -tl- and actual temperature 

-12-

PROCEDURE Speci.ficVo!ume (ref : Refrig.Type; t :  LONGREAL) : LONGREAL; 
Returns the specific volume of saturated vapour at temperature + 

PROCEDURE SupSpeci.ficVo!ume (ref : Refrig.Type; t l ,t2 : LONGREAL) : LONGREAL; 
Returns the specific volume of superheated vapour at saturation temperature -tl ·  and 
actual temperature -12· 

PROCEDURE G amma (ref : Refrig.Type; t l ,t2 : LONGREAL) : LONGREAL; 
Returns value of y for saturated cycle enthalpy change in compression from saturated 
temperature -tl · to -t2-

PROCEDURE SupGamma (ref : Refrig.Type; t l ,t2,t3 : LONGREAL) : LONGREAL; 
Returns '( for superheated cycle enthalpy change in compression from superheated vapour 

with saturated temperature -tl · and actual temperature -t2- to vapour with saturated 
temperature -t3-

Figure 8-3 Refrigerant propeny library interface. ref is the refrigerant type, e.g. 
R 7 17 .  Temperatures in oc. Pressures in Pa. Enthalpies i n  J/kg. 
S pecific volumes in m3/kg. 

heat capacity and enthalpy correlations .  Antoine 's equation (Reid et a!, 1987,  p.208) 

was used to c alculate the saturated water vapour pressure in air and hence the 

saturated humidity. 
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PROCEDURE Density (femp,AbsHum : LONGREAL) : LONGREAL; 
Returns the density of humid air (kglm3) at temperature -Temp- (deg C) and absolute 

humidity -AbsHum- (kg/kg). 

PROCEDURE Enthalpy (femp,AbsHum : LONGREAL) : LONGREAL; 
Returns the en.Lhalpy of humid air (Jikg) at temperature -Temp- (deg C) and absolute 
humidity -AbsHum- (kg/kg). 

PROCEDURE HeatCapacity (femp,AbsHum : LONGREAL) : LONGREAL; 
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Returns the heat capacity of humid air (JikgK) at temperature -Temp- (deg C) and absolute 
humidity -AbsHum- (kg/kg). 

PROCEDURE SatHumldity (femp : LONGREAL) : LONGREAL; 

Returns the saturated absolute humidity of air (kg/kg) at temperature -Temp- (deg C) 

Fi oure 8-4 b Air property library interface 

\Vater property routines were derived by assuming constant heat capacities for 

water and ice. The latent heat of freezing caused a discontinuity at ooc in  the 

enthalpy correlation, but in the heat capacity correlation, the latent heat was spread 

over the range from 0.0 to -0. 1 oc to avoid a singularity at 0°C. 

The air and water property correlations usually predicted results which were 

within ± 1 %  of tabulated data (e .g. that of Perry and Green, 1 984, Chapter 3) .  The 

PROCEDURE Ent.ha.lpy (f : LONGREAL) : LONGREAL; 
Returns the er.!halpy of water (in ]/kg) at temperature T I deg C 

PROCEDURE VapourEnthalpy (f : LONGREAL) : LONGREAL; 
Returns the enrhalpy of water vapour (in ]!kg) at temperature T I deg C 

PROCEDURE VaporisationHeat (f : LONGREAL) : LONGREAL; 
Returns the heat of vaporisation of water (in 1/kg) at temperature T I deg C 

PROCEDURE HeatCapacity (f : LONGREAL) : LONGREAL; 
Returns the heal capacity of water (in l!kgK) at temperature T I deg C. If T is close to 0.0 
deg C, the latent heat gets included as if it were spread over a small temperature range 

close to 0 deg C. 

Figure 8-5 Water property library interface 
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water heat capacity correlation in the range 0.0 to -0. 1 oc was an exception to this 

guideline. 

1 35 

No general correlations were supplied to estimate the thermal properties of 

solids (metals, concrete and food product, for instance) due to the wide variety of 

materials which could be considered. Property correlations for these materials must 

therefore be included separately in any model which uSes them. A detailed 

description of the enthalpy correlation used for the materials comprising 

ThennalObject models may be found in section 4.4. 1 .  No other model which is 

currently implemented within RefSim uses solid material thermal properties. 

The property correlation modules are very loosely bound to the rest of the 

system and adding another module for a specific purpose would not disrupt the 

existing structure. For example, if a group of multi-zone heat exchanger models 

were to be implemented then those models may require a common set of correlations 

for the heat capacities of metals. If this were so, then it would be convenient to 

implement a metal thermal property correlation module at the same time as the new 

models. 

8 .4 .3 Ordinary differential equation solver 

Many of the component  models in the literature were described by ordinary 

differential equations (ODEs), so it was important that an ODE solver be available to 

all models. The ODE solver had to: 

• 

solve an arbitrary number of ordinary differential equations. 

operate efficiently, with a minimum number of time steps required. 

control integration error to a user-specified tolerance. 

be robust enough to handle discontinuities in the integrated variables without 

failure. 
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The method chosen was a Runge-Kutta-Fehlberg (RKF) numerical ODE 

solver with founh order error estimation. Local extrapolation was used to make it a 

fifth order method overal l .  The RKF method was originally described by 

Fehlberg ( 1969) and the implementation used in RefSim was derived from the 

FORTRAN code given by Cheney and Kincaid ( 1 985,  p .326). The RKF method 

requires six model evaluations per time step and produces both founh and fifth order 

solutions .  The difference between the two solutions i s  an estimate of the error in the 

founh order- solution. This difference can be used by a step size controller to control 

the integration error as described in section 8 .4.4. In  practice, the fifth order solution 

i s  often u sed for further calculations with the assumption that it will provide a better 

es timate of the true solution than the founh order estimate, and this is done in the 

R efS im implementation. Press et a! ( 1 986, p .556) note that this rarely does any 

h arm compared with using the fourth· order solution and is often beneficial for 

equation systems of practical i nterest. 

A stepsize-controlled Runge-Kutta me thod may take steps of three different  

sons. The l argest steps taken are major steps as  dictated by an in tegration s trategy 

controller (section 8 .4.5) .  In a purely  continuous simulation, one major step is taken 

between each time at which the user requires output .  Within each major step, many 

substeps may be taken ,  wi th the s ize of each step decided by the integration step size 

controller (section 8 .4 .4) .  Unl ike a major step , a substep may fai l  if the estimated 

in tegration error at the end of the step is too large. In  this case, the substep is made 

again from i t s  s tarting poi nt with a smaller step s ize. Finally, within each substep 

the Runge-Kutta method makes a number of probes into the ODE solution space. 

Each probe requires the evaluation of all the functions in the equation system. The 

RKF method makes six such probes. 

Each  of the variables integrated by the ODE solver is of type DynVarRec. 

This variable type is defined in Figure 8-6. 

Press et a! ( 1986, Chapter 1 5) describe other ODE solution methods which 

were considered for use in RefS im. These included the B ulirsch-S toer method and a 

range of multi-step predictor-corrector methods. The B ul irsch-S toer method was 
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The DynVarRec variable type defined within RefSim is a record with eleven 
fields, each of which is  a LONGREAL: 

val 

der 

valstart 

err 

seal 

(valu e) The curren t  best estimate of the dynamic variable value. 
M ay be read by the model which calculates the derivative of the 
dynamic variable. 

(derivative) The current bes t  estimate of the derivative of the 
dynamic v ariable. May be written by the model which calculates 
i t. 

The value of val at the start of the current substep. Used by the 
ODE solver when i t  is  necessary to restart a substep, and by 
controller models which use this field of the system time variable 
to calculate a rough derivative of the controller input  value. 

The most recen t  difference between the fourth and fifth order 
integration error estimates for this dynamic variable. Used only 
by the ODE solver step size controller. 

The error value u sed by the ODE solver s tep size controller to 
decide whether or not  the last step succeeded, and the next step 
size is the err field divided by the seal field. I n  RefS im, 
seal = ! valstart I + 1 .0, so the precision requiremen t  is a 
modified relative enor. 
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f1  ,f2,f3,f4,f5 ,f6 The values of der for each of the six probes i n  a substep. 
Used only by the ODE solver, which has the responsibility 
to transfer the value of the der field to the appropriate f 
field after each probe. 

The only three fields which must  be retained if the ODE solver is changed are 
val, der, and valstart as they are the only fields which are accessed by the 
models. The err field must also be retained (and a value supplied for i t  at the 
end of each substep) if the existing step size controllers are retained. 

Figure 8-6 DynVarRec - the dynamic variable type 
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rejected due to its poor behaviour in the presence of discontinuities, while predictor­

corrector methods were rejected due to their level of programming complexity when 

variable step size and integration error control features were included. The nature of 

the RefSim system is  such that the addition of another ODE solver as an alternative 

to the existing RKF method would require very little effort in addition to designing 

and programming the alternative ODE solver itself. 

8.4.4 Ordinary differential equation solver stepsize controllers 

A choice of two ODE solver stepsize controllers is available in RefS im. The 

first is a conventional integral-action step size controller as described by 

Press et al ( 1986, p .558) , with the addition of automatic safety factor retuning. The 

second is a proportional-integral-action step size controller as described by 

Gustafsson et al ( 1988). 

8.4.4 .1  Conventional controller with safety factor retuning 

The integral-action step size controller is the default and has been used most 

extensively during test runs.  The controller is described by equation (8-1 ). 

where: 

h0 = S h1 

= Sh  1 

I '\ I 0.20 61 
1 6o I 0.25 

61 

i f  L\ � 61 

if 60 < 61 

is the desired step size 

h1 was the step size during the last substep 

110 is the desired substep tolerance 

(8- 1 )  

61 was the substep tolerance during the last substep 

S a safety factor, set by Press et al ( 1986) to be 0.9 
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If the desired substep tolerance is exceeded during a step, that step is repeated 

with the reduced step size, h0• This is a commonly-used type of step size controller 

i n  adaptive step size ODE s olution schemes. 

The version implemented in RefSim has one important modification from that 

of Pres s  et a/: a step size change safety factor (S) retuner. Some difficulties were 

encountered during testing when the step size controller was found to perform poorly 

i n  certain parts of some simulations. The derivation of the controller assumes that 

the integration error varies smoothly with stepsize. While this may be true of single 

ODEs, it may not be true of large systems of ODEs such as those found in complex 

s imulations, especially where there may be discontinuities caused by discrete events. 

This caused the controller to be too "optimistic" and sometimes increase the step size 

greatly, only to have the substep fail (perhaps several times) and have to reduce the 

s tep size back to a more appropriate level. RefSim was wasting many function 

evaluations during simulation runs due to this phenomenon, so the step size change 

s afety factor was made a variable which was altered regularly using equation (8-2). 

where: 

S = 
S 

1 ( N steps J ° FracOK Nsteps + TorFail 
(8-2) 

Nsteps 

TotFail 

FracOK 

is the number of successful substeps in this major step. 

is the n umber of failed substeps in this major step. 

is the desired fraction of successful substeps. 

This maintained the number of successful substeps at a fixed fraction 

(FracOK) of the total number of substeps. The ideal fraction of failed steps is a 

function of model evaluation cost and the ODE solver order. Experience with the 

systems simulated with RefSim indicated that a failure rate of approximately 10% 

was optimum for these simulations. Accordingly, FracOK was set  equal to 0.9. 

One possible improvement upon the safety factor retuner would be to have it 

maximise the simulation rate. The simulation rate is  already measured by the output 

system and it could be made accessible to the ODE step size controller. Simulation 
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rate is sensitive to many factors besides the ODE solver step failure rate, however, 

(such as the rate of discrete event occurrence and the lengths of time between 

discrete events), so it would be difficult to obtain a consistent figure of merit upon 

which the retuner could base its decisions. 

8.4.4 .2 Proponional-integral step size controfler 

The proportional-integral (PI) step size controller was derived from 

Gustafsson et a/ ( 1988) and it is provided for cases where the integral step size 

controller performs poorly. The controller is described by the equations : 

e = log( �0/h) - log( �1 /h) 
P = K e p 

Itemp = I + K1 e 
h = exp (P + I ) temp temp 

I = I + (logh - logh ) temp temp 

(8-3) 
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where :  is the proportional gain ( = 0. 1 3  normally, = 0.0 if the last step 

was rejected). 

K1 is the integration gain (= 0.067 normally, = 0.2 if the last step 

was rejected). 

I the accumulated error integral. 

ema.r the maximum allowable step size increase factor (= 2.0). 

h the actual substep size. 

A s tep is rejected and repeated with the newly-calculated step size if 

inequality (8-4) is  satisfied. 

A Dynamic Modelling Methodology for the Simulation of Industrial Refrigeration Systems 



CHAPTER 8: REFSIM IMPLEMENTATION 1 4 1  

(8-4) 

where: Q is the rejection margin ( = 1 .2). 

Gustafsson et a/ note that for stiff and semi-stiff sets of ODEs the PI 

controller has much bener stability characteristics than the traditional integral 

controller. Where fluid flow dynamics are modelled within a refrigeration system 

simulation, or where the volumes of stirred-tank models are-small .relative to the 

flows through them, the system of ODEs which describe the simulation may well  be 

marginally stiff. In this  case, it may be advantageous to use this  alternative step size 

. controller. 

8.4.4 .3 Step size controller usage 

In practice, the re-tuning feature of the integral action controller was found to 

be more u seful than the stiff stability of the PI controller so the former controller was 

u sed for most simulations. One c onsequence of this was that the alternative (PI) 

c ontro ller received a smaller amount of testing. 

The u ser may choose between step size controllers by setting a command line 

parameter when starting RefS im. The two controllers treat the tolerance specification 

s lightly differently, so it may be necessary to change the user-specified tolerance if 

controllers are chan ged in order to obtain the same precision in the end. RefSim 

runtime optio n s  are discussed in Appendix 7. 

S tate events are discrete events which may occur due to the behaviour of a 

model as opposed to time events which are scheduled in advance. Time events are 

handled directly by the Integrate procedure (section 8 .4.5), but state event handling 

requires action by the step size controllers. B oth step size controllers include code to 

check the S cheduler.StateChanged flag which allows detection of state events. A 

detailed description of  the discrete event mechanism may be found in section 8 .4.6. 
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8.45 Integration strategy controller 

Overall i ntegration strategy i s  detennined by the Integrate procedure, which 

performs the following functions: 

1 i t  calls the Scheduler.DoAllBefore procedure (section 8.4.6) with the current 

time as its parameter to execute all pending discrete events. 

2 i t  calls the Scheduler.NextEventTime procedure (section 8 .4.6) to obtain the 

time of the next scheduled event. 

3 i t  sets the error tolerance for each individual variable based upon the general 

error tolerance specified by the u ser (Appendix 7). 

4 i t  sets the s ize of each major integration step by subtracting the curren t  

simulation time from the next scheduled event time. 

5 i t  calls the ODE step size controller (section 8.4.4) chosen by the user 

(Appendix 7). 

8.4.6 Discrete event scheduler 

Discrete events within RefSim are handled by the Scheduler module. This 

module contains  procedures for scheduling and handling both time and state events. 

The distinction between these event types is described in  section 7 .3 .3.  

When an event is scheduled,  a pointer to the model assigned to deal with that 

event  is  added to a discrete event queue. Priorities i n  the event queue are set by the 

time for which the event is scheduled, with earlier times having higher priorities. 

The discrete event queue is  based upon the PriorityQueue object. 
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Scheduler contains  five procedures and one flag which are accessible to 

models and o ther pans of RefS im: 
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1 The AddEvent procedure takes as parameters (a) a model to handle the event 

and (b) the time of the event. When the event time occurs, the Event 

method of the specified model i s  execut�. Add.Event  may be called 

by any model. The event-handling model is SELF (i.e. the model 

scheduling the event) for all of the models currently implemented 

within RefSim, so each model schedules events for itself only. 

Models are free to schedule events for other models, however, should 

that be necessary. 

2 The AddStateEvent procedure takes one parameter: a model to handle the 

event. A state event  is scheduled for that model at the current time 

and the StateChanged flag is set to TRUE. 

3 The S tateChanged flag is a BOOLEAN variable. The ODE solver checks the 

S tateChanged flag at the end of each probe. If StateChanged is 

TRUE, the current  substep is  aborted and the step size conrroller 

returns to the integration srrategy control procedure, Integrate. 

I ntegrate then selects the next step size so that the step is made exactly 

up to the now-pending  state event and StateChanged is set to FALSE. 

4 The DoAllBefore procedure takes a time as parameter and executes all events 

in  the queue which are scheduled to occur before the specified time. 

This is cal led by the In tegrate procedure with the current time as its 

parameter. 

5 The NextEventTime procedure returns the time for which the next even t i s  

scheduled.  This is  cal led by the Integrate procedure. 

6 The Kil l  procedure disposes o f  all scheduled events and frees all  dynamically-

allocated memory used by the scheduler priority queue. The queue i s  

unusable thereafter, so this procedure should only be used immediately 

prior to halting. This  i s  called by the FINAL output model. 
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8.4.7 List 

The basic collection data structure used in  RefSim is the sorted list object 

"List" implemented in the module OrdList. List is implemented using the skip list of 

Pugh ( 1 990). This is a recently-developed data structure which is considerably easier 

to implement than balanced trees while having access times comparable to balanced 

trees. Insert and delete times are much shorter than for balanced trees, and the skip 

list has smaller per node pointer �torage requirements. RefSim implements a 4th­

order skip list (p = lA, in the tenninology of Pugh, 1 990). 

List is  a container objec t  (Cox, 1 986, p.9) which holds objects of type 

"ListEl". The inheritance mechanism described in section 7.4.2 is used to derive 

other objects from ListEl which may also be held in a List. These other objects may 

have different  properties and different method implementations. An overall diagram 

of the skip list structure is shown in Figure 8-7. 

The slcip list structure is probabilistic (i.e. the time required for random access 

to a particular element in the list is governed by a probability distribution) ,  so it is  

possible that one or more of the data structures within a simulation may become 

significantly unbalanced. In the unlikely event that a slcip list becomes unbalanced, i t  

will require much more computation to randomly access some elements than others. 

R andom access times in an u nbalanced slcip list wil l  degenerate towards those of 

simple linear lists. The most straightforward solution to this problem is for the user 

to re-run the simulation with the "-r" (randornize) flag set (Appendix 7) to generate a 

different sequence of pseudo-random deviates each time RefS i m  is run.  Random 

access to skip list elements only occurs during simulation initialisation and when 

i nserting a scheduled event in the scheduler priority queue. All other skip list 

accesses during simulation execution are sequential so u nbalanced slcip lists will 

affect the time required for the simulation to start but have linle effect on the 

simulation rate. 

While the major uses of these objects occur within the simulation framework, 

they are available for use by any model. 
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8.4.8 Pseudo-random number generators 

The module Random provides three procedures which provide random 

deviates as LONGREAL numbers. 

1 Uniform returns a uniformly distributed deviate between 0.0 and 1 .0. 

2 Nonnal returns a normally-distributed deviate with a mean of 0.0 and a 
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s tandard deviation of 1 .0. Normal random deviates are generated from 

uniform deviates using the Box-Muller transformation described by 

Press  et al ( 1986, p.202-203). 

3 Exponential returns an exponentially-disnibuted deviate with a mean of 1 .0. 

Exponential deviates are generated from uniform deviates using a 

logarithmic transformation described by Press et a/ ( 1986,  p.201) .  

These procedures are currently used only by the Door model, but  are available 

for use by any model. 

8.4.9 Input Parser 

This utility is in three parts: Parser, MParser, and LexAnal. 

8.4.9.1 Parser 

Parser reads the whole RefSim input file. For each model instance, Parser 

calls the CreateModel procedure which inserts an instance of the specified model into 

the ModelList and then calls the Initialise method of that model instance. It is not 

useful to call Parser from any model. 

A detailed description of the RefSim input file format is provided in 

Appendix 2. 
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8.4.92 MParser 

The Initialise method is responsible for setting up the model parameters. 

Normally, this will necessitate some data being read from the simulation input file, 

and MParser is provided for this purpose. MParser accepts a parameter list which 

contains several associative array object instances. 

The associative array object is defined in the Assoc module and it is used 

because it provides a convenient way for a modeL to obtain arbitrary numbers of 

parameters from MParser. An associative array differs from a conventional array in 

that it  is indexed by character strings rather than by integers. This allows the 

Initialise method of each model to use the names of its parameters as indices in the 

associative arrays .  The associative array concept was derived from Aho et al ( 1 988 ,  

p.50) who implemented i t  as  part of the A WK programming language. The 

associative arrays used in RefSim differ from those in A WK in that they are type­

checked: different associative array types exist for storing strings, real numbers and 

tables.  The implementation method also differs from that of A WK as the RefSim 

associative array object is a sub-class of the List object while the A WK 

implementation uses a hashed table (Aho et al, 1988 ,  p.204). 

The Initialise method must set default values in the associative arrays for all 

of the variables which it will accept as input data to the model and then passes the 

associative arrays to MParser. MParser then reads the model data up to the "END" 

keyword, changing the values in the associative arrays wherever necessary so that 

they correspond with the values provided in the input file. If the input data file 

contains a value which has not been given a default value set already, MParser 

generates an error message identifying the value read, the valid input variable names, 

and the line of the input file which MParser was reading at the time. 

Once the associative array values have been set, MParser returns to the 

Initialise method, which can then obtain its parameter values directly from the 

associative arrays without the need to do any parsing itself. For some variables there 

are no sensible default values and the RefSim user must provide values for them. 
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The Initialise method should give this sort of variable recognizable values which 

would not normally appear (e.g. a temperature of - l000°C) so that it may output  an 

error message if the user fails  to provide values for those variables. 

8.4 .9 .3 Lex.Anal 

LexAnal carries out lexical analysis for MParser and Parser. It accepts the 

input flle as a stream of characters and splits those characters into tokens (identifiers, 

punctuation and real numbers) which are acceptable to MParser and Parser. LexAnal 

also maintains a record of the current location in the input file for use in error 

messages. LexAnal maintains a one token plus one character look ahead on the input 

file. 

8.4.10 Output 

RefSim produces simulation output as a single file in tabular format with an 

overall title and titles for each column followed by columns of real numbers. Each 

model instance may request output in its Initialise method (usually based upon data 

that it has read from the RefSim input file) by calling the Register method of the 

OUTPUT model instance OutputDo. The requesting model instance supplies its own 

name, the name of the variable to be output and the units in which that variable ' s  

value i s  expressed (all as ARRAY OF CHAR) and the variable itself (which must be 

a single LONGREAL). The output object, Output.Do, then stores this data in a 

linear list along with a pointer to the variable which is to be output. 

Output.Do writes the column headings when requested to do so by Parser 

(once all model data has been read in) and then schedules its frrst regular output  

event. When each output event occurs, Output.Do runs through the linear l is t  of 

output variable pointers, dereferences each and writes the resulting value to the 

output file. 
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In a strict sense, this technique of accessing variables internal to models 

violates the principle that an object's data should be private and only accessible 

through calling one of the object's methods. The more direct approach taken here is 

considered justified because it is  very convenient and is used for output purposes 

only (i.e. the variable values are read but they are never altered in this way). The 

alternative would have been to make a much greater range of variables available for 

access through the GetValue method - most of which would only ever have been 

accessed by Output.Do. 

The other output object is  Output.Final , which is the only instance of the 

FINAL model type. The FINAL model type is a child of OUTPUT with its event 

method modified to handle output at the finishing time, followed by a clean-up 

which deallocates all memory which has been dynamically allocated. This clean-up 

guards against the phenomenon of "memory leak", where some dynamic memory 

may be allocated by the program and subsequently forgotten. 

8.4.1 1 Simulation error handling 

The SimErr module contains a range of error-reporting procedures to simplify 

the handling of input or calculation errors prior to and during simulation runs.  

SirnErr also contains math function and floating point exception-handling procedures. 

The avai lable procedures are shown in Figure 8-8 .  Finishup, MathErr and FloatErr 

should not be called directly by any model. Fatal causes the program to halt, and it 

i s  called by all of the other error procedures except Warning. Warning prints a 

message and then returns so that the program may continue to execute after the 

warning. 

8.5 Model implementation interface speci fica tions 

The model interface specification of section 7 .9 was implemented in the 

definition of the base model type Model, from which all other mOdels were 

A Dynamic Modelling Methodology for the Simulation of Industrial Refrigeration Systems 



CHAPTER 8: REFSIM IMPLEMENTATION 

PROCEDURE Fmishup 0; 

Called on program termination 

PROCEDURE Fatal (message : ARRAY OF OIAR); 
Fatal error output and HALT 

PROCEDURE Warning (message : ARRAY OF CHAR); 
Warning tat output 

PROCEDURE Math (VAR e :  MATHLIB .Exception) : INTEGER; 
Math e:ueption handler 

-PROCEDURE FloatExcHandler- (signal,type : INTEGER); 
Floating point e:ueption handler 

PROCEDURE Parse (mesg,token : ARRAY OF CHAR); 
Fa tal error while parsing the input file 

PROCEDURE ParseList (tok.mesg : ARRAY OF CHAR; V AR a : Assoc.AssocList); 
Fatal error while reading list of varitlbles 

PROCEDURE ParseOutput (a : Assoc.String); 
Fa tal error while reading list of output variables 

PROCEDURE Link (mesg l ,tok l ,mesg2,tok2 : ARRAY OF QIAR); 
Fa tal error while linking models together 

PROCEDURE WamLink (tok l ,tok2 : ARRAY OF CHAR); 
- tokl - is referenced in -tok2- but not vice versa -- optional warning 

PROCEDURE LinkCount (model type,model.rulme,mesg : ARRAY OF CHAR; count : 
CARDINAL); 

Wrong number of models linked to this one. -mesg- should be something like 'exactly' or 
'no more than' or 'no less than' the number -count-

PROCEDURE No Variable (modeltype, modelname : ARRAY OF CHAR; v :  Variable.Type); 
M ode! requested to provide the value of a variable which is not available 

PROCEDURE InappropriateModel (model type, model.rulme : A RRAY OF CHAR; V AR m : 
RefSys.Model); 

M ode! requested to provide information to an inappropriate model 

PROCEDURE OutOfBound.s (name, value : ARRAY OF CHAR; val : LONG REAL); 
Property calculation called with parameter out of valid bounds 

PROCEDURE UnrecRefrigerant (name : ARRAY OF CHAR; ref : Refrig.Type); 
Refrigerant property calculation called with an invalid refrigerant number 

Figure 8-8 SimErr simulation error reporting procedures 
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descended. This definition i s  shown in Figure 8-9. 

The Get Value method is responsible for returning the current value of the 

requested variable to the requesting model. The Evaluate method is responsible for 

evaluating the equations which make up the model. The functions of the Event and 

Initialise methods are described in detail by sections 8.4.6, 8.4.9 and 8.4. 1 0  above. 

CLASS Model; 
name : Name; 
LinkedObjects : NarneList; 

VIRTUAL PROCEDURE Get Value (V AR m : Model; v : Variable. Type) : LONGREAL; 

VIRTUAL PROCEDURE Event O; 

VIRTUAL PROCEDURE Evaluate 0; 

VIRTUAL PROCEDURE Initialise (Title : ARRAY OF CHAR); 

END Model; 

Figure 8-9 Model interface specification as implemented. 

8. 6 Model implementation cavea ts 

A model will function within the RefSim system if it corresponds to the 

interface specifications outlined in section 8.5,  but it may not function in the 

expected manner unless the fo11owing points are considered. 

8.6.1 Changes in state level 

Sudden changes of state variable levels can be troublesome due to the 

possibility that the ODE solver may backtrack if a timestep fails. Such changes are 

accommodated by RefSim if they take place between major ODE solver steps. Once 

a major step is successfully completed, there will be no backtracking and so a level 

change may take place. Models which take advantage of this feature include doors 

A Dynamic Modelling Methodology for the Simulation of Industrial Refrigeration Systems 



CHAPTER 8: REFSIM IMPLEMENTATION 1 52 

(which m ay be open or closed), thermal objects (which may move from one 

e nvironment to another) and evaporators (which may switch on or off) . The common 

characteristic of these models is that the change in state may be scheduled i n  

advance, an d  s o  the ODE solver ensures that the change takes place between major 

time steps .  

Where a change may not  be scheduled i n  advance, the  problem i s  more 

difficult. Cases such as this occur frequently in multiple output process controllers. 

The RADS Typ4Control model, for instance, controls a group of compressors of _ 

which some are on ful l  load, some on no load, and one on part load. If the capaci ty 

requiremen t  drops then the requested loading on the partly loaded compressor drops 

u n ti l  it reaches zero, at which point tha t  compressor is switched off and the next 

. compressor in  turn is  set to part load. The reverse is  true if  the required capacity 

increases. The transition from one compressor on part load to another cannot be 

predicted i n  advance and so it  cannot be scheduled to take place between major time 

steps. Funher, such a level change is quite l ikely to cause an ODE solver step 

fail ure if the current cri tical variable for ODE solver error con trol is in a model 

closely associated with the controller. This  means that the same segment of time is  

simulated twice (or more) and the process controller model is  not in the same init ial  

state the second time as it was the first time. 

Discrete events which occur due to the results of model evaluation are called 

s tate events.  Crosbie ( 1 984) described a strategy for dealing correctly with state 

events and this strategy has been implemented i n  RefS i m  as follows: 

When a level change is required, the model schedules a state event by calli n g  

t h e  Scheduler.AddStateEvent procedure. AddStateEvent signals the ODE solver that 

the current substep should be aborted by setting the Scheduler.S tateChanged flag. 

The ODE s olver then takes a step exactly up to the time scheduled for the level 

change and executes the scheduled event to change the state level. The simulation 

proceeds from that point, with the state level change successfully made between 

timesteps. 
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8.62 Models with memory 

ODE solver backtracking may also cause a problem if a model has some 

memory of its state or states at earlier points in time which is apart from that 

contained in the dynamic variables solved by the ODE solver. Most models of 

p hysical components have no such memory, but it may be needed by process 

controller models. 
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_A PID controller requires the current value, the integral, and the derivative of 

its input error. The integral may be found by solving an ODE, but the derivative is 

more difficult. The position form PID controller in RefSim tests the current value of 

the simulation system time against i ts value at the start of the substep to find if they 

are equal. If so, the current probe is occurring at the start of the substep and the 

controlled variable value at the start of the step is stored and the control action uses 

the derivative value that was calculated during the last probe. If the current probe is 

not the first in the substep, the derivative action is calculated from the current 

controlled variable value and the stored value at the start of the substep using a two­

point differential formula and the derivative value is stored for use the next time the 

probe occurs at the start of a substep. 

Other models which require derivatives may calculate them by similar 

methods. 

A velocity form PID controller would have required a three-point formula to 

calculate the derivative action, so RefSim provides only a PI controller in velocity 

form. 

For proper handling of controller derivative action, RefSim would have 

required a numerical integral equation solver running in parallel with the numerical 

differential equation solver and accepting data at the same probe times. This 

constituted an unwarranted degree of complexity given the limited number of models 

which required an integral equation solver and so it was not implemented. 
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8. 7 Execution efficiency 

A number of features of the RefSim implementation provide execution time 

and memory use efficiencies substantially superior to a straightforward 

implementation of the design. 

8.7.1 Discrete event schedu/er rounding 

The arbitrary times at which discrete events may take place c an cause 

u nn ecessary delays in solving the ODEs which comprise the continuous simulation 

part of the RefSim models. If several events are scheduled close together in time, 

the maximum ODE solver step length is reduced so that there is no less than one 

step between events. This may cause the step length to be much s maller than that 

required by ODE integration error control considerations so the simulation may 

proceed very slowly when many events are occurring in succession. 

RefSim allows the user to avoid this c ause of performance degradation by 

specifying a scheduler rounding factor. When an event is scheduled, the event 

execution time is set to the multiple of the rounding factor which is nearest to the 

next event time. This results in events being separated by no less time than the 

rounding factor. 

One feature of the rounding factor implementation i s  that  if an event is 

scheduled for a time which is less than half the rounding factor in the future, i t  will 

be executed immediately. 

The effect of the rounding factor on the accuracy of the simulation is small  

unless the rounding factor is of a comparable magnitude to the mean time between 

events. If the mean time between events for any model is short, the combined 

discrete event/continuous simulation takes on more of a discrete event character and 

the ODEs have less importance. In this case, it may be possible to convert the 

dynamic v ariables in the model into algebraic variables, thereby converting entirely 

to a discrete event simulation. 
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8.7 2 The "Multiple" parameter 

When simulating the application side of a refrigeration plant, it is often 

necessary to simulate large numbers of very similar items. For example, one 

coldstore in a meat processing plant which was used in testing RefSim contained 

about 1 09,000 lamb carcasses. Each ThermalObject model requires about 300 bytes 

of storage for itself as well as two dynamic variables and a link to the Room model 

in which it is contained, so it is impractical to simulate each_carcass individually. _ 

Even if the computer memory were available, gathering the input data for each of 

these carcasses would be impractical. 

As a solution to this problem, several models (including ThermalObject) have 

a parameter called "Multiple", which is  set to the number of duplicate items to be 

simulated. Calculations are carried out for one instance of the model and flow 

variables (heat flow and mass flow) into or out of the model are multiplied by the 

"Multiple" factor. Where there are some differences between items, a combination of 

approaches is necessary. For example, if a store contains 10,000 meat cartons and 

30,000 carcasses, then it may be appropriate to have two ThermalObject models :  one 

of a carton with "Multiple = 1 0000" and one of a carcass with "Multiple = 30000". 

If the product items in the application have a range of characteristics (e. g. a range of 

masses), then it may be appropriate to use several ThermalObject models, each 

representing a part of the range. 

Some consideration was given to defining ranges of product characteristics 

using a mean and standard deviation for each variable model property. An enhanced 

version of the ThermalObject model could be used to describe a range of real objects 

in this way but it was inappropriate to implement this idea at the environment level 

as it would violate the encapsulation principles of section 7.4. 1 .  

The "Multiple" parameter is als o  available for RADSEvaporator models, 

though care should be taken that the evaporators are not individually controlled or 

defrosted otherwise merging the models in this way could implicitly change the 

control or defrosting strategies. 
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App2Ref automatically merges Thermal Object and RADSEvaporator models 

when it generates RefSim input files from RADS application files if it finds that all 

of the product or all of the evaporators in a room are identical. 

S imilar Environment models may also be merged, but in this case a 

"Multiple" parameter i s  not necessary due to the passive nature of the Environment 

model. 

8.8 Limitations, hardware and software requi rements 

The decision to use TopSpeed Modula-2 to implement the RefSim system had 

a number of disadvantages. The most serious of these was the limited portability of 

the resulting software. TopSpeed Mo_dula-2 was only available for IBM PC and 

compatible personal computers running either the MS-DOS (Microsoft, 1 99 1 )  or 

O S/2 operating systems, and so RefSim is similarly resuicted. 

As compiled for this project, RefSim requires that the computer have an Intel 

803 86 or compatible processor and an Intel 80387 or compatible math eo-processor 

(described by Pappas and Murray, 1 988) supporting the IEEE-754 floating point math 

standard (ANSIJIEEE, 1 985). It could be compiled for computers with a lower 

hardware specification, but run times for all but the most trivial simulations would 

become prohibitively long. 

Memory requirements for the program itself are modest (approximately 170kB 

for the version described here) but complex simulations require large amounts of 

memory. This makes it impractical to run large RefSim simulations if memory is 

restricted, although it would be possible if RefSim were compiled to use code and 

data overlays or to store data in expanded memory (Microsoft, 1 99 1 ,  p.276). 

Overlays are segments of code and data which may be swapped to disk or to 

expanded memory when they are not required by the program. The use of overlays 

or expanded memory may incur significant execution time penalties .  A better option 

for very large simulations would be to compile RefSim under the OS/2 operating 

system, for which the TopSpeed Modula-2 compiler is also available (JPI, 1 99 1 ), or 
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to accept reduced calculation precision and to change all LONGREAL variables to 

REAL (which would almost halve the memory requirements of most models). 

The first thing to do if memory requirements are excessive or run times are 

too long would be to check for duplicate models. Refrigerant evaporators are prime 

candidates for merging together several models and including a "Multiple" factor in 

the merged model. 

As an indication of hardware required to carry out practical simulations, 

RefSim was developed on a personal computer equipped with an Intel 80386SX- 1 6, 

Intel 80387SX- 1 6  math eo-processor, 4MB of RAM and running Version 5.0 of the 

MS-DOS operating system (Microsoft, 1 99 1 ) .  The MS-DOS operating system does 

not make all of the computer's memory available to executable programs so a 

· maximum of 450kB of memory was available for model instances. For large 

simulations such as the meat processing plant test cases described in sections 1 0.3 

and 1 0.4, about 400kB of memory was required for model instances. RefSim could 

simulate at a rate of about four times faster than real time on this development 

system. The same simulations ran at a rate of about nine times faster than real time 

on another computer which was equipped with an Intel 80386-25 processor and 

80387-25 math eo-processor. Integration tolerance was set to 0.0 1 in both cases. 

Smaller simulations executed much more quickly. The water chiller 

simulation described in section 1 0.2 executed at a rate of about 1 20 times faster than 

real time on the development system. The water chiller simulation would have run 

even more quickly but the execution speed was limited by the time required to write 

the output data to disk every 30 simulated seconds. 

8.9 Conclusions 

The RefSim environment as implemented was capable of simulating the large 

industrial refrigeration plants with which the project was principally concerned while 

using readily-available computer hardware and software. While it had been hoped 

that the simulation rates achieved by RefSim would be higher ·than those which were 
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actually attained, i n  practice the rates were high enough to produce results without 

undue delay. As a comparison, the RADS V3. 1  program SIMUL simulated about 

three times faster than the RefSirn rates quoted in section 8 .8  on the same computers . 

It was hypothesised that the difference in simulation rates was mainly due to the use 

of integration error control in RefSim. Although SIMUL employed a time step 

reducer, it did not attempt to estimate the integration error and only reduced the time 

step length when temperature values changed rapidly. 

Chapter 1 0  describes th�process of testing the whole RefS im implementation 

against measured data and other simulation environments for three different plants. 
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Chapter 9 :  Model Implementation 

Thi s  chapter commences by describing a simple simulation which 

demonstrates the features accessed by the component models. It then continues by 

describing the way in which the component models have been implemented in  

RefSim. Only the physical and mathematical bases of  those models developed or 

enhanced specifically for this project are presented in this chapter. 

The remainder of the models implemented within RefS im follow the 

implementation of RADS (Cleland, 1 985b) as described by Cornelius ( 1 99 1 ) .  These 

models have been re-implemented to correspond with the model design principles of 

Chapter 7, but have not otherwise been modified. The RADS models are not 

described in detail, but they do appear in the summary of al l models implemented in 

RefSim (in Appendix 5) and also in the TopSpeed Modula-2 source code for the 

whole system (in Appendix 8, on diskette). 

Experimental validation of the RefSim environment and its associated models 

is detailed in Chapter 1 0. 

9.1 Example simulation 

Figure 9- 1 shows a simple unrefrigerated room. A simulation of this room 

would contain a total of ten model instances derived from five model types :  

1 Six  Wall models  (Wall l ,  Wall2 ,  Wall3, Wall4, Ceiling, Floor). 

2 One Door model (Doorl ). 

3 One Therma/Object model (FloorObj) representing the thermal mass of the 

concrete fl oor. 

4 One Environment model (Surroundings) representing the ambient conditions 

outside the room. 

5 One Room model (Room l )  representing the humid air mass in the room. 
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Door1  

Flo o r  

Surr o undings 

Model instances within the room:  

Name 

Door! 
Wall ! 
Wall2 
Wall3 
Wall4 
Ceiling 
Floor 
Room ! 
FloorObj 
Surroundings 

Figu r e  9·1 Simple unrefriger:J.ted room simulation. 

Typ e  

Door 
Wall 
Wall 
Wall 
Wall 
Wall 
Wall 
Room 
Thermal Object 
Environment 
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The data structure which l i s ts al l  of the available models within RefS im is 

TypeList. Figure 9-2 shows the minimum content of TypeList which is  required to 

support this simple simulation. This simulation requires tha t  there be models 

available for Door, Environment, Room, Therma/Object and Wall. The available 

models are l isted according to the A S CII (American S tandard Code for Information 

Interchange) col l ating sequence. A pointer from each node in TypeList points to the 

base i nstance of i ts model .  The base instance is copied by the CreateModel 

procedure when a __new model instance is created. 

As RefSim reads the input file  containing the descriptions of the model 

i n s tances,  i t  creates a ModelList as shown in Figure 9-3 which contai ns a poi nter to 

each model instance. Again, the models are stored in the A S CII collating sequence. 

ModelLis t  does n o t  actually s tore the type of each model instance, but  rather (as 

discussed in Chapter 7) each model "knows its own type" and responds appropriately 

w h e n  the RefS im EvaluateModels procedure sends it  the "Evaluate" message. 

In this simple simulation, there are few discrete events scheduled.  Figure 9-4 

shows the state of the discrete event queue immediately after initialisation but before 

any events have been executed. Events are scheduled for the initia l  and fi nal 

outp u ts, for notionally loading the Flo orDbj Therma!Object into the room at the start 

of the simulation, and for the initial door opening event. Subsequent events to be 

scheduled later during the simul ation would incl ude other output events,  door 

openings and door closings. 

9.2 Room 

A s  discussed in section 7.5.2,  Room models a humid air  volume and includes 

consideratio n  of the condensed water mass in the room. The condensed water is 

assumed to be well disnibuted around the room, with no "puddles" ,  i .e. it  forms a 

thin l ayer of frost,  drip or fog depending upon the room conditions. 

The mass of humid air in  the room is the product of the roo m  vol ume and the 

air density: 
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TypeList: Models: 

I Type: Door 1 
I Type: Environment j 
I Type: Room I 
I Type: ThermalObjecl I 
I Type: Wall 1 

Fioure 9-2 b Minimum model type list for the unrefrigerated room simulation. 
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ModelLisl: Models: 

I Name: Ceiling 
Type: Wall I 

I �e:  Doorl 
e: Door I 

I ��e: F1oor 
e: il"all I 

�I Name: F1oor0b6 
Type: Thermal bject I 

"I Name: Rooml 
Type: Room I 

I �e: Surroundings 
e :  Emironment I 

I �e:  il"all l 
. e: il"all I 

� I Xam e :  il"all2 Type: il"all I 
�I ?\aoe: Wall3 Type: iiall I 
�I Name: il"all4 

Type: il"all I 

Figure 9-3 Model list for the unrefrigerated room simulation. 
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Scheduler Even t  
Queue 

!rime: 0 

'�'ime: 0 

�ime: 36000 

'rime: 86400 

Models:  

1 Name: floorObj 

1 �ame: OulpuLDo 

1 Name: Doorl 

1 �ame: Oulput.Final 

J 
I 
I 
I 

FloorObj i s  loaded into Roo m l  at a time of 0 seconds (it  is  
in the room a t  the start o f  th e simulation ) . 

T h e  first of the regul ar outputs is schedule d  fo r 0 seconds 
so tha t  it will occur prior to any evaluation. 

The first tim e  that Doorl is open e d  is l Oam (36000 seconds 
after the start of the simulation ) . 

This di agram assum e s  th at th e simul ation is to proceed fo r 
24 hours (so Output.Final i s  scheduled for 86400 seconds ) . 

S tate of the Scheduler event queue at the start of the u nrefrigerated room 
simulation. 
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M .  = V p . (9- 1 )  
"'' QJr 

where: M is a mass I k g  

V is the room volume I m3 

p is the humid air densi ty I k g  m·3 

air refers to the h umid air in the room 

The air mass may change as a consequence of density changes, and if the 

pressure in the room is to remain constant, this change in  mass must equal the net  

rate of air flow i nto the  room from other model s :  

dMair = V 
dp air 

dt dt 

= L mwtDdd 
all models 

(9-2) 
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where: refers to a flow into the humid air from each of the model s  to 

which the room i s  l in ked. 

m i s  a humid air mass flow I k g  s· 1 

The change in total enth alpy content  of the humid air depends upon the net 

e nergy flow i n to the air: 

where:  

fl, so:  

dH 
d t 

= Q Room (9-3)  

i s  the total en thalpy content  of the humid air I J. 

is  an energy flow I W. 

Room refers to a net  flow into the humid air 

The total e n th a lpy H depends upon the mass of air and its specific enthalpy 

d(M . H )  "" ,+. 
d t 

= '!' Room 
(9-4) 
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A ir density i s  a function of temperature and pressure, so if the air pressure is  

to remai n  constant while the temperature changes there must be some leakage 

between the room and i ts surroundings. The change in total room enthalpy is easy to 

evalu ate if the room temperature is  increasing (and therefore air mass is  being lost 

from the room), but the enthalpy change when the room temperature is  decreasin g  

will depend upon the condition s  i n  the area from which the air leaks into the room. 

From a n  energy balance over the room, the net energy flow into the humid air 

i s  found to be: 

w here: c 

(9-5) 
all models 

refers to a flow from changes to the water mass in the room 

(due to water condensing or evaporating). 

Heat flows from other models may be due to either actual heat flows or to 

differences i n  specific enthalpies of the mass flows described by equation (9-2). 

A model of the humid air mass in  a refrigerated room has the potential to 

become very complicated if all of the interactions between the variables are 

considered, even i f  the model uses only a single zone. On the other hand, some 

previous workers (e.g. Cleland , 1 983 ,  1 985a,b) have simpl ified the room model by 

assuming that the mass of air in the room is invariant. 

If it is assumed that the mass of air in the room and its humid heat capacity 

do not change with temperature (and hence with time), and that the condensed water 

mass  is similarly invariant, this implies that: 

w here: 

dT 
= �--�--���--dr M . c . + we 41.r Air .,.,aJcr 

i s  a sensible heat flow I W. 

C i s  a heat capacity I J kg·1 K1 

T i s  the temperature in  the room I oc 

(9-6) 

W i s  the mass of condensed water in  the room I kg 
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The rate of water vapour mass change is:  

w 

= W ROOM = WC +  L 
aU models 

is a water flow I kg s·• 

w /I'I.O<UJ 

refers to the water vapour in  the room 

1 67 

(9-7) 

Again assumi n g  that the mass of air is constant, the rate of humidity change 

dh 1 = 

dt  M .  tlJT 

dM vapow 
di  

h i s  the absolute humidity (Mvapow I M,.;,) 

(9-8) 

A s suming that the condensed water is at the same temperature as the air in 

the room, the sensible heat released by condensing water vapour is :  

where: 

<!> : if I W (9-9) 
c ,g c 

if1g i s  the difference in enthalpy between water l iquid (or solid if  

T < 0°C) and vapour at  the same temperature I J kg· • 

The rate of water vapour conden sation can be modelled simply by assuming 

that  it is  a function of the difference between the current  relative humidity and the 

saturated relative humidity (i .e. 1 .0) in the room, and of the general rate of air 

movement i n  the room: 

where: 

w c 

RH 

(RH - 1 ) hsa1 M drJ air 
1: 

i s  the relative humidity 

(9- 1 0) 

hsa1 i s  the saturated mass basis humidity at the current  temperature. 

1: is the room time constant I s 
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The room time constant, is defined by t = VIF where F is the total 

volumetric flow rate of air through the room. In most rooms the most important 

component of F would be the air flow through forced-convection evaporators, but 

door infiltration and ventilation may also contribute to air movement in the room. 

App2Ref calculates F by adding evaporator flow rates, and uses a volume-based 

heuristic to estimate t for natural convection rooms. 
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The rate of water vapour condensation may become negative. If this should 

occur, then water will evaporate as long as W > 0. 

The mass of condensed water in the room also depends upon the rate of any 

liquid water flow (w1;q) into the room, so: 

d W  

dt 
= w c 

(9- 1 1 ) 

Liquid flows would most commonly result  from drai ns,  and would therefore 

be negative. A gain ,  dW/dt = 0 if W ::;; 0. 

When the Room model was implemented in RefSim, it  was found that the full 

model described by equations (9- 1 )  to (9-5), (9-7) ,  (9-9), (9- 1 0) and (9- 1 1 )  was too 

complicated to evaluate wi thin a large meat plan t simulation which might contain 25 

rooms along with other models. The in teractions between the variables in  the full 

room model  were such that a set of simultaneous equations  had to be solved at each 

model evaluation and this would make the time required for a simulation excessive 

on the avai lable computing equipmen t. Although it was con sidered impractical to 

implement the ful l  model, i t  was desirable to achieve greater accuracy than  was 

possible by using equations (9-6) and (9-8) to replace equations (9-2) to (9-4) (i .e .  by 

assuming that the mass of air in the room did not change with room temperature). 

The approach which was applied was to use equations (9-6) and (9-8)  but to 

al low M.u, to v ary as an algebraic function of the room temperature, T. Although the 

resulting equations cannot be derived mathematically, it was considered that the 

accuracy might be better and should be no worse than following the simpler 
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approach of treating the air mass as constant. By making Mai, a function of 

temperature, the change in  buffering effect (M air Cai, + W C,.,aJ.,) with changing air 

mass was at least partially considered. It was hoped that the model testing described 

in Chapter 10  would indicate whether this compromise between the mathematical and 

p hysical approaches was justified. 

9.3 RADSRoom 

The RADSRoom model is derived from Room by removing the upper limit 

tha t  Room places on absolute humidity. The equations describing RADSRoom are 

similar to those for Room, with the following differences: 

1 the rate of  water condensation (we) is set to zero for the RADSRoom at all 

times . 

2 there is no equivalent to equation (9- 1 1 ). 

This model corresponds closely with the room model described by 

Cornelius ( 1 99 1 ) , except that the mass of air in the room is calculated as an algebraic 

function of air temperature (as for Room, section 9.2) rather than holding it constant 

as was done in the RADS simulation . 

9.4 Door 

The door model follows the equation of Tamm ( 1 965) as modified by 

Cleland ( 1 985a) to include a "protection factor" which accounts for the effects of 

high door opening frequency and door protection techniques (e.g. plastic strips, air 

curtains) on air flow through the door. The model of Tamm ( 1965) predicts that the 

volumetric flow rates in both directions through the door should be equal. In the 

Door model, this is  slightly modified so that the mass flow rates in each direction are 
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equal .  Thi s  modification implicitly accounts for air  leakage as discussed in  section 

9.2. 

The mass flow rate through the door is an algebraic function of the air 

temperature on each side and it  therefore responds immediately to any changes in the 

conditions on  either side of the door. 

Door openings are assumed to occur at irregular ·intervals and follow a 

Poisson distribution. The times between each opening therefore fol low an 

exponential distribution. The lengths of the door openings are assumed to follow a 

Gaussian distribution.  

where: 

When an opening event is triggered, the closing time is calculated from: 

tclose i s  the next closing time I s 

tc..,w.1 i s  the curren t  time I s 

t'""' i s  the mean length of openings I s 

cr i s  the standard deviation of the door opening lengths I s 

"Norrnal" returns a normal ly-distributed random deviate with mean r'""' and 

standard deviation cr. When a closing event is triggered, the next opening time is 

calculated from: 

where :  

t0 = re + Exponential (!_, ) pelt J.tVrc!U m.o 

t0P•" i s  the next opening time I s  

rmb i s  the mean time between openings I s 

(9- 1 3) 

"Exponential"  returns an exponentially-disrributed random deviate with mean t,.;,. 

The previously-reported door model of Cleland ( 1 985a) which was included 

i n  the RADS simulation program, S IMUL, had evaluated the door opening times in a 

s l ightly different manner. At  each ODE solver time step between the first opening 

t ime and last closing time of a door, S IMUL calculated a uniforrn pseudo-random 

deviate and opened the door for that time step if the deviate was less than the door 
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opening frequency. The method u sed by the RefS im door model i s  e ssentially 

equivalen t  to the RADS model i n  i ts selection of door openi n g  times, although in 

most cases the RefSim model would require the generation of fewer random deviates. 

The lengths of the door openings predicted by the two models would differ, however, 

because the RADS model door opening lengths were always equal to the length of an 

ODE solver time step. 

The RADS door model smoothed out interrnittant door loads u sing a five­

element boxcar filter so that the heat load passed to the ro� on any time step was 

the mean of the loads calculated during the present and the previous four time steps.  

The RefS i m  model does not implement such a smoothing method. S hould such 

smoothing be necessary, then it  may be achieved by the addition of another two 

models between the door and the main room model : a small Room model to 

represent the zone of air next to the door and an interface model (perhaps called 

"Mixer") between the door zone and the main room. The Mixer model would permit 

a l imited rate of air interchange between the door zone and the room, thereby 

smoothing the interrnittant door load using a mechanism simil ar to that  which exists 

i n  practice. The concept is  i l lustrated in  Figure 9-5 . I t  was hoped that Chapter 1 0  

would show how important such a scheme would be to the accu rate modell ing of 

room condi tion s .  

9 . 5  Ven t i l a t ion 

Thi s  model describes a fixed flow of a ir  be tween one Room and another (or 

between a Room and an Environment) . In essence, a Ventilation model is similar to 

a continuously open door. As was done for the Door model, the basic equations are 

modified so that there is an equal mass flow in each direction. While the ventilation 

i s  switched on, the enthalpy and water vapour flows between its adjoini n g  models are 
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Conceptual diagram of a buffered door as it may be modelled in RefSim. 
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determined by: 

4> v.nr = Qair P (HI - {/2) (9- 1 4) 

and: 

(9- 1 5) 

where p is the mean of the air densities in models 1 and 2. Ventilation is modelled 

in this manner so that it is only necessary to have one ventilatio n  model per roo m  

rather th a n  the two that would be required i f  the ventilation model passed flows in  

only one direction.  

9.6 Wall 

where: 

The rate of heat transfer through a Wall model is determined by the equation: 

u 

I 2 

(9- 1 6) 

is the overall heat transfer coefficient for the wall / W m·2 K1 
refer to either side of the wall  

The intri nsic property U describes the convection heat transfer at both sides of 

the wall as well  as the conductivity of the wall material. As with Therma/Object, 

this implies that the surface heat transfer coefficients on ei ther side of the wall do not 

change during the simulation.  

The Wall contains no  heat capacity. If a wall  has a significant heat capacity, 

then two of the ways in which it  might be modelled are shown in Figure 9-6. Option 

( 1 )  shows a wall  with combined thermal capacity and conductivity properties. This 

is difficult to model without using a one-dimensional finite difference scheme - a 

method which was considered to require too much computation for the present  work. 

Option (2) shows the same wall with the thermal capacity property separated from 

the conductivity property. This second option was used in the RADS simulation 

environment of Cleland ( 1 985b) and the RADS approach was follo wed in the 
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simulations carried out using RefS im. Where RADS used a " structures" model and a 

wall model, the simulations described in Chapter 1 0  represented such a wall using 

one Wall and one Therma/Object. For example, in section 9. 1 ,  the simple room 

simulation includes two models for the floor: Floor (a Wall model to represent the 

heat conduction property of the floor) and FloorObj (a Therma/Object model to 

represent the heat capacity of the floor). 

The separated property approach was expected to be close to reality when the 

floor was well insulated. In the well insulated case, the AoorObj model would 

represent  the concrete slab above the insulation layer and the Floor model would 

represent the insulation layer. If the floor was not insulated then a more complex 

model might be justi fied as there may be a more significant temperature gradient 

· across the concrete slab. 

9.7 T hermal O bject 

A thermal object is a solid component of a refrigeration application which 

m ay change in temperature during the simulation. The Therma/Object model follows 

the product heat load model described in Chapter 4 as extended by section 4. 1 0  to 

cover structural materials as well as food product Although the heat load provided 

by a thermal object is its most important characteristic, food product items have other 

characteristics which should be considered in a dynamic simulation. These secondary 

charac teristics include weight loss (du e  to drying) and respiration heat load (due to 

biological processes i n  chilled product). 
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( 1 )  Wall with combined thermal capacity and conductivity 

Room t Heat flow out 
of wall 

Heat accumulation 
in wall 

Heat conduction t through wall 
Surroundings Heat flow into 

wall 

( 2 )  Wall with separated thermal cap acity and c onductivity 

! Heat transfer to and from t w all thermal mass 

Surroundings 

Ro o m  

t Heat flow out 
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t Heat flow into 
wall 

Figure 9-6 Two alternative conceptual diagrams for a Wall model. 
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through wall 

A Dynamic Modelling Methodology for the Simulation of Industrial Refrigeration Systems 



CHAPTER 9: MODEL IMPLEMENI' A TION 1 76 

The Thermal Object model includes consideration of product weight loss based 

o n  the  model of Pham and Willi.x ( 1 984). The rate of water vapour loss is given by: 

w here: A 

Prod 

11 

(9- 17) 

is a surface area I m2 

refers to the food product i tem 

refers to the ambient air conditions around the product 

is the saturation mass basis absolute humidity at T .. 

i s  a mass transfer coefficient which expresses the rate of mass 

transfer through the product/air boundary layer 

resistance I kg m·2 s· 1 

R.. is a vapour diffusion resistance which expresses the rate of 

water vapour diffusion through a desiccated layer at the 

product surface I m2 s kg· 1 

The model estimates a water vapour loss rate (wproJ I kg s· 1) for i nclusion i n  

t h e  room water vapour mass change calculation of equation (9-7). Any heat required 

to evaporate wProJ is deducted from the calculated sens ible heat load of the 

Therma!Object. 

Therma!Object does not  maintain a dynamic variable for the mass of the 

p roduct, nor does i t  change the vapour diffusion resistance during a simulation. Both 

of these factors would lower the accuracy of the weigh t  loss model if  product 

encou ntered substantial ly v aryin g  conditions during the simulation (e.g. freezing 

followed by s torage for a long period). 

Pharn and Willix ( 1 984) developed this model for the desiccation of food 

product i n  long term cold storage by assuming  that the product was i n  hygrothermal 

equi librium with the air. In freezin g  or chilling, the model departs from the physical 

reality due to the absence of the assumed equilibrium. Despite this problem, 

equation (9- 17)  should be more accurate than the alternative of assuming a constant 
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rate of weight loss during the process (as used by the RADS simulation software, 

Cornelius, 1 99 1 )  because wproJ has some dependence upon the air temperature and 

humidity. 

1 7 7  

I f  measured parameter values are not available, ky can be estimated 

approximately by using the Lewis relationship (Treybal, 1 984, p.240) and Ry can then 

be calculated from equation (9- 1 7) given a set of conditions and the average weight 

loss  rate under those conditions. The utility program App2Ref u ses  this method to 

estimate these two parameters from the percentage weight loss value supplieEi---by the 

RADS program APPLICS . 

ThermalObject also includes a simple linear model for food product 

respiration heat load which follows that included in RADS (Cornelius, 1 99 1) :  

.+. - A  + B T  � rup m4 
(9- 1 8) 

This calculation is  used where product is chilled or stored above ooc. 
Chemical reaction theory indicates that the respiration heat load should show an 

exponential relationship with temperature over the temperature range of interest in a 

refrigeration system simulation, but the linear relationship of equation (9- 1 8) was 

preferred because its predicted heat load was less sensitive to errors in the input data. 

As discussed in section 7 .5 .4, Therma!Object treats surface heat transfer 

coefficient as one of its intrinsic properties, and so this does not change during a 

simulation even if the Therma!Object is moved from one room to another or if the 

air flow velocity in the room changes. The use of an interface model between the 

Therma/Object and the room model would resolve this problem should it be found to 

have a detrimental effect on the simulation accuracy. 

9.8 R ADSPipe 

The pipeline model included in RADS is implicit within the RADS simulation 

environment. RADSPipe attempts to express this pipeline model explicitly. 
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RADSPipe i s  a thermal model. I t  has connections to (up to) three other 

models. Two models fonn the refrigerant source and destination respectively, while 

one fonns the environment through which the pipeline passes. 

RADSPipe accepts an energy flow from either or both ends. If one of the 

models  to which it  is  connected is  passive (such as a refrigerant vessel) and can not 

provide a energy flow, i t  returns 0.0. The energy flow tlrrough the pipe i s  

determined b y  the minimum magnitude of the energy flows a t  the ends, s o  that i f  the 

source supplies a lar�r energy flow than the destination can accept, then the energy 

flow through the pipeline is set by the destination.  

The energy flow to the destination is  the sum of the energy flow from the 

source and of any heat flowing into the pipe from the surrounding environment, 

which the RADSPipe calculates in the same way as the Wall model. Pressure i s  

passed from the destination model to the source model after adding any pressure 

c h ange which may occur in the pipeline. The RADSPipe model assumes that the 

pressure at the source end of a pipel ine is higher than that at the destination by a 

fixed quantity which does not change with flow rate. 

S ome consideration was given to using more sophisticated pipeline models.  

In declining order of complexi ty, the al ternatives considered were: 

1 splitting the pipel ine into several zones, each with ODEs derived from mass 

and energy balances 

2 using a single zone with a lag fu nction dependen t upon flow rate 

3 making pressure drop a simple algebraic fu nction of mass flow rate 

The ful l  range of  model complexities would be compatible with the RefSim 

environment. The first two alternatives had the advan tage that it  would not be 

n ecessary to specify their source and desti nation ends - they would be capabl e  of 

determining the direction of flow from the end conditions. The third alternative did 

not have that advantage, but it had the poten tial to produce a superior pressure drop 
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estimate compared with the fixed pressure drop approach. In the end, the simplest 

approach (fixed pressure drop) was implemented for two reasons :  

1 i n  the New Zeal and meat industry plants of interest to the project, most 

refrigeration systems are pump-circulated. Wet suction lines would 

therefore make up about half of the pipelines in a simulation. Two­

phase flow modelling is an active research area and there is l itt le 

consensus on the best approach to fol low. It can also be difficult to 

estimate the recirculation rate on a real plant. 
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2 the other models implemented within RefSim were of the " thermal" type and 

few were capable of making accurate estimates of the refrigerant mass 

flow passing through them. In the absence of accurate mass flow rate 

estimates, it was unl ikely that any pipel ine model could improve 

significantly upon a fixed pressure drop estimate. 

If an hydrodynamic evaporator model (such as that developed by 

James, 1 988 ,  for instance) was implemented wi thin the RefSim environment then it 

may be worth considering an enhanced pipeline model. Until then the benefits of a 

more detailed pipeline model were considered to be ou tweighed by the development 

and data acquisition effort required. 

9.9 Hea der 

The Header model solves the problem of connecting a common pipeline 

model to several refrigeration systems components. A pipel ine model has only two 

ends so i t  c annot be connected to more than one component at each end. The 

Header, on the other h and, is connected to one pipeline which forms either its 

refrigerant source or destination. If  the pipeline is the source, then energy and mass 

flows coming from the pipel ine are divided equally into flows to the destination 

models .  If the pipeline is  the destination, then heat and mass flows from the source 
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models are added to calculate the energy and mass flows supplied to the pipeline. 

Pressures are passed to models in the reverse direction to flows after adding any 

fixed pressure change which may occur in the header. 
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Like the other refrigeration system component models implemented in 

RefSim, Header i s  a "thermal" model and does not consider hydrodynamics. The 

absence of  pressure drop and flow calculations means tl:!at a feed header model (one 

with a pipeline as its refrigerant source) cannot easily determine how to split its 

o u tlet flows. The assumption that the outlet flows are all equal wil l  be satisfactory if 

the componen ts at the header ou tlet have similar capacities and they all operate at the 

same time. In particular, while it  would be appropriate to use a Header to supply 

several evaporators, it would not usually be appropriate for a Header to serve as the 

. suction model for a number of compressors. In the RefSim simulations of large meat 

processing plants which are discussed in Chapter 1 0, a Header is used as the 

refrigerant destination model of the condenser models, but not as the feed model for 

this reason. 

9.10 RADSVessel 

The RADS model for a refrigerant vessel is implemented in RefSim following 

the description of Comelius ( 1 99 1 ) . 

where :  

where: 

An energy bal ance over a refrigerant vessel may be approximated by: 

dH dr = <l> vustl 
<!> Vus<L is the net energy flow into the vessel I W 

Now, at any given time: 

H V use I 

liq 

= H M + ff,. M,. Vtlp Vtlp "l "l 

refers to refrigerant vapour in the vessel 

refers to refrigerant liquid in the vessel 

(9- 19 )  

(9-20) 
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Vv I = V + VI. us� vap 'q 
where V vas�/ i s  the fixed volume of the vessel. Now: 

and:  

M = V p (T P ) vap vap vap Vcssd ' Vu.s�l 

M,. = V . p . (T ) "' 1"1 1"1 Vuul 

1 8 1  

(9-2 1)  

(9-22) 

(9-23) 

where: T Vusd i s  the temperature in  the vessel assuming that the vessel i s  well 

mixed I oc 
P Vusd i s  the pressure in the vessel I Pa 

If i t  is assumed that both the liquid and vapour are saturated, then equation 

(9-22) simplifies to: 

M - V p ( T  ) vap - vap vap Vustl 
where Tvuul i s  a function of H1;q· 

(9-24) 

Cleland (1 983, 1 985a) assumed that M1;q was constant and that C1;q M1;q was 

much greater than Cvap Mvap· If the temperature in  the vessel did not vary greatly, 

then p1;q and hence V,;q would also remain constant. Under these conditions, the 

temperature in  the vessel i s  determined by the net energy flow into the vessel and the 

heat capacity of the liquid refrigerant mass: 

dT = 1 ( � ,r. J - � Ymod J 
d t Mliq cliq aU models t 

(9-25) 

Cleland ( 1985a) found that this  model was satisfactory for the conditions 

encountered in  a New Zealand meat industry refrigeration plant, so this  model was 

adopted for implementation in RefSim. The RADSVessel model in RefS im differs 

from the RADS implementation in  that i t  considers each refrigerant flow into and out 

of the vessel separately rather than treating them in combination as did RADS.  By 

A Dynamic Modelling Methodology for the Simulation of Industrial Refrigeration Systems 



CHAPTER 9: MODEL IMPLEMENTATION 

separating treatment of the flows, the RefSim RADSVesse/ model w as made more 

flexible than the RADS implementation. For example, it could be u sed as a 

condensed liquid receiver as described in section 9. 12 in place of the dedicated 

model used for the purpose in RADS (Cornelius, 1991).  

As w as the case in RADS ,  each vessel has a designated liquid refrigerant 

source and it calculates the flow of liquid required from that source to maintain a 

refrigerant mass balance. Pressure is calculated as an algebraic function of 

refrigerant temperature using the thermodynamic property procedures in  the Refrig 

module. 

9. 1 1  RADS Condenser 
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The RADSCondenser model follows that of Cleland ( 1 985a). While the 

condenser model of Cleland ( 1985a) allowed liquid refrigerant to remain in the 

condenser, the present model requires a separate liquid receiver. A condensing 

arrangement similar to that of Cleland (1985a) may be achieved by connecting a 

group of RADSCondenser models in a loop so that they take refrigerant vapour from 

a vessel (named, perhaps, VesselO) and return to that vessel refrigerant liquid at the 

s ame temperature. Compressors would feed vapour to VesselO and VesselO would be 

the liquid refrigerant source for other vessels or evaporators (via pipeline models). 

This system is shown in Figure 9-7. 

9.12 O t her models 

All of the other refrigeration system models implemented in  RefSim directly 

follow those of Cleland (1 985a) as described by Cornelius ( 1 99 1) .  
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Figure 9-7 RADS condenser arrangement as it may be implemen ted in RefSim. 
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Chap ter 10 :  S i m u lation Test ing 

This chapter descri bes three tests of the fu l l  RefSim simulation environme n t  

and i t s  associated models .  The testin g  approach fol lowed that of Cleland ( 1 985a) 

and consisted of monitori n g  temperatures around each plant as it  operated for 

compari son with the temperatures predicted by the simulation program. The three 

plants from which the test data were obtained were: 

• A water chil ler plant .  A pilot-scale water chil l ing system capable of worki ng 

in  both dynamic and steady-state modes. 

A l liance Ocean Beach. A l arge sheepmeat processi ng plant operated by the 

Al l iance Freezin g  Company (Southland) Ltd. 

A FFCO Horotiu. A large beef and Jamb processing plant operated by the 

Auckland Farmers ' Freezing Co-operative. 

10.1 Test ing objecti ves 

The p1i me pu rpose of this rest ing was to veri fy the correct operation of the 

RefS i m  simulation environme n r. Other objectives included : 

Identify model  implementation errors. l t  was recognised i n  chapters 5 and 7 

that measure ments on a complex plant and their comparison with the 

resul ts of a fu l l  p l a n t  s imulation would not normally provide the 

detailed data req uired to completely val idate individual models, but i t  

w a s  possible to iden tify major problems. 

Indicate whether or not the levels of model complexity used were appropriate 

to ind ustrial refri geration system si mulation. 

Other questions which were to be answered were as fol lows:  
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1 Can RefS im simulate meat industry refrigeration  plants to a t  least the level of  

accuracy attained by  existing model l ing software? 

2 How easy i s  i t  to describe a plant  us ing RefSim when compared with exis t ing 

model l ing software? 

3 How many dist inct model types are needed to describe a large plant? 

4 How flexible i s  the RefS im environment  when adding new models or 

enhancing existing models? 

5 D o  the models implemented within RefS im have an appropri ate level of 

complex i ty? Were simpl i fying assumptions and decis ions just ified?  

Was  complexity added unnecessari ly? 

RefS im was compared with three other s imulation environments :  

1 A typical con t inuous system simu lation l anguage, I S I M  (Hay and 

Crosbie ,  1 984). 

2 A l arge refrigeration system s imu lat ion env i ronment which was developed i n  

the mid- 1 980s. RADS Version 2 . 2  was a n  enhanced version o f  the 

system described by Cleland ( I  985b) and i t  represen ted the stare of the  

an i n  commerc ia l ly-avai l able refrige ra t ion sim u l a t ion software at the 

comme ncement of th is  project .  

3 A n  enhanced vers ion of the RADS s imu la t ion env i ronmen t  wh ich  was 

deve loped in para l l e l  wi th  th is  project .  R A DS Vers ion 3 . 1 inc l udes an 

early fom1 of the food product heat load model described in  Chapter 4. 

I t  also improved upon Version 2 . 2  by i n tegrati ng a l l  of  the s imulat ion 

ODEs in parallel (unl ike the earl ier version, which i n tegrated 

application and refrigeration  system ODEs separately). RADS Version 

3. 1 has been described by Comel ius  ( 1 99 1  ) .  
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This chapter looks at how well each environment simulated the test plants 

when compared with the measured data. Chapter 1 1  compares other aspects of the 

simulation environments used in the testing process. 

1 0.2 Water chil ler 

The food product heat load prediction  method which was included in  the 

ThermalObject model had been tested separately by the methods described in  

Chapter 6, so  the  first test case was selected to  test other model types - especially 

those related to the refrigeration circuit. Darrow et a! ( 199 1 )  (reproduced in 
Appendix 4.3) had simulated a direct expansion R22 laboratory water c hiller plant  as 

· i t  cooled a well-stirred tank of water and this plant seemed to be appropriate for the 

p urpose. 

10.2 .1 P !ant description 

A diagram of the R22 water chill plant is shown in Figure 1 0- 1 .  An alternate 

evaporator (APV B aker model M8- 1 000 shell and tube heat exchanger) and its 

S porlan model FVE-5-CP I OO thermostatic expansion valve also formed part of the 

plant and were used for steady state runs, but  they are not shown on the diagram. 

All  pipework was constructed of copper, and was sized for minimal pressure drop. 

The equivalent length of suc tion pipework was 7.26m including fittings. 

The plant was capable of operating in  three modes: 

1 Steady s tate mode A .  The plant was used to cool a stream of water flowing 

through the alternate evaporator. The plant was run in this mode to 

measure the compressor volumetric and isentropic efficiencies, and the 

condenser overall heat transfer coefficient. The water flowing through 

the shell and tube evaporator provided a constant load. 
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2 S teady state mode B .  The p lant  was run with a ste:1dy s tream of water 
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flowing through the tank to main tain a constan t  temperature difference 

while the tank evaporator coil he:lt transfer coefficient  was measured. 

3 Dynamic mode. In this mode, the tank was fi lled wi th water a t  about  :woe, 
then the stirrer was staned and the refrigeration system was s tarted 

from a pumped-down state. The refrigerant evaporation, condensation 

and water tank temperatures were measured until the water 

temperature reached approxim:He ly  l 0C. 

The heat transfer coe fficients and efficiencies measured in  the s teady state 

runs were corre lated against temperature difference :1nd press ure ratio respecti vely by 

using  regression analysis. These regression equations provided the i n p u t  data 

requ ired by the models.  

The in i ti:J.l  steady-state me:J.s uremencs tJ.ken by Darrow ( ! 990) were extended 

by Darrow et al ( 1 99 1 )  to ensure th:J.t the regression curve ti ts Jccurate ly  

Chilled 1' a t.er 
Tank llilh 
rub merged 
ev�poralor 
c oil! 

ifa t.e r  
ouUet 
for 
steady 
slate 
runs 

lraler inlet for 
st.eady slate run.s 

D'ifM Cooeland Model 
DLLB-401 -EWL-000 
compressor. Swept  
volume o!  1 8 . 1 3  
c u  o/h 

Sporlan TX 
valve Type 
FVE-5-CPlOO 

Cooling Water out 

Figure 1 0 - 1  l:1boratory W�uer Chi l ler Pbnt 
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characterized the water tank evaporator for the fu ll range of temperature and pressure 

ratio reached during the dynamic runs. Darrow et al also carried out a dynamic run 

in which the temperatures were logged frequently (every 30 seconds) at the stan of 

the run to identi fy the plant behaviour during start-up. 

Table 1 0- 1 shows a summary of the parameters for each of the three 

experimental run s  which were simulated. 

Table 10-1 Water chiller dynamic run parameters and initial conditions. 

Item 

Ambient temperature I oc 
Condenser water temperature in  I oc 
Condenser water flow rate I kg s·1 

Condenser thermal capacity I J K1  
Evaporator thermal capacity I J K1  
Tank water mass I kg 

Initial tank water temperature I oc 
Initial condenser temperature I oc 
Initial evaporator temperature I oc 

10.2 .2 IS/M simulation 

Run I 

20.0 

1 6.4 

0.724 

44000 

34000 

3? -_.) 

1 8 .7 

22.2 

-8 .7 

Value 

Run 2 Run 3 

20.0 20.0 

1 6. 1  1 6. 6  

0 .755 0..7 6 1  

44000 44000 

34000 34000 

3 39 34 1 

20. 1 1 9 .4 

2 2 . 2  2 2 . 2  

- 8 .7 -8 .7 

Darrow ( 1 990) had originally used the continuous system simulation 

programming language I S J M  (Hay and Crosbie, 1 984) to implement thermal models 

of the water chiller components. D arrow et a! ( 1 99 1 )  found that simplified versions 

of Darrow's original models were adequate, but still retained the I S l M  representation. 

The ISIM model for the first dynamic run is shown in Figure 1 0-2 .  
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Figure 1 0-2 I S JM program to s imulate water chi l ler run 1 .  
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10.2 .3 RefSim simulation 

The opportu n i ty was taken to test the flexibil ity of the RefSim environment 

by developing some specific models for the water chiller plant. Models for the 

l i qu i d  tank (FluidTank), a s imple evaporator with general appl icabil i ty 

(GenEvaporator) and a simple water-cooled condenser (GenCondenser) were wriuen 

specifically for thi s  application. The RADSCompressor model was modified ro 

increase i ts  general i ty.  

10.2 .3. 1  Liquid tank model: FluidTank 

Thi s  model represented the liquid in a well-stirred tank. FluidTank was 

derived from the Application base model and i t s  properties were simi lar ro those of 

the  R oom mode l  descri bed in sect ion 9 .2 .  There was no provision for humidity 

calcul ation and water conde n sation because it was assumed that the fl uid was ei ther 

p u re or a sol u tion which was far fro m  i ts  saturation condi tions. For example , 

FluidTank could contain Therma!Objecrs, have wa l l s through which heat cou ld be 

conducted, and (u nl ike Room) it cou l d  have pipe l i ne mode ls  con nected to it through 

which heat could flow. This  las t feature a l lowed the Fluimank to act as a secondary 

refrigerant reservoir. The tank was ass umed to have some air space above the l iquid 

so that  the mass of  l iq u id  would rema in  con s tan t over time desp i te any density 

changes. 

FluidTank had three i nput parame ters : 

M ass 

HeatCapacity -

Temperature -

Mass of fl uid i n  the tank I kg 

S peci fic  heat capacity of the fluid I 1 kg" 1 K" 1 

I n i t ial temperature of the fl u id I oc 
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The temperature of the l iquid was described by: 

where:  

:L 
all models 

was the fl uid temperature I °C 
t was the time I s 

M1;q was the mass of fluid i n  the tank I kg 

( 1  0- 1 )  

C1;q was the specific  heat capaci ty of the fl uid I I kg·1  K1 

�mo.ut was the energy flow from each i n terac t i n g  model I W 

10.2 .3 .2 Evaporator model: GenEvaporaror 

GenEvaporator p rovided a s imple refrigerant  eva porator model whic h  allowed 

the user to specify p arameters which could not be read i ly  changed i n  the 

RADSEvaporaror model . The eva porator \vas assumed to be s u rrou nded by a we l l ­

mix ed fl uid so t h a t  the cooled fl uid cou ld be characterized by a s ing le  temperature. 

Thi s  avoided the necessity for the heat capac i ty of the cooled fl uid to be a property 

of the  evaporator mod e l .  GenEvaporaror also rep resen ted the evaporator ' s  associ ated 

expansion v alve. GenEvaporaror had severa l i n p u t  para mete rs : 

UA 
MassHearCap 

Temperature 

Refrigerant 

SuperHeat 

Source 

Dest 

Application 

Multiple 

Heat  tran sfe r  coeffic ient  by sutface area prod uct 1 W K1  

Thermal mass  o f  the e vapor: Hor I J K· ' 
I n i t i a l  evapora t ion tem perature I oc 
Refrigerant n umber 

Fixed refrigerant superheat on exi t  from the 

evaporator I oc 
Model which provides refrigerant  l iq u id 

Model which receives refrigerant vapour 

Model to be cooled 

Number of identical u n i ts represe n ted by t h i s  evaporator 
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GenEvaporator estimated the evaporator energy load by: 

tt. = UA (T - T ) 'I' nap 11 evap 
was the ambient temperature I oc 

TMP was the evaporation temperature I °C 

( 10-2) 

cp ewzp was the energy flow into the evaporator from the  

application I W 

192 

UA was the product (overall heat transfer coefficient) (heat tranfer 

area) I W K1 

Refrigerant vapour superheat was assumed to be useful (i.e. the vapour 

absorbed its superheat from the cooled fluid rather than from some other part of the 

environment) .  GenEvaporator was a "thermal" model as  hydrodynamics were not 

considered. It was assumed that the expansion valve worked as an equilibrium 

device so that at any instant the mass flow through the evaporator exactly matched 

the rate of vaporisation in the evaporator. The pressure drop in the evaporator was 

assumed to be negligible. 

The refrigerant emhalpy flow rate out of the evaporator (� ou,) was determined 

by the component connected to the evaporator outlet if that model was active (e.g. a 

compressor or a pipeline connected to a compressor). If the outlet component was 

passive (e.g. a refrigerant vessel), the refrigerant enthalpy flow rate was determined 

by the evaporation  rate. The evaporation temperature was then estimated by: 

where: 

dTevop = 
� ewtp - � out + <j> in 

d t  MassHearCap 
( 1 0-3) 

<Pout 

was the refrigerant enthalpy flow into the evaporator I W 

was the refrigerant enthalpy flow out of the evaporator I W 
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1 0.2 3.3 Condenser model: GenCondenser 

GenCondenser was a thermal model and analogous to GenEvaporator, except 

that it did not assume that the cooling fluid was well mixed. It also accepted an 

additional parameter: 

CoolantMassFlow The mass flow rate of cooling fluid I kg s·1 

GenCondenser assumed that the cooling fluid was liquid water. From thi s  

data, GenCondenser calculated the logarithmic mean temperature difference (LMTD) 

and then found the energy release rate from the equation: 

where: 

� cond = UA LMTD ( 1 0-4) 

�cond was the energy flow out of the condenser into the cooling 

fluid I W 

In place of the SuperHeat parameter of GenEvaporator, the condenser model 

accepted a SubCooling parameter which indicated a fixed amount of useful 

subcooling. The refrigerant energy flow into the condenser model was supplied by 

the compressor model connected to its inlet and it was assumed that the mass flow 

rate out of the condenser would equal the mass flow rate in .  

10.23 .4 Compressor model enhancement: RADSCompressor 

The compressor model which was used in this simulation (and the others 

described in this chapter) was an enhancement of the RADS compressor model. The 

compressor model used by the RADS simulation program, SIMUL (Cornelius, 1 99 1 ), 

assumed that i ts suction vapour was saturated. While this was found to be a 

satisfactory assumption for pump-circulated plants (Cleland, 1 985a), i t  was not 

considered satisfactory for a direct expansion plant. Thus,  the RADSCompressor 
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model as implemented in RefS im was modified to accept superheated suction vapour 

by having it request both refrigerant temperature and pressure from the model 

connected to its s uction (where the original implementation requested only one and 

c alculated th e  other), so thi s  modification was made. This made the RefS im 

RADSCompressor model equivalent to the more sophisticated compressor model used 

in the RADS steady-state analysis programs. 

10.2 3 5  Simulation input file 

The RefS im input file  for run 1 of the water chiller simulation is shown in 

Figure 1 0-3. 

10.2 .4 RADS V2 2  simulation 

The RAD S  V2.2 simulation environment (Cleland, 1 98 5b) had been designed 

to simulate l arge industrial refrigeration systems but many of its models were capable 

of application to a wider variety of refrigeration systems. An attempt was therefore 

m ade to simulate the water chiller plant using RADS V2.2. 

The condenser and compressor data measured by Darrow et a/ ( 1 99 1 )  were 

not  in  an appropriate form for processing by the RADS data preparation programs, so 

the engine room data fi le required by the S IM UL program was assembled manually. 

The application data file was generated by the APPLICS program with a Type 2 1  

(liqui d  tank) application representing the water tank and a Type 5 (cooling coil or 

j acket) evaporator representing the water chiller evaporator. These application and 

evaporator types were described by Cornelius ( 1 99 1 ). 

The RADS V2.2 application and engine room data files which were used as 

input data for S IMUL V2.2 are not shown as they differed little from the V3. 1 input 

files s hown in Figures 1 0-4 and 1 0-5 .  
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Figure 1 0-3 RefS im i npu t fi l e  for water ch i l le r  run I .  

10.2 5 RADS V3 0 1  simulation 

The RADS Y3 0 1 ap pl ica t i on and eng1 11e room data fi les w h i c h  were u sed to 

charac terize dynamic ru n 1 are shown in Fi g ures 1 0-4 and 1 0-50 The prepara tion 

req uired to s i m u ! Jte the water chi ller usi ng RADS Y 3 0 1  was almost identi cal to that 

required for RADS Y202 .  
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Figure 1 0-4 R A D S  Y3. 1 appl icat ion data fi le for water ch i l ler  run 1 .  

1 0.2 .6 Simulation resulrs 

1 96 

The re su l ts  of the  four s i m u la t ion methods are comp:1red w i t h  the d ata 
measured by Darrow er al ( 1 99 1 )  for t h e  three dynamic ru n s  i n  F i g u res 1 0-6 to 1 0-8 .  

Poi n ts i nd icate measured d a t a .  T h e  l i nes marked " Darrow" show the ourp u t  o f  the 

I S IM s imulat ions  performed by 0:1rrow er al ( 1 99 1  ) .  

The I S IM and RefS i m  s imula t ions  both predicted res u l ts w h i c h  were close to 

t h e  measu red val ues for the condenser, tank water and evaporat ion temperatu res. 

T h i s  was not s u rprisi ng g i ven the s i m i lari t ies of the models used by these 

s imulat ions,  but i t  was reassuri n g  to see that the principles appl ied i n  RefS i m  of 

separati n g  mod e l  concerns and res tri c t i n g  the spread of infom1ation between models 

did not  have any detrimental  effects upon the final resul ts .  
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Possib le  reasons for the differences between predicted and measured 

temperatures were discussed by Darrow er a! ( 1 99 1 )  (Appendix 4.3) .  

1 97 

The RAD S  V2.2 and V3. 1 s i mulat ions predicted the water tank temperature 

almost as wel l as RefS i m  and Darrow er a! ( 1 99 1  ), but performed less wel l  i n  

predict in g  the evaporation and condensation temperatures - the RADS Y3. 1 

p rediction  of the condensation temperature differi n g  considerably from the measured 
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d:J.t:J.. O::UTow et a! ( 199 1 )  h:.�d noted tha t  it was not  neces s:.�ry to  es t imate the  

condenser :J.nd evJporJtor he:J.t  c:1p:1c i t ies  precise ly for the mode l  t o  predic t  resu l ts 

close to the  experiment:J. l  measurements :1nd th:lt  " there w:J.s no s i g n i fic:J.nt  change i n  

the s imubted curve s h:1pes un t i l  the heat  c:.tpaci ty es t im:J.tes were u p  t o  50% sm:J.l ler 

or b.rger  than the i n i t i :J.l est i mates" .  Neverthe less ,  i t  :1ppe:1rs th:.� t i nappropriate 

es t imates o f  these quan t i t ies  were the  m:J.jor c a u se of the observed dev iat ions i n  the 

RADS s imu la t ion resu l t s .  U n l i ke RefS i m  and l S IM ,  the RADS s imu lat ions  did not 

al low the user to supp ly these hea t capac i t ies as inpu t  d:1t:1, but  i n s te:1d S IM UL made 

i ts own e s ti mates of  these quant i t ies .  

The evaporator heat capaci ty  was es timated by S I MUL Y2.2 at 479 kJ/K Jnd 

by S I M UL Y3 . 1 at 1 00 kJ/K (comp:1red wi th  the 34 kJ/K est imated by 

Darrow, 1 990, from the evaporJtor materi :.� l  m:J.ss and es tim:.�ted refrigera n t  charge). 

RADS Y3. 1 therefore performed bener than RADS Y2 .2 but  ne i ther  was as accurate 

as the RefS i m  or !S I M  s imula t ions wh ich used the experimental ly d e termined values. 
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The experi men tal  estimate of the condenser hear capacity was 44 kJ/K and 

thi s  was u sed i n  both the R efS i m  and I S I M  simulations.  The R A D S  Y2.2 condenser 

heat  capacity estimate was ti me-ste p  dependent and for the rime-step used for these 

s imulations it was set at 36  kJ/K. The RADS Y 3 . 1 program di ffered from V2.2 i n  

that this  p h ysica l ly  u nrealistic dependency o n  rime-step was removed and the 

conden ser heat capacity was estimated using an heurisric · which had been d eveloped 

for appl ication to l arge industria l  conde nsers. W hen this scheme was applied to the 

smal l condenser on the water chi l ler, the heat capacity was esti mated to be 

1 690 kJ/K, resul t ing in the observed s luggish res ponse.  

The accuracy of the RADS si mulation evaporator and conden ser heat 

capacities could be improved in an ad hoc manner by mod i fying the source code for 

the models  and re-compil ing,  b u r  for the purpose s of this study i t  was decided to u se 

the commercia l ly-re leased execmable code as a base- l i ne.  In add it ion,  hear capaci ty 

considerations d i d  not ent irely expla in  the discrepancy betwee n the R A D S  Y2.2 

prediction and the measured condenser temperature profi le. This  may have ind icated 

a "bug"  i n  the R A D S  Y2.2 s imu lation program.  Funher investi gat ion i nto the 

behaviour of the R A D S  program s  was consider�d to be outside the scope of th is  

project, so no further enq u i ries were undertaken. 

10.3 A l l i ance Ocean Beach 

The A l l i n nce Freez ing Company (Sou thla nd) Ltd. Ocean Beach meat 

p rocess ing  p lant  was surveyed in April 1 989 to ga ther data for test i n g  fu l l - plant 

s imularions .  Th is  plant h ad previously bee n s u rveyed and s i m u l ated by 

Clel an d  ( 1 983) ,  although there had been considerable changes to the plam s i nce that 

time.  

A t  the t ime o f  the survey, the plant  operated s ix  lamb and mutton processing 

chains  with approximately 1 8500 c arcasses bei ng processed each d ay .  The m ajori ty 

o f  carcasses were frozen whole in ten batch blast freezers. Some butchering was 

d o n e  on the sire, and this meat was frozen in a conti nuous canon freezer, along with 
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al l  offal products. Almost all product was exported frozen to various overseas 

markets, but a small quantity was chilled for local sale. 

20 1 

The ammon i a  refrigeration plant was capable of operatin g  i n  several 

confi gurations, but predominantly ran in two stages with three surge pots at different 

temperature levels as shown i n  Figure 10-9. An array of ten condensers operated at 

a nominal temperature of 30°C. The air conditioning pot operated at a nominal -9°C, 

s upplyin g  air conditioning and chill ing applications - a total load of up to abou t  

1 MW. Three compressors generally operated o n  the high stage d u t y  between the air 
conditioning pot and the condensers, using abou t 600 kW of electricity. The stores 

pot  operated at a nominal -30°C and supplied coldstores and natural convection 

freezer rooms - a total load of up to 500 kW. Three reciprocating machines 

compressed vapour from the stores pot to the condenser, typically u sing about 

250 kW of electricity.  The freezer pot operated at a nominal -33°C and supplied 

both continuous and batch blast freezers - a total load of up to about 2.5 MW. 

Two compression p athways were used for the freezer pot: two screw compressors 

were used as boosters to the air conditioning pot; one screw and one compound 

reciprocating machine compressed directly to the condenser, making a total electrical 

load of about 600 kW. 

The simulation of a whole meat processing plant refri gerati o n  system was 

beyond the capabili ty of I S IM ,  so the simulation environments used for this  

simulation and in section 1 0 .4 were l imited to  RADS V2.2 ,  RADS V 3 . 1  and RefS im. 

The s imulation input data for the fu l l  plant simulations are not l i sted in this thesis 

because of their bulk. For each of the three simulation environments, the simulation 

input data to represent each of the two meat plants totalled about 200kB per 

simulation. 

The simulation input data comprised physical measurements of rooms, doors, 

insulation, evaporator s izes, counts and dimensions of product items. Compressor 

characteris tics were derived from manufacturers ' data. Evaporator characteris tics 

were estimated from physical dimensions using correlations derived from the data of 

Edwards (1 976) who tested a typical New Zealand meat industry evaporator. The 
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Fi gu re 10-9 Alliance Ocean Beach plant engine room configuration 
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amount  of work required to measure the performance of each refrigeration system 

component as had been done for the water chiller of section 1 0.2 would have been 

prohibitive for such a complex plant  as Ocean Beach so some of the input data were 

estimated and average values assumed for other parameters. For example, while the 

size s  of doors were measured, their opening frequencies and total times open  were 

estimated by observation rather than by timing door openings over long periods. The 

input data for the large plant simulations were therefore not as accurate as they had 

_ bee n  for the water chiller and this  could be expected to have a significant effect upon 

the overall simulation accuracy. 

The simulation performed in each case was of the plant operations during  

April 10  1 989 - a day which was chosen because i t  was typical of  the  conditions 

encountered duri n g  the survey. While application temperature data was logged 

automatically, the engine room temperature data were collected manually by the plant 

operators. This manual logging process resulted in  temperatures being logged 

inconsistently, with no data being recorded at al l during some shifts. The engine 

room temperature data was therefore only indicative and was not used for 

compari son purposes. 

10.3.1 RADS V2 .2 simulation 

Ocean Beach was first simulated using RADS Y2.2. The simulation of the 

chosen day used 25 applications input files and one engine room file. The RAD S  

simulation program, S Th1UL assumed that the plant operated i n  a cyclical manner 

with each set of conditions repeating every 24 hours. This corresponded well with 

the measured data for some applications, but not for all .  

The low pressure surge pot  operated a spli t  suction compression system with 

two compressors discharging into the condensers and two booster compressors 

discharging into the high pressure surge pot. RADS Y2.2 was capable of 

representing this operating mode but not the strategy which was employed to control 

the temperature of this vessel. When the load on the low pressure pot was smal l ,  the 

A Dynamic Modelling Methodology for the Simulation of Industrial Refrigeration Systems 



CHAPTER 10: SIMULATION TESTING 

operators turned off the two low pressure ratio machines in preference to shutting 

down the high pressure ratio machines. 

204 

This control strategy was used due to electrical supply constraints, even 

though i t  was expected to have been less energy-efficient than shutting down the 

high pressure ratio machines first. RADS V2.2 did not support this unusual control 

strategy. To simulate Ocean B each it was necessary to patch SIMUL V2.2 so that i t  

shut down the low pressure ratio machines first when the refrigeration load was 

small. This patched version of SIMUL V2.2 could then only be used to simulate 

Ocean Beach. 

10.32 RADS V3.1 simulation 

RADS V3. 1  was developed after the Ocean Beach survey and RADS V2.2 

s imulations had been carried out. It therefore included a modified form of the split 

suction vessel control strategy which allowed the strategy used at Ocean Beach to be 

simulated directly. Version 3 . 1  used an early version of the product heat load model 

described in Chapter 4 for the product (although not for other thermal objects in the 

m anner of RefSim, section 9.7) and integrated all of its ODEs in parallel rather than 

i ntegrating application and engine room ODEs separately as had been done i n  

RADS V2.2.  

As with the RADS V2.2 simulation, the RADS V3. 1 simulation of the chosen 

day used 25 applications input fi les and one engine room file. 

10.33 RejSim simulation 

In order to make the RefSim simulation directly comparable to the RADS 

s imulations, the RefSim input file was largely generated automatically using the 

program App2Ref described in section 8.4. 1 .  This meant that while RefS im was 

capable of simulating the non-cyclical behaviour observed in the plant, the plant 

description generated from the RADS input data assumed a 24 hour operating cycle 
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and so that feature of RefS i m  was not used. Even i f  a non-cyclical s imulation had 

been desired, some of the plant data that would have been needed for a non-cyclical 

s imulation were not available as the survey was carried out while  RefSim was i n  the 

earliest stages of design. 

The RefS i m  simulation of Ocean Beach comprised 729 separate models and 

required the solu tion of 309 ODEs. 

10.3.4 Comparison 

There were some difficulties involved i n  comparing the non-cyclical plant 

measurements with the cyclical simulation output The most important non-cycl ical 

application s  were batch freezers. Of the twelve batch freezer rooms i n  the plant,  six 

would typical l y  be u sed on any one day for freezing fresh product,  with the 

remainder finishin g  AC&A (section 5.3) production run s  with cycle times of more 

than 24 hours, temporarily storin g  product or empty. A freezer room u sed one day 

for freezing would often be storing product, or be empty the next day. The lowest 

l oad on these batc h  freezers and on the whole system w as typically at about 05 :00 

hours each morning, so it  was decided that the most appropriate comparison with the 

simulation run s  could be made by using the data from 05 :00 on 10 April  to 05 :00 on 

1 1  April 1 989. 

The temperatures predic ted by the three simulation programs are compared 

with the measured data for a selection of simulated components are plotted i n  

Figures 10- 10  t o  1 0- 1 6. The measured data disconti n u i ty at 05 :00 hours on some of 

the p lots indicates where the plant did not correspond to the cyclical assumption. 

One feature of RADS V2.2 was that i t  did not simulate appl ications while the 

refrigeration supply to them was turned off. This improved the simulation accuracy 

for those app lications because they were always re-started at the correct temperature 

when the refrigeration was turned back on. It also improved the simulation rate 

because a n umber of applications were not simulated d u ri n g  part of eac h  day. It did 

mean that the RADS V2.2 simulations of specific applications could not be compared 
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with the real measurements and RefS im simulations while those applications were 

turned off. This problem could have been resolved with RADS V3. 1 by using the 

alternative application file genera tor progr:un R00�1 nther than APPLICS to create 

the applicatio n  files. ROOM-based applications simulated under RAD S  V3. 1  were 

simulated throughout the day whether or not they were refrigerated. UnfortUnately, 

ROOM was n o t  compatible with RADS V2.2, so convening ROOM-genented 

applications for u se by the RAD S  V2.2 S I::v1UL progr:un would h ave been very 

difficult APPLICS was therefore used to generate application fl.Ies for both RADS 

versions. 

The RADS Y2.2 simulation results file omitted any application s  which were 

off during an output period. The RADS V3. 1  results file noted "Application is off' 

for any applications which were off during an output period. In the graphs plotted i n  

this chapter, applications which were off ar e  shown a s  h aving temperatures of 0°C. 

RefS im simulated the applications while they were not supplied with 

refrigenrion. The air temperatures predicted by RefS im were less accurate when the 
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app lication s  were turned off, probably because the assumption o f  well mixed air was 

less appropriate when the evaporator fans were turned off. 

The compressors and condensers i n  the Ocean Beach plant were controlled 

manually and therefore the control strategy tended to vary with the operator on duty. 

Thi s  variation and the judgement used by the operator in making control decisions 

was difficult to represent using the control strategies available in either of the RADS 

simulation programs. While RefSim was flexible enough to add novel control 

strategies without  difficulty, the process of developing those strategies  so that they 

adequately characterised the operator's behaviour would have required extensive 

work i n  the area of expert systems. The RefSim simulation therefore retained control 

strategies similar to those used by the RADS simulations. 

10.3.4 .1  Blast freezers 

The temperatures i n  batch freezers (e. g. Figure 10- 1 0) were predicted better 

by RADS V3. 1 and RefSim than by RADS V2.2, almost certainly due to the new 

product model. In particular, the predictions at the start and end of the process were 

both improved. The initial temperature change in batch freezers after loading 

product was predicted well by RefS im, probably due to the integration error control 

exercised by RefS im. 

RefS i m  predicted the air temperature during the latter half of  the freezing 

process well  due to i ts soph isticated treatment of the sub-cooling product heat load. 

The RefSim prediction of the air temperature during the period that the freezer was 

switched off was surpri singly good - despite the Room model assumption of a well­

s tirred air volume being inappropriate at that time due to the evaporator fans being 

switched off. 

The effect of door openings on  the air temperature i n  freezer room 1 1  was 

exaggerated by RefS im. While the freezer was switched off, this was understandable 

due to the assumption of a well-stirred air volume, but the effect after the room was 

s tarted was sti l l  greater than that observed in the measured data. This indicated that 
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there may have been a deficiency in the interaction between the Door and Room 

models. 

10.3.4.2 Chiller rooms 

2 1 1 

The temperature profile of chiller room 1 6  (Figure 1 0- 1 1 ) was generally 

predicted well by RefS im. B oth the initial peak temperature at loading and the rate 

of temperature drop after loading were-underpredicted. 

Some of the assumptions made in developing the chilling stage of the new 

ODE food product heat load model were identi fied in section 4.5 as being 

inappropriate during the early pa11 of the chilling process. During testing, the model 

was found to predict poorly at the start of the process (section 6.3 . 1 ) .  The 

unavailability of accurate values for the E parameter during chil l ing (section 4.5) 

m ay also have contributed to model inaccuracy under these circumstances. 

The temperature profile of chiller room 20 (Figure 1 0- 1 2) was predicted better 

than that of chiller room 1 6  (Figure 1 0- 1 1 ) . The air temperature in  chiller room 20 

was higher than that in  chiller room 1 6  with the result that the product chi ll ing heat 

load would have been relatively smaller than in room 1 6  and would therefore have 

had a lesser effect upon the air temperature dynamics. 

10.3.4.3 Natural convection cold stores 

The pallet store (Figure 1 0- 1 3) was the most dynamic of the natural 

convection cold stores in the Ocean Beach plant. The air temperature profile was not 

simulated well by any of the simulation environments. 

The pallet store was not adequately refrigerated and it was the opinion of the 

plant operators that its suction line may have had a large, but unknown, pressure 

drop. Many of its natural convection coils appeared to be starved of refrigerant 

during the daytime. This situation could not be simulated using the "thermal "  model 

type. 
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There were other difficulties i n  obtaining accurate input data for this 

application.  The heat flows through the insulation panels were calculated from the 

published properties of the i nsulating materials, but a multiplying  factor had to be 

applied for heat which bypassed the insulation and for reduced insulating 

effectiveness due to water-logging. For insulation which was known to be in bad 

condition, multiplying  factors of up to 6 were used but there was considerable 

u ncertainty about the most appropriate values. 

RefSim again exhibited problems with the interaction between the Door and 

Room models. 

10.3.4 .4 Continuous carton freezing tunnel 

The trends i n  the carton tunnel air temperature profile (Figure 1 0- 14) were 

generally well simulated. The average temperature level was, however, consistently 

underpredicted. 

The air temperature in this freezer was consistently within about 1 ooc of the 

n ominal freezer pot temperature. A small difference between the predicted and 

actual vessel temperatures would have had a disproportionate effect on the simulated 

air temperature. For example, if the simulations had underpredicted the vessel 

temperature by 2°C,  the effective refrigeration capacity in the carton freezer would 

have been approximately 20% greater than had actually been the case. S ince the 

carton freezer temperature was uncontrolled, this would have tended to hold down 

the carton freezer air temperature as well. Errors in predicting the vessel temperature 

were quite possible in view of the difficulty of exactly representing human operator 

decisions with the automatic control algorithms available in the simulation 

environments. The general underprediction of the air temperature was therefore 

considered to be less important than the trend in this case. 

A Dynamic Modelling Methodology for the Simulation of Industrial Refrigeration Systems 



CHAPTER 1 0: SIMULATION TESTING 2 1 3  

10.3.4.5 Forced convection coldstores 

The carton s tore air temperature profile shown in Figure 1 0- 1 5  was typical of  

several of the cold stores at Ocean Beach. They were well supplied with 

refrigeration and well controlled. There were therefore no notable features in the 

temperature profile. 

10.3.4.6 Cooling floor 

The air temperature profile of the dressed Jamb cooling floor (Figure 1 0- 1 6) 

was not  well predicted. S ensi tivity analysis showed that the profile was dominated 

by the dynamics of i ts heavy concrete floor. The differing treatments of that floor 

between the simulation environments caused the observed differences between the 

measured and simulated air temperature profiles. Apart from thi s  effect (which 

caused a vertical shift in the predicted air temperature profile when the capacity of 

the evaporators in  this  room was exceeded), the trends in the air temperature profile 

were approximately correc t. 

RefSim predicted the s tarting temperature of the concrete floor by simulating 

it continuously from the initial estimate provided in the input data while the RADS 

programs reset the concrete temperature to the input data value at the s tart of each 

day. RefSim probably overestimated the concrete temperature because i t  ignored the 

existence of some cold stores  underneath the concrete floor which cooled the floor 

from that side (see section 9 .6). 

The difficulties with the chilling model discussed in section 10 .3.4.2 may also 

h ave contributed to the poor accuracy of the predicted air temperature profJ.le. 

10.4 AFFCO Horotiu 

. The Auckland Farmers ' Freezing Co-operative Horotiu meat processing plant 

was surveyed during May 1 990 (in association with the Meat Industry Research 
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Institute of  New Zealand refrigeration group) to gather further data for testing full­

plant simulations. 

At the time of the survey, AFFCO Horotiu was a combined beef and 

sheepmeat processing facility, serving both export and local demand. One beef chain 

and two Iamb/mutton chains killed and dressed product which was predominantly 

chilled and then boned or cut. S ome lamb was frozen in carcass form in a 

continuous carcass freezer, but most of the product was packaged in canons of about 

27 kg capacity and frozen in_a continuous canon freezer. Small quantities of product 

were shipped out as chilled fresh meat for local sale and for air-freight overseas. 

The bulk of the plant refrigeration load was supported by the ammonia 

refrigeration plant shown in Figure 1 0- 1 8. The plant was nonnally run as a three 

· s tage system, with the LP and LLP pots coupled together to make a two stage system 

during the weekend when the carton freezer load was smaller than during the 

working week. A total of 1 4  compressors were available for use on various 

c ompression pathways. Ten condensers of various types maintained a condensing 

temperature of about 30°C. The HP pot operated at a nominal -8°C to supply the 

lamb cooling floor, beef quane1ing floor, beef and abattoir chillers. The LP pot 

operated at a nominal temperature of -28°C to supply the cold stores, continuous 

lamb carcass freezer, and the four batch "fast freezers" (which were, in fact, usually 

used for lamb chilling). The LLP pot nominally operated at temperature of -40°C 

and supplied only the two continuous carton freezers. 

Two glycol secondary refrigerant systems were cooled by ammonia from 

either the HP or LP pots and in turn cooled the beef boning room (beef glycol 

system) and the Iamb cutting room and the lamb cutting room chillers (lamb glycol 

system). 

The experience developed during the earlier Ocean Beach survey meant that 

more care was taken to ensure that all of the important data was collected during the 

whole period. In addition, the opportunity was taken to automatically log all 

available refrigerated room temperatures so there were more measured temperatures 

for comparison with the simulated results. 
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A s  in section 1 0.3, the plant was simulated using RADS V2.2, RADS V3.1  

and RefSim. The data required to specify these simulations were similar in  quantity 

to those for Ocean Beach. The differences between the two plants made a simulation 

of AFFCO Horotiu a substantially different  test of the simulation programs from 

Ocean Beach. In addition, fully automatic logging made the data gathered at Horotiu 

more reliable and less subject to human error. In particular, the engine room 

temperature data were all available for Horotiu during the whole period of the 

survey, unlike the Ocean Beach engine room data. 

10.4.1 RADS V2 2 simulation 

AFFCO Horotiu was first simulated using RADS V2.2. Some difficulties 

were encountered when setting up models of the beef carcass chillers. These chillers 

were run all day but they were loaded at one or more discrete times. The RADS 

room type which most closely resembled this  mode of operation was the Type 1 5  

Combined chiller and coolstore, so the beef chillers were modelled using this room 

type. The RADS APPLICS simulation set-up program did not accept that the 

specified operating behaviour was appropriate for the Type 15 room and so did not 

produce a simulation file for input to S IMUL. After attempting to model the beef 

chillers with other room types, the difficulty was finally resolved by patching the 

source code of APPLICS so that it would accept the beef chiller operating regime. 

Few other difficulties were encountered and the simulation executed as 

expected once the beef chiller problem was resolved. 

1 0.42 RADS V3.1 simulation 

The RAD S  V3. 1 simulation of AFFCO Horotiu executed with fewer problems 

than the V2.2 s imulation. In particular, data preparation for the beef chiller rooms 

was not hindered by the V3. 1 APPLICS program as it had been by the V2.2 

APPLICS. 
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10.43 RefSim simulation 

The RefS i m  models described u p  to this  point could simulate all but one of 

the component types  i n  the AFFCO Horotiu plant secondary refrigerant system. The 

ammonia-secondary refrigerant heat exchangers and secondary refrigerant reservoirs 

could be adequately represented by the GenEvaporator and FluidTank models. The 

pipeline model was general enough to represent secondary refrigerant as well as 

_IefrigeranLpipelines.  The only components which could not be adequately 

represen ted were the air-brine heat exchangers used to cool the air in some air­

conditioning and chill ing applications, so the RADS brine-refrigerated air cooler 

model was i mplemented under the name RADSBrCooler. 

The RefSi m  s imulation of AFFCO Horotiu comprised 702 separate models 

and required the solution of 354 ODEs. The larger number of ODEs when compared 

with the Ocean B each simulation resulted from the fact  that Horoti u included two 

continuous carton freezers and one continuous carcass freezer. The simulation input 

file prepared by App2Ref assumed that the prod uct in a continuous freezer could be 

adequately represented by a set of ten batches which were loaded at even intervals 

during the loading period of the freezer each day. Each of the continuous carton 

freezers therefore required the solution of 40 ODEs for the product alone (one for the 

enthalpy and one for the frozen depth of each product batch) as they had 48 hour 

residence times, while the continuous carcass freezer (wi th a 24 hour residence time) 

required 20 ODEs. 

10.4.4 Comparisons 

The period of the survey which was used for comparison with s imulation 

results stretched from 05 :00 on 3 May 1990 to 05 :00 on 4 May 1 990. Unlike the 

Ocean Beach s urvey, the condenser and surge pot temperature data were collected for 

the same period and can therefore be compared directly with the simulation output. 
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Comparisons between measured data and simulation outputs are shown in Figures 

1 0- 1 8  to 10-24. 

2 1 8  

Some difficulties were again encountered because the plant operation was not 

truly cyclical, even though the simulations assumed i t  to be so. As in section 10 .3 ,  

no attempt was m ade to  simulate non-cyclical operation using RefSi m  in order to 

maximise comp arability with the RADS simulations. · 

1 0.4.4.1 Refrigerant vessels 

The condensing temperature (Figure 10- 1 8) was well controlled on this plant. 

The RAD S  V.2 simulation exhibited some instability in its predictions,  but RefSim 

and RADS V.3 predicted the temperature profile well. 

The HP pot (Figure 1 0- 1 9) was even more tightly controlled than the 

condenser. The tight control resulted in frequent control action as actually oc�urred 

o n  the plan t. Thi s  was well simulated by RefSim due to its use of state events and 

i ntegration error control to isolate the effects of state changes, but the sudden 

changes in contro l  action caused some instability in both of the RADS simulations. 

The temperature profile of the LLP pot is shown in Figure 1 0-20. Both the 

LP and LLP pots were controlled loosely in practice and they were allowed to drift 

up an d  down according to individual operators ' strategies which could not be 

adequately represented by any simple automatic controller of the sort that could be 

simulated. The pot  temperature was therefore controlled to a typical minimum 

temperature and allowed to rise if the compressor capacity was exceeded at  any time. 

In fact, the simulated compressor capacity was not exceeded and the 

temperature remained steady for most of the simulation, unlike the actual situation. 

Thi s  indicated that  the model compressors performed better than the compressors in 

the actual plant. I t  may be that, due to wear, the manufacturers' data from which the 

compressor model input data was obtained did not accurately represent the 

characteristics of the compressors once they had been in use for many years. It was 

i mpractical to cany out a complete compressor test for each of the compressors on 
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Figure 10-20 Horotiu LLP pot 
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Figure 10-24 Horotiu continuous canon freezer 2 

the plant and the only other alternative would have been to apply an arbirrary de­

rating factor to the comp ressor characteristics so the simulation was based upon the 

manufacturers' data despite its apparent problems. 

10.4.4 2  Cold stores 

0 

The temperature profl.le of the '69 store bottom floor (Figure 1 0-2 1 )  was 

typical of the forced convection cold stores at AFFCO Horotiu. RefSim predicted 

the temperature profi le  well.  The effects of door openings on the temperature p rofile 

were comparable to those measured during the day of interest This  provides an 

interesting comparison with the Ocean Beach pallet store which was predicted poorly 

during periods of door load due to the inappropriateness of the well-stirred volume 

assumption to the natural convection store. The profile predicted by RADS V.2 for 

' 69 sto re showed instabil ity. 
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10.4.4.3 Cooling floor 

The air temperature profile of the Horotiu dressed lamb cooling floor is 

shown in Figure 10-22. All of the simulation environments predicted poorly. The 

problem appears similar to that experienced with Ocean Beach chiller room 1 6  

(section 1 0.3 .4.2) with the simulated air temperature peak lower than the measured 

peak during loading, and the subsequent simulated air temperature remaining higher 

than the measured value. 

In contrast with the Ocean Beach cooling floor (section 10 .3 .4 .6), in which 

carcasses only spent about three hours before being transferred to freezers, the 

carcasses on the Horotiu cooling floor were held overnight before cutting or freezing 

the next day. The large number of lamb carcasses in the Horotiu cooling floor meant  

that there was a s ignificant  product cooling load through the whole day and the 

chi l l ing product was always a major influence on the air temperature profile. The 

weaknesses of the product heat load model chilling stage were therefore made 

particularly apparent in this appl ication. 

1 0.4.4.4 Beef chiller 

Figure 1 0-23 shows the air temperature profile i n  beef chiller 1 A. This was 

typical of the eight beef carcass chi llers. The loading peak was wel l  predicted by 

RefS im in spite of the possible weaknesses in the product chil ling heat load model 

d iscussed in section 1 0.3 .4 .2 .  

One significant difference between the Horotiu and Ocean B each chillers was 

the E factor of the product. For the Ocean Beach chi l ler (which contained Jamb 

carcasses) i t  was found i n  section 6.4.2 that E = 1 .48 (assuming that E for chilling 

equalled E for freezing), and for the Horotiu chiller (which contained beef sides) i t  

w a s  estimated that E = 1 .25. It may be that the estimated E factor used for the 

Horotiu chiller happened to be closer to the cotTect chil l ing E than was the freezing 

E used for the Ocean Beach chil ler. 
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Once the air temperature was back under control, it was controlled by turning 

the chiller fans on and off. As with the tight refrigerant vessel control discussed in  

section 1 0.4.4. 1 ,  this induced some instabil ity in the RADS simulations. 

1 0.4.45 Continuous carton freezer 

�he temperature profile of carton freezer 2 (Figure 1 0-24) was predicted 

adequately by all of the simulation environments. -Gther than product heat load, the 

principle influence on the air temperature in this room was the temperature of 

refrigerant in the LLP pot. The simulated pot temperature was often lower than the 

measured temperature for the reasons discussed in section 1 0.4.4. 1 .  One 

· consequence of this was that the predicted air temperatures were also lower, as 

discussed i n  section 1 0.3.4.4. 
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Chapter 1 1 :  Simulation Test Analysis 

This  chapter compares and contrasts the refrigeration system simulation  

methodology of the  RefS im environment described in  this  thesis with three other 

methodologies represented by the ISIM simulation  of Darrow et a! ( 199 1) ,  the RADS 

simulation system s  (versions 2.2 and 3 . 1 )  of Cleland ( 1 985b) and the Flexible 

Modelling Enviro n ment (FME) of James (1 988). Comparisons with the FME are less 

detailed because no simulations were carried out with that environment. 

Compari sons are m ade in four areas: 

• Model expression. 

• S imulation results. 

• S imulatio n  flexibility. 

• Ease of model testing. 

1 1. 1  Methods for comparing simula t ion programs 

A quantitative and fair comparison between simulation programs was found to 

be difficult to achieve. The quanti ties of data required to simulate the large plants of 

sections  1 0.3  and 1 0.4 were considerable (about 200 kB per simulation) and the 

different s imulatio n  environments required those data to be in significantly different  

formats. For the comparison to  be  fair it was essential that the simulated plants not  

only resemble the real plant as closely as possible,  but that the simulation data sets 

resemble each other very closely. It was imponant that differences in  simulation 

outp u ts should resul t  from differences between the s imulation programs rather than 

from differences be tween the plant representations. 

The method u sed for sections 1 0.3 and 1 0.4 was to use the RADS V3. 1 

simulation as a base case. From this base, the RADS V2.2 simulati on  was 

automatically generated by the use of the two util ity programs Enr3-2 (which 

converted RADS V3 . 1  engine room description files into V2.2 format) and App3-2 
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(which performed the same function for application files). These programs were 

written specifically for thi s  task and are not described further. Similarly, RADS 

V3. 1 application files were converted into RefSim input files by the App2Ref utility 

described in section 8 .4. 1 .  RADS V3. 1 engine room files were converted into 

RefSim input by hand. 

The assumption that the refrigeration plants operated on 24 or 48 hour cycles 

was fundamental to the operation of the RADS programs. Although RefSim was not 

bound to cyclical operation, one disadvantage of automatically converting the 

s imulation data from the RADS V3. 1 format into the RefS im format was that the 

c onversion perpetuated this assumption. This had the same detrimental effect on the 

ability of RefSim to accurately simulate parts of the plant which did not operate on 

strict cycles as it did on the performance of the RADS simulations under the same 

circumstances. 

The fairness of comparisons between simulation methodologies also depended 

upon the cases chosen for testing. Models and simulation environments are not 

generally developed to cover the whole range of cases which may be simulated and 

i f  a model is applied outside its intended range of operation, it cannot be expected to 

produce good results. Under those circumstances, the best that may be hoped is that 

the simulation environment will warn the user of the difficulty and then attempt to 

produce what results it can. This was done to some degree by each of the simulation 

environments considered in this comparison and a methodology should not be judged 

harshly if it is applied outside i ts declared range of accuracy. 

Finally, i n  some cases, it was not possible to measure the system input data 

required to drive the simulations to the desired level of accuracy. Where input data 

were estimated, the overall quality of the simulation results depends as much upon 

the quality of the input data estimate as upon the quality of the simulation 

environment or i ts component models. The problems encountered with the RADS 

Ocean Beach c ooling floor simulations (discussed in section 10 .3.4.6) exemplified 

thi s  difficulty. 
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11.2 Model expression 

When a model is developed for research purposes, it is  essential that the 

model be easy to understand, develop and enhance. A modelling methodology 

should facilitate the development of models with these attributes. 
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Models are comprised of two parts. F.irstly, a model is defined by the 

mathematical expressions which relate its inputs to its outputs (the algorithm). 

S econdly, a general model is made specific to a particular problem by the definition 

of system input variable v alues and initial conditions (the data). The ways in which 

these two parts are expressed have an important bearin g  upon the clarity of the 

overall model. 

In the RefSim and FME environments, the al gorithmic part of the model was 

described in a structured programming language (RefS im in TopSpeed Modula-2, 

FME in Vax Pascal). The system input and initial condition parameters for a RefS im 

simulation were held in a separate simulation input file. By separating these two 

parts of the model description, the pan of the model common to all model instances 

was kept clearly separate and unchanged while the differing instances were defined 

in the simulation input file. In contrast, the ISIM input file combined both the inpu t 

data and algori thmic model description. The I S I M  approach facili tated very simple 

simulations while making complex simulations confusing and difficul t to understand. 

This factor al one precluded the use of ISIM for simul ations which were much more 

complex than the water chil ler of secti on 1 0.2 .  

The RAD S  programs produced two sorts of data files for each model 

description - a "results" file for the user and a data fi le  which was used by the 

simulation environment as input - so a direct c omparison of the RADS data files 

with the RefS i m  and ISIM files was not possible. The RADS algorithmic model 

descriptions were largely separate from their data (one exception was the condenser 

heat capacity discussed in section 1 0.2 .6) but they were written in relatively 

unsttuctured FORTRAN-77 (ANSI, 1 97 8), with some models intertwined with each 

other in the sourc e  code. This made it difficult to i solate individual models .  
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1 1.3 Simulation results comparison 

RefSim performed comparably to RADS V3. 1 programs under most 

c ircumstances. This was expected due to the similarities between many of the 

models u sed i n  these two environments. For batch freezers, RADS V3. 1 and RefSim 

performed better than RADS V2.2 due to  their use of  the improved product heat load 

model described in Chapter 4. RefSim performed better than RADS V3. 1 due to its 

more sophisticated treatment of th�product sub-cooling stage. During application 

start-up, RefS im performed better than either RADS V3. 1 or RADS V2.2 due to its 

ODE integration step size control methods (which were more sophisticated than those 

of the RADS programs) and i ts handling of state events such as controller mode 

· switching. 

RefSim performed significantly worse than the RADS programs where room 

dynamics were dominated by door openings. The RADS V3. 1 and V2.2 door models 

i ncluded implicit heat load smoothing which made the RADS room temperature 

behaviour less sensitive to any inadequacy i n  the stirred-tank model for air 

temperature. The solution to this problem in RefSim would be to use a group of 

models to simulate a buffered door as described in  section 9.3.  For rooms where the 

air volume was well stirred, RefS im performed almost as well as the RADS 

programs i n  the presence of door heat loads. 

1 1.4 S i mu lat ion flexi b i l i ty 

Several problems were encountered with both RADS versions because they 

had l imited flexibility when modelling plant components or their interactions. The 

evaporator and condenser heat capacity problems identified in section 10.2 for both 

RADS versions, and the difficulties experienced with RADS V2.2 i n  modelling the 

Ocean Beach engine room control strategy (section 10.3 . 1 )  and the Horotiu beef 

chiller operating mode (section 1 0.4. 1 )  demonstrated this lack of  flexibility. Both 

RADS versions performed well when faced with simulation problems for which they 
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were designed (i.e.  most of sections 10.3 and 1 0.4), but perfonned less well when 

dealing with problems outside their design parameters. 

The FME was more flexible than the RADS environments. It allowed the 

u ser considerable freedom i n  describing the plant and all of the model parameters 

could be readily altered by the user. The FME was, however, designed for 

simulating less c omplex plants than those of sectio n s  1 0.3  and 10.4. For c omplex 

plants, the descriptive freedom available to the user may have made the plant  

description prohibitively complex. 
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RefSim was found to be more flexible than RADS at two levels. Firstly, all 

of the parameters of the RefS im models were provided in the input file. While each 

RefSim model provided default values for most parameters, the parameter values 

may all be set as the u ser wishes. This resolved the problem encountered with both 

RADS versions in section 1 0.2 where the condenser heat capacity could not be 

altered by the u ser. In addition, while most RefSim models carried out some range­

checking on input parameters, they did not reject parameter values u nless the use of 

those values would put the model outside its applicable range. The RefSim models 

did not attempt to m ake judgements upon the appropriateness of parameter values 

beyond this range-checking function. For this reason, RefSim was more suitable for 

experienced users than for naive users. 

S econdly, where a component  could not be simulated by an existing RefS im 

model , or by linking a group of general RefSim models together, a new RefS im 

model could be designed, written and included in the environment with no disruption 

to the existing models and no inte1ference with the u nderlying simulation utilities. A 

new model need n o t  duplicate any of the simulation utiliti es, and if it is similar to 

some existing model the new model could also use the inheritance feature of the 

object-oriented i mplementation language to access the common model functionality 

without code duplication.  

This second aspect o f  RefSim 's flexibility was used four times 

(GenCondenser, GenEvaporator, FluidTank and RADSBrCooler) in chapter 10 to 

quickly add new m odels to the RefSim environment when it  was discovered that they 
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were required. When they were carefully designed, even models which were added 

ad hoc could be sufficiently flexible to be re-used for quite a different purpose. This 

was shown by the way in which the GenEvaporator and FluidTank models developed 

for the water chiller simulation were re-used in the AFFCO Horotiu simulation 

(section 10.4.3) with no source code changes - only changes to input parameters. 

1 1.5 Ease of model testing 

The RefSim, FME and ISIM environments provided significant benefits over 

the RADS environments when individual models were being tested. In ISIM, all of 

the variables used in any model were available for output to the user. In RefS im and 

the FME, this was true for almost all variables. RefSim also provided the 

Environment model types which were used to set up simulated "test-rigs" i n  which 

other models could be run with well-defined inputs independent of any other active 

models. It was therefore not necessary to set up a complex simulation with a large 

number of other models in  order to test one of them. The FME could have carried 

out "test-rig" simulations if i t  was provided with Environment-type models. 

In contrast, the RADS environments provided limited facilities for model 

testing. The user could simulate one or more appl ications without the refrigeration 

system by assuming that there was an infinite refrigeration capacity avai lable at a 

declared evaporation temperature. I t  was more difficult to test individual models. 

For example, to test an alternative product model in RADS , it would have been 

necessary to simulate a room and evaporator, and perhaps a temperature controller i f  

the test conditions required a constant ambient temperature. RADS V2.2 also 

required that at least one wall be simulated for each room. This would have made 

i ndividual model testing substantially more complicated than was the case in RefSim, 

FME or ISIM. 
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1 1.6 Conclusions 

RefSim has met its objectives of being a flexible environment which i s  

general enough to  simulate a wide range of  refrigeration systems. When simulating 

indusnial refrigeration systems, RefSim produced simulation results as accurate as 

the best  alternative environment, RADS V3. 1- (with which it  shares many models) 

and superior to RADS V2.2. RefSim was found to be considerably more flexible in  

several respects than. either of the RADS versions, and comparable in  flexibility to 

the FME of James ( 1 988) and ISIM (Hay and Crosbie, 1 984). At the same time, 

RefS i m  could deal with plants which were more complex than those which could be 

h andled by either the FME or IS IM. 

Work in  two areas would be required to improve the accuracy with which 

RefS i m  predicts measured data. Firstly, simulation input data designed specifically 

for RefS i m  (rather than for comparing several simul ation  programs) would not 

necessarily be cyclical, and so the input data would represent the plant more 

accurately. Secondly, al though enhancing the product heat load model produced 

significantly better correspondences with measured data, some difficulties remain 

with the following models: 

Product heat load chilling stage. Some of the assumptions made when 

developing the chil l ing stage of the product heat load model reduced 

the accuracy of product heat load prediction early in the chill ing 

process. In  addition,  difficulties in  obtai ning an accurate E factor for 

chilling may cause problems for this part of the model when dealing 

with particular shapes. 

• Room air mixing. For rooms where there was little air movement, the 

assumption  that the air behaves like a well-stirred tank was poor. This 

caused difficulties with the effect of door loads o n  the air temperature. 

• R oom souctures. The assumption that room surfaces with significant heat 

capacities could be treated as being wholly inside the room was poor 
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m some cases. For these cases, a Wall model which combined a 

conductivity component with a heat capacity might be more 

appropriate. 
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Chapter 12: Concl usi ons 

12.1 Product heat load model 

A p urpose-designed ordinary differen tial equation model was developed for 

predic ting the heat load vs .  time profile of chilling and freezing food product 

For regular geometric shapes, and for a wide range of p ractical ambient 

conditions, the heat load predicted by the ODE model corresponded well with that 

predicted by fi nite difference methods during most of the freezing process. Some 

discrepancies were noted during the sub-cooling stage, but these were not of practical 

i mportance as the total heat load at that time was small. The heat load was generally 

better predicted during the freezing stage than during chilling. 

A differenti al thermocouple method was shown to be superior to alternative 

m ethods for measuring the heat load profiles of freezing of meat c arton shapes, lamb 

and sheep carcasses. Heat bal ances achieved using thi s  method were within the 

estimated range of experimental error (± 10%) for high ( 1 .4 ms" 1 ) air velocity runs, 

although the heat balances for low (0 .35 ms' 1) velocity runs were less satisfactory. 

The heat load predicted for lamb carcasses by the ODE model corresponded 

to the measured loads within the range of experimental error. For the meat canon 

shape, i t  was necessary to configure both the FD and ODE methods to take position­

v ariation of the heat transfer coefficient into account. Once this was done, the 

measured heat l oad was predicted within the accuracy of the measurements. Thi s  

als o  demonstrated that the ODE method could be used in  some complex heat transfer 

situations through the use of simple extensions. 

12.2 Simulation environment 

An object-oriented methodology was developed to map refrigeration system 

components onto mathematical models and to unite these models into simulations of 
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complete refrigeration plants. This methodology was successfully used to develop an 

environment for simulating complete industrial refrigeration systems. 

The principle of encapsulation allowed the implementation of flexible models 

with well-defined boundaries - each as an object within the environment The 

principle of inheritance reduced the extent of code replication when compared with 

previous simulation environments and encouraged the identification of common 

attributes which are shared between models. Polymorphism encouraged the 

identification-Of functionality which is common to many models. 

New models were easily implemented and included in the simulation 

environment without making changes to any other model. The concept of testing 

models by setting them up in simulated "test-rigs" was found to be useful and this 

was facilitated by the methodology. 

By having general models which were stripped down to their essential 

features, it was possible to model complex situations by using the flexible model 

linking protocols to combine existing general models rather than by implementing 

new specific models for the purpose. 

12.3 Simulation testing 

\Vhen tested against data measured on working refrigeration plants, RefS im 

was found to produce simulation results superior to those of RADS V2.2 and 

comparable to those of RADS V3. 1 and the custom-built ISIM simulation. In 

addition, RefSim was found to be more flexible than either RADS or ISIM when 

modifying simulation input data, using existing models in unexpected ways, and 

adding new models to the simulation environment 

In simulations of the two large meat plants that were surveyed during the 

project, some temperatures were predicted poorly. This was partly due to 

deficiencies in the input data provided to the simulations. In particular, the 

simulation results indicated that the thermal conductivities of some coldstore walls 

were higher than the accepted values for their insulating materials by a large but 
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u ncenain factor. The information available on door opening frequencies and 

durations was also i nadequate for some doors. 
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The new ODE product heat load model was found to be of real benefit in  

characterizing the behaviour of blast freezers. The temperature profiles of these 

applications were predicted much better with the new heat load model when 

compared with the older model used by RADS V2.2. The model was less successful 

when simulating chilling product This may have been improved i f  the E shape 

factor for chilling was known more accurately. 

The i mprovements to the Room model made i n  RefS i m  were found to be of 

l ittle benefit despite i ts apparently more realistic treatment of the application 

h umidity. The RefS i m  Door model was found to predict door beh aviour less well 

than the buffered door u sed in RADS Y3. 1 .  Thi s  suggested that the assumption of a 

well - mixed roo m  was not accurate for some applications rather tha n  indicating a 

deficiency i n  the Door model. 

Overal l ,  the disagreements between measurements and predictions were more 

attributable to data uncertainties than model weaknesses. Some i mprovements could 

nevertheless be made in the models of chilling food product, structural material 

heating and cooling, and a ir mixing in rooms. 
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Notation 

A constant i n  equation (4-25) 

Area I m2 

A constant in equation (9- 1 8) 

S urface area I m2 
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Cross-sectional area of the body at  the  distance x from the centre I m2 

Accelerated Conditioning and Aging 

The Auckland Farmer's  Freezing Co-operative Ltd. 

A refrigeration application analysis and steady s tate s imul atio n  

program. Part o f  the RADS package (Cleland, 1 985b) 

A s tring processing programming language (Aho et a/, 1 988) 

A constant in equation (4-25) 

A constant in equ ation (9- 1 8) 

The B iot n umber (Bi = h X I k) (di mensionless) 

A constant in equation (4-25) 

A volumetric specific heat capacity I J m·3 K1 

The volumetric specific heat capacity of air I J m·3 K 1 (or, i n  section 

9.2 ,  the mass-basi s speci fic  heat capacity of air I J kg· 1 K1) 
The mass-basi s specific heat  capacity of refri gerant l iquid (sec tion 9.2) 

or fl uid in a FluidTank (section 1 0.2.3. 1 )  I J kg· 1 K1 

The mass-basi s specific heat capacity of refrigerant vapour I J kg· 1 K1 

(section 9.2) 

The mass-basis specific heat capacity of liquid water I J kg·1 K 1 

(section 9.2) 

Unfrozen volumetric specific heat capacity I J m·3 K 1 

Frozen vol umeuic specific heat capacity I J m·3 K1 

A dynamic ref1igeration system simulation environment (Nowotny, 

1983) 

Error factor (section 8 .4.4.2) 
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FE 
FME 

Fo 

FORTRAN 

FracOK 

h 

h 
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Hvusd 

Notation 

Equivalent Heat Transfer Dimensionality (section 4.3. 1 )  

E for a reference shape (section 4.3. 1 )  

Total volumetric fl o w  rate o f  air through
· 
a roo m  I m3 s·1 

Finite Difference method for solving systems of PDEs 

Finite Element method for solving systems of PDEs 

Flexible Modelling Environment (James: 1 988) 

The Fourier n umber (dimensionless) 

FORmula TRANslation programming language (ANSI, 1 978) 
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Desired fraction of successful substeps in each ODE solver major step. 

Surface heat transfer coefficient I W m·2 K1 

ODE solver step size (section 8 .4.4) 

Absolute mass-basis humidity (section 9.2) I kg kg·1 

Desired ODE solver step size (dimensionless) · 

ODE solver step size during the last substep (dimensionless) 

Absolute mass-basis saturation humidity at either end of a ventilation 

duct (section 9.5) I kg kg· 1 

Absolute mass-basis saturation humidity (section 9 .2) I kg kg· 1 

Temporary ODE solver step size (section 8 .4.4.2) 

Total enthalpy I J 
Volumetric spec ific en thalpy I J m·3 

Volumetric specific en thalpy of air at ei ther end of a ventilation duct 

(section 9.5) I J m·3 

Volumetric specific enthalpy at Tba.u I J m·3 

Volumetric specific enthalpy at T1 when the material is unfrozen I J m· 
3 

Difference in mass-basis specific enthalpy between water vapour and 

liquid (or sol id if T < 0°C) (section 9.2) I J kg·1 

Mass-basis specific enthalpy of refrigerant vapour and liquid 

respectively in a refrigerant vessel (section 9 . 1 0) I J kg·1 

Total enthalpy in a refrigerant vessel I J 
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I 

ISIM 

k 

LF74 

LMTD 

M 

M dry air 

Notation 

Accumulated error integral (section 8.4.4.2) 

A specialised dynamic simulation programming language (Hay and 

Crosbie, 1 984) 

Thermal conductivity of a body I W m·1 K"1 

Unfrozen thermal conductivity of a body I W m·1 K1 
Frozen thermal conductivity of a body I W m·1 K1 
A mass transfer coefficient I kg m·2 s· 1 

A constant (Cleland, 1 986bT 

Integration gain (section 8 .4.4.2) 

Proportional gain (section 8.4.4.2) 

Latent heat of freezing I J m·3 

A state-space and heat balance network modell ing environment 

(Glockner and Findeisen , 1 984) 

Logari thmic mean temperature difference I oc 
Mass flow rate of humid air into a room I kg s· 1 

Mass I kg 

Mass of humid air in a room I kg 

Mass of dry a ir in  a room I kg 
Mass of fluid in a FluidTank I kg (section 1 0.2.3 . 1 )  

Mass o f  refrigerant vapour and liquid respectively in  a refrigerant 

vessel (sec tion 9. 1 0) I kg 

Mvapour Mass of water vapour in a room I k g  

MassHearCap Thermal mass of  a device I J K" 1 
MIRINZ 

Modula-2 

MS-DOS 

n 

N 

Nsteps 

Meat Industry Research Institute of New Zealand (Inc.) 

A general purpose programming language (Winh, 1 982) 

Microsoft Disk Operating System (Microsoft, 1 99 1 )  

A shape factor (section 4.5) 

A shape factor (section 4.6) 

Number of successful substeps in this major ODE solver step. 
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Notation 

ODE Ordinary Differential Equation 

239 

p The number of skip list nodes with levels higher than a given level as 

p 
p 

Pascal 

PDE 

PI 

PID 

PROSIM 

Qair 

R, 
RADS 

a fraction of the number of nodes on the that level (Pugh, 

1 990) (section 8.4. 7) 

Proponional (wi th reference to process controllers) 

Proportional factor (section 8.4.4.2) 

A constant (Cleland, 1 986b) 

Pressure in  a refrigerant vessel I Pa 

A general purpose programming language (Jensen and Wirth, 1 985) 

Partial Differental Equation 

Proportional-Integral (with reference to process controllers) 

Proportional-Integral-Derivative (with reference to process controllers) 

A steady state heat pump simulation environment (Thorbergsen, 1 985) 

Volumetric flow rate of air I m3 s· ' 

A constant (Cleland, 1 986b) 

A vapour diffusion resistance (section 9.7) I m2 s kg· 1 

Refrigeration Analysis, Design and Simulation software p ackage 

(Cleland, 1 985b) 

RH Relative humidity I fractional 

RKF Runge-Kutta-Fehlberg, a method for the numerical solution of ordinary 

differential equations (Fehlberg, 1 969) 

S ODE solver step size adjustment safety factor. 

S0 ODE solver step size adjustment safety factor for the next set of steps. 

S1 ODE solver step size adjustment safety factor during the last set of 

S IMUL 

S mall talk 

steps. 

A dynamic ref1igeration system simulation environment. Part of the 

RADS package (Cleland , 1 985b) 

A general purpose object-oriented programming language and 

environment (Lalonde and Pugh, 1 990) 
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t 

tmb 

fmo 

T 

T • 

Tvus<l 
TEV 

TotFail 

TRNSYS 

u 

UA 

V 
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A steady state refrigeration system simulation environment (Nowotny, 

1 983) 

Time I s  

Time at which a door will close (section 9.4) I s 

Current time (section 9.4) I s 

Freezing time I s 

Mean time between door openings I s 

Mean length of door open periods I s 

Next door opening time I s 

Temperature I oc 
Temperatures on ei ther side of a wall (section 9.6) I oc 
Ambient temperature I °C 

B ase temperature for enthalpy calculation  I oc 
Evaporation temperature I oc 
Freezing temperature I °C 

Pure material  freezing temperature of the component which actually 

freezes within a body (e g. water for most food products) I °C 

Initi al temperature I oc 
Fluid  temperature i n  a FluidTank (section 10.2.3 . 1 )  I oc 
Mass average temperature I oc 
S urface temperature I oc 
Temperature i n  a refrigerant vessel I oc 
Thermostatic Expansion Valve 

Number of failed substeps in this ODE solver major step 

A modular dynamic simulation environment (Bullock et a!, 1 983) 

Overall heat transfer coefficient I W m·2 K1 

The product (overall heat tranfer coefficient) (heat transfer 

area) I W K1 
Volume of a body I m·3 
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Notation 24 1 

Unfrozen volume of a body I m·3 

Volume of refrigerant vapour and liquid respectively in a refrigerant 

vessel (section 9 . 1 0) I m3 

WIPIOckl 

w 

X 

X met 

X 
Yma 

The mass flow rate of water vapour in to the humid air of a room from 

condensing or evaporating water I kg s· 1 

The mass flow rate of water liquid into a room I kg s·1 

The mass flow rate of water vapour into the humid air of a room from 

the specified moael I kg s·1 

The net mass flow rate of water vapour into the humid air of a 

room from a product item I kg s· 1 

The net mass flow rate of water vapour into the humid air of a 

room I kg s· 1 

The net mass flow rate of water vapour through a ventilation duct I 

kg s· 1 

Mass of condensed water in a room I kg 

A position I m 

Freezing front position I m 

"Mean radius" of Cleland ( 1 986b) I m 

The critical deprh of a body to its rhermal centre I m 

Mass average fraction unaccomplished temperature change 

G reek symbols 

a Thermal diffusivity I m2 s·1 

�; The ith root of: � cot � + (Bi - 1 )  = 0 (section 4.5) 

110 Desired ODE solver substep tolerance (dimensionless) 

111 ODE solver substep tolerance during the last substep (dimensionless) 

mJO The change in  enthalpy between the freezing temperature, Tf, and 

- 10°C I J m·3 
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Notation 

�T air The change i n  temperature of the air passing over the product I oc 
emar M ax imum allowable ODE solver s tep s ize increase factor (section 

8 .4.4.2) 

Pair Density of air I k g  m·3 

242 

Density of refrigerant vapour and l iquid respectively in a refrigerant 

t 

vessel (sec tion 9. 10) I kg m·3 

Time constant of a room (section 9.2) I s· 1 

Energy flow I W 
Energy fl ow from changes to the w ater m ass in a room (due to water 

condensing or evaporating) (section 9.2) I W 

�chill Energy flow durin g  chi l l ing I W 
�cona' Energy flow out  of a condenser into the  coolin g  fl ui d  I W 

� � E lectrical energy flow I W 
� �... Electrical energy flow d UJi ng s teady s tate operation I W 

��vap Energy flow into an evaporator from the application I W 

��,..�=� Energy flow dUJi n g  freezi n g I W 

�in Energy flow into an evaporator from the refrigerant i n l e t  (secti o n  

10.2 .3 .2) I W 

�mock! Energy flow from the specified model i n to a roo m  (sect ion 9.2) I \V 
�0.,1 Energy flow out  of an evaporator t h rough the refrigera n t  out let  

� r�sp 
�Room 
�subcool 
� Vmt 
� Vusd 
� Wall 

(section 1 0 .2 .3 .2) I \V 
Energy flow from the product I W 
Energy flow into the humid air in a roo m  due to respiring prod uct I \V 
Net energy flow i n t o  the h umid air i n  a room I \V 
Energy flow dUJi n g  subcooling I W 
Energy flow through a ventilation d u c t  I W 

Net energy flow i n to a refrigerant vessel  I W 
Energy flow through a wal l I W 
R ejection margin (sec tion 8 .4.4.2) 
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Appendix 1 :  Personal commu nication from Pham (1989) : 
" Approxim ate formulae for heat l oad d uring freezing and 

thawino" 0 

This Appendix reproduces a personal communication to the author 

(Pham, 1 989) which described a food product freezing heat load formula similar to 

that developed independently by the author at the same time (described in section 4.6 

of this thesis). 
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! n  c � e  d e s i g n  of f r e e z ing e q� i pment t h e  two p a r ame t e r s  of u t m o s t  
i n c e r e s c  a r e  t h e  f r e e z i ng t i�e and t h e  h e a t  l o a d . T h e  f r e e z i n g  t ime 
i s  c on t r o l l e d  b y  che s l owe s t - f r e e z ing p a r t  o f  the p ro d u c t  wh i l e  
c h e  p e a k  h e a t  l o a d  i s  c on t ro l l e d  b y  t h e  f a s t e s t - f re e z i n g  p a rt . 
A t w o - p a r a:nec e r  e quat ion i s  p ropo s e d  f o r  u s e  in the s imu l a c i o n  
o f  f r e e z i � g  p r o c e s s e s ,  to c a l cu l a t e  both f r e e z ing t im e  a n d  he ac 
load c u r v e . 

3 i  5 i o� nu�� e � ,  2 h X / k  

h 

G 

� e a t  load p a r a me t e r  ( e q . 2 )  

A l -2 

�_a , T c� T f ,  T i =:�v i r on�e n: , 
- i � i:i a l  ob j e c t  t e�? e r a t u r e s ,  

r �� a �  c e �� e = ,  ! = e e z � �g ? O i�� a � d  
" C  

V 

X s ma l l e s t h a l f -c i :ne � s i o n , :n 

i a l  ra t i o c f  s �a l l e s t  t o  � e xt s ma l l e s t  d i �e � s i on 

f a 2  r a t i o  o f  s �a l l e s :  t o  l a r g e s t  di:ne � s i c n  

I NT?.ODUCT !ON 

P ro c e s s  t ime ar:d p r od u c e  h e a t  load ;;-.e s t  be c � l c u l a t e d  d u r i � g  the d e s i g n  



or s i �� l a t i o n  o f  free z i n g a n d  t � a w i�g e q� ip�e�: . To avo i d  t h e  
n��e r i c a l  s o l u t i o n  o f  p a r : i a l  d i f f e r e nt i a l  e q� a : i on s ,  
�� i c� c a n  b e  t im e  cor. s um i n g  f o r  mu l t i di me n s i o n a l  s h a p e s ,  
i t  i s  d e s i r a b l e  t o  c e v e l o p  a p p r o x i ma t e  o r d i n a ry d i f f e r e r. t i a l  equ a t i o n s  
( C l e l a:.d , :U..J S ) . 

A l-3 

T h e  c a l c u l a t i on o f  f r e e z i n g  a n d  t h a w i ng t i me s c a n  o f t e n  b e  a c c u r a t e l y  
c a l c u l a t e d  b y  approx i ma t e  a r i t hme t i c  fo rmu l a e  that ma y t a k e  i n t o  a c co u n t  
t h e  s ha p e  o f  t h e  p rodu ct . Th e s a me formu l ae , s u i t ab l y  r e a r r a n ged , a r e  
t h e n  u s e d  f o r  h e a t  l o a d  c a l c u l a t i on s . 

On r e f l e c t ion , t h i s  p ra c t i c e  ma y l e ad t o  s i g n i f i c an t  e r ro r s . 
C on s i d e r ,  for e x amp l e , a n  e lo n g a t e d  s h a p e  s � ch a s  a r e c t a ng l e  w i t h  
h e ight 0 . 1 6  m and w i d t h  0 . 5 6 m .  S u c h  a s h a � e can , f o r  t h e  pu rpo s e  
o f  f r e e z i n g  t ime c a l c u l a t i o n ,  b e  r e p l a c e d  b y  a s l a b . Th i s  i s  b e c a u s e  
f r e e z in g  t ime i s  gove r n e d  b y  what happe n s  i n  t t e  midd l e  s e c t i on 
o f  t h e  r e c t a n g l e  whi l e  t h e  " e n d s " h a v e  l i t t l e i n f lu e n c e . 
On t h e  o t h e r  h a n d ,  t h e  i n i t i a l  o r  p e a k  h e a t  load i s  ma i n l y  dependent en 
wha t happ e n s  a t  t h e  " en d s " ,  w h i c h  f r e e z e  qu i c k l y ,  rat h e r  than a t  the m i dd l e . 

A s  a g e n e r a l  ru l e : 

- F r e e z i n g  t ime i s  i n f lu e n c e d  by t h e  S LOW�ST f re e z i n g  p a rt s  

- ? e ak h e a t  l o a d  i s  i n f l u e n c e d  b y  t h e  QU I C��ST f r e e z i ng p a rt s . 

T h u s  t h e  h e a t  l o a d  cu rve s f o r  t h e  s l ab a n d  r e c t a n g l e  a b o v e  show qu i t e  
d i f fe r e n t  f e a t u re s a l t h o u g h  t h e i r  f r e e z i n g  : i �e s a re w i t h in 2 - 3 \  
o f  e a ch o t he r . The p e a k  h e a t  l oa d s ,  a v e r a g e d  eve r h a l f - h o u r  i n t e r va l s ,  
d i f f e r  b y  2 5 \  an d  t h e  f i n a l h e a t  l o a d s  b y  6 0 � . ( D i f f e r e n c e s  a -o 
m o r e  �a r k e d  s t i l l  i f  i n s t a n t a n e o u s h e a t  l oa d s  a r e  t a k e n . )  
T h e  a bove e xamp l e  i s  n o t  a n  hypot h e t i c a l  s it � a t i c n : i t  s hows 
what h a p p e n s  �hen row s of c a r t on s ,  0 . 1 6 m t�ic� x 5 5  m wide x 2 m l o n g ,  
a r e  f r o z e n  i n  a t yp i c a l  a i r  b l a s t  f r e e z e r . 

In t h i s  pape r ,  g e ne r a l e xp r e s s i o n s  for t h e  � e a :  l oa d  c u r v e  o f  
p rodu c t s unde r g o i n g  f r e e z i n g  o r  t ha w i n g  w i l l  = e  s u g g e s t ed . 

T a b l e  1 .  H e a t  l o a d  c u r v e s  f o r  s l ab , . r e ct ang l e  a � d  br i ck . H t c  a 1 5  W/m2 A C . 
S e e  a l s o  c h a r t  ��AT . ? LT . 

T i me ?. e a t  l oa d ,  w 
!"l r  S l ab R e c t a n g l e  B r i ck 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

0 .  2 5  5 . 1 8 6 . 5 0 6 . 7 3 
1 .  7 5  4 . 6 5 5 . 6 9 6 . 3 0 
2 . 7 5  4 . 4 6  5 .  s s. 5 . 9 4 

3 . 7 5  4 . 2 3  5 . 2 2 5 . 5 0 
4 .  7 5  4 . 0 6  4 . S O 5 . 2 5  
5 . 7 5  3 . 9 0 4 . 5 9  4 . 8 8  
6 . 7 5 3 .  7 6 4 . 3 0  4 . 5 7 
7 . 7 5 3 . 6 4 4 . 1 0 4 .  3 3 . 
8 . 7 5  3 . 5 4  3 . 9 0 4 . 1 1  

9 .  7 5 3 . 4 3 3 . E a 3 . 5 7 
1 0 . 7 5  3 . 3 4  3 . 4 5 3 . 5 2 

1 1 . 7 5  3 . 2 5 3 . 2 7 3 . 3 8 
1 2 . 7 5 3 . 1 7 3 . 0 7  3 . 1 5  

1 3 . 7 5 3 . 1 1  2 . 8 6  2 . 5 8 " 

1 4 . 7 5 3 . 0 3 2 .  6 3  2 . 5 9  

1 5 . 7 5  2 . 9 5 2 . 3 9  2 . 2 9  



1 7 . 7  5 
1 8 . i 5 
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2 . 6 1 
2 . 2 4 

1 .  7 5 
1 .  3 8 

1 .  6 1  
1 .  2 3 

7 h e  f o l l o w i n g  a s s � rr.p � i on s  w i l l  be rr.ade : 

1 .  S e n s i� l e  h e a �  e f ! e c t s  a r e  ne g l i g i b l e . Th i s  i s  t h e  q� a s i - s t e ady 
s t a t e  a s s u�p t i o� , s i� c e  i n  t h e  ab s e � c e  o f  s e n s i = l e  h e a t  the t e r� 
dT/dt i n  � h e  h e a t  b a l an c e  e qu a t i o n  di s a ppe a r s . 

2 .  A f i x e d  t h e r�a l c e n t r e  e x i s t s . 

3 .  T h e  t e �p e r a t u r e  p ro f i l e  a l ong the s ho r t e s t  d i men s i on t hr o u g h  
t �e t h e r�a l c e �� r e ,  b e t w e e n  t h e  s � r ! a c e  a n d  t h e  fre e z i n g  f r o n t , 
i s  g i v e :1  b y  

( 1 )  

The p a r a� e � e r  n i n d i c a t e s  the c � r v a � u re " o f  t h e  � e mpe r a t u r e  p r o f i l e  

A l -4 

cau s e d  by g e ome� r y . ! o r  s l a b s  n • 0 a n d  t h e  � ernpe r a t u r e  p r o f i l e  i s  l i n e a r .  
!er i n f i� i � e  c y l i nd e r  n - 1 a�d for sphe r e  :1 - 2 ,  but f o r  o t h e r  
s ha p e s � e a �  t a k e  a n y  o t h e r  v a l � e . I t  � i l l  b e r  a s sumed h o w e v e r  
t hat � r e ma i� s  c o n s t ant t h rougho�t � h e  p h a s e - cha:ige p e r i o d , o r  a t  
l e a s t  t h a :  s ome � i�e - a v e r a g e d  val�e ea� b e  de f i� e d . 

3 .  T h e  v c l�rr.e c f  t h e  u n ! ro z e :1  f r a c � i o �  ( i:i a f r e e z i n g  p r o c e s s )  
i s  r e l a � e d  t o  t h e  r e l a t ive d i s t a:1ce ! rem t h e  t h e rma l c e n � r e  t o  t h e  f r e e z i :1 g  
f �c � �  x � a s  a ?Owe = l a w ,  

G ( 2 )  
The p a r a rr.e t e r  N g i v e s  the dime n s i cna l i t y  o f  t h e  o b j e c t . F o r  e xa�p l e , 
N - 1 f e r  s l a b s ,  2 f o r  i n f i n i t e  c y l inde rs a n d  3 f e r  s ph e r e s r 
Aga i n , N c a n  t a k e  en any e t h e r  v a l � e  f o r  o t h e r s h a p e s  i f  t h e  f r e e z i n g  
f ront doe s n o t  re�a i n  s imi l a r  in s h a p e  t o  t h e  s � r f a c e , t h o u g h  
i t  w i l l  = e  a s s u � e d  t h a �  N i s  con s t a nt � h r ougho�� �he f re e z in g  p e r i o d . 

� ( dT / c x J x-x - h ( T_a -T_s ) ( 3 )  

T - 7 s 
( � )  

7 = - 7 s 

ex f - k ( cT / d x J x�x_f 

k ( n - 1 )  ( T_s -T_f l / ! 1  
( 5 )  

T�e � e�p e r at u r e  g r adi ent at t h e  s u r f a c e  i s  



( dT / d. x )  ( x•X ) 

F r o::� e �s . ( 3 ) and ( 6 ) : 

( T_! -T_s l ( 1 - n l 1 
- - - - - - - ---- - - - - -- -- - - - - ---- - - -

X G " [ ( l-n ) /N ] - 1 

( G "  [ ( 1 -n )  /N ]  - 1 )  ( T_f-T_a l 
T f-T s - - - - - - - - - - - - - -- - -- - - - - - - - -- ­

- -

2 ( n - l ) / B i  + G" [ ( l -n ) /N ]  - 1 

( 6 )  

( 7 )  

S u b s t itut i n g  for ( T_f -T_s ) into e q .  ( 5 )  gives , � f t e r  s imp l i f i c a � i o n : 

d.x f - ( n - l ) Nk ( T_f-T_a ) / t L  

d. t  x_f A ( 2 -N )  + [ 2 ( n - l ) /Bi - l ] x_f " ( l +n-N) 

a .r. ci.  !' r em e q . ( 2 )  

..-he r e  

d. G  - ( n - l ) NK 

d.t G " ( 2 /N - l )  + [ 2 ( n- l ) / B i- l ]  G " [ ( 1 +n-N ) / N ]  

k ( T_f-T_a ) 
K - - - - - -- - --- ( 1 0 )  

I n� e g =at i on g iv e s  

2 /N ( n + l ) /N 
( n+l ) ( G  - 1 )  + [ 4  ( n - 1 ) /B i-2 ] [G -1 ] 

t - - - - --- - - - - - - - - - - - - - - -- - - - - - - - - - -- - ------ - -
2 ( 1 -!'1 " 2  ) K  

N o � e  � � e  p a r� i cu l a =  c a s e  n • 1 ! o =  ..-h i ch e � s . ( 9 )  a�d. ( 1 1 )  b e c cme 

2 1 - 2 / N  
N K G  

d.G /dt • - - - - - - - - - - - -
l n  G - 2 N / B i 

2 /N 
G l :1  G 

2 /N 
( 1 -G ) ( 1 +4 / ::l i l  

t - - - - - - - - - + - - - - - - - - - - - - - - - - -

2 KN 

( 8 )  

( 9 )  

( 1 1 )  

( 1 2 )  

( 1 3 )  

7 � e  � o � a l  f = e e z i n g t i �e t f i s  found =y p �t t i �g G • 0 i n  e � . ( 1 1 ) : 
1 + 4 / 3 i 

t f - --- - - - - - ( H )  
2 ( 1 + n ) K 

Thu s t f i s  i ndep e n de n t o f  N, but t h e  h e a t  l o a d.  t L . d G / d t  d e p e n d s  on N .  
N o t e  t h a t  t h e s hape f a ct o r  ESTD ( ra t i o  o f  s l a b  and o? j e ct f r e e z i n g  
t ime s )  i s  s i�p l y  1 + n . .  

A l-5 



Eq� a c i o � s  ( 9 )  and ( 1 � } c a n  b e  u s e d  t o  c a l c� l a t e  t � e  f : e e z i r. g  : a t e  
a � d  h e a t  l oa d  du r i� g  t h e  s i�u l a t i on o f  f r e e z i ng p r o c e s s e s ,  s u e� 
a s  done b y  R.Au S .  '!l". e  f o l l o w i n g  p r cb l e � s  have -eo be � o l ve d :  

l .  I n  � r a c-c i c e  �ac e r i a l s  ma y r.ot have a s h a :p fr e e z i �g p o i � c , a n d  
s e � s i b l e  � e a -c e f f e c -c s  a r e  u s u a l l y  not n e g l i g ib l e . 

A l -6 

? h a m  ( 1 9 8 6 ? }  l�rnp e d  s e n s ib l e  h e a t  ( ap p r op r i a� e ly w e i g ht e d )  w i t h  l a t en t  h e a t ,  
and d e f i n e d  a " me an f r e e z i n g  p o i n t " :  t h e s e  me a s u r e s  e � ab l e  i d e a l- c a s e 
f r e e z in g  e qu a t i on s  -e o  b e  a pp l i e d  t o  p r a c t i ca l  cas e s . 

Not e : f o r  h e a t  l o a d  c a l c� l at i on s  the s e  me a s u r e s  ma y n o t  b e  e n ough 
t o  a c count for the i � i t i a l  c o o l i n g  p e a k ! wr. a t  ha s S i rnon don e  en t h i s ? 
�y 1 9 8 6  e q n  m a y  n e e d  f u rt h e r  mods ? 
Maybe N c a n  b e  a d j � s t ed e o  f i t  da t a ?  

2 . :-:cw t o  f i n d  n 

S in c e  t � e  t ot a l  fr e e z ing t i�e depends on l y  on � be-e n o t  o n  N ,  
n c a n  b e  f o u n d  b y  comp a r i n g  t h e  f r e e z i� g  -c i �e o f  t h e  ob j e ct � i t h  
t ha t  o f  a s l a b ,  i r. f i n i t e  cyl i nde r ,  sphe r e , o r  .a::y o t h e-r s h a p e  f e r  
� h i c h  n i s  a l r e a d y  known o r  c a n  b e  c a l cu l at e d . 
: e r  e l l ip s e s  a n d  e l l i p s o i d s  n can be fou n d  f r o m  ( ? � a m ,  1 9 8 9 }  

F - 1 
n - ( - -- - - - - - - } A p ( ! a l A q + i a 2 A q )  

! a l  + i a 2  

l 

1 + 3 i  

1 + 3 i l 2  
q 

1 + B i l 4  

F o r  � b l ,  f b 2  • <  2 ,  e q . ( ? )  s imp l i f i e s  t o  

F o =  = e c : a � g l e s  a n d  b = i ck s  n e a �  b e  :cund = = c �  

r ( 1  + 0 . 3 5 B i l  I ! 1  + 0 . 5 5 3 i l  

s - ! 1 + 2 . 0 0 3 i l I ! 1 . +. 0 . 'i 0 :s i  l 

A l t e r n a t i v e l y  u s e  a n y  e x i s t i n g  ZHTi) e q� a t i o n  s i n c e  n = EHTD- 1 . 
( s e e  Con C l e l a nd ' s t h e s i s  p . l 8 1  . . . ) 

( Ecuat {on above a i ve s + � 6 \ e r ror ccrn� a r e d  w i t �  Con C l e l an d ' s · nurne r i c a l 
r e ;u l t s  ( s e e  p r og ram EHTD 3 R I C K . :OR ) ;

. 

C l e l a nd ' E a r l e  ( 1 9 8 2 ) eqn g iv e s  - 2 0  t o  + 8 \  e r ro r ;  



D o � a l c ' s e�� g ive s + - 5 \  e = =o = b� �  i s  VERY comp l icat e d . 
E��� d e p e � d s  o� 3 i ,  T i , T c ,  T a anywa y a�d eve� nume = i c a l  
c � �  ·n = y  b y  1 0 \  ! o r  t Ee s aie s ha:J e . )  . l � -% ' r � .  
3 .  �c·"' t: o  f i n d N 

A l -7 

·.-a l  u e s  

E Y. c e p t  f o r  t h e  b a s i c  s h ap e s ,  N i s  l i k e l y  to vary du r i n g  t: h e  p roc e s s  
r a t !':. e r t !'l a �  s t a y i n g  c o r. s t a::t . Howe·.-e r ,  i f  .,., e  are p r i ma r i l y  i nt e r e s t e d  
i �  t h e  ? E� h e a t  l o a d  w h i ch o c c� r s  r i ght at t � e  b e g in n i n g , t h e n  
a s u i t a b l e  v a l u e  f o r  N c a n  b e  found a s  f o l low s . 

At t i me 0 ,  t h e r e  i s  n o  int e rn a l  r e s i s t a n c e  to heat t r an s f e r  
a n d  t h e  h e a t  l o a d  i s  cont r o l l e d  b y  t h e  s u r f a c e  r e s i s t an c e :  

cG 
( - - )  

eo:: G-1 

hA ( T_!-T_a ) 

V # L  

- - K 3 i  '!>.X /  ( 2 V)  

F r om e q . ( S ) , p u t t ing G - 1 :  

C.G 
( - - )  - - K 3 i  N / 2  
C. �  G- 1 

E�u a t in g  e �s . ( "? )  a n d ( "? ) : 

N - 7-.Y.. /V 

F e r  e x a mp l e ,  in t h e  c a s e  o !  t h e  r e c t angle i �  t !':. e  i n t r ocu c t ion , 
AX/V - 1 . 2 9 .  �hu s N - 1 . 2 9  a n d  n - 0 re� rocu c e  r e a l i s t i c a l l v  
t h e  h e at l e a d  c u rve . ( '!' a b l e  b e l o�o· ; a l s o: g raph ( TUAN . FRE E Z E}HEATLOAD . ? LT . ) 

Tab l e  : ,  F. e a t  l o a d  c u rve f rom ecs . ( 1 1 )  anc ( 1 2 )  
! o r  c a r � c n s  o f  7 y l o s e ,  w i t h  N - i . 2 9 ,  n • C .  

T i ;';l e  
h r  
0 . 5 7 
1 . 1 6 
1 .  7 7  
2 . 4 0 
3 . 0 6 
3 . 7 3 
4 . 4 3 
5 . 1 6 
5 . 9 0 
6 . 6 8 
7 .  4 8 · 
8 . 3 2 
9 . 1 8 

1 0 . 0 8 
1 1 . 0 2 
1 2 . 0 1 
1 3 . 0 5 
1 4 . 1 5 
1 5 . 3 4 
1 6 . 7 2 

P.e at l oa d 
W / ic g  

6 . 0 8 
5 . 8 8 
5 . 6 9 
5 . 5 0 
5 . 3 2  
5 . 1 5 
4 .  9 8  
4 .  8 1  
4 .  6 5  
4 .  4 8 
4 . 3 2  
4 . 1 6 
4 . C O 

. 3 .  8 4  
3 .  6 8  

. 3 . 5 0 
3 ". 3 2  

. 3 . 1 1 
2 . 8 3 
1 . "5 6 



T � i s  a�� roac� i s  v e r y  s imp l e  b u t  n e e d s  t o  be chec k e d . 
A l s o ,  i t  n e e d s  t o  be u s e  j u d i c i ou s ly .  Ve ry t h in p a rt s o f t�e ob j e c t  
( s u e� a s  t�e s h a r. � s  o f  a c a rc a s s )  

w i l l  f r e e z e v e r y  �u i c � l y ,  c a u s ing a s h a rp p e a k  at t t e  s t a rt ,  
b u t  w i l l  not a f f e c t  t he o v e r a l l  h e a t  l o a d  cu rve t o  a n y  e x t e n t . 
Thu s ,  t � e s e  p a r t s s h o u l d  be i gn o r e d  i n  t h e  ca lcu l a t i o n  o f  �� / V  
u n l e s s  i t  i s  c ru c i a l  t h a t  t h e  s h a rp p e a k  h e a t  load b e  c a t e r ed :o r ,  
w h i ch i s  u n l i k e l y . 

WO�� ? �� :  C a l c u l a t e  h e a t  l o a d  f rom comp l e x  s h a� e s  b y  f . e .  metho d s , 
o r  me a s u r e ,  a n d  c o r r e l a t e  by e q s  abov e . 

A l - 8  
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A pp en d ix 2: Extended Backus-Naur Form definition of  the RefS i m  

inp u t  langu age 

This appendix defines the syntax of the RefSim input  language in terms of the 

Extended B ackus-Naur Form (EBNF) o f  Jensen and Winh ( 1 985, Appendix D). The 

EBNF notation is described first (following Jensen and Winh, 1 985, Appendix D), 

fol l owed b y  the RefSim input language description using that notation. 

A2.1 Exten ded Backus-Naur Form 

The EBNF notation is commonly used to define the grammar of computer 

programming l anguages. EBNF consists of a collection of rules and symbols which 

s h o w  how to form any of the sentences which may be written in that l anguage. Eac h  

rul e  consis ts of a non-terminal symbol (or "meta-identifier") and an EBNF expression 

which defines that symbol. EBI\Tf is context-free, so context-dependent features of 

the l anguage are defined more loosely by supplementary informatio n  i n  section 

A2.2.2. 

The meta-symbols  from which an EBI\Tf expression may be constructed are as 

fol lows: 

M eta-symbol 

= 

[X] 

{X } 
(X Y) 

"XYZ" 

M eta! dentifier 

Meaning 

is defined to be 

alternatively 

end of rule 

0 or 1 instance o f  X 
0 or more i nstances of X 
a grouping which c onsists of X followed by Y 
the terminal (literal) symbol XYZ 

the non-terminal symbol Metaldentifier 

A Dynamic ModeJling Methodology for the Simulation of Industrial Refrigeration Systems 



APPENDIX 2: REFSIM INPUT LANGUAGE A2-2 

A2.2 RefSim input language definition 

A22.1 Context-free input language grammar 

Simulation! nput = HeaderSection {Mode/Definition } TrailerSecn·on 

H eaderSection = "SIMULATION" SimName {RullLength I Output I 
Report } 

Trailer Section = "END" SimName 

SimName = Identifier 

RunLength = "Run_Length" "=" Number 

Output = "Output_every" Number ["to" Filename] 

File name = Identifier 

Report = "Report" ("loud" I "quiet" I "silent") 

Mode/Definition = Mode/Header { Mode/Statement } Mode/Trailer 

Mode/Header = "MODEL" Mode/Name 

Mode/Trailer = "El\TD" Mode/Name 

Mode/Statement = (Rea/Assignment I StringAssignment I TableAssignment I 
OurpurList I LinkList) 

Rea/Assignment = VariableName "=" Number 

StringAssignment = VariableName "=" Identifier 

Tab/eAssigmnent = "TA B LE "  VariableName " [" {Identifier I Number} "] "  

OutpurList = " < "  { Variab/eName } ">" 

LinkList = " ["  { Identifier } "] " 

VariableName = Idemifier 

Identifier = Character { Character} 

Character = any ASCII character but WhiteSpace 

WhiteSpace = W hiteSpaceC har { WhiteSpaceChar }  

WhiteSpaceC har = Punctuation I " { "  I " } "  

P unctua ti on = LF I FF I CR I HT I " " I "," I " ;"  

A Dynamic Modell ing Methodology for th e  Simu!Jtion o f  Industrial Refrigeration Systems 



Number = 

Unsignedlnteger = 

Sign = 

Digit = 

Comment = 

APPENDIX 2: REFSIM INPLIT LANGUAGE 

[Sign] Unsignedlnteger [". " Unsignedlnteger] ["E" 

[Sign] Unsignedlnteger] 

Digit {Digit } 

"+" , . .  _ .. 

"0" I " 1 " I "2" I "3 " I "4" I "5" I "6" I "7" I "8" I "9" 

" { "  { Character l Puncnwtion I Comment} " }" 

A2 2 .2 Context-dependent input-language definition information 

1 All termina l syntact ic items must be separated by WhireSpace. 

2 Any WhiteSpace may opt iona lly includ e Comment statements which are 

A2-3 

s tripped by the lex ical analyzer bef ore pars ing (and are therefore not 

expl ic itly ment ioned in the def in it ion of WhiteSpace) .  

3 In HeaderSecrion and TrailerSecn·on, SimName must be the same identif ier. 

4 In Mode/Header and Mode/Trailer, Mode/Name must be the same identif ier. 

5 In OurpurList, each of the ldemijier non-terminals must be the name of a 

variable which is val id for the current model type. 

6 In LinkLisr, each of the Identifier non-terminals must be the name of a m odel 

ins tance which is def ined somewhere in the input f i le .  

7 In each of Rea/Assignment, Tab!eAssignment, and SrringAssignment, the 

Variab!eName must be one of the input variables of that type which is 

va lid for input to t he CUITent mode l type. 

8 There is an implementat ion limit of 1 6 characters on the length of each 

Identifier. 

Viola tion of condit ion 1 will typ ical ly cause the lex ical analyser t o  produce an 

err or report indicating that condit ion 8 has been v iolated. Violat ion of condit ions 3, 

4, 5 and 7 w ill result in a parser error while read ing the affected m odel. Violat ion of 

c ondit ion 6 will produce an error during model l in kin g. 

A Dynamic Modelling Methodology for the Simulation of Industrial Refrigeration Systems 
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Appendix 3 :  D efinition of the RefSim output  format 

While the RefSim input language could be largely described using the 

Extended Backus-Naur Form, this is not the case for the output. The overall format 

of  the output table is context-dependent and therefore it may not be adequately 

described in EBNF. The following description is therefore less formal than that of 

section A2.2. 1 .  

A3. 1  Output format descri ption 

The output from RefSim is  in the form of a table in MS-DOS text format (i.e. 

only the AS CII characters in the range 32- 1 26, with each line terminated by the 

character pair CR LF (character 13 followed by character 1 0)). The first line of the 

output fil e  is of the form: 

FirstLine = "SIMULATION : " SimName 

where SimName corresponds to that of section A2.2. 

This line is followed by one blank line, and then by a series of column 

headings left-justified in 1 6 character fields with each field separated from the next 

by one space (" ") character. Each heading is in three lines. The fust line shows the 

model name from which the output value is obtained (e.g. "Rooml ").  The second 

l ine shows the name of the output variable (e.g.  "Temperature"). The third line 

shows the units in  which the output value is expressed (e.g. "deg.C"). 

The column headings are followed by one blank line and then for each 

column heading there is a column of Real numbers indicating the value of that 

v ariable at each output time. These numbers are right-justified in 1 6 character fields 

with each field separated from the next by one space (" ") character. There is one 

line of numbers in the table for each output time, starting from time 0. Lastly, there 

A Dynamic Modelling Methodology for the Simulation of Industri:U Refrigeration Systems 



APPENDIX 3: REFSIM OUTPUT FORMAT A3-2 

i s  one line showing the value of each variable at the end of the simulation. This last 

line may duplicate the second to last time if the output interval evenly divides the 

simulation length. 

The first column in  any simulation output is  always the system time with 

units of seconds and this need not (and cannot) be specified by the user. 

The names included in each field of the column headings follow the 

convention that they should not include any spaces. This convention together with 

the overall output format allows the output table to be processed easily with field­

oriented text processing programs. During the project, simulation output files were 

processed using a set of UNIX-like utility programs parted to MS-DOS such as 

A WK, tail ,  sed, cut, paste and sh. Graphs were plotted using the program gnuplot. 

All of these programs are widely available and freely distributable. 

Typical output files for large simulations reached about 500 fields wide. 

A Dynamic Modelling Methodology for the Simulation of Industrial Refrigeration Systems 



Appendix 4 :  Work p u bl ished 

This Appendix reproduces manuscripts which are currently in  press and 

describe aspects of  the work reported in this thesis. 

A4- 1 

A4.1 A New Method of Predicting the Time-Variabi l i ty of Product Heat Load 

During Food Cool ing - Part 1: Theoretical considerations 

This manuscript is referenced in the thesis tex t  as Lovatt et a/ ( l 992a). 

References in this manuscript to Hossain et a/ ( l 99 1 a,b) correspond to the references 

Hossain et a/ ( 1 992a,b) in the thesis text. 
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A New Method o f  Pred icting th e Tim e-Vari ab i l i ty o f  

Pro duct H e a t  L o a d  D uring Foo d  Cool ing - Part 1 :  
TI1corctical Cons i d erat ions 

S J Lovatt, Q T Pham, A C Cleland, M P F Loci/en 
Massey University, Palmerston North, New Zealand, and Meat Industry Research 

Institute of New Zealand, Hamilton, New aaland. 

ABSTRACT 

I\ nnD method hAs bun drocloptd lo predict the way in which tht hCJit food placed upon a 

rcfriscration sysltm by cooling food product l'<lrics with t ime. Tllis infomUJtion is 

important to rcfriscralion systtm dcsisncrs and plant operators as capital and running 

co;ls rru�y dtpend strongly upon lht htat lood sustained by the system. The new mctl�txl 

utili:cs ordinary difftrtnliD/ equation models of both chilling ond ploaS< changt proCCSS<S 

and requiru only ont poramdtr in addition to those rcquirtd 1Ty c:risting freezing ond 

chilling lime prtlliction methods. Tht new mtthod l111s been tested ogainst finire dilfcrcncc 

(FD) calculations under • wide range of conditions for tiJosc l'roduct sh•pcs to which FD 

methods rru�y be oppl/tJI. 11 wcu fuund to predict the product loCJII IIXId to witl1in 107. of 

the FD cstlltllltt for oil lcsl cases, e:rupl at tht !Jcry slort and ot tilt end of the cooling 

procus. Tht mtthod rtijuircs much fewer compulolion•l resources tiJDn FD. ond Is capable 

of t:rltnsion lo slulpcs nol tasily lulndled ITy FD mci/Jods. 

"· 
"· 
•.b.c 

Bi 

c 

c, 

NOTATION 

Surface area or body (m� 

Hut conduction aru at distance x (rom therm�l centre (m') 

Empirical coefficients in the freezing product enthalpy function 

Blot number 

Constant of ln tegu tion 

Product specific hut capacity ()/m') 

Tlmo-VoriobUIIy ol rroduCI Heat l.Nd During rood CooUng - r>rt l 
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c, 

c, 

£ 
E,<t 
FD 
FE 
Fo 

1 1  

H._ 
u, 
h 

Ka 
k 
k, 

k, 

L 

N 

" 

ODE 

Pa.Ro 
T 

T, 

T._ 

r, 
T, 

T_ 

T, 

V 

v, 
X 

Unfroun product spedfic hut upad ty 0/m� 

Froun product specific hut upadty ()/m') 

Equivolent Hut Transfer Dimenslonality 

£ for reference shape In the method of Cleland ( 1 986) 
Finite Difference 

Finite Element 

Fourier number 

Enthalpy (J/m') 

Product enth�lpy a t  T,_ C)/m') 

Product enth�lpy at T1 (J/m'l 

Surface Heat Transfer Coeffidenl {W /(m1 K)) 
Constant  In Cleland's ( 198n object volume ODE 

Thermal conductivity (W /(m K)) 
Unfroun product thermal conductivity (W /(m I<)) 
Froun product thermal conductlvlty (W /(m K)) 

A4-J 

u tent hut o( frenlng (for food products, the precise dellnlllon may 

vary, dep«!ndlng on drcurnstancts) {)/m') 

I leal  reluse geometry f"tor 

Freezing time geometry factor ( • E - 1 ) 

Ordinary Differential Equation 

Constants In Cleland's (198n freezing front ODE. 

Temperature ("C) 
Ambie n t  temperature ("C) 
Temperature a t  which the product enthalpy Is (heed a t  0 )/m' (•C) 

Freezing temperature ("C) 
Initia l  temperature ("C) 
Mass average temperature o( body ("C) 
Surface temperature of body ("C) 
Time from start of process (s) 

Volume of body (m') 

Unfrozen volume of body (I.e. Inside ><,) (m') 

Critical dimension of body (m) 

Tlmt-Vui•billty ol l'roduel llut l.Nd Durin& Food CooUn& - r>rt I 



:c 

:r, 
X ..a 

Y_ 
a 

� 
l!.H,. 
� 

Dlst�nce from therm� I centre of body (m) 

Dist�nce of freezing front from thermal centre (m) 

"mean udlus" In Oeland's ( 1 987) freezing front ODE (m) 

M�ss average fuction�l un�ccomplished temperature ch�nge 

Therm�! dllfuslv!ty (m1/s) 

Chilling boundary equ� tion root 

Enth�lpy ch�nge betwten T1 �nd - I O"C (J/m1) 

Product hut load (W) 

INTRODUCTION 

A4·4 

Refriger�tlon pl�nts I n  the New u�land meat industry MC charocterised by their  

large size ( I  - 6 MVv'), complexily, md highl)l variable heat load (Flemlng, 1976). 

The control o( rffrfgeratlon costs Is a maJor concern for the Industry, so there Is � 

strong motivation lowuds developing w�y� of pred icting heat load nri�tions 

ovu time �nd the re5po� o( the refrigeruion system to those load variations. If  

�ccurate predictions un be made, a more predse design of the plan t  itself  �nd of 

the conlrol strategy to be employed c�n enable significant  cost s� vings to be made. 

The advantages to be g�lned can best be rulized by developing models for 

Inclusion In dynamic plant slmullllons (Cicland, 1 986). Simulation models �llow 

the engineer to test rtlrigeratlon and control system designs without the need to 

build the plant first, and without relrlng upon subjecth·e experience. TI1e whole 

uu o( food refrigeration process simula tion has recently been reviewed by 

Cleland ( 1 990). 

Product cooling makes the greatest contribution to both the mean and peak heat 

loads. The total amount o( heat to be removed (ram the product during cooling ls 

well known Cor most products, being the d ilference I n  enthalpy between the 

surting and ending temper� lures. One would expect more he.,l to be released 

during the euly put o( the process than ��  the end due to the higher temperature 

driving force but detailed lnlorm�tion is difficult to obtlin. In the absence o( more 

Tim .. Varhbillty ol rrodun llut l...Nd Durin& food CoollnE - r.,t I 

Information on the heal 1o�d profile over the process, designers must m�ke 

assumptions and work from those, to the possible detriment of their designs. 

A4·.5 

Food product cooling un be considered to consist of three stages. First, there ls a 

"chilling·, or pre-<oollng, stage during which the product cools from Its Initial 

temperature, releasing sensible heat. Thls stage comes to an end and "phase 

change· starts when the surface tempenture drops below the lnlllal freezlng 

temperature and Ice (ormatlon commences, a i lhough there Is no shup transition 

between the stages. AI  the end of the chilling stage, the mus avenge temperature 

is still above the freezing temperature, and the remaining sensible heat ls removed 

In the phase change period. The ute o( cooling can be chaucterlzed by the Blot 

number, Bi: \ 
h X Bi · T  ( 1 )  

At slow u tes o (  cool ing (Bi -t 0), the dillerence between the m u s  aveuge and 

sur( ace temperatures Is small, so that llllle sensible hut remains at the end of 

chilling. In contrast, a t  high rues o( cooling (BI -t -), the surface Is much colder 

than the mass aveuge, with the result that the chilling stage ls short, and ends 

with much of the m�tul�l still significant ly superheated. 

Once the phase change period commences, the dominant lnnuence on heat load Is 

the ! � tent hut o( Creulng. Initially, Creezlng commences at the surface, and a 

dlsllnct {but not shup) "Creezlng front• moves Into the object. For thls (ront to pass 

through a region, both the latent hut o( Creezlng and the residual superheat must 

be removed, so i l ls common to treat the residual superheat and latent heat as � 

lump sum. 

Even after the freezing front has passed, the materi�t Is not completely (rozen �nd 

has not yet coole� to the ambient temperature. Further Ice formation �nd sensible 

cooling will occur as the region progressively drops In temperature. Hence a third 

stage, tha t o( "sub-cooling·, un be distinguished. Sub-cooling commences once the 

Tim .. VariobUity ol rroJun l lul lood Durln' food CooUnl - rart I 
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furthrr cooling of thr rrgion through which the phase cha nge fron t has passed 

domlnatrs thr hut release from thr phase change front surrou nding the shrinking 

unfroun region. Again, the transition is  not clur-<:u l . When Di  .... 0, the surface 
lrmperaturr remains hlghrr than when Bi -1 -. so in the former case, the transi tion 

occurs when the unfroun region Is very small, while for the la tter there may be a 

significan t  fraction of the wholr object still compl etely unfrozen when the 

transition occurs. 

The three stages of the process have quite different hea t load vs. time profiles, so 

to be able to predicl hut load accurately f6r the whole process, a model needs to 

take the characteristics of each into account. 

Of the various avaibblr methods that estimate the cooling heal load profile, finite 

dl((urnce (FO) and finite element (FE) methods have the strongest theoretical 

foundation, are known to predict freezing times wi thin the margin of error for 

experimental musuremenl1, and may be expected to predic t heat loads with 

similar prKislon. Unfortunately, they have sign ifica n t disadv. n ta ges which make 

them Inappropriate for many hut loa d estima tion tasks: 

2 

J 

FD may be conveniently used for only a small range of regular 

shapes. FE can dui with a wider range o( shapes, but Is sti l l  l imited 

to shapes that  can be described using only a few parameters. 

1 1  can be time-consuming to prepare a n  FD calo•!., tion, a nd more so 

for an FE calculation. 

FD calCtJlatlon Is computa tlona l ly Intensive and FE Is even more so. 

In the a uthors' experience, both FD and FE require too many 

computer resources for these methods to be used as par t  of a 

complete refrigeration system model on a personal computer. 

An alternative group of methods Includes those which uti l ize a sma ll number of 

ordinary differential equations (ODEs) to describe the problem . These may 

somrtimes be Integrated analytically i f  simplifying assumpt ions can be made, but 

are still  much quicker to prepare and run than FE or FD methods when integra ted 
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nume rica l ly. Emp irica l faclors a re easily Included when required . ODE methods 

were therefore the focus of this study. 
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Early work In predict ing the heal load profile during freezing was carried out by 

Sokulskl ( 1 972), who ba�d a mea t free zing model on the work of Plank ( 194 1 ). A n  

emp irica l s h a pe  fac tor w a s  u � d  t o  extend t h e  m od e l  to Irregular s h a pes, b u t  the 

main em phasis of the model was upon freezing lime and it  was not tested (or hea l 
load pred iction accuracy. TI1e first detailed dynamic food refrigeration system 

simulations were carried out by Marshall and j ames ( 1975). They modelled a 

continuous v egetable freezing tunnel by using a lumped parameter system with 

a n  apparent prod ucl specific heat capacity which varied through the process to 

account for latent  hea l. TI>e product heat load was described by: 

d T  � • V C _..::: • h � ( T  - T ) , d l  • -
(2) 

The apporent volumetric Sp<"cific hut capacity of thr producl, C,. at any given 

time, was estlmat�l from the a mount o( time that a product Item had bern In the 

freezer ra ther than from the amount the product was frozen, or I ts tem�rature. 

The model was acC\Jrate as long a s  the re frigera tion plant was working correctly, 

but was difficul t to extend to other situations. Further, equation (2) lmplld tly 

requ ires that T, • T _ which Is true only I( Bi • 0. Models such as this which do 

not IJke the Internal lernp<"TAiure profile Into account may be ex�cted t o  be 

accurate only under low Diot number conditions ( typical ly less than 5� error 

below Bi  • 0. 1 ,  according to Welly ( 1 978)). This a pproa ch LJ therefore Inaccurate 

for most food freezing situa tions (where the Dlot number LJ more commonly 

between 1 and 1 0) unless h l.s adjusted somehow to renect the Internal 

lem�nlure profi le. 

Reynoso an d De Michelis ( 1 968) used a similar approach, but more correctly made 

the a ppa rent spedfic heat  ca paci ty a function of temperaturr and position within 

the product, with the consequent dra wback that they had to use finite d iffere nce 

methods to solve the equation. 
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Seeking a model applicable to a wide range or Bi, but wishing to avoid the 

computational complexity and limlled appl iablli ty of FD, Cleland ( 1986) proposed 

I mod ified form or Plank's (194 1 )  ordinary diHerential equation (00[) model. 

Cleland's method simplified the prediction problem by separating it Into (a) a 

technique or predicting the depth or the frtezing front, and (b) a technique or 

estima ting the volume o( product enclosed by that freezing front; that Is: 

::, 
. ( crJ,��.> E ( J ·

• 

2 P0 :r1 8 R0r1 :r1 • h X  · �  r...a t..JI" E • .-

d V  
• K £x' · ' - a dx 

(and hence: V • K0 z c ) 

d V  d r1 � • -- ct..H .. • c,cr, - r,n dz d t  

(3) 

(4) 

(5) 

The Equivalent Hut Transfer Dimerulonalily (£) shape factor was used to deal 

with Irregular shapes. Empirically, E may be viewed as �ing defined by 

equation (6). 

1/ ...,M ,, .... ,, . -f.-
(6) 

That Is, a body with a given f. value will freeze f. times faster than an Infinite slab. 

Until the work or McNabb et •I (1 990a,b), equation (6) and correla tloru derived by 

combining 1 1  with experimental data were the only available methods or 

determining E. (or complex shapes, but i t  may now be determined from the 

physical shape of the product u described by Hossaln cl a/ ( 1991 a,b). While E. Is 
largely dependent upon the geometry o( the freezing body, it is also a weak 

function or the Blot number. 

Cleland's method was found to be accurate for some simple shapes during all but 

the early and latter stages of the fr�zlng process with a Diet number between 0.1 
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and 1 0. This corresponded with the assumplloru made when the model wu 

developed - specifica lly, the lumping or sensible hut with latent hut. While this 

was a significan t  improvement over the urller models, lt had the disad,·antage 

that lt relied upon an appropriate choice or reference shape, to which the 

pred icted heat load could be very sensitive. Further, l t  predicted only the phase 

change heat lo.>d. A more general method would predict chilling and sul:Koollng 

hut loads .u well. 

Chilling hut load models hne been developed by Oeland (1983), Cleland (1985), 

Wade ( 1964), and Szczechowiak and !Uinczak (198n. All were o( the same form as  

equation (2), except that  the  heat  capadty wu constant with product temperature. 

The model or Cleland ( 1985) was more sophistica ted than the others In that l t  used 

the half·liCe method or Oeland and Earle (1982) to correct the h values for the 

Implied T, • T _ assumption when Bl > 0. The method was found to be 
ntlsfactory for most food product chilling applications and a wide range or 

product shapes, but it w.u not directly compatible with any or the freezing 

models. 

There have �en no prevlow models specifically for sub-<oollng or frozen product, 

al though Cleland (1 985) lncludeil a model Identical to that for chilling which 

Ignored the possibility of residual latent hut. 

In the present work, a new method wu sought to predict fCX>d product hu t 

release over the whole cooling process. Its desired attributes were .u follows: 

2 
3 

4 

The method had to be am�rate over most (preferably all) or the 

process. 

The method had to be acrunte over a broad range of Blot numbers. 

Till! me thod had to be otensible to all  shapes or rCX>d product 

(Including complex shapes such u lamb and beef carcasses). 

The method had to be general enough to handle both chilling and 

freezing processes. 
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Ideally, the method should have a sound theoretical basis, and 

require a minimum of empirically-derived parameters. 

The method had to be convenient to irnplement and prac tical to 

compute on a personal computer. 

THEORETICAL DEVELOPMENT 

A4- 10  

Given the dl.scusslon above, an ODE model appeared lo hold the  most promi�. 

For the chilling and sub-cooling periods, equation (2) was considered a reasonable 

beginning. but the phase change period req�i
-
red a different approach . The idea of 

lndng the freezing front movement first proposed by Plank ( 1 9·1 1 ), a nd the 

relationship between that and the product heal release rate de veloped by 

Cleland (1986) provided a starling point. li the resulting ODEs were integrated 

numerically, then timt-varhble conditions (for I ns tance, surface heat tra ns fer 

coelfidenl and ambient temperature) could be taken Into accou n t  after the fashion 

of Loeffen cl •I (1981).  

A hut release profile calculation should commence with the chi l l i ng model, 

transitionlng to the phase change, md thence to the sub-cooling model when 

appropriate. lt will be �en that correct selection of the transition criteria is 
Important. 

While the method should be able lo handle time-variable cond i t ions, i t  would be 
advantagtous i f, in the special case of constant conditions, il could be integrated 

analytically. Many refrigeration systems are designed for mean environmental 

conditions, and In such cases, a n  analytical solution could pred ict the heal release 

profile without the need for numerical integration. 
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Olil l ing Modtl  

The model used fdr the  chi l l ing stage heal load follows that  of rnug cl ., ( 1965), 

as extended by Cleland and E.Arle ( 1982) to dui with a gru ter unge of shapes. 

The general equation for one-dimensional tunsient hut conduction is given by 

equation (7) (Welly, 1 978): 

1 a ( • a r) 1 a r  
;; 'dr  r dx • a dt  

(7) 

where n • 0, 1, 2, for an Infinite slab, Infinite cylinder and sphere respectively. For 

these three cases, there are exact analytical solutions and so the approach of 

Clcla nd and E.Arle ( 1 982) was to calculate solutions for a simple reference shape, 

and use E to estimate solutions for more complex shapes from that reference. For 

reasons which ';ill be discussed below, it Is genera l ly most weful lo we the 

sphere as a reference shape when d uling with food products. For a sphere, the 

solut ion for the froctlonal una ccompllshed mus average temperature change, Y _. 

(or cooling under constant  cond i t ions may be found to be: 

Y_ 
T - T -

6 Bi1 -I '  r. 
-==---:. • 1: t • T, - T, ' · '  p :  [P: • Bi (Bi - l l] 

where p, Is ith root of: 

I 
p cot p • CDi - 1 )  

• 
0 

(8) 

(9) 

During a l l  but the Initial period of the cooling pror1!SS, the terms where I > 1 ue 

insignificant. In th&l c1se, the slope o( ln(Y.) as described by the abbreviated 

series solution ought lo equal the slope of the Integrated equation (2) when 

expres�d In terms of Y -· TI1ls Implies that: 

v p ' k  
h i-.  • � --'-' ' J X' 

Substituted I nto equat ion (2 ) ,  this & Ives : 

( 10) 
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( 1 1 )  

This I s  not an exact solution, al though the Importance o f  the Implied assumption 

thu T, • T _ Is considerably reduced compared with equation (2). A corollary of 

equation (10) Implies that: 

6 Bi1 

P: [Pf-:-ai-<111:])] • 1 ( 1 2) 

This Is true with less than 10,. error for Bi < 3.5, indicating that reasonable heat 

load estimates may be expected from equation ( 1 1 )  for lliot number values 

commonly found In food chilling and freezi�g. 

The sphere Is the most appropriate of the simple shapes to use as a reference due 

to the method which Is �d by the authors to evaluate f.. Experience has shown 

thu food producu are generally best represented by equivalent elli psoids when E 

Is found by the method of McNabb tl ol ( 1990..,.b), and that the chilling times 

estimated on this basls correspond best to finite difference results I f  a sph�re 

reference Is �d. Details of how to apply these f.-estimation methods are given by 

Hosuln rl o/ (1991o,b), but lt must be noted that the McNabb method Is strictly 

derived only for the ph� change c�. E values for chilling may be somewhat 

different from those for freezing, and this Is an area of continuing research at the 

authors' llboratorles. 

M a result of the wuknesses described above, the heat load predicted by this 

method will underestimate the actual load at  the start of the chilling process, and 

this error will Incrust as Bi -+ -. 
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FHnlng Model 

Th� model used for the freezing stage wu develo�d from the following 

assumptions, most of which hold much better for freezing than for chilling. 

2 

3 

4 

5 

Sensible heat effects are negligible (or they can be bundled with thr 

latent heat eHects). 

The body Is homogeneous. 

Titere Is a sharp freezing front and all of the latent heat Is rele�d 

the freezing temperature r, 
J t  Is possible to treat hut transfer at  the surface of the body IS 
varying linearly with the difference between the body surface and 

ambient temperatures (Newton's law of cooling. also known IS the 

"third kind of boundary condition"). 

The cross-sectional area through which hut flows within the frozen 

region from the freezing front to the surface ls related to the dlstanc 

from the product centre by equation ( 1 3). 

A, ... x •  ( 13) 

where n corresponds with that of equllion (7). When n • 0, 1, or 2, 

equation ( 13) describes the cues of Infinite slabs, Infinite cylinders 

and spheres respectively. For other shapes, equation (13) 

approximates the three-dimensional conduction problem using one 

dimension, thereby allowing the conduction problem to be solved 

without the need for pulial differential equations. 

Tlm.-Voriobillly ol l'roduct l l u l  t...o.d Ounnc Food CooUn' - rort I 



A4. J 4  

A n  energy balance U the freezlng front requires tha t  the rate a t  which hea t is 
conduc1ed away equal5 the rate at which that heat  Is relea�ed at the front, hence: 

k (dT) . L (dxiJ 
' d X t • XI d l  

dx1 k, 
(
dT  � = y, " T  di } - x1 

( 1 4 )  

(15) 

The hut rele� n te a t  the surface equals !he rate a t  which heat flows through the 

(roun region: 

hA,CT, -T,) . k,A (dTJ 
• dx 

Substituting the relationship in equation ( 13): 

= !!!_ • !'_x·x·" (T -T ) . dx k, • • 

= .c: dT • �X" CT, - T,) .(; x·"dx 

Assuming that  n "  1 ,  lntegutlng equ•tion (18) gives equa tion ( 1 9): 

( 1 - n) T  - (h /k ) X "(r • ·· - x• ··)T 
T • I • I • 
' ( 1 - nl - (h /l)X ' (r;·· - x •··) 

( 1 6) 

( 1 7}  

( 1 8) 

( 1 9) 

Substituting equation ( 19) Into equation ( 17} and thence Into equation ( 1 5) gives 

equation (20). This equation can be regarded a s  a replacement for equa tion (3), 
with the advanuges of greater simplicity and no need for a reference shape. 
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dr = I Tt 
T -T • I 

Lri ihx-
(r; ·· -x•··) 
k, (1 -n) 
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(20) 

To estimate the freezing heat load from thl5, lt i5 necesury to find an expression 

for the change in frozen volume with Xr If  i t  is  a.ssumed that the volumetric 

unfrozen fraction is related to the linear unfrozen fraction by equ a tion (2 I ), 

; . (�J 
then differentiating (21) obta ins (U). 

dV • N 
(:_;_J· ' � dx1 X X 

(2 1 )  

(22) 

And �o the freezing hut load a t  any give n time, I, may be estl m• ted by: 

� 
• V d l l  dr dV 

- • L I 
d l  Tt dX I 

(2J) 

N ls a parameter which measures the dlmenslorullty of the freezing front (eg. 

N • I Implies • onc-<llmenslon•l lreezing front). The problem of ev•luatlng N lJ 
consi dered below. 

I 
Product Entlulpy In Frtulng a n d  Su b-cooling 

For food products, lhe freezing front Is not sharp, and not al l  of the hut is 

relused a t  T,. so when equ o tion (20) Is Integrated numerica lly, experience has 

shown that much better results are achieved by repl adng T1 with T -· T _ Is re­

colculatcd at each tlmestep from the commonly used product enthalpy function 

(SchwHtzberg. 1 976): 

Ttm.-Variabilloy of l'mduct l lut load During rood Coolln' - ru1 1 



H • • + bT + � ... r ... 
which c.an be solved for T_ to obtain: 

<H - •>  - {w - • l1 - He T- • 
-----"--:::2...-b 
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(H) 

(25) 

The value of H can be obtained a t  any time In the process from solving equation 
(23). The coeUidents •· b and c are given for mlmy food products by Pham (1 987•), 

or they may be calculated by solving equation (24) at three points. For example, 

data for enthalpy H1 at the freezing temperature r, enthalpy 1 1._ at the enthalpy 
ba� temperature T ._ (usually -40'C), and the frozen heat capacity C, a t  T ._ al low 
one to evaluate the following equ a tions: 

c • 

r, - r._ (26) 

� 
<m 

c • • - b T  ._ -
T 

._ (28) 

Sub-<ool lng Model 

Thh model Is the same as the chilling model, except that k, Is used Instead of k1 

and T _ Is calculated using the enthalpy function described above so that the 

remaining latent hu t Is Included In the calculation. 

The chilling model has a number of weaknesses which arc apparent when 1 t  ls 
used In the sub-cooling c�. The presence of residual btent heat means that the 

notional hut opadty of the body changes dur ing the subcooling period. This 

violates the assumption of constant heat capacity made In deriving the analytical 
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series solution for chilling under constant conditions. One would expect the 

subcoollng heat\ load to be predicted poorly until the btent hut component 

becomes negligible. 

The presence of the freezing front within the body during the first part of the sub­

cooling period causes the Internal geometry of the sub-cooling body to change 

during the process. This violates the .usumptlon that the E geometry factor Is 

constant during sub-cooling. a problem that does not occur during freezing as the 

freezing front Is dealt with �parately from the hut load. Again, one would expect 

this problem to decrea� In lmportan� during the latter part of the subcoollng 

phase. 

Criteria for Transition Delwecn Models 

There Is no theoretical basis for dedding when to move from one model to the 

next during a numerical Integration of the heat load estimation method. A number 

of criteria were considered: 

2 

3 

4 

Move from chill to freeze when the mass aver�ge temperature of the 

bod y  drops to r, . 
Move from freeze to sub-<ool when the mass avenge temperature 

droJs to some point at  whlcl1 freezing Is considered to be complete 

(e.g. ·l O'C). 

Move from the current model to the next when the next model 

produces a higher hut load than the current one. 

Move from the curnnt model to the next when the r�te of change of 
hut relea� In the current model Is equal to the rate of change of 

heat rete� In the nut model. 

Of these, criteria 1 and 2 are physically reasonable only at  low Blot numbers. A t  

higher Blot numbers, they generate dlscontlnuitlu In t h e  predicted h u t  load 

profile. Criterion 4 provides a continuous first derivative for the heat load resul t, 
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but the equality condi tion Is pnctlully difficult t o  implement i n  a computer 

algori thm. Criterion 3 provides a hea t load result without discontlnuit ies (a l though 

transitions may not be smooth, le. the first deriva tive Is discontinuous), and 

rulistlcally sites the tnnsl tion points depending upon the Diot number for the 

process. 

Criterion 3 wu chosen as being the most appropriate for the chill-tfreeze 

transition. Criterion 3 was also cho�n for the frecze...,sul>-cool transit ion, but some 

difficulties remained. Firs tly, the transition from freeze to sul>-cool i s  made before 

the freezing front hu ruched the centre ofo the product. This Is desirable as l t  

1\'0ids the point where ¥1 • 0, under which circumstances the freezing front mo,·es 

at  a nominally lnlinile rate for all shapes but the slab. l t  does Introduce the 

problem, howevu, that when the sub-cooling stage commences there Is  sti ll some 

la ten t  hut rema ining In the body. Lltent hut Is dealt with by continuing to use 

the enthalpy-tempnature function (equation (25)) to calcu la te T _ during the sub­

cooling stage, thereby Implicitly re-estimating the specific he.1 1  cap.1dty a t each 

step of the process. The apparent specific hut of the material is quite high during 

the urly part or the sub-cooling stage, as Is true In reality. TI1e same problem can 

occur at the transition from chill  to freeze, but the remaining superhea t can easily 

be bundled Into the latent hut L, so there Is less trouble In that ea�. 

Secondly, criterion 3 alone Is Inadequa te at high Dlot numbers, and lt cau�s a 

transition to sub-cooling when there Is still a substantial i a  tent heal load, despite 

that fact that the sub-cooling model Is physically u nre•lis t ic  when the 1 .1 1cnt heat 

load Is still dominant In  practice, the overall method has been found to perform 

much bftter I f  transition to sub-cooling Is not allowed until the freezing object is 

at lust 80% frozen by volume, I .e.: 
( ) ... i < 0.2 (29) 
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TI1e factor P,'k In equation ( 10) Is r�calcula ted a t  t h e  time o f  transition to make 

the Initial sul>-<ooling stage heat lood equal to the final freezing stage hut load. 

This Is a ra ther crude correction, but high accuracy at  this poin t In  the process Is 

not usually crit ica l as the total heat load is quite small. 

Euluat lon o f  frctzlng Equation Puamders 

Now, n Is not In fact a new pa rame ter, but rather, n • E-1 ,  so n may be evaluated 

by the same methods as are used for E (Hossaln rl a/, 1 99 1a,b). 

At the start  of freezing. the shape of the unfroun region Is the same as the shape 

of the outer  surface, thus l l can be �en from ( 2 1 )  that N • 1 ,  2, 3 for the slab, 

cylinder, and sphere cases respectively, a nd for all shapes, N • E a t 8/ • 0. N 

initially follows the expression: 

N 
A X  

, . . · -V 
(30) 

but the value of N for Irregular  shapes may be expected to change during the 

process when Bi > 0 as the slupe of the unfroun region becomu more rounded. 

An accu rate  estimate of N a t  any given time would depend strongly upon the 

shape of the body, and would consequently require a grut dui o f  dau for the 

more Irregular shapes, as well as considerable compu tation. It could be pos tu la ted 

that N might change from the Init ial value given by equa tion (30) downwords, 

JWrh•ps ruch ing E a t the completion of freezing. but the ma thematical function 

relat ing N to frozen volume may be very complex. To simplify the problem, l t  

may be hoped that there Is some average N for a n y  given shape tha t I s  adequately 

close to the real (changing) N during the period of s ignificant  heat release. In  the 

absence of other data, equa tion (30) wu used as an approximation to this 

average N. 

TI1e laten t hea t of freezing, L, is not well defined for food products. For the 

purposes of this heal load prediction method, L may be conveniently defined by: 
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L • H1 - C, (T1-T._) (31)  

U freezing sluts when T _ 15 sti ll abovf r, the heat  balance can be maintained i f  L 
is defined so thal li Includes the rfsidual SUJ>frhca t: 

L • H1 • C1 (T_-T1) - C, (T1-T._) (32) 

PRAcnCAL IMPLEMENTATION 

Accurate estimation o( the su!rcoollng hut load i.s strongly dependent upon a 

correct estimate o( the mass average temperat ure, T -· This can cause some 

difficu lty IS the predicted temJ>fnlUre Is very sensi tive to the accuracy of equation 

(25). Fortunately, the hut load is small durin
'
g this stage, and accurate estima tion 

15 less lmport.tnt than lt Is earlier In the process. 

When solving the ordinary dU(erentlal equa tions numerically, care must be taken 

a t  the transi tions between chilling and phase change. between phase change and 

sub-<ool lng. and when the freezing front Is dose to the centre of the object. Some 

oC the less sophisticated numerical ODE solution methods may have di((Jculty at 

these points due to dl5con tlnullles and singularitles. 

There Is a singularity In the (aulng front posi tion ODE for n • 1 . lt 15 not wonh 

deriving the results (or this special case, however, as one may simply use some 

value o( n IS dose to 1 as the precision oC one's computer allows, and expect that 

the resul ting predicted hut loads will be negligibly different from the special case 

Itself. 
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Summary oC lhf Mflhod as Implemented 

Thf method was lmplfmented In the following form: 

2 

3 

Calculate the chiiUng hut load from 

+..., - v m . E vp:k, 
dl 3 � (T, -T.) 

while calculating T _ from 

H- 111 T · -- • T1 - c, 

Calculate the freezing hut load from 

dx1 • Tt 
r, - r_ 

Lx; 1-1- _ {r;·· - x•-) 
h X "  l:,n -n) 

where L Is calculated from equation (32) 

( )H.I d V . 
N � � dx1 X X 

(33) 

(�) 

(35) 

(36) 
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s 

6 

and 50 

d:r1 d V  .. · L - -
"'�- dl d:r, 

while alcula tlng T _ from 

T _ • T1 1( 11 > H1 

( 11 - . )  - lr-< 1-f-- .-)-1 -_ 
-

�
-
b ,-

or T _ • 
_ 
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(37) 

(38) 
If 11 s 1 11 

with a, b and c being found from equations (26) lo (28) or some other 

source. 

The predicted heat load ls � ..... until � ,,_,. > � .... ,. Nter this ls so, the 

pred icted hut load Is �•-- as ulculaled by s tep 2. Continue 

calculallng �'"' .as In s tep 1 ,  using the T _ o( equa t ion (38) and k, 

Instead of l:,. as l t  Is needed for the transition lo sub-cooling. 

When the frozen fraction Is greater than 807. ( i .e. the rela tionship I n 

equation (29) Is true) and �"-u < � •"'' recalculale the factor P'k from 

equation (JJ) so that � ..... • � 1_., .. and go back lo using � .... from 

equation (33) as the pred icted hea t load . 

Conllnue until T _ Is less than I he required fin.1 l  lemperalure. 

A computer program which Implements this method In the rascal programming 

bnguage Is available from the authors on reques t. 
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l lul  lo•d Dcltnnln.lion Undtr Consbnl Condll lons 

I( h and T, a r e  assumed lo be ronslanl lhro�gh the process, then equation (20) 
may be Integrated with respect lo lime lo give a recursive expression for the 

freezing front position, and hence the heal load al any given li me. 

d l  • -- I - I + I d:r 
L [ .r ' :r' x ·x • ·• ] J J T, - T1 (n  • l l  h X • 2I(f:"ij) I'(T:ii) 

L [2 .r;· • o -nl - x; x · � <n • l )  • 2 .ri' ' Bi ] 
� � - -- • C  r, - T1 2 h X ' ( I - n 1) 

Now, when I • 0, :r1 • X, lhe ln legulion ronslanl Is: 

and thus: 

I 

c • -,,......,.,,---..,........ 

c l  • 
_1._ [2 .ri ' ' ( l - n) - x: X ' � ( n  • ll • 2 .ri ' '  Bi 

T, - T1 2 h X " (l - n 1) 

±iJ] 
The product ls completely frozen when :r1 • 0, and I • 11" so: 

I • \ I I ·' . . . 

(39) 

(40) 

(4 1 )  

(42) 
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This Is Jwt �n expression of Plank's (194 1 )  equation for the freezing time of � slab, 

with the addition of the n+ 1, factor which a llows it to apply to other sha�s. 

depending upon the value of n+ 1 .  ll should be noted that this equation is derived 

only for the phue change process, and should not be used for �:eneral freezing 

time prediction - most of the methods described by Cleland ( 1 990) are likely to 

produce much better overall freezing time predictions. 

In c�s where l t  Is not necessary to obtain the whole heat load profile and if 

l'l�nk's ( 194 1 )  assumptions on be made, equation (43) may be derived from 

equation (4 1 )  which obviates the need to numerically evaluate the ODE from time 

uro. I l ls necessary to make an Initial estimate for x1 (x1 • 0, or x1 • X arc 

satisfactory), and Iterate equation (43) until x1 Is sufficiently accurate (typically 8 

llentions for less than I 'X. error). 

[2 1t X • (I -n lj  I (T, -T} X O  . �) 

X • 
--L- + .--� 

I 
1t (I • n) 

2 ((1 -n) • D•) 

· ·: x ·; c  .. . l )  r (4J) 

J-i;aving estimated x1 by this muns, equations (20) and (22) may be evaluated, ;and 

the product hu t load m;ay be c;alcubted from equation (2J). 

TESTING AGAINST FINITE DIFFERENCE RESULTS 

Put 2 of this p;aper will describe experimental testing of the ODE method. Initial 

testing wa.s orrried ou t ag;airul finite difference calculations. Comparisons of the 

ODE method against the finite difference Lees scheme described by Cltland ( 1990) 
ue shown In Figures 1 to 3. The conditions of these tests were particularly 

dem;anding for ;any hut load prediction or freezing time estimation method: 

Tlm�VorbbUlty ol J"roduct llcot Load During Food Cooling - r.,, I 

Ini tial  Temperature: 

Final Tempera tu re: 

Dlot Number: 

30"C - high Initial superheat 

- 1 2'C - significant sub-cooling 

0.01 to 100 - wide range of Bl 
Ambient Temperature: -21·c 

The slmubted product wu the commonly used food product analogue Tylose 

(Oeland, 1990), for which accunte thermal property dat;a are avall;able. For uch 

ODE run, N was calculated from equ;atlon (30). 
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Figure 1 shows results for a 200 mm thick slab (E • 1 .0) with Dlot numbers 

varying from 0.01 to 1 00. The time axis has been normalized by dividing by the 

freezing lime, lr Heat loads are shown u ratios to the finite difference prediction, 

so th;at Ideally, ;all of the ntios should equal 1.0 for the whole process. The plotted 

utlos for Bi • 0.01 ;and 0.1 are lndted very close to 1 .0, but the ODE method 

predictions for even the highest values of Bi are well within 1 0.,. of the FD 
predictions for ;almost all of the cooling process. 

Figure 2 shows results for ;a 200 mm thick cube cooled under the ume conditions 

as the slab. TI1ls Is a more difficult test th;an the slab as E for the cube varies from 

3.0 at Bi • 0.01 to 2.23 at Bl • 1 00. Even so, the Bl • 0.01, 0.1, and 1.0 c�s ;are still 

within 10.,. of the FD prediction throughout the process and the Bl • 10 and 1 00  
uses ue within 20'X. of  the FD prediction until the process Is 70.,. finished. 

Deviations J;ate In the process are more accept;able due to the reduced total hut 

load ;at this time. O$cill;ations In the hut lo;ad ratio euly In the process for the 

higher 81 c�s were not due to the ODE method, but to dlsaetlutlon error In the 

finite difference ulculatlon which could have been solved by Increasing the 

number o( Integration nodes used (at the cost of more computer resources). 

Figure 3 shows the ODE to FD hut load ratios for a selection of five shapes 

presented for Bi • 1 .0. The sphere (E • 3.0) and Infinite cylinder (E • 2.0, but used 

'E • 2.01 to avoid the singularity In equation 7) had diameters of 200mm. The 

rectangular rod (E • 1 .899) was 200 mm square and the finite cylinder (E • 2.Hn 

Ttmo-Vuiabilily ol rroduct llut Load Durin& Food CooUnc - rart I 
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wu 200 mm In diameter and 300 mm long. TI1e meal carton (£ • 1 .326) was 

1 5-4  mm by 335 mm by 510  mm. Again, al l  shapes were well within 107. of the FD 
prediction except very early and very late In the process. 

Some ODE method calculations which assumed tlut  N changed line>rly with 

froz.en volume from the value predicted by equation (30) to £ were carried out in 

addition to the tests shown, but this produced no net Improvement over using the 

N of equation (30) throughout the run. 

Flgure • puts the compuison In a practical perspective by demons trating the scale  

of  the hut loads Involved for a typical New Znland meat  carton freezing 

situation. Th e  mut carton run wu the same as that shown in Figure 3. The result 

of the Oeland ( 1 986) method Is also shown for this case. It can be seen that the 

appuent e"or I n  the ODE hut load prediction a t  the end of the process Is, I n  fact, 

trivi al. Further, the cu"ent method Is a significa n t  Improvement over the previous 

best ODE method of Cleland ( 1986). 

DISCUSSION 

The model testing demonstrated the nlidity of the assumptions made "'hen 

deriving the frrezlng model. The usumptions that sensible hut e ffects wue 

negligible, and that there was a sharp freezing front were ensured by the 

chllllng-t freezing transition condition AS l t  allowed chi ll ing to con tinue unti l  the 

mus avrrage temperature wu only a l i ttle abO\·e T1 for the low Di cases. 

The usumptlon that the product was homogeneous was not tested, as only very 

complex finite element calculati ons are capable of providing accurate test data. 

This usumption Is not troublesome, however, unless the propert ies of the 

materials wi thin the product are substantially different. 

The assumption that Newton's law of cooling applies a t  the product surface is  

applicable for the forced-convection boundary condition most often found I n  food 

Ttm ... V•ri•blllly ol l'roduct l fu l  l.ood Durinc food CoolinG - r., t  I 

cooling. In practical situa tions, radlatlve hut transfer may have some lnnuence, 

but this may be approximated hy the use of a radia tion hut transfer coeffident'. 

Natural  convection may be dealt with In a similar manner. 

All of the test cases had symmetrical cooling condi tions. Where heat transfer 

coeffidents or surface temperatures are uymme tric, a thermal centre may be 

defined which gives a depth equivalent to tha t  of a symmetrical c.ue with the 

same freezing time by using the method of Pham ( 1 987b). The ODE heat loa d 

pred iction method may then be used with the modified thermal centre depth. 
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The d10lce of n +  I as the exponent a n d  o f  0 . 2  a s  t h e  mvdmum unfrozen fraction I n  

equation (29) were not crud al - N would have been � d  u the uponent If  l t  

could be estima ted accurately a t  such a high froz.en fraction. U the subcoollng 

model were Improved, there would be no need for such a pragmatic approach to 

the transi t ion criterion. 

CONCLUSIONS 

There has long been a nNd for a method of predicting the distribution of h u t  

load through a freezing process. Until now, the available methods h a v e  either 

been very expensive compu tatlonally, or Inaccurate. The method described here ls 
comparable In accuracy to finite difference methods, while requiring some two 

orders of magnitude leH computation for three-<limenslonal shapes. There Is no 

need for a choice of reference shape, or for empirical cons tants. Addi tional 

functions may be derived from the heat load estimation method which allow heat 

load prediction a t  discrete points du ring the process and freezing time esti mation 

for the ph:�.se change stage of the process. 

With the avai lability of this met hod, refrigeration system designers and operators 

will  be able to better character ize the freezing process and more closely match 

refrigeration supply to product heat load. For refrigeration system modellers, an 

accurate model of product heat load considerably reduces the uncertainty In 

nm ... V•ri•hillly ol l'roduct l ful l.ood Dunnc food CooUnc - rort I 
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dynamlc simulation or refrigeration systems (or product-dominated applicat ions, 

such u are often found In the food Industry. 

T\m�V�rhblllly ol l'rodue1 l lu1 lood Ourin& Food Cooling - r .. t I 
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A New M e th o d  o f Predict ing the Time-Vari a b i l i ty o f 

Product  Heat  Load D uring Food Coo l i ng - Part  1:  
Th eoretical Con s i dera tions 

Figure Dptlon.s: 

Figure 1: RAtio o( ODE to FD hut load predictions - Slab, range of 8/ 

Figure 2: !U tlo of ODE to FD heat load predictions - Cube, range of Bi 

Figure 3: !U tio of ODE. to FD h u t  load predictions - Bi • 1 .0, range of shapes. 

Figure (: Predicted heat load o( a mea t carton shape. 
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APPENDIX 4 - WORK PUBLISHED A4-35 

A4.2 A New Method of Predict ing t h e  Time-Vari a bi l i ty of Product Heat Loa d 

D u ri n g  Food Cooling - Part 2 :  Experimental test i n g  

This manuscript is  referenced i n  the thesi s text a s  Lovatt et a /  ( 1 992b). 

References in this  manuscript to Hossain et a! ( 1 99 la,b) correspond to the references 

H ossain et a/ ( 1 992a,b) in the thesis text. References to Lovatt et a/ ( 1 991 )  

c orresp o n d  to the reference Lovatt et  a !  ( l 99 la) i n  the thesis text - included as 

Appendix 4. 1 .  

A D ynamic M odelling Methodology for the Simu lation of Industrial Refrigeration Systems 
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A New Me tho d of Pre d i ct ing t h e  Tim e-Variab i l i ty o f  

Product  H e a t  Loa d During food Cool i ng - Part 2: 
Exp eri m e n tal  Tes t i ng 

S J Lovatl, Q T Pham, M P F Locffe n, A C Cleland 

Mas�y University, Palmerston North, New Zealand, and Me.H Industry Research 

Inst i tute of New Zealand, Hamilton, New Zealand 

ABSTRACT 

An ordinary diffcrentio/ equation (ODE) mrtl11>d of prtdicting Ill< !.tal lood - timt profilt 

of cooling and frtcing food product hsu ban drotloptd ond lt:Stcd ogoinsl fin ilt d•ffcrcnct 

(FD) predictions for a se/re lion of sJ.opt:S. To lt:SI both tilt FD colrulation and t!.t ODE 

mtthod •gainsl rtJJiily, a ltcl1nique /Uls bun droclopcd to mtJis•ut fruzing food product 

htJJI load in an t:rpcrimcntal fruur using tilt dilfcrenet in· lcmpao lurt bctu•ecn the air 

flowing onto and off the product. Heal balances for tl1c crpcrimCII Ial runs wrc scncrolly 

within 10� of their apccltd t'lllucs. IV11en I he FD and ODE heat load predictions for • 

mu/ Clrlon sJ.opc were ccnnparcd with measured da ta, tilt prtdictions matched tilt rt:il/ 

Vdlurs to within the t:rpcrimLnlal uncertainty. The ODE I1Cill rcleaSL predict ions for lamb 

and shtcp carcasstS wae also found to be within about 10� of tl•e apcrimental dolo 

during most of tht proctSS, olthough it was nrctssory to modify tilt ""'"' of tilt one new 

pilramcler in the ODE mcthod to dtJJI with suc/1 highly irregulor sh•pcs. 

A 

E 

NOTATION 

Surface uu of product (m1) 

Equivalent hut transfer dimensionality, ca lcu la ted by the me thods of 

Hossaln cl a/ (1991) 
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/ ITC I leal  transfer coeHldent (W /(m1 K)) 
N Hut relea� geometry factor 

M Mass (kg) 

Q Volumetric now rate  (m' /s) 

T Tempera tu re (K) 
V Volume of product (m1) 

X Critical depth (m) 

liT Tempera ture change (K) 
� Heat now (W) 

Subscripts:  

... 
ambient 

a i r  

e lectrical 

electrical  siCJdy s tale 

prod uct 

surface 

INTRODUCTION 
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Refrlgeralfon Is an Importan t compontnl of total  cosl5 In the New Zul and m u !  

Industry. Both capi tal  a nd operalfng costs are affected by varhtlons In the  hut 

load o n  a pl a n t's refrigeration system, so thrre Is  a s trong motiva tion for develop­

I n g ways of pred icting load varia tions over timr, And the response of the refriger­

a t ion system to  the� varia tions. In Put 1 (LovAt t  cl al, 1 99 1 ), a new ordinAry 

differential  equa tion (ODE) method of predicting the heat load profile of cooling 

food products wH proposed and tested against finite difference cAlculat ions. Pu t 

2 r�ports the results of testing the model AgAinst e,.;perlmental measurements. 

Clcl.lnd d9B5, 1986) has discussed the u� of a full plant s imulat ion to test • prod­

uct heat lo•d model, and repor ted some success. In that  ca se, however, the 

Tlmt-V.,iob;uay ol l'rodue1 llu1 t..o.d Du.U.G Food CooUn' - p.,, 2 
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product hut load models comprised only about 10?'. of  the dynamic models in the 

simulation, all of which were subject to error, and most of which i n teract ed with 

the others to some greater or lesser degree. Product hea t load was not measured 

explicitly, so the accuracy of the product heat load moc.lel cou ld only be inferred 

from Its eUects upon seconduy values such as the ambient air  temperatures In  

uch refrigerated room. While gross errors In  the product heat  load model m•y 

have bten evident had they existed, some Inaccuracies in Cleland's ( 1 986) heat 

load model which have sin� been demonstrated (Lovatt cl Q/, 1 991)  were not 

disclosed by the full plant simulation analysis. 

lt was apparent that the output of a product heat load model should be compared 

dlrrctly with the measured product heAJ load in order to provide adequate 

veriliation of the model, .tnd this wu the purpose of the work described here. 

Product types of most Interest to the authors were two principal exports of the 

New Zealand mut Industry: froun whole lamb and sheep carcasses (up to 30kg) 

and froun boned meal cartons (of about 27kg each). 

DEVELOPMENT OF METHODS FOR M EASURING PRODUCf 

HEAT LOAD 

The experimental measurement of product heat load Is a diUicult problem. Tiuee 

ttchnlques were allempted. 

Method 1: lnduslrio.J freezer a ir cooler  load  mcasurcrncnl 

This method was designed to measure the performance of one freezer In detail 

rather than attempting to measure overall plant performance i n  the hshlon of 

Cleland ( 1985). This would allow a much more sensitive evaluation of the product 

hut load model than the Cull plant simulation had done. The minimum require· 

ment was to musure the cooler air flow rate before or a fter  the freezing process, 

�nd to monitor the air temperature change over the a i r  cooler during the process 

using dlfferenti�l temper�ture probes. Heat infiltra tion could be estimated by 

Tlm .. YariabUity ol rroducl I leal I.Nd Durin& Food Crotin& - rut 2 
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conventional means (Cieland, 1990), and the remaining 
.
heal load would bt due to 

items within the room. There were .t number of problems which restricted (he 

gener•lity of any results obtained: 

2 

There are other heal loads In .t typical freezer room besides the prodpct. In  

particular, the eHect of  structural loads will distort the measured loa� (the 

.tuthors' experience suggests that an Initially warm concrete floor m add 
I 

20% or more to the total load In .t typical New Zelland batch freez.e ). 

Steady state loads such u the fans on for�d convection evaporators may 

be accounted for by measuring electrical energy Input. Time-variabl loads 

such as those due to air Interchange are difficult to estimate accurate y. 

DiHerentlal temperature measurements record sensible loads only sollt Is 

not practle.tl to use this method for product where there Is .t slgnlfic nl 

latent load due to evaporation from the product. 

3 Refrigeration conditions In the room may not remain consistent duri�g the 

freezing process. Refrigerant evaporating temperatures may fluctuat. 

_considerably over �he freezing period due to Interactions with the re� t of 

the plant, and In a batch fr�ur the air  temperature will often fall d�rlng 

much of the process as the refrigeration load drops (Cleland, 1985). 

4 

\ 
If the refrigerant or air flow ls varied to regulate air temperature, th 

measured Instantaneous load may not ben any resemblance at al l  tq the 

real load under constant conditions. 

Preliminary trials of this method were undertaken as part of a related protei, but 

l t  was not sufficiently precise when applied to batch fr�zers, and therefor it  

could not be used to measure the changing hut load as  1 product Item fr ze. 

Errors in the energy balance were typically In the region of 50.1 00'1., and t ere 

was no Indication that this level of error could be substanti�lly reduced Without 1 

radical change of approach. 

Ttm .. VartabWty ol l'roduCI Hut load Durtnc Food CooUnc - ran 2 
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Mt!hod l! Thr D Hk·hu l  Appro>eh 

In principle, product hut load measurement required a fonn of  calorimeter. 

Unfortunately, the product and process were not sui t�ble for pl �cing in a conven­

tional ca.Jorlmeler, so the prlndples of calorimetric operation were ex tended to a 

controlled�nvlronmenl tunnel which was converted for the purpo�. 

The Intention was to supply a constant refrigeration effect to the freezing tunnel 

throughout the process, and control an  electrical he�ter in such a way that  i t  held 

the air temperature constant. If  thls ·was done, then the heal load of the product a t  

a n y  given time would be equal t o  the d ifference �tween the electrical power 

Input to the huter and the power required to maint ai n the same temperature i n  

t h e  absence of product. That is: 

•, · •- - � · ( I )  

This followed t h e  method of James •nd Da i ley ( 1 96 1 )  w h o  applied a si milar 

method to meuure the hut loa d while chilling pork sid es. When this technique 

was tried, there were found to be a num�r of proble nu with this method as wel l : 

2 

it wu not practical to u.se a l ternating current to supply the heal required 

since it wu d ifficult to measure AC current to sufficient accuracy (less than 

5'1. enor). This mandated the use of a direct current hea ter, which in  turn 

limited the capacity of the heater to the c.l p.,ci ty of the a va i labl e DC sou rce 

(about 650W). 

It wu very t ime-consuming to adjust the pl.lnl  to the point were the healer 

was nur, but �low, maximum output and therefore had enough range to 

cope with the maximum load without dropping to zero ou t pu t. 

3 AI the start  of the freezing process, the peak lo.1d resulting from the warm 

product and •ir which had entered with the product exceeded the maxi­

mum capacity o( the electrical heater, and so the air tempe rature became 
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temporarily u n con trol led wi th a deleterious errect on the estimated heal  

loa d .  

1 1  was ve ry di fficu l t  to  keep the refrigeration effect constant .  In t h e  rxpcrl· 

mental plant, refrigeration was supplied as chilled e thanol which circul a ted 

through the air cooler. The ethanol temperature was controlled to within 

O.l'C of i ts  setpoint, but even this small  varia tion had a 2'1o effect on the 

supplied refrigeration effect due to changes to the logarithmic mean tem­

perature difference. In turn, this resulted In larger percentage changes in the 

heater power (5'1. of  maximum output) a nd even l a rger changes In  the 

calculated heat load ( 10.15'1. of the mean freezing product hut load). This 

noise obscured much of the useful d ata. 

TI1e baseline, <>- was subject to significant shi fts when the door was 

ope ned lo load and unload product. I lea l Infil tra tion uound the door wu 

a He<:l ed by the way In which the door seated, a nd this varied from closing 

to clos ing . 

TI1e luge surface aru of the environmen tal lunnel made hut infiltutJon an 

important factor. Runs had lo be adjusled for changing hut lnfiltution due 

to the changing external temperature over the length of the run (12 to 60 

hours depcndlng on product and freezing condi tions). 

The heater power mNsured In th i s  experiment was the output of the 

conlroller rather than the controlled variable. Whilst the a ir  temperature 

was well controlled except immediately •fter s tart ing a freezing run, the 

heater power output by the cont roller was subject lo considerable noise. 

Detuning the controller helped reduce the noise level, but some noise 

remained due to this source 

Some valid results were achieved through the use of this method, but data  

smoothing \vas required to mJke the results in telligible. TI1c start  of each run \vH 
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in"curate due to starling eUects, while the last half of each run had a heat load 

which w.u within the range of the data noise. Results could only be rel ied upon 

(or the J>friod dter start-up and before the heat load dropped l>elow about 40W. 

This was not acceptable. It was concluded that the method could on l y l>e made 
ntisfactory If a purpose-designed experimental plant were have to have l>een con­

structed - a very expensive exerclse. 

Method 3: The D i fferential Air Temperature Approach 

In an allempl to find a method which was less sensitive to external influences, the 

principle of the flow calorimeter wu adapted to product heat load measurement. 

The environmental tunnel described for Method 2 was retained (sec Figure 1), but 

a thermocouple array w.u added befor
.
e and a ller the product in the air  stream 

comprising 16 differential T·type thermocouples coupled together in �ries and 

sp�eed evenly across the cross-section of the tunnel. The change in air temperature 

a.s l t  pa.s�d over the product was measu red using this a rray, and an anemometer 

!raver� wu curled out to musure the air now ro te in the working section of the 

tunnel, so that the sensible product heat load could be ca lcula ted from 

equation (2). 

t, • c .• Q,. t.T,. (2) 

A number of advantages ensued: 

2 

With the thermocouple arrays Just each side of the product, the amount of 

hut Infiltration Vilrbbility which was Included in the product heat load 

estimate wu reduced by a factor of about 10 compared with having the 

whole tunnel surface Infiltration Included. 

There was now no need for the tunnel air  temperature to be held exactly 
constant. 
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With the improved air temJ>fnlure tolerance, 11 wu no longer necessary to 

Include the refrigeration dft<l ln the hut load calcula tions, and therefore a 

large source o( nol� was removed from the data.  

There remained two principal disadvantages with this approach: 

2 

Only sensible heat could be measured. For this reason, a load cell wu 

Installed to monitor product weight during processes where latent hut wa.s 

important. There was some difficulty In making that system funcdon 

reJ>falably, so estimates of the latent heat contributions are not included In 

the results shown below. 

Tilere was some difficulty In accurately measuring the air now rate. lt w.u 

not possible to carry out il complete traverse across the tunnel becau� there 

were only three points In the tunnel ceiling where the anemometer could be 

l�rted. Fortuna.tely, from the da.ta collected, there i!ppeared to be little 

horizontal varliltion In  illr now rate across the width of the tunnel . Thtre 

wa.s some varbtion In air now rate with vertical position, but this wu 

taken Into account In  the anemometer tuver�. 

Given the advantages of ihls method and the acceptability of Its disadvantages, 

Method 3 was chosen as the best technique (or producing repeatable product hut 

load profiles. 

MATERIALS AND EXPERIMENfAL METHOD 

Product Studied 

Two product types and processes were chosen for study. 
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Carton ShApe 

The first process was the freez ing of boned meat  ca rtons in • moJcrotc a ir  velocity 

environment, u occurs I n  many New Zealand meat processing plants. To make 

the process more convenient to simulate with finite dilferences, the meat analogu e 

Tylose MHIOOO was �d Instead of boneless beef or bmb. TI1e multi- layer 

urdboud boxes which are used In Industry were also di fficu lt  to accurately 

quan t ify In a finite difference scheme, so open·topped l igh t-gauge golvaniscd steel 

boxes were US<!d to hold th e Tylo�. TI1e boxes were JJSmm wide by 5 1 0mm long. 

and were filled with Tylose to a deJ?.th of 1 5-lmm, m.,king each of them essential ly 

the same shape and volu me as a typica l export meat  carton (sec figure 2). Two 

cartons were US<!d in uch run. 

The Tylose was made up using the hot water method (described by Rlcdel ( 1 960)) 

In  which the Tytose powder was mixed with hot water prior to placing i t  I n  the 

boxes. The authors have found that Tylose made I n  this way is slower to �t than 

Tylo� made with cold water, and consequently results in e .u ler mixing. a 

smoother surface, and a negligible amount of d ry powder in the finished product . 

The only additive used was some Sg of copper sulphate per carton to retard the 

growth of moulds and bac teria. N o  salt was added. 

IAmb and Shup C4rCQSStS 

Another Important product type In the Indus try Is the frozen Iomb or sheep 

carcass. Carcasses are typically froun lunging by the hind legs In ver tical ai r flow 

batch and continuous freezers. l t  was Impor tan t to find the best way of represen t· 

lng such an lrrtgularly-shaped product us ing the ODE heat load prediction 

method. 

A variety o f  lamb and sheep carcasses were frozen at different a ir veloci ties and 

wi th different wrappings as found In  the Indust ry. 
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Exprrlmrnhl rrocrdure 

The tunnel  was cooled from room temperature to the working temperature, and 

then run unt i l  i t  equ il ibrated at  the experimental condi tions. 

Meanwhile, the product to be froun was allowed to equil ibr a te In a controlled· 

tempera ture room at S"C. The Tylose car tons were left u n ti l  their temperatures 

were negligibly d i fferent from the controlled room temperature, as monitored by a 

thennocouple probe In the centre of one of the two cutons. Two cutons were 

used In order to ma intain su((idcnt h u t  load for accurate measurement du ring 

the experiment . TI1ermocouples were Inserted In the centre and five su rfaces of 

one carton, as shown in Figure 2. 

TIHee replicates were conducted usi ng t he carton shapes and the heat  loads 

measured during these runs are shown in Figu re 4. Run 3 was hal ted early due to 

equ ipment fa ilu re. 

The lamb and sheep carcasses were processed to ensure that they were hygi en ic, 

and met the New Zealand Accelerated Conditioning a nd Aging (AC&A) specifica­

tion for high-quality froun meat. The lamb and sheep were killed u rly In the 

morning. the carcasses were electro-stl mula ted within 30 minutes of stick ing. a nd 

then placed in the S"C controlled- tempera ture room for abou t 6.5 hours. The 

highest temperature In the carcasses was then typically about 1 8"C. 

Dcfore loading Into the tunnel, each carcass was weighed a nd six the rmocouples 

were l�rted In various loca tions. 

Each ca rcass was wired to a sta inless sted rod In a configuration simi l a r  to the 

way I n  which it would hang naturally In  1 typical New Zealand vertical air flow 

bl�st freezer, and the rod wos hung from 1 wire sling which would support lt In 

the tunnel. This was necessary because the ex pe ri mental tunnel was of the 

Tlm .. Variabilily ol l'rodu<1 l lul  load During Food CooUng - ru1 2 



A4-46 

horizontal air flow 1�, unlike the usual Industrial situa tion, and it was desirable 

to keep the experiment directly comparable to industriJI freezing practice. 

Both product types were loaded I nto the tunnel in the same manner. TI1e air 

cooler h n  was slopped, the side loading door opened, and the product lifted 

Inside. Carcasses were hung on their sling from a double hook in the ceiling of the 

working section, with hind legs towards the a i rflow. Cartons were placed on 

metal supports which allowed the air to pass along all surfaces of the cartons. TI•e 

ur lon with the temperature probes Inserted was placed on top of the other one, 

separated from it by similar supports. TI1e six thermocouple probes were plugged 

Into the data logging system, the side door closed, and the fan restarted. TI1e 

whole opera tion usually look about JO seconds, but ne,·er more than 60 seconds. 

All of the runs were conducted with In ambient a ir temperature of -21'C (al· 

though the air temperature was not closely controlled, and therefore tended to 

drop from about ·19SC to ·21 SC over the course of the run), and an average a i r  

velocity of l .nm/s across the tunnel. Most  ruru were continued unt i l  the  lowest 

measured temperature was within l 'C of the tunnel a i r  temperature to make 

baseline heat load estimation easier. Some runs were terminated early due to 

mechanical problems. 

Air  Flow Rate 1\fusuremenl 

The maJor area of potential error In the heat load measured by the diHerentlal 

temperature method lay In the measurement of air flow rate in the t unnel. Mea­

surement during an actual run was Impractical due to the deleterious elfecl on 

hut load measurement accuracy of wann air Infiltrating through the anemometer 

access holes, so the llr flow rate was measured when there was no run taking 

place. 

Initial air velocity measurements were conducted with the tunnel a t  room tem· 

perature, but early analysis of the ruru indicated that the heat load was being 
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overestimated by a considerable fraction, and so the tunnel air velocity was r e­

measured at the operating temperature (·21'C). This was done even though the 

vane anemometer used for the purpose was not rated u accurate below O"C (no 

anemometer available to the authors a t  the lime was guaranteed a t  the tempera· 

lure In question), but Inaccuracy wu minimlud by only holding the anemometer 

In the cold air flow for a few seconds a t  a time - Just long enough to obtain a 

consistent reading. 

Air  mass flow rate was calculated from the mean of the measured air velocities, 

the air density, and the cross-sectional aru of the tunnel. While the mass flow nle 

would have been slightly diHerenl due to the Increased pressure drop when the 

product was In  the tunnel, the pressure drop caused by the product was expected 

to be negligible compared with the pressure drop within the air cooler and that 

caused by the direction changes u the air passed uound the tunnel. 

ANALYSIS OF EXPERIMENTAL RESULTS 

l!ul Load Basel ine Estimation 

The dltrerentlal thermocouple hut load musuremtnl technique could not 

measure the absolute sensible hut l�d of the product. Heal Infiltration around 

the working area of the tunnel slgnl/icantly aHected the measured air temperature 

change and the extent of this lnfiltnllon load varied from run to run due to the 

quality of the loading door sui. l t  was necessary to estimate the base level of hut 

Infiltration within the working uea during uch run. The baseline estimate 

accuracy could be assessed by checking the energy balance for the experiment -

since the starting and finishing temperatures, and the mau of the product were all 

known, the theoretical change In enthalpy between the two temperatures could be 

estimated from product thennal properties. 

The baseline estimation �pproach �ssumed that the he�t load at the end of the run 

w�s a good estimate of the baseline. One urly run showed tlut this wu mudt 
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better than usumlng the baseline to be estima ted by the heat load measured 

Immediately prior to loading the product because the heat load at  the end of thls 

run wu much lower than the heat load before the start. For runs which were cut 

short for any ruson, the baseline was uscssed as being the lowest hea t load 

meuured from seven! hours before the s tart of the run (when logging was 

started) until the run finished. To reduce the lnOuencc of random error, that loads 

were averaged over 20 minute periods for baseline estimation pu rposes . 

An example of the raw output from the differential  air  temperature thermocouple 

uny ((or carton run 1) 1.5 shown in  'Figure 3. 

Carton Shapu 

In Put 1 (Lovatl et ''· 1991), the new ODE heat load prediction method had been 

tested against finite dWerence calcubtions, so the first objec tive of the regulu 

shape experiments wu to verify the accuracy of fi ni te difference methods when 

pred icting product hut load. To prov ide an meaningful comparison with the 

experimental resul ts, a finite difference calculation was carried out for conditions 

similar 10 those encounlered In the experlmen l . TI1e simulated ca rton shape was 

started at the same uniform tempera ture iiS the experimental carton. The heat  

transfer coeffidenl used I n  the FD run was back-calculated lo give the same 

freezing t ime ( lo -1 s•c centre temperature) as was measured In the experimental 

case. 

The Tylose M H I OOO used In this experimen t had an initia l freezing temperature of 

-1.2'C rather than lhe expected ·0.68'C (Pham, 1 987a). Density was measured by 

fluid displacement, therrnal conductivi ty was obtained from Plum ( 1 990), and 

enthalpy was obtained from unpubl lshcd experlmenls with an adiaba tic 

calorimeter by one o( the authors. 

The comparison between the pred icted FD and experiment•i ly-measured heat 

loads shown In Figure 4 demons lu led that  there w�s a problem wilh the overall  
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energy balance. The change In enthalpy over the process for runs 1 and 2 a s  

estimated by numerica lly Integrating t h e  measured h e a t  load was 25')'. and l l 'To 

pu ter than the theore tical result. The measured enthalpy change for run 3 wu 

4 ?'. less than the theoretical result, al though it should be noted that this run was 

shor ter than the others due to equipment failure. 

TI1e shapes of the FD and experimentAl heat load profiles were also quite differe­

nt .  

The fa i lure to obtain an energy balance and the different shapes of the experimen­

tal and finite d i fference heal load profiles must have been due either to error i n  

the experiment, error I n  the fin i te difference colcula tion, o r  some error I n  both. 

Both possible  error sources were Inves t iga ted. 

Sources of Experimental Error 

TI1ere was some Initial hut load due to opening the tunnel door when loo d l ng the 

product. The size of thls load was checked by curylng out the normal loading 

operation, bu t without actua lly loading any product Into the tunnel. Loading 

effects were S«n lo be lnslgnifican l within five to ten minutes of commencing the 

lest run. I 
The method u.s<!d to rstim•te lhe hut load b .. e l lne wu susceptible to some enor. 

Since this error would have been d i fferent for uch of the runs, lt was checked by 

evaluati ng the d i fference between the three experimental profiles and a smoothed 

mean o( the three. The slandud devia tion of the experimental profiles about this 

mean was found to be 6.5W, which was about 5'1'. of the mean product hut load. 

Error in the heal load basel ine es ti ma te would have con tributed only to the hut 

balance error. 

TI1e differential thermoc-ouples may have bem susceplible to rad iat ion efferu 

which could have caused the them10couples to report higher temperatures than 
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actually existed In the a i r. This was indeed a problem while commissioning the 

experimental plant, but l t  appeared to be resolved by shielding each of the 

upstream thermocouples from the product with aluminium foil, while still  

allowing air  to flow .uound the probes. TI1ere may have been some residual 

trouble with radiation effects, but this was not expected to be a major source of 

error. 

A3 discussed above, the process of measuring the air mass flow rate in the tunnel 

was difficult �nd error-prone. A 1 0-15'1. error i n  the results of that procedure was 

quite conceivable, but lt would affect the energy balance - not the shape of the 

heat load profile. 

Sources of Finite Difference Error 

The finite difference computer program used for these calcul ations has t>een well 

tested by several of the authors over 15 years, but its input data may not have 

accurately represented the reality of the experiment. One area of possible •rror 

was In the thermal prop<!rlies used for the calculation. An error in the estimated 

enthalpy change may explain some of the energy balance error, but this was not 

eXp<!Cted to contribute more than about 2'7. error. 

The radlulon tllects discussed with reference to the differential thermocouples 

were not consldued In the finite dilference calculation. The effective heat transfer 

codfident lnduded a radiation component which treated r>diation as a pseudo­

convective process. The error Introduced by not treating radiation In the correct 

manner !proportional to the difference betwe-en the fourth powers of surface and 

ambient temp<!ra tures) was che<ked and found to be no more than about 4'Y.. 

TI1e final assumption made for the finite difference run was that the heat transfer 

coefficient was the same on all parts of all surfaces. nu t this was not so was 

Indicated by the plot of measured temperatures i n  the carton during the process. 

Figure 5 shows a plot o( the six measured temper�turcs during the first carton 
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run. The thermocouple located under t h e  upper (open) surface o f  the carton (TS in 

Figure 5) remained much w�rmer than would have been expected lf the hut 

transfer cocffident was as high on that face as l t  was on the other laces. Further, 

TJ �nd T4 (the leading and tnlllng surfaces) should have maintained similar 

temperatures (as the two surfaces were of the same aru), but showt'd � dl lft'rence 

of up to s·c. n and T3 were as close u might be expected given slight variations 

In depth beneath their surfaces. 

To test this hypothesis, the relative sizes of the heat transfer coefficients In the 

centre of  uch surface were ev�luated sep.u�tely using the method of Oebnd and 

Earle ( 1 976). The heat tunsfer coeffident found by back-<:�lculating from the 

freezing tin�e was scaled on each surface to these rebtive slzes, and the finite 

dillerence calculation rep<!ated to produce the "Uneven HTC" line In Figure 4. 

TI1e temperatures predicted by this FD calculation for the centre of uch surface 

are shown in Figure 6 for comparison with the experimental temperatures shown 

on Figure 5. T7 Is the estimated temperature at  the centre of the bottom surface o l  

the carton. The two plots a r e  similar, Indicating that t h e  estimated hut transfer 

coefficients were approximately correct. 

The heat load estimated using the uneven hut transfer coefnclents was a much 

beller fit to that measured experimentally than that for uniform surface hut 

transfer. l t  should be noted, however, that to properly assess the effect.s of variable 

hut transfer coefficient, 1 1  would be necessary to measure hut transfer coefficients 

at more than five points on the carton. In fact, l t  Is possible that hut transfer 

coefficient variation across different parts of the same surface may be at  lust u 

great as that found between faces. This was not explored o perlmentally. 
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C•rlon Rau/ts - Modd V•lidotion 

The energy balance enor was within the combined uncert•intics of the a ir now 

ute measurement method and the heat load baseline estimate. Improved precision 

may be possible, but air now ute measurement precision may be expected to set a 

lower bound upon the overall accuracy of the experiment. Enors In enthalpy data 

may have been responsible for a small  part of the heat  bal.,nce cnor. 

Under-estimation of the measured heat load by the FD met hod early in the n•n 

and over�llmallon later probably �.esul ted from uneven heat transfer effects. In 

practice, however, a typical urton freezer contains several thousand cartons and 

each carton moves through a variety of positions in the freezer, encountering a 

variety of air  velocities and hut transfer coefficients (Pham and Willlx, 1 987) as i t  

freeus. The total product hut load on an Industrial freezer a t  any t ime represents 

the loads of all of the� cartons together, but modelling each carton Individually 

(even If only one hut transfer coef(icient was assumed for cacl1) would make a 

complete meat processing plant simula tion very complex Indeed. A more practical 

approach Is only to model 1 typica l  carton with a typical even hut transfer 

(()(Indent and to rdy upon the averaging effect of the large number of cartons to 

make the total predicted load similar to the total load on the real plant. 

In Part 1 (Lovatt cl •1, 1 991), i t  was suggested that the technique of Pham ( 1 987b) 

for extending an ODE slab freu.lng t ime model to asymme tric heat transfer 

conditions could be applied to lhe ODE hut load prediction method, but no test 

results were reported. 1 1  would have been very complicated to a pply this 

technique to  three-dimensional asymmetry, but  most of the carton heat content 

passes out through I ts  lop and bottom surfaces, so it w�s proposed that the 

technique only be u�d In  tl;u "primary" dimension and not In the other two. The 

critical depth of the carton was adjusted by Pham's (1987b) technique to compen­

sate for the uneven hut transfer coefficients on the lop a nd bottom surfaces and E 

w;as recalculated for the new critical depth. TI1e shape of the freezing front In the 
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asymmetric U\se was not expected to be much different from the symmetric case 

so N  was left unchanged and wu still olculated with the origina l  X value. 

TI1e heat load predicted by the asymmetric ODE calcu!Uion 1.5 shown In Figure 4 

as the "ODE Method" line. 11 may be seen that the predicted heat load was very 

close to that of the '"Unevtn I ITC" FD run except at the s tar t  of the process. While 

this does not constitute a comprehensive test of the ODE method under asymmet· 

ric conditions, i t  does provide some confidence that the method u capable of 

ex tension to complicated hut tnnsfer situa tions. 

Lamb Drcasscs 

Nine lamb carcass runs were conducted. Three which were conducted at an air 

velocity of 0.35 rns·•, had very poor energy balances (ratios of measurrd to 

theoretical enthalpy change over the process of 1 .66, O.n and 0.73), probably due 

to air  Oow stratificuion In the tunnel and the fact that lower product hu t loads a t  

low a ir velocities made meuurement noise a larger fraction o f  the total load. 

TI1ese three runs were dlscuded. Summary results for the remaining six lamb 

carcass runs ue shown In Table I. The energy balmces for these runs were much 

better, generally being within 10'10 o( their expected values. 

Given the air mass now rate uncertainties discussed for the carton runs and the 

difficulty in est imating thermal property data for carcasses of varying composition, 

these runs had • toltrable level of error. 

Variabi l i ty In heat transfer coefficient over the product surf He was expected to be 

less Important with the c.arc.as�s than lt wu with the cartons. For most of the 

runs, the carcass surface wu covered with wupplng1 which were e•pected to 

dominate the value of the hut transfer roefOdent. Heat transfer Into the cHity of 

lhe carcass was expected to be es�ntially zero and tempera ture measurements 

made by the probes Inserted Into various parts of the carcass confinned this. 
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No finite difference or finite element calculations were conducted for the carcasses 

due to the difficulty of ICcurately describing their shape to the FD or FE method. 

The following analysis therefore focusses directly upon testing the ODE method. 

To apply the ODE model to a lamb carcass, l t  '""s necessary to obtain the values 

of the two shape puameters, E and N. 

E:t���luAiion of E for A !Dmb CArCII.SS 

E hu previously h«n evaluoated for ;a lamb carcass by Cleland and EArle ( 1982), 

who chose an E which ;allowed freezing times calculated by freezing time 

prediction methods to best li t  experimentally-measured freezing times. In the light 

of the work of McNabb tl a/ { 1990), the opportunity exi.sted to evaluate E by ;a 

new technique. 

The E�st!m.ation method (Hossa!n cl ol, 1 99 1 )  required that an !rregulor shape be 

approxlmJted by oan ellipsoid wilh the soame volume, cross-section perpendicular 

to the moajor axis, and characteristic dimension. Three lamb carc�sses of widely 

varying weights .and gudes were frozen .and cut through in various areas to 

obtain this data. 1t wu not possible to do this with the carcasses actually used the 

hut load experlmenl 

Flr1tly, uch carcass wu divided Into three sections - leg (from the front of the 

pelvis Nckward.s), Join (from the front of the pelvis to two ribs up from the base 

of the sternum, Lndudlng most of the rack and all of the nap), and shoulder (the 

rest of the carcass, Including the neck .and forelegs). Each of these sections was 

expected to Include a thermal centre (a unique location which would be the last 

part of the section to freeze). Each section was weighed and Its volume ulculated 

from Its mass and density. The leg and shoulder sections were then cut In half 

vertically along the spine, and all sections were cut into slices perpendicular to the 

apparent moajor axis of the section (usually the central bone). TI1e slice with the 

grutest characteristic dimension from each section was selected as the likely 
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Jocallon of the thermal centre for that  section. For the shoulder and leg sections, 

both left and right halves were musured. 

1 t  has previously b«n assumed that the thermoal centre of ;a whole lamb carcass 

lay at  the "deep leg· loutlon. Conslderoatlon of the freezing times shown In T.able I 
Indicates that low hut transfer within the carcass cavity for most of the experi· 

mental runs resulted In the last froun point being within the shoulder, dose to 

the Inner cavity. For the purposes of the ODE hut load prediction method, the 

critlcoal depth, X, was toaken as being the full thickness of the shoulder, and E wu 

calcubted from the geometric datoa using the method of Hosuln d AI ( 1991)  to be 

1 .48. 

E:t���luAiion of N for • IAmb urUJs 

Part 1 (Lovatt tl AI, 1991)  showed thoat for regular shapes, N wu estimated by 

equation (3). 

N . A X 
\ v (3) 

V, the carcass volume, w4s estimated from the known mus and estimated density. 

X wu meuured whilst evaluating E. Estimating the surface aru of the urcass 

wu more diC/icult, but If I t  was assumed that the carcass area was similar to the 

pelt aru, then correlating the data of Flemlng and Earle (1967) wing ;a second 

order polynomial produced the following result: 

A • 0.0653 M - 0.000927M 1  (4) 

where A wu the pelt are ;a of the c.arcass In squue metres and M wu the carcass 

mass In kilograms. The critical dimension (it. 2Xl ls shown In Table I. When 

ulculated by this method, N woas found to be .about 3.7 for runs 1 .and 2, .and 

about 4.0 Cor runs J to 6. 
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Et><�lu•tion of Thmn•l Proptrlit:S 

The ODE hut load estimation method required the following thermal properties: 

- Frozen themul conductivity 

- Unfrozen thermal conductivity 

- Volumetric Enthalpy at  the onset of freezing 

- Frozen volumetric spedfic heat capacity 

- Unfrozen volumetric specific heat capacity 

1 1  wu impractical to render down cnlire carc.-uscs i n  order to estim�te a mean 

composition, so the enthalpies mea.sured by fleming ( 1 969) were used together 

with thermal conductivities estimated from fleming's meAsured compositions 

using the methods recommended uy Miles rl •I (1963). 

EV<Jiu•tion of the Mcon Hut Tr•nsfcr Ccxf[icitnl 

The hut transfer c�ffldent In each run was evaluated Indirectly. Given the 

measured time required for uch carcass to freeze to - I O"C, a freezing time predic­

tion method o( est.ablishtd accuracy (Pham, 1986) was used to back-nlculate the 

mun heat transfer �fficient. The hut transfer c�fflcients thus derived arc 

shown In Table I. 

Comp<1rison of £rpcrimmta/ C•rrllSS Results with tht ODE Mtlhod 

When the N values found from equation (3) were wed to predict the heat load 

profiles of the lamb carcasses studied In  the experiment, the fit of the prediction to 

the experimental measurement was found to be poor. Figure 7 shows a typical 

example for c.arcus run 4. 

In Put 1 (l.ova tt tl •I, 1991), it was pointed out tlut equation (J) was only strictly 

correct at the start of the freez.lng process, and that N could be expected to vary 

lfter that time as the shape of the unfroz.en region chJngcd. ln a lamb carcass, the 
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shape of the unfrozen rq;ion would quickly become quite d i llcrenl from the sha� 

of the CArCASS surface, and therefore the true value of N would also change 

quickly. further, the multiplicity of thermal centres (both shoulders, both legs, the I 
loin, and possiuly others) mean thal l�ter In the process there would be more than 

one unfrozen region, thus conflicting with one of the assumptions made In 

developing the model (Lovatt tl •I, 1 99 1 ). 

The range of values thAt may be assumed by N is an area of continuing reseuch 

a t  the a uthors' laboratories. Hossaln t1 •I ( 1 99 1 )  note that £ S:. A X I V under all 

conditions. Equation (3) was found to predict a single N value which was sa tisfac­

tory for regular  sh•�s (Loval l  rl •I, 1 99 1 ). However, ll was speculated that as N 

changes during the freezing process, lt may be !Jounded by A X I V and £. An 

attempt was made to model this change by assuming that  l t  was l inear with 

frozen volume, but this wu not pursued as there was no net  improvement 

compared with the results predicted by using a single N value. 

An example of the predicted h u t  load for carcass run 4 using N • £ is shown In 
Figure 7. A5 a further bound, !t should be noted that the regula r  shape hdth the 

highest surface uu to volume ntlo Is the sphere, for which A X I V • 3.0. N 

values higher than 3.0 make the Init ial  part of the hut load profile very steep, and 

the authors do not consider them likely I n  practical circumstances. 

In the absence of better Information, .a trial  and error a pproach was used .and an N 

value of 25 was found to provide the best fi t to the experimental d ata. figures 6 
to 13 show the experimental heat load profiles and the heat load profiles predicted 

by the ODE method for the slx analyud carcass runs. For each of these runs, the 

ODE heal lOAd estimate was within about 10'1'. of the experimental rtSult d u ring 

the first half of each run, and within 20?0 of the experimental result d uring the 

second half  of each run, when the absolute heat load wu smaller. 

The sudden change In the direction of the predicted heat load curve about half 

way through ucl1 plot was due to a transition from the freezing model to the sub-
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cooling model. The reasons for this lack of smoothness have been discussed In 

Put 1 (Lovatt cl a/, 1991).  

DISCUSSION AND CONCLUSIONS 
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While the results of the product freezing heat lo3d measurements were not H 

consistent a.s had been hoped, they were good enough to show that the differential 

a ir  temperature measurement me thod was practical and useful. 

Some of the problems encountered In the cx�rimental technique were not fully 

resolved. Inaccuracies due to poor air distribution a t  low air veloci ties, and 

vulablllty In hut tunsfer cocmcient over the surface of the product were prol>­

lems which renected the environment In which the product was frozen. These 

problems may be lessened In practice by the averaging eUect of the large numbers 

of carcasses or cutons found In an Industrial freezer. 

Direct measurement of hut transfer coefficients over the product surface Is 

difficult Even If good estimates of hut transfer coeffldents were an liable for 

uch part of the product, lt would be dl£ncult to Include such detail  In any 

relatively simple heat load prediction method. Further, l t  would be Impractical to 

require that the user of such a method provide this data. 

The ODE hut load estimation method described In Part I �rformed at  least up to 

the sta�dard of the measurtd dat& for both the carton and carcass runs. The 

expression N a A X I V appeus to be Inadequate for very irregular shapes, 

al though lt  was satisfactory for regular shapes. Where a shape Is Irregular and has 

more than one thermal centre, the authors suggest the fol lowing approximate 

guidelines: 

Tla>t-Vui•blllty of l'roduct llut t.o.d During rood Cooling - rut 2 

Calculate N .. A X I V. 

2 Calculate E by the methods of Hossaln tl a/ ( 1991) .  

3 1£ N Is greater than 3.0, set N • 3.0. 
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Note that these guidelines are bued only upon the authors' experience, and 

should not be used once guidelines which have some theoretic.! ba.sis are devel· 

oped. The authors s�culate that there may be some link between N and E, but 

while the nature of this relationship Is uncertain a t  the time of writing. an  addi­

tional guideline that seems to hAVe some merit Is to restrict N so tha t lt m a y  not 

be greater than about £+1. 

Further work In this nea would be Interesting. The ODE heat load prediction 

method used In thls paper could usefully be utended to other Irregular shapes If 

better guidelines for estimating N and Its variation with extent of freezing were 

developed. Experimental results for a wider unge of air velocities, for chilling 

conditions with the air tempeuture above O'C, and &n Improved level of accuracy 

would be desluble. The &dlabatic calorimeter appro&ch (In which the experimental 

tunnel would be locued Inside & cold room, a.s with the c&lorlmeter of 

Flemlng ( 1969)) could be useful. Improved &lr flow rate mea.surement techniques, 

&nd a more reliable hea� load b&sellne uti mate would be nKessary to achieve a 

better energy balance accuracy than was found In this work. 
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A New Method of Predicting the Time-Vari a b i l i ty o f 

Produc � Heat  Load During Foo d  Coo l i ng - Part  2: 

Exp erimental  Testing 

Figure Capl lons: 

Figure 1 :  Diagram of the MIRINZ environmental tunnel a..s set up for product heal 

load measurement. 

Figure 2: Diagram of tylose-lilled meal canon shapes a..s arranged for product hut 

load measurement. Thermocouple positions ue numbered. 

Figure 3: Sample output from the differential air temperature arrays. Spikes a t  

1 200 and 4000 minute's Indicate loading a n d  unloading respectively. 

Fisure 4: Single mut cuton shape hut load as measured and as predicted by 

both FD and ODE methods. 

Figure 5: Product temperatures around a meat canon shape during freezing ­

Measured. 

Figure 6: Product tempeutures around a mut nnon shape during freezing -

Predicted by FD method with uneven h u t  transfer coefRdenl 

Figure 7: Measured heal load for a lamb carcass run, and loads predicted by the 

ODE method which show the effecl5 of using extreme N values. 

Figure 8: Measurement and ODE prediction of bmb urcus heat loadJ - Run I .  

Figure 9 :  Measurement and ODE prediction o f  lamb carcus heat loadJ - R u n  2. 

Figure 1 0: Measurement and ODE predie1ion of lamb carcass heal loadJ - Run 3. 
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Figure 11 :  Measurement �nd ODE prediction of lamb carcass heat  loads - Run 4 .  

Figure 12: Measurement and ODE prediction of lamb carcass heat loads - Run 5.  

Figure 13:  Measurement and ODE prediction of lamb c.1rcass heat  lo3ds - Run 6. 
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APPE.-.....TITX 4 - WORK PUBLISHED A4-72 

A4.3 Assessment of a S i mple !vl a t h emat ical J\1odel for Pred ict ing the Transien t 

Behaviour of a Refrigeration System 

This manuscript  is referenced in the thesis text as Darrow et al ( 1 99 1 ). 

A Dyn:unic Modelling M eth od ology for the Simul:nion of I ndustri:U Refrigeration Systems 
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A p p en d i x  5 :  D et ai l ed d escri p t i ons o f  R e fS i m  m o d els 

This Appendix contains detailed descrip tions of  all the models implemented 

within RefSim. The descrip tions were generated by a computer program from the 

RefSim source code and are there fore an exact represen tation o f  the models as they 

are implemented in the simulation environment. The source code itself may be 

found in Append ix 8 (on diske tte). 

Models are listed in alpha betical order. The models included in this 

Appendix include all o f  the models derived from the base object Model. The 

Append ix therefore includes abstract models which are  not useful o f  themselves and 

only serve to collect common properties together for their descendant models . There 

are also some v ariants on the main models which were developed to test ideas but 

were not su bsequently used in simulations . 

A Dynamic Modell ing Methodology for the Simulation of Industrial Refrigeration Systems 



-:'�od .. : .. .' bEfAli.ED MODPl. DESCRIPTIONS AS-2 

Model name 
CCManualSched 

Inputs 
Suction controlled variable (of type InputType) 

Outputs 
Control Vat 
InputType 

Comments 

Returns a setpoint . 
Returns the value of the controlled variable. 

This compressor controller controls one compressor with scheduled times for 
suction and discharge connections and variable setpoint depending on the suction 
connection. 

Properties 
event 

ControlledYar 
SetPoint 
S uction 
Discharge 
InputType 

Methods 
Get Value 
GetS uction 
Ge tD ischarge 
Event 

Evaluate 
Initialise 

Parameters 
Connections (Table) 
Connections (Table) 
Connections (Table) 
SetPoint (T3ble) 
SetPoint (Table) 

Implementation 

Priority queue of CCManuaiSched events which parallels the 
main event queue. 

Current value of the controlled variable. 
Set point of controlled variable. 
Pointer to the current compressor suction model. 
Pointer to the current compressor discharge model. 
Variable type of controlled variable (e.g. Temperature, 

Pressure). 

Return ControiVar or InputType. 
Return pointer to the current compress0r suction "1odel. 
Return pointer to the current compressor discharge model. 
Change from one set of Suction, Discharge, SetPoint to the 

next. 
Evaluate the current value of ControlledVar. 
Initialise the CCManualSched model. 

Default for element i = 0.0 
Default for element i+ I = " 
Default for element i+2 = " 

Default for element i = " 
Default for element i+ 1 = 0.0 

The Connections table contains three items per entry: Time /hrs, Suction model 
name, Discharge model name. The SetPoint table cor.tains two items per entry: 
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S n.:tion model name, set point for that suction model. The Initial ise method 
queues the Connections table entries, along with the appropriate set points in its 
own priority queue and schedules discrete events to call the Event method of the 
current instance at the times specified in the Connections table. The Evaluate 
method does no more than obtain the current value of ControlledYar from the 
current suction model. 

IF Evaluated THEN 
RETIJRN; 

ELSE 
Model.Evaluate; 

END: 
IF S uction <> NIL THEN 

ControlledYar := Suction"".GetYalue (SEtF .. InputType); 
END; 

Model name 
CompCon troll er 

Inputs 
None 

Outpllts 
None 

Comments 

abstract model type 

abstract model t� 

This is the base class for refrigeration compressor controllers. These are different 
from SISO controlkrs in that th�y may change comr;ressor suction and discharge 
connections. All three of the Getxxxxx methods should be re-implemented by 
child classes as the implementations in this class are dummies. 

Methods 
Get Value 
GetS uction 

GetDischarge 

Return normal data as per requests 
Return a poi nter to the model which is at the compressor 

suction. 
Return a poi nter to the model which is  at the compressor 

discharge. 
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Model name 
ConvSignal 

Inputs 
InputType 

Outputs 
Output V 

Comments 

APPPWi:X 5 � DBT AlLED MODEl. DESCRIPTIONS M-4 

as specified by the user. 

the same value, no matter what variable is requested. 

This models a linear + offset si&nal convertor. · It accq::ts a specified input variable 
time from a specified Source model and produces an output to all requested 
variables which is defined by: Output ... Factor• input + Offset This is especially 
useful in control loops and for converting the standard output of models like 
TimedOutput into other variables. 

Properties 
S ource 
Offset 
Factor 
Output V 
InputType 

Methods 
GetValue 
Evaluate 
Initialise 

Parameters 
Factor 
Offset 
Units 
Variable 
Sou:-ceModel 

Implementation 

IF Evaluated THEN 
RETURN; 

ELS E  
Model .Evaluate; 

END; 

Pointer to the source model. 
Offset added to (Factor • Input). 
Factor by which the input is multiplied. 
Value of the calculated output variable. 
Type of input data to be read from Source. 

Return OutputV, regardless of the requested data type. 
Calculate OutputV. 
Initialise the ConvSignal model. 

Default = 1 .0 
Default = 0.0 
Default = 'not_defined' 
Default = 'ControlVar' 
Default = "  

OutputV := Factor • SourceiV\.GctValue (S ELF,InputTypc) + Offset; 
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Model name 
Day1imeEO'Iiron . 

Inputs 
None 

Outputs 
. as for the Environment model. 

Comments 

A5-5 

This is an Environment model which has set values for its variables between the 
S�rt and S top times, and 0 values outside those times. It is used for intermittant 
loads and flows, such as those caused by machinery which is turned on and off 
regul arly each day. 

Properties 
as for the Environment model, with the addition of: 
S witchedOn B OOLEAN variahle which is TRUE if the model is in the 

On Time 
Offfime 
Onheatflow 
Onmassflow 

Methods 
Event 
Initialise 

Parameters 

On state. 
Time at which the model will next turn on I s 
Time at which the model will next turn off I s 
Heat flow when the model is in the On state I W 
Mass flow when the model is in the On state I kg!s 

Changes the values of heatflow and massflow on schedule. 
Initialise the DayTimeEnviron model. 

as for the Environment model, with the addition of: 
Start Default = 0.0 I ho:.�rs 
S top Default = 24.0 I hours 

Implementation 
No calculations are carried out for the DayTimeEnviron model because the 
provided parameters remain constant throughout the simulation. The values of 
heatflow and massflow are changed by scheduled time events. 
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Model name 

inputs 

Door' ; 

Temperature 
AbsHumidity 

Outputs 

�AWi3NHiX 5'2if)� MODEL DESCRIP110NS ..l ·.to;.. · . ;. .. ..-. : . . . I> • •  

from each side of the door 
from each s!de of the door 

AS-6 

as for Room._Roorn_IFace 

Comments 
This model resembles that of RADS (Comelius, 1991), but does not include a 
buffering factor used in the RADS door model and obtains opening times from an 
exponential distribution. Lengths of time open at each opening are obtained from a 
normal distribution given a mean opening time and a standard deviation. 

Properties 
Area 
Height 
OIITC 

ProtFactor 

FirstOpen 
LastClose 
Open Length 

AvgOpen 

S tdDevOpen 

Fraction Open 

Open 

Methods 
Evaluate 
Event 
Initial ise 

Parameters 
OHTC 
Width 
ProtFactor 

Area of door I m2 
Height of doorway I m 
Overall heat transfer coefficient for the door when closed I 

Wlm2K 
Ratio of air movement through door to that predicted by 

Tamm's equation. 
Time at which th� door will flfSt open for the day I s 
Time at which the door will last close for the c\ay I s 
Length of time that the door is open at the current opening I 

s 
Mean length of time that the door stays open at each opening 

I s  
Standard deviation of time that the door stays open at each 

opening I s  
Fraction of time between FirstOpen and LastClose that the 

door is open. 
TRUE if the door is currently open. 

Calculate water vapour and heat flow through the door. 
Open or close the door. 
In itial ise this instance of the Door model. 

Default = 0.0 I Wlm'lK 
Default = 3.0 I m 
Default = 1 .0 
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Height 
First Open 
LastClose 
Fraction Open 
AvgOpen 
Std.DevOpen 

; .. · .-··r. - .• - �. - ,...._-;· ... \ . . ..... . .�-;· · . . · � . . 
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Default = 3.0 I m 
Default a 8.0 I hrs 
Default "" 17.0 I hrs 
Default = 0.05 
Default = 2.0 I minutes 
Default = 1 .0 I minutes 

Implementation 

IF Evaluated TIIEN 
RE11JRN; 

ELSE 
Model.Evaluate; 

END; 
templ := LinkedObjects".model".GetValue (SELF,Variable.Temp�rature); 
temp2 := 

LinkedObjects".ncxt".model".GetValue (SELF,Variable.1'emperature); 
IF Open TIIEN 
use Tamm' s equation and protection factor as per RADS 3.1  

huml :a LinkedObjects".model".GetValue (SELF,Variable.AbsHumidity): 
hum2 :• 

UnkedObj,..cts".next".model".GetValue (SELF,Variable.AbsH;.::�,idity); 
dens l  := Air.Density (templ ,hum l ); 
dens2 := A ir.Density (temp2,hum2); 
IF dens 1 < dens2 TIIEN 

densratio := dens l ldens2; 
ELSE 

densratio := dens2/dens l ;  
END; 
vel := 5.91 * Sqrt (Height*( l .O - densratio) I 

Pow ( 1 .0 + Pow (densratio, 1 .0/3.0), 3 .0)); 
volflow := ProtFactor • 0.5 • Area * vd; 
enth l := Air.Enthalpy (temp l ,huml ); 
en th2 := Air.Enthalpy (temp2,hum2); 
WaterFlow := volflow * (dens! * hum! - dens2 * hum2); 
HeatFlow := volflow • (dens! + dens2)/2.0 • (enth l - enth2); 

A5-7 

HeatFiow only includes sensible heat. Latent heat is dealt with using WaterFiow. 
Note that the HeatFlow calculated here is set to maintain a mvss balance. 
Normally, there should be a leakage factor, but this is accounted for at this point. 

ELSE 
WaterF!ow := 0.0; 
HeatF!ow := OHTC • Area * (temp 1 - temp2); 

END; 
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Model name 
Dummy load 

Inputs 

. APPP:NbiX :5 ..:... o£r Alum MOD a DESCRIPTIONS AS-8 

Temperature of the refrigeration equipment model to which it is connected. 

Outputs 
as for the Environment model. 

Comments 
This is a DayTimeEnviron model which represents a fixed heat load per degree 
temperature difference betw�en its temperature and the connected model 
temperature. DummyLoad requires some input data, which makes it inconsistent 
with the rest of the Environment hierarchy, but it shares all of the ether properties 
of DayTimeEnviron, so this is a convenient place for DummyLoad in the overall 
hierarchy. 

Properties 
as for the DayTimeEnviron model, with the addition of: 
HeatFactor Output heat load per degree temperature difference I WfC 

Methods 
Evaluate 
Initialise 

Parameters 
Temp 
S tart 
Stop 
HeatFactor 

Implementation 

IF Evaluated THEN 
RETURN; 

ELSE 
Model.Evaluate; 

END; 
IF SwitchedOn THEN 

Calculate the heat flow from Lhe DummyLoad. 
Initialise the DummyLoad model 

Default = 10.0 
Default = 0.0 
Default = 24.0 
Defaul•_ = 10000.0 

othertemp := LinkedObjects".model1\GetValue (S ELF,Variable.Tempcmture); 
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IF c.thertemp < temperature TIIEN 
heatflow :• (temperature - othertemp) • HeatFactor; 

END; 
ELSE 

heatflow := 0.0; 
END; 

Model name 
Environment 

Inputs 
None 

Outputs 
Temperature 
Pressure 
Heatflow 
M assflow 
RelHumidity 
AbsHumidity 
State 

Comments 

as set 
as set 
as set 
as set 
as �-:t 
as set 
as set 

AS-9 

This is a utility model which can respond to requests for any sort of information 
but does not request information itself. This is useful for modelling things lik,• the 
air outside a building, the ground under it, a refrigerant supply source etc. 

Properties 
temperature 
prr:ssure 
heatflow 
massnow 
relhumidity 
abshumidity 
state 

Parameters 
Temperature 
Pressure 
Hea�now 
Mass flow 
Rei Humidity 
AbsHumidity 

oc 
Pa 
w 
kg/s 
fractional 0 -> I 
wt/wt 
fraction l iquid 

Default = 1 0.0 
Default = l .OE5 
Default = 0.0 
Default = 0.0 
Default = 0.0 
Default = 0.0 
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S tate Default • 1 .0 

Implementation 
No calculations are carril!d out for the Environment model because the provided 
parameters remain constant throughout the simulation. 

Model name 
FluidTank 

Inputs 
Heatf.1ow 
M as:;flow 

Outputs 
Temperature 
AbsHumid.ity 
Rei Humidity 

Comments 

� into the FluidTank 
of liquid water or water vapour into the FluidTank 

of air i n  the room 
of air in the room 
of air in the room 

This model defines a room filled with humid air. 

Properties 
Hum 
Temp 
WaterMass 

ReiHum 
Volume 
Heat_Load 
Water_Load 
TimeConstant 

Methods 
Get  Value 
Evaluate 
In i ! ial i se 

Parar,leters 
Mass 
Temperature 
HeatCapacity 

Dynamic variable for absolute humidity 
Dynamic variable for air temperature I oc 

Dynamic variable for mass of condensed water in the room I 
kg 

Relative humidity 
Volume of air in the room I m3 
Net positive heat load on room I W 
Net positive water flow into room I kg!s 
Ratio of volume to flow in the room I s 

Valid requests are Temp�rature, AbsHumidity. ReiHumidi ty 
Evaluate the FluidTank model 
Ini tial ise the FluidTank model 

Default = 1 00.0 
Default = 20.0 
Default = 4 1 80.0 
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lf!!plementation , 
This fonns a simple model of a well-mixed tan!: of fluid. 

IF Evalu�Hed TIIEN 
kETURN; 

ELSE 
Model.Evaluate; 

END; 
obj := LinkedObjects; 
HeatRowin := 0.0; 
the net heat flow into the tank 
Heat_Load := 0.0; 
total heat flow into the tank 
WHILE obj <> NIL DO 

Load := obj".model".GetValue (SELF,Variable.Heatflow); 
HeatRowln := HeatRow!n + Load; 
IF Load > 0.0 TIIEN 

Heat_Load := Heat_Load + Load; 
END; 
obj := obj".next; 

END; 
temp := RefSys.Bounded (Temp.val,-50.0,50.0); 

Now calculate the temperature derivative 

Temp.der := HeatFlowin I (Mass "' HeatCapacity); 
Temperature changes due to heat flow into the tank 

Mnde/ name 
GenCondenser 

Inputs 
Temperature 
Heatflow 

Comments 

of the coolant source 
of refrigerant in to the condenser 

Thi s  model follows the general condenser model of Darrow et a! ( 1 99 1 ). 

Properties 

A5- l l  

Temp 
RefrigCorr 
UA 
SubCooling 

Dynamic variable for evaporation temperature I oc 
Correction for non-standard refrigerant or operating mode . 
Heat transfer coefficient "' Area product I W m·2 
Fixed discharge subcooling I oc 
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MassHeatCap 
RefrHeatFlow 
RefSrc 
RefDst 
Coolant 
CoolantMassFlow 
CoolHeatFlow 
RefrigFlow 
Pressure 

A.PI'i:NDIX $ - DETAILED MODEL DESCRIPTIONS 

Heat capacity of the evaporator mass I JfC 
Refrigerant heat flow out of the condenser I W 
Pointer to the refrigerant source. 
Pointer to the refrigerant destination. 
Pointer to the model which provide� coolant 
M as.� flow rate of coolant through cond�.. .. ....:r I kg s·1 
Heat flow rate into coolant I W 
Mass flow rate of refrigerant through condenser I kg s"1 
Refrigerant pressure in the. condenser I Pa 

AS- 12  

Methods 
Event Carry out scheduled events to turn the evaporator on, off, or 

to start or stop defrosting. 
Evaluate 
Initial ise 

Parameters 
Coolant 
UA 
SubCooling 
MassHeatCap 
RefrigCorr 
Refrigerant 
Source 
Dest 

/mplementatio,z 

Evaluate model. 
Set up model. 

Default = " 
Default = 1 000 
Default = 0.0 °C 
Default = 1 00000.0 JfC 
Default = 1 .0 
Default = 'R7 17'  
Default = " 
Default = ' '  

The following implementation folltJws the model of Darrow et al ( 1991 ). 

IF Eval u:�ed THEN 
RETURN; 

ELS E  
Model.Evaluate; 

END; 
gi\·e thE· variables silly values so they get caught quickly 
Ta : =  -200.0; 
Td : =  -200.0; 
obj := Link�dObjccts; 
Ta := RcfSys.Bounded ( 

CoolantN\.GetYalue (S ELF,Yariable.Tempemture).-50.0.50.0); 
RefrHeatrlow := RefSrcN\.GctYalue (S ELF,Yariable.Heatflow); 
Tout := Temp.val + (Ta-Temp.val) • 

MA THLIB.Exp (-UNCoolantMassFlow/Water.HeatCapacity (Temp.val)); 

A Dyn:unic Modelling Methodology for the Simul:uion of lnr1ustrial Refrigeration Sy>tcm� 



APPENDIX 5 - DET An.ED MODEL DE.SC..."RR:'TIONS 

LMTD := -((fa-Temp.val) - (fout-Temp.val)) 
I MATHLID.Log ((fa-Temp.val) I (fout - Temp.val)); 

suctEnth := Refrig.VapourEnthalpy (Ref,Temp.val); 
RefrigFlow := RefSrc"".GetValue (SELF,Variable.Massflow); 
dischEnth := Refrig.LiquidEnthalpy (Ref,Temp.val - S ubCooling); 
CoolHeatFlow := UA • LMTD; 
netRcfrHeatFlow := RefrHeatFiow - RcfrigFlow•dischEnth; 
Temp.der := (netRefrHeatFiow - CcolHeatFlow) I MassHeatCap; 
Pressure := Refrig.EvapPre�s (Ref,Temp.val); 
RefrHeatFrow := -RefrigFlow•dischEnth; 

Model name 
GenEv11porator 

Inputs 
Temperature 
Heatflow 

Comments 

o f  the appl ication 
of refriger?.nt into and out of the evaporator 

This model follows the general evaporator model of Darrow et al ( 1 99 1). 

Properties 

A5- 1 3  

Temp 
RefrigCorr 
UA 
SwitchTime 

Dynamic variable for evaporation temperature I oc 
Correction for non-standard refrigerant or operating mode. 
Heat transfer coefficient • Area product I W m·1 

On Time 
Offrime 
SuperHeat 
MassHeatCap 
RefSrc 
RefDst 
Applica tion 
Switched On 
EvapTernpCtrlr 

Methods 
Evaluate 
Ini tialise 

Parameters 
Application 

Time of next On/Off swit<.:h event I s 
Length of time spent switched on I s 
Length of time spent switched off Is 
Fixed discharge superheat I oc 
Heat capacity of the evaporator mass I Jt'C 
Pointer to the refrigerant sou::-ce. 
Point�r to the refrigemnt destination. 
Pointer to the application model. 
TRUE if the evaporator is currently switched on. 
Pointer to the evaporation temperature controller. 

Evaluate model. 
Set up model. 

Default = "  
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UA 
SuperHeat 
MassHeatCap 
S tart 
Stop 
Multiple 
RefrigCorr 
Refrigerant 
Source 
Dest 

·;.rAPPENDDc :s ::_  DETAn.ED MODEL DESCRIPTIONS 

Default .. 1000 
Default • 0.0 oc 
Default :s 100000.0 JfC 
Default • 0.0 
Default .. 24.0 
Default • 1 .0 
Default ... 1 .0 
Default • 'R7 17' 
Default ... " 
Default = "  

Implementation 
The fol lowing implemen tation follows the model of.Darrow et a1 ( 199 1 ). 

IF Evaluated THEN 
RETURN; 

ELS E  
Model. Evaluate; 

END; 
IF SwitchedOn THEN 
give the variables silly values so they get caught quickly 

Ta := -200.0; 
Temperature := -200.0; 
Td := -200.0; 
obj := LinkedObjects; 
Ta := RefSys.Bounded ( 

Application"".Get Value (SELF, Variable. Temperature),-50.0,50.0); 
RefrHeatFlow := RefSrc"".GetValue (SELF,Variable.He:Htlow); 
tmp := RefDst"".GetValue (SELF, Variable.Heatflow); 
IF tmp <> MAX(LONGREAL) THEN 
active destination 

netRefrHeatAow := tmp + RefrHeatFlow; 
suctTemp : =  RefSrc"".GetValue (SELF,Variable.Tt>m�erature); 
IF EvapTempCtrlr <> NIL THEN 

A.S- 14 

tmp := EvapTempCtrlrN'.GetValue (S ELF,Variable.Contro!Var); 
IF suctTemp < tmp THEN suctTemp := tmp END; 

END; 
suctEnth := Refrig.LiquidEnthalpy (Ref,suctTemp); 
RefrigFlow := RefrHeatAow/suctEnth; 
Temperature := Temp.val + SuperHeat; 
Td := RefSys.Bounded (Ta - Temp.val,0.0,50.0); 
RoomHeatAow := UA • Td; 
Temp.der := (RoomHeatFlow + netRefrHeatFiow) I MassHeatCap; 
RefrHcatFlow := RefrHeatFlow + RoomHeatFiow; 
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ELSE 

EN"D; 

: APPENDIXS - DETAUD MODFl. DESCRIPTIONS A5- 1 5  

Pressure := Refrig.EvapPress (Ref,Temp.val); 
ELSE 
passive destination, so behave like a 

-
RADSEvaporator 

END; 

Pressure := RefDstM.GetValue (SELF,Variable.Pressure); 
IF Pressure < 1 .0 TIIEN Pressure := 1 .0 END; 
keep safe from startup problems 
evaptemp := Refrig.EvapTemp (Ref,Pressure); 
IF EvapTempCtrlr <> NIL THEN 

END; 

tmp := EvapTempCtrl..rV'.GetValue (SELF,Variable.Contro!Var); 
IF evaptemp < tmp 11IEN evaptemp := tmp END; 

Td := RefSys.Bounded (Ta - Temp.va1,0.0,50.0); 
RoomHeatFlciw := UA • Td; · · 
RefrHeatFlow := RefrHeatFlow + RoomHeatFlow; 
RefrigFlow := RefrHeatFlow I dischEnth; 
Temp.der := (evaptemp - Temp.val) / 100.0; 
the time constant here (JOO.Os) is just a guess and not important -- the 
RADSEvaporator models assume that the e�·aporator has no time constant 
at all: and when working to a passi'Je refrigerant destination this model 
works pretty much in the same way as the RADSEvaporator models 

RoomHeatFlow := 0.0; 
RefrHeatFlow := 0.0; 
RefrigFlow := 0.0; 

Model name 
Header 

/npllts 
M ass flow 
Heatflow 
Pressure 
Temperature 

Outputs 
Massflow 
Heatflow 
Pressure 
Temperature 

of refrigerant into the header from each l inked model. 
i nto the header from each l inked model. 
of refrigerant at the Header outlet. 
of refrigerant at the Header outlet. 

of refrigerant into the requesting model 
into the requesting model 
of refrigerant in the Header 
of refrigerant i n  the Header 
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Comments 
The Header model solves the problem of connecting a common pipeline to a 
number of refiigeration system components in the same way as is often done on a 
real refrigeration plant. A pipeline may either run into the header or out of it. If 
the pipeline runs into the header then an arbitrary number of models may comprise 
the outle:s. If the pipeline runs out of the header then an arbitrary number of 
models may comprise the inlets. 

Properties 
Press Drop 
Pressure 
Nu m Connect 
RefrigFlow 
Temp 
HeatFlow 
Pipe 

OutPipe 

Methods 
GetValue 

Evaluate 

In itialise 

Parameters 
Refrigerant 
Press Drop 
Source 
Dest 

Implementation 

Pressure drop through the Header I Pa 
Mean pressure in the Header I Pa 
Number of components connnected to the Header. 
Total mass flow of refrigerant through the Header I kg/s 
Mean temperature in the Header I oc 
To� heat flow through the header I W 
Pointer to the pipeline model which is connected to the 

Header. 
TRUE if the pipeline is the outlet to the Header. 

Return Heatflow, Massflow, Temperature and Pressure to 
requesting models. 

Calculate the conditions in the Header and the flows through 
it. 

Initialise the Header model. 

Default = 'R717 '  
Default = 0.0 I Pa 
Default = " 
Default = " 

Flow through the header is from the defined inlet(s) to th� defined outlet(s) only as 
this is a thermal model and full mass flow (and hence pressure) calculations are not 
carried out. 

IF Evaluated THEN 
RETURN; 

ELSE 
Model.Evaluate; 

END; · 
heatAow := 0.0; 
refrigFlow := 0.0; 
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press := 0.0; 
obj := LinkedObjects; 
IF OutPipe THEN 
the pipe goes out of the header and a number of devices feed into it 

minpress := PipeM.GctValue (SELF,Variable.Pressure); 
mintemp := Pipe"".GetValue (SELF,Variable.Temperature); 
WHILE obj <> NIL DO 

ELSE 

END; 

IF obj''.model" <> Pipe"" THEN 

END; 

refrigFlow := obj".model".GetValtie (SELF,Variable.Massflow) 
+ refrigFlow; 

heatFlow := obj".model".GetValue (SELF,Variable.Heatflow) 
+ heatFlow; 

obj := obj-·'.next; · 
Pressure := minpress + PressDrop; 
Temp := mintemp; 

the pipe goes into the header and a number of devices take refrigerant out of it 
rcfrigFlow := Pipe"".GetValue (SELF,Variable.Massflow); 

END; 

heatFlow := Pipe"".GetValue (SELF,Variable.Heatflow); 
Temp := Pipe"".GetValue (SELF,Variable.Temperature); 
minpress := MAX(LONGREAL); 
WHILE obj <> NIL DO 

END; 

IF obj".model" <> Pipe"" THEN 

END; 

press := obj".model".GetValue (SELF,Variable.Pressure); 
IF press < minpress THEN 

minpress := press; 
END; 

obj := obj".next; 

Pressure := minpress + PressDrop; 

RefrigFlow := refrigFlow; 
HeatFlow := heatFlow; 

Mode/ name 
HotWaterSource 

Inputs 
Temperature 
AbsHumidity 

of the Room 
of the Room 

AS- 17 
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Outputs 
as for the Environment model. 

Comments 
This is a DayTimeEnviron rriodel which represents an area of hot water inside an 
air-filled room. HotWaterSource requires some input data, which makes it  
inconsistent with the rest of t.'le Environment hierarchy, but it shares all of the 
other properties of DayT'uneEnviron, so this is ·a convenient place for 
HotWaterSource in the overall hierarchy. 

Properties 
as for the Day1imeEnviron model, with the adJition of: 
HTC Heat transfer coefficient at the water surface I Wlm1K 
Area Surface area of the water I m1 

Methods 
Evaluate Calculate the heat and water vapour flow fwm the hot water 

surface 
Initialise 

Parameters 
Temp 
h 
A 
S tart 
S top 

Implementation 

IF Evaluated THEN 
RETURN; 

ELS E 
Model.Evaluate; 

END; 
IF S witchedOn THEN 

Initialise the HotWaterSource model 

Default = 85.0 
Default = 6.0 
Default = 1 .0 
Default = 0.0 
Default = 24.0 

airtemp := LinkedObjects".model".GetValue (S ELF,Variable.Temperature); 
airhum := LinkedObjects".model".GetValue (SELF,Variable.AbsHumidi ty); 
cp := Air.HeatCapacity (airtemp,airhum); 
sathum := Air.SatHumidity (temperature); 
ky := HTCicp; 
the Lewis relationship 
massflow := ky * Area * (sathum-airhum): 
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evaporation mass flow 
heatflow :=- massflow • (Water.VapourEnthalpy (temperature) -

Water.VapourEnthalpy (airtemp)); 
heat flow due to evaporated water cooling to air temperature 

ELSE 

END; 

massflow := 0.0; 
heatflow := 0.0; 

Model name 
Instrument 

Inputs 
None 

Outputs 
None 

Comments 

abstact model type 

abstract model type 

AS- 1 9  

Th i s  i s  the base model for instruments and controls. Mos� o f  the controller models 
available in RefSim are capable of operating as either component of a cascade 
control system, so they are capable of reading their set poira:� from other models as 
well as having a constant set point provided by the user. 

Methods 
None 

Model name 
LagRoom 

Comments 
This model defines a room filled with humid air. Identical to Room except for one 
additional property. 

Properties 
Enthalpy 

Implementation 

Enthalpy of humid air i n  the room I 1/kg 

The d ifference between this and the Room model is that the LagRoom 
TimeConstant affects the temperature in the room as well as the WaterMass. �:1 
particular. there i s  an additional ODE: Enthalpy; which maintains an energy 
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balance in the room. All heat passing into or out of the room affects Enthalpy 
immediately, but this effect is transferred to Temp more slowly. Thus Temp in a 
LagRoom is not the mass average air temperature as in a Room. but instead lags 
behind the heat flow. This may be an appropriate model for a poorly-mixed rocm. 

IF Evaluated THEN 
RETURN; 

ELSE 
Model.Evaluate; 

END; 
obj := LinkedObjects; 
HeatFlowln := 0 .0; 
the net heat flo..., into the room 
WaterFlowln := 0.0; 
the net water vapour flow into the room 
LiqFlow := 0 .0; 
the net water liquid flow into the room 
Heat_Load := 0.0; 
total heat flow into the room 
Water_Load := 0.0; 
total water vapour flow into the room 
WnlLE obj <> NlL DO 

END; 

Load := obj".model".GetValue (S ELF,Variable.Heatflow); 
HeatFlowln := HeatFiowln + Load; 
IF Load > 0.0 THEN 

Heat_Load := Heat_Lo:ld + Load; 
END; 
IF obj".modei" .GetValue (SELF,Variabie.S tate) > 0.99 TiiEN 
the water flow is of liquid 

LiqAow := LiqAow 
+ obj".model".GetValue (SELF,Variable.Massflow) ;  

ELSE 
the water flow is of vapour 

END; 

WLoad := obj".model".GetValue (SELF,Variable.Massflow); 
WaterFlowln := WaterFlowln + Wload; 
IF WLoad > 0.0 THEN 

Water_Load := Watt:r_Load + WLoad; 
END: 

obj := obj".next; 

temp := RefSys.Bounded (Temp".val,-50.0,50.0); 
A i rM:1ss := Volume * Air.Density (temp,Hum".val); 
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DryA irMass := Volume • Air.Density (temp,O.O); 
SatHum := Air.SatHumidity (temp); 
RelHum := Hum"'.val I S atHum; 

Now calculate the derivatives of the dynamic variables 

WaterMas$Flow := (RelHum - 1 .0) • SatHum * DryAirM:lss/fimeConstant; 
WaterMass is the mass of water in the room as frost, drip, or fog. TimeConstanr will 
depend on air movement rates in the room. 

· 

IF (WaterMass"'.val < 0.0) AND (WaterMassFlow < 0.0) TIIEN 
If the WaterMass".val ever becomes negative, don't let it get worse. 

WaterMassFlow := 0.0; 
END; 

Load := WaterMassFlow * Water.VaporisationHeat (temp); 
IF Load > 0.0 TIIEN 

Heat_Load := Heat_Load + Load; 
END; 

HeatAowln := HeatAowin + Load; 

AS-2 1 

HeatF/ow/n is sensible heat flow into the room. Can come from outside, objects inside the 
room, or conversion from latent heat of water vapour 

Enthalpy".dcr := HeatFlowin/AirMass; 

Hum".der := (WaterFlowin - WaterMa! �Flow) I DryAirMass; 
Humidity changes deper.Jing upon the water flowing into the room and the amount of 
water in liquid ur solid form in the room. 

WaterMass".der := LiqFlow + WaterMassFlow; 
IF (WaterMass".val < 0.0) AND (WaterMass".der < 0.0) THEN 

WaterMass".der := 0.0; 
END; 

Temp".der :=  (Enthalpy".val - Air.Enthalpy (TempA.vai,Hum".val)) 
* (AirMass I TimeConstant) I (AirMass * Air.HeatCapacity (temp,Hum".val) 
+ WaterMass".val * Water.HeatCapacity (temp)); 
Temperature changes due to heat flow into the room. Any WaterMass in the room 
prol'ides a buffering effect 
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Model name 
OUTPUT 

Inputs 
None 

Outputs 
None 

Comments 

APPENDIX .S - DETAILED MODFl... DESCR1PTIONS 

values are read from those variables registered with 
OUTPUT. 

OUTPUT does not communicate with other models. 

AS-22 

OUTPUT is unlike other models in that it represents neither a u�al component, nor 
an abstract component class. It is part of the model hierarchy so that i t may 
schedule and receive discrete events as models do. 

Properties 
Outputinterval 
OutputFile 
V List 

TList 

RealOutputTime 

Methods 
Register 
Dispose Titles 
Dispose V cu-iables 

Interval 
Destination 
Event 

H�t\(tin�s 
ReadRe_l)ort 

Ini tialise 

Implementation 

Interval between output events I s 
Narr..e of the file to which output is Wiitten. 
Poiuter to a l ist of LONGREAL variables which are 

registered for output 
Pointer to a list of titles to be pbced at the heads of the 

columns in the output file. 
Real time of last output (obtained from the system clock). 

Register a variable fer output. 
D ispose of the dynamic me�nory us('.d to store titles. 
Dispose of the dynamic r.-1emory used to store variable 

pointers. 
Set the output i nterval. 
Set the output file name. 
Write the current values of registered variables to the output 

file. 
Write column hc::ldings 1\1 the: output file 
Write a report to the screen after reading in the da�a for a 

model. 
Initial ise the output system. 

At each output Event, OUTPUT writes a report to the screen indi;;nting the current 
simulation time, and the simulation rate (i.e. the ratio of simulnted to real time). It 
then opens the output file, runs through the l ist of variables which are regi�tered 
for output and appends their value to the output file. The output file is then closed 
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so that it is not lost in the event of an unexpected program halt (such as a user 
break, or ek.ctric power failure). 

Mode/ name 
FINAL 

Inputs 
None values are read from those '!ariables registered with 

OUTPliT. 

Outputs 
as for OUTPUT 

Comments 
FINAL calls OUTPliT.Event to write the final values of all variables to the output 
file, and then disposes of all memory dynamically allocated by the program and 
HALTs the program. 

Properties 
as for OUTPUT 

Methods 
Event Call OUTPUT.Event, tidy up and HALT the program. 

Model name 
PassiveEnv 

Inputs 
None 

Ourputs 
All as for Environment, except for -
Hea:flow returns MAX(LONGREAL) to ind icate t l 1at PassiveEnv is 

passive. 

Comments 
This is a uti l i ty model which can respond to requests for :1.ny sort o f  information 
but does not request information itse lf. This is useful for modell ing things like the 

air outside a building, the ground under it, a refrigerant supply source etc. Unl ike 
an ordinary Environment, PassiveEnv signals to other models that it  i s  p:1.ssive (i .e.  

it  does not supply any heat load) by returning fviAX(LONGREAL) to Heattlow 
requests. 
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Properties 
As for Environment 

Parameters 
As for Environment 

Implementation 
As for Environment 

Model name 
Pipeline 

Inputs 
None 

Outpllts 
Heatflow 
Massflow 

Pressure 
Temperature 
S tate 

Comments 

APPENDIX 5 - DET An.ED MODEL DESCRIPTIONS AS-24 

abstract model 

Heat flow from the pipeline into the requesting model. 
Refrigerant mass flow from the pipeline into the requesting 

model. 
Refrigerant pressure at the requested end of the pipeline. 
R efrigerant temperature at the requested end of the pipeline. 
Refrigerant fraction liquid at the requested end of the 

pipeline. 

A Pipeline is a Re1 .. �Component with two ends, each of which may connect to 
another RefrigComponent, and one middle, which may be connected to an 
Env ironment (through which the pipeline passes). Each end may have different 
refrigerant properties (temperature, pressure, state) and the middle has r. aean 
properties. 

Properties 
Press 

Temp 

State 

End 

Array of two dements, each representing the pressure at one 
end. 

Array of two elements, each representing the temper:.1ture at 
one end. 

Array of two elements, each representing the l iquid fraction 
at one end. 

Array of  two elements, each a pointer to the component 
model at one end. 

PipeEnv Pointer to the environment around the pi pel ine. 
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RefrigF1ow 
HealFlow 

. .  

APPENDIX 5 - D ET  An..ED MODEL DESCRIPTIONS 

Refrigerant mass flow throught the pipeline. 
Heat flow through the pipeline. 

AS-25 

Methods 
GetVah::: Return Heatflow, Massflow, Temperat:'-'re, Pressure, S tate to 

the requesting model. 

Model name 

Inputs 

RADS A Condenser 

Temperature 
AbsHumidity 

Outpllfs 

from refrigerant source and coolant 
from coolant 

as for RADSCond..:nser 

Comments 
This  model represents an air-cooled condenser. 

Properties 
as for RADSCondenser 

Methods 
Evaluate 

Parameters 

Evaluate the air-cooled condenser model. 

as for RADSCondenser 

Implementation 

IF Evaluated THEN 
RETURN; 

ELS E 
Model.Evaluate; 

END; 
IF MyController = NIL THEN 

Ioadfrac := 1 .0; 
always runs fu!l on 

ELSE 
Ioadfrac := MyControllerM.GetValue (SELF,Variablc.Contro!Var); 
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END; 
IF loadfrac > 0.0 THEN 

ELS E 

END; 

condtemp := SourceM.GetValue (SELF,Variable.Temperature); 
airtemp := Coolant"".GetValue (SELF,Variable.Temperature); 
airhum := Coolant"".GetValue (SELF,Variable.AbsHumidity); 
ActuaiCoolFiow :"" CoolantAow•lo;tdfrac; 
IF condtemp < airtemp+O.S THEN condtemp := airtemp+O.S END; 
IF TempMode = RADSCondenser.Mean TiiEN 

w := RefSys.Bounded (condtemp-airtemp-TempChg,O.OO I ,50.0); 
tempdiff := ((condtemp - ainemp) - w) I 

MATIILIB.Log ((condtemp - airtemp)/w); 
ELSE 

tempdiff := RefSys.Bounded (condtemp-airtemp,0.5,50.0); 
END; 
corrl := (Corr l [ l ]  + conrltemp*(Corr l [2] + condtemp*(Corr1 [3] + 

condtemp*Corrl [ 4])) + tempdiff*(Corrl [5] + 
condtemp*Corrl [6])) • tempdiff/Corrl [7]; 

IF VeiMode <> RADSCondenser.Correct TilEN 
corr2 := 1 .0 

ELSE 
corr2 := Corr l [ l ]  + ActualCooiFlow*(Corr 1 [2] 

+ Actua1Coo1Fiow•(Corrl [3] + Actua!Coo1Flow*Corr1 [4])) 
END; 
Heat_Load := StdDuty*corrl*corr2*FoulingFactor, 
TcmpChg := Heat_Load I 

(ActualCoolFiow* Air.HeatCapacity (airtemp,airhum)); 
TempChg := RefSys.Bounded (TempChg,O. l ,condtemp-airtemp-0. 1) ;  
vapenth := Refrig.VapourEnthalpy (Ref,condtemp); 
liqenth := Refrig.LiquidEnthalpy (Ref,condtemp); 
RefMassFiow := Heat_Load I (vapenth - l iqenth); 
Hc!atFlowin := RefMassFlow * va?enth; 
HeatFlowOut := RefMassFlow • liqenth; 

Heat_Load := 0.0; 
RefMassFlow := 0.0; 
TempChg := 0.0; 
HcatFlowin := 0.0; 
HeatAowOut :=  0.0; 
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iYJ odel name 
RADSBrCooler 

Inputs 
Temperature 
AbsHumidity 
Temperature 
Heatflow 

of the application 
in the application . 
of secondary refrigerant. at the air tooler inlet 
of secondary refrigerant into the air cooler 

Com:neuts . 
This is-the base model for the evaporator models implemented in the RADS 
environm\!nt as descri�..d by Comelius (1991) . . While there are three sorts of 
RADS �vaporator, they have much in comffion, so the common evaluation is  done 
here (initial evaluation in Eval l and final evaluation in Eval2). The special parts 
of the evaluation are done by the children of this model. 

Properties 
Htmode 

Hvmode 

Hhmode 

TSRat 
TempChange 
FanPower 
Face Vel 
VolAirFlow 
X factor 
Deflnterval 
Defl..ength 
DefPower 
DefrostTime 
SwitchTime 
On Time 
OffTime 
FanspeedCtrlr 
LiquidCtrlr 
RefSrc 
RefDst 
Application 
DefrostOn 
SwitchedOn 

Temperature differences in the fitted polynomials are 
expressed as Mean or as FluidO�:. 

Correct or NoCorrect for cooled-fluid flow rate in the duty 
calculation. 

Humidi�ies are expressed either as TSRatio or RHumidity in 
the fitted polynomials. 

Actual total to sensible heat ratio of our dut.y 
Air temperature change across evaporator I •c 
Fan power I W 
Face velocity I m/s 
Volumetric air flow r.�te I m3ls 
Fin resistance factor 
Time between defrosts I s 
Length of each defrost I s 
Power released ciu.ring defrost I W 
Time of next defrost (on or off) event I s 

Time of next On/Off switch event I s 
Length of time spent switched on I s 
Length of time spent switched off /s 
Pointer to the fan speed controller 
Pointer to the liqdd levei controller 
Pointer to the refrigerant source. 
Pointer to the refrigerant destination. 
Pointer to the application model. 
TRUE if the evaporator is currently defrosting. 
TRUE if the evaporator is currently switched on. 
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Methods 
Event Carry out scheduled events to turn the evaporator on, off, or 

to start or stop defrosting. 
Evaluate 
Initialise 

Evaluate model 
Set up model 

Implementation 
The calculations specific to RADSBrCooler are all follows: 

IF Evaluated TIIEN 
RETURN; 

ELSE 
Model.Evaluate; 

END; 
IF SwitchedOn TI-JEN 

IF FanspeedCtrlr <> NIL TIIEN 

ELSE 

END; 

airFlow := VolAirFlow • 
FanspeedCtrlrN'-.GetValue 
(SELF,Variable. Contro!Var); 

airFlow := Vo!AirFlow; 

IF LiquidCtrlr <> NIL TIIEN 
liqFlow := SecRefFlow 

• LiquidCtrir--.GetValue (SELF,Yariable.ControlVar); 
ELS E  

liqFlow := SecRefFlow; 
END; 

IF liqFlow > l .OE-3 THEN . 
Ta := Application"".GetValue (S ELF,Variable.Temperature); 
Hum := Application"".GetValue (SELF,Variable.AbsHumidity); 
Tliq := Rc:fSrc"".GetValne (SELF,Variable.Temperature); 
tsurf := Ta - Xfacto�(Ta - Tliq): 
sathum := A ir.SatHumidity (tsurf); 
htcap := Air.HeatCapacity (tsurf,O.O); 
IF ABS (Ta - tsurf) > 0.0 1 THEN 

ELS E  

END; 

TSRat := 1 .0 + (Hum - sathum) * Water.VaporisationHeat (tsurf) 
I (htcap * (Ta - tsurf)); 

IF TSRat < 1.0 THEN TSRat := 1.0 END; 

TSRat := 1 .0; 

RefrHeatFlow := ReiSrc"".GetValue (SELF,Variable.Heatflow); 
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ELSE 

END; 
END; 

.APPENDiX f-...:. DET AILBo MODEL DESCRIPTIONS 

trnp := RcfSys.Bounded ( · 

(HeatLoad - FanPowe:.·) I TSRat + FanPower,O. l ,HeutLoad); 
ratio := RefSys.Bounded (HeatLoad I tmp,l .O,MAX(LONGREAL)); 
airFlowHtCap := airAow • Air.Density (Ta,Hum) 

. • Air.HeatCapacity (Ta,Hum) • ratio; 
liqFlowHtCap :::o: l iqFlow • lirineSpHeat; 

· htaipRatio i• ·iirFiowHtCap/liqFlowHtCap; 
XTU :• UA l liqFlowHtCap; 
tmp := MA THUB.&p ·(-XTU*(l.O-htCnpRatio)); 
IF ABS ( 1 .0 - h�pRatio*tmp) > 0.000001 11-fEN 

eff :,;,. ( 1 .0 - tmp) I (1 .0-htCapRatio*tmp); 
Tout := Ta - eff*(fa - Tliq); 

ELSE 
Tout := OiqFlow*BrineSpHeat*Ta + UA *11iq) 

I (UA + liqFlow*BrineSpHeat); 
END; 
HeatLoad := airFlowHtCap*(Ta - Tout); 
RoomHeatFlow := HeatLoad-FanPower; 
RefrHeatFlow := RefrHeatFlow + HeatLoad*TSRat; 
RefrigFlow := liqFiow; 
Temperature := Tliq + HeatLoad*TSRat l liqFlowHtCap; 
WaterFlow := HeatLoad*(TSRat- 1 .0)/Water.VaporisationHe 1t (tsurf) 

RoomHeatFlow := 0.0; 
RefrHeatFlow := 0.0; 
RefrigFlow := 0.0; 
Temperature := 0.0; 

{fSRat; 
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Model name 
RADSCompressor 

Jnpms 
Suction 
Discharge 
ControlVar 
Pressure 

Outputs 
Mass flow 
Heatflow 

Pointer to suction model from CompController. 
Pointer to discharge model from CompControl;..:r. 
Required loading fraction from controller. 
From both suction and discharge models. 

Refrigerant mass flow into and out of the compressor. 
Refrigerant enthalpy flow into and out of the compressor. 
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This model follows th� RADS compressor model described by Comelius (199 1). 

Properties 
LiquidSource 
Suction 
Discharge 
MyController 
InMassFlow 

OutMassFlow 

InHeatFlow 
OutHeatF1ow 
LiqMac;sFlow 
LiqHeatFlow 
SweptVol 
SuctPDrop 
OpSpeed 
HeatRetention 
MaxDischTemp 
MaxSuperHeat 
Power 
DischTemp 
SuctTemp 
Capacity 

MinLoadfrac 

VolEffy 
IsEffy 
PR 
FirstStage 
S tdSpced 

VCorr 

ICorr 

SCorr 

Load 

Pointer to the model supplying liquid refrigerant for cooling. 
Pointer to the compressor suction model. 
Pointer to the compressor discharge model. 
Pointer to the compressor controller model. 
Refrigerant vapour mass flow into lhe compressor suction I 

kg/s 
Refrigerant vapour mass flow out of the compressor 

discharge I kg,ls 
Refrigerant vapour enthalpy flow into the compressor I W 
Refrigerant vapour enthalpy flow into the compressor I W 
Refrigerant liquid enthalpy flow into the compressor I kg/s 
Refrigerant liquid enthalpy 

·
flow into the compressor I W 

Total compressor swept vol!lme at standard speed I m3ls 
Refrigerant pressure drop in suction line I Pa 
Compressor operating speed I rpm 
Fraction of heat remined in compressor outlet vapour. 
Maximum allowable compressor discharge temperature I °C 
Maximum allowable compressor discharge superheat I oc 
Compressor shaft power input I W 
Discharge temperature I oc 
Suction temperature I °C 
Approximate refrigeration capacity generated by the 

compressor I W 
Loading fraction below which the compressor turns off 

completely. 
Fractional volumetric efficiency 
Fractional isentropic efficiency 
Compression ratio 
Fraction of swept volume in the first stage of the compressor 
Operating speed at which the characteristic curve-fi ts were 

obtained I rpm 
Array of coefficients for the fitted volumetric efficiency 

polynomial. 
Array of coefficients for the fitted isentropic efficiency 

polynomial. 
Array of coefficients for the fitted speed vs. capacity 

polynomial. 
Array of allowable loaded fractions (if ContinuousUnload = 

FALSE). 
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PCorr 

LCorr 
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Array of coefficients for the fitted speed vs. power 
polynomial. 

Array of coefficients for the fitted part-load efficiency 
polynomial. 

AS-3 1 

FixedSuction TRUE if the model connc.cted to the compressor suction does 
not change. 

FixedDischarge 

Continuous Unload 
Cooling 

Methods 
GetValue 
Evaluate 
Initialise 

Parameters 

TRUE if the model connected to the compressor discharge 
does not change. 

TRUE if the compressor is capable of continuous unloading. 
Either None, Liquid, or External. 

Return Massflow or Heatflow to the requesting model. 
Calculated the current compressor operating conditions. 
Initialise this instance cf the RADSCompressor model. 

Cooling Default = 'None' 
Suction Default = " 
Discharge Default = " 
Controiier Default = " 
IsEffCorr (fable) Default for element i = 0.0 
VolEffCorr (fable) Default for element i = 0.0 
SpeedCapCorr (fable) Default for element i = 0.0 
SpeedPowCorr (fable) Default for element i = 0.0 
UnloadPowCorr (fable) Default for element i = 0.0 
LoadingSteps (fable) Default for element i = 0.0 
IsEffCorr (fable) Default for element 1 = 1 .0 
VolEffCorr (fable) Default for element 1 = 1 .0 
UnloadPowCorr (fable) Defaul t  for element 1 = 1 .0 
Speed Default = 300.0 
S tdSpeed Default = - 1 .0 
S weptVol Default =  1 .0 
Fi rstS tage Defaul t  = 1 .0 
HeatRetention Defau lt = 0.9 
M axDisc hTemp Default = - 1 00.0 
M ax S uperHeat Default = - 1 00.0 
Refrigerant Default = 'R7 17 '  
MinLoadFrac Defaul t = 0.0 
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Implementation 

IF Evaluated THEN 
RETURN; 

ELSE 
Mcdel.Evaluate; 

END; 
Establish suction and discharge conditions 
IF NOT F1XedSuction TIIEN 

-

(MyController'V'::mComp<;ontroller).GetSuction (SELF,Suction); 
END; 
IF NOT FixedDischarge THEN 

(MyControllef"'V'::mCompController).GetDischarge (SELF,Discharge); 
END; 

Establish load fraction 
IF MyControllcr = NIL THEN 

loadfrac := 1 .0; 
ELSE 

loadfrac := MyControl lerN'.GetValue (SELF,Variable.ControlVar); 
END; 
IF loadfrac < MinLoadFrac TIIEN loadfrac := 0.0 END; 
IF (loadfrac > 0.0) AND (NOT ContinuousUnload) lliEN 
set the load fraction to one of the fractions 

i := 1 ;  
LOOP 

IF (loadfrac <= Load[i]) AND (loadfrac >= Load[i+l ]) THEN 
loadfrac is between two load steps 

ELSE 

END; 

IF (Load[i] · loadfrac) > (loadfrdC - Load[i+ l ]) THEN 
closer to Load[i+ l] 

loadfrac : -=  Load[i+ l ]  
ELSE 
closer to Load[i] 

END; 
EXIT; 

loadfrac := Load[i] 

INC (i); 
IF i = MAXCOEFF THEN 

loadfrac := Load[i] ; 
EXIT; 

END; 

AS-31 
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END; 
END; 

Read data from linked models, taking care to keep values within reasonable bounds to 
deal with starrup transients elc. 
suctpress := RefSys.Bounded ( 

S uction.v..GetValue (SELF,Varir.ble.Pressure) - SuctPDrop, 
40980.0, 1 .0£!.8); 

satSuctTemp := Refrig.EvapTcmp (Ref,suctpress); 
dlschpress := RcfSys.Bounded ( 

DischargcN..Get V all•e (SELF, V ariable.Pressure ),40980.0, l .OE8); 

Initial calculations 
PR := dischpress I suctpress; 
IF l'R < 1 .0 TIIEN PR := 1 .0 END; 
in CC.SI.! of startup problems 
SuctTemp := SuctionN>.GetValue (SELF,Variable.Temperature); 
deltemp := Refrig.EvapTemp (Ref,dischprcss); 
saturation temperature at discharge as compared with DischTemp which may include 
superheat 
gamma 
specvol 
isenthchg 

:= Refrig.SupGamma (Ref,SuctTemp,SuctTemp,d.!Itemp); 
:= Refrig.SupSpecificVolume (Ref,satSuctTemp,SuctTemp); 
:= gamma/(gamma- 1 .0) * suctpress • specvol 

* (Pow (PR,(gamma- 1 .0)/gamma) - 1 .0); 

Vo!Effy := VCorr[ 1 ]  + PR*(VCorr[2] + PR*(VCorr[3] 
+ PR*(VCorr[4] + PR*VCorr[5]))) + deltcmp*(VCorr[6] 
+ PR *(VCorr[7] + deltemp*VCorr[8l)); 

IsEffy := ICorr[ l ]  + PR*(ICorr[2] + PR*(ICorr[3J 
+ PR*(ICorr[4] + PR*ICorr[5]))) + deltemp*(ICorr[G] 
+ PR *(ICorr[7] + dcltemp*ICorr[8])); 

efficiency := VI + V2 *PR + VJ *PR/\2 + \'4 *PRI\] + V5*PR"4 + V6*deltemp + 
V7*PR *deltemp + V8 *PR*de/temjr"2 

Vo!Effy : =  RefSys.Bounded (Vo! Effy,0.05, 1 .0); 
IsEffy := RefSys.Bounded (lsEffy, 0.05 , 1 .0); 

qtheor := SweptVol * Vo!Effy * loadfrac * FirstStage; 
standard theoretical volumetric capaci:y (in cu m Is) depends on swept volume at std 
speed, volumetric efficiency, loading fraction, and the fraction of swept volune in the first 
. :rage (1.0 for single stage machines, < 1 .0 for compound machines) 
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APPENDIX .S - DETAILED MODEL DESCRIPTIONS AS-34 

Corrections for speeds different from those at which the standard condition rurve fits were 
taken 

capacitycorr := SCorr{ l]  + SCorr[2]*0pSpced; 
powercorr := PCorr[l ]  + OpSpeed*(FCorr{2] + OpSpeed*PCorr[3]); 

capacitycorr := RefSys.Bounded (capacitycorr,O.O l , lO.O); 
powercor.r := RefSys.Bounded (powercorr,O.Ol ,lO.O); 

qtheor := qtheor • capadtycorr; 

InMassFlow := qtheor I specvol; 
?ower := JnMassAow * isenthchg/IsEffy • powercorr; 
full load power in W 

Part-load efficiency correction 

IF loadfrac > 0.999 THEN 
partloadeffy := 1 .0; 

ELSE 
partloadeffy := LCorr[ I ]  + !oadfrac*(LCorr[2] + Ioadfrac*LCorr[3]); 

END; 
IF partloadeffy > 0.0 1 TIIEN 

Power := Powerlpartloadeffy; 
ELSE 

Power := Power/0.0 1 ;  
END; 

Compressor cooling calculation 
suctenth := Refrig.SupEnthalpy (Ref,satSuctTemp,SuctTemp); 
maxenth := suctenth + isenthchg/IsEffy/partloadeffy; 
superheat := (maxenth - Refrig.VapourEnthalpy (Ref,deltcmp)) 

I Refrig.VapourSpecHt (Ref,deltemp); 
P.stimate the uncooled superheat 

IF Cooling = None THEN 

ELSE 

dischenth := suctenth + HeatRetention*isenthchg/IsEffy/partloadeffy; 
the fraction HeatRetention of the entha/py change is retained in the heat flowing 
ow of the compressor 
DischTemp :== deltemp + He:nRet.:ntion*superheat: 

IF MaxDischTemp > deltemp + MaxSuperHeat THEN 
DischTemp : =  MaxDischTemp 
the MaxDischTemp limit is higher 

ELSE 
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END; 

APPENDIX j -� DETAILED MODEL DESCRIPTIONS 

DischTemp := delt.emp + MaxSuperHeat 
the MaxSuperHeat limit is higher 

IF DischTemp > (deltemp+superheat) THEN 
DischTemp := deltemp+superheat; 

END; 
dischenth := Refrig.SupEnthalpy (Ref,deltemp,DischTemp); 

END; 
heat1oss := RefSys. Bounded (InMassFlow*(maxenth-dischenth),O.O, 

MAX(LONGREAL)); 
IF heatloss <= 0.0 TIIEN dischenth := maxenth END; 
this is the heat lost from the refrigeration system in some way 
IF (Cooling = Liquid) AND (LiquidSource <> Nil.) THEN 

liqenth := Refrig.LiquidEnthalpy (Ref, 
LiquidSourceM.GetValue (SELF,Yariable.Temperature)); 

Liq�·!assFlow := heatloss/(dischenth - liqenth); 

A5-35 

LiqHeatFlow := RefSys.Bounded (LiqMassFlow*liqenth,O.O,MAX(LONGREAL)); 
heatloss := 0.0; 

ELSE 

END; 

no heat is actually lost, it all ends up in the discharge 

LiqMassFlow := 0.0; 
LiqHeatFlow := 0.0; 

Now calculate uutput data 
OutMassFlow := InMassFlow + LiqMassFlow; 
InHeatFlow := InMassF!ow • suctenth; 
OutHeatFlow := OutMassFlow * dischenth; 

Include any Uquid r�friguant heat flows i11 th� flows for the suction or discharge Vt!ssrls 
if the liquid is sourced from one of those (so th�t it is only necessary for the vessel to ask 
for one heat flow from the compressor) 
I F  Suction = LiquidSoun:e TIIF.N 

InHeatFlow := InHeatFlow + LiqHeatFlow; 
ELSIF Discharge = LiquidSource TIIEN 

OutHeatFlow := OutHeatFiow - LiqHeatFlow; 
END; 

Estimate compressor capacity for olltpllt purposes 
Capaci ty := InMassFlow 

• (suctenth - Refrig.LiquidEnthalpy (Ref,deltemF)); 

heatbal := InHeatFlow - OutHeatFlow - heatloss + LiqHeatFlow + Power; 
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Model name 
RADSCondenser 

Inputs 
None 

Ourpws 
Heatflow 
Mass flow 

Comments 

APPENDIX 5 - DETAILED MODEL DESCRIPTIONS 

no evaluation carried out in this model 

into and out of the condenser 
through the condenser 

AS-36 

This is the condenser part of the RADS condenser model as described by Cornelius 
( 1 99 1  ). The original RADS mooel was, in fact, a combination of condenser and 
refrigerant vessel. In the RefSim implementation, these functions have been 
separated. 

Properties 
Heat_Load 
HeatFlowln 
HeatFlowOut 
TempChg 
CoolantFlow 
S tdDuty 

Actt•alCoolFlow 

RefMassFlow 
FoulingFactor 
Corrl 

Corr2 

Temp Mode 

Ve l \1odc:: 

MyController 
S ource 
Dest 
Coolant 

Methods 
Get Value 

Net heat flow out of the condenser into the coolant fluid I W 
H�at flow into the condenser I W 
Heat flow out of the condenser I W 
Coolant temperature change across the condenser I •c 
Maximum coolant flow rate through the condenser I kg/s 
Net heat flow out of the condenser into the coolant fluid 

under standard conditions 1 W 
Actual coolant flow rate through the condenser at reduced 

loading I kg/s 
Refrigerant mass flow through the condenser I kg/s 
Heat transfer resistance fl)uling factor. 
Array of correction coefficients for the temperature and 

temperature difference duty correction polynomial. 
Array of correction coefficients for the coolant flow rate duty 

correction polynomial. 
Temperature differences expressed as either FluidOn or 

Mean. 
Either Correct or NoCorrect. Indicates whether to correct 

duty for coolant flow rate with Corr2. 
Pointer to the condenser controller. 
Pointer to the condenser refrigerant source. 
Pointer to the condenser refrigerar.t destination. 
Pointer to the coolant model. 

Return Heatflow and Massflow to requesting models. 
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Initialise 

Parameters 
Corrl (Table) 
Corr2 (Table) 
Temp Mode 
V elM ode 
Source 
Dest 
Coolant 
Refrigerant 
FoulingFactor 
CoolantMassFiow 
S td.Duty 

Implementation 

Initialise this instance of the RADSCondenser model. 

Default !'or element i • 0.0 
Default for element i = 0.0 
Default ,. 'Mean' 
Default • 'NoCorrect' 
Default ,.. " 
Default :a " 

Default "" "  
Default • 'R717' 
Default • 1.0 
Default .. 10.0 
Default ::z 100000.0 

No implementation exists for the RADSCondenser base model. Evaluation is 
carried out by the children of this model. 

Model name 

Inputs 

RADS ECondenser 

Temperature 
AbsHumidity 

Outputs 

from refrigerant source and coolant 
from coolant 

as for RADSCondenser 

Comments 
This model represents a evaporative condenser. 

Properties 
as for RADSCondenser 

Methods 
Evaluate 

Parameters 

Evaluate the evaporative condenser model. 

as for RADSCondenser 
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Implementation 

IF Evaluated TIIEN 
RETURN; 

ELSE 
Model.Evaluate; 

END; 
IF MyController .. NIL 11IEN 

loadfrac := 1 .0; 
always runs full on • :_ 

ELSE 
loadfrac := MyController"".GetValue (SELF,Variable.ControiVar); 

END; 
IF loadfrac > 0.0 TIIEN 

ELSE 

END; 

condtemp := Source-"'.GetYalue (SELF,Variable.Tempernture); 
airtemp := Coolant"".GetValue (SELF,Variable.Temperature); 
airhu m  := Coolant"".GetValue (SELF,Variable.AbsHumidity); 
wetbulbT := airtemp - (Water.VaporisationHeat (airtemp) • 

(Air.SatHumidity (airtemp) - airhum))/9:50.0; 
refer Treyba/ 3rd edn. pp240-24/ 

IF condtemp < airtemp+0.5 THEN condtemp := airtemp+0.5 END; 
tempdiff := RefSys.Bounded (condtemp-airtemp,0.5,50.0); 
corrl := (Corr l [ l ]  + condtemp*(Corr1 [2] + condtemp*(Corr1 [3] + 

condtemp*Corr1 [4])) + tempdjff*(Corrl [S] + 
condtemp*Corr1 [6])) • tempdjff/Corrl [7]; 

IF VeiMode <> RADSCondenser.Correct THEN 
corr2 := 1 .0 

ELSE 
corr2 :� Corrl [ 1 ]  + Actua!Coo!Row*(Corrl [2] 

+ Actua!Coo!How*(Corrl [3] + Actua!Coo!Flow*Co.Tl [ 4])) 
END; 
Heat_Load := StdDuty:�<corrl *corr2*FoulingFactor; 
vapenth := Refrig.VapourEnthalpy (Ref,condtemp); 
l iqenth := Refrig.LiquidEnthalpy (Ref.condtemp); 
RefMassFlow := Heat_Load I (vapenth - liqenth); 
HeatRowln := RefMassFlow • vapenth; 
HeatFlowOut := RefMassFlow • liqenth; 

Heat_Load := 0.0; 
HeatFlowln := 0.0; 
HeatFlowOut := 0.0; 
RefMassFlow :::.: 0.0; 
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Model name . .  ' ' 

Inputs 

RADSEvaporator 

Temperature 
AbsHumidity 
Pressure 
Heatflow 

of the application �-. 
in the application 
of refrigerant at the evaporator outlet 
of refrigerant into the ev:.porator 

Comments 
This is the base model for the evaporator models implemented in the RADS 
environment as described by Comelius ( 199 1 ). While there are three sorts of 
RADS evaporator, they have much in common, so the common evaluation is  done 
here (initial evaluation in Evall and final evaluation in Eval2). The special parts 
of the evaluation are done by the children of this model. 

Properties 
Htmode 

Hvmode 

Hhmode 

Corrl 

Corr2 

Corr3 

Corr�-

MinFaceV 
RefrigCorr 
TSRat 
TempChange 
Fan Power 
Face Vel 
VoiAirFlow 
S tdDuty 
Face Area 
X factor 
Press Drop 

Temperatu� diff,rences in the fitted polynomia1s are 
expressed 1\S Mean or as FluidOn. 

Correct or NoCorrect for cooled-fluid flow rate in the duty 
calculation. 

Humidities are expressed either as TSRatio or RHumidity in 
the fitted polynomials. 

Fitted polynomial to correct the standard duty for evaporc�.tion 
temperature and temperature difference. 

Fitted polynomial to correct duty for total to ::ensible heat 
ratio. 

Fitted polynomial to correct the standard duty for the 
co�led-fluid flow rate. 

Fitted polynomial to correct fan power for cooled-fluid flow 
rate. 

Minimum face air velocity I m/s 
Correction for non-standard refrigerant or operating mode. 
Actual total to sensible heat ratio of our duty 
Air temperature change across evaporator I oc 
Fan power I W 
Face velocity I m/s 
Volumetric air flow rate I m3ls 
Standard gross refrigeration duty I W 
Face area I m1 

Fin resistance factor 
Pressure drop through evaporator I Pa 
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· Defl�tei-vai 
DefLength 
De£Power 
Ndx 
Ndy 
Ndz 
DefrostTune 
Switch Time 
On Time 
Offfime 
FanspeedCtrlr 
LiquidCtrlr 
EvapTempCtrlr 
RefSrc 
RefDst 
Application 
DefrostOn 
Switched On 

Methods 
Event 

Evaluate 
EvapEval 

Parameters 
TempMo..ie 
YelMode 
HumMode 
LiquidCtrlr 
FanspeedCtrlr 
EvapTempCtrlr 
Application 
Corrl  (fable) 
Corr2 (fable) 
Corr3 (fable) 
Corr4 (fable) 
Start 
Stop 
M u l tiple 
M in Face V 
Vo\AirFlow 
RefrigCorr 
X factor 

'APPENf:JiX'j' :_ DEIT AiUID MODEL DESCRIPTIONS . . . ' . . . . . 

. . . 

. TirM between defrost! I s 
Lerigth of each defrost I s . Power released during defrost I W 
Number of modules wide for a modular evaporator. 
Number of modules deep for a modular evaporator. 
Number of modult".s high for a modular evaporator. 
Time of next defrost (on or off) event I s 
Time of next On/Off switch event I s 
Length of time spent switched on I s 
Length of time spent switched off Is 
Pointer to the fan speed controller 
Pointer to the liquid level controller 
Pointer to the evaporation temperature controller 
Pointer to the refrigerant source. 
Pointer to the refrigerant destination. 
Pointer to the application model. 
TRUE if the evaporator is currently defrosting. 
TRUE if the evaporator is currently switched on. 
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Carry out scheduled events to turn the evaporator on. off, or 
to start or stop defrosting. 

Carry out the common evaluation. 
Carry out the specialised evaluation. 

Default = 'Mean' 
Default = 'NoCorrect' 
Default = 'RHumidity' 
Default = "  
Default = ' ' 
Default = "  
Default = "  
Default for element i = 0.0 
Default for element i = 0.0 
Default for element i = 0.0 
Default for element i = 0.0 
Default = 0.0 
Default = 24.0 
Default = 1 .0 
Default = 0.0 
Default = 6.0 
Default = 1 .0 
Default = 0.85 
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· . Refrigerant 
S tdDuty · 

FaceAreS: 
FanPower 
Press Drop 
DefrostPower 
DefrostLength 
Defrostinterval 
FrrstDefrost 
NumX 
Nu mY 
NumZ 
Source 
Dest 

Implementation 

-· .. -. :..' . . 
. 

Default .. 'R7 17'  . .  
, . Default • 10000.0 

�fault  • 10.0 
Default = 3.0 
Default • 1 .0 
Default • 0.0 
Default • 1 .0 
Default • 24.0 
Default • MAX(LONGREAL) 
Default .,. 1 .0 
Default = 1.0 
Default = 1 .0 
Default = "  
Default = ' ' 
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The following impleme:ntation includes the common pans of the RADS evaporator 
models. 

IF Evaluated OR NOT S witchedOn TIIEN 
RETURN; 

ELSE 
Model .Evaluate; 

END; 

The initial part of the evaluation 

give the variables silly values so they get caught quickly 
Pressure := - 1 .0; 
Ta := -200.0; 
Temperature := -200.0; 
Td := -200.0; 
obj := LinkedObjects; 
Ta := RefSys.Bounded ( 

A pplicationiiA.Get Value (SELF, V ariable.Temperature) ,-50.0,50.0); 
Pressure is determined by the owlet pressure. Heat flow into the evaporator is 
determined by the heat flow from the inlet 

Pressure := RefDst"".GetValue (SELF,Variable.Pressure); 
Qx : =  RcfrHeatFlow; 
RcfrHeatFlow := RefSrc"".GetValue (SELF,Variable.Heatflow); 
IF Pressure < 1 .0 THEN Pressure := 1 .0 END; 
keep safe from startup problems 
Temperature := Rcfrig.EvapTemp (Ref,Prcssure); 
IF Temperature < -49.5 THEN Temperature := -49.5 END; 
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keep safe from startup problems . 
IF EvapTempCt:'!(o � rnmfi . . . . _ . . . . · 

tmp := EvapTenipCtrtr•--\GetVaiue (sEI:.F,Variable.ControlYar); 
. IF Temperature < tmp TIJEN Temperature := tmp END; 

END: . . .. . 

Pressure := Refrig.EvapPress (Ref,Temperature); 
IF FanspeedCtrlr <> � TIIEN • : ' 

Speed :"" FaceVel • . 
. · . FansPeedCtrlr"'.GetVdue (SELF,Variable.ControlVar); 

IF Speed < MinFaceV TilEN . 
Speed :=- MinFaceV; . 

END; 
ELSE 

Speed := FaceVel; 
END; 

count := 0; 
REPEAT 

OldQx := Qx; 
Td := RefSys.Bounded (Ta - Temperature,0.0,50.0); 
EvapEval (Ta,Td,Speed,Qx,Tsrh,Powx); 
Do the calculations which are specific to the child model 

Now for the final part of the evaluation 

IF Qx < 0.0 THEN Qx := 0.0 END; 
IF LiquidCtrlr <.:> NIL THEN 

LiquidLevel := LiquidCtrJrM.GetY alue (SELF, Yariable.ControlVar); 
ELSE 

LiquidLevel := 1 .0; 
END; 
Tsurf := Temperature + (Ta - Temperature)'Xfactor; 
Hevap := Air.SatHumidity (Tsurf); 
Hum := Application"".GetYalue (SELF,Variable.AbsHumid i ty) ; 
tdiff := Ta - Tsurf; 
h tcap := Air.HeatCapac i ty (Tsurf,O.O); 
IF tdi ff > l .OE-2 THEN 

ELSE 

END; 

TSRat := RefSys.Bounded ( 

TSRat := 1 0.0; 

l .O+(Hum-;-Ievap )*Water. YaporisaticnHeat (Tsurf) / 
htcap I tdiff, 1 .0, MAX(REAL)); 

IF Htrnode = RADSEvaporator.FlutdOn THEN 
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.. · �· .. �JJiPBNDIX., .�DET AILEfi il6oa DESCRIPTioNs 

_ .. , , __ _ �· : ... 
, ·: .· · . 

. · '" � ; � .  : . 
IF HhmOde . .  7 RADSEvaporator.TSRatio TIIEN 

· 

Qsens ::::: Qxtrsrh; · ·: .; · ,, · 

Qx :::o TSRat*Qsens; 
Ratio := TSRat; . 

. IF Ratio < 1 .0 TIIEN Ratio :s 1 .0 END; 
ELSIF Hhmode ::a RADSEvaporator.RHumidity THEN 

END; 

· Hum :,.. Tsrh • Air.SatHumidity (Ta)/100.0; 
Tsurf :• Temperature + (Ta • Temperature)*Xfactor: 
Hevap :• Air.SatHumidity (Tsurf); 
tdiff :• Ta • Tsurf; 
IF tdiff > l .OE-2 TIIEN 

Ratio :::a 1 .0 + 

ELSE 

END; 

· (Hum · Hevap)*Water.VaporisationHeat (Tsurf) 
I htcap I tdiff; 

IF Ratio < 1 .0 TIIEN Ratio := 1 .0 END; 

Ratio := 1 0.0; 

Qsens ::::: Qx/Ratio; 
Qx := TSRat • Qsens; 

ELSIF Htmode = RADSEvaporator.Mean TI-IEN 

END; 

IF Hhmode = RADSEvaporator.RHumidity TIIEN 
Hum := 

r:LSE 

END; 

Tsrh*Air.SatHumidity (Temperature + Td + 
0.5 *TempChange)/1 00.0; 

Tsurf := Temperature + (Td + 0.5*TempChange)*Xfactor: 
Hevap := Air.SatHumidity (Tsurf); 
tdiff := Temperature + Td + 0.5*TempChange - Tsurf; 
htcap := Air.HeatCapa..:ity (Tsurf,Hum); 
IF tdiff > l .OE-2 TIIEN 

ELSE 

END; 

Ratio := 1 .0 + (Hum - Hevap) * 
Water. VaporisationHeat(Tsurf) 

I htcap I tdiff; 

Ratio := 1 0.0; 

Ratio := Tsrh; 

IF Ratio < 1 .0 THEN Ratio := 1 .0 END; 
Qsens := Qx/Ratio; 
Qx := TSRat*Qsens; 
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� ,...- .... - � - •. -..J �.,..:::. ., .. . . .. . .  
- � •• -...-.- ·-. . . : -,.:AfPENO� s·� DET� MODEL DE..'iCRIPTIONS 

Qx :=r Qx.�LiquidLcvel; : ::.,. .. . . .  , 
Qsens :"" Qsens•Liquidtevel; '� 
IF VolAirFlow > 0.0 TIIEN ;�:: . , · . . 

TempChange :. Qsens I (VolAirFiow • A ir.Density (Ta,Hum) 
• Air.Hea��pacit� (Ta,Hum)); 

ELSE . . . � .. .  •. . . . .. . : 

TempChange :• 0. 1 ; . ,  
END; 
INC (count); 

UNTIL (count >= 3) OR ((ABS(Qx) > 0.0) 
AND (ABS(OldQx/Qx - 1 .0) < 0.0025)); 

WaterFiow := Qx•(TS Rat- 1 .0)/Water.VaporisationHeat (Tsurf)ffSRat; 
RoomHeatF!ow := Qsens - Powx; 
RcfrHeatFlow := RefrHeatF!ow ..;.. Qx; 
RefrigFiow := RefrHeatF!ow I (Refrig.VapourEnthalpy (Ref,Temperature) 

- Refrig.J ..iquidEnthalpy (Ref,Temperature)); 
IF DefrostOn THEN 

RefrHeatFlow := RefrHeatF!ow + DefPower; 
RoomHeatFlow := RoomHeatFiow - DefPower; 

END; 

Mocfel name 
RADSModEvap 

Inputs 
as for RADSEvaporator 

Outputs 
as for Refr_Room_IFace 

Comments 
This is an implementation of the RADS standard evaporator model. 

Methods 
Evaluate 

Implementation 

Carry out calculations specific to RADSModEvap. 

The calculations specific to RADSModEvap are as follows: 

IF H tmode = RADS Evaporator.Mean THEN 
w := Temperature; 
IF (Td <= TempChange) THEN TempChange := Td - 0. 1 END; 
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tmp :=- (Ta-w)I(Ta-TempChange-w); 
IF (tmp > 0.0) AND (ABS (tmp • 1 .0) >0.01) TIIEN 

Td :=- ((Ta - w) - (Ta - TempChange - w)) I MATHLIB .Log (tmp); 
END; 

END; 
corrl := (Corrl[l]  + Corr1[2]*Temperature 

+ Corrl (3] .,.emperature•Temperature 
+ Corrl (4]*Temperature.-z-emperature.,.cmperature 
+ Corrl[S]*Td + Corr1[6)*Td.,.emperature).,.d/Corrl[7]; 

Tsrh := Ccrr2[1]  + Corr2[2]-Td + Corr2[3]*Temperature 
+ Corr2[ 4]*Temperature*Temperature 
+ Corr2[5)*Td.,.emperature · 

+ Corr2[6]*Td.-z-emperafure*Temperature; 
IF Hvmode <> RADSEvaporator:Corr�t THEN 

ELSE 

END; 

corr2 := Ndz; · 

corr3 := Ndz; 

r.orr2 := (Corr3i ) ]  + Corr3[2] *Speed + Corr3[3]*Speed*Speed 
+ Corr3[4]*Ndz + Corr3[5]*Ndz*Speed 
+ Corr3[6]*Ndz*Ndz)*Ndz; 

corr3 := (Corr4[1 ]  + Corr4[2]*Speed + Corr4[3]*Speed*Speed 
+ Corr4[4] *Ndz + Corr4[S]•Ndz*Speed 
+ Corr4[6]*Ndz*Ndz)*Ndz. *Speed*Speed*Speed; 

Qx := S tdDuty*corrl *corr2*RefrigCorr*Ndx*Ndy; 
Powx := FanPower*corr3*Ndx*Ndy; 
VolAirFlow := FaceArea"'Speed*Ndx*Ndy; 

Model name 
RADSNatEvap 

/npllts 
as for RADS Evaporator 

Outputs 
as for Refr_Room_IFace 

Comments 
This is an implementation of the RADS standard evaporator model. 

Methods 
Eval uate Carry out  calculations specific to RADSNatEvap. 
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Implementation 
The cc.lculntions s�ific to RADSStdEvap arc as foilows: 

IF Td < 0.0 TIIEN Td := 0.0 END; 
corrl := (Corrl [ l ]  + Corrl [2]*Temperature 

+ Corrl [31*Temtx-nture*Temperature 
+ Corr 1 [ 4) •Temperature �emperature*Temperature 
+ Corrl [5]*Td + Corr1 [6]*Td•Temperature)*Td/Corrl [7]; 

Tsrh := Corr2[1] + Corr2[2] .. Td + Corr2[3J*Temperaturc 
+ Corr2[4]*Temperature*Ternpenture 
+ Corr2[5]*Td*Tempcrature · 
+ Cor.2[6]*Td*TeE+••: rature*Temperature; 

Qx := S tdDuty*corrl *RefrigCorr; 
Powx := 0.0; 
VoiAirF1ow := FaceArea*Speed; 

Model name 
RADSPipe 

Inputs 
Heatflow 
Temperature 
Pressure 

Ourpws 
as for Pipeline 

Comments 

from the active end of the line. 
from the source end of the line. 
from the destination end of the line. 

This model implements a refrigerant pipeline model as per RADS (Comelius, 
1 99 1 ).  The model in RADS is implicit within the simulation environment, 
however, while this model is explicit. 

Properties 
as for Pipeline with the addition of: 
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UA Product of pipeline surface area and surface heat transfer 

coefficient I WfC 
PressDrop Fixed pressure drop along the pipeline I Pa 

Parameters 
Refrigerant 
Length 
InsThick 
Diameter 

Default = 'R7 1 7 '  
Default = 1 0.0 I m 
Default = 0.0 I mm 
Default = 100.0 I mm 
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InsTCond 
Ins ByPass 
Press Drop 
Source 
Dest 

Implementation 

. \ .. �. ·, . . .. 

Default • 0.03 / W/m''K 
Default .. 1 .0 
Default • 0.0 I Pa 
Default • " 
Default • " 
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Refrigerant flows from one end (Source) to the other (Oest). RADSPipe is a 
thermal model and does not carry out detailed mass and pressure calculations so it 
is r.ot capable of calculating flow directions itself: In essence, RADSPipe o�rates 
as if it contains a one-way flow valve. 

IF Evaluated THEN 
RETURN; 

ELSE 
Model.Ev�Juate; 

END; 
flow ca11 be determined at either end. Each component returns the flow that it is provides 
to (+) or accepts from (-) the pipe. Vessels etc. return 0.0 and leave it up to the other end 
of the pipe to decide. 
flowO := End[O]"".GetValue (SELF,Variablc.Heatflow); 
flowl := - 1 .0 • End[l ]"".GetValue (SELF,Variable.Heatflow); 
IF flowO = MAX(LONGREAL) THEN 
the fluid source is passive 

· ' 

HeatFlow := 0.0; 
IF PipeEnv <> NIL lliEN 

HcatFlow := HeatFlow - UA * ((Temp[O]+Temp[ l ])/2.0 

END; 

- PipeEnv"".GetValue 
(SELF,Variable.T�mperature)); 

ELSIF flow! = -MAX(LONG REAL) lliEN 
the fluid sink is passive 

ELSE 

HeatFlow := flowO; 
IF PipeEnv <> NIL lliEN 

HeatFlow := HeatFiow - UA * ((Temp[O]+Temp[ l ])/2.0 

END; 

- PipeEnv"".GetValue 
(SELF,Variable.Temperature)); 

both are active 
IF flowO > -flow I 11-IE N  

HeatFlow := -flow ! ;  
ELS E  

HeatAow : =  flowO; 

A Dyn:unic Modelling Methodology for the Simulation of Industrial Refrigeration Systems 



Awernix 5 - DETAILED MODel. DESCRIPTIONS 

END; 
IF PipeEnv <> NIL  mEN 

HeatFlow ;:z HeatFlow - UA * ((Temp[O]+Temp[ l ])/2.0 

END; 
END; 

- PipeEnv"".GetValue 
(SELF,Varia ble.Temperature)); 

Press[l ]  := End[ l)M.GetValue (SELF,Yilriable.Pressure) + PressEPS; 
Press[O) := Press[ l) + PressDrop; 
Temp(O) := End[O]M.GetValue (SELF,Variable.Temperature); 
assume saturated if carrying a \'a/id refrigerant. Don' t  adjust temperature of 
non-refrigerants as the pipeline probably does n.ot know the mass flow rate very 
accurately anyway 
IF Ref <> Refrig.SecondaryRefrig 'IBEN 

Temp [ l )  := Refrig.EvapTemp (Rc:f,Press[ l]); 
ELSE 

Temp[ l ]  := Terr.p[O]; 
END; 

Model name 
RADSRoorn 

Inputs 
as for Room 

Ourputs 
as for Room 

Comments 
RADS Room is a room model of the type described by Corneli us ( 1 99 1 ).  

Methods 
Evaluate 

Implementation 

Calculate room conditions. 

AS-48 

RADS Room differs from Room in tha t  RADS Room does not allow water vapour 
to condense within the room. It is therefore possible for the room relative 
humidity to exceed 1 .0 for ex tended periods o f  time. 

IF Evaluated THEN 
RETURN 

ELS E 
M odei .Eval uate; 
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END; 
obj :m LinkedObjects; 
HeatFlowln :• 0.0; 
the net heat flow Into the room 
WaterFlowin ::::a 0.0; 
the net l'.'ater vapour flow Into the room 
LiqFlow :• 0.0; 
the net water liquid flow Into the room 
Heat_Load := 0.0; 
total heat flow into the room 
Water_Load := 0.0; 
total water vapour flow into the room 
WHILE obj <> NIL DO 

END; 

Load := obj".model".GetValue (SELF,Variable.Heatflow); 
HeatFlowin := HeatFlcwin + Load; 
IF Load > 0.0 THEN 

Heat_Load := Heat_Load + Load; 
END; 
IF obj".model".GetValue (SELF,Variable.State) > 0.99 THEN 
the water flow is of liquid 

LiqFlow := LiqFlow 
+ obj".model".GetValue (SELF,Variable.Massflow); 

ELSE 
the water flow is of vapour 

END: 

WLoad := obj".model".GetValue (SELF,Variable.Massflow); 
WaterFlowin := WaterFlowln + \\'Load; 
IF WLoad > 0.0 THEN 

Water_Load := Water __ Lo.ld + WLoad; 
END; 

obj := obj".next; 

temp := RefSy�.Bounded (Temp.val,-50.0,50.0); 
AirMass := Volume * Air.Density (temp,Hum.val); 
DryAirMass := Volume * Air.Density (temp,O.O); 
SatHum := Air.SatHurnidity (temp); 
Re:.Hum := Hum.val I SatHum; 

Now calculate the derivatives of the dynamic variables 

Hum.dec : =  WaterF!owln I DryAirMass; 
Humidity changes d('pending upon the water flowing into the room 
Temp.der : =  HcatFlowln I (AirMass * A ir.HeatCapacity (ternp,Hum.val)); 
Temperawre changes due to hEat flow into the room. 

AS-49 
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Model n(llne , 

RADSStdEvap 

Inputs · . .  

· · · · as for RADSEv�J.porutor 

Outputs · · 
as for Refr_Room_IFace 

Comments 
This is an implementation of the RADS standard enporator model. 

Methods 
Evaluate Carry out calculations specific to RADSStdEvap. 

Implementation 
The calculations specific to RADSStdEvap aze as follows: 

IF H tmode = RADSEvaporator.Mean TIJEN 
w := Temperature; 

END; 

IF (Td <= TempChange) THEN TempChange := Td - 0.1 END; 
tmp := (Ta-w)/(Ta.-TempChange-w); 
IF (tmp > 0.0) AND (ABS (tmp - 1 .0) > 0.0 1)  THEN 

Td := ((Ta - w) - ('fa - TempChange - w)) I MATHLIB.Log (tmp); 
END; 

corrl := (Corr l [ l ]  + Corr 1 [2] *Temperature 
+ Corrl [3]*Temperature*Temperature 
+ Corrl [4] *Temperature*Temperature*Temperature 
+ Corr 1 [5] *Td + Corr 1 [6] *Td*Temperature)*Td/Corr 1 [7] ;  

Tsrh : =  Corr2 [ 1 ]  + Corr2[2] *Td + Corr2[3)*Temperature 
+ Corr2[ 4] *Temperature*Temperature 
+ CotT2[5) *Td *Temperature 
+ Corr:![ 6) *Td *Temperature*Temperature; 

IF Hvmode <> RADS Evaporator.CoiT"!�t THEN 
corr2 := 1 .0; 

El S E  
corr3 : =  1 .0; 

corr2 := Corr3 [ 1 ]  + Corr3 [2] *Speed + Corr3[3]*S pced*Speed 
+ Corr3[4] *Speed *Speed*Speed; 

corr3 := Corr4 [ 1 ]  + Corr4 [2] *Speed + Corr4[3]*S peed*Speed 
+ Corr4[4] *Speed*Speed*Speed; 

AS-50 
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END; 
Qx :a StdDuty�coiri•corr2•Rerri&coiT;"� 
Powx := FanPower*corr3; : �-- _,·· ·. 1 .· · • • :;.- · 

VolAirFlow := FaceArea*S�(· 

Model name · · 

Inputs 

RADSTyp4Control 

InputType 
Control Vat 

Outputs 
ControlVar 

Comments 

Variable type to be controlled. 
Set point from a supe1ior controller. 

' i'.· . 

Desired loading fraction 

This model implements the RADS type 4 compressor control strategy as described 
by Cornelius (1991). This controller controls a number of compressors which have 
a set order of operation. One compressor at a time b partly loaded. When that 
compressor is fully loaded, the next compressor is started on minimum loadbg. 
When the partly loaded compressor reaches its minimum loading, it is turned off, 
and the previous compressor in order commences unloading. 

Properties 
Comp 

NamCompressors 
C .. uTen tPartLoad 
Source 
SetPtCtrlr 

InputType 
SetPoint 
MinOutput 
Max.Output 
PrevErr 
NumComp 

LoadFrac 

Methods 
Get'/alue 
Evaluate 

An array containing pointers to up to 20 compressors and 
their control parameters. 

The number of compressors to be controlled. 
The number of the compressor which is partly-loaded. 
Pointer to the model whose variable is controlled. 
Pointer to the controller which provides a !;et point for this 

one. 
Type of variable to be controlled. 
Current value of the controller set point. 
Minimum value of the controller output variable. 
Maximum value of the controller output variable. 
Value of input - set point at last time step. 
Th<" number of the compressor which is partly-loaded (as a 

LONG REAL). 
The control oucput for the partly-loaded compressor. 

Return the control output for the requesti ng compressor. 
Calculate the outputs for all compressors. 
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· Initialise Initialise the RADSTyp4Control model. 

Parameters
· 

Parameters (Table) 
Parameters (Table) 
Parameters (Ttble) 
InitialNoOn 
MaxOutput 
MinOutpu(' . .  · : 
SetPoint · . ·•· 

· Control 
SetPtCtrlr 
Controlled..\1odel 

Default for element 3•i-2 = ' '  

Default for element 3•i- l = 0.0 
Default for element 3*i = 0.0 
Initial number of compressors in op;;ration. Default :: 1 .0 
Default ... 1 .0 

· · Default ·a:: o.o 
DefaUJ(� ·�·�o�o .· 
Tyj,e "of variable to control. Default .. 'Temperature' 
Default = "  
Default = ' ' 

Implementation 
The table Parameters contains three data items per entry: Compressor name, 
Proportional control factor and Integral time. If Integral time = 0.0 then the 
control action for that compressor is differential i nstead of velocity-fonn 
Proportional-Integral and the second data item in the entry then represents .. 
differential around the set point. If the name of a set point controller is provided, 
then the set poin• is obtained from that model at each evaluation, otherwise the 
fixed Sei.Point is used. A model name must be provided for ControllcdModel. 

IF Evaluated THEN 
RETURN; 

E LS E  
Model .Evaluate; 

END; 
input := Sourcei\A.GetValue (SELF,InputType); 
IF SetPtCtrlr <> NIL THEN 

setpoint := SetPtCtrlri\A.GetValue (S ELF,Variable.Contro!Var); 
EL!J E  

setpo int := Se tPoint; 
END; 
lasttime : =  Time.S ystem_ t; t neval .valstart; 
curtime := Time.System.ti meval.v al;  

t imed i ff :=  curtime - lastti me; 
IF Comp[CurrentPartLoad ] . Diff 1HEN 
it is a differential controller. Note the signs because tuming a compressor on reduces the 
temper:uure 

I F  curtime > (ChangeTime+Delay) THEN 
IF timediff < l .OE-4 THEN 
start of a time-step, so we can change configuration 

I F  input < setpo int - 0.5*Comp[CurrentPartLoad] .Differential 
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END; 
END; 

ELSE 

.'::' A�IX 5 � DBTAILBD'MODEL DESCRIPTIONS 
· .. ·� .·.;..,. - . ; · .. ·. . 

.

· . 

�."'�::: :
:
�

. .

. 

. 

Coinp[CurrentPartLoad].Output :• MinOutput; 
DEC (CurrentPartload); 
ChangeTime :• curtime; 

ELSIF input > se:point 

AS-53 

+ O.S*Comp[CurrentPant.oad].Differential TIIEN 
Comp[CurrenlPanLoad].Output := MaxOutput; 
INC (CurrentPanLoad); • 

Ch:mgeTime := curtime; 
ELSE 
happy with C:Jrrent configuration 
END; 

ir is a PI controller 
err := input - setpoint; 
IF timediff < l .OE-4 11-IEN 
take no control action here, but may change compressor configuration 

PrevErr := err, 

ELSE 

Comp[CurrentPartLoad] .OutputVar.der := 0.0; 
Comp[CurrentPartLoad] .Output := 

Comp[CurrentPartLoad].OutputVar.val; 
Check if the compressor configuration needs changing 

IF Comp[CurrentPartLoad].Output <= MinOutput THEN 
Comp[ CurrentPartLoad].Output := MinOutput; 
DEC (CurrentPanLoad); 

ELSIF Comp[CurrentP artLoad] .Output >= MaxOutput TII EN 
Comp[CurrentPartLoad] .Output := MaxOutput; 
INC (CurrentPartLoad); 

END; 

Comp[CurrentPartLoad] .OutputVar.der := 
(Comp[CurrentPartLoad].P • ( 1 .0 + timediff/ 
Comp[CurrentPartLoad] .I)*err 
- Comp[CurrentPartLoad].P*PrevErr) I timedi ff; 

Comp[CurrentPartLoad] .Output : =  
Comp[CurrentPartLoad] .OutputYar. val; 

IF Comp[CurrentPanL oad] .Output < MinOutput THEN 
Comp[CurrentPanLoad] .Output := MinOutput; 
IF Comp[CurrentPartLoad].OutputVar.der < 0.0 THEN 

Comp[CurrentPartLoad].OutputYar.der := 0.0; 
END; 

ELSIF Comp[CurrentPartLoad].Output > MaxOutput THEN 
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END; 
END; 

Comp[CurrentP�ad].Output :u MaxOutput; 
IF Comp[CurreinPartLoad].OutputYar.du > 0.0 TIIEN 

Comp[CurrentPartLoad].OutputVar.der := 0.0; 
END; 

END; . 
!F CurrentPartLoad <. 1 TIIEN . . .  . . . · 

there mu:;t always be one compressor on part-load duty 
Cur.entPartLoad ::::o 1 

ELSIF CurrentPartLo�> NumComp�ssors 1HEN 
do not run nwre than the available number of compressors 

CurrentPartLoad :,.. NumCompresson 
END; 
FOR i := 1 TO CurrentPartLoad- 1 DO 
make sure the working compressors are set properly 

IF NOT Comp[i] .Diff TI-IEN 
Comp[i].OutputYar.der := 0.0; 

END; 
Comp[i] .Output  := 1 .0;  

END; 
NumComp := LONGREAL (CurrentPartLoad); 
LoadFrac := Comp[CurrentPartLoad] .Output; 

Model 11ame 
RADSVesscl 

Inputs 
Heatflow 
S tate 

Outputs 
Heatflow 
Massfluw 
Temperature 
Pressure 

Comments 

i nto the vessel from each l i nked model. 
of each stream flowing into the vessel. 

of l iquid refrigerant into the vessel to the l iquid source. 
of l iquid refrigerant into the vessel to the l iquid source. 
of refrigerant in the vessel. 
of refrigerant in the vessel. 

This model corresponds to the RADS vessel m0del described by Come !ius ( 1 99 1  ). 

Properties 
LiquidSource 
Heat_ Load 

Pointer to the source of make-�p liquid refrigerant. 
The total positive heat load on the vessel I W 
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ReqdUquid The mass flow rate of liquid required to balance the vapour 

LiquiciHeatFlow 
Press•.:.re 
RefrigMass 
Temp 

Methods 
GetValue 
Evaluate 
Initialise 

Parameters 
Temp 
RefrigMass 
Refriger:!nt 
Lh-tuidSource 

Implementation 

· flow to the compressors I .kg/s 
Enthalpy flow of make-up liquid I W 
Refrigerant p·ressure I Pa 
Mass of refrigerant in the vessel / Pa 
Dynamic variable representing the refrigerant temperature I 

; oc . 

Retuin Hcatflow, Massflow, Temperature or Pressure. 
Calculate the conditions in the vessel. 
Initialise this instance of RADSVessel. 

Defi\Ult = -20.0 · 

Default .,. 0.0 
Default = 'R7 17' 
Default = "  

This model is thennal in nature, and it is assumed that there is  a constant mass of 
refrigerant in the vessel at all times. 

IF Evalu:ited THEN 
RETURN; 

ELSE 
Modei .Evaluate; 

END; 
obj := LinkedObjects; 
HeatHowin := 0.0; 
net of all loads (positive and negative) 
ReqdLiquid := 0.0; 
make-up required for mass balance 
Heat_Load := 0.0; 
sum of positive loads 
temp : =  RefSys.Bounded (Temp.val,-49.9,49. 9); 
do not allow the vessel temperature to gu ollfside the range of refrigerant property 
routines 

WH ILE obj <> NIL DO 
IF obj·' .model <> LiquidSource" THEN 

Load := obj".modei".GetValue (SELF,Vari:!ble.Heatflow); 
I F  Load < 0.0 THEN 

ReqdLiquid := ReqdLiquid -

obj".modei".GetValue (SELF,Variable.Massflow); 
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ELSE 

Heat_Load. :• Heai_Lond + Load; 
END;' . . . - _, . .  

HeatF1owin := H�.atF1owin + Load; 
END; 
obj := obj".next; 

END; 
IF ReqdLiquid < 0.0 TIIEN 

ReqdLiquid := 0.0; 
END; 
LiquidHeatF1ow := ReqdLiquid 

• Rcfrig.LiquidEnthalpy (Ref, 
LiquidSourceM.GetY alue (SELF, Variable. Temperature)); 

HeatF1owln := HeatFlowin + LiquidHeatFlow; 
Temp.der := HeatF1owin 

I (RefrigMass • Refrig.LiquidSpecHt (Ref,temp)); 
Pressure := Refrig.EvapPress (Ref,temp); 

Model name 
RADSWCondenser 

Inputs 
Temperature 

Outpllts 

from refrigerant source and coolant 

as for RADS Condenser 

Comments 
Th is  modt:! represents a water-cooled condenser. 

Properties 
as for RAD S Condenser 

Methods 
Evaluate 

Parameters 

Evaluate the water-cooled condenser modeL 

as for RADS Condenser 

Implementation 

IF Evaluated TH E!\' 

AS-56 
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RETURN; 
ELSE 

Model.Evaluate; 
END; 
IF MyController = NIL THEN 

loadfrac := 1 .0; 
always runs full on 

ELSE 
loadfrac := MyController"".GetYalue (SELF,Variable.ControlYar); 

END; 
IF loadfrac > 0.0--THEN 

condtemp := SourceN'.GetYalue (SELF,Variable.Temperature); 
watenemp := CoolantM.GetValue (SELF,Variable.Temperature); 
ActualCoolFlow := CoolantFlow*loadfrac; 
IF condtemp < watertemp THEN 

ELSE 

END; 

c:ondtemp := watertemp; 
tempdiff := 0.0; 

IF condtemp < watertemp+0.5 TIIEN condtemp := watertemp+0.5 END; 
tempdiff := condtemp-watertemp; 
IF TempMode = RADSCondenser.Mean TIIEN 

END; 

w := RefSys.Bounded (condtemp-watertemp-TempChg,O.OO I ,50.0); 
tmp := MATHLIB.Log ((condtemp - waterternp)lw); 

· 

IF ABS(tmp) > 0.0 1 THEN 
tempdiff := ((condtemp - watertemp) - w) I trnp; 

END; 

tempdiff := RefSys.Bounded (tempdiff,0.5,50.0); 

corrl := (Corrl [ l ]  + condtemp*(Corrl [2] + condtemp*(Corr 1 [3]  + 
condtemp*Corrl [ 4])) + tempdiff*(Corrl [5] + 
condtemp*Corrl [6])) * tempdlff1Corr1[7]; 

IF  VelMode <> RADSCondenser.Correct THEN 
corr2 := 1 .0 

ELS E 
corr2 : =  Corr l [ 1 1  + Actua!Cco!Flow*(Corr l [2] 

+ Actua!Coo!Flow*(Co rr l [3] + Actua!Coo ! Flow* Corr l [4))) 
END; 
Heat_Load := S tdDuty*corrl ""corr2* FoulingFactor; 
TempChg := Heat_Load I 

(Actua!Coo!Flow*Water.HeatCapacity (watertemp)); 
TempChg := RefSys.Bounded (TempChg,O. l ,condtemp-watertemp-0. 1 ); 
vape nth := Refrig.YapourEnthalpy (Ref,condtemp); 
l iqenth := Refrig.Liquid Enthalpy (Rcf,condtemp); 
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RefMassFlow := Heat_Load I (vapenth - liqenth); 
HeatFlowin :a RefMassFlow • vapenth; 
HeatFlowOut :"" RefMassFlow • liqenth; 

ELSE 

END; 

Heat_Load := 0.0; 
RefMassFlow :=- 0.0; 
TempChg := 0. 1 ;  
HcatFlowln := 0.0; 
HeatFlowOut := 0.0; 

Model name 
Refr_Room_IFace 

Inputs 
None 

Outputs 
Heatflow 
Massflow 
State 
Pressure 
Temperature 

Comments 

abstract model type 

to refrigerat!on system or room 
to refrigeration system or room 
of Massflow 
of refrigerant 
of refrigerant 

A�-58 

This is the base model type for i nterfaces between the refrigeration system and the 
refri geration application. GetValue is  implemented by Ref1_Room_IFace and need 
not be re-defined by descendent models. 

Propcnies 

RoomHeatFiow 
WaterFiow 
RefrHeatFiow 
Refri gFiow 
Pressure 
Temperature 
S tate 
M u l tiple 

Methods 
G.:tYalue 

Heat flow from the room I W 
Water mass flow from the room I kg/s 
Heat flow into the refrigeration system I W 
Refrigerant mass flow through �he model I kg/s 
Refrigerant pressure I Pa 
Refrigerant temperature I •c 
Refrigeran t liquid fraction i n  the model. 
Number of i t�;ns represented by this model .  

Return Heatflow, M assflow, S tate, Pressure or Temperature. 
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Model name 
RefrigComp 

lnpllts 
None 

Outputs 
None 

Comments 

APPENDIX 5 _..:. DET AIUID MODFL DE.Clc:RIPnONS AS-59 

abstract model type 

abstr.1ct model type 

This modd is the base clo.ss for all refrigeration system components. 

Properties 
Ref 

Methods 
None 

Model name 
Model 

Inputs 

The number of the refrigerant contained by this component. 

None (abstract model type) 

Outputs 
None (abstract model type) 

Comments 
Model serves as a base class for al l other models i n  the hierarchy and so its 
properties are inherited by all other models. Model provides a template for the 
mini mum level of functionality required of any model (that is, th(: methods 
GetValue, Event, Evaluate and Initial ise). 

Properties 
name 

LinkcdObjects 

Methods 
GctValue 
Ever.t 

Character array to store the model instance name. Up to 1 5  
characters. 

List of models to which this model is linked. 

Calling this method causes a runtime error. 
Cal l ing this method causes a runtime error. 
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New Evaluation 
Evaluate 

In i tial ise 

Parameters 

/ . ·  
A..'"l'ENDIX 5 - OETAU..ED MODEL DESCRIPTIONS A�-60 

Sets Evaluated = FALSE ready for a new evaluation. 
Provides the default evaluation action, i.e. sets Evaluated = 

TRUE 
Calling this method causes a runtime error. 

None (abstract model type). 

Imp!emen:ation 
The implementation of Model provides the default null action. 

Model name 
Room 

Inputs 
Heatflow 
Massflow 

Outputs 
Temperature 
AbsHumidity 
Re!Humidity 

Comments 

into the Room 
of liquid water or water vapour into the Room 

of air in the room 
of air in the room 
of air in tl:e room 

This model defines a room filled with humid air. 

Properties 
H u m  
Temp 
Wa terM ass 

RelHum 
Volume 
Heat_Load 
Water_Load 
TimeConstant  

Methods 
GctValue 
Evaluate 
Init ial i se 

Dynamic variable for absolute humidity 
Dynamic v ariable for air temperature I oc 
Dynamic v ari able for m:::tss of conde n sed water in the room I 

kg 
Rebtive humidity 
Volu me of a ir  in the room I m3 

Ne� pos i tive heat lo:::td on room I W 
Net positiv e  water flow into room I kg/s 
Ratio of vol ume to flow in the room I s 

Valid requests are Temper:::tture, AbsH umid i ty, RciHumidity 
Evaluate the Room model 
Ini tialise the Room model 
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Parameters 
RelHum 
Volume 
Temp 
WaterMass 
TimeConstant 

Default = 0.8 
Default = 1 00.0 
Default = -20.0 
Default = 0.0 
Default = 300.0 

Implementation 
This  follows the description given in Chapter 7.  

IF Evaluated lliEN 
RETURN; 

ELSE 
Modei.Evaluate; 

END; 
obj := LinkedObjects; 
HeatAowln := 0 .0; 
the net heat flow into the room 
WaterFlowln := 0.0; 
the net water vapour flow into the room 
LiqAow :=  0.0; 
the net water liquid flow i:rto the room 
Heat_Load := 0.0; 

·· ·- ·· · · ·  · · ···· 

total heat flow into the room 
Water_Load := 0.0; 
total water vapour flow into the room 
WH ILE obj <> NIL DO 

Load := objA .modeiA.GetValue (S ELF, V ariable.Heatflow); 
HeatAowin := HeatFiowin + Load; 
IF Load > 0.0 THEN 

Heat_Load := Heat_Load + Load; 
E ND; 
IF objA.modelA.GetValue (S ELF,Variable.S tate) > 0.99 THEN 
tire water flow is of liquid 

Liqf-low := LiqAow 
+ otj/\.modcl/\.GetValue (SE! .F,Variablc. l\iassflow); 

ELS E 
the water flow is of vapour 

END; 

WLoad := objA.model". GetVal ue. (SELF.Variable.Massflow); 
WaterFiowln := WaterAowin + WLoad; 
IF WLoad > 0.0 THEN 

Wa ter_Load := Water_Load + W Load; 
E ND; 

AS-6 1 
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obj := objA.next; 
END; 
temp := RefSys.Bounded (Temp.val,-50.0,50.0); 
AirMass := Volume • Air.Density (temp,Hum.val); 
DryAirMass := Volume • Air.Density (temp,O.O); 
SatHum := Air.SatHumidity (temp); 
Re!Hum := Hum.val I SatHum; 
IF RelHum < 0.0 TIIEN Re!Hum := 0.0 END; 
Protect against startup transients 

Now calculate the derivatives of the dynamic variables 

WaterMassF1ow := (RelHum • 1 .0) • SatHum • DryAirMass!fimeConstant; 
WaterMass is the mass of water in the room as frost, drip, or fog. TimeConstant will 
depend on air movement rates in the room. 
IF (WaterMass.val < 0.0) AND (WaterMassFiow < 0.0) 11-IEN 
if the WaterMass.val ever becomes negative, don't  let it get worse. 

WaterMassF1ow := 0.0; 
END; 

Load := WaterMassF!ow • Water.VaporisationHeat (temp); 
IF Loo!.d > 0.0 THEN 

Heat_Load := Heat_Load + Load; 
END; 

HeatFiowln := HeatFiowln + Load; 

A5-62 

HeatFlowln is sensibl:! heat flow into the room. Can come from outside, objects inside the 
room, or conversion from latent heat of water vapour 

Hum.der := (WaterFiowin • WaterMassF!ow) I DryAirMass; 
Humidity changes depending upon the water flowing into the room and the amount of 
water in liquid or solid form in the room. 

W<!.terMuss.der := LiqFiow + WaterMassFiow; 
IF (Watc rMass.vul <= 0.0) AND (WaterMass.der <= 0.0) 11-IEN 

WaterMass .der : =  0.0; 
END; 

Temp.der : =  HeutFiowln I (A irMass • A ir. HeatCapucity (tcmp.f-i u m.vul) 
+ Wute rMass.val • Water.HeatCupuci ty (temp)); 
Temperature changes due to heat flow into the room . Any WaterMoss in the room 

prol·ides a buffering effect 
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Model name 
Room_Room_IFace 

Inputs 
None 

Ourpws 
Heatflow 
Massflow 

Comments 

APPENDIX .5 - DETAILED MODEL DESCRIPTIONS 

abstract model type 

throtJgh the interface 
through the interface 

A5-63 

Room_Room_IFace is the base model for all interfaces  between room models. The 
convention followed is that flows from the first linked model to the second linked 
model are positive. This doesn' t  matter for users of the GetYalue method as 
GetYalue sets s igns appropriately depending on the requesting model, but i t  does 
matter for child versions of Evaluate. 

Properties 
HeatFlow 
WaterFlow 

Methods 
GetValue 

Model name 
SISOController 

I npurs 
InputType 
Contro !Yar 

Outputs 
Conrro!Var 

Comments 

Heat flow through the interface I W 
Water vapour flow through the interface I kg/s 

Return Heatfiow or Massflow to requesting models. 

Variable to be controlled. 
Set point from a superior controller. 

Output to manipula ted mode l .  

Th is  i s  the base model for S ingle Input , S i ngle Output control lers. I t  prov ides the 
Input  me thod by which all of i ts descendents obta in  both of the ir  i nput variabk·s. 

Properties 
Source Pointer to the model from which the control led variable is 

obtained. 
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SetPtCtrlr 

ControiOutput 
SetPoint 
M in Output 
MaxOutput 
InputType 

Methods 
GetValue 
Input 

Parameters 
None 

Implementation 

APPENDIX 5 - DETAILED MODEL DESCRIPTIONS 

Pointer to the superior controller which provides the set 
point 

Value of output calculated for the cont:r:>ller. 
Current ·:alue of the controller set point. 

Minimum contr0ller output value. 
Maximum controller output value. 
Type of the input  variable. 

Return ControlVar to requesting models. 
Obtain the cumnt input value (and setpoint if there is a 

superior controller) .  

abstract model type. 

A5-64 

The only evaluation performed by this model is read ing input in the Input method. 

input := SourceNI.GetValue (S ELF,InputType); 
IF SetPtCtrlr <> NIL THEN 

setpoint := SetPtCtrlr"".GetValue (SELF,Variable.Contro!Var); 
ELS E  

setpoint  : =  S�tPoint; 
END;  

Mode/ name 
SCDi ffControl 

I npllts 
as for SIS OController 

Owputs 
as for S IS OControl ler 

Comments 
This  i s  a basic on/off control ler. TI1e controller output is defined by:  Output  = 

M i nOutput  i f  Input > SetPo i n t  + O.S * D i fferent ia l ;  Output = MaxOutput  i f  Input < 
SetPo i n t - O.S *Different ia l ;  no change to cu tTent  value i f  S e tPo i n t  + 
0 . 5 'l< 0 i fferen t ial  > Input  > SetPo i n t  - O.S * D i ffe rent ia l .  

Properties 
as for S I SOController with the add i t ion o f: 
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Differential 

Methods 
Evaluate 
Initialise 

Parameters 

SetPoint 
MaxOutput 
M in Output 
Differential 
SetPtCtrlr 
ConcrolledModel 
Control 

Implementation 

IF Evaluated THEN 
R ETURN; 

E LS E  
Model . Evaluate; 

END; 
IF S tatus = Wait ing THEN 

APPENDIX 5 - DETAILED MODEL DESCRIPTIONS 

Dead band around the setpoint where no output change 
occurs. 

Calculate the current controller output. 
Initialise the SODiffControl model. 

Default = - 1 0.0 
Default = 1 .0 
Default = 0.0 
Default = 2.0 
Default = ' '  
Default = "  
Defaul t  = 'Temperature' 

waiting for the end of the Delay period so stop now 
RETURN; 

END; 
Input (in ,setpoint); 
curtime := Time.System.GetValue (SELF,Variable.Time); 
IF (in < setpoint - 0 .5*Differential) AND (Status <> Maximum) THEN 

Scheduler.AddStateEvent (SELF); 
EventScheduled := TRUE; 

ELSIF (in > setpoint + 0.5*Differential) AND (S tatus <> Minimum) THEN 
Scheduler.AddStateEvent (SELF); 
EventScheduled := TRUE; 

END; 

Mode/ name 
SOPI DController 

Inputs 
as for S I SOController 

A5-65 
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Outputs 
as for SISOController 

Comments 
This class models a position form Single Input Single Output PID controller. The 
output is dimensionless and i n  the range MinOutput -> MaxOutput This is 
important to know when setting the P parameter. The cutput of  the controller is 
described by the equation: Output = P ( Error +" Errorlntegral/1 + D d(Input)/dt ) + 
B ias; where Error = Input - Setpoint; P, I, D, B ias and Setpoint  are input 
parameters. 

Prc.'perties 
Integral 

p 

I 
D 
B ias 

Derivative 

S torerilnput 

M!!thods 
Evaluate 
In i t ial ise 

Parameters 
p 
I 
D 
M axOutput  
M i nOutput  
SetPo i n t  
B ias 
Control 
SetPtCtrlr  
Contro l l edModel  

lmplemenrarinn 

Dynamic variable which describes the accumulated integral 
action. 

Proportional control factor (units of 
OutputVariableTime/InputType ) 

Integral time I s 
Derivative time I s 
Control action when there is no error (units the same as the 

output variable). 
Input derivative value during the last time step (un i ts of 

InputType/s). 
Input  valu e  during the last time step (units of InputType).  

Calculate control action. 
In i tial ise the SOPlDControl model .  

Default = 0. 1 
Defaul t  = 300.0 
Default = 0.0 
Default = 1 .0 
Defau l t  = 0.0 
D e faul t = - 1 0 .0 
De fau l t == 0.0 
D e faul t = 'Temperature' 
Defau l t = . .  
Defaul t = · ·  

Proper implemen tation cf derivative action would re.quire the evaluation of a n  
integral equation in parallel with the differential equations, with al lowances for the 
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possibil ity of backtracking and discrete events. This has not been done, so the 
derivative action is not of high quality. 

IF Evaluated THEN 
RETURN; 

ELSE 
Model.Evaluate; 

END; 
Input (in,setpoint); 
err := in - setpoint; 
IF (AB S(Integral.val) > 20.0*ABS(err)) AND (Integral.val*err > 0.0) 

THEN 

ELSE 

END; 

do not allow the Integral component of the action to get very big relative to the 
proportional component if the error has the same sign as the Integral 
Integral.der :=  0.0; 

Integral.der := err/I; 

lasttime :-= Time.System.timeval.valstart; 
curtime : =  Time.System.timeval.val; 
IF Iasttime = curtime THEN 

ELSE 

END; 

deriv := Derivative; 
S toredinput := in; 

deriv := (in - Storedinput) I (curtime - lasttime); 
Derivative := deriv; 

IF ABS(D*deriv) > :'i.O*ABS(err) TIIEN 
don't  let the derivative component get too big. 

E ND ; 

I F  deriv*err < 0.0 TiiEN 
deriv := -5.0*err/D; 

ELS E 
deriv := 5.0*err/D; 

E ND; 

Contro!Output : =  P * (err + Integral .val + D*deriv) + Bias; 
IF Contro!Output < M i nOutput THEN 

Contro!Output := M inOutput; 
ELS I F  Contro!Output > MaxOutput TH EN 

· Control Output := MaxOutput; 
E N D ;  
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Model name 

lnpllts 

Thermal Object 

Temper;lture 
AbsHu midity 

Outputs 
Temperature 
Heatflow 
Mass flow 

Comments 

APPENDIX S - DET AII..ED MODEL DESCRIPTIONS 

of Room 
of Room 

mass average 
from "Multiple" ThermalObjects 
of water vapour 

A5-68 

ThermalObj ect  models any solid in the refrigeration application which may change 
temperature, including food product and structural material. A TI1ermalObject may 
be moved from room to room according to a set schedule. The heat load model is  
that described in Chapter 3. Two important cases which th is i mplementation does 
not handle well are thawing of any substance (it treats thawing as i f  there was n o  
phase change, although a correct enthalpy balance is maintained) and freezing of 
liquids (convection with in  the liquid is not considered). 

Properties 
X 
H 

Room 
NextRoom 

mode 
N 
E 
h 
T f  
X 
A 
V 
Cl 
Cs 
k l 
ks 
L 
Tstart 
Tma 
Hs tart 

Dynamic variable for unfmzen depth I m 
Dynamic variable for the total enthalpy o f  a single 

Therrna!Object I J 
Pointer to the room model in which the ThermalObject rests 
Pointer to the room model to wh ich the ThermalObject wi l l  

move next 
mater!al mode: soft, freeze_thaw, or h ard 
Heat load shape factor 
Equ ivalent heat tra 1 1 s fer d i mensiona l ity shape factor 

S u rface heat tran s fer coe ffi c ient  I Wlm2K 
I n i t i al freezing temperature of the material I oc 
Cri tical thickness I m 
S u rface area I m2 

Volume I m3 
Un frozen spec i fic heat capacity I 1/kg K 
Frozen speci fic heat capacity I 1/kg K a t  temperature Tbase 
U n frozen thermal conduc tiv i ty I W/m K 
f-rozen thermal conducti vi ty I W/m K 
Latent heat of freezing I 1/kg 
I nit ial  mass average temperature of the Thcrma i Object I "C 
Mass average temperature of the TherrnaiObjcct I oc 
I n it ial  total enthalpy of the ThctmalObject I 1 
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Hf 
Hfreeze 
a 
b 
c 
B2k 
Bi  
Tff 
Tbase 
Hbase 
Multiple 

RespA 
RespB 
VapDiffuRes 
MassTrCoef 
WtLoss 
NextRepeatTime 
Repeatlnterval 

Methods 
Get Value 
Event 
Evaluate 
Ini tialise 

Parameters 
E 
N 
h 
kl 
ks 

X 
A 
V 
Cl 
Cs 
Tf 
Tst:Irt 
H f  
Tff 
H base 
Tbase 
M ult iple 

APPENDIX S - DETAILED MODEL DESCRIPTIONS 

Enthnlpy of the ThennalObjcct I J/kg at temperature Tf 
S u m  of L and any residual sensible heat I J/kg 
Parameter in the enthalpy function 
Parameter in the enthalpy function 
Parameter in the enthalpy function 

A5-69 

Product of Beta squared and the thermal conductivity at Tma 
B iot number 
Freezing temperature of the underlying material / °C 
Temperature I oc at which enthalpy is equal to Hbase 
B ase enthalpy I ]/kg (e.g. 0 J/kg at -40°C) 
Number of individual items represeuted by this 

Thermal Object 
Intercept of the respiration equation I W 
S lope of the respiration equation I WfC 
Vapour diffusion resistance for weight loss 
Mass transfer coefficient for weight loss 
Rate of  weight loss I kg/s 
Next time at which conditions w1ll be reset to Initial / s 
Int,;rval between resets to Intial conditions I s 

Valid requests are for Temperature, Heatflow, Masc:flow. 
Move the TherrnalObject to its next room, or re-initialise. 
Evaluate the Thenna!Object model. 
Initialise the ThennalObject modeL 

Default = 1 .0 
Default = 1 .0 
Default = 1 0.0 
Default = 0.5 
Default = 1 .5 
Default = 0. 1 
Default = 2.8 
Default = 0.2 
Default = 4.0E6 
Default = 2.0E6 
Default  = -0.9 
Defaul t  = 1 0.0 
Default  = 2.8E8 
Defaul t  = 0.0 
Defaul t  = 0.0 
Defaul t  = -40.0 
Default  = 1 .0 
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Repeatin terval 
VapDiffuRes 
MassTrCoef 
Load (fable) 
Load (fable) 
Respiration (fable) 
Respiration (fable) 
Respiration (fabie) 
Respiration (fable) 

Implementation 

APPENDIX .5 - DETAILED MODEL DESCRIPTIONS 

Default = l .O E l O  
Default = 0.0 
Default = 0.0 
Default for element I == 0.0 
Defaul t  for element i == MAX(REAL) 
Default for element 1 = 0.0 
Defaul t  for element 2 = 0.0 
Default for element 3 := 1 00.0 
Default  for element 4 = 0.0 

The Ther.na!Object implementation fol lows that described in Chapter 4, with 
additions for respiration and weight l oss 

IF Evaluated THEN 
RETURN 

ELS E 
M odel.Evaluate; 

END; 
IF Room :: NIL THEN 

!-I .der :== 0.0; 
x .der := 0.0; 
R ETURN 

END; 
Get the room temperature and humidity 
Tamb : ==  RcfSys.Bounded ( 

Room" .model".GetValue (S ELF, V ariable.Temper:J.ture ),-50.0 ,50.0); 
Hum := Room".model".GetValue (SELF,Variable.AbsHumidity); 
IF H .val > Hf THEN 
above the freezing point enthalpy 

ELS E 

END; 

Tma : ==  (H.val - H f) I (Cl *V) + Tf; 
linear function right for pre-c:ooling phase 

Tma := ((H.val-a) - S qrt( ( H.val-a) *(H.val-a) - 4.0� b"'c)) 
I (2.0"'b) + Tff; 
hyperbolic function for free:ing and sub-cooling 

I F  mod e  == soft THEN 
recalculate the current value of Hfreeze, the enthalpy released during freezin3 

IF (Tma > Tf) THEN 
Hfreeze : ==  L + (Tma - Tf) *Cl 

ELS E 
H frceze :== L 

END;  

A5-70 
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END; 
IF x.val > 0.0 THEN 
the freezing frunt is not yet at the centre 

IF Tma < Tf 1 ;mN 

A5-7 l 

at temperatures under Tf, allow the temperature to drift downwards as the process 

ELS E  

runs 
Temp := Tma; 

ELSE 
at temperatures over Tf, it is not sensible to run the freezing calculation at all, so 
use Tf 

Temp := Tf; 
END; 
IF Tamb < Tf TIIEN 
air temperature below freezing temperature -- possibility of freezing front 
movement 

ELS E  

E � iD; 

dxfreeze := -(femp - Tamb) I 
(Hfreeze * (Pow(x.val,E- 1 .0)) * ( l .OI(h*(Pow(X,E- 1 .0))) 
+ ((Pow(x.val,2.0-E)) - (Pow(X,2.0-E))) I (ks * (E-�.Q)))); 
freezing front movement rate 

dV := N * (Pow(x.val/X,N - 1 .0)) * (V(X); 
change in volume with radius 

Qfreeze := dV * dxfreeze * Hfreeze; 
heat release rate 

dxfreeze := 0.0; 
dV := 0.0; 
Qfreeze := 0.0; 

a1•oid rlu: undefined result when x = <  0.0 
dxfreal! := 0.0; 
Qfreeze := 0.0; 

END; 
Qchil l  := -(E13.0) * (V*B2k!(X*X)) * (Tma - Tamb); 

IF cix freeze < 0.0 THEN 
chilling and freezing case 

CASE mode OF 
soft:  

H .der := Qchi l l ;  
x .der := 0.0; 
IF (Qchi l i/Qfrecze < 0.99) OR (Trna < Tf) THEN 
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transition if Qfreeze is significantly less than Qchi/1, or the mass average 
temp is less than the free:.ing temp (catches pathological cases) 

END I 

B i  := h*X/ks; 
beta := CalcBeta (Bi); 
B2k := beta*beta*ks; 
mode := freeze_thaw; 
H.der := Qfreeze; 
x.der := dxfreeze; 

freeze_thaw: 

hard: 

E N D ;  

H.der := Qfreezc; 
x .der := dxfreeze; 
IF (x.val > 0.0) THEN 

ELSE 

END I 

IF (Qfreeze/Qchi l l  < 0.99) AND (Pow(x.vai/X,E) < trans_frac) 
THEN 

E ND; 

Transition if Qchil/ is significantly less than Qjreeze, and 
ensure that enough freezing has been done 
Correct B2k to give a smooth transition. 
B2k := (Qfreeze/Qchii i)*B2k; 

mode :=  hard; 
H.der := Qfreeze; 

mode := harct; 
H.der := Qfreeze; 

H.der := Qchill ;  
IF x .val > 0.0 THEN 
arrange things so that the freezing front finishes off in a roughly correct 
manner 

x .dcr :=  dxfreeze * Qch i l i/Qfreeze; 
ELS E 

x .der := 0.0;  
END: 

warming and thawing case - shouldn't  get here, but it  doesn ' t  fall m•er tf w e  do. 

END; 

H.der : =  Qchil l ;  
x .der : =  0.0; 

now add any respiration heat load 
RcspHt : =  RespA + RespB *Tma; 
I F  (RespHt > 0.0) AND (fma > Tf) TP.EN 
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H.dl!r := H.der + RespHt*V; 
END; 
and calculate weight loss, using the model of Pham ( 1984 ), J Food Sci Vol 49, 
p/275-1281 ,1294 
WtLoss := M assTrCoef* A *(Air.SatHumidity (Tamb) - Hum) -' 

( 1 .0 + Exp (0.085*Tamb) + Mas
"
sTrCoef*VapDiffuRes); 

IF WtLoss < 0.0 THEN WtLoss := 0.0 END; 

Model name 
Time 

Jnpws 
None 

Owputs 
Time 

Comments 

as simulated 

AS-73 

This model provides a clock which simulates the passage of time during the 
simulation. Time only has one instance, and i t  is the only model which must  exist 
in any simulation. If a user wishes an additional lime model, then the UserTime 
class should be used. 

Properties 
t imeval 

Methods 
Get Value 
In i tial ise 

lmplemenration 

Dynamic variable representing the current time I s  

Return the current value of the system Time. 
In itial ise this instance of the time model. 

The derivative of t imeval is the constant value 1 .0, so no evaluation i s  necessary. 

Model name 
TimedOutput 

Inputs 
None 

Ullff}//(S 
as for S l S OController. 
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Comments 
This model provides output which varies l inearly with time between speci fi ed 
v�lues. 

Properties 
as for S IS OCo n troller, with the addition of: 
OutputYalue Array containing t ime values at element i and output  values 

Last 
Cur 
Intercept 

S lope 

RepeatLength 

Methods 
Evaluate 
Event 

Ini t ial i se 

Parameters 
Output (Table) 
RepeatLength 
Uni ts 

I mplemenratinn 

at element i+ l .  
Index to the previous specified output (time,value) pair. 
Index to the next specified output (time,value) pair. 
Intercept of the l ine fitted between Last ar.d Cur at the most 

recent Event. 
S lope of the l i ne fitted between Last and Cur at the most 

recent Event. 
Length of time between repeats of the output I s  . 

Calculate the current output value. 
Advance Last and Cur, and fit a l ine between the new values. 

I n it ial ise the TimedOutput model instance. 

Default for element i = 0 .0 
Defaul t  = 24.0 I hrs 
Ddault = ' not_defi ned' 

The table Output  may contai n up  to 1 6  pairs of (time,value) ele men ts . 

� F  Evaluated THEN 
RETURN; 

ELS E 
Moue l . Evaluate; 

END; 
ControlOutput  := I n tercept  

+ S l o pe*Time.System.GetYal ue 
(S ELF,Yariable.Time); 
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Mode/ name 
User Time 

Inputs 
None 

Outputs 
Time 

Commems 
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user defined time variable. 

UserTime differs from Time only in that the derivative of t imeval can be chosen 
by the user. 

Properties 
as for Time, with the addition of: 
Ratio Ratio of the UserTime time derivative to the system time 

Methods 
Evaluate 
In i tial ise 

Para.neters 
S tart 
Ratio 
Uni ts 

I mp/cmenration 

I F  Evaluated THEN 
R ETURN; 

ELS E 
M odei .Evaluate; 

END;  
t imeval .der : =  R ·uio; 

Model name 
YelP! Control 

lntmts 
as for S ! SOControi ler  

derivative. 

Calculate the time value. 
In i tialise th is instance of the UserTim e  model. 

In itial value of the UserTime variable. Default  :: 0.0 
Default = 1 .0 
Default = 'not_defined' 

A Dynamic Mod.:lling Methodology for the Simulation of Industrial Rcfri,�;crJ!Ion Systems 



APPENDIX 5 - DETAILED MODEL D ESCRIPTIONS AS-76 

Owpws 
as for SISOController 

Comments 
This  class models  a velocity form Single Inplft S ingle Output PI control ler. 

Properties 
p 
I 
PrevErr 

OutputY ar 

Methods 
Get Value 
Evaluate 
I n i tia l i se 

Parameters 
p 

M axOutput 
M i nOutput 
I n i t ia l  Output 
SetPoint  
Control 
S e tPtCtrlr 
ControlledModel 

Implementation 

Proportional factor (units OutputYariableType/InputType). 
I n tegral time I s 
Error value at the previous time step (units as for the input 

variable type). 
Dynamic variable describing the current  output value of the 

controller. 

GetYalue - Return ControlVar to requesti ng models. 
Calculate the control ler output derivative. 
I n i tial ise the YelPIControl model .  

Default = 0. 1 
Default = 300.0 
Default = 1 .0 
Defaul t  = 0.0 
Default = 0.0 
Default = - 1 0.0 
Default = 'Temperature' 
Default = · · 
Default = · · 

This  model suffers from problems s imi l ar to SOPIDCo n trol .  Acc u rate 

represe ntat ion of  this model would require the solut ion of  an integral equation i n  
parallel with the O D E  solver, and a YelPIDControl model  (should o n e  be wri tten)  

would requ ire the so lution  of  a double in tegra l equat ion .  S i nce an i ntegral equation 
solver i s  not avai lable wi th in  RefS im,  the proport ional  act ion of this model is 
represe n ted approx imately. 

IF Evalu ated THEN 
R ETU RN;  

E LS E  
Model.Ev:\luate; 

E N D; 
I nput ( in .sctpo i nt ) ;  
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err := in - setpo i nt ; 
lasttime : =  Time.System.timeval.valstart; 
curt ime := Time.System.timeval.val; 
timediff : =  cunime - lasttime; 
IF timediff <= 0.0 THEN 
take no control uction here 

PrevErr := err; 
ELS E  

OutputVar.der : =  P*(err/1 + (err - PrevErr)/timediff); 
END; 

A 5-77 

Now prevent the controller from winding up beyond its limits in a manner which does not 
interfere too much with the ODE solver 

IF OutputVar.val < MinOutput THEN 
IF OutputVar.der < 0.0 THEN 

OutputVar.der := 0.0; 
END; 

ELS I F  OutputYar.val > MaxOutput THEN 
IF OutputVar.der > 0.0 TH EN 

OutputVar.der := 0.0; 
END; 

END; 

Model name 
Venti lat ion 

Inputs 
Temperature 
AbsHumidity 

from either end of the venti lation duct 
from e ither end of the ventilation duct 

Outputs 
as for Room_Room_I Face 

Comments 
Th is  model defi ne s  the ex i stance of a fixed now of air between two rooms. 
Venti lat ion may start and stop during the day. This Ventilation model is two-way 
- - if x m3/s of air flows from room A to room I3, then the same volume Oows from 
B to A .  It may be conven ient  for there to be a one-way ventilation model. 
One -way venti lat ion would allow venti lation from room A to I3 to  C to D etc, with 
room I3 only being affected by the d i fference between the stream from A and the 
stream to I3 .  One-way venti lation models would req uire either th:Jt  the user 
remember to always i nsta l l  ventilation models in  pairs (to maintain a n  air  mass 
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balance), or that the room modi!! monitor the air mass balance and track the 
pressure in  the roo m. 

A5-78 

Propertit!S 
A irFlowRate 
On Time 
OfiTime 
SwitchedOn 

Volumetric flow of air thro�gh the ventilation system I m3ls 
Time at which the ventilation is turned on each day I s 
Time at which the venti lation is turned off eac h  day I s 
TRUE if the venti lation is switched on. 

Methods 
Evaluate Calculate the heat and water vapour flow through the 

ventilation system. 
E ven t 
In i t ial ise 

S tart and stop the venti lation. 
Init ial ise this i nstance of the Venti lat ion model. 

Parameters 
A i rFiowRate 
Start 

Defaul t  = 0.5 I m3ls 
Defau l t  = 0.0 I hrs 
Defaul t  = 24.0 I h rs S to p  

I F  Eva luated T H E N  
R ETURN; 

ELSE 
Mode i . E valuate ; 

END;  
IF  S w i tchedOn THEN 

ELSE 

E ND; 

temp I : =  L i nkedObj ects". modei'· .GetValue  (SELfo.Vari able.Temperature) ;  
h u rn I : =  L i nkedObjects". mode i".GetValue (S ELF, Variable. AbsHumid i ty) ;  
temp2 : =  

L i n kcd O bjects". next".model".Gct Value (SE LF. V ari able.Tempcrature) ;  
h u rn 2  : =  

L i n kedObjec t::". na t". mode l" .Get  Value  (SE LF, V ari able.A bsH u m i d i  ty ) ;  
dens : =  ( A i r.De n s i ty (temp2,hum2) -+ Air.  Dens i ty (temp l .h u rn  I ))/2.0; 
H e atFiow : =  A i rFi owRate * dens 

* (Air .Entha lpy (ternp l .hum l ) - A i r . Enthalpy (temp:?.,hum:?.));  
\Vate rFI0w : =  A irFlowRate * dens * (hum ! - hum2); 

WaterFiow : =  0.0; 
H e atFiow := 0.0; 
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Mode/ name 
Wal l  

Inputs 
Temperature 

Outputs 

APPENDIX S - DET A !LED MODEL DESCRIPTIONS 

from ei ther side of the wall 

as for Room_Room_IFace 

Comments 
This model represents a straightforward wall model. 

Area of the wail I m1 

A5-79 

Properties 
Area 
OHTC Overall heat transfer coefficient for heat transfer through the 

wall I Wlm1K 

Methods 
Evaluate 
In i t ial i se 

Implementation 

I F  Evaluated THEN 
R ETURN; 

ELS E 
Model.Evaluate; 

END; 
WaterFlow : =  0.0; 

assume the wall is sealed 
HcatFiow := OHTC * Area 

Calculate the heat flow through the wal l .  
In i tial ise th i s  instance of  the wall model. 

* (LinkedObjects".model".GetValue (SELF,Vari:lb!e.Tempcr:lture) 
- LinkedObjects".next".modei".GetValue (SELF,Variablc.Tempcrature)) ;  
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A p p en d i x  6 :  N o t es o n  t h e  i n terpreta t i o n  o f  co m p o n e n t  m o d el 

d es cript ions 

The model descriptions in  Appendix 5 were derived automatically from the 

RefS im source code, written i n  TopSpeed Modula-2. Modula-2 was defined by 

Winh ( 1 982) and the Top Speed varian t  was d�fined by JPI ( 1 99 1 ). The algorithmic  

descriptions should be  understandable to  persons familiar with the Pascal 

programming language with the assistance of the foll owing notes : 

B EGIN . .  END bracketing differs from Pascal in that the B EGIN is assumed 

and END is always required. 

M odula-2 is case sensi tive. 

• No distinction i s  made be tween PROCEDUREs wi th return values (Pascal 

FUNCTIONS)  and those without return values.  Both are 

PROCEDUREs. 

• PROCEDURE s  i n  other modules may be called by statements of the form: 

"ModuleName.ProcedureName" (a qualified procedure call) .  

Classes are implemented i n  a manner simi l ar to R ECORDS ,  except that they 

may con tai n fields which are PROCEDURES.  

Class  methods may be c:>.l led by statements of  the form: 

" InstanceName .MerhodName" (a qual ified method call) .  

The symbol SELF refers to the currently-executing object ins tance. 

Methods of the currently-executing object instance may be called without 

qual ification .  

Comments in the source code have been rendered into i tal ics .  

Vari able declarations exist  in the source code, but are not shown in the 

descriptions .  Most of the variables are of type LONGREAL. Loop 

counters and array indices are of type CARDINAL. Dereferenced 

pointers are of  type ModelPtr (i.e. pointers to the base class Mode[). 
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Doubly dereferenced pointers are of type ModelPtrPtr (i.e. pointers to 

ModelPtr). 

• The PROCEDURE RefSys.Bounded returns the value of the first parameter 

unless it is less than the second parameter (in which case the second 

parameter is returned) or greater than the third parameter (in which 

case the third parameter is returned). 

• Only the code for the Evaluate method is shown. Some models do significant 

computation in their Event methods. All non-abstract moaels have an 

Initialise method in which computation may also take place at the start 

of the simulation run. 
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A p p e n d i x  7 :  R efS i m  r u n t i m e  o p t i o ns 

The user may set a number of options when running a RefS i m  simulation  

which control the manner in  which simulation i s  performed. 

A7- l  

-m D o  dynamic memory chec.lci n g  (default  is not  to do such chec.lcing). This i s  

useful  a s  a debugging tool for simulation u t i li ty features. When set 

on, pointers are checked for a r-..rn.. v alue before be i n g  allocated and 

deal located pointers are checked to ensure that they were previously 

al l ocated and that the  s ize of memory deal located corresponds to the 

s ize  originally allocated. Whether this op tion  is o n  or o ff, RefS im s til l 

checks the difference between initially available memory and finally 

available memory. 
· • 

-r R andomize pseudo-random numbers (default  is to always generate the same 

pseudo-random sequence).  Pseudo-random numbers are used by some 

models (e . g. Door) and setting this  flag resul ts in the sequence of  

n umbers generated being different  between differe n t  runs .  It is useful 

to  leave this option set off for debugging and when cons is tent 

s i mulation resul ts should be obtained. Setting th i s  option  on  al lows 

s tatistical sensi tiv i ty an alysis of the effects of random even ts.  

-e  Outp u t  a not ice when e:J.ch event takes place (defa u l t  is  n o t  to report events). 

Th i s  is  helpfu l  for i ndic ating the influence of  discre te  events on plan t  

operation. Wri tes to t h e  screen only. 

-o Wri te in i tial  scalar vari able val ues to the standard output (defau l t  i s  not to do 

s o). Thi s  provides confinnarion  that scalar (not TAB LE or string) 

v ariable v alues have been read correctly. The defaul t  is off because 

this  output  can s ignificantly delay staning a simulati o n. 

- a  Report t h e  available models t o  standard output and h al t  without  run ning a 

simulation (default i s  n o r  to do so). This produces a l ist  of  the 

available model types and the s ize of an ins ta nce o f  each model type 
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in bytes. This size does not include the LinkedObjects lis t  which may 

exist  for each model instance, the ModelRec node in the ModelList for 

each mode l  instance, or the sizes of any dynamic variables  i n  the 

model i nstance. It is usefu l  to use this  option after implementing a 

new model type to confmn that the model type h as been properly 

registered with the simulation environment. 

- s  Report each successful  ODE solver step size and the number o f  failed steps 

before each successfu l  step if one or more failures occured (default is 

n o t  to do so). This is useful for debugging the ODE solver and 

s tepsize controllers, and useful to the user because i t  provides a 

frequent  indication of how fast  the simulation is running. 

- w  Warn o f  any inconsisten t model references (default  i s  not  t o  d o  so). If  model 

A references model B but B does not reference A, this may indicE. � a 

problem in the model input data. If B is an environment model or A 

i s  an i nstrument model,  then this warning does not  indicate a problem. 

-h,-? Outp u t  a v ersio n  notice and a brief summary of the stanup options, then halt 

(de fault  is not  to do so). 

-c(Oi l )  S e t  the ODE solver step size controller to ei ther: 

- t<tol> 

-R<fac> 

0 :  The conventional controller of Press et  a /  ( 1 986) (default). 

1 :  The PI conrroller of G ustafsson et a/ ( 1 98 8) 

S e t  the ODE step size controller tolerance to a relative per step error 

of <tol>. Defau lt valu e  is 0.0 1 

S e t  the discrete eve� t sc heduler rounding factor to <fac> seconds. 

Defa u l t  value is  1 0 seconds. 
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