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Abstract: The numerical model of supercritical methane in regenerative cooling channel of high—power ser-
vo motor in flight vehicle actuator is built for the problem of heat dissipation, the thermal performance and heat
transfer mechanism of supercritical methane in helically coiled tube are investigated , and the scale effect on heat
transfer is explored by evaluating the domination of gravitational buoyancy force and centrifugal buoyancy force.
The simulation results reveal that both the two buoyancy forces are affected by the thermophysical properties of su-
pereritical methane significantly. Under the constant thermal mass ratio, the gap of bulk temperature is not obvi-
ous, while the dramatic difference exists between the inner wall temperature, and the superiority of small-scale

tube on heat transfer is revealed. The important role of thermophysical properties contributed to the gravitational
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buoyancy force on heat transfer is illustrated, while the effect of centrifugal buoyancy force is not dramatical.

Meanwhile, both the two buoyancy forces affect the heat transfer of supercritical methane remarkably under large

scale tube. Moreover, the flow acceleration is obvious after the large specific heat region under small scale tube.
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Fig. 1 Schematic diagram of regenerative channel on the

electromechanical actuator
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Fig. 3 Pressure drop under scale effect
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Table 1 The maximum deviations at top and bottom

generatrix

Enthalpy/(kJ-kg™) Absolute error/K Relative error/%
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Table 2 Reynold number range under scale effect

d/mm Re
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3.1 HEEES I

FE AR R AT L 25 R T L A5 BOR R ROEE TR I A
A e B RE THT 1 T R U R o e U R AR A R Bt &
A3 5~7 FiR .

800
T, T, al
00 —®— 8mm = 8mm ,"
| —*—6mm - 6mm ' p=5MPa
500 &~ 4mm 4mm ‘u' I()?_=100kg-m'2-s"
soob " 2mm 2mm -~ g=40kW-m
¥ - E v .
h =425.6kJ -kg! ¢ 300
S g00 e g
250
300 = 20
200 £ 13300300 00500600 800

100

400 800 1200 1600 2000 2400
(KD kg

Fig. 5 Temperature of supercritical methane

800
T T, 0
8mm -=-8mm >
700F . 6mm e 6mm v 125
4mm —a-4mm 8
600 2mm » 2mm £ g 120
v, > =4
N 500 ' p=5SMPa 15 &~
" /G=100kg-m? s &
400 - q=40kW~m’j.*“ 410
o A
+ .a“‘
300 + 'v,' ok A .......o‘ 15
200 | .m:::mr_:..."' ansaneett®
X . . i 0
0.0 0.5 1.0 1.5 2.0 25

Equivalent length L/m
Fig. 6 Wall temperature and temperature gaps between
wall and fluid

i 15 AP 6 al UL [l B4 5 R, RO S50 X
I 5 FF Joe U A Gk FEE 52 o /0 {ELAR Ti) RUJEE V4 ) 3 3
F14 BE T 3l B AF A R 2500, 78 R N d=8mm T 4L T
BE R T, 580/0N , BE & B AR /)y , BE T JEE T, 48 i 1
o BE T I 5 U MR BE B 22 (B AR A A LI SRR
UTIR B R /IME , R T AL 3GERAE

200700-4



Fa3k HsH e R 2022 4
1.8x10* 7 =193 3K Energy/(m? -s72) Energy/(m? -s72)
1.6x10* : p=SMPa p8.60x10° & 8.69x10-
Y G=100kg -m2-s7! 4 "
1.4x10* | | g=40kW -m? 6.47x107 6.54x1073
TM 1.2x10% b Heat transfer enhancement 1 433%107 4.40%10°3 \\
”é 1ox10tF  7” = 8mm 220%10- 226x10° 18
: * 6mm I i
B 8.0x10% 1 % —a— 4mm 6.3x10°° ~ - 1.11x10~ . ~
= ] v 2
S 60x10°F o (a) d=8mm (b) d=6mm
40100+ 4 Energy/(m? - s72) Energy/(m? -s72)
20x10° AR AL T YT VIVIYIOIVIY pLoox10? @ g127x102
0 , . e 83x10% [ 9.8x10° |
200 300 400 500 600700800 = 1 !
TIK ’-6,6XI0 * | §ooxi0°
Fig. 7 Heat transfer coefficient of supercritical methane '3”0’3 I 4.0x107
4x10~ 1.1x107?

1 I ZR B0 o Al 5 B AR R, A 7 TR o i
{1 HH B AE 0L AL A5 B 30T, L 5 A A B /DN o B U
{H 2 W Ew RS, b /hRE d&=2mm TH T, «
B W (B AT 5K 1.5X10°W -m 2+ K™, 1% #0400 0 1 5
s TR, /N RO & 3058 3 15 3400k
figsm 1k .
3.2 fRHRHIESN

H P8 1L 9 W1, F K b 3 X B ST 25 0 g 5% i
DX 3ok A7 7F 25 v i X (&L 8 rp a5 i A L Xk ), e A
BEOAERT BT RAARBESEG 02, 434
G 5 I 5, 1 = R/ 7 N 1 = SR AT IS (1PN
VLB G, 7E T KRR T P T R R B R AR, B
JE 25 DT AE B T W , 38 K T AL R L EE , a0 1 1 55
TAEIERAL IR T R AR . R O R R TR
W03 BLAE AR )7 &, TR T B0 I8 AR 3 %
it 1L 235 #4011 EE R L AT EE AR

FERIBE T, R IR SO0 e B 9% 3 W i, (1
B0 75 ) DX 80 i R R AR 5 L EDIE T W |
FHEDT L RV 0 DX 30 1 A5 B O A R R 40 2 D 5

T/K T/K
§257 B 250
241 236
r 225 B 221
' 209 ' 207
192 192
(a) d=8 mm (b) d=6 mm
TIK T/K
240 219
228 212
217 206
205 200

193 193

(¢) d=4 mm (d) d=2 mm

Fig. 8 Contours of secondary flow and temperature in

large specific heat region

’ NG S
— Nag——

(d) d=4mm (d) d=2mm
Fig. 9 Contours of turbulent intensity in large specific heat

region

FERE R R A AR R . MAE/DNRET,
Tk B2 43 A FE X 85 Sy 345 2 a0 RE AR 1Y) SR S R LA
X AN, B 1T Ab 1 it O 58 B A R HL 3 A TR O 3 A
FEIAE /N R T A M5 kS 19 51 9% T 00 % i
AU AR AL IR 5 R H R B L B0 TR T VR A
KR T RS o

33 FFHAZmESH

HY T 4 2% 700 e v 138 I 1Y) 25 A RS TR T h
AR E RIS ME LR T W ROE L, Hd
HNFF I RM THEZENE TSN,
B0 T 7 2 el T O AR TR MR E A N e B U ) 3
(14, AT R B 9 A R B AR e A TE R A R
JETN By dE AR L g5 R Aan i 10 FE 1L s .

Hi T 10 Ca) AT 1, Ri, 76 P00 S0 A BFF 0T 5 31 044
TR T8O B T 06 T 8 G S 285 U A 4 M ) A4
PE, BAE R HT B0 T J7E KRB A #b (1)
ERE AR . [EE, i 10(h) ol % & 7 1% %
FIRMEE R, RV TR R B O BRI BT
TEI1, ¥ Z W vk B . FE d=8,6, 4mm YK
FUBE T B, Ri, A6 R LG A DX BRI 25K 1 0.01, & B it
ik 5 3 V7 T AE AL I i EE AR ORI Z20m, K
X G Ri,<0.01, 1t W Itk B A% 0 by YR 6 XoF i 1) 5 i) %of
PG AR o AR /N R (d=2mm) T, Ri, B9 AF 1 423
BN Y AT 2 SR T N RO R BRI T
5 BUP B T BRI T O 5 R A K HLEE IR T
MG R AR IR EFEM . mMRRET,
T Tt )RR A A 25

Y 1 11 AT AT, AR ) T T ) RS 0 i T I AE
AL RUBE TR 1 22 50 B b, (2 3 L @ 1 X )
AR LER IR X ET B TR ENERE TS HE

200700-5



a3k S

RUEGONE T R By A R v AL A 94 40 3 A s 2 2 R e £ PRORR PR T 5

2022 4F

2.0x10?

7,=1933K
-2 | [ 1]
1.5x10 b —snpe —= $mm
|2 G=100kg-m2-s' ~—* O6mm
. g=40kW-m~ —+—4mm
£ 1.0x102 v 2mm
5.0x1073 F é‘
oFh
L ]
0.0 YW, TYYvryreerete
200 300 400 500 600700800
/K
(a) Centrifugal buoyancy force Ri,
5.0x107?
T,=193.3K
4.0x102 1 .
.'; —*=8mm
. 3.0x102 s p=5MPa * - 6mm
& ® G=100kg-m?-s' —+—4mm
«® g=40kW-m? * 2mm
2.0x102 |k |
v-
, Py i Rig=0.01
1.0x10
:.‘é Neglect the gravitational
it buoyancy force
0.0
200 300 400 500 600 700800
T/K

(b) Gravitational buoyancy force Ri,

Fig. 10 Two buoyancy forces on way

180 % T —3.0x107
—a—8mm ——8mm "
150 + +-6mm -----6mm ¥y q2.5x10*
a—~4mm  --—4mm g
120} 4 |, o A . {20x104
S0t 7 {1.5x10 =
[ "'

24 41.0x10
"p=5MPa

G=100kg-m=2+s745.0x10°3
q=40kW -m~

. . M
400 500 600700800

200 300
T/K

Fig. 11 Ratio of buoyancy forces @ and flow acceleration

coefficient Ac

T IX PR B/, D EFEA TR E o R EIAIX S d1 T 5h

R ) 498 R A A YR 5 KT 1] i ) X O A AR Y
Wiy, 5 BCE S PR T AR E T RO I T ), @ B

Kt x5 b SCHT R Y Ri B Ri, K B H— 8, [H]
B, U B0 0 R B Ac 2 B 5 R B A XA OG 1 AR
i e, KM DCHT B T8 T 0 BT 5 20 U X
T3 DX B T AR T L Bl A B R BB, K

Fb 30 XA TR A I B AR R i R, ORI IR
o BT R EL 323 O S 0, I 3 hn g g B L {45

Ac B FF#aH, H/ANRE T 5 shin s = 28 0 .

4 # it
K SCE i BEAE AR F AN R 458

(1) AH A 35T LT, RUEE 25007 XoF 7 I S 285 Y e 7
IR I BE S e /0 (L RE T IR B A AE W 2200 L R
JIE Vo 200 38 38 1 A% PR A ROR B3

(2) 76 K L A DX T 1 25 0 J7 5% ) DX 30E i T
TARR, SO B4 2 e P BRSSP R 0
JIXF TAL I R i i 5 Ak 0 A A mEEAE . R
JETF By v S R Y E T TR S R R I A I A A B
ARSI 2D WL sl AN S R N RIS A A B A ]
AH B RORUBE ¥ ) 38 18 98 55 o

(AHF AT T, Joie & 80 1R ) R 3
T B e W R . RN RUBEE R BUAR
7 T S BORE T BN T A i U o R B OK L (H
XA O S AEM . W R R BT, WA
Ty Xi A /4 B W

(4) B AR E TP T 7 RS O VT T FEAS TR R
T 22 B B AEE T T T @ 1 XA K B R
B K H B IR BE A AR E , K L RIS 8 K
FE (9.0 I R ) B N 5 O el =T N o < W P 1
B RRE 2 WA NN I .0 T e ) B O 7 (2
FHEH Ac B NS, R AKX G Ac FFIRHE K, H/h
FUBETR (9 3t 3 fin 2 5 oy i 3
HOEBMEZR AR R EE E KA AR
SR AR H M B VE A A AR BE A Al 58 Rl i B
Bl 5 B R R R AR A AR TAE T 45 T
XHFo

&% 0k

[ 1 ] Reuben S, Matthew M, Oleg S, et al. Integrated Model-
ing and Analysis for a LOX/Methane Expander Cycle En-
gine: Focusing on Regenerative Cooling Jacket Design
[R]. AIAA 2006-4534.

[ 2 ] Hideto K, Akinaga K, Takuo O, et al. Combustion and
Regenerative Cooling Characteristics of LOX /Methane
Engine[ R]. AIAA 2008-4837.

[3 ] REEZR, #h vk, P2 v H) 58 3 B G 5B be i s 14 31
eI, fizs sl Ji2edi, 2010, 25(11): 2493-2497.

(4] =®Jp, & 0, FMHE, 5. Sl gl mer
WA ge gr R (1], #E#F #K , 2018, 39(10) : 2177-
2189. (ZHANG Si-long, QIN Jiang, ZHOU Wei-xing,
et al. Review on Regenerative Cooling Technology of Hy-

personic Propulsion[J]. Journal of Propulsion Technolo-
gy, 2018, 39(10): 2177-2190.)
[ 5] GaoZ G, Bai J H, Zhou J, et al. Numerical Investiga-

200700-6



Fa3% HsH i

#

¥N

2022 4F

[9]

[10]

(11]

[12]

tion of Supercritical Methane in Helically Coiled Tube on
Regenerative Cooling of Liquid Rocket Electromechani-
cal Actuator[J]. Cryogenics, 2020, 106(10).

Xu J L, Yang C Y, Zhang W, et al. Turbulent Convec-
tive Heat Transfer of CO, in a Helical Tube at Near—Criti-
cal Pressure[J]. International Journal of Heat and Mass
Transfer, 2015, 80: 748-758.

Zhao H J, Li X W, Wu X X. Numerical Investigation of
Supercritical Water Turbulent Flow and Heat Transfer
Characteristics in Vertical Helical Tubes [J]. The Jour-
nal of Supercritical Fluids, 2017, 127: 48-61.

Wang K Z, Xu X X, Wu Y Y, et al. Numerical Investi-
gation on Heat Transfer of Supercritical CO, in Heated
Helically Coiled Tubes[J].
Fluids, 2015, 99: 112-120.
Xu R N, Luo F, Jiang P X. Experimental Research on

The Journal of Supercritical

the Turbulent Convection Heat Transfer of Supercritical
Pressure CO, in a Serpentine Vertical Mini Tubel]]. In-
ternational Journal of Heat Mass Transfer, 2015, 91:
552-561.

Liu G X, Huang Y P, Wang J I, et al. Effect of Buoyan-
cy and Flow Acceleration on Heat Transfer of Supercriti-

cal CO, in Natural Circulation Loop [J]. [International
Journal of Heat and Mass Transfer, 2015, 91: 640-646.

oW, EEAR, 204, AL B lm SR I e
AT N LB 52 [J]. TR AW E24 37, 2019, 40
(7):298-308.

WA, b vk VBRI AL BB AL R I (K R A

[13]

[17]

200700-7

D). HfE £ A, 2020, 41(2) : 382-388. (ZHANG
Meng, SUN Bing. Analysis of Influence Factors for Meth-
ane Transcritical Heat Transfer Deterioration [J]. Jour-
nal of Propulsion Technology, 2020, 41(2): 382-389.)
EEL, FRIF. J7ILEE N I AR SR RHE PO
R AT e ()], S £ 2016, 37(12) : 2377~
2384. (WANG Yan-hong, LI Su-fen. Numerical Study
on Heat Transfer Deterioration of Supercritical Hydrocar-
bon Fuel in Square Channels [J]. Journal of Propulsion
Technology, 2016, 37(12): 2377-2384.)

Lemmon E W, Huber M L, McLinden M O. NIST Stan-
dard Reference Database 23: Reference Fluid Thermody-
namic and Transport Properties—tREFPROP. 9.0 [M].
Maryland : National Institute of Standard and Technolo-
gy, 2010.

Yamagata K, Nishikawa K, Hasegawa S, et al. Forced
Convective Heat Transfer to Supercritical Water Flowing
in Tubes [J].
Transfer, 1972, 15(12): 2575-2593.

International Journal of Heat and Mass

Yang M. Numerical Study of the Heat Transfer to Carbon
Dioxide in Horizontal Helically Coiled Tubes under Su-
percritical Pressure [J]. Applied Thermal Engineering,
2016, 109: 685-696.

Ciofalo M, Arini A, Liberto M Di. On the Influence of
Gravitational and Centrifugal Buoyancy on Laminar Flow
and Heat Transfer in Curved Pipes and Coils[J]. Interna-
ttonal Journal of Heat and Mass Transfer, 2015, 82:
123-124.

(%% R Z%)



