
InduBtrial manufactur-
e$ have less tolerance thd
cooks for inconsistenc)a Their
needs have spuned substan
tial research on heat transfer
in th€ processiDg of meat dd
other foods.! r' Experimental
studies of meat have proven
to be difficult, not only
because the matedal is vari-
able, but because heating
causes meat to lose fluid dd
Bhrink, so that thermocou

ples shi{t positioD and dimeffions chdge. Such complica
tions make mathenatical modeling an especially valuable
approach. Computer simulation eliminates the variability
inherent in actual mate als, equipment, and manipula-
tion. It reduces a process to its underlying physical princi'
ples. The rcsea{her can then run an otheNise implacti-
cable number of eapedments that clearly reveal con-
straints on the process ;n question. The simulations can
alBo reveal possibilities unforeseen by standad practice.

To date, there have been few modelins studies of the
tmditional kitchen pmcesses employed by home and
restauDt cooks.n6 At the invitation of PEYsIcs ToDAY,
the thee ofus two phFicists who have worked in semi
conductor manufacturing and a witer on the science of
food and cooking recently Btnck up an informal collabo-
ration to begin to redreBs thft neglect of small-sca]e food
prepdation, and to repoft our findingB in this special
ftsue of the magazine, devoted io the physics in everyday
life. Here we present preliminary models for son1e basic
techniques of meat cookins. A better understDdins of heat
trarsfer in meat should help both weekend babeoers Dd
professional chefs to improve their odds at the stove.

Heat transfer in cooking
Cookins brings into play all three modes ol heat transler:
conduction, convection, and mdiation. In the oven, heat is
traDsported to the meat sudace by direct radiation and by
convective air currentsj in the stewpot, by convective
water cunents; and in the fiying pan, by conduction
throush a thin layer of fat or oil. ln steamins, condensa
tion of water vapor deiiven a potent dount of thermal
energy to the surface.

Within the neat itser, the dominant meaG of heat
transfer is conduction. Heat loss from the neat also plays
an impoftant roie during some cookine prccedures. The
top side ofajust-flipped steak or hanbuser will lose heat
to the surrounding air by convection and water evapora-
tion, dd evapo.ative cooling of the meat surface in the
oven cu lower the eflective oven tehperature drasticall$

All foms of heat hansfer depend on ditrerences in
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hysics and food go
back together The

ing of high-energy, high-pro-
tein animal flesh may well
hare made civilization and
science possible, by pmviding
adequate nourishment for
the evolving, enlarsins
human brain. Ard prehis-
toric cook were certainly
among the world's first
applied sci€ntists. They
tramfomed matter through
the controled application of
tough, microbe-ridden, bland
saler more flavorful food.

Despite our nillennia of practice, cooking meat
rehains a fairly plimitive alt. Home and restauiant
kitchens still marase to produce countless steaks, burg-
eIS, and roasts that are either as dry as leather or a1l but
raw. There are several reasons for this lack of progreBs:
> Individual cuts of meat vary tremendously in size,
qualitt initial temperaturc, and overall reBponse to heat.
Arccent study of128 tukeys cooked under the same care-
fully conbolled conditions foDd that some 7 ks and 10 kg
birds took the same time to cook throush.l
> Ou. heat souces are upredictable. Oven themostats
may Dot be accuate. Effective gi]l temperaturcs depend
on tuel t 

"e 
dd quantity, air temperature, Dd other fac-

toN, and they fluctuate as cookine proceeds. The heat srp-
plied to a fiTing pan depen& on the burner and its settins.
> The cooks thermal target is smali. Meat is considercd
properly dore when it is heated to a fairly narrcw temper-
ature ranse, roushly 55 70 "C (130 160 "F). And because
heat is applied externally, any meat cooked to a proper
doneness at the center will necessarily be overcooked
between the center and the surface-
> Heat hansfer is not an easy process to understand.
Common intuitioDs for example, that doublins the t}Iick-
Dess of a hamburser should approlimately double the
cookins time arc frequen y way off. And siven the vad-
ability of meats, heat sources, and the averase cook's
attention span, it? not eaBy io generalize from experience
and deduce reliable prilciptes.
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grill a steak to perfection.

IN THE KITCHNN
]iflith a second-order differential

equation and a computer, the gastro-
physicist can challenge much of the
conventional wisdom about how to
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themal energy, tuning
animal flesh into Boftea
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FrcuRr 1. FRIED MLAT cRoss sEcTroNs.
The two conpurer simularion cotrrour
m-aps are tor a geomerfica y ideaiized disk
or ma! Jt rhe end offryins. The rop prnel
's s,mptl a remperaru.e prolite. Is .enrrJ
blue mdicrre\ the defted finJt core ,emoer
ature, and rhe outs-rd progression to 

-

green md ye ow ind;caies iisher remoera,
rures ne:rer the trying 'u,f-e1 1Tn. rco
surt*e hs cooled since n -r h,t on rh.
pan.) The niddie panel is a orofile of the
exponenrial rhernal vdabl; Z. intesrared
avpr the cookins !ins. (See frqure 2 fir the
.oro, scate.) Thd n r herie.,ndnror of the
rhernal history of the proces and ns
ettects on rhe mearprorins.Ir nore ctose-
1y tesembles the numced iofornation :
cook gets hom the actual coior proflle of a
cooked steak (botton pael).

convecting air nor radiatine oven wails
are verl efficjeni at transferdne hear
Thets why we can put oL" ."m" ;to 

"300 'C (5?5 'Fl oven to retneve a Dd.
but suffer instantaftous burns if w;
touch the pd d ectly or spi] its ron-
tents onio ourselves. RelativeLv low-tem_
perature boiling dd st€amins ee nev,
ertheless rapid nethods, tlanks to
water's denBity and heat of condensa-
tJon. SimrneriDs. frlrs. and gIiLIns arc
rntermediate iD their heat transfer

Penetrating to the center
The rdse of heat-transfer rates amone
cookins methods is enormous. There isl
lor exampte, a thousandfold djffercn.e

remperarum belwee.  ihp heat  souce snd tbp mpar.  !or
condu,r 've Feat t rd iqJFr '1 onFoinensioa,  IhF hear f lur  s
d r r p c t t y  p r o p o r t  o l a t  r o  r r p  r F m D e r . r u r e  C r a d j F n l .'  onvecnva a-d .ddra l rvF heat  i . !n . fpr  ha\  p rorc I  onptc!
rc la. r ionch ps lb  s  mp,  Fy dna, \  5 iq .or  'hose morp inrotvcd
modFs.  Ls comon to det t rp a hedr- l ransrer .opf fc-enr
tnal  6ummdi/s  r r  F nonl i .ear  r "mDprsLu.p behauor a.J
Doundd) taypr  dd iurbutence efref l .  fo"  (un\pcrron, ,
€nd anv Fmis. i r  iy  3rd fFq.acror  c f ip . rq .  to"  rad,at ion, .
I  ne nFar f low rd le .d1 then bp Mi  , l  s , . | rp lv  aa

Q =MA, T,),
wh"e 7r  is  rh"e remperatu.e o.  the npat  aouqe. f  

"  lhe
len peralurp o!  r lF mFar su,- faca.  Dnd A i .  rne near , . ross_qecl ,o l€ i  ares.  The he"r- l ranster .oe, l i . ,e . l  I  .an bc
lhuughl  o l  ds a mp"su.p o.1hc FrecLivcnF""  otcor \en:nB
€ tFTperalue d i f leren.p ' - ro a hear  0u.  Th,s pnenom"i
rorosrcar apDroach ma) obqcurc . I e uroFriyins phJ 

".cs, b rr
n srTpuxeo the problem s igniFcal l )  dd auoq.  us oro( .Ls
or  rhe task at  bdd:  dderctddin8 ,he.o.k in8 ot  mc.r .
scnrFmD,rical Fypr.p.s,ons ro-l? have beeo dFriv;d to, coo-
vectron undcr  a \anFry ot"  ruat io .q.  For  rdoia ion,  on lhp
othFr I 3nd., can bF calfllsleo di.efi ty ftom r_t-, ur).

rhe rab e o i  p"ge J2 shows r le  hear  t rarste"  coel i -
. 'en lc  and i r i r  a l  hear  rsnstpr  ra lps o la \ar ier)  ot  l rdd
tional cookins methods. Despite itB retatively Ligh tem-
peraturc, oven baking is a stow method. because neither

.L ic len o-ea"r  nsy tdke Lho or  LhFe | |mFs ongFr n cook
D rne ove.1 I  hd.  '1  lhp steamer,  but  -or  a rhou.dd r imp-

perr .ce Fr tecrs rqo impodanl
la.ls aboul cootrg. Thp fircr i" Lhal, oncn hFai has been
lres lFryecl  l rom lhe.ooki .1g D Fd,uD to the mFar su4acc,
r t  muat  3 l i l l  pFnpirarF r lu"o rgh r j r "  n"ar  .  rnp.Fnip. .  Ano
thrB penetration-is often the rate-detemining step in cook_
ing especially ifthe meat is thicker than a f;sr-f;od han_
burger. Hear 

"D"eads ti"oug, .neat ov mpanq ol cordu.
ro.  a '  d  doFs "o Db.u l  r i  rao d ly  as doF" r r fo l ,Sh qufh
r F a l t t p  v p o o r . o n d u . l o r s a b . o n v e d  o n l e s c q s r F r L o  e a r  r -
mE nl r  r rDpped wsrc|  or  rhrouch sood.  Tnar s  oDly hat l
as ldst  ds hFr l  sD"eads thruuSh cerd l  i .  narpr iaJ;  snd
n^urqr .d6 o '  r rmps stower thar  i t  sprpad- rhroreh mp s ls .
I I d drJ .asl Ibmq ol $e ,ul{ace of ft "d or roaareo m"sr,
it wiii firrther slow heat tresfer ro the mear.

between the rateB forbakjng and steam,
]ng. Bui dy cook knows tbat cookjng
rlmes dont vaq/ as drasticslly a6 that.A

. The Beond modularins influence on cookins rates is
the presence of lvater, which can iower the etrectt,e cook-
ing temperature far below the noninal cooking tempc.a
ture. At the surface of a piece of neat, the effe;tive ;ook_
rng temperatur€ is the tenperatue of the cooking medi_
um, whether it be hot air or photons from coats. Wir--hin the
meal .  howpver.  r rF ef fe. t rve cook ng remperatu"e i .  ncvFr
h ChF. lh3n the boi l inC Doir r  o iwalFr ,  I  o  matrpr  $ hal  rLe
lpmperaluF ot  rhp.  .odr  I  medrJm. Tlxs ic  a (uu,cqucn.F
ol  lhFracr  f iar  .1rpat  sabout  75, ,qalpr .D\ . . ignr  betor"
rnc renprraturF ot  dv pu ' .1 onofr t rpmpdr can ts \ceed rne
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oven.i., uro.ced 175 .c (350 .F)
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boiling point, all the \rater in that pofiion has to boii away
first. So even ilthe very suface ofthe meat drieE out and
clinbs above the boiling point, jNt below it tu a layer that
is still moist ard the.efore still boilins off water. The inte-

or bulk of the meat thus experiences temperatue
chmg$ as if it were srmouded Dot by hot coals, but by
boiline water.

In cookins methods that allow surface moistue to
evaporate-such as masting, erilling, and fiying-ihe
water also slows the initial heating of the sudace to the
boilins point. This etrect is esseDtially the reve$e of con-
densation, wherein the phase chDge of steaE to liquid
water rcleases a bemendous amount of heat to the meat
E!r{ace. The liquid water on a moist meat Bur{ace absolbs
lhe sdDe l rcmpDdous moul  o lLeal  whcn i l  vapof lzes,
and thus leaves less heat behind to raise the temperature
of the neat. In an oven just at the boiling point, the Bu-
face t€mperature of a perspiring roast will rcmain below
75 'C (170 "I') for houis.

Denrturing protein
The most comon cuts of meat come ftom the skeletal
muscles of animals. They can be thought of as a matrix of
pmt€in molecules and water.r ProteinB a.e long linear

Oren v:lL md ai. :r00 'C (575 'F)

polyiers of amino acids that arc folded and held in par-
ticular three-dimensional shapes by heans of inbamolec-
ular bonds. In muscle, these pob'rners reach molecular
weights as high as 106 amu. The proteirs are ananged in
two kinds of stroctues. The first are the contractile ffbers
md associated enzlnes, which peform the work of mov-
ins the mimal. The second ae the thin sheaths of con-
nective tissue (larsely the pmtein caled collagen) that
Bmound each muscte cell and each bundle of cells. These
sheaths contain. reinforce. and harness the fibers.

Wlen meat iB heated to arcurd 50 'C (120 'F),

incrcased molecular motion besins to break intrdolecu-
lar bonds and undo the native folded structure of the pro
teins. Thus the proteins Iose their tunctional activity and
are said to be denatured. Unfoldins also exposes reactive
regions of the protein nolecules, which are then free to
DarticiDate in the formation of tnt€rmolecular bonds.

Th; denatued proteins thus form solid assresates
with a reduced capacity for retaidns water The meat
becomes firmer ir 1ex1ure, sd lrshrer and Do.e opaque in
appeannce. At eoud 60 "C (140 "F), the comective tis-
sue sheaths collapse and shrink, thE exer-ting prese]lre on
the free water in the muscle cel]s. The water flovs out the
ends of t}le muscle fibers, dd the meat seems, for the

4*r=too'c

B!ry

zr:q1=80.c

{il
il
{l

FIGTIRE 2. SIMUI-ATED DONENESS PlG
files and cooking tines for neardisks of
various thickresses imnersed in hot Liquid
(at 80 "c or 100 'C) and cooked to 60 "c
at the center. In each cse the staning ten-
perature is 10 'C. The color scale indi-
cates rhe rime inregraL of the exponential
thernal variable 7'. The green bars on
the time scale shov rhe :5 "C tolerance

10 12 14 16 13
cooKING TIME (ninuF,
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TrcuRr 3. INTTI,\T TaMPER{TUR!'S ErFrcT on rhe sinulared renperarure
e . o t u ,  o n r d  : a r l d o r e n " . . p r o r i . e o r  J 2 ( t r  r h ; . r  m e r  d . ,  r r . e o  o ; 0 , L a r
r l  e  !en,e-  rd i l ipped' . . r1 60.e.  o1d. .  I  oe d i teren. ,  o  or ,  ru,  e. ,erer  ro Lhe
dl l : -en,  deo h.  n.  de rhp d j . (  aJr led in  t iaur  ,  e  r r {  ,e  renDer, ture.
o ' ror^e.er l ib i  r l -emo.,  n. .kedt lp i rs ; f te .L.  q.  oefore,  r \e  I id , l  do"e

n " . . o r o l , e .  r o s  l n e d i r j b u r . o d o  h e  i d e i ,  e s r a t  o ,  f  .  " r d  r t - -  r r e p nbm show the t5 "c tolera'"" *i"d.-.; ;;;.il ;i ;J ;;;ki"; :i;.

moment, wondeffi y juicl But once rhe juice flows fiom
thF o eal  i r -  gonp:  and i I  rhe rFrpcretLU-p gars mL.h
abo!? /0 "C r60 "F, .  r \e  m"ar  oecom"s ve,1 or1 rdeeo.

l l  s  in  r  h  s  s€mp rFmperar  u.p rsnge rn"  r  the prgm"nr
m\oslobin wh'ch i .  hbar  mak'  s  rds mFar ook red d"na_
ir re.  and rLr .s  Crayi"n broq.  Thsr  q $ by ne"r  donpneqs
i3 u.ual ly .  udg"d h)  co lor :  a  dar i  rpd inrFnor iF SFt- t .kp,  E
Usl  I  rFd i r r " r  o .  s  f imer snd jJ icre" ,  and a dul l  inr" . ior
is  hrmer.L i l l  ed dD. In eenFral .  Lhe onJ r . ,ebb knose
nle iors d"e ' l lenr :o d 'y  hFar"d Da.r  70 "C d.p rough

culs uhosp abu.rdaDlo lnec '  \p  I  s- ,p.ot tdCpn mLsr br
thoroughly dismantled.

But cooks routinely erpose meat extedors to temper-
atu.es wel l  abovc t00.c n arder  ro deletop a dr j  . tus l
and rh"  " i rh  f ldvors and dsrk cotor .har  rp;Lt r  f rom so
caled M€' i la .d rcd r ion.  d l  dBh lFmpp.srure $rh"n hedl
rq lnus dDp| lFd f rom gto\ f fS ,  nats 0r  d veh ]or  pan,  8uo
suda@ resions of the meat necessadty spend tim; at high
iemperatures that dry the fibeIS out. A sreak gdled to 60
" ( -  I 4 0  " F l  d r  t b e  c p . t e r  $  .  h a v e a r e m p e r a r ; F o ^ t 0 0 " C
sr rh"  su ' face.  ano w spaD har  r - rpe""r  r rc  ,snge ;n

Fo" those sho Fnjoy bolh j r i . \  ard drv po-r ionb 1 a
"r  s lFb:L rh i "do-enF6"e-sdienr  r "aDrea;a;  . .cL o i t i le .
Bul  or  lhosF .ho rvEnr both a f lavor f l  . r r  acp dnd rhe
ju:c ies.  Dosqib le in ,enor  rhe erad prr  ooqes a ,  ha .nse:
H o $  . d  l h e  c o o \  D  n r n z p t b e . r a r l i o i o f r h p ; n L e r o r L h a l
rises above a dryins 70 "C (160 .F)?

Another chalense for the exacrine cook is that it
takeB only a minute or two for rneat io so fron srccuieni
La desrcdrFd bera"se rhp . " '  r " r  remp;. ! rure ncreases
\ p r y  r a p , d y  i n  r F p  n s . r o L  $ , . d o ;  o "  d c c F p l d o , t i r y
between 55 and 70 "C (130 160 "F). In a steal or ahop, the
rate ofcenhal temperaturc indease caD exceed 10 .-C per
minute. In a roasting chicken, it's a much nore teisur;ly
1.5 'C per  minute.

W]iat can cooks do to minimize the unavoidabte over-
cookins of the outer podions of mear? And how can rhey
malimize the window oltime in rhich the ceDter is ctose
ro Lhp desi red donprFssr  Tr  Fse se rnp queqrro,  b .e 1d\e
tned to addrcss

- 0 r 2 1 4 5 6 7 8 9 ] C
rnvt! (ninue,

Fid{e ' c{o{

Computer models for immersion and frying
The starting point for the analysis of conductive heat
transier iB the 1807 Fouier heat equation:

Q = hAdT /dr .

It Btates that the rate ofone dinensional heat flow. e, is
pmporiional to the ooss-sectional areaA and the tenper-
aturp g 'sd ient .  Tre consranr  o l  propo,r rora l i r \ .  * .  is  l lp
materur s therral conductivitv.

Invoki rg en"rgy consFruar ior  and genp"atrz ing ro
th.ep d 'mFns or  s .  one gFr.  thF d i tTu" .on equaLion

V (kv ' I )  = pC d ' I /d t ,
where p is the matedal's density and C is its heat

ft deternine the time evolution of the mear rempera
iLre n q l i rp .  lhc solur  on o l  lh i .  pan iat  o i lerer  t ia l  ;qus-
r i o n .  M L h  l h F  " p p r o D i s i e  c . o d u c r i v e .  . o l v e . t i \ e ,  a r d
radialive boundary conditions. This car be dore anarpr
cd-  v  lo"  on r  lhe s mplpsr  casps.  For  cponplr ,ps and
boudd"t ,  cond r ion.  twi .ar  o.  r ]ear  cookj ;c ,  r  rp d i f tu . ion
equation hust be solved nme calb This is t)"icslly
done by discretizins the equation witil tinite volu;e eie-
ment-B and frnite tempemture ditrerences. The resnlrins
set of alsebraic equations can then sotved nmericatty. i
vdiety of software packases are available fo. this task.

We have used one such program, r,lexpDE, ftorn pDE
SolL, ions.  l -c .  A !Fr" ioD ofrh i .  p .os,sm. t :D pd lo  rwo-
d mer.ional p.oblems, car be do*lrjosdFd .ior r\e com-
qanyn Web site for educationat uBe.8) An input fite for
FlexPDE inciudes the problem seomerrt. relev;t themal
prcpedies of the modeled material, initial and bouda{r
cond,r ion- .  dnd r  hp sovernins d i f fu .  on equs|on.  The prc-
eram d)ranr icaUy drv ide-  rhp l  odelFd votuDe inro a t ,d
ofdoproDr iaFly s ized ceus do adjusrs ure um*s,cp . rze
lo kpep corpuia i  onal  emors wi th in d.caplab.F e i ls

F^r  ou.  i  rmFr ic" .  erTer  menrs,  $e;bra ined rherna
properties and heat transfer coefficients from rhe litera-
tue, and chose {epresentative dimensions for a modet
hamburyer-a disk 10 cm h diameter and 2 cm thick.
F{,.ins and total imme$ion of the hamburser shape were
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