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Abstract: This study conducts in-depth research on the impact of rocket exhaust plumes on
the marine environment and facilities during launch, offering a scientific foundation for
thermal protection design of carrier rocket launch platforms. A dual-nozzle rocket engine
exhaust plume model is developed to compute temperature and pressure distributions at
various distances from sea level and the rocket center. Results indicate that gas temperatures
decline slowly at higher altitudes, necessitating adequate protection for taller structures
situated farther from the rocket. Structures within 1m to 5m of the rocket must endure
significant temperature variations with height. This data serves as a reference for the safe

design of maritime launch platforms.

Keywords: Rocket Exhaust Plume; Impact flow field; Surrounding facilities; Numerical
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1. Introduction

In recent years, the rapid advancement of aerospace technology has led to a surge in
demand for space launch activities. Traditional land-based launch sites encounter numerous
challenges in accommodating this growing demand. As an innovative launch approach, sea
launch effectively tackles issues such as limited launch windows, intricate trajectory design,
and debris fall zone safety, by leveraging its distance from populated areas and offering
flexibility in selecting launch points and fall zones.
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While sea launch platforms indeed mitigate the direct threat of rockets to land-based
populations, the exhaust plume comprising high-temperature gases and debris can pose a risk
to marine facilities and vessels. During rocket launch, the exhaust plume contains
high-temperature gases, which, upon contact with marine facilities, may cause melting,
deformation, or combustion dueto the extreme heat, thereby damaging the structure and
functionality of the facilities. Notably, sea launches tend to exhibit greater instability
compared to land launches, complicating the task of on-site personnel to evacuate promptly
in the event of an accident. Consequently, the significance of conducting a thorough thermal
environment analysis for carrier rocket launch platforms is further emphasized.

Numerous scholars have employed numerical simulation methods to studythe shock
flow field of the combustion gas jet during the takeoff phase of carrier rockets[1-2]. Zhao et
al. used numerical simulation to investigate the flow field and thermal environment of the
launch platform during the takeoff phase of carrier rockets, exploring the impact of the jet on
the launch platform, support arms, and cover plates, providing a reference for the safe design
of carrier rocket launch platforms. Tsutsumi et al. conducted research on the impact of the
layout of the first-stage rocket engines on the internal flow field of the launch pad using
numerical simulation, discovering that the combustion gas jet of solid rocket boosters can
interfere with the diffusion of the jet of liquid rocket engines on the diversion trench and lead
to reverse jet flow[6]. Wang et al.compared the heat flux impact of single and dual nozzles on
the ground based on numerical calculations, providing a data basis for rocket nozzle
design[3]. Zhou et al. used numerical simulation to study the impact of the angle of the
diversion trench on the exhaust direction performance during the launch phase of a
four-nozzle carrier rocket, providing a reference for the design of diversion trenches[4]. Teng
et al. established a numerical model for the exhaust jet of a four-nozzle rocket engine,
clarifying the supersonic heat flux impact on the offshore support platform during the hot
launch of carrier rockets, which has important reference value for the safe design of offshore
launch support platforms and innovation in diversion structures during subsequent hot
launches.

The aforementioned literature provides in-depth research data on the shock flow field of
the combustion gas jet during the takeoff phase of carrier rockets. However, most of the
literature focuses on the impact of rockets on launch platforms and the ground, with limited
information on the impact of rocket exhaust plume shocks on surrounding facilities[5].

This paper presents a numerical simulation of the launch process of a specific
dual-nozzle liquid carrier rocket, utilizing a grid count exceeding 1.56 million for enhanced
precision. The study analyzes the surface temperature and pressure distributions of various
objects situated at differing distances from the launch pad. The findings provide valuable
insights for the thermal protection design of carrier rocket launch platforms.
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2. Theoretical Basis

2.1 Basic Concepts of Combustion Jet

A combustion jet refers to the high-temperature, high-speed gas flow ejected from a
rocket engine. During the rocket launch process, the combustion jet significantly impacts the
surrounding environment, including changes in temperature, pressure, and the formation of
flow fields. These factors are crucial for the safety design of the rocket launch platform and
its surrounding facilities[2].

2.1.1 Formation of Combustion Jet:

The combustion jet is produced when fuel burns in the combustion chamber of a rocket
engine, generating high-temperature, high-pressure gas that is expelled through the nozzle at
high speed.

2.1.2 Role of Nozzle:

The design of the nozzle accelerates and expands the gas, forming a high-speed jet. The
shape and size of the nozzle significantly influence the performance of the combustion jet.
During operation, the high-temperature gas radiates heat to the nozzle's inner wall, and
particles in the gas may contact and transfer heat, but these effects are negligible compared to
convective heat transfer.

2.1.3 Energy Conversion:

The formation of the combustion jet involves energy conversion. The chemical energy
released by fuel combustion is converted into thermal and kinetic energy of the gas, with
kinetic energy being the primary form of energy that impacts the surrounding environment.

2.2 The combustion jet primarily consists of:

1.High-Temperature Gas: The main component of the combustion jet, produced by fuel
combustion, characterized by high temperature and pressure.

2.Combustion Products: Including incompletely burned fuel, oxides generated by
combustion, and other chemical reaction products.

3.Flowing Gas: Accelerated and expanded by the nozzle, forming a high-speed flowing
gas jet.

These components collectively constitute the combustion jet, impacting the rocket
launch platform and surrounding facilities.

2.3 Design Improvement Directions for Launch Platform

2.3.1 Stability and Safety:

The launch platform must remain stable during rocket launch, preventing overturning or
movement due to the enormous thrust generated.
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Design considerations include the platform's structural strength and stiffness to withstand
dynamic loads and impacts during launch[7-10].

Safety is the primary principle of design, encompassing the prevention of accidents such as
fires and explosions, and ensuring the safety of personnel and equipment.

2.3.2 Support and Guidance:

The launch platform must provide sufficient support area to stably support the rocket
and bear its weight. A guidance system ensures the rocket rises along the predetermined
trajectory during launch, preventing deviation due to factors such as wind.

2.3.3 Thermal Protection:

Effective thermal protection systems are required for the launch platform to shield them
from high-temperature thermal radiation and impact damage during rocket launch.Thermal
protection materials should exhibit excellent high-temperature resistance and thermal
stability, while also resisting erosion and scouring by the combustion jet[11-14].

2.3.4 Flexibility and Adaptability:

The launch platform should possess flexible movement and positioning capabilities to
adapt to different launch sites and missions.The platform's design should facilitate
transportation, installation, and commissioning, enhancing launch efficiency and reducing
costs.

2.3.5 Environmental Compatibility:

The design of the launch platform should consider environmental protection,
minimizing the impact of the launch process on the environment.
The platform should be compatible with the rocket and other parts of the launch system to
ensure the smooth progress of the entire launch process.

2.3.6 Numerical Simulation and Optimization:

Numerical simulation techniques are utilized for the design and optimization of the
launch platform to predict and analyze key parameters such as flow fields and thermal
environments during the rocket launch.

Feedback from simulation results aids in improving and optimizing the platform structure,
thermal protection system, etc., enhancing the platform's overall performance and
reliability[15-20].

3.Relevant basic theories

3.1 Continuity Equation:

Describe the principle of mass conservation in fluid flow. For gas jets, it can be
expressed as the rate of change of mass within a fluid element equals the difference between
the mass flow rates entering and leaving that element[21].
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3.2 Momentum Equation:

Describe the change in momentum during fluid flow. For gas jets, it can be expressed as
the rate of change of momentum within a fluid element equals the sum of the external forces

acting on that element[21-30].
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3.3 Energy Equation:

Describe the energy conversion and conservation during fluid flow. For gas jets, it can
be expressed as the rate of change of internal energy within a fluid element equals the sum of
heat transferred into the element and work done by external forces.
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3.4 Turbulence Model Equations:

Such as the Realizable k-¢ two-equation model, used to describe the characteristics of
turbulent flow.
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The equations typically involve terms for mixture viscosity p, production of turbulent
kinetic energy G, and constants for the model 6=1.0 1.
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3.5 Bernoulli's Equation:

Describe the conservation of energy in fluid flow. Although primarily used for
incompressible fluids, it can sometimes be used to approximate energy changes in gas jets.

1 1
P +§pr +pgh = p, +§pV§ + pgh, (6)
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4. Computational Model and Method
4.1 Grid Model

To determine when the rocket engine exhaust plume has the greatest impact on the
surface, a simple 2D model was first established to simulate the rocket launch process. The
results show that the rocket engine exhaust plume forms a relatively stable airflow on the
surface after 0.4 seconds. The airflow velocity changes slowly at first, then quickly, and
finally slows down again. At 1 second, the rocket engine exhaust plume has a relatively faster
velocity and greater impact at approximately 20m above the ground. By consulting literature
and referencing the numerical simulation method used by Zhao et al. to study the flow field
and thermal environment of the launch platform during the carrier rocket's takeoff phase, the
validity of the data was confirmed.

ﬂf ].__ l

Figure 1. Flow field diagram of rocket takeoff process

Next, a 3D numerical model was constructed for a dual-nozzle rocket engine,
referencing the method used by Teng et al. in "Numerical Simulation of Exhaust Plume of
Four-Nozzle Carrier Rocket in Maritime Thermal Launch Mode". The nozzle performance
was based on the performance of an ideal nozzle. An ideal nozzle is a one-dimensional
nozzle where the exit pressure equals the ambient pressure, capable of producing the
maximum thrust under design conditions. Its thrust coefficient is expressed as[38] .

_l2k? 2 e pe <t
CF_\/E m) [1-(E) ] (7)

The nozzle throat diameter d is 300 mm, the nozzle expansion half angle is about 10 <
and the nozzle exit inner diameter is 1 000 mm. The rocket lift-off process was simulated by
setting the center distance of the nozzle on the object as 20 m. The figure shows the
geometric model of the nozzle of the dual-nozzle rocket engine.

Taking China's first maritime multi-functional vessel for aerospace launch and recovery,
the Dongfang Hangtian Gang, as an example, its length is 162.5 meters and its width is 40
meters. Therefore, taking half the length of the ship, the atmospheric calculation domain was
set as a cylinder with a radius of 80m and a height of 25m.
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Figure 2. Geometric model of Dual-Nozzle rocket engine

Figure 3. Fluid domain grid model

4.2 Simulation Boundary Conditions

During the simulation, it was assumed that the gas generated strictly follows the ideal
gas state equation and undergoes an ideal state without heat exchange during the combustion
process. The inner wall surface of the nozzle was insulated. Furthermore, the flow of fuel gas
within the nozzle was considered an isentropic process, meaning the entropy of the fluid
remains constant during the flow process.

The nozzle inlet was set as a pressure inlet type, with the total pressure at the inlet being
7MPa and the total temperature reaching 3000K. The incoming flow direction was
perpendicular to the inlet boundary of the nozzle. The outlet was set as a pressure outlet
boundary condition, with the ambient temperature at the outlet set to 300K and the air
pressure set to atmospheric pressure. Finally, the nozzle itself and other related boundaries
were set as no-slip and adiabatic wall boundary conditions to ensure the accuracy and
consistency of the calculations[17].
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Figure 4. Model and boundary example

4.3 Numerical Simulation

Since the rocket propellant jet satisfies the continuum medium assumption and the ideal
gas state equation, and there are no chemical reactions within the propellant jet, the
Realizable k-¢ two-equation turbulence model was adopted. The turbulent kinetic energy k
equation is:

0 (pk)_l_é (pkup) _ 0
0, OX; axJ

() }re —pe (8)
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where 1 is the mixture viscosity, G is the generation term of turbulent kinetic energy k
caused by the average velocity gradient, and the constant coefficient 6 = 1.0.

The turbulent kinetic energy dissipation rate € equation is:
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o, j
E representing the average characteristic strain rate.
The molar specific heat at constant pressure for each component in the atmospheric
calculation domain is often calculated using a polynomial fitted from the JANNAF table.

(I;—F:;:aio"'ailT+ai2T2+ai3T3+ai4T4 (10)
The energy equation is:
u2+V2
h+ > =h, (11)

Due to computational power limitations, monitoring points were only placed at
distances of 20m, 50m, and 70m from the rocket center, and at altitudes of 1m, 5m, and 10m.
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5. Results

5.1 Temperature Changes at Different Heights
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Figure 7. Temperature variation at different altitudes

It can be seen from the graph that, in general, the temperature decreases as the distance
increases. Specifically, at a distance of 1 m, the temperature starts at 800 K and gradually
decreases to around 300 K with increasing distance. However, when the distance is 5 meters
and 10 meters, the temperature drop trend is slightly different. At 5 meters above the ground,
the temperature showed a trend of rising first, then falling and then rising; at 10 meters above
the ground, the temperature changed slightly and rose slightly. And the air temperature at the
three heights is gradually approaching. Therefore, it is speculated that the rocket engine wake
is at a distance from the fire.Far away from the arrow, the thermal radiation to the air above is
more obvious.

Vertical comparison of the temperature at different heights at the same distance shows
that at 20 meters, the temperature at each altitude is higher and changes fastest with the
altitude. It shows that in the place close to the rocket, the building should be made of
materials with good high temperature resistance and extremely high thermal stability.

5.2 Pressure Changes at Different Heights

Figure 8. Fluid domain pressure variation nephogram
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As can be seen from the chart, when the engine is operating, the pressure is only greater
below the rocket, about 10 meters from the center, and is similar to the atmospheric pressure
elsewhere. Ten meters away, with the increase of the distance, except for the higher height
from the ground (such as 10 m), the pressure first decreases and then increases, and the
pressure generally shows a trend of first increasing, then decreasing and then increasing.
When the distance is close, the pressure gradually increases, reaches a peak value and then
begins to decrease. This change pattern of first rising and then falling is reflected in different
distances. From the analysis, it can be seen that in the case of higher height from the groundin
this case, the air pressure is not easy to be affected by the rocket gas when the distance is
close, but the air pressure at different heights shows an upward trend when the distance is far
(such as 50m to 70m), but the change is small, and the difference between the air pressure and
the atmospheric pressure is not large.

Vertically comparing the air pressure at different heights at the same distance, it can be
seen that the air pressure shows a counter-intuitive low value at a closer distance from the
rocket, and the lower the altitude, the more obvious the situation. Compared with the
temperature change table, it is speculated that at 10m, the gas temperature is higher, the
density is lower, the external expansion work is done, and the air pressure is lower; at 20m,
when the gas atmospheric pressure produces resistance to the jet

As the jet advances, this resistance gradually increases, resulting in a decrease in flow
velocity, and the kinetic energy is gradually converted into other forms of energy, such as
heat, with the temperature and pressure peaking at 20 meters34. At 50 meters, the
temperature decreases, the gas density gradually increases, and the pressure gradually returns
to atmospheric pressure.

6. Conclusions

1) The rocket engine exhaust plume has a more pronounced thermal radiation effect
on the air above it at farther distances from the rocket. The temperature drops significantly
when the distance exceeds ten meters, but the gas temperature decreases slowly at higher
altitudes, and taller structures farther from the rocket still require adequate protection.The
understanding that the rocket engine exhaust plume has a pronounced thermal radiation
effect at farther distances, especially at higher altitudes, necessitates enhanced thermal
management strategies.

2) In the vicinity of the rocket, buildings should use materials with good
high-temperature resistance and high thermal stability to cope with drastic temperature
changes with height. This will influence the choice of building materials and components in
launch facilities and surrounding structures, ensuring they can maintain structural integrity
and operational functionality under extreme temperature conditions.

3) Pressure and high-temperature protection indices need to be significantly increased
within ten meters of the rocket. Beyond fifty meters, pressure gradually returns to
atmospheric pressure, and temperature gradually returns to room temperature, allowing for a
significant reduction in protection standards.
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4) Future designs should incorporate materials and technologies that can effectively
shield taller structures and sensitive equipment from the high temperatures and thermal
radiation of the rocket plume, even at considerable distances.Structures near rocket launch
sites will be designed with optimized layouts and materials to minimize exposure to thermal
radiation and high temperatures.

5) Future designs and practices will likely adopt zone-based approaches, with
heightened protection measures in close proximity to the rocket and progressively lower
standards as the distance increases.Cost-Effective Safety Measures: By adopting zone-based
protection standards, designers can allocate resources more efficiently, implementing higher
levels of protection where needed while reducing costs in areas where lower protection
standards suffice.
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