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Multi objective optimization of multi-layer insulation materials considering
improved LBL model and NSGA-II algorithm
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Abstract: To resolve the design conflict between low heat flux density requirements in superconducting motor multi-layer insulation
material and structural compactness demands, this study proposes a multi-objective optimization method for multilayer insulation based on
an improved layer by layer model (LBL) and non-dominated sorting genetic algorithm. First, we enhanced the conventional LBL
model’ s computational accuracy by incorporating key parameters—spacer optical properties, reflective screen aperture ratio, and a
dynamic adaptive coefficient—derived from fundamental radiative, gaseous, and solid conductive heat transfer equations. Second, we
constructed a variable-density MLI model with up to four distinct density zones, accounting for relative heat transfer contributions.
Finally, employing a non-dominated sorting genetic algorithm with layer counts per density zone as design variables and the improved
LBL model as fitness function, we optimized the system under layer-count constraints per zone and total layer count, yielding the Pareto
frontier through population evolution. Based on this, we further analyzed the relationships governing MLI heat flux density in relation to
three key design parameters ; the number of density zones, layer count per density zone, and layer density. Concurrently, we assessed the
regulatory effects of variable-density configurations on heat flux distribution. Results demonstrate that the optimized solutions span heat
flux densities of 0. 42 to 3. 11 W/m” and thicknesses of 5. 5 to 43. 0 mm, encompassing four configuration types ; uniform-density layouts

and variable-density configurations with two, three, or four distinct density zones. By adjusting the number of density zones and the layer
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density and number of layers in the density zones, multi-layer insulation material optimization can be achieved, reducing the difficulty of

subsequent construction.

Keywords: superconducting motor; multi-layer insulation; non-dominated sorting genetic algorithm; layer to layer model;

variable density
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Fig. 1 Thermal insulation unit composed of single-layer

aluminum plated film and three-layer polyester fiber cloth
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Fig.2 Schematic diagram of multi-layer insulation

laying in motor ( quarter model)
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40 256.3 262. 1 2.3 264. 6 3.2
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NSGA-1II ( non-dominated sorting genetic algorithm 1I)

VEA S —ARAR SO HE P 384 B0 2 sl sk 5 | AT R 32
BCHE AL A S0 B SR s R 5% B LU AL, A Ui ke
T Z  HbrEAE Ay Pareto FTW 431 )81,
5.1 BHUHEEE5MRLER
DL i X2 BN BT S8 R R 5 DR
BT E AR, AR % BRI R IR .
VD = [low(m,),middle(m,) ,secondhigh(m,),
high(m, ) ] (27)
HoA, low . middle , secondhigh | high SRR AR
W X m, my smy omy SHISCE L5 4
FH DR 0B, =R S IUE A AR 0 B, R
P IX, BUEA 340 B, NE &,
R AS B 4 DN X RS2 B KO 42 2, i
Hoh TA—E A AVERE B/ MEE 10 )2
0<m <4
0<m, <42
0<m, <42 (28)

0<m, <42

10=m, +m, +m; +m, <42

S HUAIL 248 AR A Tk A A S/ MR B T R

FBU R A RN BE XA b M B T R S A5 A
T2 BRI, DA B bR .
min[f,(X) ,fo(X) ] (29)

Hop X BRI, X=[ m,,m,,my,m, ] ,f(x) &
HEITSHH N SRR E L f, (x) 2 5T SEUHE
YRR, A il ad it LBL AR RAS F
5.2 FREFRIIAML SRR

FRHER) Iy Abiok TR 5 A BTG 2 1) R4 R 1) mT AT A AR
WA, A SCR FH S A 2 R0 LR AE i fok 8 i, At
MR N =100, R AZ G SR V=4 (& BT
), BARRECH IR LBL BiAY , R

D) PSR A AR B TR ME D e 11,2, N,
PRRAR R XY = (&), 0, ,04, 0, ] T i SR BEH R SR AR
{;xk=s,s ~ R[10,42] (30)

X, =0,ke |[1,2,3,4]

Horf s ST RENLA B B EUE R ZY 3R, R /R L
X B AT B 0 — N B8, R 40 J2 BE I 0 T 5 S A ol e
AR, P AR 4 SRATE G PG I HE R TC U

2) BAReRECTAL . X T A 2R A4 98 A elcie LBL
BT H AR SR, I #E 37 Je 5 AR 0 B LA & H bk R
BRI,

AL W 38 o Bl A 2 R AR 5 R A 5
UE, B PR RI G A AE RT AT BN 2450 504 | R e 2k S e HE
P52 Skl MR TS R vt fb



$222 - S 1[I I IV = 3

40 &

2, W T R R TG AR 1 7R R R B R R I8
B,
5.3 BEEREFIEIT

Bl AL ] 58 L (SBX) 5 2 iU
IR SRR

1) Bl — kil 32 X

XT3 52 B SCARAN A p, A p, , $E S UHER p,=0.9
TR ¢, Me,,o

HEY BRI, SRR R, AR R AT REAL
Boue [0,1] AT AT L.
(2u) ™ 1 <0.5

Forb e A AR R
HRAETARLE BT T, ZEARAE LR SR A o B

B = (31)

Cy =round(<1 *Bpy ;- ( _B)ij) (32)
Cy =round((1 ~Ppy ; ( +B)p2j) (33)
SRIG , X o AR 3R A T R T Ak 3

¢,y =max(min(cy,u;) 1) (34)
2) 2

XEFARIL AL AR p, = 1/V AT @I
T r e [0,1] ,iHIBNAT 5.
fen™ -1 <05
-2 -0 o

Horb g, A ATEEL

3) LB L

RUGH R REEE Y, 10 < o, < 42, BRI,
D03 5 35 446 T 0 2 2430
5.4 FEXEHFSHFEITE

JE S BCHEF AR TAMA x, 5« 35, ZET B s
EARETF x, HEDAEAE—A B, B0 2 «

fo(x) <f(x),YVme {1,2,- M|

Am.f,(x,) < f.(x)

VUK o, ST o, , RO 0 e G A o, K
BCR AL n, BOLEECNRES S, K n, =0 FIERITA
S — W TR, B 228 4% WV TR L 2 T A A AR IRE
L
5.5 FHIE

NSGA- 1 A ek 22 %5 B LBL A AL Jri F hy

D) BRI Ve FRFRLEE N B KRR L
Now SRR AR A, FA, SECHESH, xR IR

&

AMAHEAT AR SCRCHE R R B BE T [R] i PC 5 b B i

8 (35)

(36)

BEWLT , 2 SRR BE A AREL T

2) LI . RIVERARFEBEREBL A M Y /i b i
it N, MEBMAVER AR, A SRR 5
Az BRI SRS T-AR A, 1R AR AR A AL Al AR A4
R BAR R . K AR S TACRIRE G IR R 2N, FL
A e B AR R AR

3) KEHERE . SR AP TIE SCECHE P T SEAS
PRIAFTIE RS, ARG Pareto S JC R AN FE AR B, R ADKG
e B AR Ot 1 11 A SR AL R N, AR R T
—ACRRE I N, =N, + 1,

4) ZALFHE . HIEARREL N, > N i 2 k3
BIFH Y Pareto BTV L2, A AR 2) ~3) WHRIE,
WA IE 9 Fi

i

BEFRAE EFRNp .
RRH. REFEZRETIR

L RAALBL| | DO L R LA,
BB AORAR:
IR BE
R4 F A S SR
G, 55— H AR ] Y
R fFHEParato BT
WHF— B4
SRR L [ IR, R
K2 R
EEES
X X | B |
LBL#LAY ¥
£ H 7 o =
i 28 |— zustzs |

v

(e8P serrmman st |

IR B S
EREOR BN SR

K9 AR%E ML Z Hbrf e
Fig. 9 Multi-objective optimization flowchart
for variable density MLI

6 MILERSITIE

6.1 EILER

FhEEIEAL 2 14 AR A3 Es SR 10 iR, JE 2
) Pareto BIVTANA 11 Fras, 40 10 AT 50, Bt
TR R RES S e A B ST LR, 0TIl 11 W, 7
KJZE010 ~ 42 JZ 1 20 S [ P, #4000 %5 % 0,42 ~
3,11 W/m® SAPRHERE 5.5~43.0 mm AR, 48Pk



513

Z e LBL B 5 NSGA-II 2551 £ 24 & H ARtk 2223

MES s MU AFAE BT G R R, ERREEKT
1 W/m?® i}, Bl O %5 3 e/, R R AR Ok, KT
1 W/m® B, B ARG A, RS Ry i 12

45 -

SO O
O 0 o Cp0~

0.5 1.0 1.5 2.0 25 3.0 35
PP E /W -m?

B0 AdlRmRE
Fig. 10~ All populations

JE B /mm

05 1o s 20 25 30 3s
R E/(W-m?)
K 11 Pareto BIUT
Fig. 11  Pareto frontier
P11 AP R (Y 38 4 2 AR BE /N T 1 W/m® [
B R B2 P b B OCIEAER 43, M 4 B it 25 B 328
A 10 NFPREANER 3 R, Q,, F/n B
Thick /R BJERE
SRR 3 AL TSR 2 MR T AR AR ER
O 42 B B E B AR 22 0. 24 W/m? | JE BEAR 22
15.8 mm, J5%E 6.8 ASREME X, DEECY 42, i %
FERZE 0.12 W/m?®  JEREAHZE 3.4 mm, 7 1.9 #JEE
WL, RZECN 42 )2 B R RORA 22 0. 41 W/m® R
FER R 22 25.2 mm,, PR, B 25 B2 IX B 5 G 24K
ARTR] , AH > 985 B DX 2400 )2 9 B AN TR I 4t F Pk e B
JE2ERIHR
TN TR 6 BB 42 )E, RT IS5 K40 )=,
R % 6 MR L L 7% 5 MK 0.02 W/m?*, I, &
RO 22 A AR REAS — B AT, RIS E HOA S D 26 7

PERER GBI ZR , BUAM, R 3 WU, T2 =
WIEX AR 3 L T 2 19K 0.03 W/m?,
AL, 2% DX 22 R — S A AR BT

g5 L], AR B MLL 3 ek Jal 3 AN [ 1 285 32 DX T L
P SR A PR RE L (H 48 Pk R TR B 4l 5 % X
Bt R IEAHOCOC R M 5 4% % 8 X240 2 B A G,
JEL B 5 49 B DX 2 B0 R B AR O, Ah B X
B NS B R S MR R T AW A R T
PRSI B AT A7, Bl SR 4 SR BE AT RE S 804 HUZ
JELRE SRR bR, T ) 55 A4 R E A M LA R R SR
PRI PRI o PRt et 5 2 B DX i 45 B IX R B LA
T 25 DX 2 % ] SIS e s A 5 T R ) s AL
W%,

xR3 RUEBITEEHIEAR
Table 3 Optimized partial variable density laying schemes

kS m my ms my

Qu/(Wem™) Thick/mm

1 42 0 0 0 0.42 43.0
2 32 0 5 5 0.47 38.0
3 19 6 14 3 0.50 34.4
4 0 33 2 7 0. 54 31.4
5 0 23 0 17 0.59 28.2
6 0 0 39 3 0.63 25.6
7 7 0 1 34 0.71 22.2
8 0 0 12 30 0.75 20.2
9 0 0 0 42 0.83 17.8
10 0 0 0 37 0.96 15.7
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Fig. 12 Distribution of heat flux density for 4 different schemes
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Fig. 13 Comparison of temperature distribution of 4 schemes
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Table 4 Comparison of heat flux density between

constant density and variable density

E N UD-1 UD-2 UD-3
RZE 42 22 27 36
m; 22 0 0
m,y 0 0 27 0
ms 1 0 0 36
my 34 0 0 0
N, 9.77 9.77 /
N 12. 14 / 12. 14 /
Ne 16.03 / / 16.03
N, 23.58 / / /
MMFHE/(W-m™2)  0.71 0.96 0. 86 0.75
252/ % / 35.2% 21. 1% 5. 6%

JEJ¥/mm 22.2 22.5 22.2 22.5
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