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Abstract: Reducing aerodynamic wave drag is critically essential in any successful space mission. A
computational study to mitigation of wave drag by supersonic counterflow jet in hypersonic flow has been
performed using in-house solver. In this research paper, an axisymmetric Euler equation is used as governing
equation. Study has been carried out for an axisymmetric 60° apex-angle blunt nose with and without opposing
jet since Mach number of flow are 8.0. The discretization based upon Finite Volume Method (FVM). Here Van
Leer Flux Splitting Scheme will be used for capturing convective fluxes. Species continuity equations are also
incorporated with the Euler solver. The computational result shows up to 39% reduction in wave drag coefficient
under opposing supersonic jet.
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I. INTRODUCTION

To achieve every space mission, one has to go through hypersonic speed. One has to achieve hypersonic speed
while entering space or re-entering the earth. Hypersonic wave drag and surface heating have been major
problems at this speed. Therefore, to complete any space mission or hypersonic flight securely and successfully,
it is necessary to reduce it. One of the most well-known examples of the repercussions of aerodynamic heating
is the Columbia Space Shuttle's disaster during re-entry to earth in 2003 [1]. The physical cause of the loss of
Columbia and its crew was a breach in the thermal protection System (TPS) on the leading edge of the left wing.
External heat enters into the space shuttle leads to complete destruction of the space craft. Many techniques
have been investigated in the past by many researchers, out of which these three methods are very effective for
working the drag and heat. These are energy deposition in the upstream of nose, aerospike/aero disk at nose
stagnation point and counterflow supersonic jet which emanating from stagnation point of the nose. All these
techniques are flow modification technique. All these methods are flow modifiers techniques in which the wave
drag and surface heat are reduced by modifying the flow field around the nose of the vehicle. In this counter
flow opposing jet is very effective to reduce wave drag as well as surface heat. In recent years, there has been
a lot of interest in deploying a forward-facing supersonic jet that emerges from a blunt body's stagnation point
to reduce wave drag and heat flux when flying at hypersonic Mach numbers. Nair et al. [2], Zheng et al. [3]
Yisheng [4] investigated the wave drag and thermal load reduction by counter-flowing jets through numerical
analysis and testing. The effect of the nozzle pressure ratio on the decrease in aerodynamic heating was explored.
The heat flux at each location reduced as the pressure ratio increased, according to their experiment and
numerical simulation results [5]. The study on ANSYS is suitability as a CFD tool, which could be useful to a
designer of hypersonic vehicle. However, the impact of injecting a continuous jet, which causes significant
oscillation in the flow field around the frontal portion of the bluff body, could indicate instability, implying
thermal oscillation and heat dispersion comparable to vortex shedding [6]. Sharma and Nair [7] quantitatively
investigated different nose-tips with opposing jets for supersonic speed and hypersonic speed free stream
conditions. Their findings revealed a direct link between the nose's configuration and the opposing jet's thermal
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protection impact. The surface heat flux distributions in [8] experiment using nitrogen gas as the counterflowing
cooling jet have been often used as the verification case for numerical simulation by researcher [9],[10]
including the authors themselves. Only pressure ratios greater than 0.2 were evaluated for steady flow in their
research since unstable gas injection had the opposite impact in the thermal protection experiment. Xie et al.
[11] and Shen et al. [12] investigated the numerical properties of spherical and blunt nose in supersonic and
hypersonic freestreams. To forecasting the flow field around the body, the researcher employed the Static
Pressure Ratio (SPR) of the jet and freestream rather of the overall SPR. Li et al. [13] investigated the porous
jet design is effective in increasing the overall performance of the blunt hypersonic vehicle by reducing drag
and providing thermal shielding. Because the porous jet has a three-dimensional effect, an ideal injection
technique exists. Venukumar et al. [14] investigated the drag on the nose at hypersonic speeds could be reduced
by up to 66 percent if the counterflowing jet generates reverse thrust. The model's highest lift-to-drag ratio is
attained at 6°, while the counterflowing jet reduces drag by 8.8 percent throughout the entire model. A
counterflowing opposing jet's drag reduction for a 60-degree apex angle bluff nose is also numerically
investigated using CFD. Figure 1 shows a schematic illustration of the flow field features around the blunt cone
with a counterflowing jet. A counterflowing supersonic jet's drag reduction for a 60-degree apex angle blunt
cone is also numerically investigated using CFD. Figure 1 shows a schematic illustration of the flow field
features around the blunt cone with a counterflowing jet.
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Figure 1: Flow field around blunt nose due to counter jet

I1. NUMERICAL METHODOLOGY

The Euler equation [15] is the governing equation. The conservation of mass, momentum, energy and species
continuity are essentially expressed by the Euler equation. These can be written in two-dimensional Cartesian
coordinates as
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The Euler equations regulating 2D flow in the absence of body forces in the conservative and differential
versions are,
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The total specific energy, E=e+0.5(u2+v2), and the total specific enthalpy, H=h+0.5(u2+v2), are the mass
fraction of the species indicated by mi=i / in the previous formulations. The perfect gas relations can be used in
conjunction with the effective thermodynamic properties for gas mixtures, or the perfect gas relations can be
used in conjunction with the effective thermodynamic properties for gas mixtures.
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For the 2-D axi-symmetric problems the finite volume formulation is given by
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U is the average value of U over the entire control volume, F is the flux vector and N is the unit normal to the

u 1 1
surface. AndF=F1+G/] , is the total inviscid flux, upon integrating the inviscid flux over the faces of k"
control volume the above equation becomes
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The wave drag coefficient, a non-dimensional metric defined by, is used to estimate net drag.
2F, 1

C, = VA pwszAl(P_ P,).n.dA -
Jet pressure ratio (P;) is defined as by equation (8),

Poj
P = PO_; (8)

where P,; is total jet pressure and Py total freestream pressure.

Geometry and Grid

Figure 2 shows a typical grid for calculating flow fields around a 60° Apex-angle blunt body model is taken
from reference [8] with a 2 mm jet diameter in the nose area.
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Figure 2: 60° Bluff Body and 2mm nozzle at stagnation point [14]
For present situation angle of attack for flow is zero hence for reducing computational time half part is consider
for analysis. Figure 3 shows the grid system used in the present study. In the x-direction (along the body), there
are 205 grid points and 150 in the y-direction (perpendicular to the body).

Boundary conditions

2D solid boundary fluxes, Inviscid or slip wall boundary condition, Pressure extrapolation boundary condition,
Mirror image boundary condition, and Far field boundary condition are all frequent boundary conditions for

two-dimensional inviscid flow problems.
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Figure 3: Grid Boundary conditions and (205x150)

Table 1: Free stream condition for flow

Fluid Static Static Mach Velocity
pressure temperature number (m/s)
(Pa) (K)

Air 284.0 316.0 8.0 2850.62
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Table 2: Flow condition for opposing counter jet: Air as injecting gas

Gas Total Total Mach number
pressure Temperature (K)
(bar)
2.0 300.0 1.0
Air 4.0 300.0 1.0
6.0 300.0 1.0
8.0 300.0 1.0

Solver Validation

The flow solver is validated for Mach number (M=8) in order to forecast the fluctuation of shock stand-off
distance with Mach number. The solver's shock detachment distance was compared to the Billig correlation for
shock detachment distance, which is provided by for cylinder,

5 467) R 18
— =0.386¢€x — =1.386 —_—
R p{MZ ] R EXp((Mx—l)‘”sJ

o

(9)
The research is subsequently expanded to predict the shock wave shape from the solver, which is supported by
empirical data.
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Figure 4: Comparison of shock shape with empirical correlation

I11. RESULT

The numerical results for drag force computations with supersonic jet injection are obtained using the
procedures described in the previous sections for four different injection pressure ratios, namely 7.45, 14.91,
22.36, and 29.82, which correspond to 2, 4, 6, and 8 bar jet stagnation pressures, respectively. The numerical
results result in a variety of outputs. The current study's main findings include the effects of total pressure ratio,
graphical representation, and contour representations. Figure 6 shows that a powerful bow shock wave develops
at the nose region, reducing the body's speed. This increases the amount of drag in the nose area.
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Figure 6: Mach contour without supersonic counter jet

Table 3: Drag coefficient for different jet injection pressures (with air as injecting gas)

Injection pressure Coefficient of Reduction in
(bar) drag (Cq) Ca (%)
0 08717 -
2.0 0.7567 13.2%
4.0 0.6506 25.4%
6.0 0.5875 32.6%
8.0 0.5322 38.9%

Table 3 shows the coefficient of drag on the cone's surface with and without a counter jet. The reduction in
wave drag clearly seen from the table. Figure 7 shows the Mach number contours to show the real amount of
drag on the body in the presence of a jet. For total pressure ratios, the Mach curve is used.

“(a)” P=7.45 “(b)” P=14.91

“(c)” P=22.36 “(d)” P=29.82
Figure 7: Mach number contour at different pressure jet ratio
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Here is a graphical representation of pressure drag and static pressure distribution for the blunt body that
illustrates the comparison study between the case in the absence of jet and the case in the presence of jet. Figure
8 shows a comparison of static pressure distribution in the absence of a jet and in the presence of a jet under
various jet settings. In the case of no injection, a significant amount of static pressure distribution can be detected
at the nose region. In the injection instance, analysis of the static pressure distribution reveals that the nasal
static pressure distribution is lowest at the tip and subsequently increases somewhat due to the recompression
shock wave.

Table 4: Surface pressure from stagnation point of the nose
Wall Pressure (kPa)
Theta Pr=0 Pr=7.45 Pr=1491 Pr=2236 Pr=29.82

(Degree)
0 17.80 5.73 5.00 5.00 3.80
6 16.67 5.40 4.47 4.47 3.74
12 15.21 4.54 3.87 3.87 3.20
18 13.62 4.08 3.54 3.54 2.54
24 11.96 4.41 4.48 4.48 2.34
30 10.70 5.22 5.22 5.22 2.55
36 9.24 6.22 6.03 6.03 3.15
42 7.59 7.17 6.90 6.90 4.56
48 6.00 7.84 6.97 6.97 5.10
54 4.94 8.44 6.78 6.78 5.31
60 4.69 8.85 6.32 6.32 4,92
66 4.50 8.86 5.14 5.14 4.33
72 4.58 8.53 5.02 5.02 3.74
78 4.66 7.94 4.90 4.90 3.75
84 4.73 7.28 4.78 4,78 3.77
90 4.73 7.27 4.77 4.77 3.76
20.00
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Figure 8: Static pressure distribution with and without counter jet
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IV. CONCLUSION

CFD is used to explore drag reduction in hypersonic flow with counterflow jet in this work. The dimensional
axisymmetric Euler equation is used to determine the detailed flow field with counterflow jet in hypersonic
flow. Empirical correlations are used to validate the solver and numerical results. When the opposing jet flows,
there is a significant reduction in drag. For various jet pressures, the numerical result reveals a reduction in drag
coefficient of 38.9 percent. It becomes evident that the performance of an opposing jet in reducing aerodynamic
wave drag is highly influenced by jet condition.
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