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Introduction iy saled “S\HN
Mathgmatical models of the flow of heat and mass during cooking, freezing and where ¢ = emissivity of the meat surface; e = 0.74 for lean beef; e = 0.78 Bigh
thawing of meat are important because they provide an insight into the for beef fatty tissue (Miles, 1982). Bai)
mechanismsinvolved. Many empirical equations have been developed to estimate > g & £
processing times but their application is limited to the range of variables The effective coefficient, h, is defined by Bur
used in the experiments on which they are based. Analytical methods have more " q 6
general application but are often restricted to cases where the material i P it o Ny Cley
properties are assumed to be constant. Finite difference and finite element MT =T} Uey
methods have been used to formulate and solve models involving foodstuffs with & B Qg

variable properties, with finite element techniquesbeing particularly suitable
for jrregular]y shaped foods. Many models have been applied to freezing and difference between the air and the meat and on the dimensions of the meak: ., Dage
thawing (James et al., 1977; Cleland and Earle, 1979a,b and Cleland et al., Both of these factors vary during cooking and invalidate an assumption of th

1984) but fewer analyses are concerned with meat cooking; examples include model. A constant average h value of 18.2 W m=2Kk~1 was calculated using Dus;
Housova (1977), Sorenfors (1977), Dagerskog (1979a,b) and Burfoot and James equations 4 to 6 for (T, - T.) ranging from 15°C to 165°C at 10°C intervals Houg
(1983). These are often restricted to constant uniform thermal properties and/

Equations 4 to 6 show that the coefficient, h, depends on the temperature

» e tan N r h The properties of the air needed to calculate h. were found using the w,i
or one dimensional heat flow. The second lTimitation is obviously unjustified correlations in Table 2. One further problem was the need to estimate the ¢ Jang
for most meat joints and reference to the literature (Morley, 1972) shows that dimensions. Meat shrinks during cooking but the mechanismsgoverning shrink Hasg
the pr_‘operties of fat, lean and bone differ considerably thereby invalidating are insufficiently understood to allow calculations of the rate of shri“"age’,
the first assumption. A limited experimental investigation gave an indication of the likely C"a'.'a.,tl‘ M
This paper presents a model, based on a finite cylinder, of the cooking of This involved cooking whole fat and lean cylinders, 160 mm long x &0 e g‘ t
rolled beef joints in domestic conditions ("dry" air at 175°C) which allows for to a centre temperature of 74°C in a natural convection oven at 175°C a:he Hiy
a cylinder of fat surrounding a lean cylinder or vice versa. Deficiencies of radial and Jongitudinal dimensional changes measured (Table 3). Since difi“ :
the model are considered and the effect of some of them is illustrated. simple n_wodel_ could po; apcep; varying dimensions, the \mtnﬂ size was “‘ohe Mo

: by multiplying the initial dimensions by the factors shown in Table 3. T M
Mathematical model results of these adjustments are presented later. e
The model uses Dusinberre's (1949) finite difference method, because it is z . Pe:"
conceptually simple, easily applied to regularly shaped objects and has Results and discussion :
previous_ly provedAus'eful (Bailey et al., 1974; James et al., 1977). The Figure 1 illustrates typical predicted temperature profiles within a quarcef Rieu
method involves dividing the object under study into a set of imaginary portion of two joints. The larger temperature gradients within the fat, Rigg
segments. For one dimensional heat flow through a single internal segment: compared to those in the lean, are particularly noticeable and were also Sorg

clearly apparent in the profiles for two component joints. 1

[aT\ / %
k,,A1 kﬂ) - kZAZ ka—T) = Cp ar [1] Table 4 presents cooking times predicted for various beef joints with 0","‘%;11

ax/y ax/, At fat at the surface or the centre. Although the model does not exactly S1 Non,
the geometry of rolled joints, one would expect to find similar trends s
regarding the effect of fat. The results indicate that beef joints with ’f,t"’ A<
surface fat layer cook slower than joints with an equivalent thickness © J hh
the centre. Similarly with two joints of equal volume fractions of fat al =

Heat flow into - Heat flow out of = Rate of heat accumulation lean, the joints with surface fat cook slower. However, one of the most

the segment the segment interesting results is that the cooking times of these equally sized jo‘('tsa# Pre
This equation assumes that the temperature gradients, (2T/ ax), are constant with various amounts and distributions of fat, are all predicted to 1ie L -
which is approximately true for small time intervals, at. Eangeigs oS mingres: 5t x‘:
Bailey et al. (1974) and James et al. (1977) present the Dusinberre The experimental cooking times shown in Table 4 were measured during the ::e "ag
approximations for infinite slabs and cylinders with equal thermal conducti- which provided the shrinkage data. Although for the whole fat cylinder, Pag

vities at surfaces 1 and 2. Their equations are usual for cases with constant
properties and heat transfer coefficient and with these restrictions the
assumption of one dimensional heat flow can be eliminated using the Newman
method (1931) which shows that

difference between experimental and predicted cooking times is small the .y or
difference is considerable for the lean cylinder (-38%). This is partiCl‘M
puzzling because the lean cylinder is exceptionally simple compared to mos at‘
domestic joints; it has a regular shape, shrinks very little, and its ]
published thermophysical properties appear almost insensitive to tempe“w
Furthermore, if the cooking times of this simple joint cannot be predict ons
accurately, it is clearly unwise, without further work, to accept predic

e S 2o a (ENE
for the more complex two component joints. Obviously, we need to examiné ttg

gzi= 3 T T 74 P
a m,n> & (d = m\} al a n ) [21 reasons for the differences between experiment and prediction and use them
- - / 2 R N A direct fut search.
Ta Ti finite Ta T,i /infinite \;\Ta T1 /infinite 1rec. e 2 C 3 :cion a"
cylinder slab cylinder Certainly the model includes many sources of discrepancy between predic

reality. Some are dependant on the oven, others on the material and the

where Ta’ Ti = oven air temperature and initial uniform temperature of the meat
and Ty, n, Tms Tp = meat temperatures at position (m,n) in a finite cylinder, at
longitudinal position m along an infinite slab and at radial position n through
an infinite cylinder.

The methods described by Bailey et al. (1974) were formulated into a computer
program for predicting the temperature distributions within infinite slabs and
cylinders. The results of these predictions for a specific slab thickness and
cylinder diameter were multiplied together, in the manner shown by equation 2,
to calculate the temperature distribution within a homogeneous finite cylinder
with the same length and diameter as those of the infinite slab and cylinder.
The temperature distribution within a finite cylinder composed of a cylinder of
lean surrounded by a cylinder of fat, or vice versa, was calculated using
essentially the same method as that described above i.e. using equation 2,
However, in this case, it is necessary to extend the work of Bailey et al. and
to consider an infinite cylinder composed of two materials. At the interface
of these materials, the Dusinberre approximations are

kAZn(r + MA/Z)"(Tn-Y - Tn) _ kBZv‘(r - ArB/ZH(Tn - Tml)

AI’A ATB

wU(r + ary/2)? - r*lppcy + [r? - (r - /\rB/Z)fjchB(Tn' = e

at

The temperature distribution at radial position, n, in an infinite two component

cylinder can be calculated using this equation.

The model requires constant values of the properties of fat and lean; these
were derived by evaluating the equations in Table 1 at 10°C intervals over the
range 10 to 160°C and averaging these values i.e.

Material Thermal conductivity Specific heat capacity Densit;

W meK1 J kg-1k-1 kgm=
Lean 0.4965 3947 982.4
Fat 0.1600 2795 898.2

Another factor needed in the model is the heat transfer coefficient. Natural
convection coefficients acting over the curved surfaces of cylinders and over

flat surfaces have been measured, but these have not been tested for application
to rough surfaces, such as that of lean meat. However, the lack of alternative

values for the present model justifies their initial use. The proposed
equation is:

Nu = a(Gr.Pr)" (4]
where Nu = Nusselt number = th/k

Gr = Grashof number
and Pr = Prandtl number

values of a and m for various ranges of (Gr.Pr) and curved and flat surfaces
are reported by Perry and Chilton (1973).

During cooking, the transfer of heat by radiation is also considerable and,
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: te
remainder caused by the interaction between the material and its envlro"“‘e"
In this concluding section these sources are briefly discussed.

1
The model requires a single constant oven temperature, but in natural C°"vec
ovens temperature stratification occurs. In the shrinkage tests, four air 3t
temperatures, measured near to the meat, were all close to 175°C. Howe’/er’,w"
the top of the oven and near to the electrical heating elements, the tempe
will be higher and such deviations from 175°C should reduce the cooking ”t”‘
below the predicted value. This is the opposite of the result found wit

lean cylinder.

Dimensional changes during cooking have an important effect on cooking “'"e:ml1
(Burfoot and James, 1983) and must be accurately determined. However, v ¢he
dimensional changes of the lean cylinder were insufficient to account for is
large difference between experimental and predicted cooking times. Anélysi"lﬂ
the fat cylinder included other problems such as cracking and deformat"’"her
an oval cross section. These difficulties have been demonstrated by furtiyt
experimental tests which showed good reproducibility of lean cooking times
large variations with fat.

Further to dimensional changes, the weight of meat changes during cooking: ne’;
effect of weight loss on cooking time is difficult to calculate because “m,ev'
and mass transfer models have been developed so far at this Institute. H

it is expected that evaporation losses, which require heat and may cause he
stationary boiling fronts, consequently increase the cooking times above
predictions.

In the model, the thermal properties of fat and lean and the heat transfer
coefficient were assumed constant. Figure 2, which is considered in more indy
detail later, clearly shows that the specific heat of fat, as estimated usty
the correlation in Table 1, varies during cooking. Similarly, equations h!ﬁ
show that for the present conditions h also varies during cooking, althov hgi’
a lesser extent (17.3 to 19.0 W m~2K"1). An enhanced model allowing for 7
variations predicted cooking times of 84 minutes (whole fat cylinder) and 4
minutes (whole lean cylinder). The large difference between the two P!
for fat cylinder cooking time reflects the importance of varying therma
properties. However, the enhanced model increased the difference betwee ror’
experimental and predicted fat cooking time. This may have been due to

in the thermal properties and this was tested using differential scanning
calorimetry with two 10 mg samples of the fat. Figure 2 shows the large 319"
divergence between the experimental and computed specific heat of fat an i,,yni
the variation between samples. Furthermore, because none of the corv‘e]at e
in Table 1 are based on data above 90°C, although significant portions © ',ofi
joints are above this temperature during cooking, there may be further ?rienﬁ
in the model. Similarly there may be errors in the heat transfer coef ic
and these should be measured during cooking. Measuring h under natural it 4
convection conditions will be difficult and require a definition of the apo
temperature and the oven wall temperature which affects the radiation com

of heat transfer.

This study has shown the problems in modelling meat during cooking. More
relevant data, including heat transfer coefficients and high temperature
thermophysical properties, are needed. The dimensional changes need to Yot
measured and correlations developed for predicting them. Models should 2
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SQVe]g .atgre dependant properties and weight losses and these are being
Alygg . tXperimental investigations using PTFE cylinders will provide h

?imns%oni’m;la"‘)’- visual image analysis is being considered for investigating
"9 the Ceab s anges of meat. All of these studies are necessary for understand-
g o0king process.
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o
hh hsf Sectional area:

K Clp = fect] ¢ = specific heat capacity: Gr = Grashof number:

ﬁir;,eh"'f'idity Ve, convection and radiation heat transfer coefficients:
Dresns“’“al: = thermal conductivity: 7 = length: L = characteristic
te Sure, n _“ = Nusselt number: p = saturated vapour pressure: P = total
m&att‘me: :‘tprandt'l number: q = heat flow rate: r = radial position:
Ns“@emperatw emperature: T,,Ti,Tg = oven air temperature, initial uniform
"agy lon (m,,.) ?. and.sqrface %emperature: T,[I nsTmsTn = meat temperatures at
D"Si:! POSitign na finite cylinder, at positidn m along an infinite slab and at
e oon, N through an infinite cylinder: Tp'-T, = temperature change at
¢ . Nadiy -SOVer time At: x = distance: wzp,zr = mass fraction of fat and water
at D?'"“Sivitp?ce increment: At = time increment: AT = temperature increment:
anes 4 an. p = density: o = Stefan-Boltzman constant. [Subscripts: 1,2 =
d 2: A,B = for materials A and B)

Figure 2
! Typical predicted temperature profiles (in’C) within cylinders of fat and lean
after 68minutes of cooking in a natural convection oven at 175°C
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Figure 2 Comparison of experimental specific heat capacity of fat and values
estimated from the correlation in Table 1
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Table 1 Propertics of beef lean and La

" Wiedel (1956)0, Riedel (1978)4, Miles et al.

Equations extructed from Bagl ! h 3
(1983)" or derived by regress Lo from Baghe - Khandan et al. (1982)%, or derived by
linear interpolation over the
Lean
k 0-454xg - 02190 + 0-306T 08 Wm -1 K !
g o 1692 + 25750+ 4-187 (1-x0) T=335 (1 ~ 0-18¢T) exp (~43:2°3) J kg -1 K- 1
A p = 1027 - (:f ' kgm-3
Fat
= k = 0179 -0-0 Wm-1K-!
O ¢ = 1884 + 7-0087T + 2280 + 4280 - - o 3 FhgsAK=D
0-02 ( 0-1(T- 2
14 14200200 .
! ¥ 42 for T<48°C
v ¢ = 6694 - 2322 (T-48) Jkg-1K-! for 48<T<50°C
o ¢ = 2050 Jkg-1K-! for T>50°C
A p = 934-6 - 0-4286T kgm-3

Table 2 Properties of Moist Air

Equations extracted from ASHRAE Fundamentals (1977)* or derived from the results of Mason and
Monchick (1973)0

« p = 165672:4 exp (0-01/T') (374-136-T) %l F; (0-65 - 0-01T)i-1 mm Hg
i

where Fi = -741-9242 Fs = 0-1094098

F; = -29-72100 Fs = 0-439993

F3 = -11-55286 F; = 0-2520658

Fy = -0-8685635 Fg = 0-05218684

i = temperature, K T' = temperature, °C
o o = 0-3775 (P - 0-3780 H p/100)/T’ kgm-3
o ¢ = (1004-832 + 1884-06r) /(1 + 1) Jkg-! K-!
wherer = 0-62198 Hp/100

- Hp
[P T(ii]
op = [1713-27 +@4:37) - [x_m~4 Hp + 652:5H2 pl’_]
100P 104 P2

’AO'G%?(;}%].I()J kgm-1 s-1
o k = [509:55 + (0-45T) + 206-74 Hp - 40-83 H2p2

[ TP 100F2

> @Mﬁgﬁ - %‘i’z—]m-xwxwﬁ Wm-1 K-1

Table 3 Dimensional changes of single cylinders of fat and lean.

Material Initial Final % chanlg:_ n!;_ Average length Average length
length, I/mm length, F/mm length (I-F)/I during cooking “Yictial biaath
(L+F)/2,mm Initial length
Lean 16025 137-75 -14-0 149-00 0-9298
Fat 162-25 153-25 - 55 157-75 0-9723
Average e
for fat 0-9510
and lean
Material Initial Final Yochange of Average diameter ~ Average diameter
diameter, I/mm diameter, F/mm  diameter (I-F)/F (1+F)/2,mm Initial diameter
Lean 75-00 73-50 -20 74-25 0-9900
Fat 80-00 46-00 -42'5 63.00 0-7875

The initial length of all the cylinders in the model were multiplied by the factor 0-9510. This simplified the
model by neglecting longitudinal separation of fat and lean. The multiplying factors for shrinkage of diameter
are as shown.

Table 4 Comparison of predicted and experimental cooking times of
beef cylinders.

Nominal Fat thickness Fat location Nominal Lean thickness  Overall radius Predicted Experimental
thickness of adjusted for thickness of adjusted for of cylinder, cooking time,  cooking time,
fat, mm  shrinkage, mm lean, mm shrinkage, mm mm min min
- 40 39-6 39-6 67 107
Outside 33 32-67 38-18 70 —
Outside 225 22-28 3606 75 —
Outside 7 6-93 32-92 71 —
— 0 0 31-50 68 63
Inside :f 25-99 32-92 68 —
Inside 17-5 17-72 35-04 67 -
Inside 33 5-51 38-18 63 —
Predictions were based on the following data:
Nominal length of cylinder = 16cm
Length of cylinder, adjusted for shrinkage = 15°2 cm
Initial uniform temperature of the cylinder = 10°C
Temperature of the surrounding air = 175°C
Heat transfer coefficient =182 Wm-2K-!

(based on air at 175°C, 760 mmHg
and a relative humidity of 0+1%)
Mass fraction of water in the lean
Mass fraction of fat in the lean

(]

0-6891 Based on the results for whole round, as found
0-0379 J by Baghe-Khandan et al. (1982)
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