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Coupling mechanism between jet and ground effect for a triangular
three-nozzle rocket-sled and its layout effects
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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 nozzle horizontal spacing 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 featuring three nozzles arranged in a
triangular pyramid configuration. Four operating conditions were established, including large spacing (s=7d), small spacing
(s=1d), low impingement height (A=2d), and high impingement height (4=5.5d). Here, s represents the horizontal center-to-
center distance of the nozzles, 4 denotes the impact height, and d signifies the diameter of the nozzle outlet. 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 derived from 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 assigned as the far-field
pressure boundary condition, enabling a coupled simulation framework of interior ballistics, exterior ballistics and flow field.
The computational domain utilized a structured grid with refinement in the jet interaction region and near the ground to ensure
calculation accuracy. 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). The
flow field structure, pressure distribution, and thermal erosion behavior on the ground under different configurations are
systematically revealed. The results indicate that the small-spacing nozzle arrangement triggers intense jet interference without
ground effect participation, leading to a multi-peak and slow-recovery pressure evolution feature and substantially delays the
flow field relaxation process. The coupling relationship between ground effect and jet interference is dominated by
impingement height. At low impingement height conditions, the jet impinging on the ground induces intense reorganization
and fragmentation of vortex structures, generating wall jets with velocities up to 960 m/s. Consequently, the peak ground
surface temperatures reaches 1286.6 K with sustained high temperatures, which significantly elevates the risk of rail ablation.
Conversely, a high impingement height effectively suppresses the ground effect, resulting in a more homogeneous and stable
flow field structure. In this case, the 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 is identified as the critical region
subjected to the most severe thermomechanical loads. During this stage, the average acceleration reaches 832.7 m/s* and the
specific action time per unit distance is prolonged to 1.84 ms/m. Coupled with the transient complex flow field, this constitutes
an extremely 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 vortex core positions, thereby
validating the reliability of the established coupled model. This study elucidates the complex flow mechanisms of multi-nozzle
parallel systems under strongly constrained conditions, and provids 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 motor; 3D numerical simulation; nozzle flow field; ground effect of flow field
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Fig. 10  Velocity contour sequence of the 0.7 m cross section downstream of nozzle outlet
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Fig. 13 Comparison of multi-physics time-series evolutions of three-nozzle jets at different impact heights
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Fig. 14 Near-surface jet velocity contour

094101-12



5 46 & AR, S TR RS KRR MR S L A SR AU %9 1

SR, M2 T, T 4 76 30 ms B2 ®6 FRIGEHE TEHEKANBERNL

Hh %:2 AR AR, QT bk g w® ﬁﬁ Hi. F 60 ms jﬁi}.z{ Table 6 Comparison of near-ground momentum flux
R, 5o A A% T 400 m/s, B T 3 7E at different impact heights

60 ms Fif F4 3 B R AT 58%. 35 6 S T IR Wy T hd BEEEE/MN SR RE/MN AT 3 E/MN
UL U T B E 60 ms AT 0.1 #5020 6% 2487 4313
JEAL, 9T 00 3 1Y 3l i E Ik 6.999 MN, M 1929 33 149

A B e 4.513 MN 255 32 T8 4 1 e v O A B[] 22 6 T A%, T 00 (T 2) (Y 3h i
3. B EHAEN] ARl I SRk O R R
Tt 30 BE TR FE HICT X M 1 A R B o o v AR
T IK BRI R RO R A

L X 4 ASFRIERTZ] (1.5, 10, 30 F1 60 ms) i 4514 S e B0l 19 R Gex) L, 7R 1 RS S0 1
WA T S B AL T AR by B B, & G5 R e S A o R, AR B ERA A, BRI R,
ph R B R I AL S BE AR HORAR P O S bl (h=2d) R T ISR FE L ML,
FEIN Ay G I S bt T oS T RO L 3R 5 A DR R T (U 83% ) B T A i T H B il e Y
AR RER o b B (h=5.5a) W R B R “im i R APE R F2” AL, 38 1R dh sl = AR H L 4Edr
TRE A 0 317, o 30 b o 28y R RE AR AP okl B R ik 58% ), IATHT i 25 PR 4 1 HEE A RE . X — 52 1Y
AL SPLEE ) R, BRI TS B TR oh s S R T 2 5.5d, AL T A H | U TRV, S R .
MR T K ik R AL A PERE R R & 1R, R TR IR TR A B E B A BS AR o
313 AN YR

& 15 g K it i s b T 00 3(h=2d) F1 100 4(h=5.5d) T B b IR B BlA T A2 [, s fbthgk . WBIFSE
SRR e v X I R s B P Ay R AR AL, A i W S B AR A R S S T T 3~4 T MR
AR AT RO A . AT 1S T RATE , §H9 400
P v B RT Je T B AT 1) S AT R RS R AR

. DLKAHERRTTEL 08 m 72 A5 K o, T 3 -

AT HE 0.84 m I, &5 SR E BRI, U8 T 5 o

T 1 W T 5, M T (3 1286.6 K, L s 80

W ZE N 8.4 m Ji5 i BERFLL AR A6 = T 1000 K, 600t

TR P AR KBS A2 R, T 4 1R T 4007

HE TR LA 1.24 m, VAT S0 ofv il 25 1 B 0 2 4 6 s

S HUE 5 IR, IR AL 450 K, HOE RS /m

TG, 8 RS, b B A . 00 3 1Y o o Uk B 15 A bh A AR BT R 7R AL
T 4 5 186%, H B iR raenta B K I, Fig. 15 Variation of surface temperature with travel distance
It 25 o 26 1 A, B D TR T 1 at the starting point

32 HEERSHEERIE

K16 7R 1 AR ik 20 S E A AU R S 18 25 5 6 i B B AR A R 0 X LU O o T R A e T T 240 i ik
T B LERR S A A R b B S R ARAE . AL 16 FTLATR Y, 76 6 ms B, SRS ATEIL 2S5, 32 3 b i
FHESAIBE IR, ST B RAG THIT A AR I ot o 7 FLAS 0 A9 S ool b v Ak SRS 38 2 2 O 1.1 m, e %
FBAC SRR IHAL & BEL 1.1 m 22, W8 Hh B AL B R4S 1 DAL 355 3 m 2247 . B 30 ms I, AU HT
BEARSEUT H T, FCR AR A2 B M AT B BELP 5 B T, DR TG S e TR A T S s s e )
ST o (5 LA B A S O b ot i A S R B A AT O L m e, e R AR B R — B TRl
TR E T B 7 B R AR 290 8.2 me JCIE I Lk It i R IR IR A AR, LR AL ot b T ) 7
P18 S5 7 i JRE IS U D T 2 ) R BN R4 — Bk o AE 50 ms I, SRR O AL B SO R A

094101-13



5 46 4 AR, S TR RS KRR MR S L A SR AU %59 4

P, FER 7 MR DR e AR R AR A, X — R e R S B R AR B T o AN, SO R
58 BE AR (7 BRI 4 R P AR — 2 e n] WL, B R DS SR i 45 R 2 1) B A e ) — B,
BUE T SRR A ] SR K T 1 A R

0123456 78 910111213
l/m
(a) =6 ms

ry/m

Gas flow front

ry/m

l/m
(c) =50 ms

16 RS I m S SRR X [

Fig. 16 Comparison of jet flow field patterns between numerical simulation and high-speed experiment
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