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Background
H eat treatm ent is  an op eration  w h ich  takes part in  m o st o f  m anufacturing p ro cesses  o f  m eat products (co o k ed  m eats, co o k ed  m eat products, 

co o k ed  cured  m eat p roducts, e tc .) . T h is op eration  n ot o n ly  con tro ls m icroorgan ism  grow th  but a lso  a ffec ts  taste, flavor, co lo r  and texture o f  
en d  products, a llo w in g  for sen so r ia l featu res required  b y  con su m ers. For in stan ce, in co o k ed  em u lsio n  sau sage  m anufacture, heat treatm ent is  
a critical op eration  that en su res e m u lsio n  stab ility . A cco rd in g  to  C arciofi et al. (2 0 0 2 ), m eat c o o k in g  p rom otes coa g u la tio n  and denaturation  o f  
proteins, ch an g in g  their so lu b ility  and sta b iliz in g  em u lsio n .

T h e o b jective  o f  m eat industry is  to  guarantee h y g ien ic  sa fety  and sh e lf - life  o f  products w ith  m in im u m  therm al exp osu re  in  order to  
prevent degradation  o f  sen soria l attributes (Z A N O N I et a l., 199 7 ). T hrough m athem atical m o d e lin g , it is  p o ss ib le  to d eterm ine op tim u m  
exp osu re  tim e, p red ict therm al d istr ib u tion , ca lcu la te  p rocess leth a lity  and evaluate y ie ld  lo sse s  under d ifferent p ro cess con d ition s . N u m erica l 
sim u la tion  w a s in itia lly  u sed  as an a n a ly sis  to o l in  sc ien tific  research . N o w a d a y s , it has b eca m e a p ow erfu l to o l in  the so lu tio n  o f  im portant 
ap p lied  en g in eer in g  p rob lem s. A cco r d in g  to  M a lisk a  (1 9 9 5 ), sim u la tion  w ill p lay  a m ajor ro le  in  p roject qu ality  and cost, u sed  togeth er w ith  
practical exp erim en tation . T h e  ea sy  ap p lica tion  o f  n u m erica l m eth od s even  in co m p lex  p rob lem s a llied  to the broad d issem in ation  o f  com puter  
w ere  the k ey  p o in ts to  the a d van ces o b serv ed  in  th is area .

In the p lan n in g  o f  heat treatm ent p ro cess  o f  m eat products, it is  a d v isab le  to  take in to  accou n t factors w h ich  in flu en ce  the h eating  rate, 
such  as geom etry  and th erm op h ysica l p roperties o f  the product (F O R R E S T  et a l.,1 9 7 9 ). T h ese  properties m ay b e  exp erim en ta lly  d eterm in ed  or 
pred icted  through m ath em atica l m o d e ls  w h ich  take in to  accou n t e ffe c ts  o f  ch em ica l co m p o sit io n  and tem perature.

Objectives
T h e p rop osition  o f  th is pap er is  to  p resen t w ork s w h ich  w ere  p erform ed  in  the last ten years, con cern in g  m ath em atica l m o d e lin g  o f  therm al 

p ro cessin g  o f  m eat p roducts. It fo c u se s  o n  the con trib ution s for  the m eat industry.

Methods
C on ven tion a l m eth od s o f  heat treatm ent in v o lv e  co n d u ctio n , co n v ectio n  and radiation  heat transfer. For ex a m p le , heat transfer from  the  

surface to the cen ter o f  a so lid  p ie c e  o f  m eat is d o n e  e x c lu s iv e ly  b y  con d u ction . Transient co n d u ctio n  p rob lem s, lik e  heat transfer in  m eat 
product co o k in g , is  d escr ib ed  b y E quation  1.

( 1)
dt

In the eq u ation , a  is  the therm al d iffu siv ity  o f  the product, t)T/3t is  the rate o f  ch a n g e  o f  tem perature and V2T is  the tem perature lap lacian . 
T herm al d iffu siv ity  is  a th erm op h ysica l property o f  great im portan ce s in ce  it p erm its to  estab lish  h o w  fast heat p en etrates in  the product and to  
understand the d ep en d en ce  d egree b e tw een  tem perature and tim e. B y  reso lv in g  E quation  1, it is  p o ss ib le  to  p lo t transient tem perature curves, 
w h ich  represent tem perature variation  in  term s o f  p o sit io n  and tim e.

In order to  so lv e  heat transfer p rob lem s, three tech n iq u es are m ain ly  available: an alytica l m eth od s, nu m erica l m eth od s and laboratory  
exp erim en tation  (M A L IS K A , 19 9 5 ). T h e  form er tw o  m eth od s are theoretica l m eth od s s in c e  they  d irectly  attack  the so lu tion  o f  d ifferentia l 
eq u ation s, a lthough  w ith  d ifferen t ap p roach es. A n a ly tica l m eth od s a llo w  for exact so lu tio n s but are o n ly  a p p lica b le  to  p rob lem s w ith  sim p le  
geom etry  and boundary co n d itio n s . N u m er ica l m eth od s (nu m erica l s im u la tion ), o n  the other hand, u su a lly  d o  n o t p resen t restr ic tion s, perm itting  
the so lu tio n  o f  p rob lem s w ith  co m p lica ted  boundary co n d itio n s  in  d ifferent geo m etr ies, a llo w in g  for fa st resu lts to  b e  ach ieved .

R eso lu tio n  o f  a p h y sica l p rob lem s n eed  a b ility  to  d ev e lo p  a corresp on d ing  m ath em atica l m o d e l w h ich  can  be so lv e d  in  non  p roh ib itive  
com p utational tim e, w h o se  resu lts ca n  represent correctly  the p h en o m en o n  stu d ied . N u m erica l m eth od  task  is  to  so lv e  o n e  or m ore d ifferentia l 
eq u ation s, su b stitu tin g  d erivatives e x is tin g  in the eq u ation  for  a lgeb ra ic  ex p ressio n s. A  d ifferen tia l eq u ation  is  n u m er ica lly  ap p roxim ated  for a 
fixed  num ber o f  p o in ts. Its ap p rox im ate so lu tio n  c lo s e ly  represents ex a c t  so lu tio n  w h en  the num ber o f  po in ts is  in creased  (M A L IS K A , 199 5 ), 
althou gh  w ith  an a lso  in creased  com p u ta tion a l effort. In other w ord s, an alytica l m eth od s perm it ex a ct so lu tio n s w h ile  num erical m eth od s can  
o n ly  a ch iev e  ap p roxim ate so lu tio n s in  so m e  p o in ts (IN C R O P E R A  &  D E W IT T , 1992).

Laboratory exp erim en ta tion  d ea ls  w ith  the real p rob lem  though  w ith  h igh er co sts . It m ay  not b e p o ss ib le  to im p lem en t due to instrum entation  
con cern s. N ev er th e less , its u sa g e  is  o b lig a to ry  in  the ab sen ce  o f  reliab le  m ath em atica l m o d e ls  or w ith  ex trem ely  co m p lex  g eo m etr ies.

Results and Discussions
In the last years, so m e  researchers h ave d ev e lo p ed  m ath em atica l m o d e ls  for therm al p ro cess in g  o f  m eat p roducts, n a m e ly  Z orrilla  &  S in gh , 

(2 0 0 3 ), O buz, P o w e ll &  D ik em an  (2 0 0 2 ) , C arciofi et al. (2 0 0 2 )  e  Pan &  S in gh  (2 0 0 1 ), Pan, S in g h  & R u m sey  (2 0 0 0 ) , C h en , M arks &  M urphy
(1 9 9 9 ), Z an on i e t  al (1 9 9 7 ), H u an g &  M itta l (1 9 9 5 ), G h azala  et al. (1 9 9 5 ). T h ese  researchers so lv e d  heat transfer p rob lem  u sin g  n um erical 
m eth od s, m a in ly  the fin ite d ifferen ce  m eth od . P rob lem  so lu tion  u sin g  fin ite  d ifferen ce  starts w ith  the d iv is io n  o f  the area under a n a ly sis  into  
sm all reg ion s id en tified  w ith  a central referen tia l p o in t. E ach p o in t or n od e represents a average tem perature o f  the resp ec tiv e  reg ion . T he  
num erical determ in ation  o f  tem perature d istr ib u tion s d em and s su itab le  eq u ation s for ea ch  n od e to  be so lv e d  sim u lta n eo u s ly  (IN C R O P E R A  &  
D E W IT T , 1992).

Z orrilla  &  S in gh  (2 0 0 3 )  d ev e lo p ed  a heat transfer m ath em atica l m o d e l in  tw o  d im en sio n s, co n sid er in g  a cy lin d rica l geom etry  in  d o u b le 
sid ed  c o o k in g  o f  m eat patties . T h e  p ro p o sed  m od e l sh o w ed  n o sign ifican t d ifferen ce  to p red ict g eo m etr ic  central tem perature w h en  it w as  
com p ared  w ith  o n e-d im en sio n a l m o d e l. H ow ever , it w a s ab le  to p rov id e a g o o d  d escrip tion  o f  tem perature in  reg io n s c lo s e  to the circu m feren tia l 
e d g e  o f  the patty, w h ich  is  n ot p o ss ib le  w ith  the o n e-d im en sio n a l m od e l. C h en , M arks &  M urphy (1 9 9 9 )  a lso  p rop osed  a heat and m a ss transfer 
m ath em atica l m od e l in  tw o  d im e n sio n s for  p atties , w ork in g  w ith  co n v ectio n  c o o k in g  o f  ch ick en  p a tties in  th is ca se . T h ey  ach iev ed  g o o d  resu lts  
in tem perature and m oistu re p red iction  u sin g  the fin ite e lem en t m ethod .

O buz, P o w e ll &  D ik em a n  (2 0 0 2 )  d ev e lo p ed  a heat and m ass transfer m athem atical m od e l for  c o o k in g  o f  cy lin d rica l b e e f  roasts in  a forced -  
air-con vection  o v en  w h ich  w a s co n sid ered  su itab le  for  pred icting  co o k in g  tim es. H uan g &  M itta l (1 9 9 5 )  p ro p o sed  a heat and m a ss transfer
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m athem atical m od e l for d ifferen t p ro cesse s  o f  m eatball co o k in g . A cco rd in g  to them , the g o o d  agreem en t b e tw een  the ob served  and predict 
resu lts d em onstrated  fea sib ility  o f  the m od e l for p red icting c o o k in g  tim e and m oisture lo ss  during co o k in g .

S o m e  papers p resen t m ath em atica l m o d e lin g  add ing p red ictive fo o d  m icro b io lo g ica l m o d e ls  to  the heat and transfer eq u ation s. Through  
th is approach, Pan, S in gh  &  R u m sey  (2 0 0 0 )  d ev e lo p ed  a m od e l to  the con tact-h eating  p rocess o f  c o o k in g  ham burger p atties . A  g o o d  agreem en t  
b etw een  p red icted  and exp erim en ta l resu lts w as a ch iev ed , perm itting  to in vestiga te  the e ffe c ts  o f  p rocess co n d itio n s on  y ie ld , crust th ick n ess, 
g eo m etr ic  central tem perature and d estruction  o f  Escherichia coli 0 1 5 7 :H 7 , u sin g  the m od el.

Z anoni et al (1 9 9 7 )  p rop osed  and va lid ated  ex p erim en ta lly  a heat and m ass transfer m o d e l o f  b o lo g n a  sau sage  co o k in g , in c lu d in g  tw o  
therm al in activation  m o d e ls  for  the Enterococcus faecium: the first order k in ec tic  m od e l and the W h itin g  and B uch an an  m od e l. It w a s ob served  
in  th is paper that the form er m eth od , w h ich  is trad itionally  u sed  to  predict therm al in activation , is un reliab le  and risky; w h ile  the latter w as  
con sid ered  su itab le. G h azala  et al. (1 9 9 5 )  a lso  u sed  a m ath em atica l m od e l in v o lv in g  heat transfer and therm al in activation  o f  E. faecium . T h ey  
m ade sim u la tion s w ith  a th ree-d im en sion a l heat con d u ction  eq u ation  for  sous vide p ro cessin g  (pasteu rization  and under vacu u m  p ack ag in g  ) 
o f  fish  and m eat fo o d s , sh o w in g  g o o d  agreem en t w ith  exp erim en ta l results.

In the p resen ted  papers, th erm op h ysica l properties o f  fo o d  w ere  exp erim en ta lly  m easured  or ob ta in ed  through pred iction  equations. 
T h erm op h ysica l properties are im portant param eters in  fo o d  p ro cess sim u la tion  and d esig n . S aravacos &  K ostarop ou los (1 9 9 6 )  em p h asized  
the n eed  o f  accu racy  and re liab ility  o f  data in p ro cesse s  d ea lin g  w ith  sa fety  and sen sory  quality. C arciofi et al. (2 0 0 2 )  e  Pan &  S in gh  (2 0 0 1 )  
a lso  stated the im portance o f  th erm op h ysica l properties on  m o d e lin g  o f  fo o d  p ro cesses . B eck er  &  F rick e (1 9 9 9 )  p resen ted  so m e  therm op h isica l 
property m o d e ls , su ch  as therm al co n d u ctiv ity  and sp ec ific  heat, and eva lu ate  their p erform ance b y com p arin g  their resu lts w ith  exp erim en ta l 
data.

Conclusions
Papers stu d yin g  m ath em atica l m o d e lin g  are o f  great im portan ce in  m eat product te ch n o lo g y  and fo o d  industry as a w h o le . T h ese  stu d ies  

contribute to  a better u nderstand ing o f  p ro cesses , h elp  d evelop m en t o f  tech n iq u es to m easure internal tem perature and a llo w  for  p rocess  
con tro llin g  and o p tim iza tion . In ad d ition , num erical sim u la tion  perm its to  obtain  in form ation  w ith  a m in im u m  num ber o f  exp erim en ts, 
red u cin g  in vestiga tion  costs .
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