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Estimating the Optimum Heating Conditions for Cooking Meat

Saori SHIMADA'* and Shoko SHIBUKAWA *
! Matsuyama Shinonome Junior College, Ehime 790-8531
? Yokohama National University, Kanagawa 240-8501

We estimated the optimal heating conditions for cooking food. We had previously estimated by
unsteady heat conduction the heating time for a 20-mm-thick slice of beef, indicating the difference
in results according to the heating conditions. We estimated here the heating time for 7-mm, 10-
mm and 15-mm-thick beef steaks and hamburger steaks under the optimum heating conditions
necessary to obtain good results. We also simultaneously estimated the necessary heating time
from the thermo-physical properties of the food and by the principle of unsteady heat conduction.
We then measured the heating time for these three sample thicknesses of beef and hamburger
steak. The temperature ranges used for the cooking pan were 160-220 °C for the beef steak and
150-180°C for the hamburger steak. We compared the heating time and examined the influence of
the heating temperature on the surface color and hardness of the beef and hamburger steak.

A pan temperature of less than 220°C failed to brown the 15-mm-thick beef on the surface, and
the temperature at the center of the beef only rose to 85°C . The distance from the pan surface to
the center of the meat sample was 1/2 of the thickness of the meat before and after heating.

The color of the hamburger surface changed with the pan temperature. Although we found no
difference in the meat hardness, we could show the optimal pan temperature and heating time
according to the desired color of the hamburger steak.

With the exception of the 7-mm-thick beef steak, we could estimate the optimal heating time
by applying the principle of unsteady heat conduction and using the thermo-physical properties
calculated from the various components of the meat. We achieved similar results with the
hamburger steak.

Keywords : pan frying #AH#EE, beef A, hamburger steak /\>/73— 77, thermo-physical
properties #WIEfE, heating conditions fNEASEH
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Table 1T Composition of the hamburger steak and major components of foods
Materials Weight (g) Water (g) Protein (g)  Fat (g) Carbo. (g)  Fiber (g) Ash (g)
Beef (Australia) 700 523.6 148.4 189 1.4 0.0 7.7
Onion 350 314.0 35 0.4 30.8 5.6 14
Egg 120 913 14.8 12.4 0.4 0.0 1.2
Bread crumb 100 135 14.6 6.8 63.4 4.0 1.7
Milk 100 87.4 3.3 3.8 4.8 0.0 0.7
Butter 20 3.2 0.1 16.2 0.0 0.0 0.4
Salt 13 0.0 0.0 0.0 0.0 0.0 13.0
Pepper 1 0.1 0.1 0.1 0.7 0.0 0.0
Total (g) 1404 1033.1 184.8 58.5 101.5 9.6 26.1
Mass percentage (%) 73.6 13.2 4.2 7.2 0.7 1.9
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Table 2 Group models of major components of foods for the thermo-physical properties

Thermo-physical Major components

Group models

properties temperature function
Protein K=1.7881 X 10"+ 1.1958 X 10°T - 2.7178 X 10 °T?
k Fat K=1.8071 X 10" -2.7604 X 10T - 1.7749 X 10 'T?
(W/(m-K)) Carbohydrate K=20140 X 10"+ 1.3874 X 107°T - 4.3312 X 10°°T?
Fiber K=1.8331 X 10"+ 1.2497 X 10°T - 3.1683 X 10 °T*
Ash K=3.2962 X 10"+ 1.4011 X 10°T - 2.9069 X 10 °T?
Protein o =6.8714 X 102+ 4.7578 X 10T - 1.4646 X 10 °T*
ax10° Fat a =9.8777 X 102~ 1.2569 X 10T - 3.8286 X 10°T?
(m®/s) Carbohydrate o =8.0842 X 10%+5.3052 X 10 *T - 2.3218 x 10 °T*
Fiber a =7.3976 X 10%+5.1902 X 107*T - 2.2202 X 10°°T*
Ash a =1.2461 X 10" +3.7321 X 10*T - 1.2244 X 10 °T*
Protein p =1.3299 x 10°-5.1840 X 10'T
o Fat 0 =9.2559 X 10° - 4.1757 X 10'T
(kg/m°) Carbohydrate p =15991 X 10° - 3.1046 X 10 'T
Fiber p =13115x% 10°-3.6589 X 10'T
Ash p =2.4238 X 10° - 2.8063 X 10''T
Protein C,=2008.2 + 1.2089T - 1.3129 X 10 °T*
C, Fat C,=1984.2 + 1.4733T - 4.8008 X 10 °T*
(J/(kg*K)) Carbohydrate C,=1548.8 +1.9625T - 5.9399 X 10°T*
Fiber C,=1845.9 + 1.8306T - 4.6509 X 10 °T*
Ash C,=1092.6 + 1.8896T - 3.6817 X 10 °T*

k(W/(m + K)):Thermal conductivity
a X 10 %(m?/s):Thermal diffusivity
o (kg/m®):Density
C,(J/(kg*K)):Specific heat

T(°C ):Temperature of the food
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Table 3 Comparison of the heating time

Vol. 64 No.7 (2013)

Thickness Center Pan Measured Estimated Difference
of the temperature of | Temperature heating time heating time (B-A)/A X 100
sample(mm) | the sample (°C) §O) A & SD*(sec.) B** (sec.) (%)
160 3111 28 -8
180 26 = 4 25 -4
40-55 200 22+5 22 2
220 2219 21 -6
160 36 =7 32 -9
180 27 £ 8 27 1
7 45770 200 22+ 10 25 14
220 22+5 23 4
160 519 48 -5
180 44 =11 40 -8
60-85 200 33+ 10 35 4
220 27 £ 4 31 15
160 64 = 17 56 -12
180 519 50 -2
40-55 200 50 & 10 45 -9
220 47 =17 43 -9
160 67 =13 65 -2
180 57 = 10 57 1
10 45770 200 4917 51 3
220 47 =17 46 -2
160 93 + 21 98 5
180 85+ 18 79 -7
60-85 200 75+ 14 71 4
220 67 + 28 64 -5
160 121 =17 113 -7
180 105 = 13 99 -6
40-55 200 90 £ 21 89 -2
220 83+ 11 81 -2
160 125 12 120 -4
180 114 £ 6 106 -7
15 45770 200 96 * 15 94 2
220 90 + 10 85 -6
160 194 = 12 178 -9
180 168 = 15 144 -14
60-85 200 134 £ 10 130 -3
220 116 =18 120 4

* Standard deviation of measured heating time.

** Calculated by the principle of unsteady heat conduction in a semi-infinite plate.

90
80 Lo
Table 4 Heating time of the hamburger steak
70 —
() I/ i
E p Pan ter?cperature Measured time (sec.) T/B % 100
260 e (C) Top T Bottom B
®) j - \‘\\,\ ______________ 150 171 = 15 206 = 58 88.5
50 ——=1C 160 156 £ 19 189 £ 36 85.1
T 170 153+ 15 | 193+25 80.3
40 180 137 +13 | 202+54 | 1715
30 T: Heating time of the top of the hamburger steak.
B: Heating time of the bottom of the hamburger steak.
0 20 40 60 80 100 120 The pan temperature was 150, 160, 170, 180°C. The
Heating time (sec.) hamburger steak was turned over when the center
temperature reached 60°C and was ended when it reached
—8— 160C --A- 180°C --¢--200C —%—-220C 80°C.
Fig.1 Surface color of the beef
6 (348)
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Fig.2 Surface color of the hamburger steak
The pan temperature was 150, 160, 170, 180°C. The
hamburger steak was turned over when the center
temperature reached 60°C and was ended when it
reached 80°C. Each bar shows the standard deviation of 5
measurements.
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Fig.3 Hardness of the hamburger steak
The hamburger steak was turned over when the center
temperature reached 60°C and was ended when it
reached 80°C. Each bar shows the standard deviation of 5
measurements.
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Fig.4 Change of the thickness of the meat after heating
* Average of the thickness when heated at each pan temperature(160, 180, 200, 220°C)
Each bar shows the standard deviation when baked at each pan temperature (160, 180, 200, 220°C).
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2L DTHS. ROPNRES LIRS L, BE
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10mm & 15mm O TWINE FREANRL N, 2
T, JEX 156mm OZEBRIE, FORE 40-55 1DV Tk
T7%, "R 45-70 & 60-85 I DWW T 67% & Liz.
JEE 7mm & 10mm ICDOWCTIREAREEADPRENEh o T
DT, TRNTHYLERHEZ 84% L LTz. TNHDOEE
ORI TEZRE LA DEE L L, NE
HiRDIEE DD 2 530D 1 Z ik B O E TORERE L
U TR OB NS L 7z,

ERCHIE Uz, SR £ TOMERER (LUT, SEHlE
Ehgd) LHER U] (AR, HEREENEd) L DR
% Table 31Z/R9". SRHMA & HEEED X 15% N TH >
7eDT, IEEFEMEEX DM & Tk bR LTz
B2 D 2 56T, BRI OHEE DI ATRE T H
5LEZHN5.

2) INN— T ONIENRFE OHEE & FERIfED Lk

INYIN—T DA IR O BERAYE H O 1l REME 2 M
I BIDIT, NN T OEYIMEEZNIE U, hnEARHE
DOHEFAE & FLAMED ELi 217 - Tz
OYrEAE

IEARFE OHEE D F= DI BWIMNEEDS R ETH S, HEE
WCHIE LT (LU, BIEMEnsd) &, Bosh 58
UMl (AT, GHRAEEN%d) % Table 5 1SR9 .

FRICDWTIE, B OBLBERIZ AT LR THL
KL< Zo7eh, MBARNONIBEIIRKERAEGEh 5T
VN=TITOWTUE, NIN—=T DI NIzNER DB
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BRIFEL DD UKL &Y, BT A ThED
K 7xo Tz, IKDZEHNRKELBEFRL TS EEDNS.

DN IN— T DOBRER O EAEI 0.518W/ (m+K)
Lz, WIEMEE 0.500W/ (m*K) THoiz. LLEADH
ERfTDEMN> DT, £55EHEMAE WV TEEEEE
ZRH U, BPEBCRIEFHEMAY 0.131 X 10°m?*/s,
TEMEAY0.125 X 10°m*/s &7 0, IS5 FEEDETH - 2.
E x

ININ—ZT DINEMEDIE X1, AR ZHEE T B BRIC,
B E TOWEEEE NS 12DICRETH S, IERTDE
T AR Z KD, BWGRE S LI FEE2ER L
Tz, TORRZ Figh 1R d. SEWGREOM THEEEIT

125
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Change of the thickness (%)

150 160 170

Pan temperature (°C)

180

Fig.5 Change of the thickness of the hamburger steak after
heating

Each bar shows the standard deviation of 5 measurements.

Table 5 Thermo-physical properties

Thermal Density Specific Thermal
conductivity heat diffusivity
k (W/(m-K)) p (kg/m) | Cp (J/(kg-K)) a (m?/s)
Literature* 0519 1053.1 3220 0.153 x 10°
Raw beef Caluculated** 0.527 1137.1 3403 0.131 X 107°
Measured ***0.467 =+ 0.009 %1018.4 3403 #65(,135 X 10°
Heated beef Caluculated** 0.509 1090.3 3393 0.129 x 10°
(inside) Measured 40475 = 0.018 %£1076.5 3393 #5130 X 10°
Heated beef Caluculated** 0.425 1134.3 3073 0.115 x 10°
(surface) Measured **%0.436 =+ 0.020 *H1133.2 3073 #erx().125 X 10°
Raw hamburger steak Calculated** 0.518 1061.0 3573 0.131 x 10°
Measured *#%0.500 + 0.008 RHE1125.9 3544 #E££0.125 X 10°
Heated hamburger steak|y s, red 50452 + 0.014 - - -
(inside)
Heated hamburger steak Measured 40 268 + 0025 _ 3 3
(surface)

* Lentz(1961)

Kk

*okk

#ret It was calculated from volume and weight.
#roet Tt was calculated from measured density,caluculated specific heat, and measured thermal conductivity.

It was calculated by the Eq. of Choi from the component organization.
It was measured by C-matic (Dynatech production).
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BEE FHEINC 3505 B INEASEMT: & HEE 75 TR DS

RHHENT, ~EDMHEmERDENEN >z, FTT, T
NTOMEZE VTS E 113.39% THO, $115% & L.
Ok

INYIN—Z DHULRED 60°CIC 7% % F T O MR Z
HeE U, SEMIME & LG U 72§55 % Table 6 1SRY. &
INVIS=UIINENC K 0 5 THY, Bk H S ekl
F O, IMEAFZOIES OFEED 270D 1 & L.

FAMEHIZIESDEMN 13~ 19 TH Y, SEZAME & HER
EOLLEE T, FHEIC K ZEOBWIMEEA (> 2 HD T H
BLL—8LTWT, #HHEMEE B UNDOETH - Tz,
TOTEMND, NIN=FITDNTEIEEHBMRE R
D7z T I7ET, BARHL R TO/EEEZ B2 OIE
EOVEED 270D 1 LARGEL, B E DR
ZMHAT2C LIk >T, IBROHEED ATRETH 5 C
EMHEMTIE S Tz,

DLEOFEREN S, i U 7zst BRI HER E A O IEE
MG OMRTH 5 WABRDOKRE X DOARNTER LT
WaT &, MHEEE UTNARTZOEE O FEEEZ N T
5Tk, MENC UTei - TEWIMEEN (LT 5 2 L 2 E Tk
LTWiaWnC &, BRURPTOKDEREREHL TS T &
7E, ZLORED FIIToTWVAICEEDST, BBX
T ORI EAEE TEIZT L&, 5%, —T5Hh 5 OINERT
DM EIREICET 2 £ TOMMEIEZRDZ 1 DD
EWix 51 ThH B EEZEND. REOHFHBODE TIX,
MRS RO G ZRIHT 5 2 LIRS ANE
WA, FRERRUR S AEIRIEE RS EA E LTI
ROEMEHZEDTH S HT, BWIEE DINEAEIREICS
BAHHTE3LEZENS.

(4) BhfZmpikiZzd % 1= DIl
D4 7\

Table 3 OGNS, JEX 7, 10, 15mm ORDGHE
FHRIC X O HOEBOIRE R THT S &N TER. L
ML, Fig2 OFiZ DR ESGOY TGREKEEZEZ %
Lia, F{EICHE X 5 ERWHEZAI DL XS IThET S50

th, 15mm D 45-70 DA%, 220°C T 90 ¥, 60-85
B3 220°CT 116 7, 200°CT 134 HOARTH - I=.
wmm®Wf%W%®/ﬁ%ﬁbkm<%a% KD
WA T LD DN IR IS 7 2 RS N T2 i RE A e &
IO a2 12DT, B DONEE &S ERVWEBEEES
1275 2 BWRIRE E RN TRICE 2 L I EE ViR, 207z
B, TOXIBHOAZYE BAEE, REFTIT> 2B
IREOHPTIE, ZLEDTTHEL LWV TRIHRET
HrHLEZOLNS. £z, 15mm KO HEWVRICDOWVWTIE,
NEBIREMED ThOERmIHEE OEF 7D, X
DEWIRERENRETH2HNHSMI R -T2, KRBT
DFHET XD EOERGEIREIC B 2 INEARER OHEE & T hE
ThrLEADNS.
2) INVIN—

INYN—=T DREOFEE I, FRAEFRE, BWGRE &
EARERTIC K ESBIfRLTHD, W& 150 ~ 180°CHD
BUWRE T E TRV TEEDL LN ENALMNIC
Tolz. MYUIEINEAGE 2 RkD B IchHiz>T, BHTEHE
WA UINEARSENC 725 K 9 WICETE LaB L. 60°C T
IR M TIE, EDIF S HBIEAREDEN > 2D T, Hik
TIRER 62°CICRE L, FDIRMICHK S F TOIMEARER
ZEIAEL, HUZiTo THEELIzE T A, BETEEDM
BURERTDNZIZIA Clc o 2.

T OMEARERIC, BOMEMEZzHAGDE S L,
nmmré®n/ﬂ—7®mﬁ&#kbfﬁ BRI
155°CT 3747, 160°CT 2743 40 #hhex, E5K L CIAFERS
ﬁ<&$wz&b%6ﬁk&ot

4. E

ARSI, WHOBMREE 1M L -G 2R T %
C B XRUIFERBRE TR OMRIC X 2 IEAGHEE D
nlRetEzMEld 2 ERZHNE Uiz, BlRHE, B2 7,
10, 15mmic L7z4Fme, NoN=rzH LK. FRA
FURHE 160 ~ 220°C, /N3 —50kNE 150 ~ 180°CD

Table 6 Comparison of the heating time

Pan temperature Measured time Estimated time** Difference X 100(%)
(C) A* £ SD.(sec) B (sec) C (sec) (B-A)/A (C-A)/A
150 171 £ 15 176 184 3 8
160 156 = 19 158 166 1 6
170 153 + 15 154 161 1 5
180 137 = 13 136 142 -1 4

* It was measured at such heating time that the center temperature of the hamburger steak

becomes 60°C.

** It was calculated by applying the principle of unsteady heat conduction in a semi-infinite plate.
B: It was calculated by using the thermo-physical properties calculated from the component

organization.

C: It was calculated by using the measured thermo—-physical properties.
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HIPATHEW Iz & E OB Z I8 L, ZN7Z2HEE LTk

&R Uz, [FIREC, BAGRIE DEWDRIROREE 150

I RIFTHE G Ui, MRERDESICEF D5

ns.

(1) 15mm & O #EWRZ B 220°CLAT TS 56
Wi, PRI 85 CLL R Cld R R IChEE
DI BHEE I TERL -z, ZDIH, TDXS7%k
HORZBE A, ARFERTTT - 7o BRI O #ipH
T, ZLEDFTH LV IRPRETH BT
EWRBENT. Fz, 15mm K D #HEWVR TR
EREDIChDOREmHEXORT BT, Khan
REREDNRETH B ENHLMCE - Tz

(2) NN=FIZDNT, BWIEIC K> TED B DIFE
HOKEEBTHY, HTDRIIRSNEL DT,
PEXOEE LICHWT LR, BROBRBEREME SN
DINEAGEMEIE, JEE 11mm DNV IN—=T DS, B
MR 155°CT 3757, 160°CT 257 40 Mhpex, K
LTS 2 & Tho Tz,

Q) HATEE % 3 BRFHICEZ TzitkHE, 7Tmm ZFRNT,
JEEFE MR R OME & TR BRI U 728
Pl Z V2 )51 TR ZHEE T 5 MW TE
. TNRNN=TICBWVWTERETH -, T
Ke, BREmD 5RO R TOMEEE, MEGiE
DIEEDVHED 2 575D 1 Z{EH LTz,

AHZIC THIN TR E LR LB AR (B £)IHEE
RICESBILH L BT ET.
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