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Retort Temperature Profile for Optimum Quality during
Heat Sterilization of Heat Conductive Food in Cans

Yoshimi Terajima

In the heat sterilization process for foods in cans or retortable pouches, it is of importance to
reduce quality deterioration of packed foods, achieving a certain level of sterilization. For this
purpose, the optimum retort temperature profile is investigated in this paper. The optimum
control theory based on the calculus of variables was used to determine the optimum retort
temperature profile for maximizing quality retention for a given final sterilizing value during the
heat sterilization of heat conductive foods in cans. The cook-value (C-value) was employed to
describe quality changes. Optimization was considered to be a constrained optimal control
problem with an unspecified terminal time, and it was solved numerically, using the conjugate
gradient minimization method. Optimum retort temperature profiles were determined for the
volume average and surface C-values for browning reactions. The results show that the best
profile can nearly be approximated by a ramp function.

Key words : optimization, quality, retort temperature, heat sterilization, heat conductive food,
canned food, cook-value.
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Saguy 53 HEY M) ¥ —FrORHEHNT, HEEHOL PV FRBICBVTRERE
BLISRESELIDOICRERL MV MRETO 7 4 — VENRLFERBEREATLIILICE
DERLTWVAD. 15 IXEEED LM SN2 FHERBORELICO VT —2oORFHFEE R
ftLTwb. Nadkarni 51 (&, HEERICOWT Saguy HERLAY MY +—F X OFEEZIE
ALT, VEUVMNBED FREEL THREELEZ 8y - XVHE" (H#EHEO—2THY,
COBBE—EDRE LAEEL —EDRETHREED L L 5% AN LTL IV MR 2 #l#H
FT2HETHSE) THILIZIVLVMVIMRESO 7 4 — L ERBIETHHEEZToTWA.
Banga 5% i3 HEE O REHHMEOREIC OV THLLT AT X22MEL, <
AT FICL THELED TV 5,

L LA, MEOMETRWThbHESEAGHNOD 2BHROMENE H L5 —EOBBLT
EFTBEVIEUT, FTIVEEDRGRFSOBRFREBKICTELVIBELILL ML M
E7O074—VERFLTVA, 62, FMEEMEEMA & #mENEEOREHHEEICSH
Tz, MAEE+ 352 LH52TL MY MRETT 7 4 — VO RELET> TV A,

AWETIE, HERBOPLTOF fEE—EICL, Cf (Cook-value) ® ZR/MITHEW
SEELSL MV MRETT 7 4 —VERE LW, BEA RSO & KRR E O RE
HIEMEE LTESR, LMV MNRETSO 74— B & & RRICR#ELST 22 L ERAA
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2. B W
2.1 WEMOTEHEEERBASDOHLER
A OFERERE L RERFOHHE R RCK (D) 0L Hickshzp? .

dN/dt=-(In10/D)N (1)
D=D:exp{(f:—6)/(z:/In10)} (2)

W, BFELIRBAEYE, FF2RIERELLORGESERDTLEL, K t=0TN=Nj,,
Ny, £ LTR () ML LEEORMTICHLTRB), W HR6N15.

Ni=Nuexp [ (—1n10/Dy,) [ sexp (8= 60::)/(z1/1n10)} dt] (3)
N2=Naxexp [ (—1n10/Dz.) [ sexp 16— 62)/(z2/1n10) } dt] (4)

RHEEIY, EEHASSMAIH, XSICHHENLE, I -EROMEWEZBIELREEL
PORGEASETELEISERESELLOICEV MV MRETT 74— VEEDLSIITH
HEuhrtnw)ZeThas.
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—7%, Dir, Der ZEHTHEH 56K (3), 4) £V

Fp=J\'exp{(6—61,)/(z1/1n10)} dt (5)
AL L
C=[ Yexp 1(6 020 /(z2/1n10) } dt )

ARAMCTAMEE LTE LA ELTEL YW, Fold Fofli (BtHifl, sterilizing value) %
%L, CIZCfl (cook-value) #&7Y. b Feb BT L KM OB TH 2% Felli LTIEE
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HEBOFLOEEZHRICTEETAE, RXG) O REFAKOPLREccEhTLI VT
i, ClELEERMEEOFHME (KHFY, volume average) & L7z3#a, X (6) 3K
(7) D& HIIIRT 5.

c*=[ (V) [.expi(8—02)/(z2/In10)} dvdt )

7L, ViREEASOKRE, dvIidBuMERE, vol RS % BT 5.

¥/, CHEEEEMHOEE (surface) DfiE L-Ba1E, X (6) mo xEmMREICENITE
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ERAMITALIICL IV MRETO 7 — L aeRkbsMEEL S,
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dx/dt=f(x, u, t) (8)
MR (t=0) (SB1T 2KEE x O F A
x(0)=xo 9)
TRINDLVYAT ALY, RIEEER (t0 RKED (SB 2 RBRORIREA
wix(to), ted =0 (10)
LWEIRTWALT S, 0L X, MEIZO X OFEMmM L
I=¢{(tn), ted+ [ L(x, u, t)dt (11)

FRAMNITAHBADuERDZMEE LS. x(t) BLPFult) OBRBHEICIEHBEIEZVWLO &
TA5, wigRs P VBEETHY, gL LIZAHTHETH 5.

ST, MMEEH A (RO Loy a iy #8A L, EEMEEEOZTDLI I
Ry b,

=1+ vTy et [ L+ AT (f—dx/dt) | dt (12)
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H=L+A"f (13)
EEFELT, FHEMEI* OB 1E5 0T 25HT 2L

dI*={9¢/ax+vTow/dx— AT -udx(tr)
+{H+3¢/at+vTow/ath~udts
+[U{(2H/ax+dAT/dt) 5x+(9H/2u) du+5 AT (E—dx/dt)} dt
+{wo vT-u (14)
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e h, X (14) P OFMBMI*OEELEEE LT, KOL) ZiEscErEI AL LT L A
LMTwab,

FEEZE B oM R dA/dt=-(aH/ex)" (15)
GlHADOEEMEOFEF oH/ou=0 (16)
B X dx/dt=f 17)
REEOFIASMN x(0)=xo (18)
KRR RN w ix(to), td =0 (19)
BE L2 B o #e v S 1 AT={a¢/ox+vTow/dx} -« (20)
FAEEM o A% (H+o¢/ot+vTow/athi-u=0 (21)

EBRICHEEZMICIE, ThOOEREREWET S X510, BRI AT EMEE H
{Ztichsd, —BULBEZOXO@EY)TDHS. T, X U6) Tullo2nTHE, KX (15),
AN AL, co=onMsHER%, MEOBREHTH ALK (18), (20) Ziizd X 5 ICH
(. ZDLE, viIREEETHLH, Tz (19 2HVTRETES, &, RAEGE
A (21) hHIRETX 5.

PED LS RERERNEMEIC, AEOMELYTEIHLIE2E25. RG), (DI
BOT, BEtIBIAFEC R ERZhxX, xo& L, SHICHMTHST S EK (22), (23)
»ELNS,

dxi/dt=exp {(fc— 1) /(z1/In10) | = £, (22)
dxa/dt=(1/V) [,y exp (0~ 62)/(z2/1n10)} dv =2 (23)

t=0TlE, xi=x:=0TdH, X Q9 OWEBwildRF V74 —MHETEAL, LMy MNREZ
ult) ETALBEEZ2XEDLIHICETMET A LN TES.

x=(x1, x2)7 u=u(t) f=(f, f2)7 (24)
x(0) = (0, 0)F w=(1/2) {xi (tr)—Fc}? (25)
¢ =xz (tr) L=0 (26)
BEMEZER A AT= (A, A2) ETBENINP=TYIOEDLHIZRENS.
H=1:fi+ A:f: (27)

PED XS iceEFMEdTERE, K16 »S5un@ERDK (15) ~ (21) ZfE->TL PV b
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FFFEOBEE LR (16) LR BEROLDIZEHTHLDOT, BEFTHICE>TLRLVE
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3. FHERAMOT SEEEHE7IVIVX A
3.1 NEWb=F7Y
2. 2T, w, HER (15), (20) IZATH LD EDFERIKT 5.

dAi/dt=dA/dt=0 (28)
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AT (te) =[vi{x:1(tr)—Fc}, 1] (29)

7270, vi=(vy, v2) TH5.
CHHDORIZED A, Lo E0 LS ICEEIRS.

Ar=vi{xi (tp)—Fcl (30)
Az=1 (31)

CDEIZ A, LBKEBE, K@D POENIN T EHETAEILENTES,

3.2 FHMBIMADT SE
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BOZHIRABETHE. R (12) DN e
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EDNOb YW uEHIIETZVOT, 2F  Fig1 Variable retort temperature (multiple-step
O (32) LN B0, function).
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= [ (aH/Bui)dt (32)
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Retort temperature
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(34)
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CBa, hOREAGTOCUTIC RS ERK (22), (23) O f), ROMIFIZLAL0EARTIENT
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ST, 2. 28 TRARR (21) OKRME tlcHT AEHERTELATAD L, RLRESTOCTL
Fioo&onI NV b=7 %R (27), (30), B1) ZHVWTEHATL L, vizdri)KELS
EoThbH=0LARTIENTES, 72, R(25), (26) &, ¢, wiCi, tHFBICREIN
TVWERWVWDT, d¢p/ot=0w/at=0 L%5h. LizdioT, COMBETIERN 2D IEbLEb LR
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W, NEBRE L AHRTEEE 3o E0K (36) THES LA ET 5.
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Bt &t TERIEIEL,
T=t/tr (37)
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DEDEH RSB,

= +v e+ [ 1t L+ AT (tef~dx/dT) }dT (38)
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At=AT/METHEDEDRDEY LD,

f(:‘:)Dt*a(thH)/ath}dT z{a(thH !alh}[ ={i— 1}5T+;m[1”(l+C)N5M|] (41)

j=1
X (B~ &V, BI*/otnidX (42) DX 52k B0,

Ng M
3J*/ath=2, X, 18(taH)/Btsli=t-vaT+jac (1/NsM) (42)

=l =1
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A (42) OFDE 2IH L, FIg 1 TOOHHERZNRICLTWAEOT, ANCbilRA LD
CHLRESTOC L WEL ot 2ATREZTBUNITLI V. ZOLEOM XY trEKD
BT LEHNTES.

H/athidX (43) D EH 1Tk B,

oH/oth=A10f1/2tn+ A20f2/ Dt (43)
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(42) HEHETE, 2J/0tnERDBILATE .

3.3 MEHEO7TIVIUXL
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Az,
W, FFEMK I EEEEOEEx OB f(x) E T2 LB S MEOTVIY XLY 13D
EDLHITRB.

*=f(x) : FFAMHPE 5
X X7 MVES

@ EExOIMExEDHLZ D, k=0EBL.

@ BFEHE do=—11 (x0) ZEHET 5. fi=23f/9x

@ f(xp+sdy) ZRDICTHsZEHEL, xini=xk+sde 25T 5.

@ fxi) & fxes) ETPORHFZEL, PRLTOERT T 5.

® Be= 10" i) FT(xue) dth /1) o (i) F1(xi) dt} 2 5HHT 5.
=22l filxi) D 727 bV, folxi) Fi(xi) @ X2 PIVONFE

® dis1=fT(xx+1)+ fxdx k=k+1 LBVTAIZH L5,

4, BRBLUER

4.1 BEICAVERE
FHEAESORETEICIER (34) OFRAGOMBRRE AW, HEOBEZEZ9m, HEO =
X12119mm, REE(EEE(L9.6nf/nn, PPIREIX71.1T, HHREIZ25TE L. HEOEKR
DRI REOENEY D L BT A0, FRALOMETHVWSh TS LRLT—
YEREALE. 7, FOMOEREMEIOENOBY THA. Fc=6.0mn, 2:=10.0C, #i,=
121.1C, z:=25.0C %, 62=100.0C % & L7 2R KERPBLT I/ AF2TREDHILOE
NEMNRIZTADPICE > TRE DA, 2 Tid browning reaction®’ ZxF&IZ L7,

4.2 R (18R JOJ1—

Fig.ea D &) B8R (1BE) 7u74
— VOB 2 EHOBETHADOT, LI
b MR & hnshE i oo f il 13l B2 B KR
BEroBEBICRKDLIENTESL, LILE
MEX0SCHBEICEHHLZLEZDOL PV L
LR uy & NZEEM O fE%E Table 112
=Y.

Table 1 £V, CHEOEKFHEHRIZL |
FBEDL PV EREE L SR O R th
FRERW=115.5C, ty=115.15mTa b, Time
FEHOCHEAMRIZLIBEOL b MRE Fig.2 Constant retort temperature.

ul

uc

Retort temperature

tf

Table 1 Optimum constant retort temperature profiles for volume average
and surface C-value using a trial and error method.

u; th Fo-value C-value
) (min) (min) (min)

Volume average 115.5 115.15 0.6000000E+01 0.3228401E+03
Surface 111.0 161.20 0.6000005E+01 0.4440268E +03
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LinEREOBE#EIZZENRZFRu=111.0C, t,=161.20m0TH 5 Z EHbhb.
CORMBICEBEIIREEHTIIDTEH L74%E % Table 2 & Table 312773 . Table 21
CHEDERFHERRICLZHETHY, Table 3IELRAO CHEENRIZLZBETH 5.
Table 2k V575> Y2 (vi) H30000D L ZDFHEHERE BREFHOEENIILA L —
HLTHEY, 2612, Table 3LV 575 VaEH (vi) 40000 L X DEFEHEE L EREHE
DREREPIFEAE—BLTWAEI Edbh 5.

4.3 BBRYIOT4—)

4, 2WTHRREH I, EERTOT7 4 —VioWT, #BCIEEICL2HEEREE BERET
BICLAEMHERIZFIEALY—HL. 220, FIR1DES BEEML bV MEETO 7 4 —
WMZDWTHIEZ S EREICL DR EITo 7. B¥ (Ng) 13208 L L722%, BEOLV MV MEE
(ui, i=1, 2, ==, 20) DERFHEHFO T O 7 4 —VIIEERBEFOBRRBTL{ITPATWIEEMD
TUT74—NVEZBZICLCHRELL, CHORRFHENRIZLLBEORE 074V E
Fig.3i2, REOCHENRICLABEGORE7TO 74— V% Figdlomd. fhd L by ME
BIZRRwod W FRHLEBEBREISZELTASEP A0 AMICHHBESBCEFTCFHoTwAE S
Ebhh, BEREIZCHEOFKTFHENRIILHEH119.92CTHY, REOCHEETSR
ICL725413115.76CTH o 7:. Table 4 ZCHEOARFH LMK E Lz L Z0EERN L SBR
DRBE7TOT 4 —VOFEOCHERTH, ZEEBOFHPEEM L Y7 4% /M8, S5,
Table 5 I3RADOCHEFHRE LA L ZDEFEEMLEZBEMORETOT7 4 —VOBED CHEER
T, SEEOAFVEER L DHIS5%N 8w Edbh b, Fig.3% Figdn7u74—LV%
EBEOL MV MREICISHET AL ZIIBER T 07 4 — L EE S EIMETEBT E L v,

Table 2 Optimum constant retort temperature profiles for volume average
C-value using the conjugate gradient method.

Vi u th Fo-value C-value
(C) (min) (min) (min)
1000 115.77 113.14 0.5977567E +01 0.3224192E+03
2000 115.93 112.15 0.5989148E +01 0.3227704E+03
3000 115.50 115.14 0.5992540E +01 0.3226735E+03
4000 116.11 110.99 0.5994365E +01 0.3230415E +03

Table 3 Optimum constant retort temperature profiles for surface C-value
using the conjugate gradient method.

Vi u th Fo-value C-value
e (min) (min) (min)
2000 111.24 157.49 0.5984109E +01 0.4436888E +03
3000 111.39 155.50  0.5989462E +01 0.4440602E + 03
4000 110.90 162.61 0.5992932E +01 0.4438059E +03
5000 111.43 155.00 0.5993725E + 01 0.4442618E+03
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Fig.3 Optimum retort temperature profile (best  Fig.4 Optimum retort temperature profile (best

sequence of multiple steps) showing sequence of multiple steps) showing
minimum volume average C-value as minimum surface C-value as related to
related to dimensionless time (t/tn). dimensionless time (t/tn).

Table 4 Comparison of volume average C-values in optimum constant and
variable retort temperature profiles.

u th Fo-value C-value
(C) (min) (min) (min)

R 115.50 115.14 0.5992540E +01 0.3226735E +03
£ZER  119.92* 139.28  0.5993313E+01 0.2987519E +03

*IIREIRERRY.

Table 5 Comparison of surface C-values in optimum constant and
variable retort temperature profiles.

u th Fo-value C-value
e (min) (min) (min)

PR 110.90 162.61 0.5992932E +01 0.4438059E +03
ZERR 115.76* 177.26 0.5993605E +01 0.3752120E+03

FERBIREE R

5.6 W@

BHPEETEDLLIAER (FEAR) MPiEwohHERAMOPLTOF EEZ—EICL, CH
(BB EEH 2 VIEEROM) 2RATHEVIZERL, LIV MRETT 7 14—V 2 NE
BHEoayEa—% -2 bE#{bE BRI

PERDIIZE IV b B2 o S b0 X HRU I B [ E o SOl I R IS B Tlded, INEREFR
2550 LHE52TL M MREZT 7 4 —VORBILE T TWAD, ABFFETIXME % HHE
SO XRBMBEMAREOREMHMME LTESZ, L MV MRETO 7 4 — )b & kR O
BILEFBIIT>oTWVSEZADHEDMELRE > TV A ETH AL, BolFIMBEREISH L
BEOREFHWTHELLER, L MV MEERRERE S TRRIEBRN®L22ICEAL, &
HRECEL T LRIV RBICHHIRET TTRI 2P LW Litbio .



ic

Jin

a =HaDrE

An =2/{RuJi(Rm)}

An =2sin Ra/Rs

Amn =AnAs

b ={HEOEID1/2

Bi =U3H (=#{zEF  E3/BREER)
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te  =wHIERH
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AT =L bV MRBEA ui(i=1, 2, -+, Ns) Th L0
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ui =iHHOL bV MRE

x =ZEH

X =7 MVEE

xo =7 bx OWHIE

y  ={HmOPlEREE Lz B0 S HnOERE
z =zf&

a  =imEREE=REE/ (k- E)

fx =2 ) ROBIERE

0 =iREE

Oc =HuliRE
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Ow =R
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