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ABSTRACT 

Many food product packages contain significant air void fractions in which natural 

convection and radiation heat transfer occurs. This may significantly affect the cool ing 

rate of the package as a whole. Voids tend to be either rectangular (at the top of the 

package), approximately triangular (e.g. in corners of the package), or can be represented 

as a combination of both shapes .  For widely used meat cartons containing voids the bulk 

of the heat transfer can be modelled two-dimensionally, i gnoring end effects. 

Empirical Nu vs. Ra correlations for horizontal rectangular air voids were available from 

the technical l iterature. Since corresponding published data were not obtainable for right

angled isosceles triangular air voids cooled from above w ith a hypotenuse-down 

orientation, temperature-time data were collected from twenty-eight transient chi ll ing 

trials usin g  analogue food packages that contained different sized voids (up to 50rnm 

high) with this  shape and orientation . A rel iable finite element package was used to 

model the heat transfer as a conduction process throughout the entire analogue package. 

The effective thermal conductivities that best-fitted model led and measured temperature

time profi les within each of five sequential time intervals during cooling were determined. 

The results were then curve-fitted to generate Nu vs. Ra correlations .  

New two-dimensional finite element models were developed for predicting chi lling rates 

of food packages that contained combinations of i sosceles triangul ar and/or horizontal 

rectangular air voids. The models were solved by using a customised heat conduction 

program cal led FINELX, in which the effective thermal conductivity in  the voids was re

calculated at the start of every time-step from the Nu vs .  Ra c orrelations, but the heat 

transfer was otherwise modelled as conduction. 

The fin ite e lement model was tested against twenty independent transient chi l l ing trials 

using an analogue food package that contained rectangular and triangular voids of various 

heights. Predictions from the finite element model agreed to within ±7% and ±12% (at 

the 95% level of confidence) of the measured data for packages containing rectangular 

voids and packages containing combined rectangular and triangular voids respectively. 

This indicated that the model was an accurate simulator of the overall heat transfer 

occurring in packages that contained significant  air void fractions. 
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Previously available simple methods for the prediction of chi l l ing rates of such packages 

assumed that the contents were homogeneous solids with 'effective' thennal properties  

based upon the packaging arrangement and the relative amounts of solid and air. These 

methods were shown to be inaccurate. 

A simple model based on the semi-infinite slab shape was developed for predicting 

chi l ling rates of food packages that contained combinations of i sosceles triangular and/or 

horizontal rectangular void shapes. The simple model accounted for the presence of air 

voids by the use of effective heat transfer coefficients .  Several types of solution method 

were possible: from analytical methods to simple numerical methods with a run-time of 

onl y  a few seconds on a 350MHz Pentium IT computer, which was significantly less than 

the 3 hours preparation and 5 hours run-time for the finite e lement modeL Testing of the 

simple model against measured data from forty-eight transient chilling trials yielded 95% 

confidence intervals of (-6, +1 2)%, (- 1 5 ,  + 1 1)%, and (-9, + 17)% for packages containing 

rectangular voids, triangular voids, and combined voids respectively. The quality of 

prediction indicated that the assumptions employed during the development of the simple 

model did not worsen i ts accuracy beyond a level that w as likely to be acceptable in 

i ndustry. 

Although the simple model gave relatively accurate results for much less computational 

effort, the customised finite e lement approach would allow researchers to extend the 

appl icability of the model to any void shape, provided that natural convection and 

radiation heat transfer data within that particular void shape were available. 
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1.  INTRODUCTION 

1 . 1  

The international market for New Zealand ' s  pnmary sector exports IS extensive and 

competitive. In particular, there is increasing demand for fresh, chilled meat. These large 

boneless meat cuts are distributed as a number of individual items (wrapped or 

unwrapped) enclosed in an overall package that is typically of nominal dimensions 520 x 

360 x 1 80mm. Air fills the gaps between the meat cuts. 

Accurate prediction of the heat transfer from these packages is important because the 

quality and tenderness of the meat cuts is highly dependent upon the rate at which it is 

chilled (ChrystaIl, 1 989) .  If chilling is too rapid, meat can undergo 'cold shortening', 

where the muscle fibres contract and cause a direct increase in toughness and a reduction 

in the product quality (Locker and Hagyard, 1 963).  However, if chilling is too slow 

excessive microbial growth can occur on the product, also leading to unacceptable 

product quality. Keeping the temperature-time profile of meat cuts within a satisfactory 

operating range during chilling will ensure that the potential product tenderness and 

microbial quality is realised. 

Existing methods for prediction of chilling rates in packages that contain significant air 

voids assume the contents are an homogeneous solid with 'effective' thermal properties 

based upon the packaging arrangement and relative amounts of solid and air. The air 

voids are usually assumed to be small and e venly distributed, thus heat is conducted along 

unbroken pathways that are defined by straight lines or curves perpendicular to 

isothermals in the solid. However, the air voids contained in chilled meat cartons and 

similar packages may not be evenly distributed and a significant amount of heat transfer 

may be attributable to mechanisms such as natural convection and radiation within the 

voids. In such cases effective thermal property methods may not be accurate . 

A new prediction method that accounts for the effects of significant air voidage within 

enclosed packages will assist in the design of optimal chilling processes, and benefit food 

engineers and the international food industry with whom they work. 
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2. LITERA TURE REVIEW 

2.1 Scope of the Review 

2. 1 

The literature covered in this reVIeW is c ategorised into two major areas of relevant 

research:  modelling of unsteady state heat transfer by conduction in soli ds (including 

composites modelled with no gas movement in the voids), and modelling of natural 

convection within enclosures. 

2.2 Unsteady State Heat Transfer by Conduction in Solids 

2.2.1 Physical Models for Chilling of Solid Biological Materials 

Although solid biological materials contain a liquid phase component, unsteady state heat 

transfer through solid biological materials is usually considered to be solely by 

conduction. Thus the biological material is treated as an homogeneous solid in which the 

liquid water is immobilised. 

Solutions to the equations describing the heat transfer differ widely in both complexity 

and accuracy. This review classifies solutions for unsteady state heat conduction models 

into three groups but it is acknowledged that due to the overlap between types of 

solutions, the correct classification of some solutions is not c lear-cut: 

1 .  Numerical solutions, which discretise the object volume and evaluate transient 

characteristics (such as temperature and thermal properties )  at set points within the 

volume in discrete time steps. The solutions are not mathematically exact but the 

underlying models attempt to represent most of the important physical processes. 

2. Analytical solutions, which give exact mathematical solutions to a model but the 

model itself may not include all important physical processes . 

3 .  Empirically-adapted solutions,  which are based on observation or experiment (e.g. 

adjustment of predictions by analytical solutions through the use of multiplicative 

factors, curve-fitting of parameters in a model to fit the results to experimental data or 

heuristics for data selection) .  Note that the underlying mathematical techniques used 

in these solutions can be either numerical or analytical. In such c ases it is often not 

possible to define the model and solution method separately. 
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2.2.2 Model Formulation 

Modelling of unsteady state heat conduction encompasses prediction of temperature w ith 

respect to four independent variables: time and displacement in three dimensions (x, y and 

z). Expressed mathematically, the phenomenon is described by the well-known Fourier 

equation for heat conduction: 

C(T)-=- k(T)- +- k(T)- +- k(T)-
dT a [ aT] a [ dT] d [ aT] 
at ax dx ay dy dz dz 

where C 

T 

t 

k 

x 

Y 
." 4. 

is volumetric heat capacity (J m-3 K I
) 

is temperature (K or QC ) 
is time (s) 

is the thermal conductivity of the object (W m-I Kl) 

is displacement in first dimension (m) 

is displacement in second dimension (m) 

is displacement in third dimension (m) 

(2. 1 )  

Solution of this parabolic partial differential equation with appropriate boundary and 

initial conditions will yield a physically realistic model of the heating or cooling process 

provided the real process is always one of heat conduction . Due to the complexity of 

solutions for practical problems in which C(]) and k(Y) may be complex functions, 

simplified models have also been developed. 

2.2.3 Boundary Conditions 

Traditionally, boundary conditions for unsteady state heat transfer have been categorised 

into five types, referred to as the first, second, third and fourth kinds, and the symmetry 

boundary condition. The first kind (also known as a Dirichlet condition) is a prescribed 

surface temperature: 

(2.2) 

where Ts is the surface temperature of the object (K or QC) 
Ta is the ambient temperature surrounding the object (K or QC) 
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The second kind of boundary condition (also known as a Neumann condition) covers the 

case of a fixed rate of heat flow to the surface: e.g. 

_kA[dT] dx x=o 

for a planar boundary at x = 0 

where f/J is the heat flow to the surface (W) 
A is the surface area of the obj ect (m2

) 

(2.3 )  

The third kind (also known as a Fourier, mixed boundary condition, or Newton' s  law of 

cooling) covers convection at the obj ects surface e.g. for a planar surface at x = 0: 

(2.4) 

where he is the surface heat transfer coefficient (W m-2 K') 

The fourth kind of boundary c ondition (also a Dirich let condition) defines surface 

temperature as a function of time: 

� = f(t) (2.5) 

The fifth and final case applies to an axis of symmetry or an insulated surface (also a 

Neumann condition) :  

[�:L = 0  (2.6) 

The second and fourth kinds of boundary conditions occur very rarely in industrial 

situation s  and the first and fifth kinds can be considered particular cases of the third kind 

with he = 00 and he = 0 respectively. This, coupled with the option of being able to include 

additional modes of heat transfer (eg. radiation and/or evaporation albeit approximately) 

in an equation of the same form as equation (2.4), makes the third kind of boundary 

condition the most important.  
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2.2.4 Initial Conditions 

The initial condition, i .e .  an obj ect's temperature distribution with respect to al l three 

dimensions, must be defined: 

(2.7) 

where Ti i s  temperature at t = 0 (K or DC) 

2.2.5 Numerical Solutions 

Numerical solutions are l ikely to be relevant to the meat carton problem because of their 

abi l i ty to handle irregular shapes, non-homogeneous materials and non-constant external 

conditions .  All numerical solutions predict values at  discrete points for a set of 

independent parameters, and the solution procedure must be repeated each time these 

parameters change. The two most commonly used numerical methods are finite 

differences and finite elements. Other techniques such as the boundary element method 

and the control volume method wi l l  be briefly discussed. 

2.2.5.1 The Finite Difference Method 

The finite difference method is implemented by dividing an object into even space steps 

with centrally  l ocated nodes at which the temperature is e valuated for each time step. 

Several schemes exist and these are derived by approximations to the Fourier equation 

through truncation of a Taylor series.  

Finite differences are applicable for one-, two- and three-dimensional heat conduction but 

it i s  convenient to discuss and compare schemes for one-dimensional heat conduction. 

The so-called 'explicit finite differences scheme' is given by: 

where �t i s  the time step (s) 

Lit i s  the space step (m) 

i is the current time step 

i+ 1 is one time step into the future 
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j i s  the nodal position within a space step 

k �+l/2 i s  evaluated at (T;+l + T; ) /2 

k ;-1/2 i s  evaluated at (Tl-l + Tj ) /2 

2.5 

Note that the left hand side of equation (2.8) i s  not 'centrall y  located' , i .e .  C is evaluated 

at time level i, not at the midpoint time level (i+ h) and the same holds true for the whole 

right hand side. 

Crank & Nicolson (1947) proposed the 'Crank-Nicolson scheme' :  

THl - T' 
Ci J } 1 [ki (Ti Tt Ti+1 

] I1t == 211x 2 )+1/2 }+I - ] + j+l T'+I ) - e (T' } }-lj2 } 

The problem is  partial ly overcome, but kj+ll2, kj-Jl2 and C can only be evaluated at the 

midpoint time level (i+ li) by iteration. Implicit solution is required by solving a set of 

s imultaneous equations. 

Lees (1966) developed the 'Lees scheme',  both reducing Taylor series truncation error on 

the left-hand side and centrally locating the scheme by using three time levels: 

T+I - TH 
Cl } ) 

J 211t 

1 [k' (Tl+1 T'+l + T' T' + rH _ TH ) = 
311x2 j+lj2 )+1 - j J+I } }+I } 

- k' (T'+I - T+1 + T - T' + rH - TH )] }-l/2 ] }-I ; }-I ; ;-1 

(2.10) 

Cleland & EarIe (1977) reported one practical shortcoming of such schemes in  freezing 

calculations. If the temperature change per time step is too l arge, the temperatures at 

which C(n is evaluated can miss or 'jump' the latent heat peak in the ccn curve. A 

c ontinuous heat (energy) balance that wil l  indicate if the time steps are too l arge to 

prevent j umping of the l atent heat peak can avoid this .  Although phase change within a 

meat carton wil l  not be investigated in this work, Cleland & EarIe (1984) suggest that a 

heat balance check is obligatory when using finite difference or finite element methods as 

a check on calculation validity. Cleland (1990) states that truncation errors can be 

minimi sed by using at least 10 space steps (11 nodes) from product surface to thermal 

centre of objects. 
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The third kind of  boundary condition, at  j = 0, i s  easily incorporated into all these 

schemes because i t  can effectively be handled as a Dirichlet condition. Specifically, i t  i s  

implemented b y  setting TJ = Ta, k-I/2 = he.fix and di viding the left hand side of equation 

2 . 1 0  by two to account for the fact that a surface node has only half  the volume of 

material compared to an internal node. 

As previously mentioned, the implicit finite difference methods can be extended to higher 

space dimensions. However, a set of simultaneous equations of size (M x N x 0) must be 

solved at each time step, where M i s  the number of nodes in the x-direction, N is the 

number of nodes in  the y-direction and 0 i s  the number of nodes in the z-direction. 

Furthermore the coefficient matrix is no longer tri-diagonal and computer resource 

requirements are much higher. 

The Alternating Direction Implicit (ADJ) method is  an extension to the finite difference 

method that allows evaluation of unsteady state heat transfer i n  two- and three-dimensions 

but sti l l  ensures retention of a tri-diagonal coefficient matrix.  The two-dimensional 

unsteady state heat transfer case is more convenient to present. A node (To) is surrounded 

by four other nodes, two in each dimension (say h , TR , TT and TB denoting n odes to the 

left, right, top and bottom respectively) . Then alternate traverses are made in each 

direction. For example, in a simple scheme horizontally: 

Ti+l T' 1 Ci 0 0 :::: -[CTi _ 2T + T) + (Ti+! _ 2Ti+! + Ti+J)] o 8.t fix 2 L 0 R T 0 B (2. 1 1 )  

The bias in this formula i s  balanced by reversing the order of the second delivative 

approximations in the vertic al traverse: 

T+2 - T+! 1 Ci+l 0 0 == __ (CT+2 _ 2T+2 + T+2) + (T+! 2Toi+l + TBi+! )] o 8.t fix 2 L 0 R T (2. 12) 

N ote that on a horizontal traverse new values are computed for the row of nodes (h and 

TB are fixed) and on a vertic al traverse new values are computed for the column of nodes 

Ch and TR are fixed). 

Comprehensive testing of the Lees scheme against experimental results for freezing of 

water-based solids was reported in the papers of C leland & Earle (l977a, 1 979a, b). 
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Various regularly shaped test materials were used and the predicted results were In 

agreement with the experimental data across 180 trials. 

2.2.5. 2  The Finite Element Method 

The finite element method divides the space of interest into non-overlapping elements 

which need not be of uniform size or shape, and thus it is more suitable for irregular 

shapes because it allow s  them to be more easily described. The nodes at which 

temperatures are calculated are positioned on the vertices or the boundaries of each 

element. The method uses variational calculus to state an integral equivalent to the 

Fourier equation. Minimising this integral at each node and for every time step by the 

RayJeigh-Ritz or Galerkin Method creates an approximate solution. 

For solution of the Fourier equation with one-dimensional heat conduction in an infinite 

slab the integral is stated by Cleland ( 1 990) as: 

R [ ( aT) " aT ] I = 05L k o x +2CT 
a t  dx 

which can be rewritten as : 

R (or) 2 
where Ik = 0.5 

x
L k ox dx 

R 
aT 

le = 0.5 f 2eT 
at 

dx 
x=O 

I can then be minimised by setting the first derivative to zero: 

dI dlk dIe 
- = - + - = 0 dT dT dT 

where T is the vector of nodal temperatures 

o is a vector containing all zeroes 
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The general form of the solution is : 

CT=-KT (2.16) 

where C is the capacitance matrix K is the global conductance matrix 

Equation 2.16 represents a set of simultaneous ordinary differential equations, with one 

equation per nodal variable. The global conductance matrix is banded (Figure 2.1), which 

means that all of the non-zero coefficients (labelled C) are located relatively close to the 

main diagonal and all of the coefficients beyond the bandwidth are zero. 

If-bandwidth-71 
C C C C 0 0 0 0 

C C C C C 0 0 0 

C C C C C C 0 0 

C C C C C C C 0 

0 C C C C C C C 

0 0 C C C C C C 

0 0 0 C C C C C 

0 0 0 o C C C C 

Figure 2.1 A banded matrix 

The efficiency of solution typically decreases as the bandwidth increases.  Norrie & de 

Vries (1978) summarise the most common solution methods as either direct (including 

Gauss elimination, Cholesky decomposition, LDLT factorisation, and frontal solution) or 

iterative (including the Jacobi method, the Gauss-Seidel method, Successive Over

Relaxation, and Richardson ' s method). 

There is great flexibility in using the finite element method, particularly when 

constructing the space grid. Segerlind (1984) gives a comprehensive introduction to 

gridding and general application of the method. The elements can be one, two or three

dimensional. A one-dimensional element has only a finite length (which can vary 

between adjacent elements) and no other measure of shape. Two-dimensional elements 

are usually triangular or quadrilateral and three-dimensional elements are usually cuboid. 

Segerlind also discusses shape functions ,  which are u sed to describe either the element 
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geometry or  the behaviour of  the nodal variable along the e lement boundaries .  There are 

two commonly used shape functions - linear and quadratic. A l inear shape function 

con"esponds to a l inear temperature profile along the boundaries of straight-sided 

elements. Since a linear function only requires two points for definition, the temperature 

profile along the boundary of an e lement with a linear shape function requires only two 

nodes (one at the end of each boundary). Thus a two-dimensional l inear triangular 

element has three boundaries and three nodes ,  and a linear quadrilateral e lement has four 

boundaries and four nodes.  A quadratic shape function can either be used to define a 

linear temperature profile along c urved element boundaries, or a quadratic temperature 

profile along straight-sided element boundaries. The quadratic shape function requires 

three nodes per boundary (one at each end and one other node along the boundary that 

need not be centrall y  positioned). A two-dimensional quadratic triangular element would 

have six nodes,  and a quadratic quadrilateral e lement would have eight nodes .  

A regular mesh (with al l  elements the same size) is not necessary when u sing the finite 

element method. In areas where a comparatively steep (with respect to position) 

temperature profile occurs in the solid being modelled, the mesh can be refined with 

smaller elements to enable the numerical approximations of the rapidly changing nodal 

variable  to be more accurate. Likewise if temperature is relativel y  uniform over a given 

mesh area, larger elements can be used. 

Although there is much flexibility within the finite element method (with a choice of 

different mesh types ,  different  element sizes and node positions),  certain guidelines must 

be fol lowed in order to ensure a stable solution. Just like the finite difference method, 

there should be more than 10 nodes between the object surface and thermal centre (this is 

more important than the number of elements between surface and centre), time steps 

should  be small enough to give a good heat balance, the n umerical integrations must be 

accurate, and adjacent elements should not differ greatly in size (Cleland, 1990) .  

Cleland et  al. (1984 & 1987a) compared the predictions from a finite element method to  

l arge bodies of data for freezing of regular and multi-dimensional shapes .  They 

concluded that with sensible discretisation, prediction method inaccuracy was negligible 

for this method. Prediction of chill ing rates is also likely to be accurate because the case 

of chil l ing does not involve complications s uch as thermophysical properties changing 

rapidly with temperature or a change in object density due to phase change. 
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2.2 .5.3  The Boundary Element Method 

The boundary element method is similar to the finite element method. However 

discretisation i s  restricted to the boundary region of the object, thereby reducing the 

required amount of data preparation and computing resources. The method is only 

considered accurate for objects of large surface area to volume ratios (Wrobel & Brebbia, 

1979), and widespread use in prediction of food cooling is not foreseen (Cleland, 1 990) .  

Banerjee & WiIson ( 1 989) indicated that commercial finite element computer programs 

have a clear advantage over those that use the boundary element method, primarily due to 

the relati ve amount of development that has gone into each method. 

2.2.5.4 The Control Volume Method 

In the control volume method, the object is discretised into a number of non-overlapping 

'volumes' (or 'areas' in a two-dimensional case) often referred to as 'zones' .  In a single 

component system each of the volumes is assumed to be internally perfectly mixed and 

therefore at uniform temperature. An ordinary differential equation (ODE) i s  required for 

each volume to account for the heat transfer occurring by interaction with adjacent 

volumes. 

In multi-component systems, where inter-mixing of the components is on such a fine 

scale that separation of the components into different zones each containing one 

component is not practical, the heat transfer is usually modelled by using a separate ODE 

for each component within each volume. Although each indi vidual component within a 

volume is at a uniform temperature the entire volume is  not considered to be perfectly 

mixed. Cleland et al. ( 1982) and Cleland ( 1985) developed such models where intra

volume interactions between components were allowed, but inter-volume interactions 

could only occur through the continuous-phase component of the system (usually air). 

Models developed by Amos ( 1 995) and Tanner ( 1 998), for predicting heat transfer 

through apple cartons cooled by forced convection, were more physically realistic .  Amos 

also included the inter-volume interaction between the packaging and the solid food, and 

Tanner considered all possible intra- and inter-volume interactions. 

2.2.6 Analytical Solutions 

Analytical methods have yielded exact solutions for unsteady state heat conduction in so

called 'regularly shaped'  objects (the infinite slab, infinite cylinder, sphere, infinite 

rectangular rod, rectangular brick, finite cylinder, cone and rectangular parallelepiped) 
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provided the object is of homogenous composition, with a uniform initial condition and 

exposed to constant external conditions .  At temperatures above a biological material ' s  

initial freezing temperature, its thermal properties vary only s l ightly with temperature. 

Hence for cooling of regularly shaped objects with no phase change, analytical solutions 

with constant thermal properties are usefu l .  

The solutions for temperature are in the form o f  a converging infinite series .  Carslaw & 
Jaeger ( 1 959) report the solutions for several regularly shaped objects.  Only the infinite 

cylinder with the third kind of boundary condition is described here, by way of example. 

Four dimension less numbers are used: 

1 .  The Biot number (Bi): 

he . R  
Bi = -

k 

where R is the characteristic dimension or minimum half

thickness of the object (m) 

2. The Fourier number (Fa): 

k t  
Fa = -

C R2 

(2. 1 7) 

(2. 1 8) 

3. The fractional unaccomplished temperature change (Y) for some point within the 

object: 

(T - T. ) y = -c'--_--'c-(r. - T. )  (2. 19) 

and, 

4 .  the fractional unaccomplished temperature change ( Yav) at  the mass average point in the 

object: 

(2.20) 
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For the case of the infinite cylinder: 

00 4B · 2 1 ( 2 ) Yav = L 2 {,, 2  . 2
)exp - � i Fa 

l =l �i \Pi + Bl 

the values of � are the roots of the equation: 

where 10 and 11 are zero- and first-order Bessel' s functions,  respectively. 

2. 1 2  

(2.21) 

(2.22) 

(2.23) 

In cases of asymmetrical heat transfer, or where the external cooling medium temperature 

or the external heat transfer coefficient changes continuously w ith time, Duhamel' s 

theorem (Carslaw and Jaeger, 1 959) can lead to exact analytical solutions .  Simple 

approximate methods have been developed by Cleland & Davey ( 1 995) and by Tanner et 

al. ( 1 995) for cases when a step change in the external cooling medium temperature or the 

external heat transfer coefficient occurs, respectively. 

2.2.7 Empirically-adapted Solutions 

Analytical methods are limited in their ability to deal with complex models (especially for 

irregularly shaped objects) .  Empirical adaptation has been used to address this problem. 

Due to the irregular meat cut shapes in a meat carton empirical adaptation methods are 

considered relevant. Some of the assumptions inherent when using analytical methods 

(homogenous composition, uniform initial condition and constant external conditions) are 

retained by empirical solutions. 

Chilling processes are characterised by an exponentially decreasing centre temperature 

after an initial lag period. For the infinite slab and cylinder and the sphere, the 
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exponential fall i s  approximated b y  only one significant term in the analytical senes 

solution. The general form of the solution is then : 

( � - T. ) . 
� = ( _ ) = le exp( -2.303 t I J )  

I; T. 
(T.v - T. )  . 

Y,.v = ( _ ) = Jav exp(-2.303 t / J )  
I; T. 

where jc is the Jag factor for the centre position 

jay is the lag factor for the mass average temperature 

J is the time for a 90% reduction in Y (s) 

(2 .24) 

(2.25) 

Alternatively f c an be replaced with the half-life time t0 5, where to.5 = 0.3010 J(s) .  

Equation (2.24) or (2.25) can be used to predict chilling rates of irregularly shaped 

objects. The values of f, to.5, jc and jay are functions of object shape and Biot number. 

These c an be calculated for regular shapes by analytical methods . However for irregular 

shapes it is necessary to determine shape factors for specific geometric and Biot number 

c ombinations by other methods. 

Eight different methods for determining shape factors have been u sed: 

1. Determination by experiment. From equations (2.24) and (2.25) a plot of In(Yc) or 

In(Yav) versus time will yield f or to.5 (from the slope) and jc or jay (from the intercept). 

The values are specific to the object (size, shape and composition) and the surface heat 

transfer coefficient used in the experiments. 

2 .  Several researchers (e .g .  Earle & Fleming, 1967, Wade, 1984) have simply chosen the 

closest of the regular shapes and used analytical methods to calculate chilling time. 

Experiments must first be c onducted to relate the size and shape of the object to an 

'equivalent' R value for use with the analytical methods. 

3 .  Cleland (1990) showed how attempts to determine universal shape factors have used 

limiting cases, such as the example of when the heat transfer is assumed to be totally 

externally controlled (he -t 0 and hence Bi -t 0). In this case the analytical solutions 

for regular shapes all yield the equation: 
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(2.26) 

where V i s  the volume of the object (m3) 

A i s  the surface area of the object (m2) 

AR / V i s  the dimensionless s hape factor. As Bi -7 0, jc and jay -7 1 , f  = 2 .303 V C I (he 

A) and to.5 = 0 .693 V C I (he A), this shape factor gives exact solutions  for all shapes at 

Bi = 0, however as Bi increases it becomes increasingly inaccurate. 

4. S mith et al. ( 1 967, 1 968), Clary et al. ( 1 968,  1 97 1 )  and Smith & Nelson ( 1969) used a 

geometry index (0). When Bi -7 =, the exponential decrease in Tc gives a s lope of _132 

on a plot of In(Yc) versus Fa (from analytical solutions ,  e .g .  equations (2. 1 7)-(2.23» . 

For a sphere the same plot yields a slope of _n2. 0 is then defined as the ratio of the 

s lopes of these two plots, and e l liptical shapes are approximated by the equation: 

where o i s  the geometry index 

13 1 is the ratio LylLx 
132 i s  the ratio LzlLx 
Lx i s  the length of the objects shortest dimension or 2R (m) 

Ly is the length of the first dimension orthogonal to Lx (m) 

Lz is the length of the second dimension orthogonal to Lx (m) 

(2.27) 

Irregular shapes can then be related to the nearest equivalent el lipsoidal shape with 

equal orthogonal cross-sectional areas. A system of charts relates 0 to the exact 

analytical solution for a sphere and predictions can then be made. However the 

geometry index method is not dependent on Biot number and further attempts to 

account for this by use of a pseudo-Biot number introduced large interpretive errors at 

Bi > 5 (Lin,  1 994). 

5. C leland & Earle ( 1982) developed the concept of a shape factor with Biot number 

dependency cal led E (equivalent heat transfer dimensionality). E is a multip licative 

factor for irregularly shaped objects that shortens or lengthens the chil ling time of the 

closest regularly shaped object to account for heat transfer occurring in other 

dimensions .  Predictions for ell ipsoidal , cylindrical and rectangular shapes are based on 
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the analytical solutions for the sphere, cylinder and slab respectively. The method i s  

restricted t o  prediction o f  chilling time for the thermal centre of an obj ect. Testing 

over a wide range of shapes and cooling conditions gave 95% confidence bounds of 

± 1 2%. 

Lin ( 1994) further developed the use of the shape factor (E), based on the first term of 

the series analytical solution for a sphere, by considering its values at the two limiting 

conditions, Bi = 0 and Bi � 00 (denoted Eo and Eec respectively).  A weighting function 

dependent on the B iot number was then used to estimate E at other values of Bi. 

Empirical formulae were developed to calculate the I ag factor, j, in a simil ar way to the 

estimation of E. Testing of predictions was done on a wide range of irregularly shaped 

objects under varying cooling conditions. The method predicted chi l l ing times to 

within -7 .6 to +5.6% for the thermal centre position and ±9.4% for the mass average 

c ase. 

6. Fiki in & Fikiina ( 197 1 )  used curve-fi tted analytical solutions to establish the fol lowing 

mathematical expression for chil ling time prediction : 

V eR 2 [( 
) � Ta ] t = - -- 2.3 / Bi + 0.8 In + 0.1 2  

AR k T - � 
(2.28) 

The shape factor is given by the ratio VlAR irrespective of B iot number, although this 

i s  only exact at Bi = 0 for slab ,  cylinder and sphere shapes .  Testing of the method in 

256 trials yielded an accuracy of ±9. 1 %. B aehr ( 1 953) and Rutov ( 1 95 8 )  proposed 

methods of the same type with prediction accuracies of 1 0.3% and 1 2.8% respectively. 

Cleland ( 1990) states that such methods are l ikely to lose accuracy at high B iot 

numbers. 

7 .  S anz et al. ( 1986) used a z-transfer function method - a form of 'dynamic curve fitting'  

to scale results from one chi l l ing trial to a different temperature/time regime providing 

other conditions (particularly the heat transfer coefficient) remained constant.  

8. Cuesta et al. ( 1990) proposed a graphical method to predict centre and mass average 

temperatures. The exponential half-chi l l ing times for slab, cylinder and sphere shapes 

were used to construct diagrams of dimensionless times. The method had some 

shortcomings - irregular shapes had to be handled in conj unction with other methods 
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(such as methods 5 and 6 given above) and i t  could only predict for Yav<0.25 but sti l l  

with significant error of  about ± 1O% within that range of  Yav. 

2.2.8 Composite Solids - Effective Thermal Properties Theory 

Researchers have proposed a l arge number of methods for calculating effective thermal 

properties. Pham ( 1989) recognised two different classes - empirical curve fitting of 

measured data, and equations derived from physical models .  Pham ( 1 989) and Lin ( 1994) 

stated that the latter is the most commonly used calculation method because of its more 

general applicability. Lin explained in detai l how different ratios of the constituent 

thermal properties are used according to the structure of the components. Two 

assumptions were made for most of the physical models where air is the dispersed phase: 

1 .  The voids are evenly distributed, and 

2. They are of uniform size and too small for any natural convection to occur. 

In a carton of primal meat cuts the first assumption does not hold, and the second 

assumption may also not be true. However this type of simplified model may sti l l  give 

useful insights so the theory was reviewed. 

Effective Volumetric Heat Capacity 

The mass of the air within the voids is assumed to be negligible compared to the mass of 

the solid material , hence: 

P z (l - E) p  e s 

where Pe is effective density of the composite solid (kg m-3) 

Ps i s  density of the solid component without voids (kg m-3) 

E i s  porosity - the relative volume taken up by air voids 

and thence: 
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where Ce i s  the effective volumetric heat capacity o f  a composite object (J m-3 K l ) 

Cs i s  the volumetric heat capacity of the solid component of a composite object 

(Jm-3K J ) 

Effective Thermal Conductivity 

The thermal conductivity of a composite object i s  dependent on the types of material it i s  

made up of, and the way the components are structured to make up the object A number 

of models for calculating effective thermal conductivity have been proposed in the 

l iterature. Lin ( 1994) identified eight of the most commonly used methods for evaluation. 

Table 2. 1 summarises these methods. 

Lin et al. ( 1 997) compared the thermal conductiv ities predicted by the eight methods 

against measured values from the chi l l ing of rectangular bricks of Cheddar cheese with 

known porosity. They found that the method of Krischer ( 1 963) gave the most accurate 

predictions of thermal conductivity (with a standard error of approximately 10%), similar 

to the findings of Murakami & Okos ( 1989).  However Murakami & Okos expressed the 

distribution factor if) in terms of porosity and moisture content, whereas the Lin et al. did 

not consider moisture content and fwas curve-fitted dependent upon porosity only. Lin et 

al. also noted an apparent dependence of f on Biot number. The cause was attributed to 

either uncertainty in the thermal conductivity data of the Cheddar cheese (the effect of the 

uncertainties will be more significant at higher Si) or natural convection in the air voids 

(causing the effective thermal conductivity to be under-predicted) . 
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Table 2 . 1  Models for effective thennal conductivity of composite solids 

Method or Author(s) 

Parallel component heat 
conduction model 

Series component heat 
conduction model 

MaxwelI-Eucken model 
(Eucken, 1 940) 

Model for effective thermal conductivity 

ke = (1  

1 1 

E) k + Ek s g 

E E 
- = -- + -
ke ks kg e- ZU,E) 

k = k e s 1 + Vl� 

k(  - 'g 
where VI = . k 

2k, + Tg 

2. 1 8  

Levy ( 1 98 1 )  Uses the Maxwell-Eucken model and replaces c with F 

Kopelman ( 1966) 

Hi l l  et al. ( 1967) 

Krischer ( 1 963) 

Effective Medium Theory 
(Mattea et aI. , 1 9 86) 

where ZF = � - 1 + 2£ - [( � - 1 + 2Er - �  r 
V2 V2 V2 

and V2 = 
(k, 

( 'g - kJ2 

k k  
k )2 + �  !! 2 

kJI - V3 )  
ke = 

I - V  (1 - c� )  3 

EX 
where V3 = / 

- l - k  k g s 

2 2 8(V4 - V/ )kskg 
k = (2V4 - V4 )k!! + (1 - 4V4 + 3V4 ) k, +  e 

. V4k, + (4 V4 )k" 

where V4 = 2 - ..J4 - 2c 

I I - f c - £ " ] - = + / -- + -ke (1 - E)ks + ckfi ks kg 

where f is  a distribution factor 0 < / < 0.25 

k - k ke - k 
( 1 - E )  e s + E 

g 
= 0 

k\ + 2ke kg + 2ke 

where ke is the effective thermal conductivity of the composite object (Wm- 1K [) 

k, is the thermal conductivity of the solid (Wm-1 K1 ) 

k" is the thermal conductivity of the gas component (Wm-1K1) 

Prediction of Chilling Rates for Food Product Packages 



Chapter 2 Literature Review 2 . 1 9  

2.3 Natural Convection 

B uoyancy-induced flow is fluid motion that occurs due to external forces acting upon 

density gradients within the fluid. The external force is usuall y  gravity and the density 

gradients usually arise from localised heating or cooling near a heat transfer surface. 

Historically, problems are classified as external flow (free convection) or internal flow 

(natural convection). External flow problems are considerably  simpler to analyse than 

internal ones (Ostrach, 1 968),  because the bulk of the fluid is unaffected by the boundary 

layer. However, for enclosed i nternal flows the bulk of the fluid (call ed the ' core ' )  i s  

partially o r  ful ly surrounded b y  the boundary l ayers at the enclosure wal l s .  Hence the core 

flow depends on the surrounding boundary layers, which in turn, are influenced by the 

core. 

Ostrach (1964) points out that internal flows consist of two basic modes.  The first, 

usually referred to as conventional convection, occurs whenever a density gradient i s  

normal t o  the gravity vector. I n  such a case flow immediately ensues. The second mode, 

called unstable convection, occurs when the density gradient is paral lel to but opposed to 

the gravity vector. In this  situation the fluid remains in a state of unstable equilibrium 

(due to heavier fluid being above l ighter) unti l a critical density gradient is exceeded. A 

spontaneous flow then results that eventual ly  becomes steady and cellular-l ike .  B oth 

conventional and unstable modes can interact in a given configuration. 

The extent of natural convection within enclosures due to thermal gradients depends on 

the enclosure size and shape, the temperature difference across the enclosure walls and the 

fluid properties. The literature reviewed i s  c lassified into numerical , analytical and 

empirical solutions .  

2.3.1 Numerical Solutions (Computational Fluid Dynamics) 

The physical aspects of any fluid are governed by three fundamental principles: 

conservation of mass, momentum and energy. Computational fl uid dynamics  (CFD) is 

the science of determining a numerical solution to the governing equations of all three. 

Formulation of the equations i s  accomplished by consideration of the laws of 

conservation. The system i s  discretised in time (for unsteady state flow only) and space, 

and mass and momentum balances are constructed for each of the spatial elements. A 

mass balance gives the equation of continuity and a momentum balance leads to the 

Navier-Stokes equations. The equations have been known for more than 1 50 years, 
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however only recently have improvements in  computing speed and memory allowed 

real i stical ly  priced solutions of the equations to be possible and hence have seen C FD  

emerge as a viable method for calculation o f  fluid flow. 

The energy equation is :  

{ d h  d h  
-_- +V , 
dt . dX 

dh + v. 
dh ) =i..(a dh 

d y  . dZ dx dx 

The equation of continuity is :  

(2.3 1 )  

(2.32) 

and the Navier-Stokes equations (under l aminar flow conditions)  are represented by: 

Rate of change of momentum Torque from body forces + Thermodynamic pressure + Viscous stress tensor 

The expression i s  conserved in three dimensions-

x-dimension: 

y-dimension: 

z-dimension: 

( d V , d 
p ;;;- + vx dX  

( d v .  d 
p a-;- +v, dX 

d + V y d y  

d + V , d . y 

d V 
+ v .  d Z  

d P  ( d 1: "  c h ,.,  d 1:  = p g  -- + -'- +-'-' + 
v d y  d x  d y  d Z  

d v .  j d P ( d 1: , x  d 1:" d 1:" + v --- = p g -- + -- +--' + 
, d Z  ' d Z d X  d y  d Z  

where v i s  the fluid velocity in the respective dimension (m S- I ) 

h i s  the fluid enthalpy (J kg- I ) 

a i s  the fluid thermal diffusivity (S-I ) 

p i s  the density of the fluid (kg m-3) 

g i s  the gravity force in the respective dimension (N) 

P i s  the fluid pressure (Pa) 

!l is the fluid viscosity (Pa s) 
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and (2.37) 

where "C is the viscous stress tensor (Pa) 

bij i s  the Kroneker delta (when i = j, ?)ij = 1 and when i * j, bij = 0) 

K i s  the bulk viscosity of the fluid (Pa s) 

Table 2.2 Solutions to CFD of  natural convection within v arious enclosure types 

Enclosure Type Author(s) Solution Method 

1 .  Horizontal infinite 
cylinder enclosures 

2. Horizontal rectangular 
enclosures 

3 .  Inclined rectangular 
enclosures 

4 .  Triangular enclosures 
with horizontal bases 

5 .  Annulus between two 
h orizontal concentric 
cylinders 

6 .  Annulus between two 
vertical concentric 
cylinders 

Hel lums & Churchil l  ( 1 962)s,u 

Drummond & Korpela  ( 1 987) S.u 

Catton et al. ( 1974)s 

Ozoe et al. ( 1974as & 1 974bs) 

Akinsete & Coleman ( 1982)s 

Poulikakos & Bej an ( 1 983a) S,U 

del Campo et al. ( 1 988)s 

Salmun ( 1 995)u 

Kuehn & Goldstein ( 1976)s 

Castrejon & S palding ( 1 988)s,u 

Charrnchi & S parrow ( 1 982)s 

FD 

FD 

FE 

FD 

FD 

FD 

FE 

FD 

FD 

FV 

FD 

7 .  Irregularly shaped Coulter & Guceri ( 1 987i FD with B FC 
enclosures 

Nithiarasu et al. ( 1 998)u 

where s or U refer to whether the study investigated steady or unsteady state fluid flow 

FD refers to finite difference methods 

FE refers to finite element methods 

FV refers to finite volume methods 

BFC refers to body-fitted coordinates 
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Although many CFD studies that provide solutions to n atural convection within 

enclosures have been conducted, Ostrach ( 1 988)  reviewed both the successful and 

unsuccessful numerical solutions in  an extensive review of the l iterature. Ostrach stressed 

that simplification of the problem or the use of results from "simi lar" problems can be 

ri sky due to the high sensitivity of the convection to enclosure type and the imposed 

boundary condi tions. The use of e xperiments to guide and val idate numerical solutions to 

n atural convection was highly recommended. A l ist of numerical solutions of natural 

convection (validated by experiment) is categorised by enclosure type in Table 2 .2 .  

2 .3. 1 . 1  Existing Commercial CFD Solvers 

The recent advancements in  computing power have allowed several CFD computer 

packages to become commerciall y  available. Some of these types of software make it 

unnecessary for the user to tackle the numerical analysis of the equations themselves. 

Usually the user need only define the necessary boundary c onditions for their specific 

situation . However due to the generality of such packages,  construction of complex 

geometric models,  even by an experienced user, can take up to a few months (Nguyen & 
Pham, 1 999). Often a certain amount of custom-written code must be added to the CFD 

package to enable problem specificity to be achieved. 

One of the most commonly  used CFD packages is PHOENICS, developed by CRAM 

Ltd. ,  UK. PHOENICS is a general numerical solution code that employs the control 

volume method (Castrejon & Spalding, 1 988),  which also makes it able to model 

unsteady state heat conduction in solids (see section 2.2.5 .4).  Therefore modelling heat 

transfer in composite solids with n atural convection in  the air voids could be possible. 

Nguyen & Pham ( 1 999) modelled simultaneous forced c onvection and conduction in a 

meat carcass undergoing transient cooling using a CFD package called FLUENT. They 

found that the computqtions for a 20-hour carcass chi l ling run (in a simplified situation) 

took about one week on a 350MHz Pentium IT computer. The long computation time was 

attributed to the irregular obj ect shape and the required re-evaluation of the velocity fields 

as the thermal fields changed. Prediction of natural convection occurring in voids that are 

contained within otherwise solid objects undergoing transient cooling may be expected to 

have a simi lar computation time. 
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2.3.2 Analytical Solutions 

The primary dimensionless parameter influencing the flow field is the Rayleigh number 

(Ra) - the product of the Prandtl number (Pr, the ratio of hydrodynamic and thermal 

boundary l ayer thicknesses) and the Grashof number (Gr, the ratio of buoyancy to viscous 

forces). 

v 
Pr = 

a 

where v i s  the kinematic viscosity (m2 S- I ) 

a i s  the thermal diffusivity (m2 S- I ) 

where � i s  the volumetric expansion coefficient (KI ) 
Thor i s  the hot wall temperature (0C) 
Tcold is the cold wal l  temperature (OC) 
x is the characteristic dimension of the enclosure (m) 

(2.38)  

(2.39) 

The characteristic dimension used in the cal culation of  Grashof number differs for each 

enclosure type, e .g .  for a horizontal cylinder i t  is the diameter, for a vertical rectangle it i s  

height. A t  low Rayleigh numbers, there are very few natural convection currents and heat 

transfer through the enclosure occurs mainly by conduction and/or radiation. As the 

Rayleigh number increases, more flow occurs and the amount of heat transfer from 

convection increases. For enclosures, the Nusselt number expresses the ratio of the 

mechanisms involved in heat transfer: 

h. x 
Nu = -k (2.40) 

where h is the fi lm heat transfer coefficient acting upon the enclosure wal l s  (W m-2 Kl) 

The increase in  heat transfer due to natural convection i s  often expressed as an effective or 

apparent thennal conductivity (kef!) where: 

k(fI = kNu (2 .4 1 )  
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Solutions therefore define Nu as a function of all appropriate influencing variables .  

Analytical solutions to natural convection are limited to enclosures of regul ar shape. 

Although the solutions are mathematical l y  exact, Ostrach ( 1 988) points out that the 

models used often are not truly physically representative of the flow field. He also states 

that analytical solutions have  given "important insights", but experimental studies were 

usually critical in revealing the true nature of flow - "The experiments also indicated the 

fol ly  of ad hoc physical assumptions for such complex problems". Hence analytical 

solutions to natural convection within irregular shapes were considered to be generall y  of 

low practical importance. 

Horizontal Cylinders 

Ostrach ( 1 988) gIves an overvIew of research on the analytical solution of natural 

convection within horizontal infinite cyl inder enc losures .  In the model ,  the cylinder 

enclosure has imposed boundary conditions of constant temperature with the temperature 

extrema on opposite ends of the cylinder on an angle designated <p (see Figure 2.2) and a 

cosine temperature distribution around the cylinder wal l .  There are no corner effects and 

heating from above or below can be achieved by changing the angle <l> (Weinbaum, 1 964) . 

T max 

Figure 2.2 B oundary conditions on a horizontal infinite cylinder 

In early research the enclosed fluid was treated as having a flowing boundary l ayer 

adjacent to the cylinder wal l ,  surrounding a central core (Ostrach, 1 950, and Weinbaum, 

1 964). The core was assumed to be isothermal with solid  body rotation, regardless of the 

imposed thermal boundary conditions. However experimental work carried out by several 

researchers - Martini & C hurchi l l  ( 1 960), Eckert & CarIson ( 1961), and Elder ( 1 965) -

instead showed that most of the flow occurred in the narrow ring adjacent to the cyl inder 

Prediction of Chilling Ratesfor Food Product Packages 



Chapter 2 - Literature Review 2.25 

wal l .  The interior core region appeared to be stagnant but consisted of thermally stratified 

horizontal i sotherms with temperature increasing vertically upward. Later, Van Dyke 

( 1 964) used the method of matched asymptotic expansions to solve the problem and 

correctly predicted that the flow characteristics  were a circumferentially  orientated 

boundary layer j oining the horizontal cross-flow in the core. The upper and lower halves 

of the core flow in opposite directions. 

Table 2.3 Analytical solutions of steady state natural convection wi thin horizontal l ayers 

(adapted from Goldstein et al., 1990) 

Authors Models 

Priestly ( 1 959) Mixing length 

Kraichnan ( 1 962) Mixing length 

Howard ( 1 963) Optimum theory 

Herring ( 1964) Mean field equation 

Howard ( 1 966) Model of thermals 

Roberts ( 1966) Asymptotic expansion 

B usse ( 1 969) Optimum theory 

Chan ( 1 97 1 )  Optimum theory 

Long ( 1 976) Buoyancy defect law 

Canuto & Goldman ( 1 985) Turbulence model 

Arpaci ( 1 986) Thermal micro-scale 
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Pr range 

Pr < 0. 1 

Pr > 0. 1 

Pr -+ 00 

Pr -+ 00 

Pr = 0.8 

Pr = 6 .8  

Pr  = 6 . 8  

Pr = 1 000 

Equation 

Nu = K Ra!!3 

Nu = O.l7 (Pr Ra) l/3 

Nu == 0.089 Ra 1/3 

Numax = ( Ra/248) 113 

Nu = 0.1 1 5 Ra l/3 

Nu oc Ral/3 

Nu ::::; 0.278(Ra2 10g Ra2 ) 1/5 

Numax == ( Ra/1035) 112 

Numax = 0.1 52Ra113 

Nu == 
0.0524Ra 113 [1 - 1.021(RaNurfz 

0.04356Ra If} 

Nu == 1 4/3 [1 - 1.402(RaNufc J 
Nu = 0.044Ra1l3 

Nu == 0.06 1Ra l/3 

Nu = [ PrRa/( l + Pr) r3 



Chapter 2 - Literature Review 2 .26 

Horizontal Layers 

Edwards & C atton ( 1 969) showed that for horizontal rectangular enclosures with height

to-width ratios  less than 0.2 the lateral wall s  (whether insulated or conducting) have l ittle 

influence on the natural convection within the enclosure. S uch enclosures can be 

considered to have natural convection characteristics identical to that of an infinite 

horizontal layer of air. Natural convection within horizontal l ayers heated from below 

and with i sothermal boundaries is often termed Rayleigh-Bcnard convection, because the 

flow field and the heat transfer through the layer (given by the Nusselt number, Nu) are 

highly dependent upon the value of the Rayleigh number (Ra). Table 2 .3  (first presented 

by Goldstein et ai. , 1990) i s  a l i st of the notable analytical solutions to natural convection 

within horizontal l ayers, the models that were used and their range of app licabi lity. 

2.3.3 Empirical Solutions 

The difficulty in accurately predicting the influence of the boundary layer upon the flow 

field means that experimental verification of numerical and analytical solutions are 

common-place in studies of natural convection. This large pool of data c an be used to test 

new numerical and analytical solutions or directly used to develop empirical correlations 

to predict natural convection heat transfer through enclosures of the same shape. 

Empirical correlations for natural convection heat transfer are expressed using the same 

dimensionless parameters as for analytical solutions (usually Ra and Nu) .  Although 

published data can be beneficial to researchers those avai lable are l imited to mostly 

regular enclosure shapes (Iyican et ai. , 1 980). The user must also take c areful note of the 

experimental methods used. In particular, the study should account for the effects of 

radiation heat transfer and unwanted heat transfer through the edges of the test apparatus 

(Goldstein et al. ,  1 990). Table 2.4 summarises empirical solutions to steady state natural 

convection, li sted by enclosure type. 
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Table 2.4 Empirical solutions of steady state natural convection within various enclosure 

� 

Enclosure Type Author(s} 

1 .  Horizontal finite cylinder Martini & Churchil l  ( 1960) 

enclosures 

2. Vertical finite cylinder enclosures Garon & Goldstein ( 1 973) 

3 .  Horizontal infinite layers Mull & Reiher ( 1 930), Goldstein & Chu 

( 1 969),  Holl ands et al. ( 1 975) ,  HoHands ( 1984) 

4. Inclined rectangular layers Hollands & Konicek ( 1 973) 

5 .  Triangular enclosures with Flack ( 1 980), Akinsete & Coleman ( 1 982), 

hypotenuse-down orientation Poulikakos & Bejan ( 1983b) 

6 .  Annulus between two horizontal Kuehn & Goldstein ( 1 976), Van de Sande & 
concentric cylinders Hamer ( 1 979), Boyd ( 1 983) 

2.4 Summary 

Solution techniques for heat transfer by conduction in solids have been wel l developed by 

researchers. Numerical , analytical and empirical solutions have been shown to be 

specifically appl icable to  different types of  chi l l ing situations. Proper use of the correct 

method has been shown to give accurate solutions to heat transfer in regularly or 

irregularly shaped solids (including composite solids containing small and evenly 

dispersed air voids) that are undergoing chi l l ing where the boundary and i nitial conditions 

may or may not be uniform and constant. 

Analytical and empirical solutions to natural convection within regularly shaped air-filled 

enclosures have been well developed by researchers, although most studies h ave 

concentrated upon high Rayleigh number situations (where the s ize or temperature 

difference across the void i s  l arge) .  Many numerical solutions have been developed for 

regularly and irregularly shaped air-fi l led enclosures, but few have been adequately 

validated by rel iable experimental data. Irregularly shaped enclosures and enclosures w ith 

low Rayleigh numbers have not been intensively studied. 
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3. PRELIMINARY CONSIDERATIONS 

3 . 1 

The main objective of this work was to develop an accurate model to predict chill ing rates 

of meat cartons for export by the New Zealand Meat Industry. Predicting the heat transfer 

properties of composite and packaged foods with significant air v oids and without 

venti lation encompasses a vast number of diversified food types ,  their different packaging 

systems and their different possible arrangements within the package. 

The New Zealand Meat Industry exports two main types of meat packages:  bulk pack and 

primal cut packages - both usually contain approximately 27kg of meat. The bulk pack 

type is usual ly a fibreboard carton ,  inner-lined with a polyethylene bag and fil led with 

small off-cuts of meat. Due to the small size of the meat cuts,  the air voids  are small and 

evenl y  distributed through the package apart from the rectangular heads pace void above 

the meat. Thi s  void may or may not be partially fi lled by excess polyethylene bag as it i s  

folded over the top of the meat. The primal cut meat carton can b e  of solid fibreboard or 

corrugated fibreboard but the carton is instead fi l led with much l arger, individually 

vacuum-wrapped, whole muscle, boneless meat cuts. Bulk pack meat i s  generally of less 

economic value than primal cut meat and is more often frozen whereas primal cuts are 

generally only chilled. A numerical model for predicting freezing of bulk pack meat 

cartons with natural convection in the headspace has been developed by Wee & Pham 

( 1 990). The current study wi l l  concentrate upon prime cut meat c artons undergoing 

chill ing, a separate problem. There were no other models found in  the international 

literature that were designed to predict heat transfer through food packages that contained 

l arge, irregularly shaped air voids. 

The typical prime cut carton is  520mm long, 360mm wide and 1 80mm high. The four 

main types of meat cuts placed into primal cut packages (striploins, tenderloins, cube 

rol ls ,  and rumps) are packed into the carton by hand to give minimum wasted carton 

volume. Hence the position, size and shape of the cuts is different for every carton. 

Strip loins, tenderloins, cube roll s ,  and rump s  are approximately elliptical i n  shape and are 

usually arranged in a single layer across or along the length of the c arton, which creates 

voids across or along the top of the carton (Figure 3 . 1 ) . The extent of natural convection 

and radiation within an air-fil led enclosure is dependent on the size and shape of the 

enclosure, the temperature driving force across the enclosure wal l s ,  the physical and 

thermal properties of the air and the emissivity of the enclosure wal l s .  The physical and 

thermal properties of air and the emissivity of the enclosure walls are expected to be 
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approximately constant over the smaJI temperature range encountered w hen chil l ing meat 

cartons. Hence the size and shape of, and temperature driving force across the voids are 

the most important variables to be considered. 

a) Stri ploins b) Tenderloins 

c)  Cube rol l s  d) Rumps 

Figure 3.1 Photographs showing cross sections of four types of boneless primal cut 

packages (note: these packages have been frozen to allow ban sawing to be carried out) 

Due to the infin i te number of different packaging configurations that could occur in the 

real si tuation it was considered necessary to develop a simplified physical model.  This 

s implified physical model represents the typical real situation , but al lows  a mathemati cal 

model to be developed. 

The largest voids occur where the sculpted m uscle shapes of the meat c uts do not fit the 

rectangular shape of the carton and primari ly  across the top of the carton. These surface 

voids (voids contacting the inner surface of the carton) wi l l  also have the greatest initial 

temperature driving force across them, because one or more of the enclosure wal ls  i s  in 

contact with the cooling medium. Surface voids are expected to maximise natural 

convection and radiation effects, and hence the simpl ified model system considers them 

specifical ly. 

Prediction of Chilling Rates for Food Product Packages 



Chapter 3 - Preliminary Considerations 3.3 

Commercial chi l li ng of primal cut meat cartons is  carried out in an air b last cooler or plate 

cooler. In a blast cooling operation the cartons are usually arranged i n  l ayers of one carton 

thickness and air i s  blown across the top and bottom surfaces of the carton. Although the 

carton s ides make up 46% of the external heat transfer area, the lengths of the second and 

third dimensions (Figure 3 .2) make the internal resistance to heat transfer (xlk) high in 

these directions. The equivalent heat transfer dimensionaJi ty (E) calculated by the method 

of Lin ( 1994) that includes the effects of cooling from all three d imensions is typically 

1 . 1 8 ( i .e .  edge heat transfer decreases the cooling time by only about 1 8 %  assuming a Biot 

number of approximately 3 .0, similar rates of heat transfer from al l surfaces, and that the 

carton i s  solidly packed with meat). However the single layer blast cool ing arrangement 

also l imits the circulation of air around the sides of the cartons, making the heat transfer 

coefficient on the sides of the carton low compared to that experienced on the top and 

bottom s urfaces, and thus further reducing the E value. 

Figure 3.2 Diagram of the thermal resistances within a ful l  meat carton undergoing three 

dimensional cool ing 

The si tuation i s  similar for cartons that are plate cooled. The cool er p lates only contact 

the top and bottom carton surfaces. Hence cooling from the s ides can onl y  occur through 

the cold air that may be present within gaps between cartons. This mode of heat remov al 

i s  also at a l ower rate compared to that experienced on the top and bottom surfaces, and 

the E value calculated above wi l l  be much closer to unity. As heat transfer through the 

sides of the carton makes up only a smal l proportion of the total heat transfer it enables 

the system to be treated realistically by assuming that cooling only occurs through the top 
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and bottom surfaces. Given that the pieces are laid along a carton, a two-dimensional 

model with neither side nor end heat transfer effects was considered valid (Figure 3 .3a) . 

a) Reality 

.. .. 

b)  Ideal Model c) Simplified Model 

Figure 3.3 Diagram of simplified physical model 

The ideal physical model shown in Figure 3 .3b simplifies the real situation from rounded 

and irregularly shaped solid meat cuts of varying size surrounded by i rregular air void 

shapes, to a solid block with combinations of different sized rectangular and right-angled 

i sosceles triangular shaped air voids cut into it .  Characterising the two-dimensional shape 

of the ideal model requires only the carton dimensions, the height of the rectangular voids 

and the height and position of each of the triangular voids. Even the model in Figure 3 .3b 

may be unduly complex for analysis .  Hence the simplified version of Figure 3 .3c was 

adopted. This latter model was considered the most physical ly realistic that could be 

used, whilst being practical within the physical resources avail able.  It is also 

acknowledged that the simplified physical model system in Figure 3 .3c would better 

mimic commercial reality if any mathematical model developed could allow for the 

inclusion of irregularly shaped fat layers within the solid b lock, but the extra complexity 

was beyond what could be tackled in a practical sense. 

In chapter 2, numerical, analytical and empirical research on natural convection within 

enclosures was reviewed. The review showed that natural convection-induced fluid 

movement was highly dependent upon the shape of the enclosure and its  boundary 

conditions. As a consequence it was decided to initial l y  investigate the effects of 

rectangular and triangular void shapes separately. Extensive research has already been 

c arried out to investigate heat transfer within horizontal rectangular enclosures [Mull  & 
Reiher ( 1 930), Goldstein & Chu ( 1 969), HoIlands et al. ( 1975), Ahlers ( 1980), Hol lands 

( 1 984), and Drummond & Korpela ( 1 987)] . However very little research has looked at 

triangular enclosures and the majority of these studies have focused on attic spaces (a 

hypotenuse-down orientation) and usual l y  where the enclosure is cooled from above 

[Poulikakos & Bej an ( 1983 a & b), del Campo et al. ( 1988)] with the exception of Flack 

( 1980) who studied hypotenuse-down orientation but included cooling from below. 

Flack' s study showed that l ittle natural convection occurred within hypotenuse-down 
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triangular voids cooled from below, and that radiation made up more than 80% of the 

total heat transfer. Triangular voids cooled from above with a hypotenuse-up orientation 

(the reverse shape to that in found in the above mentioned studies) will also involve 

radiation heat transfer and are more l ikely to have a signifi cant proportion of heat transfer 

attributable to natural convection. 

Taking all these factors into account, the step by step objectives for this research were to: 

1 .  Investigate the effect that voids of a typical size and shape have upon the chilling rate 

of primal cut meat cartons. This would be accomplished by collecting experimental 

data using the simplified physical model system (described above) cooled within a 

c losely controlled measurement environment. This would extend the existing pool of 

measured data for coupled natural convection and radiation heat transfer through 

triangular enclosures with hypotenuse-up or hypotenuse-down orientations ,  and also 

combined triangular/headspace voids. 

2. Use the experimental data to test existing empirical prediction methods for natural 

convection heat transfer through horizontal rectangular enclosures. 

3 .  Develop and validate a numerical model that accurately predicts the heat transfer 

through the simplified physical model system. 

4. Develop a simple method that accurately  predicts conduction heat transfer rates in the 

simplified physical model developed above (to test the accuracy of the simple method, 

predictions wil l  be compared to those from the numerical model and the experimental 

data). 

5. The results of the research were expected to be a general ly applicable numerical 

model that accurately predicts conduction heat transfer rates in packages of known 

size and configuration, and a simple model that can be quickly and easily applied by 

engineers to estimate temperature-time profiles within meat cartons with diversified 

packaging arrangements. 
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4. PRELIMINARY COLLECTION AND ANALYSIS OF DATA 

FOR PACKAGES CONTAINING TRIANGULAR VOIDS 

4.1 Objectives 

Leading on from the project objectives stated in Chapter 3 ,  the objectives of the first stage 

of data collection and analysis were: 

1 )  To develop accurate and reproducible data collection methods, 

2) To investigate the extent to which natural convection and radiation heat transfer 

occurring typically sized voids affects the cooling rate of  the cartoned product, and 

3) To provide experimental data for preli minary selection of a suitable numerical model 

of the heat transfer. 

In order to investigate triangular voids separately from rectangul ar voids the limiting case 

of the simplified physical model developed in Chapter 3 (shown in  Figure 4. 1 ,  where the 

headspace above the product did not exist) was investigated first. 

Void height 

a) With Rectangular Headspace Void b) Without Rectangular Headspace Void 

Figure 4.1 Diagram of simplified physic al model with and without a headspace void 

4.2 Experimental Methodology 

A range of chi l ling experiments was planned in which temperatures were measured whilst 

simultaneously cooling a b lock containing air voids and an identical test block with 

insulating foam in the voids (to prevent radiation heat transfer and effectively immobil i se 

the air in the voids). 
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Tylose MH lOOO was chosen as the test material because of its homogeneous composition, 

easi ly moulded nature and wel l-known thermal properties. It was prepared using the hot 

water method (Riedel ,  1960) which sets slower than when made with cold water and 

al 10ws more time for thorough mixing and careful arrangement into the sample holders. 

A standard calculation technique used by MIRINZ Food Technology and Research Ltd. 

accounted for the loss of hot water due to evaporation. Using duplicate measurements, 

the mean moisture content of the Tylose gel was found to be 76.4%. 

By using the vertical axis of symmetry of the simplified model (Figure 4. 1 b) the length of 

the test blocks could be halved (from 0.52m to 0.26m). Two i dentical rectangular sample 

holders with 40mm thick expanded polystyrene wal ls were constructed (Figures 4.2 and 

4.3) .  

Figure 4.2 Photograph of test sample holder 

Each holder contained two identical ly shaped 0.26m x 0.36m x 0. 1 8m Tylose blocks, 

p laced side-by-side to be cooled simultaneously. The sides of the Tylose blocks were 

held in shape by the polystyrene walls of the sample holder. Various sized right angled 
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i sosceles triangular voids were produced by cutting out  or adding pieces of Tylose from 

the originally solid blocks so that the top and bottom surfaces of each block had two side 

located 'half and one centrally located 'ful l '  right angled isosceles triangular voids . 

Within each sample holder the voids of one of the blocks were fil led with polystyrene. To 

hold the shape of the air voids on the bottom surface of the second block, a 360mm long, 

I mm thick L-shaped section of solid acrylic plastic was p laced under the Tylose b lock  

and pointed upwards to create an attic-shaped space. Several different plastic sections 

were constructed to enable voids of different heights to be supported. 

S ixteen copper-constantan T-type thermocouple pairs were calibrated at ooe in an 

ice/water reference. The temperatures measured using these thermocouples were inferred 

by adjusting each thermoelectric voltage reading with respect to the voltage offset 

measured at O°e. The adj usted readings would be e xpected to be more inaccurate as they 

move away from O°e, but s ince temperature data was mostly only used after a In Y v alue 

of -0 .5 had been reached, the maximum expected temperature reading that was used was 

about + 1 8°C.  This w as not expected to significantly affect the accuracy of the 

temperature measurements .  Furthermore, since the thermoelectric voltage per °C 

increases with temperature, the voltage offset measured at O°C becomes less critical at 

higher temperatures. The thermocouples were positioned within each block as shown in  

Figure 4 .3 .  Four were positioned at the centre, four on the surfaces, and eight midway 

between centre and surface .  The centre and midway thermocouples were attached along 

PVC plastic rods (2mm diameter, 1 80mm long). Whilst taking care to ensure they stood 

vertical, the rods were i nserted into the top surface of the Tylose blocks (at appropriate 

positions) unti l the tip of the rod reached the bottom surface of the block. The 

manufacturer of the rods (Cadillac Plastics Pacific Group Pty. Ltd. )  stated the thermal 

conductivity of PVC as -0.2 Wm'I Kl . Comparison with the thermal conductivity of 

Tylose (-0.5 Wm'IKl ) suggested that there would be no more heat transfer out of the 

block along the PVC rods than if they weren ' t  in the b lock  but that the rods may have 

influenced the heat transfer in some unquantified manner is acknowledged. Each surface 

thermocouple was positioned as close to the surface as possible by hand. 

Surface heat transfer c oefficients were varied using different numbers of layers of 

approximately 2mm thick  fibreboard (the same type used in  27kg meat c artons) outside 

the top and bottom surfaces of the test boxes. 
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Filled voids 

Polystyrene insulation 

• Thermocouple position 

Figure 4.3 Di agram of test sample holder 

1 80mm 

A c ustom-bui lt plate cooler consisting of two hoIIow aluminium plates contained within 

an insulated box w as used. Alcohol at  approximately ooe was circul ated through the 

plates from a lulabo FP-65 low temperature bath set to external temperature control with 

the external temperature sensor connected to the top plate of the cooler. Any part of the 

sensor that was not in  contact with the cooler plate w as insulated. Five previously 

calibrated T-type copper-constantan thermocouple pairs were placed in various positions 

on the plates. 

Alcohol out 

"" 

Insulated rubber 

hoses 

Nwhol om 1 

Insulated Box 

Figure 4.4 Di agram of plate cooler 
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All thermocouples were attached to a Hewlett-Packard HP3497 A data logging system 

connected to an IBM-compatible personal computer running MS-DOS and a logging and 

analysis program named MIRLOG developed at MIRINZ Food Technology and Research 

Ltd. 

Before each run, the controlled-temperature bath was operated unti l the plates of the 

cooler equil ibrated to the desired working temperature. The s ample holder  and 

surrounding fibreboard sheets (previously equil ibrated to a uniform temperature in a 

warm room set to 30°C) were insulated during transport to the plate cooler. The 3 2  

thermocouple pairs from the two Tylose blocks were promptly connected t o  the data 

recording system by two 1 6-pin connectors . The sample holder was then placed between 

the plates of the cooler and the start time noted. The blocks were cooled until the slowest 

cooling thermocouple reading was below 2 °e. Thi s  ensured that a minimum InYc value 

(equation 4 . 1 )  of at least -2.5 had been reached. B el ow this value the uncertainty in  

temperature measurement of  approximately ±O.2°C was significant compared to the 

remaining possible temperature change of less than 2°e. 

(4. 1 )  

where Ye i s  fractional unaccomplished temperature change at the centre of the sample 

Te centre temperature of the sample CC) 

Ta ambient (plate) temperature (OC) 

Ti initial temperature of the sample (OC) 

The effect of five different void sizes at two different surface heat transfer coefficients 

were investigated (Table 4 . 1 ) . The experiments were started before construction of all 

samples was complete so the order i n  which the entire set of runs w as performed could 

not be randomised. However randomisation of runs within the sampl es available at any 

time was carried out. 
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Table 4. 1 Treatment table for preliminary data collection 

Void height (mm) Fibreboard sheets Order 

0 1 1 

0 1 2 

0 3 3 

0 3 4 

1 0  1 1 5  

10 3 1 7  

20 1 1 2  

20 3 1 4  

30 1 1 3  

30 3 1 1  

40 1 6 

40 1 7 

40 1 1 0  

40 3 5 

40 3 8 

40 3 9 

50 1 1 8  

50 3 1 6  
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4.3 Evaluation of Input Data 

4.3.1 Thermal Properties of Test Materials 

The thermal properties of the materials used in the preliminary data collection and 

analysis are shown in Table 4.2.  During the experimental trials ,  the temperature of the 

test materials did not fa]] outside the range given in the table (-0.63°C to +39.3rC), so all 

temperature dependent thermal property data were l inearly interpolated within this 

temperature range and the volumetric specific heat capacity was assumed to be constant .  

Amos e t  al. (2000) conducted baseline tests with water in  their measurement o f  Tylose 

enthalpy and achieved an error of -0. 1  %, at worst. They also reported the thermal 

conductivity of Tylose from the measurements of Willix et at. ( 1 998)  who stated an 

accuracy of ±0.9% for the procedures used. Although uncertainty values were not 

available for the thermal properties of expanded polystyrene foam and stil l  air, the values 

in Table 4 .2 were expected to be within about ± 1 0% of their true values. 

Table 4.2 Thermal properties of test materials used in preliminary data collection 

Material H at -0.63°C H at +39.37°C k at -0.63°C k at +39.37°C 

Tylose a 0 .000 1 52 .4  0.459 0 .494 

Polystyrene b 0.000 0.960 0.030 0.036 

Sti l l  Air C 0.000 0.052 0.024 0 .027 

where H is  volumetric enthalpy (MJm-3) 

a from Amos et al. (2000) 

b In "Comparison of Materials" ( 1 976) 

C from Perry & Green ( 1984)  

4.3.2 Sample Dimensions 

Sample dimensions were measured before each run using vernier calipers .  Three replicate 

measurements of the sample length, width and height were taken. Void position and size 

was determined by measurement of the void vertices in relation to the closest end of the 

sample (also using vernier calipers). Thermocoupl e  positions were also measured in this 

manner. The readings were considered to accurate ly  represent mean values to ± I mm. 
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4.3.3 Cooling Medium Temperature 

An investigation i nto individual thermocouples on the plates showed that at the start of 

the runs three of the thermocouples rose in temperature and then dropped again .  These 

were the thermocouples that were in direct contact with the cooler plates as well as the 

cardboard sheets around the Tylose sample. The temperature rise measured by these 

thermocouples was due to sensible heat removal from the cardboard sheets, which did not 

result in a change in the actual cooling medium temperature. Hence these three 

thermocouples were eliminated from use in calculating the mean plate temperature and 

for each run the remaining two thermocouples were averaged to estimate the p late 

temperature. The estimated mean cooling medium temperature was considered to 

accurately represent the true mean to  ± O.2°C .  

4.3.4 Surface Heat Transfer Coefficients 

In spite of the expectation of top to bottom symmetry in runs without voids, upper and 

lower surface temperature profiles in early runs were different from each other - with the 

upper surface always cooling more slowly. It was suspected that this  phenomenon was 

due to s lumping of the Tylose block, causing the upper surface of the block to l ose contact 

with the upper p late. Therefore the upper and lower surface h eat transfer coefficients 

(HTC's)  were estimated separately. 

The Goodman integral profile method for a semi-infinite slab (Goodman, 1 964) gives 

analytical solutions to an approximate heat-balance integral assuming that the temperature 

profile i n  the surface 'boundary layer' i s  represented by a cubic function. The method has 

been applied in  work by Srinivasa Murthy et al. ( 1974) and Cleland & EarIe ( 1 976) .  In 

the current w ork i t  was used to estimate each surface HTe because sufficient surface 

temperature/ti me data could be collected over a time where the surface of interest was not 

affected by the cooling of the opposing surface or by edge effects .  For the case with the 

third kind of boundary condition, the fol lowing approximation holds true: 

(4.2) 

where Ys is fractional unaccomplished temperature change at the surface of the sample 

Prediction of Chilling Rates for Food Product Packages 



Chapter 4 - Preliminary Collection and Analysis of Data for Packages Containing Triangular Voids 4.9 

If the surface temperature profile of the product is  measured then the surface HTC (h in 

equation 4 .2) c an be calcul ated from the s lope of a Goodman plot: [(2Y/r1 - Y2 + In(Ys)] 

vs .  time. 

In practice, the surface temperature profiles for the first 30 minutes were used to construct 

Goodman p lots . S lopes were c alculated by regression ,  with most plots yielding R2 values 

of 0 .999 and with worst cases of 0 .996 (lower surface) and 0.992 (upper surface). The Y 

values at the geometric centre were calculated after 30 minutes using equation 4. 1 ,  and 

none were found to be below 0.998, indicating little or no change in the thermal centre 

temperature. However it is acknowledged that this method may be subj ect to inaccuracies 

from the assumption that the b lock  is a homogeneous solid, when it actually contains 

fi l led voids or air voids that may affect the surface temperature profi les  by lateral 

conduction. Further the block is assumed to undergo only one-dimensional heat transfer 

whereas in reality it is affected by second and third dimension edge effects to some extent. 

The use of short times « 30 minutes) minimised these errors. 

Lower Surface HTC 

Earlier runs had four lower surface thermocouples in place - two on the l ower surfac e  of 

the b lock  with air voids and two on the l ower surface of the block with fil led voids. The 

thermocouples  that cooled fastest were assumed to be the best placed and thus were u sed 

as the best estimates of temperature on the l ower surface. The two fastest cooling 

thermocouples agreed with each other yet were within different blocks ,  which indicated 

l ikel y  consistency of placement. 

Fewer surface temperature measurements were available in later runs because 

thermocouple fragility had resulted in some breakages that were not detected and fixed 

until several run s  had taken place, and sometimes both thermocouple s  that had cooled 

fastest in earlier runs broke. As a result, for some of the later runs there were no rel iable 

surface temperature measurements avai lable to estimate HTC ' s. In total, five estimates of 

lower surface HTC were gathered for the runs  with one fibreboard sheet and s ix estimates 

were gathered for the runs with three fibreboard sheets (Table 4 .3) .  

The mean l ower surface HTC' s  were (to 95% confidence) 39.4 ± 2.3 Wm-2K 1 for one 

fibreboard sheet and 14 .8  ± 0.7 Wm-2K 1 for three fibreboard sheets. 

Several paired t-tests showed with 95% confidence that the lower surface HTC did not 

differ significantly between runs throughout the investigation, did not differ significantly 
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between the two Tylose blocks within each sample holder, and did not  display any trend 

w ith void s ize or contact area. This suggests good contact was achieved on the l ower 

surface of the samples. 

The value of the B iot number (Bi) could not be accurately determined because the Tylose 

blocks experienced asymmetrical cooling and because the effective thermal conductivity 

of the composite Tylose blocks was unknown. However, as an approximate indication of 

the ratio of internal to external heat transfer, a 90mm thick infinite slab of Tylose cooled 

from one surface only with a heat transfer coefficient of 39.4 Wm-2K- 1 or 14 . 8  Wm-2K- 1 

would have experienced a Bi value of 7 .5  or 2 . 8  respectively. 

Upper Surface HTC 

Due to the postul ated slumping phenomenon the upper surface HTC' s could have varied 

significantly within and between runs and could follow more subtle trend effects (e.g. 

HTC values may be lower for blocks containing air voids because there may be more 

chance of sagging within the voids along the bottom surface, which would cause the top 

surface of the Tylose block to s lump away from the cooler plate) . It w as n ot possible to 

eliminate thermocouples from the HTC estimation procedure on the basi s  that relative 

cooling rate w as a function of quality of p lacement because any slower cooling 

thermocouples may have been at a position where the sample had slumped away from the 

cooler plate more. Therefore separate upper surface HTC' s  were calculated for each run. 

Goodman plots  of all upper surface thermocouples were prepared and the replicate 

estimates of upper surface HTC were averaged separate to give mean values within each 

run (shown in Table 4.3). The true upper surface HTC' s  may be higher than those 

estimated because it is likely the averaging procedure used some data from slightly ill
positioned thermocouples that did not give a good representation of the true surface 

temperature. 

As previously mentioned, due to asymmetrical cooling and the unknown effective thermal 

conductivity of the composite Tylose b locks, the Bi value could not be accuratel y  

determined. However, an approximate indication o f  the ratio o f  internal t o  external heat 

transfer is given in parentheses next to each indi vidual value of upper surface heat transfer 

coefficient in Table 4.3 .  The approximation assumed a 90mm thick  infinite slab of 

Tylose cooled from one surface only using the appropriate heat transfer coefficient. 
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Table 4.3 Individual estimates of l ower surface {LS} and uJ2J2er surface (US} HTC 

Order Void Fibreboard Measured LS Mean LS HTC Measured US 

height sheets HTC (Wm-2K1 ) (Wm-2K1 ) mc (Wm-2K 1 ) 

(mm) [Bi in parentheses] [Bi in parentheses] 

1 0 1 42 .8  39.4 [ 7.5] 36.2 [6.9] 

2 0 1 4 1 .2 39.4 [ 7.5] 30.5 [5.8] 

6 40 1 n o  estimate 39.4 [ 7.5J 1 5 .7 [3.0] 

7 40 1 36 .9 39.4 [ 7.5] 10.9 [2. 1 J  

1 0  40 1 no estimate 39.4 [7.5] 9.7 [ 1 .9] 

1 2  20 1 39 . 8  39 .4  [ 7.5) no estimate 

1 3  30  1 3 8 . 5  39.4 [ 7.5] 9.5 [ 1 . 8J 

1 5  1 0  1 37 .3  39.4 [7.5J 1 1 .3  [2.2 ]  

1 8  50  1 no estimate 39 .4 [7.5J no estimate 

3 0 3 1 5 .6  1 4 . 8  [2.8] 1 2.0 [2. 3] 

4 0 3 1 5 .2 1 4 . 8  [2.8] 7.3 [1 .1]  

5 40 3 14 . 1 1 4 . 8  [2.8] 1 0.0 [1 . 9] 

8 40 3 no estimate 14 . 8  [2.8} 7.7 [1 .5]  

9 40 3 no estimate 1 4 . 8  [2.8] 7 .8  [1 .5]  

1 1  3 0  3 1 4.2  1 4. 8  [2.8] 5 . 1  [ 1 .0] 

1 4  20 3 14 .7 14 .8  [2.8] n o  estim ate 

1 6  50  3 no estimate 14 . 8  [2.8] n o  estimate 

l7 10 3 n o  estimate 1 4 . 8  [2.8] no estimate 

4.3.5 Edge Effects 

Heat loss or gain through the sides or ends of the Tylose blocks was minimised by the use 

of polystyrene insulation. Any heat transfer occurring through these pathways was 

referred to as an 'edge effect' .  Heat transferring through the sides of the sample holder 

shown in Figure 4 .3  is referred as the second dimension edge effect, and heat transferred 

through the ends of the same figure is the third dimension edge effect. 

Both the second and third dimension edge effects would i nitial l y  enhance cooling via two 

different heat transfer pathways shown i n  Figure 4.5 .  Pathway A i s  through the insulat ion 

to the cooler plates and pathway B i s  through the insulation to the surrounding air. As the 

block temperature dropped below the surrounding air temperature, the second pathway 

would reverse to slow the net cooling rate of the block. 
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Pathway A 

Tylose Block -l77':?%-77'St--+ Pathway B 

Figure 4.5 Diagram of the heat transfer pathways of edge effects 

The boundary conditions occurring on the outer edges of the polystyrene were of the third 

kind but were not directly measured. The HTC' s  estimated for the lower surface of the 

Tylose blocks were assumed to also apply along the top and bottom surfaces of the 

polystyrene because they were l ikely to be in  good contact with the fibreboard sheets and 

the cooler plates. However the side surface of the polystyrene was exposed to the air 

within the insulated box of the p late c ooler. Cleland et al. ( l987b) estimated the heat 

transfer c oefficient of sti l l  air upon a vertical surface to be approximately 5 Wm-2Kl . 

In the absence of measurements, a steady state heat balance was used to estimate the mean 

temperature of the air within the plate cooler. The air inside the p late cooler box w as 

assumed to be perfectly mixed and at a uniform temperature. The plates of the cooler and 

the warm outside air were assumed to be the only pathways for heat transfer to and from 

the air inside the box. The heat transfer coefficient (h I ) between the internal air and the 

inside wall s  of the box, and the internal air and the cooler plates was assumed to be 5 W 
m-2 K I . The cooler plates were 670 x 440 x 22mm but the exposed plate area (A I ) was 

calculated to be only 0 .64m2 because the sample holder containing the Tylose blocks 

covered some of the plate surface .  The cooler plates were at approx imately - 1 °C .  The 

external air conditions outside the box were assumed to be represented by an HTC of 1 0  

W m-2 K l and a temperature of 25°C (typical l ocal summer conditions). The box was 

constructed of aluminium with glass wool insulation and the mean inner and outer 

dimensions of the box were measured as 950 x 550 x 668mm, giving a heat transfer area 

(A2) of 3 .05m2. The thickness of the glass wool insulation was 50mm (measured using 

vernier calipers) and the thermal conductivity was estimated to be 0.037 W m-I KI from 

Perry & Green ( 1 984). This gave an overall heat transfer coefficient (h2) between the 

internal air and the external air of 0 .61  W m-2 KI . Under steady state condi tions and with 
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no heat flowing from the sample between the plates ,  the heat flowing in  from the outside 

air ( t/J  in) must be equal to the heat flowing out through the cooler plates ( t/J out) : 

so, 

hi Al ('F;nside air - �OOler Plates ) = h2 A2 (T"utside air - 'F;nside air ) 
and, 

h2 A2 T"utside air + hI Al �ooler 'F;nside air = h A + h A 2 2 I I 

4.4 Measured Time-Temperature Data in the Test Samples 

(4.3) 

(4.4) 

(4.5) 

Due to thermocouple breakages ,  measured temperature data were not obtained from all 

positions along the centre axis .  Therefore the term 'centre' refers to the slowest cooling 

of any of the four thermocouple positions along the centre axis .  

Figure 4 .6  shows typical centre temperature-time profiles from three different blocks ( one 

with no voids, one with 50mm high air voids and one with 50mm high fi l led voids) under 

simi lar cooling conditions. The profi les show the block with no voids cooling fastest 

even though it  has more mass (and therefore more thermal mass) than blocks with voids. 

The results also show the b lock with air voids cooling faster than the block with fi l led 

voids, presumably due to natural convection and radiation effects (and in spite of the foam 

thermal conductivity being h igher than that of stil l  air). 

30 

25 
U 
"- 20 
� ::l 
E 1 5  Cl> Q. E 
� 1 0  

5 

0 
0 

No voids 

20 

/' 
Air voids 

40 

Filled voids 

60 80 1 00 1 20 
Time (s x 1 03) 

Figure 4.6 Plot of centre temperature vs .  time for Tylose blocks containing no voids 

(Run 2), and blocks containing 50mm high air voids and 50mm high fil led voids (Run 1 8) 

Prediction of Chilling Rates for Food Product Packages 



Chapter 4 - Preliminary Collection and A nalysis of Data for Packages Containing Triangular Voids 4 . 14 

Figure 4.7 shows a plot of log fractional unaccomplished temperature change (lnYc) vs. 

time from the same data as Figure 4.6. The slope of the straight-line section of a InYe vs. 

time plot is a commonly used measure of cooling rate. Between InYc of -0.5 and - 1 .5 the 

InYc vs. time plots for all runs yie lded essentially straight lines so the time taken for this 

InYc reduction was used as a measure of cooling rate . These plots are often subject  to 

small 'peaks' and/or 'valleys' along the otherwise smooth cooling line. The 

imperfections were most l ikely due to small variations in  the actual ambient temperature 

(when a mean value was used to calculate Ye).  They may have also been due to electrical 

interference caused by power surges, or the use of certain electrical appliances, in the 

vicinity of the thermocouples and the data logging equipment. These small 'peaks' and 

'valleys' were ignored in the analysis of similar measured data throughout thi s  thesis .  The 

measured times for one InYc reduction ( lnYc = -0.5 to InYc = - 1 .5)  from all eighteen runs 

are summarised in Table 4 .4 .  

o 
Filled voids 

-0.5 

" / 
� -1 

- 1 . 5  N o  voids 

/ 
Air voids 

-2 

o 20 40 60 80 1 00 1 20 
Time (s X 10') 

Figure 4.7 Plot of log unaccomplished temperature change (lnYc) vs .  time for same data 

in Figure 4.6 

Three replicate measurements were carried out for four different run conditions (samples 

containing either 40mm high fi l led voids or 40mm high air voids, and with either one or 

three l ayers of fibreboard sheeting). These data were used to estimate the experimental 

uncertainty. There was a 95% certainty that each individual measurement lay within ± 

8% of the mean value. 

Even within the same heat transfer situation, cooling times that were measured using 

thermocouples at different positions along the centre axis may be different from each 

other if the second dimension edge effect is important .  The greatest effect would be on 
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the s lowest cooling block (with 50mm high filled voids and HTC = 14 .8  Wm-2K I) and 

for thermocouples nearest the block ends. The maximum observed percentage difference 

for one InYc reduction between thermocouples along the centre axi s  of thi s  sample was 

2%,  and thi s  was within total experimental uncertainty. 

Table  4.4 shows that all packages containing air voids cooled faster than those with fil led 

voids of the same size. However it was only  at a void size of 40mm or greater that the 

percentage difference between air and filled void packages was greater than the 

experimental uncertainty of 1 3% .  It is probable that these differences arose from a 

combination of natural convection and radiation effects occurring within the void. 

Table 4.4 Measured times for one InYc reduction of blocks w ith filled voids or air voids 

(seconds x 1 03) 

No. of 

Fibreboard 

Sheets 

1 

3 

Void height 

(mm) 

0 

1 0  

20 

30 

40 

50 

0 

1 0  

20 

30 

40 

50 

a sol id block (no void space) 

Filled voids 

37a 

45 

49 

53 

58 , 6 1 , 60 

74 

50 

65 

73 

74, 74, 74 

85 

Air voids % Difference 

3 7a -0 

4 3  -4 

46 -6  

5 1  -4 

5 1 , 53 , 49 - 1 5  

5 7  -23 

5 -6 

45 - 1 0  

6 3  -3 

6 8  -7 

6 1 , 64, 6 3  - 1 5  

6 2  - 1 5  

Although the collected data fol lowed trends that were consi stent with fundamental heat 

transfer theories and the results suggested that natural convection and radiation effects 

were likely to be significant in the cooling of packages with significant air voids, the 

collected data could not be used as the basis of a model because it did not consider 

separate effects of half-size and ful l -size triangular voids nor the effects of voids cooled 
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from above and below. The results were also affected by asymmetric cooling (i.e. 

different upper and lower surface mC's), and subject to some patchiness of data due to 

the high frequency of thermocouple breakages .  However, the data were considered 

suitable for the development of a preliminary numerical model .  The finite e lement 

method was chosen as the prediction method because of the ease with which it can 

describe multi-dimensional shapes and handle the asymmetric heat transfer coefficients 

present in the measured data. 

4.5 Development and Testing of a Finite Element Model 

The software used to develop the model was called FINEL. It was originally developed 

by Pham at MIRINZ Food Technology and Research Ltd. in 1 989. It is a FORTRAN 

encoded program that uses the finite element method (with triangular elements) to solve 

two-dimensional heat conduction problems. The grid geometry must be fully described 

by the user i n  the form of coordinates for nodes and element positions. FINEL allows 

temperature dependent thermal properties to be modelled with up to 5 different 

constituent materials and 5 boundaries (of first, secon d  or third kind) with a time variable 

environment at each boundary. The program was compiled and run on a UNIX operating 

system. 

4.5.1 The Preliminary FINEL Model - No edge effect included 

A two-dimensional grid of the smallest possible representative problem space was 

constructed in FINEL (Figure 4.8) .  The grid had a h igher resolution at material 

boundaries where there was a s ignificant difference between the thermal properties of the 

two materials (e.g. boundaries between the Tylose and the voids) and care was taken to 

ensure that adjacent elements did not differ significantly in size. To ensure that the grid 

remained below the upper l imit on the number of nodes and the number of elements in 

FINEL, a vertical axis of symmetry was used (due to asymmetrical surface heat transfer 

c oefficients a horizontal axis of symmetry could not be used). The preliminary model did 

not account for edge effects ( i .e .  the left and right s ides of the grid were assumed to be 

perfectly insulated) . 
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Figure 4.8 FL"ffiL gIid with no edge effect (data taken from Run 6) 
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4.5.2 Testing the Preliminary FINEL Grid 

To test the grid a simulation was run with aB elements c ontaining Tyiose-Iike material 

(with constant thermal properties) initially at 30°C. Third kind boundary conditions were 

i mposed on the top and bottom surfaces of 20 Wm-2K 1 (midway between the lower 

surface HTC' s  estimated from the measured data) at O°C, and the left and right sides of 

the block were assumed to be perfectly insulated. Temperatures at eight positions along 

the centre axi s  of the FINEL grid were compared to temperatures predicted by two other 

methods (the analytical solution for an infinite slab and a one-dimensional grid solved by 

a different heat conduction fin i te element program - FEM by Cleland,  1985). 

Comparisons were carried out at two times - 36000 and 75600 seconds. Table 4 .5  

summarises the results. 

Table 4 .5  Comparison of prediction methods - centre temperatures (0C) 

Prediction Method 36000 sec . 7 5600 sec. 

FINEL (average of eight nodes) 1 5 . 87 6 .32 

FINEL (left edge where n=1 0) 1 5 . 83 6 .30 

FINEL (right edge where n=1 6) 1 5 .92 6 .34 

Analytical solution 1 5 .87 6 .32 

I -D 'FEM' (n= l O) 1 5 .89 6 . 32  

I -D 'FEM' (n=1 6) 1 5 .88 6 . 32  

where n = number of  nodes between centre and surface axes .  

The results show that the FINEL grid predicted the average centre temperature wel l .  

However there was a stable temperature osci l lation along the centre axis,  which should b e  

an i sothermal line. The difference between the centre temperatures on the left and right 

edge of the FINEL grid (in Table 4 .5 )  was not due to a difference in the number of nodes 

from centre to surface otherwise the right edge, with more nodes (n=1 6  c .f. n=l O) ,  

would have given c loser agreement to the other solution methods. 

The small temperature oscil lations that were apparent in the results from the two finite 

element programs FINEL and FEM were assumed to be a consequence of the numerical 

approximations. The osci l lations were accepted because they were small compared to the 

accuracy of measured temperatures (±0.05°C c .f. ±0.2°C). 
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4.5.3 Comparison of the preliminary model with data from blocks containing no 

voids 

Data files for use with the FINEL grid were developed using the input data estimated in 

section 4 .3 .  Four simulations were run for comparison with the measured data from 

blocks containing no voids. Heat balances of all simulations were found to be satisfactory 

(less than 0 . 1 % discrepancy) and transient temperature data from the same positions as in 

the experimental blocks were collected. Care was taken to ensure no abnormal nodal 

temperature predictions resulted from the stable oscil lations (e.g. no nodes within the 

Tylose block were below the cooling medium temperature, along a vertical axis  node 

temperatures decreased monotonically toward the surface, etc . ) .  

Typical plots of measured and predicted data for blocks with no voids are shown in  

Figures 4.9 - 4 . 1 1 .  Agreement between the measured and predicted cooling rate of  the 

upper surface (US )  was good, but the cooling rate of the lower surface (LS) and centre (C) 

was underestimated. It was postulated that this disagreement might be at least in part 

attributable to the second and third dimension edge effects that occur in the measured 

data, but were not accounted for in the predicted data. 

4.5.4 The Second FINEL Model - Edge effect included 

Although the third dimension edge effect could not be included in FINEL because it was 

only a two-dimensional finite element scheme, the second dimension edge effect was 

added to the improved second model.  To include the second dimension edge effect, the 

FINEL grid in Figure 4.8 was adjusted to include 40mm of polystyrene attached to the 

right hand side of the Tylose and a boundary condition beyond it. The new grid is shown 

in  Figure 4. 1 2. The FINEL source code was adjusted to increase the upper l imit  on the 

number of nodes and the number of elements to allow the grid for the second model to 

run. The same system input data as the preliminary FINEL model was used but with data 

describing the second dimension edge effect included. 
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Figure 4. 1 1  Plot o f  measured and predicted I n Yvs vs. time (run 4) 
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Figure 4.12 FINEL grid with edge effect i ncluded (data taken from Run 6) 

The HTC estimate from Cleland e t  al. ( 1 987) and the estimated mean air temperature 

from the heat balance in section 4.3 . 5  were used. A sensitivi ty analysis on the heat 

transfer coefficient used on the far right side beyond the insulation was carried out using 
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duplicate FINEL simulations. The first simulations used the side boundary condition of 5 

Wm-2K 1 at l OoC and the second simulations used 7 Wm-2K1 at l OoC (a 40% change in 

HTC) .  There was no perceivable difference between the two sets of predictions for 

Tylose temperatures. 

4.5.5 Testing the Second FINEL Grid 

Comparison of the model predictions with two other rel iable prediction methods of one

dimension al heat transfer was carried out in the same way as in section 4.5 .2 .  The results 

are given in Table 4.6. The temperature oscillation along isothermal lines was again 

present, but was tolerated. 

Table 4.6 Comparison of prediction methods - centre temperatures (OC) 

Prediction Method 36000 sec. 75600 sec . 

FINEL (average of eight nodes) 1 5 .86  6 .3 1 

FINEL (left edge where n=l O) 1 5 .70 6 .25 

FINEL (right edge w here n=16)  1 5 .92 6 .3 4  

Analytical solution 1 5 .87 6 .32 

I -D 'FEM' (n= l O) 1 5 .89 6 .32 

1 -D 'FEM' (n=1 6) 1 5 . 88  6 .32  

4.5.6 Comparison of second model with data from blocks containing no voids 

Data files for use with the second FINEL grid were developed usmg the input data 

estimated in section 4.3 .  Four simulations were run for comparison with measured data 

from blocks containing no voids . Heat balances of all simulations were again found to be 

satisfactory (less than 0 . 1  % discrepancy) and transient temperature data was collected in 

the same positions as in the experimental blocks. Again ,  care was taken to ensure no 

abnormal nodal temperature predictions had occurred through osci ll atory behaviour. 
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Prediction of Chilling Rates fOf- Food Product Packages 



Chapter 4 - Preliminary Collection and Analysis of Data for Packages Containing Triangular Voids 4.24 

Graphical comparison of experimental and simulated results for the first infinite slab run 

are given in Figures 4. 1 3  - 4 . 1 5 .  The second model showed a marked improvement in the 

prediction of the cooling rate at the l ower surface (LS) and the centre (C) .  The cooling 

rate of the upper surface (US) was not as good. However, it was recognised that slumping 

of the TyIose during the run could have caused the upper surface heat transfer coefficient 

to change and so this position was the one for which poorest predictions were expected. 

Overall ,  the second model gave much better agreement with measured data than the 

preliminary model .  It was concluded that the inclusion of the third dimension edge effect 

would l ikely improve predictions further. However the third dimension edge effect could 

not be explicitly accounted for in a two-dimensional finite element program. 

4.6 Comparison of Measured and Predicted Data 

The i nput data estimated in section 4 .3  were used to develop data fi les for as many runs as 

possible. The availabi l i ty of upper surface HTC estimates for indi vidual runs was limited 

due to thermocouple breakages during the course of the measurement trials and so not all 

runs could be simulated. Table 4 .7 shows measured and predicted times for one InYe 

reduction. 

Cleland (1990) as gives factors l imi ting the accuracy of chilling time predictions as: 

a) i mprecise knowledge about conditions in the chiller, 

b) imprecise thermal data for the product, 

c)  use of a prediction method outside i ts range of applicability, and 

d) shortcomings in the prediction method. 

A sensitivity analysis on the effect of the input data (factors a and b above) was carried 

out. From replicate measurements the likely uncertainty in the lower surface HTC was 

±6% and the uncertainty in the individual estimates of upper surface HTC was expected 

to be about ± 1O%. The uncertainties in the estimates of Tylose thermal conductivity and 

specific heat capacity were ±4% (Wil lix  et al. , 1 998) and ±5% (Lindsay & Lovatt, 1994) 

respectively. The uncertainties in the estimates of thermal conductivity and specific heat 

capaci ty for expanded polystyrene were expected to be about ± 1 0% respectively. By 

using the extreme case combin ations of l ikely maximum and minimum values of input 

data the estimated maximum percentage change in predicted times for one InYe reduction 

was ±9% .  
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Table 4.7 Comgarison of measured and Qredicted times for one I n Yc reduction (s x lO3} 

Void Type No. of Fibreboard Void height Measured Predicted % Difference 

Sheets (mm) 

Filled 0 36 -3 

10  45 45 0 

20 49 

30 5 3  57 +8 

40 58 , 6 1 , 60 62, 64, 65 +7 , +5, +8  

50 74 

3 0 5 8  +7 

1 0  5 0  

20 65 

30 7 3  7 8  +7  

40 74, 74, 74  79, 82, 82 +7, + 1 1 , + 1 1 

50 85 

Air 0 36 -3 

10 43  45  +5  

20 46 

30 5 1  59 + 1 6  

40 5 1 ,  5 3 ,  49 64, 67, 68 +25, +26, +39 

50 5 7  

3 0 5 52  +2 

10 45 

20 63 

30 68 8 1  + 19 

40 6 1 , 64, 63 82, 86, 85 +34, +34, +35  

50 62  

a sol id block (no void space) 

A prediction method used outside its range of applicability (factor c from above) i mplies 

the neglect of some parts of the physical system within the m odel . The finite element 

program FINEL was designed for use in heat conduction problems ,  it copes with 

asymmetric HTC' s, multiple component, and i rregularly shaped physical systems. 

However it is only two-dimensional and neglecting the third dimension edge effect in the 

finite element model was considered an aspect of significance. This effect should have 

been most prominent for the slowest cooling Tylose blocks. This was confirmed by the 

data in  Table 4 .7 - percentage differences between measured and predicted cooling times 

were larger for blocks that had longer cooling times. 
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The extent of the third dimension edge effect was estimated by comparing two predicted 

cooling times: one for a block  with a third dimension edge effect and one for a block 

without. 

The predicted cooling times and mass average temperature-time profi les of blocks without 

a third dimension edge effect were already known (from Table 4.7) .  The slowest cooling 

block (with 40mm high fil l ed voids and three fibreboard sheets) was chosen for anaJysis 

because it was l ikely to h ave the most significant third dimension edge effect (Figure 

4. 1 6a). Iterative simulations using FINEL found the equivalent top and bottom surface 

HTC for the Tylose block in Figure 4. 1 6b (a solid O.36m x O. 1 8m TyIose block with 

perfectly insulated sides) that gave the c losest match to the mass average temperature

t ime profile of the block i n  Figure 4. 1 6a by minimising the sum of squared differences 

between the InYav vs. time profiles at ten even ly  spaced time intervals.  The equivaJent 

HTC ' s  for block b were found to be 7.4 Wm-2K-1 (to one decimal place) if one assumed 

symmetrical cooling of the solid block, and the same cooling medium temperature as 

block a.  In this way block  b cooled at the same rate as block a but only underwent one

dimensional heat transfer - the second dimension edge effect was implicitly accounted for 

the by the equivalent HTC. B lock b did not inc lude any third dimension edge effect. 

The block in Figure 4. 1 6c represented the same situation as block b (i .e. the top and 

bottom smfaces of the Tylose block are cooled with the implicit second dimension edge 

effect) , but included a third dimension edge effect. The third dimension edge effect was 

represented by placing 40mm thick layers of polystyrene on the left and right sides of the 

Tylose block. The conditions external to the polystyrene layers were assumed to be the 

same as those for the second dimension edge effect (as determined in section 4.3 .5) .  The 

difference in  times for one InYc reduction between block b and c was solely due to the 

third dimension edge effect. The third dimension edge effect was estimated to have 

decreased the t ime for one InYc reduction by 1 1  % in the worst case. 
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The uncertainty arising from imprecise input data and the effect of ignoring cooling from 

the third dimension edge of the sample were combined in  order to estimate the maximum 

prediction uncertainty (numerical errors within the finite element model were considered 

negl igible - factor d from above) .  The maximum prediction uncertainty was (+9,-20)%. 

The experimental uncertainty was estimated to be about ±8% in section 4.4 so the 

combined experimental and prediction uncertainty was (+17 ,-28)%. For the data in Table 

4.7 , measured and predicted cooling times for blocks with filled voids agreed to within 

the experimental and prediction uncertainty l imits at all void sizes. However the 

percentage difference between measured and predicted data for blocks with air voids was 

outside this range at void heights greater than 30mm. This disagreement outside the 

combined experimental and prediction uncertainty l imits was presumably due to cooling 

enhancement from natural convection and radiation effects occurring within the air voids. 

Thus the data supports heat transfer theory which suggested that natural convection and 

radiation effects would be more significant within larger air voids. 

The third dimension edge effect was more significant for blocks with longer cooling 

times. Hence the larger percentage difference observed between measured and predicted 

cool ing times for air void  blocks with more fibreboard sheets (3 c .f. 1 )  did not necessari ly 

provide evidence to suggest a difference between the natural convection and radiation 

effects occurring in voids with different surface heat transfer coefficients. 

4.7 Conclusions 

The preliminary data collection was carried out to investigate whether natural convection 

and radiation effects occurring in typical ly  sized voids have a significant effect on the 

cooling rate of cartoned meat . The data were also used to identify key factors in  the 

development of a numerical model .  

A major problem of Tylose block  ' sl umping' occurred through the trials. The upper 

surface of the blocks fel l  away from the top cooler plate causing a reduction in the upper 

surface heat transfer coefficient and subsequent asymmetrical cooling of the sample 

block. This ,  coupled with a high number of thermocouple breakages during the trials ,  

made estimation of  surface heat transfer coefficients difficult and insufficiently accurate. 

The measured data showed that all packages containing air voids cooled faster than those 

with fi l led voids. However, only at void heights greater than 30mm did the percentage 

difference between air and fil led void packages become greater than the estimated 
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experimental error of ±8%.  It was postulated that thi s cooling enhancement arose from a 

combination of natural convection and radiation effects occurring within the void. 

A two-dimensional finite element model was developed using a heat conduction program 

called FINEL. The model allowed asymmetrical heat transfer coefficients on upper and 

lower surfaces and accounted for the second dimension edge effect. Predicted and 

measured data were compared. The measured and predicted data for blocks with no voids 

and blocks with fil led voids at all void sizes agreed to within the combined experimental 

and prediction uncertainty l imits of (+1 7,-28)%. However the percentage difference 

between measured and predicted data for blocks with air voids was outside the c ombined 

experimental and prediction uncertainty l imits at void heights greater than 30mm. This 

was presumably due to cooling enhancement from natural convection and radiation 

effects. The data supported heat transfer theory that suggests natural convection and 

radiation effects are more significant within larger voids. 

Although the measured data fol lowed trends consi stent with fundamental natural 

convection theory, further experimental work was necessary. The further work required 

i mproved methods to eliminate asymmetric cooling and would allow independent 

comparison of voids cooled from above and below. 

Limitations on the number of elements and nodes al lowable in FINEL, and the amount of 

time required to manual ly construct FINEL grids and data files, highlighted the need for a 

better finite element program. The i mproved program would have to be able to accurately 

represent the test space without approaching element and node l imits, and preferably 

include an automated mesh generator to save time on data file construction .  
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5. IMPROVED DATA COLLECTION 

DEVELOPMENT FOR PACKAGES 

TRIANGULAR VOIDS 

5 . 1  

AND MODEL 

C ONTAINING 

The data collection methods in chapter 4 required refinement so that the influence on 

cooling rate of heat transfer modes such as natural convection and radiation in voids could 

be more accurately determined. Features that an ideal experimental system should have 

and how the system was changed to approach them included: 

1 .  Independent measurement of the effect of voids of different orientation should be 

allowed. 

• blocks would contain only one type of void shape so any difference in  cooling 

rate can be entirely attributed to natural convection and radiation effects in that 

orientation onl y  (i .e .  samples should contain only ' single' or 'double '  right 

angled i sosceles triangular voids and the voids should only be on their base (L1) 
or on their apex (V)). 

2. The surface heat transfer coefficients should be constant within and between 

associated runs. 

• good contact between plates and sample surface was required: 

- s lumping of the Tylose blocks was avoided by enclosing them in a solid box. 

- good contact was ensured by pressing the upper plate down onto the sample.  

3 .  Evaporative cooling within voids should be eliminated. 

• Tylose blocks were well sealed to eliminate moisture loss. 

4. Unwanted heat transfer should be eliminated or at least accounted for. 

• edge effects were minimised by utilising an axi s  of symmetry. 

• data for edge effects were accurately measured. 

• edge effects were quantified by simulation .  

5 .  The system should be sturdy and easy to repair. 

• thicker thermoco uple wire was used. 

• Ty\ose blocks were enc losed within a solid box . 

• the apparatus was designed to enable easy repmr or replacement of 

thermocouples.  
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5.1 Experimental Methodology 

5 .2  

Taking the same approach as in chapter 4,  the vertical axi s  of symmetry was used to 

reduce the analogue meat carton size to 260mm x 360mm. To allow independent 

measurement of the effect of voids cooled from above and below, the horizontal axis of 

symmetry was util i sed. Tylose blocks were made up to half the n ormal meat carton 

height (90mm c.f. 1 80mm) with voids cut into one s urface only. Two of these Tylose 

bloc ks were placed side by side within a sampl e  holder (one block containing air voids 

and one with fil led voids - see Figure 5 . 1 ) . This effectively created i dentical conditions of 

external heat transfer and enabled direct comparison of cooling rates between the blocks. 

Polycarbonate box 
Tylose 

• = Thermocouple 
placement 

Figure 5.1 Side elevation of polycarbonate sample holder containing two Tylose blocks 

Polycarbonate boxes were used as sample holders. In thi s way,  slumping was eliminated, 

the pliable Tylose gel was kept in the desired geometric shape, and sample deterioration 

due to moisture loss was avoided. A 360mm l ong, I mm thick L-shaped section of solid 

acrylic plastic lined the surface of each void (top and bottom) to ensure they held their 

shape. Several different sizes of these plastic sections were constructed to enable voids of 

different heights to be supported. 

Within the Tylose blocks, two-dimensional heat flow was desired so the sides and ends 

were insulated. The expanded polystyrene insulation used in the preli minary data 

collection was replaced by Styrodur, a rigid commercial polystyrene insulation 

manufactured by BASF New Zealand Ltd. Styrodur has a similar thermal conductivity to 

that of sti l l  air (and lower than that of expanded polystyrene) , but a higher specific heat 

capacity_ However the extra heat to be removed from the Styrodur made up only 0 .2% (in 
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the worst case) of the total heat to be removed from the whole sample holder. A 40mm 

thick layer of Styrodur was placed between the two blocks in each sample holder to 

reduce the heat flow between them. The measured temperature data that wi l l  described in 

section 5 .3 and standard quasi-steady state heat transfer equations were used to estimate 

the mean sideways heat flow. In the worst case, where the cooling rates of the two blocks 

were most different, the mean sideways heat flow between them was only 0.4% of the 

mean vertical heat flow from the block containing fi l 1ed voids. 

Figure S.2 Photograph of a sample holder 

In order to halve the total number of trials, two different sample holders were cooled at 

the same time (one with voids contacting the bottom cooler plate and one with voids 

contacting the top cooler plate - see Figure 5 .3 ) .  A 40mm thick layer of Styrodur was 

placed between the top and bottom sample holders to reduce the heat flow between them. 

Given that the samples have similar temperatures at any time only  a small  heat flow 

between them is l ikely. The measured temperature data from section 5 .3 and standard 

quasi-steady state heat transfer equations were used to estimate the mean heat flow 

between the top and bottom sample holders. In the worst case, where the difference in  

centre temperature between the top and bottom blocks was at a maximum, the mean heat 

flow from the centre of the bottom sample to the centre of the top sample was 0.3% the 

total heat flow from the centre of the bottom sample. 
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Figure 5.3 Diagram of two sample holders within the plate cooler 

5 .4 

Oil-filled bags 
and fibreboard 

sheets 

The s ame plate cooler used in the preli minary data collection was used to cool the blocks. 

The p lates contained alcohol at approxi mately O°C w hich w as circulated and cooled by a 

lulabo  FPW65-MS Iow temperature bath on an internal set point. The cooler plates were 

s l ightly warped due to the loads that had been applied in  previ ous work. Planing the 

plates flat would have only made them weaker, adding extra aluminium plating would 

have been a temporary solution, and an attempt to use a l ayer of conductive grease was 

unsuccessful due to the entrainment of air pockets between the sample surface and the 

grease. Therefore another technique to make the external heat transfer coefficient to the 

sample uniform was devised. S trong vegetable oil-fi l led plastic bags were placed 

between the plates and the sample. The oil ensured good c ontact with the warped cooler 

plates and the flat sample surface. Each oil bag (0.68m x 0 .44m in area) was fil led with 

approximately 3 .0 l i tres of oil ,  which yielded an average oi l  layer thickness between the 

sample and the cooler plates of approximately l Omm. 

The oi l  was regarded as the external cooling medium and given that i t  was not considered 

to be within the system boundary, the thermal mass of the oi l  could be ignored. 

To ensure good contact between the sample and the plates it was necessary to apply 

pressure to the movable top plate . An evenly distributed load of 100 kg was used. The 

extent of contact between the o i l  bag and the sample was investigated by using 'Bearing 

B lue' machining ink by Power Plus, Kelray Australi a  Pty Ltd. A thin layer of thi s  blue 

ink w as smeared onto the top surface of a sample holder and a sheet of paper was placed 

between the sample holder and the oil bag. Any areas of contact left a residue of blue ink 

on the sheet of paper. Contact between the oil bag and the holder was found to be very 

good with almost all of the paper covered in blue ink and the areas of non-contact small 

and evenly dispersed over the surface. 
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The inlet and outlet temperatures of the top and bottom plates ,  the temperature of  the air 

inside the plate cooler, and the temperatures at various positions within the Tylose blocks 

were measured with copperlconstantan thermocouples,  calibrated at O°C using an 

ice/water slurry. The readings of the three thermocouples positioned on the surface of 

each Tylose b lock were recorded every 1 0  seconds by a Grant 1 200 series Squirrel 

meter/logger. Al l  other thermocouple readings were collected every 30 seconds by a 

Hewl ett Packard HP 3497 A data logger and recorded onto an IBM-compatible PC.  

Five sample holders (with two Tylose blocks in each) were constructed with right angle 

isosceles triangular voids of differing heights (0, 20, 30, 40 and 50mm) and one replicate 

of the sample holder with 50mm high voids was also constructed. One of the sample  

holders with 50mm high voids was eventually converted to  a block containing 5 0mm high 

'half' voids by placing a vertical strip of con'ugated cardboard down the centre of the air 

void. Trials were carried out at two different rates of heat transfer by placing different 

heat transfer resistances between the oil bags and the samples .  The first heat transfer 

resistance was comprised of the polycarbonate box onl y  and the second included the 

addition of two sheets of 1 .65mm thick fibreboard. Each of the seven sample holders was 

tested under four treatments (cooled from above or below at a high or l ow HTC)  giving 

28 sets of data. A further two replicates of the sample holder with 50mm voids cooled 

from above with a high HTC, and two extra replicates of the sample holder with 30mm 

voids cooled from below with a high HTC were also carried out. With these extra four, a 

total of 3 2  data sets were collected over sixteen runs (with two sample holders per run) .  

The runs were started before construction of all sample holders was complete so the order 

in which the runs were performed could not be randomised. However random selection 

of runs within the samples avai lable at any time was carried out. A treatment table is 

given in Table 5 . 1 .  

Before each run was started, two s ample holders were equilibrated to approximately 30°C 

in  a warm room. The two oil bags and any sheets of fibreboard to be used in the 

experiment were placed between the plates of the cooler. The lulabo FPW65-MS I ow 

temperature bath was switched on. After the coolant outlet temperature of the top and 

bottom plates had reached the desired operating temperature (O°C), the apparatus was left 

for at least 30 minutes to allow the aluminium plates, the oi l  bags and the fibreboard 

sheets to reach an equilibrium temperature. 

Al l  exposed surfaces of the sample holders were insulated during transport to the cooler. 

Male/female thermocouple c onnectors were joined and data l ogging was started. The 
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temporary insulation was removed and the sample holders were immediately placed 

between the plates of the c ooler, the oil bags and the fibreboard sheets. Ten l Okg weights 

were then distributed evenly  over the surface of the top plate. Each run was stopped after 

the slowest cooling thermocouple reading was below 2.Ooe. 

Table S . l Treatment table for i mproved data collection 

Run Cooled from Cooled from 

No. above below 

1 20mm voids no voids 

2 20mm voids no voids 

3 no voids 20mm voids 

4 no voids 20mm voids 

5 30mm voids 50mm voids 

6 30mm voids 50mm voids 

7 50mm voids 30mm voids 

8 SOmm voids 30mm voids 

9 50mm voids 30mm voids 

1 0  50mm voids 50mm voids 

1 1  50mm voids 40mm voids 

1 2  40mm voids SOmm voids 

1 3  50mm 'half' voids 50mm 'half' voids 

1 4  SOmm 'half' voids 50mm 'half' voids 

1 5  SOmm voids 40mm voids 

1 6  40mm voids 30mm voids 

5.2 Evaluation of Input Data 

5.2.1 Sample Dimensions 

Fibreboard Order 

sheets 

2 1 

0 4 

2 5 

0 8 

0 2 

2 3 

0 7 

2 6 

0 9 

0 1 0  

2 1 2  

2 1 3  

0 1 6  

2 1 5  

0 1 1  

0 14 

Sample dimensions  were measured using vernier calipers. Three measurements of  each 

of the sample length, width and height were taken. Void position and size was measured 

by two readings of the coordinates of the void 's  vertices in relation to the c losest end of 

the sample. Thermocouple positions were also measured in  this manner. The estimates 

of mean values were considered accurate to ± I mm. 
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5.2.2 Thermal Property Data 

The thermal property data of the materials used in thi s  chapter are given in Table 5 .2 .  

Table 5 . 2  Thermal properties of test substances 

Property IS ubstance Tylose* Polycarbonate 'Styrodur' Polystyrene 

k (W/mK) 0.468 + 0.00 1 54T 

c (l/kg K) 

P (kg/m3) 

C (J/m3K) 4 .065x 106 

where T = temperature (OC) 

* Amos et al. (2000) 

0.03 1 

1 25 5tt 1 255tt 

1 17 0t 30 .8+ 

1 .468 x 1 06 3 . 87x l 04 

Tt In "Comparison of Materials" ( 1 976) 
:;: Measured by author 

5 . 7  

For Tylose, Amos et al .  (2000) reported the specific heat capacity (from Lindsay & 
Lov att , 1 994) and the thermal conductivity (from Wi11ix et al. , 1 998). The respective 

uncertainties in these measured data were ±5% and ±4% respectively. Although 

uncertainty values were not available for the specific heat capacity of polycarbonate and 

Styrodur, the values in Table 5 .2  were expected to be within about ±1O% of their true 

values, and the true mean thermal conductivities were estimated to be within ±20% and 

± 1 5% of the respective values measured by the author (detail of measurement methods 

and uncertainty calculations are given in Appendix A I ) .  

5.2.3 Initial and Boundary Conditions 

The blocks were assumed to be initial ly at a uniform temperature equal to the measured 

centre temperature at the start of each run, which was measured to ±0.2°C. 

Boundary conditions were of the third kind, and thus estimates of the mean cooling 

medium temperature and the surface heat transfer coefficients were required. 

C ooling Medium Temperatures 

The cooling medium temperature at the inlet and outlet of the cooler plates was measured. 

The cooling medium flow rate was sufficiently high that the difference between the inlet 

and outlet temperatures was always within the estimated accuracy of the thermocouples 
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(±0.2°C). However these temperatures did not give a true indication of the cooling 

medium temperature represented by the oil  temperature in  the oil bags. 

Heat transfer from the sides or ends of the sample w as i gnored and the thermal capacities 

of the polycarbonate box and oil bags were neglected. An approximate energy balance 

was therefore: 

(5 . 1 )  

where hoverall i s  the overall heat transfer coefficient representing the polycarbonate wall ,  

the oil bag and oi l , and any contact resistance (Wm-2K 1 ) 

A i s  the sample surface area undergoing cool ing (m2) Ts i s  the surface temperature of the sample (QC or K)  

Ta i s  the plate temperature ( QC or  K)  

H i s  the enthalpy of the sample (J) 

In seeking to use equation 5 . 1 ,  because onl y  the centre and surface temperatures of the 

Tylose block were measured, a linear temperature profi le through the Tylose block was 

assumed. 

The overall heat transfer coefficients estimated by back-calculation were 7.0 and 1 0. 8  

Wm-2K1 for the cases with and without fibreboard. If the thermal capacity effect of the 

oil  continues to be ignored then quasi-steady state heat transfer analysis suggests that at 

any time: 

T � T [hoverall Xoilbag J(T -T ) mlbag a + 
k 

s a oil 
where Toil bag is the temperature of the oil bag surface nearest the sample (QC or K) 

Q i s  the heat flux through the top surface of the Tylose block (W m -2) 

Xoil bag i s  the thic kness of the oil bag (m) 

kOil is the thermal conductivity of oil = 0. 1 5  W m-1 K 1 (Perry & Green, 1 984) 

(5 .2) 

Equation 5 .2  assumed that no natural convection was occurring within the oil layer. This 

was considered to be a reasonable assumption since the sum of resistances (including the 

oil bag with no natural convection) was lower than the overall values estimated by back-
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calculation above, which suggested no significant natural convection occurred within the 

oil bags . 

The estimated temperature of the o i l  (the external c ooling medium temperature) decreased 

slowly in an approximately exponential fashion as the sample cooled so the ambient 

temperature was estimated by a logarithmically weighted average. The estimated mean 

cooling medium temperatures were O.4°C and O .3°C for high and l ow heat transfer 

coefficient runs respectively. Thi s  is only slightly above the plate temperature (-O°C), 

indicating that the bulk of the heat transfer resistance external to the sample was i n  the 

polycarbonate box and the cardboard sheets . 

The air temperature within the plate cooler cabinet was directly measured. Since this also 

decreased over the course of the run in an exponential fashion ,  a logarithmical ly  weighted 

mean value was used in data analysis .  

Heat Transfer Coefficients 

Approximate overall heat transfer coefficients had been estimated by the heat balance 

method given above, but these estimates included the heat transfer res istance of the oi l 

bag. By using the sum of resistances method (equati on 5 .3 )  the heat transfer resistance of 

the o i l  bag was excluded from the heat transfer coefficient value.  The high and low 

HTC' s  were estimated to be 3 8 .5 and l 3 . 1 Wm·2K 1 respectively. 

(5 .3 )  

where hnew i s  the heat transfer coefficient value excluding the heat transfer resistance of 

the oil bag (Wm·2K1 ) 

It should be noted that these HTC' s  were subject to any edge effects and any effect of the 

thermal capacity of the oil bag, the fibreboard sheets, and the polycarbonate l ayer being 

i gnored. It was acknowledged that more accurate estimation of the heat transfer 

coefficients would be necessary before measured and predicted data were compared. 

However the initial estimates of HTC were considered acceptable for analyses to estimate 

edge effects . 

The value of Biot number (Bi) could not be accurate ly  determined because the effecti ve 

thermal conductivity of the composite samples  was unknown. However, as an 
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approximate indication of the ratio of  internal to  external heat transfer, a 90mm thick 

infinite slab of Tylose cooled from one surface only with a heat transfer coefficient of 

38 .5  Wm-2K 1 or 13 . 1 Wm-2K 1 would have experienced a Bi value of 7. 1 or 2 .4 

respectively. 

5.3 Measured Time-Temperature Data in the Test Samples 

Figure 5 .4 shows typical centre temperature-time profiles from three different samples (a 

block with no voids, one with air  and one with filled 50mm high voids) under simi lar 

cooling conditions .  As was observed in the preliminary experiments the block  w ith no 

voids cooled most quickly even though it  had more thermal mass. The block with air 

voids cooled faster than the block with fil led voids, presumably due to natural convection 

and radiation effects (and in spite of the foam thermal conductivity being slightly higher 

than that of stilI air). 
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Figure 5.4 Plot of centre temperature vs. time for Tylose blocks containing no voids 

(Run 4), and for blocks containing 50mm high fi l led voids and 50mm high air voids (Run 

7) 

Figure 5 .5  i s  a plot of I n Yc vs. time and Figure 5 . 6  i s  a plot of the [slope of I n Yc vs .  time] 

vs. time, both from the same data as Figure 5 .4  (note that at low InYc values the 

uncertainty in temperature measurement affects the derivative values). From Figure 5 .6  

any change in the normalised cooling rate at each stage of  the experiment can be observed 

directly. The normalised cooling rates of the block c ontaining no voids and the block  

containing fi l led voids are constant throughout the experiment within experimental 

uncertainty, but the block with air voids cooled faster near the start of the experiment and 

slowed to about the same rate as the 'fi l led voids' block towards the end. This i s  
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consistent with natural convection and radiation effects being more prominent at the start 

of the experiment when temperature differences across voids are at their highest. 
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Figure 5.5 Plot of InYe vs.  time for the same samples shown in Figure 5 .4  
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Figure 5.6 Plot of [d(lnYe)/dt] vs. time for the same samples shown in Figure 5 .4 

Table 5 . 3  shows measured times for one InYe reduction from -0.5 to - 1 .5 .  The replicate 

times for one InYe reduction from ten runs with Tylose b locks containing 50mm high 

fi l led voids cooled with no fibreboard sheets (six runs  with one block, and the other four 

with an independently constructed block) were used to estimate the experimental 

uncertainty. There was 95% certainty that any measured value was within ±5% of the 

mean . 

All  blocks with n o  voids cooled faster than blocks with voids. Most blocks with air voids 

cooled as fast or faster than the corresponding blocks with fil led voids. However for trials 

with 30mm high voids, the blocks with air voids cooled at the same rate or slower than 
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the blocks with filled voids . The fai lure of these data to  match the general trend 

suggested a possible fault in the construction of the Tylose block used for the runs with 

30mm high air voids. All the runs with thi s  block  cooled at a much slower rate than 

expected. By the time these were analysed the Tylose block had s ignificantly deteriorated 

making proper investigation into the suspected faul t  impossible, h owever the cause was 

suspected to be a l arge air pocket j ust under the top surface of the block that would slow 

the cooling rate of the block considerably. The data from runs using this b lock (5, 6, 7, 8, 
9 and 1 6  with air voids only) were therefore considered suspicious, and were not used in 

subsequent analyses. 

B locks with 50mm high 'half' voids showed no difference in cooling rate from 

corresponding blocks with normal 50mm high voids. This suggested that physical ly 

dividing the 50mm high 'half' voids gave n atural convection and radiation effects that 

were similar to those within normal 50mm high voids. Salmun ( 1 995)  states that the 

occurrence of bifurcation (multi-cellular natural convective flow within enclosures) 

increases as Ra increases. Therefore it is possible that the Ra in the normal 50mm high 

voids was large enough to allow bifurcation to occur and that this multi-cell ul ar flow was 

largely uninterrupted by the divider used in the 50mm high 'half' voids .  

Table 5 .3 Times for one InYe reduction for blocks with triangular voids of various heights 

(seconds x 1 03) 

Estimate of Void Filled voids A ir voids Filled voids Air voids 

HTC height cooled from cooled from cooled from cooled from 

(Wm·2K1) (mm) above above below below 

38 .5 0 49a 5 1  

20 50 5 3  5 3  5 4  

30 5 8  64b 58 , 58, 5 8  64, 67,  64b 

40 66 5 8  66 6 8  

50 76, 77, 77 , 77 59, 59, 6 1 , 60 74, 77  66, 69 

0 

20 66 66 66 66 

30 76 75b 70 77b 

40 77 72 8 1  7 5  

5 0  90, 87 70, 72 88 , 8 8  76, 79 
a solid block (no void space), apparently anomalous results 

Figures 5 .7  and 5 . 8  show the relative times for one InYe reduction of bloc ks wi th varying 

void size compared to a block with no voids . Solid l ines are drawn between mean values 

of relative cooling time, dashed l ines are given where data was missing or an anomalous 
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result was encountered. Data for filled voids  cooled from above and below are treated as 

one data set ( a  paired Hest indicated no difference to a confidence level  of 90%). The 

apparent natural convection and radiation effects were more pronounced in b locks with 

larger air voids and particularly i n  b locks that w ere cooled from above and with a higher 

HTC, presumably  due to the higher temperature differences that would occur around the 

air voids .  
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Figure 5.7 (Cooling time)/(SoIid block  cooling time) at higher HTC 
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5.4 Development of a New Numerical Model 

5 . 1 4  

The preliminary data collection and analysi s  i n  chapter 4 highlighted the importance of 

including the edge effects in the numerical model .  The l imit on the number of nodes and 

elements allowed within FINEL made it difficult to accurately model the entire physical 

system with edge effects inc luded. However, of the numerical modell ing frameworks 

avai lable to the author, finite e lements w as sti l l  considered to be the best so a new 

commercially avai lable finite element package was obtained and used to construct an 

improved model . A computational fluid dynamics solver called PHOENICS was also 

considered, however relevant l iterature suggested that computation times could be 

prohibitively long (Nguyen & Pham, 1 999). 

The finite e lement package used was PDEase2D version 2 .6 . 1 c  by Macsyma, Inc .  It 

requires the user to state the partial differential equations to be solved, and to define all 

appropriate properties, and the initial and boundary conditions. PDEase2D creates a two

dimensional triangular grid within the problem space to an initial l evel of refinement 

chosen by the user (eliminating the need for the user to construct the entire grid by hand). 

The problem is  then solved numerically by the Galerkin method using grid and time step 

refinement algorithms that sati sfy error l imits set by the user. The simulations can be 

stopped automatical ly or manually. The c hoice of results to present must be made before 

the simulation has been run. An exampl e  data file i s  given in Figure 5 .9  for a two

dimensional 0 .36m x 0.09m block of Tylose at a uniform initial temperature of 30°C, and 

with a third kind of boundary condition on the top surface of 1 0  Wm-2K 1 at O°C. The 

block wil l  be cooled for 400000 seconds and the temperature at coordinates (O. l6m, Om) 

wil l  be recorded in an output fil e  at every time step. 

5.4.1 Effect of varying errlim in PDEase2D 

errlim is a user-selected function i n  PDEase2D which sets the accuracy goal for automatic 

adaptive grid refinement. At each time step the root mean square error across al l the 

elements and the individual element errors are tested against the errlim value. If either 

test fai ls ,  PDEase2D subdivides all elements whose error i s  greater than errlim and 

repeats the solution phase. The ideal errlim value is one that enables fast solution but 

gives a simulation accuracy for the problem space that i s  well within the uncertainty range 

of temperature measurement for the experiments. 
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Title 

"Transient Heat Conduction in 2D" 

Select 

errlim= 1 e-3 

ngrid=::20 

Variables 

temp 

Definitions 

kx 

ky 

cp 

source= 0 

{ conductivity and h eat capacity along x and y } 

kxtyl= 0.468 + (0.001 54*temp) 

kytyl=  0.468 + (0.001 54*temp) 

cptyl= 4.065e6 

tempi= 30 Ta:=: 0 81 = 1 0  

Initial values 

temp:::: tempi 

Equations 

cp* dt(temp)+ dx(-kx*dx(temp))+ dy(-ky*dy(temp» :::; source 

Boundaries 

region 1 
cp= cptyl kx= kxtyl ky= kytyl 

start (0.32,0.09) 

natural (temp) = 0 

l ine to (0.32,0) to (0,0) to (0,0.09) 

natural (temp) ::: B1 *(temp-Ta) 

l ine to f inish 

Time 

o to 400000 

Histories 

h istory(temp) at (0 .1 6,0) dv file 

End 

Figure 5.9 Example data file from PDEase2D 

5 . 1 5  

The default errlim value of 0 .001 was used for simulation o f  a two-dimensional 260 x 

90mm Tylose b lock  at a uniform initial temperature of 30°C, perfectly insulated bottom 

and sides, and a third kind of boundary condition on the top surface with a HTC of 10  

Wm-2K1 and an  ambient temperature of  O°C. Constant thermal properties (calculated for 
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Tylose at 1 5°C) were used t o  enable the solution to b e  compared t o  the analytical 

solution . 

At an errlim of 0.00 1  the s imulation took 30  seconds to run and gave a half-cooling time 

of 5 1700 seconds. The analytical solution was 5 13 57 seconds (a percentage difference of 

0 .7%) - more error than was desirable .  The test was repeated with an errlim value of 

0.000 1 .  This simulation took 1 50 seconds to run and gave a half-cooling time of 5 1 540 

seconds (percentage difference of 0 .35 %) which was regarded as acceptable. 

The error had been reduced by 50% with the simulation taking five t imes longer to run. 

An errlim of 0 .0001 was used for all s ubsequent PDEase2D simulations .  

5.4.2 Accounting for the third dimension edge effect 

In chapter 4 ,  edge effects were shown to significantly affect the cooling times of the 

blocks. Model ling the physical system within a two-dimensional finite element program 

meant the second dimension edge effect could be accounted for explicitly, but the third 

dimension edge effect could not. Hence an approximate method to include the effect of 

the third dimension was sought. 

In chapter 2 the review of l iterature showed that prediction of chilling in which there i s  

multi-dimensional heat transfer through homogeneous obj ects was possible by using a 

model of one dimensional heat transfer and applying empilical shape factors (assuming 

the characteristic dimension and chi l l ing conditions are the same). The equivalent heat 

transfer dimensionality (E) is a commonly used shape factor (Cleland & EarIe ,  1 982), 

whereby the E value is a multiplication factor. For example, a value of 1 .20 implies that 

the cooling rate i s  20% faster than if only one dimensional heat transfer occurred. The 

0.20 factor is the influence of the second and/or third dimensions. Thus the chilling t ime 

of an homogeneous one dimensional object can be related to the chilling time of an 

homogeneous multi-dimensional object. 

t10 
tMD = -E 

where E i s  the equivalent heat transfer dimensionality factor 

tMD i s  the chilling time of a multi -dimensional object (s) 

tI D  is the chi l ling time of a one dimensional object (s) 
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An advantage of  E is that the effects of  the second and third dimensions can be  seen as 

additive, e .g .  the 1 .20 might be made up of 1 .0 from the primary dimension, 0 . 1 4  from the 

secondary, and 0.06 from the third. This example suggests the effect of the third 

dimension relative to the first was 6%, and the relativity of the second to the third i s  

0 . 1 4 :0.06. 

The concept of E was applied to the numerical model in an empirical manner to account 

for the third dimension edge effect. The approach taken was to look at the relativity of the 

second and third dimensions . The equivalent heat transfer dimensionali ty was calculated 

using the weighting function described by Lin et al. ( 1 996):  

Bi'�!3 + 1.85 
E = ----

Bi4!3 1.85 
+ 

E= Eo 

( 5 .5) 

Taking a view of only the second and third dimensions, for a rectangular two-dimensional 

object (composed of the second and third dimensions of the real shape) the definitions of 

Lin et al. were translated to: 

0.75 
E= = 0.7 5 + 

�1 2  
and 

where /31 is the ratio L21L3 
hJ L2 

Bi = ---
k 

1 
E = 1 + -o � l 

L2 i s  the half-thickness of the second dimension (m) 

L3 is the half-thickness of the third dimension (m) 

h2 is the external heat transfer coeffi cient of the second dimension (W m·2 K I) 

(5.6) 

k i s  the thermal conductivity of the material i n  the second dimension (W m· l K I) 

The complication of dealing with a non-homogeneous object i s  that calculation of the 

correct Biot number based on the second dimension is difficult because k is not constant 

over the length of the second dimension . An 'equivalent' B iot number was defined as the 

value of Bi that made an homogeneous Tylose block cool at the same rate as the non

homogeneous block subject to the real heat transfer conditi ons. This led to the necessary 

implication that a constant 'equivalent' heat transfer coefficient must act upon the 

external surface of the homogeneous Tylose block. 
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At thi s  stage it  is useful to introduce further heat conduction theory. Heat conduction 

through multi-dimensional objects can be calculated by superposition of the Ye values for 

each dimension (equation 5 .7) .  Hence at any given time the proportion of Ye for a b lock 

with edge effects to Ye for a block without edge effects can be regarded as the Ye value 

arising from the edge effects themselves (equation 5 .8) .  

Ywith edge effects = Ywithout ed!!" effects X Yedge effects 

and hence, 

Y = ----"----""--
edge ejfeets Y without edge effects 

( 5 .7) 

(5 .8 )  

Transient Y values for the one dimensional heat transfer in the first dimension only 

( Ywithout edge e[(ectl) were found using PDEase2D. Specifically a 0.26 x 0 .09m Tylose block 

with 6mm l ayers of polycarbonate on the top and bottom surfaces ,  cooled from above 

with a HTC of 25.8 Wm"2Kl (the average value of top surface HTC's  used in the 

experiments and estimated in section 5 .2 . 3 )  and a cooling medium temperature of O°C 

was simulated. 

Secondly, the transient Y values for the two dimensional object with heat transfer in the 

first and second dimensions (Ywith edge effects) were found using PDEase2D. A 0.26 x 

0 .09m Tylose block with 20mm and 40mm thick layers of  Styrodur on the left and right 

sides respectively, and 6mm thick layers of polycarbonate on the top and bottom surfaces, 

cooled from above with a HTC of 25 . 8  Wm 2Kl and a cooling medium temperature of 

O°C, and cooled from the sides with a HTC of 5 Wm"2Kl and a cooling medium 

temperature of 6°C (the mean external temperature of the sides) w as simulated. 

Using equation 5 . 8  the transient Y values for the second dimension only ( Yedge effects) were 

found. A InYedge �ffects vs. time plot was constructed. The 'equivalent' second dimension 

HTC was then found by an iterative method in which calculations by the analytical 

solution for a homogeneous O.26m thick Tylose slab undergoing one dimensional cooling 

at a cooling medium temperature of 6°C were carried out.  Different HTC's  were tried 

until the slope of a InYe vs. time p lot matched the slope of the In Yedge effects vs. time plot. 

This ' equivalent' second dimension HTC then yielded an 'equivalent' Biot number for the 

second dimension of 0. 1 6. Using equation 5 .5 the equivalent heat transfer effect of the 
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third dimension was then estimated to  be  equivalent to  0.72 (72%) of  the heat transfer 

through the second dimension. 

The next requirement was to account for the 72% equivalent e xtra edge effects in  a two

dimensional finite element calculation. The rationale selected was that if  the second 

dimension edge effects were increased by about 72% there would be approximately the 

right effect added to the two dimen sional model . An edge effects were through the 

Styrodur foam insulation so it was decided to increase i ts effective thermal conductivity 

by 72% in further calculations .  

A possible problem with thi s  approach was that i t  would alter heat transfer occurring in  

locations other than where the edge effects are important. However, since the Styrodur 

insulation made up more than 8 5 %  of the resistance to heat transfer in the second 

dimension, it seemed probable that most of the third dimension edge effect could be 

approximately accounted for by multiplying the thermal conductivity of the Styrodur 

insulation by the factor of 1 .72  to give a new value of 0 .0534 W m·l Kl. This approach 

was considered to be better than i gnoring third dimension edge effects altogether. 

5.4.3 Re-estimating the surface heat transfer coefficients 

In section 5 .2 .3  the surface heat transfer coefficients were estimated by a heat balance and 

sum of resistances method. These estimates were regarded as only approximate for 

reasons already stated. A new method was applied to more accurately estimate the 

surface heat transfer coefficients. An inverse method, first proposed by Bonacina & 
Comini ( 1 972),  was selected. This involved conducting several numerical simulations 

with varying surface heat transfer coefficients and comparing simulated to measured 

centre temperature-time profi les, seeking the HTe value that minimised the lack of fit. 

This inverse method could now include compensation for edge effects and for the thermal 

capacity of the polycarbonate layer. It also allowed the estimation process to be carried 

out over the course of the whole experiment, accounting for any temporal variat ion .  

Further, the use of  centre temperatures forced positional variations in  surface heat transfer 

coefficient to be averaged. This method was considered more accurate than the initial 

approach.  

PDEase2D simulations were c arried out for a 260mm x 9 1mm thick block of Tylose with 

the left and right sides insulated by a 20mm and 40mm l ayer of Styrodur respectively (but 

the thermal conductivity of the Styrodur was multiplied by a factor of 1 .72 to account for 

the third dimension edge effect). A 6mm sheet of polycarbonate w as modelled as being 
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i n  place on the top and bottom surfaces thereby matching the box construction . The right 

side c onvective heat transfer coefficient was set to 5 Wm 2KI as in chapter 4, and the top 

surface heat transfer coefficient to the oil bag was varied. 

The predicted data were compared to four sets of measured data for blocks with no voids 

(duplicate sets at high and Iow surface lITe' s) .  The sum of the squared differences 

between the measured and predicted InYc values at eighteen evenly spaced time i ntervals 

over the course of the experiment were minimised to find the estimate of surface heat 

transfer coefficient. The low and high heat transfer coefficients were estimated to be 

( 1 1 .2 and 1 4.2) and (26 .2 and 3 3 .0 )  Wm"2Kl respectively. 

Although the values for each lITC appear quite different, the measured temperature 

profiles for these runs actually  matched each other c losely meaning the temperature-time 

predictions were not particularly sensitive to uncertainty in the external HTC' s. The mean 

l ow and high heat transfer coefficients were calculated to be 1 2.7  and 29.6 Wm 2Kl . 

The v al idity of these mean val ues was checked by re-simulat ion of the measured data 

using the mean HTC .  The percentage difference in times for one InYc reduction are given 

in Table 5 .4 .  Al l  four simulations showed good agreement (within to.SoC at all times) 

between measured and predicted temperatures .  The mean HTC estimates were used in all 
subsequent predictions of the b locks c ontaining triangular voids. 

Table 5.4 Percentage difference between measured and predicted times for one InYc 

reduction for runs with no voids 

Run No. Surface Heat Transfer % Difference 

Coefficient (W/m2K) 
1 1 2 . 7  -4 .6 

3 1 2 .7  - 1 .2 

2 29.6 +4. 2  

4 29.6 + 1 .7 

The approximate values of Bi from the new estimates of high and low lITC were 5 .4 and 

2 . 3  respectively (assuming a 90mm thick infinite slab of Tylose cooled from one surface 

only using the appropriate heat transfer coeffic ient value) . 
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5.5 Prediction of Cooling Rates for Packages Containing Triangular 

Filled Voids 

Twenty-eight simulations were carried out using PDEase2D, and the simulation 

c onditions and system input data from sections 5 .2 and 5 .4 .  Exact measurements for each 

box and void size were used i n  each run, not the nominal sizes. An example of the grid 

created by PDEase2D is given i n  Figure 5 . 1 0. The b lack  l ines represent x and y 
coordinates, the blue lines are material boundaries, the green lines are element boundaries 

(nodes occur at  al l element vertices) and the red l ines indicate where further refinement of 

the grid i s  occurring (note the finer mesh near the edges of the top and right-hand surfaces 

where temperature changes are occurring much faster than the rest of the sample). The 

temperature vs. time profi les at position A and position B were collected because these 

positions corresponded to two thermocouple positions used in the experiments. Measured 

and predicted data were compared at position A where possible, however in runs with 

samples containing 20mm high voids data were compared at position B due to a defective 

thermocouple at position A. 

TypicaJ measured and predicted I n Yc vs. time plots for samples with each different voi d  

size and with high and low heat transfer coefficients are shown in  Figures 5 . 1 1 -5 . 1 8 .  

Table 5 . S  gives a summary o f  the measured and predicted times for one InYe reduction . 

The mean absolute percentage difference is  4.7% with a standard deviation of 4.4%. Thi s  

i ndicates good agreement within the expected experimental error. However, the plot of 

percentage difference vs. void size (Figure 5 . 1 9) shows a trend in the difference between 

measured and predicted data as void size increases. There were several reasons why thi s  

was l ikely to happen. Firstly ,  any errors i n  the estimated boundary edge heat transfer 

would have more effect on b locks that take longer to coo l .  The measured data showed 

that increasing void height l engthened cooling time, making errors arising from the 

approximations in representation of boundary edge heat transfer effects more significant. 

Thi s hypothesis was supported by the fact that the percentage difference between 

measured and predicted times for SOmm high voids was consistently larger at Iow heat 

transfer coefficients (where the sample took longer to cool) .  Secondly ,  as void height 

increased the proportion of top surface area made up by Tylose decreased sign ificantly 

and any error in the measurement of this surface area (whic h  was an input variable to the 

simulations) would severely affect the predicted time in a systematic fashion.  
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Figure 5.10 Example of the grid created by PDEase2D 
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Figures 5. 1 1 -5.18 Plots of InYc vs. time for measured and predicted data from blocks 

with fi l led voids (measured = blue, predicted = pink): 
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Figure 5 . 1 1 - 20mm voids, high HTC (Run 2) Figure 5 . 1 2 - 20mm voids, low HTC (Run 1 )  
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Figure 5 . 1 3  - 30mm voids, high HTC (Run 9) Figure 5 . 1 4 - 30mm voids, low HTC (Run 6) 
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Figure 5 . 1 5  - 40mm voids, high HTC (Run 15) Figure 5 . 1 6  - 40mm voids, low HTC (Run 1 1 ) 
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Figure 5 . 1 7  - 50mm voids, high HTC (Run 5 )  Figure 5 . 1 8  - 50mm voids, low HTC (Run 6) 
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Table 5 .5  Measured and Qredicted times of one InYc reduction for blocks with triangular 

fil led voids 

Run No. Void Height HTC Measured time Predicted time % difference 

(mm) (x 103 seconds) (x 103 seconds) 

2 20 High 50.4 5 3 .7 6 .5 

4 20 High 54.4 5 3 .4 - 1 . 8  

1 20 Low 66. 1 67. 5  2. 1 

3 20 Low 65. 7  68.2 3 .8  

5 30 High 5 8 . 4  5 7 . 9  -0.9 

7 30 High 58.3 57.7 - 1 .0 

9 30 High 57.5 57 .7 0 .3  

1 6  3 0  High 5 8 . 3  57.4 - 1 .5 

6 30 Low 75 . 8  7 2 . 5  -4.4 

8 30 Low 69.7 72.3 3.7 

1 5  40 High 66.2 67.8 2.4 

16 40 High 66.2 67 1 .2 

1 1  40 Low 80.9 82.3 1 .7 

1 2  40 Low 77.4 82.4 6.5 

5 50 High 77. 1  8 1 .5 5 .7  

7 50 High 75.9 82.9 9 .2  

9 50 High 77.3 82.9 7 .2 

1 0  50 High 77.4 82.6 6.7 

1 0  50 High 74 79.5 7 .4 

1 3  5 0  High 74.8 79 .5  6 .3  

1 3  5 0  High 75 . 5  82.6 9.4 

1 5  50 High 77 80. 1 4.0 

6 50 Low 88.2 9 8 . 2  1 1 . 3  

8 50 Low 90.2 98 8 .6  

1 1  50 Low 87.3  94.4 8. 1 

1 2  50 Low 88 .2  94.5 7. 1 

1 4  50 Low 85.4 97. 1 1 3 . 7  

1 4  50 Low 86.8 94.2 8 .5  
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Figure 5.19 Plot of percentage difference between measured and predicted times vs. 

void height 

5.6 Prediction of Cooling Rates for Packages Containing Triangular 

Air Voids 

The finite element model was used to predict the cooling rates of Tylose blocks 

containing triangular voids fil led with air but assuming the air was sti l l .  In the 

simulations, the thermal c onductivity and specific heat capacity of the void was changed 

to that of still air (the properties of sti l l  air are given in Table 5 .6), and radiation heat 

transfer between the wal l s  of the void was not included in the model. Twenty-eight runs 

were carried out using PDEase2D with the system input data that were estimated in  

sections 5 .2  and 5 .4 .  Changing the voids from the thermal properties of Styrodur to those 

of still air made little change in the predicted cooling rate of the blocks. The largest 

difference in predicted times for one InYc reduction between blocks with Styrodur-fil led 

voids and blocks with sti l l  air voids was -3 . 5  % (Figure 5 .20 is a I nYc vs. time plot for 

these two data sets). The initial purpose of fil ling the voids with Styrodur was to simulate 

an enclosure containing sti l l  air with no radiative heat transfer. The fact that l ittle 

difference was predicted between these two treatments means that the methodology now 

allowed the effect of natural convection and radiation to be quantifi ed. The predicted 

times for one InYc reduction of blocks containing triangular stil l  air voids are not 
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presented here as results were close to the same as those predicted for blocks containing 

triangular fi lled voids (to within an uncertainty of -3 . 5  %), already given in Table 5 .5 .  

Table 5 .6  Thermal and physical properties of air (from Perry & Green, 1 984) 

T P c k x J.l. v x  a x  

(K) (kg m-3) CJ kg"1 K'l) (W m,l Kl) eu Pa s) (m2 so l ) (m2 S' I) 
250 1 .4 1 3 3  1 005.4 2.2269 1 5.99 1 1 . 1 3 1 5 1 ,5 672 

260 1 .3587 1 005.4 2.3080 1 6.503 1 .2 1 46 1 .6896 

280 1 .26 1 4  1 005.7 2.467 1 1 7.503 1 .3 876 1 .9448 

300 1 . 1 76 9  1 006.3 2.6240 1 8 .464 1 .5689 2 .2 1 56 

320 1 . 1032 1 007.3  2 .7785 1 9 . 39 1 1 .7577 2.5003 

Or-�-----------+--------------+--------------+------------� 
50 100 1 50 

,0 5 

Still-Air Voids 
-1  // 

" � ·1 .5 
-= Filled Voids 

-2 

·2.5 

Time (1000's of seconds) 

Figure 5.20 Compari son of predicted InYe vs .  time plots for a Tylose block containing 

fil led voids and stil l-air voids (HTC = 1 2. 7  W m'2 KI) 

Most of the predicted times for one InYe reduction in blocks containing sti l l  air and 

excluding radiation heat transfer were significantly greater than the measured values. 

This was expected, and the difference could now be attributed to the combined effects of 

natural convection and radiation as all other heat transfer effects had been accounted for. 
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5.7 Estimating the Effective Thermal Conductivity of Triangular Air 

Voids 

Having demonstrated that the greater rate of heat transfer would be attributed to natural 

convection and radiation, the combined effect could be quantified as an 'effective' 

thermal conductivity for the void. This was the thermal conductivity that immobil ised air 

in the void would have to have if the cooling rate of the block was to be the same as the 

experimental values. The effective thermal conductivity would be an indicator of the 

extent of radiation and natural convection effects. The thermal conductivity of the air 

within the voids  w as altered on a trial and error basis until the predicted and measured 

data matched. 

The effective thermal conductivity of the triangular air voids was to be evaluated for 

various void sizes exhibiting a range of temperature differences across the voids . It was 

known that the walls of different void enclosures cooled at different rates , which gave 

different wall temperature distributions at different time ranges over the course of the 

trial s  and by inference effective thermal conductivity would vary with time. Thus the 

mean effective thermal conductivities were evaluated over six different time ranges which 

approximately  corresponded to five equal step changes in the mean Tylose void wal l 

temperature. The time ranges used were: 0- 1 8000 seconds, 1 8000-43200 seconds, 43200-

72000 seconds, 72000- 1 29600 seconds and 1 29600- 1 80000 seconds. 

The mean effective thermal conductivity of different  sized air voids for each time range 

was obtained by multiplying the thermal c onductivity of sti l l  air by a factor that was 

equivalent to the Nusselt number, Nu (given by equation 5 .9). 

where ke1f i s  the effective thermal conductivi ty of the air within the void (W m- I Kl
) 

kair i s  the thermal conductivity of sti l l  air (W m- I Kt) 

(5 .9) 

Iterative estimations usmg the same PDEase2D data fi les as in section 5.6 were 

performed. For each time range above, the value of Nu (to one significant figure) that 

gave the lowest sum of squared differences between measured and predicted centre 

temperature at ten evenly spaced time intervals was found. Table 5 . 7  shows the Nu values 

found for triangul ar air voids. Given the substantial amount of computation required to 
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refine the estimates, these are reported to the nearest whole number. The Nu values for 

20mm high voids are not shown in  Table 5 .7 because there was no difference between the 

measured cooling rates for blocks with fil led voids and blocks with air voids. All runs 

with 30mm high air voids were discarded from the analysis as they were considered 

suspicious in section 5 .3 ,  and the measured cooling rates of blocks with air voids were 

much lower than for blocks with fil led voids.  

The Nu value was expected to be l arger toward the beginning of the trials (because of the 

high temperature differences across the void) and to decrease as the Tylose block  cooled. 

Also larger Nu values were expected at larger void sizes, for voids cooled from above and 

for voids cooled with a high heat transfer c oefficient. 

Table 5 .7 Nu values for triangular air voids estimated by matching the measured and 

predicted data 

Run Void HTC => 18000s => 43200s => 72000s => 1 29600s => 180000s 

No. Type 

1 6  40 a high 1 1  6 5 4 2 

1 5  40 b high 3 2 2 2 2 

7 50  a high 1 2  6 7 6 3 

5 50 b high 4 4 4 4 2 

1 2  40 a low 1 1  7 5 4 2 

1 1  40 b low 6 4 4 3 2 

8 50  a low 1 1  7 7 7 3 

6 50 b l ow 6 5 5 5 2 

where 'void type' refers to the height of the void in mm, and whether the block  is  cooled 

from above (a) or below (b) e.g. 40a is a block with 40mm high voids, cooled from above. 

Prediction of Chilling Rates for Food Product Packages 



Chapter 5 - Improved Data Collection and Model Development/or Triangular Voids 5 .29 

5.8 Finding a Relationship Between Ra and Nu for Triangular Air 

Voids 

The mean void wal l  temperatures during each time range were estimated from the 

difference in thermocouple readings at the centre of the cold wall and at the vertex 

between the two hot wal l s  of the enclosure (shown in Figure 5 .2 1 ). These mean wall 

temperatures were then used as estimates of the mean air temperature in the void using 

equation 5 . 1 0, for each void type and during each time range. The mean void air 

temperature (Tmv) in  each time range was then used to estimate the volumetric expansion 

coefficient (/3) using equation 5 . 1 1 , and to l inearly interpolate values of kinematic 

viscosity (v) and thermal diffusivity (a) from Table 5 .6 (Perry & Green, 1 984). 

� + Tz T = --'----=-
mv 2 

where Tmv i s  the estimated mean air temperature in the void (OC) 

Tl is the mean hot wal l temperature o ver a given time range (OC) 

T2 i s  the mean cold wall temperature over a given time range (OC) 

where � i s  the volumetric expansion coefficient (K') 

Position 1 Position 2 Position 1 Position 2 

a) Cooled fro m  above b) Cooled from below 

(5 . 10) 

(5 . 1 1 ) 

Figure 5.21 Diagram of transverse void positions for triangular voids cooled from above 

and below 
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The mean Rayleigh number (Ra) for each void type during each time range could then be 

estimated using equation 5 . 1 2  or 5 . 1 3 .  

R a  == Gr x Pr = �g(TI - TZ )x3 
v a  

where x i s  the characteristic dimension of the enclosure (m) 

v i s  the kinematic viscosity (m2 S·
l
) 

a. i s  the thermal diffusivity (m2 S· I ) 

(5 . 1 2) 

The thermal property values from Table 5 .6  were substituted into equation 5 . 1 2  and a 

regression analysis was carried out, which yielded an R2 value of 0 .999. For air voids 

w here the mean air temperature i s  between - 13°C and 47°C : 

(5 . 1 3 )  

Ostrach ( 1988)  describes the two basic forms of internal natural convection that are 

generated by buoyancy - conventional and unstable convection (previously discussed in 

section 2 .3  of the l iterature review). The density gradients of air within voids that w ere 

cooled from below were expected to be parallel to but in the same direction as gravi ty, 

and thus conventional or unstable natural convection were unlikely to occur. Therefore, 

heat transfer in the voids cooled from below occurred through conduction and radiation . 

When radiation is  expressed as pseudo-convection the heat transfer coefficient that 

represents i ts effect is included in Nu. This  heat transfer coefficient is dependent on the 

absolute temperature of the void wal ls  rather than on the temperature difference between 

the void wal ls .  At the beginning of the cooling period all the void wal l s  are hot, and they 

progressively cool over the c ourse of the process. However, the maximum possible 

change in  temperature was about 30K at an absolute temperature of about 300K, which 

would give a maximum change in the pseudo-convection heat transfer coefficient of about 

25% .  Thus, a weak relationship would be expected. Ideally,  the relationship fitted to the 

experimental data would be between Nu and mean temperature in the void, but given the 

varying void wal l  temperatures it is not clear how the appropriate mean temperature 

should be determined. It was noted that the temperature difference across the void and the 

mean temperature in the void are related - high temperature differences occur only early  
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I n  the cooling process when the mean void temperature will  b e  higher, and lower 

temperature differences occ ur when the mean temperature is lower. Hence, indexing Nu 

to temperature difference (part of Ra) rather than mean temperature might still lead to an 

adequate fit ,  especially when the considerable experimental uncertainty in the data of 

Table 5 .7 are considered i n  relation to the small change in  the pseudo-convection h eat 

transfer coefficient. Although i t  had a lower physical basis ,  an approach relating Nu to Ra 

rather than mean void temperature was adopted so that the Nu vs. Ra relationships could 

be applied for voids cooled from above and below. 

The mean Ra was plotted against the correspondin g  mean estimated Nu for each t ime 

range for voids that were cooled from below (Figure 5 .22). The weak relationship that 

was expected between Ra and Nu was observed. This relationship could be modelled 

using any of several functional forms but the uncertainty in Nu j ustified only the use of 

l inear regression for this case. The linear regression equation that gave the best fit to the 

measured data (shown as a solid black line in Figure 5 .22) was: 

Nu = 1 . 1 2 x l O-5 Ra + 2 .3 1 (5. 1 4) 

1 2  

1 0 

8 

:::! 6 • • <: 

4 

2 •• .. .  • • 

0�--------4---------�---------+--------�----------r-------� 
o 0 0 0 0 a g 0 0 0 0 0 0 0 0 0 ;:: � 0 10 N N 

Ra 

Figure 5.22 Plot of Ra vs.  Nu for triangular voids cooled from below 

(conduction and radiation only) 

0 0 0 0 0 '" 

The t-statistics on the constant and on the coefficient of the Ra term were 4.52 and 2.85 

respectively (with corresponding P-values of 0.00026 and 0.0 1 1 ), which suggested that 

Prediction of Chilling Rates for Food Product Packages 



Chapter 5 - Improved Data Collection and Model Developmentfor Triangular Voids 5 .32  

both terms in equation 5 . 1 4  were significant. Equation 5 . 1 4  wi l l  be used in future models 

to account for heat transfer due to radiation in triangular-shaped air voids cooled from 

below. 

The mean Ra was plotted against the corresponding mean estimated Nu for each time 

range for voids that were cooled from above (Figure 5.23) .  The air within voids cooled 

from above was expected to undergo natural convection. Natural convection theory 

(Hollands et al. ,  1 975) suggests a relationship between Nu and Ra given by: 

Nu = aRan + b  

where a i s  the effect of natural convection 

b is the effect of conduction and radiation 

n i s  a variable 

(5. 1 5 )  

The effect o f  conduction and radiation i n  triangular voids had already been estimated i n  

equation 5 . 14 .  Thus substitutin g  equation 5 . 1 4  as b i n  equation 5 . 1 5  gave: 

Nu = aRan + 1 . 1 2 x lO-5 Ra + 2 .3 1 (5 . 16) 

A regression equation was then estimated by varying the values of a and n from equation 

5 . 1 6  until the sum of squares difference from the measured data was minimised. The 

best-fit regression equation (shown as a solid black l ine in Figure 5 .23)  was: 

Nu = 6.30 x lO-4 Rao 75 + 1 . 1 2 x l O -5 Ra + 2.3 1 [R2 = 0.42] (5 . 17) 

Arpaci ( 1 986) showed that for horizontal flat plates the exponent on the Ra term in  

equation 5 . 1 7  would be expected to  be close to  but less than 1/3 . Other data for triangular 

enclosure shapes, either non-right-angled isosceles triangular voids heated or cooled from 

below with a hypotenuse-down orientation (del Campo et al. , 1 98 8 )  or right-angled non

i sosceles triangular voids heated from above with an opposite- or adjacent-down 

orientation (Akinsete & Coleman,  1982), showed that the exponent for a Ra vs. Nu 
c orrel ation for natural convection may also be expected to be c lose to 1/3 (for voids heated 

from below) or significantly lower than 1/3 (for voids cooled from below). In order to test 

whether an n value of 1 /3 was statistical ly justifiable, n was set to 1/3 and the best-fit 

equation was determined by changing the value of a in equation 5 . 16. The resulting 

regression equation (shown as a dotted black l ine in Figure 5 .23 )  was :  
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Nu = 7.6 1 x lO-2 Ra I / 3  + 1 . 12 x lO -5 Ra + 2 .3 1 [R2 
= 0 .30] (5 . 1 8) 

B y  eye, regression equation 5 . 1 8  does not fit the measured data as well as equation 5 . 1 7  

and the sum o f  squares difference from the measured data i s  worse. Therefore, equation 

5 . 1 7  wil l  be used in future models to account for heat transfer due to natural convection 

and radiation in triangular shaped air voids cooled from above . 

1 0  

8 

4 • •  

2 • •  

• • 

• 

• • 

. .. .  • 

• 

• • equation 5 . 1 7  

" " " " " " " "
'equatlon 5 1 8 

. '  . 

• • • 

• 

O+---------�--------�----------+----------+----------r_------� 
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Ra 

0 0 0 0 0 0 0 0 0 U) '" '" 

Figure 5.23 Plot of Ra vs. Nu for triangular voids cooled from above 

(conduction, radiation and natural convection) 

0 0 0 0 0 '" 

As already discussed, the exponent on the Ra term in equation 5 . 1 7  was much higher than 

theoretical expectations. Thus it was recognised that the correlation for triangular air 

voids developed in this work may not be applicable to other general situations for three 

main reasons. Firstly, a mean value of Nu was used to account for conduction and 

radiation in a collective manner. Secondly, the non-traditional manner in which Ra was 

calculated was expected to have a significant effect. The value of Ra for a triangular void 

is conventional ly calculated using the temperature difference between the hot and cold 

walls,  where each wall i s  i sothermal . However, in this work the void wall s  were not 

i sothermal . An assumption was made to calculate effective values of Ra using the 

transverse void temperature differences .  Therefore the values of Ra do not reflect the 

conventional Ra values found in the literature. Thirdly, the mean values of both Ra and 
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Nu were estimated over fairly long time ranges, which reduced the accuracy of each 

individual data point on Figures 5 .22 and 5 .23. These departures from convention l imi t  

the use o f  the correlation t o  predicting radiation and natural convection heat transfer 

within right-angled isosceles triangular shaped air voids that exist within food product 

packages.  The correlation should not be used in other applications,  nor i s  it recommended 

to be used outside the Ra range in which the empiric al data was collected (i .e. do not use 

for Ra values greater than about 2x 105). 
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6. DEVELOPMENT AND TESTING OF A MODEL FOR 

PREDICTING HEAT TRANSFER DURING CHILLING OF 

PACKAGES CONTAINING HORIZONTAL RECTANGULAR 

VOIDS 

6.1 Introduction 

The simplified physical model, developed in chapter 3 ,  was a two-dimensional 

rectangular food product package that may or may not have contained ri ght-angle 

isosceles triangular shaped voids, or horizontal rectangular headspace voids, or some 

combination of these two shapes of void. Triangular voids have been investigated in 

chapters 4 and 5. Chapter 6 examines the effect that horizontal rectangular headspace 

voids have on the chilling rates of food product packages .  

Edwards & Catton ( 1 969) showed that for horizontal rectangular enclosures with height

to-width ratios less than 0.2,  the lateral walls  (whether insulated or conducting) h ave l ittle 

influence on the natural convection within the enclosure. Such enclosures can be 

considered to have natural convection characteristics identical to that of an infinite 

horizontal layer of air. The smallest lateral dimension in a meat carton is 3 60mm, 

therefore a horizontal rectangular void would have to be 72mm high in order for the 

lateral walls to influence the amount of natural convection. It i s  highly unlikely that a 

horizontal rectangular void of this height would be found in a meat carton, thus the 

horizontal rectangular voids in  this model were considered to behave i n  the same w ay as a 

horizontal layer of air. 

Due to the large amount of published empirical data (e.g. Mull & Reiher ( 1 930), 

Goldstein & Chu ( 1 969), Hollands et al. ( 1 975» that has been collected to quantify the 

extent of steady state natural convection that occurs in horizontal layers of air, i t  was 

considered unnecessary to collect further data to aid empirical natural convection model 

development for voids of rectangular shape. Instead, an unsteady state fin ite element 

conduction model was adapted by using a published steady state empirical correlation to 

account for the natural convection within the horizontal rectangular enclosures .  The 

correlation given by Hollands et al. ( 1 975) for horizontal air layers cooled from above 

was chosen over others found in the l iterature because it covered the largest range of Ra 

and was the most accurate when compared with the measured data collected by Mull & 
Reiher ( 1 930), Goldstein & Chu ( 1 969), and Hollands et al. ( 1 975). The correlation was :  

Prediction of Chilling Rates for Food Product Packages 



Chapter 6 - A Modelfor Packages Containing Horizontal Rectangular Voids 

[ 1 708 ]' [( R ) 1/3 ]. 
Nu :::: 1 + 1.44 1 -

Ra 
+ 

5 8;0 
- 1 

6.2 

(6. 1 )  

where a bracket [ r indicates that if the argument inside the bracket was negative, the 

quantity was to be taken as zero. 

The modell ing approach taken assumed a pseudo-steady state natural convection flow 

within the voids at each time step of the finite element method, i .e .  the extent of natural 

convection was considered constant over the period of the time step, but re-evaluated at 

the start of each step. An effective thermal conductivity that gave the same total heat 

transfer resistance across the void, assuming only conduction occurred, was estimated. 

Thus the void could be modelled as having only  conduction heat transfer across it. Wee 

& Pham ( 1 990), in order to reduce computation effort in their numerical model of 

freezing a meat carton that contained a horizontal rectangular headspace void, also made 

this type of pseudo-steady state assumption . They decided that re-calculation of the entire 

flow field within a given time step was only necessary if a significant change occurred i n  

the heat transfer coefficient between steps. Otherwise a quasi-steady state situation was 

assumed within the void until the next time step. 

The effect of radiation heat transfer between the wal ls  of the void was not included in the 

empirical correlations of HoIlands et al. ( 1 975) .  However the experiences reported in  

chapter 5 suggested that i t  was l ikely to  be an i mportant mode of heat transfer in the 

horizontal rectangular voids found within meat c artons. Thus the numerical model 

needed to explicitly account for it .  

The numerical model incorporating these features was tested against measured data. 

6.2 Selection and Development of Numerical Method 

Making changes to PDEase2D (the program used i n  chapter 5) was not easily  achievable 

because it was a commercial package, and the source code and calculation routines were 

inaccessible to the user. However FINEL, the finite element program used in chapter 4,  

did not have this  problem. The source code was avai lable and changes could be made. 

The altered version of FINEL is called FINELX hereafter. 
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6.2.1 Increasing the Capacity of FINELX 

6.3 

FINEL was an MS-DOS based program. The restricted memory avai lable in MS-DOS 

l imited the number of elements and nodes avail able in FINEL to 600 and 400 

respectively. In order to increase the array sizes to better match those avai lable in 

PDEase2D, FINELX was converted to C++ using Bell  Labs' "f2c" conversion program, 

and ported to a Windows 95 32-bit system. This allowed much larger array sizes, as the 

number of elements and nodes were only (practically) limited by the increase in 

simulation time that large arrays would bring. The array sizes were therefore increased by 

a factor of ten, allowing 6000 elements and 4000 nodes. 

6.2.2 Including Natural Convection in Air Voids based upon the Rayleigh Number 

FINEL all owed simulation of heat conduction through objects that contained up to five 

different material types. The thermal properties of these materials could be dependent 

upon temperature, and they were calculated for each element at every time step. In 

FINELX the possible number of materials was increased to 20, where material numbers 

one to five were reserved for normal conducting solids, numbers six to fifteen represented 

properties for i sosceles triangular air voids, and sixteen to twenty represented properties 

for horizontal rectangular air voids . 

If the material number was less than or equal to five then FINELX treated the normal 

conducting solid material as FINEL would, where the properties depended upon the 

material type and the temperature of the nodes at the element vertices. However if  the 

material number was greater than five the thermal properties of the void were calculated 

as a whole rather than for each element. The user was required to provide FINELX with 

the identities of the two nodes that best represented the two transverse points in the void. 

For a rectangular void these were the nodes where the largest temperature difference 

across the void occurred when assessed perpendicular to the product surface at the centre 

of the object. The positions and temperatures of the two selected nodes were then used to 

calculate the characteristic dimension,  transverse void temperature difference, and mean 

void temperature at each time step. Since FINELX only dealt with voids that contained 

air, the mean void temperature (Tmv) and the transverse void temperature difference at 

each time step were all that were required to calculate the Rayleigh number (Ra) of the 

void (using equations 5 . 1 0  to 5 . 1 2) .  The Nusselt number (Nu) for a rectangular void was 

found by using equation 6 . 1 .  

Prediction of Chilling Rates for Food Product Packages 



Chapter 6 - A Model for Packages Containing Horizontal Rectangular Voids 6.4 

To ensure that the value of Ra was never zero (causing equation 6 . 1 to become undefi ned) 

FINELX never allowed the transverse void temperature difference to be less than 0.0 1 °C. 

For typical air void sizes this temperature difference was small enough to ensure that a 

negligible amount of heat transfer due to natural convection was predicted in  that case. 

The effective thermal conductivity of the air, representing the effects of natural 

convection, was then calculated by equation 6 .2 .  Since the effective thermal conductivity 

was treated as constant over a whole void, the thermal conductivity of all elements within 

a void was the same. 

knot ronv = Nu X koir (6.2) 

where knat conv is the thermal conductivity of air i ncluding natural convection (Wm- 1 K1 ) 

kair i s  the thermal conductivity of sti l l  air (Wm-1K 1 ) 

6.2.3 Including Radiation Heat Transfer in Rectangular Voids 

FINE LX did not allow boundaries internal to the object. Therefore, radiation heat transfer 

internal to the object was modelled by defining an equivalent heat conduction process that 

transferred heat at the same rate. Foust et al. ( 1 960) state the equation for the net rate of 

radiative heat flow from a surface (equation 6 .3 )  where the surface was assumed to be a 

grey body and isothermal . 

where (f/Jr) net i s  the net rate of radiant-energy transfer from a surface (W) 

E i s  the emissivity of the surface 

ais  the Stefan-Boltzmann constant (5 .67 x 1 0-8 W m-2 K4) 

Al i s  the area of the surface (m2) 

TJ i s  the temperature of surface (K) 
T2 is the temperature of the surrounding surfaces (K) 

(6.3) 

Equation 6.3 holds true if n one of the emitted radiation returns to the surface and if the 

surrounding surfaces are all at the same temperature (T2) .  However thi s  i s  not always the 

case so view factors, relating the net fraction of radiant energy intercepted by each 

surrounding surface to the total radiant energy emitted by the surface, are often used 

instead of a surface emissivity value. 
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For reasons of simplicity, radiation heat transfer within a rectangul ar void was assumed to 

occur only between the top and bottom surfaces (i . e. radiation heat transfer to the sides 

and ends of the void was i gnored). For the case of two parallel p lates with large surface 

areas compared to the c learance between them, Perry & Green ( 1 997) state the equation to 

estimate the view factor: 

where F J�2 i s  the view factor between surfaces 1 and 2 

Cl i s  the emissivity of surface 1 

C2 i s  the emissivity of surface 2 

The net rate of radiant-energy transfer between surfaces 1 and 2 i s  now given by: 

(6.4) 

(6 .5) 

S ince the user had already specified the transverse void  nodes within the FlNELX data 

fi l e  (to account for natural convection effects) the values of TI and T2 could be recalled by 

the program. In order to model the radiation heat transfer as  pseudo-conduction ( in  the 

same way as natural convection), the expression for steady state heat transfer by 

conduction through an infi nite slab of thickness x was used: 

(6.6) 

where krad is the effective air thermal conductivity to include radiation (W m-I KI ) 

Equations 6 .5  and 6.6 were solved for krad giving: 

(6 .7) 

Hence, the overall effective thermal conductivity of air (koverau) that accounted for natural 

convection and radiation effects within a rectangular void was: 
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k = k + k overall rad rl(I! conv 

koverall was applied to all e lements with a material number between 1 6  and 20. 

6.2.4 Constructing Spatial Grids for FINE LX 

6.6 

(6 .8)  

Manual grid construction for FINEL was described i n  c hapter 4 .  This experience showed 

that for the required fineness of spatial grids, and the large number of elements and nodes 

necessary to accurately model voids with in  packages, manual grid construction was an 

uneconomical use of time. Instead, an i ndependently developed piece of software was 

used to construct all further grids. This program was called B AMG (Bi-dimensional 

Anisotropic Mesh Generator) version 0.58 .  It was developed by Frederic Hocht, INRIA, 

France in October 1998  and was free to down load from the Internet. This software 

created a triangular mesh within an outline geometry specified by the user. The user 

could vary the fineness of the mesh around the vertices of the object, and could also 

specify the identity number of any sub-region within the object. The mesh size control 

feature was used to allow finer meshing in areas where temperature change was l ikely to 

be more rapid, and the sub-region definition feature was used to identify the different 

material types within the object. 

The fully meshed output fi les from B AMG were in  a similar format to the node and 

element arrays within the input data files used by FINELX. After only minor format 

adjustments, the input data files for FINELX could be completed by the addition of 

thermal property data, i nitial and boundary conditions ,  and time step information.  

6.2.5 Testing the Natural Convection and Radiation Calculations within FINELX 

In order to test whether FINELX was plausibly accounting for natural convection and 

radiation within rectangular voids two qualitative tests were carried out. 

The first test compared the temperature-time predictions of two FINELX data fi les - file 
A,  a 260mm x 90mm block of Tylose with a 30mm high rectangular headspace air void 

and a 6mm thick top layer of polycarbonate initial ly  at 30°C, cooled from the top only, 

with a surface heat transfer coefficient of 30 W m-2 KI at an ambient temperature of O°C.  

Natural convection within the void was allowed but the view factor was set to a value of 

zero to prevent radiation heat transfer. File B was identical to file A except that the 

headspace void was considered to be fi l led with a solid that had the same thermal 
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properties as sti l l  air, i .e .  no natural convection was accounted for in file B. The times for 

one InYc reduction for the two treatments are given in Table 6 . 1 .  The difference in 

cooling time was due to the presence of natural convection. 

The second test also compared the temperature-time predictions of two FINELX data files 

- file B (as above) ,  and file C (identical to file B except the view factor of the void was set 

to a value of one instead of zero) .  The times for one InYe reduction for the two treatments 

are also given in Table 6 . 1 .  The difference in cooling time between these two simulations 

was that arising from radiation. 

In order to achieve a satisfactory ongoing energy balance during simulations using the test 

files given above, i .e .  a discrepancy of less than 1 % over the course of the 200000 second 

simulation ,  a time step of 10 seconds was required. This time step size was used in all 

further simulations using FINELX, and all results presented by the author in this work 

were confirmed to have achieved a satisfactory energy balance. 

Table 6 . 1  Comparison of predicted times for one InYc reduction of blocks containing 

rectangular voids with and without natural convection and radiation heat 

transfer ex 1 03 seconds) 

Treatment 

File A (natural convection only) 

File B (no natural convection or radiation) 

File C (radiation only) 

Times for one InYe reduction 

94. 8  

490.7 

46.4 

The data in  Table 6 . 1  indicated that natural c onvection and radiation effects were being 

accounted for, and that testing could proceed to establish whether the mode lIed rates of 

radiation and natural convection accurately  represented reality. 

6.3 Experimental Methodology for Model Testing 

An experimental methodology simi lar to that in chapter 5 was used to test the model for 

packages containing only horizontal rectangular headspace voids . Once again Tylose 

MH1 000 was chosen to be the test substance because its thermal properties were well

known and simi l ar to that of lean beef. 
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In the review of l iterature (chapter 2),  the n umerical simulations of Wee & Pham ( 1990) 

indicated significant natural convection occurred within horizontal rectangul ar headspaces 

that were as l i ttle as lOmm deep .  Therefore it was considered necessary to be able to 

accurately construct even and level headspaces of only  a few mil l imeters in height. 

Two identical Tylose blocks (approximatel y  260 x 360 x 90mm) were made up within a 

polycarbonate box sample holder (Figures 6 . 1 and 6.2) .  All edges of the Tylose blocks 

were insulated with 40mm thick Styrodur polystyrene in order to reduce the heat transfer 

through the s ides,  ends, and between the blocks. For the runs with no voids the 

polycarbonate lid of the box was in direct contact with the top surface of the Tylose. In 

other runs, the samples contained a horizontal rectangular headspace between the 

polycarbonate l id and the Tylose block, created by using Styrodur wal l s  of a known 

height. 

Polycarbonate l id 

��=======================,7 
Headspace contsructed 
with a Styrodur spacer 

Sample holder with 
insu lated sides 

Figure 6.1 Diagram of a sample holder c ontaining rectangular horizontal voids 

Care was taken to ensure that a flat even surface on the top of the Tylose block was 

obtained. The flatness of the surface was e xamined before each run and restored to level , 

if necessary, by the placement of a flat block of Styrodur upon the Tylose surface with an 

evenly dispersed 20kg of weight on top of the Styrodur block for several hours. A l ayer 

of polyethylene approximately 0 .03mm thick was placed over the Tylose b locks to stop 

any moisture loss from the samples . Thermocouple positions are shown as dots in Figure 

6 .2 .  
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Figure 6.2 Side elevation of a sample  holder containing rectangul ar horizontal voids 

6.3.1 Accounting for Radiation Heat Transfer in Rectangular Voids 

6.9 

For a horizontal rectangular void with a R ayleigh number less than 1 708 (typical of an air 

fi l led void less than 5mm high with a transverse void temperature difference of 30°C), 

there is no heat transfer attributable to n atural convection (Hollands, 1 984).  Therefore all 

heat transfer occurs through conduction and radiation only. For a 90mm thick semi

infinite s lab of Tylose with a 5 mm high horizontal rectangular void above it, initially at a 

uni form temperature of 30°C and cooled with a HTC of 20 Wm-2K- 1 and a cooling 

medium temperature of O°C, a series of steady state calculations using analytical solutions 

suggested that up to 60% of the total heat transfer could be due to radiation (assumin g  a 

view factor of 1 between the opposing surfaces of the rectangular void). This was 

considered to be significant enough to suggest that experimental estimation of the view 

factor of the void surfaces was required for accurate modell ing of packages containing 

horizontal rectangular voids. 

Figure 6 .2  shows that the top surface of the horizontal rectangular voids was made of 

polycarbonate. Polycarbonate is transparent and thus a certain amount of transmittance of 

radiation was expected. To investigate the extent of this effect each run was repeated 

with the top and bottom surfaces of the void painted black  (in order to eliminate any 

transmittance) . For some of the runs only the voids above one of the two blocks within a 

sample holder were blackened. This meant that both treatments (one block with, and one 

without, transmittance) could be run simultaneously within the same sample holder. 

6.3.2 Experimental Apparatus and Design 

Four different rectangular void heights were used for the trials (nominally 0, 5 ,  1 0, and 

30mm, but each height was confirmed by measurement on a run by run b asis). Runs with 

blocks c ontaining no voids (i .e.  Omm high)  were carried out in  order to determine the 

surface heat transfer coefficient. The blocks with nominal 5mm high voids were to be 

used to determine the extent of radiation heat transfer (explai ned above). The lOmm and 
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3 0mm void heights were chosen t o  align with those used by Wee and Pham ( 1990) and 

with those typically  found in bulk-pack and primal cut meat cartons (as assessed from 

video footage of carton cross-sections from an unrelated study by MIRINZ Food 

Technology and Research, Ltd.) .  Two separate sample holders were constructed to allow 

one to re-equi librate to the initial temperature while the other was used for an expeliment. 

The sample holders were cooled from the top surface onl y  using the same custom plate 

cooler as in chapters 4 and 5 .  Rather than use o i l  bags, an extra layer of aluminium 

plating was placed on top of the slightly warped cooler p lates in order to ensure they were 

flatter for the trials. This method was chosen because during the work described in 

chapter 5 accurate measurement of the oil bag temperature had proved more difficult than 

expected. The top plate contained alcohol at approximately ooe which was circulated and 

cooled by a Julabo FPW65-MS low temperature bath that was operating on an internal set 

point. The bottom cooler p late was covered with Styrodur insulation to reduce any heat 

loss from the bottom of the sample holder. The bottom plate also contained alcohol and 

was connected to a separate Julabo Ultra-temp FP40 controlled temperature bath system. 

A Hewlett-Packard HP3497 A externall y  controlled the temperature of thi s  bath so that the 

readings of two thermocouples within the insulation on the bottom plate stayed within 

O . l °e of the mean temperature at the bottom of the sample. This effectively created a 

zero heat flow or symmetry condition at the bottom of the sample holder (Figure 6 .3) ,  and 

thus al lowed the bottom of the sample to be considered the thermal centre. The initial 

temperature of the sample was approximately 30°C. The runs were started before 

construction of all sample holders was complete so the order in which the runs were 

performed could not be randomised. However random selection of runs within the 

avai lable samples at any time was carried out. 

Bottom Cooler Plate (controlled to maintain a 'surface of zero heat flow' at the bottom of the sample) 

Figure 6.3 Diagram of sample holder arrangement within the plate cooler 

All temperatures were measured with T -type c opper/constantan thermocouples that had 

been calibrated to ooe using an ice bath and a RT200 reference thermometer (200 Ohm 
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platinum resistor). Figure 6 .2  shows that for each Tylose block, three thermocouples were 

positioned on the interface of the bottom layer of polycarbonate and Tylose - close to the 

thermal centre. Six thermocouples were also positioned on the opposing surfaces of the 

horizontal rectangular void - three on the top surface of the TyIose block, and three on the 

underside of the polycarbonate lid. The readings of the thermocouples on the void 

surfaces may have been sl ightly differently influenced by radiation than the Tylose surface 

itself, so they were not compared to predicted Tylose surface temperature data. Another 

two thermocouples measured the top plate temperature directly where the plate surface 

was in contact with the s ample .  The temperature of the insulation on the bottom plate, 

and the internal air temperature of the cooler were also measured in duplicate. Al l  fifteen 

thermocouples were attached to the Hew lett-Packard HP3497 A data logging system, 

which was connected to an IBM-compatible personal computer running MS-DOS and a 

logging and analysis program, called MIRLOG (developed at MIRINZ Food Technology 

and Research Ltd.) .  

Sample holders were cooled at one of two different top surface heat transfer coefficients . 

The difference in HTC was achieved by placing either one or three sheets of fibreboard 

between the sample holder and the top cooler plate . Contact integrity between the plate 

and the sample holder was maintained by placing an even load of 1 00 kg on top of the 

movable top plate. A total of 1 0  runs were carried out for the trials as shown in Table 6 .2 .  

Table 6 .2  Treatment table for trials with horizontal rectangular voids 

Run Void Left side Right side Fibreboard 

No. height of holder of holder sheets 

(mm) 

1 0 no void no void 1 

2 0 no void no void 1 

3 0 no void no void 3 

4 0 no void no void 3 

5 5 transparent wal l s  fi l led void 3 

6 5 blackened wal ls  fi l led void 3 

7 1 0  blackened walls transparent wal ls 1 

8 1 0  blackened wal ls  transparent walls 3 

9 30 blackened wal l s  transparent wal l s  1 

1 0  30 blackened wal ls  transparent wal l s  3 
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6.4 Evaluation of I nput Data 

6.4.1 Sample Dimensions 

6 . 1 2  

S ample dimensions were measured using vernier caJipers. Three measurements o f  the 

sample length, width and height were taken. Void height was measured by six readings of 

the height of the Styrodur wal l s .  The coordinates of the thermocouple positions were 

measured in relation to the closest end of the sample.  These measurements were 

considered to represent mean values to an accuracy of ± I mm .  

6.4.2 Thermal Property Data 

The thermal properties of all materials used in this chapter are given in Tables 5 .2 and 5 .6 .  

6.4.3 Initial and Boundary Conditions 

The TyIose blocks were assumed to be initially at a uniform temperature equal to the 

measured centre temperature at the start of each run .  B oundary conditions were of the 

third kind, and thus estimates of the mean cooling medium temperature and the surface 

heat transfer coefficients were required. 

6.4.3. 1 Cooling Medium Temperatures 

The cooling medium temperature was measured by two thermocouples positioned on the 

outer surface of the underside of the top cooler plate . Each thermocouple was laid within 

a small groove carved into the plate surface and held into position with a strip of 

aluminium adhesive tape. At any given time, the mean of the two thermocouple 

temperature readings was considered to give the best representation of the cooling 

medium temperature. At the start of each run the top cooler plate was warmed slightly by 

the sample (to about 1 to l .SOC). The plate temperature decreased rapidly (by 1 .5°C in 

the first two hours), and continued to decrease at a s lower rate for the rest of the 

experiment (the rate was c loser to about 0 . 1 QC per 10 to 15 hours) .  In order to calculate Y 

values a constant cooling medium temperature i s  required. A logarithmical ly weighted 

mean was taken over the length of each experiment because the change in temperature 

was approximately exponential . 

The air temperature inside the plate cooler w as measured every 30 seconds at two 

different positions. The mean air temperature was calculated for each 30-second period. 
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Due to the approximately exponential decline of mean air temperature over time, a 

logarithmically weighted mean was taken over the length of each experiment. 

6.4 .3. 2  Heat Transfer Coefficients 

In chapter 5 the surface heat transfer coefficients were estimated by an inverse method 

that was first proposed by B onacina & Comin i  ( 1 972).  The method matched predicted 

centre temperature profiles from numerical simulations to the measured profi les for 

b locks containing no voids,  to estimate the surface heat transfer coefficients that gave the 

best fit .  This method was considered more accurate than other estimation methods 

because it accounted for any temporai and/or positional variation in surface heat transfer 

coefficient, so it was used again for this trial . 

Two-dimensional FINELX s imulations were carried out on a 260mm x 90mm thick bloc k  

o f  TyIose with the left and right sides insulated b y  a 20mm and 40mm layer o f  Styrodur 

respectively (the thermal conductivity of the Styrodur was i ncreased by a factor of 1 .72 to 

approximately account for the third dimension edge effect, as in chapter 5 ) .  The 6mm 

thick box of polycarbonate placed around the Tylose and insulation was included in the 

simulation. The right side convective heat transfer coefficient was set to 5 Wm-2K 1 (as i n  

chapters 4 and 5 ) ,  and the top surface heat transfer coeffi ci ent was varied from simulation 

to simulation . 

The predicted temperature data were compared to measured data from four runs with 

blocks containing no voids (two duplicate sets - one set at h igh HTC and the other at low 

HTC) .  The sum of the squared differences between the measured and predicted InYe 

values at eighteen evenly spaced time intervals over the course of the experiment was 

minimised to find the estimate of surface heat transfer coefficient. The high and l ow heat 

transfer coefficients were estimated to be (36. 1 and 26.7) and ( 1 3 .9 and 1 3 .3 )  W m-2 K l  
respectively .  

Although the values for each HTC differed between runs,  the measured temperature 

profiles for these runs matched c losely with each other. The validity of the mean high and 

low heat transfer coefficients of 3 1 .4 and l 3 .6 W m-2 K l was checked by re-simulation of 

the no-void runs using FINELX. The percentage differences in times for one InYe 

reduction are given in Table 6 .3 .  All four simulations showed good agreement (within 

±O.6°C) between measured and predicted temperatures at any time. The mean HTC 

estimates were used in all subsequent predictions of the blocks containing horizontal 

rectangular voids. 
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Table 6 .3  Percentage difference between measured and predicted times for one InYc 

reduction of blocks containing no voids 

Run No. 

1 

2 

3 

4 

Top Surface Heat Transfer 

Coefficient (W m-2 K I ) 

1 3 .6 

3 1 .4 

1 3 .6 

3 1 .4 

% Difference 

-6 .9  

-0 .6  

-5 .6 

-2.0 

The value of Biot number (Bi) could not be accurately determined because the effective 

thermal conductivity of the composite samples was unknown. However, as an 

approximate indication of the ratio of internal to external heat transfer, a 90mm thick 

infinite slab of TyJose cooled from one surface only with a heat transfer coefficient of 

3 1 .4 Wm-2K 1 or 1 3 .6 Wm-2K 1 would have experienced a Bi value of 5 .7 or 2 . 5  

respectively. 

6.4.3.3 View Factors for Radiation Heat Transfer in Rectangular Voids 

The view factors within the rectangular voids were estimated using equation 6.4. Perry 

and Green ( 1 997) state the emissivity of flat black  paint as 0.96, so for rectangular voids 

where both the top and bottom surfaces were painted black the view factor was estimated 

to be 0 .9 (to one decimal place) .  For rectangular voids that were unpainted the two 

radiating surfaces were Tylose and paper fibreboard. No emissivity data were available in 

the l iterature for Tylose, h owever since it i s  also translucent and i s  made up of � 75% 

water, the emissivity of w ater (0.95) was used (Perry and Green, 1 997). Emissivity data 

for paper fibreboard was also unavai lable in the J iterature� therefore the emissivity of thin 

paper (0.93) was considered to be the best existing estimate (Perry and Green, 1 997). The 

view factor was calculated to be 0.9 (to one decimal p lace). The estimated view factors 

were calculated to an accuracy of one deci mal place  only due to the approximations 

required by the lack of comprehensive emissivity data i n  the literature. 

No significant difference was observed between the measured cooling times for blocks 

containing air voids with transparent (unpainted) walls and the measured c ooling times 

for blocks containing air voids with blackened (painted) wal ls  (Table 6.4). This 

agreement adds support to the similar values of view factor estimated above. In further 

analysis of the data, the two treatments (voids with blac kened wal ls ,  and voids with 
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transparent walls) were considered to be  replicate data. Based on  these rep licates there 

was 95% certainty that any measured value was within ±5% of the mean. 

Table 6.4 Comparison of measured times for one InYc reduction of blocks containing air 

voids that had transparent or blackened walls 

Run Cooling time with 

No. transparent wall s  

(x  103 seconds) 

7 97.7 

8 1 09 .2 

9 96.6 

1 0  1 17.2 

Coolin g  time with 

blackened walls 

(x  1 03 seconds) 

99.3 

108 .5  

98 .6 

1 16 .9 

% difference 

+ 1 .6 

-0.6 

+2. 1 

-0. 3  

The significance o f  radiation heat transfer within rectangular voids was observed by 

comparing the InYc vs. time profiles of two identical Tylose bloc ks - one with an actual 

6mm high rectangular air void and the other with a 6mm high rectangular fi l led void 

(Figure 6.4).  The block containing the air void cooled much faster than the block 

containing the fi l led void,  even though the thermal conductivity of sti l l  air is lower than 

that of Styrodur. The significant increase in cooling rate was almost certainly entirely due 

to radiation effects because the void was too small to allow natural convection to occur 

(ie. the Ra was less than the value of 1 708 suggested by Holl ands et al. ( 1975)). 

·0. 5 

· 1  

· 1 .5 

·2 

Block with an air void 
( radiation occurs) 

Time (x10' seconds) 

Block with a filled void 
(no radiation) 

// 

Figure 6.4 Plot showing an increase in the cooling rate of a b lock  due to radiation heat 

transfer occurring in rectangular horizontal voids (data taken from Run 6) 
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In order to check whether the estimated view factor for rectangular voids (i .e. 0 .9) was 

reali stic, simulations were run in FINELX to predict  the times for one InYc reduction for 

runs 5 and 6 using this view factor (these blocks contained 6mm high rectangular air 

voids in which no significant natural convection was expected to occur). The simulations 

using the estimated view factors predicted the times for one InYc reduction for runs 5 and 

6 to within +3.2% and 4.7% of the measured times respectively. This level of agreement 

increased the confidence in the estim ated values of view factor. 

S ince most foods and packaging materials would be expected to have emissivity values in 

the range 0 .85  to 0.99, it is l ikely that a view factor of approximately 0.9 would be widely 

applicable for flat rectangular enclosures within food product packages. 

6.5 Comparison of Measured and Predicted Data for Other Runs 

Data files were constructed for FINELX using the input data collected in section 6.4. The 

predicted temperature-time profiles were compared to those measured in the four 

experimental runs where natural convection was significant. Figures 6 .5-6 . 8  show the 

InYc vs. time plots for the predicted data and data measured for runs with blocks 

containing voids that had transparent wal ls  (note that the measured cooling rates of blocks 

containing voids that had blackened walls were negligibly different). The mean measured 

time and the predicted time for one InYc reduction are given in Table 6 .5 .  The absolute 

percentage differences between measured and predicted times were within the l imits of 

experimental uncertainty (±5% from section 6 .4 .3 .3) .  The small systematic over

estimation of cooling time observed in  Table 6 .5  was consistent with the results reported 

in chapter 5 ,  where it was postulated that the two-dimensional model did not ful ly  account 

for third dimension edge effects, resulting in an under-predicted cooling rate, and 

subsequently an over-estimated cooling time. The mean percentage difference between 

measured and predicted data was + 1 .5 %  with a standard deviation of 1 .8%.  
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Figures 6.5-6.8 Plots of InYc vs. t ime for measured and predicted data from blocks 

containing horizontal rectangular voids with transparent walls 

(measured = blue, predicted = pink): 
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Figure 6.5 - l Omm void, high HTC (Run7) Figure 6.6 - 1 0mm void, low HTC (Run 8) 
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Figure 6.7 - 30mm void, high HTC (Run9) Figure 6.8 - 30mm void, low HTC (Run 1 0) 

Table 6.5 Comparison of measured and predicted ti mes for one I n Yj; reduction of blocks 

containing voids that had transparent or blackened wal l s  

Run Mean Measured Cool ing Predicted Cooling Time % difference 

No. Time (x 1 03 seconds) (x 1 03 seconds) 

7 98.5 98.8 +0. 3  

8 1 08 .9 1 1 0.8 + l .7 

9 97.6 1 O l .4 +3.9  

10  1 1 7 . 1 1 1 7 .0 -0. 1 

Mean % Diff. + l .5 

St. Dev. l .8 
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6.6 Conclusions 

A model was developed to predict temperature-time profiles within two-dimensional solid 

b locks of food product that c ontain horizontal rectangular air voids. The model was 

solved using a customised two-dimensional finite element heat conduction program 

(called FINELX) that accounted for natural c onvection and radiation heat transfer effects 

by the use of effective thermal conductivity values within the voids. 

Measured and predicted cooling rates for blocks with horizontal rectangular voids were 

very simi lar, and the percentage differences between measured and predicted t imes for 

one In Ye reduction were within the l imits of expected experimental error and input data 

uncertainty. Therefore, although partly empirical , the model was validated as an accurate 

simulator of the overall heat transfer occurring in  packages that contained a rectangular 

headspace void. 
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7. DEVELOPMENT AND TESTING OF A MODEL FOR 

PREDICTING HEAT TRANSFER DURING CHILLING OF 

PACKAGES CONTAINING COMBINED RECTANGULAR 

AND TRIANGULAR VOIDS 

7.1 Development of the Physical Model 

In chapter 6 an improved version of FINEL, called FINE LX , was described. The 

improvements enabled rectangular air voids within a packaged food undergoing chilling 

to be model led. However in the case of a meat car10n there is often one large irregularly 

shaped air void occurring along the top of the carton (Figure 3 .3a) that can be 

approximately described by combining several rectangular and triangular voids of various 

heights (as in Figure 3 .3b for example) .  Hence FINELX required further modification to 

model such a void shape. 

Goldstein et al. ( 1 990) described flow characteristics within horizontal enclosures i n  

detail .  A t  Ra values below the critical value o f  1708 (independent of Pr) the fluid within 

the horizontal enclosure i s  essential ly  motionless and heat transfer occurs by conduction 

and radiation only. At greater Ra values, a steady state flow ensues with two-dimensional 

roll- l ike structures of an aspect ratio close to 1 (Figure 7 . 1 ). For fluids with a Pr value of 

0.7 (close to that of air) the steady state flow transforms to time-dependent unsteady state 

flow at Ra > 5 500 (Krishnamurti , 1 973). 

· . . . , 
· . . . . 

8 8 8 8 8 8  
I • • • • 
· . . . . 

Figure 7.1 Two-dimensional roll- l ike flow in a rectangular void 

Extending this concept, it was postulated that the flow in a combined 

rectangular/triangular void space might be as shown in Figure 7 .2 ,  thereby allowing the 

component rectangular and triangular void sections to be considered separately (although 

in reality the combined void sections are physically connected with no barriers between 
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them).  It was assumed that there was little convective flow between the adjacent two

dimensional rol l s  (Figure 7.2) .  

Figure 7.2 Expected two-dimensional rol l - l ike flow in a combined void 

In order to develop an unsteady state finite element conduction model for predicting heat 

transfer through packages that contain combined tri angular and rectangular voids, a 

si mi lar approach to that in chapter 6 was taken, i .e. a pseudo-steady state natural 

convection flow was assumed to occur within the voids ,  so that heat transfer due to 

natural convection and radiation was constant over the period of each time step of the 

finite element model.  The model would use di fferent Nu vs. Ra correlations for each 

different part of a combined void, just as it would have used for separate rectangular and 

triangular air voids. This resulted in the physical model shown in Figure 7 .3 .  

Same effective thermal 
• conductivity as triangular 

void of the same height 

Same effective thermal 
cond uctiv ity as rectangul 

void of the same height 

Same effective thermal 
conductivity as recta ngula 

void of the same height 

Figure 7.3 Simplified physical model for combined voids 

In the model ,  the triangular void section of the physical model shown in Figure 7.3 has an 

effective thermal conductivity the same as a right-angled isosceles tri angul ar void with the 

same height dimension Y (as shown in Figure 7.4).  However the areas of overlap 

between the triangular and rectangular voids were considered as part of the rectangul ar 
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void sections In the physical model .  The effective thermal conductivity must also 

consider radiation as wel l as natural convection. 

x 

Areas of overla 

Figure 7.4 Areas of overlap in a combined void 

Although the physical model accounted for intra-section natural convection and radiation 

within the sections of the void, it  ignored inter-section radiation between the surfaces of 

the component sections. It was assumed that this inter-section radiation would be smal l 

compared to intra-section radiation, since each indi vidual component section has very 

l i ttle surface area 'in view' of the other component sections. Therefore the physical 

model shown in Figure 7.3 was determined to be the simplest realistic physical model for 

packages containing combined void sections .  

7.2 Incorporating the Physical Model into FINELX 

In chapter 6, FINELX was altered to enable twenty different material types. The material 

types between one and fi ve represented normal conducting solids - where the thermal 

conductivity of each element that contained this material could be dependent upon the 

temperature of the nodes at i t ' s  three vertices. The material types between sixteen and 

twenty represented rectangular void sections - where the thermal conductivity of each 

element within a given rectangular void section was the same, and the value was 

dependent upon the temperature of two transverse void section nodes specified by the 

user. 

The ten remaining material types (from six to fifteen) were allocated to represent i sosceles 

triangular void sections. FINELX was further altered to treat triangular void sections in a 

similar way to rectangular void sections - where the thermal conductiv i ty of each element 

within a given triangular void section is the same, and that value is dependent upon the 
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temperatures of two transverse void nodes specified by the user. For consistency the 

transverse points for an isosceles triangular void section were kept the same as those used 

in the data analysis in chapter 5 (shown in Figure 5 .22) .  

In the same way as for rectangular voids, FINELX used the positions and temperatures of 

the two selected nodes to calculate the characteristic dimension, transverse void 

temperature difference, mean void temperature, and the Rayleigh number (Ra) of the void 

at each time step (using equations 5 . 1 0  to 5 . 1 2) .  If the triangular void was c ooled from 

below the Nu value was found by using the correl ation reported in equation 5 . 1 4. If the 

triangular void was cooled from above the Nu value was found by using the correlation 

reported in equation 5 . 1 7 .  Since the results reported in chapter 5 included natural 

convection and radiation effects, the overall effective thermal conductivity of a triangular 
. 

air void including natural convection and radiation effects was given by:  

7.3 Experimental Methodology for Model Testing 

(7 . l )  

The same experimental methodology as i n  chapter 6 was used to test the model for 

packages containing combined rectangular and triangular voids. The only difference was 

that the Tylose blocks were altered to contain different combinations of rectangular and 

triangular voids. A diagram of the sample holder is given in Figure 7 . 5 .  

Figure 7.5 Side elevation of a sample holder containing combined rectangular and 

triangular voids 

Each sample holder contained a horizontal rectangular headspace void between the 

polycarbonate l id and the Tylose block, created by using Styrodur walls of a known 

height. Appropriatel y  sized right-angle isosceles triangular shaped voids were cut into the 

top surface of the Tylose blocks. To hold the triangular voids in shape and to eliminate 

any moisture loss, a 360mm long, I mm thick L-shaped section of solid acryli c  p lastic was 
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placed along the surface of each triangular void ,  and a 0.03mm thick l ayer of polyethylene 

was tightly stretched along the top of the rectangular void sections of the Tylose block. 

The poIyethylene was attached and sealed between the edges of the polycarbonate box and 

the L-shaped sections of solid acrylic to reduce moisture loss from the Tylose block. 

Tylose blocks that were not being used for an experimental run were kept in  shape by 

placing a flat bloc k  of Styrodur on the top surface of the block with an evenly dispersed 

20kg of weight on top. This ensured that the top surface of the TyIose block was flat and 

that the L-shaped sections of solid acrylic were pushed into the block until they were flush 

with the top surface of the TyIose b lock. Thermocouple positions are shown as dots i n  

Figure 7 . 5 .  

Four different combinations of  voids were used for the trials :  

1 )  X = 25mm rectangular void & Y = 25mm triangular voids (see Figure 7 .4), 

2) X = 25mm rectangular void & Y = 50mm triangular voids, 

3)  X = l Omm rectangular void & Y = 30mm triangular voids, 

4) X = l Omm rectangular void & Y = 50mm triangular voids. 

The rectangular void heights of 25mm and l Omm were chosen to broadly align with those 

used by Wee and Pham ( 1990) and with those typically found in bulk-pack and primal cut 

meat cartons (as assessed from video footage of c arton cross-sections from an unrelated 

study by MIRINZ Food Technology and Research ,  Ltd.) .  

Two separate sample holders were constructed to allow one to re-equi l ibrate to the initial 

temperature while the other was used for an experiment. The choice of the triangular void 

heights was important.  They had to be larger than the rectangular void they were 

combined with, but were selected to be no higher than 50mm (the maxi mum height 

investigated in earlier chapters) .  For the block with a 25mm high rectangular void ,  a 

triangular void height of 50mm was chosen by elimination, because 40mm high triangular 

voids would have only  given a 1 5mm high cut into the Tylose block, and the extra effect 

of this would be expected to be small when combined with a 25mm rectangular void. 

As in  chapter 6, the sample holders were cooled from the top surface only, using the same 

custom plate c ooler. The bottom, sides, and ends of the sample holders were insulated 

using Styrodur polystyrene, and the insulation contacting the bottom of the sample was 

kept to within 0 . 1  QC of the mean temperature at the bottom of the sample. Thi s 

effectively created a zero heat flow or symmetry condition, al lowing the bottom of the 

sample holder to be treated as the thermal centre. The runs were started before 
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construction of al l  sample holders was complete so the order in  which the runs were 

performed could not be randomised. However random selection of runs within the 

available samples at any time was carried out. 

Table 7 . 1  Treatment table for trials with combined voids 

Run No. Side Rectangular void Triangular void 

height (mm) height (mm) 

1 A 25 25* 

B 25 50 

2 A 25  25* 

B 25 50 

3 A 25 25* 

B 25 50 

4 A 25 25* 

B 25 50 

5 A 1 0  30 

B 1 0  50 

6 A 1 0  30 

B 1 0  50 

7 A 1 0  30 

B 1 0  50 

* effectively no triangular voids in these blocks. 

Fibreboard Run 

sheets Order 

1 5 

1 2 

3 6 

3 7 

1 3 

3 1 

3 4 

All temperatures were measured with T -type copper!constantan thermocouples that were 

calibrated as explained in chapter 6 .  For all runs the initial temperature of  the sample was 

approximately 30°C. 

Sample holders were cooled at one of two different top surface heat transfer coefficients 

by placing the same thermal resistance as used in chapter 6 (either one or three sheets of 

fibreboard) between the sample  holder and the top cooler plate. Contact i ntegrity between 

the plate and the sample holder was maintained by placing an even load of 1 00 kg on top 

of the movable top plate. A total of 7 runs (with 2 blocks per run) were c arried out for the 

trials  giving a total of 14 experiments (shown in Table 7 . 1 ) .  Four runs without triangular 

voids used were to check that the measured temperature profi les agreed with predicti ons 

using the HTC' s  estimated in chapter 6, and the remaining ten were used to test the 

accuracy of the numerical model . 
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7.4 Evaluation of Input Data 

7.4.1 Sample Dimensions 

7.7 

Sample dimensions  were measured using vernier calipers. Three measurements of the 

sample length, width and height were taken. Void height was measured by six readings of 

the height of the Styrodur walls .  The coordinates of the thermocouple positions were 

measured in relation to the closest end of the sample. These measurements were 

considered to represent mean values to an accuracy of ± Imm.  

7.4.2 Thermal Property Data 

The thermal properties of all materials used in this chapter are given in Tables 5 .2  and 5 .6 .  

7.4.3 Initial and Boundary Conditions 

The Tylose b locks were assumed to be initially at a uniform temperature equal to the 

measured centre temperature at the start of each run. 

Boundary c onditions were of the third kind and thus estimates of the mean cooling 

medium temperature and the surface heat transfer coefficients were required. 

7.4.3. 1 Cooling Medium Temperatures 

For each run, the mean cooling medium temperature and the mean surrounding air 

temperature inside the plate cooler were measured and estimated in the same way as in 

section 6.4. 3 . 1 .  

7.4.3.2 Heat Transfer Coefficients 

The resistance to heat transfer between the sample holder and the cooler plates was kept 

exactly the same as the experimental trials conducted in chapter 6. Thus the heat transfer 

coefficients estimated in section 6 .4 .3 .2  were also used for the trials with combined voids. 
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7.4 .3. 3 View Factors for Radiation Heat Transfer in Rectangular Voids 

The view factor for radiation heat transfer occurring within the rectangular voids was 

estimated to be 0.9 in section 6.4 . 3 . 3 . This value was again used when modelling the 

rectangul ar void parts of the combined voids. 

7.5 Comparison of Measured and Predicted Data 

Figure 7 . 6  shows a measured temperature-time profile near the thermal centre position for 

two otherwise identical Tylose blocks undergoing chi l l ing (one block containing a 25mm 

high rectangular void combined with 50mm triangular voids, and the other block 

containing only a 25mm high rectangular void). The block containing the triangular voids 

cooled sl ightly faster than the block without. A similar resul t  was observed for blocks 

with a l Omm headspace, the blocks with 50mm voids cooled faster than the blocks with 

30mm voids. Presumably this increase in cooling rate was due to more natural convection 

and radiation heat transfer occurring within the larger sized triangular voids, and the 

reduced mass of material to be cooled. 
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Block with a 25mm rectangular void and 

50mm triangular voidS 

Time (xl 03 seconds) 

Figure 7.6 Plot showing an i ncrease in  the cooling rate of a block due to the presence of 

triangular voids (data taken from Runs 2A & 2B) 
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In order to check that the top surface HTC values in these experiments were effectively 

the same as those estimated in chapter 6, the measured and predicted times for one InYe 

reduction for a block containing onl y  a 25mm high rectangular void over four runs (two at 

3 1 .4 W m-2K 1 and two at 13 .6 Wm-2K l) were compared. The measured and predicted 

cooling t imes are given in Table 7 .2 .  The results were more spread than in Table 6 .3  but 

they did indicate that the top surface HTC values occurring i n  the new experiments were 

the same as those estimated in chapter 6 .  

The standard deviations, expressed a s  a percentage, from the indi vidual means of replicate 

runs l A  & 2A, and 3A & 4A, were used to estimate the percentage experimental 

uncertainty. There was 95% certainty that any measured value was within ±9% of the 

mean. 

Table.1..2. Comparison of measured and predicted times for one In Ye reduction of blocks 

containing 25mm high rectangular voids (x 103 seconds) 

Run No. HTC Measured Time Predicted Time % difference 

l A  3 1 .4 97 .8  103. 2  +5 .5  

2A 3 1 .4 1 05 .7 1O l .4 -4 . 1  

3 A  1 3 .6 1 07.9 1 1 8 . 8  +10. 1 

4A 1 3 .6 1 l0.6 1 1 8 . 3  +7 .0 

Data fi les were constructed within FINELX using the model developed in sections 7 . 1  and 

7 .2  and the input data in section 7 .4 .  The predicted temperature-time profi les were 

compared to those measured in  ten experimental runs. Figures 7 .7-7. 1 6  show the InYc vs .  

time plots for measured and predicted data of blocks containing various combined 

rectangular and triangular voids. 
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Figures 7.7 - 7.16 Plots o f  InYe vs. time for measured and predicted data from blocks 

containing various combinations of rectangular and triangular voids at a high or low HTC 

(measured = blue, predicted = pink): 
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triangular voids, high HTC (Run 5 A) 
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Figure 7 . 1 3  - 1 0mm rectangular and 30mm 

triangular voids, low HTC (Run 6A) 

Figure 7 . 1 5  - 10mm rectangular and 30mm 

triangular voids, low HTC (Run 7 A) 
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Figure 7 . 1 4  - 10mm rectangular and 50mm 

triangular voids, low HTC (Run 6B) 
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Figure 7 . 1 6  - l Omm rectangular and 50mm 

triangular voids, low HTC (Run 7B) 

Table 7.3 Comparison of measured and predicted times for one InY� reduction of blocks 

containing combined voids of various heights ex 1 03 seconds) 

Run Rectangular Triangular HTC Measured Predicted % 
No. void height void height (Wm-2K i ) Time Time difference 

1 B  2Smm SOmm 3 1 .4 94.4 99.3 +S . l  

2B 2Smm SOmm 3 1 .4 99.4 9S.6 -3.8 

3B 2Smm SOmm 1 3 .6 1 04.7 1 1 3 . 1  +8.0 

4B 2Smm SOmm 1 3 .6 1 07.S 1 1 2 .9 +S.O 

SA l Omm 30mm 3 1 .4 89.6 9S .7  +6.8  

SB 1 0mm SOmm 3 1 .4 82.7 8 1 .6 - 1 .3 

6A 1 0mm 30mm 1 3 .6 1 03.7 1 10 .2 +6.3 

6B 1 0mm SOmm 13 .6 9S.S 9S .3 -0.2 

7A 1 0mm 30mm 1 3 .6 1 1 0.3 1 10 .7 +0.4 

7B 1 0mm SOmm 1 3 .6 1 02.4 9S.6 -6.6 

Mean % Diff. +2.0 

St. Dev. S .O 
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The measured and predicted times for one InYe reduction are given i n  Table 7 . 3 .  The 

absolute percentage differences between measured and predicted times were all 

explainable by experimental uncertainty and input data uncertainty. The small systematic 

over-estimation of cooling time observed in Table 7 .3  was consi stent with the data 

analysis carried out in chapters 5 and 6, where it was postulated that the two-dimensional 

model did not ful ly  account for third dimension edge effects, resulting in an under

predicted cooling rate, and subsequently a slightly over-estimated cooling time. The 

mean percentage difference between measured and predicted data was +2.0% with a 

standard deviation of 5.0%. 

7.6 Conclusions 

A model was developed to predict temperature-time profiles within two-dimensional solid 

blocks of food product that contained air voids defined by combining i sosceles triangular 

and/or horizontal rectangular shapes. Any overlapping areas of these constituent void 

shapes was considered to be part of the rectangular void, and radiation heat transfer 

between the constituent voids was ignored. The model was solved using a customised 

two-dimensional finite element heat conduction program (caned FlNELX) that accounted 

for natural convection and radiation heat transfer effects by the use of effective thermal 

conductivity values within the voids. 

Measured and predicted cooling rates were simi lar, and the percentage differences 

between measured and predicted times for one In Yc reduction were well w ithin the 

combined l imits of expected experimental and input data uncertainty. 

Therefore, although partly empirical , the model was validated as an accurate simulator of 

the overal l heat transfer occurring in packages that contained a void space that could be 

described by some combination of rectangular and right-angled isosceles triangular voids. 
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8. DEVELOPMENT OF A SIMPLE METHOD FOR PREDICTING 

HEAT TRANSFER DURING CHILLING OF PACKAGES 

CONTAINING RECTANGULAR AND TRIANGULAR V OIDS 

8.1 Simplification of the Prediction Method 

The model developed in chapters 6 and 7 predicted thermal centre chill ing times that were 

within about ±7% and ± 12% of those measured for food product packages c ontaining 

rectangular voids and those containing combined rectangular and triangular shaped voids 

respectively. Computations using the customised FINELX finite element program 

typical ly  took about 5 hours on a 350MHz Pentium II computer. Data file preparation, 

using BAMG (Bi-dimensional Anisotropic Mesh Generator) version 0 .58  b y  Frederic 

Hocht, INRIA, France (free to download from the Internet) and several customised Ped 

programs, took up to 3 hours when creating a completely new file .  Thus, assuming that 

the potential user understands finite element methods, the solution time for a new 

problem was in  the order of eight hours, and this did not include the time that was 

necessary for the user to become famil iar with the properties of the model and the 

customised programs. Overall ,  these factors represent a barrier that will severely limit the 

use of the method by engineers in industry. A simpler prediction method was therefore 

sought, which users with a reasonable knowledge of engineering heat transfer methods 

could apply to predict thermal centre chi l ling times of food product packages containing 

voids in a much shorter time and with less demand for access to software, h ardware and 

technical support. It was postulated that the simple method would be expected to predict 

measured thermal centre chi l l ing times w ith an accuracy of about ± 1 O- 1 5% .  Any less 

accuracy may not be accepted in  industry. 

S implification of the prediction method required a further simplification in the description 

of the geometry of the problem space. The cartons used i n  the New Zealand meat 

industry are rectangular in shape, and the majority of cooling from the carton is from the 

top and bottom surfaces. Thus the simplest reali stic model shape w as the one

dimensional infinite slab.  The main advantages in assuming an infinite slab shape were 

that it has been widely used in heat transfer prediction methods and it h as previously been 

successfully adapted by empirical means .  For example,  results predicted using an infinite 

slab shape can often be adapted to account for heat transfer in  multiple dimensions by 

either superposing the Y values from the other dimensions (Carslaw & Jaeger, 1 959 ,  

section 5 .6)  or  by  the use of  shape factors (eg. Lin et  al. , 1 996). 
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It was assumed that the user would have access to some type of s preadsheet computer 

program, and either analytical or simple numerical solution methods to solve the simple 

model of chilling an infinite slab shape. 

The temperature-time profile of a one-dimensional infinite slab shape i s  affected by 

several factors, but when converted to a system with four dimensionless variables, the 

dimensionless temperature (Y) at a given dimension less position (rIR) and dimensionless 

time (Fa), depends only upon the Biot number (Bi). Therefore for any position in  the 

slab, changes in Bi (according to the characteristic s  of the void space) could adjust the 

temperature-time profile of the i nfinite slab to match that of the food package. 

Bi is defined as : 

Bi :::: 
hR 
k 

(8 . 1 ) 

To adjust Bi, a change in the external heat transfer coefficient (h), the half-thickness (R), 

or the thermal conductivity (k) of the s lab would be required. However, it has already 

been established that the effect of a void space on the cooling rate of a package is often 

temporally and spatially  variable. Thus the choice of which variable to adjust must 

consider: 

1 )  The solution method that wil l  be used to solve the simple model (ie. certain solution 

methods do not allow some of these variables to change with respect to time or space). 

2) The respon siveness of the predictions from the simple model (ie. changes in  the 

chosen variable should bring about changes in the cooling rate of the package that are 

physically representative of the effects of void spaces). 

As stated, the simple model would ideall y  be solvable by using analytical or simple 

numerical solutions of one-dimensional heat transfer. However, analytical solutions of 

one-dimensional heat transfer do not easily  allow for changes in any of these variables Ch, 
R and k) with time, and certainly not with space. Thus adaptation of an analytical solution 

would probably  i nvolve both temporal and spatial averaging of the chosen variable and 

subsequent calculation of a mean Bi to ultimate ly  estimate the slab cooling time. Simple 

numerical solution computer programs often all ow k and/or h (but not R) to vary with 

time and space. In the author's  experience, it is more common for s imple numerical 
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solution programs to include the possibility for h to  vary with time and space, whereas k i s  

usuall y  temperature dependent for a specific material type. 

Physical ly, it also seemed sensible to vary h rather than k according to the characteristics 

of the void space because void space effects occur close to the package surface and k 

represents the ful l  solid object. Thus choosing h as the changing variable ensures that the 

simple model is as physically representative of the actual effects of void spaces on 

package cool ing times as possible. 

8.2 Dealing With Asymmetric Heat Transfer Coefficients 

Most food packages are cooled from above and below. In these cases, the effective lower 

surface heat transfer coefficient of the slab would account for the packaging material and 

any voids at the bottom of the package, and the effective upper surface heat transfer 

coefficient would account for the packaging material and any voids at the top of the 

package. However since most food packages contain more air voids nearer the top of the 

package, the simple infinite slab model would be likely to have different effective heat 

transfer coefficient values on the top and bottom surfaces. 

Most numerical solvers of one-dimensional heat transfer al low the user to specify 

different heat transfer coefficients on the top and bottom surfaces.  Therefore solution of 

the infinite s lab model would be comparatively straightforward by these methods. 

However in  cases where the user does not have such a numerical solver, a different 

approach i s  required. Cleland ( 1990) stated a widely used i terative method for dealing 

with asymmetric heat transfer coefficients. The user must make an initial estimate of the 

thermal centre position, which wil l  be c loser to the surface with the l owest heat transfer 

coeffi cient. The respective distances from the estimated thermal centre position to the 

surfaces are called RI and R2, where RI is the shorter of the two and RI + R2 = 2R. Two 

chilling times c an then be calculated using  the analytical solution for an infinite slab, one 

with the higher heat transfer coefficient and Rz, and the other with the lower heat transfer 

coefficient and RI . If the first chill ing time is  shorter than the second, R2 must be 

increased (or decreased if the first chil l ing time i s  longer). This process must be i terated 

until the two chi l ling times match .  The matching value identifies the position and chil ling 

time of the thermal centre of the slab. 
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Alternatively, Uno & Hayakawa ( 1 979) developed an approximate method for estimating 

chi ll ing times by numerically solving the analytical formula for asymmetric heat transfer 

in an infinite slab (Carsiaw & Jaeger, 1 959).  Charts were established for infinite s labs 

with some combination of top and bottom surface Bi numbers between 0. 1 and 1 00 .  The 

location of the thermal centre and the parametric values of f and j for thermal centre, 

geometric centre, and mass average positions could be determined using the charts. 

Either approach could be used in conjunction with the present work. 

8.3 Food Packages Containing Rectangular Voids 

8.3.1 Development of the S imple Physical Model 

In food packages that contain only  one rectangular void space at the top of the package 

(called a headspace) heat transfer is one-dimensional if end and edge effects are ignored. 

In thi s  case, the appropriate simple physical model would be an infinite slab with the 

same thickness and thermal conductivity as the solid material c ontained within the 

package. However the upper surface and l ower surface heat transfer coefficients on the 

slab would be different (hrm and hlUYf respectively in Figure 8 . 1 ) .  The value of h,m would 

be time-variable  and would account for the rectangular void space, the packaging material 

and the external heat transfer coefficient acting upon the packaging. The value of h"ai 
would be constant and would only acc ount for the packaging material and the external 

heat transfer coefficient acting upon the packaging. 

paCk� 
__ - �-AI�r - �-----I 

I �  SOOd I 
I I 

modelled as 1 1  Solid 

l� ______ � ______ � 

Figure 8.1  Simple physical model for food packages containing rectangular air voids 

The work in chapter 6 showed that the appropriate value of hrect for the infinite slab model 

shown in Figure 8 . 1  changed over time as the temperature difference across the void in 

the package changed (ie. the temperature difference between the top surface of the solid 
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and the underside of the packaging material) .  However, when using the infinite slab 

model the packaging i s  not included as a capacitive component and thus i ts temperature 

cannot be explicitly deduced. Nevertheless, the temperature of the underside surface of 

the packaging could be estimated by assuming a quasi-steady-state situation and using the 

steady-state sum of resistances theory. This method might slightly under-estimate the 

temperature of the underside of the packaging material , since the thermal mass of the 

packaging would be ignored and thus might lead to a slightly over-estimated hrect value. 

In spite of this weakness, and in  the absence of simple alternatives, this approach was 

adopted. 

8.3.2 Calculation Method and Relevant Equations 

The mean value of h,llrj can be estimated by summing the resistances of the packaging 

material and the external heat transfer coefficient acting upon the packaging: 

_1 _ _ __ 1 __ 
+ 

X packaging 

h,ur! hpaCkaging 
k packaginf( 

(8 .2)  

where hpackaging i s  the heat transfer c oefficient between the packaging external surface and 

the external cooling medium(W m-2 K I ) 

Xpackaging i s  the thickness of the packaging (m) 

kpackaging i s  the thermal conductivity of the packaging (W m- I K l) 

The mean value of hrect was estimated by summing the resistances of the rectangular void 

space, the packaging material , and the external heat transfer coeffi cient: 

_1 _ _ __ 1 __ 
+ 

xpackap.ing + xreet 
k packaging k reCI 

( 8 .3) 

where Xrect i s  the height of the rectangular air void (m) 

krect is the effective thermal conductivity of the rectangular air void (W m-I KI ) 

At this stage of a calculation the user would know the values of hpackaging, kpackaging, 

Xpackaging, and Xrect. The value of krect at any time could be determined by using the 

previously developed equations 5 . 1 3, 6 . 1 ,  6 . 2, 6.7, and 6 . 8  in an i terative manner. 
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Ra � 1 0' x ex{ 5 - 0.016 T, : T, )x (1; - T, )x (x",) 

for air voids at temperatures between -1 3°C and 47°C, 

where TI is the upper surface temperature of the infinite slab (OC) 

T2 i s  the temperature of the underside of the packaging material CC) 

[ 1708J
· [( R ) 113 ]" 

Nu = 1 + 1.44 1 -
Ra 

+ 
5 8;0 

- 1 

8 .6  

(5 . 13)  

(6. 1 )  

Note that a bracket [ r indicates that i f  the argument inside the bracket was negative, the 

quantity is to be taken as zero. 

where TJ i s  the upper surface temperature of the infinite slab (K) 

T2 i s  the temperature of the underside of the packaging material (K) 

k = k + k  reel rad nat conv 

(6.2) 

(6.7) 

(6.8) 

At any time, the temperature at the underside of the packaging material (T2) depends on 

the value of krect - because a quasi-steady-state situation was assumed and hence (Tl - Ta) 
divides according to the individual resistances in  equation 8 . 3 .  Therefore an initial 

estimate of T2 must be made and the calculation process using equations S . 1 3 ,  6 . 1 ,  6.2, 

6 .7 ,  and 6 . 8  must be iterated until the value of hrect remains constant between iterations .  

The simplest way to deal with the changing value of hrect over t ime was to divide the 

simulation into time intervals that coincide with equally  sized changes in the slab surface 

temperature. For example,  if an infinite slab initial ly  at a uniform temperature of 30°C 

was cooled from the top surface onl y  in  a cooling medium at O°C, the user might choose 

two even step changes in slab surface temperature (ie .  30 to l SoC and I S  to O°C). The 

mean slab surface temperature during each step (ie. 22.5°C and 7 .5°C) would then be 

used to calculate the mean value of hrect during that time period using equations S . 1 3 ,  6 . 1 ,  

6 .2 ,  6 .7 ,  and 6 .8 .  The mean value of hrecr during the first interval would be used in a 

simulation unti l the slab surface temperature reached the minimum value for the first time 
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period ( ie .  1 5°C).  At this time, hrect would change to  the value calculated for the second 

interval .  If the user required more accuracy, the number of surface temperature step 

chan ges could be increased above two. In this way, the user would have significant 

involvement in the trade-off decis ion between model accuracy and model complexity. 

Guidance on selection of the number of steps was seen as an i mportant research outcome 

in the present work. 

8.3.3 A veraging Temporal Variations - One Step Calculations 

If the user does not have access to a numerical solver for one-dimensional heat transfer 

problems, or i f  the numerical solver does not allow the use of time-variable heat transfer 

coefficients, hrec1 must be treated as constant implying a single time step approach .  The 

best fit single value of hrec1 might be determined by averaging over time .  

As  previously mentioned, the value of  hrect depends upon the temperature difference 

across the void. In most practical situations the packaging material approaches the 

cooling medium temperature rel atively quickly, and the change in  temperature difference 

across the void strongly reflects the temperature-time profile at the surface of the solid. In 

chi l l ing processes, the difference between the surface temperature and the cooling 

medium temperature decreases approximately exponentiaIIy. This  suggests that the value 

of hrect might be more suitably determined from a logarithmic average of the maximum 

and minimum values over the length of the simulation than from an ari thmetic mean. The 

maximum value of hm t occurs at the start of cooling (assuming that the packaging 

i mmediately reaches the cooling medium temperature, the temperature difference across 

the void wil l  be at a maximum) and the minimum value occurs at the end of cooling 

(when the temperature difference across the void approaches zero), so the calculation can 

be explicitly defined. Note that thi s  method of averaging wil l  not give the same result as 

using one step in the stepped procedure expl ained in section 8 . 3 . 2  because that method 

would calculate an arithmetic mean value of effective heat transfer coefficient, instead of 

a l ogarithmic mean value. 

8.4 Food Packages Containing Triangular Voids 

8.4.1 Development of a Simple Physical Model 

Experience from prevIOus chapters had shown that the presence of a void space that 

c ontained triangular shapes gave rise to heat transfer in more than one dimension and that 
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the extent of  heat transfer in the void decreased over time as  the temperature difference 

across the void  approached zero. 

The simple model could have  been developed using either the principle of conservation of 

the package height (where the triangular voids would be assumed to be fil led with solid 

material) or conservation of the packaged material volume (where the effective height of 

the s lab would be altered according to the size and number of triangular voids in  the 

package) . Conserving packaged material volume woul d  reduce the effective height of the 

s lab as the size of the triangular voids increased, implying a decreasing predicted cooling 

time i f  no other variable was changed. This behaviour w ould be inconsistent with the 

measured data from chapter 5 that showed the coolin g  t ime of the package increased as 

void size increased. Thus,  volume conservation was rejected and conservation of package 

height was used in the simple model .  

The proposed simple physical model was thus an infinite s lab with the same thickness and 

thermal conductivity as the solid material contained within the package, but the heat 

transfer coefficient could vary across the slab surface (Figure 8 .2). 

Solid 
modelled � 

as Solid 

Figure 8.2 Simple physical model for food packages containing triangular air voids 

In the simple model the concept chosen implies that the void space would effectively be 

fi l l ed with the solid material and thus i t  would not be possible to infer the true 

temperature difference across the void in order to estimate the effective thermal 

conductivity in the void .  Hence at positions corresponding to the presence of a triangular 

void, the heat transfer coefficient (called huJ would have to be time-averaged and would 

take into account the effect of the triangular void space, the packaging material and the 

external heat transfer coefficient acting upon the packaging. At positions where no void 

w as present on the upper surface, and for the whole lower surface, the heat transfer 

c oefficient would be a constant value (h'UT/) that accounted for the packaging material and 

the external heat transfer coefficient acting upon the packaging. 
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8.4.2 Averaging Temporal Variations 

As di scussed above, the use of an infinite slab model with solely one-dimensional heat 

transfer would make it i mpossible to infer the true temperature difference across the 

triangular void .  Thus an average value of Nu must be estimated, and the specific  value 

must be representative of the manner in  which the Nu value changes over the time as the 

package cools .  

The simplest possible model was chosen in whic h  the packaging material was assumed to 

reach the cooling medium temperature i mmediately. The value of Nu would then change 

as the opposite apex of the void changed in temperature. The lag phase precedin g  the 

exponential cooling curve would be expected to be comparatively short due to the small 

thermal capacity of the air void. Hence, the most representative average value of Nu 

might be determined by a logarithmic average of the maximum Nu and minimum Nu 

values over the length of the simulation. 

8.4.3 A veraging Spatial Variations 

In order to implement the concept in Figure 8 .2 ,  a two-stage transformation was proposed. 

The first stage was to define heat transfer coefficients external to the solid, but within the 

void. The second stage w as the geometric transfOImation to a one-dimensional slab. 

Figure 8.3 A physical model treating the triangular air void as an effective heat transfer 

coefficient 

In the first stage, using the same approach as for rectangular voids, a triangular air void 

might be accounted for approximately by the use of  an effective heat transfer coefficient 

(Figure 8 .3) .  The value of hwf would be constant and the value of hFOid would vary in an 

approximately inverse manner with p osition along the surface of the void to take account 

of the linearly increasing air l ayer thickness above the solid material surface .  The implied 
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assumption i s  that all heat transfer i s  uni-directional (perpendicular to  the packaging), 

which may not be true in practice. For example, a sideways or lateral temperature 

gradient could occur in  the packaging with resultant lateral heat transfer. The value of 

hV()id at any position along the l ine AB would be given by: 

(8 .4) 

where xalr layer is the thickness of the air layer vertically above the position on line AB (m) 

km is the effective thermal conductivity of the triangular void  (W m-I K t) 

Thus at point A,  hvoid would be the same as hsur{, but at point B the value of hV()id would be 

given by: 

1 1 

where Xlri i s  the height of the triangular void (m) 

(8 .5)  

As stated above, i t  was assumed that the packaging material was always at  the same 

temperature as the cooling medium, thereby allowing the value of ktri to be estimated 

using the previously developed equations for natural convection and radiation effects in  

triangular voids. 

Ra = 1 0' X ex{ 5 - 0.01 6  T, � T, )x (T, - T, )x (x", )' 

for air voids at temperatures between - l3°C and 47°C, 

where Tl i s  the solid material temperature at position B in Figure 8 .3  (OC) 

T2 is the cooling medium temperature (OC) 

Triangular voids cooled from below: 

Nu = l . 1 2 x lO-5 Ra + 2.3 1 

Triangular voids cooled from above: 

Nu = 6.30 X 1 0-4 Rao 75 + 1. 1 2 x lO-5 Ra + 2 .3 1  
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(8 .6) 

Considering n ow the second stage of the transformation, the shape of the simple model 

(an infinite s lab)  was not as complex as the obj ect  in Figure 8 .3 .  Assuming that the void 

was fil led with the same solid material as the rest of the object, the model is i l lustrated in 

Figure 8 .4. 

A 

B 
Solid 

I I I ) I I I I I I I ) I I 
I I • ) ----'.!.m""O�""-:""1 e,,-d -+� : B : I I I S� I I I 1 I I I I I I I 

L _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  J 

Figure 8.4 A physical model treating the triangular air void as part of the solid material 

with an effective heat transfer coefficient 

The requirement was then to inter-relate hvoid and htrt. Extending the argument proposed 

above, along the section of the slab surface where the void was present, the effective heat 

transfer coefficient (htrD might vary approximately inversely  with respect to position to 

represent the variation of hvoid with position. The value of hrri at point A would be the 

same as hwrf� but at point C, hrr! might be estimated by a quasi-steady-state approximation 

developed by subtracting the thermal resistance of the solid in the void from the sum of 

thermal resistances acting at point B :  

1 1 xlri 1 ( 1 1 J h'Ti 
= 

hmr{ 
+ 

ktri - kWlid 
= 

h lUrf 
+ X

IIi klr; 
-

kWlid 
( 8 .7) 

Several assumptions were i mplied by thi s  quasi-steady-state approach .  Firstly, the 

thermal capac ity of the air in the void was ignored. Any invalidity in this assumption was 

l ikely to have little effect on cooling rates since the thermal capacity of most sol id  foods 

far outweighs  the thermal capacity of air. Secondly, the void was assumed to be fil led 

with sol id  material and the extra thermal capacity of this solid (which may have been 

significant) would tend to reduce the cooling rates predicted by the model .  Thi s  w as a 

methodological shortcoming that could not easily be avoided. Thirdly, the incorporation 
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o f  the thermal resistance of the packaging layer i n  the external heat transfer coefficient 

value meant that the thermal capacity of the packaging layer, and any heat transfer that 

occurred along the packaging layer rather than directly through it, w as ignored. In most 

practical situations (where the packaging material is typically a 2 to 3mm thick l ayer of 

fibreboard or c orrugated cardboard) the thermal capacity of the packaging layer and the 

lateral heat flow through the layer i s  l ikely to have l i ttle effect on the cool ing rate of the 

package. However, the analogue package used to col lect the measured data in chapter 5 
had a 6mm thick layer of polycarbonate as packaging. In this case, the disregarded 

thermal capacity may lead to significant over-estimation of the cooling times predicted by 

the model and the exclusion of  lateral heat flow along the packaging layer may differently 

affect the predicted cooling rates of analogue packages with different void sizes and 

different boundary conditions .  

From equation 8 . 7  i t  can b e  seen that the value of hlri varies with the depth of the void,  

and since in  Figure 8 .4 the depth of the void varies with position along the top surface, htri 
will  vary in  a hyperbolic fashion along the line AC. Thus for solution methods that do not 

all ow h1ri to vary along the surface of the slab it was decided that a l ogarithmic mean of 

the maximum (at point A)  and minimum (at point C)  values would yield a more 

representative average value of hm than an arithmetic mean . 

Furthermore, for solution methods that do not allow spatial ly different heat transfer 

coefficients an overall value that acts upon the whole slab surface is required (Figure 8.5). 

( y 
• 
A 

Solid 

• 
c 

• 
B 

y ') 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
\ 
I 
I 
I 
I 

I I 
L _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  J 

I 
I 
I 
I 
I 
I 
I 
I 

hoverall 

modelled . : Solid 
as I 

I 
\ 
\ 
I 
I 
I 
I I l _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  J 

Figure 8.5 A physical model showing averaging of spatially  varying heat transfer 

coefficients 
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Again,  the overall heat transfer coefficient (hoverau) might be estimated as an average 

weighted by the proportion of the total surface area that each section with a different heat 

transfer coeffi cient occupies:  

where h(}verall is  the overall average heat transfer coefficient  (W m-2 Kl) 
n is  the number of different sections along the surface 

An i s  the surface area of section n (m2) 

AT i s  the total top surface area of the slab (m2) 

hn i s  the heat transfer coefficient of section n (W m-2 K l )  

(8 .8 )  

Solution of this simple physical model would not predict a true thermal centre 

temperature-time profile. It would instead represent an 'averaged' temperature along the 

geometric centre-line of the package at any given time. 

8.5 Food Packages Containing Combined Void Spaces 

In chapter 7 it was shown that c ooling rates of food packages containing void s paces 

described by some combination of triangular and rectangular shapes could be determined 

by treating the component voids separately, even when no physical barriers existed 

between the component voids. Any overlapping areas were assumed to be part of the 

rectangular void. The same approach was used in the development of a simple physical 

model for so called 'combined' void spaces. 

Sections 8.3 and 8 .4 outl ined the development of simple physical models for individual 

triangular and rectangular void shapes. The simple physical model for packages 

containing combined void spaces was also an infinite slab with the same thickness and 

thermal conductivity as the solid material contained within the package. However, where 

solution methods allowed, the top surface heat transfer coefficient could vary spatially and 

temporally (Figure 8 .6). 
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modelled . 
as 

8 . 1 4  

Figure 8.6 Simple physical model for food packages containing combined air spaces 

At a position corresponding to the l ocation of a rectangular void, the heat transfer 

coefficient (hrect) could be determined in the same manner as for individual rectangular 

voids (section 8 .3 ). At positions corresponding to the location of a triangular void, the 

heat transfer coefficient (htri) could be determined in a similar manner to individual 

triangular voids (section 8 .4) but noting that the void height was the distance between the 

bottom apex of the void and the underside of the packaging material. However, in a 

combined void space the sol id  sides of the triangular void section did not touch the 

underside of the packaging material . Thus the effective heat transfer coefficient values at 

points A and C in Figure 8 .6 h ad to be calculated in a slightly different way (the value at 

point B could be calculated in the same way). The value of htri at point A c ould be 

derived by summing the thermal resistances (equation 8.9) .  Note that the height of the 

rectangular void (xrect) was used because this was the distance between point A and the 

underside of the packaging material . 

1 1 + X packaging ,.,lrecf = + --
hlr; hparkaging k ktr; packaxjf1� 

(8 .9) 

The value of htri at point C was estimated by subtracting the thermal resistance of the 

assumed solid in the void from the sum of thermal resistances acting at point B, which 

gave equation 8 . 10 .  Note that the solid in the void only fil led the triangular void to the 

same height as the rectangu lar void, so at point C the height of added solid w as equal to 

(Xtri - xrect) .  

(8 . 10 )  

S patial and temporal averaging of the individual heat transfer coefficients ( i e .  hrect and 

hrn) may be required according to the solution method employed by the user. An overall 
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heat transfer coefficient weighted b y  the surface area taken u p  b y  each section may also be 

required (as shown in equation 8 . 8) .  

8.6 Accuracy of Predictions by the Simple Models 

Chil ling times for food packages containing various types of void space were predicted 

using the simple model postulated in sections 8 .2  to 8 . 5 .  In order to determine the 

prediction accuracy associated with the simple model , comparisons against measured 

times and times predicted by the more sophisticated and complex models from chapters 5 ,  

6 and 7 were carried out. If the manner in which the simple model fai led to fit the 

measured data was similar to the complex model this would bring about further 

confidence in the simple model .  

The analogue packages that were used to  collect the measured data in chapters 5, 6 and 7 

were of half normal carton height and were cooled from one surface only. Therefore the 

simple model only required a single surface heat transfer coefficient to be calculated and 

the effect of asymmetric heat transfer was not included. 

Comparisons of the times taken for one InYc reduction between the values of -0.5 and - 1 .5 

were made. At InYc values below this  range, end and edge effects may have affected the 

measured data causing significant curving of InYc vs. t ime plots (observed in the measured 

data reported i n  chapters 5, 6 and 7).  The simple models were solved using a variety of 

solution methods to demonstrate the loss in accuracy that the user could expect by 

applying the assumptions associated with the different methods. A description of the 

different prediction methods that are compared in thi s  section of the work is given i n  

Table 8 . 1 .  

The solution method called FPM32 i n  Table 8 . 1 ,  refers to Food Product Modeller version 

2 .00.842, which is a finite difference program developed by MIRINZ Food Technology 

and Research,  New Zealand. For prediction methods B ,  C, F and H worked examples are 

given in Appendix A3 . The other prediction methods uti l i sed FINELX, which has been 

previously described in chapters 6 and 7.  
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Table 8 . 1 Description of prediction methods used in section 8 .6 

Method Void type Model 

A* Rectangular 2-D FE, ful ly  described 

analogue package 

B Rectangular I -D FD, infinite slab 

C Rectangular I -D FD, infinite s lab 

D** Triangular 2-D f'E, ful ly described 

analogue package 

E Triangular 2-D FE, ful ly  described 

analogue package 

F Triangular I - D  FD, infinite s lab 

G*** Combined 2-D FE, fully described 

analogue package 

H Combined I -D FD, infinite slab 

* model developed In chapter 6 

** model developed in chapter 5 

*** model developed in chapter 7 

Time Averaged Space Averaged 

- -

Effective HTC -

divided into 

steps 

Logarithmical ly  -

averaged hrec! 

- -

Logarithmical l  y -

averaged kvo;d 

Logarithmically Logarithmically 

averaged Nu averaged htr; and 

area-weighted 

average hoverall 
- -

Logarithmical ly Logarithmical ly 

averaged Nutr; averaged htr; and 

area-weighted 

average hoverall 
FE fimte elements 

FD == finite differences 

8.6.1 Food Packages Containing Rectangular Voids 

8 . 1 6  

Solution Method 

FINELX 

FPM3 2  

FPM32 

FINELX 

FINELX 

FPM32 

FINELX 

FPM3 2  

In  chapter 6 ,  a relatively complex finite element conduction model was developed for 

packages containing rectangular void spaces up to 30mm high .  The model was tested 

against results from six transient chil l ing trials using an analogue food package. The 

results from the complex model (called prediction method A hereafter - see Table 8 . 1 )  

were reproduced i n  order t o  test the performance o f  the simple model .  
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Prediction method B (see Table 8 . 1 ) used the simple physical model from section 8 .3 .  
The effective heat transfer coefficient was evaluated over five consecutive time intervals 

as discussed in section 8 . 3 .2 ,  where the lengths of the time intervals varied because each 

interval corresponded to an equal change in the surface temperature of the slab (from the 

initial temperature to the cooling medium temperature) .  

Prediction method C (see Table 8 . 1 ) also used the simple physical model from section 8.3 .  
However the effective heat transfer coefficient w as l ogarithmical ly  averaged over the time 

of cooling as discussed in  section 8 .3 .3 .  Note that this i s  not the same as using prediction 

method B with one step, since prediction method B would calculate an arithmetic average 

value of effective heat transfer coefficient, instead of the logarithmic value used by 

prediction method C .  

Table 8 .2 Results from prediction method B (with 5 steps) 

Run Void Step Time to reach Cumulative Effective Effective One InYc 

No. Height No. next step Time kvoid HTC Reduction 

(mm) (sec x 1 03) (sec x 1 03) (WmOlK l) (Wm02K1) ( sec x 1 03) 

5 6 I 5 . 2  5 . 2  0.05 1 4 .63 1 04.4 

2 22 . 3  27.4 0.050 4 . 6 1  

3 4 1 . 3  68 .7 0.050 4.5 8 

4 7 1 .7 140.5 0.049 4.56 

5 0. 049 4.54 

6 6 1 5 . 2  5 .2 0.05 1 4.63 1 04.4 

2 22.3 27.4 0.050 4.6 1 

3 4 1 .3 68.7 0.050 4.58 

4 7 1 .7 140.5 0.049 4.56 

5 0.049 4.54 

7 1 0  1 4 .7 4.7 0.067 4 .88 1 00 . 3  

2 20.6 2 5 . 3  0.067 4 .85 

3 39.5 64.8 0.066 4.83 

4 6 8 . 9  1 33 .7 0.066 4.8 1 

5 0.066 4.78 

8 1 0  6 . 5  6 . 5  0.068 4.08 1 1 5 .2  

2 26.7 3 3 .2 0.067 4.06 

3 45 .7 7 8 . 9  0.067 4.04 

4 79.4 1 58 . 3  0.066 4 .01  

5 0.066 3 .99 

9 3 0  1 5 . 2  5 .2 0. 1 85 4.58 1 07.4 

2 22.8 2 8 .0 0. 1 83  4.54 

3 42.0 70.0 0 . 1 8 1  4.50 

4 7 3 .7 1 43 .7 0. 1 77 4.43 

5 0. 1 60 4 . 1 0  

1 0  30 1 7 . 1  7 . 1 0. 1 89 3 . 89 1 2 l .0 

2 2 8 . 6  35 .7  0. 1 86 3 .86 

3 47.8  8 3 . 5  0. 1 84 3 .83  

4 8 3 . 3  1 66.9 0. 1 80 3 .78 

5 0. 1 69 3 .63 
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Prediction methods A, B ,  and C were used to predict the chilling times of the six transient 

chi l l ing trials reported in chapter 6. The results of prediction method B with five steps are 

summarised in  Table 8 .2 .  

The measured data and predictions by methods A and B (with 5 steps) are compared in 

Table 8 . 3 .  Prediction method A gave good agreement with the measured times for one 

In Yc reduction (the mean percentage difference was +0.7% with a standard deviation of 

3 . 1  %, giving a 95% confidence interval of (-7 , +8)%).  Prediction method B (with 5 steps) 

agreed c losely with method A (the mean percentage difference was +3 . 1  % with a standard 

deviation of 1 .7%),  and also gave good agreement with the measured data (the mean 

percentage difference was +3 .8% with a standard deviation of 4.3%, and the 95% 

confidence interval was (-7, + 14)%). These results indicated that the simplifications 

employed by prediction method B (with 5 steps) led to a mean over-prediction of about 

3 %  and slightly more spread of predictions than method A, although six results are 

unlikely to yie ld a robust estimate of the standard deviation. In section 6 .4 .3 .3 ,  an 

experimental uncertainty of ±5% was reported for the measured data, so while most of the 

lack  of fit to prediction method A was explainable by measured uncertainty thi s  was not 

tme of prediction method B. However the uncertainty in prediction method B was not 

large. 

Table 8 . 3  Comparison of measured data and results from prediction methods A and B 

(with 5 steps) - Times for one {nYe reduction (seconds x 103) 

Run Void Height Measured Prediction % diff. from Prediction % diff. from % diff. from 

No. 

5 

6 

7 

8 

9 

1 0  

(mm) Data method A measured method B method A measured 

6 99.6 1 02.7  3 . 1  1 04.4 1 .7 4 .8  

6 1 07.4 1 02 . 3  -4.7 1 04.4 2 . 1  -2. 8  

1 0  98.5 98.8 0 . 3  1 00 . 3  1 .5 1 . 8  

1 0  1 08.9 1 1 0 .8  1 .7 1 1 5 . 2  4 .0  5 . 8  

3 0  97. 6  1 0 1 .4 3 . 9  1 07 .4 5 .9 10.0 

30 1 l 7 . 1  1 1 7 . 0  -0. 1 1 2 1 .0 3 .4 3 . 3  

Mean +0.7 +3. 1  +3.8 

St. Dev. 3.1 1 .7 4.3 

In order to show how the number of steps in s lab surface temperature over which the heat 

transfer coefficient was calculated affected the accuracy of method B, predictions using a 

different number of steps were carried out. The package that was most l ikely to have the 

l argest chan ge i n  heat flux occurring through the void over the c ourse of the c ooling trial 

was chosen. Run 9 had the largest change in effective HTC over the five steps (observed 
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i n  Table 8 .3 ) ,  and this run was also the package with the largest sized void and the highest 

heat transfer coefficient. The corresponding percentage differences from the measured 

result using 1 ,  2, 3,  4, 5 ,  and 10  steps are shown in  Table 8.4. No increase in accuracy 

was observed, suggesting that one step was adequate. 

Table 8 .4 Comparison of times for one InYc reduction predicted by method B with a 

different number of steps (seconds x 1 03) 

No. of Measured Prediction method B % diff. from 

steps, N Result (with N steps) measured 

9 7 . 6  1 0S . S  +8 . 1  

2 97 .6  1 07 . S  + 1 0. 2  

3 97 .6  1 07 .9  + 1 O. S  

4 9 7 . 6  1 08 . 1  + 10.7 

S 9 7 . 6  1 07.4 + 1 0.0 

10 9 7 . 6  1 07 . 2  +9.9 

The results of prediction method C are given in  Table 8 .5 .  A worked example is given in 

Appendix A3. 

Table 8 .5  Result s from prediction method C 

Run Void  Maximum Minimum Maximum Minimum Logarithmic Time for 

No. Height kvoid kt'oid effective effective average one InYe 

(mm) (Wm·1K 1) (Wm-1K1 ) HTC HTC effective HTC reduction 

(Wm-2K 1) (Wm-2K1) (Wm-2K 1) (sec x 1 03) 

5 6 0.054 0.049 4 . 7 8  4.S2 4 . 65 1 03 .0 

6 6 0.054 0 . 049 4 .78  4.52 4 . 65 1 03.0 

7 1 0  0.092 0 .065 6 . 04 4.77 5 . 3 8  92.4 

8 1 0  0.09 1  0 .065 4 . 8 1 3 .98 4 . 3 8  1 07 .7  

9 3 0  0.205 0. 1 48 4.93 3.86 4 . 3 7  107.9 

1 0  3 0  0.205 0 . 148 4. 1 0  3 .32 3 .7 0  1 22 . 9  

In Table 8.6 the measured data and the results from prediction method B (with one step) 

and prediction method C were compared. The data i l lustrated the difference between 

taking an arithmetic average or a logarithmic average of the effective heat transfer 

coefficient over time. The arithmetic average (method B)  gave a 95% confidence interval 

of (-6, + 1 2) %  and the logarithmic average (method C) gave a 95% confidence interval of 

(- 1 4, +1 7)%. Although six results were unlikely to yield a robust estimate of the standard 

deviation, the results indicate that prediction method B was more l ikely to give accurate 

predictions than method C.  
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Table 8.6 Comparison of measured data and results from prediction methods B (with one 

step) and C - Times for one I n Y� reduction (seconds x 1 03) 

Run Void Height Measured Method B % diff. from Method C % diff. from 

No. (mm) Data (with 1 step) measured measured 

5 6 99.6 1 04. 1 4.5 103.0 3.4 

6 6 1 07.4 1 04.0 -3. 1 1 03.0 -4. 1 

7 1 0  98.5 1 00.0 1 .5 92.4 -6.2 

8 1 0  1 08.9 1 1 4.7 5.3 107.7 - 1 . 1  

9 30 97 .6 1 05 . 5  8 . 1  1 07.9 1 0.6 

1 0  30 1 1 7. 1 1 1 9.6 2. 1 1 22 .9 5.0 

Mean +3.1 +1.3 

St. Dev. 3.8 6.3 

The individual percentage differences between the measured data and prediction method 

A were plotted against the individual percentage differences between the measured data 

and prediction method B (with one step) in Figure 8 .7 .  Only a small number of data 

points were avai lable, but the plot displays a positive relationship between the percentage 

differences. The manner in which prediction method B fai led to fit the measured data was 

simi lar to prediction method A, which provides further confidence in the val idi ty of the 

simplifying assumptions employed by prediction method B. Figure 8.7 distinguishes 

between samples with high and low heat transfer coefficients. There was no apparent 

trend with heat transfer coefficient and, although not shown here, there was also no 

apparent trend with varying void size or with packages that were cooled from above or 

below. 

1 0 ,---------------------------A 
• 

• 
• 

•• 

• 

- 1 0 �----�------�----_,------� 
- 1 0  -5 o 5 

0/0 diff. from measured data 
(prediction method A) 

1 0  

Figure 8.7 Plot of percentage differences from the measured data for prediction method 

A and prediction method B (with one step) 

[KEY: pink squares = high HTC, blue diamonds = low HTC] 
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8.6.2 Food Packages Containing Triangular Voids 

8 . 2 1  

In chapter 5 ,  the results of twenty-eight transient chill ing trial s  with an analogue food 

package were reported. The measured data were used to establish the relationship 

between Ra and Nu for triangular voids up to 50mm high, enabling the effective thermal 

conductivities of the voids to be estimated. The complex finite element model developed 

in chapter 7 allowed the combined effects of natural convection and radiation in triangular 

air voids to be modelled in a food package undergoing transient chil l ing. 

The level of agreement between the measured data and the results predicted by the 

complex finite e lement model had not been presented previously .  This was because the 

measured data were used to determine the extent of natural convection and radiation in 

the air voids for the model ,  and thus the two data sets would be expected to broadly agree. 

However the data predicted by the model (called 'prediction method D' in this section -

see Table 8 . 1 )  are presented to assist testing of the validity of the s imple model that has 

been developed in this chapter. 

Prediction method E (see Table 8 . 1 )  was the same as prediction method D except that the 

effective thermal conductivity of the air voids was not changed as the temperature 

difference across the void changed. Instead, the constant value of effective thermal 

conductivity was estimated by l ogarith mically averaging the maximum and minimum 

effective thermal conductivity values (assuming the maximum possible temperature 

difference across the void and no temperature difference across the void respectively). 

In Table 8.7 the results from prediction methods D and E are compared to the measured 

data from chapter 5. Times for one InYc reduction predicted by  method D gave a mean 

percentage difference of -4. 1 % and a standard deviation of 3 . 8% from the measured 

resu lts (excluding the measured results for 30mm high voids,  which were considered 

invalid).  The offset from zero difference can be explained as follows - the best-fit 

relationship to the experimental Nu and Ra data (equation 5 . 1 7  shown in Figure 5 .23) 

tended to over-estimate values of  Nu at lower Ra values. For the data sets here, during 

most of the cooling time of the food package the Nu number in the voids was lower than 5 

(see Table 5 .7) .  Thi s  may have led to over-estimation of the true effective thermal 

conductivity in the air voids for much of the time during cooling, which would in turn 

reduce the predicted cooling times. 

For almost all runs where the air voids were cooled from above, prediction method E 

under-predicted the cooling times predicted by method D (with a mean percentage 
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difference of - 1 .7% and a standard deviation of 2 .3% for all runs) .  This  suggested that 

the logarithmic average employed by prediction method E gave s l ightly higher estimates 

of the effective thermal conductivity in the air voids than prediction method D. This led 

to further under-prediction of measured times for one InYe reduction by method E (ie. a 

mean percentage difference of -6. 1  % and a standard deviation of  5 .2% from the val id  

measured data). These results indicated that the simplificat ion of logarithmically 

averaging the effective thermal conductivity of triangular air voids changed the quality of 

fit of the model from a 95% confidence interval of (- 12 ,  +4)% for method D, to a 95% 

confidence interval of  about ( - 17 ,  +4) %  for method E. 

Table 8 .7 Com12arison of measured data and results from 12rediction methods D and E -
Times for one In Ye reduction (seconds x 103} 

Run V oid HTC Measured Prediction % diff. Prediction % diff. (10 diff. 

No. Height (Wm-2K-1 ) Data method D from method E from from 

(mm) measured method D measured 

20 1 2 .7 65 .8  65 . 8  0 65.6 -0.3 -0.3 

2 20 29.6 5 3 . 3  52. 1 -2 .3  52.2 0.2 -2. 1 

3 20 12.7 66. 1 66.5  0 .6 66.5 0 0 . 6  

4 20 29.6 5 3 . 9  5 1 .6 -4.3 5 1 .6 0 -4. 3  

5 30 29.6  64.3*  54. 1 5 3 . 2  - 1 .7 

6 3 0  12 .7  74.6* 6 8 . 1  68 . 1 0 

7 30 29.6 64. 3 *  5 3 .9 5 3 . 9  0 

8 3 0  1 2.7 77.4* 6 8 . 0  6 8 . 0  0 

9 30 29.6 67.2* 5 3 . 8  5 3 . 8  0 

1 6  3 0  29.6 63 .5*  5 3.4 5 3 .4 0 

1 1  40 1 2.7 74.9 72.4 -3 .3  72 .4 0 - 3 . 3  

1 2  4 0  1 2.7 7 1 .9 68 .9  -4.2 66.3 -3 .8  -7 . 8  

1 5  40 29.6 67.8 5 9 . 6  - 1 2. 1 59 .6  0 - 1 2 . 1  

1 6  4 0  29.6 57.5  5 5 . 4  -3.7 5 3 . 5  -3.4 -6.9 

5 50 29.6  66.4 66.9  0.8 66.9 0 0 . 8  

6 5 0  1 2.7 76.4 79.4 3 .9 79.4 0 3 . 9  

7 50 29.6 5 8 . 8  5 5 . 7  -5 . 3  5 3 . 6  -3 .8  -8 .9  

8 5 0  1 2.7 70.0 68. 8 - 1 .7 65 . 1  -5.4 -7 . 0  

9 50 29.6  59.2 5 5 . 2  -6. 8 5 2 . 8  -4.3 - 1 0 . 8 

1 0  5 0  29.6 6 1 . 0  5 5 .5 -9.0 5 3 .0 -4.5 1 3 . 1  

1 0  50 29.6 68 .5  64.4 -6.0 64.4 0 -6 .0  

1 1  5 0  1 2.7 72. 1 67 . 8  -6.0 6 3 . 8  -5.9 - 1 1 .5 

1 2  5 0  12.7 79. 1 77 .0 -2 .7  77 .0 0 -2.7 

13 5 0  29.6 60.8 54 .9  -9.7 52.7 -4.0 - 1 3 . 3  

1 3  5 0  29.6 66.7 64.4 -3.4 64.4 0 - 3 . 4  

14 50 1 2.7 7 3 . 6  68 .5  -6.9 64. 8  -5 A - 12 . 0  

1 4  5 0  12.7 77 .9 7 6 . 8  - l A  7 6 . 8  0 1 .4 

1 5  5 0  29.6 59.5 5 5 . 6  -6. 6 5 2 . 6  -5.4 - 1 1 .6 

Mean -4.1 -1.7 -6. 1 

St. Dev. 3.8 2.3 5 .2 

* these measured results were affected by poor construction of the Tylose sample block. 
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Prediction method F (see Table 8 . 1 )  used the simple physical model described in section 

8 .4 .  Temporal and spatial variation s  were averaged as discussed in sections 8 .4 .2  and 

8 .4 .3  respectively. An overall heat transfer coefficient (as In section 8 .4 .3)  was 

determined since FPM32 did not allow spatially variable heat transfer coefficients. The 

results from prediction method F are given in Table 8 . 8  and a worked example is shown 

in Appendix A3 . 

Table 8 .8 Results from prediction method F 

Run 

No. 

Void Mean kvoid Mean h'Ti 
Height value over time Value over time 

(mm) (WmOIK1 ) (Wm02K1 ) 
o. ______ o o �  __ � _ _____ __ o ___ o ____ ____ • __ ._ ••• 

1 

2 

3 

4 

5 

6 

7 

8 

9 

1 6  

1 1  

1 2  

1 5  

1 6  

5 

6 

7 
8 

9 

1 0  

1 0  

1 1  

1 2  

1 3  

1 3  

1 4  

1 4  

1 5  

20 0.077 5 . 8  

20 0.077 8 .7 

20 0.062 5 .4 

20 0.062 8 . 1 

30 0 . 1 03 8 . 5  

30 0 . 1 04 5 .7 

30 0.07 1 7 . 5  

30 0.07 1 5 .0 

3 0  0007 1 7 .5  

30 0.07 1 7 .5  

40 0.090 5 .0 

40 0 . 143 5 .9 

40 0.087 7 .4 

40 0. 1 43 8 .9  

50 0. 1 1 7 7.7 

50 0. 1 1 8 5 . 2  

5 0  0. 1 88 9.4 

50 0. 1 85 6 .2 

50 0. 193 9 .6  

50 0. 1 89 9 . 5  

50 0. 1 1 8 7.7 

50 0. 1 88 6 .2 

50 0 . 1 1 8 5 . 2  

5 0  0. 1 9 1  9 .5 

50 0. 1 22 7 . 8  

50 0. 1 87 6.2 

50 0. 1 1 8  5 .2 

5 0  0. 1 83 9 . 3  

A verage Overall 

HTC 

(Wm·2K 1) 

8 . 5  

1 4 . 6  

8 . 4  

1 4 . 4  

1 3 .2 

7 .9 

1 2 . 7  

7 . 5  

1 2 . 7  

1 2. 7  

6 . 8  

7 .4 

1 1 . 1  

1 2 . 1 

9 . 9  

6 . 2  

1 1 .2 

7 . 0  

1 1 . 3  

1 1 .2 

9 .9 

7 . 0  

6 .2 

1 1 . 3 

1 0.0 

7 .0 

6 . 2  

1 1 . 1  

Time for one InYc 

Reduction 

(sec x 1 03) 

67 . 8  

50.6 

68.4 

50.9 

52.9 

70.8 

53.9 

7 3 .2 

5 3 .9 

5 3 . 9  

77.6 

73 .6  

57 .7  

55.0 

6 1 .6 

82.5 

56.8 

75.4 

56.5 

56.8  

6 1 .5 

75.4 

82.5 

56.8 

6 1 .5 

75.4 

82.5 

57 . 1  

In Table 8 .9 ,  predictions by method F are compared to the measured data and results from 

prediction methods D and E. As expected, the substitution of solid material in the air 

void employed by prediction method F increased the amount of thermal mass within the 

s lab ,  leading to predicted cooling times that general ly  got longer as the void size 

increased. Prediction method F also ignored any end or edge effects. Prediction method 

F broadly agreed with prediction method E (the mean percentage difference w as +3 .8% 
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with a standard deviation of 5 .9%) and agreed similarly with prediction method D (the 

mean percentage difference was +2. 1 % with a standard deviation of 4 .7%). Comparison 

of predictions by method F against the valid measured data gave a mean percentage 

difference of -2.0% with a standard deviation of 6.7%. The 95% confidence interval for 

prediction method F was (- 1 5 ,  + 1 1 )% i ndicating that the temporal and spatial averaging 

employed by the method gave predictions that were more spread than prediction method 

E. In section 5 . 3 ,  an experimental uncertainty of ±5% was reported for the measured 

data, thus by subtracting the variances,  prediction method F had a 95% confidence 

i nterval of ( - 14 ,  + 10)%, which w as l ikely to be acceptable to industry. 

Table 8 .9 Percentage differences between prediction method F, the measured data, and 

prediction methods D and E 

Run Void Height HTC Measured Prediction method F 

No. (mm) (Wm,zK· 1 ) Data Time for one % diff. from % diff. from % diff. from 
InYc reduction method E method D measured 

1 20 12.7 65 . 8  67 .8  3 . 2  2 .9  2 . 9  

2 2 0  29.6 5 3 . 3 50.6 - 3 . 2  - 3 . 0  -5 . 3  

3 2 0  1 2 .7 66. 1 6 8 .4 2 . 8  2 . 8  3 .4 

4 2 0  29.6 5 3 .9 50.9 - 1 .4 - 1 .4 -5 .9  

5 3 0  29.6 5 2 .9 -0.5 -2 .3  

6 3 0  12.7 70.8 3 . 8  3 . 8  

7 30 29.6 5 3 ,9 0 0 

8 3 0  12.7 7 3 .2 7 . 1  7 . 1  

9 3 0  29.6 5 3 .9 0 . 2  0 . 2  

1 6  3 0  29.6 5 3 .9 0 .9  0.9 

1 1  40 12.7 74.9 7 7 . 6  6 .7  6 .7  3 .5 

1 2  40 12.7 7 1 .9 7 3 .6 9 . 9  6 . 4  2 . 3  

1 5  40 29. 6  67 . 8  5 7 .7 - 3 . 3  - 3 . 3  1 7 .5 

1 6  40 29.6 5 7 . 5  5 5 . 0  2 . 7  -0.7 -4.5 

5 50 29.6 66.4 6 1 .6 - 8 . 6  -8 .6  -7 .8  

6 50 12 .7  76.4 82.5 3 . 8  3 . 8  7 . 4  

7 5 0  29.6 5 8 . 8  5 6. 8  5 . 7  1 .9 - 3 . 5  

8 5 0  12.7 70.0 75.4 1 3 . 7  8 . 8  7 . 2  

9 5 0  29. 6  59.2 56.5 6.5 2 . 3  -4.8 

1 0  50 29.6 6 1 .0 56 .8  6 .7  2 . 3  -7 .4 

1 0  50 29. 6  68 .5  6 1 .5 -4.7 -4.7 - 1 1 .4 

1 1  5 0  1 2 . 7  72. 1 7 5 .4 1 5.4  1 0 . 1 4.4 

1 2  5 0  12.7 79. 1 82.5 6 .7  6 .7  4 . 1 

1 3  50 29 . 6  60. 8 56.8  7 . 2  3 . 3  -7 . 0  

1 3  5 0  29.6 66.7 6 1 .5 -4.7 -4.7 - 8 . 5  

1 4  50 12 .7  73 .6  75.4 1 4 . 1 9 . 2  2 . 4  

1 4  5 0  12 .7 77.9 82.5 6.9 6 .9  5 .6 

1 5  5 0  29.6 59 .5  57. 1 7 .9  2.6 -4. 2  

Mean +3.8 +2.1 -2.0 

St. Dev. 5.9 4.7 6.7 
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The individual percentage differences from the measured data for prediction method D 

were plotted against the individual percentage differences from the measured data for 

prediction method F in  Figure 8 .8 .  The plot shows that, compared to prediction method 

D, prediction method F over-estimated the cooling times of samples with a low heat 

transfer coefficient and sl ightly under-esti mated the cool ing times of samples with a high 

heat transfer coefficient. Although the equi valent p lots are not shown here, there also 

appeared to be a possible trend whereby prediction method F over-estimated the cooling 

ti mes of samples containing larger voids and samples that were cooled from below. It 

was considered probable that the observed differences were caused by sideways heat flow 

through the polycarbonate packaging layer, which prediction method F did not account 

for. Considering that the thermal conductivity of the air voids was much lower than that 

of solid Tylose, the section of polycarbonate packaging in contact with the solid Tylose 

would have been at a higher temperature than the section of polycarbonate in contact with 

the triangular air void. This would have given ri se to sideways heat flow along the 

polycarbonate packaging layer (i l l ustrated in Figure 8 .9) .  The amount of sideways heat 

flow that was unaccounted for in prediction method F would be expected to be larger at 

lower heat transfer coefficients and in packages where the air voids had a lower thermal 

conducti vity or were of a larger size. Therefore, the phenomenon of sideways heat flow 

could explain why the cooling times of packages with l arger air voids, cooled from below 

with a low heat transfer coefficient were more over-estimated by prediction method F than 

prediction method D .  

20 .---------------------------------� 

1 5  

- 1 5  
• 

-20 �------�------_,--------,_------� 

-20 - 10  o 1 0  

% diff. from m easure d data 
(prediction m e thod D) 

20 

Figure 8.8 Plot of percentage differences from the measured data for prediction methods 

D and F 

[KEY: pink squares = high HTC, blue diamonds = low HTC] 
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Solid 

Figure 8.9 Sideways heat flow in the polycarbonate packaging layer 

8.26 

The potential amount of extra heat flow from the sol id Tylose due to the sideways heat 

flow in the polycarbonate layer was illustrated by using steady-state finite element 

simulations. A 6mm thick polycarbonate layer with six different combinations of 

boundary conditions  was simulated using FINELX (Figure 8 . 10) .  The detai l s  of the 

boundary conditions are given in Table 8 . 1 0. For each case, the average top surface 

temperature (Ts) was estimated by an arithmetic mean of temperatures calculated at one 

hundred evenly spaced intervals along the top surface ,  and the heat flow «(jJ) through the 

top surface of the polycarbonate layer was calculated using equation 8 . 1 1 .  

(jJ = hA(� - TJ (8. 1 1 ) 

Insulated -{ }- Insulated 
boundary boundary �--------------------------------------------------� 

�----------�------------�------------.------------� 
Insulated LUndary Constant tempJature of 30°C 

x y 

Figure 8.10 Diagram of the steady-state FINELX simulation to determine the effect of 

sideways heat flow (further detail s  are given in Table 8 . 1 0) 
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Table 8 . 10 Combinations of boundary conditions for Figure 8 . 1 0  

Void Size Heat Transfer Coefficient X Y 
(mm) (Wm-2Ki) (mm) (mm) 

20 1 2 .7 20 45 

20 29.6  20 45 

40 1 2.7 40 25 

40 29.6 40 2 5  

5 0  1 2.7 50 1 5  

50 29.6 50 1 5  

The heat flow through the top s urface o f  the polycarbonate layer was also estimated with 

no sideways heat flow, for each of the six different combin ations of void size and heat 

transfer coefficient, by using analytical methods. For each combin ation, the total heat 

flows through the top surface with and without sideways heat flow were compared i n  

order to observe the effect o f  sideways heat flow i n  the polycarbonate layer. These values 

are summarised in Table 8 . 1 1 . Note that the values ignore any heat flow through the air 

void to the polycarbonate layer. However, since most of the heat in  the package exited 

through the surface where the solid Tylose was in contact with the polycarbonate layer the 

estimated heat flow values i l lustrate the majority of the sideways heat flow effect. 

Table 8 . 1 1  Estimated total heat flow values (with and without sideways heat flow) 

Void Heat Transfer Total Heat Flow Total Heat Flow Ratio of Heat 

Size Coefficient with sideways heat flow without sideways heat flow Flows 

( mm) (Wm-2K 1) (W) (W) 

20 1 2 .7 1 5 .48 1 3 .08 U 8  

2 0  29.6 26.05 2 3 . 1 6  1 . 1 2  

40 1 2.7 9 .82 7 . 2 7  1 .35 

4 0  2 9 . 6  1 5 . 87 1 2 . 87 1 .2 3  

5 0  1 2 . 7  6.94 4 . 3 6  1 .5 9  

5 0  29 .6  1 0.76 7 .7 2  1 .39 

The ratio of heat flows given i n  Table 8 . 1 1  could be used to account for the decrease in 

cooling time that was caused by sideways heat flow, since most of the heat in the package 

exited through the surface where the solid Tylose was in contact with the polycarbonate 

layer. A new effective area was calculated for these surfaces by multiplying the actual 

areas by the ratios of heat flows. For prediction method F, this yielded an increase in the 

effective area where the heat transfer coefficient h\urf acted (see Figure 8.4) and a 

corresponding decrease in the effective area where the heat transfer coefficient htri acted. 
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This increased the overall heat transfer coefficient, reducing the amount of cooling time 

over-estimation. The results of prediction method F (with the effective area adjustment 

included) are given in Table 8 . 1 2. 

Table 8 . 1 2  Results from prediction method F (with effective area adjustment included) 

Run Void Ratio of Heat New Overall Time for one InYe 

No. Height Flows HTC Reduction 

(mm) (Wm·2K 1) (sec x 1 03) 

1 20 1 . 1 8  9 . 0  65.5 

2 2 0  1 . 1 2  1 5 . 3  49.5 

3 2 0  1 . 1 8  8 .9 65.9 

4 20 1 . 1 2  1 5 . 1 49.6 

5 3 0  

6 3 0  

7 3 0  

8 3 0  

9 3 0  

1 6  3 0  

1 1  40 1 .35  7 . 4  7 3 . 6  

1 2  4 0  1 . 35 7 . 9  70.5 

1 5  40 1 .2 3  1 2 .0 55.5  

16 40 1 .23  1 2 . 8  5 3 . 5  

5 5 0  1 . 39 1 0.7 58.7 

6 5 0  l .59 6 .8  77 .6  

7 5 0  1 .3 9  1 1 .9  55 .2  

8 50 1 .5 9  7 . 5  73.2 

9 5 0  1 .3 9  1 2 . 0  5 5 .0 

1 0  5 0  1 . 3 9  1 1 .9  55 .2 

10 50 1 .39 1 0. 8  58 .7  

1 1  5 0  1 .59 7 . 5  72.6 

1 2  5 0  1 .5 9  6 . 8  77.6 

1 3  5 0  1 .3 9  1 2 . 0  55.0 

1 3  5 0  l .3 9  1 0 . 8  5 8 .4 

1 4  5 0  1 .5 9  7 . 5  72.6 

1 4  5 0  1 .5 9  6 . 8  77.6 

1 5  5 0  1 .39 1 1 . 8  55 .5  

The results from Table 8 . 1 2  were compared to the measured data and the results from 

prediction methods D and F. From Table 8 . 1 3  it can be seen that the inclusion of the 

effective area adjustment has not improved the agreement between prediction method F 

and the measured data - the new 95% confidence interval is (- 17 ,  +6)%. However, the 

inclusion of the effective area adjustment has made prediction method F agree much more 

closely with prediction method D - the new 95% confidence interval i s  (-10,  +9)%. 
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Table 8 . 1 3  Percentage differences between Qrediction method F (with effective area 

adjustment included), the measured data, and Qrediction methods D and F 

Run Void Height HTC Measured Prediction method F with effective area adj ustment 

No. (mm) (Wm02Kl) Data Time for one % diff. from % diff. from % diff. from 
In Ye reduction method D method F measured 

[ 20 1 2.7 6 5 . 8  65.5 -0.5 -3.4 -0.5 

2 2 0  29.6 5 3 .3 49.5 -5.0 -2.2 -7 . 1 

3 20 1 2 .7 6 6. 1  65.9 -0.9 -3 .7  -0.3  

4 2 0  29.6 5 3 .9 49. 6  -3 .9 -2.6 -8 .0 

5 3 0  29.6 

6 3 0  1 2.7 

7 3 0  29.6 

8 3 0  1 2.7 

9 3 0  29.6 

1 6  3 0  29.6 

1 1  40 1 2.7 7 4.9 7 3 .6 1 .7 -5.2 - 1 .7 

1 2  40 1 2.7 7 1 .9  70.5 2 . 3  -4.2 - 1 .9 

1 5  4 0  29.6 6 7 . 8  5 5 . 5  -6.9 -3 .8  - 1 8 . 1 

1 6  40 29.6 57.5 53.5 -3 .4 -2.7 -7 .0 

5 50 29.6 66.4 5 8 . 7  1 2 . 3  -4.7 - 1 1 .6 

6 50 1 2 .7 76.4 77.6 -2. 3  -5.9 1 .6 

7 50 29.6 5 8 . 8  5 5 . 2  -0.9 -2.8 -6. 1 

8 5 0  1 2.7 70.0 7 3 .2 6.4 -2.9 4.6 

9 5 0  29.6 59.2 5 5 .0 -0.4 -2.7 -7. 1  

1 0  5 0  29.6 6 1 .0 55.2 -0.5 -2. 8 -9.5 

10 5 0  29.6 68 .5  5 8. 7  - 8 . 9  -4.6 - 1 4. 3  

1 1  5 0  12.7 7 2 . 1 72.6 7 . 1 -3 .7  0 .7  

1 2  50 12 .7  79 . 1 7 7 . 6  0 . 8  -5.9 - 1 .9 

1 3  50 29.6 60.8 55.0 0.2 -3 .2 -9.5 

1 3  5 0  29.6 66.7 5 8 .4 -9 .3  -5.0 - 1 2 .4 

1 4  5 0  12 .7  73 .6  72.6 6 . 0  -3.7 1 .4 

1 4  50 12 .7  77.9 77.6 1 .0 -5.9 -0.4 

1 5  50 29.6 59.5 55 .5  -0 .2  -2. 8  -6.7 

Mean -0.7 -3.8 -5.4 

St. Dev. 4.8 1 .2 5.8 

The individual percentage differences from the measured data for prediction method D 

were plotted against the indi vidual percentage differences from the measured data for 

prediction method F with the effective area adjustment in Figure 8 . 1 1 . The data sets with 

a high and low heat transfer coefficient were stil l  distinctly separate, however, the bulk of 

the data were now much closer to the 45° line, which suggested that the inclusion of the 

effective area adj ustment improved prediction method F so that the manner in which it 

fai led to match the measured data was similar to prediction method D .  
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Figure 8. 1 1  Plot of percentage differences from the measured data for prediction method 

D and prediction method F (wi th effective area adjustment included) 

[KEY: pink squares = high HTC, blue diamonds = low HTC] 

In practical situations, where the packaging material is usual ly  a 2 to 3mm thick layer of 

fibreboard or corrugated cardboard, the effective area adjustment would be expected to be 

closer to unity and thus its use would not be as i mportant. Thi s  is because a thin 

packaging layer with a low thermal conductivity value would have a smal ler amount of 

sideways heat flow when compared to these test cases. 

8.6.3 Food Packages Containing Combined Voids 

In chapter 7, a relatively complex finite element conduction model was developed for 

packages containjng void spaces that could be described using some combination of 

rectangular and triangular void sections. The model was tested by the col lection of 

measured data from fourteen transient chi l l ing experiments using an analogue food 

package. These data were not used in model development and thus provided an 

independent test of the prediction accuracy of the model .  The results from the complex 

model (called prediction method G hereafter - see Table 8 . 1 )  were reproduced in order to 

test the performance of the simple mode l .  

Prediction method H (see Table 8 . 1 )  used the simple physical model explained in section 

8 .5 .  Since FPM32 did not allow spatially variable heat transfer coefficients, an average 
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overall heat transfer coefficient weighted b y  surface area was determined (as discussed in 

section 8 .4 .3) .  

Prediction methods G and H were used to predict the chil ling times of the fourteen 

transient chilling trials reported in chapter 6 .  The results of  prediction method H are 

summarised in  Table 8 . 1 4  and a worked example is shown in  Appendix A3 .  

Table 8 . 14  Results from Qrediction method H 

Run Rectangular Triangular Mean hlri Mean hrecr Average Time for one 

No. Void Height Void Height value over value over Overall InYc 

( mm) (mm) time time HTC reduction 

(Wm·2K 1) (Wm-ZK 1 ) (Wm-ZK l ) (sec x 1 03) 

l A  25 25 * 4.54 4.54 1 04 . 8  

l E  25 5 0  4 . 5 3  4 . 5 5  4.54 1 04 . 8  

2A 25 25 * 4.54 4.54 1 04 . 8  

2B 25 50 4.46 4 . 5 5  4.52 1 05 . 1  

3 A  25 25 * 3 . 8 1  3 . 8 1  1 20. 1 

3 B  2 5  5 0  3 .77 3 . 8 1  3 . 80 1 20 . 3  

4 A  25 25 * 3 . 8 1  3 . 8 1 1 20. 1 

4B 25 5 0  3 .7 6  3 . 8 1  3 .79 120.5 

5A 1 0  3 0  4 . 67 5 .72 5 .40 89.9 

5 B  1 0  5 0  6.26 5 .7 3  6 .06 82.5 

6A 10 30 3 . 8 8  4 . 6 1  4 . 3 8  1 05 . 5  

6 B  1 0  5 0  4.96 4 .62 4 . 8 3  9 7 . 4  

7A 1 0  3 0  3 . 8 8  4 . 6 1  4 .39 1 05 . 7  

7B 10 5 0  4.96 4 . 6 1 4 .83  97 .4  

* no triangular void present in  these samples ( le .  rectangular void height minus triangular void height = 0) 

The measured data are compared to the results from prediction methods G and H in Table 

8 . 1 5 ,  and the lack of fit for each prediction method is compared in Figure 8 . 1 2 . 

Prediction method G gave times for one InYc reduction with a mean percentage difference 

of + 1 .7% and a standard deviation of 5 . 1 %  from the measured data, so the 95% 

confidence interval was (-9, + 1 2)%.  Prediction method H agreed closely with predictions 

from method G (a mean percentage difference of +2.9% with a standard deviation of 

4.9%), and also with the measured results (a mean percentage difference of +4.6% with a 

standard deviation of 6 .4%, giving a 95% confidence interval of (-9, + 1 7)%). Figure 8 . 1 2  

shows that the data are scattered in proximity t o  the 45° line, which suggested that the 

manner in which prediction method H failed to fit the measured data was similar to 

prediction method G .  This provides further confidence in the  validity of the 

simplifications employed when using prediction method H. There was no apparent trend 

with heat transfer coefficient, void  size, or whether cooling was from above or below. In 
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section 7.5, an experimental uncertainty of ±9% was reported for the measured data, and 

thus by subtracting the variances the actual 95% confidence interval for prediction method 

H was about (0, + 1 4)%, which was l ikely to be acceptable to industry. 

Table 8 . 1 5  ComQarison of measured data and results from Qrediction methods G and H -

Run 

No. 

l A  

I B  

2A 

2B 

3A 

3B 

4A 
4B 

5A 

5B 

6A 

6B 

7A 

7B 

Times for one InY� reduction (seconds x 1 03) 

Measured Prediction % diff. from Prediction % diff. from 

Data method G measured method H method G 

97.8 99.4 1 .6 1 04.8 5.4 

94.4 99.3 5 .2  104.8 5.5 

1 05 .7  97.7 -7.6 1 04.8 7.3 

99.4 95.6 -3.8 1 05 . 1  9.9 

1 07.9 1 1 4.9 6.5 1 20. 1 4.5 

1 04.7 1 1 3. 1 8.0 1 20.3 6.4 

1 10.6 1 1 4.4 3.4 120. 1 5.0 

107 .5  1 1 2 .9 5 .0  1 20.5 6.7 

89.6 95.7 6.8 89.9 -6. 1 

82.7 8 1 .6 - 1 .3 82.5 1 . 1  

103.7 1 1 0.2 6.3 1 05 .5 -4.3 

95.5 95 .3 -0.2 97.4 2.2 

1 10.3 1 1 0.7 0.4 1 05.7 -4.5 

1 02.4 95.6 -6.6 97.4 1 .9 

Mean +1.7 +2.9 

St. Dev. 5.1 4.9 
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Figure 8. 12 Plot of percentage differences from the measured data for prediction 

methods G and H 

[pink squares = high HTC, blue diamonds = low HTC] 
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8.6.4 Cooling Times vs. Cooling Rates 

8 . 3 3  

In  sections 8 .6 . 1 to 8 .6.3 the perfonnance of the newly developed prediction methods was 

tested on the basis  of matching measured times for one InYe reduction during the period 

where the lnYe vs.  time plot yielded a straight line (between the values of -0. 5  and - 1 .5 ) .  

This  test effectively compared the rates of cooling at the centre of  the package and 

ignored the lag phase at the centre position that exists during the initial part of all transient 

cooling processes with a Si greater than zero. 

To include this lag phase in the testing of the simple and complex methods, the measured 

and predicted times taken for one and a half In Ye reductions (from 0 to - 1 .5 ,  where Ye = 

0.223) were compared for prediction methods A ,  B (with one step), D,  F (with effective 

area adjustment included) ,  G and H. At In Ye values below this range, end and edge effects  

may have affected the measured data causing significant curving of InYc vs. time plots 

(observed in the measured data reported in  chapters 5 ,  6 and 7). 

For packages containing rectangular voids, Table 8 . 1 6  compared the measured times for 

1 .5 In Yc reductions with those predicted by methods A and B (with one step). The 95% 

confidence intervals were in a similar range to  those calculated for one In Yc reduction. 

For prediction method A,  the 95% confidence interval was (-6, +9)% and for prediction 

method B (with one step) it was (-4, + 12)%. 

Table 8 . 1 6  Comparison of measured data and results from prediction methods A and B 

(with one step) - Times for 1 . 5  InYc reductions (seconds x 1 03) 

Run Void Height Measured Method A % diff. from Method B % diff. fro m  

No. ( mm) Data measured (with 1 step) measured 

5 6 1 5 8 .2 1 6 1 .4 2 . 0  1 65 . 8  4 . 8  

6 6 1 67 . 8  1 60.9  -4. 1  1 65 . 8  - 1 .2 

7 1 0  1 5 5 . 0  1 60 . 5  3 . 5  1 59.7 3 .0 

8 1 0  1 7 3 .4 1 80.0 3 . 8  1 8 1 . 8  4 .8  

9 30 1 54.6  1 5 9. 1 2 . 9  1 68.0 8 . 6  

1 0  3 0  1 83 . 3  1 86 .0 1 .5 1 89 . 2  3 .2 

Mean +1.6 +3.9 

St. Dev. 2.9 3.2 

For packages containing triangular voids, Table 8 . 1 7  compared the measured times for l . 5  

InYe reductions with those predicted b y  methods D and F (with the effective area 

adjustment included). The 95% confidence intervals were also in a similar range to those 

calculated for one InYc reduction. For prediction method D, the 95% confidence interval 
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was (- 1 1 ,  +4)% and for prediction method F (with the effective area adj ustment included) 

it was (- I S ,  +8)%. 

Table 8 . 17 ComQarison of measured data and results from Qrediction methods D and F 

(wi th the effective area adjustment included) - Times for 1 .S InYc reductions 

(seconds x 103} 

Run Void Measured Method D % diff. from Method F % diff. from 

No. Height Data measured (with effective area measured 

(mm) adjustment) 

I 20  105 . 1 1 04 . 9  -0.2 1 06 .8  1 .6 
2 20 85.0 8 5 . 1  0 . 1 82 .3  -3 .2  
3 20 106.6 1 05 . 4  - 1 . 1  1 06 . 8  0.2 
4 20 88.5 84.7 -4.3 82.4 -6.8 
1 1  40 1 20.9 1 1 8 .6 1 .9 1 19 . 3  - 1 .3 
1 2  40 1 14 .8  1 1 1 .9 -2.5 1 1 3 .2  - 1 .4 
1 5  40 1 10.7 9 8 .5 - 1 1 .0 92. 1  - 1 6.8  
1 6  40 93 .2 90.9 -2.5 87 .6  -6.0 
5 50 107 . 8  1 08 .7 0.8 99. 8  -7.4 
6 50 122.2 1 28 .4 5 . 1  1 30.6 6.8 
7 5 0  93 .9 90.0 -4.2 89.2 -5 .0 
8 50  1 12 . 3  1 09.9 -2. 1 1 15 .0 2.4 
9 5 0  93.0 88 .5  -4. 8  8 8 . 8  -4.5 
10  5 0  96.7 89.0 -8 .0 89.2 -7 .7 
10  5 0  1 10.7 1 05 . 1  -5 . 1 99 .8  -9.9 
1 1  5 0  1 14 .6  1 08 . 3  -5 .5  1 15 .0 0.3 
12 50 126.3 1 24.6 - 1.3  1 30.6 3.4 
1 3  5 0  97.2 88 .4 -9. 1  89.2 -8 .2 
1 3  50  107 .5 1 05 .0  -2.3 99 .8  -7 . 2  
1 4  50 1 1 8 .5  1 09 .5  -7.6 1 15 .0  -3 .0  
14  50 1 25 .2  1 24.3 -0.7 1 30.6 4 .3  
1 5  50 95.6 89.2 -6 .7 89.7 -6.2 

Mean ·3.4 ·3.4 

St. Dev. 3.7 5.5 

For packages containing combined rectangular and triangular voids,  Table 8 . 1 8  compared 

the measured times for 1 .S InYc reductions with those predicted by methods G and H. The 

9S% confidence intervals were also in a similar range to those calculated for one InYc 

reduction. For prediction method G,  the 9S% confidence interval was (- 10, +9)% and for 

prediction method H it w as (-8 ,  + 1 6)%.  
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Table 8 . 1 8  ComQarison of measured data and results from Qrediction methods G and H -

Times for l .5 InYc reductions (seconds x 1 03} 

Run Measured Prediction % diff. from Prediction % diff. from 

No. Data method G measured method H measured 

l A  1 54 .3  1 54.9 0.4 1 66.7 8 . 1  
I B  146.4 148.2 1 .2 1 60.3 9.5 
2A 1 66.7 1 53.0 -8.2 1 66.7 0.0 
2B 1 54.3 146.9 -4.8 160.9 4.3 
3A 1 70.9 1 77 .5  3 .9  1 89.8 1 1 . 1  
3B 1 63 .4 172. 1 5 . 3  1 84. 1 12 .7  
4A 1 74.9 1 76.9 1 . 1  1 89 .9 8 .6 
4B 1 67 .2 175 .0 4.7 1 84. 1 1 0. 1  
S A  143 .3  147.5  2 .9 144.0 0.5 
SB 1 30.0 125 .2 -3.7 1 29 .8  -0. 1 
6A 1 64.2 168.7 2.7 1 67 .3  1 .9 
6B 148 .8  145.3 -2.4 1 52 .5 2 .5  
7 A  1 72.6 170.5 - 1 .2 1 67 .3 -3. 1  
7B 

8.7 Comparison Against Other Existing Prediction Methods 

To gauge the i mprovement i n  prediction accuracy that had been gained through the 

development of the models in chapters 5 to 8, the measured results were compared to 

prediction methods A, B (with one step), D, F (with the effective area adjustment 

included), G and H, and three other existing prediction methods that may currently be 

considered acceptable. The three existing methods chosen were: 

1 )  A two-dimensional finite element model that accurately described the position and 

size of the air voids in a package, but assumed no natural convection and radiation 

heat transfer within the voids ;  

2)  A one-dimensional finite difference model that used 'effective thermal properties' 

theory and treated the package as a homogeneous solid, implying that natural 

convection and radiation were also ignored. 

3)  A one-dimensional finite difference model that assumed the whole package was a 

solid s lab where the voids had been fi l led with solid material (ie. the air voids had 

the same thermal properties as the sol id material) .  
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For the first existing method, FINELX was used to calculate the cooling rates .  However, 

instead of treating air voids in the normal manner, the air voids were considered to be a 

solid material that had the same thermal properties as sti l l  air. The polycarbonate 

packaging layer, and edge and end effects were included in the same way as they were for 

the complex model developed in  chapters 5 to 7 .  

For the second existing method, the package was considered t o  b e  a solid slab of 

homogeneous material. The effective thermal c onductivity model by Levy ( 1 98 1 )  was 

used to calculate the effective thermal properties of the homogeneous solid composed of 

air and Tylose (equations 8 . 1 2  to 8 . 1 5) .  

k = k ( 1  - 2U 1 F J e 
s I + V F 1 

k - k 
where V S Ii 

1 
- 2ks + kli 

and 

and 

(8 . 1 2) 

(8 . 1 3) 

(8 . 14) 

( 8 . 1 5) 

This model , based on the Maxwell-Eucken model (Eucken, 1 940), was chosen because it 

did not require any curve fitting of parameters against measured data. Avoidance of c urve 

fitting el iminated the possibil ity of matching predictions to the measured data by 

distorting the results of the effective thermal conductivity model.  FPM32 was used to 

calculate the chill ing rates using this method. The thermal resistance of the polycarbonate 

packaging layer was incorporated in the model as part of the top surface heat transfer 

coefficient by summing the resistances to heat transfer but the thermal capacity was 

ignored. The one-dimensionality of the model meant that end and edge effects were also 

ignored. 

For the third existing method, the package was also considered to be a solid s lab of 

homogeneous material . However, the thermal properties of the slab were assumed to be 
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the same as the solid material (Tylose) .  This simplification has been used in the 

expectation that the increase in effective thermal conductivity from ignoring the air voids 

might roughly balance the increase in thermal mass to give an approximation of the true 

cooling time. FPM32 was used to calculate the chi ll ing rates by this method. Again,  the 

thermal resistance of polycarbonate packaging layer was incorporated as part of the top 

surface heat transfer coeffi cient by summing the resistances to heat transfer but the 

thermal capacity was ignored. The one-dimensionality of the model meant that the end 

and edge effects were also i gnored. 

The results from prediction methods A, B (with one step), D, F (with the effective area 

adj ustment included), G and H, and the three existing prediction methods are compared to 

the measured data in Tables 8 . 1 9  to 8 .24. 

For packages containing rectangular voids, the mean percentage difference and standard 

deviation for the existing method 1 (the two-dimensional finite element model with no 

natural convection or  radiation) were not presented for al l  runs because the method was 

judged as very unacceptable after only two data points were collected. For existing 

methods 2 and 3, the mean percentage differences and standard deviations presented in  

Table 8 .20 showed significantly lower accuracies than prediction methods A and B (with 

one step) for packages containing rectangular voids. The results highlighted the 

importance of accounting for natural convection and radiation effects when predicting 

heat transfer through packages that contain rectangular headspace voids, since all the 

energy lost through the top of the package must go through the headspace void. Existing 

methods 2 and 3 were not as inaccurate as existing method 1 because the methods 

assumed that the package contained an homogeneous solid, and since this sol id  material 

was in contact with the outer packaging material a larger amount of heat transfer could 

occur through the top surface than method 1 allowed. 

Table 8 . 19 Comparison of times for one lnYe reduction by new and existing prediction 

methods for packages containing rectangular air voids (seconds x 1 03) 

Run Void Measured Prediction  Prediction Existing Existing Existing 

No. Height Data Method A Method B Method 1 Method 2 Method 3 

(mm) (with 1 step) 

5 6 99.6 1 02 .7  1 04. 1 66.5 65.5 
6 6 1 07 .4 1 02 .3  1 04.0 66.5 65.5 
7 1 0  98 .5 98 .8  1 00.0 1 85 . 1  57 .6 53 .5  
8 1 0  1 08.9 1 10 .8  1 14.7 7 1 .9 69.5 
9 30  97 .6 1 0 1 .4 1 05 .5  65 .3  7 1 .8 
1 0  3 0  1 1 7 . 1 1 1 7 .0  1 1 9.6 496.4 1 09 .3 90.9 
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The accuracy levels exhibited by al l  the three existing methods tested would not be 

accepted by industry. Therefore the two new methods (A and B) developed in thi s work 

have brought about a significant improvement in the accuracy of prediction methods for 

food packages containing rectangular voids. 

Table 8 .20 Percentage differences from measured data for new and existing prediction 

methods of packages containing rectangular air voids 

Run Void Height Prediction Prediction Existing 

Method 1 

Existing Existing 

No. (mm) Method A Method B Method 2 Method 3 

(with 1 step) 

5 6 3 . 1 4.5 -33  -34 
6 6 -4.7 - 3 . 1  -3 8  -39 
7 1 0  0 .3  1 .5 8 8  -42 -46 
8 1 0  1 .7 5 .3 -34 -36 
9 30 3 .9  8 . 1 -3 3  -26 
10 

Table 8 . 2 1  Comparison of times for one InYc reduction by new and existing prediction 

methods for packages containing triangular air voids (seconds x l O32 

Run Void Measured Prediction Prediction Existing Existing Existing 

No. Height Data Method D Method F Method 1 Method 2 Method 3 

(mm) 

20 65 .8  65 .8  65 .5  67 .5  6 1 .9 6 1 .6 
2 20 5 3 . 3  52 . 1 49.5 53 .7  47 .2 45.9 
3 20 66. 1  66.5 65 .9  68 .2  6 1 .9 6 1 .6 
4 20 53 .9 5 1 .6 49.6 53 .4 46.9 45.9 
1 1  40 74.9 72.4 7 3 . 6  82 . 3  64.3 6 1 .6 
1 2  40 7 1 .9 68.9 70.5 82.4 64. 3  6 1 .6 
1 5  40 67 .8  59.6 5 5 .5 67 . 8  5 1 .4 45.9 
1 6  40 57 .5  55 .4  5 3 .5 67.0  5 1 .4 45.9 
5 50 66.4 66.9 5 8 .7 8 1 .5 57 .0 45.9 
6 50 76.4 79.4 77 .6 98 .2 68.4 6 1 .6 
7 50 58 .8  55 .7  55 .2  82.9 57.0 45.9 
8 50 70.0 68.8 73 .2  98.0 68.4 6 1 .6 
9 50 59.2 55.2 5 5 .0 82.9 57.0 45.9 
1 0  50 6 1 .0 55 .5  55 .2  79.5 57.0 45.9 
10 50 68.5 64.4 5 8 .7 82.6 57.0 45.9 
1 1  50  7 2 . 1  67 . 8  72 .6 94.4 68.4 6 1 .6 
1 2  50 79. 1 77 77 .6  94.5 68.4 6 1 .6 
1 3  50 60.8 54.9 5 5 .0 79.5 57 .0 45 .9 
1 3  50 66.7 64.4 5 8.4 82.6 57.0 45 .9 
14 50 73 .6 68 .5  72 .6  94.2 68.4 6 1 .6 
1 4  50 7 7 .9 76.8 77 .6  97 . 1  68.4 6 1 .6 
1 5  50  59.5 55 .6 55 .5  80. 1 57.0 45.9 
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For packages that contained triangular voids, Table 8 .22 shows that existing methods 1 , 2, 
and 3 displayed significantly lower accuracies than prediction methods D and F (with the 

effective area adjustment included). The accuracy levels exhibited by the three existing 

methods tested were not l ikely to be accepted by industry. Therefore the two new 

methods (D and F) developed in this work have brought about a s ignificant improvement 

in the accuracy of prediction methods for food packages containing triangular voids. 

Table 8 .22 Percentage differences from measured data for new and existing prediction 

methods of packages containing triangular air voids 

Run Void Height Prediction Prediction Existing Existing Existing 

No. (mm) Method D Method F Method I Method 2 Method 3 

I 20 0.0 -0.5 2.6 -5 .9 -6.4 
2 20 -2.3  -7 . 1  0 .8  - 1 1 - 14 
3 20 0.6 -0.3 3 .2 -6.4 -6.8 
4 20 -4. 3  -8 .0 -0.9 - 1 3  - 1 5  
1 1  40 -3 .3  - 1 .7 9.9 - 1 4  1 8  
1 2  40 -4.2 - 1 .9 1 5  - 1 1  - 14 
1 5  40 12 . 1 - 1 8 . 1 0.0 -24 -32 
1 6  40 -3.7 -7.0 17 - 1 1  -20 
5 50  0.8 - 1 1 .6 23 - 14 -3 1 
6 50 3.9 1 .6 29 - 1 1 - 1 9  
7 50  -5 .3  -6. 1 4 1  - 3. 1  -22 
8 5 0  - 1 .7 4.6 40 -2.3 - 1 2  
9 50  -6.8 -7. 1 40 -3.7 -23 
1 0  50  -9.0 -9.5 30 -6.6 -25 
1 0  50  -6.0 - 1 4.3  2 1  - 1 7  -33 
1 1  50 -6.0 0.7 3 1  - 5 . 1  - 1 5  
1 2  5 0  -2.7 - 1 .9 20 - 1 4  -22 
1 3  5 0  -9.7 -9.5 3 1  -6.3 -25 
1 3  50  -3.4 - 1 2.4 24 - I S  - 3 1  
1 4  5 0  -6.9 - l A  2 8  -7. 1 - 16 
1 4  5 0  - 1 .4 -OA 25 - 1 2  -2 1 
I S  50 -6.6 -6.7 35 -4.2 -23 

Mean ·4.1 -5.4 +21 -9.8 ·20 

St. Dev. 3.8 5.8 14 5.4 7.6 

For packages that contained combined triangular and rectangular voids, the mean 

percentage difference and standard deviation for the existing method 1 were not presented 

for all runs because the method was j udged as very unacceptable after only two data 

points were col lected. Table 8.24 shows that existing methods 2 and 3 had significantly 

lower accuracies than prediction methods G and H for packages containing combined 

voids. Again,  the accuracy levels exhibited by all the three exi sting methods tested would 

not be accepted by industry. Therefore the two new methods (G and H)  developed in this 
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work have brought about a significant i mprovement in the accuracy of prediction methods 

for food packages containing combined triangular and rectangular voids. 

Table 8 .23 C omQarison of times for one InYc reduction by new and existing Qrediction 

methods for Qackages containing combined air voids {seconds x 10}} 

Run Measured Prediction Prediction Existing Existing Existing 

No. Data Method G Method H Method 1 Method 2 Method 3 

l A  9 7 . 8  99.4 1 04 . 8  84.0 67 .0 
I B  94.4 99.3 1 04 . 8  90.7 67.0 
2A 1 05 . 7  97 .7 1 04 . 8  84.0 67.0 
2B 99.4 95.6 1 05 . 1  375.5 90.7 67 .0 
3A 1 07 .9 1 14.9 1 20. 1 97 . 8  85 .3  
3B 1 04.7 1 1 3 . 1  1 20 .3  103 .5  85 .3  
4A 1 10 .6 1 14.4 1 20. 1 97 . 8  8 5 . 3  
4 B  1 07 .5  1 12 .9 1 20.5 103 .5  85 . 3  
SA 89.6 95.7 89 .9 59.6 53 .4 
5B 82.7 8 1 .6 82 .5 67 .9  53.4 
6A 1 03 . 7  1 1 0.2 1 05 . 5  2 19 .8  7 3 . 1  69 .5 
6B 95 .5  95 .3  97 .4 79.6 69. 5  
7 A  1 1 0 .3  1 10.7 105.7 7 3 . 1  69.5  
7B 1 02 .4  95 .6  97.4 79.6 69.5 

Table 8 .24 Percentage differences from measured data for new and existing Qrediction 

methods of Qackages containing combined air voids 

Run No. Prediction Prediction Existing Existing Existing 

Method G Method H Method 1 Method 2 Method 3 

l A  1 .6 7 .2  - 1 4  -32 
l B  5 . 2  1 1 .0 -3 .9 -29 
2A -7.6 -0.9 -2 1 -37 
2B -3 .8  5 .7 278  -8 .7  -33 
3A 6 .5  1 1 .3  -9.4 -2 1 
3B 8.0 14 .9 - 1 . 1  - 1 9  
4A 3 .4 8 .6 - 1 2  -23 
4B 5 .0 1 2 . 1  -3 .7  -2 1 
SA 6 .8  0 .3  -34 -40 
5B - 1 .3  -0.2 - 1 8  -35 
6A 6.3 1 .7 I l 2 -30 -33 
6B -0.2 2.0 - 1 7  -27 
7A 0.4 -4.2 -34 -37 
7B -6.6 -4.9 -22 -32 

Mean +1.7 +4.6 -1 6  -30 

St. Dev. 5.1 6.4 1 1  6.9 
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8.8 Commercial Applications of the New Models 

8.41 

The new models developed in this work have been shown to more accurately predict the 

chi ll ing rates of homogeneous solid packages containing some combination of rectangular 

and right-angled isosceles triangular voids than existing prediction methods. However, 

commercial application of these new models wil l  not always be straightforward because 

meat c artons and many other food product packages contain n on-homogeneous sol ids 

(e.g. meats cuts that include irregularly shaped fat layers). 

Predicting heat transfer through non-homogeneous solids is a straightforward extension of 

the more complex numerical model developed in Chapter 7. However, due to long set-up 

and computation times, this model is probably currently more appropriate for use by 

researchers rather than engineers in industry. The simple model developed in this chapter, 

which i s  considered to be more suitable for commercial application than the numerical 

model ,  cannot account for packages that contain non-homogeneous solids other than by 

the use of mean thermal properties. It would be necessary for the user of the simple 

model to assume that the fat (or second solid phase component) was evenly distributed 

throughout the meat (or first solid phase component), and that the solid food possessed 

effective thermal properties defined by equations such as those proposed by Levy ( 1981 )  
(equations 8 . 1 2  to 8. 1 5).  

The new models developed in this work were not tested against measurements from actual 

commercial chill ing of primal cut meat cartons because the l ittle amount of avai lable data 

i n  the l iterature (e.g. Cain, 1 986) did not include any description of the shape and size of 

the void spaces within the cartons tested, and because the resources for the present project 

had been exhausted. 

8.9 Discussion and Conclusions 

A simple conceptual physical model that endeavoured to account for the presence of 

rectangular or triangular voids, or some combination of the two, in food packages 

undergoing transient chil l ing was developed. This conceptual model could be 

implemented with several types of solution method (from simple analytical methods to 

more complicated numerical methods). The errors associated with the more relevant of 

these solution methods were investigated. 
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Compared to the complex numerical model of chapters 6 and 7 ,  the simple model would 

save the user time and/or resources. Finite difference simulations using the simple 

method took a maximum of 1 0  minutes to set up, and less than 5 seconds to run on a 

typical modem personal computer. Furthermore, the simple method may be imp lemented 

using analytical solution methods, which el iminates the need for the user to have access to 

numerical heat transfer software (although a spreadsheet program is recommended to 

reduce computation time). 

When the simplest solution methods were used (prediction method B with one step, and 

methods F and H) the 95% confidence intervals were (-6, + 1 2)%, (- 1 5 ,  +1 1 )%,  and (-9, 

+ 17 )% for packages containing rectangular voids, triangular voids, and combined voids 

respectively. After taking out the effect of experimental uncertainty by subtracting the 

variances, the 95% confidence intervals were (-3, +1 1 )%,  (- 14 ,  + 1 0)%, and (0, + 14)% for 

packages containing rectangular voids, triangular voids, and combined voids respectively. 

It  is asserted that the assumptions on which the simple model was based did not worsen 

its prediction accuracy beyond a level that i s  l ikely to be acceptable in industry. In 

addition ,  the manner in which the new simple model fai led to fit the measured data was 

similar to the accurate complex numerical model ,  which provides further confidence in  

the validity of  its simplifying assumptions .  

The prediction accuracies of the new methods developed in  this  work were tested against 

three existing methods that might previously have been considered acceptable. None of 

the existing methods tested gave accuracy levels that were l ikely to be accepted by 

industry. Therefore the new methods developed in this work have brought about a 

significant improvement in  the accuracy of prediction methods for food packages 

containing air voids. 
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9. CONCLUSIONS 

9 . 1  

A two-dimensional finite element model was successful ly developed for predicting the 

chi ll ing rates of food packages that contained horizontal rectangular and right-angled 

i sosceles triangular voids. For modeling the natural c onvection and radiation heat transfer 

in  the voids suitable Nu vs. Ra correlations were avai l able from the technical literature for 

rectangular voids ,  but for triangular voids correlations were developed by curve-fitting 

data that was measured experimentally  during twenty-eight transient chill ing trials .  A 

customised heat conduction program cal led FINELX satisfactoril y  solved the model by 

using the correlations and representin g  the natural convection and radiation effects as a 

variable effective thermal conductivity in the air voids . 

Measured and predicted cooling rates from six transient chilling trials using analogue 

food packages containing horizontal rectangular voids (up to 30mm high) were in c lose 

agreement (±7% at the 95% level of confidence). The percentage differences between the 

measured and predicted times for one InYe reduction were close to the limits of expected 

experimental error and i nput data uncertainty, indicating that FINELX adequately 

simulated the overall heat transfer. 

Measured and predicted cooling rates from fourteen transient chil l ing trials using 

analogue food packages containing combined rectangular and triangular voids w ere also 

in c lose agreement (±1 2% at the 95% level of confidence). Again ,  the percentage 

differences between the measured and predicted times for one InYe reduction were c lose to 

the l imits of expected experimental error and input data uncertainty, further validating 

FINELX. 

A simplified model, based on the semi-infinite slab shape, that accounted for the presence 

of air voids by the use of effective heat transfer coeffi ci ents was successfully developed. 

The total preparation and computation t ime for implementation of the model on a typical 

modem personal computer was reduced from about 8 hours (when using FINELX) to 

about 30 minutes .  Comparison of the cooling rates predicted by the simple model against 

measured data from forty-eight transient chilling trials gave 95% confidence intervals of 

(-6, + 1 2) % ,  (- 1 5 ,  + 1 1 )%,  and (-9, + 17)% for packages containing rectangular voids, 

triangular voids, and c ombined voids respectively. 

This quality of prediction i ndicated that the assumptions employed in  the development of 

the simple model did not worsen its accuracy beyond a level that i s  likely to be acceptable 
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Chapter 9 - Conclusions 9.2 

in  industry. The manner in  which the new simple model failed to fit the measured data 

was similar to the complex model ,  which provided further confidence in the validity of its 

simplifying assumptions. 

Comparison of the prediction accuracies of the newly proposed methods against three 

existing methods that may have previously been considered acceptable showed that the 

new methods developed in this work have brought about a significant i mprovement i n  the 

accuracy of prediction methods for food packages containing air voids. The prediction 

accuracies of both the simple and complex models  developed in this work are l ikely to be 

acceptable in industry. 
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o i s  a vector containing all zeroes 

a i s  a constant in equ. 5 . 1 3  

A i s  the surface area o f  the object  (m2) 

Notation 

AT i s  the total top surface area of an infinite slab (m2) 

b i s  a constant in  equ. 5 . 1 3  

Bi i s  the Biot number 

c is specific heat capacity (J kg- 1 K i ) 

C i s  the capacitance matrix 

C is volumetric heat capacity (Jm-3K1 ) 

Ce i s  the effective volumetric heat capacity of a composite object (J m-3K1 ) 

NoL l 

Cs i s  the volumetric heat capacity of the solid component of a composite object (J m-3K 1 ) 

E i s  the equivalent heat transfer dimensionality factor 

l i s  the time for a 90% reduction in Y (s) 

FI --02 i s  the fraction of total net radiation emitted from surface 1 reaching surface 2 

g i s  the force of gravity (N) 

G is  the geometry index 

Gr i s  the Grashof number 

H is the enthalpy of an object (1) 

H is volumetric enthalpy (MJm-3) 

h i s  the surface heat transfer c oefficient (Wm-2K 1) 

h2 i s  the external heat transfer coefficient of the second dimension (Wm-2K I ) 

he i s  the surface heat transfer coefficient (Wm-2K 1 ) 

hn is the heat transfer coefficient of section n (Wm-2K i ) 

hnew i s  the heat transfer c oefficient value excluding the heat transfer resistance of the oil  

bag (Wm-2K 1) 

hovera/l i s  the mean overal l heat transfer coefficient (Wm-2K- i ) 

hpackaging i s  the heat transfer coefficient acting upon the packaging material (Wm-2K 1 ) 

hrect i s  the effective heat transfer coefficient for a rectangular void (Wm-2K 1 ) 

hmrf is the effective heat transfer coeffi cien t  for a surface with no void (Wm-2K1 ) 

htri i s  the effective heat transfer coefficient for a triangular void (Wm-2K1 ) 

hvoid i s  the effective heat transfer coefficient on the inner surface of a void (Wm-2K- 1 ) 

i i s  the current time step 
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j i s  the nodal position within a space step 

10 is a zero- order Bessel ' s  function 

11 i s  a first-order Bessel ' s  function 

jay is the l ag factor for the mass average temperature of an object 

jc is the lag factor for the centre temperature of an object  K i s  the global conductance matrix 

k is thermal conductivity (Wm- 1K 1 ) 

kair i s  the thermal conductivity of stil l  air (Wm-1 K1 ) 

ke i s  the effective thermal conductivity of a composite object (Wm-1 K- 1 ) 

keff is the effective thermal conductivity of air within a void (Wm-1K 1 ) 

Not. 2 

kg i s  the thermal conductivity of the gas c omponent of a composite object (Wm-1K 1 ) 

knat conv i s  the air void effective thermal conductivity including natural convection effects 

koil is the thermal conductivity of oil (Wm- 1 K 1 ) 

koverall i s  the overall air void effective thermal conductivity (Wm-1 K1 ) 

kpackaging i s  the thermal conductivity of the packaging material (Wm-1 K1 ) 

(Wm-1 K-1 ) 

krad i s  the air void effective thermal conductivity including radiation effects (Wm- 1K 1 ) 

krecr i s  the effective thermal conductivity of the air in  a rectangular void (Wm-1K 1 ) 

ks is the thermal conductivity of the solid c omponent of a composite object (Wm-1 K 1 ) 

ksolid i s  the thermal conductivity of the sol id component of a composite object (Wm-1 K 1 ) 

ktri is the effective thermal conductivity of the air i n  a triangular void (Wm-1 K1 ) 

kvoid i s  the effective thermal conductivity of  an air void (Wm-1K1 ) 

L2 i s  the half-thickness of the second dimension (m) 

L3 i s  the half-thickness of the third dimension (m) 

Lx is the length of the objects shortest dimension or 2R (m) 

Ly is the length of the first dimension orthogonal to Lx (m) 

Lz i s  the length of the second dimension orthogonal to Lx (m) 

n i s  the number of nodes between centre and surface axes 

n i s  the number of different sections along a surface 

n i s  a variable of equ. 5 . 1 3  

Nu i s  the Nusselt number 

P i s  the fluid pressure (Pa) 

Pr is the Prandtl number 

Q is the heat flux through the surface of an object (W m-2) 
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R i s  the characteristic dimension or minimum half-thickness of the object (m) 

Ra is the Rayleigh number 

T is temperature (K or QC) 

T is the vector of nodal temperatures 

t i s  time (s) 

to.5 is the half-life cooling time of an object (s) 

tlD is the chilling time of a one dimensional object (s) 

tMD is the chilling time of a multi-dimensional object (s) 

TJ is the hot wall temperature of an enclosure (K or QC) 

T2 i s  the cold w al l  temperature of an enclosure (K or QC) 

Ta is the ambient or cooling medium temperature (K or QC) 

Te i s  the centre temperature of an object (QC) 

Tcold i s  the cold wall temperature of an enclosure (QC) 

Tcooler plates is the temperature of the plates in the plate cooler (QC) 

T/wt is the hot wall temperature of an enclosure CC) 

Ti is initi al temperature of an object at t = 0 (K or QC) 

Tinside air i s  the temperature of the air inside the plate cooler (OC) 

Tmv is the estimated mean air temperature in the void ( QC) 

Toil bag i s  the temperature of the oil bag surface nearest the sample (K or QC) 

Tot!tside air i s  the temperature of the air outside the plate cooler (OC) 

Ts i s  the surface temperature of the object (K or QC) 

v is the fluid vel ocity in the respective dimension (m S- I ) 

v i s  kinematic viscosity (m2 S- I ) 

V i s  the volume of an object (m3) 

x i s  the displacement in  the first dimension (m) 

x is the characteristic dimensi on of an enclosure (m) 

X is the height dimension of a rectangular void (mm) 

Xair layer is the thickness of the air l ayer (m) 

Xoil bag is the thickness of the oil bag (m) 

Xpackaging is the thickness of the packaging material (m) 

Xrect i s  the characteristic dimension of a rectangular air void (m) 

Xtri is the characteristic dimension of a triangular air void (m) 

Xvoid is the characteristic dimension of an air void (m) 

y is the displacement in the second dimension (m) 
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Not.4 

Y is the height dimension of a triangular void (mm) 

Ye i s  fractional unaccompIished temperature change at the centre of an object 

YedRe effects is the fractional unaccomplished temperature change of an object with only third 

dimensional edge effects 

YLS is fractional unaccomplished temperature change at the lower surface of an object 

Ys is fractional unaccomplished temperature chan ge at the surface of an object 

Yus i s  fractional unaccomplished temperature change at the upper surface of an object 

Ywith cdge ejfects is the fractional un accomplished temperature change of an object with third 

dimensional edge effects 

Y without cdllC effects is the fractional unaccomplished temperature change of an object  without 

third dimensional edge effects 

z is the displacement in the third dimension (m) 

a is thermal diffusivity (m2 S- I ) 

�l  i s  the ratio LyfLx 
�2 i s  the ratio LzILx 
Oij i s  the Kroneker delta (when i = j, Oij = 1 and when i *-j, Oij = 0) 

!1t is the time step (s)  

Llx i s  the space step (m) 
£ is the porosity (relative volume of an object taken up by air voids) 

E is the emissi vity of a surface 

cjJ i s  the heat flow to the surface (W) 

rAn i s  the heat fl owing into the plate cooler from the outside air (W) 

cjJout is the heat fl owing out of the plate cooler through the cooler plates (W) 

(cjJ  r) net is the net rate of radiant -energy transfer from a surface (W) 

K i s  the bulk viscosity of the fluid (Pa s)  

� i s  the fluid v iscosity (Pa s) 

P i s  the density of a fluid or solid (kg m-3) 

Pe i s  effective den sity of the composite solid (kg m-3) 

Ps i s  density of the solid component without voids (kg m-3) 

O" i s  the Stefan-Boltzmann constant (5 .67 x 1 0-8 W m-2 K4) 

T is the viscous stress tensor ePa) 

� is the volumetric expansion coefficient (Kl
) 
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APPENDIX Al 

DETERMINA TION OF THERMAL CONDUCTIVITY FOR TEST 

MA TERIALS 

A l - l  

Note: references used in this appendix are l isted in  the 'References ' section of  this thesis .  

ALl Polycarbonate Sheeting 

The thermal conductivity was estimated by measuring the centre temperature-time profile of 

a given sample of regular shape cooling under known conditions. If the InYe vs .  time profile 

of the sample can be accurately determined, and all the initial and boundary conditions are 

known, then the thermal diffusivity of the sample can be calculated using analytical solutions. 

If the specific heat capacity and density of the material are also known, the thermal 

conductivity can then be estimated. 

The polycarbonate sheets were available at a maximum thickness of 1 2mm. A preliminary 

calculation using estimated thermal properties  showed that, even at low heat transfer 

coefficients, the cooling time of a polycarbonate infinite cylinder of radiu s  6mm was too 

short for sample transfer and set up time to be i gnored. This eliminated the possibility of 

using semi-infinite cylinders or sphere shapes, so a semi-infinite slab shape was chosen. 

The two main i ssues of importance were considered to be accurately  measuring the InYe vs .  

time profile and accurately positioning the thermocouples. A semi-infinite sl ab shape was 

constructed by using two polycarbonate sheets of the maximum avai lable thickness ( 1 2mm). 

This gave the m aximum possible overal l slab thickness (which lead to longer cooling times, 

and hence a more accurate measurement of the InYe vs .  time profile) .  Accuracy of 

thermocouple placement was also improved by this construction method because the 

thermocouple in the thermal centre could be positioned where the top and bottom sheets were 

brought together. Movement after placement between the solid sheets was considered 

negligible. Calcul ations using analytical methods at two different heat transfer coefficients 

(20 W/m2K and 400 W/m2K) were carried out using preliminary estimates of the thermal 

properties of polycarbonate. A thermocouple placement error of I mm (the maximum 

expected error) gave a change in half cooling time of 0.23% and 0.6% respectively, which in 
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both cases amounted to an error of 1 .0% in the estimates of thermal diffusivity. This was 

considered acceptable. 

To minimise edge effects in such experiments Cleland et al. ( 1 994) recommended that the 

ratio of surface area exposed to the cooling medium to surface area contacting the edge 

insulation be greater than 2.0.  A value of 250mm was chosen for the exposed smface 

diameter, resulting in  a ratio of 2 . 5 .  

The maXImum heat loss from the sample through the thermocouple WIres (of diameter 

0 .254mm) was estimated to constitute only 0 .00 1 % of the total heat lost from the sample. 

A straight shallow channel was scratched on the top and bottom surfaces of both 

polycarbonate cylinders (each 250mm in diameter and 12mm high) from the edge to the 

centre. T-type thermocouples of 0 .254mm diameter, that had been calibrated to O°C using an 

ice reference, were placed into three of these channels and held in place by small drops of 

epoxy adhesive. The two sheets were then carefully joined together so that the channel that 

contained no thermocouple  was matched up to a channel that did. This created a 24mm high 

cylinder-shaped sample with two thermocouples on the surface and one thermocouple in  the 

centre. The edges were insulated with ' Styrodur' polystyrene to minimise unwanted heat 

transfer through the edges. The sample was warmed in a 25°C room until a uniform 

temperature of 25°C was reached (uniformity was confirmed by agreement between 

thermocouples placed upon each surface of the sample, within the sample centre, and in the 

surrounding air at 25°C). 

A plate cooler containing alcohol that was circulated by a lulabo FPW65-MS control led 

temperature bath running on an internal set point of O°C was used for the trials. The 

temperature of the plates was measured in four places using T-type thermocouples that were 

calibrated to O°C using an ice reference. 

The semi-infinite polycarbonate slab was insulated during transport to the cooler. 

Thermocouples from the sample and from the cooler plates were attached to a Squirrel data 

logger where temperature readings were collected every ten seconds. The insulation was then 

removed and the sample was placed between the cooler plates. Weights totall ing 100kg were 

evenly distributed onto the movable top cooler plate to ensure that contact integrity between 
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the sample and the p lates was maintained. Three replicate trials were carried out using the 

same polycarbonate sample .  

The external surface heat transfer coefficient on the sample was independently estimated by 

carrying out exactly the same experiment but instead using an aluminium cylinder (250mm in 

diameter and 25mm high) as the sample. During the cooling phase of the experiment the 

entire aluminium sample maintained a uniform temperature (i .e . there was no difference 

between the readings of the thermocouples on the surface and in the centre). Thus a simple 

analytical solution was derived (equations A3. i -A3 .3) to determine the surface heat transfer 

coefficient using the measured temperature-time data of the aluminium slab, the mass of the 

aluminium slab, and the specific heat capacity of aluminium (Perry & Green, 1984). 

dT 
hA(T - T )  = Me -a dt 

where h i s  the external heat transfer coefficient (W m,2 KI ) 

A is the exposed surface area of the aluminium slab (m2) 

T i s  the temperature of the aluminium slab (OC) 

Ta is the mean cooling medium temperature (OC) 

M is the mass of the aluminium slab (kg) 

e is  the specific heat capacity of the aluminium slab (J kg, l K I) 

I T M f dt = f e 
. dT 

o I; hA(T  - T" ) 

Mc 
h = - - l nCT - Ta ) 

tA 

(A3 . I )  

(A3.2) 

(A3 .3 )  

Three replicate trials using the same aluminium slab gave heat transfer coefficient estimates 

of 1 37, 1 25 and 132 W m-2 KI . The true mean heat transfer coefficient was 1 3 1  ± 1 1  W m,2 

Kl to 95% confidence. 

Cleland ( 1990) outlined the analytical solution for Ye of an infinite slab (equation A3.4) with 

a third kind of boundary condition (originally  from Carslaw & Jaeger, 1 959). 



Appendix A l  - Determination of Thermal Conductivity for Test Materials AlA 

co 2 Bi sec ( 
(A3 .4) 

i = l  Bi( Bi + l ) +f3 1 

Converting Ye to InYc and substituting for Fo, gives equation A3.5 . From this equation the 

s lope of the straight line section of a InYc vs. time plot (where only the first term of the 

infinite series is significant) is proportional to the thermal diffusivity (kIC) of the slab 

material (analytical methods assume the thermal diffusivity i s  constant with temperature). 

( 2 Bi sec ( 13) J (13/ k J InY = In - - x - t C Bi ( Bi + 1) + fJ/ R l C 
(A3.5) 

The specific heat capacity of polycarbonate was given in  'Comparison of Materials '  ( 1976) as 

1 255 J kg- I K I and the density of the polycarbonate sheets was measured by the author to be 

1 1 70 kg m-3 . The slopes of the InYc vs.  time plots from the three replicate runs were used to 

determine thermal conductivity estimates of 0.257, 0.222 and 0.256 W m-I K-1 . The true mean 

thermal conductivity was 0 .245 ± 0.036 W m-I KI to 95% confidence. 

A1.2 'Styrodur' Polystyrene Insulation 

The thermal conductivity of 'Styrodur' was determined in the same way as the polycarbonate 

sheeting. A 380mm x 380mm square sample of half thickness 40mm was constructed. The 

sample was considered to have 40mm of insulation around the outer edges, within this 

insulation the minimum ratio of exposed area and edge area was calculated to be 2.0 (as 

recommended by Cleland et al.,  1 994) . Due to the insulating properties of 'Styrodur' no 

separate edge insulation was required. Three replicate runs were carried out. 

The specific heat capacity of polystyrene was given in 'Comparison of Materials '  ( 1 976) as 

1 255  J kg- ! KI and the density of Styrodur was measured by the author to be 30.8 kg m-3 . The 

slopes of the InYc vs. time plots from the three replicate runs were then used to determine 

thermal conductivity estimates of 0 .030, 0.03 I and 0.03 1 W m-I K I . The true mean thermal 

conductivity was 0.03 1 ± 0.00 1 W rn- I K I to 95% confidence. 
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APPENDIX A2 

USER 'S G UIDE TO FINELX PROGRAM 

Mike North (Jul-2000) 

Adapted from 'USER'S GUIDE TO FINEL PROGRAM' by Q .T.Pham (Nov- 1 989) 

1 .  SCOPE 

In FINELX the object must be divided i nto (triangular) elements, the vertices of these 
elements are cal led "nodes" .  The program calculates and writes out the nodal 
temperatures at various times (for transient problems), or the equi l ibrium nodal 
temperatures (for steady-state problems). 

FINELX uses the finite-element method to solve heat conduction problems. It can solve: 

- Two-dimensional or axisymmetric problems. 

- Cooling/heating, sharp or gradual phase change.  

- Up to 5 different constituent solid materials .  

- Up to  5 boundaries, of  type 1 (prescribed temperature), 2 (prescribed 
flux) or 3 (convection) .  

- Variable environment at  each boundary is  allowed. 

- Temperature-dependent thermal properties i s  allowed. 

- Steady-state or transient problems. 

- Temperature-dependent chemical reaction or microbial growth. 

- Accounts for natural c onvection and radiation effects in i sosceles 
triangUlar and horizontal rectangular air voids. 

- Up to 10 separate triangular air voids, a maximum of 5 0mm high. 

- Up to 5 separate rectangular air voids, a maximum of 30mm high. 

There are several programs recommended for use with FINELX. They are described 
below: 

(a) BAMG (bi-dimensional anisotropic mesh generator) by Frederic Hocht, INRIA, 
France (Oct. 1 998) is freely avai lable from the Internet. It creates triangular grids in a 
similar format to that accepted by FINELX (see part 3 . 2) .  



Appendix A2 - User's  Guide to FINELX Program A2-2 

(b) mkfineLpl by Simon Lovatt, AgResearch, Hamilton , NZ ( 1 999) is a PERL based 
program that combines grids created by BAMG with skeleton FINELX data files, to 
create full data files in a format acceptable to FINELX (see 3 . 3 ). 

(c) FINELVIEW by Simon Lovatt, AgResearch ,  Hamilton, NZ ( 1999) allows the finite 
element grid, the element numbers, the node numbers and the element materials of 
FINELX data files to be viewed (see 3 .5 ) .  

(d) GRIDEDITX by Simon Lovatt, AgResearch ,  Hamilton, NZ ( 1999), based on 
GRIDEDIT by Pham ( 1 989), edits finite element grids (see 3 .6) :  

- Allows merging of nodes 

- Re-orders the nodes to reduce bandwidth 

- Renames the nodes and elements to restore numerical order 

- Automatically reduces the bandwidth by the use of GPS/GK algorithms 

- Shows what node pairs are causing high bandwidth. 

2. DATA OUTPUT FROM FINELX 

The program writes out the nodal temperatures at various times (for transient problems), 
or the equilibrium nodal temperatures (for steady-state problems). 

At the end of the calculation, the heat balance (for transient problems) or net heat flow 
(for steady-state problem) is given. The heat balance discrepancy should be less than 1 %, 
the net heat fl ow should be much smaller than the heat flows through individual 
boundaries. If that's not the case, re-run with a smaller time step. 

3. INPUT DATA PREPARATION PROCEDURE 

3.1 Setting up the grid manually 

(a) Divide the object i nto triangle or "elements" .  Element vertices are called "nodes". 
One e lement's vertices must not l ie on another e lement's side .  For composite obj ects, 
each element must be made up of one type of material only. 

(b) Number the nodes. 

(c) See if you can rearrange the order of the nodes to minimise the bandwidth. The 
bandwidth is maximum difference between the nodal orders of any one element's vertices, 
plus 1 .  Nodes should be ordered in such a way that the bandwidth is as small as possible, 
to speed up computation. You can use GRIDEDITX to do this (see p art 3 .6) .  

(d) Find the x & y coordinates for each node. In axisymmetric problems, you can specify 
either x or y as the distance from the symmetry axis (see SYMM i n  example input file) .  
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(e) Number the elements. Any way wi l l  do. 

(f) Identify the points on the (non-adiabatic )  boundaries. (In finite elements, boundaries  
are assumed to be adiabatic unless otherwise specified.) 

3.2 Setting up the grid using BAMG 

(a) Create an input text fi le ( .msh) that contains a l i st of the vertices, edges, subdomains  
(for composite obj ects) and desired grid resolution (see example 1 ) .  

Exampl e 1 .  A BAMG . msh f i l e : 

Dimen s i on 2 

Ver t i c e s  1 2  
0 0 1  
0 . 3 2 6  0 2 
0 . 3 2 6  0 . 1 0 2  3 
o 0 . 1 0 2  4 
o 0 . 0 0 6  5 
0 . 3 2 0 . 0 0 6  6 
0 . 3 2 0 . 0 9 6  7 
o 0 . 0 9 6  8 
0 . 0 2 0 . 0 0 6  9 
0 . 0 2 0 . 0 9 6  1 0  
0 . 2 8 0 . 0 0 6  1 1  
0 . 2 8  0 . 0 9 6  1 2  

Edges 1 5  
1 2 1  
2 3 1  
3 4 1  
4 8 1  
8 5 1  
5 1 1  
5 9 2 
9 1 0  2 
1 0  8 2 
9 1 1 3  
1 1  1 2  3 
1 2  1 0  3 
1 1  6 4 
6 7 4  
7 1 2  4 

SubDoma in 4 
2 2 1 1 
2 1 4  1 4 
2 1 1  1 2 
2 8 1 4 

hVert i ce s  
0 . 0 0 3  0 . 0 0 3 0 . 0 0 1  0 . 0 0 1  0 . 0 0 6  0 . 0 0 3  0 . 0 0 3 0 . 0 0 3  0 . 0 0 6  0 . 0 0 3  0 . 0 0 6  0 . 0 0 3 

(b) The l i st of vertices states the total number of vertices and then l ists the x and y 
coordinates of each of these. 
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(c) The l i st of edges states the total number of edges in the object and then lists the two 
vertices at the end of each edge and the boundary number that the particular edge belongs 
to. 

(d) The subdomain section allows the obj ect to be split into different material types. The 
l ist states the total number of subdomains ,  then lists them. The fourth number in each 
l isting refers to the material number. The second number denotes the edge number that 
the subdomain lies against, and the third number identifies whether the subdomain i s  on 
the left or the right of that edge (- 1 means the subdomain is to the right of the edge, 1 
means it ' s to the left). 

(e) The hVertices section allows the user to choose the resolution of the grid by stating 
the mesh size at each vertex. 

(f) Run the .msh file through BAMG using the MS-DOS command line with the 
appropriate fi l e  names: bamg -g inputname.msh -0 outputname.msh 

3.3 Constructing and combining skeleton FINELX datafiles 

The format and organisation of ful l  FINELX data files i s  explained in part 4.  When 
constructing a skeleton data fi le (to be later merged together with a B AMG .msh fi le 
using mkfinel .pl )  only part of the ful l  fil e  i s  required. The only missing parts from the 
skeleton fil e  are the NODE and ELEMent sections .  Once a skeleton data file has been 
constructed it may be combined with a B AMG .msh file by using the fol lowing MS-DOS 
command with the appropriate skeleton, grid and ful l  data fi le names included: 

per! mkfinel .pl skeletonfilename.dat gridfilename.msh >fulldatafilename .dat 

3.4 Constructing tables of thermal property data. 

The skeleton fi le must include tables for thermal property data. The thermal conductivity 
k (in Wm,l K 1 ) ,  and, for transient problems, either the volumetric specific heat c (in MJm' 
3K I ) or preferably, the volumetric enthalpy H (in MJm,3) must be known as a function of 
temperature for each constituent material ,  and approximated by broken lines. When 
phase chan ge is very sharp, assume that the latent heat is released over a range of about 
0 .01  to 0. 1 qc. 

For each thermal property, values must be specified at a common set of temperatures for 
all materials .  For example,  if  -40, 0 and +40°C are used to specify the k-T curves, then 
values of k for each of the materials must be given at all three temperatures, even if k i s  
constant for some material . 

For air voids, instead of thermal conductivity the user must enter the value of 
Pr*(gBp2f/.t?)x l O,6 [K, l m,3] for air as a function of temperature. A l i st of these i s  given 
below (from Perry and Green, 1 984) : 
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2 5 0  
2 6 0  
2 8 0  
3 0 0 
3 2 0  

3 3 4 . 9  
1 8 5 . 0  
1 2 9 . 4  
9 4 . 0  
6 9 . 9  

- 6  

The volumetric heat capacity or volumetric enthalpy of air must stil l  be used for air voids 
in the second thermal property table. 

3.5 Viewing the grid 

Once a FINELX data fi le is complete the grid may be viewed i n  FINELVIEW. The 
viewer allows element numbers, node numbers, element material numbers or just the 
plain grid to be displayed. It also has a zooming function in order to check very fine 
grids. 

3.6 Reducing the bandwidth of the problem 

Once a FINELX data fi le i s  complete the bandwidth of the problem may be reduced by 
using GRIDEDITX. The simplest way is  to select the ' automatic node re-sequencing 
using the GPS/GK algorithms' function. This will  minimise the bandwidth of the 
matrices and allow the fastest simulation time. 

4. FINELX DATA FILE FORMAT 

4.1 Organisation 

The input file consists of different "paragraphs" ,  each headed by a codeword which 
indicates what kind of data follow. The computer reads only the first 4 letters of each 
codeword. Numerical data are in free format. 

Codewords can be in any order. Codewords (only the first 4 letters are required) and their 
meamngs are: 

B NODes 
BOUNdaries 

CONDuctivity 
ELEMents 
ENTHalpy 
MATL 

VIEW 
INITialcondition 
NMATerials 
NODEs 
PNODes 

Nodes on non-adiabatic boundaries 
N umber of non-adiabatic boundaries (a boundary is a set of 
connected nodes) and boundary conditions 
Data on thermal conductivity vs temperature for each material 
Element vertices (in anticlockwise order) & element material 
Data on volumetric enthalpy vs temperature for each material 
Data on no. of voids, material number for each void and the 
transverse void node numbers for each void 
Data on radiation view factor within each rectangular void 
Initial temperature 
No. of different constituent materials 
Nodal coordinates 
Nodes whose temperatures are to be printed (Optional) 
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PPOSitions Positions whose temperatures are to be printed (Optional) 
(only one of PNOD or PPOS should be present ; if neither is 
present , temperatures at all nodes are printed) 

SPECific heat 
STEP 
SYMMetry 

TEST 

Data on volumetric specific heat vs temp. for each material 
Time steps (Transient problems) 
Whether geometry is plane or axisymmetric ( l :  plane; 
2: axisymmetric with x as radius; 3: y as radius) 
When to end calculations 

For transient problems, either ENTH or SPEC but not both must be present. 

For steady-state problems, ENTH, INIT, S PEC & STEP are not required. 

Ensure codewords are in CAPITALS and are the first characters on their line. 

4.2 Units 

A l l  numerical data must be in SI u nits, except that volumetric heats must be in MJm·3 K 1 , 
volumetric enthalpies in MJm·3 and for air voids Pr*(g�p2/1l2) must be in x lO ·6 Kl m·3 . 
Temperature can be in QC. 

4.3 Options 

In addit ion, for transient problems, FINELX may ask you interactively to choose between 
several calculation methods. To be safe, just take the default options by pressing 
RETURN in answer to all q uestions. 

4.4 Example One 

The following FINE LX data file, with explanations on RHS in blue, illustrates how to 
input data (fIle does not inc lude air voids) . 

SAMPLE INPUT F I LE : EXPLANATIONS : 

BOUNDAR I ES 

3 
o 3 1 5 . 0  
9 9  3 1 8 . 0  

Non-adiaba t i c  boundar i e s : 

3 bndar i e s . For each int erpo l a t e  bw f o l l owing value s : 

- 2 5 . 0  At t ime= O ,  type=3 , H t c = 1 5  Wm-2K-1 , Amb . T= - 2 5 ° C 

- 4 0 . 0  At t ime= 9 9 ,  type=3 , H t c = 1 8  Wm-2K-1 , Amb . T= - 4 0 o C 

o 1 0 . 0  - 3 0 . 0  Type 1 ,  spec i f i ed T= - 3 0 0 C ( Ht c = O  i s  a dummy 

value ) 
o 2 2 0 . 0  0 . 0  Type 2 ,  spec i f i ed f lux=2 0 Wm-2 ( T= O  i s  a dummy 

va lue ) 

( Leave l i ne space between data f o r  s epara t e  bounda r i es . Zero-va lue o f  

t ime indi cates go i ng t o  next boundary ) 

NMATERIALS 

2 

CONDUCT IVI T I E S  

No . o f  d i f ferent cons t i tuent mat e r i a l s : 

2 mate r i a l s  

Thermal c onduc t i v i ty ( k )  dat a : 
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2 
- 4 0 . 0  1 . 0  

4 0 . 0  1 . 0  

ENTHALP IES 
4 
- 4 0 . 0  2 . 0  

- 1 . 0  7 8 . 0  
0 . 0  2 8 0 . 0  

4 0 . 0  3 2 0 . 0  

1 . 5  
2 . 0  

- 1 5 
- 2  

0 
2 0  

2 po i n t s  on k-T curve wi l l  be g iven 
At - 4 0 ° C , k= 1 . 0  & 1 . 5  Wm- t K-1 f o r  the 2 mat e r i a l s  
A t  4 0 ° C , k=l . 0 & 2 . 0  Wm- 1K-1 f o r  the 2 mat e r i a l s  

Vo l ume t r i c  enthalpy ( H )  data 
4 p o i n t s  on H-T curve wi l l  be g i ven 
At - 4 0 ° C , H=2 MJm-3 & - 1 5  MJm-3 f o r  the 2 mat e r i a l s  
Etc . . .  

INITIALCOND ITIONS In i t ia l  condi t i on : 
3 . 5  In i t ia l  temperature i s  3 . 5 0C 

PPOS 
2 
0 . 0 0 0 . 0 1 
0 . 0 1 0 . 0 2 

STEP 
5 . 0  1 0 0 . 0  

TEST 
4 
- 1 0 . 0  3 

SYMMETRY 
1 

BNODES 
2 
1 , 2  
4 
3 , 7 , 8 , 6  
2 
4 , 6  

NODES 
8 
1 0 . 0 0 
2 0 . 0 0 
3 0 . 0 1 
4 0 . 0 1 
5 0 . 0 2 
6 0 . 0 2 
7 0 . 0 3 
8 0 . 0 3 

ELEMENTS 
6 

0 . 0 0 
0 . 0 2 
0 . 0 0 
0 . 0 2 
0 . 0 0 
0 . 0 2 
0 . 0 0 
0 . 0 2 

P r i n t  t emperatures at f o l l owing 2 po ints : 
( X , Y )  ( 0 . 0 0 , 0 , 0 1 )  
( X , Y )  = ( 0 . 0 1 , 0 , 0 2 )  

Time s t eps ( Tran s i ent probl ems ) : 
S s  s t ep s , print t emperatures every l O O s 

When to s top c a l cu l a t i ons : 
C r i t e r i on 4 ( s ee No t e )  
S t op when node 3 reaches - 1 0 ° C 

P l ane or ax i symmet r i c  g eome t ry : 
l = P l ane , 2 =Ax i symme t r i c  ( x= radius ) , 
3 =Axi symme t r i c  (y=radius ) .  P l ane in t h i s  case . 

Nodes on each boundary ( in connec t ed orde r ) : 
there are 2 nodes on 1 s t  boundary 
they are nodes 1 & 2 
ther e  are 4 nodes on 2nd boundary 
they are nodes 3 , 7 , 8 , 6  ( no t e  order ) 
there are 2 nodes on 2nd boundary 
they are nodes 4 , 6  

Nodal coo rdina t e s : 
There are 8 nodes ( s ee F i gure 1 )  
1 s t  node : x = O . O Om ,  y = O . O Om 
2 nd node : x = O . O Om ,  y = 0 . 0 2m 
e t c  . . .  

E l ement ver t i c e s  ( ant i c l oc kwi s e )  & mater ial : 
there are 6 e l ements ( s ee Fig ure 1 )  

A2-7 

1 1 3 
2 1 4 
3 3 5 

4 
2 
6 

2 
1 
1 

E l ement 1 :  de f ined by nodes 1 , 3 , 4 ,  made o f  mt l 2 
E l ement 2 :  def ined by nodes 1 , 4 , 2 ,  made o f  mt l 1 
e t c  . . .  

4 3 6 4 1 
5 5 7 8 1 
6 5 8 6 1 

No t e : A l ternat ives f o r  TEST : 
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TEST 
1 
0 . 0 1 

TEST 
2 
2 5 0 0  

TEST 
3 
- 1 0 . 0  

TEST 
4 
- 1 0  

2 0  

3 

C r i t e r i on 1 :  S teady s tate p r o b l em . 
S t op when max . T change i s  O . O l °C ,  or a f t e r  2 0  i te ra t i ons 

C r i t e r i on 2 :  Tran s i ent prob l em . S top at a g iven t ime . 
S t op at 2 5 0 0 s 

C r i t e r i on 3 :  Trans i ent prob l em . S t op when ANY node reaches 
- 1 0 . 0 oC 

C r i t e r i on 4 :  Trans i ent prob l em . S t op when a g i ven node 
reaches a g iven T .  In t h i s  c as e , when node 3 reaches - 1 0 ° C . 

Fi gure 1 :  Grid de s c r i bed in samp l e  input f i l e . 

Node : 2 - - - - - - - - - - - 4 - - - - - - - - - - - 6 - - - - - - - - - - - 8 
1 ! l  ! l  ! l 
1 / 1 / 1 / 1 

E l ement : 1 Two / 1 Four / 1 S i x  / 1 
1 / 1 / 1 / 1 
1 / 1 / 1 / 1 
1 / 1 / 1 / 1 
1 / 1 / 1 / 1 
1 / 1 / 1 / 1 

E l ement : 1 / One 1 / Three 1 / F ive 1 
1 / 1 / 1 / 1 
1 / 1 / 1 /  1 

Node : 1 - - - - - - - - - - - 3 - - - - - - - - - - - 5 - - - - - - - - - - - 7 

4.5 Example Two 

The following FINE LX data fIle includes air vo ids. Explanations are given on RHS ill 
blue for MA TL and VIEW sections. 

SAMPLE INPUT F I LE : EXPLANATIONS : 

NMAT 
2 0  

COND 
5 
- 2 3 . 0 0 0 0  0 . 2 4 5  0 . 4 3 2 6  0 . 0 3 1  e t c . 
- 1 3 . 0 0 0 0  0 . 2 4 5  0 . 4 3 2 6  0 . 0 3 1  e t c  

7 . 0 0 0 0  0 . 2 4 5  0 . 4 7 8 8  0 . 0 3 1  e t c . 
2 7 . 0 0 0 0  0 . 2 4 5  0 . 5 0 9 6  0 . 0 3 1  e t c . 
4 7 . 0 0 0 0  0 . 2 4 5  0 . 5 4 0 4 0 . 0 3 1  e t c . 

S PEC 
5 
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- 2 3 . 0 0 0 0  1 . 4 6 8 0  
- 1 3 . 0 0 0 0  1 .  4 6 8 0  

7 . 0 0 0 0  1 . 4 6 8 0  
2 7 . 0 0 0 0  1 . 4 6 8 0  
4 7 . 0 0 0 0  1 . 4 6 8 0  

MATL 
5 

4 . 0 6 5 0  0 . 0 3 8 7  e t c . 
4 . 0 6 5 0  0 . 0 3 8 7  e t c . 
4 . 0 6 5 0  0 . 0 3 8 7  e t c . 
4 . 0 6 5 0  0 . 0 3 8 7  e t c . 
4 . 0 6 5 0  0 . 0 3 8 7  e t c . 

No . o f  vo i ds in the obj ect 
5 vo ids i n  total 

A2-9 

1 1  6 7 2  
1 2  1 7 7 4  

5 9 2  
1 6 2 0  

f i rst vo id contains ma terial 1 1  ( a  rectangu lar vo i d )  
and i ts transve r s e  node numbers a r e  6 7 2  and 5 9 2  I etc ... 

1 6  
1 7  
1 8  

VIEW 
3 
1 6  
1 7  
1 8  

BOUN 
2 
0 

0 

INIT 
2 9 . 8 4 

PPOS 
1 
0 . 0 8 5  

STEP 
1 0  

TEST 
2 
2 1 6 0 0 0  

SYMM 
1 

NODE 
2 7 3 8  
1 
2 
3 
4 
5 
e t c . 

ELEM 
4 8 2 9  
1 
2 
3 
4 
5 
etc . 

3 7 4  3 4 5  
1 1 5 2  1 0 6 8  
2 1 6 9  2 0 7 7  

Radiat i on v i ew fac t o r  within 
3 rec tangu lar vo ids 

0 . 9  vo id wi th mat e r i a l  
0 . 7  vo i d  wi th 
0 . 5  

3 

3 

0 . 0 0 6  

3 6 0 0  

0 
0 . 0 0 1  

vo i d  

1 3 . 6  - 0 . 2 7 

5 . 0  1 4 . 2 4 

0 . 1 1 2 
0 . 1 1 2 

0 . 0 0 2 0 0 0 0 1  0 . 1 1 2  

wi th 

0 . 0 0 1 4 8 7 8 4  0 . 1 1 1 1 7  
0 . 0 0 3 0 0 0 0 1 0 . 1 1 2  

2 5 3 1  2 5 3 5  2 5 5 5  1 
2 5 3 2  2 5 3 1  2 5 5 5  1 
2 5 3 0  2 5 5 3 2 5 2 9  1 
2 5 0 8 2 5 3 0  2 5 2 9  1 
2 5 5 4 2 5 5 3  2 5 3 0  1 

mat e r i a l  
mater i a l  

i n  t o tal 
number 1 6  
number 1 7  
number 1 8  

rec tangular vo i d  

has a v i ew factor of 0 . 9  
has a v i ew fac t o r  o f  0 . 7 
has a view fac tor of 0 . 5  
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BNOD 
3 2 7  
1 , 2 , 3 , 5 , 9 , 1 4 , 1 5 , e tc . 
1 1 3  
2 7 3 8 , 2 7 3 6 , 2 7 3 2 , 2 7 2 9 , e t c . 

5. SYMBOLS USED IN PROGRAM FINELX 

Relating to nodes :  

Specific  heat at  each node (lumped capacitance versions) 

A2- 1 O  

CNODE(I) 
COMP(J,I) Fraction of node I 's thermal volume being made of stuff J (Lumped 

capacitance version) 
NRAD 

NN 
T(I) ,TO (I) 
X(I),Y(I)  
ZM(I) 

Relating to elements : 

AE(L) 
IV(J,L) 
MAT(L) 
NE 

1 for plane geometry, 2 for axisymmetric geometry with radius x ,  3 
for axisymmetric geometry with radius y. 
No. of nodes 
Nodal temperatures at new & old time levels 
Node coordinates 
Control volume associated with each node ( lumped capacitance 
versions) 

Element area 
Node corresponding to J-th vertex of L-th element 
Stuff of which e lement L is made( 1 to 20) 
No. of elements 

Relating to initial & boundary conditions :  

HTC(J) 
IBC(J) 
NBC 
NNBD(J)  
NODEBD(J,I) 
SE(J,I) 
TA(J) 
TI 

Heat transfer coefficient, or specified flux ,  for boundary J 
Type of boundary condition ( 1 ,2 or 3)  for boundary J 
No. of boundaries (max.  5)  
No.  of nodes on J-th boundary 
I-th node on J-th boundary 
Distance between I-th and (1+ l )th nodes on J-th boundary 
Environment temp. for boundary J 
Initial temp. of body 

Relating to finite element procedure: 

NB 
ZC 
ZF 
ZK 

Bandwidth 
Global capacitance matrix (banded notation) 
Global forcing vector 
Global conductance matrix (banded notation) 

Relating to material properties:  

CONDT(I,J) J-th thermal conductivity value on thermal conductivity curve of 1-
th material 
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ENTHAL TO) 
NCOND 
NMAT 

NSPEC 
SPECT(I,J) 
TCOND(J) 
TSPEC(J) 

Relating to air voids: 

MATL (I,vn l ,vn2) 
DSTN 
DPTN 
TVTD 
tempDiff 
meanTemperature 
Nu 
Ra 
CC 
F_1 2  
krad 

J-th enthalpy value on enthalpy curve of I-th material 
No. of temp.s at which thermal conducti vity are specified 
No. of different materials (1 to 5 normal solids, 6 to I S  triangular 
voids, 1 6  to 20 rectangular voids) 
No. of temp. at which specific heats or enthalpies are specified 
J-th specific heat value on specific heat curve of I-th material 
J-th temp. value on thermal conductivity curves 
J-th temp. value on specific heat or enthalpy curves 

Transverse void nodes (vn l and vn2) for each void material I 
Height displacement between vn2 and vn l 
Absolute height difference between vn2 and vn 1 
Transverse void  temperature difference between vn2 and vn l 
Absolute value of transverse void temperature difference 
Mean temperature of transverse void nodes  
Calculated Nusselt number for void a t  a given time step 
Calculated Rayleigh number for void at a given time step 
value of Pr*(g�p2/�1?)x l O·6 for air voids 
view factor value for rectangular voids 
effective thermal conductivity for radiation in rectangular voids 

Relating to stepping procedure: 

CRIT 
DT 
DTPRINT 
ITEMAX 
ITEST 
IEND 
TFINAL 

Max. T .change for convergence (in steady-state problems) 
Length of time step, s 
Time interval for printing, s 
Max . no .  of iteration (in steady-state problems) 
Node used to test for end point (if =0, test all nodes) 
See below 
Final time (if IEND=-l ), or final temp.criterion (if IEND> 1 )  

Relating to computational method: 

IOPT 

INVERT 

ICOR 

Method for cale. capacitances in transient problems: 
-3 .Direct calcn -2.Morgan eqn - 1 .Comini ( l 974) eqn 
O.Constant specific heat l .Comini( l 976) eqn 
2 .Lumped capacitances 
Time stepping method: 1 : Galerkin 2: Crank-Nicolson 
3 :B ackward 
If = 1 ,  carry out QTP's enthalpy-temperature correction 

SPECIAL NOTES: NODE ORDER AND NODE NAME. 

Each node can be referred to in one of 2 ways: 

a. Within program, node is referred to by its node order "NORD".  Thus, the node 
numbers in the arrays IV(!,J) (I-th vertex of J-th element), or the node 
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n umbers in  the array B NODE(I) (J-th node o f  I-th boundary) ,  are NORD-
numbers; X(I),Y(I) are the coordinates of the node NORD = I 

b .  Outside program, ie .  in input/output files, each node is  referred to  by its node 
name NNAME. Thus, the first number in the section "NODE" or the 2nd to 4th 
numbers in the section "ELEM" ,  or the numbers in the section B NOD or TEST 
are NNAME's. 

The rel ationship between NORD and NNAME is established in the NODE section of the 
input file.  The n-th line of that section c ontains detail s  of the node NORD = n, while the 
1 st number of that line contains NNAME(n).  

You could say that NORD i s  the node's " true" name. The b andwidth of the finite e lement 
node depends thus not on how you n ame the nodes, but on how you order it in the input 
file .  

Whi le the section NODE of the input fi le  is read, the names NNAME are put in 
appropriate cell s  of the array NORD and the order n umbers NORD are put in appropriate 
cel ls of the array NNAME. This way, there i s  a 1 -to- 1 rel ationship between NORD and 
NNAME so that NORD(NNAME(I)) = I and NNAME(NORD(I)) = 1 .  

A similar rel ationship exists between LORD (element order) and LNAME 
(element n ame) 

6. RUNNING FINE LX PROBLEMS 

Once construction of the i nput data fi le  is complete FINELX can be run usmg the 
fol lowing MS-DOS command and the appropriate file  names: 

finelx inputfilename.dat >outputfilename.dat 
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APPENDIX A3 

WORKED EXAMPLES USING THE SIMPLE PREDICTION METHOD 

DEVELOPED IN CHAPTER 8 

1) Prediction method B (with 5 steps) - a package with a horizontal rectangular 

headspace void modelled as a slab with a time-variable heat transfer coefficient. 

The fol lowing is an example of the working carried out for Run 7 from section 8 .6 . 1 .  The 

actual calculations were carried out using a spreadsheet - data for all runs with rectangular 

voids were summarised in Table 8 .2.  The simple model used was taken from section 8 . 3  and 

was shown in Figure 8. 1 .  Thi s package was half-normal height and cooled from the top 

surface only.  

The known data were: 

Height of the solid material in the package, R = 90mm 

Height of the rectangular void, Xrect = 1 0mm 

Thermal conductivity of sti l l  air, kair = (0.024 1 + O .0000788T)Wm-1 K 1 , where T i s  the mean 

temperature of the air (OC) 

Thickness of the packaging (polycarbonate layer), Xpackaging = 6mm 

Thermal conductivity of the packaging (polycarbonate l ayer), kpackaging = 0.245 Wm- 1 K 1 

Heat transfer coefficient acting upon the packaging, hpatkagil1g = 3 1 .4 Wm-2K1 

Radiation view factor inside the void, F12 = 0.9 

Initial temperature of the material , Till = 27.99°C 

Mean cool ing medium temperature, Ta = -0.6Y'C 

Number of steps used for calculation, N = 5 

1 .  Calculate the change in surface temperature (T,) for each step: 

!:1T. 
= 

T,n - Ta 
= 

27.99 - (-0.63) 
= 

28 .62 
= 5 .7240C j N 5 5 

(A3 . l )  
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2 .  Calculate the surface temperature at the start and end of each step, and then the mean 

surface temperature during that step: 

ie. (T, at start of period) - (I1T,) = (T, at end of period) 

for the first time step, T, at end of period = 27.99 - 5 .724 = 22.266°C 

Time Step T, at start of period T, at end of period Mean T\ 

(0C) (OC) (OC)  

1 27.99 22.266 25. 1 28  

2 22.266 1 6 .542 1 9.404 

3 1 6.542 1 0. 8 1 8  1 3 .68 

4 1 0.8 1 8  5 .094 7.956 

5 5 .094 -0.63 2.232 

3 .  For each time step calculate the first estimate of the effective thermal conductivity due to 

natural convection in the void using equations 8.4 to 8 .6 (restated below),  where Tl = 

mean surface temperature and T2 = estimated temperature of the underside of the 

packaging m aterial (for first estimate assume temperature of packaging material = cooling 

medium temperature): 

[ 1 708]' [( R ) \13 ]. 
Nu 1 + 1.44 1 - Ra + 

5 8;0 
1 

knnt c(!IlV = Nu x knir 

(5. 1 3) 

(6. 1 )  

(6.2) 
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Time Step TJ (OC) T2 (OC) Ra Nu knat conv 

I 25 . 1 28 -0.63 3 1 42 1 .66 0.04 1 6  

2 1 9.404 -0.63 2559 1 .48 0 .0368 

3 1 3 .68  -0.63 1 9 1 3  1 . 1 5  0.0284 

4 7 .95 6  -0.63 1202 1 .00 0.0244 

5 2.232 -0.63 4 1 9  1 .00 0.0242 

4 .  For each time step calculate the first estimate of  the effective thennal conductivity due to 

radiation in  the void using equation 6.7 : 

Time Step Tl (K) 

298 . 1 3  

2 292.40 

3 286.68 

4 280.96 

5 275 .23 

T2 (K) 

272.37 

272 .37 

272.37 

272 .37 

272.37 

0.0475 

0.0460 

0 .0446 

0.0432 

0.04 1 9  

(6.7 )  

5 .  For each time step calculate the first estimate of  the combined effective thennal 

conductivity due to natural convection and radiation in the void using equation 6 .8 :  

k = k + k  reel rad nat rom' 

Time Step knat conv 

0.04 1 6  

2 0 .0368 

3 0.0284 

4 0.0244 

5 0.0242 

(6.8) 

0.0475 0.089 1 

0.0460 0.0828 

0.0446 0.073 1 

0 .0432 0.0676 

0.04 1 9  0.066 1 



Appendix A3 - Worked Examples Using the Simple Prediction Method A3-4 

6 .  For each time step calculate the first estimate the effective heat transfer coefficient (hreCl) 

using equation 8 .3 :  

1 1 (8 .3) = + + 
hre,-t hpackaXing k packaging krec[ 

Time hpackaging krecr Xrect kpackaging Xpackaging hrect 

Step (Wm-2K 1 ) (Wm-1 K 1 ) (m) (Wm- 1K1 ) (m) (Wm-2K1 ) 

1 3 1 .4 0.089 1 0 .01  0.0245 0.006 5.93 
2 3 1 .4 0.0828 0.0 1 0 .0245 0.006 5 .65 
3 3 1 .4 0.073 1 0.0 1 0.0245 0.006 5 . 1 8  
4 3 l .4 0.0676 0.0 1 0.0245 0.006 4.90 
5 3 1 .4 0.0661 0.0 1 0.0245 0.006 4.82 

7. For time each step re-estimate 7"2 (the temperature of the underside of the packaging 

material) assuming a steady state situation and using the sum of resistances theory: 

T =T _ [Xrec, l7rect (T -T )] = 25 . 1 28 - [0 .01 X 5 .93 (25. 1 28 + 0.63 )] ::::: 7 .980C 2 S 
k 

s a 0.089 1 reet 

and recalculate krect by repeating steps 3 to 6 .  

Time Step Ts (0C) estimate of T2 (OC) 

I 25. l 28 7.98 
2 1 9.404 5 .74 
3 1 3 .68 3 .54 
4 7 .956 1 .74 
5 2.232 0. 1 5  

estimate of km t 

0.0676 
0.0670 
0 .0664 
0.0659 
0.0655 

(A3 .2 )  
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8 .  Iterate step 7 unti l krecf does not change by more than 1 % :  

Time Ts (OC) T2 (DC) krect Percentage change 

Step (3rd estimate) (3rd estimate) in krect 

1 25 . 1 28  6.48 0.0672 -0.6 % 

2 1 9.404 4 .86 0.0668 -0.3 % 

3 1 3 .68 3 .27 0.0663 -0. 1 5  % 

4 7.956 1 .70 0.0659 0 %  

5 2.232 0. 1 4  0.0655 0 %  

A3-5 

hrect 

(Wm-2K 1 ) 

4 .88 

4.85 

4.83 

4.8 1  

4.78 

9 .  Set up a numerical solver of one-dimensional heat transfer with a 0 .09m thick slab 

initial ly at 27.99DC, cooled from the top surface with a heat transfer coefficient of 4 .88  

Wm-2K1 and a cooling medium temperature of  -D.63DC .  Run the simulation unti l the 

surface of the slab reaches the temperature at the end of the first step (ie. 22.266DC) .  

Note the time taken to reach this surface temperature ( in this case i t  was 78 .05 minutes) .  

This is  the time taken to reach the second step. 

1 0. Alter the data file so that the heat transfer coefficient changes to the appropriate value for 

the second step, at the appropriate time (ie. it changes from 4.88 to 4.85 Wm-2K J after 

78.05 minutes). 

1 1 . Iterate thi s  process until the start for each step are known: 

Time Step hrect Time at start of step 

(Wm-2K1 ) (minutes) 

1 4 .88 0 

2 4 .85 78.05 

3 4.83 42 1 .4 

4 4.8 1 1080 

5 4.78 2228 
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12 .  Run the numerical simulation using the heat transfer coefficient values during the 

appropriate time period. Calculate the time for one InYc reduction (from -0.5 to -1 .5) .  In 

the case of Run 7 this  was ( 1 00.3  x 1 03) seconds. 

2) Prediction method C - a package with a horizontal rectangular headspace void 

modelled as a slab with a time-averaged heat transfer coefficient. 

The fol lowing i s  an example of the calculations carried out for Run 7 from 8 .6 . 1 - data for all 

runs with rectangular voids were summarised in Table 8 . 5 .  The simple model used was taken 

from section 8 .3  (shown in Figure 8 . 1 ), and the heat transfer coefficient was time-averaged as 

discussed in section 8 .3 .3 .  Thi s  package was hal f-normal height and cooled from the top 

surface only. 

The known data were: 

Height of the solid material in the package, R = 90mm 

Height of the rectangular void, Xrect = 1 0mm 

Thermal conductivity of sti l l  air, kair = (0.024 1 + 0 .0000788T)Wm- 1 K 1 , where T is the mean 

temperature of the air (OC) 

Thickness of the packaging (polycarbonate layer), Xpackaging = 6mm 

Thermal conductivity of the packaging (polycarbonate l ayer), kpackaging = 0.245 Wm- 1 KI 

Heat transfer coefficient acting upon the packaging, hpackaging = 3 1 .4 W m-
2K1 

Radiation view factor inside the void, FI 2  = 0.9 

Initial temperature of the material, Tin = 27.99°C 

Mean cooling medium temperature, Ta = -0.63°C 

1 .  Calculate the maximum temperature difference across the void: 

Tin Ta = 27.99 - (-0.63) = 28 .62°C 

2 .  Assume the minimum temperature difference across the void i s  equal to zero. 
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3. Calculate the maximum and minimum effective thennal conductivities due to natural 

convection in the void using equations 5 . 1 3 ,  6 . 1 and 6.2 (ie. for m aximum value TJ = 

initial temperature and T2 = cooling medium temperature, for minimum val ue TJ = T2 = 

cooling medium temperature):  

TJ (QC) T2 (QC) Ra Nu knat l'Onv (Wm 

Maximum 27.99 -0.63 34 1 3  1 .72  0 .0433  

Minimum -0.63 -0.63 0 1 .00 0.0241  

4 .  Calculate the maximum and minimum effective thermal conductivities due to  radiation in 

the void using equation 6 .7 (for maximum value Ti = initi al temperature and T2 = cooli ng 

medium temperature, for minimum val ue TI = T2 = cooling medium temperature): 

Maximum 

Minimum 

TJ (K)  

300.99 

272.37 

T2 (K) 

272.37 

272.37 

0 .0482 

0 .04 1 2  

5 .  Calcul ate the maximum and minimum combined effective thermal conductivity due to 

natural convection and radiation in the void using equation 6 .8  (for maximum value TI = 

initial temperature and T2 = cooling medium temperature, for minimum v al ue TJ = T2 = 

cool ing medium temperature) :  

Maximum 

Minimum 

knat c()!lV 

0.0433 

0.024 1 

0.0482 

0.04 1 2  

krect 

0.09 1 5  

0.0653 

6. Calculate the maximum and minimum values of effective heat transfer coefficient (hrect) 

using equation 8 .3 :  

hpackafiing krect Xrect kpackaging Xpackaging hrec1 

(Wm-2Ki) (Wm- J KJ
) (m) (Wm- 1K 1 ) (m) (Wm-2K

J
) 

Maximum 3 1 .4 0.09 1 5  0.0 1 0.0245 0.006 6 .04 

Minimum 3 1 .4 0 .0653 0 .01  0.0245 0.006 4.77 
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7. Calculate the logarithmic average effective heat transfer coefficient (hrer t) usmg the 

maximum and minimum values calculated above: 

h h .  
h == rert max reN mm 

log avera!le [ h 1 In rect max 

hrect min 

= 
6.04 - 4.77 

= 5 .38  Wm-2K1 

In[6 .04 ] 
4.77 

8. Run a numerical solver or an analytical solver of one-dimensional heat transfer with a 

0 .09m thick slab initially at 27.99°C, cooled from the top surface with a heat transfer 

coefficient of 5 . 38  Wm-2K1 and a cooling medium temperature of -O.63°C. Calculate the 

time for one InYc reduction (from -0.5 to -1 .5) .  In the case of Run 7 this was (92.4 x 103) 

seconds. 

3) Prediction method F - a package with triangular voids modelled as a slab with a 

time- and spatially· averaged heat transfer coefficient. 

The fol lowing is an example of the calculations carried out for Run 7 (from section 8.6.2) 

with 5 0mm high triangular voids - the data for these predictions was summarised in Table 

8 .8 .  The simple model used was taken from section 8 .4 (shown in Figure 8.2), and the heat 

transfer coefficient was time-averaged and spatially-averaged as discussed in sections 8 .4.2 

and 8 .4.3 respectively. This package was half-normal height and cooled from the top surface 

only. 

The known data were: 

Height of the solid material in the package, R = 90mm 

Width of the package, AT = 260mm 

Height of the triangular voids, Xtri = 50mm (cooled from above) 

Width of triangular voids = 2 x 50 = 1 00mm 

Number of triangular voids = 2 

Total combined width of triangular voids, Atri = 100 x 2 = 200mm 

Thermal conductivity of stil l  air, kair = (0.0241 + 0.0000788DWm- 1K 1 , where T is the mean 

temperature of the air CC) 

Thickness of the packaging (polycarbonate l ayer), Xpackaging = 6mm 
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Thermal conductivity of the packaging (polycarbonate layer), kpackaging = 0.245 Wm- 'K1 

Heat transfer coefficient acting upon the packaging, hpackaging = 29.6 Wm-2K1 

Initial temperature of the material , Tin = 28.5°C 

Mean cooling medium temperature, Ta = O.4°C 

1 .  Calculate the maximum temperature difference across the void: 

2 .  Assume the minimum temperature difference across the void i s  equal to zero. 

3 .  Calculate the maximum and minimum value of Nu using equations 5 . 13, 5 . 14 and 5 . 1 7  

(ie. for maximum value TI = initial temperature and T2 = cooling medium temperature, 

for minimum value TI = T2 = cool ing medium temperature) :  

Triangular voids cooled from below: 

Nu 1 . 12 x l 0-5 Ra + 2.3 1 

Triangular voids cooled from above: 

Nu = 6.30 x lO-4 Rao 75 + 1 . 1 2 x lO-5 Ra + 2 .3 1 

Maximum 

Minimum 

28.8 

0.4 

0.4 

0.4 

Ra 

4 17 1 10 

o 

Nu 

1 7 .32 

2 . 3 1  

(5 . 1 3 )  

(5 . 14) 

(5 . 1 7) 

4 .  Calculate the logarithmic average value of  Nu using the maximum and minimum values 

calculated above: 
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Nu Jog averagc 
Numax - NUmin 17 .32 - 2 .3 1 

_....:.:::=c--_-=.==__ = 

In[NUmax ] In[ l;
.
::] 

NUmin 

7 .45 

A3-1 O  

5 .  Use the logarithmic average value of Nu and the mean value o f  kair to calculate the log 

average value of ktri (equation 8 .6): 

6 .  Calculate the maximum and minimum effective heat transfer coefficient over the void 

section: 

Maximum effective heat transfer coefficient -

_
1
_ = _

1
_ +  

0.006 == 0.0583 W-1 m2K 
htri h,urf 29.6 0 .245 

Therefore, maximum htr; 

Minimum effective heat transfer coefficient (using equation 8.7) -

1 
-- + 
hsurf kV()id 

Therefore, minimum htr; == 4.47 Wm-
2
K- 1 

7. Calculate the logarithmic average effective heat transfer coefficient (hlr;) using the 

maximum and minimum values calculated above: 

h 
== htr; max - htr; min 

Jog averaxe 
[ h . 1 In tn max 
htrimin 

17 . 16 4.47 

In[ 17 . l 6 ] 
4.47 
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8 .  Calculate the spatially-averaged overall effective heat transfer coefficient (hoverall) using 

an area weighted average (equation 8 .8) :  

Aj Az A3 An h /1 = - hj + - h7 + - h3 + . . . . . .  + - hn overa A ,1. - A - A T ' '1  T T 

h = Atri h . + h 
overall A tn A swi 

T T 

200 
X 9.43 + (260 - 200) 

X 1 7. 1 6  = 1 1 .2 Wm-2K- 1 
260 260 

9. Run a numerical solver or an analytical solver of one-dimensional heat transfer with a 

0.09m thick slab initially at 28 .8°C, cooled from the top surface with a heat transfer 

coefficient of 1 1 .2 Wm-2K 1 and a cooling medium temperature of 0.4°e. Calculate the 

time for one InYc reduction (from -D.5 to -1 .5 ) .  In the case of Run 7 this was (56.8 x 103) 

seconds. 

4) Prediction method H - a package with combined triangular and rectangular voids 

modelled as a slab with a time- and spatially- averaged heat transfer coefficient. 

The following is  an example of the calculations carried out for Run 5A (from section 8 .6 .3 )  

with a 1 0mm high rectangul ar void and 30mm high triangular voids - data for a l l  combined 

void runs were summarised in Table 8 . 14 .  The simple model used was taken from section 

8 .4 and was shown in Figure 8 .6, the overall heat transfer coefficient was time-averaged and 

spatially-averaged as discussed in sections 8 . 3 . 3 ,  8 .4.2 and 8 .4 .3 .  This package was h al f

nonnal height and cooled from the top surface only. 

The known data were: 

Height of the solid material in the package, R = 90mm 

Width of the package, AT = 260mm 

Height of the rectangular voids, Xrect = lOmm 

Height of the triangular voids, Xlri = 30mm (cooled from above) 

Width of triangular slice = 2 X 20 = 40mm 

Number of triangular voids = 2 
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Total combined width of triangular voids, Atri = 40 x 2 = 80mm 

Total combined width of rectangular voids , Am I = 260 80 = 1 80mm 

Thermal conductivity of still air, kair = (0.024 1 + 0.00007887)Wm- 1 K t , where T is the mean 

temperature of the air ( DC) 

Thickness of the packaging (polycarbonate l ayer), Xpackaging = 6mm 

Thermal conductivity of the packaging (polycarbonate l ayer), kpackaging = 0.245 Wm-1 K1 

Heat transfer coefficient acting upon the packaging, hpackaging = 3 1 .4 W m-
2
K1 

Radiation view factor inside the void, FI2 = 0.9 

Initial temperature of the material, Tin = 29. 1 5°C 

Mean cooling medium temperature, Ta = -0. 1 7DC 

1 .  Calculate the maximum temperature difference across the voids: 

Tin - Ta = 29. 1 5  - (-0 . 1 7) = 29.32DC 

2.  Assume the minimum temperature difference across the voids i s  equal to zero. 

3 .  For both triangular and rectangu lar voids, calculate the maximum and minimum value of 

Nu using equations 5 . 1 3 , 5 . 14, 5 . 1 7  and 6. 1 :  

Note - for maximum value Tt = initial temperature and T2 = cooling medium temperature, for 

minimum val ue Tl = T2 = cooling medium temperature. 

Void Type Max/Min TJ (OC) T2 (OC) Ra Nu 

Triangular Maximum 29. 1 5  -0. 1 7  93 1 80 6.7 1 

Minimum -0. 17  -0. 17  0 2.3 1 

Rectangular Maximum 29. 1 5  -0. 1 7  3450 2.35 

Minimum -0. 17  -0. 1 7  0 1 .0 



Appendix A3 - Worked Examples Using the S imple Prediction Method A3- 1 3  

4 .  For both triangular and rectangular voids, calculate the maximum and minimum value of ktri and knat cony, using equations 8 .6 and 6.2 respectively (ie. for maximum value TJ = 

initial temperature and Tz = cooling medium temperature, for minimum v al ue Tl = Tz = 

cooling medium temperature) :  

Void Type Max/Min Nu kair ktri kllar COIlV 

(Wm-1Ki ) (Wm-
J
K1 ) (Wm- 1K1) 

Triangular Maximum 4.45 0.0253 0. 1 69 

Minimum 3 .5  0.0241 0 .05 6  

Rectangular Maximum 2.41  0.0253 0.06 1 0  

Minimum 1 .0 0 .024 1 0.024 1 

5 .  Calculate the logarithmic average value of k1ri using the maximum and minimum values 

calculated above: 

k . - k . . k iTi log average = in m[axk .. in ]mlO I tn max n ---krn min = 
0 . 1 69 0.056 

= 0. 1 02 Wm- 1 K J 

In[0 . 1 69] 
0.056 

6 .  Calcul ate the maximum and minimum effective thermal conductivity due to radiation i n  

the rectangular void using equation 6 .7 (for maximum value TJ = initial temperature and 

Tz = cooling medium temperature, for minimum value TJ = Tz = cooling medium 

temperature) : 

Maximum 

Minimum 

TJ (K) 

302.32 

272.83 

T2 (K) 

272.83 

272. 83 

0 .0486 

0.0415  
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7 .  Calculate the maXImum and mImmum effective thermal conductivity due to  natural 

convection and radiation in the rectangular void using equation 6 .8 :  

Maximum 

Minimum 

knat conv 

0.06 1 0  

0.0241 

0.0486 

0.04 1 5  

0. 1 096 

0.0656 

8. Calculate the maXImum and mInImUm effective heat transfer coefficient over the 

rectangular void section using equation 8 .3 :  

Void Type MaxlMin krect hrect 

(Wm-i Ki ) (Wm-2K i ) 

Rectangular Maximum 0. 1096 6 .77 

Minimum 0.0656 4.79 

9 .  Calculate the logarithmic average effective heat transfer coefficient (hrec t) using the 

maximum and minimum values calculated above: 

h = 
hrecl max -hrecl min = 

6.77 4.79 
log average 

In[
hrert max ] In[ 1��] 
hrect min 

10 .  Calculate the maXImum and mInImUm effective heat transfer coefficient over the 

triangular void section using equations 8 .9 and 8 . 1 0  respectively: 

Maximum effective heat transfer coefficient -

1 1 X packaging XrecI _ 1 0.006 0.0 1 
- 0 1 54 W-I 2K = --- + + -- - -- + + -- - . m 

hpackaRinl? k packaginl? klri 3 l .4 0.245 0 . 1 02 
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Minimum effective heat transfer coefficient -

1 1 = + + 
htri 

h packaging k packafiinl{ klri 
1 0.006 0.03 0.02 

-- + -- +  
3 1 .4 0.245 0. 102 0.498 

A3- 1 5  

1 1 . Calculate the l ogarithmic average effective heat transfer coefficient for the triangular void 

section (hlr;) using the maximum and minimum values calculated above: 

-.:.:..:...�_.:.:...:..::;."-'- = 6.48 - 3 .22 = 4.67 Wm-2K1 

In[6.48 ] 
3 .22 htri min 

12. Calculate the spatially-averaged overall effective heat transfer coefficient (hoverall) using 

an area weighted average (equation 8 .8) :  

h = overall A T 

h()"ernll 
= A

tri h . + 
Arect h = � x 4.67 + 

1 80 x 5 .72 5 .40 Wm-2K 1 , A In A reet 260 260 T T 

13 .  Run a numerical solver or an analytical solver of one-dimensional heat transfer with a 

0.09m thick slab initially at 29. 1 5°C, cooled from the top surface with a heat transfer 

coefficient of 5 .40 Wm-2K- 1 and a cooling medium temperature of -0. l7°e. Calculate the 

time for one InYc reduction (from -0.5 to -l .5) .  In the case of Run 5A this was (89.9 x 

103) seconds. 
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