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Fig. 4 Mesh for numerical simulation of the first sub-stage with grid rudder
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Fig. 6 Mesh for numerical simulation of the first sub-stage with glider

Fz1 IMTEMRIER
Table 1 Three different kinds of mesh

e il h =
BRI 675 1000 1500
A — Z P B /mm 0.015 0.01 0.007
LI PAER (o 18629  1.8601 1.879 8
CATHAT IR /% 0.15 — 1.06

22 BREH

T IX SR A PR FH Iz 3100 5%, i A B T
FRFATI R AAEETA Ao T3 5% AR 7
B L OLVEAN S, 2RI 77 SRR iR
UL R B SIS (B3R LI BB R
. SRAHS  RABEESEES, SRR
AR LA [+ 1 v JEE R RSB

JEREE RN S RAREIO e LR E
WIETHTR; AR AR A TT DL I FE F) R 3

cp=a+aT+a,T’+a;T° 7

XD P RERSEIIE, o THASA, W



486 PRI 2 (R3S

20224F

EX ap = 1161482 , a, = -2.3688 , a, =0.0149 ,
a; = -5.034909x107° .

il ot
Ma,a, T, P

— BETHIIA 5}

K —

W —
—_— pobu i
—
— \

L \ﬁﬁ@ﬁ \ =

K7 R R R

Fig. 7 The calculation boundary condition

3 HBRpSTHE

3.1 RIAEEAISIHT

X WA Y ) Y — - R IR T — T N
IR 1B BL10°AN30° B RS T B alir M2 AT BB 7 31
T, BRI DA TS SR, WE8~10
B

P: 0.20 0.28 0.36 0.44 0.53 0.61 0.69 0.77 0.85 L]

-

—

() —THEN B

Ma: _0.20 0.29 0.38 0.46 0.55 0.64 0.720.81 0.90 || |

(o) — TR HH i =

B8 MUA10°. Ma= 08 LutHE e —T Zuitin oA
Fig. 8 The velocity flow distribution of the first sub-stage with gridrudder
for a =10°, Ma=0.8

XA AR — 1 2, WEERE T, R —
THRMITIIRE, [Tt . S e, FElrkt
T4, DR B THT (10 285 P S AU A (R 5, B T O 50
W Geid — 7 R R 7 BRVEE 1> B X, F BRI
XY B /D s B T AL R S UH # N
L ARJE N IERZMEAE, 3T MR AR AL TSI B
(R 7 DX, 1S MBI Ak T O BEE B BRI
I3 X I

HHERE T, R T IR BB, <
Voo [, T BRI, T e R, T
W e EE T . e — TR MR ARk, 1 R i
TAMHEAE, 35 HbA% M8 A0 T 52w B i ) AR d it 37 X
I, TS MM AE AL TR A ORI AT X .

7 SR N B A R S AR EOE N, — T RR
B XS RAR G, RS B A AR R A, &

FOHCRAS, BB, TR 2R 1 X PR T
ST BRI TEAS . W E S BT LAURIL, B
RS IEAIIG N, — TR IZHTE B, Sk
UK, Bop i .

P:0.20 0.29 0.38 0.46 0.55 0.64 0.72 0.81 0.90 L]

(a) —THIENA Az

Ma: 020 0.45 0.70 0.95 1.20 1.45 1.70 1.95 2.20

(b TR E

B9 MUA10°. Ma=2.0 LUHHERERI T — T Z0iism oA
Fig. 9 The velocity flow distribution of the first sub-stage with gridrudder
for a =10°, Ma=2.0



%50

MR, A SR AR 0 3R A0 2 B R KT FENR [ BRI 487

A AEAL TR — 7 A SR B B D A A A,
RFERIA BN RS, EITAS R SR B A e
Tnl. Ma=080f, HMHEMEAET FEKIE T, Rifid
M A A0 25 Se T2 K 1 I 4, AE B I 13 5 R S
o AR P A OB T AR D IR P LR R
P RN X35, IR R B X A7 A 45 R, sh
E 7 SR ALl e

P: 0.40 0.54 0.68 0.81 0.95 1.09 1.23 1.36 1.50 L]

(a) —THEIAim

Ma: 0.20 1.05 1.90 2.75 3.60 4.45 5.306.15 7.00 |1 |

(b) — THIMEN A=

& 10 ZfA10°. Ma = 7.0 LM e B —F i35 o A (&
Fig. 10 The velocity flow distribution of the first sub-stage with gridrudder
for a=10°, Ma="17

Ma=1.05Ma = 0.87mzh3EML, b0,
M FE BT 5 U 7 TSR AT DB B T PN S T
53 It 52 RS SO0 I o A S S P 7 S B X
WK, Him ) REH R, EMa = VAL RIE
B, WE1l (b) Fime.

Ma= 1.5, RASHMHER T, Tl Eps®
N AL EORI R R T kA% P i, AT E MRS N 1
B 75 T A — TEAR SR ) 5 TR B, BTG T3 R 3 T
wsh, Mg s S Ma = 100 ST AL

Ma =3.00, BEEDHEEEE, = IBARRZ
FIMS AR SR, 4R T 58 IR A DB, AR

TR YA TS, R S T AR R HL AR I
RERTZE, AHABHI A 7 A (0 DU RSB R 20 1E 1 Ay
B Rl AR, MRS IX R T T — AN X

Ma =500, BIBARAZ ) DXIRAREL [ MRS th 1517 17
WMosl, PJa e s X R R 2RI S TR, SR
Wk JT AR, WL (e s

Ma: 0 0.22 0.44 0.66 0.88

110 Ma: 0 0.144 0.288 0.432 0.576 0.720 0.864 1008 1.152

(a) Ma=0.8

(b) Ma=1

Ma: 0 0.15 030 045 0.60 0.75 090 1.05 120 135 1.50

| I NN NN

(¢) Ma=1.5

Ma: 0 05 1.0 1.5 2.0 2.5 3.0 3.5 4.0 45 50

(e) Ma=5

BT IR S AT M g
Fig. 11  The velocity flow distribution of the gridrudder for
different Mach number

PV P B Y — N B BtMa = 2.0 ~ 9.0,
10T 1 AN30° BUAIRAS N 1Y BN R L EAT BUE A7 Bt
B, BT & LA RS R B8R T B
10°. Ma = 2.0 THLHAGAL” K — FRim A,
fEMa = 2. 00 HARE N, SRE— TR Mg
AEFE R, AREGE Y, 2 — TR S K
I, R RN E8 AN 3 S AR, fE—
TREMBRGR T — N EX . B3RS T B
10°. Ma = 9.0 THLHAGAL” K — FHim A,



488 PRI 2 (R3S

20224F

fEMa = 9.0f - MRS N, WO M RIRE N, fE—F
PP BB T — B IX . B4R T B
30° Ma = 9.0 LHL“HdsAt” K —F i o i,
TE30CRBUAIRE T, RRgd —FREMHIBES,
TE UTH P2 AR DR IR 43 B8 X, 7 300 JRGTHT 72 A I A 0%
BB R EEME G, FmAEMEER.

(@) x-z VIS0 = B

(b) x-y Pl A E A =

B 12 100, Ma=2.0 50T F R B — T 4uism 4 A5
Fig. 12 The velocity flow distribution of the first sub-stage with glider for
a=10°, Ma=2.0

(@) x-z VI A8 o i =

[
Ma: 01234567810

(b)) x-y P [ A =

B 13 H10°. Ma = 9.0 AL MFM M — T a2 i A
Fig. 13 The velocity flow distribution of the first sub-stage with glider for
a=10° Ma=9.0

(b) x-y Vi AR A =

14 BUA30°. Ma=9.0 LI IR —F HAn o il
Fig. 14 The velocity flow distribution of the first sub-stage with glider for
a=10°,Ma=9.0

32 SEFFETURESH

XF T KR AL, Lo A 22 T R RH 2 B xR
ket e IR, W R O L 25
kg BAEREN, RBEAHAREE. £3t
t, —EREIAERREME Gp e, X 8) Fiw

N = (X — Xeg) X 100% ®)

Hode x, MR OB KHETE S A EE B (RO R
B s xe N BE KET R S AT EE B RO R
) o R O R O AR AL B AR TR AT R ARG AR
Ko FExTFEbl R G by ke HE, B G F7 5O fR A
S A7 B IAE — ST N . B A RAE K &K AT 1A
JRDHIRESNFERE, — A AL 8%, O EE O
Jei, BB 05 MR B AL BN, AR e
PERAN -

EI1SfEos T & e A 2 — F K 10°F130° M TR
Bl 77 2K AR A . i) ) R ELC A BE
B KA RGN, FEMa=2 72 Ak BEAE . VLR 1
RECONBAFERE B 17 ) RELCHALL, 2 BE T
HOE R RIS RN . 10° By, AR 7)
Cong KM PR B DR AR A AR,

JHs 1 Z8 B o M FF A B S B 00,6 ~ 0.75 LB, 1E
Bl 5, HBEE GBS, iR B0 A B
BEIi, DRI RS e MR AT



5 1 XSS, A FETHIASE AT 0 3 T R I T R RIS SRR 489
20 ¢
18 F 7] ) R HC A BB SR E0R A B AR, 10°TUA 1)l /)
112 I REET30°804f o IR ) R EUCWBE Sk B DR
12+ N, FESHFRECR TS5 R MERUNES, 30°BUA 1
Sl I BT T 10°00 o 10930 A B0 100 946 7
0.6 r 100 K BE SR AN, oo 28 Bl 5 R 2 B J5L A
04 b a=30° . . N
o | e 0.35 ~ 0.45HIRLE, EFORE (x,=0.6) Z§T, £
00 5 . . . FEAARE I 30° MU I RO AR S, dERRLEFE B 5 A
Ma 0.80E AL E, ELZIE, FHfER.
@ WAARHSEHE AR LG T A RO R 7 2
el ol JE 0 R EE I ET A, AE10°MI30°TAA R, ST b e
40 t = a=30° R R —F 0T DAGE R BORTa ) e e RS, HAE
ol SRR A AR TR — T B A, A
S 25 TR T R R T T P R A B — TR AE
20 . . . N N
sl 10BN R AR E PPRAS, X AETH 28 1) 85 e 48 HE
L0t R ER
o5 g o o
0 1 1 1 1 ]
0 2 4 6 8 10 20
Ma 1.8
(b) W) RECE 16 -\C"‘.__'.:’:
14 f
05
04 L2 r
03 | S ol
g?: 06 | = a=10°
y Ml 04 ——a=30°
-0.1 Oi- ‘
ji: = a=10° 0 2 4 6 8 10
“o4 L ——a=30° Ma
By . . . . () B B
0 2 4 6 8 10,0 -
Ma 9.0 F —m- 0=10°
Co) AR5 R AR A ith 2% 8.0 b —o— a=30°
1.0 ¢ 70 |
09 60 ¥ *\\\*‘-~——4
0.8 J 5.0
07 L W 40 |
06 30 b
&& 0.5 F 2.0
04 + Loy .\‘\\§i—‘—i———l
03 0 ) ' ' '
0a L - o=10° 0 2 4 . 6 8 10
"L e (b W) I Ik
0 2 4 6 8 70 ¢
Ma oo L - a=10°
(@) R0 REA I ol \.:300
B 15 Wb A B — 7 RSB 1 R BRI 2k 40
Fig. 15 Aerodynamic force and moment coefficient at different Machs of the QE 3.0
first sub-stage with gridrudder 20 b
10 f
YL Y | o o .k.‘I‘.
El1625 1 18 A 3AL B — 1 2 10°F130° 15 A I 1) 0
B RAL B RE (R EOR R O R A B P a—

I A A ) AR AR, v (R0 7 R ORI s o R 2
X T A8bR i BTN, (ESHEOR 2205, il

Ma
() AT IR 2 A A i 25



490 PRI 2 (R3S

20224F

10 [
09 |
0.8 G— o o
07 |
06 |

505 F

04 + A g

03 F
02 F o=10°
0.1 —— 0=30°

(A o REARA 2
B 16 AR — T RAEh ) RECE L 2k

Fig. 16 Aerodynamic force and moment coefficient at different Machs of the
first sub-stage with glider

P75 H T WIS e A 28 — - R S R B —
5 T BEL LY B8 B R E R AR AR . MR A B — T
10° T A HIFHBHEETE0.05~0.3 2 18], il T Ak B i 4 K 2
RPN 30°BUA I FHFHELAE0.5~0.8 2 7], Bl T
ARE I3 KSR PR o T A B —F 1 0° B A
I} THBE HCAE Ma = 215 50,75, 2 Ja BE S B0 1 KT i%
WUk, TR S ARECR T 5 A BN . 30°K0
TR R AE 1.0 7 . EW B, — T9K
10° L FI/NBA RAT, L0 2610 R, W HIR M
B —F R FHBH LR RS A B 2~ 565, T+ iRtk
SRR, A7) T 0 B 3G T

12 ¢

10 ——,

08 —a WAL =10°
WS 8 a=30°

FHRLECL/D
(=]
N

- I e=10°

04 —— IR 0=30°
2 ‘A.—.——-a\.*‘
O 1 1 1
0 2 4 6 8 10

Ma

B 17 WA B — T T BE B AR AT B il 2%
Fig. 17 The comparison of lift and drag ratio at different Machs

A o A AR R R P B R X LT R AR
FEt Y — 7R E R e I TR MR R — 74, &
& T BRI RAESS, FTDLESR E A B E R
Al HOHERME T RITHEEEOR, HiEa
TR AR SS . MLBhPERE S o, T DUAE S OKVE
PR B o

4 %

SO T M R B T R AR K — 7
R ] B I R AT T A BRI AT, A

REVERAE . AR VR AN TR BELARR I 3 T T HEAT TS B
2.

1) FESBIRFE AR DT T, 5 M e A R
AR K E — TG FE/NIUR T B3R ) R 5
Ca~ ERTIRECy AT IIHE R, FEMaZE AT
FRABLs ERIUA TN 7198 R G, AN

2) fEFRGEMETTHL, DNBUAT, TSR R
TR0 BB T RG22 A, T AR AL T G
ZHT, TS A R T R AR E MR T R
=5, HE ST HER R SRS .

3) FETHIHARET I, TR TR T
BE EC v TS e, S8 & W 2 B B AR 55 .

2 £ X W

[1]  MARSHALL T. Anover view of the NASA aeronautics test program
strategic plan[C]//27th AIAA Aerodynamic Measurement Technology
andGround Testing Conference. Reston: AIAA,2010.

[2] ok, 95, et AR, & UK 9 ATE A K E R SRR [T]. S
S RIZ A, 2016(2) : 30-46.

ZHENG X,YANG Y,YAO S D,et al. Survey and review on
development of Falcon 9 reusable rocket[J]. Missiles and Space
Vehicles,2016(2) : 30-46.

[3] BT, ANEAR, RIOAR. REEIKFBlockSH R E R WATAE S MEHTI].
FRHUEAHEA, 2018,2(5): 1-7.

MOU Y,SUN J W, QIN X D. The analysis of Falcon 9 Block5’s
maiden flight[J]. Astronautical Systems Engineering Technology,
2018,2(5):1-7.

[4] CLARK S. Falcon 9 launch timeline with Bangabandhul[EB/OL].
(2018-05-11)[2022-07-06]. http: //spaceflightnow.com/2018/05/11/
falcon-9-launch-timeline-with-Bangabandhul.

[5] W1k, SpaceX, —I A% @ror— AL AT 2M]. Jb5T: th = i it
2015.

[6]  JeTSt, B SpaceX kB NigHi R 4 E X NR CARHTI]. KA
F##,20193):5-11,44.

71 BUNRL E5 4. 2018 E AN AR K IRERRI]. BAMIK, 2019,
25(1):122-127.

LIAO X G, WANG Y S. Review of human spaceflight development
abroad in 2018[J]. Manned Spaceflight, 2019, 25(1): 122-127.

[8]1 MTER, HiF, 502, 2. 20204 & BRI R K BLHA]. bRk
%%,2021(2):24-37.

[9]  BUNNI, AL 202045 FAMR AR KR REZR]. BAMKR, 2021,
27(1):127-134.

LIAO X G, WANG Y S. Review of human spaceflight development
abroad in 2020[J]. Manned Spaceflight, 2021,27(1): 127-134.

[10] FEJ=&E. alE B K E R RITILI]. W T, 2018(9): 18-
26.

[11] SPISZT S, TAYLOR J C,GIBSON D, ETAL. Processing in frared
imagery of the SpaceX Falcon first stage reentry during CRS-4
mission[C]//AIAA SPACE and Astronautics Forum and Exposition.
Reston: AIAA,2017.

[12] BLAZEK J. Computational fluid dynamics: principles and


http://dx.doi.org/10.16338/j.issn.1009-1319.20190817
http://dx.doi.org/10.16338/j.issn.1009-1319.20190817
http://dx.doi.org/10.3969/j.issn.1674-5825.2019.01.018
http://dx.doi.org/10.3969/j.issn.1674-5825.2019.01.018
http://dx.doi.org/10.16329/j.cnki.zrht.2021.01.020
http://dx.doi.org/10.16329/j.cnki.zrht.2021.01.020
http://dx.doi.org/10.16338/j.issn.1009-1319.20180017
http://dx.doi.org/10.16338/j.issn.1009-1319.20190817
http://dx.doi.org/10.16338/j.issn.1009-1319.20190817
http://dx.doi.org/10.3969/j.issn.1674-5825.2019.01.018
http://dx.doi.org/10.3969/j.issn.1674-5825.2019.01.018
http://dx.doi.org/10.16329/j.cnki.zrht.2021.01.020
http://dx.doi.org/10.16329/j.cnki.zrht.2021.01.020
http://dx.doi.org/10.16338/j.issn.1009-1319.20180017

ERR ] HSREHE, . FETIHS ORI A 3R R B T R NGR (B S BRE

491

applications[M]. Oxford: Elsevier Science Ltd,2001.
[13] SPALART P R, ALLMARAS S R. A one-equation turbulence model
for aerodynamic flows: AIAA Paper 92-0439[R]. [S. 1. ]: AIAA, 1992.
[14] i, R, Blowi . AN [R) U B 0oF S i o= 3l 1 e S0
FE[I]. HHERHE 3, 2017, 12(23) £ 2690-2694
LIL,LI D C,ZHONG J J, et al. Research on predicting accuracy of

turbulence models for transonic plane cascade aerodynamic[J]. China

Sciencepaper, 2017, 12(23) : 2690-2694.

TEH R

BB (1989, L, TR, E B I 1A KBk it
AL 63 17920015 46384346 (100096

H1i%: (01068751305

E-mail: dengsichao89@126.com

An Analysis of Aerodynamic Characteristics of Reusable Rocket’s First Sub-Stage
with Grid Rudder and Glider

DENG Sichao, WANG Xiaowei, XU Zhenliang, WU Shengbao, WANG Shuting

(Research and Development Department, China Academy of Launch Vehicle Technology, Beijing 100076, China)

Abstract: The aerodynamic characteristics of the reentry stage of the first sub-stage of two vertical take-off and landing

rockets based on grid rudder and glider are simulated and analyzed. The aerodynamic characteristics of the first sub-stage of two

configurations are obtained. The flow structure characteristics of the sub-stage are analyzed, and the variation of aerodynamic

characteristics with Ma number and angle of attack is studied. The results show that the axial and the normal force coefficient of the

sub-stage with grid rudder first increase and then decrease with the Ma number. The axial and normal force coefficient of the sub-

stage based on glider configuration decrease gradually with the increase of Ma number when Ma number is above 2 at small angle of

attack. By comparison, the static stability of the sub-stage with grid rudder configuration is better than the sub-stage with glide

configuration, ,which means that the sub-stage with grid rudder was more suitable for a mission requiring accurate control of the

landing point. Meanwhile, the lift-drag ratio of the sub-stage with glider configuration is higher than that of the grid rudder

configuration, indicating that the sub-stage with glider was more applicable for long distance gliding.

Keywords: grid rudder; glider; sub-stage; reusable rocket

Highlights:

e The aerodynamic characteristics of grid rudder and glider for reusable rocket first sub-stage are compared.

e The sub-stage with grid rudder is more suitable for a mission requiring accurate control of the landing point.

e The sub-stage with glider is more applicable for long distance gliding.
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