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CHAPTER 1

INTRODUCTICH

In view of the large quantities of foodstuff now being preserved in the
frozen state, it is important to be able Ho predi¢t the freezing time of 2
product under specified freezing conditioms. An accurate knowledge of the
freezing time of a product permits a precise terminatiocn to be made to ths
freezing process and the subsequent improvement possible in plant utilization
iz significant when large quantities of foodstuff have to be frogenm in o given
freezing plant. The freezing rate of a foodstuff must be high enough to
prevent loss of quality as a result of microbioclogical and enzymic changes, but
a loss of quality mey still occur as z result of the nature of ice crystal
formation during freezing. Mazur (27) proposed & quantitative relationskip
between the size and location of the ice crystals and the freezing rate and he
considered that high freezing rates gave 2 high product quality. With these
facters in mind the freezing rates obtained during the freezing of s product

under different conditions were determined.

The freezing times and freezing rates of a preduct can be found by
experiment. This invelves meking temperature measuremente with suitably located
thermocouples, and the product is frozen when a specified centre temperature is
reached. To eliminate the necessity for meking experimental studies it is
desirable to develope & calculation method which will acourately predict the

freezing rate and freezing time of a product.

The freezing of a product results in & change of the physical state of

the foodstuff which is accompanied by the release of the latent heat of
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golidificgtion of the large water component of the foodstuff. The latent heat
of solidification is released over a temperature range and not at a specific
temperature, the freezing point, as in the case of pure water hecause of the
presence of salts in the tissuve fluid, which cause a depression of the freezing
point of the system. As freezing proceeds water separates oult as ice which
results in an increase in the concentration of these salts, and this causes a
greater depression of the freezing point of that system. This results in the
latent heat of solidification being released over a temperature range until
finally a temperature is reached when the entire system is frozen. The change
of physical state of the system during freezing also results in a change of
the thermal property values of the foodstuff. The change in these values is
associated with the higher thermal conduetivity and lower specific hest of

the iees formed during freezing.

The rate of heat transfer which occcurs during the freezing of s produst
is governed by the Fourier heat conduction equation, which is a nonlinear
partial differential equation. To determine the freezing rate, solutions of
this equation have to be found which satisfy the heat itransfer boundary
conditions which prevail in the physical system being considered. Heumann
(19) obtained an analytical solution for this equation for the case of slab
ice formation on the surface of a liquid at its freezing point, with constant
free surface temperature which corresponded to an infinite surface heat
transfer coefficient. An esnalytical soclution presented presented by Stefan
(19) may be considered as a special case of Neumann's general solution. These
solutions are of little technical use for the freegzing of foodstuffs since
generally the product iz cooled from both sides and the heat transfer coefficient
is far from infinite. . Particular solutions are unknown when technically useful
heat transfer boundary conditions are imposed. TFor z normal freezing process

the heat transfer boundary conditions must account for the gradual release of




the latent heat of solidification at the freezing boundsry and for the varistion
of thermal property values with temperature. Variations in the initial product
temperature, the surface heat transfer coefficient, the ambient temperature and
the product thickness which occur must also be sccounted for by the heat

transfer equations.

The difficulties involved in obtaining an exact analytical solution o
the freezing precblem for techmically useful heat transfer boundary conditions,
resulted in the development of approximate solutions. These solutions were
obtained by meking assumptions which simplified the nature of the heat transfer
boundary conditions existing in the experimental system. Analytical, graphical
and numerical approximate solutions of the freezing problem were obtained when
these assumptions were made, the different types of solutions requiring
different degrees of assumptions to be made for their development. It was
found that the numerical type of solution dealt most adequately with the heat
transfer boundary conditions which existed in a normal freezing process. In
this type of solutiom a nonlinear heat transfer equation is replaced by a
series of approximately linear equations over resitricted temperature ranges and
the phase change which occurred in the physical system is tzken into account by
varying the thermal property values used in the calculations. Calculations in
the numerical sclutions are repetitive and they would be tedious if they are
not made on a digital computer. The availsbility of a digitel computer

permitted the use of the numerlical solution.

One dimensional freezing of s homogenecus body was studied bszcause of
the complexity of the numerical solutions for two and three dimensional freezing.
Minced lean beef frozen in a plate freezer, closely approximated this system of

2 homogeneous product.




The aim of this study was to obitain freezing curves for minced lean bsef
under a variety of experimental conditions, temperature measurements being made
with thermocouples, and to determine the accuracy with which these freezing
curves could be estimated by the numerical solutions obtained with a digital
computer. From these correlation studies the magnitude of the surface heat
transfer coefficient which existed in s plate freezer was determined. Normally
routine freezing time determinstions are made with Plank's equation (32) which
has the practical advantage of simplicity. Assumptions made during its
derivation limit the accuracy of these results and thus Plank'sz squation was
modified to give predictions which agreed closely with the exzperimental freezing

times.
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CEAPTER 2

THERMAL PROPERTIES

In this study minced lean beef was frozen because it closely approximated
s homogeneous system. To predict the freezing times and freezing retes of this
product, 1t was necessary to know ilts thermal conductivity and specific heat
values over the temperature range studied. The values of these thermal properties
vary with meat compositlon, meat btemperature and the orientabtion of the Tibres

with respect to the dirvection of heat flow.

2ele Composition:

Heat like most foodstulfs contains a large proportion of walter and hence
the thermal propertiez of the foodstulf are significantly influenced by those
of the waler present in the foodstuff. Water has a high latent heat of
solidification and a2 high thermel conductivity in the frozen states and the
other components of the meat, e.g. fat, have a constant and low thermal
conductivity and no latent heat of solidifiecation in the temperaiure range
being studisd. Thus the thermal properties of the meat are Tairly close to
those of water. If the proportion of these low thermel property value components
was inereased and the proportlon of water decreased as in high fat beef, the

thermal property values of ths besf would be reduced.

I¢ was thus desirable %o determine the composition of the minced lean
beef used in these experiments. Noisture determineiion invelved oven drying
according to AOAC - 23.003 (a) (3) and fat determination involved an sther
extraction according to AOAC - 23.00% (3)9 The average composition of the

minced beef was obtained by determining the fat and moisture levels in ten
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samples drawn randomly from the product. It was found that the wmoisture level
was 78.6% x 0.35 S.D., and the fat level was 0.49% x 0.52 S.D., where S.D.

is the standard deviation.

Although the standard deviation of the fat level was high belween the
samples, the absolute level of fat present was very small in all cases. In a
low fat product such as this, the thermal property values dspend upon the
moisture levels through the samples and 1t can be seen that these were very
uniform. Hence the minced lean besf used in thgse experiments was considered

to be homogeneous.

220 Tepperatures

The influence of the wabter component on the thermal properties of food-
stuffs was Further illustrated by the tempersture effect upon these values.
The change of state of the physical system which occurs when water is frozen,
is accompanied by the velease of the latent healt of solidification and a three
fold increase in the thermal conductivity of the foodstuff (Fig. 1). The
latent heat of solidification iz not released at a specific btemperature, the
freezing point, as iﬁ the case of purs water, because of the presence of salis
in the tissue fluid which cause o depression of the freezing point of the
system. As freeszing proceeds water gradually separates oubt as ice, which
results in e gradusl increase in the concentration of these salits. This causes
an increasing depression of the freezing point of the system until the finsl
freezing point of the system is reached. Hence the latent heat of solidification
is released over a temperature range. As water influenced the value of the
thermal properities of beef very significantly, the temperature dependent
variation of these thermal properties was considered to follow closely the
transformation of water to ice (Fig. 1) as determined from data for lean beef

presented by Riedel (36).
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As the latent heat of soliéificatien is released over a temperature
ranges it was found more convenient to consider the heat capacity of a food-
stuff over a range of temperature in the form of =z temperature enthalpy curve.
The basis of this temperature enthalpy relationship is that the enthalpy, or
hest eapacity, atwéGOF is zero and the enthalpy value increases with temperature
to account for the increasing heat capacity of the product and the releass of
the latent heat of solidification during freezing. A temperature - enthalpy

curve for lean beef presented by Riedel (36) is shown in FPig. 2.

2630 Fibre Orientations:

The thermal conductivity value of meat is significantly affected by the
direction of the meat fibres relative to the direction of heat flow. Lentz (21)
has shown that the values obtained when heat flow was parallel to the fibres
were 10 - 30% higher than those obitained when heat flow was perpendicular to the
fibres. As minced beef was used in these experiments, fibre orientation effects

were not a problem.

2ol o Thermel Properties of Minced Lean Beef:

Because of the significant effect these factors had upon the thermal
property values, it was desirable to determine acsurately the value of the

thermal properties of the minced lean beef used in these experiments for the

temperature range studied.

The thermal conductivity value of the minced lean beefl used in these
experiments was determined by Benseman (5)° In his method a gylinder of preduct
(height of 1 ins., diameter of 1 ins.) was placed between two glass cylinders
of similar size. Theze segments were held firmly together to form 2 long
eylinder which was placed between a hot source and a cold sink and then insulated

with a 4 ins. thick layer of polystyrene. The two ends were held at specified
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TARBLE I Thermal Properties of Minced Lean Beef

Temperature =40 =30 =20 =10 0 10 20 21 22 23 24 25

Specific Heat 50 50 .50 50 .90 1.30 4.80 2.00 2.30 2.50 3.10

Thermal
ConductiVity 096 096 093 089 083 e77 e71 -69 067 065 962

Temperature 25 26 27 28 29 30 3% 40 %0 60 79
Specific Heat 3.30 4.60 6.80 27.00 23.00 1.00 1.00 1.00 1.00 1.00

Thermal
Conductivity .58 53 46 - 36 032 27 27 28 29 «30

Units  Thermel Conductivity (Btu/hr °F £i)
Temperature (°F)

Specific Heat (Btu/1b °F)
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CHAPTER 3

APPROXIMATE SOLUTIONS

Solutions of the Fourier heat conduction equation had to be found which
satiaefied the heat transfer boundary conditions which prevail in the physical
system being considered. TFor a normal freezing process the heat transfer
bounndary conditions must account for the gradual release of the latent heat of
splidification and for the existence of different thermal properties in the
unfrozen and frogen layers. Variations in the initial proeduct temperature,
the surface heat transfer coefficient, the ambient temperasture and the product
thickness which ccour must zlso be sccounted for by the heat transfer equations.
Exact analytical sclutions of the freezing problem which satisfy these boundary
conditions have not been found. The analytical solution developed by Weumarnn
(19) was for slab ice formation on the surface of a liquid, the free surface
temperature of which was constant corresponding to an infinite heat transfer
coefficient. This sclution is of little technical use since gensrally the
product is cooled from both sides and the heat transfer ccefficient is far from
infinite. The difficulties involved in obtaining a technically useful analytical

solution led to the development of approximate solubtlons of the freezing problem.

Most foodstuffs contain 65 to 90% water and the interrelationships of
thisg water to other constituents complicate the relationship beitween the heat
capacity of the foodstuff and its temperature, over the freezing range. This
relationship is presented in the form of a temperaturs enthalpy curve, FPig. 2.
It ie evident that the latent heat of solidification forms a very lerge
proporiion of the toital change in heat content, or enthalpy change, between

the initial and final product temperature and because of this it is possible




to make simple approximstions to the heat btransfer caloulations. In thess
approzimstions the following sesumpbions are madesz-

that the product is initially uniformily at itz freezing point

L1

and unfrozen.

that the lstent heat of solidificaiion is relessed abt & fized

e

temperature, the freezing point.

o

that the thermal propertles of the unfrozen and frozen states

are consbant.

L2

that the freezing boundary proceeds so slowly that steady state
%

in the frozen state.

11

Bquationg for caleculating the freesing time of a product based upon these

assumpbions were first presented by Plank (32) for the symmeirical freezing of
a slab, a cylinder, and a sphere and were later eztended (32) to include the
freezing of a rectangular parallelepiped (brick shape). London and Seban (23)
gave an gpprozimste solution to the freszing problem of the slab, eylinder and
sphere in which the specific heats of the two phases were neglected. HNezgacks
(30) studied the freezing of fish in air blast freezers and modified Plank's
sguation to ascount for the ellintical cross=section of fish and for an initisl
product temperature above the freezing point. ILevy (22) modified Plank's
squation to account for the shape of different fish and discussed the effsct

of alr speed, when fish were frozen in an ailr blast freeger. Bddie and Pearson
(16) discussed these last two papers comprehensively and introduced s more
generalised shape factor o Plank's squation. Rutov (38) modified Plank's
aguation o allow for an initial product temperature above the freeszing point
and & final temperature below the freezing point. Tanaka (39) developed a

modified form of Plarnk!s equation to predict the freezing times of whalemeat in
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a plate freezer. Watzinger (40) studied the freeszing of fish fillets in &
plate freezer and modified Plank's equation to account for an initial fish
temperature above the freezing point and a final temperature below the freeszing

point.

3.2 Graphical Solutions:

Ede (17) presented a graphical solution to the freezing problem, the
method wtilising a varisnt of the Schmidit graphical method and incorporating a
step proceedure to determine the exact location of the freezing boundary.
This solution does not consider the heat capacity of the frezen layer which

wag conszidered in the graphical solution presented by Longwell (24).

33 Numerical Solutions:

Humerical soluticns are based upon the uge of finite difference
approximations to the heat conduction equaticn and have successfully been
used by Albasiny (1) for calculating the freezing times of fish slabs, and
Barle (15) utilised the method of Dusinberre (12) for calculating the freezing

time of minced beef in simple shapes.

This type of solution dezls adequately with the hest transfer boundary
conditions which exist in a normal freezing process. The variations in the
thermel property values which occur with the change of phase in the physical
system are accounted for by varying the thermél property values used in the
calculations, and the experimental values of the process parameters are inserted
directly into the caleculaticns. Further, with this type of solution it is
possible to obtain the temperature profile existing across the produect at any

tinme.
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CHAPTER 4

A NUMERICAL PREDICTION OF THE FREEZING CURVE

Aot Introduction:

In this study the freezing curve of a product was predicted by using a
rumerical solution of the freezing problem. Numerical sclutions are available
for the one-, two~ and three—dimensional freezing of & homogeneous product but
the soluticns for two— and three~dimensionsl freezing are very complex. Hence
the one=dimensilonal freezing of a homogensous product was studied for which

the following heat conducition equation in faritesian coordinates is appropriate

2] 1A ET)

and 1t ie considered that the specific heat, ¢, and the thermal conductiviiy,
k, are tempersbure dependent. The heat transfer boundary conditions for one-
dimensional heat transfer which occours during the plate freezing of & sleb of

gide, 2a, and with centre X = a are:-

(1) Initial condition, T constant when t = O,

C £ x £ 2a (4.2)

(ii) Surface condition, h(TO - g) = k ( 2 T ) (2.3)
e x
at x=0 t >0
and h(T2a~T1) =-k /O T ) (4.4)
Qx

at

B

= 2a t+ D0



and for symmetry about the centre where x = a.

T = T (4.5)

To solve these equations, the temperature range was divided into
intervals over which it could be comsidered that the specific heat and the
thermal conductivity values were constant (Table I). The size of the intervals

depended upon the rate of change of the thermal property values with temperature.

For calculation purposes, the equations (4.1), (4.3), (4.4), were
replaced by finite difference approximations and solved subject to the conditions
outlined by equations (4.2) and (4.3). Effectively this proceedure replaces a
non-linear partial differential equation by a series of aspproximately linear
equations over restricted temperature ranges and the phase change which ocours
in the physical system accounted for by the temperature dependent thermal
property values. This is the basis of the numerical solution of the freezing

problem.

4e2s PMinite Difference Heat Transfer Equations:

The calculations in which these finite difference approximat}ons were
used follows the method outlined in Dusinberre (12). In this method, the
general equation used for determining the temperaturs at a point, n, after a

time interval,At, is

Togtyts = Tnoq, gt =T ey (4.6)
M
where T is the temperature at a point, n, after a time interval, D,
n,t +41%

when Tn is the temperature there after a time, .

st
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and ¥ = o {Ax)z
X D%
where @ =~ oproduct density (1bs/ft3)
¢ =~ specific heat of produst (Btu/lb)

X -~ thermal conductivity of product (Btu/hr °F £1)
Ox - distance between successive points across the product (f£t)

Dt - time interval between calculations {(hrs)

The thermal property values are those appropriate to the temperature Tn &
’ 2

For csloulation purposes the product being frozen was divided into a

number of segments of width, Ax, with Tn representing

- 1, 7 Tn, +? Tn + 1y b
the temperature at successive poinits across this malriz at a time, t. The
number of divisions across the matrix wes n and hence the width of product, to
the product centre was ndx.

(46)

By examination of equation L%) it is evident that T depends upon

ns t +o%
the temperature of the adjacent poinis, and if ¥ is greater than two, also upon
the original temperature of the point being considered. The larger, the value
of ¥; the greater the influence the original temperature at n, Tn, % has upon
the new temperature, Tﬁ, by O and the larger the number of caleulastions
required to obtain a given temperature change. If M is equal to two, then the
new temperature i1s the mean of the temperature of the adjacent points and this
is the basis of the Schmidt (26) graphical method of analysis of a cooling
system, a variant of which was used by Ede (17) in his graphical analysis of
freezing problems. The valus of M selected thus has to be a compromize between

caleculation acourasy, reguiring a large M value, and brevity of calculation

time, requiring a small value of M.



4.3 Seleotion of Parameter Values:

In view of the importance of the uliimate M value used, it ls of interest
4o determine which parameter could be adjusted to obltsin & glven valus M. Yow

¥ is defined according to

M = P i£§xlg
& At

Cf the parsmeters determining the value of ¥, the density,pQ, was
sssuned to be constant, and the thermal conductivity, k., and specific heat, o,
were fixed by the temperaiture at the point at the begioming of the time
interval being studied. The distance between successive czloulabtion points,
Az, was a caloulation time - caleoulation accurscy compromise; the smallsy the
spacing, the more accurste the itime-temperature profile oblained. It was Tound
that the profiles obtained durling the cooling of 2 4 ins. thick slab, initiszl
temperature 60°F, ambient temperature =40°F thermal conductivity 0.78 Btu/hr °F fi,
specific heat 0.5 Btu/1b OF}SQHQT,ﬁa of 29 Bﬁu/hr °p f%z agread qulte closely
when grid spacings of 0.5 ins. and 1.0 ins. were umed, as shown in Table II.
~Por the caleunlations e grid spacing of 0.5 ins. was selected for 3, 4 and 5 ins.

thick slabs and 0.25 ins. for g 2 ins. thick slab.

The selection of a grid spacing size left the time betwesn successzsive
saleulations, AL, as the only pasrameter effecting the value of M. In these
caloulabions & value of ¥ was selected, leavinzAt as the varisblse. The ¥
value selected was & compromise beilween calculation acocurasy and czloulstion
time. The effect of the value of ¥ szelected was studied for the cooling of g
4 ins. thick slab, initial tempsrature SOQF, ambient temperature «403?, grid
spacing 0.5 ins, thermal conductivity 0.78 Bt&/hr Op £t, spseific haat 0.5

B%u/lb ggg SHSL.0. of 99 Bﬁa/hr °F f%g as shown in Table III. Ais az result of
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this an M value of 4.0 was selected for the calculations in this study.

Table II. Effect of Grid Spacing Size on Numerical Solution.

Time Centre Temperature
(°F)

Grid Spacing (Ax)

(hrs) 0.5 ins 1.0 ins

0.11 57-16 56.21

0.25 39.03 39.79

0.%0 9.68 11.47

0.69 - 5.28 - 3.61

1,00 - 20.88 - 19.38

1014 - 25.15 - 24.05

1.35 - 30.04 - 29.15

1.50 = 32047 = 3175

Having selected these parameters, At was the unknown parameter and varied

£

as the calculations proceeded since

At = pe (a5
k M

For computation purposes, a constant time increment was required. This was
obtained by selecting a itime value smaller than the smallest At obtained during
the calculations, and interpolating the temperature obtained for a given value
of A+, to that temperature which corresponded to the constant time increment.

This technique is outlined below.

T = eliele -
n, + + D.D.T. P—-E-;— (T, b vat ™ Tn, o) Ty, ¢ (4D



where

. o
Tn, 5 +AL temperature at point n, after a time increment At ( F).

Tn, t + D.D.To ~ temperature at point n, after a time increment D.D.T. (OF).

DoDoTe - constant time increment. (hrs).

Table III Effect of M Value on Numerical Solution
Time Centre Temperature (°F)
(hrs) Modulus Value (M)

2 4 6 8

0.29 38.75 34.81 33.97 34.85
0.50 12.46 10,58 9.98 9.68
0.87 - 13.89 |- 14.83 - 15.13 | = 15.28
1000 - 19057 - 20031 - 20054 - 20066
1.50 - 32,05 = 32.23 = 32431 - 32.47
2000 - 36090 - 37001 e 37'05 had 37»07
2650 - 38079 - 38083 - 38085 - 38.86

Aede Finite Difference Eouations for Surface Calculations:

To initiate the calculations made in obtaining a time-temperaiture profile,
it was necessary to have an eqguation for caleoulating the surface conditions.
The accuracy of the time~temperature profile obtained by a numerical solution
depends significantly upon the accuracy with which the surface calculations
are made. In an effort to obtain accurate surface calculations, one equation

was used for the initisl surface calculation and one for the subsequent surface
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calculations.

(1) Initial Surface Calculation:

This equation is recommended by Mickley, Sherwood and Reid (28).

To-1,t 40t = = [%—1, gt Mo, + N -J (4.8)
2
¥+ 9
where hAx
k
b - surface heat transfer coefficient (Btu/nr °F £°)

This coefficient also includes any packaging resistance to heat transfer present

in the system and

o
b
b

where hs - surface film heat transfer coefficient (Btu/hr °p fﬁe)

z Ax - packaging film resistance (Btu/hr °F £t°)
k

T, - embient temperature (°r)

(11) Suvbseguent Surface Calculations:

The equation for this caleulation is given by Dusinberre (12)

Toet, st = Mo 4 ,ap (e oy v D=2 e ) (499)

T+ 1

In the derivation of equation (9) it is assumed that the temperature gradient



at the surfacs iz equal to the slope of the chord of the smurface.

Aebe Calculation Procedure:

Calculgtion procedure invelved an initisl surface caloulation, followed
by caleulstions ab each selescted point across the product for a time period t.
After the product cenitre had heen reached, = vepeal sel of calculations was
made for the time period t +A+, the temperature so obtained being used to
caleculabe the temperatures after a time t + 2A+%. For each calculation, the
thernal properties approprizie to the temperature of the point at the begimming

of the time element being consid

&)

red, were selected. In this cyclic way the

time—tenperature profile existing in the product could be ohiained.

The determination of a time-temperature profile by this caloulasiion

ethod is a repetiitive procedurse and the calculations were made quickly on a

’zD-

igital compuber. A Portran - 2 programme wag developed in which wers
incorporated the Tinlte difference squations appropriate to one dimsnsional

1

ed in such s manner

food
i

fo
=

freezing of & homogeneous product. The programme was dev

o

that,

Pl
[ N
St

the calcoulation procedure could be carried out either for sz preduct

[}

of wnifeorm or neon uniform initial temperaturs.

(ii) the relevant thermsl properties could be introduced into the system

*

in a sultable form so that the values gppropriaite to the temperabure

the relevant values of the process psrameters could be introducsd.



210

(v) +the distance temperabure profile was printed out at selected +ime

and centre temperature intervals.

(vi) the calculations could be terminated when the desired final centre

temperature had been reached.

The block diagram for this programme is shown in Fig. 4 and the Foriran
- 2 programme used for these calculations in the IBM 1620 computer is shown in

Fig. 5 and follows the general method used by Barle (15).

The numerical solution results obtained for the freezing of a 2 ins thick
slab, initial temperature 62°F, ambient temperature -40°F and S.H.T.C. of 99

2
Btu/hr °F £1° are shown in Fig. 6.

The initial table of values represents the thermal property values used
in the calculations which are presented in a form similar to that of Table I,
The number zero, indicates that one-dimensional freezing of the slab is being

considered and the list of numbers across the page represents ths followings—

5 = width factor which equals (n + 1) where n was the nupber of
divisions required.

4.0 -  wvalue of modulus, ¥ selected.
-40 - plate temperature (°F).

62 - initial product temperature (°F).

0,005 - constant time increment (hrs).

0.25 = grid spacing width (ins).
67 - product density (lbs/ft3),

99 - surface heat transfer coefficient (Btu/hr °F ftz).

0.25% time increment between tempsrature profile printouts (hrs).



FIG. 4. BLOCK DIAGRAM OF PROGRAMME FOR NUMERICAL SOLUTION

((sTarT )
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\\Sead and print thermal conductiviity and///

specific heat values.

D

Read and print values of width factor, M, ambient temperature, initial
product temperature, constant time interval, product density, S.H.T.C..
time and centre temperature intervals between successive printouts of

temperature profile, and final centre temperature value to be obtained.

off ‘*<§§:>* on

Make all points in product Read and print nonuniform
uniformly at initial initial temperature dsta.
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>

Select thermal property
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for new temperature for new temperature calculation to calculation to
at a specific point at a specific point. determine new determine new
temperature. temperature.
Equation 4.6
Equation 4.8 Equation 4.9

N I [ l




FIG.4. (Continued) @

Interpolate new temperature value
to the value corresponding to the
constant time increment

Equation 4.7

Increase total time by the
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proeduct.

Yes
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profile around product centre.

Change temperature of all points in
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Printout elapsed time and temperature
profile values at that time.

<

as the final
centre temperature
en ohtained?

Yes

Pause
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PIG. 5.  FORTRAN - 2  PROGRAMIE FOR NUMERICAL SQLUTION CF FREEZING PROBLEM

57
200

102

100

101

26
300

66

103

-3 \D A

21

W N B -~3 COND

201

DIMENSION T(50),TI(50),Ccon(20},5PEC{20)

READ 200,I¢

FORMAT(I2)

DO 102 T = 1,50

(1) = 0.

TI(I) = C.

DO 100 I = 1,20,5

READ 1,C0H(I}, CON{I+1),00m(I+2),C0N({I+3),CON(I+4)
PRINT1, CON(I), CON(I+1), CON{I+2), CON{I+3),CON(I+4)

DO 101 I = 1,20,5

READ 1, SPEC(I)iSPEC(I+1) SPEC(I+2),SPEC(I+23),SPEC(I+4)
PRINT 1, SPEC(I;9SPEC(I+13,SPEG(I+239SPEC(I+3358?EG(I+é)
READ 2,N,EM,TS, B, DDT, DZ, DEN, H, TV, THP, TTP

PRINT 300,IQ

FOR&AT(IZS

PRINT 2,N,EM,TS,B, DDT, DZ, DEN, H, THN, TNP, TTP

IXx =0

W = Hel

IF(SENSE SWITCH 2)66,5

DO 103 I = 1,N%,5

READ l,T(I),T(I+1§,T€I+2§,T(I+3),T(1+4)
PRINTL,T(I),T(I+1),P(T+2),T(I+3), T(I+4)

GO TO 67

DO 9 I = 1,HX

T(I) = B

BZ = DZ*DZ*DEN/EM/144.

BM = ENi=2.

T = O.

TNP = B-5.

TUM = TMN

DO1OT = 1,N

TY = T(I)

L = TY/10.+4.

IF (1)69,70,69

L= I+l

GO TO 3

IF(1~6)3,4,8

IF(L~7)4,6,7
L= 1=2
GO TO 3

L = TY=11.
G0 TO 3

L = TY/5.+13.

BNT = ¥¥Dz/CON(L)/12.
BT = BRI*DS

BY = BM*TY
IR(I-1)201,201,12
I7(IX)203,204,203



FIG. 5. {Continued)

204

203

iz

30
31

13

14
10

39

17
16

IX=1

L = S5*(T(1) + (BOD*TS + T(2)) /(BN + 1.))
GO TO 10

TQ = (T(1) + (EM = 2.)*1(2) + T(3))/mM
TK = (BNT*DS + TQ/(BNT + 1.)

GO TO 10

TX = 0.

I7(IQ) 30,14, 30

IR(I-N)13,31,13

TX = (6.5T(I+1) + (Ei=6.)*TY/EM

GO TO 10

R = NI

T = (P(I-1)-1(I+1))/E1/R

TX = TX + (P(I+1) + T{I-1) + BY)/mM
TI(I) = DDT/BZ*(TXA-TY)*COW(L) /SPEC(L) + TY
TIM = TIM + DDT

DO 16 I = 1,N

IF(I-1)16,17,16

T(I+1) = TI(I-1)

o(1) = TI(T)

M= 3

TR(TIM-THI) 32, 33,33

TVY = TMM + TMN

M= 2

IP(T(N)-THP)18,18,19

THP = TNP=-5.

M= 2

IF(P(W)-17P)23,23,22

IF(M-2)24,20,24

IF{SENSE SWITCH 1)20,21

¥M=1

TYPEL, TIM

DOS1LI=1, N5
TYPEL,TI(I),TI{I+1),TI(1+2),TI(T+3),TT{I+4)
I(1-2)56,21,21

PAUSE

IF (SENSE SWITCH 3) 26,57
FORMAT{5F8.2)

FORMAT(I2,10F7.3)

END



FIG. 6. NUMERICAL SOLUTION FOR THE FREEZING OF A 2 INS THICK SLAB
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5.0 = oentre temperature increment between temperature profile
printouts ( F)

J e

, e 4O
-10.0 = final value of centre temperature required (“F).
The temperature profile presentation iz as follows:-
Time (hvs) <18

Temperature (°F) -21.16 26.84 43.80 53,74 56.89

2 3 4 5

sy

Te Surface temperature.

2. Temperature 0,25 ins. below surfacs.

36 4 QQSO i 1 tH

,ié 1 0‘73 3] §t 11

5. Centre tempsrature, 1.00 ins. below the surface.
A6 Validity of Numerical Solution:

Having esteblished a sultable compuler programme it was necessary to
check the validity of the solution sgeinst an analytical solution. This was
necessary bscause the numerical sclution was only an approximsbe solution to
the freszing problem. It was desirable to check the solution for =z freeszing
problem bubt a8 no suitable analytical scolutions were available the validity
checlk was made for the cooling of a slab with finite surface heal transfer
coefficient, for which an analyticsal solution is available in the literature,

Dalgleish (410).

In this sclution the centre temperatuvre of the slab was caloulated by

using the following squation:~
o0

- 2
8, . 2 exp (-V ° T)

et (F° 4 T+ V.2 gos v
Hno/ ba)
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where &¢ - centre temperature of slab (°F).
Vn - nth root of the transcendental equation V tan V = H.
N = hs 0y € ©°
k
h - surface heat transfer coefficient (Btu/hr °p ftz).
a = product thickness = 2a (ft).
k - thermal conductivity of slab (Btu/hr °F f£t).
T = _kt O< T £ ©0
¢ 8?
t - elapsed time (hrs).
P — product density (1bs/ft3).
¢ =~ specific heat (Btu/lb °F).

The roots of the transcendental equation V tan V = N were obtained from Carslaw
and Jaeger (7) and it was found that only the first root of the equation was

gignificant in the solution except when the value of t was less than 0.4 hrs.

The cooling curves were obtained for the cooling of a 3 ins thick slab,
initial temperature GOOF, ambient temperature ~40°F surface heat transfer
coefficient of 99 Btu/hr Op ftg, thermal conductivity of 0.78 Btu/hr °p £t
specific heat of 0.5 Btu/lb °F. The valuee obitained by ecalculation from the

analytical and numerical solution are shown in Table IV.

A gignificant deviation was found to exist in the initial stages of
cooling, but after that the temperatures obiained from the two solutions
correlated closely. It was considered that despite the initial deviation which
existed beiween the two solutions, the numerical solution gave an accurate

prediction of the time-temperature profile which would exist in a product.
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Table IV. Validity of Numerical Solution
Time Centre Temperature (°F)
(nrs) Analytical Numerical
0.2 24.50 26.61
004 - 5.70 hd 5025
0.6 ~-21.75 =21.91
008 “30&19 “'30058
1.0 -34.84 ~35.10
1.2 =37.19 ~3T.45
AdeTe Coneclusions:

A mmerical solution of the freezing problem was used to predict the
freezing curves obtained during the one~dimensional freezing of a homogeneous
product. It was found that after careful selection of the parameter values in
the modulus ¥, the numerical solution closely approximated the analytical
solution for the cooling of a slab with constant thermal properties. From this
it was assumed that the numerical solution also gave a valid solution of the
freezing problem. It was thus concluded that the mmerical solution of the
freezing problem deals adequately with the heat transfer boundary conditions

which exist under normal freezing conditions.



CHAPTER 5

EXPERIMENTAL DETERMIWATION OF FREEZING CURVE

Py

In this study the accuracy with which the freeszing curve of a product
could be predicted by e numerical solution of the freeszing problem was deter—
mined by comparing the nuwmsrical solution and experimentel freezing curves
obtained under the same freezing conditions. The numerical solution was for
the one-=dimensional freezing of a homogeneous product, conditions which wers

closely approximated experimentally by freezing minced lean beef in a plate

Acourate determination of the experimental freezing curves necessitated
precise low temperature measurement with thermoocouples, ths establishment of s
one~dimensional freezing system and the availabllity of a homogensous produch.
It was shown in Section 2.1 that the minced lean beef used in these experiments

closely spproximated & homogeneous product.

5.1, Tenperature Measurement with Thermocoupless

Tempersture messurements were made by using 24 gauvge copper-constantan

thermocouple wires in conjunction with a 12 noint Brown polentiometric
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recorded were = 0.5 F. TFor precise temperat:

minimise any errors resuliing from hest transmission along the thermocouple
leads, and inaccurecles in the thermocoupls locatlon.
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Pl
e
Nt

Heat Transmission along the Leadss

The t%mp ratures recordsd were counsidsred to be those of the produst at
the site of the thermocouple lecation. This assumption was not valid if hesat

was transferred slong the thermocouple leads: either to or away Trom the

thermocouple. This was because of the high thermal condnctivity of the copper
wire in the thermocouple. The gquentity of heat flowing along the lesads is
proportional to the thermal conduectivity., the cross—sectional area, and the

temperature gradient along the wire.

Errors in temperature measurement caussd by such heat transfer wers
minimised hyi-

¥ the wire which involves
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higher gavge wire. The higher the gauge, the thianer

the wire and this caused difficuliies in its practical use.

Deecreasing the temperature gradient along the leads. This was

Paane
fotn
e

done by introducing the thermocouple leads to the measuring
Junotion through an iscthermal zone.

£

In these experiments, 24 gauge thermocouple wire was used, and the

gzistence of heat itransmission along the leads was checked by measuring ths

he 24 gauge thermocouple

ol

e point immediately adjacent to
wire with 36 gauge and 18 gauge thermocouple wire. It was considered that if
heat transmission along the leads was significant, then the temperatures

recorded by the thermocouples made of different gauge wire would be different.

The centre bemperatures of a 4 ins. thick slab of minced meat measured with

the different gauge thermocouple wires are shown in Fig. T. and it can be seen
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THERMOCOUPLE WIRE GAUGE

FIG.7 Effe¢t of Thermocouple Wire Gauge on
Temperature of Measuring Junction at
Slab Centre During Freezing



that the temperatures measured with 36 gauge and 24 gauge wire were gensrally
the same, but different from those measured with 18 gauge wire. Hence in this

experimental system, the bemperatures measured using thermocouples made of 24

gauge wire were not subjeot 1o significant ervor becauss of heal transmission
along the leads.

(ii) Location of Thermocouples:

3

For the measured temperatures to be of value, it was nscessary %o know
the exact locaticn in the experimental system at which they were cobiained.

The experimental system consisted of a wooden mould made of £ ins. wood, which

=

as filled with minced lean beef and it was desirsd to measure the temperaiure

at different points in this systesm.

The two wires of the thermocouple palr were introduced into the mest
from opposite ends of the mould {Pig. 8) and by keeping the wires taut after

was possible to accurately locate

(¥
ol

the junction had been wade betwesn thewm,
the vertical plane in which the thermocouple junction was located. Accurate
location of the thermocouple junction in a specific horizontal plane was

"eritical because the one-dimensional freeszing of a product was being studied,

and it was obiagined by the folicwling technique. ‘

The winced lean beef was placed in a rigid wooden mould (Fig. 8) of
seglected height before bheing frozen. Gulde rods were passed across this mould
at different selected heights and the thermocouple junction was placed on top

of the appropriaste guide rod. The guide rods were rigid, being & ins. bronze

27

]

welding rods, and when these were passed through close tolerance holes of 2 ins.

depth on each side of the rigid mould, the horizontal plane was precisely

located. The minced lean bveef was packed around the thermocouples uutil the



Figé. 8 Thermocouple Entry into Experimental HMould.

R

FIG. 9 Thermocouple Location Technique.,

1. Guide rods.

2. Thermocouple junchbions.

3. Isothermal endry of thermocouple leads.
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mould was full, when the guide rods were carefully removed. It was thus poszible
to accurately locate the thermocouple junctions at specified positions in the

mould.

A cutaway section of a mould with the guide rods still in position, is
shown in Fig. 9. The thermocouple junctions are located directly on top of
the guide rods. It can also be seen that the thermocouple leads enter the
product on the same plane as their junction, giving an isothermal entry of

the lead which minimises any heat transmission along the lead.

The accuracy of this location technique was checked by cubting the mould
in half after the product had been frozen and determining the exact location of
the thermocouples. As & result of such checks, it was considered that this

technique gave an accurate means of locating the thermocouples in the product.

el Establishment of a One-Dimensional Freezing System:

The freezing of a large slab of product in a plate fresger represented
2 one—~dimensional freezing system. In these experimenis small slabs were used
1o minimise the amount of & produst used, but with emall slabs heat loss from
the sides of the slab may become significant. In the slabs used iy these
sxperiments heat transfer from the sides of the slabs did ocour, but +the
freezing curve of the slab was unaffected because a one-dimensional system was
8511l maintained in the central region of the slab, where temperature measure~
ments were made. The use of a wooden mould helped to minimise this loss of

heat from the slab sides.

If one~dimensional freezing was established in the slab then the itemperat-
ures 8% any point in a given horizontal plane would be the same at any given

time. The temperatures measured at different points in the horizontal plane at



TEMPERATURE ( °F)

35
TIME(hrs)
30 3-00
‘} : Q\
q
25 350
375 G
20 ? 9\
15
10
5
o) 05 10 15
THERMOCQUPLE LOCATION IN HORIZONTAL PLANE
( Distance from midline —-ins) )

FIG.10 Establishment of One-Dimensional Freezing
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the centre of 2 slab of width 6 ins., length 8 ins. and thickness 4 ins. are
shown in Fig. 10. Whilst the temperature of the outer region is lower than
the cenire, indicating some surface cooling, the central points are at the same

temperature, indicating one-~dimensional freezing in this region.

Similar checks made upon the slabs of § ins., 3 ing. and 2 ins. thickness

showed that one-dimensional freezing occurred in theze slabs.

503 Eatablishment of Controlled Experimental Conditionss

To be of value for the comparisons with numerical solution freezing
curves, the experimental freszing curves had to be obtained under az variety of
controlled experimentzl conditions. The parameters to be conitrolled were the

plate temperature, the imitial product temperature and the produsct thickness.

(1) Plate Temperature:

The temperature of the plates was determined by the refrigerant passing
through them, the refrigerant flow being determined by the operation cycles of
the compressor. Accurate plate temperature control thus required a2 system in
4 which the operation cycles of the compressor were controlled by the deviations
of the plate temperature from soms seit point. As the plate tempera%ure wag the
gsensory element of the control, it required accurate measurement and this was
done using a copper-constantan thermocouple soldered to the botiom plate. This
temperature measurement activated a Honeywell on/eff controller to control the
operation of the compressor. Use of this type of system resulied in plate
temperature control of * 2%, Ostensibly the top plate should have been at the
seme tempersture and within the same limits as the botitom plate, because they
were operating off a common refrigerant feed line. However, it was found that

because of the hasic design of the freezing plates the top plate responded more
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quickly to the operation sycles of the compressor and this resulted in & plate
temperature 2°F below the bottom vlate temperatures snd contrel limits of
ﬁ“3°F. The layout of the conirol system used in the experiments is shown in

Pig. 11.

(11) Initial Product Temperatures

At the start of each experimental run it was desired to have the product
mass uniformily at some selected temperature. This was achieved by placing the
minced lean beef in a cool room of the appropriate temperature until such tinme
that the product was uniformly at the required temperature. The wniformity of
product temperature was checked by measuring the temperature at different

points in the product mass snd determining thelr uniformity.

(iii) Product Thickness:

The moulds in which the minced beef was placed were made to specific
helghts and by filling them exactly to the top with minced heef, the slab
thickness wag controlled. As freezing proceedsd, the product thickneszs was
found t¢ increasse a small amount due to the volume changes occuring in the
product as a result of the freezing. Neo account was made in the numericsal

£

golution for this volume change.

5edo Experimental Procedure:

For a given experiment, the plate temperature, the product thickness
and the initial product temperature were fizxed and these conditions were

obtained by the procedures outlined.

The minced lean besf at the required temperature was packed intc the

appropriate wocden mould and the thermocouples were located in the required

pogitions in the minced beef. The mould was Tilled and then was ready to be
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Location of Mould in Plate Freszer.
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frozen. Initially the temperatures at the different pointe were recorded o
check the uniformity of product temperature. When this had been established,
the mould was slid off a stainless steel plate onto its position on the
freezing plate, by now at its required temperature. The top plate was then
brought into firm contact with the top of the mould. To maintain standard
surface conditions on the plates, they were wiped free of any snow prior to
placing the mould into position as shown in Fig. 12, The minced beef was then
cooled and gradually frozen, the temperature at different points being recorded
by the Brown recorder. The product was considered to be frozen when the temp-
erature of the thermodynsmic centre reached -10°F. During the freezing of the

product, the two plate temperatures were also recorded.

A variety of experimental conditions were considered and they includeds-
(1) Product thickress (ins.) 2; 3, 4, 5.
(ii) Plate temperature (°F.) -23, =31, —40.
(iii) Initial product temperature in the range of 4O°F.9 SOOF,. 50°F.

Freezing curves were obbtained for the various combinations of these parameters.

5650 Conclusicns: .

An experimentasl system was developed in which the one-dimensional
freezing of a homogeneocus product occurred. This involved freezing suitably
sized slabs of well mixed minced lean beef in a plate freezer. By suitable
temperature measurements, the freezing curve of the product for g given set of

experimental freezing conditions was obtained.



CHAPTER 6
DETERMINATION OF THE SURFACE HEAT TRANSFER COEFFICIENT

offered by packaging materisl prasent in

!

was determined by the following methods.
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Exzperimental freezing curves were obialined when slabs of minced lean
beef were placed in diresct contact with the refrigerated plates of a plate

freszer. The freezing conditions of s given experiment specifiled the values

of the process parameters, the thermal property values of the minced lean beef

had been determined and hence it was possible to obialn the approprists
nurerical solution freesing curve if a suitable 3.H.T.0. was selected. A itrial

and error selection of the S.H.T.C. value was made until a value was obltained

£
h gave & close correlation beitween the mmerical solubtion and experimental

hJ 0

;ii.
curves. 1t was assumed that this valus was the S.H.T.C. value w
in the experimental system. Corrvelabtions of this type were mads

xrerimentally determined freezing curves and it was found that an S.H.T.0.

<
[
o
W'

in
o . el . s e s .
value of 29 Bt /hw F £t gave a close correlatlion Tor the 4 and 5 ins. thick

alabs of minced lean bsef. The numerical solubtion and exp

curves for these correlations are shown in Fig. 13 and Flg. 14 respesciively.

It must be noted that the nature of the compulsr programme prevented the selact~
ion of a S.H.T.C. value higher than 9%. Further the selsciion of a 3.H.T.C.
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value by this technique did not give a precise S.H.T.C. walue but rather a
value of the correct order of magnitude. The computed S.H.T.C. value of 99
was thus in accordance with the value of 100 proposed by Rutov (38) for a
direct contact system, and Watzinger (40) for a slab covered with a layer of
¢ellophane. To obtain z similarily close correlstion between the numeriesal
solution and exzperimental freezing curves for 2 ins. and 3 ins. thick slabs
it was necessary to seleet a value of 23 and 35 Btu/hr p fﬁg and this
indicated that a lower S.H.T.C. existed in the experimental system when thin
slabs of minced beef were frogen. This veriation in S.H.T.C. wvalue with slab
thickness was surprising because in these experiments all the slabs had been
frozen under the same surface conditions. It was thus necessary to maeke =z
closer examination of the nature of the contact surface established between

the beef surface and the refrigerated plate surface.

6.2, Contact Surface:

When the refrigerated plates were brought into contact with the beef
slab surfaces a contact surface was sstablished, the nature of which determine
the level of the S.H.T.C. of the system. A e0lid contact surface was esiablis
ed when dirvect contact was made between the refrigerated plate and the beef
glab over the entire contact surface. This type of contact surface offered a
low reaistance to heat transfer and thus had a2 high S.H.T.C. It was also
possible to establish a contact surface in which there were regions of direct
contact and regions of small sir pockets. The pressnce of such air pockets
significantly reduces the 3.H.T.C. value of thse contact surface, relative to a
s0lid contact surface because the air pockets repressent regions in which s
stationary phase of a low thermal conductivity medium exists. The S.H.T.0. of
the contact surface established in the experimental system may be determined

from the Tollowing equation.

33,
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where h_ - S.H.T.C. of experimental contact surface (Btu/nr °F ftg)

h = S.H.T.C. of solid contact surface (Btu/hr °F fte)

h = heat transfer coefficient of air pockets (Btu/hr °p fiz)

a
A1 -~ proportion of solid contact surface area in the total contact
area.
Ag - " proportion of air pocket contact ares in the total contact area.

The S.H.T.C. of the solid contact surface was assumed to be 100 Bta/hr p

ftg and the heat transfer coefficient of the air pockets, ?/?6 ins. in depth,

thermal conductivity 0.014 Btu/hr °P £t (Barle 14) was 2.7 Btu/hr op ftg. Prom

these heat transfer coefficlent wvalues it was posszible to dstermine the S.H.T.C.

values which would be obtained in typical experimental contact surfaces.

Example 1
A contact surface in which 90% of contact area was solid contact and 10%

of contact area was alr pockets. Hence

1 = 0.90 # 0.10

hc 100 2.7
= {33046

hc = 2197

Example 2

4 contact surface in which 95% of contact aresz was solid contact and 5%



of contact area was air pockets. Hence

'i = 0‘95 + 6005
hg 100 2.7
= 03028
= 35.6

From these examples it was evident that a contact surface which contains
small regione of alr pockeds conld have a much lower S.H.T.C. than a solid
contact surface. The significance of the change in S.H.T.C. caused by the
presence of air pockets in the contact surface depends upon the magnitude of
the S.H.T.C. of the s0lid contact surface. In these experiments the solid
contact surface appeared to have a high S.H.T.C. (100 Bta/hr °p ftg} and hence
the presence of even smell regions of air pockets would significantly reducs

the 3.H.T.0. of the contact surfaces.

Stendard surface conditionz were mainitsined between sxperiments by wiping
the refrigerated plates free of suow and smoothing the slab surface. However,
there was s variation of S.H.T.C. valus with product thickness in the experiments
and this was assumed to indicate that despite these precautions there was g
varigtion in the smount of air pockets present in the contact surface. DBecause

~y

the S.H.T.C. values established during the freezing of a2 2 ins. and 5 ins.

2 and 99 Btu/br F £° respectively, it was

. ¢
thick slsb were 23 Btu/hr F £t
sssumed that alr pockets were more prevalent in the contact surface developed
during the freezing of thin slsbs. This was possibly caused by the existence

of a higher contact pressure between the slab surface and the refrigsraied

late surface when thick slebs were frozen. If this was so then any air pockets
I



in the contact surface would be shallower than when a low contact pressure
existed and this would cause a higher S.H.T.C. value to be estzblished in the
experimental system. As yebt, positive confirmation of this theory hag not heen
established, but the nature of the freeging system could cause a varistion in
the contact pressure. The refrigerated plates were dbrought inte firm contact
with the top of the slab but the expansion of the minced lean beel during
freezing (approximately 10% in these experiments) caused an incresse in the
slab thickness. This increase in slab thickness would directly cause an
increase in the contact pressure between the sleb surface and the refrigerated
plates because the refrigerated plates were held firmly in their eriginal
pesitions. As the abselute increase in thickness was largest for thick slabs,
the probable incresse in conbtact pressure would be greater with thick slabs.
.This theory would plausibly sceocunt for the experimental variations of S.H.T.C.

with slab thickness but it has not been experimentally substantisted.

6a3e Packeging Material Studies:

The nature of the contact surface and its S.H.T.0. value were modified
by introducing packaging materisls of different thermal resitances into the
contact surface. 4 variety of modifications was possible because of the range
of thermal resistances of commercial packaging materials. The heat conductance
of different packaging materials are shown in Table E. Other published wvalues,
Dunker snd Hankins (411) and Bratzler and Tucker (6) were in terms of a percent-
age increase in Treezing times as & result of using certain packaging materizls

arcund g product frozen in an air blast freeger.

In these experiments the naturs of the contact surface was modified in
an effort to minimise the apparent presence of air pockets in the contact

surface. The beef slab surface was wetted; smocthed and carefully covered



Table V. Heat Conductance of Packasging Materisls

Packaging Materisl

Heat Conductance

By
nr OF £4°
(i) MacFarlane (25)
Solid Fiberboard 080 540
Corrugated Cardboard 313C 1.98
Corrugated Cardboard 616B 2.68
(i1) Wabtzinger (40)
Waxed Paper in Outer Cardboard Box 10.3
Waxed Paper Cardboard Box 15.4
Yaxed Paper 33.9
Alfol Wrapping 53.6
Cellophane 100.C
(1i1) Rutov (38)
Yo wrapping 100.0
Parchment 554
Parrafined Semiparchment 33.2
Parrafined Cardboard 25.8
Tin Shests 244
Cardboard & Semiparchment 20.4
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with a layer of 0.0025 ins. thick polyethylene, thermsl conductivity of C.1Q
Btu/hr °F £t (Perry 31), has a heat conductance of 916 Btu/hr °F £4°, This
heat conductance value indicated g very small resistance to heat transfer asnd
was negletited for calculation purposes. Hence expsrimental resulits obtained
when the product surface was covered with 0.0025 ins. thieck polyethylene were
the same a8 g no-packaging contact system. From correlations made between the
numerical solution and experimental freeming curves for & 2 ins. slab covered
with & layer of 0.0025 ins. polysethylense it was found that en S.H.T.C. of

a0 B%a/hr Op f%g existed in the system. Although not as high as the S.H.T.C.
value of 99 Btu/hr °p f%g obtained during the initial correlation studies for
8 4 dns. and 5 ins. thick slab, it was much higher than the 5.H.T.C. valus of

23 Bﬁa/hr °p f%g found in the same studies. This technique thus presumably

reduced the ameunt of sir pockets present in the conbact surface.

In other experiments the contact surface was modified by inserting a
layer of solid fiberboard 080 on the top of the polyethylense layer. This
packaging mabterial had s heat conductance of 5.4 Bta/hr O ftg (MacFarlans 25)
rhich constituted 8 high resistance to hest transfer. It was a much lower
value than the 3.H.T.C. of a solid contact system or the heat conductance of
the apparent air pockets and hence the overall S.H.T.C. of the experimenial
system was very low. This also meant that any presumsd air pockeisz in the
combact surface had a small sffect upon the overall S.H.T.C. Correlstions wers

made between the numerical soluilon and experimentzl freezing curves obtained

5
&

during the freszing of slabs whose surfaces wers coverad with a layer of 0.0025
ins. thick polyethylene and s layer of s0lid fiberboard 080. It was found that
an S8.H.T.C. of 8 B%u/hf Op f%z gave & good correlation for a 4 ins. thick slab,
Fig. 153 for a 3 ins. thick slab and Tor g 2 ins. thick slab, Pig. 16. The
establishment of & constant S.H.T.C. value with different slab thicknesses

indicated that the high thermal resistance of the packaging malterial had masked
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the effects on the S.H.T.C. of any presumed air pockets still present in the

contact surface.

The apparent existence of air pockets in the contact surface of the
system was thus g significant problem. A closer exzamination of the nature of
the contact surface, its S.H.T.C.,; the effect of air pockets in the contact
surface upon its S.H.T.C. would be neceszary %o & full understanding of the

system.

When packaging materials were present in the contact surface, the S.H.T.C.
value obtained by correlstion studies between the numericsl seolution and
experimentsl freszing curves wasg an overall term defined by the fellowing

equation.

B = surface heat transfer coefficlent of experimental system

Btu/br P £t2.

h - saurface heat tranafer coefficient of contzet surface containing
. . o 2
no packsging nmaterisl B%g/br N i A

h - hest transfer coefficient of packaging material Biu/h? °p f§2§

Hence 1t iz possible to determine ﬁag if the S.H.T.C. of the ezperimental
aystem =nd the heat conductance of the packsging meterial is kmown. TFreezing
surves wers obisined for slabs of minced lean hesf whose surfacses were covered

with 2 layer of 0.0025 ins. polyethylene and a laysr of packaging materisl o
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known heat conductance. The S.H.T.C. value was obitained from correlation
studies and the hc value was éeierminéda However, because the documented heat
conductances of the packaging material (MacParlsne 25) were lower than the
S5.H:T.C: valuse chbtgined by correlation studies it was impossible to determine
& precise value of hc’ From these results it was inferred that h@ wag very
high, and hence thai hc velue of 99 Bta/hr op f%gg as found in the earlier

studies, would be reasoconable.

Thus with he assumed toe be 99 Bta/hr °p ftz and the S.H.T.0. value of
the experimental system known, 1t was possible to estimate the heat conductance
of the packaging material used in the experviments and compare the values
obtained with any documented values. The resulits obtained are shown in Table
VI. The heat conductance values of the packaging materials obtained from these
studies were higher than those presented by MacFerlane (25) and this could have
heen caused by the packagling materials becoming slightly crushed in the plate
freezer. The heat conductance for an undocumented material, corrugated cardbosrd

343 was obtained and was the same as the heat conductance of corrugated cardboard

313.
Table VI Heat Conductance of Ezverimental Packaging Materials
PACKAGING MATERIAL h A hc 1 1 hp hp*
h h h
c P
So0lid Fiberboard 080 8 125 2] .01 115 8.7 5.4
Corrugated Cardboard 313 | 5.5 .18 99 01 | 170 5.8 2.0
Corrugated Cardboard 616 | 5.0 |.20 Q9 01 | 190 563 2.7
Corrugated Cardboard 343 | 5.5 .18 g9 01 <170 5.8 -

* Values of MacFarlane (25)



Sole Temperature Profiles:

To predict the freezing curve of & product using 2 numerical solution
approximstion of the freezing problem, it was necessary to know the S.H.T.C.
value which existed in the experimental system. OSo far it has been assumed
that the S.H.T.C. value which gave a close correlation between the numerical
solution and experimental freezing curves was the S.H.T.0. value existing in
the experimental system. It was desirsble, however, to debtermine the S.H.T.C.
in the sexperimental system by a method which was independent of the correlation
studies. This desire led %o the examination of the healt flows ocourring near
the product surface. A knowledge of these, in conjunciicen with several
temperature measurements, permitted the experimental S.H.T.C. to be caleulated.
It was assumed that no heat leskages occurred away from the contact surface and
thus that the heat flux out of a2 small surface element of preduct was equal to

the corresponding heat flux into the refrigerated plate:

The heat flux into the refrigerated plate may be determined by the

following equations-

qg = hA(T1-=T2)
where h - surface heat transfer coefficient (Btu/hr °F ftz)
4L - heat transfer ares (fﬁz)
T, - plate temperature (°r)
T, - surface bemperature of product (°rF)

It was possible to measure the two temperabures and if the heat flow
per unit area into the plates was determined, it was possible to calculate the

S.HT:C. value existing in the experimental system.
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during & time intervalA@ The heat flow out of the clement may be determined

(1) Direct Weasurement:

Attempts were made to measure the heat flow in the product at & distance
QAx below the product surface by using & J.L.C. Hatfield Heat Flow Weter Disc
(low temperature type). These discs were composed of a Telluruim elsment with
copper surfaces and heat flow meassurements depended upon the mesasurement of
the voliage oubput of the element, z Tunction of the temperature differential
sorose the element. This voltage outpud §uv) in conjuncition with a calibration
factor ﬁuv)/(Béu/hf f%z) gave the hest flow in the product a2t that point. The
heat flow valuez obtained with these discs were very low relative to the values

btained from the temperature profile curves and it was decided that s parasitic

emf may have been introduced from the meat salis which were in dirvest contact

i

with the discs. Accurate heat flow measurement by an element of this type

would be useful in heat Tlow studies but no detailed heat flow investigation

was made with these heat flow discs.

(i1) Heat Flow Equations:

A study of the temperature of the product surface, at a distance,Ax,
below the surface, and of the rate of tempesrature change gt that point led to
2 determination of the heat fléw per unit leaving the surface slement by

using the following sgquation.

-
. _m
Q/A = k(Tg - T ) + AXPG(TB TB}
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whers G/ - heat flow per unit ares lsaving the surface element
o 2
(Btu/hr ££°)

1 . 3 ard 4 4 -¥% O \

< e WA E he -t

k - thermal conductivity (Bituw/hr "F %)

o

T, - surface temperature of product (F)

T - product temperature at z disbance Ax below the product

o
surface (°F)

T - product temperature at a distanceAx below the product
surface at a time interval AB(hrs) after the measurement

of T. (°F)
3
Ax - thickness of surface element (%)
pe - density of product {lbs/f%B)

¢ -~  specific heat (Btu/1b °F)

How the heat flow per unit sres leaving the surface slement. equals the
heat flow per unit arsa entsring the refrigersted plate surface. By equabting
these heat flows 1t was possible to determine the S.H.T.C. of the experimental

system by using the following equations—-

o - T !m§ - \
a(wg LE) + 4§Kfoc\i3 TB;
Az A0

The valuss of the varisghles in this equation were obbained from the
tempersture profiles obtained whilst the product was being frozen under
specific experimental conditions. The temperature profile of a 5 ins. thick

. . . Opy - R
slab, in direct contact with the refrigerated plaltes at ~31'F is shown in
Pig. 17 and the values obtained after a time of 3 hours gave a S.H.T.U. valus
o 2 . , . - Jromn © 2 R .
of 85 Et&]hr F £t° which confirped the valus of 99 Btu/hr "F £t7 obtained in

the earlier correlation studies (Fig. 14).
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The tempersturs profile for a 2 ins. slab, its surfaces covered with a
layer of 0.0025 ins. polyethylene and solid fiberboard 080, plate temperature
xiGGF is shown in Pig. 18 and the values cbtained after 3% hours gave g S.H.T.C.
value of 6.0 Bﬁu/h? O ftg compared with a value of 8.0 Bta/hr °p f%g obtained

in the correlation studies (Fig. 16).

5e56 Conclusions:

The surface heat transfer coefficient (S.H.T.C.) was determined by
correlation belween ths numerical soluticn and the sxperimental freezing curves
and the magnitude of these values was confirmed by studying the heat flux
avound the slab surface which was obtained from the appropriate time-tempesraiture
profiles. TProm these studies it appeared that a 3.H.T.C. of approzimstely
106G Btu/hf °p fag existed in the experimental system when solid contact was
made between the surface of ths refrigerated plabtes and the surfaces of the
beef slab. It has also besn shown that the S.H.T.C. value of a given experiment-
al system depended very significanmtly upon the nature of the coumitact surface

astablished.
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EVALUATION OF FREEZING RESULTS

Teto Humerical Sclution:

The gim of this sﬁaﬁy was o determine the sccurady with which hs

2

freezing curve of a product could be predicied by & numericsl zolution of ths
freezing problem. The one-dimensionsl frsezing of a2 homogensous product was
considered, = system which was closely approximsted by the plate freezing of
slabs of minced lean beef. The azccuracy of this freezing ocurve prediction
metheod was determined by comparing the mmerical solubtion and expsrimsnial

freszing curves obisined under the same freezing conditions. PFrom these

freezing curves it was possible to obiain $

2

I

paclfied freezing condibions.
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A S.H.T.C. value of 99 Bta/nA °F ££° was used in the numerical solution.

(11) Pig. 14 shows the freszing curve obtained during the freezing of a 5 ins.

. . . : G .
thick slab of minced lsan heef, of initizl temperature ~64 F, plate temperature
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~31°F and the sleb surfaces were in direct conbac
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A S HS.C, valus of GG B u/hr °p f% was used in the numericsl solution.
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B and the slab suwrfaces were covered with a layer of 0.002% ins.
1

polethylens and & layer of seclected packaging materisl hefore heing placed in

contact with the refrigerated plates. S.H.T.C. values of 8, 5, and 5.5

el

I3 E} - » s - 2
Bzu/ﬁr F £%7 were used in the numerical solubtlon and gave close correlations
when so0lid fiberboard 080, corrugated cardboard 616 and corrvugated cardbosrds

313 and 243 were used respectively.

{iv) Pig. 16 shows the freezing curve obtained during the freesing of a 2 ins.
thick slab of minced lean beel of inltiszsl temperature 6? F, plate temperaiturs
~£2QF and the slab surfaces wers covered with a layer of 0.0025 ins. polethylens
and so0lid fiberboard 080 befeore being brought into conbtact wilth the refrigerated

. - O 002 ,
plates. A S.H.T.C. value of 8 s%u/hr B %7 was uvsed in the numericsl solution.

(v} Pig. 19 shows the freezing curve obtained during the freezing of a 3 ins.
thick slab of minecad lean heef of initial % grgture 55 F, plate temperature

ﬁ L3 L4 L4 & L] *
=40°F and the slsb surfaces were in direct conbtact with the refrigersted plates.

. O 2 s en
S.HT0o values of 35 and 99 Btu/zf P %7 werse used in the numerical solution.

(vi) Fig. 20 shows the freezing curve obtained during the freezing of a 2 ins.
thick slab of minced lean beef of initial temperature 62° ?@ plate temperature

o . . . ,
=40"F and the zlab surfsces wers in dirsct contact with the refrigerated plates.

.

. o 2 . \
SH.T.Co values of 23 and 09 Bta/hf F %7 were used in the numerical solution.

(vii) Fig. 21 shows the freezing curve obbtained during the freezing of a 4 ins.

thick slab of minced lean beef, of varying initial btemperature, plate tempsrature
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) . N PRy s :
=31"F and the slab surfaces were in direct contact with the refrigerated plates.

2 was used in the nuwmerical solution.

A S.H.T.Co value of 99 Biu/hr °F £t
Prom these comparisons it was evident that the numerical solulbien
freszing ourves closely spproximaited the exzperimental freszing curves when
soourate values of the parameters were usged in the caleulations. This was
particularly true of the S.H.T.C. and the minosd lean beef thermal property

valuss.

Tslele Ascuracy of Preezing Time Determination:

In these studies the freezing time of the product was considered to be
the time for the therymodynamic cenire of the product to pass from some initial
temperaturs to -10°P. The final temperature laevel of -10°F was choszen because
cold stores often operate at this temperature and the product enters the cold

store at the storage temperature.

The freezing times obtained from the freezing curves for a variety of
freezing conditions sre shown in Table VII. The accuracy of the freezing bims
prediction sould be improved by selecting a S.H.T.C. value for the numerical
solution which gave & close correlation betwesn the location of the knes of
the two freezing ocuzves. In these studies the S.H.T.C. valus selected was that
which gave the closest corrslation besitween the two curves over the entirs

freezing eurve as discussed in Section T-.1:1e

Tetede Practicel Applications

Heving established that the numerical solution of the freezing problems
gzve an agcurate predictlon of the product freezing curve and freszing time for

specific freszing conditions, it is possible to rapidly predict the product



Table VIT Humerdcal Solubion Determination of Freezing Times
Product Plate Initial FPreeging Time
Surface Conditions Thickness | Temperabure Product (hrs) 4
‘ Temparature | Txperimental Tumerical Deviation
(ins) (°r) (°r)
5 =40 64 €.75 8.10 +86.6
> =31 64 Te55 T.15 +4 4
Direct Contact 4 =40 58 4.45 4445 0.0
SH.T.Co = 99 4 -31 64 5.50 5.27 =42
4 - 31 57 517 5415 =0.4
4 =31 46 4485 4.75 ~cef
SH.T.0. = 35 3 ~40 55 3.40 3.10 ~8.7
T HTele = 23 2 = O 62 1,80 1.85 +2.8
0.0025 ins polyethylene 2 =40 67 3.55 3.35 =540
plus

(i) so0lid Fiberboard 080 3 =40 60 5,90 5.76 =244
S.H.TeCe = 8 4 =40 54 8.50 8.55 ~0.6

(i1) corrugated board 313
S.H.TeCu = 5.5 4 A0 B4 10.5 10,32 Y

(1ii) corrugated board 343
S.H.TeCo = 5.5 4 ~40 54 10.5 10.32 =1aT

(iv) corrugeted board 616
S.H.T.0e = 5,0 4 =40 B4 113 10,90 -3.5

. . o 2
8,0.7.C. unite - Biu/hr “F Tt



freezing curve and freezing time for any new freezing conditions, and further
to study the effect of variations in plate temperabture, slab thickness and

initial product temperature upon the product freezing curve and freszing tine.

(1) 8lab thickness:

Fig. 22 shows the freezing curves obbtained by numerical caloulations
for the freezing of slab of minced lean bheef of varying thickness, initial
product temperature SOQF§ nlate temperature ~40°F and a S.H.T.C. value of 9%

B%u/hr op ftgs The freezing times for these conditions are shown in Teble VIII.

Table VIII EBffeat of Slab Thickness on Freezing Time

Thickness Freezing Time
(ins) {brs)
5 6.93
4 454
3 2.61
2 1.87

(i1) Plate Temperaturs:

Flg. 23 shows the freezing curves cobiained by numerical caloulations
for the freezing of a 4 ins. thick slab of minced lean beef of initial temperature
60°F, varying plate temperature and a S.H.T.C. of 99 Btu/hr °F £4. The

freezing times for these conditions are shown in Table IX.
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Table TX

Effect of Plate Temperature on Freszing Time

Plate Temperature

Freezing Time

(°F) (hrs)
=40 454
-30 5,36
-20

6.46

(iii) ZInitial Product Temperature:

Fig. 24 shows the freezing curves obtained by numericsl caloulations

for the freezing of a 4 ins. thick slab of minced lsan beaf of varying iniitial

temperature, plate tempsraiure —4GGF and an S5.H.T.C. valus of 99 Btu/hr °p 2t

The fressing btimes for these conditions are shown in Table X.

Table X

EBffect of Initial Product Tenmperaturs on Freezing Time

Initial Product Preezing
Temperature Time
(°F) (hrs)
60 4.54
50 4.18
40 3.54
30 3.61

2

®
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Te2e Modified Plapnk's Equstions

It has been shown that a numerical scluticon of the freszing problem
predicted sccurately the freezing time of a product for a variety of freezing
conditions. However for routine freesing time determingtions g gimpler
caloulation sequence is resquired. Plank (32) developed an equation for
determining the freezing time of s slab shaped product which is simple and has
been vsed widely Tor routine caleculations. The results so oblained werse of
limited wvalue because of the nature of the assumpiions made during the derivation

of this equation. These zssumptions ars

that the product is initially uniformly at its freezing point

o

and unfrozen.

an

that the latent hest of selidificetion is released at o fixed

temperature, the freezing poink.

that the thermal properties of the unfrozen and frozen statss

a0

are consbant.

ae
cf
[

at the freezing boundary procesds so slowly that steady state

copditions exist in the frozen sizie.

The basic squation developsd by Plank (22) when these assumptions were

made is
2
g - Lo [Pa + Ra (7.1)
T h E+
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where 69 =  ths time %o freeze a product indtially uniformly st its freezing

point and unfrozen {(hrs).

latent heat of sclidification (Btu/1b).

et
i

by

o =~ density of frozen product (1ps/£5°).

T =  the tempersture differential beiween the ambient temperature and

. . . o
the freezing point of the product (TF).

a = product thickness (%),
k=  surface healt transfer coefficient which includes packaglng
‘o . - fim O 2 €N
resistance to bheat transfer (Btu/hr F £1°).
k¥ = thermsl conductivity of frozen product (Btuw/hr °F )

freezing.

It was necessary o examine these assumpiions and to determine which of

ot

them were vaelld under normal freszing conditicns. The basic equatiocn was ther

medified to overcoms the limitation of the assumptions which were not valid.

[
u

Te2sto Validity of Plank's Assumpition

The asssumpbion of steady state conditions in the frozen layer of the

product has been shown to be valid by Cochran (9). He postulated that steady



the totel sensible heat change was greater than or equal to 3.0. In foodstuffs

on of the large water conbent forms a very large

fode

the latent heat of solidificat

portion of the total enthalphy change which occurs during freezing and thus

L)
o}
1]

e

the ratio value was greater than 3.0. In the distance - tempersture profiles

b

@

obtained by experiment (Fig. 25) and by numericsl caleulstion (Fig. 26,27)
there exists a linear temperature gradient through much of the frogzen laysr of
foodstulff. This was assumed to indicate the existence of siteady state conditions

in this layer.

"
fotn
o

During the freezing of foodstuffs the latent heast of solidificatic
released over a range of temperature and not at a specific temperature. This
is caused by the presence of saltes in the tissue fluid which result in a
depression of the freszing point of the system. Further as fresszing procesds
water separates ocul as ice which ceuses & conbinved incresse in the sali
concentration and an sssocliated depression of the freezing point. The latent
heat of solidification is thus released over a temperasbure rangs but the
modifications required in the squation to overcome this sssumption are complex.
Henee this sesumption was retalined. The ervor arising from assuming s constant
freezing point was relatively small because the tobal temperature differential
between the freezing point and the plate temperature was between 50 and 7G@F
and a change of 2 to 3§F in the Treezing peoint represented a small error in the

temperature differential value used.

The change of state of the foodstuff during freezing causes subsiantial
changes in the thermal property values of the Toodsituff. The change in the
values closely follows the transformation of water %o ice (Fig. 1) which has &

igher thermal conductivity and lower specific heat than water. The thermsal
property values sre thus very tempsrabure dependent and it was untrue to asszume

that they ars constant in the unfrozen and frozsn leyers of the product. Toz
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caloulation purposes the mesn value for the tesmpersiure range mé@a? to BQQF
waz used. The frozen product value was selected becsuse of the sxistence of
gtealdy stabte conditions in the Trozen layer from which it was assumed that the
frozen product thermal property values are the limiting thermal propsrity values

with respect to the heat transfer which occure during freezing.
Under normal freezing conditions the foodstuff was at temperasture above
the freszing point and was frozen %o a itemperature below the freezing point.

It was desirable to medify Plarnk's sguation to allow for these factors.

Te2:20 Freszing Time Determination by a Medified Plank's FEquations

A number of modified forms of Plank's squation have been presented in
the literature to overcome the limitations imposed by Plank's assumptions.
Thess include equations presented by Levy (22), Khatchaturcev (20), Nagaoka (30)

and Watzinger (40) which were of the following basic type:—

e = [14-1;(@1«%5] Lo (?é_+§i§3) (7.2)
AT h K

whers B - freezing time of a product initially at T, and frozen to T?(hrs)e

A =  constant in the initial bemperature corrslation factor. Published

values were in the range 0.002 to C.0045.

v
iy
i

freezing point of product (°F).

%2 =  total enthalpy change where occurred cver the temperature rangs

T, to T, (Btu/1b).,



- Po- 3 -7
and 7 ¢, (i1 Tf) + Lo+ G, (@f T,) .

C, = specific heat values of unfrozen and frozen products respectively.

(Btu/1b °F).

P, R are shape factors

P o= 1/2 R = 1/8 for slabs
P o= /4 R = 1/16 for oylinder
P = 1/8 R = 1/24 for spheres

Eguations of this type retain the basic simplicity of Plank'’s equation
and provide a mere reliable estimate of the freezing time of the foodstuff.
However to use this egquation it was necessary to calculate the snthalpy change
which oceurred because iemperabture — enthslpy curves were only available for a
few foodstuffls (Rieéel 34, 35, 36, 3?), The initial preduct temperature gbove
the freezing point was accounted Tor in the enthalpy term snd in the
- Tfil factor, and the fingl product tempersiure below the freszing

[? + A {T1

point was accounted for in the enthalpy term.

In these studies an equation was developed in which the cass of an
initial temperature above the freezing point and a finsl temperature bslow the
freezing point was accounted Tor by o term [% + A (§§ - Tgils where A was a
constant whose value depended upon the final product temperature chosen. The
latent heat of golidification was used insitead of the enthalpy change hecause
the latent heat of solidification values for foodstulfs were readily available

in the literature Andersen (2) A.S.R.E. (4) .

When & final product temperature of ~10°F wes used, the following eguation

wae found to give reliable estimation of the freezing time of slabz of minced
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lean beefl frozen under a varleity of freezing conditions, see Table XI.

7 B 2
O -t + 0o+ 201 & + 1 £, (7.3)
AT 2 h 8 %k

L =~ latent heat of solidification (Btu/1b).

Tn these calculations, & latent heat of zolidifieation value of 405 Bt&/lbg

2 thermal conductivity value of 0.8 Btu/hr °F féz were used. All S.H.T.C.

q
values were in B%a/h? ey ftg.

For a final product tempersture of +EG§F, the following squation is

proposed and for the freezing time estimates see Table XIT.

(7.4)

O - [@%05022{T$~18}-]Lg(1 R 2}
AT

Py

By the use of the appropriate equation it is possible to obbain a
resguonable estimate of the freezing time of a slab frozen under given freszing
conditions. In these calculations, the S.H.T.C. values used were those obbtained
from the correlation sbudiss bheitween the numerical solubtion and ezperimental
freezing curves sppropriate to the fresezing conditions bheing studied. and thsy
varied with thickness of the slsb. For caleulstion purposes it is desirable o
have g mean S5.H.T.C. value which would give a veasonable estimate of the freezing
times over the rangs of slab thickness. 4 85.H.T.0. value of 50 Bta/ﬁr G? f%g
was used in the freezing time determinastion made with Bquation (7.3) and shown
in Table XITII. From these resulis it was evident that whilsit zome of the
freezing time prediciions were quite accurate, in genersl a substantial ervor

ezisted. Hence 1%t was desirable %o uee 3.H.T.C. values in the caleulations



Table

ZL Freezing Time Determinations with a Modified Plark's Equation.(Tz 2 m?OOF)

Product Plate Initial Preezing Time (hrs)
Surface Conditions Thickness | Temperature Product Bxperimental Modified %
Temperature Plank Deviation
(ins) (°r) (°r)
5 =40 64 6.75 T.06 +4.6
Direct Contact 5 ~314 64 7.55 8.16 +8.1
4 ""40 58 4«045 4@40 ”1»1
S.H.T.C. = 99 4 =31 63 4,50 5.25 4 o6
4 =31 57 5.17 500 =2 0
4 =31 46 4.85 4.56 =5.0
3 =40 60 3,65 3.28 =T ad
3 =40 55 3.40 3.25 =4 od
§.H.T.Ce = 235 3 ~40 42 3.15 2.76 -11
3 =31 62 3.60 3.92 +8.9
3 =31 58 3.50 3.79 +8.3
3 =31 49 3.30 3.50 +6014
3 ~23 €0 4456 4.46 ~3.5
2 «40 62 1.80 1.87 +3.9
SeHoTelo = 23 <. 2 -39 60 1.75 1.94 +10.9
2 =23 59 215 2643 +13.0
0,0025 ins polyethylene 2 =40 67 3.55 3.70 +4.2
plus
(i) solid fiberboard 080 3 -40 66 5.90 5.95 +0.9
SeHaTelo = 8 4 =40 54 8.50 8.50 +0.0
(ii) corrugated cardboard 313
S.HT.Co = 5.5 4 ~40 54 10.50 10,50 0.0
(iii) corrugated cardboard 343
SeHeTeCo = 5.5 4 ~40 54 10,50 10.50 0.0
(iv) corrugated cardboard 6416
S.HT.Ce = 5,0 4 =40 54 11.30 11.30 0.0

°LS



Table XII  Freezing Time Determination with s Modified Plenk's Bquation (T, = +10°F)
Product Plate Initial Freezing Time (hrs)
Surface Conditions Thickness | Temperature Product %
(ins) (°p) Temperature | Experimental Modified Deviation
(OF) Plank
5 =40 64 5.90 6.45 +363
Direct Contact 5 =31 64 6.95 7.45 +7 2
4 ~40 58 4417 394 =50
S.H.T.C. = 99 4 =31 63 5.11 4.76 ~6.8
4 =31 57 4,75 4.50 =De3
4 =31 46 4.2 3694 ~T.2
3 =40 60 3.20 3,08 ~4 7
3 «40 55 ?2.95 2,88 =2 ud
SLH.T.C. = 35 k] =40 42 2,90 2.46 =15.0
3 =31 62 3.35 4,02 +23.0
3 -31 58 317 3.40 + Te2
2 =31 49 2,90 3.08 +6.2
3 «23 60 4,02 4.02 0.0
2 =40 62 1.60 1.70 +6.4
S.H.T.C. = 23 2 34 60 1.52 1.91 +25.4
'{ ? ""“23 59 ‘2&92 2016 “{"703
0,0025 ins polyethylene 2 =40 67 3,20 3.65 +13.6
plus
(1) s0lid fiberboard 080 { 3 ~40 66 5.20 5.75 +11.9
S.H.T.0. = 8 4 ~40 B4 745 T:.55 +1e3
{11) corrugated cardboard 313
SHT.0e = 5,5 4 =40 54 9,35 2.45 +441
(iii) corrugated cardboard 342
FH.T 00 = 5.5 4 40 B4 0,35 9.45 +1.1
(iv) corrugated cardboard £16
S.H.T.Co = 5,0 4 =40 54 9.8 10,05 +2.0

Qgg



Teble: XIII Freezing Time Determination with a Modified Plank's Bauation (T. = =10°F, Constant S.H.T.0.)

Product Plate Initial Freezing Time
Surface Conditions Thickness Temperature Product (brs) %
Temperature Ezperimental lodified Deviation
(ins) (°F) (°r) Plank

5 ~40 64 6.75 75T +12.0
Direct Contact 5 =31 64 755 8.66 #1406
4 =40 58 4445 4.80 4T3

S.H.T.C. = 50 Btu_ 4 ~31 63 5.50 573 +4o2
hr °p £4° 4 ~31 57 5,10 5,45 +6.9

4 =31 46 4.80 4.98 +3.7

3 =40 60 3.65 2.88 =210

3 ~40 55 340 2.76 -18.8

3 ~40 42 3.15 245 ~2262

3 =31 62 3.60 3.38 =6

3 ~31 58 3,50 325 =T-1

3 =23 €0 456 3.82 =162

2 =40 62 1.80 1.42 =21.0

2 ~31 €0 1.75 1.62 “«Tod

2 -23 59 2.15 1.86 =111

2 -23 49 1.95 1.70 ~12.7

"6¢
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which were closer to that existing in the experimental system than a value of

50 Btu/hr °F £4°.

Tels Freezming Rates Esteblished During Freszing:

It is necessary to freesze the foodstuff fast encugh to minimise enzymic
and microbiological activity and the associated loss of product quality. Iven
when this reguirement is met 1t is still possible for z loss of product
guality to ocour zs a result of the nature of the ice crystals formed during
freezing. Mazur (27) developed a quantitative relationship between the
fﬁeézing rete and the size and locabticn of the ice crystals formed. If &
guantitative relationship was established belween the level of product quality
and the nature of the ice crystals formed then it would be possible 4o specify

the product gquality in terms of & freezing rals.

It iz thus desirable to determine the rates of tempsrature change which
ccourred in e product whilst it was being frozen. The time-temperature profiles
which exist in the product as it is frozen, were oblained by messuring the
temperatures at different points in the product and from these profiles it was
possible to determine the rates of temperature change which cccurred. Fig. 17
shows the time-itenmperstuve profiles obtained during the freszing of a 5 ins.
thick slab of initial temperature BSQF, plate temperaiturs ”3€3F and the slab
surfaces were in direct contact with the refrigerated plates. The temperaltures
were measured gt 0.5 ins. intervals from the slab surface to the slab centre. I%
was also possible to obtain time—tempersture profiles by numericsl caleulations.
Pig. 28 shows such s profile obtained under the same freezing conditions as
Pige 17 and & S.H.T.C. of 98 B%u/hr Op f%g was used in the caleoulations. Pig. 29
shows the time—temperature prefiles obbtained by numerical solution cslculsgtion

for the freezing of a 2 ins. thick slab of minced lean beef, plate temperature
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o s o 2
~-40°F, initial temperasture 62°F, S.H.T.0. 23 B: u/ﬁz » £

From the appropriate time-temperature profile the rates of tempsrature
change in the experimental freezing of a 5 ins. thick slab of minced lean bsef
under the conditions outlined sbove were obtained and are shown in Pig. 30.

It was readily evident that the rates were high in the surface layers of the
slab in the initial stages of freezing, and then 2 low rate period existed in
the entire slab. This was followed by a finzgl stage in which higher rates
existed, the highest being in the centre region of the slab. In Pig. 31 the
rates of temperature change obtained from the numerical solution profiles shown
in Pig. 28 and FPig. 29 are presented. From these results it is evident that
the same pattern of rates existed in both slabs as was shown in Pig. 230 and
also that the ratses obtained in a 2 ins. thick slab were approximately twice

those obtained in the 5 ins. thick slabs for the freezing conditions outlined.

The maximumn rate of tenmperature change which exzisted at the surface of
a 2 ins. thick slab was about 100 F/hv and about 50 W/h* for the glab centrs.
Mazur (27) postulated that the ice orystals would be formed cutside the cells

"when the vabte of temperature change was less than ?EQQF!hr and hence this
would oceour under these freszing conditions. It is generally beliewed that
the ice crystals formed outside the cells (exiracellular ice crystal formation)
are larger than the intracellular orysials and cause more damage to the tissue
and associsted loss of product guality. Hence it would appear desirable io
obtain rates of tempsrature change which would cause initracellular ice crysital
formation, but they are very much highsr fthan those obizined during the

reezing of & 2 ins. thick slab of minced lean beef in a plate freezer under

the conditions slready specified.

It wes evident that the rate of temperature ocourring in the system
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changed as freezing p»rocseded. Hence the rates were different at different
product temperstures as shown in Fig. 32 for the freezing of the 2 ins. slabs
of minced lsan beef under the conditions already specified. The rates wers
very high in the surfacs reglons when the surface ftemperature was high but the
rate decreased quite rapidly as the temperature was decreased. The slab centre
was subjected to slower rates of temperature change than the surface and

experisnced a static period when the freezing point of the system was reached.

At present there is absence of knowledge which quantitatively relates
freezing rates and product quality, frsezing rates at specific temperatures and
product guality but it is readily evident that these freezing rates may be

obtained from the time-temperalture profile curves as i1llustrated hers.

Tedo Conclusions:
The acouracy of numerical predictions was determined by comparing the

numerical soluiion and experimental Ffreezing curves obitained under the same
freeging conditions. It was found that these numerical freezing curve predict-

iong were accurate when accurate parameiter values weres used in the nomericsal
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solution caleuvlations. It was alse found that the freezing

could be simply and ascurately predicted by using an equation of this iype.
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glabe of minced lean beef in a plate fresezer were oblained from the appropriate
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large guantities of foodstuffs now being preserved in the

frozen state, it is lmportant to be able to predict scourately the freezing

study the freezing curves for the one-dimsnsionsl

cisely by a numerical

S -

r took into account variations in the

®

whic

1g problen

thermal conductiviity of the product with tempesraiure.

predictions were availsble from these curves.

The acouracy of this prediction method was established when it was found

that the

plate fresezer, a

parameter values used

a0 te values

curg

ure, the plate temperature, the glab th

minced beef

caloulated freezing

system which closely approzimat

roduct.
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during the freezing of slabs of minced lean beel in =z

.

ez the one-dimensionsl freezing

In these correlations it was Tound that the sccuracy

ethod depended very significantly upon the accuracy of ihs

-

necessary to obtain

.

in the calculations. I% was thus

paremeters wnich included the initisl product temperat-

ickness, the thermal properties of the

and the surface heat transfer coefficient of the experimental systen.

The caleulations in this type of numerical solubion would be tedicus but for

the digital computer.

Irn these studies it wazs found that a surfszce hest
£ 2 £ L g Q"‘ Lrde 2
of approximately 100 Bt /hr F e

direct combact with the refrigerated plates but the coefficlent was signifiec

tranefer coefficient
existed when the beef slab surfaces were in

ant—



ly affected by the nature of the contact surface. The extent of aprarent air

pocket formation in the conbact surface appsared important bul a more detailed
s O o1 2

study is required. A surface heat transfer coefficient of 8 Bta/ér B ItT was

found when the slab surfaces were initially covered with s layer of solid

fiberboard 080.

It was found that the freezing time of g product, from an imitisl

[ - . . . .
temperature T, down to ~-10"F, could be simply and precisely predicted by using

1
a modified form of Plank's equation for the freezing of & slab (32) namely

g - H.o@e'sg(?“»e@ﬂkﬁ_(_@_ + _%E
AT 2h 8

The rates of temperature change which ocourred during the freezing of
slabe of minced lean beef in a plate freezer were obtained from the approprisie
time~temperature profiles. These rates varied as freszing proceeded and ithey
were of a magnitude which Mazur (27) found gave extra cellular ice formation.
This knowledge iz of interest when the effect of freezing rate on product

guality is considered.
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