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Abstract

The experimental and numerical investigations of
an opposing jet through an extended nozzle are
described. The opposing jet through the extended
nozzle is a new type of thermal protection de-
vices combining an opposing jet and a forward
facing spike. The experimental measurements
of the heat flux distribution on a hemispheric-
cylindrical blunt test model were conducted in
a free piston shock tunnel in Kyushu University.
The present test flow condition is 5,600 m/s and
Mach number at 6.6. The shock tunnel testing
demonstrates capabilities of this device reduc-
ing the heat flux up to 92% in hypersonic and
high enthalpy flow. In addition, axisymmetric
Navier-Stokes numerical simulations were car-
ried out. The numerical simulations show reduc-
tion of both aerodynamic heating and drag with
precise explanations of the flow field structure.

1 Introduction

Reducing both aerodynamic heating and drag is
one of the most difficult design requirements for
hypervelocity vehicles. To deal with this prob-
lem, many researchers have proposed various ac-
tive thermal protection systems (TPS) like an op-
posing jet[1][2] or a forward facing spike[3]. The
performance of these devices is almost propor-
tional trend to the total pressure of an opposing
jet and the length of a spike. If a designer tries
to employ those devices, TPS weight including
coolant gases could become heavy with increas-

ing flight Mach number. Practically, the lighter
TPS is the better for applications in the future hy-
pervelocity flight vehicles.

The idea combining the spike with a gas ejec-
tion has been brought to enhance TPS perfor-
mance. Reding and Jecmen[4] burned hydro-
gen in a region of spike-induced separated flow.
This experimental study showed that the exter-
nal burning reduces aerodynamic drag below that
achievable with an ordinary spike. Jiang el al.[5]
introduced lateral jets from the tip of the spike.
This lateral jet pushes the conical shock wave
originating from the tip of the spike away from
the blunt body, so that it reduces the peak value
of pressure and heat flux around the reattachment
point. Tamada et al.[6] proposed the opposing jet
through an extended nozzle and demonstrated its
performance by CFD analysis. The shape of this
device is similar to “blowpipes” used by glass
blowers. The extended nozzle is intended for
the purpose of enlarging the recirculation region
even by weak opposing jet. The flow fields with
some TPS’s are compared in Fig.1.

As far as the present authors have surveyed
the literatures, no study could be found dealing
with the opposing jet through the extended nozzle
in high enthalpy hypersonic flow. In the present
paper, a shock tunnel test campaign shows the ca-
pability to alleviate aerodynamic heating by the
opposing jet through the extended nozzle. In
addition, CFD simulations describe the perfor-
mance reducing both aerodynamic heating and
drag with precise explanations of the flow field.
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Fig. 2 Variation of extended nozzles, units in mm.

2 Test Methodologies

2.1 Test Model

Test models are shown in Fig.2. The hemispheric
cylindrical blunt test models were used. These
models are 60 mm in diameter and have nozzles
at the nose to eject the coolant gas. The length of
the extended nozzle is 0 mm, 14.1 mm, 29.1 mm,
or 44.1 mm. These models were named “LD0/4”,
“LD1/4”, “LD2/4”, and “LD3/4”, respectively.
Each extended nozzle is 5 mm in outer diameter
and 3 mm in inner diameter.

Experimental and numerical studies were
conducted with varying (1) the length of the ex-
tended nozzle and (2) the total pressure of the op-
posing jet. Mach number of the opposing jet was
unity at the nozzle exit.

2.2 Experimental Study

The shock tunnel experiments were conducted in
a free piston shock tunnel in Kyushu University.
The conical nozzle of the shock tunnel is 10° in
the half angle and 270 mm in the exit diameter.
The test gas was air. The free stream velocity,
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Fig. 3 Schematic of test model, units in mm.

static temperature, static pressure, Mach num-
ber, and Reynolds number per unit meter were
5,600 m/s, 1,100 K, 440 Pa, 6.6, 1.1 x 10° 1/m,
respectively. These properties were estimated by
CEA[7] and NENZF[8] programs. The shock
tunnel was operated on a tuned piston operation
and a tailored interface condition to maximize
test time. The test time in the shock tunnel was
typically 100 us.

The schematic of the test model is shown in
Fig.3. The extended nozzles are interchangeable.
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The surface temperature histories on 30°, 40°,
50° and 60° from central axis were measured
by E-type coaxial thermocouples (MEDTHERM
TCS-10370). The coolant gas for the opposing
jet was nitrogen in the present study. The coolant
gas was provided from a gas reservoir located
outside of the shock tunnel. The total pressure
of the opposing jet was 40 kPa or 80 kPa. Each
test case was repeated at least twice for precise
measurement.

The test results were reduced in a Stanton
number. The heat flux was calculated from the
temperature histories measured within the test
duration time from Eq. (1). This method is popu-
lar in short duration shock tunnel facilities.

ka Tyan tl wall(tz 1)

\/tn tl+\/tn_tz 1 (1)

dwall tn -

where ¢, t, /pck, and T denote the heat flux,
time, wall material value, and temperature, re-
spectively. Then the Stanton number Cy is

Gwall

Cn =
poouoocpoo (Taw - Twall)

)

where Po., U, and cp. denote the density, veloc-
ity, and specific heat at constant pressure of the
test flow. The adiabatic wall temperature 7, in
laminar flows is defined as follows:

Ty = To(1 —|—\/ProoY; ),

2.3 Numerical Study

In the present CFD study, the gases in both the
test flow and the opposing jet were regarded as
the perfect gas of air. The test flow conditions are
the same as that of the experimental study. The
finite difference method was used with axisym-
metric Navier-Stokes equations. The inviscid
term was calculated by AUSM_DV scheme with
MUSCL interpolation. The viscous term was
computed by spatially second-order central dif-
ference method. The time integration was made
by LU-ADI factorization algorithm. Though
the flow field around the opposing jet contains
shear layers and boundary layers, no turbulence
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model was employed in the present study be-
cause Reynolds number based on the model di-
ameter is small enough: that is 6,600. The to-
tal pressure of the opposing jet was varied from
40 kPa to 80 kPa every 10 kPa. The number of
structured grid points was 240,000 for each case.
The minimum height of the grid near the model
wall was 107> m. The grid arrangements were
clustered around the nozzle edge and the area
which was assumed to contain shock-shock in-
teractions. The boundary conditions of the model
wall were non-slip and isothermal at 300 K.

The heat flux on the model wall was calcu-
lated by the temperature gradient near the wall.
The thermal conductivitiy for each grid point was
estimated with the Chapman-Enskog theory.

A total heat load was calculated by this equa-
tion:

0= 275/ qwanrds 4)
wall

where Q, r, and ds denotes the total heat load, lo-
cal radius, and control length, respectively. The
heat flux on the extended nozzle was also in-
cluded in Eq.(4). Note that the heat flux in the
region toward larger diameters of the blunt body
is dominant in Eq.(4) because the surface area
2nrds of such region becomes large for a certain
ds.

The aerodynamic drag was calculated by

Eq.(5).

Drag = Fpressure + Fshear stress + Fjet thrust ~ (9)

where
Fpressure = 27!7/ DPwall sinOrds (6)
wall
Fshear stress = 275/ Twall COS Ords (7
wall

2
Fiet thrust = P jexith] exit + (pj,exit - ]9072) Aj,exit

(8)

where F, p, 6 denotes the force, local pressure,
and the angle between free stream and body tan-
gent, respectively. The shear stress T was calcu-
lated as the product of the viscosity and the veloc-
ity gradient on the model wall. The viscosity for
each grid point was estimated with Sutherland’s
equation. The pressure and the shear stress on the
extended nozzle are also included.
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Fig. 4 Distributions of experimentally measured Stanton number.

3 Results and Discussions

3.1 Experimental Measurements of Aerody-
namic Heating

The experimental results are shown in Fig.4. Er-
ror bars presented here are based on 26 of the
measurements, where G is a standard deviation.
The changes in the heat flux distribution solely
by the opposing jet are shown in Fig.4(a). The
Stanton number distribution indicated as “Base-
line” stands for the case of LD0/4 without the
opposing jet. The heat flux only in the vicinity
of the stagnation point reduced by both condi-
tions of the opposing jet. The thermal protection
effects solely by the extended nozzle are shown
in Fig.4(b). The extended nozzle for these con-
ditions can be regarded as the spike. The Stan-
ton number for LD1/4 increased at all measuring
points compared with the baseline. When LD2/4
and LD3/4 model were used, the Stanton number

at 30° decreased 46 % and 65 %, respectively;
however, the Stanton number between 40° and
60° were increased or almost the same. The ther-
mal protection effects by the combinational de-
vice are shown in Fig.4(c) and (d). When the op-
posing jet with total pressure of 40 kPa was used,
the Stanton number at 30° and 40° of LD1/4 de-
creased about 30%. In comparison with LD0/4
at the same jet condition, the peak position of the
Stanton number shifted from 40° to 50°. This
fact suggests that the reattachment point moved
downstream due to the addition of the extended
nozzle. On the other hand, the Stanton number
for LD2/4 and LD3/4 model decreased at every
measuring point. This reduction of the Stanton
number was more successful than that of LD0/4
with the total pressure of 80 kPa. These results
indicate that the extended nozzle reduces mass
flow of the opposing jet required to attain thermal
protection. When the opposing jet with the total
pressure of 80 kPa was used, significant reduc-
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tion of the heat flux was observed for all results
with the extended nozzle.

3.2 Numerical Simulations

3.2.1 Flow Field

Throughout this section, suppose that all proper-
ties are time averaged because of flow instabili-
ties. The time averaged simulated flow fields are
shown in Fig.5. In addition, the locations of the
flow reattachment to the model wall are listed in
Table.1. These reattachment points are judged
from the shear stress on the model wall. The
shock wave detachment distance of the baseline
case, shown in Fig.5(a), agreed within 3% with
the empirical formula of Billig[9]. Because the
energy relaxation by the chemical reactions was
not included in the present simulation, the tem-
perature behind the bow shock wave exceeded
10,000 K.

In the cases of the opposing jet and/or the
extended nozzle, the recirculating region was
formed around the stagnation point. The plural
vortices can be observed in each recirculation re-
gion. The recirculation region became large with
either the stronger opposing jet or the longer ex-
tended nozzle. Moreover, the flow field in front
of the test model changed from that of a blunt
body to that of a slender body. The thickness of
the jet layer covering on the test model increased
with an increase in the total pressure of the op-
posing jet.

According to Edney’s classification of shock-
shock interactions[10], the interaction of LD1/4
without the opposing jet was “Mode V™ and those

Table 1 Reattachment point from simulations.

jet  LD0/4 LDI1/4 LD2/4 LD3/4

Nojet - 33.6° 38.5° 42.6°
40kPa 30.7° 41.1° 47.8° 51.6°
50kPa 32.5° 42.0° 49.2° 52.9°
60kPa 33.0° 42.4° 50.6° 54.0°
70kPa 33.8° 41.8° 50.8° 54.1°
80kPa 33.6° 38.0° 50.8° 53.1°
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of LD2/4 and LD3/4 without the opposing jet
were “Mode VI”. Judging from the shock-shock
interactions, LD1/4 model without the opposing
jet is unsuitable for a TPS because the heat trans-
fer to the model wall is strengthened under the
Mode V interaction.

3.2.2 Heat Load

The heat flux distributions are compared in Fig.6.
The heat flux distributions when the opposing jet
solely used are shown in Fig.6(a). The heat flux
near the stagnation point decreased; however, the
heat flux partially rose above the baseline distri-
bution when the opposing jet with the total pres-
sure less than 60 kPa was used. Comparing these
distributions with the present experimental mea-
surements, both results qualitatively agreed. The
lack of quantitative coincidence of these results
seems to be due to the disregard of chemical re-
actions and radiative heat transfer in the present
CFD simulation. The heat flux distributions in
the case of LD1/4 are shown in Fig.6(b). The re-
duction of the heat flux was more significant than
that of LD0/4 with the same jet conditions. In
contrast, the harsh heat flux was observed at the
tip of the extended nozzle and the region between
30° and 40° in the case without the opposing jet.
The heat flux distributions in the case of LD2/4
and LD3/4 are shown in Fig.6(c) and (d). The
heat flux decreased in similar tendency to the case
of LD1/4 except near the peak. The present au-
thors believe that such differences on the shape
around the peak are brought by the distinguish-
able mode change of shock-shock interactions.
The common trend for all cases, the peak value of
the heat flux existed after the reattachment point.
The differences between the peak and the reat-
tachment point were in the range of 5° to 20°.
This fact suggests that the recompressing process
brings the peak of the heat flux. The high temper-
ature regions by the recompression can be prac-
tically observed, for example in Fig.5(a)-(e), (i),
and (m).

The total heat load is compared in Fig.7 to
evaluate the performance as a TPS. The total heat
load decreased in all cases with the opposing jet
through the extended nozzle. The reduction rate
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Fig. 5 Time averaged simulated flow fields. Temperature contour and streamline are shown.

were enhanced with relatively strong opposing jet
or relatively long extended nozzle. These results
suggest that the total heat load decrease mono-
tonically with an increase in the total pressure of
the opposing jet. The maximum reduction was
92% in the case of LD3/4 at a jet total pressure
of 80 kPa. Though the heat flux only in the vicin-
ity of the stagnation point alleviated by the spike
mode, the total heat load on those cases did not
decrease.

3.2.3 Aerodynamic Drag

The surface pressure distributions are compared
in Fig.8. The pressure decreased by the opposing
jet and/or the extended nozzle especially near the
stagnation point. The peak value of the pressure
existed downstream of the reattachment point in
the range of 5° to 10°.

The variations of the simulated aerodynamic
drag are shown in Fig.9. The aerodynamic drag

decreased for all cases with the opposing jet
through the extended nozzle. The maximum re-
duction was 70% in the case of LD3/4 at a jet to-
tal pressure of 80 kPa. When the device was used
as a spike mode, the rate of the drag reduction
was smaller than that of the combinational use.
Also, when the opposing jet was used solely, the
reduction rate was smaller. In the present jet con-
ditions, the simulated drag for LD1/4, LD2/4, and
LD3/4 became small with an increase in the jet
total pressure; however, the present authors ex-
pect an optimum jet condition for the maximum
reduction of aerodynamic drag. The main rea-
son for this prospect is the jet thrust itself, which
would spoil the reduction of the pressure and vis-
cous drags.

4 Conclusion

The experimental and numerical investigations
have been conducted to illustrate the capabilities
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of reducing both aerodynamic heating and drag.
The effects of thermal protection and drag reduc-
tion were demonstrated by comparing the distri-
butions of the heat flux and the pressure on the
test model.

For the present test conditions, relatively
strong opposing jet and relatively long extended
nozzle reduces aerodynamic heating and drag si-
multaneously. Although the reduction of aerody-
namic heating could be asymptotic to a certain
value, an optimum jet condition for a maximum
drag reduction must exist.
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