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Introduction
Mathematical models o f the flow o f heat and mass during cooking, freezing  and 
thawing of meat are important because they provide an in s ig h t into the 
mechanismsinvolved. Many em pirical equations have been developed to estimate 
processing times but th e ir  ap p licatio n  is  lim ited  to the range o f va riab les  
used in the experiments on which they are based. A n a ly tica l methods have more 
general ap p lica tio n  but are often re s t r ic te d  to cases where the m aterial 
p roperties are assumed to be constant. F in ite  d iffe rence  and f in i t e  element 
methods have been used to formulate and so lve  models invo lving  foodstuffs with 
va riab le  p ro p erties , with f in i t e  element techniques being p a r t ic u la r ly  su itab le  
fo r ir re g u la r ly  shaped foods. Many models have been applied to freezing  and 
thawing (James e t a l . ,  1977; Cleland and E a r le , 1979a,b and Cleland et a l . ,  
1984) but fewer analyses are concerned with meat cooking; examples include 
Housova (1977), Sorenfors (1977 ), Dagerskog (1979a,b) and Burfoot and James 
(1983). These are often re s t r ic te d  to constant uniform thermal properties and/ 
or one dimensional heat flow . The second lim ita t io n  i s  obviously u n ju s t if ie d  
fo r most meat jo in ts  and reference to the l it e ra tu re  (M orley, 1972) shows that 
the properties o f f a t ,  lean and bone d if fe r  considerably thereby in va lid a tin g  
the f i r s t  assumption.
This paper presents a model, based on a f in i t e  c y lin d e r , o f the cooking of 
ro lle d  beef jo in ts  in  domestic conditions ("d ry" a i r  a t 175°C) which a llow s fo r 
a cy lin d e r o f fa t  surrounding a lean cy lin d e r or v ice  versa . D e fic ienc ie s of 
the model are considered and the e ffe c t of some of them is  i l lu s t ra te d .

Mathematical model
The model uses Dusinberre's (1949) f in i t e  d iffe rence  method, because i t  is  
conceptually sim ple , e a s i ly  applied to re g u la r ly  shaped ob jects and has 
p rev iously  proved useful (B a ile y  et a l . ,  1974; James et a l . ,  1977). The 
method involves d iv id ing  the ob ject under study into a set o f imaginary 
segments. For one dimensional heat flow through a s in g le  in te rna l segment:

r  AT Cp — n i
1 \ax/1 At

Heat flow into - Heat flow out of = Rate o f heat accumulation
the segment the segment

This equation assumes that the temperature g rad ien ts , ( aT/ 3 x ) , are constant 
which is  approximately true fo r small time in te rv a ls , At.

B a ile y  e t a l .  (1974) and James e t a l .  (1977) present the Dusinberre 
approximations fo r in f in i t e  slabs and cy lin d e rs  with equal thermal conducti­
v it ie s  a t surfaces 1 and 2. T he ir equations are usual fo r  cases with constant 
properties and heat tran sfe r c o e ff ic ie n t  and with these re s t r ic t io n s  the 
assumption of one dimensional heat flow can be elim inated using the Newman 
method (1931) which shows that

Resu lts and d iscussion
Figure 1 i l lu s t r a t e s  typ ica l predicted temperature p ro f ile s  w ith in  a quarts 
portion o f two jo in t s .  The la rg e r temperature gradients w ith in  the fa t ,  
compared to those in the lean , are p a r t ic u la r ly  noticeab le  and were also 
c le a r ly  apparent in  the p ro f ile s  fo r two component jo in t s .  ^

Table 4 presents cooking times predicted fo r various beef jo in ts  with o r-llliâ 
fa t  a t the surface or the cen tre . Although the model does not e xac tly  si 
the geometry of ro lle d  jo in t s ,  one would expect to find  s im ila r  trends 
regarding the e ffe c t  o f f a t .  The re su lts  ind icate  that beef jo in ts  with a t i 
surface fa t  la ye r cook slower than jo in ts  with an equ ivalent th ickness ot 
the cen tre . S im ila r ly  with two jo in ts  o f equal volume fra c t io n s  o f fa t  a 
lean , the jo in ts  with surface fa t  cook slower. However, one o f the most 
in te restin g  re su lts  i s  that the cooking times of these equally  sized J 01. tl* 
with various amounts and d is tr ib u tio n s  o f f a t ,  are a l l  predicted to l i e  1 
range 63 to 75 m inutes. ^
The experimental cooking times shown in Table 4 were measured during the 
which provided the shrinkage data . Although fo r the whole fa t  cy lin d e r, 
d iffe rence  between experimental and predicted cooking times is  small the riy 
d iffe rence  is  considerable fo r  the lean cy lin d e r (-38%). Th is is  particu . 
puzzling because the lean cy lin d e r i s  e xcep tio n a lly  simple compared to mo 
domestic jo in t s ;  i t  has a regular shape, shrinks very l i t t l e ,  and i t s  e, 
published thermophysical p roperties appear almost in se n s it iv e  to tempera^ 
Furthermore, i f  the cooking times of th is  simple jo in t  cannot be pred ict*" j 
a ccu ra te ly , i t  is  c le a r ly  unwise, without fu rth e r work, to accept predict
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cy lin d e r 1 slab  cy lin d e r

where T ,  T . = oven a i r  temperature and i n i t ia l  uniform temperature o f the meat 
and Tm J ,  tJ ,  Tn = meat temperatures a t p osition  (m ,n) in  a f in i t e  c y lin d e r , a t 
long itud inal position m along an in f in i t e  slab and at rad ia l position n through 
an in f in i t e  cy lin d e r.
The methods described by B a ile y  et a l .  (1974) were formulated into a computer 
program fo r p red icting  the temperature d is tr ib u tio n s  w ith in  in f in i t e  slabs and 
c y lin d e rs . The re su lts  o f these pred ictions fo r a s p e c if ic  slab th ickness and 
cy lin d e r diameter were m u ltip lied  together, in  the manner shown by equation 2 , 
to ca lcu la te  the temperature d is tr ib u tio n  w ith in  a homogeneous f in i t e  cy lin d e r 
with the same length and diameter as those o f the in f in i t e  slab and c y lin d e r . 
The temperature d is tr ib u tio n  w ith in  a f in i t e  cy lin d e r composed o f a c y lin d e r of 
lean surrounded by a cy lin d e r o f f a t ,  or v ice  ve rsa , was ca lcu la ted  using 
e s s e n t ia lly  the same method as that described above i . e .  using equation 2. 
However, in  th is  case , i t  i s  necessary to extend the work of B a ile y  et a l . and 
to consider an in f in i t e  cy lin d e r composed of two m ate ria ls . At the in te rfa ce  
of these m a te ria ls , the Dusinberre approximations are

kA2 * (r  ♦ ArA/ 2 ) l ( T n. 1 - Tfl) kg2n(r - ArB/ 2 ) l (T n - T ^ )

ArA
ArB

irigr ♦ ArA/2)* - r*JpAcA ♦ [r* - (r - ArB/2)»]pBcB(Tn ' - Tr)

At
The temperature d is tr ib u tio n  a t rad ia l p o s it io n , n , in an in f in i t e  two component 
cy lin d e r can be ca lcu la ted  using th is  equation.
The model req u ires constant values of the properties of fa t  and lean ; these 
were derived by evaluating  the equations in  Table 1 a t 10°C in te rv a ls  over the 
range 10 to 160°C and averaging these values i .e .

M aterial Thermal con du ctiv ity S p e c if ic  heat capacity Density
W m~2k“ 1 J  kg-k-1 kg m

Lean 0.4965 3947 982.4
Fat 0.1600 2795 898.2

Another fa c to r needed in the model is the heat tran sfe r c o e ff ic ie n t . Natural
convection c o e ff ic ie n ts  acting  over the curved surfaces o f cy lin d e rs  and over 
f l a t  surfaces have been measured, but these have not been tested fo r application 
to rough su rfa ce s , such as that o f lean meat. However, the lack  of a lte rn a tive  
values fo r the present model ju s t i f i e s  th e ir  in i t ia l  use. The proposed 
equation i s :

Nu = a (G r .P r )m [4 ]
where Nu = Nusselt number = h L/k 

Gr = Grashof number 
and Pr = Prandtl number
Values o f a and m fo r various ranges of (G r .P r )  and curved and f l a t  surfaces 
are reported by Perry and Chilton (1973).

During cooking, the tran s fe r o f heat by rad ia tio n  is  a lso  considerable and.

fo r the more complex two component jo in t s .  Obviously, we need to examine 
reasons fo r the d iffe rences between experiment and p red iction and use the 
d ire c t fu ture  research .
C e rta in ly  the model includes many sources of discrepancy between p re d ic ti°n 
r e a l i t y .  Some are dependant on the oven, others on the m ateria l and. 
remainder caused by the in te rac tio n  between the m ateria l and i t s  environ 
In th is  concluding section these sources are b r ie f ly  d iscussed . ft

The model requires a s ing le  constant oven temperature, but in  natural conj[e 
ovens temperature s t r a t i f ic a t io n  occurs. In the shrinkage te s t s ,  four a jt 
temperatures, measured near to the meat, were a l l  c lo se  to 175°C. M°weV 
the top of the oven and near to the e le c t r ic a l  heating elements, the temp 
w i l l  be higher and such deviations from 175°C should reduce the cooking * ^  
below the predicted va lu e . Th is i s  the opposite o f the re su lt  found witn 
lean c y lin d e r . $ (
Dimensional changes during cooking have an important e f fe c t  on cooking
(Burfoot and James, 1983) and must be accu rate ly  determined. However
dimensional changes o f the lean cy lin d e r were in s u ff ic ie n t  to account fo ,5 
large d iffe rence  between experimental and predicted cooking tim es. Anaiy j„tl> 
the fa t  cy lin d e r included other problems such as cracking and deformatio r 
an oval cross sec tio n . These d i f f i c u l t ie s  have been demonstrated by fu^ |>ul 
experimental te sts  which showed good re p ro d u c ib ility  o f lean cooking tim* 
large va ria t io n s  with f a t .  ^
Further to dimensional changes, the weight o f meat changes during cooking* ft 
e ffe c t  of weight loss on cooking time is  d i f f i c u l t  to ca lcu la te  because ft 
and mass tran s fe r models have been developed so fa r  a t th is  In s t itu te , 
i t  i s  expected that evaporation lo s se s , which require  heat and may cause ^  
s ta tio n ary  b o iling  fro n ts , consequently increase the cooking times above 
p red ictio ns .
In the model, the thermal p roperties of fa t  and lean and the heat tran sf 
c o e ff ic ie n t  were assumed constant. Figure 2 , which is  considered in more .„ĝ  
d e ta il la t e r ,  c le a r ly  shows that the s p e c if ic  heat of f a t ,  as estimated ^  to 
the co rre la tio n  in Table 1 , va r ie s  during cooking. S im ila r ly , equations u p 
show that fo r the present conditions h a lso  va rie s  during cooking, a ltho uy^  
a le s se r extent (17 .3  to 19.0 W m-2«-1 ) .  An enhanced model a llow ing fo r < 
va ria tio n s  predicted cooking times o f 84 minutes (whole fa t  cy lin d e r) an . 
minutes (whole lean c y l in d e r ) . The large d iffe rence  between the two pr* 
fo r fa t  cy lin d e r cooking time re f le c ts  the importance of varying thermal 
p ro p erties . However, the enhanced model increased the d iffe rence  betwe* 
experimental and predicted fa t  cooking tim e. Th is may have been due to 
in  the thermal properties and th is  was tested using d if fe re n t ia l  scanning 
ca lo rim etry with two 10 mg samples o f the f a t .  Figure 2 shows the â r9®j ft 
divergence between the experimental and computed s p e c if ic  heat of fa t  
the v a ria t io n  between samples. Furthermore, because none of the co rre ia  ft 
in Table 1 are based on data above 90°C, although s ig n if ic a n t  portions °  ft  
jo in ts  are above th is  temperature during cooking, there may be fu rth e r e . f t  
in the model. S im ila r ly  there may be e rro rs  in  the heat tran s fe r coef> 
and these should be measured during cooking. Measuring h under natural , 
convection conditions w i l l  be d i f f i c u l t  and require a d e f in it io n  o f the 0ri* 
temperature and the oven w all temperature which a ffe c ts  the rad ia tio n  co 
of heat t ra n s fe r .
This study has shown the problems in modelling meat during cooking. Mof 
re levant data , including heat tran sfe r c o e ff ic ie n ts  and high temperature^ 
thermophysical p ro p e rties , are needed. The dimensional changes need to 
measured and co rre la tio n s  developed fo r p red icting  them. Models should
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for
-pen r d®Pendant properties and weight losses and these are being 

'¡«lues, experimental investig a tio ns using PTFE cy lin d e rs  w i l l  provide h
v isu a l image a n a ly s is  i s  being considered fo r investigatin g  

1n9 the • anges ° f  meat. A ll o f these stud ies are necessary fo r understand- 
°Mng process.
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H*î)c»hr !  ¡ S t i c « !  a rea :

diiDe|
= s p e c if ic  heat cap ac ity : Gr = Grashof number: 

id i t v : ^ ,v e * convection and rad ia tio n  heat tran s fe r c o e ff ic ie n ts :
°nal- w = *hermal co n d u ctiv ity : 1  = length : L = c h a ra c te r is t ic  

t * ssure: p Nu = Nusselt number: p = saturated vapour pressure : P = to ta l 
i^' time- t ,  Prandtl number: q = heat flow  ra te : r  = rad ia l p os it io n :
Pô . temPer . = temperature: T .,T - j ,T s = oven a i r  temperature, in i t ia l  uniform 
^ Jtio n  (m " | r ®» and surface temperature: T̂ , n,T m,T n = meat temperatures at 
Pos-al Positi 10 a f in i t e  c y lin d e r , a t  position m along an in f in i t e  slab  and at 
Ar . io n , n ° n n through an in f in i t e  c y lin d e r : Tn '-T n = temperature change at e ss ^«Hal'•¡¡Ver‘ * ime A t: *  = d istance : x p ,x  = mass fra c t io n  o f fa t  and water 
at w ^ iss iv it ?ce Cerem ent: At = time increment: aT = temperature increment:

P'anes 1
and 2 :

d en sity : o = Stefan-Boltzman constant. [S u b sc rip ts : 1,2 
A,B = fo r  m ate ria ls  A and B]

Table 1 Properties of beef lean aor? fat
Equations extracted front Baghe hi» tiidao cl al. ! 19821*. Riedel 119.%)°, Riedel (1978)f*. Miles et al. 
(1983)1 or derived In- regression analaysts of data from Baghe-Khandan et al. (1982)A. or derived by 
linear interpolation over the range 18 to 50 i.\

Lean
* k

/ r
A ,i
Fat
• k
□  c

V c 
o c 
A f

0 -3 0 3 7  - o-dsir^ - 0 -2 19 * ♦ IKW6T"-«*» W m 1 K I 
1692 + 2575r + 4 • 187 ( 1 -  or) T -  335 (1 «»* 1 Ar D exp ( -  43x*-•*) J kg 1 K~ 1
1027 -  0-5257T kg m :*

0-179 - 0 000223T 
188-1 + 7-0087' f

W m  'K >
2280 + 4280 JkK-'K-'

1 0-02 (T- 13-8)- 
2-24

, 0-1 (T-47-85)2 
+ 4-28 for T<48°C

6694 - 2322 (T-48) Jkii'K-' for 48<T<50°C
2050 Jkir'K-' for T>50°C
934-6 - 0-4286T kg m-:*

Table 2 Properties of Moist Air
Equations extracted from ASHRAE Fundamentals (1977)* or derived from the results of Mason and 
Monchick (1973)"

* P * 

where

o p =
o c =
where r =

o t =

o k

H
165672-4 exp(0-01/T) (374 136-T) ST F¡ (0-65 -  0-01T)'-1 mmHg

F, = -741-9242 F5 -  0-1094098
F¿ «  -29-72100 Ffi -  0-439993
F3 = -11-55286 F7 = 0-2520658
F4 = -0-8685635 F8 -  0-05218684
T = temperature, K T' = temperature, °C
0-3775 (P -  0-3780 H p/100)/T' kg m-3
(1004-832 + 1884 06r)/(l + r) Jkg ' K 1

0-62198 Hp/100
[P - Hpl
[ " »J

[1713-27 + (4-3T) -  [184-4 Hp + 652-5 H2p2 I
1 L 100P 10* P2 J
- 0-6567T Hpl 10_7 

lOOPj
kgm-1 s-

[509-55 + (0-45T) + 206-74 Hp - 40-83 H2p2
100P 10* P*

+ 6-04T H p -  l-84TH2p2l 
100P 1(HP2 J

1868 xlO-5) Wm- ' K -

F'0Ur« 1
Typical predicted temperature profiles (in°C) within cylinders of fat and lean 

•fter 68 minutes of cooking in a natural convection oven at 175°C

1Ks '  _________________
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1 1 1 /  /  s ' . . . . _ .  32.
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MM-plana
FAT CYLINDER of cylinder

LEAN CYLINDER or cylinder

Figure 2 Comparison ot experimental apecitic heat capacity ot tat and values 
estimated from the correlation in Table 1

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

length, I/mm
Final

length. F/mm

Lean 160-25 137-75
Fat

Average 
for fat 

and lean

162-25 153-25

Material Initial
diameter, l/mm

Final
diameter, F/mm

Lean 75-00 73-50
Fat 80-00 46 00

%  change of 
leng th  (I-F )/F

Average length 
during cooking 

(I+ F ) /2 ,m m
Average length  

Initial length

- 1 4 - 0  
-  5 - 5

1 4 9 -0 0
1 5 7 -7 5

0 - 9 2 9 8
0 -9 7 2 3

0 -9 5 1 0

% change  of 
d iam e te r  (I-F )/F

A verage d iam ete r  
(I+ F )/2 ,m m

Average d iam ete r 
Initial d iam ete r

-  2 - 0  
- 4 2 - 5

7 4 -2 5
6 3 .0 0

0 - 9 9 0 0
0 -7 8 7 5

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
0 0 _ 40 39-6 39-6 67 107
7 5-51 Outside 33 32-67 3818 70 —

17-5 13-78 Outside 22-5 22-28 36-06 75 —
33 25-99 Outside 7 6-93 32-92 71 —
40 31-50 _ 0 0 31-50 68 63
33 6-93 Inside 7 25-99 32-92 68 —

22-5 17-33 Inside 17-5 17-72 35 04 67 —
7 32-67 Inside 33 5-51 38-18 63 —

Predictions were based on the following data:
Nominal length of cylinder
Length of cylinder, adjusted for shrinkage
Initial uniform temperature of the cylinder
Temperature of the surrounding air
Heat transfer coefficient
(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

16cm 
15-2 cm 
10°C 
175°C
18-2 Wm-2 K -1

0-6891 7 Based on the results for whole round, as found 
0-0379 J by Baghe-Khandan et al. (1982)
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