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Analysis on the uniformity of temperature field of direct

heating mold for composite material curing process

LU Yang, QI Junwei', XIAO Jun, SHI Jiaqi
(School of Materials Science and Technology, Nanjing University of

Aeronautics and Astronautics, Nanjing 210001, China)

Abstract: The uniformity of the temperature field of the direct heating mold of the composite material curing mold-
ing process was studied. A coupled heat transfer model of mold temperature field and composite material curing re-
action temperature field was established, and finite element modeling and simulation analysis was performed on
the model. In view of the main factors that affect the uniformity of the mold surface temperature, which are the dis-
tance and power of the electric heating tube, the orthogonal experiment was designed to optimize, and the maxim-
um temperature difference of the mold surface after optimization was 3.5°C, which reached the industry standard.
In addition, other factors that affect the uniformity of the temperature field, the thermal resistance of the contact
between the heating tube and the mold, and the thickness of the composite laminate were discussed. The existence
of contact thermal resistance makes the maximum temperature difference of the mold surface reach 7.24°C, and it
takes 800 s to heat the mold to the specified temperature, which reduces the efficiency. When studying the effect of
laminates on mold temperature uniformity, it is found that the maximum temperature difference on the mold sur-
face without composite materials is 4.44°C; the maximum temperature difference after coupling with laminates is
3.5°C, and the thickness of the laminate is millimeter-level. The uniformity has little effect.
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Fig.1 Schematic diagram of comprehensive heat transfer of

composite material direct heating mold
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Table1 Thermal physical properties of dry air

Temperature/‘C A/(102°W - (m-K)™1) v/(100m?-s71) P,

20 2.59 15.06 0.703
60 2.90 18.97 0.696
90 3.13 22.10 0.690

Notes: 1 —Thermal conductivity of dry air; v—Acceleration of dry air; P, —Prandtl Number.
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Fig.2 Curve of heating tube resistance with temperature
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Table 2 Basic parameters of M21 prepreg

pel (kgm™) Co/(-(kg-K)™) he/mm Vo/wWt% k/(W-(m-K)™)

1580 926 0.184 V¢=59.2 V,=40.8 Ap=2.56 A1=1.48

Notes: p.—Density of M21 prepreg; C.—Specific heat capacity of M21 prepreg; h.—Thickness of every piece of prepreg; V.—Volume

fraction; V; —Volume fraction of carbon fiber; V,—Volume fraction of epoxy resin; k.—Thermal conductivity of M21 prepreg; Ap—Thermal
conductivity of the prepreg along the fiber direction; Ar—Thermal conductivity of the prepreg perpendicular to the fiber direction.
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Fig.5 Finite element model of composite material direct heating mold
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Table 3 Physical parameters of structural steel

K/ (W-(m-K)™)

,Om/ ) Cn/ .
(kgm™)  U&kgK)) oo 120C 205°C
7 850 434 60.4 55.9 52.1

Notes: p,,—Density of structural steel; C,,—Specific heat capacity
of structural steel; k,;, —Thermal conductivity of structural steel.
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Fig.6 Schematic diagram of mold size and heating tube arrangement

spacing of composite material curing direct heat mold
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Table4 Heating tube specific parameters
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Fig.7 Arrangement of temperature measuring points on mold surface of

composite material curing direct heat mold
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with time of composite material curing direct heat mold
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Fig.9 Mold surface temperature cloud map of

initial heating tube setting
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Fig.11 Corresponding temperature value of the mold surface on the

cross sectiona, b, ¢
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Table 5 Heating tube setting before orthogonal experiment
Ly/mm  P;/W P,/W Py/W

L/mm L,/mm

33 66 25 300 300 400

PR M S8 L, L. Py, P iEfT
ol £ 455 HL 3 1 Il BE 34 A0 ¢, T DA T =K
U R IE AR s, IR R A o B R T Y
2, WEE/N, RO EE SR, BRI
FEG S MR GT o AR B EL RS RIS B i AR B
133 1E 22 3056 1 P 2K F- R 6 iR o

*6 EXIKMEARKFE
Table 6 Orthogonal test factor level

Factor
Level
L;/mm L,/mm P,/W Py/W
1 35 70 350 250
39 66 300 300
3 43 62 250 350

RA4E = F WK IEsCHE, 558 91t
B A, KX 9 MEEAIETT Ansys Workbench
A R ICEE R AR, 150 25 R 1 48 br oy 155 53R 1 A
Kimz, EZRB IR, G5R L abrande 7 ks
Fis

W2 EE R R, WANKEL. L. P,
Py xS0 16 A, R TR 22 R T N . P>
Py>Li>Lyo 25 2 M PLKF- AR 46 Kok FI W, AE A
0 K /N, T R TE % K B i . R 8 T A
AARI A R R ACFA AN Li(3). Ly(2). Pi(3).
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Table 7 Orthogonal test plan and results

Factor

Maximum temperature
Test number . .
L,/mm L,/mm P,/W P,/W difference/C
1 1 1 1 1 6
2 1 2 2 2 5.11
3 1 3 3 3 4.82
4 2 1 2 3 4.65
5 2 2 3 1 3.51
6 2 3 1 2 6.39
7 3 1 3 2 4.51
8 3 2 1 3 5.46
9 3 3 2 1 3.95
F8 EXFIWMELN
Table 8 Orthogonal experiment range analysis

Factor
Variable

L;/mm L,/mm P,/W P,/W
Ki 15.93 15.16 17.85 13.46
K> 14.55 14.08 13.71 16.01
K3 13.92 15.16 12.84 14.93
Excellent level 3 2 3 1
R 2.01 1.08 5.01 2.55
Order C>D>A>B

Notes: K;(i = 1,2,3)—Sum of the i-th level test indicators of each factor, R—Extremely poor, that is, the difference between the maximum

value and the minimum value of K; in each column.
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Fig. 12 Mold surface temperature cloud map after orthogonal

experiment optimization
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Fig. 13 Corresponding temperature value of the mold surface on cross-

section a, b, c after optimization by orthogonal test

KM EA AL, BRI 3.46C, C&WE
AT ARAE . & 13 AT LD kb U 5% 3 B A8 B 451
B LA, AT RAR I, TR Rk A L e A
H A ] 22 B s/, i a, by ¢ Bk
WESH N 264°C, 245C, 2.3°C, EIFEEHA
fE T i KR 22N T 2.7°C X TR A M RHE



K BHLAE A BERLEL T2 B BB L E 3 2 51 0

T BB EOR UL, AL [ — T Y3 4
PEAR W2, TR IE S P A i IS Y 7 S8
R BE M 2 1 Gl B R Sk A K

5 HtEEXMNEEREREH SN
5.1 hn#E SRR RHAERT 5 A5
FSCTERRE A MR A B MR A
AR A i Ak B g B S AR S ik, Ag T
B2l BH A R, AR SE PR TR, 2 Ak BH G B
Mel 2 AN AT 20, B AN R T A L 3 T i B 1Y
ANEYS)E, [RIB RO I T S A B 48 i
BRI I] o FEAR SCRT B DG A AL rh A BH 52
i) 5 R (38 A3 7E AV SRR AL Z ], i T
BRI TR A SR R, RIS Sy 1 O T i
MR, NIV S5 Z R BRECA R, ik
] P BRBH T 2275 . AR BAH OGB4 )R 5 )8
TF) 2 fish P4 42 fish R BEL M 2.6x1071-3.55% 107 K-m?/W,
Pl 14 A 25 4 AR BEL 1) 52 i) st A o AR R AR L
FET 5 AW AR B S () A AR B . T RLE
TE EAE A A A1 AL R, BEEm#AE] 160°C 752
32005, AN PB4 fih i RH ) 17 00 22 ] 800 s [+]
BPULERB], in B Hr 2k 34 500 s B, BLE R H
TS S 1N 164.33°C, R R AR A 157.09°C, iR

(@)
C

164.33 Max

163.53

162.72

% 161.92
161.11

160.31

L 159,50

L 158.70

157.90

157.09 Min

- 2961 -
180
160 |
140 |
£ 120 }
e
2
s 100
2
=]
S 80 /
L «f"// ——Point A
60 j;’// --- Point B
7r ----- Point C
40 /7 ~—Point D
---- Point E
20 : : : : : : : :
0 1000 2 000 3000 4000 5000
Time/s

Pl 14 25 RS PR L R ASE L T 0 L Bt v A2 A 2
Fig. 14 Temperature measurement point of the mold surface changes
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Fig. 15 Mold surface temperature cloud map when thermal grease is not applied and when thermal grease is applied
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