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Improving Through-thickness Thermal Conductivity Characteristic of
Hybrid Composite with Quantum Annealing

Sung wook Cho*, Seong S. Cheon™’

ABSTRACT: This study proposes a hybrid composite where a thin copper film (Cu film) is embedded in carbon fiber
reinforced plastic (CFRP), and quantum annealing is applied to derive the combination of Cu film placement that
maximizes the through-thickness thermal conductivity. The correlation between each ply of CFRP and the Cu film is
analyzed through finite element analysis, and based on the results, a combination optimization problem is formulated.
A formalization process is conducted to embed the defined problem into quantum annealing, resulting in the
formulation of objective functions and constraints regarding the quantity of Cu films that can be inserted into each
ply of CFRP. The formulated equations are programmed using Ocean SDK (Software Development Kit) and Leap to
be embedded into D-Wave quantum annealer. Through the quantum annealing process, the optimal arrangement of
Cu films that satisfies the maximum through-thickness thermal conductivity is determined. The resulting arrangements
exhibit simpler patterns as the quantity of insertable Cu films decreases, while more intricate arrangements are
observed as the quantity increases. The optimal combinations generated according to the quantity of Cu film
placement illustrate the inherent thermal conductivity pathways in the thickness direction, indicating that the transverse
placement freedom of the Cu film can significantly affect the results of through-thickness thermal conductivity.
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Fig. 1. Schematic of Cu film placement in hybrid composite
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Fig. 2. Laser flash analysis method
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Fig. 3. AT -time graph derived from the bottom side

Fig. 4. Example of hybrid composite FE model

Table 1. Cu film placement spacing and corresponding number

Type A B C D
Pitch (mm) 0.4 0.8 1.2 1.6
Quantity of Cu films 16 10 8 6

ORTHOTROPIC_THERMALS 3} 7-&%|2jt}. Cu filme]
P/ & 0.2 mm, 77| 33 umo|™ Zol= CFRP2} A%t
10 mmo|t}. Cu filmE L2 FAE o] o= Z Tol-
THERMAL_ISOTROPICS: E3) &2 Supio] 7359
t}. Cu filme] %9 HjZE]t= ALk Afo] 7122 Leh
Pitchg 5] A Em v Fig. ol A9} 20| ply Fe]
172 9120 A-&=A Frt. E3F Cu film CFRPO] A 1
P} A= A=A Fck A= 9 Table 1
of Ko} Zro] F 47}A] typeol| FHafjA] vjx| = o] 4= qlrt.
Laser pulse®] 2|3} heating zone> Top side HZA 2] 70%9]|
10 ms%-QF 20 mW/mm?9] heat flux7} ¢ & v HkofsH 91
Bottom sideo]|4] Fig. 30[4]2} -2 AJbo]| b2 2:=/3) 1
Rzt A Hrg 1 9] SHE B gde AR
2w Top side®} Bottom side®] 7-¢- th 72} FAol| o3t &
AGE =4 b=t

2.2 Thermal properties
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eftch. weba] FE melo] 288 CFRPY| 97 B4 &
e HAS B ARel 71A zzke] g A E4o] 4
g5o] =2H Ik Ao} 712 212 AS49} 8552 resin
o] 9% E4o] HgE|glom I 54E Table 29} ZC}[25].
CFRPO] A U (p)= 4] 3) 3l AlAt=A Hot
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Cu filme] 79 &2 SHFYS ulEslna Table 49 2

Table 2. Properties of fiber & matrix

P k Cp
(g/mm*) (W/m°C) (J/kg °C)
Carbon Fiber
1.79 8.002 791
(AS4) (kyq)
Matrix
(8552 resin) 1.30 0.15486 1000.4

Table 3. Properties of pure CFRP

p k (W/m°C) [
(g/mm?) kqq kop = k33 (J/kg°C)
Pure CFRP
(AS4/8552) 1.58 46387 0.572 880.74
Table 4. Properties of Cu film
p k p
(g/mm?) (W/m°C) (1/kg°C)
Cu film 8.94 390 385

& 97 Sxo] HEEYTH29.
2.3 Py Cu film BiX[0] 2 ME2H 24

QA H8-2 SI7t 27 Hole} 415} 4388 913 Cu film
o] i X & ply9] A ZF Aol WE k;y{F A HTA £4 0]
AP At 285 Cu filme Table 18] 5 47}4] typeo] 2+
7 957 Cu filmo] ¥|Z|% Z1zFo] Cu film CFRP:=
pure CFRP(k,,=0.572 W/m°C)2}9] v| W& F3f k& 57}
42 Ye ]t} Fig. 5(a)= 104 31 plyoll Type-A7} Z+

3 16.17 %

2 18.48 %

Ply No.

1 15.24%

065 0655 066 0.665 067 0.675 0.68

k_33 (w/m)
(a)
3 10.63 %
[}
= 12.72 %
=
-9
1 10.90 %
0.625 0.63 0.635 0.64 0.645 0.65
k_33 w/mQ)
(b)
3 8.79%
2
2 8.64 %
[- 9
1 8.30 %

0.618 0.619 0.62 0.621 0.622 0.623

k_33 (w/mC)
(c)
3 6.37 %
2
- 2 6.19 %
o
1 6.14 %

0.6065 0.607 0.6075 0.608
k_33 (w/mQ)
(d)

Fig. 5. k;; according to Cu film type and stacking sequence: (a)
Type-A, (b) Type-B, (c) Type-C, (d) Type-D

0.6085 0.609
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2F o)A ] 912 1 o] ATHE o] 29 plyo] 4] 18.48%
(0.659 W/m°C), 391 plyol| A 16.17% (0.665 W/m°C), 19
plyollA] 15.24% (0.659 W/m°C)& ==E|iT}. Type-A+= Cu
fime] %9]3o] 714 gon vjx] 712j0] v ZWsel.
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m°C) 0 & Z7180] =5 Ut} Type-B G A] Type-AL}
o] 21 plyoll A& k;, S7HEo] 7 A e e s @
a2l 19 plyoll o] k7 L 02 ) wEE 3. Fig,
5(c)9] 79 Type-Col 3|53l 3H plyoll 4] 8.79% (0.622
W/m°C), 21 plyol|4] 8.64% (0.621 W/m\degc), 1HH plyol|A]
8.30% (0.619 W/m°C)2] 27} A< = lch. Fig 5(d)°
Type-D 9A] 3 plyollA] 6.37% (0.609 W/m°C), 25 plyoljx]
6.19% (0.608 W/m°C), 11 plyoﬂ/\ﬂ 6.14% (0.607 W/m°C)=
Type-Co} ARG %7} 2412 Lhehjict. Type-Co} Type-
D] - Cu filme] W7 7420 Type-Ast Bol ¥]3) =Loj
FA= A A o|= gl plyo] S+ FgH4ilo] =7
2-g3 A3tz Kol Type-A9} Bof| Hlsl Aof nizst vt
o= UWEHA] 23t A o= olaid o= Qlrt. whehA] heating
zoned]| 7H7M A A5 k7t A A S74ehe FA1E UERd
Ao g AtmE o] Xith

3. 2x Holel ZAISE E3 QAN

J

1 =gt 2[xst 24 He|

2 23 A3} #A= Cu film CERPE] plyg= E([0]5,
—[0]sp)& F3l siAstast st 23t A5 249 55
A& F7HA BoE I F 5709 plye]l 7EA o= A
SEo]d 4= Q= 2 FHE2 Cu film®] Type-AFE Type-
D&} o} A= FQlo] QFel AFE|Ql Noned xghsto] 3 5
7FA]o] AL Fig. 69} ZFo] F- 25712 9] 23t S HER A E
Adom AR 718 23he] == 5°=3,1250]c}. ply 427} 2H
Holl w2} ZF Type'd Cu filme| 2}7] b ky; S71He £

Heating zone
A—}-Type(AS, 5, C5, D5), None
«Type(Ad, "4, C4, D4), None
~+Type{A3, 3, C3, D3), None
‘-I-Type[AZ, 2,2, D2), None
#=Type(Al, '1,C1, D1), None

Ply No.
= NWbAW

Fig. 6. Conditions that can be placed on each ply

Table 5. Combination candidates that can be applied to each ply

Weight factors
Pl\;;:& IndT:t}No. Type ka3 Quantity of Cu films

(k) (@)

25 A5 0.041552751 1
24 5 0.039570497 0.625

5 23 5 0.038911995 05
22 D5 0.038044316 0.375

21 N5 0 0

20 A5 0.041552751 1
19 5 0.039570497 0.625

4 18 5 0038911995 05
17 D5 0.038044316 0375

16 N5 0 0

15 A3 0.042378525 1
14 3 0040317875 0.625

3 13 3 0.03885832 05
12 D3 0.037981488 0375

1 N3 0 0

10 A2 0041797793 1
9 2 0.039992455 0.625

2 8 2 0038798143 05
7 D2 0.037971883 0375

6 N2 0 0

5 Al 0.041217061 1
4 1 0.039667035 0.625

1 3 1 0.038737966 0.5
2 D1 0.037962279 0.375

1 N1 0 0

< Fig. 59| A5 vl o2 7} ply Alo] ki, AP HIE o)
of FEElow, 23 FHIF 7} plyol| A 9] kyy A g
ekl o= e 7FSA (k)2 AEEA Hek ZF plyol| A 9
ky;2F Cu film vj 2] =5 2 glofe] Ao It A4t3t
(Normalization)7} =3 &9 o AH| %3 THEL Table
59} Zo] Lpepd 4= Slck. ol2 g X FRES 2 A
3} BAlol= A WA 715 Cu filme] TAATE S
Rlek 2710] FojElA Ejm o} 9} Typed Cu filme] o)
3] o] AR 715 ()2 HEEA Hrk. T3t 7+
plyell A s ply ME o] kSR Cu filmo] o2 A
4= 5 Qre ol Aoktlo] 2712 NgEA e,

3.2 Ho|El 2N 345}

QA= FAF= A" AR o JA] T=(E()E &
Z}o] E8]%& &4} (superposition, entanglement, tunneling)S
o g3l kS &5k ot o]zt o q A g
+ Ising model¥} QUBOZ #¥3E 4= 2121, Ising model®]
7% 1,19 spin e o] W} 4§ H 1 QUBOS] 49

okl
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binary @Ef21 0, 19] W47k A GEch 9] 4] ololA 2}
plyell B Cu film vix| 2L X7} QFEIS A5 0,
v 2 =] 91S A% 1¢] binary Fe| 2 £ F 4= Qlch
A binary W42 AH§5H= QUBO HE|2 BAF4E 34
s¥ar 4 glon] 4] (7)3 230,

a

E(x)= Zn:aix,»-ﬁ-zn:bijxixj (7)
i i<j
o714 x&}F xi= x,,x;€ {0,1} & WHE3H= binary W45 1
ERHT). ai= linear coefficientS Qu|sh kA A A% 71
A7} i &oll 2-8=A Hoh. b= quadratic coefficients
oJmjst=t], & Ao A= Cu film®] vz {75 e
+ binary H@Hut 285 7] of x7F AE-E T o] 2 Q13
QUBO# A]o] A& A& wH (linear programming)d 4] 0 2 2
ojd & M "k whebA x@dto] ARgE 7ol bk A
| A A Hrk

A g oE ZAol thet BARHE(K)= oFf A (8)3}
2ol yehd 4 Qi

E(x)=-3 kx, (®)

A7IA = ie{1,2,...,25} & WS Table 52] Index No.
£ onledth. k= iofl siEshs k7t k= 285 A "ok 2
plyell 21-6-2 Cu filmo] uj%| Z=3H2 27} & ojof shA|k
QAo M= oA =7t 2A QL v el 7t 24 74
o2 EFEHER A f4d - E Fofsto] gt =
=0] o|FHA=E AL U

Cu film 77| ARk Yetli= A2z 4] (9)eF o]
uehd 4 ot

D ox<W 9)

i=1
o714 = Table 59| 773+ B Cu film =] 2L ojo)
5hH W= Cu film CFRPoj =92 2= 9= A% Cu filme]
ere ehic

2} plyoll Al AR 4 9l Cu film FREE % 5748
5o 5] 2} plyolA1©) binary W0] gho] 10] i A
o2 maE 4 ok febd AT ARRAE 4] (107 2

Z X;= (10)

o] 7] A p= Table 50| A&} o] 7+ plye] HZE 2fu|s}H
pe{1,2,3,4,5) 2 WrEg).

Define the
combination
candidates

Set the objective function

v

Add constraints

v

Submit the problem
to CQM sampler

Get the best
solution

v

Print the result

Fig. 7. Flow chart for embedding into quantum computer

oA A-&3hH= python 7|5t SDK(software development kit)
2] Ocean®] dimod API(Application Programming Interface)S
3 m2 18] %3} D-Wave Leap U} 2205 AH|AE
F9 P AR QY ol Fig 79 A2 S
5 9let Hol 8 BAlL AoFxzio] ZaEo]l gonz &
7] Initializeoll 5] CQM(constrained quadratic model) 4191
&3l D-waveo]| A A|g3kH= CQM sampler7} A-&-=| it} &
3 Fx0] ol dictionary Fe| 2 A7) Ho] 2t7}o)
dictionary 2 A~5-2 binary® 2 X T Hr}. ufebA 4
(8)9] AT binaryo 2 EAE RE £qFuL kK,
2 go gom meady Hul, 4 0)9] A9 BT
o FUsHA F =L w2 7153t Cu filmo] 2o 24 74
S olste wEsE S Alokxzio] AGEA ek 2 ol
ol Al= 6714 78-9-(Cu film®] 2|t wjx] AIgk 7= 24, 32,
40, 48, 56, 64)o] thaf ARt = Uck A (10)9] H¢= 4
3] %l index No.¢to]| A = binaryde] o] 10| H =& 2F
A=)t} LeapHybridCQMSampler®] 41912 E-3f sampler
2 Heojoln AT BATe} AFRAS S FAH T
of AugE o] 2A37} YA ] 2t Fuprt SHA

uhs S giet.
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4. 5|H

S|

Cu filmo] Zfj ufj2] A5k 7H== A7gE 67FA] Z4-9-ofl tf
3 QA ANE T8l == %2 Cu film HiA] =Al= Table
61} Zro] T2%|gict. 7+ Quantity of Cu films= A|oFz71 0.
E AYE 7HE wiA] ek oulshy = A wj] =
g2 ply HE o2 A=t 7t 2|2 2P5S LFA Y
28] FEAS Folf ky7F A= Qlom, Wz (p)= 2 24 =
go] 28 Cu film CFRPY] M4 W& yepdlth =&
H Zzko] M2 23E 29 viAE 4= 9le Cu film %
o] gobdsE x| 1A o] 23t Type 9152 £30] &
AE AS & 5 lom, Wi R ko] Hojdag 3o
G254 HEEE TS = A ol Cu film 57
Algto] Aokl o 2a] LAJSHA 2Rget At AbEE|ofZIc).

Fig. 82 Table 62] A7}E vlg S 2 Cu film vl X| =50
w2 pure CFRP thH] &y, &} W= 0] 57H8-S& Uttt Cu
film =eFo| Z7}5to] wie} Cu film CFRPE] U= oJX| AF
Ao F7hske AS = 4= ok shAIvt k572 ) A
© 407} ThS-02 4871(0.800 W/m°C)ol| 4] ZFAE| Tt 56

Table 6. Results of QA optimization based on constraints

Optimal combination by

Quantity of k33

ly No. P
Cu films i (W/m°C)  (g/mm*)
1 2 3 4 5
24 None D D D D 0.743  1.811
32 D D C D D 0.777 1.906
40 D C D 0.817 1.987
48 (o 0.800 2.069
56 A 0.817 2.150
64 A A A D 0848 2232
*kyy of pure CFRP = 0.572 W/m"C
50% 50%
m
Q
2 40% %
S P
L 30% s
[ol Ll
8 20% LT 20% %
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Fig. 9. Heat transfer area to be observed
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