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T h is paper d e s c r ib e s  th e  developm ent o f  a h e a t  and mass t r a n s f e r  model o f  a b e e f
The model in c lu d e s  therm al p r o p e r t ie s  a s  fu n c t io n s  o f  tem p eratu re and 

tK0i&as ° n * The c a r c a s s  was d iv id e d  in to  5 z o n e s , round, s i r l o i n ,  l o i n ,  r ib  and chuck; and 
C S e r c.r° s s  s e c t io n a l  s t r u c tu r e  w ith in  a zone was c o n s id e r e d  u n iform . The h ea t and mass 

'Iso j 111 th e  v e r t i c a l  d ir e c t io n  was n e g le c te d .  The f i n i t e  e lem en t fo r m u la tio n  o f  th e  model 
® scrib ed . Model was s o lv e d  on an IRIS W ork station  u s in g  FORTRAN la n g u a g e .

t ^ aPo^®BSCTiON: The o b j e c t iv e s  o f  t h i s  s tu d y  w ere: ( i )  to  d ev e lo p  th e  h ea t and mass
lij.Uftg m odels fo r  p r e d ic t in g  th e  tem p eratu re and m o is tu r e  p r o f i l e s  d u rin g  b e e f  c a r c a ss  

to to  v a l id a t e  th e  tr a n s p o r t  m odels u s in g  fr a n k fu r te r  d a ta  (M it ta l ,  1 9 7 9 ), and,
g en era te  tem p eratu re and m o istu re  p r o f i l e s  fo r  "round" s e c t io n .

Houj..
9en~®®^SLOPMENT: The m odel i s  based  on th e  fo l lo w in g  a ssu m p tion s: ( i )  w hole c a r c a ss  i s  

 ̂4 ^°iis6° US and c o n ta in e s  f a t t y  t i s s u e ,  bone and m u scle  o n ly , ( i i )  therm al p r o p e r t ie s  are  
j O aa tr ° f  temPe r a tu r e  and c o m p o s it io n , ( i i i )  m o istu re  d i f f u s i v i t y  i s  in d ep en d en t o f  d ir e c t io n  
iV 916c ta n S fe r ' couP i i n 9  o f  h e a t  o v er  mass and mass over  h ea t on th e  m o lecu la r  tr a n s fe r
W 5 (v) no d i f f u s i v e  mass t r a n s f e r  in  th e  fr o z e n  la y e r ,  ( v i )  th e  c a r c a s s  was d iv id e d

t  6S' roun<a' s i r l o i n ,  l o i n ,  r ib  and chuck; and c a r c a s s  c r o s s  s e c t io n a l  s tr u c tu r e  was 
be un iform  w ith in  a zo n e , and, ( v i i )  th e  h e a t  and mass t r a n s f e r  in  th e  v e r t i c a l

^he
Was n e g le c te d ,  

g o v e r n in g  e q u a tio n s  fo r  h e a t  and mass t r a n s f e r  a r e :
^   ̂ ^ ¿ (p cr) -  d Iir dT\ . d i v  dT\ . dM 3 dM3 . d

c ° n d i t io n s  were
dx (Kz d x ) ' dy {Kyd y ) '* 

T = T„
d t

and M = M.
dx {D-  * c ) + dy (Dm d y )

fo r  t  < 0 . Two boundary c o n d it io n s  are
H K^hge°®e fo r  b e a t  t r a n s f e r  and one fo r  mass t r a n s f e r  and are  e x p la in e d  b e lo w . 

116 sU rfln  temPe ra tu re  a t  th e  s u r fa c e  i s  eq u a l to  th e  sum o f  th e  c o n v e c t iv e  hee
a c® and th e  e v a p o r a t iv e  h e a t  l o s s  due to  la t e n t  h e a t  o f  v a p o r iz a t io n .

h ea t t r a n s f e r

dT
dx

dT
'y ~ d p y '

A h(T ,-T a) - V PdL ,

d . ln  m o is tu r e  a t  th e  s u r fa c e  i s  eq u a l t o  th e  c o n v e c t iv e  mass t r a n s f e r  due to  vapor  
fe r e n e e .

dM
d t

n  „ I dMr, ^ dMr, \-Dm Pdl— n S - ^ ay ) k m(P .-P .)

*8iTg~̂ -~-ELgMENT FORMULATION: The v a r ia t io n a l  method was used  to  fo rm u la te  th e  problem . The 
V e r ia b le s  M and T w ere approxiam ted by in t e r p o la t in g  fu n c t io n s  o f  th e  form'Y>

H ^  ̂  n  Af.x  

fa fA t th ®

j (jc,y )  and T -  Tj ( t) Nj (x ,y )  . U sin g  th e  v a r ia t io n a l  c a lc u lu s  method and
J-i

v ^  ^  m t e g r a l  r e s id u a l  fu n c t io n  eq u a l to  z e r o , th e  mass t r a n s f e r  e q u a tio n  becom es:

m^M ))dx.dy-0  . u s in g  G reen 's theorem , th e  above e q u a tio n  was s im p l i f ie d  to :
Q

- f  [B] <= [U] [B] dx. d y  .  [ C f j ] - f W i  lifl dx. d y  and [f f]  __£■ ( P t - P a) J{«} *ds .

Satte approach , th e  h e a t  t r a n s f e r  e q u a tio n  was w r it te n  a s :  £  + Tj Uc^] -  [ / j  - 0  ;
J-i J-i

K ,
[Jf^] - J  [B] e [B1] [B] dx. dy+Jh M  Hifi da . [Si:,] ~Pcf  ̂  ^  dx. dy a n d

111483 av era g e  m o is tu r e  o f  th e  c a r c a s s .  A lso  th e  m a tr ic e s  B, D and D1 a re  d e f in e d  a s

te

\ n ,
O n

dN± dN2 dtf3 
dx dx dx
tty. a«, aw3
dy dy d y ,

[B] Dm 0
0 °n)

[B1]-
0 k.

f o r ^ ^ a t i ° n s  w ere o b ta in e d  by a ssem b lin g  th e  e lem en t e q u a t io n s  and w r it in g  them in  a

>]'Gi where, (<|>)- [if T] ; [C(^) ] - G lobal mass m a tr ix ;
^  s t i f f n e s s  m a tr ix  and  (f)-G lobal fo r c e  v e c to r

^ ?^ti^^--§CHlM E: The C ran k -N ico lso n  c e n t r a l  d i f f e r e n c e  method was em ployed fo r  m arching  
' the *>eca u se  t h i s  method i s  secon d  o rd er  a c c u r a te  in  t im e . Knowing th e  s o lu t io n  <p a t  

° lu t io n  a t  tim e (t+  d t)  can be o b ta in e d  b y ,
( [Cl +0.5*AttiC] ) * t.Ae- (  [C] -0 .5 * A t[K ]  ) * t+ 0 .5*A t(F ’t+F’t+At;)
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PHYSICAL PROPERTIES: The b e e f  p h y s ic a l  p r o p e r t ie s  such  a s :  th erm al c o n d u c t iv ity /  
h e a t c a p a c ity  and d e n s i ty  w ere c a lc u la te d  by u s in g  th e  m odels o f  Choi and okos ( 1 9 8 6 )- f A ,  
h e a t t r a n s f e r  c o e f f i c i e n t  (h) was 35 W/(m2.K) a t  an a i r  v e l o c i t y  o f  l  m /s and a ir  
o f  0 °C, w hich was c a lc u la t e d  by knowing Nu, Re, and Pr numbers (K re ith  and B la ck , 1980)- " 
mass t r a n s f e r  c o e f f i c i e n t  was d eterm ined  by u s in g  Lewis r e la t io n  and th e  r a t io  (h /  tP*! 
was 6 4 .7  Pa/K fo r  a i r  v e l o c i t i e s  betw een  0 .5  and 10 m /s (D audin, and Sw ain. 1 9 90). F 
p a p er , th e  K,, was c a lc u la t e d  a s  14.35X 10-12 (kg w a ter .m /(k g  D M .P a .s )) . Th 
v a lu e s  w ere assumed based  on th e  l i t e r a t u r e  d a ta  fo r  s im ila r  p r o d u c ts . D

1.5 and 10 m /s (D audin, and Sw ain, 1990)*
(kg w a ter , m/ (kg D M .P a .s )) . The m o istu re  d i f tu7J(10 
e d a ta  fo r  similar nrninrfo n fnr- f«t=3 •0oasumea o a sea  on tn e  l i t e r a t u r e  d a ta  fo r  s im ila r  p r o d u c ts . D fo r  fat=->•'  

m / s ;  fo r  m u sc le = 5 .8 3 x l0 -10 m2/ s ;  fo r  bone = 5 .4 8 X 1 0 '12 m2/ s .  The r e la t io n s h ip  fo r  water »<£ 
a t  th e  su r fa c e  in  term s o f  m o istu re  c o n te n t  and tem p eratu re was o b ta in e d  by u sin 9  rbi** 
p roced u re o f  th e  S t a t i s t i c a l  A n a ly s is  System s (SAS, 1988) and th e  d a ta  from I g l e s i a s  an<* .¡¡i
(1982) a s  L n(av) 842 827 ^-------------e (-w.57«J0 # s a tu r a t io n  vapor p r e s su r e  was c a lc u la te d  using

, 5 0 ^ °1 9 7 7 ):  fo r  0<T<100 "C, P .-6 1 0 .7 8  exp 1 7 .2 6 9 (¡T*.-2 7 3 .1 6 )

P .-6 1 0 .7 8  expl 2 1 .8 7 5 (Ttó, -2 7 3 .1 6 )
T .^ -3 5 .8 6 ,kP a  and fo r

* » . - 7 -66
, kPa

T able I .  C om p o sitio n a l D e t a i l s  fo r  Round S e c t io n

D e t a i l s Water Fat P r o te in Ash Source

F a tty  t i s s u e 1 1 .8 8 2 .9 5 .1 0 .2 K oniecko (1979)
M uscle 7 3 .0 4 .8 2 1 .2 1 .0 Me K eith e t  a l . ,  (1985)Round Bone 2 6 .0 3 0 .0 2 0 .8 2 3 .2 Ockerman (1979)

T able I I .  P h y s ic a l  P r o p e r t ie s  fo r  F ra n k fu rter  S im u la tio n

= 0 .4  d .b .
k = 0 .4 3 0 6  W/(m.K) C = 3 .3 9  k J /(k g .K ) L„ = 2326 JtJ/W

h = 4 5 .8 3 3 3
= 0 .5 8 X 1 0 '6 m2/h

W7 (m2.K)“6 _2 /-u p = 965 kg/m3 Pd = 360 kg/m3
Ta = 6 9 .0  °C 1L = 2 2 .5  "C

F a t -P r o te in  r a t i o  = 1 .8 7

Mi = 1 .9 5  d-*- 
RH = 60%

. FRANKFURTER—SIMULATION: For m o is tu r e  t r a n s f e r  in  fr a n k fu r te r  s im u la t io n , the ed 1 a 
c o n d it io n  was: M = Me a t  [ ( X ,y ) ,  (x ,Y )]  fo r  t  > o . The s im u la t io n s  r e s u l t s  were c°® „pef9t 
th e  o b serv ed  d a ta  p o in t s .  The r e s u l t s  a re  shown in  f ig u r e s  1 and 2 f o r  m o istu re  and te  v 
h i s t o r i e s ,  r e s p e c t iv e ly .

3 .

. EQPND SIMULATION: The f i n i t e  e lem en t la y o u t  fo r  th e  round s e c t io n  i s  shown in  ^
maximum le n g th  and w id th  o f  th e  s e c t io n  w ere assumed to  be 22 cm and 15 cm. The a ir  ^ a t^ V  
was assum ed to  be 0°C and th e  a i r  v e l o c i t y  was assumed a s 1 .0  m /s . The i n i t i a l  te»P® j,e 
th e  c a r c a s s  was assumed to  be 30°C . The i n i t i a l  m o is tu r e  c o n te n t  w ere o b ta in e d  „d (l
c o n te n t  o f  th e  e lem en ts  (from f a t ,  b one, m u scle  d a t a ) .  F in er  e lem en ts  w ere l a i d P^
boundary a s  th e  ch an ges w ere r a p id . R e p r e s e n ta t iv e  n od al p o in t s  w ere s e le c t e d  to  . »tof®deta 1 1 fi on f ho f amnorsf sn/4 Mai v J - . 1___ !  j    . • . . • _ - *_ - A fflOl" .fidboundary a s  th e  ch an ges w ere r a p id . R e p r e s e n ta t iv e  n od al p o in t s  w ere s e le c t e d  to  . «tof® S' 
d e t a i l s  on th e  tem p eratu re  and m o istu re  h i s t o r i e s  d u rin g  c h i l l i n g .  The s im u la ted  »° and 
tem p eratu re  h i s t o r i e s  a t  th e  r e p r e s e n t a t iv e  lo c a t io n s  a r e  shown in  f ig u r e s  <>0>V
r e s p e c t i v e l y .  The tem p eratu re  a t  th e  s u r fa c e  was low ered  to  o °c  in  5 h o u rs . The avef®* t e9lrt{ 
tem p eratu re  was 3*5°C in  10 h o u rs . Th#* s u r fa r o  m n ía fn m  1 ao« » •«  *»mrrv ^.tem p eratu re  was 3 .5°C  in  1 0  h o u rs . The s u r fa c e  m o is tu r e  l o s s  was found t o  varry  Ktf'
to  l o c a t io n s .  The d if f e r e n c e  was due to  d i f f e r e n t  f a t  la y e r  t h ic k n e s s e s  surrou»“ ' 
l o c a t io n s .  A l o s s  o f  83% and 72% o f  o r ig in a l  m .c . was ob served  a t  lo c a t io n s  I and 
3 ) .  The av era g e  mass l o s s  from th e  round was 0.05% a f t e r  10 hours o f  c h i l l i n g -

ry
CONCLUSIONS: From t h i s  s tu d y , th e  f o l lo w in g  c o n c lu s io n s  w ere made: (1) The fi®^* wi*!* fPj 

m odel, v a l id a te d  by u s in g  th e  d a ta  fo r  th e  fr a n k fu r te r  c o o k in g , was in  good agree»®" (21 A  
e x p e r im e n ta l d a ta  and p r e d ic te d  th e  tem p eratu re  and m o istu re  h i s t o r i e s  w ith in  ±2 * .  »!>,e x p e r im e n ta l d a ta  and p r e d ic te d  th e  tem p eratu re  and m o istu re  h i s t o r i e s  w ith in  "K
m odel p r e d ic te d  s u c c e s f u l ly  th e  tem p eratu re  and m o is tu r e  p r o f i l e s  d u r in g  c h i l llD ’ t io» 1 (* 
s e c t io n  o f  a b e e f  c a r c a s s .  (3) Tem perature a t  th e  s u r fa c e  was low ered  t o  0 °C <10?
VI in  F ig . 3 . )  in  5 h o u rs; and th e  av era g e  c e n tr e  tem p eratu re  was 3 .5°C  a f t e r  * g I ¿a? 
M oistu re  l o s s  from th e  c a r c a s s  s u r fa c e  was 83% and 72% o f  o r ig in a l  m .c . a t  lo c a t io n  Kji0?, 
m  Fi<?- 3 - /  r e s p e c t iv e ly .  The d i f f e r e n c e  was due to  d i f f e r e n t  f a t  la y « r j.o 
su rrou n d in g  th e s e  l o c a t io n s .  (5) A verage m ass l o s s  from th e  "round" was 0.05% a fte r
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Fig.3. Finite element layout for round section Fig. 5. Temperature profile during chilling

Fig. Twnpwotir» history of frankfurter for F P - 1.8 7 , RH = 6 0 %, Ta= 6 9  C

Fig. 2. Temperature history of frankfurter

283



2:16

MITTAL, 6 .8 .  (1 9 7 9 ); M o istu re , sodium , c h lo r id e  and hydrogen io n s  m o b il i ty  during co°^
fr a n k fu r te r  em u ls io n . Ph.D . D is s e r t a t io n ,  Ohio S ta te  U n iv e r s i ty ,  Columbus, OH.

s*

OCKERMAN, (1 9 7 9 );  "Source Book fo r  Food S c i e n t i s t s " ,  AVI P u b lis h in g  C o ., W estport, c I '

SAS. (1 9 8 8 ) . "SAS U ser ’ ? Guide; S t a t i s t i c s " .  R e le a se  6 .0 3  E d it io n . SAS I n s t i t u t e  In c . B05i 
Cary, NC, 2 7 5 1 2 -8 0 0 0 .

WEISS, A. (1977) : A lgor ith m s fo r  th e  c a lc u la t io n  o f  m o is t  a i r  p r o p e r t ie s  on a hand c * lc 
T r a n sa c tio n s  ASAE. 20: 1 1 3 3 -1 1 3 6 .

.ul»
tot'

ACKNOWLEDGEMENT; The a u th o rs  a re  th a n k fu l to  th e  O n tario  M in is tr y  o f  A g r icu ltu re  
fo r  t h e i r  f in a n c ia l  su p p ort to  ca rry  ou t t h i s  r e s e a r c h .

and
jo*

p = Bulk d e n s i t y ,  kg/m3
Pd = Dry m a tter  d e n s i t y ,  kg DM/m3

LIST OF SYMBOLSlLS • 1/ M = M oistu re  c o n te n t  ( d . b . ) ,  deci®* '

_L to the direction ofA = S u rfa ce  area  
h ea t/m a ss  f lo w , m2
C = S p e c i f i c  h ea t c a p a c it y ,  J /(k g .K )  
DM = Dry m atter
Dm = M oistu re  d i f f u s i v i t y ,  m2/ s  
k = Thermal c o n d u c t iv i t y ,  W/(m.K)
K,,, = S u r fa ce  mass t r a n s f e r  c o e f f i c i e n t ,  

kg o f  w a te r /(P a .s .m 2)
= L a ten t h e a t o f  v a p o r iz a t io n

ci»co e f1

Water)
J / (kg o f

(kg o f  w a te r / kg o f  DM)
M0 = I n i t i a l  m o is tu r e  c o n te n t ,  
h = S u r fa ce  h e a t  t r a n s fe r  
W/(m2 .K)
nx, n = D ir e c t io n  c o s in e s  pa f
Pa = P a r t ia l  vapor p r e s su r e  o f  -e/ ”
P. = P a r t ia l  vapor p r e s su r e  a t  su rf  

= T em perature, K 
= A ir  tem p era tu re , K 
= I n i t i a l  tem p era tu re , K 
= S u rfa ce  tem p era tu re , K
= Volume o f  c a r c a s s ,  
y = C o o rd in a tes

m

îç

k

\

\

k

*

frl

\

284




