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Abstract

The temperature stability during the crystal growth process has a significant
impact on the morphology and structure of the crystal. In order to improve the quality
of crystals, it is necessary to ensure the stability of temperature throughout the crystal
growth process. Currently, in China, PID controllers are used to control the crystal
growth temperature in space high-temperature material science experimental furnaces.
Due to the limited and scarce opportunities for space experiments, the tuning of
control parameters needs to be completed on the ground. However, due to the
difference in heat transfer between the ground and space environments, there are
differences in the heat transfer characteristics of the furnace, and its transfer functions

are also different. If the control parameters tuned on the ground are directly applied to



space conditions, it will result in a worse temperature control effect. To address this,
this paper proposes a data-driven depressurization method that approximates and
simulates the heat transfer characteristics of the furnace under microgravity
environments on the ground, and provides the pressure values for ground adaptation
conditions. This overcomes the problem of the traditional depressurization method
being difficult to determine the pressure value for ground adaptation conditions due to
lack of prior knowledge.

Keyword : High-temperature material experimental furnace, Data-driven,

depressurization method, heat transfer characteristic simulation
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Figure 1 Structure of the furnace on Tiangong-2
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Figure 2 Distribution of temperature monitoring points in the furnace
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Figure 3 The force acting on the heated volume V' in gravitational field
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Figure 4 Data driven decompression method
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Figure 5 Pressure sampling with Latin hypercube sampling method

BROR, A T R AR A BORN R AR S AR IO T R A S . VT
SRR AN E B RS BB BATTRE_EIE 100 4> p HERAHE N 245 R
A, AR BIMTE A SE N EiR AR SRR IR E A e, B 6 4 T AR
M AL S SRR AR AEDT EM S F B, BATT K LA E
HATOL, IR AA5 20 00 1Bt B A IR BE A 8 . T e 28 —Bir e
FHH RS2 i A TR - B R 5, R xR B 15 R s K 5% R BT
SRAREEAL, i ER B BUOTE A H R D T B 1A TGN AR I AL
IR, JF PAAE it & S T ORI EE H bR e . 7R 07 B3 — A58 B m#k
DI ORFF— 20 30, 22 1TRYINIATIRON ¢, = 60.97 W, J122 2 IR



g:=48.5T W, W0 SUMY B AN BIX A B B T, 70 SR AT R
I, T R P B R 2R R

T1 T2 T3
690 690 720
710
680 " 680 700
670L— . 670 . L T
0 50 100 0 50 100 0 50 100
T T T
720 4 0 > 560 6
710 170 540 Mmmm«
700 H 160 "
.. L WM. 5o0l— 00000
0 50 100 0 50 100 0 50 100
T T T
7 300 8 9
T 430 380
<420 . 250 370 "
& 410 L0200 360
£ 0 50 100 0 50 100 © 0 50 100
= T T T
a 10 180 11 180 12
2290
S 280 160 160
270 ' I ... VR D) | I .. T8
0 50 100 0 50 100 0 50 100
T3 Ty Ti5
570
460 380
560 " 450 Wiy 370 "
550bL 00 T 440 b 360
0 50 100 0 50 100 0 50 100
Tw T17 TlS
260 \‘Wm\ 160 160
240l T oqgpl M. 140
0 50 100 0 50 100 0 50 100

Pressure (kPa)

B 6 B-IE B I AL R IR R R BUR B
Figure 6 Scatter plot to show relationship between pressure and temperature at
each monitoring point
BEJE, AR — B B FAS 2 A s i A S5 T L - TR s e 4R, 72 &N
DAL, 73 IR S 58 2 8] 2k REAT IS . AERAridfEd, RAK
SRX—ANEARE, KRR o2 B AU R BT A, el (14) B
Ay F, TS i AN R RREE, co BN, i N n IRILREL m N
I B AN AEAETT, R B ERBE LR 2 I ZREE UL A, He
IR SRR B0 80%, AL HFEA BN 20%. $55E, XREARBEAT brif
ALTE, VAVE R 2N S SALAN A 8] U 25 SR B 520

2 :
T =Co+Cy % PH+Cy kP totCy pk Pt i=1,,m
14|

AR R, EAMHNZGREATRA G, Prikd iR R0

11



JERLZORFFIE T, o B A B L AR R HOR 3 S S AR 55 BRI
RGBT T2 0%, WA (ae /12258, e KT,

FARRIUNRRRAE DI ZREE RTINS BEAR e, i 2 I 4 B R S0 G 2 ] (A
o i, SRR T, AR A AN R 8 BT R MR EE X 0 A
Frfk, BRARGHIRE Iz, MEHEMBARGLENMANE. T ERFRE,
FEXPIF IR 5 I 5 2 18] (R ¢ R AT LA N, B 5E ™ B E S IE AR AL BT K,

1S AL DRUEAR RTINS FE RIS T, AT RE 2 3 BRI AL A BRI AR R o %10
&, MRS FR s S EAPIRZ BRI R, WNEFRRTLE T, £58R
FER I A, AR ORI /INIE 08 7 H30 1 HAE ot o A5 ZR o P 8 T 4
A RON 3 I, S B oK AE, SR BEE AR R R 4R Sk,
B BEARFFAAL . AL, Z B R A BUE Dy 3 1, FIrfS 20 5 [e] Y
R PERE R AL -

T T T
1 r_ 1 2 1 S
0995 . 10.995t_ 0.995
0 5 0 5 0 5
T T T
1 IR P WA N L
0.998 0.98 0.98
: : 0.97
0.996— 0.96 0.96
0 5 5 0 5
T T T
la paamama N —ad I— et
0.995 0.98 0.995
it 0.99
80.99 0.96 L
2770 5 0 5 0 5
§7 Tio Ty T12
B\ L[ttt [ < S I—
0.99 0.98 0.98
0.98- 0.96 0.96—
0 5 0 5 0 5
T T T
1 B P P U
0.995 0.995
0.99
0.995— 0.99 -
0 5 0 5 0 5
T T T
M o TP 1 T
0.99 0.98 0.98
0.98
L 0.96 0.96
0 5 0 5 0 5

Degree of the polynomial model

B 7 P 5 B FAR LB R TR BRI SR 2R

Figure 7 Relationship between test score and model degree
N T VA RN AR LSRG R, JRATT 0 ST I R A A i 46 s s Bl AR
[l YRS 2R e, A5 380 A P 5 B e A O P TN, A i R T 25 TR E bR

12



{E P45 AH LI RE PRI AR 72 o AERCHR AR b, (el DA R g 00 % 22 o e 8 AN 1A 9
Fizs. BB 8 ArAn, X T UIZRE T M4 K2 HOEA, (ol VR A f 00 38 22 A A2
+0.5 CCRAWY, MERIFRIMCRBSS , AMAAERME RS HE 9 LIE W, [
PR RLAE AR 5 ZR AR LRSS RGBT, S A rh i 4005 O XU

T T. T
0.5 ! 0.5 2 0.5 E
0 0 0
0.5 -0.5 0.5
0 50 0 50 0 50
T, T T;
0.5 4 5 ) 6
1
0 0
-0.5 i -1
0 50 0 50 0 50
T T T
_ 05 ! 05 i 0.5 K
O oo 0 0
.05 0.5
S 4 1 0.5
50 50 0 50 0 50
) T; T T
g 0.5 10 11 . 12
E —O.g _(1) -1
-1
-2 -2
0 50 0 50 0 50
T T Tis
0.5 13 0.5 14 0.5 1
0 0 0
0.5 -0.5 0.5
-1 1 -1
0 50 0 50 0 50
T Ti7 Tis
0.5
0 0 0
0.5 B -
-2 1 1
) -2
0 50 0 50 0 50

Number of training data

Bl 8 YIZE LR BETIRE

Figure 8 Temperature prediction error on training set



0.5 3 0.5 2 0.5 Ts
0 0 0
05— 0.5 — — — e 05— —
10 20 10 20 0 10 20
0.5 QL 0.5 Ty . To
0
0 -0.5 -1
05— 1 2
0 10 20 0 10 20 0 10 20
0.5 Ir 05 T 0.5 Ty
o 0 0 0
[ ;] RSSO -0.5 05— e
g 10 20 0 10 20 0 10 20
—
205 T 0.5 Tn 0.5 Tz
& 0 0
0 0.5 05
05— — 1 1
0 10 20 0 10 20 0 10 20
0.5 Tz 0.5 T 0.5 Tis
0 0 0
05— e 0.5 — — — e 05— — e
10 20 10 20 10 20
0.5 Tig 0.5 Ty 0.5 Tis
0 0
0 0.5 05
05— — 1 -1
10 20 0 10 20 0 10 20
Number of test data
& 9 AR iR IR E
Figure 9 Temperature prediction error on test set
B, FRATEEASL 7 HUEPREE R A5 H AT AR S R s (A RLE AR,

T B S T AN i A RS B0 b % AR A A B i T DT P 50 B . Y

JEuRiE, WG EIREE HAME, #E— S iisn T 2 3 s

L(T,.T,,

1,t2

min Lz(Tz,f’Tz,s)
v, ;

.,Tms
1(yp)
Y,

ZYp

L,|T

|

E

N

[l
‘S) ‘S) =

T >
T

»S

N

S.t. ;
Tm,s=¢m(vp)
O<y, <1
15

ESA m et IR R I AR BRI R R RS A

T N i



AN H AR E ﬁﬂEHﬁT”‘AWWﬁkmﬁ%EﬁZWMEE&ﬂ

R SRR S v i L, Lo S i A B AR

FERAE L3k 2 HARICAL il R, #7520 22 S R AL B3k DA St
WL EWFEEME TR SFIE R A UMM BRI BA RIRIIF
e, JFAT VR AR AU I, H R IR N A IR 3E N BE RT BT AT
HoZe i AE T T AEACSE SR, FOARDE AR &, TR S oA
PACSIR AT B G LSRR 45 tH 2 AL RS R, IR 456 LRSI
R AP AEAT RS TSR N BRI A, AT A B R R K
DA A

2 6] iR A BRI A IR 18 MR LI £, RIXESK (15) , A m =18,
A B A EoEE 1 15, & T2 Bistiiei@. FIHBE IR B L H s
DAL TR, BE5E BAR RS 2, S AR SCRC AR M 8 H g I, R K
SOCHIRCR BRAR, AR N 1 Ak il BRI SR AR HERE . Ik, AR SCRAT SR & SR
ﬂﬁﬁﬁﬁﬁ% R U B AR SR & o0 —38, RORE RSSO B, IFm

REA & I HAL B br o FERRE RIEHLAL I H AR, SRAVINBCR & (1075
& P AP R R 2 A B AR K G N — D H xR,

m

min Wi‘(p?(Yp)_Ti,t
Yp i=1

s.t. Zwl:l
b (16

6
0 (16D TN, AU w, BRI RS 78 I I AL B A3 R 452 2K oR 85 2R 6 1R
LS, WURACENE, WIANTE 2 8% I m AL i B N 5 H AR iR S 2
(6] 25 s, T W SRR A 1, DU AR I I A A AL EE R 0, BEIHR 75 % 8 1%
M R A IR FE R N B BRI R 2 TR 2E R . TR A 1, R AEA
i FEE M0 A PR P 22 e R LT R OB, U R R IR B AL L W T A B ) 4 2R
PR, R 14H T HARBERIUE.
£ 1 B RPN ERE

Table 1 Weight value of the objective function

AL EE Wy w, Ws W, Wo W w, W Wy
= 1/8 1/8 1/8 1/8 1/28 1/28 1/28 1/28 1/28
S Wi Wy Wi, W3 Wiy, Wis Wig Wy, Wig

f  1/28 128 1/28 1/28  1/28  1/28  1/28 1/28  1/28
Bt e SR TR OR B SR )0 A S xt 2K (13D AR A 1o il idE A7 3R
fift, GA S H L BUEIIER 2 Frox, s RS G Bl T 00 5k {E p” =
4.466 kPao A SCHEH U722 AR SR+ B0 SR BT O 9 328 FH 8 b T Xk T

15



BN v A B A AR EAT AL, 45 2 i G T OCH) e, AEEE R T
TR BRI KBS
REERF /L Rl TR R RS e AR B Z (37 5, Wik 3 o, A
BT HAL=MINE, wriE AR RS

BOE MR S AT BN T2 A R

K2 GABESHLRE
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Table 3 Comparison of different ground simulation methods for the furnace heat

transfer characteristics in microgravity environment
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