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Dynamic Reconstruction of Non-Isothermal Tire Curing Using Limited
Temperature Measurements
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Abstract

Since the Industrial Revolution, tires have been indispensable components of all motor vehicles and have played
a crucial role in driving global development. Despite their seemingly simple appearance, tires are composed of
complex composite materials. After the structural and tread designs are completed, uncured rubber undergoes a
process known as vulcanization, which is one of the most critical stages in tire manufacturing. This process
determines the final shape and appearance of the tire. However, inadequate temperature control during
vulcanization may lead to over-curing or under-curing, both of which can degrade tire handling performance and
potentially result in customer complaints. Accordingly, the primary objective of this study is to incorporate
realistic manufacturing conditions and apply numerical simulation methods to predict the curing time required
for rubber products. The key contribution of this work lies in demonstrating that a generalized reconstruction of
the vulcanization temperature field can be achieved using only three temperature measurement points and three
sets of t90t {90}t90 data. The novelty of the proposed approach is twofold: first, the transformation of
t90t_{90}t90 from an isothermal performance index into a rate-based descriptor under non-isothermal conditions;
second, the reinterpretation of limited measurement data from a validation tool into constraint conditions for
field reconstruction. This enables a significant reduction in prediction errors for both temperature and curing
behavior without increasing experimental costs. The proposed minimal-information reconstruction strategy for
non-isothermal vulcanization temperature fields not only offers valuable theoretical insight but also provides a
practical, low-cost solution for quality control in industrial tire curing processes.
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SRF SR (HEE BN PRSP R - 2 DA A
Widk (@4 50%) Efl - K3 #F Point-B &HI%E
FEE S0% B 217.15 b o BEEE R 259.53
)5 £ Point-C Alf 200.29 ¥ (EE) %
238.51 Fb (CFD) - m] &35 2= FERE R L T
UK B RERZ= G IR E E R RS - o] gEELR
[Ei5 BRSO AR 0 JRED PIEE TR B
e R B EUEL o & SR S R IS
BIREE » HEERR B Eg 25E
BUEROK - 1F KT SmAaAyEI%E Point-B 2 90%
B> B A 360.95 BV o BifER 395.01 B0 fE
Point-A HYE & BA R8¢ 73 Al By 373.09 Fb B
387.65 ¥ 5 Mifr & HIEE Point -C FifELFEEE 90%HEF
Bk 577.99 b Btk 531.55 ¥ KiiE
R - oI R K7 $RAGTE Point-C EIRELSSAN
A {E =B AR E R T [ BRI B B RS
T2 HR IR R 2R T BE LIS 18 B BV BRI 2 B Akt
QHEY (AIRBRHERE - HEORIER)) 2 HEIRE
FHAERE - LR ERER G EC T AR AT > AE RN [E IR
5o Hoz FLOTRE AR [ K Y 24 (] 45 1 B P S0 s
NEEEE R E A EE - (5 BE A 208 By
B o {8 30%EL S0%F-HARR (L P By gL - thaE B F
HISAIELE o 5140 K7 Point-C fE 30%% 5 338.18
Fr (EEs) o 1 K3 A Point-C {& 166.13 #) » B4
o~ K7 EFHR AR I > SR
B BAEMAE 90% HERUALY 288 FRAZERE - i
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TR ] 22 AE AR BTk 2 DA [5) ple 2 ef F 42
il > K7 FEAESCHERHY AL B 7] A AR R A A (2
b - BEEGI S > BUEFBEEE BRA RS = R
<S% > EHFERLERZRE T 15-75 Bz
M - HEEGIRIAE 90% FifbEFEHY 4-15%
AR E R R MR BT TSR BN > Ht
BRI R G A LSS - SRR ER
A RERARE AL AL T A FRATRRALRHE -
MR EERA - 28T B A RO 25 LSRR A Bl
MR EHEE B2 - SO HAEE Dlimia &
HRAr B e bl (F Ryasa T 5L © S (R AR
B (B 3~5°C) BTt A gl - mTREfE
YRR E IR s - NI FR R P B(E

% 2 WRmAaAE £ B 2 PV e

skt | RIS (R | PURE30%(s) | BURES0%(s) | Rl ET0%(s) | #AkE90%(s)
o JEHE | 23345 2804 33089 41272
oint-A =
Bl | 26099 329.65 396.2 487.37
—Em | 21607 259.53 305.5 37531
K3 | PointB [orgs | 1804 217.15 25504 31351
oo [ | 19950 23851 279.32 34177
oint-C [
B8 | 16613 200.29 2359 289.88
| 24541 284.63 32546 387.65
Point-A ===
B | 23179 275.18 314.02 373.00
s 249.52 28961 33141 39501
K7 | Point-B |2
OB Fare T 22906 265.35 3034 360.95
—EEE] 3302 380.68 44717 53155
Point-C =~
£ | 33818 414.29 48455 577.99

3.3 BIRARMRA T 2 FALBER A

i e i B A TEORI R — B DA 2 i B W B
RE IR ERE 2 — > JoHDLH ZE _E S RrvEmAa R
ME » F—IRwGETE 10 PDE SR T
A o IR ISE 2 & BN I S PEHI R
JERERY > 40 E AR (Autocatalytic model)
5% S 8t & (Multi-parameter fitting) J7
% BFEREHF 52 DSC i Ie S EEmIEE -
NMEEREG T > & REGEERicAERGEA
T BN U SRR S R > (R 2R BB
ERRHR BN A Z SR - NILERE IS/ VECRTE
B TRAVE RAEE - THHEET » 3
HltmRai LS BV R REZ O e A S SR
M 7E & s R A PRIV R N 4ER 8 —
B TENAE Tk —TEPKE - L 0 ARSRAE
AAGFEERE TTERHY oo IR R Z R MERETEIE » T2
HRF L R R T P A TR SRR 4o B 3R R I R B
{EEEZRAF(2)

a(t) =1-exp(—kt) (2
HE a=0.9 BHIE to B 550=0(3)
In10
k(T) = (3)
tc90(T)

BESRZ R to AR EERRC TR BRI - 1
e/ Ui EL R A Ry Pl F JE 5 A2 AU AR A
AR AL M e I AIHT ¢ DA IS B
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?)’é EEE =4 tof i EL RS > BT AR
2 IFFEREN I e - [OlER4E R G RIE(LAE
84.9 kJ/mol » P fE 452 =0 AV R FE BUA -+
(pre-exponential factor)Zy 6.67x10°min~ ! H
R2ZE 0.997 » 8B LA MG R B SR 20 B2 — 5L
Ve o TEEN SRR 55 T {E S ERE AV 2 R 2
RREUERE - HRESFE RG> Wil
WAL AR - HaElE A E RS R
R MIEPVE E E AL « RIFFAE RS
HIES DA E i = BRI HERsE T HiE

(B BEIH R » BURBEEIEBERIAN(4) ¢

T, (x.t)=a),(x,t)+D(t)

corr

4

P R S B gk B B o e B i B O A2 2 Y 1
WAEEEL A - mEEE R - (4 ELE
T CFD s EHYZER I AREE RS EE(EF LD
Bl aREnI g (BE BRI T s R
F<5% EHEREERABARE) - B

s tb Bl E s P F AR > AR
TE?%E%/‘EIEEEA%HEQM BHRFIEIRE - T8 FHR
eI E A M E T 2 2 ERERY L -
AU S W (e E R - 1T = (8 2B A = 4y
Ho ERGTRE R A AP R o MR CFD 8

HHADLER P st R B e E R e E
Bt B (EEAREAN(S)

ei(t):TEXP,i(t)_TCFD,i(t) (5
B B R A S g 48 3R 5 (Mean Absolute
Error, MAE) EZ ¥ FTA IR - 2 = {EHIR;

HEPE0=(6) -

1 N 3
—WZZM(ZN

t=1 i=l

MA (6)

befbre

EM K3 #Y CFD EAEALHEBIEE T R S- PR
Z2F 6.85°C HEME/VHY to (£ 3 (EEE
) FIE CFD S5 mzs - ZAWTFE(E AR
HRATMEIE (4 AV Ry (T)

] X2
MAE.. = ZZ| Tpxp (1) — TCFDwrrz(t)|

afer N =1 i=1
HEBEEE 2.23°C; 1F K7 09SdEAId %
HIEY 3.35°C [FREFAEIRNT 1.18°C  {RIFHA
S T 58 P A W ek lim B B 5 = {18 2 B BE Y SR 2L i
BEIENFE 3 B

3 BIERHRH g SR EE
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fmfaskst| BHIES |MAE before C| MAE after C | Reduction %

Point-A 6.400 1.626 74.590

3 Point-B 6.738 3.349 50.306
Point-C 7.402 1.722 76.731
Overall 6.847 2.232 67.395
Point-A 2.430 1.652 32.016

K7 Point-B 4.610 1.581 65.711
Point-C 3.006 0.296 90.141
Overall 3.348 1.176 64.869

FLpE A BRYELY 65~T0% » BT to ZBEE

T8 DAEE st 8 BE(EDR 35 i i 35 30 Rl

BEEL - OREHEIER - KEMRAIEFRTALIEST
W= (8) :

a(x,t) :l—exp[— IOAexp( CW(X r)Jd ]
IR IRR MO » B LR A U
AR AE(I) ¢

oa Ea

— = k(T)t —kt

T RIC (Tt exp(—kt) (9
£ 170°C ~ 10 8 fRFT - RATHSEZT ¢

Ea=84.9x10°J/mol
R=8.314J/mol-K

T =170+273.15=443.15K
A=6.67x10°

RIS R BURESY 0.018°C « iIBERE 2°C /Y
frAEET A E 2 3. 6PHIR LR - Edn CFD

fEfmzEzZ 6°C o Wi bERETTRekEE 10% « BiER
[EG A TR 2R R 2°C DI (R B

HEE FE PR 14% - T s A i E FE RY R 4 > 1F
& to TEMERZ AN NENERA - £ K3 > &8
SIBEERAERE 00%HT gzt 1.05 ol E
0.45 434% ;K7 HIEg 0.53 9r8&[&%E 0.12 7

Wk 4 Fi -
* 4 [BIERIE Z @S
F o E R | WEORRIZ | E | R | B B ROR
Wrednst | RplEs [ZEEGR 90% | 2-EGR 90%| #8 90% | F & tc90 | F % tc90
BAPR | RApR B |2 G HEL | LS HEL
Point-A 8.136 6.891 7.807 1.245 0.330
K3 Point-B 5.233 6.273 5.988 1.041 0.755
. Point-C 4.838 5.704 4.582 0.867 0.256
Overall (min) 1.051 0.447
Point-A 6.226 6.469 6.055 0.243 0.171
K7 Point-B 6.023 6.592 6.209 0.568 0.185
Point-C 9.648 8.872 9.635 0.776 0.013
Overall (min) 0.529 0.123
=1/
B 1% FERE W RCim A 25 7S 8 2R (B IER AL

SNTHE 19~24 Fiow -
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K796 6 B di i B BE #2152
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<

6o i

2 —o— TT5iPoint-B
® 40% —o— [TiiEPoint-B
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o
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& 23 #@he K7 SHECRE R B IERINE
Point-B ZHi{b/E

MG
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T o —e— {iifiEPoint-C
20%
0%
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w5 GEY)

& 24 #mha K7 BEDEEFEEEENE
Point-C ZHiALE
EERITALE S IT4ERA15R 5 B > 1E K3

Infp R R R RN ERE - 1Y 30% Bk
B> CFD £y 216.54 ¥ & 202.67 #
50% BRALHE =S4/ NELY 10.42 b5 70% B Ry
9.45 ¥ & 90% FRAEHEZEEFAFEL 13.24
Fbom R K3 £ Mbﬁﬁﬁﬁéﬁﬁzﬂ;ﬁiﬁﬁmﬁﬁﬁak
e (50-70%) sz tE¥Uer - ErERIREE
BRE CFD 1B R W) HA 2 E TS K RF %
BURREE k WM MEEE e LR
o FEGRMERE > SR RN E B IRROR 0
too TESHMRAG - AHES 2 T » K7 SmBGAyIE S Bl S 5
BER 2 EEEER/N o 1Y 30% Wi biFzEE4) 6.67
Fb 5 50% BEZY 3.00 Fb s 70% BE{ELY 0.67 b
F 90% HHELY 0.71 ¥ o W[/ K7 FEHIREE
{EEIH & FRE GBS R - EFor KT WEVEE
SRR DR B M3 e B E IR AR R -
1SR AR SR A R R B E E A - 10 AR
AR ER B TS = FERURY O 22 /MR IR R TECHIIR
Ve~ BEE S - S DI EEEIEIZL > K3 7 90%
ARSI EE T 3.6% » 1 K7 1% 0.16% -
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R 5 WEERAAE S EHIRME IR 2 PR RE R

et | ST (R | PR 30%(s) | BRI S0 % () | Pk T0% () | U 90 %0 (s)
poinen [EEE | 21654 259.73 305.61 377.38
B | 20067 24931 296.16 364.14
| pomep 1B 21654 259.73 305.61 377.38
BE | 20267 24931 296.16 36414
poimec [P | 216.54 259.73 305.61 377.38
5 | 20267 24931 296.16 364.14
momea [BEE | 2752 32157 368.39 433.65
s 268.53 318.57 367.72 437.94
s | 2752 32157 368.39 438.65
KT | PointB Torgs | 268.53 318.57 367.72 437.94
pomec [BEE | 2752 32157 368.39 433.65
B8 | 268.53 318.57 367.72 437.94

FH IEE ] S07E A S IE A B E S - B LR
CRELEERGE R A R D 2R E R
TCHAERA LR HAEE o BRI, - R R R B R Y
LB R T R2YE © AT EEL 0% EFE
VE Ry FIEFIRERS - 15 R B B g S ME FYY R P 22 S0
HEATR o H—BREFER AL A R e
REFREIVE S 4EFR » R R R L i R I ER Y
W AR AN ] - A SRR B E S BT 0 2 E
90%FT EE SR P REAR BN « AR ZR AT FE 2 Al
oy TR TR HIBE B RS [EME 7755 | ABRBGHR
(BB 2 - RE M EAR SR TR R e
ELB R F B B —EME S RO TIE > ATJ57AM=
{EE RN too B FERE R LR - (B L
TrARVEBLETRE (G > SHIEEE R B 1 TR i F B e M
BIE - #52  BIEIESF R b4E T
[ EEEE - FTLUE IEAT R AT 3 bR (L HE R 2 A0
EHY > e B P R R R BN R S R A
R EE R P I il CBhRERE S E =M - R
WAL R HE 2R R S B FE B BUE R M - B
I BE A FE (S 1 & [5) 20 i S e R o By e
AR o ERRALEEFRARAE 30% ~ 50% ~ 70% J5Z&E 90%
HRWALPE Bty B B S S — 2 - [NIL AT DL
BIZ2E] > (BIERAER B RIREYT - BEREEM
B AL 4R % L E B TR LS B8 -
FERRAVBhREFZ IR TS B/ -

4. &R

AR rimia EHERR AN E (IR
S RE GG ) EEERZRELT @ 2
— T H A - L RESEE
5 o BMEATIHITAIESE RS DSC H4REIM I K &
ECHIBEARE » AHSREFH =40 to SREIEE
s Em G (K3 B K7) £ = {1& & H %G R AR
12 BIpRThEIrIEE R E) SRR i R ]
MR REEMREIE CFD JRES » EER(LE
G3AA o BRI ARUR B G FE L E AR S IR
R TR Es V&R T - KRR E RS
FR M = SR b Ry 5 B ST SRR 4 - B
BEENSCRATER AL » B to HEEL Y ZEg— R R
AT g e L 7= Bl T &REEE
84.9 kJ/mol EAf5HIATF 6.67x10° min~! > &H
TRENMEE =BERER - LS S Y
HMEHE 7 BUE(LRR - HEENE RN
FLUEANIFERE D (LT R AR

(BB LS - TIEERE NS RIEELE - fERE
BlEm > K3 Bl K7 #mfa 2 JR4s CFD Sk S gl
BB EERE - K3 (U EIREmER 6.85
"Co K7 B 3.35°C s AN BBURE oA E
6°C SHIEEZEAE 170°C &M T 0] B8 B8
10% MR ElRZE @ EEER—RITERTZ %
RPN o MR REIE  BEHFEEE tv»
TEHIEAZE R L5 » EE B LB AN EZ &
WHIERE « AWFFTE B R G 5 [E bR
B =S BIERYE R 2.23°C (K3) 1 1.18°C
(K7) - {HERifEARTEEEREZE 4% DN - A
PERIFELR M TR SIE © B A LS R FEUHISS S TR B
HENE K3 2 tw BMEMR 1.05 D#EEE
0.45 438% > K7 HH 0.53 43788 E 0.12 478%
R TNREREE S0% - B EI IR EFEEE - T
TER R A R YR TR e oK 2 FRGRMERE Ay iR e (L4E
o 0 DR EFE R AT (G B RELL FIE i 22 [
[ > K3 B 12.4% 2 4.1%° K7 HH 6.8% [
E1.5% > FEURIS EE RS AR = i R TECH
F R E R - S > AHIEEHEE
A = (EEHIBEL =4 to BEHEAVER T » {55
I B ARRE NIRRT LIS S AR - HAIFER
iR E— o B to SRR L
R R HRARE 5 FARNEHEE T
EEEBIBHRGEN 5= FEREINERRA
HIRTHE N o BEE R4 RS B L TEOHER 2 - i
NG LR ESEERIE NMEE S EE - &
Ry B imabi B R — R A HE &
BYEHITTE o 2R A EFAEMRE] - B2
RS — PR RS R 26 (B g s T T Y
[ FEA B4R B (Multi-Step reaction) 2 H 1k
HH] (Autocatalytic mechanism) 5 [E{EAH Y {E
A RIEE TR REECE R > N IR A
BUS N REEEE - Il 0 AWTRIEERSE R
JE WG LRI R > HIZARRE IS #E— 25T
i o EEWIL - AW ZZLAIFER T UV
% | ZEISCERET B o R eI L B IE
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