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Abstract
To investigate the flow field characteristics of a liquid oxygen/kerosene engine
plume impinging on deflector trenches, three-dimensional numerical simulations
were conducted using CFD software for the impinging flow field on three trench
configurations: without a deflection device, with a wedge-shaped deflection de-
vice, and with a conical deflection device, and comparative analysis was per-
formed on the plume gas flow. The results indicate that: when the plume gas
vertically impinges on a trench without a deflection device, gas flowing along
the trench side walls and upward-reflected gas create a high-temperature ef-
fect on the environment directly above the trench bottom; the wedge-shaped
deflection device eliminates the high-temperature effect from both side-wall
flow and upward-reflected gas; the conical deflection device eliminates the high-
temperature effect from upward-reflected gas but has room for improvement in
preventing side-wall gas flow; compared to the no-device case, the maximum
surface pressures on the wedge-shaped and conical devices increased by 10.31%
and 33.81%, respectively, while their maximum temperatures under plume im-
pingement decreased by 4.04% and 8.95%, respectively.
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Abstract

To investigate the flow field characteristics of a LOX/kerosene engine exhaust
plume impinging on a diversion trough, three-dimensional numerical simulations
were performed using CFD software for three different configurations: a trough
without deflector, a trough with a wedge deflector, and a trough with a conical
deflector. The flow fields of plumes impinging on these different troughs were
compared and analyzed. The results indicate that when the LOX/kerosene
engine exhaust plume vertically impacts a trough without deflector, the gas
flowing along the side surfaces of the trough and the upward-reflected gas cre-
ate high-temperature effects on the environment directly above the trough base.
The wedge deflector effectively eliminates this high-temperature effect by pre-
venting gas flow along the side surfaces and upward reflection. The conical
deflector can only prevent the high-temperature effect from upward-reflected
gas, but still allows some gas to flow along the side surfaces, leaving room for
improvement. Compared with the no-deflector case, the maximum pressure on
the wedge and conical deflectors increased by 10.31% and 33.81%, respectively,
while the maximum temperature decreased by 4.04% and 8.95%, respectively.

Keywords: LOX/kerosene engine; exhaust plume; impingement; deflector; nu-
merical simulation

0 Introduction
LOX/kerosene engines have become the development direction for liquid rocket
engines due to their high thrust, non-toxicity, and environmental cleanliness.
During rocket launch, high-speed, high-temperature exhaust gases are ejected.
In the initial launch phase and during test stand operations, the engine is rela-
tively close to the ground platform. The thermal and dynamic impact effects of
the exhaust plume can not only cause vibration responses in the launch structure
and initial flight disturbances to the vehicle, but also threaten other equipment
on the ground platform. Therefore, it is necessary to study the impact effects
of exhaust gases on launch platforms.

In spacecraft design, computational studies are typically employed to investigate
the thermal effects of rocket engine exhaust plumes on downstream structures
near the nozzle exit. Launch sites and engine test stands utilize diversion troughs
built beneath the platform to guide plume flow and mitigate impact effects on
the platform and facilities. To reduce the ablative impact on diversion troughs
and improve their safety and service life, researchers continuously investigate
deflectors of various shapes.

In recent years, numerical studies on rocket engine plume impingement on de-
flectors have advanced considerably. Ma et al. conducted numerical research on
solid rocket motor plume impact on launch platforms. Mayer et al. developed a
program to investigate heat transfer characteristics associated with liquid rocket
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engine plume impingement. Seiji Tsutsumi et al. performed simulations of the
impingement flow field during the initial stage of solid rocket launch, study-
ing the acoustic characteristics of plumes impinging on deflectors of different
shapes. Michael et al. developed a simulation program for solid rocket motor
impingement flow fields and validated it experimentally using a horizontal test
stand. Jeffrey et al. used CFD software to simulate the flow field characteristics
of rocket plumes impinging on diversion troughs with conical deflectors. Daniel
C. Allgood et al. performed CFD simulations of hydrogen-oxygen engine plume
impingement on diversion troughs for the Ares rocket series. Bruce T. Vu et
al. used CFD to study the impingement flow field of Space Shuttle main engine
and solid rocket booster plumes on troughs with wedge deflectors.

This paper presents a computational method for LOX/kerosene engine plume
impingement on diversion troughs. The approach first computes the engine
internal flow field, then uses the calculated nozzle throat section parameters
as inlet boundary conditions for the plume impingement flow field calculation.
This method fully accounts for the effects of combustion in the chamber and
afterburning reactions on plume impingement. Based on this method, three-
dimensional numerical calculations of LOX/kerosene engine plume impingement
effects were performed using CFD software to investigate the flow field charac-
teristics and patterns for different deflector geometries.

1.1 Physical Model
This study focuses on a LOX/kerosene engine with a total propellant flow rate
of 390 kg/s and an oxygen/kerosene mixture ratio of 2.4, operating in a fuel-rich
condition. The diversion trough and deflector structures are shown in [Figure
1: see original paper]. Figure 1(a) illustrates a simple trough without deflector,
consisting of a bottom surface, side surfaces, and a ramp. The engine nozzle exit
diameter is D, and the trough dimensions are: side height a = 7.64D (distance
between nozzle exit and trough bottom), bottom width b = 6.37D, ramp length
c = 12.74D, and bottom longitudinal width d = 6.37D. Figure 1(b) shows a
wedge deflector installed on the trough bottom based on the configuration in
Figure 1(a), while Figure 1(c) shows a conical deflector installed on the trough
bottom. The curved surface designs of the wedge and conical deflectors follow
reference [13].

1.2 Chemical Reaction Mechanism
Reference [14] compared computational results for liquid kerosene/gaseous hy-
drogen/gaseous oxygen and gaseous kerosene/gaseous hydrogen/gaseous oxygen
engine internal flow fields, demonstrating that both methods yield correct flow
field predictions. To account for afterburning effects on plume impingement,
this study employs a simplified single-step reaction that models actual kerosene
combustion as the oxidation of a kerosene surrogate fuel C12H23 into com-
plete reaction products H2O and CO2. The numerical calculation involves four
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gas species: kerosene vapor, oxygen, carbon dioxide, and water vapor. While
the single-step global reaction yields temperatures higher than actual values, it
provides high computational efficiency. Since this study aims to compare and
analyze the cooling performance of different troughs, the single-step global re-
action approach yields correct comparative results. The reaction is represented
as: 1223222CH+17.75O12CO+11.5HO�

1.3 Governing Equations and Solution Models
The conservation-type three-dimensional Navier-Stokes equations for multi-
component reacting flows serve as the governing equations for fluid motion,
species and energy transport, and combustion. The generic form is:

𝜕U
𝜕𝑡 + 𝜕F

𝜕𝑥 + 𝜕G
𝜕𝑦 + 𝜕H

𝜕𝑧 = 𝜕F𝑣
𝜕𝑥 + 𝜕G𝑣

𝜕𝑦 + 𝜕H𝑣
𝜕𝑧 + J

where U is the vector of conserved variables, 𝑡 is time, F, G, H are convective
flux vectors, F𝑣, G𝑣, H𝑣 are viscous flux vectors, and J is the source term. These
equations represent the continuity, 𝑥-, 𝑦-, 𝑧-momentum, energy, and species
conservation equations.

The N-S equations describing rocket engine combustion flow are strongly coupled
nonlinear partial differential equations. The Pressure Implicit with Splitting of
Operators (PISO) algorithm has been successfully applied to compute rocket
engine combustion flows. The finite volume method discretizes the plume flow
field governing equations, which are solved using the realizable 𝑘-𝜀 two-equation
model and the finite-rate/eddy-dissipation model. The Arrhenius formula cal-
culates the chemical source terms.

1.4 Computational Mesh and Boundary Conditions
A mature mesh processing software was used for grid generation. Due to the
1/3 symmetry characteristic of the injector panel nozzle distribution, structured
grids were employed for the three-dimensional engine internal flow field compu-
tational domain to improve efficiency, as shown in [Figure 2: see original paper].
Because the plume impingement flow field on the diversion trough and deflector
exhibits 1/4 symmetry, a 1/4 symmetric flow field was selected as the compu-
tational domain for plume impingement simulations, as shown in [Figure 3: see
original paper]. Following grid independence verification, final mesh schemes of
970,000 and 1,110,000 cells were selected for the engine internal flow field and
plume impingement flow field calculations, respectively.

The engine internal flow field boundary conditions are defined as: mass flow
inlet boundary of 1.178 kg/s with an oxygen/kerosene mixture ratio of 2.4;
wall boundary with no-slip condition; pressure outlet boundary at 300 K and
101,325 Pa. The plume impingement flow field boundary conditions are: mass
flow inlet boundary determined from the engine internal flow field calculation;
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pressure far-field boundary at 300 K and 101,325 Pa; wall boundary with no-slip
condition.

2.1 Model Validation
The present model was used to compute the plume impingement flow field un-
der conditions specified in reference [16], and the results were compared with
experimental data. Comparisons between computed and measured flow fields
at different pressure ratios (NPR = nozzle total pressure/ambient pressure at
nozzle exit) are shown in [Figure 4: see original paper], with computed velocity
contours on the left and schlieren measurements from the literature on the right.
The nozzle exit diameter is d = 2.54 cm, the contraction ratio of the nozzle con-
vergent section upstream of the throat is approximately 5, and the distance
between the ground plate and nozzle exit is h = 2d. Figure 4(a) shows the flow
field comparison at NPR = 2.5, where oblique shock waves are present. Fig-
ures 4(b) and 4(c) show flow fields at NPR = 3.7 and NPR = 5.0, respectively,
where oblique shocks are replaced by Mach disk phenomena that grow larger
with increasing interaction intensity. Figure 5 compares experimental and sim-
ulated pressure distributions on the impingement plate surface at NPR = 3.7
for various h/d ratios. The computed flow field structures and plate surface
pressure distributions agree well with experimental measurements, validating
the accuracy of the plume impingement flow field model.

2.2 Engine Internal Flow Field Results and Analysis
The LOX/kerosene engine internal combustion flow field was first computed to
obtain temperature and velocity distributions, as shown in [Figure 6: see original
paper]. The fuel-rich oxygen and kerosene mixture undergoes complete chemical
reaction in the engine to produce carbon dioxide and water, with flow field
parameters in the nozzle throat and expansion section exhibiting axisymmetric
characteristics.

2.3 Plume Impingement Flow Field Results and Analysis
Using the nozzle throat section parameters from the engine internal flow field
calculation as inlet boundary conditions and employing the single-step global
reaction to describe the afterburning process, three-dimensional flow fields were
computed for LOX/kerosene engine plumes impinging on three configurations:
no deflector, wedge deflector, and conical deflector. Figures 7(a)-7(c) show the
pressure, temperature, and velocity fields for plume impingement on a trough
without deflector. After impinging on the trough bottom, the plume gas pri-
marily flows in three directions: along the trough ramp, along the side surfaces,
and upward due to vertical impact reflection. Both the side-flowing and upward-
reflected gas create high-temperature effects on the environment directly above
the trough base.
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Figures 8(a)-8(c) present the pressure, temperature, and velocity fields for plume
impingement on a trough with a wedge deflector. After directly impacting the
wedge apex, the plume gas flows primarily along the deflector-guided ramp,
avoiding high-temperature effects on the environment above the trough base.
Figures 9(a)-9(c) show the flow fields for plume impingement on a trough with
a conical deflector. After impacting the conical deflector apex, the plume flows
along the guided direction, preventing upward reflection caused by vertical im-
pact on the trough bottom. However, because the conical deflector guides
some gas along the trough side surfaces, it only partially mitigates the high-
temperature effects, leaving room for improvement.

Pressure distributions on the trough bottom, wedge deflector surface, and con-
ical deflector surface are shown in [Figure 10: see original paper]. Compared
with the no-deflector trough bottom, the maximum pressure on the wedge and
conical deflectors increased by 10.31% and 33.81%, respectively. This occurs
because: (1) the deflector reduces the distance between the nozzle exit and im-
pact surface, and (2) the deflector geometry reduces the area of maximum force
application, with the conical deflector having a smaller maximum force area
than the wedge deflector.

Parameter distributions along the centerline from nozzle throat to impact plane
are shown in [Figure 11: see original paper]. Figures 11(a)-11(c) display pressure,
velocity, and temperature distributions. When the plume impacts the trough or
deflector surface, velocity drops abruptly to zero, causing sudden pressure and
temperature increases. Because the deflectors effectively guide plume flow, the
maximum temperature on the wedge and conical deflectors decreased by 4.04%
and 8.95%, respectively, compared with the no-deflector case.

Conclusions
This study yields the following conclusions:

(1) When a LOX/kerosene engine exhaust plume vertically impacts a trough
without deflector, the gas flows simultaneously along the trough ramp and
side surfaces. Both the side-flowing and upward-reflected gas create high-
temperature effects on the environment directly above the trough base.

(2) When impinging on a trough with a wedge deflector, the plume gas flows
along the deflector and trough ramp, eliminating high-temperature effects
on the environment above the trough base from side-flowing and upward-
reflected gas.

(3) When impinging on a trough with a conical deflector, the plume gas flows
along the deflector, ramp, and side surfaces, only partially mitigating high-
temperature effects on the environment above the trough base. Improve-
ment is still needed to prevent gas flow along the side surfaces.

(4) Compared with the no-deflector case, the wedge and conical deflectors
exhibit maximum pressure increases of 10.31% and 33.81%, respectively,
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due to reduced nozzle-to-surface distance and smaller maximum force ar-
eas. However, because the deflectors effectively guide plume flow, the
maximum temperatures on the wedge and conical deflectors decreased by
4.04% and 8.95%, respectively.
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