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Abstract: In this paper, an opposing jet is applied to the space shuttle arc leading edge and the lifting
body cone leading edge in the hypersonic condition of the rarefied flow field. The DSMC numerical
algorithm is used to simulate and analyze the underlying working physics of the opposing jet. The
results provide a reference for designing hypersonic vehicles in near space that reduce drag and
protect against heat.
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1. Introduction

Higher altitudes and faster flight speeds have increasingly attracted more attention
with scientists regarding the development of hypersonic vehicles. The higher the speed,
the greater friction, total pressure, and heat flux are caused in the windward area of the
aircraft. This will affect the aircraft performance with regards to mobility. In addition, the
increase of aircraft flight altitude will cause an increase in the degree of air rarefaction. The
air density of the incoming flow decreases and results in a discontinuous influence. These
challenging physical conditions are also faced by the scientists who explore outer space
galaxies, such as spacecraft reentry into the atmosphere and satellite recycling. The aircrafts
usually fly at high speed and experience extreme resistance and thermal effect especially
in the middle layer of the atmosphere when they return from the universe to the earth.
This explains their severe deformation and damage after successfully returning to earth.
This damage threatens the safety and stability of the aircraft. The cost of maintenance is
very high as well for reuse purposes. Therefore, it is essential to reduce the heat effect and
resistance when flying aircrafts in the rarefied flow field.

It has been studied that maximum heat flux and resistance usually occur at the flow
stagnation area of the aircraft. When a large amount of high-speed air flow reaches the
wall, the kinetic energy in the flow is consequently converted to heat and internal energy.
The bow shock wave or conical shock wave are formed in the flow field. There are three
methods to minimize the consequent heat damage to the aircraft. The first one is to apply
thermal protection or mitigate heat, such as applying a thermal insulation structure, heat
pipe dredging, etc. [1–3]. This method requires practical experimental verification. It has
a high requirement for the material and is very costly. Additionally, it is challenging to
simulate the rarefied flow condition. The second method is to modify the shape structure of
the aircraft, such as applying windward cavity, pneumatic rod, etc. [4–6]. This method may
weaken the advantages of the original aircraft and degrade the performance of the aircraft
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in order to reduce resistance and heat flux. The last method is to shoot high-pressure and
low-temperature jets [7] from the nozzle opposite to the incoming flow direction, namely
the opposing jet method. This active control method will change the shock structure, and
enforce the change of the air flow trajectory to reduce heat flux and resistance. This method
can meet long flight period requirements for hypersonic vehicles. It does not need to
transform the aircraft shape, which is designed purposely with high lift and drag ratio.
Furthermore, other drag reduction and heat protection methods can be coupled. Both
stability requirements and cooling and drag reduction can be improved simultaneously.
The opposing jet method is practically applicable and has a certain research basis, so the
present paper will study and verify this method through numerical simulation.

The conventional opposing jet technology is mainly concerned with the continuous
flow gas environment and vehicles mostly flying at low altitudes. However, as aircraft
altitude increases, the atmospheric environmental density decreases and the gas rarefaction
effect becomes apparent. The continuum assumption of the N-S equation does not apply to
rarefied flow because of the discontinuous effect of airflow. Researchers have found that the
DSMC method is a reasonable numerical simulation algorithm for accurately calculating
the rarefied flow field [8].

The DSMC method has many applications and much research in jets. Hui Wang [9]
proposed a comprehensive model that couples direct simulation Monte Carlo (DSMC)
method with the finite difference method to study the heat transfer caused by moving
rarefied hydrogen jet impingement. The results show that the average convective heat
transfer coefficient of jet impingement is positively correlated with inlet pressure and
jet aperture, but negatively correlated with impingement distance. Mishra S. K. [10]
investigated the disturbance to the lunar surface caused by the jet plume from the thruster
exhaust, and direct simulation Monte Carlo (DSMC) solvers were used to analyze plume
dynamics and plume gas interactions with in situ lunar soil, concluding that whereas
the disturbance and damage caused by a small lander appears to be minimal, a large
lander and a landing near an early landing site would pose a significant threat to existing
hardware. Virgile C. [11] uses hybrid Navier-Stokes (NS) and direct simulation Monte Carlo
(DSMC) and a unidirectional coupling strategy to simulate a steady-state cold nitrogen
flow from a high-pressure millimeter nozzle extended into vacuum, a method that fits
well with the data available for microthrusters and whose optimization can significantly
reduce computational costs. Z. Cao [12] has developed open source code in OpenFOAM for
providing two-phase thinning flow solutions that can generate steady-state and transient
results for arbitrary 2D/3D two-phase thinning flows, and has tested converging nozzles
that generate solid particle beams, with results that closely match the available analytical
and experimental data. Cao Z. [13] uses a direct simulation Monte Carlo method and
compressible Navier-Stokes equations to give numerical results on the formation of vortex
rings by an excitation wave bypassing a nearly 90◦ angle under appropriate Maxwell
velocity slip and von Smoluchowski temperature jump boundary conditions. The effects
of the Mach number and thinning effects on the formation and evolution of vortex rings
are discussed. Agir M. B. [14] used a direct simulation Monte Carlo method using the
dsmcFoam + code for the acoustic nozzle simulation matrix. It was concluded that for
a single nozzle, increasing the stagnation temperature has no significant effect on the
normalized surface pressure, but increases the maximum normalized shear stress and
increases the measured heat flow over the surface. For two-nozzle and four-nozzle arrays,
the number of nozzles has a much greater effect on the measured surface properties than
the stagnation temperature.

Studies on reducing drag and protecting the engine from heat have been conducted in
recent years using opposing jets. Wang Z. and X. Zhang [15] have numerically analyzed
the flow field mechanism of a supersonic opposing jet bluff body model in a supersonic
flow field. It shows that a single pressure parameter can control the formation of super-
sonic opposing jets and can form either a long or short penetration mode. Controlling
opposite jet parameters is an effective way of achieving thermal protection and reducing
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the drag of bluff body structures. Lmen S. [16] examined the effect of jet on reducing rocket
resistance and heat load, studied the effect of jet emitted from the head of rocket on the
opposite direction of incident free flow, and successfully reduced the area average surface
temperature and resistance by 52% and 22%, respectively. Eghlima Z. [17] studied the flow
field around the hemispherical column with a new combination of spike jet and opposing
jet under the free flow condition of Mach 6. For the actual model, the drag coefficient is
significantly reduced by about 86–90%, compared to the spherical cylinder model without
jet and spike. Bsa B. et al. [18] studied the heat transfer changes and shock properties
around the blunt body by combining cylindrical and parabolic cavity geometries with
opposing jets, and found that the parabolic cavity with an opposing jet had a reduction of
about 33% of surface heat flow and 43% of flow oscillation. Shen B.X. et al. [19] investigated
the drag reduction efficiency and heat flux reduction efficiency of a unit mass opposing jet,
and found that a higher jet temperature strengthens the drag reduction efficiency, but has
the least impact on it. The heat flux reduction efficiency is affected by jet temperature and
pressure. Fan W.J. et al. [20] studied the effects of jet total pressure ratio, angles of attack,
and the free flow Mach number on the drag and heat reduction through the numerical
simulation of porous opposing jets, and demonstrated that the greater the jet total pressure
ratio, the better the performance of drag and heat reduction. It can be seen from the above
literature that the application of an opposing jet in the continuous flow region has a good
effect on drag reduction and heat prevention, and has good adaptability under hypersonic
conditions. In the rarefied flow region, the research on an opposing jet started late due to the
limitation of numerical algorithm, and the results are fewer. Wenqing Zhang [21] studied
the hypersonic flow field of a 2.6% Apollo single jet and combined jet with a Mach number
of 19 and height of 60 km, and studied the heat and drag reduction mechanism of single and
combined opposing jets at different flow rates. The opposing jet technology in the rarefied
flow region is studied, and the open source platform is used for numerical simulation. It is
proven that the combined an opposing jet also has the effect of cooling and drag reduction
in the rarefied flow region, which provides a reference for subsequent research.

Although the DSMC method is widely used in jets, most of it studies micro-scale jet
flow in still space. However, the research on opposing jets still focuses on the continuous
flow region, and the research on rarefied flow field is still lacking. With the rapid develop-
ment of hypersonic vehicles, the research on cooling and drag reduction in a rarefied flow
field is very necessary and meaningful. Therefore, this paper mainly studies the cooling
and drag reduction effect of the opposing jet in the rarefied flow field, and focuses on the
rarefied altitude, about 70 km~80 km, takes PR as the variable, and explores the cooling
and drag reduction effect of aircraft with different pressure ratios and the sensitivity of
the leading edge of aircraft with different shapes to the pressure ratio so as to provide
a reliable basis for the subsequent cooling and drag reduction research of a hypersonic
rarefied flow field.

2. Opposing Jet Principle

As aforementioned, the opposing jet technology relies on injecting air flow from the
nozzle pre-installed on the aircraft to change the speed and direction of incoming flow
and structures of shock waves. An opposing jet structure, such as jet terminal shock, free
stagnation point, and recirculation regions, is shown in Figure 1 [22]. The high-pressure gas
in the nozzle is ejected from the nozzle to form a high-speed jet in front of the stagnation
point of the aircraft, and interacts with the incoming flow to change the original shock
structure. Mach number, total pressure, total temperature, flowing medium, and total
pressure ratio (PR) are the major parameters affecting incoming flow and jets. PR represents
the ratio of total pressure of the jet to total pressure of incoming flow. There are three shock
modes under the influence of the jet: blunt penetration mode, long penetration mode, and
short penetration mode [23–25]. The key to the change of opposing jet structures is the
ratio of nozzle outlet pressure (PJ) to ambient static pressure (P0). When PJ = 0, there is
no opposing jet, and the flow field appears as a conventional detached bow shock. When
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the opposing jet begins to increase(PJ < P0), the jet is in the over-expanded condition, and
the expansion is limited. It is compressed by the jet boundary and causes the emergence
of compression waves. At this time, the jet begins to interfere with the flow structure,
and a small amount of jet penetrates the shock wave; then, the impact point of the jet
is in the flow deceleration zone, resulting in flow instability, and the flow field is in the
blunt penetration mode. When PJ is slightly greater than P0, the jet is in the slightly under-
expanded condition, so the jet can expand further, and the flow penetrating the shock
wave is more. The free jet boundary compresses and reflects the expanded jet to form
an incident shock wave. Then, these incident shock waves take the jet axis as the axis of
symmetry and reflect multiple times to form a divergent diamond-shaped shock wave.
Because the under-expanded jet will lead to the instability of the flow field, the slightly
under-expanded jet adjusts itself, ending the impact point of the normal jet in the flow
acceleration region, greatly increasing the separation distance of the bow shock wave and
forming a weak bow shock. This flow field structure is called long penetration mode.
When PJ further increases (PJ >> P0), the jet is in a high under-expanded condition, a large
number of jets penetrate the shock wave, the bow shock wave structure collapses, the jet
carries out Prandtl–Meyer expansion, and a Mach disk is formed at the balance between
the jet pressure and the ambient pressure. The Mach disk sharply reduces the jet velocity
and pressure and makes the jet flow quickly to reach equilibrium with the environment.
Because this normal impact is in the jet acceleration zone, the high under-expanded jet
terminates at the Mach disk, so the flow field shows high stability and has a short stagnation
distance and shock wave detachment distance. This flow field structure is called short
penetration mode. In general, with the increase of the PJ/P0 ratio, the opposing jet field will
change from unstable blunt penetration mode to unstable LPM, and then quickly change to
SPM with a stable structure similar to that without an opposing jet flow field, as shown in
Figure 2 [25]. The jet boundary collapses when the jet meets high-speed incoming flow;
then, the jet is separated and reattached to the aircraft wall to form a recirculation region,
which appears as a vortex between the Mach disk and the leading edge of the aircraft as
shown in Figure 1b.
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3. Numerical Approach
3.1. DSMC Method

Direct simulation of Monte Carlo (DSMC) is a molecular dynamics method [26]. At
present, it is mainly used for simulating rarefied flow fields. The key idea is to replace
real molecules with limited simulated molecules, analyze the change process of flow field
by simulating molecular motion and collision, and reduce the error caused by molecular
information fluctuation by collecting a large amounts of statistical samples, which in turn
yield all the macroscopic characteristics of the flow field (Mach number, pressure coefficient,
friction coefficient, heat flow, etc.) based on the statistics.

The calculation of the DSMC method is divided into three steps: molecular motion,
molecular collision, and molecular sampling. Molecular motion uses a combination of
area element/volume element search technology and the ADT (alternative digital tree).
Calculate the molecular trajectory and determine whether a molecule intersects the grid
edge and whether the intersecting edge is the flow field boundary. The program will
update the molecular information if the molecule only intersects with the internal grid
edges. Otherwise, it will judge the boundary type if the molecule intersects the boundary.
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In general, the molecules are deleted directly if the intersection boundary is the far field flow
boundary or the inlet/outlet boundary. When the intersection boundary is symmetrical,
the mirror reflection will be adopted, and the molecules’ tangential velocity remains the
same, but the normal phase velocity will be reversed. When the intersection boundary is
a nonslip boundary (wall), the diffuse reflection will be utilized, in which the molecules’
velocity is distributed randomly and reflected.

The molecular collision is usually calculated using mature collision models, such as
variable diameter hard sphere model (VHS), variable diameter soft sphere model (VSS),
generalized hard sphere model (GHS), etc. A pair of the colliding molecules are treated
as two spheres to do elastic collision, as shown in Figure 3. The collision cross section σT,
viscous collision cross section σµ, diffusion collision cross section σD, and deflection angle χ
are calculated. The ratio between σµ and σD is almost stable, because the single component
gas is used in this paper, and the diffusion effect in multi-component gas mixture caused
by the asymmetry of gas molecular scattering does not need to be considered. Under the
comprehensive consideration, the VHS model has good calculation efficiency and accuracy;
therefore, the VHS model will be adopted, and the main formulae are expressed as follows:

χ = 2arccos(b/d) (1)

µVHS =
15
8 (πmk)1/2(4k/m)ξT0.5 + ξ

Γ(4 − ξ)σT,refc
2ξ
r,ref

(2)

dVHS =

[
15
8 (m
π )(kTref)

ω

Γ( 9
2 − ω)µrefε

ω − 0.5
t

]
(3)

where b is the aiming distance, d is the molecular diameter depending on the temperature
changes in VHS model, µVHS is the viscosity coefficient, ξ is the power of the plane kinetic
energy εt on which σT depends, subscript ref is the reference value when the relative
velocity is cr,ref,ω = 0.5 + ξ, k is the Boltzmann constant, and m is the molecular mass.
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The Monte Carlo method is used for statistics of molecular sampling. In order to
eliminate the numerical oscillation caused from the randomness, more time steps are taken
for analyzing, and the averaged value is used as the corresponding flow state. In this
way, the flow field is gradually updated during numerical iteration until convergence
is achieved.
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In the DSMC method, far-field and inlet conditions are usually set as the static pressure
and temperature, whereas the opposing jet conditions are usually set as the total pressure,
total temperature, and total pressure ratio as well. The flow medium is generally treated as
the compressible gas in rarefied flow field. The ratios between total pressure P0 and static
pressure PS and between total temperature T0 and static temperature TS are expressed
as follows:

P0

PS
=

(
1 +

γ − 1
2

M2
)γ/(γ − 1)

(4)

T0

TS
= 1 +

γ − 1
2

M2 (5)

where M is the Mach number and γ is specific heat ratio.

3.2. Code Valiation

In this paper, the self-developed unstructured grid DSMC program is used to simulate
and analyze the application of opposing jet. In order to verify the accuracy and reliability
of the program, the hypersonic rarefied flow experimental data of compression corner in
reference [27] are used for numerical verification, and the grid independence is verified at
the same time. It is proven that this program can become a numerical simulation method
for subsequent research.

The calculation model is shown in Figure 4. The simulated gas is pure nitrogen,
kn = 0.0066, the number of simulated molecules is 3.45 million, grid1 = 467,653, grid2 = 1,082,762,
grid3 = 1,540,397, the total time step is 100,000, time step ∆t = 5 × 10−8 s, incoming flow
density ρ∞ = 5.14 × 10−5, velocity V∞ = 1340 m/s, temperature T∞ = 8.3 K, and wall
temperature TW = 383 K.

Actuators 2022, 11, x FOR PEER REVIEW 7 of 20 
 

 

and static pressure SP  and between total temperature 0T  and static temperature ST  are 
expressed as follows: 

γ γγ −−
=（ ）2 /( 1)0

S

P 11+ M
P 2

 (4) 

γ −= + 20

S

T 11 M
T 2

 (5) 

where M  is the Mach number and γ  is specific heat ratio. 

3.2. Code Valiation 
In this paper, the self-developed unstructured grid DSMC program is used to simu-

late and analyze the application of opposing jet. In order to verify the accuracy and relia-
bility of the program, the hypersonic rarefied flow experimental data of compression cor-
ner in reference [27] are used for numerical verification, and the grid independence is 
verified at the same time. It is proven that this program can become a numerical simula-
tion method for subsequent research. 

The calculation model is shown in Figure 4. The simulated gas is pure nitrogen, kn = 
0.0066, the number of simulated molecules is 3.45 million, grid1 = 467,653, grid2 = 
1,082,762, grid3 = 1,540,397, the total time step is 100,000, time step Δt = 5 × 10−8 s, incoming 
flow density ρ∞ = 5.14 × 10−5, velocity V∞ = 1340 m/s, temperature T∞ = 8.3 K, and wall 
temperature TW = 383 K. 

 
Figure 4. Two-dimensional ramp model (β = 35°). 

Figure 5 shows the contour of density, temperature, and pressure. Figure 6 shows the 
comparison of pressure coefficient CP and friction coefficient Cf with the experimental re-
sults in the literature [27]. It can be seen that the calculated results of different grid densi-
ties are in good agreement with the experimental data, and the error is within the accepta-
ble range. This result is consistent with the actual situation. Therefore, the DSMC program 
used in this paper has accuracy and reliability, and can be applied to the study of opposing 
jets in the rarefied flow field. 

 
(a) 

 
(b) 

Figure 4. Two-dimensional ramp model (β = 35◦).

Figure 5 shows the contour of density, temperature, and pressure. Figure 6 shows
the comparison of pressure coefficient CP and friction coefficient Cf with the experimental
results in the literature [27]. It can be seen that the calculated results of different grid
densities are in good agreement with the experimental data, and the error is within the
acceptable range. This result is consistent with the actual situation. Therefore, the DSMC
program used in this paper has accuracy and reliability, and can be applied to the study of
opposing jets in the rarefied flow field.
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4. Numerical Example

In this paper, the numerical simulation on the opposing jet is performed for the double
ellipsoid and the pointed cone structures of the space shuttle. It is assumed that the media
of the incoming flow are constant. The working conditions are defined according to the
practical engineering application. The effects of the opposing jet flow on the original shock
structure, resistance, and heat flux of the model are explored.

The pressure coefficient, friction coefficient, and Stanton number are used to character-
ize the resistance and heat flow on the wall. They are defined as follows:

(1) Stanton number

St =
qw

(Taw − Tw)cp∞ρ∞U∞
(6)

where Tw is wall temperature, cp∞ is specific heat at constant pressure of the far-field flow
medium, ρ∞ is the far field density, U∞ is the far field velocity, and

Taw is the adiabatic wall temperature,

Taw = T∞

{
1 +

√
Prw[(γ − 1)/2]M2

∞

}
(7)

where Prw is Prandtl number.



Actuators 2022, 11, 164 9 of 20

qw is heat flux, and it is the net energy flux of the molecules hitting the solid wall
surface. The flux is positive if its direction is the positive normal direction of the solid
wall. It depends on the translational energy, rotational energy, and vibration energy of the
incident particles. It is defined as:

qw = qi − qr =
FN

A∆t

N

∑
j = 1

[(
1
2

mjc2
j + eRj + eVj

)
i
−

N

∑
j = 1

(
1
2

mjc2
j + eRj + eVj

)
r

]
(8)

where FN is the number of real molecules contained in the simulated ones, A is the unit
surface area, N is the number of molecules hitting the solid wall in each time step, 1

2 mjc2
j is

the Kinetic energy, and eRj and eVj are the molecular rotational energy and molecular vibra-
tional energy. The vibration energy mode cannot be triggered due to the low temperature
of the flow field, and the molecular vibration energy is not considered here.

(2) Pressure coefficient Cp

Cp =
pw − p∞

1
2ρ∞U2

∞
(9)

where pw is the surface pressure. It is the sum of normal momentum fluxes of the incident
and reflected molecules in each time step, which is defined as:

pw = pi − pr =
FN

A∆t

N

∑
j = 1

{[
(mcn)j

]
i
−
[
(mcn)j

]
r

}
(10)

where cn is the normal component of molecular velocity on the solid wall.

(3) Friction coefficient Cf

Cf =
τw

1
2ρ∞U2

∞
(11)

where τw is shear stress. It is the sum of tangential momentum fluxes of the incident and
reflected molecules hitting the wall surface in each time step, which is defined as:

τw = τi − τr =
FN

A∆t

N

∑
j = 1

{[
(mct)j

]
i
−
[
(mct)j

]
r

}
(12)

where ct is the tangential component of molecular velocity on the solid wall.

4.1. Numerical Simulation of Opposing Jet Double Ellipsoid

The double ellipsoid structure geometry and the generated mesh are shown in Figures 7 and 8.
The leading edge of the space shuttle head consists of two ellipsoids. The far-field Mach
number is M∞, the far-field total pressure is P∞0, and the far-field total temperature is T∞0.
The leading edge of the double ellipsoid is the nozzle outlet with a diameter of 4 mm. The
Mach number of the jet is MJ, the total pressure of the jet is PJ0, and the total temperature
of the jet is TJ0. In this paper, the flight altitude is 80 km high. The inflow and jet medium
are nitrogen. Figure 9 shows the curve of the curvature radius of the leading edge of the
double ellipsoid along the x-axis coordinate. Select the appropriate curvature radius to
calculate the Knudsen number, and the minimum value of kn = 7.8 × 10−3, the nozzle
is a pressure outlet, the wall is a nonslip constant temperature boundary condition, and
the temperature is 295 K. The total number of computational grid elements is 1,126,352.
The leading edge is locally encrypted because of the high-density of the air on the aircraft
leading edge. In the unstructured grid DSMC method, the grid is mainly used to sample
the flow field properties. If the selection of molecular collision pairs is carried out on the
computational grid at the same time, the dimension of the computational grid must be
small enough to ensure that the grid scale is less than one-third of the average free path



Actuators 2022, 11, 164 10 of 20

of local gas molecules. In this way, the number of computational grids is bound to be too
large, so that the calculation time is too long. Moreover, in the process of unstructured
grid generation, due to the unstructured characteristics of grid nodes, it cannot ensure
that each grid element is small enough. In order to get reasonable and correct collision
pairs, this paper adds the idea of a sub grid into an unstructured grid. In the selection of
collision pairs, it is first considered to be carried out in the same sub grid under the same
grid unit. If the collision requirements are not met in the same sub grid, it is selected in the
adjacent sub grid. In this way, not only can the correct collision pair be obtained, but also
the requirement of grid scale can be reduced. Therefore, the size of the grid near the wall
can be less than the average free path of the jet molecules at most. The specific boundary
conditions applied are shown in Table 1.
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Table 1. Boundary condition.

Far-Field Opposing Jet

M∞ 5.0 MJ 1.0
P∞0 282.08 Pa PR = PJ0/P∞0 0.2, 0.4, 0.6, 0.8
T∞0 1216.67 K TJ0 300 K

Figure 10a shows the contours of the density distribution and streamline around the
double ellipsoid without the opposing jet applied. Figure 10b–e are numerical results
when the total pressure ratio of the opposing jet is 0.2, 0.4, 0.6, and 0.8. The Mach disk,
recirculation region, and double shock caused by opposing jet are visible. In the rarefied
flow field, the opposing jet effect (Mach disk, recirculation region, etc.) is more obvious than
that of the continuous flow. In the region with low air density, the molecular interaction
force is weak, and the total pressure generated by high Mach number is much greater than
the far-field pressure. After a large number of high-density jet molecules enter the flow
field, they are less affected by the collision of far-field incoming molecules, and the collision
frequency between molecules is low, so the influence range of jet is larger in the rarefied
flow field.

The comparison between the cloud images of different total pressure ratios shows
that the Mach disk range continues to increase with the increase of PR. The Mach disk and
arc shock wave are pushed farther away from the leading edge. The pressure difference
between the far-field incoming flow and the jet becomes more apparent when the flow jet
density increased. The incoming flow affects the jet insignificantly, and the jet molecules
can diffuse to a farther distance to form the Mach disk. Therefore, the Mach disk gradually
expands and becomes larger with the increase of PR. The arc shock is also pushed further
by the Mach disk.

The eddy current range and intensity in the recirculation region also gradually increase
with the increase of PR. The center of the eddy current gradually shifts downstream with
the increase of PR. The separation and reattachment points of the eddy current also move
downstream. After the jet pressure increases, more jet molecules velocity direction changes
to opposite, and the jet molecules with higher density also diffuse further while the density
near the wall is still very low. Therefore, the jet starts to move towards the wall and finally
reattaches to the wall to form a larger vortex. According to the definition of separation
and reattachment points, the positions of separation and reattachment points on the wall
under different jet states are calculated. It is found that the separation points are basically
located at the nozzle exit. However, with the increase of PR, the reattachment point moves
along the wall to the downstream of the incoming flow. Figure 11 shows the curve of
reattachment points position.
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Figure 12 shows the distribution of the pressure coefficient, friction coefficient, and the
Stanton number on the wall of the double ellipsoid. Each case has two curves representing
the upper and lower surfaces, respectively. It shows that the coefficient distribution of the
upper surface is slightly higher than that of the lower surface. The upper surface of the
double ellipsoid is greatly affected by the resistance and heat flux. The gradient change
of the upper surface model is more intense than that of the lower surface. The flow field
around the irregular model is more complex, and the change range of momentum and
energy before and after the molecule collides with the wall is greater.

The incoming gas impacts on the double ellipsoid surface and forms an arc shock
wave when no opposing jet is applied. At the stagnation point of double ellipsoid, the
Stanton number, pressure coefficient, and friction coefficient reach the highest values. When
PR = 0.2, the opposing jet is added into the flow field, and Mach disk and vortex appear
in the flow field. The high-speed incoming flow is far away from the wall because of
the influence of the jet, and instead the jet opposite to the original flow is affected by the
incoming flow and attached to the wall. In addition, some jet separation and reattachment
form a recirculation region, and eddies are generated on the wall. Due to the influence of
eddy dissipation, the molecular kinetic energy and internal energy of molecules passing
through the eddy are greatly reduced, and a relatively stable area is generated near the wall.
The kinetic energy difference and momentum difference before and after the molecules
collide with the wall become smaller, so the wall coefficient near the recirculation region
decreases significantly, whereas the wall coefficient far away from the recirculation region
gradually tends to be consistent between the cases with that without opposing jet. As PR
increases to 0.4, 0.6, and 0.8, all coefficients are in a downward trend with the increase of
PR. It is attributed to the increase of the recirculation region range when PR increases. The
eddy current intensity increases which results in the influence range becoming wider and
thus the molecular energy and momentum are dissipated and more severe. Therefore, the
coefficients are reduced to the lowest value at PR = 0.8. The Stanton number decreases by
102.1%, the friction coefficient decreases by 98.3%, and the pressure coefficient decreases
by 97.2% compared with no opposing jet. A high-quality opposing jet plays a great role
in cooling and drag reduction. However, at PR = 0.4, the reduction range of various
coefficients is not very large. The reason is that the dissipated jet molecular energy will
become very low when the jet pressure is large to a certain extent. The impact of the
jet pressure on the molecular energy is negligible. The difference between the molecular
energy before the impact wall and the molecular energy redistributed after the impact wall
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is almost unchanged, so the Stanton number after PR = 0.4 changes less. Because the jet
temperature is lower than the wall temperature, part of the Stanton number is negative,
which means that the cooling jet absorbs the heat from the wall.
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In a conclusion, the drag reduction and heat protection of an opposing jet in a double
ellipsoid aircraft are closely dependent on the recirculation region. The eddy current
strength determines the degree of cooling and drag reduction. The opposing jet effect is the
greatest when the total pressure ratio is between 0.6–0.8 regarding with the jet quality of
the nozzle and the cost of aircraft reconstruction. In this range, the eddy current is strong
enough. The decrease of the Stanton number, pressure coefficient, and friction coefficient
also tend to be stable. The decrease variation range is almost zero. This range of PR achieves
the best cooling and drag reduction effect with respect to the stability of jet quality.

4.2. Numerical Simulation of Opposing Jet of Truncated Cone

To further explore the impact of an opposing jet on the general hypersonic vehicles,
the opposing jet of the aircraft head with a truncated cone in front is simulated. The
truncated cone is essentially the leading edge of the lifting body. This kind of aircraft has
the characteristics of maintaining a high lift drag ratio in hypersonic conditions. The model
structures are shown in Figures 13 and 14.
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The boundary conditions of numerical simulation are the same as in Section 4.1. The
total number of mesh elements is 1,024,653. The operation of local encryption is also carried
out. The calculation results are shown in Figures 15 and 16.
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Figure 15 shows the density distribution and streamline of the leading edge of the
lifting body. When no opposing jet is applied, a conical shock wave occurs. After the
opposing jet presents, the shock wave at the leading edge forms to become an arc. When
PR = 0.2, due to the low jet pressure, the jet is greatly affected by the incoming inertial force,
and the jet reflux is close to the wall, so there is no chance to form a vortex. The Mach disk is
not fully formed because the jet pressure is too low. When PR = 0.4, the recirculation region
begins to form. At this time, the eddy current intensity in the recirculation region is very
low, and an apparent high-pressure expansion wave has been generated at the nozzle outlet.
As the PR increases to 0.8, the recirculation region and Mach disk are gradually formed,
resulting in a fierce vortex and a highly dense Mach disk. The shock wave is gradually
pushed to the upstream by the Mach disk. The forming of the opposing jet structure of the
truncated cone requires greater PR than that of the double ellipsoid because of the influence
of the lifting body configuration. The leading-edge structure is too narrow. In practical
terms, the jet nozzle is also very narrow, and the jet mass flow is low, so the jet with higher
pressure is required to form a stable opposing jet structure.

Figure 16 shows the pressure coefficient, friction coefficient, and Stanton number on
the wall. The opposing jet effect of the truncated cone is similar to that of Section 4.1.
Generally, as PR increases to 0.8, each coefficient decreases to the lowest point, the Stanton
number decreases by 101.4%, the pressure coefficient decreases by 87.54%, and the friction
coefficient decreases by 99.4%. Only the wall near the nozzle shows the cooling and drag
reduction effect, and the wall coefficient far away from the nozzle is almost the same as
that without applying an opposing jet.

The opposing jet also has a limited effect on the resistance reduction and preventing
heat for the truncated cone comparing with the coefficient of Section 4.1. Its effect is not
significant comparing with the ball body. This is because the formed sharp shock wave is
weak. The change of shock wave configuration by applying the opposing jet has a negative
effect on cooling and drag reduction. The low speed and temperature of the jet reflux
contribute the reduction of wall resistance and heat flux.

5. Conclusions

This paper aims at studying hypersonic vehicle resistance and aerodynamic heating
in a rarefied flow field in near space by using opposing jet technology. The underlying
physics of drag reduction and heat protection effect of opposing jets in hypersonic vehicles
is explored in the near space rarefied flow. The conclusions are as follows:

1. From the coefficient comparison, the opposing jet also has the function and effect
of cooling and drag reduction in the rarefied flow field. The significant effect is
observed near the nozzle region. Regarding the contribution of the applying jet, it
is not that the higher the jet mass flow, the better the cooling and drag reduction
effect is. It is necessary to adjust the optimal jet quantity by considering the cost and
manufacturing process.

2. Both the conical leading edge and the arc leading edge have the effect of cooling
and drag reduction. By adding the flow field of the opposing jet, the values of
various physical quantities decrease, the numerical curve becomes smooth, and the
numerical change gradient decreases, which indicates that on the surface of the
aircraft, temperature, heat exchange, friction, pressure, and other factors that will
have a negative impact on the surface materials are weakened due to the effect of
the opposing jet. Additionally, it reduces the fatigue loss of aircraft surface materials
due to the excessive change gradient of wall physical quantities and the destructive
loss caused by the excessive value of wall physical quantities, which has a positive
significance for the protection of aircraft surfaces.

3. Reduced coefficients occur within the coverage of the recirculation region. The eddy
in the recirculation region due to the presence of the opposing jet consumes some
energy and forms the low-pressure and low-temperature areas in the flow field. This
eddy dissipation mainly affects cooling and drag reduction.
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