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Summary 

Summary 
Fal l ing film evaporators are a widely used process in  the New Zealand dairy industry. They are 
wel l suited for the removal of water and are most commonly used as the first stage of the milk 
powder production process. In New Zealand milk powders are a major export product, so the 
fal l ing film evaporator is an important part of the Dairy industry. However, there appears to be 
very l ittle understanding of the design, operation and control of falling film evaporators. The 
work di scussed in this thesi s aims to overcome this problem. 

This work wil l  derive, develop and analyse a model of the Evaporator A plant at Kiwi Co-op 
Dairies Ltd .  The purpose of developing the evaporator model is to analyse the optimisation and 
controllabil ity of the plant. A steady state model for the plant will be developed specifical ly for 
the optimisation studies and a li near dynamic model for the controllability studies. 

The production of mi lk  powders is a two stage process. Fal l ing film evaporators are used to 
remove approximately 80 % of the water contained in the mi lk. This produces a highly viscous 
milk concentrate that cannot be further concentrated using evaporators. The remaining water i s  
removed using spray dryers, which can be operated to produce special powder properties. The 
powder is easy to transport and relatively free from potential bacterial attack. 

Evaporation is an energy intensive process and it is advantageous to minimise its' energy 
requirements. This is the aim of the evaporator optimisation studies. Fal l ing film evaporators are 
more energy efficient than spray dryers and many evaporator plants also use two stages, with 
different energy efficiencies. So, the total evaporation cost depends on the process operating 
conditions. However, there are various operating constraints, which restrict the evaporator 
capacities. These constraints will be determined and used to develop the constrained optimisat ion 
method. 

In this thesi s the optimum operating conditions for the Kiwi Evaporator A plant, working with 
Whole Milk ,  are determined. The optimisation problem is two dimensional, for the TVR 
compressor steam pressure and the TVR evaporator section product mass flow. Various other 
process variables, such as the DSI  temperature and the TVR product dry mass fraction also have 
optimum values. These are discussed in the thesis also. 

There are also many operational problems with industrial falling film evaporator plants. For 
example the preheat sections of industrial plants can often suffer de-aeration problems, boiling in 
holding tubes and flash vessel flooding problems. These problems will be investigated and 
simple solutions determined . 

In the Dairy industry evaporators have to operate under a vacuum, since the milk proteins 
become de-natured when heated above 70°C . This means that a small hole in the evaporator, or 
preheat section, wil l  allow non-condensable gases to leak into the process. In addition milk, 
itself, often contains dissolved gases that evaporate out of the milk, when it flashes in the preheat 
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section. I t  is shown, in this thesis, that the presence of non-condensable gases causes a 
temperature difference to occur between the top and bottom of the flash vessels. The de-aeration 
lines from the flash vessels must have correctly sized orifice plates, so that the gases are 
removed. 

It is possible for milk to evaporate in the preheat section holding tubes. In  is shown to cause a 
number of problems, such as flash vessel flooding, that are detrimental to the preheat section 
operation. The milk pressure must not fal l  below its vapour pressure. It is shown that correct 
sizing of the preheat section OS I  pump and holding tube orifice p late is essential . 

The controllability of fal l ing film evaporators is very important. There are several reasons why 
the production of milk powder can be difficult to control .  A l inear dynamic model for the 
evaporator plant will be developed and used to determine why fall ing film evaporators are 
difficult to control. The purpose of this work is to understand the fundamental controllabi l ity 
problems with the plant . Currently, there does not appear to be any fundamental understanding of 
why fal l ing film evaporators are difficult to control. 

The results of the controllabil ity analysis show that the temperature control loops of the 
evaporator plants at Kiwi is  sati sfactory. A problem was found with the DSI temperature control 
loop, due to the need to measure the milk temperature after the holding tubes. This caused a 
significant delay that meant the controller could not provide adequate disturbance rejection. 
However, a solution to the problem was developed, where a surface temperature probe was used 
directly after the OSI ,  with a casca-de control loop. . 

The most serious control problem was the product dry mass fraction control loop. The evaporator 
is designed to overcome the film wetting criteria, whi le  simultaneously operating with the 
maximum energy efficiency and minimum residence t ime. These design aims mean there is little 
mixing in the process and a large pseudo-delay that occurs in the dry mass fraction control loop. 
Both these problems mean the controller cannot provide adequate disturbance rejection for the 
product dry mass fraction control loop. 
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Introduction 

Chapter 1 : Introduction 

1. 1) Introduction and Aims 

Fal l ing film evaporators are commonly used in the New Zealand dairy industry for the 
production of milk powders. Milk powder is not susceptible to bacterial damage and it is easy to 
transport, whereas milk itself has neither of these characteristics .  As a result milk powders are an 
ideal export product for the New Zealand Dairy industry. However, despite their large amount of 
industrial use, there is a shortage of knowledge on the design, operation and control of falling 
film evaporators. The work discussed in this thesis was initiated with the aim of improving this 
situation. The aims of this work are split into three broad areas. 

Develop Model 
A first principles model for the Evaporator A plant at Kiwi Co-op Dairies will be developed from 
the Laws of Thermodynamics. The model is dynamic and includes the evaporator preheat 
sections. We wil l  concentrate on developing the model for the subsequent analysis of the 
Evaporator A plant. Specifically, a steady state model will be developed for the 
optimisationloperation studies and a linear dynamic model for the controllability studies. 

Optimisation Studies 
Using the steady state model the operationloptimisation of the Evaporator A plant will be 
i nvestigated. There are some simple aspects of the evaporator and preheat sections that will be 
discussed. However, an important aspect will be the evaporator operational optimisation with 
respect to energy costs, fouling, throughput and milk powder quality. 

Controllability Studies 
Using the dynamic model we will investigate the control of the evaporator plant. The dynamic 
model derived from first principles will be linearised to produce a l inear constant coefficient 
dynamic model . This can be analysed using the standard traditional and some advanced control 
methods. Specifical ly  we will be i nterested in disturbance rejection. 

I n  this Chapter we discuss the motivation for these studies. We will firstly, in Section 1.2, 
describe a generic falling film evaporator and discuss the important reasons for their use in the 
Dairy industry. There are many reasons for using fall ing fi lm evaporators but the two most 
important reasons are their suitability for dealing with heat sensitive foods and the high energy 
efficiencies of modern evaporators. We shall also discuss, in Section 1 .2, the composition and 
some important reactions of mi lk solutions. 

Following the discussion of the important characteristics of falling film evaporators, we will 
investigate the basic mass balances of the process. These mass balances explain some important 
characteristics of industrial falling film evaporators. The predominately linear nature of falling 
film evaporators and their sensitivity to feed dry matter disturbances wil l  both be discussed. 
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These have important consequences for the controllabi l ity of fal l ing film evaporators and provide 
a motivation for studying their controllability. 

The evaporation of water is a very energy intensive process. In Section 1 . 3, we wil l  discuss the 
energy use of falling film evaporators and explain the high energy efficiencies of modem fall ing 
film evaporator designs. The important difference in the energy efficiencies of falling film 
evaporators and spray dryers will be discussed. Falling film evaporators are more energy 
efficient than spray dryers and so their evaporation capacities must be maximised. This provides 
a strong motivation for the optimisation studies and also the controllabil ity studies. 

Finally, in Section 1 .4, we wil l  briefly describe the Evaporator A plant at Kiwi Dairy Co­
operatives. 

1.2) What is a Falling Film Evaporator and Why are They Used? 

1 .2. 1 )  What is an Evaporator? 

Evaporation is the process of turning a liquid into a vapour. With milk solutions, which we will 
be dealing with, the solute particles have very large molecular masses which cause them to have 
very high boiling temperatures. Consequently when evaporation is applied to milk solutions 
effectively only the water is evaporated. As a result evaporation is used in the dairy industry as a 
water removal/solute concentration process. 

Evaporator 
Shell 

.�. b. 

:Oistribution Plate , 

Compressor 

I I 
I I 

!..--------�� Concentrated Product 

uum Condenser 

Figure 1-1  : A typical falling film evaporator. 
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The removal of water from milk solutions is important to the New Zealand Dairy industry. A 
large amount of New Zealand milk is exported and it is important that the transport costs and 
bacterial growth are minimised. Milk contains 90 % water and the complete removal of this 
significantly reduces the cost of transporting the milk. However, the complete removal of water 
is more important for the minimisation of bacteria growth. Bacteria do not grow in a 'moisture 
free' environment and so the shelf l ife of the milk can be considerably extended by completely 
removing the water. 

Figure 1 - 1  shows a typical fall ing film evaporator. The milk enters at the distribution plate and is 
evenly distributed onto the fal l ing film evaporator tubes. Then the milk forms a thin film on the 
inside of the evaporator tubes and flows downwards by gravitation. Water is evaporated from the 
milk due to the heat flow from the evaporator shell .  This concentrates the milk before it falls 
from the evaporator tubes and is collected at the bottom of the evaporator. A compressor is used 
to compress the evaporated water vapour and give it a higher temperature/pressure. This higher 
temperature then provides the driving force for the evaporation heat flow, which is the basis for 
the whole process. 

1.2.2) What is Milk? 

Basic raw Whole Milk is a mixture of water and dissolved solute particles. Table 1 - 1  lists the 
components of raw Whole Milk and Skim Milk along with their typical compositions. The 
protein in milk exists in two forms, most of which (i .e . ,  approximately 80 %) is casein protein 
whereas the remaining exists as whey protein. The fat component of milk consists of the typical 
fatty acids arranged into a tri-glycerol arrangement. These components and the lactose/mineral 
salts have been wel l  studied and there is a large amount of literature discussing their chemical 
and physical properties (Kessler, 1 98 1 ;  Walstra and Jenness, 1 984). 

Table 1-1 : Approximate Whole and Skim Milk compositions. 

Component Whole Milk Composition Skim Milk Composition 

(0/01 J.o;.�l 
Water 87 .5 9 1  

Protein 3 3 
Fat 4 0 

Lactose 4 4 
Salts 1 1 

A very important characteristic of milk is the reactivity of the whey proteins at temperatures 
above 70 QC (Dannenberg and Kessler, 1 988). In practice it is found that these whey protein 
reactions can cause significant fouling when evaporators are operated at temperatures above 70 
QC (Kessler, 1 987; Geordiadis et ai, 1 998; Schwartzberg, 1 989). Consequently it is important that 
evaporators operate at temperatures below 70 QC . The vacuum condenser shown in Figure 1 - 1  is 
used to control the temperature of the evaporator. 

Another important characteristic of milk is its viscosity. It is found that the viscosity increases 
dramatically as milk is concentrated (Snoeren et ai, 1 982). This is caused by the larg� size of the 
milk dry matter components. In practice the milk viscosity is approximately an exponential 
function of the milk dry matter. This characteristic of milk is important for the production of 
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milk powder, because it 1S found that the milk powder quality depends on the dryer feed 
viscosity. 

1 .2.3) The Industrial Production of Milk Powder 
The industrial production of milk powder is a two stage process, as shown in F igure 1-2. Falling 
film evaporators are used to concentrate the milk solution to a critical dry matter concentration. 
Then a spray dryer evaporates the remaining water from the milk. There are several advantages 
in using this two stage production process. Firstly the fall ing film evaporators have considerably 
higher energy efficiencies than dryers and therefore the two stage process minimises the energy 
costs. Secondly the spray dryer milk powder product properties depend on the dryer feed 
viscosity. A comparatively narrow viscosity range is allowed and the two stage process allows 
resonable control of the viscosity. Final ly the evaporator allows incorporation of various milk 
heat treatments, which are important for specific powder functional properties. 

Raw Milk---t� Falling Film 
Ewporator 

Ewporated Water 

Concentrated 
Milk 

Spray 
Dryer 

Ewporated Water 

I--� Milk Powder 

Figure 1 -2 : The industrial production of milk powder. 

1 .2.4) Advantages of Falling Film Evaporators 

Falling film evaporators are commonly used in  the dairy industry because they can handle heat 
sensitive food solutions and their modem designs are very energy efficient. Falling film 
evaporators have the following important characteristics (Angeletti and Moresi, 1 983). 
I )  Relatively short residence times. 
2) Narrow range of residence times. 
3) High heat transfer coefficients. 
4) Minimum loss of temperature difference. 

The short residence t imes of falling film evaporators are due to their thin falling films. These 
have relatively high fluid velocities and consequently the residence time of the milk in the 
evaporator can be quite short . However, modem fall ing film evaporators may not necessarily 
have short residence times because of the need to operate with large feed flows whilst 
maintaining stable fall ing films. This usually requires evaporator designs with multiple passes 
and very long evaporator tubes. Consequently the residence times can be comparatively large. 

The narrow range of residence times in fall ing film evaporators is due to the small amount of 
mixing that occurs in the process. The distribution plates are designed to operate with small 
heights of liquid, the pipes between passes are designed for turbulent flow and the fal ling films 
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are thin with comparatively high velocities. As a result, the range of residences times is narrow. 
This is very important for milk solutions, which contain components that can become damaged if 
exposed to excessive heat . 

The evaporating heat transfer coefficients of fall ing film evaporators are high because of the thin 
fall ing film. From heat transfer theory we know that the heat transfer coefficient depends on the 

thickness and the thermal conductivity heat transfer layer (i .e. , h-;:::!!..... ) . With milk solutions the f5 
thermal conductivity depends on the dry matter concentration, temperature and composition, 
which are all essentially constant. However, the thickness of the heat transfer layer is relatively 
small for a fall ing film evaporator and so the heat transfer coefficients are high. 

With a fal ling film evaporator the evaporating heat transfer temperature difference only needs to 
overcome the boiling point elevation, which is small for most milk solutions. Consequently 
falling film evaporators working with milk solutions can operate with temperature differences as 
small as 2 0c. We wil l  show later that with an MVR compressor this allows the evaporator 
energy efficiency to be very high. This is the major advantage of modem industrial falling film 
evaporators . 

Fal ling film evaporators have the disadvantage of being susceptible to fouling. This fouling is 
caused by the following characteristics of fal l ing film evaporators. 
1 )  Fall ing film breakdown. 
2) Low fal ling fi lm shear stresses 

A major disadvantage of falling film evaporators is the potential instabil ity of the fal l ing film. At 
low mass flows the film will not completely cover the evaporator tubes and will instead flow in 
rivulets down the tubes. This phenomena is called by a variety of names (film breakdown, 
inadequate wetting) but the basic result is usual ly fouling of the tubes. 

A second difficulty with the falling film evaporator is the relatively small shear forces that act on 
the film. These shear forces are induced by gravitation and they are comparatively small .  
Consequently any foulant particles can easily become attached to the evaporator tubes. Larger 
shear forces can be induced by using centrifugal fall ing film evaporators (Bouman and 
Waalewijn, 1994). However, the capital and operational costs of using industrial centrifugal 
evaporators is large. 

1 .2.5) Basic Evaporator Mass Balances 

As mentioned above milk evaporation is a water removal process. For a continuous system this is  
represented by the fol lowing static equations. 

( 1 . 1 )  

w p = W f -M emp ] ( 1 .2) 
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mass flow of liquid milk entering the evaporator. (kg/s) 

mass flow of liquid milk exiting the evaporator. (kg/s) 

dry mass fraction of milk entering the evaporator. (kg/kg) 

dry mass fraction of milk exiting the evaporator. (kg/kg) 

mass flow of water evaporation in the evaporator. (kg/s) 

The first of these equations is linear but the second contains an important non-linearity. Figure 1-
3 shows the resulting dry matter concentration in terms of the mass flow of evaporation. These 
results were determined by using a feed dry matter of 0. 1 25 kg/kg and a feed mass flow of 1 5 . 3  
kg/so The results clearly show the non-linear nature of the evaporation process. However, it is 
interesting to note that the non-linearity only becomes excessive at high dry matter 
concentrations . 

. := =-= ................. - -- --................. ................. ................. -----------
T

! 
0.8 +---+--+---+-f---+---+-l---+--t---+-+--+--I+-j -

Di 
a07 -------. / � 
i 06�---+---- +---+---�--4---�---r---r---+---+---+--���--� 
E / � 0.5 ---... -..... -. .. .................. - ........ --.. -.---t---4--_+_--_r---l---_+---+----+----+�'--l------JI-----i 
� /V � 0 4 �--+---+---+_--4--4---�--�---l---_+--_+��---�--�-� � VV g 03 1----!-
o 0� �--��---4--_+---±=_�---=- _l_�--��--�---+---+---+---l---� -

O,�-+---+---+_--�--�--_+_--_r--_l_--_+---+----+--�--�-� 
0�-+---+---+---�--�--�--�--�---+--_+--_+--_4--�--� 

o 9 10 11 12 13 14 
Mass flow of evaporation (kg/s) 

Figure 1-3 : Concentrated milk solution dry matter vs mass flow of evaporated water. 

The effect of feed dry matter disturbances on the product dry matter is also very important. If we 
consider deviations in the feed dry matter we can produce equation ( 1 . 3 )  for the deviations in 
product dry matter. This shows that the evaporator amplifies variations in the feed dry matter and 
when the amount of evaporation is large then the amplification can be very significant. A typical 
Whole Milk falling film evaporator wil l  have a concentration ratio of between 4 and 5 . This 
means that a feed dry matter disturbance of 0 .0 1  kg/kg will be amplified and cause a variation in 
the product dry matter of between 0.04 and 0 .05 kg/kg. 
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MO LlWp = �o_
f 

0 ]LlWf f M evap 

Where, M� 
M�'ap 
Llwp 
Llw,. 

mass flow of l iquid milk to the evaporator at steady state. 

mass flow of evaporation in the evaporator at steady state. 

change in the evaporator product dry mass fraction. 

change in evaporator feed dry matter. 

(kg/s) 

(kg/s) 

(kg/kg) 

(kg/kg) 

( 1 . 3 )  

The sensitivity of the evaporator process to feed dry matter disturbances suggests that process 
control may be required. We have already mentioned the importance of the evaporator product 
viscosity on the spray dryer milk powder quality. Clearly it i s  important that the concentrate 
viscosity is closely controlled, so that the milk powder quality is maintained. This is obviously 
achieved by controlling the dry matter of the evaporator product. When we also consider the 
sensitivity of the process to dry matter disturbances, then the need for control becomes much 
clearer. 

1.3) Energy Costs of Falling Film Evaporators 

1 .3. 1 )  Energy Efficiency of an Evaporator 

The energy required to evaporate water is relatively large due to its high latent heat of 
vaporisation. The latent heat is lower at higher temperatures, so strictly the energy required to 
evaporate water can be reduced by operating at high temperatures. However, milk cannot be 
evaporated at high temperatures because of the whey protein reactions that occur at temperatures 
above 70°C. Therefore the energy efficiency of the process is a major consideration. We will 
define the fol lowing evaporator energy efficiency. 

Eff = qshell 
Wcomp 

Where, q sllell 
Wcomp 

useful evaporation heat flow. 

'driving' heat flow, or power supplied to the evaporator. 

(W) 

(W) 

(l.4) 

Early evaporator designs supplied steam directly to the evaporator shell and contained only a 
single effect. This plant design is shown by the 'Direct Steam Single Effect Evaporator' in Figure 
1 -4. From energy balances it is easy to show that the energy efficiency for this configuration is 
approximately 1 (perry and Green, 1 984, pp 1 1 -37;  Fergusson, 1 989). This is a low energy 
efficiency and so these plants require a large raw energy supply. However, by increasing the 
number of effects it is possible to increase the energy efficiency. Figure 1 -4 also shows a two 
effect evaporator. From energy balances it is possible to show that the energy efficiency for a 
multiple effect plant, with equal surface areas in each effect, is approximately equal to the 
number of effects. 
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I 
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I I 
I I �---------.:Q- ... 

.l I 

Direct Steam Single Effect Evaporator 

I , 

I I 

11""-----, I I 

I I 
� - _______ �Q-_I I I 

�--------b- � 
Direct Steam Double Effect Evaporator 

Figure 1 -4 : Single and multiple effect evaporators. 

+ 

The use of multiple effects reduces the evaporator operating costs but it also increases the capital 
costs. Consequently there is an optimum number of effects where the increase in capital cost is 
the same as the reduction in operating costs. It is common for the optimum to be between seven 
and eighteen effects. However, it is uncommon to find these large multiple effect evaporators in 
the Dairy industry because of the large temperature range that they must operate across. For 
example a large multiple effect plant wil l  use a·first effect shell temperature of 1 20°C and a final 
effect temperature of 50°C. This range of temperatures is not possible in the Dairy industry. The 
need to operate evaporators with high energy efficiencies, but across small temperature ranges, 
requires the use of vapour recompression. 

1 .3.2) Energy Efficiency with Re-Compression 

The earliest vapour recompression evaporators used Thermal Vapour Re-compressors (TVR). 
With a TVR compressor the steam mass flow is approximately a half of the suction vapour mass 
flow. This means that the energy efficiency of a single effect evaporator is improved by 
approximately two. Although this improves the energy efficiency a significantly greater 
improvement can be achieved with Mechanical Vapour Re-compression (MVR). An MVR 
compressor uses a large turbo-compressor or fan to compress the vapour. From thermodynamics 
and energy balances it is possible to show that the energy efficiency of an isentropic MVR 
compressor is approximately given by the following (Smith and van Ness, 1 987). 

( 1 . 5) 

Where,� inlet pressure to compressor. (pa) 
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= 

outlet pressure from compressor. 
inlet temperature to compressor. 
heat capacity. 

universal gas constant. 
latent heat of vapourisation. 

(Pa) 
(K) 
(J/kg.K) 

(J/kg.K) 
(J/kg) 

The above equation shows that the energy efficiency depends on the pressure difference the 
compressor acts against. This explains the popular use of the MVR evaporator design in the 
Dairy industry. In the Dairy industry fal ling film evaporators are used and these have no 
hydrostatic temperature loss and the boiling point elevation of many milk solutions is small .  
Consequently the evaporators can operate with small temperature differences and thereby require 
compressors to operate against small pressure differences. Using MVR evaporators it is possible 
to obtain energy efficiencies of over 30 (Fergusson, 1989), which is considerably greater than 
can be achieved with multiple effect or TVR evaporators. 

1 .3.3) Energy Efficiency of Spray Dryers 

The spray dryers used in milk powder plants also have an energy efficiency. Ambient air is 
heated with high pressure steam and then used to evaporate water from the milk concentrate by 
mass and heat transfer. The moist air from the spray dryer cannot be re-used and so it is 
discharged to the atmosphere. Making an energy balance around the spray dryer we can produce 
the following approximation for the energy efficiency. 

Where, TSleam 
TOIII 

temperature of hot steam heated air. 

temperature of discharged air from spray dryer. 

temperature of ambient air entering the spray dryer. eC) 

( 1 . 7) 

A typical spray dryer, working with milk, wil l use steam heated air of approximately 200 QC and 
will discharge the air at 60 QC (Nielsen et ai, 1996). With an ambient temperature of 25 QC this 
produces an energy efficiency of 0.8, which is considerably lower than that of an MVR 
evaporator. The energy efficiency of the spray dryer can be increased by using higher steam 
heated air or lower discharge temperatures. However, higher steam heated temperatures can 
cause milk powder functional problems due to the whey protein denaturation reactions that are 
encouraged. Additional ly lower discharge temperatures also cause operational problems due to 
the lack of evaporation that occurs at the bottom of the spray dryer. 

From the above we can note that the energy efficiency of an MVR evaporator is considerably 
greater than that of a spray dryer. This means the cost of evaporation in an MVR evaporator is 
lower than in the spray dryer. As a result, an evaporator should be operated with the maximum 
possible product dry matter concentration. However, we have already discussed the detrimental 
impact of high evaporator product dry matters on the milk viscosity. At high concentrations the 
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milk viscosity increases and this reduces the product milk powder quality. As a result, there is an 
optimum product dry matter from the MVR evaporator plant. 

1.4) The Evaporator A Plant at Kiwi Dairy Co-operatives 

Figure 1 -5 shows the evaporator A plant at Kiwi Co-op Dairies. Cold feed raw milk is supplied 
to the plate heat exchanger (HX 1 750) which heats the milk from approximately 1 2°C to 50 Qc. 
The milk then passes to a shell and tube condenser (HX 1 420) which is attached to the shell of 
the MVR evaporator. This condenser heats the milk from approximately 50°C to 65 QC. 

After exiting the MVR condenser the milk passes to the DSI preheat section of the evaporator 
plant. This contains two flash vessels (FV 1 230 and FV 1 250) and a Direct Steam Injection (DSI) 
unit. This preheat section heats the milk from approximately 65°C to the DSI unit temperature 
(approximately 1 00°C) where it is then held for a specified time in the holding tubes. The milk 
is then cooled to approximately 80°C by pressure reduction flashing in the bottom of the flash 
vessels. 

The milk flow from the second flash vessel then enters the first pass of the MVR evaporator 
section (HX 1 300 and HX 1 400). The MVR evaporator section provides most of the evaporation 
capacity for the plant. Its feed milk dry matter is approximately 1 2  %, but its product concentrate 
has a dry matter of approximately 40 %. This represents a considerable amount of water removal 
and the conden�ate flow from MVR evaporator is approximately 40,000 Uhr. 

The product concentrate from the MVR evaporator section then passes to the TVR evaporator 
section (HX 1 500, HX 1 600 and HX 1 700). This section acts as a small finisher plant for the 
evaporator plant. The milk is concentrated from approximately 40 % to approximately 48 % and 
this requires only a small amount of water removal (i .e . ,  the condensate flow is approximately 
1 800 Llhr). 
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Introduction 

1.5) Thesis Plan 
The objectives of this Thesis were outlined at the start of this Chapter. During the remainder of 
this Chapter we have discussed some of the motivations for investigating the optimisation and 
control of falling film evaporators. The aims of the work discussed in this thesis are classified 
into three areas. Firstly a model will be developed for the Evaporator A plant at Kiwi Co-op 
Dairies. Secondly the steady state version of the model will be used to analyse the operation of 
the Evaporator A plant. Finally the dynamic model will be used to investigate the controllability 
of the Evaporator A plant. 

Derive, develop and identify a model of the Evaporator A plant at Kiwi Co-operative 
Dairies. 

The derivation of the model will be discussed in Chapters 2 and 3 .  Chapter 2 will be primarily 
concerned with deriving a model for the basic falling film evaporator. Chapter 3 will be 
concerned with deriving models for the additional DSI preheat section, the preheat plate heat 
exchanger and the shell/tube condensers that are used in the plant. Following the derivation the 
models will be developed in Chapter 4. Here the steady state and linear state space models for 
the Evaporator A plant will be developed. Finally the identification of the model will be 
discussed in Chapter 5 .  

Investigate the optimisation of the Evaporator A plant at Kiwi Dairy Co-operatives. 

In this Chapter we have discussed some of the basic ideas that motivate the need for optimisation 
studies of milk powder plants. Firstly the energy efficiency of modern fall ing film evaporators is 
considerably greater than that of spray dryers. Consequently we want to maximise the dry matter 
concentration from the evaporator and thereby minimise the energy costs of the plant. Secondly 
there are fouling constraints on the operation of the plant. The evaporators cannot operate above 
70 QC because the whey de-naturation reactions occur in this range and these cause fouling. Also 
the evaporator tubes must remain completely wetted, otherwise fouling will occur. In Chapter 6 
we will discuss the constrained optimisation of the falling film evaporator at Kiwi Co-op Dairies. 

Investigate the controllability of the Evaporator A plant at Kiwi Dairy Co-operatives. 

We have discussed some of the motivating ideas for investigating the controllability of falling 
film evaporators. Firstly the evaporation process means that it amplifies variations in the feed dry 
matter. This means that the process is sensitive to disturbances in the feed dry matter. Secondly, 
the energy efficiency of evaporators is considerably greater than that of spray dryers. As a result, 
the plant operating costs are reduced if the evaporators work at maximum capacity. However, if 
the evaporator product dry matter cannot be well controlled then a significant safety margin is 
required and this requires higher levels of evaporation in the spray dryer. In Chapter 7 we will 
investigate the controllability of the Evaporator A control loops. The controllability of the plant 
product dry matter control loops wil l  be an important part of this. 

1 2  



Modelling Falling Film Evaporators 

Chapter 2 : Modelling Falling Film 
Evaporators 

2 .1) Introduction 

The aim of the work discussed in this thesis is to analyse the operation and control of falling film 
evaporators. Specifically, the Evaporator A plant at Kiwi Co-op Dairies will be considered. The 
analysis is model based and so a model for the evaporator plant will be developed first. The 
purpose of the first five Chapters of this thesis is to derive, develop and identify the model for 
the Evaporator A plant . We shall simplify the modelling by separating the plant into four 
sections. Figure 2- 1 shows the complete Evaporator A plant with these four sections shown in 
different shadings. In this Chapter we derive models for the MVR evaporator and the TVR 
evaporator sections. However, these models will exclude the preheat condenser and vacuum 
condenser, which are considered in the next chapter. 

The first part of this Chapter contains a short discussion of Thermodynamics and a literature 
review of evaporator modelling. This is contained in Section 2 .2 and the important results are the 
development/discussion of the general process energy and mass balances. These are derived from 
the First Law of Thermodynamics and the Law of Mass of Conservation. They provide the basis 
for the derivation of the models for the entire Evaporator A plant. 

Following the Thermodynamics discussion we shall briefly describe, in Section 2.3 ,  the MVR 
evaporator and TVR evaporator sections. The distribution plates, fal ling films, evaporator effects 
and evaporator shells of the Evaporator A plant will all be discussed. There are some important 
differences between the MVR evaporator section and the TVR evaporator section and these will 
also be discussed. 

Aft�r describing the MVR and TVR evaporator sections we will begin modelling the process. In 
Section 2.4, models will be developed for the distribution plates, evaporator effects, falling films 
and evaporators shells. Firstly a generic distribution plate model will be considered. The 
distribution plates are essentially the same throughout the plant and so only the first will be 
modelled. This general model can then be applied to any other distribution plate in the plant. The 
evaporator effect energy balances are derived after the distribution plate. We will consider the 
three evaporator effects, of the Evaporator A plant, individually and derive models for each. The 
end result will be a first order differential equation for the temperature of each evaporator effect. 

Arguably the most difficult part of the evaporator model is the falling film. After considering the 
evaporator effect energy balances we will derive the fal ling film partial differential equations. 
These will then be simplified by transformation in the Laplace Domain. The end result will be a 
differential equation for the dry matter and mass flow from the falling film. F inally we shall 
consider the energy balances for the evaporator shells and these will be derived using the same 
methods as for the evaporator effect energy balances. The MVR evaporator shell and the TVR 
evaporator shell will be consider individually because of their different natures. The end result 
will be a pair of differential equations for the evaporator shell temperatures. 
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2.2) Thermodynamics and Evaporator Modelling Literature Review 

2.2. 1 )  Thermodynamics 

The process modelling done here is primari ly first principles. The equations are derived from the 
fundamental First Law of Thermodynamics and the Law of Conservation of Mass. The Law of 
Conservation of Mass is given by the following (Sandler, 1 989, p 30). 

Where, M 

M k  

total mass in control volume. 

mass flow into control volume. 

(kg) 

(kgls) 

(2.1) 

The First Law of Thermodynamics was originally developed experimentally by the work of 
Joule in the 19th century. For a control volume with constant internal properties the following 
equation describes the accumulation of energy with k input/output mass flows, a total net 

inward heat flow q, compressive work P 
dV 

and additional work Ws. 
dt 

- M U+-V2+1f = LM k Uk+-V:+lfk +q+Ws-P -T-+LM k (Pk.vk ) d [( 1 )] K .  
( 1 ) dV. K . 

dt 2 k=l 2 dt k=l 

Where, M total mass of material in the control volume. (kg) 
U total internal energy of the control volume. (J/kg) 
v velocity of the control volume. (J/kg) 
If potential energy of the control volume. (J/kg) 

M k  mass flow of an input/output flow. (kgls) 
Uk internal energy of an input/output flow. (J/kg) 

Ifk potential energy of an input/output flow. (J/kg) 
l\ velocity of an input/output flow. (rn/s) 
q total net heat flow into the control volume. (W) 

Ws total net work applied to the control volume. (W) 

Pk pressure of an input/output flow. (Pa) 
Vk specific volume of an input/output flow. (m3/kg) 
V T total volume of the energy balance control volume. (m3) 

(2.2) 

In practice many assumptions are made to simpl ify this equation. Firstly the pressure work terms 
are removed by using the enthalpy instead of the internal energy (i .e., H = U + P.V). Secondly 
kinetic and potential energy terms are neglected and the system is assumed to have a constant 
volume. This simplifies the equation to the following. 
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(2 .3)  

A common modell ing technique is to assume that the enthalpy and internal energies are the same. 
This assumption is based on the observation that the densities of liquid and solids are very large 

(i .e . ,  p= � ). With this assumption we produce the following version of the First Law, which is 

the form that we will use. 

(2.4) 

From the above we know that the determination of the enthalpy is important. The differential 
change in enthalpy is given by the following (Sandler, 1 989) . 

Where, C p 

V 
T 
p 

constant pressure heat capacity of material . 

specific volume of material. 
temperature of the material. 
pressure of the material .  

(J/kg.OC) 

(m3/kg) 
(OC) 
(Pa) 

(2 . 5) 

For liquids and sol ids the effect of the pressure on the enthalpy is negligible since the specific 

volume and compressibility are small ( i .e . ,  V and 
av 

are both small) . This means that this 
aT 

equation can be simplified to the following : 

(2.6) 

The heat capacity of a material always varies with temperature. However, if we are dealing with 
a small change in temperature, then it is possible to assume that the heat capacity is constant . 
Furthermore the enthalpy is arbitrarily defined as zero when the temperature is zero degrees 
Celsius. 

H = C T p . (2 .7) 

With milk solutions the heat capacity depends on the dry matter and composition. In Appendix A 
the following linear relationship between heat capacity and dry matter is derived, using the ideal 
mixture assumption. The enthalpy is then given by the product of this and the temperature. 
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C pmilk = C pwater - C pTS 'W , H milk = (C pwater - C pTS .W)r 

Where, H nlllk enthalpy of the liquid milk. 

C pmilk heat capacity of the milk solution. 

C pwater = heat capacity of water. 

C pTS coefficient relating milk heat capacity and dry mass fraction. 
w dry mass fraction of the milk. 

2.2.2) Evaporator literature Review 

(2.8) 

(J/kg) 

(J/kg.oC) 

(J/kg.oC) 

(J/kg.oC) 

(kg/kg) 

Whilst falling film evaporators are a widely used process there is a shortage of literature on their 
modell ing. There does not appear to be any good reason for this deficiency, but it may be due to 
the distributed parameter nature of the fall ing film. This modelling deficiency can be compared 
to the large amount of work done with simple mixing tank evaporators (Wang and Cameron, 
1 994; Lee et ai, 1 989; Tonelli et ai, 1 994) . 

There has been a lot of work done investigating the heat transfer coefficients of fal ling film 
evaporators. A large amount of this work has been concerned with the theoretical issues of 
falling film waves, turbulence and the effect that these have on the heat transfer coefficients 
(Benjamin 1 957; Dukler et at, 1 952; Fulford, 1 964). There are also many empirical studies that 
investigate the heat transfer coefficients (Chun and Seban, 1 97 1 ;  Chun and Kim, 1 990; 
Alhusseini et aI, 1 998). However, much of this work has been done with water and other non­
milk liquids. Some studies have focused exclusively on milk solutions (Bouman, 1 993 ; Jebson 
and lyer, 199 1 ;  Chen, 1 992). However, the work is purely empirical and suffers from a lack of 
'good' theoretical groundwork. A good theoretical basis assists in developing models that can be 
extrapolated outside their range of fitting. 

There is a reasonable amount of static fall ing film evaporator models. A large paper, by Angeletti 
and Moresi ( 1 983), discusses the static modelling of fall ing film evaporators working with food 
solutions. They give considerable discussion to the prediction of heat transfer coefficients. In a 
later paper Moresi ( 1 985) extends this work to consider the design and optimisation of falling 
film evaporators. 

There are very few dynamic falling film evaporator models. An early paper by Burdett ( 1 97 1 )  
develops a dynamic model for a fall ing film evaporator used to evaporate sea-water. However, 
these sea-water evaporators are quite different from the typical dairy industry evaporators. It 
appears that the only dynamic model that has been developed for fall ing film evaporators 
working with milk solutions is that of Quaak and Gerritsen ( 1 990). This model is important 
because it does not neglect the distributed parameter fall ing film. In order to deal with the fal ling 
film equations they make the assumption of constant fal l ing film velocity and constant 
evaporating heat transfer coefficients. With these assumptions the fall ing film partial differential 
equations can be transformed into differential equations with delays. 

Later the Quaak dynamic model was used to develop a control system for a four effect fall ing 
film evaporator (Quaak et ai, 1 994; van Wijck et ai, 1 994). Quaak et al also developed an 
additional empirical model. Both models were then used to develop a multi-variable control 
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system for the evaporator. This was shown to provide 'good' control of the evaporator. Finally 
there is a model of a falling film evaporator with a MVR compressor, that was developed from 
the work discussed in this thesis (Winchester and Marsh, 1 999) 

Mph2 M/:2 M, Mpl 

). Tph2 T/:2 T"",J wpl 
W W /:2 W"",J n .'1 ... 't ph2 

I I I 
V '4 � J <J MVR b._ � h "i 

FAN Tsl Tsl 

� I � I �  I I T'l '--

I .r-L- '---- 1 I .r-l.-
M'l M t5 L � -Q-W" W,5 

-Q- ,.... � 

� 
AI F" = mass flow to the first evaporator pass. {kgIs} 
T,., = temperature ofl iquid to the first evaporator pass. c"C) 
M p, = mass flow from the first evaporator pass. {kgIs} 
wpl ::: dry matter concentration from the first evaporator pass. (kgIkg) 
T"" = preheat condenser inlet temperature. c"C) 
T[.-l = preheat condenser outlet temperature. c"C) 
T" = MVR evaporator effect temperature. c"C) 
T" = MVR evaporator shell temperature. c"C) 

Figure 2-2 : The MVR evaporator section, of the Evaporator A plant. 

2.3) The MVR and TVR Evaporator Sections 

2.3. 1 )  The MVR evaporator section 

The Kiwi Co-op Dairies Evaporator A plant is relatively large and complex. It contains three 
effects, with mechanical and thermal vapour compressors and multiple passes are used in each 
effect. Figure 2-2 shows the mechanical vapour re-compression (MVR) section of the plant. This 
is a single effect two-calandria evaporator with five passes and a MVR compressor. The milk 
enters the first distribution plate with a mass flow, temperature and dry matter (i .e . ,  M ph2 ' Tph2 

18  



Modelling Falling Film Evaporators 

and W ph2 ) ' This distribution plate evenly distributes the milk onto the evaporator falling film 

tubes. The milk then flows down the tubes by gravitational acceleration and heat is  supplied to it 
by conduction/convection from the evaporator shell .  This heat causes water evaporation and 
thereby concentrates the milk dry matter. At the bottom of the evaporator tubes the milk has a 
mass flow and dry matter (i.e . ,  Mel and wel ). It is collected and pumped to the next distribution 

plate where it enters with a mass flow and dry matter (i.e., M pI and W PI )' After passing through 

the second pass the milk goes through the third, fourth and fifth evaporator passes before being 
pumped out to the TVR evaporator section. 

----.J 
---, 

M" J,-

L.. J' 
Mp, 
Tp' 
\tip, 

_ L  
T" 

T., 

-
M.. ,.... 

'---__ --{=}-_-l w .. 

P1 
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n ,. 
I 

I 
M" I 

P� = raw steam pressure to the lVR compressor. 
m.rt2>lfr. = mass flow of steam to the lVR compressor. 

�7 �� 

I 

L 

T" 

� Mp. = wp' 

(Pa) 

Mm 
T".d 

,rQ-

(kgls) 
Mw" = mass flow of cooling water entering the vacuum condenser. (kgls) 
TvJC' 

= vacuum condenser cooling water inlet temperature. (C) 
T" = lVR evaporator shell temperature. (C) 
T., = lVR evaporator second effect temperature. (oC) 
T.) = lVR evaporator third effect temperature. (C) 

Figure 2-3 : The TVR evaporator section, of the Evaporator A plant. 

The preheat condenser provides the vacuum that allows the milk to be evaporated at 
temperatures below 70 QC. It is important that the evaporator is operated under vacuum because 
of the whey protein de-naturation reactions that occur at temperatures above 70 QC (Dannenberg 
and Kessler, 1 988). Feed milk is used in the condenser tubes and it enters with a mass flow, 
temperature and dry matter (i .e, M f ,  Tmc3 and W mc3 ) ' The inlet milk temperature is lower than 
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the MVR evaporator and this causes a net flow of heat from the evaporator. At the condenser 
outlet, the milk will be at a temperature similar to the MVR evaporator effect. 

The MVR compressor provides the evaporation driving force for the evaporator. Electric power 
is supplied to the compressor and it compresses the evaporated water vapour from the evaporator 
effect. The compressed evaporated water vapour condenses at a higher temperature in the 
evaporator shell because of its higher pressure. The temperature difference between the 
evaporator shell and effect then provides the heat transfer driving force, which causes the 
evaporation. 

2.3.2) The TVR evaporator section 

Figure 2-3 shows the TVR evaporator section of the Evaporator A plant. This is a two effect 
system with thermal vapour re-compression (TVR) and two passes in the final effect. As with the 
MVR evaporator, milk enters the first distribution plate with a mass flow, temperature and dry 
matter (i .e . ,  M p5 '  Tp5 and w P5 ) . It then flows down the evaporator tubes and is pumped to the 

final effect . After passing through the seventh and eighth passes the milk leaves the evaporator 
with a concentrate mass flow, temperature and dry matter (i. e. , M p8 '  Tp8 and w P8 ) . 

The TVR compressor uses raw steam to drive the evaporator (i .e . ,  PSI and mSleam ) . As with the 
MVR compressor this allows the evaporated water to be compressed. The compressed water 
vapour then condenses in the evaporator shell and this provides the driving force for the 
evaporation. The TVR evaporator section also contains a condenser and this provides the 
vacuum for the evaporator. Cooling water is used in the condenser tubes, with a mass flow 
(Mvac ) and temperature ( T.,ac\ ) · 

Spray cup 

�::� .. .... --\ 
, 
, 
, 

, 
, 

, 
\ 

, 

Figure 2-4 : An evaporator distribution plate. 
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2.4) Model Derivation 

2.4. 1 )  Distribution plate 

Figure 2-4 shows a typical distribution plate, which is used to evenly distribute the milk onto the 
evaporator tubes. Here we want to derive differential equations for the milk flow and dry matter 
through the distribution plate. We will consider the first distribution plate of the MVR evaporator 
section, but the same model may be used for any distribution plate in the Evaporator A plant. The 
milk enters from the top and it will usually be at a temperature above the evaporator effect. This 
causes some water to vaporise (i .e . ,  ' flash' )  and the milk mass flow becomes slightly reduced. 
The milk is then sprayed onto the distribution plate by the spray cup. 

Making total and dry matter mass balances we produce the following equations. Here we have 
taken the milk mass flow ( M/ )  and dry matter ( w/ )  after 'flashing' as the feed properties. Later 
we wil l  show how the mass flow of flashed vapour can be calculated. We have assumed a 
homogenous mixture above the distribution plate and we have also assumed that the distribution 
plate temperature is the same as the evaporator effect . 

Where, Md mass flow of liquid passing through a distribution plate. (kg/s) 

dry mass fraction of liquid passing through a distribution plate. (kglkg) 

mass flow of liquid to the distribution plate, after flashing. (kg/s) 

liquid dry mass fraction to the distribution plate, after flashing. (kglkg) 

cross sectional area of a distribution plate. (m2) 

height of liquid above a distribution plate. (m) 

(2.9) 

(2. 1 0) 

density of the liquid. (kg/m3) 

We can expand the differential in equation (2. 1 0) and substitute equation (2.9) to produce the 
following. 

(2. 1 1  ) 

In Appendix A the functional dependence of the milk density is  determined (i .e . ,  p= [ Pwarer ] ). 
1 -aTs ·w 

Using this we can expand the differential in equation (2.9) to produce the following differential 
equation for the height of liquid. 
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A dhd =0 - 0  d dt _I _d (2. 1 2) 

volumetric flow of liquid after flashing. 

volumetric flow of liquid passing through a distribution p late. 

If the milk enters the distribution plate system at a temperature higher than the evaporator then 
some of the milk will flash. The mass flow of flashed water vapour can be determined by making 
static mass and enthalpy balances. If we assume constant latent heat and heat capacity, with 
respect to temperature, then the following equation gives the mass flow of flashing. 

= 
M ph2 (Cpwater - CPTs .WPh2 ) [T - T ] M = M  [1 - (Cpwator - CPTs ,WPh2 ) (T - T )� (2 1 3 ) m flash A ph2 01 ' 1 ph2 A ph2 01 J . 

W1 = [1 - (C pwater - C PTS_�W phl )(T _ T )� A ph2 01 J 

W phl 

Where, m {lash mass flow of flashed water vapour. 

M ph2 mass flow of liquid before flashing. 

W ph2 dry mass fraction of the milk before flashing. 

Tph2 = temperature of liquid entering the distribution plate system. 

(kgls) 

(kg/s) 

(kg/kg) 

(OC) 

Tel temperature of the distribution plate system, also MVR effect. (OC) 

(2 . 1 4) 

C pwater = heat capacity of water. (J/kg.oC) 

C pTS coefficient relating the milk heat capacity and dry mass fraction.(J/kg.oC) 

A latent heat of vaporisation. (J/kg) 

These equations can be substituted into the differential equations for the height of liquid and dry 
matter above the distribution plate. The resulting differential equations are shown by equations 
(2. 1 5 ) and (2. 1 6) . These show the impact of the flashing on the height of liquid and dry matter 
above the plate. The flashing reduces the milk flow and this causes the height of liquid to 
decrease and the dry matter to increase. 

dhd = 
Q phl _ M ph2 (C pwater - C pTS 'W ph2 XTph2 - 1'.1 ) Qd 

dt Ad Pwater ·1 Ad 

dw d = 
M ph2 [

W 
_ 

W 
( 1 _ 

(C pwater - C pTS .w Ph2 ) (T _ T )�] dt A h ph2 d 1 ph2 el 
Pd d '  d 
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The flow of liquid through the distribution plate is given by a simplification of the standard 
orifice equation (de Nevers, 1 99 1 ,  pp 1 57- 1 59). 

Where, Qd 
All 
MY 
f3 = 

Cd 
h,} 
Pd 
g 

volumetric flow of liquid passing through the distribution plate. (m3/s) 
surface area of holes in the distribution plate. (m2) 
pressure difference across the distribution plate. (pa) 
ratio of areas, between a distribution plate hole and calandria. (-) 
discharge coefficient for the distribution plate holes. 

height of liquid above the distribution plate. 

density of liquid above the distribution plate. 
acceleration due to gravity. 

(-) 

(2. 1 7) 

The ratio of the distribution plate hole area to that of the calandria is very close to zero. 
Therefore we can assume the parameter f3 is zero. With this assumption the orifice plate 
equation simplifies to the following. 

(2. 1 8) 

The discharge coefficient ( Cd ) accounts for the additional energy losses that occur during the 
contraction and expansion through the distribution plate. For a conventional orifice plate, 

operating in turbulent flow, this can be determined (i .e. ,  Cd = � , de Nevers, 1 99 1 ). However, 
;r + 2 

it is possible that surface tension forces become important at the small diameters that are used for 
distribution plates (Trinh et ai, 1 996). These additional forces are neglected in the traditional 
orifice plate calculations. As a result, the discharge coefficient may be different from the 
expected value, but the results contained in Trinh et al ( 1 996) suggest that deviations are small .  

If we assume constant milk density and no flashing, then the above differential equations are 
simplified to the following. 

A 
dhd = 0 - 0  d dl _ ph2 -d ' 

2.4.2) Evaporator effect 

MVR evaporator effect 

Ad dwd = Qph2 [W ph2 -Wd ] dt h d 
(2. 1 9) 

The First Law of Thermodynamics was discussed earlier in this chapter and used to produce 
equation (2.4). Here we use this balance equation to produce a differential equation for the 
temperature of the evaporator effect . The balance is made around the distribution plate, the 
fal l ing film, the pipework from the effect and the metaVvapour contained in the effect. Enthalpy 
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is supplied to the effect by the feed milk, while the concentrated milk and evaporated vapour 
remove it. Heat is supplied from the evaporator shell and also removed by losses from the 
evaporator surfaces. We also make the additional assumption of a negligible mass of milk and 
vapour, in the effect. This assumption is based on the large amount of metal in the evaporator, 
which dominates the evaporator's thermal inertia. With this assumption and the above 
energy/mass flows we produce the following equations. 

dlM met ·C pmet .Tel J l h-, l ) dt = M pll2 ,C pwater - C pTS .W ph2 J1 ph2 + q shellt - M eompI ,C pwater .Tel + It 
(2.20) 

- qe/oss ! - M ps (Cpwater - CpTS .WpS }rps 

M ph2 =M pS +Meompl ' M ph2 'W ph2 = M  p5 'W p5 (2.21)  

Where, Tel 
Mmet 

C'" pnret 

Meompl = 

C pwater == 

temperature of the MVR evaporator effect. 

mass of metal in the evaporator effect . 

heat capacity of metal . 

mass flow of l iquid entering the MVR evaporator section. 

mass flow of liquid exiting the MVR evaporator section. 

mass flow of vapour compressed by the MVR compressor. 

heat capacity of water. 

total heat flow passing through the MVR evaporator tubes. 

(kg/s) 

(kg) 

(J/kg.oC) 

(kg/s) 

(kg/s) 

(kg/s) 

(J/kg OC) 

(W) 

We can substitute (2.2 1 )  into (2. 20) and produce the following differential equation. 

J dTel - M  IC -C w VT -T )+q -M A- q  I .R: = M  C (2 22) eUectl dt 
- ph� � pwuter pTS ' ph2 " ph2 el shellt compl ' elossl ' elleet! met · pmet . 

Where, I eileet! = 
thermal inertia of evaporator effect. (JtC) 

The surface heat losses are assumed to be due to convection and thereby given by equation 
(2 .23). 

Where, qelossl 
VI 
Ael! 
�, 

surface energy loss heat flow for the MVR evaporator effect. (W) 

(2.23) 

overal heat transfer coefficient for the surface energy losses. (W/m2.oC) 

surface area of the MVR evaporator effect, for heat losses. (m2) 
ambient temperature of surroundings. (OC) 

If we use the fol lowing notation we produce equation (2.25). 
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q feed! = M  ph2 (C pwater -C pTS 'W ph2 XTph2 - Te! t 
dTel J - - q + q - q -q effect ! dt - feed! shellt eloss! compl 

q comp! = M comp! .It 

Where, qfeedl Net enthalpy from the feed. 

qeloss! 

Heat flow through the MVR evaporator tubes. 

Latent enthalpy of the compressor vapour suction flow. 

Losses heat flow from the effect surfaces. 

TVR second evaporator effect 

(W) 

(W) 

(W) 

(W) 

(2.24) 

(2 .25) 

Here we want to produce a differential equation for the temperature of the second effect. As with 
the first effect, we make an energy balance around the metal, milk and vapour in the evaporator 
effect . The MVR evaporator product concentrate provides enthalpy, while the sixth pass product 
milk and evaporated vapour remove it. There is also a mass flow of condensate from the third 
effect evaporator shell and this removes enthalpy. Heat is supplied from the evaporator shell, 
removed by the third effect and the surface losses. We shall also make the additional assumption 
of a negligible mass of milk and vapour in the effect. With these mass and energy flows we 
produce the following differential equation for the second effect temperature. 

d lM met2 'C pmet .Te2 J { \." ( ) ----"---- = M p S  ,C pwater - C prs . W pS )1 el + q shell6 - M comp2 ,C pwater .Te2 + A 
dt 
-M cond2 .C pwater . Te2 - q shell7 - q shell8 - q eloss2 -M p6 (C pwaler -C prs .W p6 )re2 

M p6 = Mp5 - Mcomp2 - Mcond2 ' M p6 ,w p6 = Mps .wps 

Where, Mmet 2 mass of metal in the second evaporator effect . (kg) 

M milk 2 mass of milk in the second evaporator effect . (kg) 

Mcond2 = mass flow of condensate from the third effect evaporator shell . (kg/s) 

We can substitute equation (2 .27) into (2.26) and produce the following. 

dTe2 ( \t )  I effect 2 � = M p5 ,C pwater - C pTS 'W pS "Tel - Te2 + q shell6 - q eloss3 - ItM comp2 - q shell7 - q shellS 

By defining the following terms we then produce equation (2.30). 

qfeed6 = M p5 (C pwater -C pTS 'W pS XTel - TeJ , q comp2 = AM comp2 
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J dTe 2 -

q 
+

q 
-

q 
-

q 
-

q 
-

q effect 2 dt - feed6 shell6 eloss2 comp2 shell 7 shell 8 

Where, qfeed6 

qeloss2 

net enthalpy in the feed to the second effect . (W) 

surface energy loss heat flow for the second effect. (W) 

heat flow through the seventh pass evaporator tubes.(W) 

heat flow through the eighth pass evaporator tubes. (W) 

TVR third evaporator effect 

(2.30) 

Here we want to produce a differential equation for the temperature of the third effect. The feed 
milk supplies enthalpy, whereas the concentrated milk and condensing steam remove it. Heat is 
supplied from the second effect and removed by the vacuum condenser and surface losses. These 
mass and energy flows can be used to produce the following : 

dlM met ·C p,met .Te3 J I h, 
dt = M p6 \C pwater - C pTS . W p6 )1 e2 + q shell7 + q shell8 - M cond3 ·C pwater .Te3 

- q vac - q eloss3 - M p8 (C pwaler - C pTS . W pS }Fe2 

M p 6  = M pS +Mcond3 ' M p6 ·W p6 =M ps ·W p8 

We can substitute equation (2. 32) into (2. 3 1 )  to produce the following. 

(2.3 1 )  

(2 .3 2) 

(2 . 33)  

Defining the following term for the net enthalpy into the third effect we can produce equation 
(2.35). 

q feed 7 = 
M p6 (C pwoter - C prs .w p6 XTe2 - Te3 ) 

Where, q feed 7 

qeloss3 

2.4.3) Falling film 

net enhalpy in the feed to the third effect. 

surface energy loss heat flow for the third effect . 

heat flow through the vacuum condenser. 

(W) 

(W) 

(W) 

(2.34) 

. (2. 3 5) 

The evaporator fal l ing film is  a distributed parameter system since the film velocity, dry matter 
and temperature vary with distance as well as time. We will simplify the analysis by assuming a 
constant and flat fal ling film velocity and concentration profile. Then the fal ling film is described 
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by making mass, dry matter and energy balances across an infinitesimal cross section, as shown 
in Figure 2-5 . The liquid mass flow rate and dry mass fraction (M(x, t) and w(x, t )) vary both 
with distance ( x )  down the tube and time ( I ) . 
If we make a mass and dry matter balance around the infinitesimal cross section we can produce 
equations (2.36) and (2.37). There is an accumulation of mass and dry matter (i.e., 
dxa(p(x, t)A(x, t)] and dx a[p(x, t)A(x, t)w(x, t)] )  and a net mass and dry matter flow (i.e., Ot Ot 
M(x, t)-M(x + dx, t) and M(x, t )w(x, t )-M(x + dx,t )w(x+dx, t)) into the infinitesimal section. 

\ 

) 
dq(x, / )=u s (w(x, / ))7r.d.nf:lT {x, /)dx 

( 
-

) 
( 

< ) 
J 

M. (t }, w. {t }  

1 
� 

M(x, /) 
li{x,/) 

M{x+dx,t} 

w{x+dx,t} 

x=o 

x = L  

Figure 2-5 : Falling fil m  partial differential equation derivation. 

dx a(p(X,�A(x, t )] = M(x, 1 ) -M(x + dx)- dM evap (x, t )  01 

dx a(p(x, t )A(x, I )w(x, t )] = M(x, t )w(x, t) -M(x + dx )w(x + dx, t) at 
Where, M(x, t) 

w(x, t) 

A(x, t) 

= 

= 

= 

mass flow of the falling film. 
dry matter concentration of the falling film. 
velocity of the falling film liquid. 

cross sectional fluid flow area of the fal ling film. 
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(kg/s) 
(kg/kg) 

(mls) 

(m2) 

(2. 36) 

(2 . 37) 
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With the assumption of a constant fal ling film velocity the mass flow is given in terms of the 
fluid density and the film cross sectional area (i .e . ,  M(x, t)= p(x, t )A(x, t)ve )' The mass and dry 

matter balances can therefore be simplified to the following. 

1 oM(x, t ) oM(x, t) oMevap(x, t) ---'---'- + = --'----
ve Of Ox Ox ' 

_
1 o[M(x, t)w(x, t)] + o[M(x, t)w(x, t)] = 0 
Ve at Ox 

(2.38) 

h fl f 
. 

fr h '  fi '  . I I ( 
aM evap (x, t) 

b . T e mass ow 0 evaporation om t e m Imteslma e ement ) can e determmed by Ox 
making an energy balance around the element. There is an accumulation of enthalpy in the 

. alp(x, t )A (x, t}c p (w(x, t )Jrjilm (x, t)J 
sectIOn (dx Of ), a flow of heat from the evaporator shell 

(dq(x, t) , a net flow of enthalpy ( i .e . ,  M(x, t}cp (w(x, t))Tji,Jx, t)-
M(x +dx, lf:;p {W{x + dx, I))TjiIJx+dx, t) ) due to the mass flows to and from the section and a 

flow of latent enthalpy due to the evaporation of water « (A + C pwater}tM evap (x, t ) . Here we have 

taken the heat capacity as a function of the milk dry matter concentration 
(i .e . ,  Cpmilk = Cpwater - Cprs 'w ) , An important part of the equation is the difference in the heat 

capacity between the milk and the evaporating vapour. 

alP(x, t )A(x, t�p (W(X, I ))l�/Jx, t )J _  ( ) ( f:;  ( ( )) ( ) dx Ot - dq x, t + M x, t p w x, t Tfilm x, t 

-M{x + dx, t 'r p {w{x + dx, t ))Tji,m (x +dx, t) - (2 + C pwaterTji'm (x, t)):tw evap (x, t) 
Where, C p (w(x, 1)) 

Cpwate, 
Tfi/Jx, t) 
2 

heat capacity of the milk solution. 

heat capacity of water. 

temperature of the failing film. 

latent heat of vaporisation. 

(J/kg. DC) 

(J/kg. DC) 

(OC) 

(J/kg) 

(2.39) 

The temperature of the fal l ing film is not the same as that of the evaporator effect, because of the 
milk boil ing point elevation. The milk dry matter content causes it to have a lower free energy 
and so it boils at a slightly higher temperature. We can determine the fal ling film temperature 
from the addition of the evaporator effect temperature and the boil ing point elevation (i .e . ,  
Tfilm = 1'. + l1I;,pe )' The functional form of the boiling point elevation is investigated in Appendix 

. R.Te2 brs .wrs ) A (I .e . ,  I1Tbpe = 
[ ( )w ] . 

A 1 + brs - 1 rs 

Equation (2. 39) can be rearranged to the following, which gives the mass flow of evaporation 
derivative required in equation (2 .38) .  Here we have taken the evaporating overall heat transfer 
coefficient as a function of the milk dry matter concentration. 
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1 alM(x, t � p (w(x, t ))Tjilm (x, t )J alM(x, t � p {w{x, t ))Tji/Jx, t)J - + = 
Ve at ax 
Vs (w(x, t )).7r.d.n.!1T(x, t ) - (A + C pwater .Tji/JX, t)) aM ev;;(X, I) 

Where, Vs (w(x, t )) 
d 
11 = 

evaporating overall heat transfer coefficient. (W 1m2 . QC) 
diameter of the evaporator tubes. (m) 
number of evaporator tubes. ( -) 

(2.40) 

The differential in (2.40) can be expanded and (2 .38) substituted to produce the following. We 
have used the linear relationship between the milk heat capacity and dry matter concentration. 

\1. { I oT (x I) oT (x I)] oM (x I) M(X, I.1\C/lWQter - Cprs .w{x, t\;.- /';1 ' + fi� ' =Us {w{x, t))'1r.d.n.AT{x, t) -A  e; , (2 .4 1 )  

We wil l  now assume that the left hand side of this equation is zero. This assumption i s  equivalent 
to the assumption of negligible thermal inertia in the fal l ing film. When heat flows into the 
fall ing film, it causes no increase in the film temperature, but rather an instantaneous increase in 
the latent evaporation. This assumption then produces equation (2.42), which is substituted into 
equation (2 .3 8), to produce equation (2.43). 

aMevap(x, t) 
( ( )) [ ( ) ( )] A = Vs w x, t .7r.d.11 Is t -Te t Ox (2.42) 

(2.43) 

The total evaporator tube heat flow is determined by the integral of the infinitesimal heat flows 
( dq(x, t) over the length of the evaporator tube. When the boil ing point elevation is  neglected 
this is given by equation (2.44). 

L 
qshell = f Vs (w{x, t ))n-.d.n[r. (I ) - Te {I)fir (2.44) 

o 

Where, L length of the fal l ing film tubes. (m) 

The evaporating overall heat transfer coefficient depends on the milk dry matter concentration. 
This means that the infinitesimal heat transfer (dq(x, I) changes along the length of the fal ling 
film. The functional relationship between the heat transfer coefficient and the dry matter is 
investigated in Appendix BI!. However, the effect on the partial differential equations will not be 
investigated here. The dynamic falling film evaporator model is required for controllability 

29 



Modelling Falling Film Evaporators 

studies and a sophisticated model is of little advantage. As a result, we will simplify the partial 
differential equations by assuming a uniform heat flow along the length of the fall ing film. This 

aM evap (x, t) 
allows us to combine equation (2.42) and (2 .44) to produce the following ( i .e . ,  ----'--­ax 
Us (W(x, t)).7r.d.n.t1.T(t) 

= qShell (t) . 
A. XL 

This can be transformed into the Laplace Domain to produce equation (2.46). 

dM(X, s) s ( ) I ( ) -�--'-+ -M x, s +-qshell s = 0  dx ve XL 

(2.45) 

(2.46) 

Equation (2.46) can be integrated with the boundary conditions (i .e . ,  M(x, s)=Me (s�@ x=L 

and M(x,s)=Md (s),@ x=O ) to produce equation (2.47). This is where the assumption of a 

uniform heat flow is important. Since the heat flow is uniform it is independent of the distance x 

and it is a simple matter to integrate equation (2.46). 

Where, re residence time of the fal l ing film. (s) 

(2 .47) 

This transfer function is equivalent to a differential equation with delayed variables. By 
transformation into the time domain we produce equation (2.48). 

Me (t )=M d (t - re )-M/ubes (/), 
dM tubes (t) 1 [ ( ) ( )] '" e dt .A. q shell \t -q shell \1 - ,  e (2 .48) 

A similar method can be used with the dry matter partial differential equation to produce 
equation (2.49). 

Me (I ).We (t )=M d (t - 'e ).W d (t - re ) 

Where, Me mass flow of milk from the bottom of the fall ing film. 

dry matter of milk from the bottom of the falling film. 
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(kg/s) 

(kg/kg) 

(2.49) 
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These equations are the same as those of Quaak and Gerritsen ( 1 990). It is important to recognise 
that the assumption of uniform heat flow does not require a constant heat transfer coefficient. 
This can be made a function of the dry matter by some appropriate functional form (i .e . ,  the 
average of the dry matters at the fal ling film top and bottom). However, there is no 'theoretical' 
basis for choosing this dry matter. A better solution would be to relax the assumption of uniform 
heat flow and then integrate the partial differential equations. 

If we now make the assumption of constant evaporating overall heat transfer coefficient, then 
equation (2.48) can be simplified to equation (2. 50). 

Me (I )=M d(l - Te )-Mtllbes (t), (2. 50) 

The mi lk from the fal l ing film passes along a length of pipe, before entering the next evaporator 
pass. Depending on the length of the pipe and the fluid flow, this can cause an important delay. 
Dynamically this is represented by a pure delay (i .e. , w p (t) = we (t - T p», where the delay time 

L 
depends on the pipe length and the fluid velocity (i .e . ,  T p = � ). At steady state the properties 

vp 
are constant along the length of the pipe ( i .e . ,  M� = M� and w� = w� ). Also, the energy balance 

for the evaporator effect was derived with the assumption of uniform temperature throughout the 
effect and pipework. This means that the temperature throughout the pipework is the same as that 
of the effect . 

The assumption of constant evaporating overall heat transfer coefficient is convenient for the 
simplification of the fal l ing film partial differential equations. However, the static response of 
these equations is unl ikely to be an accurate representation of the fall ing film. For the 
optimisation studies we are primarily concerned with the static equations and these must be very 
accurate. In Appendix BII the static fal ling film equations are solved with non-constant 
evaporating overall heat transfer coefficients and three fal ling film models produced. Later in 
Chapter 5 we will investigate the accuracy of these three models. The second model will be 
found to be the most accurate it is shown here by equation (2. 5 1 ). 

Mp = Md -M tubes ' 

Where, M fIIbes 
Md 
Mp 
Uso 
Usl 

mass flow of evaporation in the fall ing film. 

mass flow of milk from the distribution plate. 

mass flow of milk from the bottom of the fall ing film. 

coefficient used in the simple film heat transfer model. 
coefficient used in the simple film heat transfer model. 

3 1  

(2 . 5 1 )  

(kg/s) 

(kg/s) 

(kg/s) 

(W/m2. oC) 
(W/m2.oC) 
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2.4.4) Evaporator shell 
MVR evaporator section 
As with the evaporator effect, we use the First Law of Thermodynamics to produce a differential 
equation for the evaporator shell temperature. We will make a balance around the evaporator 
shell metal, condensed water, vapour and the MVR compressor. The compressor supplies vapour 
enthalpy while the condensate removes it. Heat is removed from the shell through the evaporator 
tubes, the evaporator shell surfaces and the preheat condenser. We shall assume that the 
temperature is uniform throughout the evaporator shel l .  With these energy and mass flows the 
fol lowing balance equations are produced. 

dlM mell .C pmel Isl J + dlM walerl .C pwaler Isl J = M rC T + -1.]+ W _ M C T 
dt dt compl t pwaler ·  el compl scond! · pwaler · si 

dMwalerl M M dt compl - scondl 

Where, Mscondl 
Mcompl 
M water I . 
Mmefl 

== 

- q sloss! - q shelll - q pcond 

mass flow of condensate from the evaporator shel l .  (kg/s) 

mass flow of vapour from the MVR compressor. 

mass of water in the evaporator shell .  

mass of metal in the evaporator shell .  

(kg/s) 

(kg) 

(kg) 

(2 . 52) 

(2 . 53 )  

Expanding the differential in  (2. 52), substituting (2. 53), assuming constant heat capacity and 
constant mass of water allows us to produce the following. 

Ishelll d�1 = M compl [C pwaler (Tel - Tsl ) + ...1]+ Weompl - qslossl - qshellt - q pcond 

/ shell I = lA1 mell .C mel + M walerl .C pwaler j 
Where, 1 shell I thermal inertia of the first evaporator shell .  (J/K) 

The surface losses heat flow is given by the standard convection heat transfer equation. 

(2 . 54) 

(2 . 55) 

(2. 56) 

If we now use the following notation we can simplify the energy balance to produce equation 
(2 . 58). 

qeompl = Mcompl . ...1 , qcondensalel =McomPI ·C pwafer (Tsl - Tel ) 
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dTsl I - - q + W  - q - q - q - q  shell I dt - compl compl slossl shellt pcond condensatel 

Where, Wcompl 

qslossl 
q pcond 
q condensatel 

1VR evaporator shell 

power supplied by the compressor. 

surface energy loss heat flow for the MVR evaporator shell .  

heat flow through the preheat condenser. 

net enthalpy exiting with the condensed shell water. 

(2.58) 

(W) 
(W) 

(W) 
(W) 

Here we want to derive a differential equation for the TVR evaporator shell temperature. The 
TVR compressor supplies steam enthalpy, as does the compressed vapour and enthalpy is 
removed in the condensate flow from the shel l .  Heat is removed by surface losses and also 
through the evaporator effect tubes. With these energy and mass flows we can produce equations 
(2. 59) and (2.60). 

d� met2 .Cpm"t .Ts2 J dlA-1 wat<r 2 .Cpwat" .Ts2 J _ [ ] -------'---- + - M comp2 LC pwater .Te2 + A + msteam .hsteam dt dt 
- M scond2 .C pwater .Ts2 - q sloss2 - q sh.1I6 

d[Mwater2 ] M +m -M comp2 steam scond2 dt 

Where, m steam 

Mscond2 

mass flow of steam to the TVR compressor. (kg/s) 
enthalpy of steam supplied to the TVR compressor. (J/kg) 
mass flow of condensed steam from the shell .  (kg/s) 

(2 . 59) 

(2.60) 

We can expand the differential in equation (2. 59) and substitute equation (2.60) to produce 
equation (2 .6 1 ) .  Once again we have assumed that the mass of water in the evaporator shell is  
constant . 

I dTsc =M C (T - T )+M A + W  -q - q  shell 2 dt comp 2 ·  pwater e 2 s2 comp2 · comp2 sloss2 shell 6 

If we define the fol lowing we can simplify this equation to (2.63). 

q condensate 2 =M comp2 ·C pwater (TS2 - Te2 ) , W comp2 = lhsteam - C pM/ater .Ts2 }n steam 

I dTs2 - q + W  - q - q  - q  shell 2 dt - conrp2 comp2 sloss2 shell6 condensate2 

Where, q comp2 latent energy of vapour to compressor. 

3 3  

(2.6 1 )  

(2.62) 

(2 .63) 

(W) 
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= net steam enthal py to the compressor. (W) 

2.4.5) Compressors 

The MVR compressor map describes the relationship between the compressor speed, shell 
pressure and effect pressure, the work done by the compressor and the flow of compressed 
vapour. We have taken the compressor speed N comp to be a manipulated variable, though in 

practice one must manipulate the power supplied to the motor driving the compressor fan and 
use a feedback control loop to track desired fan speeds. We are assuming that this loop has a high 
bandwidth and that we can effectively manipulate Ncomp . The compressor map is described 

implicitly by the fol lowing pair of non-linear algebraic equations. The parameters acomp through 

/comp are coefficients, which are used to fit the MVR compressor map. 

[p, -p.l 
Pve 

Where, Qcomp 
Ncomp 
Wcomp 
P, 
p. 
Pve 

= 

= 

volumetric flow of compressed vapour. 

MVR compressor speed. 

electric power supplied to the MVR compressor. 

(m3/s) 

(rpm) 

(W) 

pressure at the outlet of the MVR compressor. (Pa) 

pressure at the inlet of the MVR compressor. (pa) 

(2.64) 

(2.65) 

density of the inlet vapour to the MVR compressor. (kg/m3) 

These compressor equations are empirical, although their form can be derived. The nature of the 
MVR compressor is essentially the same as a centrifugal pump. Various equations have been 
derived for these pumps but the following is the most general (Fox, 1 977). This is derived for an 
incompressible fluid and so it is not completely applicable for an MVR compressor. However, if 

we define the pressure head by the conventional method (i .e . ,  H = M ), then it produces 

equation (2 .66). 

Where, H 
N 
Q 

= the heat imposed on the fluid .  
pump speed. 
volumetric flow pumped. 
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(m) 
(rpm) 
(m3/s) 

p.g 

(2.66) 



Modelling Falling Film Evaporators 

The compressor power supply is given by equation (2.67) (Smith and van Ness, 1 987). This is 
derived by making an isentropic enthalpy balance around the compressor. 

Where, Wcomp == power required to compress the fluid. 

heat capacity of the fluid. 

inlet pressure to the compressor. 
outlet pressure from the compressor. 

(W) 
(J/kg.K) 

(pa) 
(pa) 

(2.67) 

However, for small pressure differences, equation (2.67) can be simplified to equation (2.68). 
Using equation (2.68) and equation (2.64) we can determine equation (2.69) for the compressor 
power supply. 

Wcomp = I1P.Q comp 

Wcomp I1P 0 2 0 b 0 2 02 --= - _ comp =acomp ·Ncomp ·_ comp + comp ·Ncomp ·_comp + Ccomp ·_comp Pve Pve 
Where, I1P pressure difference between the compressor inlet and outlet. 

(2.68) 

(2.69) 

(Pa) 

In reality the compressor is not an isentropic process. It contains inefficiencies and this means 
that equation (2 .69) is not an accurate equation for the compressor power supply. However, its 
general form can be used to describe a compressor. The parameters acomp ' bcomp and ccomp are 

replaced by the parameters dcomp , ecomp and icomp . 

The above arguments are not meant to provide proof of the compressor equations. They provide 
some basis for the equations (2.64) and (2.65), but it is difficult to derive an accurate model for a 
compressor from first principles. As a result, we have taken the general equations (2.64) and 
(2.65), then fitted them to the compressor characteristic curves. These curves were supplied by 
the manufacturers. The equations provide a good fit and the resulting compressor parameters are 
then determined (i .e . ,  acomp = 0.00 1 68 m2/s2 . rpm2, bcomp =0 .4 1 5  m-1 . s-1 . rpm-1 , ccomp = - 1 3 .67 m-4, 

dcomp = 0.00684 m2/s2 . rpm2, ecomp =- 0.02 1 m-1 . s-1 . rpm-1 and icomp = - 3 .09 m-4). We have 
assumed that the vapour/liquid mixtures in the evaporator effect and shell are saturated. The 
vapour pressure and densities are then calculated from Antoine equations, which are discussed 
and developed in Appendix A. 

In(P )= A _ Bwater 
e water [r -c ] , e water 

(2.70) 
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The TVR compressor model is developed and discussed in Appendix D .  We are concerned with 
predicting the mass flow of raw steam supplied and vapour compressed by the compressor. The 
mass flow of raw steam is dependent on the steam supply pressure : 

M sleam = AT/'R .PSI , 

Where, M sleam 
hSleam 

mass flow of raw steam to the TVR compressor. 

enthalpy of saturated raw steam supplied to the TVR. 

TVR compressor parameter. 

The mass flow of compressed evaporated steam is given by the following : 

ArVR .Bn'R pc. 2 ·P., M comp = pC 1VR ' 
sI 

(kgls) 

(kg/s) 

(J/kg) 

(m. s) 

(2 . 7 1 )  

(2.72) 

Where, M comp 
BTVR 
Cn'R 

mass flow of evaporated vapour. 

TVR compressor parameter. 

TVR compressor parameter. 

(mO.03 . so.06/kgo.03) 

(-) 

2.5) Conclusions 

At the start of t"his Chapter we separated the Evaporator A plant into four sections. Thestl were 
the MVR evaporator, the TVR evaporator, the DSI preheat and the preheat plate heat exchanger 
sections. The primary purpose of this Chapter was to derive models for the MVR evaporator and 
TVR evaporator sections. In the following Chapter we wil l  derive models for the DSI unit 
preheat, preheat plate heat exchanger and the shel l/tube condenser. The combination of the 
models for each of these four sections will then provide the complete model for the Evaporator A 
plant. 

In Section 2 .3 the MVR and TVR evaporator sections were described and the position of the 
distribution plates, evaporator effect, shell, condenser and compressors discussed. The MVR and 
TVR evaporator sections contain several parts that are essentially the same. For example the 
distribution plates and falling films are essentially the same through the plant. General models 
for the distribution plate and falling films have been developed in this Chapter. However, the 
evaporator effect and evaporator shel ls contain some subtle differences, which meant it was 
better to model these individual ly. 

In Section 2 .4 models for the component parts of the MVR and TVR evaporator sections were 
derived. We considered first the general distribution plate model. Following this the evaporator 
effect, fall ing film and evaporator shell models were each derived. Considerable attention was 
focused on the difficult falling film model. In the final part of Section 2 .4 we developed models 
for the MVR and TVR compressors. 
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Chapter 3 : Modelling Evaporator 
Preheat and Heat Exchangers 

3. 1) Introduction 

At the start of Chapter 2 we separated the Kiwi Co-op Dairies Evaporator A plant i nto four 
sect ions ( i . e . ,  MVR evaporator, TVR evaporator, DSI unit preheat section and preheat plate heat 
exchanger) .  The primary aim of Chapter 2 was to derive models for the M VR evaporator and 
TVR evaporator sections. In this Chapter we aim to derive models for the DSI preheat section, 
the preheat plate heat exchanger and the shell/tubes condensers. With the completion of these 
models we will have a complete model of the Evaporator A plant . 

Firstly, we will consider the OSI  preheat section. I n  Section 3 .2, we derive the equations for the 
preheat section temperatures and mass flows. We shal l  also show how to incorporate the effect of 
air in the flash vessel temperature differential equat ions. However, we wil l  be mostly concerned 
with deriving two models for the complete DSI  preheat section. The ' Si mple' model wi l l  be 
derived by neglecting the presence of air and assuming constant mass flows around the flash 
vessels . This ' S imple' model wi l l  be used to develop the l inear dynamic model in Chapter 4. A 
second ' Advanced' model wil l  also neglect the presence of air, but it wil l  include the changes in  
mass flow around the flash vessels . This model wi l l  be used to develop the steady state model for 
the entire Evaporator A plant in Chapter 4. 

The plate heat exchanger and condenser models wil l  be derived in  Section 3 . 3 .  The condenser 
model is simpler than the plate heat exchanger, so it wil l  be considered first. A generic dynamic 
condenser model wi l l  be developed, but the condenser distributed parameter nature wi l l  present 
some difficulties. We will solve this problem by transforming the condenser partial differential 
equations into simple finite order ordinary differential equat ions with delays. 

Finally the plate heat exchanger model will be derived. A dynamic heat exchanger model wi l l  be 
derived by the transformation of the heat exchanger partial differential equations. The result will 
be a set of transfer functions describing the heat exchanger outlet temperatures. However, these 
transfer functions do not represent finite order l inear constant coefficient ordinary differential 
equations. This presents a major difficulty because most standard dynamic analysis is based on 
these differential equations. As a result, it is difficult to analyse the dynamic  heat exchanger 
model or combine it with the rest of the Evaporator A plant dynamic models. We wi l l  overcome 
this problem by using numerical analysis methods. The static heat exchanger equations wil l  also 
be derived. 
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3.2) DSI Preheat Section 

3.2. 1 )  I ntrod uction 

It is common practice, in the NZ dairy industry, for evaporator plants to contain a preheat 
section. These are used to provide controlled heat treatment for bacterial destruction and whey 
protein de-naturation (Fergusson, 1 989). Figure 3- 1  shows the Preheat system of the Kiwi 
Evaporator A plant. The direction steam injection (DSI) unit and flash vessels provide fast, direct 
contact milk heating, which rapidly brings the milk to the required DSI soak temperature. The 
required heat treatment is then regulated by the holding tube length and milk flowrate. Upon 
exiting the holding tubes the milk passes into a flash vessel where it is flashed by pressure 
reduction. The flashed vapour then condenses by direct contact with the cold feed milk in the top 
of the flash vessel . This direct passage of latent heat from the hot treated milk provides an energy 
recycle, which reduces the amount of steam required in the DSI unit . It is common to use 
multiple flash vessels in series to improve the energy recycle, as shown in Figure 3- 1 .  

OSI U n it Preheat 
"'du Feed 

!vi .12 
A I pcl NI pc2 T.t2 
TpcI Tpe 2 W.t2 
Wl'd � W,d 

First 
F lash 

Vessel 
Second 

Flash 
Vessel 

Hold i ng Tubes AI 1>1 
114 ph2 

TJ., M,.,I 
Tph2 

wfl,l T,." 
W,.,I 

.\l . , = mass now to the OSl preheat system. (kgls) 
T; , temperature of feed liquid to the DSI preheat system. (0C) 
11':" � = dry mass fraction of milk entering the OS1 preheat system. (kglkg) 
.\ l,., = mass now to the MVR evaporator section. (kgls) 
Tr" = temperature of the liquid to the MVR evaporator section. 

(OC) 
l'"F;':! = dry mass fraction of the milk to the MVR evaporator section. (kglkg) 
m�1 = mass flow of steam to the direct steam injection (DS1) unit. (kgls) 

Figure 3- 1 : DSI preheat section of Evaporator A plant. 
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Figure 3 - 1  shows a preheat system that consists of two flash vessels .  There is a milk feed flow 
( Mp:J to the system with a temperature ( Tlc2 ) . The DSI temperature ( TDSJ ) is a controlled 

variable and the mass flow of steam ( mdsi ) is a manipulated variable. Commonly the mass flow 

of steam is regulated by manipulation of a control valve. The preheat system has an output flow 
of milk ( M  ph2 ) with temperature ( Tph2 ) that can act as a disturbance to the evaporator. 

T[JSI 
. 1  I nSI 

! 

1---------::_ 

Tpn 
Mpn 

Fi gure 3-2 : A tYIJi cal Di rect Steam Injection (DSn unit. F igu re 3-3 : A typical fl ash/i nfusion vessel. 

3.2.2) DS] / holding tubes 

The DSl unit is an instantaneous liquid/steam direct contact vessel and it is shown in Figure 3-2. 
If we make the assumption of a homogenous DSI unit with no heat losses, we can produce the 
following equations for the mass of milk, the dry matter and the temperature of the DSI unit . As 
in Chapter 2, we have used a linear model between the milk heat capacity and dry matter 

concentration ( i .e , C l' = Cpwaler - CpTS .w ) . 

d� lI/el .CplI/"' . T�s, + M nlllk (Cpwaler - CpTS . WDSI 'r rDSJ ] = M (C - C  W \or 
dl pc\ � pwaler pTS · pc! J1 pc\ (3 .  1 )  

- M DSJ (C pwaler - C pTS . W DSI 'rr DSJ + h sleam .m dsi 

dM _ 
_ =nlll:;:...k = M - M + m (3 .2) 

dl pc\ DSI dsJ 
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Where, Mmel mass of metal in the OSI unit . (kg) 
Mnulk mass of milk in the OSI unit. (kg) 
hsream enthalpy of raw steam supply. (J/kg) 
mdsl mass flow of raw steam to the OS!. (kgls) 
MDS1 mass flow of l iquid leaving the OSI unit . (kgls) 
Mpd = mass flow of l iquid entering the OSI from the first flash vessel .  (kgls) 

Expanding the differential in (3 . I )  and substituting (3 .2) and (3 . 3), we produce the fol lowing 
differential equation for the OSI unit temperature. 

I dl�)SI - M (e c XT T ) {h C T 'L f)SI --;;;- - I'd � p",aler - pTS . W pc! pc! - OSI + � sleam - pwaler ' dsi f'I dSI 

I OSI = [A1 mel 'C pmel + M n"lk (C p ..... aler - C pTS ' W DSI )] 

Where, I f)SI thermal inertia of the OSI unit . (Jrc) 

(3 .4) 

(3 . 5) 

We can similarly expand the differential in (3 .3 )  and substitute (3 .2) to produce the fol lowing 
differential equation for the OSl unit dry matter. 

dWDS1 ( ) -- = M W - w . - m . W M ""Ik dt pc! I'd f)S! dSI ' DS! (3 .6) 

If we now assume that the mass of milk in the OSI unit is constant and negligible and that the 
heat capacity of milk is constant and equal to that of water, then the fol lowing equations are 
produced. 

d7�S! _ ( _ ) ( _ C T l. I DSI dt - M pd 'C p ..... "ler Tpc! TDS! + hsle<,m . p ..... aler · dsJ f'ldsi '  

M DS/ = M  pc! + l17d" , M DSI .WDS! = M  pcl 'W pc! 

I = M C OS! mel . pmel (3 .7) 

(3 . 8) 

The holding tubes can be modelled by assuming plug flow and no heat losses to produce a 
simple delay equation. 

(3 .9) 

Where, rh holding tube time delay. (s) 
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3.2.3) Flash / infusion vessels 

Figure 3-3 shows a generic flash vessel . The system consists of five phases that must each be 
modelled separately. These are the liquid in  the top, the l iquid in  the bottom, the vapour in the 
top, the vapour in the bottom and the metal of the flash vessel . A complete set of mass and 
energy balances for these phases produces a set of nine coupled differential equations. We shall 
assume that the temperature is uniform throughout the metal and l iquid phases and that there are 
no heat losses. However, the possibil ity of variations in the temperature between the top and 
bottom of the flash vessel will be included. Then by making mass, dry matter and energy 
balances around the flash vessel, we can produce the fol lowing equations. 

d [At merb .C pn,"l .Tph + M n/llkb ·H Ph ] d [At merr .C pmel ·T pc + M milkl ·H pc ] ------�------------�+------�--�--------� 
dl dl 

= Mfo ·H fo - M � H � +M fo ·Hfo - M � .H � 

H (C" C '  \-" 
ph = p"'ar"r - pTS . IV ph )1 ph ' H pc = (C pll'ala - C pTS 'W pc )rpc 

dM ,,,,lkb 
=M - M -m 

dl 
P' ph eVGp , 

dMn/llkl 
MIc - M pc +mevap 

dt 

d [M mJikb . W ph ] ------'---=M 111 ' W (11 - M ph 'W ph ' 
dl . .  

d[Mn/llkr ,Wpc ] _
M -M - fC 'Wfc pc ·Wpc dl 

Where, M merb 
M mel( 

M,,"lkr 

M'JJ1Jkb 

Mpc 

M/c 

Mph 

M.l1l 

H p" 
H pc 

= 

= 

mass of metal in the bottom section of the flash vessel . 

mass of metal in the top section of the flash vessel . 
mass of liquid milk in the top section of the flash vessel. 

mass of liquid milk in the bottom section of the flash vessel . 

flow of l iquid exiting from the top of the flash vessel . 

flow of liquid entering at the top of the flash vessel . 

flow of liquid exiting from the bottom of the flash vessel . 

flow of liquid entering at the bottom of the flash vessel . 

mass flow of vapour that is flashed in the bottom of the vessel . 

enthalpy of the hot product from the bottom of the flash vessel. 

enthalpy of the cold product from the top of the flash vessel . 

(3 . 1 0) 

(3 . 1 1 )  

(3 . 1 2) 

(3 . 1 3 ) 

(kg) 

(kg) 
(kg) 

(kg) 

(kg/s) 

(kg/s) 

(kg/s) 

(kg/s) 

(kg/s) 

(J/kg) 

(J/kg) 

The mass flow of flashing ( m.,.op ) is determined by making mass, dry matter and energy balances 

around the orifice plate preceding the flash vessel . We have assumed that the flashing is 
instantaneous, so that i t  can be modelled using static equations. 

M = M - m III I emp , (3 . 1 4) 
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M JIl (C pwaler - C pTS ,W}11 ';r'1l =M I (C pwaler - C pTS ,WI )rPh + mevap (C pwater .Tph + A) 

Where, MI mass flow of the milk, after flashing has occurred. 

dry matter of the milk, after flashing has occurred. 
latent heat of vapourisation. 

(kg/s) 

(kg/kg) 
(J/kg) 

We can solve these equations to produce the following for the mass flow of flashing. 

(3 . 1 5) 

(3 . 1 6) 

Expanding the differential in (3 . 1 0) and substituting (3 . 1 2) and (3 . 1 3 ), we can produce the 
following for the temperatures of the flash vessel . 

dT dT 
I ph I pc - M (C C XT T ) .fib -;;;-+ .fI1 dt- .rh � v,"aler - pTS . W fll Ih - . ph 

+M1c (C pHDter - CpTS ·W [c XT[c - TpJ+ mevap ·C pwater (Tph - TpJ 

1 /11> = [M melb .C pme' ..l'ph + M IIlIlkb (C pwa,er - C pTS . W ph )] 

Ip, =[A1 OleIn .C plllel + M n/llkl (C pH'ater - C pI'S ' W pc )] 

Where, I.fI, 

1 '1b 
thermal inertia of the top of the flash vessel . 

thermal inertia of the bottom of the flash vessel. 

(J/K) 

(J/K) 

(3 . 1 7) 

(3 . 1 8) 

(3 . 1 9) 

The above flash vessel equations provide an almost complete description of the flash vessel . The 
final requirement is the thermal equi l ibrium model between the liquid and the vapour phases 
( i . e . ,  how does T�h relate to Tpc ). Here we will assume the system reaches thermal equi l ibrium, 

but we will include the impact of air. There is expected to be a reasonable amount of air in the 
flash vessel because the feed milk will contain dissolved air. The air in the flash vessel can be 
model led by assuming that it accumulates entirely at the top of the vessel and that the steam/air 
mixture is ideal . 

There are two forces acting on the air in the flash vessel . These are the buoyancy force and the 
condensation induced pressure force. The buoyancy force acts downwards because air has a 
greater density than steam. However, this force is  small because the bulk densities of steam and 
air are smal l .  As a result, the pressure difference force, due to the condensation induced removal 
of steam, can easily overcome the buoyancy force. Consequently the air collects at the top of the 
vessel, where the steam is condensing. 

With the assumption of an ideal gas mixture we can produce the following equations for the 
partial pressures at the top and bottom of the flash vessel . 

42 



Modelling Evaporator Preheat and Heat Exchangers 

Where, Pp" 
Ppc 
P mr 
Yllfr 

with Pair = Pp" .y air ' 

pressure of steam in the bottom of the flash vessel . 

partial pressure of steam in the top of the flash vessel . 

partial pressure of air in the top of the flash vessel . 

molar concentration of air in the top of the flash vessel . 

(3 . 20) 

(Pa) 

(Pa) 

(pa) 

(mol/mol )  

We will now assume a linear relationship between the saturation pressure and temperature of 
steam. Strictly, the Antoine equations of Chapter 2 should be used, but for smal l perturbations a 
l inear relationship is accurate. Substituting this linear relationship into equation (3 . 20) we 
produce the following linear relationship between the air molar concentration and the flash 
vessel temperature difference. 

P=k] . T + k2 , P - p =P ph pc ph·Yalr ' (3 . 2 1 )  

Where, k] 
(Pale) 
k, 

l inear coefficient between saturation steam temperature and pressure. 

coefficient in the steam saturation relationship. 
(Pa) 

The above result shows that a correctly operating flash vessel, with no air, wil l  have a uniform 
temperature. As a result, we can simplify equation (3 . 1 7) and produce the fol lowing differential 
equation for the temperature of a flash vessel . 

dT 
I " d;'" = Mp, (c p .... "ter - C pTS ,W.lh XTrh - Tp,,}t-Mfc(CpwQter - CpTS ,W rcX !fe - Tp,, ) (3 .22) 

Where, lp thermal inertia of the flash vessel . (JIK) 

If we make the additional assumptions of a negl igible mass of milk and identical heat capacities 
for milk and water, then these equations are simplified to the fol lowing. 

dT [ 1 -P-" = M - T -.fI dt .rh C p .... <lIer Tr" ph }t-M fe C pwater [T,c Tph ] (3 . 23 )  

By combining the results in equation (3 . 24) and (3 . 1 6) we can produce the fol lowing equations 
for the static mass flows from the flash vessel . The constant a is  expected to be small ,  because of 
the relative sizes of the heat capacity and latent heat of vaporisation. As a result, the product 
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mass flows are not expected to be very different from the feed mass flows. This observation is 
the basis of an important simplification to the flash vessel equations, which we now discuss. 

Where, a = ratio of m""ap to M jh '  

3.2.4) ' Simple' and ' Advanced' models 

a= n1evap = (Cpwater - CpTs ,Wjh ) (T -T ) 
M A jh � 

jll 

(-) 

(3 .25)  

We can further simplify the above OSI  unit and flash vessel models by assuming that no air is 
present, the heat capacity of milk is equal to that of water and that the ratio of vapour to l iquids 
flows is small ( i . e . ,  me,."p « Mfc2 ) '  This assumption of small vapour flows was discussed earlier 
and is based on the results in equation (3 .25 ) . With these assumptions we can produce the 
fol lowing differential equations for the temperature of a flash vessel and the DSI unit . We will 
call these equations the ' Simple' model for a preheat section, whereas the model which includes 
the variation in the mass flows around the flash vessels wil l be cal led the ' Advanced ' model . 

dF 1 '1 �=M {c2 .lpwater (Trc +7�JI -2 .Tph � . dl ' . M [c=M pc=M jh=M ph ' 

I d'l;)S! -M C (r r ) [h C T L DS! dt - .Ic 2 . pW(lte,. pd - OS! + steam - . pwater ' DS! 1" dSI 

(3 .26) 

(3 .27) 

Using this equation we can produce the following generic static equation for the temperature of a 
flash vessel in a preheat system containing 11 flash vessels. For example Figure 3- 1  shows a 
preheat system with two flash vessels ( i .e . ,  11 = 2) and the exogenous variables T[C2 and l"'vS! ' 
The subscript i represents the position of the flash vessel in the preheat system. For example i = 1 
represents the flash vessel by the OSI whereas i = 11 represents the flash vessel that supplies the 
feed to the evaporator. 

]' 
r 

[n-i+ 1 ]r. [ i ]T piu = pc. , = 
11+ I DS! + 

11+ 1 [CII 

Where, Tf)S! = temperature of the DSI unit. 

T,clI = temperature of the feed milk to the OSI unit preheat system. 

(3 . 28) 

We can use (3 . 25 )  to determine the temperatures of the first and last flash vessels in a preheat 
system. 

(3 . 29) 
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The configuration shown in Figure 3- 1  provides a simple example of the application of these 
equations. 

(3 .30) 

3.3) Heat Exchangers 

3.3. 1 )  Condenser model 

The Kiwi Evaporator A plant contains two shell and tube condensers. The first is attached to the 
MVR evaporator shell and uses feed milk inside and condensing steam on the outside of the 
tubes. The second is attached to the third effect and uses cooling water inside and condensing 
steam on the outside of the tubes. Figure 3-4 shows a generic condenser with the process inputs 
and outputs. The inputs are the inlet liquid temperature ( Tcolldl )' liquid flow (Mcond ) and the 

condenser shell temperature ( 7:'1, ) '  The outputs are the outlet liquid temperature ( Y::ond2 ) and the 

condenser tube heat flow ( qcomJ )' 

T . - - -cOIIJ2 I r - - - - T I condl 
I 
• 

• ;' .)1' ;1 
"' , 

. �. � 

. ,- '" 
, . .  < ,  : '. 

, . 

" ' , 
,<; " ,  1". ' , 

:-,� . " ,  �7 '  

Mcond 

Tcondl 
Tcond2 
Mcond 
qcond 

, � . .  ," , 

" : � .< ' :;�:<, : : ' Tsh 
,--: ;, ... . 

"' . 

inlet condenser temperature. 

outlet condenser temperature. 

mass flow of fluid in condenser tubes. 

heat flow through the condenser tubes. 

condenser shell temperature. 

Figure 3-4 : A shell and tube condenser. 

Complete model 

(0C) 

(0C) 

(kg's) 

(W) 
(0C) 

The condenser model is developed by making energy balances around infinitesimal cross 
sections of the condenser tubes. The temperature of the liquid in the tubes ( T"onAx, t) varies with 
distance along the condenser tubes and time. Assuming plug flow, constant liquid density/heat 
capacity with respect to temperature and no heat losses we can derive the following partial 
differential equations for the condenser liquid temperature. The condenser heat flow is given by 
the integral of the heat flow along the total tube length. 
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aTcOlld (x, t) ( ) aTcolld (x, t) --'-=--'----'- + V t -=--'----'-
at cOlld ax 

hi (t ).ACOlld [Tw (t)-Tcond (x, t)] 
Pcond 'C pcolld .Veond 

L L 

q cand = q "ondo = J ha ·1r.Dcond .nconATsh (t)- T .. (x, t))dx , 
o 

qcondi = J hi ·1r·Dcond .nconATw (t)-TconAx, t)}ix 

Where, T.I! 
l�olld 
Tw 
qcomlo 
qcolldi 

= 

o 

temperature of the condenser shell .  eC) 
temperature of liquid in condenser tubes. eC) 
temperature of condenser tube wall .  eC) 
heat flow from the condensing steam to the condenser tubes. (W) 

heat flow from the condenser tubes to the condenser liquid. (W) 

(3 . 3 1 ) 
(3 .32) 
(3 .33) 

ho heat transfer coefficient from condensing steam to tubes. (W/m2 .K) 

hi heat transfer coefficient from condenser tubes to liquid. (W/m2.K) 

" = velocity of the water in the condenser tubes. (m/s) cOlld 

The condenser steady state equations are given by solving simple first order differential 
equations. The superscript 0 has been used in the condenser equations to denote the static value 
for the variable. For example, Te�lIdl refers to the static version of the inlet liquid temperature to 
the generic condenser. 

T (x)= TO _ (TO _ TO \J -vcon.tx'rJ 
cOlld sI! sI! eOlldl F ' (3 .34) 

The 

ro (r - r  )e( - v""",xrJ ,  = = = C M [r - T 11 - « :.J] (3 .35) [ . ] sIr co"dl q cond q condi q condo pcond cond sh condl e r, + ro 

constants Pw ·C pw .vw Pw 'C pW 'Vw Peolld 'C peond .Veond 
'i = 'w = [ ]A '  'Te = 

hi .Aeond hi + ho eond hi .Aeond 
Peolld ·Cpeolld ,Veond Pw ·Cpw ·Vw . h d . . c. h d h , T 0 = '0 = occur 10 t e ynamlc equatIOns lor t e con enser. T e e U eond .Aeond ho .Acond 

condenser partial differential equations are non-linear. However, they can be transformed into 
constant coefficient equations by l inearisation. This method has been used by many l iterature 
sources (Mozley, 1 956; Lim, 1 970; Stermole and Larson, 1 964; Koppel, 1 962) to produce the 
following constant coefficient partial differential equations. Rather than taking the fluid mass 
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flow, we have taken the fluid velocity as a process input. The fluid velocity is determined from 

the mass flow by division ( i .e . ,  v cOlld == M cOlld ) . 
Pcond ·Acr 

cn:'oIlAX, /) + vIJ oTcoIlAx, /) + [OTcOlld (X, 1)]° 
v (/)== h; (/}Acond [r (t)- T (x t)] (3 . 36) ;1 (..'ond Ox Ox cond . C V w cond ' o P cOlld . pcond ' cond . 

al�. (x, t )  
cl 

hO . A COil" [T (/)- r (x 1)]- h; (t ).Acond [T (t)- r (x t)] C" � ,. �h w ., C V w cond ' 
Pl\" ' pw ' ' w' Pw ' pw ' w 

(3 . 37) 

Substituting the equations for the static temperature and the heat transfer coefficient, in terms of 
the fluid velocity ( hi == hb .v�0/"/ )' we can produce the following equations : 

m;'()lId (x, I )  fI En;'ol/" (x, I ) 
.... + "1.'0"" � (;/ (IX 

Transformation of these equations into the Laplace Domain produces the following differential 
equation. 

d7�"{//", (x, s )  H ( ) " .  ( ) H ( ) r ( ) H ( )  ��o� TT< ( ) 
dx + I S . 1 cOlld x, s == 2 S . sh S + 3 S .e . v cOlld S 

Where the transfer functions HI (s) , H 2 (s) and H 3 (s) are given by the fol lowing : 

( .) I [ (ro .S + I)] H I ,\ == " f T,'( j .S + ( ) 
, 

V" ol/d · fT,, ,  fw ·s + 1 
1 H · G)= 0 [ ] • 

veond . r Te O f w .S + 1 

(3 . 40) 

(3 .4 1 )  

(3 .42) 

This differential equation can be solved by integration to produce the fol lowing transfer function 
for the outlet condenser temperature : 

T (s)== H2 (S) [I _e -lId s I L  l-r (s)+ e-H. (S ) L T (s)+ H3 (5) [e-T�:O _e-HJ (S �L ]V (S) (3 43) 2 HI (5) J1 sh I [ 
1 1 cOlld ' 

HJs)- 0 
'TcO ,vcond 
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The heat flows through the condenser wall can be differentiated to produce the fol lowing 
differential equations. 

dq cond, (t ) I (t ) [ 1 1 ] (1) hi . Acond [T (t) T (t)] cit = - q C0I1e10 - - + - q cond; . + cond2 - conel! r, r, rTe re 

Simple model 

(3 .44) 

(3 . 45)  

The above solution accommodates many mechani sms but i t  is  also relatively complex. A 
considerably simpler solution can be obtained by assuming constant overall heat transfer 
coefficients and infinite condensation heat transfer coefficient ( i .e . ,  Tw = Tsh ' or r Tc = r TeO ) .  This 
produces the following partial differential equation for the temperature of the l iquid in the 
condenser tubes. 

Cr."'''i (x, t) + 
v (t ) uTc"n" (x, I )  

= 
U eond .Acond [T (t)- T (x t )] "I COl/cl ;').. C V sh conel ' C U.,\ P eonel . peon" · cond 

Where, I�.()nd 
T sh 
Vcon" 
Aeon" 
V cond 

temperature of the liquid in the condenser tubes . 
temperature of the condenser shell . 
velocity of the liquid in the condenser tubes. 
heat transfer surface area. 
volume of liquid in the condenser tubes. 

(OC) 

(OC) 

(m/s) 
(m2) 
(m3) 

(3 .46) 

This partial differential equation is linear but not with constant coefficients. As a result we 
cannot solve the equation by transformation into the Laplace Domain. However, using a first 
order Taylor series approximation we can produce the fol lowing constant coefficient equation. 

c7�.ol1Ax, I ) + V ( l c7:onAx, t )  
_l_ [T (t)- T  (x t )]_ [rs� - Te�nd! ]e- rT'O�'�OndM (t )  

'"""I cond Ox sh cond ' M 0 cond Cl r TeO r TeO eonel 

Where, x distance along the condenser tube. (m) 

(3 .47) 

By transforming this into the Laplace Domain we can produce the fol lowing differential 
equation. 

dT"onAx. s ) + [r . s + 1 17' (x s)= I T (s)- [Ts� - Tc�nd1 ] e --rT, o-·:'�-d M (s) 
dx Cl Tf,."I I "  j1 1..�ond ' 0 sh 0 0 cond 

V,·ond · r  Tel l  V cond .rTcO V cond M cond ·r  TcO 
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This can be solved to produce a transfer function for the condenser outlet temperature. 

T (S)JI - e
i
:e " 1  (s)+ e- '::. e-'< ST (s)- Te (Ts� - Te�ndl } -� [l - e-" S ]M (s) (3 .49) cond:! [ ] sh condl M O  cond 

T TeCi .S + 1 T TeO cond T e 's 

By transforming this into the time domain we can then produce a differential equation for the 
condenser outlet temperature. 

- -:.� 

T (/ )=  T (/ ) + e  t.:o'ld � dlll1l 

'< (Tu TU 1- rr<. rr<o T (/ - T )- re sh - eondl F V (I ) con<l l e (I dllm 
rTco ·Meond 

dT ( )  dum 1 '\ \ rT<o 
T 7' 

e 
T ( ) - -- 1 +-- --- 1 -dum sit sir rc ' dVdum M ( )  M ( ) T e -----;;-t = eond 1 - cond 1 - T e dl r Tc( l  r Te(l r TeO 

Where, 1�'ond2 outlet temperature from the condenser. 

dummy variable used in the condenser model. 

dummy variable used in the condenser model . 

v = dum 
l' dUnI 

(3 . 50) 

(3 . 5 1 )  

The condenser heat flow i s  given by the integral shown i n  equation (3 . 52) . This can be 
differentiated, with respect to time, to produce the differential equation shown by equation 
(3 .53 ). 

q erm" (I ) = � f ( f  COl"/ ,Aeon" [l�'h (/ )- Teond (x, 1 )]dx 1. 0 

dqcon" (I ) U A dTsh (t) 1 ( ) Ueond ·Aeond [T ( ) T ( )] 
dl cond ' eond d - --q eond 1 + eondl 1 - eond2 t I TTeo re 

3.3.2 ) Plate Heat Exchanger M odel 

(3 . 52) 

(3 . 53) 

The Evaporator A plant contains one plate heat exchanger. This heats the raw feed milk from 
approximately 1 0  QC to 50 QC using hot condensate from the MVR and TVR evaporator shel ls 
and hot water from the TVR vacuum condenser. The fol lowing figure shows the block diagram 
for the plate heat exchanger. 
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Inputs 

v cs 

Where, I'"" 

V 
c.;s 

T cl  

T c �  

T mel 

r , me.:.) 

T \ ' 1 
T \ '2  

Outputs 

-.. Plate Heat 
Exchanger 

Tc2 

Tmc3 

I------I�� Tv2 

Figure 3-5 : Block diagram for the Plate Heat Exchanger. 

velocity of milk through plate heat exchanger. 

velocity of condensate water through plate heat exchanger. 

velocity of hot cooling water through the plate heat exchanger. 

temperature of hot condensate entering the plate heat exchanger. 

temperature of condensate exiting the plate heat exchanger. 

temperature of cold milk entering the plate heat exchanger. 

temperature of hot milk exiting the plate heat exchanger. 

(m1s) 

(m1s) 

(m1s) 

CC) 

(OC) 

(OC) 

(OC) 

temperature of hot cooling water entering the plate heat exchanger. (OC) 

temperature of hot cooling water exiting the plate heat exchanger. CC) 

Figure 3 -6 shows the actual plate heat exchanger configuration. Cold milk enters from the left 

( 7�,c1 � 1 2 °C ) and flows towards the right whilst being heated by the hot cooling water and 

condensate. Hot water, from the vacuum condenser, enters from the top ( Tvl ) and flows in 
counter-current towards the left before leaving the heat exchanger ( T,,2 ) '  The milk is heated by 
conduction/convection and leaves the vacuum condenser water section at a higher temperature 

( 7 �,c2 � 30 °C ) .  Hot condensate water enters from the right ( Tcl ) and flows in counter-current 

towards the left before exiting at a lower temperature ( �2 ) ' The hot milk from the heat 

exchanger ( J:,c3 � 50 °C ) is control led by manipulating the flow of hot condensate. 

The fluid velocities depend on the mass flowrate, the cross sectional area of the heat exchanger 
and the fluid densities. For example the fluid velocities of the preheat plate exchanger are given 
by the following equations. As a result these fluid velocities are really the mass flows to the heat 
exchanger. It is, however, slightly easier to work with the fluid velocities and we will continue in 
this fashion for most of this analysis. 

v cs (3 . 54) 
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Where, Mr 
Mc 
M

" ac 
A . mJ 

feed mass flow to the Evaporator A plant . (kg/s) 

mass flow of condensate to the plate heat exchanger. (kg/s) 

mass flow of cooling water to the vacuum condenser. (kg/s) 

cross sectional area of fluid flow on the cold side of the heat exchanger.(m2) 

cross sectional area of fluid flow on the hot side of the heat exchanger. (m2) 
cross sectional area of fluid flow on the hot side of the heat exchanger. (m2) 

Vacuum condenser w ater Condensate w ater 

T ,' 2 

�� �I I . 
I . r-: ��--------�----�------�------�--�, T , 

: x = 0 

T ' 

! mo 
mc2 : 

x = L :  
�: 

Cold nilk Hot nilk 

.. � 
First section Second s ection 

Figure 3-6 : Plate Heat Exchanger used in Evaporator Plant. 

If we make energy balances around an infinitesimal cross section we can produce the following 
partial differential equations. As with the condenser partial differential equations, these are 
derived by assuming plug flow, constant density/heat capacity with respect to temperature and no 
heat losses. The milk, condenser and hot water temperatures vary with both length down the heat 
exchanger and time. For the section, using the vacuum condenser hot water, the following partial 
di fferential equat ions apply. 

87:./ (x, t )  1 [ 
] 1 [ ] 'CI =� T,/ (x, t)- TH{ (x, t ) -- T"f (x, t)- Tme! (x, t )  

",I '[ wo! 

(3 . 5 5) 

(3 . 56) 

(3 . 57) 

Where, rmer milk temperature on the cold side of the first heat exchanger section. eC) 
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v . ml 

vacuum condenser water temperature on the hot side. 

temperature of the heat exchanger wall in the first section. 

hot water velocity in the first section of the plate heat exchanger. 

milk velocity in the first section of the plate heat exchanger. 

For the hot condensate water section the following partial differential equations apply. 

ar (x I )  ( ) aT (x I)  ( )  ( ) r mes ' + v I .r mes ' = r x 1 - r x t mo.., cl ms mill ox WS ' mcs ' 

21 '",.{ x, 1 ) 1 
[1' ( ) T ( )] 

1 
[r ( ) r ( )] .... = - cs x, 1 - ws x, 1 - -- ws x, t - ",cs x, I 

cl r "'S r wos 

a!�., (X, t )  ( )  a7�.s (x, t )  r ( ) 7' ( ) r . + 1-' I r  = x t - x l  CIS UI cs CIS Ox cs ' ws ' 

(OC) 

(C) 

(m/s) 

(m/s) 

(3 . 58) 

(3 . 59) 

(3 .60) 

Where, 7�,CS 
l '  cs 

T l1'S 

milk temperature on the cold side in the second heat exchanger section.eC) 

hot condensate water temperature in the second heat exchanger section.eC) 

temperature of the heat exchanger wall in the second section. eC) 

V 

v 
ms 
cs 

milk velocity in the second section of the heat exchanger. 

condensate velocity in the second section of the heat exchanger. 

The following definitions are used. 

C V . . Pm ' pm ' ml r - . 

mo,. - h . A . 01 ' hJ 

c V Pm ' pm ' ms 
rmos = 

h A os ' hs 

C V Pw ' pw " ws 

P" ,C pI' , Vvf r - . 

\ '/( -. h,/ .AII( 

p, . . C pl' Yv[ rT iI = 
I UI!( .A hI 

r wis = 

T Tls 

c V Pw ' pw ' ; WS 

his ·AiIs 

volume of liquid in the first cold section of the heat exchanger. (m3) 

(m/s) 

(m/s) 

(3 .6 1 ) 

(3 . 62) 

(3 .63) 

(3 . 64) 

Where, Vm,. 

ho.!' 
h!( 

= heat transfer coefficient, between the tube walls and hot liquid. (W/m2 .oC) 

heat transfer coefficient, between the tubes wal ls and hot liquid. (W/m2 0C) 
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heat transfer surface area, first plate heat exchanger section. 

heat transfer surface area, second plate heat exchanger section. 
volume of l iquid in the first hot section of the heat exchanger. 

volume of metal in the first section of the heat exchanger. 

(m2) 

(m2) 

(m3) 

(m3) 

There are two common methods that could be used to solve the plate heat exchanger partial 
differential equations. Firstly finite difference approximations, to the spatial derivatives, can be 
used to produce a system of first order differential equations. Alternatively, the partial 
differential equations can be solved by l inearisation and transformation in the Laplace Domain. 
The use of finite differences is simple but also inconvenient because an accurate representation 
requires a large number of finite differences. As a result a large number of differential equations 
will be required to represent the plate heat exchanger. This is very inconvenient and instead we 
will use the Laplace transformation method. 

If we assume constant fluid velocities ( i .e . ,  "n!( (/), vv/ (t), v"Jt) and vcs (t) are constant with 
time) then the partial differential equations can be transferred into the Laplace Domain. The 
result is the following two pairs of differential equations. This shows that the first and second 
sections of the plate heat exchanger are de-coupled and furthermore that the equations for both 
sections are identical . 

dT ( -) 111<./ x" �  
dx 

Tmc/ (x, s) d7::r (x, s) - H I (s) H 2 (S) 0 0 

dx - H)s) H3 (S) 0 0 Tv/ (x, s) 
= (3 .65) 

d7;"cs (x, s) 0 0 - Hs (s) H6 (S) Tmcs (x, s) 
dx 0 0 

d7�:, (x, s) 
- H7 (s) Hg (s) Tcs (x, s) 

dx 

Since the equations for the first section of the heat exchanger are decoupled from those of the 
second, we will only consider the first section. The transfer functions HI (s), H 2 (S), H3 (S) and 

H.j (s) are given by the following equations. These are the same as the transfer functions H 5 (s), 

H 6 (s), H 7 (s) and H 8 (s) ,  except the properties for the second section must be used. 

(3 .66) 

(3 .67) 
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If the thermal inertia of the heat exchanger walls is not important then (3 .66) and (3 .67) can be 
approximated by (3 .68). 

H , (S)=+ [S +_1 ], 
vml T Tol 

(3 .68) 

The above equations for the first section of the heat exchanger are a pair of l inear constant 
coefficient differential equations. They can be solved to produce the transfer functions between 
the heat exchanger inlet and outlet temperatures. However, a difficulty is the assumption of 
constant fluid velocities, since these are manipulated, on the Evaporator A plant. The feed flow is  
manipulated manual ly and the condensate flow is manipulated to control the heat exchanger 
outlet temperature. Consequently we cannot make this assumption and produce an adequate 
representation of the heat exchanger. However, by relaxing this assumption the partial 
differential equations do not have an explicit solution. A solution to this problem is to linearise 
the partial differential equations about an operating point . This can be done using a first term 
Taylor series approximation to produce linear constant coefficient partial differential equations. 
However, in order to do this we first need the plate heat exchanger steady state equations. These 

8Tmcf 0 are needed to determine the static temperature derivatives with respect to distance (i .e . ,  
ax 

�T u C I{ 
and -' ) Ox 
Steady State 
The following pair of differential equations describe the plate heat exchanger steady state. 
Strictly there are four of these equations, but we have already shown that the equations for the 
first section are identical to those for the second section. Therefore we need only consider the 
equations for the vacuum condenser water section and these equations wil l  then also describe the 
condensate water section. 

d7;lIc( 
dx TT()( 'VII,( TTol ,vmf [�:<f ] (3 .69) = 

d7:/ 
dx TT,,. ,V,{ r Tif ' V,t 

These equations can be solved to produce explicit equations for the temperatures along the heat 
exchanger length. With the boundary conditions ( T" = T,., @ x = L, Tmc = Tmc' @ x = 0 ) the 
following equations are produced. 
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(3 .70) 

(3 . 7 1 )  

The outlet temperatures for the vacuum condenser water section are given by the following 
equations. 

[ [ T"If Tif ] ] 
fTo/ 'V"!( . - �;'; + �; 1 [, . . v ] ----- e 

- 70J mJ 1 fn( ·V,,( , v 
7;'2 = [ 

[ ] ]  Tmc! + [ Tif '[ vi ] ]  TV! � � � � 
f . . V --- ,. - , V -- + -�!( e ' TTo! TIV 

-
1 ToJ '  mJ e TTo! TIV 

- 1 
f Tif . v,:( , Tif . V if 

(3 . 72) 

(3 .73) 

We can also show that the heat exchanger is described by the standard log mean temperature 
difference equations. By subtracting the two temperature differential equations we can produce 
the fol lowing equation. 

(3 .74) 

This is integrated to produce equation (3 .75). Here we have substituted the definitions for the 
heat exchanger constants fTif ' fToJ , "1 and 'nif ' We have also assumed that the heat capacities 

of water and milk are the same. 
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I [ Tvl - Tn/c2 ] _ [�_ r "if ] _ U A [ 1 n - - hf ' hf Tv2 -Tn/c1 r rif r Tof M vac .C p 

Where, Mvac mass flow of vacuum condenser water. 

Mf mass flow of milk to the plate heat exchanger. 

Cp heat capacity. 

All,. heat transfer surface area. 

Ulrf overall heat transfer coefficient. 

(3 .75) 

(kg/s) 

(kg/s) 

(kg/s) 

(m2) 

(W/m2 . K) 

The static heat flow is given by the following equations and these can be substituted into the 
above to produce the standard log mean temperature difference equation. 

q=Mf .cP (Tn/C2 - Tn/CI )=Mvac .Cp (T,'1 - Tv2 ) , (3 .76) 

In order to relax the assumption of constant fluid velocities, in the partial differential equations, 
the temperature derivatives with respect to distance are required. These are given by equation 
(3 .77). 

(3 . 77) 

Where NI and N2 are given by the following equations. 

(3 .78) 

Explicit Lap/ace Domain Representation 
We return now to the plate heat exchanger partial differential equations. The partial differential 
equations cannot be solved by Laplace Domain transformation because they do not have constant 
coefficients. However, we can transform the equations into constant coefficient partial 
differential equations by l inearisation about an operating point. This is done using first order 
Taylor series approximations and the resulting Laplace Domain representation is given by the 
following. We have considered only the first section of the plate heat exchanger. 
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dTmc/ (x, s) 
dx [- H1 (S) 

dTvf (x, s) - - H4 (S) 
(3 . 79) 

dx 

Where, T",cf 
T"f 

temperature of the cold liquid in the first section of the heat exchanger. eC) 

Vmf 

temperature of the vacuum condenser water in the first section. eC) 

velocity of the cold liquid in the first section of the heat exchanger. (m/s) 

velocity of the vacuum condenser water in the first section. (m/s) 

This is more easily represented by using matrices and the resulting system is given by equation 
( 3 . 80). 

df(x,s) -A(s).T(x, s)=- B(x}.v(s) dx 
This first order system can be easily solved to produce equation (3 . 8 1 ). 

L 

e-A(dLT(L, s)_e-A(s �OT(O, s )= - V (s)J e-A(s �x B(x)dx 
o 

Where, the exponential function is given by Cayley-Hamilton theory. 

1 

(3 . 80) 

(3 . 8 1 )  

(3 .82) 

(3 .83) 

(3 . 84) 

By simple manipulation we can then produce the following transfer functions. These describe the 
impact of the process inputs ( Tmcl , T"I ' M f and Mvac ) on the vacuum condenser hot water 

section. We have continued using the fluid velocities as inputs, rather than the fluid mass flows. 
The outputs are the hot milk temperature ( Tmc2 ) and the hot water temperature ( Tv2 )' Strictly 
these transfer functions can be transformed back into the time domain to produce differential 
equations. However, the transfer functions contain transcendental functions and it is difficult to 
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make this transformation. Therefore, we cannot produce finite order ordinary differential 
equations for the heat exchanger outlet temperatures. This is a serious problem for the 
development of a dynamic model because most standard dynamic analysis is based on finite 
order constant coefficient linear ordinary differential equations. The transcendental functions can 
be transformed using Pade approximations to produce the required equations. This approach is 
used in Chapter 4 to transform the fal ling film and condenser transfer functions into finite order 
ordinary differential equations. However, the plate heat exchanger transfer functions are 
considerably more difficult to transform than the fal ling film and condenser equations. 

1�,c2 (s) PI (s)e -a, ( s )L 
1�'CI (s) AI (s) 

1','2 (s) H 4 (S )sinh [PI (s)L] 
Tn/CI (s) AI (s) 

TmC2 (s) H 2 (s )sinh [PI (s)L ] 
7;,1 (s) AI (s) 

7;,2 (s) _ ea, (s)L PI (s) 
1','I (S) - AI (s) 

(3 .85) 

(3 .86) 

(3 .87) 

(3 .88) 

(3 .89) 

(3 . 9 1 )  

(3 .92) 

(3 .93) 

The complexity of the above transfer functions suggests the possibility of simple algebra 
mistakes. However, the transfer functions were verified using numerical finite difference 
approximations to the partial differential equations. The finite difference approximations were 
linearised, to produce a state space representation of the plate heat exchanger. Using some simple 
hypothetical numbers the state space representation Bode plots were compared to those for the 
above transfer functions. The comparison was exact across the frequency range. 
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Figure 3-7 : Numerically determined Bode plots. 
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Figure 3-8 : Nyquist plots for transfer functions Tmc3 (s) and Tmc3 (s) 
Tmc2 (s) Tcl (s) . 

Numerical Bode and Nyquist plots 
The above transfer functions can be used to numerically calculate the Bode and Nyquist plots for 
the plate heat exchanger. The heat exchanger consists of two de-coupled sections placed in 
series. The first uses hot water from the vacuum condenser and the second uses hot water from 
the MVR evaporator shel l .  We will determine the Bode and Nyquist plots for the four transfer 
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functions, of the second section, acting on the outlet hot milk temperature. The resulting Bode 
plots are shown in Figure 3-7 and the Nyquist plots in Figures 3-8 and 3-9. 
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Figure 3-9 : Nyquist plots for transfer functions T",e3 (s) and T",e3 (s) 
Me(s) MAs) '  

There are some clear similarities between these transfer functions and conventional polynomial 
transfer functions. The Tmc3 (s) transfer function appears to contain a significant pure delay and a T mc2 (s) 
third order dynamic. Its magnitude appears to follow a third order dynamics whereas its phase 
lag continuously falls and therefore suggests a pure delay. The important Tmc3(S) transfer function Mc(s) 
appears to be third order. Likewise the Tmc3 (S) transfer function appears to be second order and TeI (s) 
the To",) (s) transfer function first order. 

Mj{s) 
3.4) Conclusions 

In Chapter 2 the entire Evaporator A plant was separated into four sections. These sections were 
the MVR evaporator section, the TVR evaporator section, the DSI unit preheat section and the 
preheat plate heat exchanger section. Chapter 2 was primarily concerned with deriving models 
for the MVR evaporator and TVR evaporator sections. The aim of this Chapter was to derive the 
models for the remaining DSI preheat section, preheat plate heat exchanger and shell/tube 
condensers. 

In Section 4.2 the DSI preheat section was considered. We firstly gave a brief description of the 
process and then we derived the energy balances and mass balances for the DSI unit and the flash 
vessels. An important part of this was the thermal equi librium between the liquid and vapour 
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phases. It was shown that the presence of air causes a temperature difference between the top and 
bottom of the vessel . The final result was a set of static and differential equations for the 
temperatures of the DS I  unit and the flash vessels .  

In Section 4.3 we investigated the preheat plate heat exchanger and the shel l/tube condensers. 
The partial differential equations for these were presented and transformed in the Laplace 
Domain .  For the shel l/tube condensers we were able to produce an ordinary differential equation 
with time delays, whereas the result for the plate heat exchanger was a set of transcendental 
transfer functions. 

The models derived in this and the previous Chapter potential ly  provide a complete description 
of the Evaporator A plant. However, they are st i l l  in a somewhat ' raw' state. In the next two 
Chapters we aim to develop and identify these models into a form that can be used for the 
optimisat ion and control labil ity studies. Chapter 4 wil l  develop the steady state and l inear 
dynamic models of the Evaporator A plant . 
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Chapter 4 : Model Development 

4. 1) Introduction 

The work di scussed in this thesis aims to analyse the operation and control of the Evaporator A 
plant at Kiwi Co-op Dairies. Optimisation and controllabi l ity studies wil l be made to determine 
the 'best ' operating conditions and methods for controll ing the plant . In Chapters 2 and 3 ,  
models were derived for the entire evaporator plant . These were developed for analysing the 
Evaporator A plant operation and control, but they must be further developed before they can be 
used. Specifically, we need a val idated steady state model for the optimisation studies and a 
linear dynamic model for the controllabil ity studies. In this Chapter, we wil l  develop the steady 
state and linear dynamic models. 

First ly, the steady state model will be developed in Section 4 .2 .  We will separate the Evaporator 
A plant into four sections and consider each independently before combining these to produce 
the complete model . These four sections are the MVR evaporator section, the TVR evaporator 
sect ion, the OSI preheat section and the preheat plate heat exchanger. Typical operating points 
will be determined for each individual section and also the complete Evaporator A model . The 
plant geometries are l isted in the Appendix E and the process parameters (i .e . ,  heat transfer 
coefficients) are taken from the identification of Chapter 5 .  

In  Section 4 . 3 ,  we discuss the methodology for developing a l inear dynamic model. Specifically, 
we investigate the linearisation of dynamic models using truncated Taylor series approximations 
and the description of pure delays using Pade approximations. This has been included to provide 
some background to the linearisation work, which will be done in Section 4 .4 .  

The linear dynamic model wi l l  be developed in Section 4 .4 .  As with the steady state model 
development, we separate the plant into four parts and develop each individual ly. The l inear 
dynamic models are developed using the methods discussed in Section 4 . 3 .  However, in order to 
simpl ify the linearisation, we have made a number of significant assumptions. For example, 
distribution plate flashing, variable heat transfer coefficients and multiple evaporator passes have 
all been neglected. These assumptions were not made in the development of the steady state 
model and therefore the l inear dynamic model is not a generalisation of the steady state model. 
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4.2) Steady State 

4.2. 1)  Introduction 
We shall develop the Evaporator A steady state model by separating it into four parts and initially 
considering each part independently. These parts are the preheat plate heat exchanger, the DSI 
preheat section, the MVR evaporator section and the TVR evaporator section. At the end of this 
section, we then combine the four models to produce the complete steady state model for the 
Evaporator A plant . 

Various parameters are used in the steady state model. Many of these are listed in the 
Nomenclature of this thesis, but others are given in Appendix E. One of the most important parts 
of the steady state model is the evaporating overall heat transfer coefficients. The ' simple linear' 
model is used, because in Chapter 5 this is found to be the most accurate. We use the parameters 
for Whole Milk, which are Usa = 1 900.7 W/m2 .K and U sw = 2906. 1 W/m2 .K. Another important 
part of the model is the relationship between heat capacity and milk dry matter. The linear model 
derived in Appendix A is used and the parameters for Whole Milk are C pwater = 4 1 90 J/kg.oC and 

C pTS = 1 984 J/kg. DC. 

4.2.2) Plate Heat Exchanger 
The steady state equations for the preheat plate heat exchanger were derived in Chapter 3. The 
resulting equations for the plate heat exchanger outlet temperatures were shown by (3 .72) and 
(3 .73) and the equivalent equations are shown here by (4. 1 ), (4.2), (4 .3) and (4.4). These give the 
heat exchanger outlet temperatures (i .e . ,  Tmc2 ' 1:2 , Tmc3 and 'f,,2 ) in terms of the inlet 
temperatures, fluid velocities and milk dry matter (i .e., Tvl ,  'f"l ' Tmcl , vIIU ' vIIIS ' vc. , 1'':1" and W I ) · 

f v ·  -- + -[ r ,"If T"if ] l Tal · m} l TToJ 'TV 1 [ T V 1 fTif .v,1 
e - Tal ·  ml 1 
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fTos 'Vms [er <: < :] 1] [ -r v ] , - • Tos ' nu - 1 fTis 'Ves " V �2 = [ [ ] ] T:IC2 + [ Tis[, cs ] ] �I 
� � � � V - - + - V - - + -fTos ' ms e ' rT.., rTb - 1  'Tos ' "'s e TT.., TTb - 1  

'Tls 'V C-\' 'Tis 'V es 

(4.3) 

(4 .4) 

The solution of these equations is  trivial provided that the surface areas and heat transfer 
coefficients are known. The heat transfer surface areas and fluid flow cross sectional areas are 
given in the Nomenclature and also in Appendix E. Here we have taken the heat transfer 
coefficients as 2500 W/m2 .K. With a set of inputs (i .e., wf = 0. 1 25 kg/kg, TmcI = I2.0 °C, 

Mf = 1 5 .3 kg/s, [" 1 = 53 .2  °C , Mvac =3 . 50 kg/s, rcl = 69.9 °C and Mc = 9.49 kg/s ) we can 
calculate the heat exchanger temperature profile and the outlet temperatures .  The resulting 
temperature profile is  shown in Figure 4- 1 and this also gives the outlet temperatures (i .e . ,  
r",c2 = 22.02 QC, 1�,c3 = 50.0 QC, TY2 = 12 .0 °C and 1�2 = 25.4 °C ). 
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Figure 4-1 : Plate heat exchanger temperature profile. 
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4.2.3) Preheat Section 
The steady state equations for the preheat section were derived in Chapter 3 .  Two models were 
derived, the first consisting of implicit equations (Advanced) and the second explicit equations 
(Simple). The second model was derived from the first by neglecting the changes in mass flows 
through the preheat section. However, the assumptions required to produce the ' Simple' model 
are expected to reduce its accuracy. 

Advanced model 
Using the results from Chapter 3 we can produce the following equations for the mass flows 
around the flash vessel. 

a = (Cpwater - C PTS ,W}hI ) (T _ T 
\ I A. jlll phI " 

_ (Cpwater - CPTS ,WPhl ) (T - T  ) a2 - A. phI ph2 

The flash vessel temperatures are given by equations (4.7) and (4.8) . 

M/c2 (C pwater - C pTS ' W fc2 XTpC2 - Tfel ) = M phI (C pwater - C pTS 'W phI XTphl - Tph2 ) 

M pe2 (C pwater - C pTS 'W pc2 XTpc1 - TpC2 ) = M jlll (C pwater - C pTS ,W}h1 XT}h1 - Tphl ) 

We can substitute equations (4 . 5) and (4.6), to produce the following pair of equations. 

The DSI unit energy balance then produces a third implicit equation. 

(h steam - C pwater ·T dsi }n dsi = M pc1 (C pwater - C pTS .W pcl XTDS1 - Tpc1 ) 

(4.6) 

(4. 7) 

(4.8) 

(4. 1 1 ) 

Using the above implicit equations (4.9), (4. 1 0) and (4. 1 1 ), with a set of inputs (i .e . ,  
n1dsi = 0.35  kg/s, Tfe2 = 63 .7 QC, and Mf = 1 5 .3 kg/s ), we can calculate the operating 

conditions (i.e. , Tphl = 9 1 . 5 QC , Tph2 = 77.9 QC and TDS1 = 1 04.4 QC ). The variables al and a2 , 
required in equations (4.9), (4. 1 0) and (4. 1 1 ), are calculated using equation (4.6). 
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Simple model 
As mentioned above, the assumption of constant preheat mass flows produces a ' Simple' preheat 
model. The preheat flash vessel temperatures are given by equation (4. 1 2) and the DSI unit 
temperature is given by equation (4. 1 4). 

2 1 Tplll = -TOSI + -Tfe2 ' 3 3 

m dsi (h sleam - C pwaler .T dsi ) = M fC2 'C pwaler (r DSI - r PhI ) = M /c2 .� pwaler (r DST - r/c2 ) 

[3 .m dsi .hsleam + M feZ .C p .... aler .1je2 ] TOST = [A:1 ] }e2 .C pwaler + 3 .C pWaler ·m dsi 

(4. 1 2) 

(4. 1 3 )  

(4 . 1 4) 

These equations are a lot simpler than the 'Advanced' model. However, the predicted 
temperatures and DSI unit mass flow are relatively different. This can be shown by considering a 
preheat system with the same inputs (i.e., md.!'i = O.4 kg/s, Tfe2 = 63 .7 °C and M f = 1 5 .3 kg/s ). 

The operating conditions are Tplrl = 89.3 °C , Tpl12 = 76.5 °C and ToSJ = 1 02.2°C , which are a 
little different from those of the 'Advanced' model. 

4.2.4) MVR Section 
The MVR evaporator section steady state is determined by the solution of the equations for the 
evaporator effect, evaporator shell (combined with the preheat condenser equations), MVR 
compressor and the fall ing film mass balances. In Chapter 2, the evaporator effect and shell 
energy balances are derived. We will take the energy balances given by equations (2 .25) and 
(2 . 58) and are shown here by equations (4. 1 5) and (4. 1 6) . 

qfeedl +qslrelll =qeompl +qelossl (4. 1 5) 

Weompl +qcompI =qshelll +q peolld +qslossl +qeondensalel (4. 1 6) 

The static condenser heat flow is given by equation (4. 1 7). This was derived in Chapter 3 and is 
the same as equation (3 .3 5). 

f rpn 

J q "''''' � M f {C ,_", - C ,,., .w f Xr" - r ='f - e 
-

'''" 

Mpre rpre = �T ' 
P pre ' pre 

P pre .Vpre (C pwaler - C pTS 'W f ) fTpre = U A pre ' pre 

(4 . 1 7) 

(4. 1 8) 

The compressor characteristic curves are given by equations (4 . 1 9) and (4.20). These were 
discussed in Chapter 2 and are the same as equations (2.64) and (2.65). The vapour densities and 
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pressures are given by the Antoine saturation equations, which are discussed in Chapter 2 and are 
shown by equation (2 .70). 

WeomPI - d N2 (Meompl )+ N (M;omPl J # (M:OmP1 J - comp . comp e eomp · eomp 2 + J eomp 3 Pvel Pve P,·e Pve 

(4. 1 9) 

(4.20) 

Equation (4. 1 9) is a quadratic for the mass flow of compressed vapour (Meompl ) and it can be 
solved to produce equation (4.2 1 ) . There are two solutions to equation (4. 1 9), but we have taken 
the larger solution because it represents the 'real' operating conditions. This mass flow of 
compressed vapour is also equal to the mass flow of evaporated water, as shown by equation 
(4.22). 

(4.2 1 )  

M campI =Mjlashl +Mrllbesr =M ph2 -M p5 (4.22) 

Where, M eompl 
M.flashl 
Mlllbesr 

= 

mass flow of compressed vapour. (kg/s) 
mass flow of flash vapour. (kg/s) 
total mass flow of evaporated water in the MVR evaporator section.(kg/s) 
mass flow of milk to the MVR evaporator section. (kg/s) 
mass flow of milk from the MVR evaporator section. (kg/s) 

The mass flow of evaporation in the falling film is modelled using equation (4 .23). In Chapter 5 
it is shown that this is the most accurate model. The heat transfer parameters are taken for Whole 
Milk and they are Uso = 1 900.7  W/m2.oC and U sw = 290 1 .6 W/m2.oC. The heat transfer surface 
areas ( Asi )  are listed in Appendix E, along with the other geometric parameters for the 
Evaporator A plant. Using equation (4.23) we can calculate the mass flow of evaporation and the 
evaporation heat flow (i.e., qshell = AM tubes ) for a falling film evaporator pass. It should also be 
remembered that there are five passes in the MVR evaporator section. As a result we have a mass 
flow (M Pi ) and dry matter ( w  pi ) from the evaporator pass i and they depend on the mass flow 
(M di ) and dry matter ( w di ) from the pass i distribution plate. 

M pi =M di -Mrllbesi '  w . = Mdi ·Wdi pI [ ] ' M di -M tubesi 
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Where, Uso 
Usw 
Asi 
M tubesi = 

I1T 

simple linear heat transfer model coefficient. (W/m2 .0C) 
simple linear heat transfer model coefficient. (W/m2.oC) 
evaporating tubes heat transfer area for the i pass. (m2) 
mass flow of evaporation from the i pass. (kg/s) 
temperature difference between evaporator shell and effect. eC) 

From the above we can see that the steady state for the MVR evaporator section is  given by the 
solution of two implicit equations. These are the energy balances for the MVR evaporator effect 
and shel l .  All of the other equations can be solved and substituted into the energy balances. With 
a set of inputs 
(i .e., Ncomp = 2850 rpm, M ph2 = 1 5 .65 kg/s, l�h2 = 77.9 DC, W ph2 = 0. 1 22kglkg, M f = 1 5 .3  kg/s, 

1�lIc3 =50 °c and To = 30 °C ) we can solve these equations to determine the implicit variables 
( Tel = 66.2 °C and Tsl = 69.9  °C ) and the output variables ( Tel = 66.2 DC, M pS = 4.6S kg/s and 

w ps = 0.40S kg/kg ) . 

4.2.5) TVR Section 
The TVR section .steady state equations are similar to those for the MVR section. In Chapter 2, 
the TVR evaporator effect and shell energy balances are derived. We take the energy balances 
given by equations (2.30), (2. 35) and (2 .63), which are shown here by equations (4 .24), (4 .25) 
and (4. 26). 

qfeed6 +qshell6 =qcomp2 +qeloss2 +qshell7 +.qshell8 (4. 24) 

Wcomp2 +qcomp2 =qs/.eIl6 +qsloss2 + qcolldensate2 (4 .25) 

(4.26) 

The vacuum condenser heat flow ( qvaJ heat flow is also given by equation (4. 1 7), which was 
used for the preheat condenser. We again use the simple l inear falling film heat transfer model, 
which is shown by equation (4.27) .  

M pi = M di -M tubesi , WPi = [ ] ' M di -M tllbesi 
Mdi ·Wdi [ ] ASi ·/iT Mtubesi = Uso -U sw ·Wdi A 

(4.27) 

From the above we can see that the steady state for the TVR evaporator section is given by the 
solution of three implicit equations. These are the energy balances for the second evaporator 
effect, evaporator shell and the third evaporator effect. With a set of inputs (i .e . , 
M pS = 4.68 kg/s, W pS = 0.408 kg/kg, Tps = 66.2 °c, PSP = 5 .00 bar, Mvac = 3 . 5  kg/s and 

Tvac = 24.0 °C ) we can determine the implicit variables (i .e . ,  TS2 = 63 .4 DC, Te2 = 57.5 °c and 
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Te3 = 53 .2  QC ) and the output variables (i .e., Te3 = 53.2 QC , M p8 = 4.070 kg/s and 

W pS = 0.469 kg/kg ). 

4.2.6) Complete Evaporator A Steady State 
By combining the four steady state models we produce the complete model for the Evaporator A 
plant . The inputs are the feed milk flow, dry matter and temperature, the vacuum condenser 
cooling water flow and temperature, the condensate mass flow to the plate heat exchanger, the 
MVR compressor speed, the preheat DSI unit steam mass flow and the TVR compressor steam 
pressure (i .e., M t ,  W t ,  Tt , M"ac' T"acI ' Mc ,  N camp, mdsi and Psp )· The outputs are the product 
concentrate, evaporator temperatures, plate heat exchanger temperatures and preheat 
temperatures (Mp5 , wp5 , Mpg, wp8 ' T.p Te3 , Tmc3 , TDSl ,  Tphl and Tph2 ) . Figure 4-2 shows the 
connections between the four Evaporator A plant sections. This clearly shows the important 
feedback loops through the DSI preheat section and plate heat exchanger. 

Mj2 M"el Plate Mf 
1I'.t2 11'",,3 

HX Wj 

T"2 0lil T",c3 Tt 
Ncomp Mc M.a:: mdJi 

OSI MVR 1',,1 T,I � 
Preheat Evaporator M.a:: 

M pA2 Psp T.,ad 
lVplt z ----
Tph2 Mps 

wps TVR Mps 
l Tps Evaporator wps 

TpS 

Figure 4-2 : Interconnections between systems for the complete Evaporator A plant model. 

We are interested in the process gains between the model inputs and outputs. These are 
important, because they give an indication of the process sensitivity. Table 4- 1 shows the 
calculated process gains about a static operating point. Many of these results can be understood 
by considering the 'overall '  energy and mass balances for the Evaporator A plant. These are 
shown by equations (4.28) - (4.3 1 ), for the energy balance, and (4.32), for the mass balances. 

q foed", + q sleam + W compl + q cool = q condl + q cond2 + q]oss (4.28) 
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(4.30) 

(4.3 1 )  

Mf + mdsi + ATlIR Psp = Mpg + Mscondl + Mscond2 + Mcond2 + Mcond3 , Mf wf = Mp8 ,wp8 (4.32) 

Where, q feedm 

qsteanr = 

qcool 

qcolld2 

Wcompl 

qloss 

Mc 
M, 

= 

= 

net enthalpy in the feed milk to the evaporator plant. (W) 

net enthalpy in the steam to the DSI unti and TVR compressor. (W) 

net enthalpy in the cooling water to the vacuum condenser. (W) 
net enthalpy removed by the condensate from the MVR evaporator.(W) 

net enthalpy removed by the condensate from the TVR evaporator. (W) 

power supplied to the MVR compressor. (W) 

heat losses from the surfaces of the MVR and TVR evaporators. (W) 

mass flow of condensate water passing through the heat exchanger. (kg/s) 

mass flow of condensate water bypassing the heat exchanger. (kg/s) 

Table 4-1 : Static process gains for Evaporator A plant, for Whole Milk. 

Ncomp Psp Mf Tf wf Mc mdsi Mvac Tvac\ 
= 2850 = 500000 = 1 5.3 = 1 2  = 0. 125 = 9.042 = 0.35 = 3.5 = 24 

rpm Pa (xl e5) kgls °c kglkg kgls kgls kgls ·C 

Tmc3 = 50.00 ·C 0.0102 0.4642 -7.0553 0.9252 63.0646 5.64 1 2  80.4789 2.3559 0. 1 357 

T.l = 66. 19 ·C 0.0 1 48 0.4657 -8. 1 040 0.9283 66.8355 5.2575 1 22.4784 2.3637 0. 1 3 6 1  

Tsl = 69.96 ·C 0.0190 0.5262 -9. 2 1 56 1 .0487 83. 1 947 5.9396 1 38. 1 457 2.6705 0. 1 538 

TDS1 = 1 04.38 ·C 0.0 1 5 1  0.4730 - 1 0.89 1 3  0.9428 94.2602 5.3 570 220. 4 1 2 1  2.4007 0. 1 383 

Tphl = 9 1 .45 ·C 0.0 1 5 5  0.4835 - 1 0.3280 0.9636 90. 1 5 16 5.4991 1 90. 1 540 2.4536 0. 1 4 1 3  

Tph2 = 77.89 ·C 0.0 1 58 0.4946 -9.7036 0.9859 85.5886 5.6554 1 56.8 1 54 2.5 104 0. 1 446 

Te2 = 57.48 ·C 0.0078 2. 1 249 -3.9926 0. 5062 8 1 .0893 2.7282 66.8373 - 1 .8905 0.4564 

Ts2 = 63.36 ·C 0.0262 3 . 1 5 3 1  - 1 0.2654 1 .09 1 9  1 8 1 .671 8 5.8757 1 42.9 105 -0.9932 0.6 1 3 5  

Te3 =53.24 ·C 
-0.0088 1 . 553 1 1 . 7387 -0.0 1 98 2.3725 -0.3552 - 1 .4717 -3.843 1 0.4533 

W pS = 0.408kglkg 0.0007 0.0 1 00 -0.2250 0.0200 3.4741 0. 1 1 32 2.5828 0.0508 0.0029 

W p8 = 0.469kglkg 0.0009 0.0 1 85 -0.3039 0.0269 4. 1057 0. 1 524 3.4900 0.0700 0.0038 

M p5 = 4.68 kgls -0.0079 -0. 1 1 48 2.8887 -0.2288 -2.3793 - 1 .2984 -29.6076 -0.5827 -0.0336 

M p8 = 4.07 kgls -0.0079 -0. 1 603 2.9032 -0.2335 -3.02 1 3  - 1 .32 1 5  -30.2383 -0.6069 -0.0328 

There are several important things that can be noted from the process gains in Table 4- 1 .  Firstly 
there is a great degree of coupling between the four sections of the Evaporator A plant . As a 
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result every input has a direct impact on the entire plant, rather than just a small part of the 
process. This is important, because it means the plant must be considered in its entirety. 

Another important result is the strong impact of the feed dry matter on the plant. This acts on the 
physical properties of the milk (i .e., heat capacity and heat transfer coefficients) and also directly 
on the product dry matter, via the mass balance. For example, an increase in the feed dry matter 
causes a reduction in the milk heat capacity and this increases the net enthalpy to the plant, 
because the sign of q feedm is negative. The result is an increase in all the evaporator plant 
temperatures. However, an increase in the feed dry matter also causes a direct increase in the 
product dry matter. 

The feed mass flow acts directly on the evaporator temperatures, product mass flow and dry 
matters, via the mass and energy balances. An increase in the mass flow causes a reduction in the 
net enthalpy to the evaporator plant . Once again, this is caused by the negative sign of the qfeedm 
energy flow and the result is a reduction in the evaporator temperatures. However, the feed mass 
flow also acts on the mass balances, with an increase in the feed mass flow causing an increase 
in the product mass flows and a reduction in the product dry matters. 

The mass flow of cooling water (M vac ) has an interesting impact on the evaporator temperatures. 
An increase in M vac causes an increase in q cool ' which we expect to cause an increase in the 
temperatures of the plant. However, the TVR evaporator section temperatures all reduce, in 
contrast to those of the DSI preheat and MVR evaporator sections, which all increase. In fact the 
reduction in the TVR evaporator section temperatures is caused by the ' internal' energy balances 
for that section. 

The mass flow of steam to the DSI unit ( mdsi ) has a strong impact on the evaporator plant 
temperatures. The overall energy balance shows that an increase in mdsi causes an increase in the 
steam enthalpy to the plant. Unsurprisingly, this causes the evaporator temperatures to increase. 

Another very important result is the impact of the MVR evaporator section temperature on the 
total plant evaporation. Any impact that causes an increase in the MVR temperature can be 
oberved to also cause an increase in the product dry matter and a reduction in the product mass 
flow. Even an increase in mdsi , which dilutes the feed milk, causes a substantial increase in the 
product dry matter, since it has a large impact on the MVR temperature. In Chapter 6 the cause 
of this effect is explained, with reference to the MVR compressor equations. 

4.3) Linear Dynamic Model Development Methodology 

4.3. 1 )  Linearisation of N on-Linear Differential Equations 
The differential equations derived in the previous two chapters are non-linear. Non-linear 
dynamic models are inconvenient because they often have no analytical solution. Consequently, 
most traditional analytical dynamic analysis has been based on systems with linear constant 
coefficient differential equations. This is because the analytical solutions for these systems are 
given by simple exponential functions. A non-linear system of first order differential equations 
can be converted to a linear system with constant coefficients by using first order Taylor series 
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approximations. For example the following differential equation can be approximated by a 
truncated Taylor series (Skogestad and Postlewaite, 1 996, pp 8- 1 0). 

dx 
-=f(x, u) , 
dt 

(4.33) 

Where the superscript 0 denotes the steady state value of the variables. For example XO denotes 
the steady state value of the variable x and the linearisation is made around these steady values. 
This notation is used throughout this Chapter. It is common to redefine the variables as deviation 
variables ( x=x - xo , u = u - uo )  so that this is simplified to the following. This differential 
equation is linear with constant coefficients 

dx Qfl 81' 1 -= -'- x+_J_ u 
dt Ox 0 all 0 

(4 .34) 

4.3.2) Linearisation of Pure Delays 
An important part of many dynamic models is the linearisation of pure delays. The conventional 
approach for dealing with pure delays is to use Pade approximations. In the Laplace Domain the 
pure delay is given by an exponential function and this is transformed to a polynomial function 
using the Pade approximation. For example, an n-th order Pade approximation of the Laplace 
Domain pure delay is given by equation (4.35) (Skogestad and Postlewaite, 1 996, p 1 2 1 ). 

Where, rh 
n 

pure delay time. 
order of the Pade approximation. 

(s) 
(-) 

(4 . 35) 

When transformed into the time domain this produces a finite order ordinary differential 
equation. For example, equation (4.36) shows the resulting differential equation for a first order 
Pade approximation. 

4.4) Linear Dynamic Model 

4.4. 1 )  Introduction 

(4.36) 

As with the steady state model, we develop the linear dynamic model by separating the 
Evaporator A plant into four parts and considering each independently. Then, at the end of this 
section we combine these to produce the complete linear dynamic model for the Evaporator A 
plant. However, the dynamic model developed here contains many assumptions and it is not a 
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dynamic version of the steady state model. For example, we assume constant fall ing film overall 
heat transfer coefficients, whereas the steady state model does not make this assumption. 
Without these assumptions the linear model development would have been excessively difficult. 
Furthermore the impact on the system dynamics would probably have been minor. Since we are 
primarily concerned with the dynamics, rather than the static process gains, these assumptions 
are considered to be reasonable. 

4.4.2) Plate Heat Exchanger 
The previous chapter showed that the partial differential equations for the plate heat exchanger 
could be solved by linearisation and integration in the Laplace Domain. The resulting transfer 
functions are shown by equations (3 .85) to (3 .93). However, these transfer functions do not 
represent linear differential equations with constant coefficients. Consequently the state space 
representation of the plate heat exchanger could not be developed. However, the Bode plots and 
Nyquist plots could be determined numerically. This was done for the second section of the 
Evaporator A plate heat exchanger and the resulting Bode plots are shown by Figure 3-7, Figure 
3-8 and Figure 3-9 .  

We can use the transfer functions of Chapter 3 to produce the transfer functions for both the first 
and second sections of the heat exchanger. These can be combined and used to numerically 
calculate the Bode and Nyquist plots for the Evaporator A plate heat exchanger. The Bode plots 
have been calculated and they are shown in Chapter 7 by Figure 7-5, Figure 7-6 and Figure 7-8. 

4.4.3) DSI Preheat Section 
Here we develop the linear dynamic model for the evaporator DSI preheat section. We use the 
simple dynamic model, which was derived in Chapter 3 .  The following differential equations are 
used to describe the preheat system. These equations are the same as equations (3 .26) and (3 .27). 

I . dT�)SJ = M . C (T -T \ ' [h -C T L D.51 dt . je2 ' pwaler plrl DSJ J+ sleam pwaler ' DSJ 1" dsi , 

I dTph2 
= 

( - \ 
j/ 2 dt M fe2 'C pwaler Tphl 2 .Tp1J2 + Tfe2 " 

Where, I DSJ thermal inertia of the DSI. 
I j/I thermal inertia of the first flash vessel. 

I f12 thermal inertia of the second flash vessel . 
TDS1 temperature of the DSI unit. 

Tphl temperature of the first flash vessel. 

Tplr2 temperature of the second flash vessel . 
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(A1 ;e2 + m dsi f pwater 
I j/I 

T j/I = --'-0 
----'---M fe2 .C pwater 

. 
I j/2 

T j/2 = 0 M fe2 .C pwaler 

(JIK) 

(JIK) 

(JIK) 

(QC) 

eC) 
eC) 

(4 . 37) 

(4 . 38) 

(4 .39) 
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.... ..... ..... -

..... Preheat Section .... ..... .... 
.... Without Delay I ..... ..... ..... 

�� 

Pade Approximated 
Tfhl 

.. ... Pure Delay 

Figure 4-3 : Connection of preheat section linear models. 

Equations (4 .37), (4 .38) and (4 .39) are linearised to produce the following state space 
representation for the system. 

tlTDS} C I"'YJI., (1';'1 - T� ) 0 0 
[hsl • ."" - Cpwaler .T� ] 

- - - 0 
tit TDSI T OS! 

[
T= 

1 
IDSI IDSI [MM] 

tlTpI,' 2 C 1"'00ler (1;" + 1';,2 - 2.1';,, ) 
0 T/e2 (4 .40) 

= 0 - - - TpI,' + 0 
tit T fll T fll J fll 'r fll Tfhl dTpI,2 2 l' pI,2 C pwaltr (1';1 + 1';2 - 2.1';2 ) 1 mdsl 
tit 

0 0 0 T fl2 T fl2 I fl2 T fl2 
The additional equation required to describe this system is the delay between the DSI unit and 
the end of the holding tubes. This pure delay can be represented by a Pade approximation. The 
complete linear dynamic model is then produced by feeding back the pure delay variable to the 
first flash vessel, as shown in Figure 4-3 . 

4.4.4) MVR Evaporator Section 
Here we develop the linear dynamic model for the MVR evaporator section. As the basis we will 
take the differential equations developed in Chapters 2 and 3. However, to simplify the equations 
the assumptions listed below are made. The assumptions are not expected to impact on the 
process dynamics, which are important for the controllabi l ity analysis. This reasoning is based 
on the nature of the process dynamics. The process delays (i .e . ,  fall ing film, condenser, preheat 
holding tubes, etc) have the most important impact on the dynamics and these are not 
significantly changed by these assumptions. 
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1 )  Constant heat transfer coefficients. 
2) Negligible boiling point elevation. 
3) Multiple evaporation passes represented as a single pass. 
4) No flashing in distribution plates. 
5) Constant milk heat capacity and density, equal to water. 
6) Pumping delays are neglected. 

Distribution plate 
The differential equations for the distribution plate are given by the following. The MVR 
evaporator effect contains five evaporator passes, but we are assuming that these can be 
represented by a single evaporator pass. Consequently, only one distribution plate in the MVR 
evaporator section is modelled. The resulting differential equations were derived in Chapter 2 
and shown by equation (2. 1 9), while they are shown here by the following. 

A 
d

h
d l _ Mph2 Q dl d(---- dl ' 

Pd 

A 
dw dl = 

M pill [w _ w ] dl 
dt 

h ph2 dl 
Pd ' dl 

(4. 4 1 )  

(4. 42) 

The distribution plate equations can be linearised to product equation (4.43) and (4.44), with the 

I" d 
1 

d . Pd .Adl ·hdl d Adl ·Q�1 lOear constant I = an time constants , wl an 'hI = ( )2 . 
Pd ·Adl M ph2 g Cd .Ahl 

dwdl [ 1 ]  [ 1 ] dt= - wplr2 - - Wdl 
rwl 'wl 

WR Compressor 

(4 .43) 

(4.44) 

The compressor characteristic curve is given by the following. This equation was developed in 
Chapter 2 and is shown there by equation (2.64). 

Q = qcompl compl A. Pvel ' 

This can be l inearised, in terms of T.I ' �I and Ncomp to the following equations. 
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Qcampl 
iX2compl 

aTel 
T 

iX2rompl N sI camp ' 
8Ncomp ° 

o {TO -c \2rL N° +2 c QO ] , o Pvel \ sI water } LVromp· romp . romp· rompl 
�compI 
al/comp 

These can be used to determine the following l inear equation for the compressor heat flow. 

_ 0 A 
aQcomPI 

acomp2 -Pvel · aT sI 

(4.48) 

(4.49) 

The compressor power supply is given by the following equation. This equation was developed 
in Chapter 2 and was shown there by equation (2.65). 

Wcompl d NZ Q N Q2 I" Q3 ---= comp · comp " compl +e comp · comp · compl + J comp · compl 
Pvel 

This can be l inearised to the following. 

WcomPI = f3comPI ·�I + f3comp2 ·T:I + f3comp3 .Ncomp 

OI'"I 
P�el (dcomp .N;omp +2.ecomp .Ncomp "QcomPI +3 '/comp .Q;omPI )

a�;mpI 
el 0 

f3compl OJiVcomPI 

/3comp2 
OT.I 

i1Vcomp 

r _0 {d N2 +2 e N Q +3 I" Q2 )�OQcompl If7vel � comp · comp . comp · comp · compl .J comp · compl aT 
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Preheat Condenser 
We are using the simple condenser model, which was derived in Chapter 3 .  The condenser is 
described by equations (4 . 55)-(4. 58) and these are the same as equations (3 . 50), (3 . 5 1 ) and (3 . 53)  
from Chapter 3 .  

(4. 55)  

(4 . 56) 

(4. 57) 

(4. 58) 

These equations, except for (4. 58), are already linear differential equations with constant 
coefficients. We can linearise equation (4.58) and produce a set of linear constant coefficient 
equations for the condenser. However, the resulting equations can be more easily represented by 
the following Laplace Domain transfer functions. 

(4. 59) 

An additional problem is the pure delay in the condenser outlet temperature equation. We need to 
determine a suitable order for the Pade approximation. It appears that a simple first order 
approximation is acceptable, because of the exponential term preceding the delayed variables. 
When the pure delay is large this exponential term becomes small and the importance of the 
delayed variable is reduced. 

Evaporator Effect 
The MVR evaporator effect temperature is given by the following differential equation. This was 
derived in Chapter 2 and was shown there by equation (2.25). 
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I 
dTe! - + _ _ e.Dect! dt -q feed! q shellt q camp! q eloss! 

This can be linearised to the following with the linear constants 

(4.6 1 )  

[e pwater (T;h2 - I:� )] e pwater M�h2 a2 = a3 = 
acomp3 a = --4 , 

UI ·Ael1 a 5 = ---=----=:..:... and the time constant 
I effict! I effecI! 

I effecI! 
rTe! = �o ] .  I.1Vl pil2 .e pwaler + Us .A sI + a comp! + UI .Aell 

Falling Film 

I effect! I effecI! 

(4.62) 

The falling film is described by the following delayed equations. These were derived in Chapter 
2 and are shown there by equations (2.49) and (2. 50). We have represented all five passes of the 
MVR evaporator with a single fall ing fi lm evaporator pass. Consequently, these three equations 
actually describe all five passes ofthe evaporator. 

M e5 (t )=M d! (t - rel )-M,I/bes, (t ) 

( )_ Md!(t - r., }.wd! (t - r., } 
we5 

/ - [M dJ (I - r., }-M tubesJ (t)] 

rel ·...1. elM tl/best (t) 
U, .Ast dl 

Where, Mtl/best (t) 
MdJ (t) 
WdJ (/) 

= 

mass of evaporation during the MVR evaporator five passes. 

mass flow through the first distribution plate. 

dry mass fraction of milk through the first distribution plate. 

total residence time of all five passes of the MVR evaporator. 
mass flow from the bottom of the fifth fal l ing film. 

dry mass fraction of milk from the bottom of the fifth fall ing film. 

(4.63) 

(4.64) 

(4.65)  

(kg/s) 

(kg/s) 

(kglkg) 

(s) 
(kg/s) 

(kg/kg) 

The fi'rst of these equations is l inear in terms of Md! (t - rJ and Mtubesl (t) . However, the second 
is non-linear in terms of these same variables, so it must be l inearised. Using the Taylor series 
approximation we can produce the following linear approximation. 

(4.66) 
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Mo MO 0 MO 0 
Wh h ffi . fJ dl fJ lubeSI 'W dl d fJ dl 'W dl ere t e coe lClents are " =[1\10 _Mo ] ,  Q = r' I O _ 0 r an M =�O _ 0 r '  dl /lIbesl lfW dl M tubesl dl M tubesl 

The differential equation for Mtubesl (t) is also l inear in terms of Ts1 (t) ,  Te\ (t ) ,  Ts\ (t - rel ) and 

Tel (1 - 'el ) '  However, the equation contains delayed versions of the evaporator effect and shell 
temperatures and delayed variables are also used in equations (4.63) and (4.64). It is common for 
industrial fal ling film evaporators to have long tubes and hence large delays. Consequently, the 
accurate representation of these delayed variables is very important. We will use Pade 
approximations to produce finite order ordinary differential equations for the delayed variables. 
However, we would like to determine an appropriate order for the Pade approximations. 

1if r---------�----------�------�--._--------� 
8 10,1 CD -.:::0 :J '"2 g> 10"2 1-...--------'----------'-----,1 _ 
� Actual Gtubes(s) bode plot 

Q:; 

F ift h  order Pade approximation 10-3 L.:============::::::!.IL.--LJ.J...iHJ.w. 1 0-4 10.3 10-2' 
Cl) (rad's) 

°r---�--���------'---�-r�rnITnmnnnTn 
-50 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  L _ _ _ _ _ _ _ _ _ _ _ _  _ 

� -100 '" ..t: Cl. -150 

Figure 4-4 : Gtubes(s) bode plot and fifth order Pade approximation. 

Transforming the M IlIbeSI (t) differential equation into the Laplace domain we produce the 
following transfer function. 

_ ll - e - rttS J G lubes (s )_ -"--_..J 

rel ·s 
(4.67) 

Explicit equations can be determined for the Glllbes (s) Bode magnitude and phase lag. This is 
done by substituting the complex term j.w for the laplace variable and determining the 
magnitude and phase of the resulting complex equation. 

(4.68) 
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Where, (J) frequency. (rad/s) 

These explicit functions can be compared to the Pade approximations. F igure 4-4 shows the 
Bode plots for the actual Gtubes (5) transfer function and the fifth order Pade approximation. There 
is an interesting resonance effect in the falling fi lm equations and this is clearly shown by the 
results in Figure 4-4. It can be shown that at least a third order Pade approximation is required to 
produce the resonance effect . However, a fifth order approximation is required to produce an 
accurate representation of the first resonance frequency. 

Evaporator Shell 
The MVR evaporator shell temperature is given by the following differential equation. This was 
derived in Chapter 2 and is shown there by equation (2. 58). 

I dTsI W shell I -:if = q compl + compl -q shellt -q slossl - q pcond - q condensatel (4.7 1 )  

This can be linearised with the constants b = [Us .Ast + acompl (1 - b5 )+ M�mpI 'C pwatu + Pcompt ] , I , Ishelll 
b = lacomp3 (I - bJ+ Pcomp3 J  b = UI .AsH b = _1 _ b = Cpwato, (TO _ TO )  and the time 

� , 3 ' 4  ' 5  sI 01 - I shelll I slrelll I shelll A, 
or __ 15hell1 constant • to produce the T.r! 

Us .Ast - acomp2 (1 - bJ+ M �omp, .C Jl'vater - /Jcomp2 + V, .Asll 
following l inear constant coefficient differential equation. 

(4 .72) 

Complete MVR section linear dynamic representation 
Using the combined distribution p late, evaporator effect, fal l ing film, evaporator shell and 
condenser equations we can produce the complete MVR evaporator linear model. However, we 
first determine the state space models for the evaporator neglecting the condenser and fall ing 
film. The state space model for this systeI? is given by the following : 
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dhd l 0 0 0 Mph2 
dt 'h i dl 0 0 0 0 0 

dWd l hdl Wph2 
0 0 0 0 

1 
0 0 0 0 (4. 73 )  

dt '",I Wd l 'wl Tph2 
= + dTel 0 0 al Tel a2 0 a3 -a4 0 as Ncomp dt 'Te l  Tsl 0 0 0 b2 -b4 b3 q pcond dT, 1 

0 0 bl dt Ta 'Ts l  

The complete MVR system i s  produced by combining the above state space representation with 
the fal l ing film and the preheat condenser equations. Figure 4-5 shows the interconnections 
between these three systems. The MVR Evaporator Effect is described by equation (4 .73 ), the 
Preheat Condenser is described by equations (4 . 59) and (4.60) and the falling film is described 
by equations (4 .63), (4.66) and (4.67). 

l1li 11'"", .... Falling film delay ... Mp., ... .... MVR Evaporator Elrect 
Without Falling Film .... T"", 

and Condenser 
NcoNp T, 

... T. 

qfKO"d -
Preheat Condenser Tt, 

Figure 4-5 : MVR Evaporator Section Linear Model Connections. 

4.4.5) TVR Evaporator Section 
Much of the TVR evaporator section model is a replication of that for the MVR . However, there 
are two important differences, firstly the TVR compressor equations are different and secondly 
the evaporator contains two effects. As with the MVR evaporator equations, we simplify the 
system by making the fol lowing assumptions : 

1 ) Constant heat transfer coefficients. 
2) Negligible boil ing point elevation. 
3) Multiple evaporation passes represented as a single pass. 
4) No flashing in distribution plates. 
5) Constant heat capacity and density. 
6) Pumping delays are neglected. 
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TVR Compressor 
The equations for the TVR compressor are given by equations (4. 74) and (4.75). These were 
derived in Chapter 2 and are given there by equations (2 . 7 1 )  and (2.72). 

(4.74) 

(4.75) 

These equations can be l inearised to produce the following. 

Wcomp2 = f3comp2 ·7:2 + f3comp3 .Psp , Pcomp2 = -C pwater .ArVR .Ps� , f3comp3 = lhsteam - C pwater ·1'.2 jArVR (4 . 76) 

_ 7' P 
A.An'R .Bn'R .P.� .B wal.r .p.� _ (1 -C1VR )A.A1VR .B71'R .p.� (4.77) qcomp - acompJ · .,2 + acomp3 · sp , acompJ = ( 0  )2 C , acomp3 pCT"" 

Distribution plate 

T.2 + C "",'.r P,p TV. sp 

The same linear distribution plate equations, used for the MVR section, apply for the TVR 
section. However, with the TVR section we are modelling a two effect system and so two 
distribution plates must be modelled. We will simply reapply the l inear equations (4.43) - (4.44) 

to produce equations (4. 78)-(4. 79), with the linear constants IdJ = 1 and tddJ = 1 

Pd .Ad6 Pd .Ad7 

and the time constants 

dhd6 [ 1 ] 
-- = ldJ M pS - - hd6 ,  

dt fh6 

dhd7 [ 1 ]h -- = tddJ Mp6 - -- d6 '  
dl fhd6 

Second evaporator effect 

dwd6 [ 1 ] [ 1 ] 
-- = - W S - - Wd6 

dt f 14'6 P 
fw6 

dw d7 [ 1 ] [ 1 ] --= - Wp6 - - .wd7 dt r 14'7 r 14'7 

and 

(4.78) 

(4. 79) 

The second effect temperature is given by the following differential equation. This equation was 
derived in Chapter 2 and was shown there by equation (2.30) .  

1 dTe2 effect'). -d = q feed6 + q shell 6 - q comp2 -q eloss2 - q shell 7 - q shellS t 
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This can be linearised to the following, with the linear constants 

(4. 8 1 )  

Second evaporator shell 
The second effect shell temperature is given by the following differential equation. As with the 
evaporator effect, we have assumed constant evaporating heat transfer coefficient, constant milk 
solution heat capacity, and negligible boiling point elevation. This differential equation was 
derived in Chapter 2 and is shown there by equation (2.63 ). 

I 
dT.

'2 - q + W - q - q 
_ 

q .h.1I 2 dt 
- comp2 comp2 shell6 sloss2 condensate2 (4. 82) 

This can be l inearised to the following, with the constants 

[Us6 .As6 + acompl (1 - tb4 )+ M�mp2 ·C pwater ] lacomp3 (1 - tb4 ) +  Pcomp3 J  b U/ .As12 tbl = , tb2 = . , t 3 = ---'----.::.;� 
I shell 2 I shell 2 I shell 2 

b C p ... ·ater (To TO ) d h . 
I shell 2 t -I = s2 - 02 an t e tIme constant 

r Ts = r 0 ] . A. LUs .As6 + M co",p2 ·C pwater + UI ·AsI2 - P comp2 

(4 . 83) 

Third evaporator effect 
The third effect temperature is given by the following differential equation. Once again, we have 
assumed constant heat transfer coefficient, heat capacity and negl igible boiling point elevation. 
This equation was derived in Chapter 2 and is shown there by equation (2 . 3 5 ). 

dTe , I -' - q + q + q - q - q effect3 
dt 

- feed 7 shell 7 shell 8 vac eloss3 (4. 84) 
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. . .  . .  [u s7 .As7 + U s8 .As8 + M �6 .C pwater ] This can be lmeansed to the followmg, with the constants tCI = , 

[C pwater (Te� - Te� )] 
lc 2 = ----''-----'------.:....: 

I �ffect3 

1 
tc3 =-- , 

I effect3 

, Te3 
I effect3 

Vacuum Condenser 

U/ .Ae13 tc 4 = ---'----=� 

I effect3 
and the 

I effect3 

time constant 

(4 .85) 

The same condenser equations, used for the MVR evaporator preheat condenser, also apply for 
the TVR vacuum condenser. The transfer functions for the condenser outlet temperature and heat 
flow are given by the fol lowing : 

_I _ q (s) = Pwater ·Vvac ·s T (s) + M�c T (s) - M�c T (s)+ (TV�C2 - T�cI ) M (s) (4.87) C \'ac [ I ] e3 [ I ] "ac2 [ 1 ] vacl [ 1] vac 
pwater r Tvac 'S + r Tvac .s + r Tvac .s + , Tvac .s + 

Complete TVR evaporator section linear model 
The complete TVR section l inear model will be developed by first determining the linear models 
for the second effect and third effect separately. These will then be combined with the fal l ing 
film and vacuum condenser models, to produce the complete TVR evaporator section model. 
The second effect state space model is given by the fol lowing. 

dhd6 0 0 0 

dt 'Ird6 0 Idl 0 0 0 0 
wps 

dWd6 0 
1 

0 0 
hd6 Mps 

dl 'wd6 Wd6 _1_
0 0 0 0 0 Tp5 (4 . 88) = + 'w6 dT,z 0 0 

1 1'.2 Pst tal 0 ta2 ta3 - tas ta6 ta4 dl 'Te2 �2 1',. dTs2 0 0 0 tb2 tb3 0 

0 0 tbl 
1 1'.3 dt 'Ts2 

The third effect state space model is given by the fol lowing. 
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dhd7 1 
0 0 Wp6 

dl 'hd7 

r
h" 

] 
0 tddJ 0 0 0 Mp6 

dWd7 0 
1 

0 
1 

0 0 0 0 Te2 (4.89) = Wd7 + 
dl 'wd7 'w7 

dr.3 1 
T.3 0 tC4 

Ta 
0 0 

tC2 tCJ - tc3 
dl qvac 'Td 

These l inear models are combined with the linear fall ing film delay model to produce the 
complete TVR section model. The connections between the models are shown by the block 
diagram in Figure 4-6. The TVR Second Evaporator Effect is described by equation (4.88) and 
the Third Evaporator Effect is described by equation (4.89). The Vacuum Condenser is described 
by equations (4.86) and (4 .87). The equations for the falling films are the same as those used for 
the MVR evaporator section. 

w ... M .. 

q-

I Sixth +--6T, 
Pass Falling +--w". I Film Delay �M" 

T •• 

I l;==M-Vacuum Condenser 4--- 1'_1 

I . 

Third Evaporator Etlect 

+---
TVR Second +---

Evaporator EfIect 

I+--

T., 
M, : I Se\enth and 

"'" .1 Eighth Pass Falling I 
M" Film Delay 

Figure 4-6 : Connections for TVR section Linear Models. 

4.4.6) Complete Evaporator A Model 

"'" 
M,. 
T •• 

p. 
T. 

M,. 

We now develop the complete Evaporator A plant linear dynamic model. The linear models for 
the MVR evaporator, the TVR evaporator and the DSI unit preheat wil l  be combined. The 
preheat plate heat exchanger provides a difficulty because it is not modelled by finite order 
constant coefficient differential equations. This makes it difficult to combine with the other 
sections of the Evaporator A plant. The preheat plate heat exchanger can be combined with the 
other sections using numerical methods. This is required for the multi-variable analysis of 
Chapter 7. However, the remainder of the controllability analysis will not require a complete 
Evaporator A plant dynamic model . 

In Chapter 7 it is shown that the disturbance rejection capabil ities of the plate heat exchanger are 
good. This means that a control loop on the outlet hot milk temperature wil l  break the feedback 
loops through the heat exchanger from the MVR and TVR evaporator sections. As a result the 
remaining controllabi lity analysis of Chapter 7 does not require a complete dynamic model of the 
Evaporator A plant. Therefore we will develop two dynamic models for the complete Evaporator 
A plant . The first numerically calculates the transfer function for the Evaporator A plant. This is 
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used for the multi-variable analysis of Chapter 7 .  The second model neglects the preheat plate 
heat exchanger and only considers the DSI preheat section, the MVR evaporator section and the 
TVR evaporator section. Figure 4-7 shows the connections between the four sections to produce 
the second dynamic model for the complete Evaporator A plant . 

Mftl M .... , 

wj:! W""" 

Tft2 Tmcl 

m 
Nc"'"P 

,/si 
OSI MVR ----. 

Preheat Evaporator 

lvl p�l Psi 
wplt'l -----. +--M"cc 
Tp" Mp, T,,,,, 

wp' TVR Mps 

I Tp, Evaporator wpe 

Tps 
r------. 

Figure 4-7 : Interconnections between systems for the complete Evaporator A plant model. 

4.5) Conclusions 

The purpose of this Chapter was to develop the steady state and linear dynamic models of the 
Evaporator A plant. The steady state model was developed in Section 4.2.  We separated the 
Evaporator A plant into four sections and modelled each independently. Then these models were 
combined to produce the steady state model for the entire Evaporator A plant . The resulting 
steady state model was used to determine a static operating point. Then process gains between 
the inputs and outputs were calculated and the results are shown in Table 4- 1 .  

The linear dynamic model was developed in Section 4 .4 .  We used the same technique of 
separating the plant into four sections and considering each independently. At the end of Section 
4.4 we combined these to produce the model for the entire Evaporator A plant, by simplifying the 
dynamic model and making many assumptions about the process. For example the fall ing film 
evaporating heat transfer coefficients were assumed to be constant. Another important 
assumption is the neglect of any feedback through the preheat plate heat exchanger. Many of 
these assumptions were not made in the development of the steady state model and so the 
resulting linear dynamic model is not a generalisation of the steady state model. 

The models developed in this Chapter must now be identified. In their current state they cannot 
be used, because we are uncertain about their accuracy. The purpose of the next Chapter is to 
identify the values of various process parameters that optimise the model accuracy. This will be 
predominantly done for the steady state model, because quantitative accuracy is very important 
for the optimisation studies. However, we also consider the dynamic fal l ing film delays. 
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Chapter 5 : Model Identification 

5. 1) Introduction 

A first principles model will usually contain unknown parameters. For example physical 
properties or heat transfer coefficients may not be known. Often it is possible to determine these 
parameters from literature correlations. However, another method is to identify appropriate 
parameter values from process historical data. This process of determining the parameters that 
give a 'best fit ' model is cal led parameter identification. In this chapter we will be looking at the 
identification of process parameters for the Evaporator A model developed in the previous 
chapters. Table 5- 1 shows a l ist of some of the process parameters, which are used in the model. 
In this Chapter we seek to identify as many of these parameters as possible. 

Table 5-1 : Evaporator A model process parameters. 

Description Units 

U pre Preheat condenser overall heat transfer coefficient. (W/m2 .oC) 

U, Surface energy losses overall heat transfer coefficient. (W/m2 .oC) 

ccomp Parameter accommodating MVR compressor duct pressure drop. (m-4) 

lfw£11er Fal l ing film overall heat transfer coefficient for water. (W/m2.oC) 

U'o. Uw Parameter to describe the effect of dry matter on heat transfer. (W/m2.oC) 

Ueo, Uew Parameter to describe the effect of dry matter on heat transfer. (W/m2.oC) 

Uso. Usw Parameter to describe the effect of dry matter on heat transfer. (W/m2 .oC) 

're Evaporator falling film residence times. (s) 

BrvR TVR compressor parameter. (m 0.03 . so.06/kgo.03) 

We will identify the process parameters by using optimisation methods. The process parameters 
are determined by minimising the model deviation from historical data. We use the standard 
technique of calculating the sum of squared errors in the model deviations and minimising this 
by varying the process parameters. After identifying the process parameters, we investigate the 
model validity. This will be done by making straight comparisons with the historical data, but 
also by investigating the model residuals. A 'good' identified model will give a uniform plot of 
residuals vs the operating conditions. In addition we will check the resulting parameters for 
consistency against the traditional correlations. For example heat transfer coefficients can be 
checked against literature correlations. 

A difficulty, with the identification of this model, is the large number of process parameters. A 
complete steady state identification involves a dozen or more parameters. To simplify the 
process, we separate the model into parts and make an independent identification on each part. 
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For example the preheat condenser energy balance can used to identify the condenser overall 
heat transfer coefficient. We can identify this heat transfer coefficient, by using this balance, 
rather than considering the entire Evaporator A plant model . 

The Evaporator A plant online computers can be used to record a large number of process 
variables. These variables are tabulated in Appendix E along with the geometries of the 
evaporator plant . However, despite the large number of process variables measured some 
important ones are missing. The feed density is not measured and it is difficult to know the dry 
matter of the evaporator feed milk. The mass flow of steam to the DSI is not measured and this 
causes a slight dilution of the feed milk solution and is quite important. However, the most 
prominent omissions are the second effect shell temperature and vacuum condenser cooling 
water conditions. We have to calculate these variables using parts of the model. This has the 
disadvantage of reducing the number of balance equations in the model and therefore our ability 
to identify the process parameters. 
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Figure 5-1 : Historical and advanced model flash vessel temperatures vs TDS1 temperature. 

5.2) DSI Preheat Section 

5.2. 1 )  Introduction 
The preheat steady state model contains no unknown parameters and so we wil l  only be 
concerned with validating the model. Specifically we investigate the flash vessel temperatures 
and determine the accuracy of the ' Advanced' steady state model. We will not consider the 
preheat dynamics. 
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5.2.2) Preheat Steady State Temperatures 

In the previous chapter two steady state models for the preheat temperatures and mass flows 
were developed. We are examining the accuracy of the ' Advanced' model by comparing the 
flash vessel temperature predictions with historical data from the Evaporator A plant. The model 
has been rearranged so the outputs are the flash vessel temperatures (Tphl and Tph2 ) and the DSI 

steam mass flow ( m  dsi ) . The inputs are the evaporator feed flow (M ph2 )' the preheat outlet 

condenser temperature ( Tle2 ) and the DSI unit temperature ( TDSl ). A set of water historical data 

was collected and the resulting flash vessel temperatures are shown in Figure 5- 1 .  Also shown in 
Figure 5-1 are the calculated flash vessel temperatures using the ' Advanced' model. 
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Figure 5-2 : Preheat model residuals vs DSI temperature. 

Figure 5- 1 shows that the preheat model is relatively accurate. However, we would l ike to 
investigate the model residuals  and determine if they are uniform across the plant operating 
range. We wil l  define the fol lowing model residuals. 

Where, Tphl 
Tphlh 
Tph2 
Tph2h 

= 

predicted first flash vessel temperature. 

experimental first flash vessel temperature. 

predicted second flash vessel temperature. 

experimental second flash vessel temperature. 
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With the historical data used in Figure 5 - 1  we can calculate the model residual s  and these are 
shown in Figure 5-2. Interestingly the absolute value of the residuals increases with the DSI unit 
temperature. However, the model accuracy is quite good, with Figure 5-2 showing a maximum 
deviation of only 1 . 5 qc . 
5.3) MVR Section 

5.3. 1 )  Introduction 

Here we investigate the identification of process parameters for the MVR evaporator section. We 
will separate the identification into the following parts. 
I )  Preheat condenser overall heat transfer coefficient ( V pre ). 
2) Surface losses overall heat transfer coefficient ( VI ). 
3)  M VR compressor vapour ductwork pressure drop (ccomp )' 
4) Water fal l ing film evaporating overall heat transfer coefficient (V  water ). 
5) Falling film evaporating heat transfer coefficients (Veo , U ew ' Via , U/w , Usa and U sw ) . 

The first four parameters can be identified using a single parameter optimisation. This is 
considerably easier than a multiple-variable optimisation and it is the reason for separating the 
identification into parts. However, the milk heat transfer coefficient parameters cannot be 
identified using a single parameter optimisation method. Special attention wil l  therefore be 
focused on the identification of the two parameter milk heat transfer coefficient models. 

5.3.2) Preheat Condenser Overall Heat Transfer Coefficient 

The explicit equation for the preheat condenser outlet temperature is given by the following. This 
equation was derived in Chapter 3 and is shown there by equation (3 .34). 

( Upn .Apre ) 
l' = 1' -(1' - 1' , 'l. Mf ·Cp 

[c2 5 1  51 mc.> F 

Where, T[c2 preheat condenser outlet temperature. 

TSI evaporator shell temperature. 
Tmc3 preheat condenser inlet temperature. 

M[ evaporator feed mass flow. 

V pre preheat condenser overall heat transfer coefficient. 

eC) 

eC) 

eC) 

(kg/s) 

(W/m2 .oC) 

Apre heat transfer surface area for the preheat condenser. (m2) 

(5 .2) 

All the variables in the above equation are known except for the overall heat transfer coefficient. 
The temperatures of the condenser and evaporator shell are measured and we can determine the 
water/milk physical properties from the equations of Appendix A. Therefore this equation 
provides a balance equation that can be used to identify the condenser overall heat transfer 
coefficient . A set of historical data for water and Sophie-Lo milk solution was collected and used 
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to identify the coefficient. The optimum overal l heat transfer coefficient was then determined to 
be 2260 W/m2 .K. 

We are now interested in determining if the overal l heat transfer coefficient is constant or varies 
with operating conditions. This can be tested by plotting the balance equation residuals vs the 
plant operating conditions. However, we will not use this method to investigate the heat transfer 
coefficient. Instead, we consider this problem by rearranging equation (5 .2) into the following 
expl icit form for the overall heat transfer coefficient. 

U pre = M f ·e p In[Ts1 - Tmc3 ] 
A pre Ts1 - Tfc2 
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Figure 5-3 : Experimental preheat overall heat transfer coefficient vs evaporator feed flow. 

Using the historical data we can calculate the overal l  heat transfer coefficient and the results are 
shown in Figure 5-3 . This shows a clear trend between the heat transfer coefficient and the 
evaporator feed flow. In addition the overall heat transfer coefficients are lower for Sophie-Lo 
than for water. This is presumably because of the different physical properties of water and 
Sophie-Lo. The milk solution has a higher viscosity and density, but a lower thermal 
conductivity and heat capacity. 

The preheat condenser heat transfer coefficients can also be calculated from the correlations 
discussed in Appendix BIT. Using the Dittus and Boelter correlation we can determine the forced 
convection coefficient and using the Chun and Kim correlation we can determine the 
condensation coefficient. The resulting overall heat transfer coefficients are shown in Figure 5-4.  
The Chun and Kim correlation tends to under-predict the condensing heat transfer coefficient 
and this explains the under-prediction shown here. 
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Figure 5-4 : Experimental water heat transfer coefficients and calculated correlation 
results. 
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Figure 5-5 : Overall energy balance sum of squared errors. 

5.3.3) Evaporator Surface Energy Losses Overall Heat Transfer Coefficient 

At this stage we are interested in identifying the surface losses overall heat transfer coefficient 
( V, ) .  Heat losses from the MVR evaporator surfaces occur by convection and radiation heat 
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transfer. The overall energy balance for the MVR evaporator section is given by equation (S .4) .  
This equation is developed by the addition of the MVR evaporator effect and evaporator shell 
energy balances. These energy balances were derived in Chapter 2 and are given there by 
equations (2.2S) and (2 . S8) .  

qjeedl + Wcompl =qpcond + qe/ossl + qs/ossl + qcondensale I (S .4) 

The q feed l ,  q pcond ' WcompI and qcondtruattl terms can be determined from historical data and the 

physical property equations in Appendix A. The power supplied to the compressor ( Wcompl ) 
depends on the compressor pressure difference ( PsI - P.l )' the evaporated vapour density ( Pvel ) 
and the mass flow of compressed vapour ( Mcompl )' The pressure difference and vapour density 

can be determined from the Antoine saturation equations (2.70). In addition the volumetric flow 
of evaporated vapour can be determined from the amount of evaporation in the MVR evaporator 
section. Equation (S .  4) therefore provides a balance equation that can be used to identify the loss 
overall heat transfer coefficient . A set of historical data from the Evaporator A plant oil Water 
and Sophie-Lo was collected and used to identify the overall heat transfer coefficient. Figure S-S 
shows the resulting model sum of squared errors vs the loss overall heat transfer coefficient and 
clearly the optimum is 1 2  W/m2 . oC .  

The heat transfer due to natural convection can be estimated from literature correlations. These 
correlations are discussed in Appendix BII and they predict an overall heat transfer coefficient of 
3 .9 W/m2 .oC. However, this wil l  be lower than the actual heat transfer coefficient, because of the 
additional radiation heat transfer. 
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Figure 5-6 : Overall energy balance residuals vs MVR evaporating temperature. 
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Now we are interested in determining if the loss overall heat transfer coefficient is non-constant . 
Strictly because of the importance of radiation, we expect the losses heat transfer coefficient to 
be non-constant. We test this by investigating the energy balance residuals, which we define by 
the following equation. 

/'l -
[qfeed l + Wcompl - qpcond -qelossl - qslossl - qcondensateJ 

loss - [q feed 1 + WcomPl] 
Where, /'lloss fractional energy balance residual. (W /W) 

(5 .5)  

Figure 5-6 shows the residuals vs the MVR evaporating temperature. The residuals appear to be 
relatively well ranged, but there may be a weak trend with the evaporating temperature. This is 
consistent with the non-linear nature of radiation heat transfer, where the apparent heat transfer 
coefficient increases at higher temperatures. However, because the fractional residuals are all 
less than 2 % we wil l  not consider this effect. 

5.3.4) MVR Compressor Vapour Duct Losses 

Here we are interested in the MVR compressor model and the impact of additional pressure 
losses through the vapour ductwork. The compressor model is given by the following quadratic 
equation, which can be solved for the mass flow of compressed vapour (Mcompl )' This equation 

is presented in Chapter 2 and is shown there by equation (2.64). The parameters Gcomp , bcomp 
and c comp were determined from the manufacturer compressor curves. 

[P' l - F:l l N2 b N (Mcompl )  (M;omPl ) 
..:o....cc-,----,-,-" = G camp ' camp + camp ' camp + C camp 2 P"e] Pvel Pvel 

(5 .6) 

'b N )2 4 ( N 2 Psl - Pel ) 
p "�I � comp ' Comp - .C contp a comp . comp -
_--'-____________ p_V_e1_ , Mcompl =Mph2 -Mps (5 .7) 

2.ccomp 
At steady state the mass flow of compressed vapour is equal to the mass flow of evaporated 
water, as shown in equation (5 .7) .  All the information in this equation can be determined from 
historical data. The compressor pressure difference is determined by the evaporator effect/shell 
temperatures, the vapour density from the effect temperature and the compressor speed is 
recorded online. In addition the mass of evaporation is determined from the evaporator feed flow 
and the MVR product mass flow. Consequently we can make predictions for the mass flow of 
evaporation and compare these with historical data. This provides a test of the compressor model 
and Figure 5-7 shows a set of predicted and historical results for the evaporator when operating 
on water. The calculated results follow the same trend as the historical data, but there is also a 
clear deviation. 

94 



Model Identification 

Model predict ions 
+ �istOrical  data - - - - - - - - - - - - - - - - t - - - - - - - - o - t - - - -�- - -

: :  : 0 : � o - - - - - - - - - - � - - - - - - - - - - - � - - - - - - - - - - - - - - - - - - - - - - ! - - - - - - - - - - (j - - - - - - - - - -: :  : eb b  aP 
: :  b -t/ � - - - - - - - - - - � - - - - - - - - - - - � - - - - - - - - - - - - - - - - - - - - - - t - - - - - � - - - - � - - - - - - �  
: :  H- + :, t+ - - - - - - - - - - r - - - - - - - - - - - r - - - - - - - - - - - _ _ _ _ _  �- - -�- - - - - :t -� - ! - - - - - - - - - -

- - - - - - - - - - � - - - - - - - - - - - � - - - - - - - - - - - : - - - - - -·F - -�- - - - - - - - - - - f - - - - - - - - - -

0 + : 
I I I I 

_ _ _ _ _ _ _ _ _ _  � _ _ _ _ _ _ _ _ _ _ _  � _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  4 .  _ _ _ _ _ _ _ _ _ _  4 _ _ _ _ _ _ _ _ _  _ 

: : -f- : : I I • I 
· . .  
I I I I 

- - - - - - - - - - r - - - - - - - - - - - r - - - - - - - - - - - - - - - - - - - - - - t - - - - - - - - - - - t - - - - - - - - - -
• I I I 
I I I I 
I I I I 

. . . e - - - - - - - - -�- - - - - - - - - - - r - - - - - - - - - - - - - - - - - - - - - - t - - - - - - - - - - - t - - - - - - - - - -

I I I I 
· . 

7�------�------�------�------�------�------� 
1 600 2400 2800 

Compressor speed (rpm) , 

Figure 5-7 : Comparisons of historical mass flow of evaporation and compressor curve 
calculations. 

A probable explanation, for the deviation shown in Figure 5-7, is an additional pressure drop 
through the compressor vapour ductwork. This ductwork is quite long and the vapour passes 
through it at a relatively high velocity. Consequently there will be a frictional pressure drop 
( I1Pdrop ) and this will cause the actual compressor pressure difference to be larger than expected 

(i .e . ,  PS! - Pe! + I1Pdrop )' We expect the additional frictional pressure drop to be proportional to the 

square of the volumetric flow of vapour. Then a simple manipulation of equation (5 .6) shows 
that the additional frictional pressure drop can be incorporated by identifying the compressor 
parameter C comp . 

I1P ps! - Pe! + I1Pdrop =--------'-
P,oe p, .• 

Where, ! 

Pve 
acomp .N;omp + b comp .Ncomp ·Qcomp + C comp .Q!mp (5 .8) 

parameter representing the frictional pressure drop. (m-4) 

With the historical data from Figure 5-7 we can calculate the model sum squared errors vs the 
ccomp parameter. Figure 5-8 shows the results and clearly the optimum ccomp value is -14.83 m-4. 
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Figure 5-8 : Optimisation plot for the determination of the compressor parameter ccomp • 
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Figure 5-9 : Fractional mass of evaporation residuals vs mass of evaporation. 

As with the previous identifications, we are interested in testing the results by investigating the 
balance equation residuals. We define the following fractional residual, where Mcompl is 
calculated using the identified compressor model. Figure 5-9 shows the residuals vs the mass 
flow of evaporated water. The residuals appear to be well ranged across the operating range and 
furthermore they are all less than 3 %, so the identification appears to be accurate. 
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!). = � pil2 -M p5 -McomP I ] m M comp I 

Where, !).m 
Mplr2 = 
Mp; 

fractional mass of evaporation residual . 
MVR evaporator feed mass flow. 

MVR evaporator product mass flow. 

(5 .9) 

(-) 
(kg/s) 

(kg/s) 

We have already discussed the need for identifying ccomp . The change in ccomp , between the 

original compressor curve and the identified result, is probably due to the pressure drop through 
the vapour ductwork. It has been stated (Ferguson, 1 989) that a well designed compressor has a 
vapour duct pressure drop that is equivalent to a 0 .5  QC saturation temperature drop. We can 
calculate how the change in ccomp relates to a pressure drop and hence temperature drop. This is  

valuable, because i t  provides a simple consistency check on the compressor model identification. 
The compressor curve was given by equation (5 .6), which can be rearranged to produce an 
equation for the additional pressure drop through the compressor. 

M.irop = P,· • .  !).C camp ·Q ;omp (5 . 1 0) 

Where, Mdrop 
Pvc 
/1ccomp = 
Qcomp = 

additional pressure drop through MVR compressor. 

vapour density. 

change in ccomp between compressor curve and identified. 

volumetric flow of vapour through the compressor. 

(pa) 

(kg/m3) 

(m-4) 

(m3/s) 

If we use this equation, in combination with the Antoine saturation equations, we can calculate 
that the equivalent temperature drop is 0.6 QC. This temperature drop is the reduction in the 
saturation temperature due to the pressure drop in the compressor vapour ductwork. It is very 
similar to the expected literature result and so we are quite confident that the identified result is 
representative. 

5.3.5) Water Evaporating Overall Heat Transfer Coefficient 

Here we are interested in the evaporating overall heat transfer coefficient for water. If we make a 
total mass balance between the MVR evaporator feed and the product we can produce equation 
(5 . 1 1 ). This equation is the static version of equation (2.2 1 )  from Chapter 2. 

M ph2 ·C pwaler ( ) ( ) 
M emp = M ph2 - M pS = M flash! + M h,besl = 

A 
Tph2 - Te! + US .ASI TSI - TeI 

Where, M flash! = 

Mevap 
Mph2 

mass flow of flashed vapour in the MVR evaporator. 

mass of evaporated water in the MVR evaporator. 

mass flow to the MVR evaporator first pass. 
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M ps mass flow from the MVR evaporator section. (kg/s) 
Vs falling film evaporating overall heat transfer coefficient. (W 1m2 . °C) 
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Figure 5-10 : Sum of squared errors vs evaporating overall heat transfer coefficient. 

We can determine all the variables in equation (5 . 1 1 ), except for the evaporating overall heat 
transfer coefficient, from the Evaporator A plant historical data. Consequently this equation can 
be used to identify the evaporating heat transfer coefficient. Figure 5- 1 0  shows the sum of 
squared errors in the balance equation and clearly the optimum overall heat transfer coefficient is 
approximately 1 900 W 1m2 . 0c . 
As with the earlier identification work we are interested in determining if the overall heat 
transfer coefficient is non-constant. In particular we are interested in determining if the 
evaporator temperature has an impact. We expect the overall heat transfer coefficient to vary 
with temperature, because of changes in the water viscosity and thermal conductivity. Here we 
test this by plotting the balance equation residuals vs the evaporator temperature. We will define 
the following fractional residual, which uses the identified overall heat transfer coefficient (Vs ) 
and the plate historical data (M ph2 ,M pS ,  Tel and Ts1 ) '  

[M flash! + UsAsl (Ts! - Te! )-M ph2 + M ps ]  !1" = (5 . 1 2) 
M hlbes I 

Where, !1" fractional residual in evaporating mass balance. (-) 
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Figure 5- 1 1 shows the fractional residuals vs the evaporator temperature and there is a clear 
trend between these variables. In addition the fractional residuals are relatively large, which 
suggests that we need to incorporate the effect of temperature on the water overall heat transfer 
coefficient. 
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Figure 5-1 1  : Fractional residuals !ill vs the evaporating temperature. 

We are also interested in comparing the identified water heat transfer coefficient with those 
determined from heat transfer correlations. The water evaporating balance equation can be 
rearranged into equation (5 . 1 3 ) for the evaporating overall heat transfer coefficient. [ M C � M - . ph 2 . pwater (r - r ) 

cmp A ph2 e! 
U = ��--------------���� s [(As! + As2 + As3 + As4 + Ass Xrsl - rei )] (5. 1 3 )  

Figure 5- 1 2  shows overall heat transfer coefficients as calculated from equation (5. 1 3 ). These 
can be compared to the heat transfer coefficients calculated from correlations. For example, the 
Chun and Kim ( 1 990) correlation is given by equation (5 . 14) and this applies for both the 
evaporating and condensing coefficients. However, the correlation of Alhusseini ( 1 998) is 
developed using a larger amount of experimental results and is  expected to be more accurate. 
The Alhusseini correlation is discussed in Appendix BI along with that of Ch un and Kim. 

I 
Nu = 1 . 33Re -3 + 9. 56xl 0-6 Re0 89 PrO 94 +0.0082 , 1 1 !ix 1 

- = --- + --+ --U hevap kwall hcond 

Where, hevap evaporating heat transfer coefficient. 
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� 
U 

condensing heat transfer coefficient. 

thermal conductivity of evaporator tubes. 
thickness of the evaporator tubes. 
overall heat transfer coefficient. 

NU[ = : (;,'J J Nusselt dimensionless number. 

R{= 4:J Reynolds dimensionless number. [ Cp .p ] 
Pr =-­

k 
Prandtl dimensionless number. 
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Figure 5-12  : Experimental and correlation overall heat transfer coefficients. 

The condensing and evaporating Reynolds numbers depend on the film l iquid loadings. 
However, we shall assume that the film l iquid loadings are constant at 0. 1 4  kg/m.s. The heat 
transfer coefficients also depend on the temperature, since this impacts on the physical properties 
of water. These physical properties can be determined using the equations discussed in Appendix 
A. The resulting comparison between the experimental and correlation results are shown in 
Figure 5- 1 2 . These show that the Chun and Kim correlation under predicts the heat transfer 
coefficients whereas the Alhusseini correlation is quite accurate. 

We can determine a linear model for the overall heat transfer coefficient, in terms of the 
evaporating temperature, using standard regression analysis (Montgomery, 1 99 1 ,  pp 500-50 1 ). 
Since the model is linear in parameters this presents no difficulty and the resulting equation is 
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shown in Figure 5 - 12 .  The mass balance fractional residuals, with the linear overall heat transfer 
coefficient model, are shown in Figure 5- 1 3 .  

It is interesting to note that the correlations results i n  Figure 5 - 1 2  predict less temperature 
dependence than the historical data. The cause of this discrepancy is unknown, but it is possibly 
caused by the assumption of a constant liquid loading. In Chapter 6 it is shown that the mass 
flow of evaporation in the MVR evaporator section varies with temperature. This makes it likely 
that the liquid loadings will also increase with temperature, since more evaporation will occur at 
higher temperatures. As a result, there is probably more temperature dependence in the identified 
linear equation that occurs in reality. 
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Figure 5-13  : Fractional residuals �u vs evaporating temperature. 

5.3.6) Milk Evaporating Overall Beat Transfer Coefficient 
Introduction 
Here we consider the evaporating heat transfer coefficients for milk solutions, which are found to 
reduce with increases in dry matter concentration. This is because the dry matter concentration 
has a substantial impact on the milk solution physical properties and thereby the heat transfer 
coefficients. For example the viscosity and density is found increase and the thermal 
conductivity and heat capacity reduce, when the milk dry matter increases. These physical 
property changes cause a reduction in the heat transfer coefficient. Here we wish to identify 
models for the relationship between the evaporating overall heat transfer coefficient and the milk 
solution dry matter. 

In Appendix BII three steady state models for accommodating the impact of dry matter on the 
evaporating heat transfer coefficients are discussed. A ' linear integrated' model (i .e., 
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U =U/o -U/ww )  produces the following for the mass flow of evaporation in an evaporator pass. 
This model is shown in Appendix BII by equation (BII. I I ) .  

Where, M tllbeS 

Md 
mass flow of evaporation in the evaporator pass. 
mass flow of milk from the distribution plate. 

milk dry matter from the distribution plate. 
evaporator temperature difference. 
evaporator heat transfer surface area. 
heat transfer model parameter. 
heat transfer model parameter. 

(kg/s) 
(kg/s) 

(kg/kg) 
COC) 
(m2) 
(W/m2 .oC) 
(W/m2. oC) 

(5 . 1 5) 

The linear integrated heat transfer coefficient model can be expanded using a Maclaurin series 
approximation. If we restrict this expansion to its first term, then we can produce a ' simple 
linear' heat transfer model, which is shown in Appendix BII by equation (BII . 1 2) and here by 
equation (5 . 1 6). However, because it is only an approximation of equation (5 . 1 5) we have 
defined new names for the heat transfer parameters (i.e., Uso :;:,U/o and U sw :;:'  U/w ). 

� ] As .f1T 
M IIIbes :;;; U so -U sw ·  W d 

A 
(5 . 1 6) 

An 'exponential integrated' model (i .e. , U [ Ueo 
P f produces the following for the mass 

I +Uewe .w 
flow of evaporation in an evaporator pass. As with the linear model, this is presented in 
Appendix BI! and is shown there by equation (BI! . 1 7). 

r. I P·Wd P.wp ] U PM [E ·' n ) E ·( n )] _ Ue� .As ·t1.T Mtllbes + Uew !:"'1 d e -Mpe + ew · d ·Wd I\jJWp - 1\jJ.Wd - A 

Mp = Md -Mtllbes ' 

Where, Mp 

Wp = [Aid -Mh,bes ] 

milk mass flow from the evaporator pass. 

milk dry matter from the evaporator pass. 

(kg/s) 

(kg/kg) 

(5 . 1 7) 

(5 . 1 8) 

The above heat transfer models all contain more than one parameter. The ' integrated linear' 
model contains two parameters, the ' simple linear' model contains two and the ' integrated 
exponential ' model contains three parameters. This means we cannot identify the models using 
the simple one-parameter optimisation method that we used for the other MVR evaporator 
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section parameters. The multi-parameter nature of the heat transfer identification means that we 
must consider the problem carefully. We will approach the problem from three directions. 

I )  Firstly we consider some heat transfer correlations. 
In general heat transfer correlations cannot be expected to produce accurate predictions. 
However, they do provide a valuable consistency test for the heat transfer models that are 
identified from process data. 

2) Secondly we use dry matter samples to identify the model parameters. 
Measurements of the dry matters from each Evaporator A pass allow the determination of the 
mass flow of evaporation across a range of dry matter concentrations. With this data we can then 
identify the heat transfer models. 

3) Thirdly we use 'online' flow/density measurements to identify the models. 
The Evaporator A online flow/density measurements can be collected and used to determine the 
total evaporation in the MVR and TVR evaporator sections. 

In the remainder of this section, we shall consider each of these methods and try to identify 
suitable models for the milk solution heat transfer coefficients. Firstly, the heat transfer 
correlation of Alhusseini will be used, with the physical property equations of Appendix A, to 
calculate the heat transfer coefficients for Whole and Skim Milk. Secondly, we shall consider the 
identification of the heat transfer parameters using dry matter samples. These were collected for 
Whole and Butter Milk throughout the Evaporator A plant. The dry matter samples wil l allow the 
complete identification of all three models. Finally we will consider the on-line flow and density 
data. These were collected for Whole Milk and Sophie-Lo, but only a limited range of operating 
conditions were available. In order to use this on-line data a simplification will need to be made 
to the heat transfer models. By assuming that the heat transfer coefficients at zero dry matter are 
equal to those for water, we can reduce the number of model parameters. 

Three other important points should be noted about the heat transfer coefficients for milk. 
1 )  The milk solution physical properties depend on milk composition. 
2) The heat transfer coefficients can be reduced by fouling on the evaporator tubes. 
3) The heat transfer is likely to be a combination of convection and nucleate boiling. 

The different milk solution components are found to have different impacts on the physical 
properties and thereby heat transfer coefficients. For example the protein content has a large 
impact on the milk viscosity and an important impact on the thermal conductivity. However, the 
fat content has considerably less impact on the viscosity, but it has a large impact on the thermal 
conductivity. As a result, different milk solutions have different functional relationships between 
the dry matter concentration and heat transfer coefficient. 

Another important effect is fouling of the evaporator tubes. During operation it is common to 
find milk dry matter components become attached to the evaporator tube surfaces. This causes an 
additional resistance to heat transfer and consequently the overall heat transfer coefficient is 
reduced. However, a well designed and operated evaporator should not suffer from serious 
fouling problems. As a result, we will not model the impact of fouling on the evaporating heat 
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transfer coefficients. To avoid fouling the experimental data should be taken from the start of an 
evaporator run. 

The importance of nucleate boiling in the evaporation of milk solutions is not well understood. It 
has been suggested that nucleate boiling starts at temperature differences of 0 .5  QC for milk and 5 
QC for water (Bouman et ai, 1 993). The lower temperature difference required for milk solutions 
is due to its lower surface tension. However, it is unknown why the reported milk nucleate 
boiling occurs at such significantly lower temperature differences. Despite this, it is clear that 
milk solutions will evaporate by a combination of convection and nucleate boiling. Therefore we 
expect the heat transfer coefficients to depend on temperature difference, as well as dry matter 
concentration (Holman, 1 989). However, we shall neglect the impact of nucleate boiling and 
assume that the heat transfer coefficients are independent of the driving temperature difference. 
This assumption is based on the relatively constant temperature differences that modem 
evaporator plants operate with. For example the MVR evaporator section of the Evaporator A 
plant normal ly operates with temperature differences of between 3-4 QC. 

Heat transfer correlations 
Here we consider the prediction of the heat transfer coefficients from correlations. Using the 
physical property equations of Appendix A and the correlations of Appendix BI, we can 
calculate the overall heat transfer coefficients of milk in a falling film evaporator. The results for 
Whole Milk and Skim Milk, as calculated from the Alhusseini correlation, are shown in Figure 
5- 14 .  To calculate these results we have used a liquid loading of 0 . 14  kg/m.s for the 
determination of the falling film Reynolds number. 
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Figure 5-14 : Correlation Skim Milk and Whole Milk overall heat transfer coefficients. 

There are, however, a number of problems with calculating the heat transfer coefficients from 
these correlations. Firstly, we are not completely confident about the accuracy of the physical 
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property models. It is unknown how accurate these are across a range of milk solution 
compositions. Secondly, the falling film heat transfer correlations were developed empirically 
from experimental heat transfer data. Many of these experimental fluids are likely to be 
substantially different from milk solutions and consequently the correlations are unlikely to be 
applicable for milk. Thirdly the heat transfer correlations do not include the impact of nucleate 
boiling. These problems are shown by the results in Figure 5- 1 4. It is known that the heat 
transfer coefficients for Skim Milk are larger than those of Whole Milk (Trinh et ai, 1 996), but 
the Alhusseini correlation has produced nearly identical results for both. However, despite these 
problems the �orrelations do provide a definite indication of the magnitude of the heat transfer 
coefficients. We can therefore use these results as a consistency 'test' for the other heat transfer 
models that we develop. 
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Figure 5-1 5  : Experimental Whole Milk overall heat transfer coefficients. 

Heat transfer identification, dry matter samples 
Here we consider the identification of heat transfer models from experimental dry matter 
samples. Dry matter samples were taken through the Evaporator A plant for Whole Milk and 
Butter Milk. Given the evaporator feed and product flows, these allow the mass flow of 
evaporation to be determined for all the evaporator passes. 

Firstly we shall consider the ' simple linear' model, as shown by equation (5. 1 6) .  Using the 
calculated mass flows of evaporation we can calculate the overall heat transfer coefficients. The 
linear relationship between the dry matter and overall heat transfer coefficient is then determined 
using simple regression analysis. Figure 5- 1 5  shows the calculated Whole Milk overall heat 
transfer coefficients vs dry matter and the resulting identified linear heat transfer model. Figure 
5 - 16  also shows the calculated overall heat transfer coefficients for Butter Milk, along with the 
identified linear heat transfer relationship. 
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Figure 5-16 : Experimental Butter Milk overall heat transfer coefficients. 

We should, at this stage, take a closer look at the results shown in Figure 5- 1 5  and Figure 5- 1 7 . 
In particular the heat transfer coefficients above 0.3 kg/kg are larger than the identified equation. 
It is possible that these discrepancies are caused by additional nucleate boiling occurring in the 
TVR evaporator section. Typically the TVR section, wnen working with milk, operates with 
temperatures differences between 3 and 7 °C, which is larger than that of the MVR evaporator. 
In this range of temperature differences it is likely that nucleate boiling is occurring and this may 
explain the larger heat transfer coefficients. 

We now consider the heat transfer models given by equation (5 . 1 5) and (5 . 1 7). Using the dry 
matter samples we can identify the parameters which minimise the balance equation sum of 
squared errors. The linear model contains two parameters and the exponential model three. We 
can, however, reduce the exponential model parameters by using the derivation of Appendix BII .  
It is shown that the P parameter can be estimated from a viscosity model (i .e, 

Ji = Ji,mrere P' w and P = �I ). The viscosity parameter PI will vary for different milk solutions, 

but it is normally approximately 1 0-20 (Middleton, 1 996). Consequently we can calculate that P 
should be between 3 and 7. We will use a value of 4 .5  for this parameter and thereby reduce the 
exponential model parameters to two. 

With the dry matter samples we have calculated the balance equation sum of squared errors and 
identified the model parameters. Figure 5- 1 7  shows the identified Whole Milk model predictions 
for the heat transfer coefficients vs dry matter concentration. Also shown are some literature 
results for the heat transfer coefficients of Whole Milk (Trinh et ai, 1 996). The literature data 
suggests that the heat transfer coefficients depend on dry matter concentration, evaporating 
temperature and also evaporator temperature difference. The effect of dry matter and temperature 
are clearly due to the impact of the milk solution physical properties. However, there is no 
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adequate explanation for the impact of temperature difference. Possibly the milk is evaporating 
by nucleate boiling, which is known to depend on the temperature difference, but this is not 
clear. 
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Figure 5-17  : Whole Milk overall heat transfer coefficients vs dry matter concentration. 

Heal tramfer identification, on-line data 
Here we shal l consider the identification of the heat transfer models using online flow and 
density measurements. The Evaporator A plant contains a volumetric feed flow and two mass 
flow/density meters, after the MVR and TVR evaporator sections (i .e . ,  Qf ' M p5 ' M pS ' Pp5 and 

pps ) ,  With these measurements we can determine the total mass flow of evaporation in the MVR 
and TVR evaporation sections. However, a difficulty with the online data is the small range of 
plant operating conditions. Typically the plant works with very similar feed dry matters and 
product mass flow/dry matters. This makes it impossible to identify the two-parameter heat 
transfer models, because these require data across a range of dry matter concentrations. 
Therefore, before considering the identification of heat transfer models with on-line data we will 
consider a simple method for simplifying the heat transfer models. 

Figure 5- 1 7  shows that the extrapolated zero dry matter overall heat transfer coefficient is very 
similar to the water coefficient. There is also a clear consistency between the results in Figure 5-
1 7  and those in Figure 5- 1 5  and Figure 5- 1 6 . All these models have an extrapolated zero dry 
matter overall heat transfer coefficient that is similar to water. If we substitute the water overall 
heat transfer coefficient into equations (5. 1 5) and (5. 1 7), then we produce the following. This 
simplification of the heat transfer coefficient models is very important. We have already 
identified the overall heat transfer coefficient for water, so we only need to identify the 
parameters Uew and U/w '  This can be achieved considerably more easily with the on-line data. 
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Where, V water = 

v - V water [1 + VeM' ] - [l +VeweP w] 
falling film evaporator overall heat transfer coefficient. 

(5 . 1 9) 

It is possible to add the mass balances for the evaporator passes to produce the following mass 
balances for the entire MVR evaporator section. A similar mass balance equation can be 
produced for the TVR evaporator section. These provide the balance equations that we need to 
identify the overall heat transfer coefficient parameters Vew and Vlw , when working with the on­
line data. 

M -M - UwatorAst!1T Vh.,Mdl ,wdl l [1 - (Mdl -Mp5 Pwater ] 
dl pS - + og ( ) A. U water M dl V water - V/w 'W dl 

(5 .20) 

M _ A f - U"""r (I + U.,. )ASI�T - u  L ,  p,w" _ Af p,w,, ]_ U  PM [E·{n )- E'(O )1(5 . 2 1 )  dl 'i ps - A. <w LJ"i dle 'i ps e <w . dl ,Wdl 1 \p.Wps 1\p .Wdl 'J 

Where, A"t Mdl total surface area of the MVR evaporator section. 

mass flow of milk from the first MVR evaporator distribution plate. 

dry matter of milk from the first MVR evaporator distribution plate. 

mass flow of the milk from the fifth evaporator pass. 

dry matter of the milk from the fifth evaporator pass. 
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Figure 5-1 8  : Identification for the linear heat transfer coefficient model. 

1 08 

(m2) 
(kg/s) 
(kglkg) 

(kg/s) 

(kglkg) 



Model Identification 

Historical online data was collected from the plant when working with Whole and Sophie-Lo 
milk solutions. This data was used with the balance equations (5 .20) - (5 .2 1 ). Figure 5- 1 8  and 
Figure 5 - 19  show the resulting sum of squared errors vs the heat transfer coefficient parameters. 
The optimum U/w parameter for Whole Milk is 3250.2 W/m2.oC and for Sophie-Lo it is 2276.3 
W/m2.0c. Whereas the optimum Uew parameter for Whole Milk parameter is 0.6 1 59 and for 
Sophie-Lo it is 0 .2652. 
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Figure 5-19 : Exponential model sum of squared errors vs heat transfer parameter. 

Dry matter ,  U = 2366.3/(l -+O.33e4.SW) 
Dry matter ,  U = 1 836.73 - 2646.7w 
Online dat a ,  U = 1 900 - 3250.2w 

Onl ine data ,U = 1 900(l -+O.61 59)/(l -+O.615ge4.SW) 

Figure 5-20 : Whole Milk identified heat transfer coefficient models. 
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Comparison of identified heat transfer models 
The heat transfer coefficients determined from the literature correlaions, dry matter samples and 
on-line data can be compared. Strictly the same heat transfer model should result from all three 
methods. This, therefore, provides an important consistency test for the identified models. Figure 
5-20 shows the Whole Milk heat transfer models that were identified from the dry matter and the 
on-line computer data. There is a good comparison between these results and those determined 
from the heat transfer correlations. However, the models determined from the on-line data 
produce lower heat transfer coefficients than the dry matter samples. This could be due to fouling 
of the evaporator. The dry matter samples were taken at the start of the evaporator run, when no 
fouling would exist. However, the on-line data was taken during a variety of times, when the 
plant had often been in operation for several hours. 

Figure 5-2 1 shows the Whole Milk model that was identified from the dry matter samples and 
the Sophie-Lo model. The Sophie-Lo model heat transfer coefficients are higher than those for 
Whole Milk and this is probably due to the different compositions of the two milk solutions. 
Sophie-Lo contains less protein and fat than Whole Milk, but more lactose. The protein and fat 
both appear to have a strong impact on the heat transfer coefficients, because of their large 
impact on the thermal conductivity and viscosity. However, the lactose does not have as much 
impact on these physical properties and so the heat transfer coefficients for Sophie-Lo are higher. 
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Figure 5-21 : Sophie-Lo and Whole Milk identified heat transfer coefficient models. 

In the above analysis we have used three different heat transfer coefficient models. These are the 
integrated ( 5 . 1 5) and simple linear (5 . 1 6) heat transfer models and the integrated exponential 
model (5 . 1 7) .  We are interested in determining which model is the most accurate. Here we 
investigate the sum of squared errors in the mass balances, as determined from the dry matter 
samples. The model with the lowest sum of squared errors obviously fits the experimental data 
best and can be considered the most accurate model. Figure 5-22 shows the mass balance sum of 
squared errors for the three models. Also, we have considered the constant heat transfer 
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coefficient case. A constant heat transfer coefficient, that minimised the mass balances, was 
determined. This constant heat transfer coefficient was 1 400 W/m2.oC and the corresponding 
sum of squared errors is also shown in Figure 5-22. It is clear that the simple linear model is  the 
most accurate. This is surprising, because this model neglects the increase in dry matter down the 
falling film. Presumably this is not important or the integrated models have incorrectly 
incorporated this effect. 
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Figure 5-22 : Comparison of Whole Milk heat transfer coefficient models. 

5.4) TVR Section 

5.4. 1 )  Introduction 

The parameter identification for the TVR evaporator section will be separated into two parts. 
Firstly the determination of steady state parameters from water data and secondly the 
determination of the fall ing film residence times from milk historical data. We are primarily 
concerned with the steady state determination of the TVR compressor parameter BTVR . However, 
unlike the MVR evaporator section, we cannot separate the static identification into parts and 
consider each individually. Consequently we must identify the TVR compressor parameter along 
with the overall heat transfer coefficient in a two parameter identification process. Following this 
we will investigate the dynamic TVR evaporator section residence times. 

5.4.2) TVR Compressor Parameter and Overall Evaporating Heat Transfer Coefficients 

The energy balances for the TVR second effect, shell and third effect are given by the following. 
These equations were derived in Chapter 2 and they are shown there by equations (2.30), (2.63) 
and (2 .35 ) .  

qfeed6 + qshell6 = qcomp2 + qshel/7 + qshel/8 + Qeloss2 ' Wcomp2 + Qcomp2 = Qshel/6 + Qcondensate2 + Qsloss2 (5 .22) 
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q feed 7 + q shell7 + q shell8 = q vac + q eloss3 (5 .23) 

The addition of the energy balances for the second effect and shell gives the following overall 
energy balance for the second effect. 

q feed 6 + Wcomp2 = q shell 7 + q shell 8 + q 010ss2 + q sloss2 + q condensate 2 (5 .24) 

These balance equations contain many parameters, which are known or have been identified in 
the MVR evaporator section. The losses overall heat transfer coefficient is known and the 
physical properties of water can be determined from the equations of Appendix A. However, we 
are unsure about the TVR compressor parameters, or the evaporating water heat transfer 
coefficient. In Appendix D the TVR compressor parameters are determined from the 
manufacturer specifications, but we would like to determine the accuracy of the parameters. In 
particular we are concerned about the parameter BTVR . This parameter is directly proportional to 
the mass flow of suction vapour, which represents a large amount of the evaporator capacity. 
Also the water evaporating heat transfer coefficients are likely to be different from the MVR 
evaporator section, because of the lower temperatures, shorter TVR evaporator tubes and larger 
temperature differences. Therefore the TVR water identification is a two parameter process. 

A difficulty with the Evaporator A TVR evaporator section is the lack of measurements. The 
second effect shell temperature and the vacuum condenser cooling water temperatures and flow 
are not measured. We can use the second effect shell energy balance to calculate the shell 
temperature and the third effect energy balance to calculate the condenser heat flow. However, 
this leaves only a single energy balance to identify the process parameters. Fortunately there is 
also the mass balance for the TVR section, which is given by the following. We will use the 
TVR second effect overall energy balance and the total TVR mass balance to identify the 
required process parameters. 

M p S  =M p8 +M flash 6 +M tubes 6 +M flash 7 +M tubes 7 +M tubes 8 (5 .25) 

Historical data was collected from the Evaporator A plant when operating with water. We can 
identify the process parameters by minimising the second effect overall energy and TVR section 
mass balance deviation sum of squared errors. By doing this, we can determine that BTVR = 45 

mo.03 . so.06/kgo.03 and Uo = 1 400 W/m2.0c.  These parameters can be compared with our 
. 

h B . 
d . d 58 0 03 0 06/k 0 03 · A d' D d h expectatIOns. T e TVR parameter IS etermme as m · . s  . g . m ppen IX an t e 

overall heat transfer coefficient is given as 1490 W/m2. oC from the results of the MVR 
evaporator section. There is a difference between these and the identified results, but it is a not a 
significant discrepancy. However, we wish to test the identified parameters by investigating the 
balance equation residuals. We will define t,he following fractional residual. 

(5 .26) 
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Figure 5-23 : Energy balance equation residuals vs TVR mass feed flow. 
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Figure 5-24 : Energy balance residuals vs TVR feed flow, with film break-up points 
neglected. 

Figure 5-23 shows the overall energy balance residuals ( �T l ) vs the TVR evaporator mass feed 
flow rate. Many of the residuals are within 20 % but there are some points with large residuals at 
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low flow rates. In Appendix C the water historical data is used to calculate the mass flows from 
the fall ing films. The results suggest that the large residuals in Figure 5-23 are caused by break­
up of the falling film at low flowrates. This causes the effective heat transfer coefficients to be 
lower and thereby causes the large residuals shown in Figure 5-23 . 

We are not interested in the heat transfer coefficients during film break-up. As a result, the data 
points corresponding to film break-up will be neglected and the parameter identification 
repeated. By doing this we can identify new values for the process parameters of BTVR = 47 
m°.03 . s0.06/kgO.03 and Uo = 1 690 W/m2.oC. These results can again be tested by considering the 
energy balance residuals and these are plotted in Figure 5-24. This shows that the residuals are 
evenly spread across the range of feed flows and we can be confident about the identification. 

5.4.3) Dynamic TVR Section Residence Times 

In Appendix BI a model is discussed that can be used to predict the residence time of a falling 
film. We will determine if this model is consistent with experimental results from the Evaporator 
A plant. The residence times of the TVR evaporator section can be determined from the product 
milk densities during start-up and shut-down. For example Figure 5-25 shows the product milk 
densities from the MVR and TVR evaporator sections during the Evaporator A start up. This 
clearly shows the delay between the MVR and the TVR product densities. The Laplace Domain 
transfer function, between the MVR and TVR density signals, is given by the following. 

Ifwe neglect the distribution plate dynamics, then this can be simplified. 

Where, r pS pumping delay, MVR density meter and TVR first distribution plate. 

falling film residence time for the sixth evaporator pass. 

pumping delay from the TVR seventh pass to the eighth pass. 
= pumping delay from the TVR sixth pass to the seventh pass. 

falling film residence time for the seventh pass. 
falling film residence time for the eighth pass. 
sixth pass distribution plate time constant. 
seventh pass distribution plate time constant. 

mass flow from the fifth evaporator pass, at steady state. 

mass flow from the eighth evaporator pass, at steady state. 
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Figure 5-25 : MVR and TVR product densities during start up, Sophie-Lo milk solution. 
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Figure 5-26 : MVR and TVR densities, superimposed on each other. 

The validity of neglecting the distribution plate dynamics can be investigated by looking at the 
MVR and TVR evaporator section product densities during start up. We can take the TVR 
density and infer the MVR product density using equation (5 .28). This inferred MVR density can 
be compared with the actual MVR density and the result is shown in Figure 5-26. A gain of 1 .45 
and a residence time of 230 s were used to infer the MVR product density. The two densities are 
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very similar and this suggests that neglecting the distribution plate dynamics is a reasonable 
assumption. 

Using equation (5 .28), with a set of historical data, we can determine the TVR evaporator section 
total residence time. Historical data was collected for the start-up and shut-down of the 
Evaporator A plant when working with Sophie-Lo milk solution. Figure 5-27 shows the Sophie­
Lo model sum of squared errors vs the TVR evaporator residence time. The optimal start-up 
residence time is 225 seconds and the shut-down time is 190 seconds. It is unknown what causes 
the difference in the residence times for the start-up and shut-down. 
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Figure 5-27 : Soph ie-Lo, start-up and shut-down TVR evaporator residence time 
identification. 

We are now interested in determining the falling film residence times. The falling film residence 
times and the pumping delays can be determined from the following. This assumes that the 
falling film velocities are constant . 

L. 
'p 

Lp (5 .29) re = - ,  == 

V V 
• p 

Where, 'p = pumping delay. (s) 

re fal l ing film residence time. (s) 
vp pumping velocity. (m/s) 

Lp pumping pipe-work length. (m) 

Le fal ling film evaporator tube length. (m) 

Ve fall ing film velocity. (m/s) 
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The falling film evaporator tubes are 1 0  metres and the product concentrate pipes are 20 metres 
long, in the TVR evaporator section. The pipes are 3 inch diameter and using the steady state 
model we can calculate the pumping delays for the TVR evaporator section. For example the 
fifth pass typically has a mass flow of 4 .5  kg/s and a density of 1 090 kg/m3 . With the 20 metre 
pipes this gives a residence time of • p = 22 s . 

The results in Figure 5-27 show that the total residence time of the TVR evaporator section is  
between 1 90 and 225 s. There are three pumping delays, which each have residence times of 
approximately 20 s. As a result, we can determine that the falling films have a residence time of 
between 1 30 and 1 65 s. If the falling film velocities are constant then each falling film has a 
residence time of between 43 and 55  s. With 1 0  metre tubes the falling film velocities are then 
between 0.23 and 0. 1 8  m/s. These results are consistent with those found in Appendix BI .  The 
fal ling film velocities of Whole and Skim milk solutions were found to reduce from 
approximately 0 .5  m/s to 0. 1 5  m/s, during the milk concentration process. Sophie-Lo contains 
less protein than Skim or Whole milk and so its falling film velocities are likely to be slightly 
higher. 

The results determined here are not meant to provide an accurate identification of the falling film 
residence times. We are primarily concerned with giving a simple verification of the falling film 
model discussed in Appendix BI .  It appears that the model is, in fact, consistent with the results 
from the Evaporator A plant . Most importantly it appears that the typical falling film residence 
time is approximately 50 s for each pass and each pumping delay is approximately 20 s. 

In the MVR evaporator section the falling film and pumping delay residence times may be 
different from those of the TVR 'evaporator section. However, given the falling film model from 
Appendix BI and the steady state model we can determine the residence times for the MVR 
evaporator section. The evaporator tubes are longer, at 1 6  metres and the concentrate pipes are 
longer, at 23 metres. Appendix BI gives falling film velocities of between 0 .5  and 0.25 m/s and . 
the fall ing film residence times are between 32 and 64 s. 

5.5) Conclusions 

In this Chapter we have identified many of the unknown parameters that are used in the 
Evaporator A plant model. A complete identification of the parameters has not been made and in 
particular many of the dynamic parameters are unknown. The important falling film residence 
times have been investigated, but the results are not completely conclusive and more work is 
required in this area. It will be shown in Chapter 7 that the falling film residence times are, from 
a controllabi l ity perspective, the most important dynamic parameters in the model. However, the 
thermal inertias will be found to be less important in the controllability analysis. Consequently 
the emphasis on the falling film residence times is justified. 

In Section 5 .2 we considered the DSI preheat section steady state model. This did not contain 
any model parameters, so we considered the model accuracy by making comparisons with 
historical data from the Evaporator A plant. The 'Advanced' model from Chapter 4 was used and 
the model produced good predictions. However, the model still appears to contain deficiencies, 
since its residuals showed a correlation with the DSI unit temperature. 
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In Section 5 .3  we considered the identification of model parameters for the MVR evaporator 
section. The identification was separated into parts, because of the difficulty of considering all 
the parameters simultaneously. Fortunately the online historical data, of the Evaporator A plant, 
is quite good for the MVR evaporator section and so it was possible to consider the equations 
independently. The preheat condenser overall heat transfer coeffi�ient, the evaporator surface 
energy losses overall heat transfer coefficient, the MVR compressor vapour duct pressure losses 
and the water evaporating overall heat transfer coefficient were all identified successfully. 

As part of the MVR evaporator section identification, we considered the heat transfer 
coefficients for milk solutions. It was shown that the evaporating heat transfer coefficients 
reduce with increases in the milk dry matter concentration. Three different methods were 
considered for the development of models for the effect of dry matter on heat transfer. Firstly, 
heat transfer correlations were investigated. Secondly dry matter samples were taken from each 
of the Evaporator A plant passes and used to identify models. Thirdly online flow and density 
measurements were used to identify models. 

The heat transfer coefficient correlations were considered first. A good comparison was 
produced for the water heat transfer coefficients. However, the results for milk did not seem to 
be as reliable. For example the correlation predictions for Skim Milk and Whole Milk were very 
similar, which contradicts the literature results with higher Skim Milk coefficients. This problem 
is possibly caused by physical property equations, which are not completely reliable, or possibly 
nucleate boiling, which is neglected in the convection equations. 

The dry matter samples and online flow/density measurements were used to identify heat transfer 
models for Whole Milk, Butter Milk and Sophie-Lo. Three models were derived in Appendix BIT 
and then the model parameters identified in Section 5 . 3 .  Comparisons between the dry matter 
and online data models were quite good, which provides an important clarification of the 
resulting models. Ultimately we would like general models for the heat transfer coefficients in 
terms of the milk components. However, the range of milk solutions considered was not enough 
to do this. Of the three heat transfer models, developed in Appendix B 1 1 , the ' simple linear' 
model was found to provide the best fitting. 

In Section 5 .4  the identification of parameters for the TVR evaporator section were considered. 
The important BrVR parameter was identified first . A two parameter identification was required, 
because of the coupling between the TVR evaporator section mass and energy balances. These 
could not be separated like those for the MVR evaporator section. A major difficulty with the 
identification was the occurrence of film beak-down at low mass flows. This causes the 
'effective' heat transfer coefficients to significantly reduce. In Appendix C it is shown that a 
large number of the TVR evaporator section data could not be used for identification, because of 
the film break-down. 
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Chapter 6 : Optimum Operating 
Regime 

6. 1) Introduction 

In this Chapter we investigate the optimum operating regime of the Evaporator A plant. The 
process optimisation is essentially a method for determining the process controller set-points, or 
alternatively the manipulated variables. We will be considering the evaporation costs and we aim 
to determine the process set-points which minimise this. The Evaporator A plant has six 
important process control set-points, with process and manipulated variables. 

Table 6-1 : Process and manipulated variables for the Evaporator A plant. 

Process Variable Manipulated Variable 
1 Evaporator product mass flow (M P8 ) Evaporator feed flow (M f )  
2 MVR evaporator temperature ( Tel ) Heat exchanger condensate flow (Mc )  
3 TVR final effect temperature ( Te3 ) Vacuum condenser water flow (M vac ) 
4 TVR product dry matter ( w pS ) TVR steam pressure set-point ( Psp ) 

5 MVR product dry matter ( w p5 ) MVR compressor speed ( N comp ) 
6 DS I unit temperature ( TVS1 ) DSI unit steam mass flow ( mdsi ) 

Some of the optimum conditions for these set-points can be determined relatively easily. 
Specifically the DSI unit temperature, the MVR evaporator temperature and the TVR evaporator 
temperature. The determination of these optimum conditions is discussed in Section 6 .5 .  

The optimum conditions for M f '  Ncomp and Psp are determined by the energy optimisation. The 

Kiwi Co-op Dairies Powder 3 plant uses three evaporation sections. These are the MVR 
evaporator section, the TVR evaporator section and the spray dryer. Each evaporating section 
has a different energy efficiency and different energy source. In Chapter 1 the energy efficiencies 
of the MVR, TVR evaporators and spray dryers were shown to be significantly different. In 
Section 6 .3  we investigate the impact of these energy efficiencies on the total plant evaporation 
cost. Then in Section 6 .5  we use this to investigate the optimisation of the plant evaporation 
costs. 

There ' are constraints on the optmusations considered in this Chapter. In Section 6.4 we 
investigate the following four important process constraints. These will then be incorporated into 
the optimisation problems considered in Section 6 .5 .  
I )  Evaporation capacity constraints. 
2) Film breakdown constraints. 
3 )  Evaporator temperature constraints. 
4) Concentrate dry matter constraints. 
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In Section 6.2, of this Chapter, we also consider some operational and design aspects of the DSI 
preheat section. Specifically we investigate the impact of air in the flash vessels, flooding of the 
first flash vessel and milk evaporation in the holding tubes. 

6.2) DSI Preheat Operation 

6.2. 1 )  Introduction 

We now investigate some common operational issues that occur with evaporator preheat 
sections. Specifically we will consider the problems of non-condensable gases, vapour formation 
in the holding tubes and flash vessel flooding. 

The bottom of the first flash vessel is the first point where evaporation occurs and this causes 
non-condensable gases (i .e. , air) to be released from the milk. De-aeration lines must be attached 
to the flash vessels in order to remove these gases. For the Evaporator A plant these de-aeration 
lines are attached to the first evaporator effect. In Chapter 3 it was shown that an excessive 
temperature difference between the flash vessel top and bottom can be an indication of air. 

The milk pressure in the preheat holding tubes must not fall below its vapour pressure. Otherwise 
it will start evaporating and vapour bubbles will form in the milk solution. These vapour bubbles 
will collect at the top of the holding tubes and act as restrictions on the milk flow. To overcome 
this problem, the pressure in the holding tubes should be controlled using a back-pressure 
controller. This uses an orifice plate and a manipulated by-pass control valve, at the end of the 
holding tubes. 

A major problem with the flash vessels is the possibility of milk bypassing the holding tubes. 
This occurs when the milk 'floods' the top of the vessel and flows directly into the bottom. The 
flash vessel contains a weir and this is supposed to restrict contact between the top and bottom of 
the vessel. However, if the milk level rises above the weir, then it is possible for it to bypass the 
holding tubes. This is a very serious problem, because the purpose of the preheat section is to 
provide a controlled heat treatment. 

6.2.2) Impact of Air on Preheat Operation 

We showed in Section 3 .2  of Chapter 3 that the presence of air causes a temperature difference 
between the top and bottom of a flash vessel. Using the ' simple' steady flash vessel model, 
developed in Chapter 3, we can produce steady state equations for the impact of air on a flash 

vessel. With the results from the linear saturation relationship (i.e. Tpc =Tph (I-YaiJ- k2 Yair ) we 
k} 

can produce equation (6. 1 )  for the temperatures of a single flash vessel. 

We can also extend this result to the two flash vessel system of the Evaporator A plant. The first 
flash vessel should contain most of the air because the milk evaporates first in this vessel and it 
operates at a higher temperature than the second. Using the ' simple' flash vessel model in 
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combination with equation (6. 1 )  we can produce equations (6.2) - (6.3) for the flash vessel 
temperatures. 

T -
[1 - Yair ] T + 2[

1 - Yair ] T pe\ - [ ] fe2 [ ] 
DSI 

3 - 2 ·Yair 3 - 2 ·Yair k\ [3 - 2.Yair ] 

l' 1 T 2 T 2.k2 ·Yair 
phi = [ ] fe2 + [ ] DSI + [ ] 3 - 2 'Yair 3 - 2.Yair kJ 3 - 2·Yair 

T T 
[2 - Yair ] T 

1 
T k2 ·Yair 

pe2 = pIJ2 = [ ] 
fe2 

+ 
[ ] DSl 

+ 
k [3 2 ] 3 - 2y� 3 - 2y� ! - y� 

(6.2) 

(6.3 )  

(6 .4) 

The mass flow of steam to the DSI unit can be determined by making an energy balance around 
the DSI . 

M C [T T ]  M C [TDSJ - (1 - YaJTfe2 + :2 
Yair ] 

fe2 ·  pwater DSl - pc! fe2 ·  pwater ! 

msteam = [hsteam - C pwater .TDS1] 
= [hsteam - C pwater .TDS1 ] [3 - 2Yair ] 

(6 .5)  

These equations show that air has two important impacts on a preheat system. Firstly the mass 
flow of steam required by the DSI unit increases, as shown by equation (6. 5) .  Secondly it causes 
the temperature of the second flash vessel to increase, as shown by equation (6.4) . Both of these 
effects are actually caused by the temperature difference between the top and bottom of the first 
flash vessel. The temperature at the top of the first flash vessel reduces and therefore more steam 
is required to heat the DSI unit to the same temperature. However, the increased temperature at 
the bottom of the first vessel causes an increase in enthalpy to the second vessel and so its 
temperature rises. 

The increase in the steam mass flow to the DSI unit means that the energy efficiency of the unit 
is reduced. The Evaporator A plant has a temperature control loop placed CJ,round the DSI unit 
and this compensates for variations in the feed milk temperature. As a result, of the air in the 
flash vessel, the DSI temperature control loop increases the mass flow of steam. However, since 
the DSI unit temperature is the same, the energy efficiency of the DSI unit is lower. Obviously 
we should remove this possibility by providing adequate de-aeration of the flash vessels. 

Variations of air concentration in the flash vessel cause milk temperature variations to the MVR 
evaporator section. Later in this Chapter it will be shown that the temperature of the MVR 
evaporator has an impact on its mass flow of evaporation. Therefore it would be preferable if 
temperature disturbances to the MVR evaporator could be minimised. Once again this requires 
adequate de-aeration of the flash vessels. 

Industrial evaporator plants have de-aeration lines that should remove any air that accumulates in 
the preheat system. The de-aeration lines are small pipes, containing an orifice plate, attached to 
the flash vessels and another lower pressure vessel. It is important that the de-aeration orifice 

1 2 1  



Optimum Operating Regime 

plates are correctly sized. If the plate is too small then air will accumulate in the flash vessels and 
the above problems wil l  occur. However, if the plate is too large then large amounts of steam 
will escape from the system and this will cause other problems. We have shown that a probable 
indication of air problems is the temperature difference between the top and bottom of the flash 
vessel. Ideally a flash vessel should operate without any temperature difference and this provides 
a simple test of the de-aeration lines. 

6.2.3) Holding Tube Pressures 

Earlier we discussed the importance of maintaining an adequate pressure in the preheat holding 
tubes. If the milk is not to vaporise in the holding tubes then the pressure at the top of the tubes 
must be larger than the vapour pressure of the milk. Figure 6- 1 shows the configuration that 
should be used to remove the possibility of milk vaporising in the holding tubes. The pressure 
after the holding tubes is measured and a combined orifice plate and control valve is used to 
regulate the pressure. 

r-

.... 

-g-� 
OSI unit 

,,� l Steam J r-
'---

@ LQ-'17 'I �- ,  .oiI� .oil I 
I ..... 

' @  L _ _ _ _ _ _  1584 

Backpressure 
Controller 

'- '- '- '- '- '- '- '---

Figure 6-1 : DSI preheat section back-pressure control loop. 

The requirement for an adequate holding tube pressure is given by equation (6.6). However, it 
should also be remembered that this neglects any additional pressure drop due to the back­
pressure control valve. A control valve should be sized so it is operating in the middle of its 
range and this can be accommodated by including a safety margin into equation (6.6). 

Where, �, pressure at the top of the holding tubes. 

�,ead pressure drop due to the height of the holding tubes. 
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pressure drop due to the back-pressure orifice plate. 

pressure of the flash vessel. 

vapour pressure of milk. 

(pa) 

(pa) 

(pa) 

The orifice plate pressure drop is given by the standard orifice plate equation and the holding 
tube pressure drop is given by the hydrostatic head. 

Mhead = p.g.hl 

Where, Cd orifice plate discharge coefficient. (-) 

AOriI cross sectional area of orifice plate hole. (m2) 

QOSI volumetric flow of liquid through the holding tubes. (m3/s) 

f3 ratio of orifice plate diameter to pipe diameter. (-) 

p density of liquid in holding tubes. (kg/m3) 

hI height of holding tubes. (m) 

(6.7) 

These equations show that the pressure at the top of the holding tubes depends on the orifice 
plate size. Smaller orifice plates give greater pressure drops and consequently higher pressures at 
the top of the holding tubes. The choice of the orifice plate size thereby determines whether the 
milk will vaporise at the top of the holding tubes. 

The pressure in the flash vessel and the required milk vapour pressure can be determined from 
the simple preheat model and the Antoine saturation equations. If the DSI temperature varies 
across a wide range then the flash vessel temperatures will also vary. Consequently the pressure 
in the flash vessels will change and also the pressure at the top of the holding tubes. This means 
that the orifice plate needs to be sized for the maximum DSI temperature, when the milk vapour 
pressure is at its highest. If we neglect the milk boiling point elevation then the flash vessel 
pressure is given by the following, where Tphl is given by equation (3 . 30). 

2 1 Tphl = 
- TOSl + - Tfc2 3 3 

(6.8) 

We can substitute these into equation (6.6) and thereby produce an explicit equation for the 
required back-pressure orifice plate size. Clearly the required orifice plate size depends on the 
DSI temperature and the height of the holding tubes. Larger DSI unit temperatures and longer 
holding tubes require smaller back-pressure orifice plates. 

(6.9) 
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6.2.4) Preheat Flash Vessel Level 

An additional important aspect is the height of liquid above the DSI pump. The flow balance 
through the DSI and holding tubes produces the following equation. 

Where, Mflood = 

Mpu",p = 

�oss = 

MOrif = 

(6. 1 0) 

hydrostatic pressure due to liquid height above DSI pump. (Pa) 

pressure gain from DSI pump. 

pressure drop due to frictional losses in holding tubes. 
pressure drop due to back-pressure orifice plate. 

(pa) 

(pa) 

(pa) 

This shows that the pressure gain, from the DSI pump, is then lost through the holding tubes and 
back-pressure orifice plate. An important aspect of this is that the pump must supply enough 
pressure to adequately overcome the orifice plate pressure drop. Otherwise the height of liquid, 
above the DSI pump, will rise above the flash vessel weir and flood the vessel. It is therefore 
important that the orifice plate and DSI pump are correctly sized for the range of DSI 
temperatures. Under-sizing the orifice plate will cause flash vessel flooding, but over-sizing will 
cause vaporisation in the holding tubes. 

- - - - - - ,  I 
\ \ I (0 

Figure 6-2 : Preheat flash vessel level control. 

The level of liquid milk above the DSI feed pump must not rise above the flash vessel weir 
because this will cause 'flooding' .  This flooding occurs when the milk level rises and flows into 
the bottom of the flash vessel . The result is that milk can bypass the DSIlholding tubes. In order 
to overcome this a level control loop can be placed around the DSI feed pump. A level sensor 
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measures the height of liquid above the feed pump and manipulates the pump speed. The 
configuration for this control loop is shown in Figure 6-2. 

6.3) Energy Costs in a Powder Plant 

6.3. 1 )  Energy Costs 

The evaporation of water requires energy to overcome the latent heat of vaporisation. For a large 
powder plant the energy required to evaporate water can be a large part of the operating costs. 
The cost of evaporation is given by equation (6. 1 1 ). The cost of evaporation, per unit of 
evaporated water, ( Cunit ) is determined by dividing this by M tubes ' 

C = C W 
= 

C en ,WConlp ·q shell = C en .q shell . evap en . """mp El'l' 

Where, C."ap 
Cell 
Fff 

= 

= 

qshell '.IJ 

total cost of evaporating water in the process. 

cost of energy, used to evaporate water. 
energy efficiency of the evaporation process. 
'driving' heat flow, or power supplied to the evaporation process. 

Table 6-2 : Energy Costs at Kiwi Coop Dairies, for the Evaporator A plant. 

Con Cen Elf Cunit Cunit 
($IMJ) (MJ/MJ) ($/kg) ($/Tonne) 

MVR 0.0892 ($/kWhr) 0.02303 58.65 0.00092 0.9 1 9  
TVR 1 5 .9 1  ($/T) 0.00679 4.6 1 0 .00345 3 .444 

Spray Dryer 1 5 .9 1  ($/T) 0.00679 0.60 0.02649 26.49 

Feed flow Product Feed Product Mass flow 
(kg/hr) flow dry matter dry matter of evaporation 

(kg/hr) (kg/kg) (kg/kg) (kg/s) 

MVR 5 5,080 1 6,86 1 0. 1 25 0.408 1 0.6 1 6  
TVR 1 6,86 1 14,659 0.408 0.469 0.6 1 1 

Spray Dryer 1 4,659 7,062 0.469 0.975 2 . 1 1 0 

(6. 1 1 ) 

($/s) 

($/1) 
(-) 
(W) 

Cost of 
evaporation 

($/hr) 

3 5 . 1 2  
7 . 58  

20 1 .22 

The factor Elf represents the energy efficiency of the evaporation process. For an MVR 
evaporator this factor is usually between 40 - 80, for a TVR evaporator 4 - 8 and for a spray 
dryer 0.4 - 0.8. However, equation (6. 1 1 ) shows that the evaporation cost also depends on the 
energy source. For example the Evaporator A plant uses electricity to drive the MVR evaporator 
whereas the TVR evaporator uses steam and the spray dryer uses natural gas. At Kiwi Co-op 
Dairies the cost of electricity is around three times the cost of steam and this reduces the 
difference in the cost of evaporation, between the MVR and TVR sections. 
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It is unusual for a milk powder plant to use natural gas as the energy source for the spray dryer. 
For example the Kiwi Co-op Powder 4 and Powder 5 plants use steam as the energy source for 
the spray dryer, whereas the Powder 3 plant uses natural gas. As a result, we shall conduct the 
economic analysis with steam as the energy source for the spray dryer. Table 6-2 shows the 
specific costs at Kiwi ( CUnil ). 

The total cost of evaporation is given by equation (6. 1 2) .  The evaporation cost in each section is 
calculated in Table 6-2 for the static plant operating condition of Section 4.2 (i.e., 
Cnrv,. = O.92 $/Tonne , Ccv, = 3 .45 $/Tonne and Cdry = 26.49 $/Tonne ). An important result shown 

in Table 6-2 is the high total cost of evaporation in the spray dryer. The spray dryer evaporation 
cost represents approximately 80 % of the total evaporation cost. This suggests that significant 
reductions in the total evaporation cost can be achieved by reducing the evaporation in the spray 
dryer. 

TC=Cmv,Mnrv,. +CcvrMrvr +CdryMdry 

Where, rc 
Cmvr 
CrI" 
Cdry 

Mnrvr 
Mcvr 
Mdry 

= 

= 

total cost of evaporating water. 
cost per unit of water evaporation in MVR evaporator section. 

cost per unit of water evaporation in TVR evaporator section. 

cost per unit of water evaporation in the spray dryer. 

mass flow of evaporation in the MVR evaporator section. 
mass flow of evaporation in the TVR evaporator section. 
mass flow of evaporation in the spray dryer. 

6.3.2) Simple Energy Cost Analysis 

(6. 1 2) 

($/s) 
($/kg) 

($/kg) 

($/kg) 

(kg/s) 
(kg/s) 
(kg/s) 

The amount of evaporation in each section affects the dry matter from that section. The 
foHowing equations give the mass flow of evaporation in terms of the product dry matters. 
Notice that the DSI steam mass flow affects the evaporation that must occur in the MVR section. 

Wdry 

Where, mdsi 

M CVr =M f.w f[_I ___ I_] Wp5 Wp8 

M dry =M f.W f[_I ___ I_] Wp8 Wdry 

mass flow of steam to the DSI unit. (kg/s) 
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Wdry dry matter from the spray dryer. (kg/kg) 

The above equations can be substituted into equation (6. 1 2) to produce equation (6. 1 6) for the 
total evaporation cost in terms of the concentrate dry matters. Since Cmvr <Ctvr and Ctvr <Cdry we 

know that the evaporation total cost is minimised when the dry matters W p5 and W p8 are 
maximised. 

(6. 1 6) 

We are interested in how the total evaporation cost changes with respect to the concentrate dry 
matters W p5 and W p8 . This can be determined by differentiating equation (6. 1 6) with respect to 
the dry matters to produce the following. ( oTC 1 

= 
-M [CN,. - Cm.". ] 

f ·Wf ( 0 )2 ' 
Owp5 W p5 

(6. 1 7) 

Table 6-3 shows the incremental cost reductions due to a 0 .0 1  kg/kg increase in the MVR and 
TVR product dry matters. These results are calculated from the earlier results listed in Table 6- 1 .  
Based on a 20-hour daily operation and 200 days operation per year, Table 6-3 shows that $ 
33 ,032 wil l  be saved if the TVR and MVR product dry matters are both increased by 0 .01 kg/kg. 
If the TVR dry matter concentration could be increased by 0.05 kg/kg, then the savings would be 
larger. However, we will show later that this is a very difficult task. 

Table 6-3 : Incremental cost savings. 

Increased dry matter Incremental Cost Reduction 
($lhr) 

W pS 1 .044 

Wp8 7.2 1 4  

6.4) Operating Constraints 

6.4. 1 )  Introduction 

For the Evaporator A plant there are four important operational constraints. These are the 
evaporation capacities, the falling film breakdown, the evaporator temperature and the 
concentrate dry matter constraints. In this section we discuss these constraints and the methods 
which can be used to predict them. 

6.4.2) Plant Capacity Constraints 
Each section of the Kiwi powder plant has a maximum evaporation capacity. This constraint 
depends on the capacity of the driving process. For example the MVR compressor has a 
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maximum power constraint, the TVR compressor has a maximum steam pressure supply and the 
spray dryer has a maximum air flow, inlet temperature and minimum outlet air temperature. 

MVR Compressor 
The MVR evaporator section capacity depends on the compressor power supply ( w:,ompl )' the 
evaporating temperature (T.I ) and the product of evaporating overall heat transfer coefficient and 
surface area ( us .A., ). There are constraints on the power supply, the evaporating temperature and 
the available heat transfer surface area. The heat transfer coefficients and surface area are set by 
the milk physical properties and the plant design. These are environmental variables and they 
cannot be adjusted. Here we shall consider the constraint caused by the compressor power 
supply. Later, in Section 6.4 .4, we also consider the constraint imposed by the temperature. 

The maximum power supply to the MVR compressor of the Evaporator A plant is assumed to be 
500 kW. This value has been determined from the operating procedures of the Evaporator A 
plant, since the manufacturer specifications do not give the power supply constraint. We now 
show how this constrains the MVR evaporator section evaporation capacity. The MVR 
compressor characteristic curve is given by equation (6. 1 8). This is a quadratic that can be solved 
for the compressor speed (Ncomp ) in terms of the mass flow of vapour (Mcomp)' to produce 
equation (6. 1 9). 

[P'I -P.J N2 + b N (McomPI J + [M;omPI J . a comp ' comp comp ' comp C comp . 2 Pvel Pvel Pvel 

N Mcompl [ [b 2 4 [ Pvel (P'1 -p.I )Jl b 1 comp 2 comp - .acomp ccomp - M2 - comp 
Pvel ' .acomp compl 

The compressor power supply is given by equation (6.20). 

W (M J [M2 J [M3 J compl 
_ 

d 2 compl + compl + compl 
- comp ·Ncomp ecomp ·Ncomp 2 /comp 3 

Pvel Pvel Pvel Pvel 

(6. 1 8) 

(6. 1 9) 

(6.20) 

Substituting the compressor speed we produce equation (6.2 1 )  for the MVR compressor power 
supply and energy efficiency ( Eff ). This energy efficiency is approximately equal to the ratio of 
the MVR compressor power supply and the latent energy of the evaporated water vapour (i.e . ,  

Eff = qsltellt � 
qcompl ) .  Since the mass of evaporated water is the same as the compressed mass 

Wcompl W compl 
flow (i .e. ,  Mcompl =Mjloshl +Mtubest ) we can use equation (6. 2 1 )  to determine the evaporator 
capacity constraint . 
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W [A A ]M:omPI compl = I + 2 2 '  Pvel 
[ dcomp·ccomp J AI = bcomp .A3 - + /comp acomp 

A = [dcompPv.1 (PSI - Pel ) A b 2  - 4 a  (c _ Pvel (PSI -P.I )]J] 
2 M 2 3 comp . comp camp M 2  a comp compI compI 

A = 
1 (dcomp .bcomp 

- J 3 2 ecomp 
.a comp a camp 

(6.2 1 )  

(6.22) 

(6 .23) 

Two important results can be observed from equation (6. 2 1 ) . Firstly the energy efficiency 
increases with the evaporated vapour density, which is a strong function of temperature. 
Therefore the efficiency and hence evaporation capacity increases at higher temperature. 
Secondly the energy efficiency reduces as the mass flow of compressed vapour increases. This 
second point has important consequences for the evaporation cost, which depends on the power 
supply used by the compressor. 

Using the steady state model developed in Chapter 4, we can determine the MVR evaporator 
section capacity, in terms of its temperature. Figure 6-3 shows the MVR evaporation capacity vs 
the evaporator temperature, as calculated from the steady state model. The steady state model 
was rearranged so that the compressor power supply ( �ompI ) was an input and we have set this to 

500 kW. Normal ly the MVR compressor speed ( NcomPI ) is taken as the compressor input, but by 

rearranging the model we can consider the power capacity constraint more easily. The other 
model inputs, except for the plate heat exchanger condensate flow, were the same as those used 
in Chapter 4 (i .e . ,  Psp = 5 bar , Mj = 1 5.3 kgls , wj = O. 1 25kg/kg , Tj = 12 °C , mt/s, = O.4 kgls , 

Mvac = 5 kgls and 1:'acl = 24°C ) . The model was rearranged so that the MVR evaporator 
temperature ( ToI ) was an input, rather than the mass flow of condensate to the plate heat 
exchanger. Figure 6-3 clearly shows the increase in the MVR evaporator capacity with 
temperature. 

TVR Compressor 

The TVR evaporator section capacity depends on the TVR steam pressure set-point ( Psp ) '  This 

pressure affects the mass flow of raw steam ( msteam ), which affects the total mass of evaporation. 
However, the maximum raw steam pressure is 1 0  bar and this provides a constraint on the 
evaporation capacity. Figure 6-4 shows some historical data from the Evaporator A plant. The 
mass flow of evaporation in the TVR evaporator section is plotted vs the TVR compressor steam 
pressure. This clearly shows the relationship between these variables and furthermore that the 
maximum evaporation capacity is approximately 0.8 kg/so 
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Figure 6-3 : Mass of compressed vapour vs MVR compressor evaporating temperature. 
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Figure 6-4 : Historical mass flow of evaporation vs TVR steam pressure. 

It is common practice for a TVR compressor to be designed with a mass flow of compressed 
vapour (mComp2 ) that is approximately twice the flow of raw steam (mcomp2 � 2.msream )' The mass 
flow of evaporation in the second effect is approximately equal to the mass flow of raw steam 
and compressed vapour (i .e . ,  M tubes6 :::::: mstream + mComp2 )' Also the TVR evaporator section 
contains an additional effect, where the total evaporation in both passes is approximately the 
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same as the TVR compressor steam flow (i.e., MtubeS7 +Mtubes8 �msteam )' Consequently every unit 
mass flow of steam causes approximately four units of evaporation (i .e. , 
Mtllbes6 +Mtubes7 +Mrubes8 � 4.msream = 4·ArVR .PsP )· Figure 6-4 also shows that the mass flow of 
evaporation, as given by' this simple rule, is consistent with the historical data from the 
Evaporator A plant. However, it should be remembered that this simplification is only an 
indication of the TVR evaporator section capacity and the complete model should be used for 
accurate calculations. 

Spray Dryer Evaporation Capacity 
The mass flow of evaporation in the spray dryer is given by equation (6.24). This is derived by 
making an energy balance around the spray dryer with the assumptions of constant latent heat, 
heat capacity and no energy losses. 

M atr ·C p, air [ 
] M evap = A. 7;" - Y:ut 

Where, Mair 

Cp. air 

= 

mass flow of air to the spray dryer. 

heat capacity of air in spray dryer. 

latent energy of water vaporisation. 
air inlet temperature to the spray dryer. 
air outlet temperature from the spray dyer. 

(kg/s) 

(J/kg.K) 

(J/kg) 
eC) 
eC) 

(6.24) 

There are some constraints on the operation of the spray dryer. The air flow to the spray dryer is 
restricted by the fan capacity. Also the inlet and outlet air temperatures have important 
restrictions. With industrial spray dryers the inlet air is heated using steam condensers or gas 
burners. At Kiwi Co-op Dairies the Powder 3 plant, which uses the Evaporator A plant to 
produce milk concentrate, uses natural gas to heat the inlet air. The air heater has a maximum 
capacity, which acts as a constraint on the inlet air temperature. However, it is also found that 
high air inlet temperatures cause solubility problems with the resulting milk powder (Nielsen et 
ai, 1 996; Fergusson, 1 989). This is due to the burning of the milk concentrate while it is in the 
spray dryer. 

The spray dryer therefore has a maximum evaporation capacity. For the Powder 3 plant at Kiwi 
the mass flow of air is approximately 4 1 . 36  kg/s, the hot inlet air temperature is 200 °C and the 
outlet temperature 60 °C. These produce an evaporation capacity of 2 .475 kg/s, when the heat 
capacity is 1 kJ/kg. QC and the latent heat is 2,340 kJ/kg. 

The constraint on the spray dryer evaporation capacity in turn causes a constraint on the TVR 
product mass flow. Commercial standards require the moisture content of milk powders to be 
below a minimum of approximately 3 %. Later we show that the TVR product dry matter ( w p ) is 
also constrained. The combination of the milk powder moisture, the TVR product dry matter and 
spry dryer evaporation constraints then causes a constraint on the TVR product mass flow 
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(M p8 ) .  If we make a mass balance around the spray dryer we produce equation (6.25), which 
describes this constraint. 

Where, M spray 
Mp8 

Wp8 

= 
= 

maximum spray dryer evaporation capacity. 
mass flow from the TVR evaporator section. 

maximum TVR product concentrate dry matter. 
minimum dry matter content of milk powder. 
mass flow of powder produced. 

(kg/s) 
(kg/s) 

(kg/kg) 
(kg/kg) 
(kg/s) 

(6.25) 

Later we shall show that the TVR product dry matter constraint for Whole Milk is 0 .48 kg/kg. 
With the powder moisture constraint of 3 % and spray dryer evaporation capacity of 2.475 kg/s, 
this produces a maximum TVR product mass flow of 4.9 kg/s, or 1 7,888 kg/hr. 

A final important result is the energy efficiency for the spray dryer. This can be determined by 
using equation (6.24) and the definition for the energy efficiency to produce equation (6.26). 
Using the typical operating temperatures from above we can determine that the energy efficiency 
is approximately 0.78.  This is considerably lower than that for the evaporators and this explains 
the high cost of evaporation in the spray dryer. 

Where, Flf energy efficiency of the spray dryer. ( -) 
. hot air inlet temperature, to the spray dryer. COC) 
hot air outlet temperature, from the spray dryer. (OC) 

ambient air temperature, before entering the spray dryer. COC) 

6.4.3) Film Breakdown Constraint 

(6.26) 

Film breakdown occurs when a falling film no longer completely covers the surface it flows on. 
When this happens the liquid flows as rivulets, rather than completely covering the surface. With 
industrial falling film evaporators it is commonly found that film breakdown causes fouling. This 
seems to be because regions of low velocity milk become over-concentrated and bum onto the 
surface. The presence of burnt dry matter then makes the surface more difficult to wet and so 
more film breakdown occurs. Consequently, it is important that no film breakdown occurs, 
otherwise a very serious fouling problem can result. Therefore this acts as an operating constraint 
on the evaporator. 

1 32 



Optimum Operating Regime 

For cylindrical tubes, falling film breakdown occurs when the tube diameter is large, or the 
liquid mass flow is small .  The requirement for both of these parameters is given by the falling 
film liquid loading ( f ), which is the ratio of the falling film mass flow to the wetted surface 

perimeter. For cylindrical tubes, this is given by f = M , where d is the tube diameter and M 7l.d 
is the fall ing film mass flow. The liquid loading required for adequate wetting of an isothermal 
surface can be determined from the following model of Hartley and Murgatroyd ( 1 964). This 
equation is derived and discussed in Appendix C along with some simple extensions to it. 

I 

r mi" = i (1 5)� [p; ]'[,,-(1 - co.(O ))f, 

Where, fmin 

p p 
a­
B 

minimum liquid loading required for a stable falling film. 
Newtonian viscosity. 
density. 
surface tension. 
contact angle of liquid with surface. 

(6.27) 

(kg/m.s) 
(kg/m. s) 
(kg/m3) 
(kg/m3) 
(rad) 

The properties of the milk solution (e.g., J.I, p, a- etc) depend on the dry matter concentration. 
This means that the minimum liquid loading also depends on the milk dry matter. In Appendix A 
models for the milk density and viscosity are discussed. In addition the milk surface tension and 
contact angles also depend on the milk dry matter. Some important work has been done 
determining these for milk solutions (paramalingam, et ai, 1 999). These physical property 
equations, along with the contact angles and surface tensions of Appendix C, allow the minimum 
liquid loading to be calculated. However, the calculations are relatively complex and we instead 
use a simple polynomial function for the minimum liquid loading in terms of the milk dry 
matters. In Appendix C the following polynomial function is determined from literature data for 
the minimum liquid loading of a Skim Milk solution. 

fmin = O.043 56 + 0.0344w +0.4520w2 (6.28) 

Where, r mm = minimum falling film liquid loading for complete tube wetting. 
(kg/m.s) 
w milk dry matter concentration. (kg/kg) 

6.4.4) Evaporator Temperature Constraint 

The MVR evaporator capacity increases at higher temperatures. This was explained earlier with 
reference to the MVR compressor curves. However, there are also many evaporator operational 
problems at higher temperatures. Milk solutions tend to foul at higher temperatures and whey 
protein denaturation is also more likely to occur. Kessler ( 1 987) has investigated the impact of 
temperature on evaporator fouling. Working with whey solutions, which are likely to have high 
fouling rates, the amount of fouling deposit was shown to increase with temperature. Both the 
deposits of protein and mineral salts were found to increase with temperature, although the milk 
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pH also had a significant impact on the relative amount of fouling by each type. Figure 6-5 
shows the specific fouling rates determined from their work. 
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Figure 6-5 : Specific fouling rate vs evaporating temperature (Kessler, 1987) . 

These results suggest that there is an optimum evaporator temperature. At low temperatures the 
evaporator efficiency is low but at higher temperatures the fouling becomes significant. We can 
model the compressor efficiency curve, but the evaporator fouling is difficult to model. 
Consequently, we can only determine some simple rules for the optimum evaporating 
temperature. At temperatures above 70 QC the fouling appears to become very serious and so the 
evaporator should not be run above this temperature. The fouling begins to approach zero at 
approximately 60 QC and the closer we operate to this temperature the less fouling should occur. 
Other literature sources (Fergusson, 1 989) suggest that the maximum evaporation temperature is 
70 °C for low milk concentrations and 58 - 60 QC for high milk concentrations. These maximum 
temperatures were stated with reference to a MVRiTVR evaporator plant. The low 
concentrations referred to the MVR evaporator section, whereas the high concentrations relate to 
the TVR evaporator section. 

6.4.5) <;=oncentrate Dry Matter Constraint 

The milk powder quality produced from a spray dryer depends on the dry matter concentration of 
the spray dryer feed. Many of the milk properties have been shown to impact on the product milk 
powder (Chen, 1 996; Neilsen et ai, 1 996; Fergusson, 1 989). However, the concentrate viscosity 
is very strongly dependent on the dry matter concentration and so this physical property probably 
has the dominant impact. High viscosity milk concentrates seem to have several detrimental 
impacts on the operation of the spray dryer. Firstly the spray particles from the spray dryer 
nozzles are larger, which causes larger powder particle sizes. Secondly the spray particle 
evaporation mass transfer and heat transfer coefficients are low. These lower mass and heat 
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coefficients cause the spray particle temperatures to be higher. Overheating of the spray dryer 
particles then appears to cause the product milk powder to be burnt. 

Middleton ( 1 996) states that the maximum viscosity for 'good' atomisation is 1 00 cP. In reality 
this is an upper band on the viscosity to the spray dryer. Industrial plants always operate with 
considerably lower viscosities. Typically a viscosity of between 30 and 70 cP is used. This 
viscosity range can be related to a dry matter range by using Eiler' s equation, from Appendix A. 
However, this equation is unlikely to be accurate and furthermore it does not include the non­
Newtonian or age thickening nature of the milk. Milk concentrates tend to exhibit ' age 
thickening' ,  where their viscosity increases as they are held. In order to overcome this problem 
and also to reduce the fat-globule sizes homogenisers are used. These are large variable speed 
positive displacement pumps, which pressurise the milk entering the spray dryer. The 
homogeniser operates at very high shear stresses and so the actual milk viscosity is likely to be 
' shear thinned' . It is therefore difficult to determine the viscosity of the milk entering the spray 
dryer. There is likely to be age thickening of the milk and this increases the viscosity above that 
given by Eilers equation. However, the homogeniser should overcome some of this increased 
viscosity and provide some thinning of the milk. 

Another complicating factor is the impact of the DSI preheat section conditions. In Appendix A 
it is shown that the specific volumes of the de-natured and natural whey proteins are significantly 
different . As a result the degree of whey protein de-naturation has an impact on the TVR product 
viscosity. The DSI preheat conditions determine the amount of whey de-naturation and 
consequently these have been shown to effect the viscosity (Snoeren et ai, 1 982). 
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Figure 6-6 : Concentrate dry matter vs concentrate viscosity, as determined from Eilers 
equation. 

Figure 6-6 shows the dry matter of Skim and Whole Milk, in terms of viscosity, as given by 
Eiler's equation. These results were calculated for a temperature of 55 °C. We can use this, with 
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the viscosity range of 30-70 cP, to determine the maximum dry matters from the TVR evaporator 
section. The dry matter range for Skim Milk is 0 .45-0.475 kg/kg and for Whole Milk it is 0.49-
0.52 kg/kg. However, we need to have a degree of safety to account for the potential increases in 
viscosity. Age thickening and preheat conditions are both likely to increase the viscosity above 
that given by Eiler' s equations. As a result, we will have a safety margin in our dry matters of 
0.04 kg/kg. This produces a critical product dry matter of 0.48 kg/kg for Whole Milk and 0.43 5  
kg/kg for Skim Milk. 

6.5) Optimum Operating Regime 

6.5. 1 )  Introduction 

Here we shall consider the constrained minimisation of the plant evaporation costs. The aim is to 
determine the plant operating set-points that minimise the evaporation costs, whilst avoiding the 
process capacity, film wetting, temperature and product dry matter constraints. Therefore the six 
process set-points (i .e. , M f ' T:l ' Psp ' Neomp ' Y:3 and l�sI )  are independent variables and we use 
the steady state model to determine their optimum conditions. However, a number of these set­
points are constrained and they must be considered as environmental variables. For example the 
DSI unit temperature is determined by the degree of whey protein de-naturation that is required. 
Before considering the complete optimisation we consider the constraints on these set-points and 
thereby show that only the TVR steam pressure ( Psp ) and the feed mass flow (or alternatively the 
TVR product mass flow) are truly independent. 

The steady state model considered in Chapter 4 has a set of inputs (i .e . ,  M f '  W f , Tf , Me '  Psp ' 
mdsi , N comp ' M vae and T..'ael )  and these determine the plant operating regime. For the process 
optimisation studies it is, however, advantageous to rearrange the model so that the process set­
points are inputs, rather than the process manipulated variables. Therefore the model we use here 
includes the set-points as inputs. The only exceptions are the MVR compressor speed and the 
evaporator feed flow. The MVR compressor speed will be chosen so that the model produces the 
maximum product dry matter concentration. It is also easier to consider the TVR product mass 
flow as an input, rather than the evaporator feed flow, because there is a direct constraint on the 
product mass flow. Therefore the steady state model contains the inputs M pS ' Psp , T:l ' TDS1 ' T:3 ' 

W f ' W pS ,  Tf and Tvac1 . 

6.5.2) Environmental Process Variables 
A number of the steady state model inputs can be considered as environmental variables, which 
will remain constant. Some of these variables are 'raw inputs' into the plant, such as the feed I 

milk dry matter ( w  f )  and the cooling water inlet temperature ( Tvael ) . However, others are 

determined by simple optimum process conditions. Specifically the DSI unit temperature ( TDSI ), 

the MVR evaporator temperature ( T:l )' the third effect temperature ( T:3 ) and the TVR product 

dry matter ( w  pS ) . 

1 36 



Optimum Operating Regime 

Feed milk dry matter 
The feed milk dry matter for a given milk solution is an environmental variable. There will be 
variations in the feed dry matter and these can act as disturbances to the plant. However, the 
static feed dry matter is constant. For example, at Kiwi Co-op Dairies the feed dry matter of 
Whole Milk solution is approximately 0. 1 25 kg/kg. 

Cooling water temperature 
The cooling water used in the vacuum condenser has an inlet temperature, which is an 
environmental varia�le. This cooling water will also vary and thereby provide disturbances to the 
plant. The water is supplied from the Kiwi Co-op Dairies Co-generation plant and it is 
approximately 24 °C. 

DSI unit temperature 
The DSI unit temperature has a large impact on many of the product milk powder properties. 
Two of the most important are the WPNI (Whey Protein Nitrogen Index) and the SI (solubility 
index). The controlled de-naturation of whey proteins is one of the primary purposes of the DSI 
preheat section. In addition the state of the proteins has a strong impact on the TVR product 
viscosity and this impacts on the resulting milk powder SI. 

The milk whey proteins react when heated at temperatures above approximately 60 °C. These 
reactions are called de-naturation reactions because they change the natural state of the proteins. 
The reactions have been analysed relatively thoroughly (Dannerberg and Kessler, 1 988; Gotham 
et ai, 1 992; Georgiadis et ai, 1 998). As a result it is possible to relate the amount of whey protein 
de-naturation to the temperature and holding tube time of the DSI preheat section. Using the 
whey protein reaction kinetics and given the holding tube residence time, we can determine the 
DSI unit temperature that is required to produce the specified WPNI. 

MVR evaporator temperature 
Earlier, in Section 6 .3 ,  we discussed the impact of the MVR evaporator temperature on the 
compressor energy efficiency and the fouling in the evaporator. It was shown that the maximum 
temperature for the MVR evaporator section was 70 QC and for the TVR section it was 60 QC . 
We will use a small safety margin of 2 QC for the MVR evaporator temperature, so a temperature 
of 68 QC will be used instead. 

TVRfinal effect temperature 
The TVR final effect temperature is the low pressure point for the entire Evaporator A plant. It is 
important that this vacuum is maintained, because milk must not be evaporated at temperatures 
above those that cause fouling or whey protein de-naturation. In the TVR evaporator section the 
second effect temperature ( Te2 ) depends on the final effect temperature. The final effect 
temperature must be low enough so that the second effect stays below 60 cC. 

Milk solutions usually contain non-condensable gases, which will be removed during the 
evaporation process. In the vapour re-compression process these gases are passed to the 
evaporator shells, where they can significantly reduce the condensation heat transfer coefficients. 
This reduces the evaporating overall heat transfer coefficients and thereby reduces the evaporator 
capacity. As a result, it is important that the non-condensable gases are removed. This is done 
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using de-aeration lines, which pass the gases to the vacuum condenser. Vacuum pumps attached 
to the vacuum condenser then remove the gases from the condenser. 

At lower final effect temperatures the possibility of fouling, protein de-naturation is reduced and 
non-condensable gas removal is increased. However, larger amounts of cooling water are 
required and the viscosity of milk solutions also increase. Generally it is considered to be 
difficult to maintain final effect temperatures lower than 45 QC (Trinh, 1 996; Kessler. 1 98 1 ) .  As 
a result, there is an optimum final effect temperature. Higher temperatures require less cooling 
water, but they cause whey protein de-naturation, fouling and de-aeration problems. At Kiwi Co­
op Dairies, the Evaporator A plant is generally operated with a final effect temperature of 55 °C . 
We shall use this temperature as the set-point for the final effect temperature control loop. 

TVR product dry matter 
There is a very strong impact of the TVR product dry matter on the properties of the milk 
powder. For Whole Milk we will set the maximum product dry matter at 0.48 kglkg and for 
Skim Milk at 0.43 kg/kg. 

6.5.3) Film Wetting Constraint and Safety Margin 

We are interested in the margins between the evaporator mass flows and the minimum required 
for stable falling films. Fouling will occur if this margin falls below zero. We will define the 
overall plant ' safety margin' as the smallest margin for the operating conditions. Strictly, each 
pass has a safety margin, but many of the passes will have large safety margins. Consequently, 
only the pass with the smallest margin is going to foul and so we are most concerned with it. 

O perating flow, P sp = 1 bar 
Minimum flow, P sp = 1 bar 
O perating flow ,  P sp = 9 bar 

1 2  Minimum flow, P sp = 9 bar 

Figure 6-7 : Operating and minimum plant mass flows. 

Here we consider a simple example and show how the steady state model is used to determine 
the plant safety margin. The steady state model, with a set of inputs (i.e., M p8 = 4 kg/s , 
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wf =0. 1 25 kglkg , Tf = 1 2 °C ,  Tvac1 = 24°C , wps =0.48 kglkg , TDSJ = 1 l 5 °C ,  T,,3 = 5 5 °C and 

T.l = 68 QC ), can be used to calculate the operating conditions. The TVR steam pressure is also an 
input and we will consider two values of this variable (i .e., Psp = 1 bar and 9 bar ). Figure 6-7 
shows the resulting plant mass flows and minimum mass flows required for adequate film 
wetting. At low TVR steam pressures the operating flow profile is low and the minimum flow 
profile high. This is because the MVR evaporator section must do more evaporation to produce 
the required TVR product mass flow. Figure 6-8 shows the calculated margins for the situation 
shown in Figure 6-7. Clearly the fourth pass has the smallest margin and is the most susceptible 
to fouling. 

Until such time as the predictions of both the flow and minimum liquid loadings can be more 
accurately predicted, a safety margin in the region of 0. 5 kgls is recommended. The minimum 
liquid loading predictions could be improved through a better understanding of the physical 
properties of individual milk solutions. Equation (6.27) shows that the contact angle and surface 
tension have the most impact on the minimum flow. However, it appears that the surface tension 
does not vary greatly with dry matter, whereas the viscosity does (paramalingam et ai, 1 999). 
Therefore the contact angle has the greatest impact on the minimum flow. As a result, accurate 
determination of the contact angle is required before the minimum flow can be predicted with 
great precision. Similarly more confidence in the flow predictions would be gained if accurate 
knowledge of the relationship between the heat transfer coefficients of individual milk solutions 
and dry matter concentration was known. 
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Figure 6-8 : Margins between the operating and minimum mass flows. 
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6.5.4) The Optimum Operating Regime 

The steady state model has inputs (i .e . ,  M pS '  W f , Tf , W p8 , TDS1 ' I:3 '  I:I '  Tvael and Psp )  and 

outputs (i .e . ,  Mf , Neomp , Mc , mdsj and MvaJ. Only the TVR steam pressure ( Psp )  and the TVR 

product mass flow (M P8 ) are 'free' inputs. The other model inputs have all been set as 
environmental variables and these cannot be manipulated. The aim of the optimisation is 
therefore to determine the values for Psp and M p8 that minimise the evaporator energy costs. 

Once these variables are known, the steady state model provides the evaporator feed flow (M f ) 
and MVR compressor speed ( Neomp). It should, however, be remembered that some of the 

environment variables may actually be manipulated. Specifically, the feed dry matter ( w  f ) may 

be reduced by diluting the milk and the MVR evaporator temperature ( I:I ) may be increased 
above the fouling constraint . 

The optimisation proceeds in two steps : 
1) Determine the plant operating constraints. 
Using the steady state model the plant operating constraints are calculated. The constraints 
determine the allowed values of Psp and M p8 . There are four constraints (i .e. , MVR compressor 
power, film wetting, TVR product mass flow and TVR compressor steam supply). 

2) Determine the optimum operating conditions. 
Once we have determined the allowed input ranges, it is then a simple task to determine the 
inputs that minimise the energy costs. Since the energy costs increase with the product mass 
flow, the objective function uses the total evaporation cost divided by the product mass flow 

(i .e. ,  J = rc , with J as the objective function and TC is the total evaporation cost). Once the 
Mps 

optimum has been determined, then we simply use the steady state model to determine the feed 
mass flow and MVR compressor speed. 

Whole Milk 
We will now investigate the Evaporator A plant operation with Whole Milk. Typically, Whole 
Milk powder must have a moisture content less than 3 % and at Kiwi Co-op Dairies the feed dry 
matter is between 0. 1 2  - 0. 1 25 kg/kg. For Whole Milk the critical TVR product dry matter is 
approximately 0.48 kg/kg. With a spray dryer evaporative capacity of 2.475 kg/s, this means the 
maximum TVR product mass flow is 4.9 kg/so 

Taking the set of environment inputs ( w  f =0. 1 25kglkg , W p8 =0.48 kglkg , Tf = 1 2 °C ,  
TDSI = 1 1 5 ° C ,  TVQc1 = 24 °C ,  I:3 = 55 °C and I:1 = 68 °C ), we can calculate the plant operating 
conditions for a range of TVR steam pressures and product mass flows. Then with a film break­
up safety margin of 0 .5  kg/s and an MVR compressor power capacity of 500 kW, we can 
determine the operating constraints. The shaded triangle in Figure 6-9 shows the resulting range 
of allowed TVR steam pressures and product mass flows. 
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Figure 6-9 : Evaporator A plant operating constraints. 

We are now interested in determining the plant energy costs. In Table 6-2 the specific energy 
costs where determined. Using the steady state model we can calculate the MVR power supply 
and the TVR steam mass flow. Then with the specific energy costs we can determine the total 
evaporation cost. Figure 6- 1 0  shows a contour plot of the evaporation costs vs the TVR steam 
pressure and TVR product mass flow. 

We determined earlier that the evaporation cost in the MVR evaporator section is lower than the 
TVR evaporation section. This is shown by the specific energy costs in Table 6-2. The cost of 
evaporation in the MVR evaporator is approximately 0.9 1 9  $/Tonne of water evaporation, which 
is lower than the 3 .44 $/Tonne in the TVR evaporator. As a result we expect the total 
evaporation cost to reduce when the TVR steam pressure is reduced. In addition, we also showed 
earlier that the MVR evaporator energy efficiency reduces when it evaporates more water. 
Equation (6.2 1 )  shows that the MVR compressor efficiency ( Elf )  is lower when the flow of 
vapour (Mcomp, )  is larger. As a result, we expect the evaporation costs to increase when the MVR 
evaporator is doing more evaporation, which with a specified feed and product dry matter 
concentration will occur with increases in the product mass flow. 

Figure 6- 1 0  shows that the evaporation cost increases with increases in TVR steam pressure and 
product mass flows. The minimum evaporating cost occurs at a TVR steam pressure of 9 bar and 
a TVR product mass flow of 3 .83 kg/so This represents an evaporating cost of just under 2.99 
$/Tonne of concentrate milk produced. It is interesting to compare this with the evaporation cost 
when the film safety margin is maximised. If we operate with the maximum TVR steam pressure 
and TVR product mass flow of 1 0  bar and 4 .38 kg/s respectively, then we have a safety margin 
of 1 . 1  kg/s and an evaporation cost of 3 .40 $lTonne. These are the operating conditions that the 
Evaporator A plant is usually run at. However, it increases the evaporation cost, while the 
improved safety margin may not be required. 
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Figure 6-10 Evaporation costs vs TVR steam pressure and product mass flow. 

1 0  

B 

6 

4 

2 

o 0 ... ... ... ... ... T ... ... ... ... ... ... .,- ... ... ... ... ... -, ... ... ... ... 
o 0 

o 

I : r I • I .: - - - - - ! - - - - - - � - - - - - - -:- - - - - - - I - - -

: I : J o � 
': I I I J I I ... ... ... ... ... ! ... ... ... ... ... ... ...: - ... ... ... ... ... -:- ... ... ... ... �-:.. ... ... ... ... .;-

: : : I : i I : : : :  ! : : ! 
I I : I I ! I I 

. - _ .  - ! .  - _ .  - - �- - - - - - -:- - - - ,  - -:- - - T - - - - - �- - - - - - -:- - _ .  - - - � - - - - -

Ncomp ;:: 2650 rpm 

Ncomp = 2750 rpm 

Ncomp = 2850 rpm 

Ncomp ;:: 2950 rpm 

t I : :  : 

� . . . l I . . .  It· · · · · J . . . . . . .l . . . . . . . l . . . .  . 
I :  I I I I 
• � I , I I 
• : I I I I . ... I I I I .: I I I I!, I I I 

Figure 6-1 1  : MVR compressor speed, in terms of TVR product mass flow and TVR steam 
pressure. 

The evaporator feed flow can be determined from the following mass balance, since the TVR 
product mass flow, TVR product dry matter and feed dry matter have been specified. With the 
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optimum operating conditions (i .e. , M p8 = 3 . 83 kgls , W p8 = 0.48 kglkg and W f =0 . 1 25 kglkg ) 

we can determine the optimum feed flow (i .e. ,  M f = 14. 7 1  kgls ). 

(6 .29) 

The MVR compressor speed is calculated from the steady state model and is shown, in terms of 
the TVR product mass flow and steam pressure, by Figure 6- 1 1 .  With the optimum operating 
conditions (i .e., M p8 = 3 . 83 kgls and Psp = 9 bar ), we can determine the optimum MVR 

compressor speed (i .e. , Ncomp = 2650 rpm ). 
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Figure 6-12  : Operating constraints for MVR evaporator plant at 70 °C. MVR evaporating temperature 
Earlier we showed that the MVR evaporating temperature has a strong impact on the compressor 
efficiency. Strictly there will be an optimum temperature but we cannot determine this since we 
do not have accurate fouling models. Here we will briefly investigate the impact of the MVR 
evaporating temperature on the optimisation problem. The first step is to determine the operating 
constraints. We start with the same inputs as from above, except the MVR evaporator 
temperature is now 70 QC (i .e. , Wf =0. 1 25 kglkg , Tf = 12°C ,  wps =0.48 kglkg , TDSJ = 1 1 5 °C ,  
I:3 =55 °C , T..'ocl = 24 °C and �1 = 70 °C ). Figure 6- 1 2  shows the constraints in relation to the 
TVR product mass flow and TVR steam pressure. Clearly, the higher temperature increases the 
operating range of the plant. 
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Figure 6-13  : Evaporating costs for MVR evaporator temperature of 70 °C. 
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Figure 6-14 : MVR compressor speed in terms of TVR product mass flow and steam 
pressure. 

We are now interested in determining the optimum plant operating conditions. Figure 6- 1 3  
shows the evaporation costs when the MVR evaporator temperature is 70 °C. A comparison with 
Figure 6- 1 0  shows that the evaporation costs are lower at the higher MVR evaporator 
temperature. From Figure 6- 1 3  we can determine that the minimum evaporating cost occurs at 
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the TVR product mass flow of 3 . 86 kg/s and the TVR steam pressure of 8.0 bar. This represents 
an evaporating cost of 2 .94 $/Tonne of concentrate milk. 

We can now determine the evaporator feed mass flow and MVR compressor speed. The mass 
balance shown by equation (6.29) allows us to determine the evaporator feed mass flow (i .e . ,  
M f = 1 4.82 kg/s ). Finally, the MVR compressor speed is determined from the steady state 
model . Figure 6- 1 4  shows the MVR compressor speed in terms of the TVR product mass flow 
and TVR steam pressure. From this we can determine the optimum operating condition (i .e. , 
Ncomp = 2600 rpm ). 

1 4  
1 2  

4 
2 

2 

Operating flow, Wf = 0 . 1 25 kg/kg 
Minimum flow, Wf = 0 . 1 25 k g/kg 

Operating flow, Wt = 0 . 185 k g/kg 
Minimum flow, Wf = 0. 1 85 k g/kg 

Figure 6-1 5  : Operating and minimum flows, with different feed dry matters. 

Dilution optimisatioll 
We are interested in the impact of the feed dry matter on the plant operating conditions. In fact, it 
may be necessary to dilute milk solutions with high feed dry matter concentrations. This is 
because low feed flows are required and this can contradict the film wetting constraint. If we 

M 8 'W 8 
consider the evaporator dry matter mass balance (i .e., M f = P P ) we can see the problem 

wf 
with high feed dry matter milk solutions. The concentrate dry matter ( W p8 ) is set by the viscosity 

constraint and the maximum product flow ( M  p8 ) by the spray dryer evaporation capacity. If the 
feed dry matter is high, then the evaporator feed flow will need to be low and this can potentially 
cause film wetting problems. Figure 6- 1 5  shows the operating and minimum flow profiles for 
Whole Milk with different feed dry matters of 0. 1 25 and 0. 1 85 kg/kg (i.e. ,  the other inputs were 
Tf = 1 2 °C ,  wpg =0.48 kg/kg , TDS] = 1 1 5 °C ,  I:3 = 55 °C ,  Tel = 68 °C , Psp = 5 bar , Tvac\ = 24 °C and M pS = 4 kg/ s ). When the feed dry matter is O. 1 25 kg/kg the film wetting margin is close to zero'. 
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However, with a feed dry matter of 0. 1 85 kg/kg the evaporator feed flow must be reduced and 
this causes the lower flow profile shown in Figure 6- 1 5 . Consequently, some evaporator passes 
have film-wetting margins smaller than zero and they are susceptible to fouling. 
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Figure 6-16 : Operating constraints with a feed dry matter of 0. 1 85 kglkg. 

We now consider the complete optimisation problem. Figure 6- 1 6  shows the operating 
constraints for a Whole Milk solution with a feed dry matter of 0. 1 85 kg/kg. We have used the 
same inputs as for the previous cases (i .e. , wpg =0.48kg/kg , Tf = 1 2°C ,  Tvacl = 24 °C ,  

TDSJ = 1 1 5  Q C ,  I:3 = 5 5 °C and Te\ = 68 Q C ). Clearly, the film wetting constraint and the MVR 
compressor power constraints have shifted. Less evaporation is required to produce the product 
dry matter concentration and so the compressor power constraint has shifted to high product 
mass flows (i .e., larger than 6 kg/s). However, the film wetting constraint has also shifted, 
because the dry matter concentrations are now higher in the earlier passes. The important result 
to notice from Figure 6- 1 6  is that the film wetting constraint has shifted beyond the TVR product 
mass flow constraint . Consequently the plant has no operating range at all .  

A very simple solution to this problem is to dilute the feed milk and thereby reduce its dry matter 
concentration. This, of course, reduces the evaporator efficiency, since more evaporation is 
required and thereby more power. We will not consider a complete optimisation of the plant 
operation with dilution, but it would be valuable to be able to determine the optimum degree of 
dilution. A large amount of dilution will increase the plant operational costs, since more 
evaporation is required, but not enough dilution may cause fouling problems. Therefore there 
must be an optimum amount of dilution. 

6.6) Conclusions 

In this Chapter we have investigated the operation of the Evaporator A DSI preheat section and 
the optimisation of the plant, with respect to evaporation costs. We considered three aspects of 
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the preheat section operation and these were the impact of air in the flash vessels, the problem of 
boiling in the holding tubes and flash vessel flooding. The energy cost optimisation was 
constrained and an important part of the investigation was the determination of these constraints. 

In Section 6.2, three aspects of the DSI preheat section operation were considered. Firstly air was 
shown to have an important impact on the preheat operation. In Chapter 3 the DSI preheat 
section model was derived and it was shown that the presence of air caused a temperature 
difference between the top and bottom of a flash vessel. In this Chapter we have shown how this 
temperature difference detrimentally effects the operation of the DSI preheat section. The second 
operational problem with the DSI preheat section is the evaporation of milk in the preheat 
holding tubes. This is important because vapour bubbles form at the top of the holding tubes and 
thereby act as restrictions on the flow of milk. In this Chapter we showed how this problem is 
overcome by correctly sizing the back-pressure orifice plate and how the DSI feed pump must be 
correctly sized, to accommodate the back pressure orifice plate. 

The remainder of this Chapter considered the optimisation of the Evaporator A plant, with 
respect to evaporation energy costs. The optimisation was separated into two parts : 1 ,  the 
determination of the operating constraints, 2, the minimisation of the evaporation energy costs. 
In Sections 6.3 and 6.4 methods were developed for determining the evaporator evaporation 
energy costs and the operating constraints. These were then used in Section 6.5 to develop a 
procedure for optimising the plant operation. 

The optimum operating regime is determined by the process constraints. The evaporation costs 
increase with the TVR steam pressure ( Psp ) and product mass flow ( M  ps ) . As a result, the 
optimum operating condition lies .on the film wetting constraint . In fact the plant operating range 
is quite highly constrained, as was shown in Figure 6- 1 0. The small plant operating range has 
caused the operators at Kiwi Co-op Dairies to use conservative operating conditions. They tend 
to run the plant with the largest possible product mass flow and TVR steam pressure, since this 
maximises the plant safety margin. However, the optimum plant operating condition occurs on 
the film wetting constraint and therefore operating with a large safety margin is effectively 
increasing the operating costs. 

Also, it was shown in Section 6.3 that the evaporator product dry matter has· a strong impact on 
the plant evaporation costs. With lower product dry matters, a larger amount of evaporation is 
required in the spray dryer, which is more expensive than the evaporators. In fact, it was shown 
that a 0.01  kg/kg increase in the product dry matter could produce a yearly reduction of $ 33,032 
in the plant evaporation costs. This reduction is caused simply by reducing the spray dryer 
evaporation, whilst increasing that of the evaporator. These savings are independent of those 
produced with the optimisation studies of the Evaporator A plant. 

The optimisation of the evaporator plant operation, with respect to evaporation energy costs can 
provide some savings. In this Chapter we have shown that reductions in the plant operating costs 
can be achieved by optimising the plant operation. The current operating conditions for the plant 
are determined by · operating with the maximum safety margin, with respect to falling film 
wetting and product dry matter. In this Chapter we have shown that this causes the plant 
operating costs to be increased. 
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Chapter 7 : Control lability Studies 

7. 1) Introduction 

Process control is very important for large industrial process plants. It provides uniform plant 
operation and high quality products. Both of these often lead to greater profits through lower 
operation costs and higher revenue. In this chapter we will investigate the control of the falling 
film evaporators of the Evaporator A plant at Kiwi Co-op Dairies. The aim is to determine the 
functional controllability of the plant. We are primarily concerned with the plant' s ability to 
reject disturbances. 

In Section 7 .2, we briefly discuss the Evaporator A plant process and disturbance variables. This 
is done to provide some simple background to the overall plant and its control aims. Following 
this we discuss the methodology that will be used to investigate the plant controllability. The 
Evaporator A plant is a multi-variable process and it may require a multivariable controller. We 
discuss the Relative Gain Array ( RGA ), which will be used to investigate the multi-variable 
nature of a process. This allows us to determine if the plant can be controlled using decentralised 
controllers (i .e. , single input/single output, SISO). Following this the methodology that will used 
to investigate the decentralised control loops will be discussed. 

In Section 7 .3 ,  we investigate the multi-variable nature of the Evaporator A plant. The static and 
dynamic RGA s for the entire Evaporator A plant will be determined. We use these to determine 
the correct control input/output pairings and the acceptability of decentralised control. The static 
model developed in Chapter 4 will be used to determine the static RGA , whereas the dynamic 
model is used to determine the dynamic RGA . 

In Section 7.4, we investigate the plant controllability using the decentralised control loop 
analysis methods. We firstly show that a temperature control loop on the preheat plate heat 
exchanger can provide adequate disturbance rejection. This result is very important because it 
means the dynamic feedback through the heat exchanger can be neglected. Then we consider the 
DSI unit temperature controllability and this will be followed by the MVR evaporator section 
temperature and product dry matter control loops. Finally we investigate the TVR evaporator 
temperature and product dry matter control loops. 
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7.2) Control Variables and Controllability Analysis Methodology 

7.2. 1 )  Process Control and DisturbanceVariables 
The Kiwi Co-op Dairies Evaporator A plant contains many process variables, which we would 
like to control . In Chapter 6 the following six controller process and manipulated variables were 
discussed. 

Table 7-1 : Process and manipulated variables for the Evaporator A plant. 

1 

2 

3 

4 

5 

6 

Process Variable 
Evaporator product mass flow (M ps ) 
MVR evaporator temperature ( Tel ) 
TVR final effect temperature ( Te3 ) 
TVR product dry matter ( w ps ) 

MVR product dry matter ( w p5 ) 
DSI unit temperature ( TDS1 ) 

Manipulated Variable 
Evaporator feed flow (M f ) 
Heat exchanger condensate flow (Mc ) 
Vacuum condenser water flow (M vac ) 
TVR steam pressure set-point (Psp )  
MVR compressor speed ( N camp ) 
DSI unit steam mass flow ( mdsi ) 

On the Evaporator A plant the product dry matters are inferred using density meters. In 
Appendix A it is shown that the density of a milk solution depends upon its dry matter. As a 
result, it is common to directly control the product densities rather than the product dry matters. 
We will, however, assume that the product dry matter is directly determined. 

Inputs 
DistUrbances 

Manipulated 

Wf 
Tf 
T'.QcI 
Psi 
Mf 
M'.QC 
Ncomp 
mdsi 

Mc 
Psp 

Outputs 

Process Variables 
Mps 

� Evaporator A plant 

Figure 7-1 : Evaporator A manipulated, disturbances and process variables. 

The Kiwi Dairy Co-operatives evaporator A plant contains four exogenous process control 
disturbances. 
1 )  Feed milk dry matter ( w  f ). 
2) Cooling water temperature ( T"acJ ). 
3) Feed milk temperature ( Tf ). 

4) Co-generation steam pressure supply ( PSI ) . 
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7.2.2) Control Analysis Methodology 
Scaling 
Scaling permits meaningful analysis of the model transfer functions in the controllability 
analysis. Table 7-2 shows the scaling values which we shall use in the controllability analysis. 
The process and manipulated variable scaling values have been chosen from the allowed range of 
these variables. For example the TVR product dry matter ( w ps ) has been scaled with a range of 
0.01  kg/kg. This means that we seek to maintain a deviation in this variable of 0 .01  kg/kg, but 
not more. The disturbance variable scaling values have been chosen from the expected variation 
in these variables. For example the cooling water inlet temperature (1'"acI ) is expected to change 
by about 3 °C and so we have chosen this as the scaling value. The Evaporator A plant models 
have been scaled using the methods of Skogestad and Postlewaite ( 1 996). Table 7-3 shows the 
static gains from Table 4- 1 after they have been scaled. 

Table 7-2 : Scaling parameters for controllability analysis. 

Variable Description Type Scaling Value Units 

w pS MVR evaporator product dry matter. Process variable 0.0 1 kg/kg 

W p8 TVR evaporator product dry matter. Process variable 0.0 1 kg/kg 

wf Evaporator feed dry matter. Disturbance 0.0 1 kg/kg 

TDS1 
Preheat DSI temperature. Process variable 1 °C 

Te3 
Third effect temperature Process variable 1 °C 

Te l First effect temperature. Process variable 1 °C 

Tmc3 Plate heat exchanger outlet temperature. Process variable 1 °C 

Tf Evaporator feed temperature. Disturbance 3 °C 

Tel Condensate water temperature. Disturbance 1 °C 

Tp5 MVR evaporator product milk temperature. Disturbance 3 QC 

1:"'lcl Vacuum condenser cooling water. Disturbance 3 QC 

�'ac2 Vacuum condenser outlet temperature. Disturbance 3 °C 

Tph2 Hot feed milk to the MVR evaporator section. Disturbance 3 QC 

Tmcsp Plate heat exchanger control loop set-point. Manipulation 6 QC 

Mc Plate heat exchanger condensate flow. Manipulation 1 kgls 

Mf 
Evaporator feed flow. Manipulation 1 kgls 

Mvac Vacuum condenser cooling water flow. Manipulation 1 kgls 

Mps 
TVR product mass flow. Process variable 1 kgls 

PSI Raw steam pressure. Disturbance 50000 Pa 

p.p TVR steam pressure control loop set-point. Manipulation 200000 Pa 

Neomp MVR compressor speed. Manipulation 200 rpm 

mdsi Mass flow of raw steam. Manipulation 0. 1 5  kgls 
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Multivariable analysis 
A large process plant wil l  contain many potentially interacting control loops. We would like to 
determine whether these interactions will play an important role in the controllability of the 
plant. The Relative Gain Array ( RGA ) is an important tool that can be used to investigate control 
loop interactions. The properties of the RGA are rigorously proven by Grosdidier and Morari 
( 1 985) and summarised by Skogestad and Postlethwaite ( 1 996). The RGA and the RG�umber of 
an m x m matrix, G ,  are defined by equation (7. 1 ). 

RGA = G ® (G -1 ) , RG�umber = IIRGA - fllsunl (7. 1 )  

Where the operation ® denotes element by element multiplication (Hadamard or Schur product) 
and IIGllsunl is the sum-norm of the matrix G (Skogestad and Posdewaite, 1 996). There are two 

important rules for the RGA : 

Integrity : Avoid input-output pairings on negative steady-state RGA elements. 
Stability : Prefer control loop pairings with an RGAnumber close to 0 at crossover frequencies. 

Table 7-3 : Scaled static process gains for the Evaporator A plant. 

Tmc3 = 50.00 ·C 

T.I = 66. 1 9 ·C 

7',1 = 69.96 ·C 

TDS1 = 1 04.38 ·C 

Tphl = 9 1 .45 ·C 

Tphc = 77.89 ·C 

T.2 = 57.48 ·C 

Ts2 = 63.36 ·C 

Te3 =53.24 ·C 

W pS = 0.408 kglkg 
W p8 = 0.469 kglkg 
M = 4 68 kg's p5 . 
M p8 = 4.07 kgls 

Ncomp Psp 
= 2850 = 500000 

rpm Pa 

2.0385 0.9284 

2.963 1 0.93 1 5  

3.7969 1 .0524 

3.0277 0.9460 

3.0945 0.9669 

3. 1 660 0.9893 

1 . 5577 4.2498 

5.2388 6.306 1 

-1 . 75 5 1  3. 1 06 1  

1 3.7854 2.0021 

1 8. 1 1 00 3.6971 

- 1 . 58 1 2  -0.2297 

- 1 . 5702 -0.3206 

Mf Tf wf Mc 
= 1 5.3 = 1 2  = 0. 1 25 = 9.042 kg's °C kglkg kg's 

-7.0553 2.7757 0.0784 5.64 1 2  

-8. 1 040 2.7848 0.0361 5.2575 

-9.2 1 56 3 . 1 462 0. 1 1 34 5 .9396 

- 1 0.89 1 3  2. 8284 0.0944 5.3570 

- 1 0.3280 2.8908 0.0966 5.4991 

-9.7036 2.9576 0.0990 5.6554 

-3.9926 1 . 5 1 85 0.5606 2.7282 

- 1 0.2654 3.2757 1 .2082 5.8757 

1 . 7387 -0.0594 0. 1 3 7 1  -0.3552 

-22.5006 5.9872 2.0453 1 1 . 3 1 77 

-30.39 1 8  8.0820 2.2069 1 5.2365 

2.8887 -0.6864 0. 1 399 - 1 .2984 

2.9032 -0.7004 0. 1 348 - 1 .32 1 5  

mdsi MVQC 
= 0.35 = 3.5 kg's kg's 

1 2.07 1 8  2.3559 

1 8.37 1 8  2.3637 

20.72 1 8  2.6705 

33.06 1 8  2.4007 

28.5231 2.4536 

23.5223 2.5 1 04 

1 0.0256 -1 .8905 

2 1 .4366 -0.9932 

-0.2208 -3.843 1 

38.7424 5.0809 

52.3504 7.00 1 0  

-4.44 1 1 -0.5827 

-4.5357 -0.6069 

TVQcJ 
= 24 

·C 

0.4071 

0.4084 

0.46 1 4  

0.4 1 48 

0.4239 

0.4337 

1 .3693 

1 .8406 

1 .3600 

0.8778 

\ . 1 334 

-0. 1 007 

-0.0983 

The first RGA rule al lows us to determine which manipulated/process variable control loop 
pairings should be used. This question appears trivial but with a large plant the correct choice of 
control loop pairings can be very important. According to this rule the RGA element 
corresponding to the control loop pairing should be larger than zero. The second RGA rule 
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determines whether decentralised control loops can be used for the plant. According to the 
second RGA this can be done if the RGAnumber is close to zero at crossover frequencies. 

Decentralised control loop analysis methodology 
If the multi-variable nature of a process is not important, then we can tune the control loops 
independently as decentralised loops. We are interested in the ability of the control loops to 
reject disturbances. There are two aspects of this problem and they are investigated by 
considering the control loop disturbance rejection (DR) and input saturation (IS). These will be 
investigated using the methodology of Skogestad and Postlethwaite (pp 1 96-1 99, 1 996). 

1 )  DR : Can the scaled process variables be maintained within ± 1 for any scaled disturbance of 
± I ?  
2 )  I S  : Are the scaled manipulations required for disturbance rejection within ± I ?  

The Sensitivity Transfer Function ( S(s)=
[l +G(

:
)Gc(s)]

) will be used to investigate the closed 

loop control performance. We will denote the process transfer function as G(s) , the controller 
transfer function as Gc (s) and the disturbance transfer function as GAs) . To satisfy the 

disturbance rejection criterion we require IG Aj.liJ )S(j.liJ) I � 1 V liJ for each disturbance, where 

S(s) is the Sensitivity Transfer Function and (j) is the frequency. For PI control, this can be 
satisfied if (j)1I � liJd , where liJu is the phase crossover frequency of G(s) and (j)d the gain 

crossover frequency of G d (s) .  To avoid saturation of the manipulated variable, we require 

IG(j.liJ) I > IGAj.liJ� - l at frequencies where IGd (j.w�> 1 . 

7.3) Multi-Variable Nature 

7.3. 1 )  Introduction 
Here we investigate the multi-variable nature of the Evaporator A plant. We are primarily 
interested in determining if the plant can be controlled using decentralised control loops and the 
appropriate control loop pairings. The static and dynamic RGA s will be used to answer these 
questions. 

7.3.2) Static RGA Analysis 
There are six process variables that we would like to control ( TeJ ' TDS[ ' W p5 ' Te3 , M p8 and 

W P8 )  with the manipulated variables ( Mc , mdsi , Ncomp ' Mvae, M! and P sp ) . The steady state 
model for the entire Evaporator A plant was determined in Chapter 4. We can use this model to 
determine the static RGA and this is shown by equation (7.2). 

The static RGA shows that all of the diagonal elements are positive and so the correct control 
loop pairings have been chosen (i .e., wps / Ncomp , T.l /Mc '  Mps /M! , TDS[ / mds; , wps / Psp and 

T.3 / M vac ) .  However, some of the elements are large and in particular the sixth diagonal element, 
which corresponds to the product flow control loop (M p8 )' is very large. The RGAnumber for the 
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system is 74.06, which is very large and suggests de-centralised controllers will suffer from 
interaction problems. 

To! TDS1 To3 Wp5 Wp8 Mp8 
3 .33 1 0  - 1 .2962 - 0.0300 - 0.8803 - 0. 1092 - 0.0 1 53 C 

- 1 .3352 2.2974 0.0 1 47 0.0203 - 0.01 09 0.0137  

RGA = - 0.0359 0.0000 0.9 1 64 0.0001 0. 1 190 0.0005 '"QC (7.2) 
6.625 1 - 0.0254 - 5 . 1 8 1 9  1 . 8509 - 2. 24 1 9  

- 6. 1 7 1 6  3 . 1 224 6.0829 4. 1 1 82 3 .6280 

- 1 .4 1 33 - 3 .0983 - 0. 8020 - 4. 1 092 - 0. 3850 f 

The large RGAnumber can be explained by considering the linearised Evaporator A mass balances. 
These are given by equation (7 .3) and we will con,sider the total mass flow of evaporation 
(M tJlbest ) and the evaporator feed flow ( M f ) as the manipulated inputs. In practice the mass flow 
of evaporation cannot be manipulated and industrial plants use the MVR compressor speed, or 
the TVR steam pressure as manipulated variables. However, these industrial manipulated 
variables are strongly correlated with the mass of evaporation and it is considerably simpler to 
assume that the mass flow of evaporation is a direct manipulation (Winchester and Marsh, 1 999). 
The process outputs are the TVR evaporator product dry matter ( w ps ) and flow (M p8 )' We can 

then calculate the RGA and RGAnumber for this alternative control situation and these are 
explicitly given by equation (7.4). 

lkfp8 0 0 [w ]= wf Mhlbest II pS I. I O 0 \2 VW f -M/Jlbest ) 

RGA = (M.� -Mt�best) 
lkf�best 

- (M t�'bes -lkf �'best ) 

(7 .3)  

lkf�best 

RGAnumber = [Mo _ 0 ] (7 .4). f M tubest 
4M�best 

- (Mt�bes -lkf�best) 
lkf�best 

Where, lkf� mass flow of feed milk to the Evaporator A plant, at steady state. (kg/s) 

lkf�best = total mass flow of evaporation in the Evaporator A plant, steady state. (kg/s) 

lkf p8 mass flow from the TVR evaporator section. (kg/s) 

W p8 dry matter from the TVR evaporator section. (kg/kg) 
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The RGA and RGAnwnber given 10 equation (7.4) are very dependent on M�besl .  More 

importantly when M�'best is large in relation to M� the RGAnurnber becomes very large. For the 
Evaporator A plant approximately 80 % of the water in the feed milk is evaporated and 
substituting this into equation (7.4) we can produce a RG�umber of 16 .  This suggests that a 
significant amount of the interactions are between the TVR product dry matter and flow control 
loops. 

If we are to control the Evaporator A plant with decentrali sed control loops, then one of either 
the product dry matter or mass flow control loops will have to be sacrificed. Otherwise a multi­
variable controller will be required. Of the two control loops, the product dry matter is the most 
important, because it has an exponential impact on viscosity. If we neglect the product flow 
control loop then the static RGA is given by equation (7 .5) .  

1:1 TDS1 Te3 Wp5 Wp8 
3 . 328 1 - 1 . 3025 - 0.03 1 6  - 0 . 8842 - 0. 1 098 c 
- 1 . 3333  2 .305 1 0 .0 1 57 0 .0230 - 0.0 1 05 

RGA = - 0.0359 0. 0000 0.9 1 68 0 .0004 0. 1 1 87 (7 .5)  
vac 

6.62 1 2  - 0.0339  - 5 . 1 84 1  1 . 8393 - 2 .2427 Ncomp 
- 7 . 5802 0.03 1 3  5 .2832 0.02 1 5  3 .2442 Psp 

The RGAnwnber for this situation is 37.66 which is considerably smaller than the case with the 
product flow loop included. This is still a comparatively large RGAnwnber and suggests that there 
may still be significant controller interactions between the control loops. However, we will show 
in the dynamic RGA analysis that the RGAnwnber reduces at higher frequencies and it is relatively 
close to zero in the range of frequencies we are concerned about. 

7.3.3) Dynamic RGA Analysis 
The above static RGA analysis does not provide a complete investigation of the multi-variable 
nature of the evaporator. Static RGA s can be used to determine the control loop pairings, but 
they do not give a true indication of the control loop interactions. As stated in Section 4.3 the 
requirement for the ' Stability' of a multi-variable system is that the RGAnurnber be close to 0 at 
frequencies close to the cross-over. 

In Chapter 4 we developed the linear dynamic model for the Evaporator A plant. The model 
neglected the preheat plate heat exchanger because of the difficulty of combining the dynamic 
heat exchanger equations with the rest of the Evaporator A plant. We can, however, combine the 
preheat plate heat exchanger model with the rest of the Evaporator A plant and calculate the 
dynamic RGA using numerical methods. This is quite simple for the RGA analysis because we 
only require the process gains and these are not difficult to calculate. The static RGA results 
suggest that there will be potential controller interactions between the control loops of the 
Evaporator A plant. Figure 7-2 shows the RGAnwnber across a range of frequencies, as calculated 
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using the numerical analysis. It should be noted that the RGAnumber at low frequencies is different 
from that determined with the static model, because of the additional assumptions made in the 
development of the dynamic model . 

40 
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Figure 7-2 : RGAnumber vs frequency for the complete Evaporator A plant. 
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Figure 7-3 : RGA vs frequency diagonal elements for the Evaporator A plant. 
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The important result shown in Figure 7-2 is the reduction in the RG�umber at higher frequencies. 
At frequencies above 0. 1 rad/s the RGAnumber falls below 5 and this suggests that any controller 
with a cross-over frequency above this will not suffer from interaction problems. However, at 
frequencies below 0 .01  rad/s the RGAnumber is above 20 and this suggests that any controllers 
with cross-over frequencies in this range will have interaction problems. These results give a 
clear indication of the potential interaction problems and provide a safe frequency operating 
range for the plant. Provided the plant controllers operate with cross-over frequencies above 0 .01  
and preferably 0. 1 rad/s, then no interaction problems will occur. 

The RGA diagonal elements for the five control loops are shown in Figure 7-3 . As expected 
these shift towards the ideal value at higher frequencies. In particular the temperature and 
product dry matter control loops for the TVR evaporator section become very close to the ideal. 
The elements for the MVR evaporator are not quite so close to the ideal section but they do 
dramatically improve. As with the RG�umber the RGA elements are different from those 
determined in the static analysis. 

7.4) Decentralised Control Loops 

7.4. 1 )  Introduction 
In the previous Section, we determined the applicability of de-centralised control loops. It was 
shown that decentralised control loops, with the exception of the product mass flow, would be 
adequate provided their cross-over frequencies were above 0.0 1  rad/s. As a result, the plant will 
probably not suffer from serious interaction problems when using decentralised control loops. In 
this section, we shall investigate the controllability of these de-centralised loops. 

7.4.2) Preheat Plate Heat Exchanger 
Here we will do a controllability analysis on the preheat plate heat exchanger. This is important 
because of the difficulty of developing the dynamic model for the complete Evaporator A plant. 
The dynamic model for the preheat plate heat exchanger does not represent a finite order 
constant coefficient linear differential equation. As a result, it is difficult to combine it with the 
dynamic models for the DSI preheat section, the MVR evaporator section and the TVR 
evaporator section. However, we show here that the plate heat exchanger exhibits good 
disturbance rejection. Therefore the feedback loops through the heat exchanger are removed and 
the Evaporator A plant dynamic model does not need to include the heat exchanger. 

We are interested in the control loop for the plate heat exchanger outlet hot milk temperature. 
Figure 7-4 shows the temperature control loop with the process, disturbance and manipulated 
variables. The flow of hot condensate (MC > is manipulated, to control the outlet milk 
temperature ( Tmc3 )' by using a bypass control valve. There are several disturbances to the plate 
heat exchanger. Firstly, the vacuum condenser cooling water flow (MvaJ and temperature 
( Tv} = Tvac2 ) are disturbances to the first plate heat exchanger section. The flow of cooling water 
(MvaJ is manipulated to control the TVR final effect temperature. However, these flow 
variations also act as disturbances to the preheat plate heat exchanger and so we will include 
them here as disturbances. Secondly, the condensate flow (MC > and temperature (T,,} )  will vary 
with the MVR evaporator temperature. In Chapter 6 we showed that the MVR evaporator 
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temperature effects its mass flow of evaporation and hence the mass flow of condensate. 
Therefore both of these variables are strictly disturbances to the preheat plate heat exchanger. 
However, we only consider the condensate temperature as a disturbance, because the mass flow 
of condensate is the manipulated variable for the plate heat exchanger control loop. Thirdly the 
feed flow ( M  f )  and temperature ( Tf ) will disturb the heat exchanger. 

Mf Mf 
Outlet hot milk 

T�3 Feed milk 
Tf 

wnr3 ... wf 
I . � 
1 Hot MVR condensate 
1 HX 1750 1 
1 ... 
1 ,. 
1 Mc 

@ 7;) ... ",-
1 
1 Mvac 1 
1 1 T..ac2 � - - - - - - - - - - - - - - - - _ . 1 

Hot vacuum condenser water 

Figure 7-4 : Preheat plate heat exchanger outlet temperature control loop. 

The transfer functions describing the plate heat exchanger were derived in Chapter 3 .  They do 
not represent constant coefficient linear differential equations and this presents a problem, 
because most dynamic analysis is based on constant coefficient equations. However, we can 
numerical ly determine the Bode and Nyquist plots for these transfer functions and thereby do a 
controllability analysis. The important transfer function between the condensate water flow 
(Mc ) and the outlet hot milk temperature ( T",c3 ) is shown by equation (7.6). This transfer 
function is the same as that derived in Chapter 3 and is given there by equation (3 .90). 

T",c3 (s) Nz .H 2<-P2 L12 [(a) - pJsinh�I .L)-PI . cosh(PI .L)+ Ple[-(al - p2 �Ll ] 
vJs) [(al -P2 )  - PI ] a2 · smh(PI .L)+ PI · Cosh(PI ·L) (7.6) 

For the steady state operating conditions determined in Chapter 4 the Bode plot for equation 
(7.6) has been determined and is shown in Figure 7-5. The phase cross-over frequency can be 
determined from Figure 7-5 as 0.9 rad/s. This is a relatively high cross-over frequency and it 
corresponds to a Ziegler-Nichols period of 7.9 s . The disturbance Bode plots are shown in Figure 
7-5, Figure 7-6 and Figure 7-7. The gain cross-over frequency for the Tmc3(S) transfer function is 

Td (S) 
0.09 rad/s, for the Tmc3(

(Si transfer function there is no gain cross-over frequency, for the Tmc3 (S) 
Tvl S M W1C (s) 
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transfer function it is 0.02 rad/s, for the Tmc3 (S) transfer function it is 0.06 rad/s and the Tmc3 {S) MAs} Tj {s) 
transfer function also has no gain cross-over frequency. Each of these gain cross-over 
frequencies is smaller than the process transfer function phase cross-over frequency. 
Consequently, we expect the outlet temperature control loop to provide adequate disturbance 
rejection. 

o ...... -.. ----...... ---r--Iii4iii�c:_---.--'----""--.�--'-''--_, 
0' -50 

Q1 
JJ!! -100 !i tf. - 1 50  

Figure 7-5 : Numerical Bode plots for the plate heat exchanger. 

co 10 
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Figure 7-6 : Numerical disturbance Bode plots for the plate heat exchanger. 
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Figure 7-7 : Numerical disturbance Bode plots for the plate heat exchanger. 

The above results show that the plate heat exchanger temperature control loop does have 
adequate disturbance rejection capabilities. This is important because it means the assumption of 
negligible feedback through the plate heat exchanger is valid. It also means that the plate heat 
exchanger outlet temperature can be assumed to be identically equal to the control loop set-point. 
This assumption is of some importance for the MVR evaporator temperature control loop. A 
cascade control loop is used with the plate heat exchanger control loop set-point as the 
manipulated variable for the control loop. 

7.4.3) Preheat DSI temperature control 
The steady state and linearised dynamic models for the preheat were developed in Chapter 4. We 
are interested in the control loop for the DSI unit temperature. Figure 7-8 shows the DSI unit and 
holding tubes, along with three different temperature control configurations. Firstly the 
temperature after the holding tubes is measured and the steam flow manipulated. Secondly the 
temperature before the holding tubes is measured and the steam flow manipulated. Thirdly the 
temperature after the holding tubes and the DSI unit surface temperature are measured and a 
cascade control loop used. 

The mass flow of steam to the DSI unit depends on the raw steam pressure and the control valve. 
Strictly the percent opening of the control valve is the manipulated variable for the DSI unit 
temperature control loop and the steam pressure is a disturbance variable. However, we have 
taken the mass flow of steam as the manipulated variable, while still considering the raw steam 
pressure as a disturbance variable. 

It is often found that DSI units operating with milk solutions exhibit large amounts of fouling 
(Trinh et ai, 1 996) . Commonly, when temperature probes are placed directly after the DSI unit 
they become fouled and no longer give accurate temperature readings. This problem can be 
overcome by placing the temperature probe after the holding tubes, where no fouling is likely to 
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occur. However, the difficulty with measuring the temperature after the holding tubes is the large 
pure delay. This adds a lot of phase lag to the process transfer function, which reduces the 
controller's ability to reject disturbances. 

I 
I 
I 
I 
I 
I 
I 

OSI Unit 
mdsl 

I 
- _ _ _  I 

OSI Unit OSI Unit 

� - - - - - -e -- - - - -e 
Figure 7-8 : DSI unit temperature control configurations. 

o r-���-.�.-.:.� 
� -1()i) � . 

J:;: 
Q.., -200 

. TDS/ (s) Tjhl (S) . 
Figure 7-9 : Bode plots for the ( ) and ( ) transfer functIon. 
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� ·1 00 11 0.. .200 

T (s) T 1 (s) 
Figure 7-10  : Bode plot for the DSl( ) and jh ( ) transfer function. 

PSI S PSI S 
Figure 7-9 shows the Bode plot for the process transfer function between the mass flow of steam 
and the DSI unit temperature. The transfer functions with the temperature measured before T (s) T 1 (s) 
( DSl ( » and after the holding tubes ( fh ( » ) are both shown. Since the model neglects the 

mdsi S mdsi S 
heat losses from the holding tube surfaces the gains for these transfer functions are identical. 
Figure 7-9 shows the phase cross-over frequencies for the first and second controller 
configurations of Figure 7-8 . When the temperature is measured directly after the DSI unit the 
phase cross-over frequency is 0.9 rad/s. However, the phase cross-over frequency is considerably 
lower, at 0.02 rad/s, when the temperature is measured after the holding tubes. The position of 
these cross-over frequencies depends on the model parameters. We have used a 1 80 s holding 
tube time delay and a 2 s delay between the mass flow of steam and the DSI unit. A shorter 
holding tube time delay would give a higher cross-over frequency, for the first controller 
configuration. However, 1 80 s is the largest holding tube time delay used at Kiwi Co-op Dairies, 
so it is the worst case scenario .  

Figure 7- 1 0  shows the Bode plots for the transfer function between the steam pressure 
disturbance ( PSI ) and the DSI unit temperature. We have used a linear gain of 0.000833 between 

the raw steam pressure and mass flow of steam. Figure 7- 1 0  shows both the 
TD31«(sl and the 
PSI s Tfo'?? transfer functions. As with Figure 7-9 the gains in Figure 7- 1 0  are identical for both P., s 

transfer functions, since the holding tube heat losses have been neglected. The disturbance gain 
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cross-over frequency is 0 .01  rad/s for both situations. However, the resonance nature of the 
preheat section means that there are several gain cross-over frequencies. The highest gain cross­
over occurs at a frequency of 0 .2 rad/s. This is considerably higher than the phase cross-over 
frequency, with the temperature measured after the holding tubes. However, it is lower than the 
phase cross-over frequency for the case with the temperature measured directly after the DSI 
unit. This clearly shows the impact of the holding tube time delay on the DSI unit temperature 
controllability. The controller cannot provide adequate disturbance rejection when the 
temperature is measured after the holding tubes. 

Temperature measure d  after OSI unit 
Temperature measured after holding t ubes 1 5  - - - - - - - - - - - - � - - - L..-__ --:-____ -:--____ 
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Figure 7-1 1  : The disturbance rejection criteria for the DSI unit temperature control loops. 

We are now interested in the closed loop criteria for the DSI unit temperature control loop (i.e . ,  
le Aj.w )S(j.UJ ) I � 1 V w ). Initially we consider only the first and second control configurations 
shown in Figure 7-8 .  The third case, with the cascade controller, will be considered later. With 

2 
the controller parameters 'i = 20 s and Kc = (5 '  we can detennine the closed loop transfer 

function for the second controller configuration. Figure 7- 1 1  shows the resulting disturbance 
rejection criteria and there is relatively good disturbance rejection across the range of 
frequencies. This is consistent with the earlier results, which showed that the process phase 
cross-over frequency was higher than the disturbance gain cross-over frequency. 

We now consider the case with the temperature measured after the holding tubes. With the 

controller parameters , =  1 50 s and Kc = � ,  we can detennine the closed loop transfer function. I 60 
We have used a larger controller integral time ( 'i ) and a smaller controller gain ( Kc )  because of 
the smaller open loop phase cross-over frequency. The resulting disturbance rejection criteria is 
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plotted against frequency in Figure 7- 1 1 .  Clearly the disturbance rejection is not very good, 
which is consistent with the earlier results. 

The above results explain the problem with controlling the DSI unit temperature. It is better from 
a control perspective to measure the temperature directly after the DSI unit, but this can be 
susceptible to fouling. In order to overcome these problems an alternative control scheme has 
been developed and this is shown by the third configuration in Figure 7-8. We can measure the 
tube surface temperature directly after the DSI unit and also the milk temperature after the 
holding tubes. A cascade controller can be used with the inner loop controlling the tube surface 
temperature and the outer loop controlling the temperature after the holding tubes. This avoids 
the problems of temperature probe fouling but does not severely compromise disturbance 
rejection. 

····1 0�,2 
Frequency (rlidls) 

Figure 7-1 2  : Impact of holding tube residence time on the T =l'l transfer function Bode PSI S 
plot. 

Preheat Resonance 
The DSI preheat section has a resonance effect, which can be seen from the Bode plots shown in 
Figure 7- 1 2 . This shows the transfer function between the steam pressure and the DSI unit 
temperature, for different holding tube time delays. There is clearly a resonance effect, which is 
indicated by the peaks in the magnitude and phase lag plots. This resonance effect is caused by 
the feedback through the flash vessels and the holding tube time delay. If we consider a 
sinusoidal variation in the steam pressure, this will cause a sinusoidal variation in the DSI unit 
temperature. The temperature exiting from the holding tubes will then also exhibit this sinusoidal 
variation but this effect will be delayed because of the holding tube time delay. This then causes 
a sinusoidal variation in the flash vessel temperature, which is heated by the hot liquid from the 
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holding tubes. The feedback through the flash vessel then interferes with the original sinusoidal 
steam pressure and causes the resonance effect. 

The important impact of the resonance effect is the increased transfer function magnitude. This is 
shown in Figure 7- 1 2, where the Bode plot magnitudes are high at the resonant frequencies. 
Consequently the system is sensitive to disturbances at these frequencies. In order to reject these 
disturbances the process transfer function phase cross-over frequency needs to be higher than the 
frequencies of the large resonant peaks. With the first controller configuration shown in Figure 
7-8 this is impossible, because the phase cross-over frequency is very low. However, the second 
controller configuration has a high phase cross-over frequency and so it is able to reject 
disturbances that occur at the resonant frequencies. 
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Figure 7-13 : Disturbance rejection criteria, for the third and first DSI unit controller 
configurations. 

Cascade controller 
We will now consider the third controller configuration in Figure 7-8 . This is a cascade 
controller, which measures the tube surface temperature before the holding tubes and the milk 
temperature after the holding tubes. The tube surface temperature response has an additional first 
order dynamic, which we have modelled with a 2 second time constant. The resulting transfer 
functions are similar to those shown in Figure 7-9. We can now determine the closed loop 
transfer functions by choosing controller parameters for the cascade controller. Using the 

Parameters r = 20 s  and K = � for the inner controller and T = 1 50s  and Kc = � for the outer I c 6 I 60 
controller we can produce the disturbance rejection criteria and this is shown in Figure 7- 1 3 .  
Also shown i s  the criteria for the first controller configuration i n  Figure 7-8 . Clearly the cascade 
controller provides significantly better disturbance rejection. 
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Finally we are interested in the controller input saturation for the DSI unit temperature control 
loop. The criteria for this was discussed earlier (i .e. , IG(j.@) I � IG d (j.@ � - 1  V @ ) and we can see 
from Figure 7-9 and Figure 7- 10  that it is satisfied. We can also determine the manipulations 
required for a unit disturbance and the resulting magnitude plots are shown in Figure 7- 14 .  The 
magnitude is smaller than one across the entire frequency range, so there are no saturation 
problems. 

Q) 

Temperature measured after DSI unit 
Temperature measured after holding lubes 
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Figure 7-1 4 : Closed loop manipulations required for a unit disturbance. 

7.4.4) MVR section control 
Here we are interested in the control of the MVR evaporator section evaporation temperature 
( Tel ) and the product dry matter ( W  p5 ) . In the previous section we showed that decentralised 
controllers could be used if the process cross-over frequencies were above 0.01 rad/s. 
Furthermore, the results of the static RGA analysis shows that the correct control loop pairings 
are Tel / M c and W pS / N camp . Figure 7- 1 5  shows the MVR evaporator section, with the 
temperature and product dry matter control loops. 

MVR section temperature 
The MVR evaporator temperature can be controlled using a cascade controller connected with 
the preheat plate heat exchanger. Earlier we calculated the RGA by considering the heat 
exchanger condensate flow (Mc ) as the manipulated variable. However, the cascade controller in 
Figure 7- 1 5  provides better disturbance rejection for the plate heat exchanger outlet temperature. 
The set-point for the outlet temperature controller (Tmcsp) is then the manipulated variable for the 

MVR evaporator temperature control loop. In Chapter 4 we developed the linear state space 
representation for the MVR evaporator section. This includes the transfer function between the 
preheat condenser inlet temperature (Tmcsp) and the evaporator temperature (r.J The resulting 
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Bode plot for this transfer function is shown in Figure 7- 1 6. It should be remembered that this 
transfer function neglects the preheat plate heat exchanger dynamics. These have been neglected 
because of the disturbance rejection capabilities of the plate heat exchanger temperature control 
loop. 
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Figure 7-15 : The MVR evaporator section density (DC) and temperature (TC) control 
loops. 

There are not many direct disturbances to the MVR evaporator section. In fact, the control loops 
for the preheat plate heat exchanger and DSI unit temperature would suggest that there are no 
disturbances. Strictly the feed temperature disturbances are removed by the heat exchanger outlet 
temperature control loop. In addition the potential steam pressure disturbances are removed by 
the DSI unit temperature control loop. However, there are many indirect disturbances which 
cause changes in the DSI preheat section flash vessel temperatures. For example the presence of 
air in the flash vessels was shown in Chapter 6 to cause changes in their temperature. As a result, 
the preheat section flash vessel temperatures can be a significant disturbance to the MVR 
evaporator section temperature. 
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We now consider the MVR evaporator section in isolation from the DSI preheat section. In 
Chapter 4 the linear dynamic model was developed by combining the DSI preheat section with 
the MVR evaporator section. However, for the consideration of the MVR evaporator section 
temperature control, we consider the MVR evaporator section in isolation. This is done to 
simplify the analysis and to make the flash vessel temperatures a disturbance to the evaporator. 
The transfer functions shown in Figure 7- 1 6  are for the MVR evaporator section and do not 
include the feedback through the DSI preheat section. 

The phase cross-over frequency of the T.l (S) transfer function is determined from Figure 7- 1 6  as 
Tmcsp(s) 

0.3 rad/s. Figure 7- 1 6  also shows the Bode plot for the T.l(S) transfer function, from which we 
Tph2(s) 

can determine a gain cross-over frequency of 0.0 1 rad/s. This is a very low frequency and more 
importantly it is considerably lower than the process transfer function phase cross-over 
frequency. As a result, we do not expect there to be any disturbance rejection problems with this 
control loop. We can confirm this by calculating the closed loop transfer function. Choosing the 
controller parameters Ti = 1 00 s and Kc = 5 ,  we can determine the disturbance rejection criteria 
and this is plotted in Figure 7- 1 8 .  Clearly the gain is low across the frequency range and this 
reflects the good disturbance rejection characteristics of the control loop. 

� 0 F_ ::.: _ _  =-=_ :..: _ _  :.:: _ _  -=_.:.; _ _  ::..;_:::::� _==_:..: _ _  �_..::. _ _  =:_:.: _ _  :..::_ :,.._ . -� 
Cl) , � :t::: 6, -20 '" ::E 

Figure 7-16 : Bode plots for the MVR evaporator temperature transfer functions. 

The potential problem of controller input saturation can be investigated using the criteria of 
Section 7.2 (i .e. , IGCi·w) I 2: IGd (j.w�- 1  at frequencies where IGdCi.w� > I ) .  Figure 7- 1 6  shows 
that the process transfer function gain is larger than the disturbance gain at frequencies below 
0.25 rad/s. This is consistent with the criteria and therefore we do not expect any controller 
saturation problems. We can confirm this result by determining the closed loop manipulations 
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required for a unit disturbance, which are shown in Figure 7- 1 9. Clearly the manipulations are 
small and so no serious saturation problems will occur. 

MVR product dry matter 
F or the product dry matter control loop, the disturbance is the feed dry matter (wjc2 ) and the 
manipulated variable is the MVR compressor speed (Ncomp) . In Chapter 4 we developed the state 

space representation of the MVR evaporator. Using the linear dynamic model we can determine 
the Bode plots between the MVR compressor speed (Nco",p)' the feed dry matter (wfc2 ) and the 

product dry matter ( wps ) . The model combines the DSI preheat section with the MVR evaporator 

section, but the feedback through the plate heat exchanger is neglected. It should also be 
remembered that the model considers the entire MVR evaporator as a single pass, whereas it 
actually contains five passes. Later we show that this assumption causes some differences in the 
process dynamic response. However, the basic conclusion of the controllability analysis is the 
same when the five passes are modelled as a single pass. 

Figure 7-17  : Bode plots for the MVR evaporator product dry matter transfer functions. 

The Bode plots for the process and disturbance transfer functions (i .e., wps(s) and wps(s) are 
Ncomis) wjc2(s) 

shown in Figure 7- 1 7. The wp5(s) transfer function contains the unusual Gtubes{s} transfer function 
. NcoJs) 

and this is clearly seen from the Bode plot. A critically important aspect of the Gtubes{s) transfer 
function is that it determines the phase crossover frequency for the dry matter control loop. It 
was shown in Chapter 2 that the Gtubes{s) transfer function has explicit magnitude and phase lags 
given by equation (7 . 7) .  
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IG ( ; '\I 2 . ( re .OJ) tubes V·OJ J\ = --sm -- , re .m 2 

Where, OJ frequency. 

/G ( ; )=_ re ·OJ 
L tubesV'OJ 2 

falling film residence time. 
(rad/s) 
(s) 

(7 . 7) 

Equation (7.7) shows that the phase lag increases proportionally with the falling film residence 
time. Consequently the MVR evaporator, with five passes and very long evaporator tubes, has a 
very low phase crossover frequency. From Figure 7- 1 7  we can see that the phase crossover 

frequency is 0.02 rad/s. The Bode plot for the disturbance transfer function wps(s) is also shown wfo2(S) 
in Figure 7- 1 7 . We can see that it has a very high gain crossover frequency of 0 .8  rad/s, which is 
considerably larger than the open loop phase cross-over frequency. As a result, we do not expect 
the product dry matter control loop to provide adequate disturbance rejection. We can confirm 
this result by determining the closed loop transfer function. We will use the controller parameters 
Ti = 200 s and Kc = 0.25 and Figure 7- 1 8  shows the disturbance rejection criteria. It is clearly 
large across the entire frequency range and therefore we can conclude that the dry matter control 
loop will not provide adequate disturbance rejection. 
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Figure 7-1 8 : Disturbance rejection criteria for the MVR evaporator section temperature 
and dry matter control loops. 
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Figure 7-19  : Closed loop manipulations required for a unit disturbance. 

The potential for controller input saturation can also be investigated for the dry matter control 
loop. From Figure 7- 1 7  we can see that the process transfer function gain is larger than the 
disturbance gain at low frequencies. This suggests that there will not be any saturation problems. 
We can confirm this by determining �he closed loop controller manipulations, for a unit dry 
matter disturbance. Figure 7- 1 9  shows these results and clearly there are no saturation problems. 

It is interesting to consider the cause of the dry matter disturbance rejection problem. The open 
loop dry matter disturbance transfer function is given by equation (7.8). This has a large gain, 
because the evaporation process means the product mass flow is considerably smaller than the 

MO 
feed flow. For the MVR evaporator section the ratio -f- i s  approximately 3 . 5 . Additionally the 

Mp5 
distribution plate time constant is comparatively small because this minimises the residence time 
in the system. Evaporators are designed so that the milk has a narrow range of residence time, 
because this reduces the exposure of the milk to high temperatures (Fergusson, 1 989). As a 
result, the disturbance transfer function has a very high gain and a high gain cross-over 
frequency. 

(7. 8) 

feed mass flow to the evaporator plant, at steady state. (kg/s) 

product mass flow from the MVR evaporator section, at steady state. (kg/s) 

DSI preheat section holding tube time delay. (s) 
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rei = total fal ling film residence time in the MVR evaporator section. (s) 

r wd = distribution plate time constant . (s) 

We showed earlier that the process transfer function for the dry matter control loop has a low 
phase cross-over frequency. This was caused by the large falling film residence time of the MVR 
evaporator section. Equation (7.7) shows that the falling film residence time directly affects the 
phase lag of the wpS(s} transfer function. Industrial evaporators in the Dairy industry tend to have 

Nco"Js} 
large falling film residence times because of the design requirements. A primary design concern 
is the falling film liquid loadings. These must be larger than the minimum required for a stable 
falling film. This is commonly achieved by using long evaporator tubes, with the evaporator 
separated into multiple passes. Clearly this causes the large falling film residence times, which 
restricts the controller bandwidth and thereby contributes to the dry matter disturbance rejection 
problem. 

Multiple-passes 
The MVR evaporator section contains five falling film passes. In Chapter 4 we developed the 
linear dynamic model by assuming that the multiple passes could be modelled as a single pass. 
Here we shall investigate this assumption by determining the impact of multiple passes on the 
dynamic response. We will consider a simple two pass configuration, rather than the five passes 
of the Evaporator A MVR section. The impact of multiple passes can be understood with a two 
pass model and it is considerably simpler than the complete five pass model . 

The transfer functions from the manipulated variables to the evaporating temperature (r.1 )  and 
temperature difference ( &) are determined by the energy balances. These are the same for both 
the single and multiple pass cases, because we have assumed constant evaporating overall heat 
transfer coefficients and negligible boiling point elevation. Therefore we only need consider the 
transfer function from the evaporator temperature difference ( /!J' )  to the product mass flow (Mp2 )  

and dry matter ( wp2 ) .  

The equations for a two pass system are given by the following. 

(7.9) 

Where QSlleIA (t)=UsI4JZ:(t)-T.(t)] and Qshell2(t)=Us242[r,(t)-T.(t)] are the energy flows to the falling 
films in each pass. These equations can be linearised to give the following relationship between 
the temperature difference ( KI'), the mass flow from the distribution plate (Md! )' the dry matter 
from the distribution plate ( wd! )  and the product dry matter (wp2 ). 
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Where, 

R �.� d R �.W� . - Q;:l4n d _h�4n h · PMl � f' an 1-'M2 � f '  'fhd-g( )2 an 'fwd-� are t e tIme constants 
dl -i\(bd d2 -i\(beSl CD-412 �pl 

of the second distribution plate and Mtube..{s} and MtubeSl(S} are related to M"{s} by the transfer 

U A ll-e-r., sJ U A ll-e-VJ functions slJ's1 and s2 ·�'s2 respectively. 
'fel·S 'fe2·S 

We are primarily interested in the transfer function between the evaporator temperature 
difference and the product dry matter. With substitution and rearrangement this is given by the 
following. 

Or--------------,--------�----_.�---=����_, 

ff) ·20 - - - - - - - - - - - - - - - - - t - - - - - - - - - - - - - - - - - - - - - -
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, , - - - - - - - - - - - - - - - - - - - - - - � - - - - - - - -, 

Figure 7-20 : Bode plots for single and double pass transfer functions. 

(7. 12) 

"� le' 

Using this transfer function we can determine the Bode plots for a two pass and a single pass 
evaporator. We will consider a single pass configuration with a total surface area of 5055 m2 and 
a double pass with 3000 m2 in the first pass and 2055 m2 in the second pass. The heat transfer 
coefficients are the same as for the single pass model and the residence times are each half of 
that for the single pass. The second distribution plate is assumed to have similar time constants 
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( 'hd and 'wd) to those of the single pass modeL The resulting Bode plots are shown in Figure 7-
20. These Bode plots were determined using a ninth order approximations to the fal ling film pure 
delays. The single pass shows the unusual impact of the Gtubels} transfer function, but the double 
pass configuration has quite a different Bode plot. There is more phase lag in the double pass 
case and it does not oscillate between 0 and 1 80 0, as the single pass does. This suggests that 
there is more 'effective' delay in the double pass case. 
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Figure 7-21 : Step responses for tbe single and double pass ��! transfer functions. 

The longer 'effective' delay can be observed in the step response comparison in Figure 7-2 1 .  
Although both configurations reach their new static equilibrium states in the same time, the 
double pass case initially responds less than the single pass case. This causes the increased 
'effective' delay, which is shown in the Bode plot of Figure 7-20. 

It was found earlier that the dry matter control loop would not provide adequate disturbance 
rejection. This problem was caused by the relative sizes of the process phase-crossover 
frequency and the disturbance gain cross-over frequency. The phase cross-over frequency was 
considerably smaller than the gain cross-over frequency. However, we have shown here that 
multiple passes will cause the phase cross-over frequency to be lower. Hence this makes the 
control loop disturbance rejection even worse (Winchester and Marsh, 1 999). 

We have considered a situation with most of the heat transfer area in the first pass. This is the 
typical situation with industrial evaporators, because of concerns with the fal ling film liquid 
loadings. The Evaporator A plant also follows this trend, because each succeeding evaporator 
pass has less heat transfer surface area than the previous one. 
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Figure 7-22 : TVR evaporator temperature (TC), density (DC) and pressure (PC) control 
loops. 

7.4.5) TVR Section Control 
Here we are interested in the control of the TVR final effect temperature ( Te3 ) and the product 
dry matter ( wpg ). In Section 7 .3 ,  it was shown that these variables could be controlled with 
decentralised controllers if the phase cross-over frequencies were larger than 0.01  rad/s. 
Furthermore the static RGA analysis showed that the correct decentralised control loop pairings 
are W pg / Psp and Te3 / M vac ' Figure 7-22 shows the TVR evaporator section with these two 
decentralised control loop configurations. 

TVR steam pressure 
The steam supply for the TVR compressor is 9 bar saturated steam. This steam pressure supply 
can vary and so it is a disturbance to the Evaporator A plant. Figure 7-22 shows the TVR 
compressor with its steam pressure control loop. The set-point for the steam pressure control 
loop acts as the output for the product dry matter control loop. As a result, we need to consider 
the steam pressure control loop, before considering the product dry matter control loop. 

The steam pressure control loop will act quickly, because the pressure responds at the speed of 
sound to valve changes. Consequently the process response should be very fast and a short 

1 74 



Evaporator Controllability Studies 

controller integral time can be used. We would expect the response to be in the order of seconds 
and that an integral time of around 5 - 20 seconds would be appropriate. This has been verified 
on the Evaporator A plant, when the control loop was tuned using the Ziegler-Nichols method. 
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Figure 7-23 : Bode plots for the third effect temperature transfer functions. 

T.hird effect temperature 
Figure 7-22 shows the control loop for the third effect temperature ( Te3 ), by manipulation of the 
cooling water flow ( Mvac ) . In Chapter 4 we developed the linear state space representation for 
the TVR evaporator section. The disturbances are the MVR evaporator section product 
temperature ( 1'.1 ) and the cooling water supply temperature ( 1'"acl )' We are interested in the 

control loops ability to reject disturbances. The Bode plots for the transfer functions T.,3 (
(
S )) and 

Tel S 
1'.'�\ are shown in Figure 7-23 along with that for the 1'.,((\ transfer function. Both the 
T..ael s M vac S 1'.3 ((S)) and 1'., � \ transfer functions have very similar Bode plots, with a low gain cross-over 
Tel S Tvael S 

frequency of 0.007 rad/s. The phase cross-over frequency for the 1'.,((\ transfer function is 
Mvac S 

shown Figure 7-23 in to be infinity. In practice the neglected dynamics due to valves and 
pumping delays wil l  cause additional phase lag at high frequencies. This means that the real 
crossover frequency is not infinity and so we have taken the phase cross-over frequency to be 0.7 
rad/s. This is considerably larger than the gain cross-over frequencies and suggests that the 
controller will be able to reject disturbances. 
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We are also interested in the closed loop disturbance transfer function. The controller parameters 
will be chosen as T; = 1 00 s  and Kc = 1 0 . From these we can determine the disturbance rejection 
criteria and this is shown in Figure 7-25. Clearly the gain is low across the entire frequency range 
and this confirms the good disturbance rejection capabilities of the control loop. 

In Section 7.2 we discussed the criteria for input saturation (i.e., IG(j.{i}) I � IGd(j.{i}�- l at 

frequencies where IG d (j.{i) � > 1 ) . From Figure 7-23 we can see that the disturbance transfer 

functions T" � \ and 7;, (
(s

)
) have smaller gains than the process transfer function 7;, (C)) . This 

T.,'ac\ S I:\ S Mvac s 
suggests that there will be no saturation problems. We can confirm this by determining the 
closed loop transfer function between the cooling water temperature disturbance ( T"ac\ ) and the 
manipulated controller water flow (MvaJ. With the controller parameters, used to calculate the 
results in Figure 7-25, we can calculate the closed loop cooling water manipulations. Figure 7-26 

shows the Bode magnitude plot of the input manipulation transfer function M_?? vs 
T"ac\ s 

frequency. Clearly the manipulations are small and this confirms that there are no saturation 
problems. 

Dry matter loop 
A cascade controller configuration is used for the dry matter loop because of the possibility of 
raw steam pressure disturbances. In Chapter 4 we developed the linear state space representation 
for the TVR evaporator section. The disturbance is the MVR evaporator . section product dry 
matter (w  ps ) and the manipulated variable is the TVR compressor steam pressure set-point (Psp )' 
Therefore we are interested in the transfer functions from the TVR steam pressure set-point (Psp ) 
and the feed dry matter ( w  ps )  to the product dry matter ( w  ps ). The Bode plots for these transfer 

functions are shown in Figure 7-24. The 
w 

" t? transfer function neglects the dynamics of the 
PsP s 

TVR steam pressure controller because these are fast. 

The phase cross-over frequency for the 
W ps

(
(S)

) 
transfer function is quite low at 0 .02 rad/s and 

Psp S 
this i s  caused by the large falling film residence times. A similar low phase cross-over frequency 

W s (s) 
was determined for the 

p (
s
) transfer function, for the MVR evaporator section product dry 

Ncomp 
W ps (s) 

matter control loop. We are also interested in the gain cross-over frequency of the 
wps(s) 
W ps (s) 

transfer function and Figure 7-24 shows that this is  0 .3 rad/s. This is higher than the ---=---:--c­Psp (s) 
transfer function phase cross-over frequency and therefore we expect the product dry matter 
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control loop to have disturbance rejection problems. We can confirm this result by choosing PI 
controller parameters and determining the closed loop transfer function for the product dry 
matter control loop. We wil l  use Tj = 200s and Kc = 0. 1 for the controller parameters and the 
resulting disturbance rejection criteria is plotted in Figure 7-25 .  

, 
, 

- - - - - - - - - - - - - �  CD o t-------!"----";;;;::u��----+__� � 
i -10 .1§ <:I) � -20 

0r-----c=��-----.--------.---�---r------_. 
Q:; -100 en -It 

CD (I) J! -200 Cl.. 

Figure 7-24 : TVR evaporator product dry matter transfer function Bode plots. 

W ps (s) We are now interested in the controller input saturation. Figure 7-26 shows that the Psp (s) 
transfer function has larger Bode magnitudes than the w " �s � transfer function, at low 

. Wp5 S 

frequencies. Given the controller input saturation criteria (i .e. , IG(}.w) I � IGd(}.w�- l  for 

frequencies where IG d (}.w � > 1 )  this suggests that there wil l  be no saturation problems at low 
frequencies. This result can be confirmed by determining the closed loop input manipulations 

required for a unit dry matter disturbance. Figure 7-26 shows the closed loop 
P" �� transfer 
Wp5 s 

function and clearly the magnitude is relatively low, which confirms that there wil l  not be any 
input saturation problems. 
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Figure 7-25 : Closed loop Bode magnitude plots for the dry matter and temperature control 
loops. 
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Figure 7-26 : Closed loop manipulations required for a unit increase in the disturbances. 

From the above we can conclude that there are difficulties with the control of the TVR product 
dry matter. Specifically feed dry matter disturbances will not be adequately rejected by the 
control loop. The reasons for this are the same as for the MVR evaporator dry matter loop. Very 
little mixing occurs in the evaporator and the evaporation process amplifies the disturbances. 

Also the relatively long falling film residence times mean the w P't? transfer function has a low 
Psp s 

phase cross-over frequency and this restricts the controller band-width. 
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7.5) Conclusions 

In this chapter we have investigated the controllability of the Evaporator A plant at Kiwi Co-op 
Dairies. We aimed to investigate the multi-variable process nature and the de-centralised 
controller disturbance rejection capabilities. The linear dynamic and static models, developed in 
Chapter 4, were used and the investigation methodology was discussed in Section 7.2. 

In Section 7.3, the process multi-variable nature was investigated, with the aim of determining if 
decentralised controllers could be used. These are considerably simpler than multi-variable 
controllers and so it is valuable to know if they are applicable. The multi-variable nature was 
investigated using the static and dynamic RGA . It was found that the process multi-variable 
natur� was not important, provided that the product mass flow was not included as a process 
variable and the decentralised control loop cross-over frequencies were above 0.01 rad/s. 

In Section 7.4, the process disturbance rejection capabilities were investigated. Firstly we 
considered the preheat plate heat exchanger outlet temperature control loop. The disturbance 
rejection capabilities of this loop are very important because the linear dynamic model was 
developed by neglecting the feedback through the plate heat exchanger. Using the transfer 
functions derived in Chapter 3, the heat exchanger Bode plots were determined and the 
decentralised control loop rejection capabilities were found to be adequate. This therefore proved 
that the assumption of no feedback through the plate heat exchanger was reasonable. 

Following the plate heat exchanger we considered the control loop for the DSI unit temperature. 
The controllabi lity of the DSI unit temperature was found to depend on the position of the DSI 
temperature sensor. If placed directly after the DSI unit, then adequate disturbance rejection 
occurs, whereas the disturbance rejection was inadequate when the temperature sensor was 
placed after the holding tubes. The holding tube pure delay causes a significant phase lag and the 
preheat system resonance effect causes large peaks in the Bode magnitude plot. Both of these 
effects mean that the controller with the temperature sensor after the holding tubes is inadequate. 
However, the possibility of fouling means that it can be difficult to maintain a temperature sensor 
directly after the DSI unit. A new cascade controller configuration was considered, with a 
surface temperature sensor directly after the DSI unit and a conventional temperature sensor after 
the holding tubes. This cascade controller overcame the problems of fouling, large phase lag and 
preheat resonance. 

The MVR evaporator section temperature and product dry matter control loops were considered 
after the DSI preheat section. It was found that the MVR evaporator temperature control loop 
would provide adequate disturbance rejection. However, the MVR evaporator product dry matter 
control loop could not provide adequate disturbance rejection. The causes of this problem were 
shown to be the falling film phase lag, the large concentration ratio of the MVR evaporator and 
the small amount of mixing in the process. 

Following the MVR evaporator section the TVR evaporator section temperature and product dry 
matter control loops were investigated. As with the MVR evaporator section, the TVR 
evaporator temperature control loop was found to provide adequate disturbance rejection, 
whereas the product dry matter control loop could not. 
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8.1) Conclusions 

8.1 . 1 )  Aims 

Chapter 8 : Conclusions and 
Recommendations 

In the first section of Chapter 1 the aims of this work were listed. 
1 )  Derive, develop and identify a model for the Evaporator A plant at Kiwi Co-op Dairies. 
2) Investigate the optimisation and operation of the evaporator plant using the static version of 

the model . 
3) Investigate the controllability of the evaporator plant using the dynamic version of the model. 

8.1 .2) Derivation, Development and Identification of the Model 
In Chapters 2 through 4 a model for the complete Evaporator A plant was derived and 
developed. Various assumptions in the derivation of the model were considered and the final 
results were a static and linear dynamic model for the Evaporator A plant at Kiwi Co-op Dairies. 
Following the model development Chapter 5 considered the identification of process parameters. 
The identification of many static process parameters and also the important fall ing film residence 
times were successfully completed. 

The model was developed with the aim of specifically applying it for the optimisationloperation 
and controllability studies on the Evaporator A plant at Kiwi Co-op Dairies. A static model was 
developed for the optimisation studies and a linear dynamic model for the controllability studies. 
The optimisation studies require accurate predictions of the plant operating conditions and 
therefore attention was focused on identifying the static model. However, the controllability 
studies of Chapter 7 required a less accurate model and so less attention was focused on the 
identification of dynamic model parameters. The exception is the fall ing film residence times, 
which were shown in Chapter 7 to have an important impact on the product dry matter control 
loops. 

8. 1 .3) Evaporator Optimisation and Operation 
In Chapter 6 the optimisation and operation of the Evaporator A was investigated. Two areas 
were considered : 1 )  the operation of the DSI preheat section, 2) the operating regime of the 
Evaporator A plant, with respect to evaporation energy costs. The DSI preheat section 
operational problems were discussed in Section 6.2 and the optimisation studies in Section 6 .5 .  

The DSI preheat section studies considered the impact of air in the flash vessels, the problem of 
milk evaporation in the preheat holding tubes and flash vessel flooding. In Chapter 3 it was 
shown that the presence of air causes a temperature difference between the top and bottom of a 
flash vessel . These results from Chapter 3 were then used in Chapter 6 to show some of the 
detrimental impacts of air on the preheat section operation. The presence of air caused an 
increase in the required mass flow of steam and increased the temperature disturbances to the 
DSI unit temperature and MVR evaporator section temperature control loops. 
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The problems of milk evaporation in the holding tubes and flash vessel flooding were considered 
separately, but these problems were shown to have a close link. A design equation for sizing the 
back-pressure orifice plate was derived and the relation between this orifice plate and the flash 
vessel flooding was investigated. 

In Section 6.3 a simple study was made of the expected savings due to reductions in the plant 
evaporation costs. This was based on the lower evaporation costs of the fal ling film evaporators 
compared to the spray dryer. Increases in the evaporator product dry matter were shown to give 
reductions in the plant total evaporation costs. It was estimated that a 0 .01  kglkg reduction in the 
evaporator product dry matter would give a $ 33,032 reduction in the plant evaporating costs. 

The cost of evaporation in the entire milk powder plant can be considered as an optimisation 
problem with constraints. There are four operating constraints and these are the evaporation 
capacities, the evaporator temperatures, the fal l ing film wetting and the concentrate dry matter. 
In Sections 6.3 and 6.4 of Chapter 6 methods were developed for modelling the evaporation 
energy costs and the operating constraints of the evaporator plant. The steady state model 
developed and identified in Chapters 2 through 5 was then used to calculate these operating 
constraints and the plant evaporation energy costs. 

In Section 6 .5 the complete optimisation of the Evaporator A plant was considered for three 
cases. The plant operation with Whole Milk was first considered and an optimum operating point 
found. With the optimum operating conditions (i .e., M f = 1 4.7 1  kg/s , Nconrp = 2650 rpm , 
P,p = 9 bar , M p� = 3 . 83 kg/s , W pg = 0.48 kg/kg and W f = 0. 1 25 kg/kg ) the evaporation cost is 
2.99 $(fonne of product milk concentrate. The optimum operating point is on the fal ling film 
wetting constraint. This is caused by the increase in the evaporation cost with the TVR steam 
pressure ( P"p )  and the TVR product mass flow (M P8 ) . However, the uncertainty in the film 
wetting means that a degree of danger is associated with operating near the film wetting 
constraint. This has been incorporated in the optimisation by using a safety margin of 0 .5 kg/s in 
the film wetting model. 

It is interesting to compare these results with the traditional plant conditions. The danger of the 
film wetting constraint means that the plant operators tend to operate with the maximum TVR 
steam pressure and TVR product mass flow. This is done to provide the plant with the maximum 
obtainable film wetting safety margin. However, the optimisation studies of Chapter 6 show that 
this causes the plant evaporation costs to increase and so there is a direct cost of using 
excessively large safety margins. 

8.1 .4) Evaporator Controllability Studies 
In Chapter 7 the controllability of the Evaporator A plant was investigated. The plant is large 
with many process variables but we considered six important control loops in the Evaporator A 
plant. These were the DSI unit temperature ( T  dsi )' the MVR evaporator section temperature 
( Te\ ) , the MVR product dry matter (w  P5 ), the TVR evaporator section temperature ( Te3 ), the 
TVR product dry matter ( w  P8 ) and product mass flow (M P8 ) . In Chapter 6 it was shown that 
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these process variables have an important impact on the plant optimisation and product milk 
powder quality. 

Firstly the multi-variable plant nature was investigated to determine whether there would be any 
control loop interactions. It was found that most of the plant control loops would decouple except 
for the product mass flow. The static RGA analysis showed and explained the strong interaction 
between the TVR product dry matter and mass flow control loops. The product dry matter 
control loop has a very important impact on the milk powder quality, whereas the product mass 
flow has less impact. This was explained in Chapter 6 by the impact of the product dry matter on 
the concentrate milk viscosity. With the removal of the product mass flow control loop the static 
RGA still suggested control loop intereactions. However, the RGAnumber was found to reduce 
significantly below the static result at higher frequencies. This showed the importance of 
considering the dynamics, when making the multi-variable analysis. Most importantly it showed 
that the Evaporator A plant would not suffer from serious control loop ineractions. 

In Section 7.4 the control loops were investigated using decentralised control loop analysis. The 
disturbance rejection capabilities of the six control loops were considered. It was found that the 
temperature control loops could provide adequate disturbance rejection, but the product dry 
matter control loops could not. The temperature control loops were used for the DSI unit, the 
plate heat exchanger, the MVR evaporator temperature and the TVR final effect temperature. 
Each provided adequate disturbance rejection although the DSI preheat section temperature 
control loop required temperature measurements directly after the DSI unit. A control loop using 
only temperature measurements after the holding tubes was found to have serious disturbance 
rejection problems. The product dry matter control loops for the MVR evaporator and TVR 
evaporator sections were found to . exhibit inadequate disturbance rejection. In Section 7.4 this 
was shown to be caused by the large fal ling film residence times and the process sensitivity to 
feed dry matter disturbances. 

8.2) Recommendations for Future Work 

8.2. 1 )  Model Derivation 
There are many unresolved issues with the derivation of the Evaporator A plant modeL Probably 
the most important is the description of the fal ling film. This has been described by using simple 
transport partial differential equations, which can be transformed into differential equations with 
pure delays. In Chapter 7 it was shown that these fal ling film delays provide a very important 
part of the process dynamics. Therefore an important area for future work is the investigation of 
the falling film models. 

Another major problem is with the dynamic plate heat exchanger model . This was developed by 
transformation and solution of the heat exchanger partial differential equations in the Laplace 
Domain. However, the resulting Laplace Domain transfer functions do not represent finite order 
linear constant coefficient differential equations and so we cannot use them to produce state 
space representations. This presents a problem, which can be overcome using numerical 
frequency analysis. In Chapter 7 these numerical methods were used to overcome the 
transcendental nature of the heat exchanger equations. However, it would be valuable if the heat 
exchanger equations could be transformed into a state space representation using Pade 
approximations. 
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8.2.2) Model Identification 
The major problem with the current work is the lack of falling film evaporation heat transfer 
coefficient knowledge. Ideally we need a general model that can be used to determine the heat 
transfer coefficients for any milk solution. This is required to study the different operating 
conditions of alternative milk solutions. Progress has been made at determining these for some 
common milk solutions, such as Whole Milk and Butter Milk. However, it would be potentially 
very valuable to have a general model for heat transfer coefficients in terms of the milk 
components. Also it is probable that nucleate boiling, which has been neglected, is significant 
and requires greater understanding. 

Another difficulty is the plate heat exchanger heat transfer coefficients. These were not identified 
in the model and some calculated guesses used in the final steady state model. This neglect is 
justified by the small role that the heat transfer coefficients have on the important model outputs. 
However, it may be valuable to make a better identification of the plate heat exchanger heat 
transfer coefficients. 

Finally many of the dynamic model parameters were not identified. The thermal inertias of the 
preheat flash vessels, the MVR evaporator and the TVR evaporator were not identified. These 
were calculated from the mass of water, milk and metal in the various sections, but the accuracy 
of these results may not be reliable. A justification for their neglect is the limited role that they 
play in the controllability studies of Chapter 7, but it may be valuable to make a better 
identification of these parameters. 

8.2.3) Model Optimisation and Operation Studies 
The work on the model optimisation is quite complete. The major difficulty l ies with the lack of 
understanding of falling film evaporating heat transfer coefficients. Without accurate models, for 
these in terms of the milk solution components, then the optimisation studies cannot be applied 
to general milk solutions. An additional problem is the assumption of convection boiling. Strictly 
milk solutions will boil with a combination of convection and nucleate boiling and therefore the 
heat transfer coefficients will also depends on the driving temperature difference. 

Another problem is the falling film wetting models. A variety of sources were used to develop 
models for predicting the onset of film instability, but there is still some uncertainty in these 
predictions. The work in Chapter 6 required a safety margin of 0 .5 kgls and this reflects the 
uncertainty in the film wetting predictions. The importance of this uncertainty is shown by the 
position of the optimum operating condition. This was positioned on the film wetting constraint 
and therefore the film wetting constraint is a vitally important part of the optimisation. 

A final problem with the optimisation studies is the MVR compressor power constraint. The 
power constraint was taken as 500 kW for the studies of Chapter 6. Because of the shortage of 
manufacturing specifications, the position of this constraint is not completely known. Although 
the optimum operating condition is not near the MVR compressor power constraint, it would be 
preferable to have a greater understanding of this constraint. 
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8.2.4) Model Controllability Studies 
The controllability studies for the Evaporator A plant are quite complete. The controllabil ity 
results were determined using the l inear dynamic model developed in Chapters 2-5. The 
accuracy of the conclusions depends on the accuracy of the dynamic model and so further work 
may be required to improve the model. We have shown in Chapter 7 that the falling film 
residence time is a dominant part of the dynamic model. As a result, it may be worthwhile 
making further studies into the dynamic nature of the falling film. In Chapter 2 the partial 
differential equations for the fal ling film were derived but significant assumptions were required 
to simplify these into a tractable form. 

We have identified the problem of product dry matter disturbance rejection and explained the 
nature of this problem. The large evaporator falling film residence times and the process 
sensitivity to feed dry matter disturbances were shown to cause the controllability problems. This 
controllability problem is quite serious, because the product dry matter has a strong impact on 
the product milk powder quality and the plant evaporation costs. As a result, improvements in 
the product dry matter controllability should produce significant improvements in the evaporator 
plant operation and milk powder products. Therefore the solution of this problem is a major area 
for future work. 
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8 Nomenclature 

Here we list many of the variables used in this thesis along with their numerical values. 
However, the numerical values for some variables have not been included. For example, generic 
condenser variables do not have their numerical values included. Also the values for the 
individual passes of the Evaporator A plant have been excluded (i .e., As , Ad ' Ah , d and n ). 

These are listed with the geometries in Appendix E .  

The dynamic variables of the Evaporator A plant model have been denoted with additional 
brackets (i .e . , M P5 (t) . Also the numerical values given for these variables are those determined 
from the steady state model calculations of Chapter 4. The static variables are denoted with the 
additional superscript (i .e . , M�5 ) . 

acomp Fitting coefficient for the MVR compressor map. ( = 1 .68x 1 0-3 m2/s2 .rpm2) 

Acolld Heat transfer surface area for the generic condenser. (m2) 

Acr Cross sectional flow area, liquid in the generic condenser tubes. (m2). 

Acs Cross sectional flow area, second plate heat exchanger section. ( = 0.028 m2). 
Ad Cross sectional area of a distribution plate. (m2) 
Aell Surface area for energy losses from the MVR evaporator effect. ( = 1 34 m2) 

Ael2 Surface area for energy losses from a TVR evaporator effect. ( = 32 m2) 

Ael3 Surface area for energy losses from a TVR evaporator effect . ( = 26 m2) 
AI, Cross sectional area of holes in the distribution plate. (m2) 

Alif Heat transfer surface area, first plate heat exchanger section. ( = 65 .65 m2) 

Ah, Heat transfer surface area, second plate heat exchanger section. ( = 72. 1 5  m2) 

An!f Cross sectional flow area, first plate heat exchanger section. ( = 0.034 m2) 

Apre Heat transfer surface area of the preheat condenser. ( = 3 1 .67 m2) 

As Surface area of the evaporator tubes. (m2) 

Total heat transfer surface area of the MVR evaporator tubes. 

ASII Surface area for energy losses from the MVR evaporator Shell. 

AsI2 Surface area for energy losses from the TVR evaporator shell .  

ATVR TVR compressor parameter. 

A water Fitting coefficient for Antoine saturation equation. 

Avac Heat transfer surface area of the vacuum condenser. 

A"ap Fitting coefficient for Antoine saturation equation. 
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Cross sectional flow area, first plate heat exchanger section. 
Fitting coefficient for the MVR compressor map. 
Parameter used in the boiling point elevation model . 

.-'""\ 

( =  0.034 m2) 
( =  0.4 1 5  m2/s2 .rpm2) 

o 

Bwater 

Ccomp 

TVR compressor parameter. 
Fitting coefficient for Antoine saturation equation. 
Fitting coefficient for Antoine saturation equation. 
Fitting coefficient for the MVR compressor map. 

Discharge coefficient for the distribution plate holes. 

( = 47 mO.03 . s0.06/kgO.03) 
( = 3806.44 K) 
( =  3680. 1 09 K) 
( = _ 1 3 . 7 m-4 ·1) 

Evaporation cost per unit mass of evaporation, in the spray dryer. 

Heat capacity. 

C pcond Heat capacity of the liquid in the tubes of the generic condenser. 

C plot Heat capacity of fat. 

e plael Heat capacity of lactose. 

e pprOI Heat capacity of protein. 

C pmilk Heat capacity of the liquid milk. 

C psall Heat capacity of salt. 
C prs Coefficient relating the milk heat capacity and dry mass -tmction. 

C pw Heat capacity of the metal in the generic condenser tubes. 

C pwaler Heat capacity of water. 

C mvr Evaporation cost per unit mass of evaporation, MVR evaporator. C Ivr Evaporation cost per unit mass of evaporation, TVR evaporator. 

Crr'R TVR compressor parameter. 

C waler Fitting coefficient for Antoine saturation equation. 

( = 0.6 1 1 ) 
($/kg) 

(J/kg.OC) 

(J/kg.oC) 

(J/kg.oC) 

(J/kg.oC) 
(J/kg.oC) 
(J/kg.oC) 
(J/kg.oC) 
(J/kg.oC) 
( J/kg.oC) 

( = 4 1 90 J/kg.oC) 

($/kg) 
($/kg) 
( = 0.97 ) 
( =  46.36 K) 
( =  4 1 .69 1 9  K) Cvap Fitting coefficient for Antoine saturation equation. 

deomp Fitting coefficient for the MVR compressor map. 
d Diameter of evaporator tubes. 

( =  6.84x1 0'3 m2/s2 .rpm2) 
(m) 

D Diameter of the generic condenser tubes. cond 
ecomp Fitting coefficient for the MVR compressor map. 
Eff Energy efficiency of an evaporation process. 

icomp Fitting coefficient for the MVR compressor map. 
g Acceleration due to gravity. 
h Heat transfer coefficient. 
hi Tube side heat transfer coefficient for the generic condenser. 

hif Heat transfer coefficient, first plate heat exchanger section. 

(m) 
( = -0.02 1 lIm.s.rpm) 
( )  
( = -3 .09 m-4) 
(= 9 .8 1  mls2) 
(W/m2 .oC) 
(W/m2. oC) 
(W/m2.oC) 

·1 This is the value detennined from the manufacturer curves, rather than that identified in Chapter 5 .  
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Nomenclature 

ho Shell side heat transfer coefficient for the generic condenser. 

hoJ Heat transfer coefficient, first plate heat exchanger section. 

hos Heat transfer coefficient, second plate heat exchanger section. 

hd (t) Height of liquid above a distribution plate. 

hsteam Enthalpy of raw saturated steam at l O bar . 

ht Height of the preheat section holding tubes. 

H k Enthalpy of an energy balance inputloutput flow. 
H milk Enthalpy of liquid milk. 

I DSI Thermal inertia of the DSI unit. 
I effect I Thermal inertia of the first evaporator effect . 
I �Oect2 Thermal inertia of the second evaporator effect. 

I eJfoct3 Thermal inertia of the third evaporator effect. 

I JIb Thermal inertia of the bottom half of a flash vessel . 

I fit Thermal inertia of the top half of a flash vessel . 
I Thermal inertia of the first flash vessel. }II 

I fi2 Thermal inertia of the second flash vessel. 

I she1l1 Thermal inertia of the MVR evaporator shell . 

I shell 2 Thermal inertia of the TVR evaporator shell .  

k Thermal conductivity. 
kwater Thermal conductivity of water. 

k prot Thermal conductivity of protein. 

(W/m2.oC) 
(W/m2. oC) 
(W/m2. oC) 
(m) 
( = 2778000 J/kg) 
(m) 
(J/kg) 
(J/kg) 
( = 4 19000 J/OC) 
( = 8380000 J/OC) 

( = 1 2 1 8000 J/OC) 
( = 1 2 1 8000 J/OC) 

(J/K) 
(J/K) 
( = 1 25700 J/OC) 
( = 1 25700 J/OC) 
( = 8380000 J/OC) 
( = 1 2 1 800 J/OC) 
(W/m.K) 
(W/m.K) 
(W/m.K) 

k1act Thermal conductivity of lactose. (W/m.K) 

ksa1t Thermal conductivity of salt. (W/m.K) 

k Jat Thermal conductivity of fat .  (W Im.K) 

mdsi (t) Mass flow of steam entering the direct steam injection (DSI) unit. (m� = 0.3 5  kg/s) 

msteam (t) Mass flow of raw steam entering the TVR compressor. (m�team = 0. 1 07 kg/s) 
M Total mass in a control volume, used to make a mass balance. (kg) 
M)t) Mass flow of condensate entering the preheat plate heat exchanger. (M� = 9.042 kg/s) 

M compl (t) Mass flow of vapour passing through the MVR compressor. (M �ompl = 1 0.94 kg/s) 

Mcomp2 (t) Mass flow of vapour passing through the TVR compressor. (M�omp2 = 0.279 kg/s) 

M cOlld Mass flow of liquid passing through the generic condenser tubes. (kg/s) 

MCOlld2 (t) Condensate mass flow, exiting the third effect evaporator shell . (M�nd2 = 0. 1 6 1  kg/s) 

M cond3 (t) Mass flow of condensate, exiting the vacuum condenser shell. 

Md (t) Mass flow of liquid passing through a distribution plate. 

M dl (t) Mass flow passing through the first distribution plate. 
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(M�nd3 = 0. 1 83 kg/s) 
(kg/s) 

(M�l = M�hl )  



Nomenclature 

M dry Mass flow of evaporation in the spray dryer. 

M DSI (t) Mass flow of liquid leaving the DSI unit. 
M evap Mass flow of water evaporation in the evaporator. 

M.5 (t) Mass flow from the bottom of the fifth falling film. 

M.6 (t) Mass flow falling from the bottom of the sixth falling fi lm. 

M.8 (t) Mass flow falling from the bottom of the eighth fall ing film. 

M f (t) Mass flow of liquid milk entering the Evaporator A plant. 

Mfi Molecular mass of fat, that occurs in milk solutions. al 

M/c2 (1) Mass flow of liquid entering the DSI preheat section. 

M/hi (t) Mass flow of liquid entering the bottom of the first flash vessel. 

M locI Molecular mass of lactose, that occurs in milk solutions. 

M k Mass flow entering or exiting a mass balance control volume. 
M Mass of metal in the bottom section of a flash vessel. ",elb 

M ",ell Mass of metal in the top section of a flash vessel . 
M ",ilkl Mass of liquid milk in the top section of a flash vessel. 
M ",ilkb Mass of liquid milk in the bottom section of a flash vessel . 

M nwr Mass flow of evaporation in the MVR evaporator section. 

M p Mass flow of liquid exiting the evaporator. 

M p5 (t) Mass flow of liquid exiting the MVR evaporator section. 

M p8 (t) Mass flow of liquid exiting the TVR evaporator section. 

M pc! (1 ) Mass flow of liquid entering the DSI from the first flash vessel . 

M pc2 (t) Mass flow of liquid exiting the top of the second flash vessel . 

M phi (I) Mass flow of I iquid exiting the bottom of the first flash vessel. 

M ph2 (1) Mass flow of liquid entering the MVR evaporator secti()ln. 

M Molecular mass of protein, that occurs in milk solution. prOI 
M sail Molecular mass of salt, that occurs in milk solutions. 
M scolldl (1) Mass flow of condensate leaving the MVR evaporator shell .  

M scond2 (t) Mass flow of condensate leaving the TVR evaporator shell . 

M tubes (1) Mass of evaporation during one fal ling film residence time. 

M tubesl (t) Mass of evaporation during the MVR evaporator five passes. 

M Mass flow of evaporation in the TVR evaporator section. tvr 
M (t) Mass flow of cooling water entering the vacuum condenser. vac 
M Molecular mass of water. water 
n Number of evaporator tubes. 
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(kg/s) 

(M�S/ = 1 6.375 kg/s) 
(kg/s) 

(M�5 = M�5 ) 
(M�6 = M�6 )  
(M�8 = M�8 ) 
(M� = 1 5 .3 kg/s) 
(kglkmol) 

(M�C2 = 1 5 .3  kg/s) 

(M�I = 1 6.375 kg/s) 
(kglkmol) 

(kg/s) 
(kg) 
(kg) 
(kg) 
(kg) 
(kg/s) 
(kg/s) 

(M�5 = 4.68 kg/s) 

(M�8 = 4.07 kg/s) 

(M�cl = 1 6.025 kg/s) 

(M�2 = 1 5 .667 kg/s) 

(M�hl = 1 6.0 1 7  kg/s) 

(M�h2 = 1 5. 65 kg/s) 
(kg/kmol) 

(kg/kmol) 

(M�condl = 1 0.66 kg/s) 

(M�cond2 = 0.366 kg/s) 
(kg/s) 
(kg/s) 
(kg/s) 

(MO = 3 . 5  kg/s) vac 
(kg/kmol) 
(-) 



Nomenclature 

I1cond Number of condenser tubes. (-) 
N (I) MVR compressor speed. comp ( N° = 2850 rpm) comp 
Nu Nusselt dimensionless number. 
P" Pressure at the top of the preheat holding tubes. 

o 
(pa) 

Pk Pressure of the energy balance input/output flows. (pa) 

Pel (/ ) Pressure of the MVR evaporator effect. ( Pe� = 26435 Pa) 

Pphl (/) Pressure of the first flash vessel. (pa) 

Pr Prandlt dimensionless number. (-) 
Ps2 (t) Pressure of the MVR evaporator shell .  ( Ps� = 3 1 1 84 Pa) 

Psp (I) Set-point for the TVR compressor pressure control loop. ( Ps� = 500,000 Pa) 

pAt) Raw steam pressure to the TVR compressor and DSI unit. ( = 1 0,000,000 Pa) 

Pvap Vapour pressure of a liquid. (pa) 

Mflood Hydrostatic pressure due to the liquid height above the DSI pump. (pa) 
M"eod Pressure drop caused by the height of the DSI holding tubes. (Pa) 
�oss Pressure drop caused by frictional losses in the holding tubes. (Pa) 

Morif Pressure drop due to the preheat section back-pressure orifice plate.(pa) 

M Pressure gain caused by the DSI pump. pUIIIP 

q Net heat flow into an energy balance control volume. 

qcolld Heat flow through the tubes of the generic condenser. 

(pa) 

(W) 
(W) 

q condi Heat flow between condensing steam/tubes of generic condenser. (W) 

qcolldo Heat flow between tube/condenser liquid of generic condenser. (W) 
"4 qcompl {I} Latent enthalpy, vapour passing through the MVR compressor·( q�omPI = 25,603,000 W) 

qcomp2 (t) Latent enthalpy, vapour entering the TVR compressor. ( q�omp2 = 653,240 W) 

qelossl (I) Surface energy loss heat flow for the MVR evaporator effect . ( q�/ossl = 58, 1 86 W) 

qeloss2 (t) Surface energy loss heat flow for a TVR evaporator section. ( q�loss2 = 10,553 W) 

q eloss3 (I) Surface energy loss heat flow for a TVR evaporator section. 

qjeedl (I) Net enthalpy of the feed entering the MVR evaporator section. 

qjeed6 (I) Net enthalpy of the feed entering the TVR evaporator section. 

q pcolld (I) Heat flow passing through the preheat condenser tubes. 

qslossl (t) Surface energy loss heat flow for the MVR evaporator shell .  

qsloss2 (I) Surface energy loss heat flow for the TVR evaporator shell .  

q shell (I) Heat flow passing through the evaporator tubes. 

q shellt (I) Total heat flow passing through the MVR evaporator tubes. 
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( q�loss3 = 7,25 1 W) 

( q�eedl = 723,638W) 

( q�ed6 = 1 27,777W) 

( qO d = 824,591W) pean 
( q�lossl = 93,024 W) 
( q�loss2 = 1 2,0 1 lW) 
(W) 

5 
( = L qshelli W) 

; = 1  



Nomenclature 

qvac (t) Heat flow passing through the vacuum condenser tubes. 

Q d (I) Volumetric flow of liquid passing through a distribution plate. 

QDSI (1) Volumetric flow of liquid passing through the DSI unit. 
Re Reynolds dimensionless number. 
Ta Ambient temperature. 

TCI (I) Temperature of hot condensate entering the plate heat exchanger. 

TC2 (I) Temperature of hot condensate exiting the plate heat exchanger. 

Tcs Condensate temperature, second plate heat exchanger section. 

Tcond (t) Temperature of liquid in the generic condenser tubes. 

Tcondl (t) Inlet temperature to the generic condenser tubes. 

1�ond2 (t) Outlet temperature from the generic condenser tubes. 

Tdum (1) Dummy variable used in the generic condenser model . 

TDS1 (I) Temperature of the direct steam injection (DSI) unit. 

Tel (t) Temperature of the MVR evaporator effect . 

Te2 (t) Temperature of the second evaporator effect. 

Te3 (t) Temperature of the third evaporator effect. 

Tf (t) Temperature of the evaporator feed. 

IJc2 (t) Temperature of feed liquid to the DSI preheat section. 

T}hl (t) Temperature to the bottom of the first flash vessel . 

T Milk temperature, cold side, first plate heat exchanger section. mcf 
T Milk temperature, cold side, second plate heat exchanger section. mcs 

Temperature of the top of a flash vessel . 

Tph Temperature of the bottom of a flash vessel . 

TpcI (t) Temperature of the liquid to the DSI from the first flash vessel . 

TpC2 (t) Temperature of the liquid from the top of the second fla� vessel. 

Tphl (1) Temperature of the liquid from the bottom of the first fla�h vessel . 

Tph2 (t) Temperature of the liquid entering the MVR evaporator section. 

Tmcf Milk temperature, first section of the plate heat exchanger. 

TmcI (t) Temperature of cold milk entering the plate heat exchanger. 

Tmc2 (t) Milk temperature between first/second heat exchanger sections. 

Tmc3 {t) Temperature of the hot milk exiting the plate heat exchanger. 

Tsat Boiling temperature of a liquid, in degrees Kelvin. 

TsI (I) Temperature of the MVR evaporator shell .  

Ts2 (1) Temperature of the TVR evaporator shell .  
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( q�ac = 428,570 W) 
(m3/s) 
(m3/s) 
(-) 
( = 30 °C) 

( Tc� = 69.959 °C) 
( Tc� = 25 .42 1 QC) 
COC) 

COC) 
COC) 
(OC) 

eC) 
( T�Sl = 1 04.383 QC) 

( Te� = 66. 1 86 QC) 

( Te� = 57.482 QC) 

( Te� = 53 .243 QC) 

( TO = 1 2 °C) f 
( T;2 = 63 .672 QC) 

( T�I = T�SI ) 
COC) 

(OC) 
(OC) 
COC) 

( T;cI = T;hl ) 
( T;C2 = T;h2 )  
( T:hl = 9 1 .45 1 QC) 

( T:h2 = 77.899 °C) 
eC) 

( Tn�cI = T; ) 
( T:c2 = 22.02 QC) 

( TO 3 = 50.00 QC) mc 
(K) 
( Ts� = 69.959 QC) 

( Ts� = 63 .362 QC) 



Nomenclature 

Temperature of the generic condenser shell .  

TVI (t) Temperature of hot cooling water entering the plate heat exchanger.( Tv� = T:"c2 ) 
T"2 (t) Temperature of hot cooling water exiting the plate heat exchanger. ( Tv� = 1 2.007 QC) 

Tvacl (t) Vacuum condenser cooling water inlet temperature. ( Tv�CI = 24.00 QC) 

T,'ac2 (t) Vacuum condenser cooling water outlet temperature. ( Tv�C2 = 55.32 QC) 

Tvl Hot water temperature, first plate heat exchanger section. eC) 

Tw Wall temperature of the generic condenser tubes. eC) 

TwJ Wall temperature of the first section of the plate heat exchanger. eC) 

T",s Wall temperature of the second section of the plate heat exchanger. eC) 

V Internal energy of a control volume, used for an energy balance. (J/kg) 

V Overall heat transfer coefficient for the generic condenser. (W/m2.oC) c01Jd 
Veo Coefficient for the evaporating falling film heat transfer model. (W/m2.0C) 

Vow Coefficient for the evaporating falling film heat transfer model. (W/m2.oC) 

V/if Overall transfer coefficient, first plate heat exchanger section. ( = 2500 W/m2.oC) 

VIIS Overall transfer coefficient, second plate heat exchanger section. ( = 2500 W/m2 .0C) 

Vk Internal energy of a flow input/output of the energy balance. (J/kg) 

VI Overall heat transfer coefficient for the surface energy losses. ( = 1 2  W/m2.oC) 

Vlo Coefficient used in the linear falling film heat transfer model. (W/m2 .oC) 

Vlw Coefficient used in the linear falling film heat transfer model. (W/m2.0C) 

V pre Overall heat transfer coefficient for the preheat condenser. ( = 2260 W/m2. QC) 

Vs Overall heat transfer coefficient for evaporator falling film. (W/m2 .oC) 

V.w Coefficient used in the simple falling film heat transfer model. (W/m2.0C) 

Vsw Coefficient used in the simple falling film heat transfer model. (W/m2.oC) 

V sw Coefficient for simple linear evaporating falling film heat transfer. (W/m2.oC) 

Vvac Overall heat transfer coefficient for the vacuum condenser. ( :::; 2000 W/m2.0C) 

vcond Velocity of the cooling water in the generic condenser. (mls) 

Vcs Hot water velocity, second section of the plate heat exchanger. 

ve Velocity of the evaporating falling film. 

v nif Cold milk velocity, first section of the plate heat exchanger. 

vms Cold milk velocity, second section of the plate heat exchanger. 

vif Water velocity, first section of the plate heat exchanger. 

VT Total volume of an energy balance control volume. 

Vk Specific volume of the energy balance input/output flows. 

V Volume of liquid in the tubes of the generic condenser. cond 
Vdum (t) Dummy variable used in the generic condenser model. 

1 9 1  

( = 0.307 1 mls) 
(rn/s) 
( = 0.4500 rn/s) 

( = 0.5464 rn/s) 
( = 0. 1 029 rn/s) 

(m3) 
(m3/kg) 

(m3) 

(m3) 



Nomenclature 

Volume of condensate water, second plate heat exchanger section. 
Volume of liquid milk, first plate heat exchanger section. 

Volume of liquid milk, second plate heat exchanger section. 
Volume of liquid hot water, first plate heat exchanger section. 

V Internal volume of the preheat condenser tubes. pre 
Vvac Internal volume of the vacuum condenser tubes. 

V,. Volume of metal in the generic condenser tubes. 

Vwf Volume of metal, first plate heat exchanger section. 

V,.s Volume of metal, second plate heat exchanger section. 

W d (t) Dry mass fraction of liquid passing through the distribution plate. 

W dl (t) Dry mass fraction of liquid, first distribution plate. 

we (I) Dry mass fraction of liquid falling from the evaporator film. 

W 85 (t) Dry mass fraction of liquid falling from the fifth evaporator film. 

(m3) 
(m3) 

(m3) 
(m3) 

( =  0.237 m3) 

( =  0.43 m3) 
(m3) 

(m3) 

(m3) 

(kg/kg) 

( 0 - 0 ) Wdl -Wphl 
(kg/kg) 

( W�5 = W�5 ) 
We6 (t) Dry mass fraction of liquid falling from the sixth evaporator film. (W�6 = W�6 ) 
we8 (I) Dry mass fraction of liquid falling from the eighth evaporator film. (W�8 = W�8 ) 
W f {t) Dry mass fraction of liquid entering the evaporator plant. (w� = 0. 1 25 kg/kg) 

W fe2 {I ) Dry mass fraction of liquid entering the DSI preheat section. ( W�e2 = w� ) 
W p (t) Dry mass fraction of liquid exiting an evapQrator pass. (kg/kg) 

W p5 (t) Dry mass fraction of liquid exiting the MVR evaporator section. ( W �5 = 0.408 kg/kg) 

W p8 (t) Dry mass fraction of milk exiting the TVR evaporator section. 

W ph2 (t) Dry mass fraction of milk entering the MVR evaporator section. 

W Net work acting on a energy balance control volume. s 

( W�8 = 0.470 kg/kg) 

(W�h2 = 0. 1 22 kg/kg) 
(W) 

Wcomp Driving energy flow, or power supplied, to the evaporation process.(W) 

Wcompl (t) Electric Powder supply to the MVR compressor. ( We�mpl = 425, 1 45 W) 

W 2 {t) Net raw steam enthalpy to the TVR compressor. ( WO 2 = 267,457 W) comp camp 
Yair Molar concentration of non-condensable gases in a flash vessel. (mol/mol) 

Greek Symbols 

p Ratio between the areas of a distribution plate hole and calandria. 
Thickness of a falling film. 

8+ Dimensionless falling film thickness. 
(J" Surface tension. 
11 Tbpe Boiling point elevation. 

r Falling film liquid loading, or mass flow per unit perimeter. 
J..l Viscosity. 
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(-) 
(m) 
(-) 
(N/m) 
(OC) 
(kg/m.s) 
(kg/m.s) 



Nomenclature 

P Density. 

Peolld Density of the liquid in the generic condenser. 

Pwaler Density of water. 

Plael Density of lactose. 

P prOI Density of protein. 

Psall Density of salt. 

P fal Density of fat. 

P p5 (t) Density of the product milk from the fifth pass. 

P p8 (I) Density of the product milk from the eighth pass. 

Pvel {t} Density of the MVR evaporator effect vapour. 

Pw Density of the metal in the generic condenser tubes. 
A Latent heat of vaporisation. 
'c Residence time of the generic condenser tubes. 

'eis 

'DSI 

Time dimensioned variable associated with plate heat exchanger. 
Time constant, DSI unit temperature differential equation. 
Residence time of a falling film. 

Total residence time of all five passes of the MVR evaporator. 
Time constant, first flash vessel temperature differential equation. 

Time constant, second flash vessel differential equation. 

(kg/m3) 
(kg/m3) 
(kg/m3) 
(kg/m3) 
(kg/m3) 

(kg/m3) 
(kg/m3) 

(kg/m3) 

(kg/m3) 

( P�el = 0. 1 694 kg/m3) 

(kg/m3) 
( = 2340000 J/kg) 
(s) 
(s) 
(s) 
( = 50 s) 
( = 300 s) 
(s) 

(s) 

'i Time dimensioned variable associated with the generic condenser. (s) 

'mof Time dimensioned variable associated with plate heat exchanger. (s) 

'mos Time dimensioned variable associated with plate heat exchanger. (s) 

'0 Time dimensioned variable associated with the generic condenser. (s) 

'Tv[ Residence time, first section of the plate heat exchanger. ( = 42.257 1 s) 

, Tvs Residence time, second section of the plate heat exchanger. ( = 1 8. 8837 s) 

'pre Residence time of the liquid in the tubes of the preheat condenser. ( = 1 5 .4902 s) 

, Te Time dimensioned variable associated with the generic condenser. (s) 

'TeO Time dimensioned variable associated with the generic condenser. (s) 

'Tvae Time dimensioned variable associated with the vacuum condenser. (= 1 6.6824 s) 

'Tel Time constant, MVR evaporator temperature differential equation. (s) 

'Te2 Time constant, TVR evaporator temperature differential equation. (s) 

'Te3 Time constant, TVR evaporator temperature differential equation. (s) 

'Tis 

Time dimensioned variable, first plate heat exchanger section. 

Residence time, first plate heat exchanger section. 

Time dimensioned variable, second plate heat exchanger section. 
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( = 3 . 7758 s) 

( = 9.6666s) 

( =  3 .7725 s) 



Nomenclature 

'Tms Residence time, second section of the plate heat exchanger. ( = 1 O.6 142s) 

'To! Time dimensioned variable, first plate heat exchanger section. ( = 3 . 7758 s) 

'Tos Time dimensioned variable, second plate heat exchanger section. ( = 3 . 7725 s) 

'Tpre Time dimensioned variable associated with the preheat condenser. ( = 1 3 .402 1 s) 

'Ts1 Time constant, MVR evaporator shell differential equation. (s) 

'Ts2 Time constant , TVR evaporator shell differential equation. (s) 

'VQC Residence time of the vacuum condenser. ( = 1 22 .85 7 1  s) 

, vi! Time dimensioned variable associated with plate heat exchanger. (s) 

'wif Time dimensioned variable associated with plate heat exchanger. (s) 

r wo! Time dimensioned variable associated with plate heat exchanger. (s) 

, wis Time dimensioned variable associated with plate heat exchanger. (s) 

, ,."s Time dimensioned variable associated with plate heat exchanger. (s) 

If Potential energy of the energy balance control volume. ( J/kg) 

Ifk Potential energy of the energy balance input/output flows. ( J/kg) 
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Appendix A : Properties of Milk 

A.I )  Introduction 

Here we examine models for predicting the physical properties and thermodynamic equilibrium 
relationships of milk solutions. The physical properties we will investigate are the density, heat 
capacity, thermal conductivity and viscosity. The thermodynamic equilibrium relationships are 
the liquid/vapour saturation equations for water and also the boiling point elevation due to 
dissolved milk components. 

The models discussed here are mostly based on the assumption of an ideal mixture. An ideal 
mixture is one where the properties of the mixture are considered to be the algebraic sum of the 
components making up the mixture. This assumption is strictly only true for mixtures of similar 
components, since the intermolecular forces do not change much upon mixing. The components 
in milk solutions are not similar and so we would not expect the ideal mixture assumption to be 
correct. However, the ideal mixture models are comparatively simple and their accuracy can be 
improved by model identification. 

A.2) Density of Milk 

The density is the reciprocal of the specific volume and this is modelled in the ideal mixture 
using the following. This is rearranged in terms of the density to produce equation (A2). 

Where, wi 

Pi 
P 

= 

= 

mass fraction of component in the milk mixture. 

density of component in the milk mixture. 
density of the milk mixture. 
milk specific volume, volume that a unit mass occupies. 
specific volume of a milk component. 

The following specific densities have been given by Murakami and Okos ( 1 989). 

Pwater =997. 1 8  + 3. 1 439xl O-1 T - 3 . 7574xl O-3 T2 , Plat = 925 .59 -0.3 1046T, 

(A I )  

(A2) 

(kg/kg) 

(kg/m3) 
(kg/m3) 
(m3/kg) 
(m3/kg) 

(A3)  

Plact =1 599. 1 - O.3 1 046T, Psalt = 2423 .8 - 0.28063T, Pprot = 1 3 29.9 -0 .5 1 84T (AA) 
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We can rearrange the above density equation to produce equation (A5) for the milk density. The 
total solids dry matter concentration is the mass concentration of all the non-water milk 
components. This includes lactose, protein, fat and mineral salts. 

ars = 1 - Pwater X - Pwater X - Pwat<r X _ PwaJ<r X lact prot fat salt ' W ·  
x . = -' , (A5) 

Where, Wrs 

Pwo'�r 
= 

W 
I 

P lact P prot P fat P salt 
mass fraction of the total solids in the milk solution. 
density of water. 
fraction of component i in total solids. 
mass fraction of the component i in the mixture. 

Wrs 

(kglkg) 
(kg/m3) 
(kglkg) 
(kglkg) 

The coefficient ars has been determined for various milk mixtures using historical data from the 
Kiwi Co-op Dairies, Evaporator A plant. These coefficients are shown in Table A- I along with 
those calculated using the specific densities from above. The predicted coefficients shows the 
required trends, such as lower densities with high fat content milk solutions. However, there are 
some significant deviations between the experimental and predicted results. 

Table A-I : Density model coefficients. 

Milk Milkfat Lactose Protein Salt E.xperimental Murakami 
(%) (%) (%) (%) ars ars 

(kglkg) (kg/kg) 
. Whole 27.7 38.4 27.9 6 0.24 1 87 0.20886 

Skim 0.8 53 . 1  37.9 8 . 1  0. 34394 0 .3278 1 
Butter 9.3 47.4 35 .9 7 .5  0 .30364 0 .296 1 1 
Freya 26.7  55 . 1 12 . 3  6 0 .268 1 4  0 .23662 

Sophie-Lo 24.6 52 1 7 .4 6 0.265 1 8  0.23924 
MPC56 0 39. 1 57 .7 5 .2 0.2987 1 0.29366 

The density coefficient ( ars ) in equation (A 5) is linear in terms of the water and component 

specific densities (i.e., Pwater ) . As a result we can determine the specific densities that produce a 
Pi 

best fit of the experimental data by using standard regression analysis (Montgomery, 1 99 1 ). The 
water density was assumed to be constant during the mixture process. The resulting specific 
densities are given by the following. 

Pwaeer =997. 1 8  + 3 . l 439xl 0-1 T - 3.  7574xlO-3 T2 , 

P'ace =1 585 .59 , Psale =2655 . 801 , 

20 1 
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A.3) Thermal Conductivity 

The thermal conductivity can be estimated using the following equations (Murakami and Okos, 
1 989). We have further assumed that the component specific volumes are the inverse of the 
specific densities. 

Where, k 
kj 

P 

= thermal conductivity of the milk mixture. 
thermal conductivity of component i in the milk mixture. 
volume fraction of the component in mixture. 
density of component in mixture. 
density of the milk mixture. 

(A8) 

(W/m.K) 
(W/m.K) 
(kglkg) 
(kg/m3). 
(kg/m3) 

The density of the milk mixture is determined using the equations shown earlier. The specific 
thermal conductivities are given by the following equations (Murakami and Okos, 1 989). 

k prol =O . 1 788 + 1 .9S8xl 0·-3 T - 2 . 7 1 8xl 0-6 T2 , klac/ =O.20 1 4  + 1 . 3 874xl O-3 T  - 4. 33 1 2xl 0 -6 r 2 (A. 1 2) 

(A 1 3 )  

We can rearrange the above equation to produce the following linear model, between the mixture 
thermal conductivity and milk dry matter concentration. 

k kwaler k - = -- + TS ·WTS 
P Pwaler 

Where, the linear coefficient kTS is given by equation (A I S) 

k prot k k k fal k waler k - x + �x + �x + -- Xfiat - --TS 
- -- prol lacl salt P prol PlaCI Psalt P fat Pwater 

(A I 4) 

(A. I S) 

Using the Murakina thermal conductivity equations we can calculate the kTS parameter for 
Whole Milk, Skim Milk and Cream. These can be compared to values determined from 
experimental results given in the literature (More and Prasad, 1 988; Hori, 1 983; F ernandez­
Martin and Montes, 1 977) and the results are shown in Table A-2. The results for Skim Milk are 
quite good, but those for Whole Milk and Cream show significant deviations. The cause of these 
deviations is unknown, but it is interesting to note that the predictions improve dramatically 
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when the fat specific thermal conductivity is assumed to be zero. The predicted milk thermal 
conductivity coefficients, when fat is assumed to have a specific thermal conductivity of zero, 
are shown in the final column of Table A-2. 

Table A-2 : Themal conductivity model coefficients. 

Milk Milkfat . Lactose Protein Salt aTS Murakami Literature No fat 

kTS kTS kTS 
(%) (%) (%) (%) (-) (m4/s3.K) (m4/s3.K) (m4/s3.K) 

Whole 27.7  38.4 27.9 6 0.24 1 87 -4. 484x 1 0-4 -5 . 535x l O-4 -5.0252x l O-4 

Skim 0.8 53 . 1  37 .9 8 . 1 0 . 34394 -4. 572x l 0-4 -4. 857x l 0-4 -4. 5874x l 0-4 

Cream 1 00 0 0 0 -0.03438 -4.254x l O-4 -6.286x l O-4 -6.2089xl O-4 

A.4) Specific Heat Capacity 

The heat capacity of an ideal mixture is given by equation (A I 6) (Murakina and Okos, 1 989). 

c p = L w; .C p. ;  (A 1 6) 

The specific heat capacities of the milk components are given by the following equations. 

C pwater = 4.2 1660729 - 2.35427xl 0-3 T + 3 .9274488xl0-5 .T 2 - 1 .9941 88xl0-7 T3 + 4.8844xlO-10 T4 (A 1 7) 

C plat = l .848533088 + 8 .258845xl 0-3 r - 4 .97689xl0-5 r2 , C pprot=2.2 19 (A 1 8) 

C plact =1 .256 , C psalt =2.930 1 (A 1 9) 

Table A-3 : Linear heat capacity model coefficients. 

Milk Milkfat Lactose Protein Salt Murakami Literature 

(%) CpTS CpTS 
(%) (%) (%) (kJlkg.K) (kJlkg.K) 

Whole 27.7 38 .4 27.9 6 2 . 1 389 1 .98454 
Skim 0.8 53 . 1 3 7 .9  8 . 1 2 .4693 2.0892 1 

Equations (A 1 7) - (A I 9) give the true heat capacities. The effective heat capacity for milk is 
often different from these due to the melting, solidification and crystallisation of milk 
components. This causes the effective heat capacity to have a latent heat contribution that is 
neglected in these equations (Middleton, 1 996) . The above equation can be rearranged to 
produce the following linear model for the mixture heat capacity. 
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c p = C pwater - C pTS .WTS 

C pTS = C pwater - C plact .X1act - C pprot ·X prot - C pfat ·X fat - C psa/t .Xsalt 

Where, C pwater = 

CpTS 
heat capacity of water. 

linear heat capacity coefficient. 

(J/kg.OC) 

(J/kg.oC) 

(A20) 

(A2 1 )  

Using this model the linear heat capacity coefficients for Whole and Skim Milk were 
determined. Literature sources were also found for these coefficients (Fernandez-Martin, 1 972). 
The comparison between the experimental and model predictions are shown in Table A-3 . 

A.5) Viscosity 

The viscosity of milk solutions at low shear rates has been calculated by the Eiler equation 
(Snoeren et aI, 1 982). This equation relates the viscosity to the volume fraction of the dissolved 
solute particles. Eiler' s equation assumes that the dissolved solute particles are compact spheres 
and it has been shown that the protein component of milk can be described by this assumption. 
The equation also neglects the non-Newtonian nature of the milk. However, the shear rates of 
falling films are usually low and it is therefore possible to assume that the fluid is Newtonian. 
The maximum volume fraction of the solute components has been given as 0 .79 for Skim Milk 
(Snoeren et aI, 1 982). 

_ 1 + 1 .25<1> 
[ ]2 

f.l - f.lwater 1 - <1>/<1> max 

Where, f.l 
liwater 
<1> 
<1> max 

viscosity of milk solution. 
viscosity of water. 
volume fraction of dissolved solute particles. 
maximum volume fraction dissolved solute particles. 

(A22) 

(kg/m.s) 
(kg/m.s) 
(-) 
( = 0.79) 

The volume fraction of the dissolved solute particles can be determined from the following. 
When used to descibe the viscosity of milk, only the protein and fat components are used to 
calculate the volume fraction. The lactose and mineral salt components do not behave as 
compact spheres and so their impact on the viscosity is not accurately described by Eiler' s 
equation. In the paper of Snoeren et al ( 1 982), the lactose and mineral salts contribution to the 

viscosity is modelled using an empirical linear relationship (i .e., f.llactose+salt = [I + d\ .wTS ]). The 
f.lwater 

resulting equation is given by (A24). 

f.lTS = v cas .x cas + V whey .X whey + V fat .x fat (A23) 
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= [1 d {I 1 .25Jirs .wrs .Pwater ]2 Ji Jiwarer + I ,Wrs + ( 
/ )w 1 - ars + Jirs ·Pwater et> mal{ rs 

Where, wrs total solids content of the milk. 

Jirs viscosity parameter. 

P milk solution density. 
v = specific volume of mixture component. . 
dl linear coefficient for lactose and salt contribution to viscosity. 

aTS density dry matter parameter. 

(A. 24) 

(kglkg) 
(kg/m. s) 
(kg/m3) 
(m3/kg) 
(-) 
(-) 

The viscosity temperature dependence is determined by the viscosity of water and the component 
specific volumes. It is well known that the viscosity of water varies greatly with temperature, but 
the component specific volumes also vary. In addition, changes in the milk composition can 
cause a change in the viscosity temperature dependence. For example, the specific volumes of 
natural and de-natured whey proteins are substantially different. Since the whey de-naturation 
reactions are temperature dependent, this causes an additional viscosity temperature dependence. 

Table A-4 : Specific volumes of milk components. 

Inverse of specific Experimental 
density specific volume 
(I/kg) (I/kg) 

Milkfat 1 .039 * 1  -
Casein protein 0.784 3 . 57  
Whey protein 0.784 1 .07 

Denatured whey protein 0. 784 3 .09 

Table A-5 : Viscosity model parameters. 

Milk Milkfat Lactose Protein Salt Snoeren 

(%) J.1.rs (%) (%) (%) (m31kg) 
Whole 27. 7 38 .4 27.9 6 0.00 1 1 44 
Skim 0.8 53 . 1 37 .9 8 . 1  0.00 1 1 72 

The specific volumes ( v )  for the components are strictly the inverse of the densities. However, it 
has been found experimentally that the protein specific volumes are considerably larger than the 
inverse densities (Snoeren et aI, 1982). Additionally it has been found that the specific volumes 
for natural and de-natured whey proteins are very different. This means that the viscosity dry 

' I  No experimental results appear to be available for the specific volumes of milk fat. 
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matter relationship depends on the preheat conditions since these determine the amount of whey 
protein denaturation. 

Using these specific volumes we can calculate the viscosity parameter ( PTS ) for Whole and 
Skim Milk solutions, as shown in Table A-S .  These results were calculated by assuming that 20 
% of the milk protein exists as whey protein and that the proteins have not been de-natured. 

A.6) Pure fluid saturation relationships 

The prediction of water liquid/vapour saturation relationships is very important. We are 
interested in the relationships between the pressure, density and temperature. The 
thermodynamic criteria for liquid/vapour coexistence is the equality of the Gibbs free energies. 

Gibbs free energy of the liquid. 
Gibbs free energy of the vapour. 

(J) 
(J) 

(A.2S) 

With some suitable assumptions this equation can be rearranged into the Clasius-Clapeyron 
equation (Sandler, 1 989, p 238). Notice that the temperature is required in degrees Kelvin for this 
equation. 

Where, A. 
R 

= 

latent heat ofvapourisation. 
universal gas constant. 
boiling temperature, in degrees Kelvin. 
saturation temperature. 

(J/kg) 
(J/kg.K) 
(K) 
(Pa) 

With the assumption of constant latent heat this is integrated to produce equation (A.27). 

A In [Psar ]= A --
R.Tsar 

(A. 26) 

(A. 27) 

In practice the assumptions made in the derivation of this equation are not very accurate and a 
semi-empirical version, the Antoine equation, is used. As for the above the temperature is 
required in degrees Kelvin. 

In [P ] - A _ Bwarer sar - warer [T - C ] sat water 

Where, Awaler fitting coefficient used in the Antoine equation. 
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Bwater 
Cwater = 

fitting coefficient used in the Antoine equation. 
fitting coefficient used in the Antoine equation. 

(K) 
(K) 

The density of the vapour is strictly given by the combination of the above Antoine equation 
with an Equation of State. However, the relationship between the saturation temperature and 
vapour density can also be accomodated using the Antoine equation. Once again, the temperature 
used in this equation is in degrees Kelvin. 

r 
_ ] l1vap 

InLPve = Avap - [T _ C ] 
Where, �ap 

l1vap 
Cvap 

sal yap 

fitting coefficient used in the vapour density Antoine equation. 
fitting coefficient used in the vapour density Antoine equation. 
fitting coefficient used in the vapour density Antoine equation. 

(A. 29) 

(-) 
(K) 
(K) 

The parameters in the above Antoine equations can be identified from a set of saturation data for 
water (Rogers and Mayhew, 1 988). The resulting parameters are Awater = 23 . 1 748 , 
l1wat•r =3806.44 , Cwaler =46. 36 , Avap = 1 0. 5884 , l1vap = 3680. 1 09 and Cvap = 4 1 .69 1 9 . 

A.7) Mixture saturation relationships 

When additional components are dissolved in water the mixture will boil at a different 
temperature to that given by the Antoine equation. This difference between the boiling 
temperature of pure water and the mixture is called the boiling point elevation. Starting from the 
equality of Gibbs free energies and using the assumption of an ideal mixture we can produce the 
classical equation for the boiling point elevation. 

1 �TBPE = ------.(--..... ) -T I R. ln l -xsol sal -+ ---'----'� 
Tsar A. 

Where, �TBPE 
Tsal 
R 

boiling point elevation. 
boiling temperature of water, in degrees Kelvin. 
universal gas constant. 
molar concentration of dissolved solute particles. 

eC) 
(K) 
(J/kg.K) 
(moVmol) 

(A.30) 

This equation can be expanded to produce the following series, which can be further 
approximated by equation (A.32). The first approximation in equation (A.32) uses is a simple 
first term approximation of equation (A.3 1 ). The second approximation uses a first term Taylor 
series approximation of the natural logarithm. 
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[ [ ] � 2 [ ] 3 3 [ ] ]  R.Tsat 1 R - . Tsar 2 1 R .Tsa/ 3 1 I1TBPE = Tsat 1 + --In ( _  ) + 2 In ( _  ) + 3 In ( _  ) + . . .  - Tsat (A3 1 )  A. 1 Xsol A. 1 Xsol A. 1 Xsol 

A T R.Ts!t I [ 1 ] 
Ll BPE = -- n ( _  ) '  A. 1 Xsol 

(A32) 

An important consequence of these equations is that the boiling point elevation is related to the 
molar concentration rather than the mass concentration. Milk mixtures tend to have small boiling 
point elevations since the protein and fat components have very large molecular masses. This 
means that even with high mass concentrations these components have very small molar 
concentrations. However, the molecular mass of the lactose and the mineral salt components is 
relatively small .  These components essentially determine the milk boiling point elevation. The 
total solute mole fraction in the milk mixture is given by equation (A33), where the summation 
is made over the solute dry matter components ( w waler = 1 -L W ). This can be rearranged into 

equation (A34) for xsol . 

M_j:(� J X.wl = [ ( , = 1 , Jl 1 +  i w, Mwater w/ 
, = 1  Mj 

M M M M 

(A33) 

_ brs .wrs Xsol - [ (  )w ] ' 1 + brs - 1 rs 
b = water X + water X + water X + water X rs M fat M prot M lact M salt 

fat prot lact salt 
(A34) 

Where, brs = 

M water = 

Mfat 
M prot == 

Mlact 
Msal' 

parameter used in the boiling point elevation model . 
molecular mass of water. 
molecular mass of fat, that occurs in milk solutions. 

molecular mass of protein, that occurs in milk solutions. 

molecular mass of lactose, that occurs in milk solutions. 
molecular mass of salt, that occurs in milk solutions. 

(-) 
(kg/kmol) 
(kg/kmol) 

(kg/kmol) 

(kglkmol) 
(kg/kmol) 

The molecular masses of the mixture components are shown in Table A-6. Using these values we 
can determine numerical values for the brs parameter. Table A-7 shows the calculated brs 
coefficients for Whole Milk and Skim Milk. Figure A-I shows the boiling point elevation 
calculated using equation (A30) and some experimental boiling point data for Skim Milk (Trinh 
et ai, 1 996). 
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Table A-6 : Molecular mass of milk components. 

Molecular Mass 
(kg/kmol) 

Milk fat 30000 
Lactose 300 
Protein 24000 

Salt 1 00 
Water 1 8  

Table A-7 : Boiling point elevation coefficients for Whole and Skim Milk. 

Milk 

Whole 
Skim 

Milkfat Lactose Protein 

(%) (%) (%) 

27.7 38.4 27.9 
0.8 53 . 1  37 .9 

0.9 - - - - - - - - - - - - - - - � - - - - - - - - - - - - - - - - i - - - - - - -: : 0 

Salt brs 

(%) (-) 
6 0 .03422 

8. 1 0.04673 

0.8 - - - - - - - - - - - - - - - � - - - - - - - - -- - - - - - - : - - - - - - - �=-==�,-:-:-:�==-=-=-:-! 
o 0 

6 0.7 Q... 
o 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _  � _ _ _ _ _ _ _ _  - - - - - - - - 4 - - - - - - - - . - - - - - - - - _ _ _ _ _ _ _  _ 
o 0 0 
o 0 0 
o 0 
o 0 0 - - - - - - - - - - - - - - - � - - - - - - - - - - - - - - - - f - - - - - - - - : - - - -O- - -
o 0 0 
o 0 0 . . .  - - - - - - - - - - - - - - - � - - - - - - - - - - - - - - - - t - - - - - - - - t -
o 0 

Figure A-l : Boiling point elevation vs dry matter concentration. 
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Appendix B I : Fal ling Film Models 
and Heat Transfer Coefficients 

BI. l )  Introduction 

Here we investigate some models for the average velocities and heat transfer coefficients of 
fal ling films. The simplest model is the Nusselt model and it shall be considered first. This 
produces a simple, but important result, for the fal ling film velocity and heat transfer coefficient. 
However, the Nusselt solution is limited to Laminar flow and so it cannot be applied to general 
fal ling films. As a result, the general velocity model of Dukler and some empirical heat transfer 
models will also be considered. 

BI.2) The N usselt Laminar Model 

An exact solution to the fal ling film transport equations was originally derived by Nusselt 
( 1 9 1 6) .  The solution requires a number of simplifications and is only accurate for laminar flow. 
However, it provides a simple starting point for understanding the nature of a falling film. 
Nusselt derived his classic parabolic velocity profile. 

p.g ( 1 2 ) d2u du =0, ul =0 (BI . I )  U =---;;- 0'Y-2 Y , p.g=Ji dy2 ' -
dy y = o  

y = O  

Where, u velocity of the falling film. (m/s) 
y distance from wall .  (m) 
p density of liquid. (kg/m3) 

Ji Newtonian viscosity of liquid. (kg/m.s) 
0 falling film thickness. (m) 
g acceleration due to gravity. (m/s2) 

This can be integrated to produce the average film velocity and the mass flow per unit perimeter. 

Where, u aver 
r 

p2 .g.03 r = p.u aver 'O = -'---�-
3 .Ji 

average fal ling film velocity. (m/s) 

(BI .2) 

mass flow per unit perimeter, or falling film liquid loading. (kg/m.s) 

Nusselt then assumed that the heat transfer was due to conduction and therefore a linear 
temperature profile could be used. Integration of Fourier' s  Law produces the following explicit 
equation for the heat transfer coefficient. 
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Where, h 
k 

falling film heat transfer coefficient. (Wfm2.QC) 
thermal conductivity. (W fm. QC) 

(BI .3) 

1 

Using Nusselt's definition for the falling film Nusselt number ( Nu = h ( �2 J3 ), he produced 
k p .g 

his classic correlation with the Reynolds number ( Re = 4
r 

). This definition for the Reynolds p 
number is derived from the classic definition ( Re = p.u aver ·d h ), the hydraulic diameter p 
( d h = 

4 .A 
) and the liquid loading ( r = m = p.u aver .A 

). p p p 

4 3 --( )� I 

NU = "3 Re 3 

Where, d" 
A 
p 

hydraulic diameter. (m) 
cross sectional area of falling film. (m) 
fall ing film tube perimeter. (m) 

(BI.4) 

A second equation, that is often quoted, is the integrated version of this along the length of the 
1 L tubes ( h  = 
L 
J hxdx )(Holman, 1 989; p 494). 
o 

4 h=-hx ,  
3 

(BI .5)  

The Nusselt equations are exact for laminar flow with no surface waves. However, it has been 
shown theoretical ly that vertical falling films always contain surface waves (Benjamin, 1 957). In 
addition the falling film changes from laminar to turbulent flow at Reynolds numbers above 
approximately 1 000. As a result, the Nusselt fall ing film equations cannot be used to describe 
general fall ing films. 

BI.3) Semi-empirical DukJer Model 

A simple semi-empirical method for describing a fal ling film under turbulent conditions has been 
developed by Dukler ( 1 952) using the Nikuradse universal velocity profile. 
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u +  = y+ 0 < y+ < 5  

u +  = - 3 .0S + S ln(y+ ) 5 <y+ <30 

u+ = S . S + 2. S ln(y+ ) 30<y+ < 0+ 

dimensionless film velocity. (-) 

dimensionless distance from wall surface. (-) 

(BI.6) 

With these dimensionless variables we can produce the following integral equation for the liquid 
loading. 

;;' 

r = ,u  fU+ dY+ , 
o 

0.8 

. 0.7 

E O.s 
.§. � 0.5 
m 
c:: 

-"" 

" . � 0.4 

� 0.3 

Nusselt equation 
Dukler equation 
Brauer equation 

(BI.7) 

Figure B-1 : Film thickness vs Reynolds n umber, using Nusselt, Dukler and Brauer models. 
Substituting the Nikuradse velocity profile, we then produce the following piece-wise equation. 

Re = 2(0+ Y 
Re = 50.04- 32 .20+ + 200+ In (o+ ) 
Re = -255 .6 + 1 20+ + 1 00+ In(O+ ) 

o < Re < 50 

50 < Re < 1 1 24.8 

1 1 24.8 < Re < 00 

2 1 2  
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Where, 0> ( = p�oJ dimensionless film thickness. (-) 

The above film model can be compared with the Nusselt correlation ( 0=V3 .�r ) and other 
p .g 

empirical turbulent models (Yeates, 1 996). For example the turbulent film thickness model of 
Brauer is given by the following equation. 

(BI.9) 

Figure B- 1 shows the calculated film thickness for a liquid with a density of 1 000 kg/m3 and a 
viscosity of 0.00 1  kg/m.s  from the Dukler, Nusselt and Brauer models. The Dukler model 
provides a good description for both the Laminar and Turbulent regions. This result is important 
because we can use it to calculate the falling film velocity for a given Reynolds number. If we 
then assume that the fall ing film properties are constant along its length, we can determine its 
residence time. The Reynolds number is given by the following. 

R 4.r e =-f.J 

(i;' 0.45 

].. 
?:' 0.4 '(3 ;: ".. 0.35 
E 

1;:: 0.3 

Figure B-2 : Falling film velocity vs Skim Milk and Whole Milk dry matters. 

(BI . I O) 

Given the falling film Reynolds number we can calculate the film thickness from the Dukler 
correlation and then the average film velocity. The residence time is then simply determined 
from the length of the evaporator tubes and the average film velocity. By assuming that the 
fal ling film liquid loading is 0. 1 4  kg/m.s  and given the physical property correlations of 
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Appendix A, we can calculate the average fal ling film velocities for Whole Milk and Skim Milk. 
Figure B-2 shows the resulting fal ling film velocities vs the milk solution dry mass fractions. 

BI.4) Empirical Falling Film Heat Transfer Models 

There are three empirical models for fal ling film heat transfer coefficients. The model of Chun 
and Seban ( 1 97 1 )  is very commonly quoted. It describes the Nusselt number in the Laminar 
region by the following modification of Nusselt 's classic equation : 

Nu = 0.822Re-O.22 

and in the turbulent region : 

Where, Nu 

Re = 

Pr = 

= 

= 

1 

falling film Nusselt number ( Nu = - 4- ). h ( 2 J3 k p .g 

falling film Reynolds num�er ( Re = 
4T 

). p 
Cp .p fall ing film Prandlt number ( Pr = -- ) . 

k 
heat transfer coefficient. 
thermal cond.uctivity . 
viscosity. 
density. 
heat capacity. 
falling film liquid loading. 

(-) 

(-) 

(-) 

(W/m2.K) 
(W/m.K) 
(kg/m. s) 
(kg/m3) 
(J/kg.K) 
(kg/m. s) 

(B1. 1 1 ) 

(BI . 1 2) 

Chun and Seban also showed that the transition from laminar to turbulent flow depends on the 
Prandtl number by the following equation. 

Re = 2460 Pr -0.65 (BI . 1 3) 

The Chun and Kim ( 1 990) model does not separate the flow into Laminar and Turbulent regions 
but uses a single equation that is applicable to both. 

I 
Nu = 1 .33Re -3 +9.56xl 0-6 ReO.89 Pro 94 + 0.00822 (B1. 1 4) 

A considerably more advanced model is that of Alhusseini et al ( 1 998). This model potentially 
accounts for the presence of surface waves and turbulence. The heat transfer coefficient is given 
by the combination of the laminar and turbulent Nusselt numbers. 
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I 
Nu = (Nu; +NU; )5 

The Laminar flow Nusselt number is given by the following equation. 

NUl = 2.65 Re-O_ 1 58 Ka00563 

The turbulent flow Nusselt number is given by the following equation. 

Nu, = [ , , Pr.a ' , " ] 
9. 1 7 Pr 4 + A2 Pr 2 + A3 Pr 4 + Cl + BKa 2 Pr 2 

VVhere, }(a(g·�:J 
p.O" 

� 
p 

A = 0 0289 
(1 52 1 00+23408+ + 7(8+ y) 

3 . 
(8+ Y 

Cl = 8.82 +0.0003Re, 

Kapitsa dimensionless number. 

Surface tension_ 
Viscosity. 
Density. 

2 1 5  

8+ = 0.0946Reo.8 

(-) 

o 
(kg/m.s) 
(kg/m3) 

(BI . 1 5) 

(BI. 1 6) 

(BI. I 7) 

(BI. 1 8) 

(BI . 1 9) 
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Appendix B II : Fallina Film Models 
and Heat Transfer Coefficients 

BD.l)  Introduction 

In this Appendix we investigate some simple fall ing film heat transfer models for milk and also 
some heat transfer models for forced/natural convection. In ' Appendix BI some empirical 
correlations for the evaporating heat transfer coefficients were represented. However, the 
correlations are very complex and it would be valuable if simpler equations could be determined. 
Here we shall be primarily concerned with determining these ' simpler' models for evaporating 
fal ling films, working with milk solution. An important part of this is the integration of the 
fal ling film static equations, to account for the variation in the milk dry matter down the length 
of the fall ing fi lm. The final part of this Appendix wil l  consider some empirical correlations for 
forced and natural convection. 

, , , , . -- - -- - -- - -- -:- - -.-- - � -- - -- - 1- - -- - -- - - - - -- - -:- - - - - - - - - - - - - - - I - -- - -- - - - - -- - --!- -- - -- - -- - - - -
: . : : : : 
: +. 4] . :  : : 

� _ _  . ... .. .. .. .. .. ..  __ J __ .. __ .. __ .. .. .. .. __ .. loO .. _ _  .. __ .. _ _  .. .. .. ..  _' .. ..  __ .. __ .. __ .. __ .. ..  j .. __ .. .. . .. .. .. .. _ .. ..  __ ... .. _ .. ... ... ... .. ... .. __ ... ... 

: : <J :  : : : 0 ... : : : ... .. ... ... ... ... ... ... -_ ... -- �- .. ..  -_ ... -E> .. .. .. ... .. .. r - '" -- .. ... �; ... ... ... -- -4�" -_ ... -- ... ... ... .. -.- ... ... t ... -- ... ... ... ... ... .. ... ... ... ... - -r " " '"  -- .. -_ ... -- ... ... 
; <!> : <J ;  ; 

... .. -- ... .. .. .. .. .. .. .. ..  -,_ .. ..  -_ .. _ .. ... .. .. ... -- ... " ... ... .. .. ... ... .. ... -- .. .. .. ..  -r- .. ... .. ... -- .. ... .. ..  -_ .. -� ... ... ... ... -_ ... -- .. .. ... .. - - r- - _  .. - _  ... - _  ... -- ... .. 
: : 'f I : 
: : 0 : '. <;J : 

- - - - - 0 0 0 0 0 0 __ :0 0 0 0 0 0  __ 0 0 0 0 0 0 0 to 0 __ 0 0 0 0 0 0 0 __ 0 � 0 0 0 0 0 0 0 0 0 0 0 0 0 0 f 0 __ 0 0 0 0 0 . 0  __ 0 __ ;0 0 0 0 0 0 0 0 0 0 0 0 0 0  

" .. '  : : : : <1 : ... ... -- ... ... ... .. .. ... ... ... ... �- .. ... .. ... ... ... .. ..  -_ ... -_ ... �- ... ... ... ... ... ... ... - _  ... - _  ... -:- ... -_ ... --0- .. -_ .. -� .. -_ ... -_ ... -_ ... -_ ... --� -_ ... -_ ... -_ ... -_ ... 
, , I I 
I I • I 

: : : 0 - - - -- - - - - - - :- - - -- - - - - -- - - - - ; - - -- - -- - - - - -- --: - - - - -- - - - - - - - - ; - -- - - - - -- - -- - -. - - - -- - - - - - - -

o Literature data, !J. T = 3.5 0 C, T e = &J 0 C 

+. Literature data , !J. T = 5 0 C , T e = &J 0 C 

Literature data, !J. T = 7 0 C , T e = &J 0 C 

Figure B-1 : Experimental Whole Milk falling film overall heat transfer coefficient vs dry 
matter. 

BD.2) Heat Transfer Coefficients for Milk 
In the previous Appendix we investigated some models for the heat transfer coefficients of 
fal l ing films. The models show that the coefficients depend on the Reynolds and Prandlt 
numbers. This means that the heat transfer coefficients depend on the falling film mass flow and 
the physical properties. However, for milk solutions the physical properties have the most 
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important impact, because they are strong functions of the dry matter concentration. This is 
shown by the results in Figure B-1 for the Whole Milk overall heat transfer coefficient vs dry 
matter concentration (Trinh et ai, 1996). Clearly the overall heat transfer coefficient reduces 
dramatically as the milk dry matter increases. 

An additionally important effect is the occurrence of nucleate boiling. The correlations of the 
previous Appendix assume that the heat transfer occurs by convection only and that there is no 
nucleate boiling. For milk solutions, which have lower surface tensions than water, nucleate 
boiling is l ikely to have some impact on the heat transfer coefficients. This is the probable cause 
of the impact of the temperature difference shown in Figure B- 1 .  However, we shall neglect the 
impact of nucleate boiling and only consider the relationship between dry matter and heat 
transfer coefficient. 

A simple method for accommodating the impact of dry matter on the heat transfer coefficient is 
to use a linear model. 

(BH. I )  

This equation i s  simple but it can only be applied for a specific dry matter concentration range. A 
model that can potentially be applied for a larger dry matter range is given by the following. 

(BII.2) 

This can also be derived from Nusselt 's correlation which is given by the following. 

(BII.3) 

The milk viscosity can be approximated by an exponential equation ( f..I =f..IoeA w ), which varies 
greatly with dry matter. However, the density, thermal conductivity and liquid loading are 
comparatively constant. If we neglect the variation in density, thermal conductivity and liquid 
loading and only include the viscosity effect then the following equation is produced. 

h = - .p .g 
e 3 = h e 3 ( 1 )� (k 3 2 )� _ fJ1 > w _fJl >w 

3 .uo r w (BH.4) 

(BII .5) 
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= 

heat transfer coefficient of falling film with water. (W/m2.K) 
heat transfer coefficient of condensing fal ling film. (W/m2.K) 
overall heat transfer coefficient. (W/m2.K) 

The fal ling film is a distributed parameter system so the heat transfer coefficient varies along the 
length of the fal ling film. We could take the average falling film dry matter and use this to 
determine the overall heat transfer coefficient. However, a better method is to integrate the static 
falling film partial differential equations which are derived in Chapter 2 .  

Linear overall heat transfer coefficient model 
The steady flow profile is given by the following. 

dM + U(w) 1C.d .11 [T _ T - t:. T. (w)]= 0 dx A. s e bpe , 

The dry matter differential equation can be easily solved. 

( ) Md .wd w x = M{x} 

(BII.6) 

(BII .7) 

Now if we assume linear relationships between the boiling point elevation/heat transfer 
coefficients and dry matter (i .e. , ll�pe =a.w and U =U/o -U/w .w ) we can substitute these into 
equation (BII .6) and produce a differential equation for the flow down the film. This equation 
can be integrated to produce the following implicit equation for the mass flow of evaporation in 
the falling film (i.e., M tube. =M d -M. ). 

The heat flow through the evaporator tubes is given by the following integral equation. 

L: 

qshell = HU/o - U/w .wrr ·d.n[IlT -a.w}ix (BIT. 9) 
o 

This integral equation can be solved by substitution of the differential equation 
dw W2 [U/o -U/,.}r.d.n[AT - a.w] -- = --��-=���--� dx J.Md .Wd 

q shell = A.M d . W d [_1_ - _
1
_] = AM tubes W W d e 

(BIT. 1 0) 

Ifwe neglect the boiling point elevation, then equation (BIT.8) simplifies to the following. 
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(BIT. I I) 

This is an implicit equation for the mass of evaporation in the fal ling film. However, if we use a 
first term MacLaurin series approximation for the logarithm of I -x (i.e., In(l - x) � -x ) we can 
produce the following equation. This is explicit for the mass flow of evaporation and it is also 
linear in terms of the heat transfer parameters. However, because this equation is only an 
approximation of (BIT. I l ) the model parameters are not exactly the same and they are given 
different definitions (i .e . , Ufo "* Uso '  U/w "* U sw ) . 

M = [U - U  ] 7r.d.n.L.�T tubes so sw ·W d A. 

Exponential heat transfer coefficient model 

(BIT. l 2) 

The overall heat transfer coefficient and the boiling point elevation are given by the following 
functions. 

U 
= 

Ue O t1.T. [l +U eP W]' bpe =a.w 
ew · 

The steady state mass balances produces the following differential equations. 

d[M.w) 0 
dx 

(BII. 1 3) 

(BIT. 1 4) 

The second of these can be solved and substituted to produce the following differential equation 
for the dry matter down the falling film length. 

dw w2  .ueo .7r.d.n[t1.T -a.w] 
dx = Md .Wd[I +Uew .eP w � (BIT. I S) 

This differential equation is difficult to solve. However, it is simplified quite considerably if the 
boiling point elevation is neglected. 

(BIT. 1 6) 

The solution of this is given by the following, which uses the exponential integral function 
x ( 

( Ei(x)= f7dt ) .  
-00 
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DD.3) Forced Convection Heat Transfer Coefficients 

The heat transfer coefficients between a tube surface and a flowing liquid can be predicted using 
the Dittus and Boelter correlation (Holman, 1 989; pp 274-275). This heat transfer occurs in the 
shell and tube condensers of the Evaporator A plant. 

Nu = 0.023Re0 8 PrOA 

Where, NU ( = h�d) 

Re( = P:d] 
pr( = C�)l) = 

Nusselt number. 

Reynolds number. 

Prandlt number. 

DDA) Natural Convection Heat Transfer Coefficient 

(BIT. 1 8) 

The heat transfer from the evaporator surfaces is due to natural convection and radiation. For 
natural convection the heat transfer coefficient can be determined from the following correlations 
(Holman, 1 989; pp 332-339). 

J ( )� Nu2 =0.825 + 
0 .387 GrPr 6 8  

ll +(O;:2i r 
J 

Nu =O. l{Gr.Pr )3 

Where, Pr 

Gr 

Nu 

c p .f.1 Prandlt number. ( Pr = -- ) 
k 

Grashof number. (Gr = g.p.{Tw � Tamb }£3 
) 

U 

Nusselt number. ( Nu = hL ) 
k 

(BIT. 19) 

(BIT. 20) 

It must be remembered that these correlations only apply for natural convection and so they are 
likely to underestimate the actual heat transfer coefficient. In reality the effect of radiation will 
cause the coefficient to be larger. The evaporator surfaces are at approximately 60 °C and the 
ambient temperature around the evaporators is approximately 30 QC. Using these numbers we 

220 



Appendix B II 

(60+ 30) can determine that natural convection film temperature ( Tf = 3 1 8 . 1 6  K )  and the 
2 

properties of the air ( p =_l = 3 . 143xI0-3 �, k = 0.0272 W/m.K, Pr = 0.704 (-) , Tf K 
V= 1 .683x1 0-5 m 2 Is ). The length of the evaporator surfaces is approximately 1 6  meters. With 
this we can determine the Grashof number ( Gr =9.4 1 6xl012 ) and hence the Nusselt number 
(Nu =2298.05 ) .  From this the natural convection heat transfer coefficient can be determined 
( h =3 .907 W/m2 .K ). 
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Appendix C : Film Breakdown 

C.l)  Introduction 

Here we investigate some models and experimental data for the breakdown of fall ing films. This 
occurs when the fal ling film flows in rivulets, rather than as a uniform film. The prediction of the 
mass flow at which breakdown occurs is important for the avoidance of fouling. In this Appendix 
we describe some models for predicting film breakdown and also make comparisons between the 
models and some experimental results. 

C.2) Hartley and Murgatroyd Model 

The simplest film breakdown model is that of Hartley and Murgatroyd ( 1964). The criteria for 
film break-up is when the surface tension force is equal to the falling film momentum. 

li 
a[l -cos(e )]= 

p J u 2 (y)iy 
2 0 

Where, p 
a 
e 
u 
y 

= 

density of fal ling film liquid. 
surface tension of fal ling film liquid. 
contact angle of liquid with wall surface. 
fal ling film velocity. 
distance from wall surface. 

(kg/m3) 
(N/m) 
e) 
(mls) 
(m) 

Nusselt ' s  classic parabolic film velocity equation is used. 

Where, Ji 
8 
g 

viscosity of falling film liquid. 
fal ling film thickness. 
gravitional acceleration. 

(kg/m.s) 
(m) 
(mls2) 

(C . l )  

(C.2) 

Substituting the film velocity into the force balance produces the following equation. This gives 
the critical falling film thickness for film breakdown. Nusselt's fal ling film model shows that the 
liquid loading depends on the falling film thickness. 

,,[1 - cost IJ) l� is (ppg J 8' , 
li p2 .g.83 r = p.u aver ·8 = p J u(y )iy = -'-------'='---
o 3 .Ji 

222 

(C .3) 



Appendix C 

This allows us to determine the critical liquid loading for film break-up. The result is the famous 
Hartley and Murgatroyd equation. 

1 

r mm = � (1 5  l; ['": r [0-(1 - cos(O l If, (C.4) 

C.3) Zuber and Staub model 

The Hartley and Murgatroyd film breakdown model is strictly only correct for isothermal fal l ing 
films. When the falling film is being heated additional force terms must be included. Zuber and 
Staub ( 1 966) included two extra terms. 

a[I - COS(O)]+(aa) q.oc . cos(O) 
+ Pv[q· cOS(O)]2 IJ.p.oc = p j u(y}dy aT A.k APv ·A P 2 0 

Where, q 
A 
k 

= 

heat flow through the film. 
area of heat flow through the film. 
thermal conductivity of fluid. 

(C.S) 

This equation shows that the extra terms depend upon the heat flow per unit area (!I=U.IJ.T ), 
A 

which depends on the temperature difference. For MVR evaporator plants this temperature 
difference is designed to be small- because this improves the energy efficiency. Consequently, for 
these MVR evaporator plants these terms do not have much impact on the falling film stability. 

C.4) Hoke and Cb en model 

The Hartley and Murgatroyd model assumes that the weight of the liquid above the dry patch is 
cancelled by the wall shear force. This assumption is relaxed by Hoke and Chen ( 1 992) and they 
add an additional term to the balance equation. This equation is implicit for the fal ling film 
thickness, which is substituted into equation (C.3) to calculate the liquid loading. [ ]2 3 2 5 
a[l - cos(O)]= p.g 0 

( )  [2 .0- sin (2.0)]+ p .g .� 
4 I - cos 0 I S .,u 

C.S) Chung and BankofT model 

(C.6) 

The models of HartleylMurgatroyd, Zuber/Staub and Hoke/Chen don't consider all of the forces 
acting on the falling film. Two large papers by Chung and Bankoff ( 1980) include the forces due 
to vapour shear, hydrostatic head, wall shear, thermocapillary, evaporative thrust etc. The 
resulting balance is, however, not as simple as the above and we will not be consider it here. 

C.6) Contact Angles 

An important part of the determination of the liquid loading for film breakdown is the contact 
angle. This has been determined for Whole Milk at 20 °C (paramalingam et ai, 1 999). Table C-l 
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shows the resulting contact angles and surface tensions. In addition Whole Milk was observed 
flowing down a vertical surface. The minimum flow for a stable film was determined and the 
corresponding liquid loading determined. Figure C-1 shows the experimental minimum falling 
film flows determined along with the HartleylMurgatroyd and HokelChen model predictions. 

Table C-l : Whole fIlm breakdown parameters. 

Dry matter Contact Surface Density Viscosity Observed 
(kglkg) Angle Tension (kg/m3) (kg/m.s) minimum flow 

0 
0.05 
0. 10  
0.20 
0.30 
0.40 

0.26 

. ', 0.05 

C') 
93 .0 
67.8 
64.0  
60.6 
58.3 
54.2 

+ 

(N/m) 

0.0727 
0.047 1 
0.0476 
0.0498 
0.0532 
0.0580 

Whole milk data 
Hartle.,. and Murgatroyd model 
Hoke and Chen model 

998 0.00 1 09 
1 0 10  0.00 1 87 
1 022 0.00 1 89 
1 048 0.0040 1 
1 075 0 .0 1 040 
1 1 03 0.03540 
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Figure C-l : Experimental minimum flows, for Whole milk. 

(k2!m.s) 

0.222 
0. 1 3 5  

0. 1 5 1  
0. 1 43 
0 . 1 23 

Some falling film wetting literature results for Skim Milk in fal l ing film evaporators are also 
known (Trinh et ai, 1 996). These can also be compared to the HartleylMurgatroyd and 
Hoke/Chen models and the results are shown in Figure C-2. Interestingly the model predictions 
are higher than the literature results. This is probably due to the contact angles of the falling film 
evaporator tubes. Presumably the tubes are polished and carefully maintained so that the contact 
angles are lower. The Skim Milk literature data can be fitted to a polynomial function in terms of 
the dry matter concentration. This is shown in Figure C-2 along with the model predictions and 
literature data. 
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C.6) Experimental Water film Break-up 

In Chapter 5 the TVR parameter identification neglected some data points. Here we show that 
these data points correspond to film break-up in the seventh pass of the Evaporator A plant. 
When falling film break-up occurs the measured heat transfer coefficient is smaller than 
expected because the heat transfer area is reduced. As a result, the heat transfer coefficients 
cannot be identified with data that includes film breakdown. 
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Figure C-2 : Skim milk minimum liquid loadings vs dry matter. 

" 

Using historical data from the Evaporator A plant we can calculate the overall heat transfer 
coefficient in the third evaporator effect. The second effect overall energy balance is given by 
equation (C. 7). This equation is also shown by equation (5 .24) and it is derived by the addition of 
equations (2 .30) and (2.63). 

q[eed6 +Wcomp2 =qshell 7 + qshellS + qeloss2 +qsloss 2 +qcondensate2 (C. 7) 

This can be rearranged into an explicit equation for the overall heat transfer coefficient in the 
third evaporator effect. 

[q feed 6 + Wcomp 2 - q eloss 2 - q sloss 2 - q condensate 2 ] = [V V ] [As7 + AsS ITe2 -Te3 ]  s7 + sS (C.9) 

Figure C-3 shows the calculated overall heat transfer coefficients vs the mass flow from the 
bottom of the evaporator tubes. As expected the heat transfer coefficients dramatically reduce at 
low flow rates. This i s  consistent with the expectation that heat transfer coefficients are lower 
when falling film breakdown occurs. We can test whether the results in Figure C-3 represent film 
break -up by using the Hardey and Murgatroyd equation. With a contact angle of 93 0 and the 
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physical properties of water at 55  QC we can calculate the mass flow required for a wetted film. 
The thick lines in Figure C-3 show the calculated mass flows required for film breakdown in the 
seventh and eighth evaporator passes. It appears that the reduction in heat transfer coefficients at 
low flows is due to film breakdown in the seventh 
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Figure C-3 : Overall heat transfer coefficients vs mass flow from tube bottom. 
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Appendix D : TVR Compressor 
Models 

D.1 )  Introduction 

A thermal compressor uses high pressure steam to compress a low pressure vapour. These 
compressors are also called jet ejectors and they are sometimes used as vacuum pumps. Figure 
D-1 shows a TVR (Thermal Vapour Recompression) compressor. 

High 
pressure 
steam 

Low 
pressure 
vapour 

L - Compressed 
vapour + 
steam 

Figure D-1 : A TVR compressor. 

The description of the TVR compressor, by all models, will be separated into two sections. 
Firstly the determination of the mass flow of high pressure steam and secondly the determination 
of the entrainment ratio of high pressure steam to low pressure vapour. 

D.2) The Sonic Orifice Equation 

The flow of a high pressure steam through a nozzle can be given by equation (D. 1 )  (van Wylen, 
1 994). This applies for sonic flow through the nozzle, which commonly occurs in the high 
pressure steam nozzle of a TVR compressor. 

(r+ 1) 
2 ( 2 J(r-1) m =A P - - = P steam throat" steam 

R.T r+1 ArVR· steam 

Where, msteam 

R 
T 

mass flow of steam through the TVR compressor nozzle. 

high pressure steam supply pressure. 
universal gas constant. 
temperature of high pressure steam. 

(D. I )  

(kg/s) 

(pa) 
(kJ/kg.K) 
(K) 

r ratio of constant pressure and volume heat capacities. (= C 
P J (-) 

r Cv 
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�hroat = cross sectional area ofTVR compressor nozzle throat. (m2) 

Equation (D. 1 )  shows that the mass flow of steam through the TVR compressor nozzle is directly 
proportional to the pressure of the steam. Using the design specifications of the Evaporator A 
plant TVR compressor, we can calculate the ATVR parameter. This result can then be compared 
with the value determined from equation (D. l ). The compressor contains four raw steam nozzles 
each with a diameter of 6.6 mm and this allows us to calculate the nozzle surface area (i.e., 
�hroat = 0.000 1 3  68 5 m 2 ) . We can determine the physical properties of the raw steam at the 
saturated pressure of 10  bar (i.e., T = 1 79 .9  QC, R = 46 1 . 88 J/kg.K, 
C p = 2620 J /kg. K, r = 1 .2 1 4  (-» and thereby determine the value for ATVR from equation 

(D. 1 )  (i .e. , ATVR = 2. 5006xl 0-7 kg/s.Pa ) .  The design specifications can also be used to 

determine this parameter (i .e, msteam =690 kg/hr @ Pst = 9  bar, ATVR =2. 1 29xl 0-7 kg/s.Pa) . 

2 4. s 
steam : 

I 
I'_--L.�� � 

L� _____ ----i I 

e 

Figure D-2 : TVR compressor balances. 

D.3) Kessler TVR Compressor model 

The Kessler ( 1 98 1 )  model is the simplest TVR compressor entrainment model. It is not very 
accurate, but it provides a simple starting point for modelling the compressor suction mass flow. 
Making a momentum and enthalpy balances around the mixing, raw steam entry and diffuser 
sections produces equation (D.2). 

msteam ·V2 = (m steam + mComp�4 '  

Where, m steam 

mcomp 

mass flow of high pressure steam. 

mass flow of the entrained vapour. 

velocity of the vapour/steam mixture at point 4. 
velocity of the steam at point 2. 
enthalpy of the steam at point 2. 
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h4 enthalpy of the steam at point 4. (J/kg) 

hsteam enthalpy of the steam before entering the compressor. (J/kg) hs = enthalpy of the vapour/steam mixture exiting the compressor. (J/kg) 

Combining these we produce the following equation for the compressor entrainment ratio. 

msteam 
Where, W = entrainment ratio of the compressor. (-) 

D.4) DM TVR Compressor Model 

(D.3)  

A second TVR compressor model has been developed by Dotterweich and Mooney ( 1955). This 
model is also simple and is really just a modification of the Kessler model. The end result is 
equation (D.4) for the entrainment ratio. 

Where, T. temperature of the vapour entering the compressor suction section. 
temperature of raw high pressure steam. 
pressure of the exiting vapour/steam mixture. 
pressure of raw high pressure steam. 
pressure of the vapour and steam before passing through exit diffuser. 

D.S) Empirical TVR Compressor Model 

(D.4) 

eC) 

eC) 
(pa) 
(pa) 
(pa) 

Neither of the above models are found to accurately describe the entrainment characteristics of 
TVR compressors. There are many characteristics of TVR compressors which they do not 
include. The most important is the constant suction capacity of the compressor. It is often found 
(Munday and Bagster, 1 977) that the flow of suction vapour is independent of the raw steam and 
compressed vapour properties. 

While there have been many models published in the literature that claim to provide a complete 
description of TVR compressors (Sun and Eames, 1 995) none appear to be completely reliable. 
Consequently we will use a simple empirical model to describe the TVR compressor entrainment 
characteristics. Equation (0.5) shows the model for the mass flow of suction yapour that we shall 
use. The basis for this model is taken from the above literature models. The mass flow of suction 
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vapour IS shown to depend on the suction vapour conditions and the high pressure steam 
condition. 

= 

TVR compressor parameter. 
pressure of the suction vapour to the compressor. 
raw steam pressure to the TVR compressor. 

(D.5)  

(m 0.03. SO.06 /kgO.03) 
(pa) 
(pa) 

From the design specifications we can deteremine the TVR compressor parameter B1VR . The 

A1VR parameter was earlier determined to be 2. 1 29xlO-7 m.s .  The design specifications give 
M romp as 1 2 1 0  kglhr, PSI as 9 bar and p. as 0. 1 8 1 5  bar. Using these values we can determine that 

B1VR is 58.44 mO.03 . s0.06/kgO.03 . 
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Appendix E : Evaporator Geometries 
and Computer Tagnames 
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Appendix E 

Powder 3 Evaporator A Online c oml!uter To agnames 
Tag Units Description 
P3PTl 5 8 1  bar TVR steam pressw-e, 
P3PC 1 5 8 1 S P  b a r  TVR steam pressw-e setpoin� 
P3PTl 5 8 4  Bar Preheat backDressw-e 
P3PT1 7 8 2  TVR vacuum condenser oressw-e 
P 3 PC 1 5 8 4 S P  B a r  Probeat setpoint. 
P3PC 1 5 8 40T 0/0 Preheat baclcpressw-e valve position, 
P3FT1 7 8 7 F L  l / h  TVR filtered proWct flow. 
P3FT 1 7 7 7  l / h  M VR  produa flow. 
P3TE1 3 8 1  DegC MVR .vaporator sheD temperature. 
P3TE1382 OegC MVR evaporator effect temoeratw-e. 
P3ST 1 3 3 9  rpm MVR compressor speed. 
P3VC 1 3 2 1 DO  rpm MVR turbin� setpoint. 
P3TE 1 2 B 3  DegC First flash v .... l temperature. 
P3TE1 7 8 1  DegC TVR third effect temperature. 
p3TE l 1 8 5  DegC Plate HX oul!et coodcmate temoeraluR. 
P30Tl 1 7 8  kq/m MVR �ua density. 
P311V2 8 5 1  B Inlet air from 2850 damper. 
P3PT2 �Bl mmw::" Fines return system pressw-e. 
P3TCA I 1 B lO % 
P3TE 1 7 8 4  !leg\: Plate HX outlet temperature. 
P3TE l :: 9 4  OegC Second flash vessel temperature. 
P3TE129S OegC Prebeat condenser outlet temperatw-e. 
P3TE 1 2 9 6  DegC MVR evaporator feed temperatw-e. 
P3TE2 1 B 2  OegC Shaking bed well mixed section inlet air temperature. 
P3TE2 7 8 4  OegC Shakin....s.. bed drying section inlet air temperature. 
P3DT 1 7 8 8  kg/m TVR product density. 
P3LT1 1 8 1  EvllJ'<'l1l.tor reed tank level. 
P3TE1 3 J 4  DegC MVR compressor temperatw-... 
P3TE 1 3 3 5  !legC MVR oompressor temperatw-es. 
P3TE1 3 3 6  OegC MVR com�sor temperatures. 
P3TE 1 3 3 1  OegC MVR compressor temperatures. 
PJE"T1 1 8 2  l / h  Evaporator feed flow. 
P3fTZ 1 8 0 E"  
P3TE 1 2 8 4  OegC First nash v .... l temperature. 
P3E"T2 7 8 1  m/s Shalcing bed w.1I mixed section airflow. 
P3fT2 7 83 rn/s Shakin.s. bed drying section airflow. 
P3TE 1 4 82 !legC MVR .val"'.rator effect temperatw-e. 
P3TE l 5 8 2  DegC TVR second effect temperatw-e. 
P3TE1 682 OegC TVR third effect temperature. 
P3PT2 1 4 7  bar Homo PLC homRenizer orelSure. 
P3 PT2 1 4  9 bar Homo PLC homgenizer pressw-• . 
P3PT2 1 8 1  bar 
P3LTl 8 8 1  Conceruate tank level. 
P3TE2 7 8 6  OegC Shaking bed coolinR section inlet air temperature. 
P3PT2 1 8 3  ba r Dryer nozzle pressure. 
P3TEZ 4 B l  OeqC �er chamber outlet air temperature. 
P3TC 1 7 8 5SPC 
P3TC 1 7 8 4 S PC Plate HX outlet temperature control setpoint 
P JTC 1 2 B 1SPC OSI outer 1000 temperature setooint 
P3TC128 10TC OSI temperature controller setpoint. 
P3TC 1 1 940T Plate HX outlet temperature control loop valve position. 
P3TC 1 1 850T 
P3E"Tl 1 8 1  l / h  TVR product flow. 
P3E"T1 7 7 7 E" L  l / h  M VR  filtered product flow. 
P3TC 1 482SP MVR evaporator effect temperature oonIrol loop setooint 
P3TC 1 4 820T MVR evaporator effect temperature control 1000 valve position. 
PJTCA 1 1 8 1 SC TVR third effect temperature control loop selpoint. 
P3FT1 9 1 0  l / hr 
P3FT l 9 7 1  l / h r  
P3TE2 8 8 0  OegC Dryer chamber inlet air temoerature. 
P3E"T2 1 8 5  rn/ s Shaking bed cooling section airflow. 
P3TE2 1 8 2  OegC 
P3VS I Z 4 90P EB 
P3FT0 580  l /rn 
P3FT0580Acl 
p3FTOS80 Ydl 
P3TE1 2 8 1  OegC OSI temperatw-e, after holdUu. tubes, for outer coDlrol loop. 
P3TE 1 2 8 0  OegC DSI temperature, surf8ce , for inner oontro1 looo. 
P3TC 1 2 8 00TC DSl temperature control valve position. 
PC158 10T 
P3PC 1 5 8 1OP % TVR steam pressure valve oosition. 
P3EI l 321 amps MVR compressor current drawn. 
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