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Abstract: To investigate the complex wake flow characteristics of multi-motor parallel rocket sleds, this study
focuses on the mechanisms by which the horizontal center distance of nozzles and the impingement height
influence the flow structure and ground effect. A three-dimensional physical model was constructed for a dual-
rail rocket sled system with three nozzles arranged in a triangular "pyramid" configuration. Four operating
conditions were established: large spacing (/ = 7d), small spacing (/ = 1d), low impingement height (4 = 2d),
and high impingement height (4 = 5.5d). The effects of nozzle center distance and impingement height on the
flow field structure and ground effect were comparatively analyzed. Numerical simulations were performed
using a Computational Fluid Dynamics (CFD) method based on the Reynolds-Averaged Navier-Stokes
equations, coupled with the Realizable k-¢ turbulence model for transient solutions. The combustion chamber
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pressure-time curve, calculated based on interior ballistic theory, was applied to the nozzle inlet via a User-
Defined Function (UDF). The sled velocity-time curve, determined from the exterior ballistic particle trajectory
equation, was set as the pressure far-field boundary condition, enabling a coupled "interior ballistics-exterior
ballistics-flow field" simulation. The computational domain utilized a structured grid with refinement in the jet
interaction region and near the ground. The velocity and pressure fields obtained from numerical simulations
were compared and validated against jet morphology, impingement height, and vortex core positions recorded
by high-speed photography (2000 Hz). This systematically revealed the flow field structure, pressure
distribution, and thermal erosion behavior on the ground under different configurations. The results indicate
that the small spacing layout induces strong jet interference in the absence of ground effect, leading to a "multi-
peak, slow-recovery" characteristic in pressure recovery, significantly delaying the, flow field relaxation
process. The coupling between ground effect and interference is dominated by impingemefit.height: under low
impingement height conditions, the jet impinging on the ground induces inteénse“reorganization and
fragmentation of vortex structures, forming wall jets with velocities up to 960 m/s\This results in peak ground
surface temperatures reaching 1286.6 K with sustained high temperatures, significafitly increasing the risk of
rail ablation. Conversely, a high impingement height effectively suppreSses the ground effect, resulting in a
more uniform and stable flow field structure, with peak ground temperature reduced by approximately 65%
and maximum velocity reduced by 58%, significantly mitigating ablation risk. The initial phase (0-8 m) of the
rocket sled represents the most severe thermal-mechanicaly loading zone. During this stage, the average
acceleration reaches 832.7 m/s?, and the specific action time per/unit distance is long (1.84 ms/m). Coupled
with the transient complex flow field, this constitutes an/extrémely high risk for rail ablation. The numerical
simulation results show excellent agreement with high-speed{photographic experimental data regarding flow
field morphology, impingement height, and voxtex core positions, thereby validating the reliability of the
established coupled model. This study elucidates’theScomplex flow mechanisms of multi-nozzle parallel
systems under strongly constrained conditions, providing important theoretical foundations and design
parameters for structural layout optimization and thermal protection design in high-acceleration, heavy-load
rocket sled test systems.
Keywords: Rocket sled test; Rocket nigtot; 3D,simulation; Nozzle flow field; Ground effect of flow field
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Fig. 12 Pressure contour sequence of the 0.7 m cross section downstream of nozzle outlet
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Table 3 Low-pressure zone area parameters for no-ground conditions

i %1 /ms Case 1 it X A /m? Case 2 it /& X [H #/m> AIXF AL, Case2/Casel
4.65 1.53 33%
10 0.233 0.300 129%
60 0.463 0.325 70%

x4 BERTISSHERMEERE

Table 4 Axial momentum loss induced by jet interference

T WYEFRIEE Ud B} [ /ms Bl 105 N IS5 5/%
Casel 7 2 4:838 0 (%)
60 7.487
Case2 1 2 3.690 -23.7
60 7404 -1.1

3.1.2 #H HAHA T B 69885

IR HT IR TR TR B & S R RSN . R, SR K BRI AT, MBS R S
SHAT WA SRR, Hzm E Y E Ik,

N R GG T AL R O HEE RORe (R Liaie , AIE Y o A kit b, ik —2P
L1 WES B OE R, TS T ASCERIE IR E Y TR R R . R e
ESUNEEES v e w =V x v, Hi|w|: BRSO TR R EA, PR X R i 4] 0 e f
WERN. B 13 5T T ARG E N AR T (Case3: h=2d; Cased: h=5.5d) 5THZL TH
(Case2) TEVYANFHIERS ZI e 2 3 GREE. K1 e =i’ Hi, ARBHRSN
FEJIHFE, B R 1 AR DB s g 70 A, W N R X CAE A IS AL BE . 52T AT R
A B A B U AEXS AR M, RIS I RN, it B 2 AR R

WE 13 fis, fE 1.5 ms Bf 2B R IR 2 704k, Case2 THLSHIE H HILAS; Case3 ToLN
BRI LART R R 5 MR AR B AP, TSR TR, LRt e ki, 458 1) i 2% T2 B FE 240 510
m/s [PIBETSTL; R, BRSSO A% O X R O T 55 00 3R TR, SR A 2B . Cased
AU T A fik i, H NG S T T 5 RS B PR 4 RS . SR AR KR A 10 ms B, Case2 58I A8
TERAE I Case3 SIS R S M AAIAAFAE ,  FEIN v 2 B T S Ve v b T = Tl it LR FE 29 R
700 m/s; Cased Wiias KW NS5 R ZE 5 H AR S, SR b, (22 mIR FEEL
o 30 ms B ZI R I ERS S I VE I OCEERT Bt . Case2 TR N/ K I H Himit $iit . Case3 [
BERF LSS M Ia M A AR e, AR iFEt R A . X T Cased oL, il 2 bl &34
WAL HN RS I By R (R e . G EE A R AR R A s TR R A S X
LR 5ILARAR, MH R 73 BT X G B H IS 2 6 SRR K . X RIEE S, M
SR8, (R R R AT 3 A EMIR R . EANERRESH B 60 ms B %),
Case2 I 7850 KR H ST IES . Case3 THLHIMIAZ U BRZIFT I, T B04h 1) e 7 1) s
BETHSIAL, R J134% O X [RIFE A R R R H ThT X 35k Cased VA TE M1 R SRR, TR HE
U A, (R EEATY AT LB RS S, 2R B I 2 SR AR B SS R AT RS E A

E EAR N MO LA R e AN BRI 2 AL, 2 5 I T 1.5 msy 10 ms. 60 ms = /MRHIE
B ZI SR AT Bz A B E . B 13 Uk s “+7 TGt T I E. £1.5 msiZl,
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HUTHI RN Y Case2 T LR A A RRME, H R EME N 5072 s, FiREEZE 9360 s-1, Z{H
ik 4288 sl Kb RN T X 45 Case3 TUUEMIAN %I R EAE TFE 9800 s, #H b
TWHEAE 5083 s-1 I ZEMHY KE 471751, ZAHIEIFIA 9.6%; i Cased THLimiE Z{E N 4304 51, THEHzL
THBOIRA . BB RS, ZREREF. £ 10 ms I %], Case3 THLMIHAFRIEADE A, H
NiRAZEE R E R, R EEIA 2604 s, T _LIRAZ RS, JREAE N 2381 s Cased LA
{RFFF R RR I _E R iRt aise), EIREE N 2043 s, FiREAE AN 2400 s, ZEMCN 357 s1. RIEF
60 ms #EFaASHT, Case3 TR R EMETIRE 450 s, FEREIX 83%, L EREHERE 174 s
Cased TR EA N 665 s, 5RIF{UN Case3 T 25.5%, FH EiREEER 382 sl BB E
TIRERZ IR /2 Case3 > Cased > Case2 IR R, X —HUE AR B b o 5 4 FEAR BB NI 45 44
5 JEE ST 5 X R PR IA

MR RIZR B JOE T HAtERE SRR . e 2 PSRRIk se,
LT B R R e BRI AR bR B 14 NI HL R = . T S A RS R T AT
. NP 14 B, ST ASEW T EE S Case3 M Cased i i M a5 K AL IS /2 . FESHR
M 1.5 ms B %, HRAE R, Case3 THLTE LT FRIATE s X e K IH 5N 384 m/s A2 s
210 msiZl, RHEA BB DGR, sKEEEE 957 w/s 247, MU SIE EART 300
m/s FRIEFIIX . KJEZR 60 ms HEFRASHT, X MM GMmIER, SONEBYERFTE 960 m/s
KA, IR RIME o m Lo N AR R R & 4L M L 2K/ Cased 7F 30 ms I ZIHh iR 2k
B SRR E R, % 60 ms WK IE, BAHEEIRZAK T 400-m/s, L Case3 £ 60 ms I ¥ FEFF
R 58%. K 6 A AL T IR : 7E60ms BT A I 0.1d = AL, SRHLAL T30
Case3 Iz EIEE FIL 6.999x10° N, H ™43 847K 4,513 10N 2 F5HIAL T Cased () 3 5. X
BRI, ARph o T S K2 SHAR B A JC SO Rt o b T 1 i 2 b v, AR T BRBh AR A
IO R

X PYANMFIER Z) (1.5 ms. 10 ms. 30/msnF 60 ms) WMIF4EH K E BRI RGEXT L, RS
s T HU S TR A A S A SRR WWILER I B, g n S BEHERE, 4
IRBIERRAS . BEFAERE, il s R SR SRt BRSO R S Kl (h=2d)
BR T “CIUDImumAEEL” HUH], R SPAHE AU fd TR B T S . RS A DR (G0 83%) &
T e i H sh Sl R S Y E R RE Uk . mih T R (h=5.5d) WIRIH “imdy AR
ML, 8IS AE IR M SRS 4ERRSERE AR TS Bl , (T Hph o 3 RIE PR CGREERE IR IA
58%) , MR E R4 TAHESERGE S 1X —se B AL AU S AL e B, BB h T ¥ Pl R A
5.5d, RMACTRIA G SRR ML R0 U 52 T K ETiE R A A HEREM R IR R, N
TREGTHR AL T IRA L E BRI IR K
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Fig. 13 Comparison of multi-physics time-Series evolution of three-nozzle jets at different impact heights
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Table 5 Vorticity values at the vortex core of the jet front under differeént working conditions

Fintzin/ (s

T It} %/ms N Ttz (17 EEE (D HWRRWRE (D
1.5 5072 9360 4288 -
Case 2 10 2047 2385 338 -
60 245 300 55 -
1.5 5083 9800 4717 -
Case 3 10 2381 N/A 2381 2604
60 174 N/A 174 450
1.5 5061 9365 4304 -
Case 4 10 2043 2400 357 -
60 382 N/A 382 665
e 7 RN LR RIEREBCR MGLHIRIR S “N/A” ROtz O E A, R R E .

xo6 AEMESE TLEXEREEEX L

Table 6 Comparison of near-ground momentum flux at different impact heights

T W= hid BRI E/N FEYEIE /N FERLCT U B /N
Case3 2.0 6.999x10° 2.487x106 4.513%10°
Cased 55 1.929x10 6 4335x10° 1.495x106

v SRS RN FECE . N ZIJE RO L (Case 2) WIZhEIMEE; FEHEIE = Sa)EEE - EARmE, RAEF b TR i pe R

3.1.3 H AT 3 & 69 %ok

Kl 15 Nk EitiE s S Ak Case3 (h=2d) Hl Cased (h=5.5d) LA iR B BEATFE A28k B 2k .
NI SR IR ek e R U R B I R RPN, 7R ] M AT R AR 4R R A AR SR T Case3
Cased T/ NHIZRIR ERE K SARAITREMI ARtk . IR ATLAE H St vt v FEE X S s R B Aif 119 20 A
PR EMEIER . DLKETIRITHE 0-8 m A4 X [H M, Case3 THUARZEATHE 0.84m B, R4 Al E IR
Th, U5 TSR BRI W A, MBI IR L 1286.6 K, HARZENNE 8.4m Jo iR RS 4 fe i T
1000 K, TR HEEEMAR; M2 T, Cased WIETHEAEIR BIREATIE 1.24 m, TR & E
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BMSEESBER, HaiREI 450 K, BLERFSE RIS, Bl & K. Case3 LI HIH M
TRPE L Cased TV 186%, H. i st A i K. Kk, BEE P m BERRAR, 2 it XU 128 T 184
e
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Fig.15 Variation curve of surface temperature with travel distance at the starting point
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VRN R T 2 AERA SRR I R R 1 SR RIRRAE . AN ] DA 7 FE 6ms B, BRI HT I AS
Ja, REFMEPEEANG L, SRR T I AT B A AT B R S i b AL S0 v B
N1 m, EEEBICFAL S 1.1 m a4, R BEH IR AL B EE BT AL 3 m At
230 ms I, BRTVCATERARST AR, LN ARSI (MBS S B s, BRI L S e e 4
Bk, T _E AR A R I e I SN R 7 FLAS B S e T A SR R R TN 1m A,
AR IS — B [N, BB A BRI A 2009 8.2 m. Toi R LR M SR
B ZE I, LSRR bty e T )5 5 0 S e R B SPNRUR Eebe e or B P R I R 47— Bk . £E 50ms I,
SRR LA RGRHE A RS, L T IRARGR R iy B HERES, X — e i SRR A
FTEMTHE S . BEAh, KR DRA A BEA 98 FEAE 7 L S R IR 4 R b R A — B, it mT L, B a2
RIS R 0 BA B — 2 50E o SRR g a] S Sk 75 v A R .

=6 ms
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