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Abstract—A CFD study on heat flux reduction in hypersonic flow
with opposing jet has been conducted. Flowfield parameters,
reattachment point position, surface pressure distributions and heat
flux distributions are obtained and validated with experiments. The
physical mechanism of heat reduction has been analyzed. When the
opposing jet blows, the freestream is blocked off, flows to the edges
and not interacts with the surface to form aerodynamic heating. At the
same time, the jet flows back to form cool recirculation region, which
reduces the difference in temperature between the surface and the
nearby gas, and then reduces the heat flux. As the pressure ratio
increases, the interface between jet and freestream is gradually pushed
away from the surface. Larger the total pressure ratio is, lower the heat
flux is. To study the effect of the intensity of opposing jet more
reasonably, a new parameter RPA has been introduced by combining
the flux and the total pressure ratio. The study shows that the same
shock wave position and total heat load can be obtained with the same
RPA with different fluxes and the total pressures, which means the
new parameter could stand for the intensity of opposing jet and could
be used to analyze the influence of opposing jet on flow field and
aerodynamic heating.

Keywords—opposing jet, aerodynamic heating, total pressure
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1. INTRODUCTION

URING hypersonic fly, hypersonic vehicle will meet

serious aerodynamic heating, which burns out the vehicle
and defeats the fly mission. It means a lot for hypersonic
vehicle to reduce the aerodynamic heating during fly. In last
century, Warren [1] suggested using opposing jet to reduce
aerodynamic heating for vehicle and did the experiment
validity. With the development of the aeronautics and
astronautics, the advantage of opposing jet is more and more
outstanding. In this century, some scholars kept doing research
on this method [2-7]. Hayashi [3-4] did the numerical and
experiment study of thermal protection system by opposing jet
and obtained some valuable conclusions. The high precise
simulation of Navier-Stockes equations was used by Tian [6] to
study the detailed influences of the free Mach number, jet Mach
number, attack angle on the heat flux reduction and the

mechanism was discussed .
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In this paper, CFD study on drag reduction in hypersonic
flow with opposing jet has been conducted. Flowfield
parameters, reattachment point position and surface pressure
distributions are obtained and validated with experiments. To
study the effect of the intensity of opposing jet more
reasonably, a new parameter Rp; has been introduced by
combining the flux and the total pressure ratio. The study
shows that the same shock wave position and aerodynamic drag
can be obtained with the same Rp, with different fluxes and the
total pressures, which means the new ratio parameter could
stand for the intensity of opposing jet and could be used to
analyze the influence of opposing jet on flow field and
aerodynamic heating.

I1. GOVERNING EQUATIONS AND NUMERICAL METHODS

A. Governing equations and numerical scheme

In the present study, axisymmetric Navier-Stokes equations
are used as governing equations. NND scheme with MUSCL
interpolation for convective terms and central difference is used
for viscous terms. Full implicit LU-ADI factorization method
for time integration is used.

B. Grid and flow conditions

Fig. 1 shows the grid system used in the present study. The
number of grid points is 24 in the & direction (along the body)
and 240 in the n direction (perpendicular to the body). The
blunt body is 50mm in diameter, and the nozzle is 4mm in
diameter. Table 1 shows the flow conditions.

TABLE I
FLOW CONDITIONS
Free stream  Opposing jet

gas Air N,
Mach number Ma 3.98 1.0
Total pressure Po/MPa 1.37 0.4~0.8 Py,
Total temperature To/K 397 300
Wall temperature T,/K 295

I BRI N R R
-0.01 0 0.01 0.02 0.03
X

Fig. 1 Calculation grid
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III. NUMERICAL RESULTS AND EXPERIMENT VALIDATION

A. Flowfield

Fig. 2 shows the density distribution in the flowfield which is
compared with schlieren photographs.

Pyi/Po.=0.4

Poi/P0.=0.6
Fig. 2 Comparisons between density contours and schlieren
photographs

Pi/Po.=0.8

In Fig. 2, the structure of shock waves is complicated. There
is a Mach disk in front of the jet outlet. After passing through
the Mach disk, the opposing jet interacts with the freestream
and forms a thin bow shock. And there is recompression shock
wave next to recirculation region. The flowfield characteristics
are well simulated numerically. The schlieren photographs
validate the correctness of the numerical simulation. And in
different total pressure ratio conditions, the positions of Mach
disk from simulation results have good agreement with those
from experiment results. And the positions of shock wave from
simulation results are also the same with those from experiment
results. Fig. 3 and Table 2 show other results from numerical
simulation. There are other characteristics of the flowfield in
Fig. 3 and positions of reattachment points in Table II. With the
increase of total pressure ratio, the area of cool recirculation
region increase and the position of reattachment point moves
away from the stagnation point.

Po/Po,=0.6
Fig. 3 Temperature contours and stream lines

TABLE I
POSITIONS OF REATTACHMENT POINTS
Poi/Pow 0.4 0.6 0.8

Numerical result  33.7° 354° 36.3°

B. Pressure distribution

A surface pressure distribution of the numerical analysis is
shown in Fig. 4 and the Positions of peak pressure of different
total pressure ratio are shown in Table 3. In the recirculation
region, pressure significantly decreases while the opposing jet
blows. As the pressure ratio increases, the pressure in the
recirculation region gradually decreases. Peak of pressure is
located downstream compared with reattachment point.

o
n
E = B
Fig. 4 Pressure distribution
TABLE III
POSITIONS OF PEAK PRESSURE
Poi/Pos 0.4 0.6 0.8
Numerical result 36.6° 38.2° 38.7°
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C. Heat flux distribution
Stanton number St is used to compare each heat flux
distributions, which is defined as

q
St = w
' (Taw _T;v)poocpoouco (1)

Ty =T {1+ Pr [(y-1)/2] M2 | @

where ¢, is surface heat flux, T, is an adiabatic wall
temperature, T, is the wall temperature, p, is the freestream

density, u,, is the freestream velocity, 7, is the freestream

0 0

temperature, M is the freestream Mach number, Pr is the

Prandtl number, ¢, is the specific heat at constant pressure

and y is the ratio of specific heats.

A Stanton number distribution of the numerical analysis is
shown in Fig. 5, compared with experiment data. And the
Positions of peak heat flux of different total pressure ratios are
shown in Table IV. In the cool recirculation region, heat flux
significantly decreases while the opposing jet blows. As the
pressure ratio increases, the heat flux in the recirculation region
gradually decreases. Peak of heat flux is located downstream
compared with reattachment point.
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Fig. 5 Distribution of Stanton number

TABLE IV
POSITIONS OF PEAK HEAT FLUX
Poi/Pos 0.4 0.6 0.8

Numerical result 37.9° 39.2° 39.7°

D. Physical Mechanism of Heat Flux Reduction

When there is no jet, the high speed freestream will interact
on the surface directly and the high kinetic energy of the
freestream will transform to high temperature to create
aerodynamic heating, especially at the stagnation point. When
the opposing jet blows, the freestream is blocked off, flows to
the edges and not interacts with the surface to form
aerodynamic heating. At the same time, the jet flows back to
form cool recirculation region, which reduces the difference in
temperature between the surface and the nearby gas, which also
keeps the surface cool. As the pressure ratio increases, the high
energy freestream is gradually pushed away from the surface,
and the heat flux in the recirculation region gradually
decreases.

IV. PARAMETER FOR THE INFLUENCE OF THE OPPOSING JET ON
FLOWFIELD

A. New parameter introduced

Total pressure ratio stands for the intensity of the opposing
jet. But the intensity of the opposing jet also depends on the
flux. It will be more reasonable to combine Total pressure ratio
and jet flux. When the jet speed is fixed, the flux depends on the
area of the jet outlet. Then a new parameter [7] for the intensity
of the opposing jet is introduced, which can be used to analyze
the influence of the opposing jet on flowfield.

Py by By B

- = 3)
POoo Ahase 1)000 R2

PA
Where R; is the radius of the jet outlet and R is the radius of the
blunt body.

Different cases are set to find out how the parameter works.
Some of the cases have the same Rp, but different flux and total
pressure ratio. The setting is shown in Table V.

TABLE V
CASE SETTING OF DIFFERENT Rp4
case Rpy Py/Poo, Ri/R Po./ MPa R/m
Al.l 0.00256 0.4 0.08 137 0.025
Al2 0.00256 0.52 0.07 1.37 0.025
Al3 0.00256 0.71 0.06 1.37 0.025
Al4 0.00256 1.024 0.05 1.37 0.025
AlS5 0.00256 0.4 0.08 2.055 0.025
Al6 0.00256 0.4 0.08 2.74 0.025
A2.1 0.0032 0.5 0.08 1.37 0.025
A22 0.0032 0.653 0.07 137 0.025
A23 0.0032 0.89 0.06 1.37 0.025
A24 0.0032 1.28 0.05 1.37 0.025
A25 0.0032 0.5 0.08 2.055 0.025
A2.6 0.0032 0.5 0.08 2.74 0.025
A3l 0.00384 0.6 0.08 1.37 0.025
A32 0.00384 0.78 0.07 1.37 0.025
A33 0.00384 1.07 0.06 1.37 0.025
A34 0.00384 1.536 0.05 1.37 0.025
A35 0.00384 0.6 0.08 2.055 0.025
A36 0.00384 0.6 0.08 2.74 0.025
A4l 0.00448 0.7 0.08 1.37 0.025
A42 0.00448 0.914 0.07 1.37 0.025
A43 0.00448 1.24 0.06 1.37 0.025
A44 0.00448 1.792 0.05 1.37 0.025
A45 0.00448 0.7 0.08 2.055 0.025
A 4.6 0.00448 0.7 0.08 2.74 0.025
A5l 0.00512 0.8 0.08 1.37 0.025
AS52 0.00512 1.045 0.07 137 0.025
A53 0.00512 1.42 0.06 1.37 0.025
AS54 0.00512 2.048 0.05 1.37 0.025
A5S5 0.00512 0.8 0.08 2.055 0.025
A5.6 0.00512 0.8 0.08 2.74 0.025

B. Influence on the shock wave location

The shock wave location is an important characteristic of the
complicated hypersonic flowfield. It is the result of the
interaction of freestream and the opposing jet.
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Let xp,—1/R stands for the shock wave location, which is ratio
of the distance between the stagnation point and the point
where Ma=1 on the symmetry axis to the radius of the blunt
body. The results of different cases are shown in Fig. 6, in
which A x.1 means A 1.1 to A 5.1 and others means the same
way. From Fig. 6, it is known that the shock wave locations for
the same Rp, are almost the same. Let Err stands for the relative

N
error. And Err =|x, —X|/X , where X = ZXI. N is the
i=1
average value. In the cases, the biggest relative error is 2.97%,
as shown in Table VI.
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Fig. 6 Shock wave locations of different Rp4

Table VI
RELATIVE ERROR FOR SHOCK WAVE LOCATIONS OF DIFFERENT Rp4

The total heat load results of different cases are shown in Fig.
7. From Fig. 7, it is known that the total heat loads for the same
Rp, are almost the same. Let Err stands for the relative error.

N

And Err= |xl. —f|/f, where X = Z)Ci N s the average
i=1

value. In the cases, the biggest relative error is 4.41%, as shown

in Table VII.
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Fig. 7 Total heat load of different Rp,
TABLE VII
RELATIVE ERROR FOR TOTAL HEAT LOAD OF DIFFERENT Rp,
average relative error %
Rp4 total heat A
Ax.l Ax2 Ax4 AxS5 Ax6
load x.3
0.00256 0.816 0.49 0.74 1.59  0.86 4.41 0.98
0.0032 0.743 0.27 0.13 0.13  0.13 0.40 0.40
0.00384 0.683 0.15 0.29 0.15 044 0.29 0.58
0.00448 0.632 0.32 0.32 047  0.16 0.32 0.79
0.00512 0.589 0.51 0.34 0.51 0 0.34 0.68

average relative error %
shock
Rp4 A
wave Ax.l Ax2 Ax4 AxS5 Ax6
location x3
0.00256 0.420 1.24 0.29 0.05  0.90 1.86 1.24
0.0032 0.445 0.67 0.22 0.45 1.57 0.67 0.67
0.00384 0.471 0.85 0.42 021 297 0.85 0.85
0.00448 0.493 0.81 0.20 0 2.23 0.81 0.81
0.00512 0.515 0.97 0 0.19 272 0.97 0.97

From Fig. 6 and Table 6, it is known that the new parameter
could stand for the intensity of opposing jet well on the shock
wave location. As Rp, increases, the shock wave location
Xma=1/R Increases.

C. Influence on the total heat load

In the reduction of aerodynamic heating, it is important to
reduce the maximum value of heat flux. Also it is important to
reduce the total heat load to the body. The total heat load Q is
estimated as an integration of heat-flux distribution over the
surface of blunt body as follows:

0=90 .
0=27R jHO g, sin0do 3)

Where R is radius of nose of blunt body, g,, is surface heat flux
and 4 is the angle measured from central axis of model.

From Fig. 7 and Table 7, it is known that the new parameter
could stand for the intensity of opposing jet well on the total
heat load. As Rp, increases, the total heat load decreases.

V.CONCLUSIONS

In the present study, heat flux reduction in hypersonic flow
with opposing jet is investigated with CFD. The detailed
flowfield with opposing jet in hypersonic flow are calculated
by solving axisymmetric Navier-Stokes equation. The
numerical results are validated with experiments. The
remarkable heat flux reduction is observed when the opposing
jet flows. To study the effect of the intensity of opposing jet
more reasonably, a new parameter Rp, has been introduced by
combining the flux and the total pressure ratio. The study
shows that the same shock wave position and total heat load can
be obtained with the same Rp, with different fluxes and the total
pressures, which means the new parameter could stand for the
intensity of opposing jet and could be used to analyze the
influence of opposing jet on flow field and aerodynamic
heating.
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