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A :nondimensional temperature (=4zA6/ Q), -
B :nondimensional time (=In(4xt/r?)), -

Cp : specific heat capacity, J/(kg*K)

d . diameter of dough, m

h  : heat transfer coefficient, W/(m?: K)

h  :thermal diffusivity, m%/s

H : latent heat per unit volume of dough of melting, W/m?®
J . Bessel function of the first kind

/ . length of tray, m

[, :distance from surface, m

l. :thickness of crust, m

m  :amount of moisture evaporation, kg

Pr : Prandtl number, -

g : heat flux, W/m?

Q :calorific value, W

r . radius of probe, m

r  :radius of dough, m

R :cylindrical coordinate, m

Re : Reynolds number, -

t : time, s

t.,; . the transit time through the temperature zone of the maximum ice crystal formation, s
u  : parameter, —

u . wind velocity, m/s

Y . Bessel function of the second kind

v : freezing rate, m/s

z : distance from the top side of tray, m
Z :cylindrical coordinate, m

z; . thickness of tray, m

a : latent heat of bread dough on melting, J/kg
¥ . Euler's constant, —

¢ :temperature, C

0 4e.: deactivation temperature of yeast, C
d, : freezing temperature, T

J ¢ : gelatinization temperature, °C

« :thermal diffusivity, m?/s

A thermal conductivity, W/(m-K)

,iV,



A :effective thermal conductivity, W/(m- K)
T : circumference ratio, -

o :mass density, kg/m?

& . porosity, -

7 : frozen ratio, -

subscripts

0 s initial

0 : zero-dimensional

1 : one-dimensional

av . average
A :air in oven chamber
c . continuous

cet . center

d :dispersal

end : end

g air

H :hot janction

i . indefinite number
Jj . indefinite number
Imt : limit

ma  minimum achieved

p . probe

p . pan

R :reference janction
s : sample

top :top

tr tray
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DAEOR A ENIE, RERBRICZOBREIN, HRORELRNS AL LEE-T
BNHOTEHDLA, 19184 (KETHE)ICARRETE Z o 72 kEEE), HalOR G v
MIREZEDOFRBERE VS TERRERORELZT, BRHELTORVIERTHD
KIZET MO EZR S, ZOXIRERNL, BAECBWVWTHENIZEIT D
CHNEMBBEOBLZEFIEENTHLIENVNFCHESL TSI ERIZH D
HADONZREBET D, ZORBRRXVIIEBROCHER S TV ThDNP 2T, R EO &
b THRIESCHE AN - CTE M A ORI ) U2 ko TRESIT B 5 M7 i g
DEJNEL S, HEHEOEIFMEIZR VN EEZ KT .

AN THIZBNT, MEMEEZRELELAT 2 EE R LRI, "AVHEZRED
RERE N AN &, AERGICR T 2L, HoLKICE > T, B MERZ Tk
M TER., MYAEO L) o ¥EFICBIT 2RE LS L REERDR1L, B
WOMAEERERMEICERAL TV 2 EThD. Thbh, AE7rERICBW TIER
BB L RIS TICHEOIENZEILSE D2 R ARAETHLL LD, —EARE
PG T L LN TERICEDETEELTMHSEDL LR TE R, T X O RAERE
TRICH > T, MILa1OFEME O RFER 2 & 8L S iz % o Bd % FIEL2ToO TR
B W TEAWBERLETH D, LV DT AN AMO I X 7 (Mixing) & WY, Bk
(Baking) (T MATICH M M EAZHESELORDEERLREO —>2L LT, @HITRDLK
RO DMANNEDOMEH > TE. BERBESENBEELRY, N A~ KB RN
Rtoriahs, RREANRMERECTZY, +45727 7 A M (—KBICHE L IFEN S )E
W OBEAL LIZE ) B ENT, r—rv o 7 EMEEn s AEE (5w M A7
BRRE)NECTZV 5. l, BERICHBEZEHTTE2L, BEOEFE L THESR
MOBE SN TWDRESBEN Y 72 MBRBE S D000 2y, 8GR 25 #ra T W de 28
ERAELD. BRBPENRANUEEBRATONITEA DN FEREO T CTHBL T2



NWoDREEEGEA A -V Lary b =352 LETELO0, SHICHMELT DHHER
MBI DICEEICKRO N D LERARZEZ T Z LITBR TIEHFEFTE 20,
AN EERBEOBIROE EFICITFBANRBEIC LB ERMFOERMEBEENT
B, HICORHZETLILEZLNLTWND.

BREICBIT WA VEETE, BB RBAEET o CTREL, @2 L T/h
FIEEA~REXETLAETEY RN L, NI —T T by axX—F U —EHRIhb /N
BOEHANTRGLZREL CRETDIFHELLH D, E6 0 0/ & IXIXFEO A E
TRTHEsND. HFEHMELOBEDOHE, FEMEOMLIALNS, B E LTHERLT
WA S FTICHLE P BRI, MR s~TRETHL. FEEEFZRBEITELZ LIC
FoTIHRD24MMEZEEICRTLHILATE L L TOHIEY i ofEDSEE Lt
LT, JEECIEE DO HORERBFICEDE CAEELITI LD, 72L& 2 IXFRT 10 KO
BRIG IR S 0 dh il 2 2 3 2 72 D IZi%, TRl 3 REE O O 8B & vy D B L W 578 5 1R A3 R
Tohb.

2T, HEMEHOWMBEIIIS T DB EMFOUBLLEE  EOGHAR L L Vo T

&l *L.H

(Dividing)

BR
(Moulding)

R

~_| (Freezing)

Fig. 1-1 Industrial operation for bread making by frozen dough method.



Flrzbb, BEEEEZED TV DHHEMDO —>& L Tml AR N 1k (Frozen Dough
Method) R IT b 5. BAKEEREERBERLLER[IIICLD L, 20 30 FH
NWUBRKROEFERRITIZEMINTH LI ML LT, Ml ERO A PERETZ T ITEH 61
D 15 FEMEH L ClREE2RT CE. oI, GulAEMAICHER IS &Ox]
L ORI INEIT 10%% B2, BAETE SV HICHER SN /NERE (1205 F ) OW,
FIZTRREG®.3I T M) ONEMEPHHRAMMPLE L THEHAINLIETIZTE->TVS.

W AEMBL B, Fig. 151 R T@Y, BEORACTIRICEsTIF T
(Mixing) L 72 /X v £ #li & 43 %I (Dividing) + L H (Rounding) L 721, & 5 W IT ¥ I
(Moulding) & TIT o = /S v EH1 2 W\ o 7= A % W (Freezing) - % # £ 1% (Frozen
preservation) L, EERPIZH LY TE Y 2B &E O A& H A if 3 (Thaw) & &, F 8
(Proof) » BEAk (Baking) « M &l (Cooling) SH LML TH L. WAL L THBAL TV DHM
BN AR O B R IIRR T, BERL L7285 O B R IR (2~5 HREEE) L bl LT 3 » AR
RS, WEA—I—LLTOMRICEDREBEHMEEXESLDEOFHBEAELZH D Z &2
BEIZe 0. —REZRB AN ETIIHA RN OBERR - MEIE TIZb5~T R ZZ L, M4
HzHEHLAEWS =TTy vaxX =) —CHBELVWHBRENRE LD, F
EREND 2~3 K TG ZRET L2 N TEOHEAEMB A EEREHT L2 L
Lo T, FEMEMEOKREREHAKONS.

ZOWmBAMB S ETE, AAMIEABABEELHIICENTED BTV D H K
B OEZITHE - T, R OKS MR B - BEE T 212 8 OMKIE (-18CLL F) I
HZEIWZEY, BMEOEESHEZMZ S, NUAME, BEORE DK O -30~-40CH
EORBECTRERBIN, BHHEIEL—EXEREIC A S CH B LR o
25 CREICIREHE S N 2REHOREECREHMMIZOZ ) BHRFEIND.

MW ZE] L TR 2SS 28, REHOWmMEN LY LA,
ZORET HHIEIC P L —ICB LY, BMEOESZIME & 2EE K 0°C) o mkE
N THENZRR 2T 5. N A, BgME S RENSEERRICEDLE THEE
DN TR T 2 5B LA O B AER AT DAy, bk 59 5 IRe ] 00 PN IC G BRI B 5 23 307 5%
AR O X 5 722 Al 10 ReBHIE O JE 8 CTh X, X B O Fai 7 REEN S OEE T+ xfIsn
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§1.1 [CHR R AR S BICB T, NUEMERES D VIXEERT 55K
K oTiE, AN +SICHEELRV, AHMORET AREFEDNRWEDOREENELZ 5.
WRUEMMOMEE X O SEEDNEROEECAEMEES I CRETEEZH LN L
T, A +DICEBEL, RETDARBEEOBWVEMEZG LD ORERFOBRSE
PERRH DXt 2 X2 LER B % .

NUEMPMEOBRICIREE 22T 256, BRBICK > TAREET NSRBI AN+
FIFHELRNST20, BELLRBT A Z /S AMDRE L& 7124 A 5812 i
T5H. TORE, EERLONE TR, FFFEBY ORBREN 22V, A H O R A
BSRBFEREBRICZRDBREOREENDELD. 77 L5 OUNCORMAO AL F LWL E
o) ORBEZ R TNHOFME LT, RIMEBRT2REAEL 25, [REOELHX
ML, FPHBEBPRELSRD, 2EOREENELD[2-4]. SHITHED DV ITMFRIE
BORBIZBT DN CAEMIZEL TR, BEEZ2ZT TWINENZHAENHET 5 2
CIERHETHLO T, EICHEENBEMICHMZAONLDBH -RROFMEEZH LN L O -
TBLLIZEDEEND.

IHNETIZ, HRAG BN, AMORBEERELZZEZ: TH® LA Z TR N2
WL, AHOT AR EERESLRE N CONHZLEE L. & 512 25~27C O =R T2 HE
L 35 CORBEAam A R L2 X o T, RS OB WM A MO RS B A
FABICHEZ DEBIZONTHHE L., ARS[6, 7L, N /AMmE BT 58, Bl
BENORELZEZ L2 L TRE - BROFMFELERL, ZOAEMTRIE LA DLE
RO AH 2 bl U7 R G o RO S 14 (8, 91 72 & D R v A oD B S I B - B W 42
FTED NSO H 5 [10]25, B LWEEREOBAJE [11-13]1 57 Bt o i [14-20], QY5
HER21ICET 2 RS & L L T, RBROBERLZVONRERTH S .
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N, BEOVHLEEMEIORS - BELSKEY, 58 - LB - PRHFEE - B -
RSB - WERL - WAL Vo E TREZRCAEEIND. EMEICE T 5 BEITIREIC
Ko THEME (FEBE) ORENEALT D720, FFEROEBRZICIE N THBEMREZICITRL
BTHAHMEETMLZITO O OREE THBEEZZEL CHASELILEMNELL, 1ZIE
E2TCOLRICBVWCIREEBIILETH L. REUNAOEREIEE L L TIX, BEZOA
Hidp M (HME - RN BRI E PRI D2 BRI R I F 2 U ZJICEL R WENIITE W TR K
OVE LR EZ R TRER R L HB SN D), oFIRICK T HEMEEOME, ILE
RBP I BT D AR, RAEREERICRIT 2 T o AIERE, BERRIZBIT 2R
MR REDOEEEL VWSTRHAERNETOND., ZNHDOHELRICED LN /ND
WENHEMR TED LD, IFF—REERL L O YA ER M~ A T EHFTE O F: Ak
AWM TEOCRESNDLINETHD.

ZOEI B EICRARFZAEETRERORNTY, BRLIEREIEKNLOLEXEE S &
LDiROBEURLIEO D THLH. AAERNTHEBEZESHESISR TV DI N0/ G T
V—ThHI2ERNVOBER TR T, AMOoREEZHRBTIenTET, Bnd
MOHENL2ETHELMBT LI LN TERY., AHBEEO LHIZE b R-TAEL D
WMEBLE 5 5 WIXLFEOE D, EOREIZENT, FOXIICEMANHTEZ o TV
Drg, REBRGTIIHRTL2ZIERTERN. 207D, #HRELTHSE Lol
fh 7 BICRATHRMICEESCHM & Wo o — 7 v O E Z T 5 LIS T ER
IRUVIRTLIC D 5 .

AL O GWE B RE ST DR TR T, NI TCTRBAT ADOBEHEICLSNIE
DO & R, AHE DS IR ABOLBALIICE D27 72 FDOEMKHIITL T
HZoTnaew, TOLENICKITDRERIMZ “KME” NRGEBOERS, 77
A MHREVSTERL L MEICHEL TR, BEALTIRELHGDITITAMAR L 4
WD OREH 2R LR EHET ILERD D .

IHhETIC, RRE[22,23]61F, EBAHFNICE N TKGEORLI LB LR ME
TNREREE LTMBALEZEDO —RICEABEBIZONWTERZ L. WL [24]1X, N %

G - - ROBHRE LR THERBLBEETLEEZER L. Z0L5IC, BARPEN



YDOEIDBRLHEROBER LRERICB T 2EESHAICOVTOEMY I =L —va VED
XD 5N ->oH 5 (2627108, R TRICB T 2T/ FT OB EYEOBE %
BRI R T A3 E > TV AL,

1.3 AFROEW

ABFgEIE, §1.2 FTICERA_NLHAOE FICES, BAVITEOH THEKRSLOMN
BN BRAIEIC R bR IKTFET DBER LR EBH - RO LRICEALT, b0 L
BICEBWTZOREDRIFIICEILT DHERATO N A K OBERED 7 T 5, 75
A NOPERZEBFER G L L, BUEMRT XEHINRELZRRTL2Z2LE2BMET S, £
DI=DIZWD 3 >OWFFRFREITE Y (M Te.

1 OMEL, NUEHBIOZ 7208 MEE, E<ICANBUREELZHE L TR
FELOBFEZHLNZL, RERFPERERIORELOTZODOEMEI I 21— a v
DEEREHDZETHD.

B2 OMBEIE, WA S IRIIE T 2mEESEEBMICmL, RIS hE %
MR T DD OBM-REOEUERDDZETHY, SHLITKD LN TEEOEMNMEE
FEEORANFERICIEWNTHEIL, BETL22LTHS.

BIOMEIY, ANVEMRLRIIBTILIABIUOMEBHOBRGEEZMLNICTLEL
b, ZVIARNEHRDA D= A LEHHL, SLICHRMEPNRNETCH-T27 T A D
N EELERDDHZETHD.

1.4 ERXDER

AWFZeTIx, §1.3 107 3 SOBEICH LT A=l [H N TRICEIT 580

BARICET 298] (Tl ATe. TR0 L, BABEIE WO LA NEER - 2L X —F
BICE > THECLD N CRNEOIRESMOBRESCHEBB ORELZHFH~, S &5 T



B OBEHN RN EEZ/IOOREFMHIZOVWTOMRAEZEDL Z L2 HEIL, LTI
RTHNEICOWTHFIEE1T D .

F1IREIHEWmTHY, MMEOET RO ZHR T 5. WAV TRIZKT 5 EW
BEOBEBEMEEZFA L, AP TIE, EICHLOREICRVVEREL LIF TR LR &
MEEHB S EIZ BT DWW - RO TRICERT 2 2 L2k~ 5.

W2ETIK, AWFEOFH 1 OFREICELT, XU AEHM, 77 20898 EE ] ©
BEZEITH. B - R TRICBT 2 A OMERESS, B TRICBITEED
EATHEH D EFEOKS ZRILL, AN E & D MEIRE 2 5 A 72 R # 22 IR B I
T, NUVAMB RO 7 0EE)OADIBCEEZRET L. BoNTMEIY D
LR TOREBEMIZLE LR AR EEOREREZHRFIL, £/, BERIREIC
BT BB OB E TIRICB T 5/ A OREE(L R EDOREITKET DR
IZDOWNWTELT D,

HIELFEAETIET, AMNEOE 20MEICHL T, WMHAMBAEICKIT 20 H
TEBIOMELRICE T 2BMBIFICERT 2. F3 T, MMAEmR SR
BTDWWEM 28T 5. NUAMOEBHR TRICI T D EE & R ERE (R
BB D RIMBENWCER L, BHEENEICLDIHEMELZANT, U AEMEZHES
LB AN AEMNICAEL 2R RENSACRERBBELZMS5. Eio, HAEEE L KK
BlERELZ NI A—F =L LTHRARUVRBREZITY, SPREEROBREZHEKT 5. B
EMEIC L DRI EBY DRI ADFREL TAZFEOEm WA AMAEZ TS L, [iafk
MINELKi~727 T2 FEBRT IO, HHERELRERBFRENED LS REEL
KETrEHmetd 5.

BATmTIE, [WHAMB SRS 2 MMEL) 2T 5. B/ AR R
LRI T 2 AMNE OB E DM OEZ, IREICKAFT D AR O B E & i KOKRE
g A AT & RPN D R B s (LORRS IR ] ~ [ IR E -4 C IR T 2 MM IcER LT,
EEESEEZAOCEREFHEICLORD S, ZRLOHMREWEHHMOMENS 4T
RWNWE NI T AR HOBR TR EOEELZ L, IEHLOMERTZHZ L
WZOWTHRET 2. Fio, AHOT ARFEROWE - BAVRKBREITV, BUEFE O
R LB T 5.
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BTEIRGLORERTHY, Ho2~6ETHONLMESZ2 L LI, KfRE2EKZELT
THOLNTEMEORREE LV ELD 5.
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Table 2-1 Dough formula. (white bread)

Ingredinet Weight Ingredinet Weight
percent percent
Flour 53.9 |Shortning 3.22
Water 34.5 |Salt 1.08
Yeast 3.22|Nonfat 1,08
Yeast food 0.27| dry milk '
Emulsifier 0.05|Sugar 2.68
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ﬂg% ﬂfr ; Cps = 0.00405 45+ 2.01 (2-8)
0s< Op ; Cps = 0.00788 45+ 1.35 (2-9)
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U7 ELTHE, AREANTRBELCAMD FAE S 226 F 30mn I F T, LEE
Ny THRICHE S LFRALLESICETHWELLZRERT, F—7 1B L THBERKLEZ. N
YU T LADEBIZONTIE, WEEANVLATERE AN OEICHEREND LR
ez, LbhickATET.

Os= 6y Cps = 0.00364 05+ 2.600 (2-10)

0s< 04 ; Cps = 0.00709 05 + 2.531 (2-11)
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Table 2-2 A

pparent density and porosity of bread.

Dough | Crumb of Pullman Bread [ Crumb of Open-top Bread
A t densit
PPATERE SN 1110 169 150
(kg/m” )
Porosity 0.000 0.848 0.865

(—)
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Model Theoretical equation Structure
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Fig. 2-6 Heat transfer models applied to food.
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Fig. 2-8 Effective thermal conductivity of bread crumb.
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Table 3-1

Dough formula. (white bread)

Ingredient | Weight percent | Ingredient Weight percent
Flour 53.9 Shortening 3.23
Water 34.5 Salt 1.08
Yeast 3.20 - 4.28 Nqnfat dry 1.08
Yeast food 0.27 milk '
Emulsifier 0.05 Sugar 2.69

Table 3-2 Material and thermophysical properties of trays.

Aluminum Styrofoam

Density, o [kg/m’] 2710 15.9
Specific heat capacity,

C, [ki/(kg-K)] 0.904 2.8
Thermal conductivity,

2 [W/(m-K)] 222 0.042

Table 3-3 Thermophysical properties of bread dough.

Density, o [kg/m’] (at 25°C) 111010
Latent heat of melting, H [kJ/kg] 88.8 (4= 0p)
Freezing point, ¢ [C] -3.2
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Fig. 3-1 Temperature distribution of bread dough at a time

point when the bottom part reached the freezing
temperature in a freezing process. Dough mass=190g

Table 3-4 Size of bread dough.

Dough mass r Ztop Zcet
60 g 30mm | 28 mm | 8§ mm
190 g 47 mm | 34 mm | 9 mm
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Fig. 3-2 Temperature change of dough during freezing.
Dough mass = 190g
Table 3-5 Freezing conditions for bread dough.
Tray Aluminum (z,, = 2 mm) Styroform (z, = 20 mm)
Refrigerator | -10°C | -15°C | -40°C(10 min) | -15°C | —-40°C(15 min)
temp. (180min)|(180min)] = -15°C(170min)|(180min) |[= -15°C(165min)
« (m/s) 0.2 @ ® ® @ ©)
1.0 @ @ ®
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Fig. 3-3 Freezing time distribution of bread dough during freezing.
(Dough mass = 190g, ¢ ,~-157C)
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b) dough frozen on an aluminum tray, u = 0.2 (m/s);®
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Fig. 3-4 Freezing rate distribution of bread dough during freezing.
(Dough mass = 190g, ¢,=-15C)
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Fig. 3-5 Volume fraction of bread dough freezing rate during freezing.
(Dough mass = 190g, #,=-15C, u=0.2 (m/s))
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Fig. 3-6 Effect of freezing rate on the CO, production
of bread dough.
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Fig. 3-8 Calculated distribution of freezing rate in bread dough.
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Fig. 3-9 SEM images of bread doughs after freezing process a) and b).
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Fig. 3-11 Hardness changes in bread crumbs made from frozen dough.
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Fig. 3-14 Effect of minimum achieved temperature of bread
dough on CO, production. (Dough mass = 190g)
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Fig. 3-17 Calculated result of freezing temperature for holding
desirable CO, production of bread dough.
(Dough mass = 190g)
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3-18 Effect of minimum freezing temperature achieved
on CO, production by bread dough.
(Dough mass = 190g)
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Fig. 3-19 Specific volume of open-top bread made from
frozen dough. (Dough mass = 190g)



20 ks ' l H
Dough temperature |
R o : measured
S oL — : calculated ]
T |
5 L
8 el
2-20 S S -
% %4 dea
—~ L . —
Calculated ambient temp.
-40 : : i N — | H
0 20 40 60

Time [ min ]

Fig. 3-20 Temperature changes in bread dough during freezing.
(Dough mass = 60g)
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Fig. 3-21 Calculated distribution of the minimum achieved
temperature. (Dough mass=60g)
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b) ~40°C(0-45min) = -10°C(50-180min)
¢) ~40°C(0-65min) = -10°C(70-180min)



WEHEANEE Z-40CHh 6 -10C~EL S T UAMAERE LEZERTIE, 71 =
VARO LU —ICEML, REICWAS D ESTEOAMIZIN T, KRS EEE RN
BWEEZRLTWD. £, NCAHBEE LSS, AHOAENEREED EA &
BORTNEZ D70, AHAERNEE L72RE Fig 3-21 b)) 20 OREDOK TN
BETHD L (Fig. 3-21 H c)) BB ENiz. RIFFIZE W TIT > Wl G & RIK
B EEE O M E Y% Table 3-6 ({27579 . Table 3-6 DA LI L - THW L 7= A& H
NEIZIZE oIS IRIEB ZREPBFORERELZ FE > TW2I2RAEbEENDL Z &N
Fig. 321 "L SN 5.

EHANTICRKBZREOSAMZAEA L IET6 HEGHEMAES L, EZIZHIT 24 H
DH ARFFER & FARBERE O FHE & OB ORI EMZ Fig. 3-22 27 . kD7
DI —EDIRE TR EMERR LG EOELZFETT ey b Lo, BERORIERE
EBEET DL, —EORETRUAEMERB LIS EOT ARERITERTRIT LI
HeZZ S 5. Fig. 3-14 THRERIN TV AR L FKIC, —ERETOBBEMETT
T-15~-20COIMERFICEB N TR T ARERNME TS 2 Hm AR Tz, AW
HICHRRBIBIEEO AN EL 25ETIE, RIKFIZREOCRKRFICE o T, R AE
HOTAEFHFROBMTRHRTELN, THUIERKBEREPBEBORERELZ TEDY,
BEELZZTEEMOETOEENEmSRoTVLHZLIZLLIZBDLEEZTND.

M L7 2 W CTHRIE LS DR & RS IR 0 FE L DR %E Fig.
323 R Y. MHORIGRELZET L, —EORETHH LI N AME ATl
HELEANCOHMERBITERCTRT IOCHREIND. ABHEIANACXTH L. HWER KN
S5, IEBFBREDMMENEHETICEBWTHEBEOREWRHERBGLOND Z E R
o, ZTHIFAMOT AR NIPE TS 2 - FTERDBELLEMHER, DIk Ty
LHRLTVHEREBR LT TH D.

Fig. 3-24 1213, WA ORRMAEEL LT [ma/V EEXERE) ] Zftihicty, N
ZAOWEMPEE 7wy LT, BEORERELZZERET DL, —EDOIRETHHRL 2N
CAEMERWTRELEASCOBRBEIZER TR T I OCHEIND. BEEZZ T T
R E S MEEs bk L e S RBT D MR T L2 BN L, TARFBRERNMET T 52 LI X
STRERNPRKEL R, FRELTAEAMIFOREIERETLIRELZRFTETIZ



Table 3-6 Freezing condition and average minimum
achieved temp. of bread dough.

Ambient temp.

~40°C _I{OOC Ave. G ,,

o) — 0 ~180 -10.0 C

@ 0 ~10 15 ~180 -10.4 °C

©) 0 ~15 20 ~180 -12.1 C

Time | @ 0 ~25 30 ~180 -15.0 C
[min] | ® 0 ~35 40 ~180 -20.0 C
® 0 ~45 50 ~180 -27.6 C

@ 0 ~65 70 ~180 -38.3 C

0 ~180 — -40.0 C

100

—(O—: under constant temperature

@® : under temperature change
(-40C = -107C)

CO, retention ratio [ % |
\O
()
I

O
O
o
80 50 a0 -30 -20 -10 0

Temperature [ C ]

Fig. 3-22 Relationship between the minimum achieved
temperature and CO, retention ratio.
(Dough mass = 60g)
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Fig. 3-23 Specific volume of buns made from frozen dough
stored for 6 days.
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Fig. 3-24 Coefficient of shape of buns made from frozen dough
stored for 6 days.



RERABIERE LD, IEBFRECEKTIZE B2V, BREZESEWVEZRL TR
VD, BEEZRELLZTEHRLIIBVWTIVRERBEROBENRTE DR T,

BN EMAERNTRE LA X2 AT A4 XA L WEEG % Figs. 3-25 a) ~d)
AT, NUAERMOBESEME, TR Table 3-6 DD-a), @-b), ®-c), ®-d)Iic
L THRY, RARBEFEIREZ W ICHEEORIEREM BICREF L THME S E2HE a),
b) &AM D — AR D KRG IR EE DL FICHR T U Collis S 72ilkl o), B8 X VAL
BERE O RIEIRELL TICMEK P L CHfE S B D2 rnd. RIRBZIREZ FICEROKX
JEIREELL FICfRFF L COllAE S & CTER L Z2muiiEIC K 285 a), b)iX, S8R IRICE
ERHY, NHEOHLE (K1) BNE THi>» TW\o, MWaFlioNMEARELND Z EZ2HE
RICHHEND D Z LN TET.

3.6 #

F2ECTWE LIz AR EEZ v, RUAMERRT 2BICBT 54
Hh PR O A 7R IR AR DAL DWW T, BEREENEIC X AR ATV, AT L
TAT o AR OREBHCOWVWTOEBROFER L HEL T, LTFTOMimeHET.

(1) N EHoBmE TR TOREZ(ICEL T, BEFFEOM KN EMHEE X< —%
L7, BEHEOKBIIEROABR IRBICB T 2RELILEBIFICSIa2L—FT
LR Dbhol.

2) NUEHMEBRIELBEORMEEREZHENT L2 LI28 T, BERBWEMET
TITAHMMEE LRI Z ENbho Tz,

(3) WS AEMITIRABMBES NS ETICM - REBRE, RS0 LR HE
W W2 LT . RIRBGZEIRE N -17T~-20C O EIRICFIET 2B O KIGIE
A Z—ETHLTR2ZEMHDE, RIGREZ FHE - 728k T 5 EHHMOREEEY
ZB&IFFELLETTL2Z2 R ootz

(4) NUAHORKBGEREZHENT 22 XY, BB S ARG ER TR T2
HoWMEEELE LT, BMEBORIEICL > TAEMMBENETIHICARY, FARFRIK



80min

Fig. 3-25 Comparison of buns made from frozen dough
stored for 6 days.
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Table 4-1 Thawing conditions and transit time through
the zone of maximum ice crystal formation (7,;) of

bread dough( ¢ ,=-3.2C).

Ambient temperature t.; (min)
@ 3.0C (0-960min) 156
&) -3.0°C (0-840min) = 3.0°C (840-960min) 676
® -3.5°C (0-840min) = 3.0°C (840-960min) 691
@ -4.0°C (0-840min) = 3.0°C (840-960min) 681
® -5.0C (0-840min) = 3.0°C (840-960min) 664
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BRJE 0 0 58 ] ki 25 2 2 B3 % Ranz-Marshall @ B, X (4-6) XK FEERIZE T D
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TN B O E A2, fEEICIZ N B O R L oo REO 20mg O EHE D N
AL, -50CH5 30CE TOMREHR % 5C/min OHE CTHIR 7. DSC Ol E
BEBEERSTLODOEEREITITT VI T2V, BEICE, N AMIE 20008
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[mcal/s]

Heat flow

Base line

=20 -10 0 10
Temperature [ C ]

Fig. 4-1 DSC heating curve of bread dough.
Heating rate : 5C/min(-50°C = 30°C)
Sample weight : 20mg
Reference : alumina
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Fig. 4-2 Temperature dependence of frozen ratio of
bread dough calculated from DSC data.
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Fig. 4-3 Temperature change of dough during thawing.
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Fig. 4-4 Calculated distribution of thawing time in bread
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Fig. 4-6 SEM images of bread dough structure
after thawing processes a) and b).
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Fig. 4-7 Effect of thawing condition on specific volume of baked
bread O, @ and ® thawed by conditions listed in Table 4-1.
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Fig. 4-8 Effect of thawing condition on coefficient of shape of baked
bread O, @ and ® thawed by conditions listed in Table 4-1.
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Fig. 4-9 Result of image analysis for pore in bread.
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Fig. 4-10 Hardness change of crumb of bread prepared
from frozen dough.
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Fig. 5-1 Hot junctions. (unit : mm)

Hot junctions

Reference junctions

Fig. 5-2 Thin film thermocouples. (unit : mm)
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Fig. 5-3 Cross sections of copper and nickel films.
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Fig. 5-4 Schematic diagram of thermal electromotive
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Fig. 5-5 Calibration of thermal electromotive force.



d)  BESE D% H

AREBEBNRTORKZFH L7720, Cu, Ni MEIZOWTRETOHEZNE LR,
HIRCTONLVI OFEELEBELTIZIERLLThHo7z. BEANDI 7 v KEIZK > THE
[NEEREL LTI b LEEZXLND.

2T, A7 AR BIZAE Lo NI #ELZ, NI OBREHIRE CTH 2D 600°C CTHHM L 7.
BESH U 7 MR D BAEL B ) F5E % Fig. 5-6 X" T . WMIEOKE NNV T O Cu-Ni OEE
HEIFERBECHEET LIRS, CuBBEOHAICIZEET TSI HE2ZTT
BB EN Cu OFFERHILE TH 2 200CREETLEAT L. ZOOEUICHEN S
TEREE RV ANV DOGELOBEBENELZRELRN2TLEEILND.
UEDXHIC, BRBIBECHEMTIZLICIVBKEIZI > TAELEIZ K%
FIE S, "A7OBRALRUBARBBENNAELDZ RS o7. LnL, KRHFZECTHE
ALTWEARY A I R7 4 v AOMMEGRERK 400CTH W BEH A TE oWV, 207k
Fig. 5-6 IZ/n T HiEVE Xt OBGEE N2 O RER A L OREZZFHE L, EERRE
DEAZMET S Z LWL, 772 NEFEORENEZ1T - 72,

523 SREHRBES

LM EREAE ORME LT, R TREFO NN AMPIZFHEALTH, RERELH
DR ENE LN ERnETons. L, FEEORE CiEEEE O

WAL BN TRAPICIREEMNECL24AMFPICH D0, KEIKRIE &R E
TRDHNENREE, MR EHIC K D2MAMOHR TORBEE L. £ O 7 %725
FEIXHIE TE 20, BERR LREF OBMMEE ZHEE T 2 72O IIEFI A L.

Z T, WREBAEMICIDMWEDOR R EZMITE L DD, WP ZR /N BERL T DB PEE
EHEETHFBELE LT, ERECZHOMNBESREHHWHE) 2 —EOMBTERHIE
EMAMBRAESERELL., BERICERIAI R0V 2EZ2HLE. Z0RES %
50um & L, BAFEAZ /NI Lo, MBRICIZEMOMEZ SO D720, B 50um @ K
(7o AN =T AV)BESZFEH L. BHEE AL, 1om BROBEEIRIZ L. K
I FARAE D EE 100um DR EM T L, T OB ICHIERE A2 E L. Fig. 5-7
WCEE L 2R E S ORI T E LB AREXR Z R .



Thermal electromotive force [mV]

2.5 : UL I UL L I UL L I UL L I U I L I LLLEL :
- O: Thin film (Cu-Ni -
»ob in film (Cu-Ni) SFq_ 3
. +: Wire (Cu-Ni) Y ]
C thermocouple q,_-‘l'- -
1.5 Q .
C qua. -
n 4 N
1.0 4 —
- ¥ ]
b ¢_ =
0.5F La 3
O: 11 1 I 11 1 I 11 1 I 11 1 I 11 1 I [ | :
0 20 40 60 80 100

Temperature [C]

Fig. 5-6 Effect of annealing

120



Polyimide . €4mm >,

---------------------------------------

AN oo
film A S
@
. =
omm e
I
1 % Hot junctions
v @b

Bottom

Fig. 5-7 Integrated thin wire thermocouple.



524 RREE

AL L CEREMM ST THMBEMEMAT 2207 v a rXOBRIA—T v
(7 VUFv7 FE-600)ZEM LT, BRNVOBEROERZIT-TZ. TOERICHNE
BRAEE OB A Fig. 5-8 (T d . LA MBIAEX (80 X100 mm)B, & 2 VL4 5
HREVE XF (T0X80 mm)B %, & HITR/NH A DR FJ5 10 H0 #5310 8 /% o B JE 1 (2 3 B
2R KXY T 2. BACRAOEEICIT, BV E MK < T BWE IS B 7 R i
EHETLHOEAZ01ImAY 7 vk =UF 2 (PVDF) & M vz, E£REAEREE X B IZ
ZME AL, BN CRKEE LD 1.0 mm OB T2 & v F 1.6 mm(Fig. 5-1) D 5 &
Tohd. ERHAMIREEX B ORIR AL, B —C, ERFAMEEE B O HIE
PBEREGLRENUVRIER 0~9mmBLXOFLREOH 11 A ThDH. BNVEKE LR
SN~ DB R IE, B R v — (CAPTEC, HF-20, =Pk 20 mmXx20 mmXO0.4 mm)
AR EEOSVWEHR—2 M2 HWT, BANCRIESANGEOF OIS TRIE L 7.
ot —CIEERWMRICHH T oBEAZENT S, FWET — 1%, BIEFLHEETA/D
B L7ctk, XN—YFrarva—F—l@EL, ELEEITo. ok, BUiHRtE
A= NRICRE LB EEBEICL o TES SOWEREEL O L AR L TN D,

5.3 REHERRUEE
53.1 BESIURRR

F—=T AN DORERIBE 0, (LERBERIEE & F5) & 180 CTEHEAM L7z N M
OWTHEBMHRAB NI L > TREORIE L, ZOME% Fig. 5-9 1277 . Biiln
e R SR T, o S 2 R R G B R e & B R B IR Y E T BACER R 0 BAEL ER ) 0 Fn & L
WCHBELZb0THD. KICiE, EE 0. lnm O THRBE THIE L2 EAERE IRE 0,
EEBRT, IRIEICBITDKOBETH D 100CEMBRTHETRT. BSVEKH LY
S 1.0mm, 2.6 mm, 4.2 mm ONLEIZ & 2 B A O IXRPER Y M A28 U TiRe I bR
TL2R, ES5.8mm 7.4 mm OMEIZH DHHEROMRE T 100 CifF THEFF SN D.
Fig. 5-10 (1%, HERRIRE 4,180 C THR /N2 & PR L 72 BRI 4 75 2 M0 B 20 FE b <l &
L7 X A DR, BRI Do v A~ 0 BV B oo e 254k 2 7R 3. Rl L R R
Rl 2 & v, M ORENIRER X OAMOMENC SR K E & o7z, KMICik, 1 "REK



Hybrid

0\ recorder
123 Personal
Vi computer

Fig. 5-8 Experimental apparatus for measurement of
temperature and heat flux. (unit: mm)

(A: Baking tin, B: Integrated thin film thermocouple
and integrated thin wire thermocouples, C: Heat flux
Sensor)
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Fig. 5-9 Change of dough temperature measured by
integrated thin film thermocouples in baking process.

(4 ,=180°C, dough weight=640g)
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Fig. 5-10 Change of dough temperature and heat flux
measured by integrated thin wire thermocouples in
baking process.

(7 ,4=180°C, dough weight=640g)
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Fig. 5-11 Effective thermal conductivity of crumb and
crust in baking process.

— 101 —



XS L2gw. — 05, BEABRLAHE 5 0~ 10 S O RMICIXIRE, BURR L bIcZ T 223,
NUEHORNTORE EFIXIZE—EICRD. Thbb, NV RINL /N AMIZHEN
DGR, BERE (Imm) BLOREZEND, 100 CLLTFTOKRSZET /N A (7
TL) OFPBBEELXHET LN TE D, o, BEAMIK®% 26 UKEICIX, 77
LDOREN 100 CEHB R, KoPABLEBE LY 7 A MEBOAPUZEE S 100 C

UTFoKGEGL M (7T 0) ORELRROGIETHRETE S,

533 VSLOBEMRECEE

Fig. 5-121%, BERGIREE 180 C T N M2 BERL L 72 BE O EE, Bk o o0 R [ 28 1k s
b@ma 1~7Tmm OFONEICH 2 PEER TOERTIZRT 5 BEH T Lo 8
A=, 2, 3N AXNG-DEIVHAELELDOTH D, BT A MO FERE, it
AHBMREETHD. APV EEITRHBLE, ZRR2LEOMEDENREICEIV S
T ic® 5.

LT, BB EEIZERENELSRDICLEN T ERT BN, 1., A4 0ZEEM
TETTD., ZHNIEANCAEMERBIZCENWTZ A NP ERINGBEOTLEZEBIZLDLDHLOD L
BEibnbd. 77 LAORMBAREE L, 67~95 COHPTO0.7~2.2W (mK) TH - 7=.
Fig. 5-12 IZIE5 2 BICB W TIHEH 7 n — 7 IECTHE S NTBERE D7 T L OFEhE
CHEEGES —O—) 20 CRT2, AECTHE LAMEIXEKR CRIFEET S u—T7 1k
WX DMMEMROIFFMEL Y &7 K& .

ZERRAEAR OK) B L OEH (R E KAL) TEOLR TV E—K—X D 3o #HHR
DG, GAKRENEMT 210 LI > THAOBREEIZRE ML, S50 0 A %h £
R EICET S [10]. o, BEX ER LERICED 2Ky 0MFENEML, 70 Cx
Bz LMMBEOEULEOREREZLSDEEOATWVD. WolEH, /N AEMIT 556~
656 CCHEMmOMAENEZD, 74 CTITINAT ORENGED. BH O &, B
DT In—ALT7 a7 FURBHAELLBEI LTS L0, MEAICEY 73
0—A&T IuXTFUDORENHES, KIFHPADVADDL LR THD. 2
DOIRFEER TN AEAMOBENZMITZET L, BEBRL TV EZERAER L, KIZTBRIZ
BEBAREICRD. TORD, BRTOZ 75206808 BEEIXIKTBEHOF

— 102 —



3.0

O Measured value by unsteady probe method

O
> — -
E 25__A A e2 0 . —
‘S I = R V Aes (nn] -
5 il o —
"g Q 20: O e + 1. Iign 3
S & - o -
= 5 15E u(s% —
: = EL =
- - -
2 - ey ]
aq:% Y —
i - Qo—& ~ 7 ]

O 11111111 IIIIIIIIIIIIIIIIIIIIIII
20 30 40 50 60 70 80 90

Temperature [ ‘C]

100

Fig. 5-12 Effective thermal conductivity of crumb in
baking process.
( 4 ,4=180°C dough weight=640g)
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Fig. 5-13 Effective thermal conductivity of crust in
baking process.
( dA=160°C, dough weight=640g)
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Table 6-1 Specification of dough formula of white bread.

Ingredient | Weight % | Ingredient | Weight %
Flour 55.2 Shortening 3.29
Water 35.3 Salt 1.10
Yeast 1.10 Nonfat dry 110
Yeast food 0.11 milk
Emulsifier 0.06 Sugar 2.74

Table 6-2 Thermophysical properties of fermented dough.

Density [kg/m’] 111010
Specific heat [kJ/(kg-K)] 2.09%£0.08
Porosity [-] 0.709+0.010
Moisture content [-] 0.451=£0.006

(at 25°C)
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Fig. 6-1 Experimental apparatus for heat flux measurement during
bread baking. (Doven, @control unit, @tin, @lid, ®air
compressor, ®computer, Mscale, ®heat flux sensor)

365
123 (T ‘
/ top inner surface
lid
side inner surface
: tin
139 end iripgy _______________________________________________________________
surface
7 bottom inner surface

heat flux sensors

Fig. 6-2 Tin and measuring points for heat flux during bread baking.

(unit : mm)
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Figs. 6-3 Change of bread dough weight after baking.
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Fig. 6-4 Porosity change in the central (crumb) and
circumferential (crust) portion of bread dough.
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Fig. 6-5 Density distribution of bread dough near side surface.
(4,=140°C, ¢=35min)
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Fig. 6-6 Position changes of bread dough near side surface
before and after baking. ( #,=140°C, 7=35min)
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Fig. 6-7 Relation between filling fraction (1- ¢ ) and distance
from surface of bread /, through baking time.
(4,=140°C, t=5~45min)
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Fig. 6-8 Change of temperature and heat flux during bread
baking. ( 4 ,=140C)
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Fig. 6-9 Relationship between the baking time and amount of
moisture evaporation of Pullman bread. ( ¢,=1407C)
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Fig. 6-10 Change of heat transfer during Pullman bread
baking. ( ¢ ,=140°C)
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Fig. 6-11 Model of heat transfer in crust.
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Fig. 6-12 Calculated of time change of crust thickness.
(4,=140C)
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Fig. 6-13 Calculated of time change of crust thickness.
(4,=1407C)

— 127 —



NWUDRERR TRICBWT, BNV 6HETIEFA—0O7 7 A MBRERIND EMREL

T, b~45 5y DRERRRFIC I T 2 KA I EOME %77 . Fig. 6-13 KB H
BE R IRE A R U 72 7K 3 2R J8 1l D (1 2 BE R 2 D R/ v D FR R 4 A O K (Fig. 6-7)
Mz 5. KoARFEEOMELXOM Ty ML, Fig. 6-14 (277 . BEIZIZ N R
HR 25 OREREE [, 2 &0, REEICERBO TR (1-9) 2 L o7, KITIE, BERRTO
¥ 5 2R (0.22=1-0.78) Z il # T Fig. 6-4 THOLNT-FHREEDO 7 7 5O FHER
(0.17=1-0.83) Z MW EM THE TR T. KL REK LERIE, KoABHO®KRIEE VT
ANOEBEAAREAT L CEATT DHERIB &, FIZ7 7 XA MERP - DIINT 5 %
HHZ R TE D2 &nbnd. BENRBMERIZI VD TIE, JEM TR btk L 72BN
BOHAFEENZ XD NP EREIZEZ G T TV DR, =7 F vy 73T L TR
& L CONBERBHEEST D2ETORSOMIL, WED EFHRLATED, AHE
WO EBEE G REN REEHICE 5. KoRBEET, BREMICEY TEWEZ TR
T, JI7ANOEBEANEID, WATL THNHOAMAFIET S, KA/ <2
ST B EEITT MR, ArdhE JI9AMORERMAOND.

6.3.5 VSRALNDENREEE

BARUVOBERTRIZBTILZ7 7 AITOFMBREE L .2, TNETICHALRAILENY
RMAHICB T DB AR g LIRE G, 7IAPDOES L.OHETSH. FHEICELT, K
DA E % (& < .

(1) BRI L TWD N AMIE, ZORNEIC 100CH KRG AFEEZA L, WAl

oM EE, AMlodzEE s KBS LD (Fig. 6-11),

(2) KGOBEIENVHAH~OEFEORE L, BSXVNEBIZE T 5K OBEIL R,
3) 77 AMNBANHMICALDREANEIZERNTH 5,

(4) BRUBO 6 OOHICBWTENWICH —OHED 7 7 A MBEKRKEND,
ZOEE, WUNRRERINIZ S AT N D B BRI,

g=A. (0,7100)/ 1.

LrIns.

ZoXERV, BARVERRT L LRICBT &AM LE - M - KO % [

— 128 —



1.0

=25min 30min 35min 40min 45min

Fig. 6-14 Relation between filling fraction (1— ¢ ) and distance
from surface of bread [/, through baking time with
position of boundary phase of evaporation(0O).

(4,=140°C, t=5~45min)
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Fig. 6-15 Effective thermal conductivity of the bread crust

during Pullman bread baking. ( 4 ,=140°C)
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