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Three-Dimensional Analysis of Scramjet Nozzle Flows
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Numerical and experimental results of performance in National Aero-Space Plane-like nozzles are compared.
The full Navier-Stokes equation with the Baldwin-Lomax turbulence model was adopted to solve the three-
dimensional nozzle flows. A code validation study was conducted using pressure and heat-flux distributions
measured. The interactions of separation shocks with the main internal flow under overexpanded conditions
were investigated. The interaction yields higher performance in scramjet nozzles than that estimated assuming
a two-dimensional separation. The losses in the nozzle internal flow and the overexpansion loss were evaluated.

Introduction

YPERSONIC air-breathing vehicles, such as the Na-

tional Aero-Space Plane (NASP), will be based on a
scramjet system during a major portion of their missions and
will require efficient airframe propulsion integration. In this
system, the afterbody is designed as a single-expansion ramp-
nozzle to minimize friction drag and nozzle weight while ex-
tracting thrust from the high-pressure flow on the afterbody.
Unlike lower Mach number propulsion systems which develop
a large portion of their thrust in the inlet, the scramjet pro-
duces thrust only in the divergence sections, especially in the
nozzle.

The authors have undertaken a comprehensive experimen-
tal and computational investigation of scramjet nozzles.'> To
identify the chemical kinetic loss in the nozzle in the studies,
a gas generator burning monomethyl-hydrazine and nitrogen
tetraoxide was used to produce a hot flow with a total tem-
perature of 3100 K. Cold nitrogen N, flow experiments were
also conducted to investigate the aerodynamic aspects of the
nozzle flows. In these studies, it was possible to estimate
nozzle internal performance and the internal losses (the chem-
ical kinetic, the divergence, and the friction losses).

Effects of external flow on the nozzle are also important,
because hypersonic vehicles, and especially the single-stage-
to-orbit (SSTO), experience large variations in ambient or
“back” pressure. The effect of ambient pressure is measured
in terms of nozzle pressure ratio (NPR), defined as the ratio
between the nozzle total pressure P, and the ambient pres-
sure P,. The off-design operation of the nozzle designed at a
given NPR can cause serious performance loss (overexpansion
loss).

There have been many experimental and numerical studies
on the interactions between the nozzle exhaust plume and the
external flow.?>~!* Watanabe'? observed the flow interaction
using a Mach 7.1 wind tunnel. Monta®? investigated the effects
of side-fences on the flowfield using the NASA Langley, 20-
in. Mach 6 wind tunnel. Detailed experiments using flow vis-
ualization and rake probes were conducted by Spaid and
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Keener.® For comparison with experimental findings, Ruffin"’
solved the full Navier-Stokes equation to reproduce the over-
all features of the nozzle flow interaction with the external
flowfield. However, the profiles of the separation vortex dif-
fered from that of the experiments because the laminar flow
was assumed in the computation. Comprehensive investiga-
tion of the flowfield to quantitatively evaluate its effects on
nozzle performance has not been completed.

The first subject of this article is the validation of a three-
dimensional code using the pressure and heat flux distribu-
tions measured using cold N, flow. Effects of the interaction
on the nozzle performance under off-design conditions are
discussed next. Finally, the internal losses and the overex-
pansion loss are identified with the aid of three-dimensional
calculation. The experimental part of this study is presented
in Ref. 2.

Numerical Methods and Comparison
with Experiments

Numerical Calculation

The nozzle model used in this study (EN;) is illustrated in
Fig. 1. The nozzle was mounted at the exit of a gas generator.
The EN; nozzle was designed for a gas-generator exit Mach
number of 2.9. The flat plate ramp inclined by 15 deg to the
axis of the main thrust. The cowl and the two sidefences were
aligned with the axis. It is not possible to define the nozzle
expansion ratio uniquely for the asymmetric nozzles. The noz-
zle expansion ratio was defined by the ratio between the pro-
jected area of the scramjet nozzle exit in the axis of the main
axis and the inlet area of the scramjet nozzle. This definition
is the most suitable, physically-meaningful choice, unless the

Fig. 1 Scramjet nozzle examined in this study (in mm).
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Table 1 Nozzle internal performances (specific impulse in m/s) evaluated by experiments, the
JANNAF method, and the three-dimensional viscous code, TVD3D

Friction losses

Internal
_—Thr_ust_ Side- Total, performances
[ P,dA, m/s Ramp Cowl fences m/s L,, m/s
Experiment! 54.0 —_ —_— —_— 6.6 47.4
JANNAF method 50.5 (—6.5%) 2.0 3.8 6.6 12.4 38.1 (—20%)
TVD3D 53.0 (—2.0%) 1.62 2.44 3.50 7.56 45.4 (—4.2%)
Table 2 External flow conditions calculated by TVD3D
Thrust, m/s Friction losses, m/s
NPR Side-
Case Mach  Py/P, [P, dA f P, da Ramp Cowl fences Total L,, m/s
A 0 968.0 53.0 —-6.97 -1.62 —2.44 —3.50 —7.56 38.5
A 0 968.0 52.8 —6.97 —1.61 —-3.47 -3.83 -7.91 37.9
B 6 968.0 53.0 —6.97 —1.64 —2.40 -3.51 —7.55 38.4
C 0 96.8 58.2 ~69.70 —1.61 —2.48 -3.29 —7.38 —-18.9
D 6 96.8 53.8 —69.70 -1.57 —2.46 -3.47 —-7.50 —23.4

P, and P, are wall and ambient pressure, respectively.

Fig. 2 Mapping to computational space in the TVD3D calculations:
a) physical and b) computational space.

wave emerging from the cowl trailing edge interacts with the
ramp trailing edge.

Two computational approaches were compared. The first
one is the method developed by JANNAF* (Table 1). This
approach was established by JANNAF for evaluating per-
formance of liquid propellant rockets. The calculation is com-
posed of the one-dimensional equilibrium code (ODE), the
one-dimensional kinetic code (ODK), and the two-dimen-
sional kinetic code (TDK). The two-dimensional chemical
kinetic (inviscid) code was prepared at the National Aero-
space Laboratory and extended for analyzing flows in asym-
metric nozzles. The boundary-layer loss or the friction loss
(FL) in the nozzles was evaluated by the momentum integral
method. The details of this approach and the comparison with
experimental results are found in Ref. 1.

For comparison with experimental results, cold N, with a
total pressure of 0.981 MPa and a total temperature of 293
K was chosen as the working fluid. The internal performance
of the scramjet nozzles was estimated using the JANNAF
method, and the effect of the external flow was investigated
using a three-dimensional code (TVD3D). Effects of wind-
on with Mach 6 and ambient pressure were examined in cases
A, A’, B, C, and D in Table 2. The static pressures of the
external flow are 0.01 and 0.1 atm, which correspond to NPR
= 968 and 96.8, respectively. Nozzle performance was com-
pared assuming an isothermal wall (cases A, B, C, and D)
and an adiabatic wall (case A’).

The three-dimensional, implicit time-marching Navier-Stokes
solver (TVD3D) is a finite difference code that solves the

Reynolds-averaged Navier-Stokes equations in generalized
coordinates. The convection term is discretized by the Harten-
Yee type, total variation diminishing (TVD) scheme. The
scheme was improved to minimize the influence of the grid
employed. A diagonal implicit approximate factorization (IAF)
scheme was adopted to advance the time step. The ultimate,
steady-state solutions were obtained by integrating the time
step locally.

The computational grids used in this study were created
with an algebraic grid generation code. To map the nozzle
internal region and external regions, four grid zones were
generated. The surface grid and the boundaries of each zone
in the physical and the computational domains are shown in
Figs. 2a and 2b. In Fig. 2, zones A and A’ map the nozzle
main flow; the other zones are for the external flow region.
Zone A denotes the internal flow occupying the gas generator
and the scramjet nozzles. The boundary conditions for zone
A are the inflow conditions for the left plane. No-slip, adi-
abatic, or isothermal conditions were applied for the wall
condition. The cowl, ramp, and side-fences were assumed to
be infinitesimally thin. The front sides of zones A, A’, B, and
C were symmetry planes. On the right sides of zones A, B,
C and D, the flow variables were extrapolated from the in-
terior (the outflow condition). The planes connected to the
external region were subject to the external flow conditions.
A two-dimensional numerical result was used to initiate the
three-dimensional computation. The initial condition for the
two-dimensional calculation was derived from a quasi-one-
dimensional result. The pressure and velocity in zones B, C,
and D were specified by the ambient values.

The three-dimensional computation on the EN, model was
performed using nonuniform grids as shown in Fig. 3. The
numbers of grids (x direction X y direction X spanwise di-
rection) are given in the figure. The grid in zone A, the most
important zone for nozzle performance, was chosen to be 203
in the streamwise direction to resolve the internal flow pat-
terns. A total of 540,000 points were contained in the grid.
The minimum y distance between the wall and the adjoining
grid was 4 X 1072 mm. The unit Reynolds number was es-
timated to be 20 x 10° for the cold N, flow. The typical
calculation required approximately 14 h of CPU time on a
supercomputer (FACOM VP-2600/10).

Measurements of boundary layer, heat transfer, and friction
loss indicate the cold N, flow to be turbulent.! Efficient tur-
bulence models for the Reynolds-averaged Navier-Stokes
equations have been sought for practical aerodynamic appli-
cations. Of special importance for high-speed compressible
flows is the accurate prediction of adverse pressure gradient



542 ISHIGURO ET AL.: 3D ANALYSIS OF NOZZLE FLOWS

203%59:30
39x32x30
39x32x30
39x121x27

o 0m»

Fig. 3 Grid systems for zones A, B, C, and D in the TVD3D cal-
culations.
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Fig. 4 Comparison of pitot pressure at the entrance of the scramjet
nozzle: a) experiment and b) computation.
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Fig. 5 Comparison of static pressure at the entrance of scramjet
nozzle. The computational results are shown by solid and broken lines.

with and without separation. An excellent review can be found
in Ref. 15.

As later described in the Discussion, the strong interaction
between shock waves and boundary layer was found in our
overexpanded nozzie flow.2 There are a number of studies on
the interaction in supersonic inlets. !~ '8 Narayanswami et al. '
carried out a numerical study to simulate the flowfield in the
inlet with the Baldwin-Lomax and the k-z models. They re-
ported that both of the models were able to simulate the
overall structure of the interaction between the shock waves
and the boundary layer. Therefore, the simplest turbulence

“|experiment

experiment

Joro x 107

b)

Fig. 6 Comparison of wall pressure in a) the nozzle ramp and b) the
cowl. The computational resuits are shown in the lower portions. X,,
the distance along the scramjet nozzle (inm).

model, the Baldwin-Lomax model, was employed in this nu-
merical study.

Comparison of Pressure Distributions

Before performing the analysis of the scramjet nozzle flow,
it is important to investigate the inlet conditions of the nozzle.
Figure 4 presents the pitot pressure distribution measured at
182 locations at the inlet of the scramjet nozzle (the exit of
gas generator). The pitot pressure was normalized using the
total pressure. The experimental result shows that the nor-
malized pitot pressure varies from 0.32 at the center to 0.38
at the lower wall. The pitot pressure distribution obtained by
the TVD3D code is shown in Fig. 4b.

The concave profile in the y direction in Fig. 4, and more
evident in Fig. 5, was expected for cold N, flow because the
gas generator was designed to be wave-free for the hot com-
bustion gas. The displacement thickness of the boundary layer
developed on the side-fences of the gas generator produced
compression waves and yielded the distribution in the span-
wise (z) direction in Fig. 4. As a result, the incomplete can-
cellation of waves generated twin-dips with a lower pressure
of P/P, = 0.32 in the pressure contours in Fig. 4a. The nu-
merical results reproduced the overall variation found in the
pitot pressure. However, the variation given by the numerical
calculation resulted in a “smoothing out,” as compared with
the experimental counterpart.

It is more difficult to predict the static pressure than the
pitot pressure. In Fig. 5, the numerical results are compared
with measured values at z = 0 mm using a static probe (0)
as well as with the pressure measured at the sidewall (z =
73.7 mm, ®). The higher pressure at y = —15 mm is caused
by an incident shock wave originating from the leading edge
of the probe. The rapid depression found at y = +14 mm is
the Prandtl-Meyer expansion wave initiated at the point of
the ramp deflection. The computational results by TVD3D
at the symmetric plane (solid line) and the sidewall (broken
line) successfully reproduce the concave nature of the static
pressure in the incoming flow to the scramjet nozzle. Thus,
these comparisons indicate the adequacy of the TVD3D code
for application to the prediction of the scramjet nozzle flow.

Pressure distributions in the cowl and in the ramp are pre-
sented in Figs. 6a and 6b. The wall pressure on the ramp and
the cowl was measured at 150 stations. The standard deviation
in pressure measured was evaluated to be 1.3 kPa in 11 mea-
surements. The wall pressure was normalized by the total
pressure (102P,/P, in the figures). The standard deviation for
P, /P, increased downstream, because the value of P, de-
creased. A typical standard deviation for P, /P, was estimated
to be 6.3%.

Figure 6b is the isobaric contours derived by TVD3D and
Fig. 6a is the experimental counterpart. The twin-dips in the
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pitot pressure contours shown in Fig. 4 were reflected as twin-
peaks in the nozzle pressure on the cowl (X, = 70 mm) and
the ramp (X, = 120 mm) in Fig. 6. The depression by the
Prandtl-Meyer expansion fan was observed to the cowl (X, >
70 mm) and the wave reflected from the cowl on the ramp
(X, > 160 mm). A steep pressure rise was found at the cowl
(X, = 70 mm) and the reflection developed into a shock wave
on the ramp (X, = 160 mm). The shock wave was initiated
from the gas generator, because the nozzle contour failed to
be wave-free for the cold N, flow. A thick boundary layer
along the side-wall corner was found at the trailing edge of
the ramp in the experimental results and the numerical results.

Although the isobaric patterns coincide qualitatively, the
compression waves in the experimental results were found to
be less sharp in the numerical results. It is also noted that the
locations of peaks and dips in the pressure distributions shifted
upstream in the computational results. The computation gave
a Mach number which is smaller by 5.9% than the experi-
mental result. This implies that the present study is insufficient
to evaluate the accurate pitching moment produced in asym-
metric nozzles.

These differences from the experimental results are not due
to the gridding adopted in these computations. As illustrated
in Fig. 3, the grid size in the x direction is sufficiently small,
and so several grids are located in the steep P,, variation found
at 200 < X, < 240 on the ramp. The effects of gridding on
the wall pressure distribution were also examined using two-
dimensional TVD codes to save CPU time. The cases with
streamwise grids of 200 (57), 400 (113), and 800 (225) were
compared. The number in parentheses denotes the number
of grids on the ramp of the scramjet nozzle; they are greater
in number than the 22 streamwise measuring stations in the
experiment. However, the increased number of grids did not
improve the flattened pressure distribution nor the underesti-
mation of Mach number found in Fig. 6 significantly. Therefore,
it was concluded that these were caused by the TVD scheme.

The TVD3D code was developed to capture shock waves
or strong compression waves in flows. In scramjet nozzle flows,
however, an expansion fan initiates from the ramp deflection
corner and interacts with the weak compression waves from
the gas generator. The Harten-Yee scheme should be im-
proved to capture expansion waves as precisely as it captures
compression waves.

Heat-Flux and Skin Friction Coefficient

Pressure distributions can be used to validate inviscid codes.
However, viscous codes have to be ultimately checked by
means of transport properties of flows. The heat-flux on the
scramjet nozzle was measured using thermocouples. The lim-
itations in the spatial resolution and the accuracy of the ther-
mocouples embedded in the nozzle walls were examined by
using a heat conduction computer code. The experimental
uncertainty in the measurement is illustrated by the error bar
in Fig. 7. Because of the small temperature gradient in the
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Fig. 7 Comparison of local heating rates on the scramjet nozzle. The
computational results are shown by solid lines.

cold N, flow, the heat-flux observed was low and varied from
15 to 2 kW/m* on the ramp. The rapid increase of heat-flux
at the trailing edge was caused by the thin boundary layer
found in Fig. 6. The variations of heat-flux can be correlated
with those of Reynolds number along the wall. The effect of
Mach number on the heat-flux was found to be weak. The
solid lines in Fig. 7 are the calculated results by TVD3D. The
computational values on the ramp and the cowl agreed with
the experimental results.

The skin friction coefficients on the nozzle walls can be
calculated from the heat-flux. The experimental results ob-
tained by the thermocouples showed the skin friction coef-
ficient varying from 3 x 107%*to 1 x 1072 on the ramp. This
result coincided with the numerical results and the experi-
mental results found by the direct measurements of the
boundary-layer thickness (Fig. 7 in Ref. 1). Spaid et al.® mea-
sured the skin friction by a rake probe and found higher values
of 1.48 X 107% and 1.51 x 10~? compared with their esti-
mation (1.1 x 107%) using the van Driest method. In our
study, the integral method proposed by Spalding and Chi gave
a skin friction of 3 X 1073 to 0.9 x 1073% in the present
experiment. The measurements of the velocity profiles on the
ramp confirmed the present results.

Effects of Nozzle External Flows

Effects of external flow conditions on the pressure and the
surface streamline (oil-flow) patterns are shown in Fig. 8. The
left part (Fig. 8a) presents the isobaric contour lines and the
right part (Fig. 8b) the oil-flow under the four external con-
ditions, A~D defined in Table 2. Each consists of the side-
fence and the ramp. The detailed pressure patterns for case
A can be found in Fig. 6.

The optimum values of NPR in the nozzle examined are
300 at the ramp and 80 at the cowl end. Therefore, cases A
and B are in underexpanded conditions. The lower ambient
pressure affects the pressure distributions in the vicinity of
trailing edge of the ramp. In cases B and D, the external flow
of Mach 6 is deflected on the external wall of the ramp and
produces a shock wave. The shock wave increases the envi-
ronmental pressure at the trailing edge of the ramp. The reason
why the depression region found at the ramp trailing edge in
case A shrinks in case B is that the increased back pressure
reduces the region influenced upstream via the boundary layer.

In the overexpanded flow condition of case D, the high
environmental pressure causes the flow separation at the ramp
trailing edge. The oil-flow of case D indicates that the sep-
arated flow reattaches and forms a two-dimensional separa-
tion bubble. The static pressure at the cowl trailing edge is
higher than the environmental pressure in case D. The flow-
fields on the cowl and the side-fences do not change from
those in cases A and B because of the external flow with a
high Mach number of 6.

Another case of the overexpanded nozzle flow, case C,
shows the fairly peculiar pressure and oil-flow patterns. A V-
shaped pressure distribution and crossflows appear on the
ramp wall. The oil-flow on the sidewall indicates that a cross-
flow is initiated at the corner between the sidewall and the
cowl plate. The entrainment of the still air from the environ-
ment generates a separation vortex and the inward flow in-
duces an oblique shock on the side fence. The external flow
with a lower Mach number enhances the separation vortex
because the lower Mach number flow has to deflect with a
larger angle for equilibration with the high ambient pressure.
This is the reason why the separated flow does not appear on
the side-fences and the effect of the external flow is confined
to the narrow region in case D.

Discussion

Nozzle Flow in the Overexpanded, Low Mach Number Flow

For case C, two separation shocks are formed on the side-
walls by the entrained external flow. The sidewall separation
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Fig. 8 Effects on a) wall pressure distributions and b) the surface streamlines of external flows given in Table 2.

Fig. 9 Isobaric contours at different cross sections in case C. Stations
1 and 4 correspond to the entrance and the exit of the scramjet nozzle,
respectively.

line can be observed in the oil-flow given by Fig. 8b. The
surface streamlines initially converge toward the separation
line and then diverge from it, which indicates the entrainment
flow from the ambient air. The shock waves associated with
the separation vortices are located upstream of the separation
line. The pressure rise due to the shock induces the secondary
flow to the ramp on the sidefences. The ramp separation line
and the oblique shock can be seen in Fig. 8b.

Isobaric contours calculated on five cross sections (y-z planes)
are illustrated in Fig. 9 for case C. Station 1 coincides to the
inlet of the scramjet nozzle, and station 4 corresponds to the
exit of the scramjet nozzle. The right sides in the cross sections
are the symmetric plane of the nozzle. The separation shock
wave, propagating from the left-upper corner to the sym-
metric plane, can be found at stations 4 and 5. The pair of
shock waves forms a crossing shock wave above the ramp
wall. The reflection of the crossing shock wave on the ramp
generates the inverse V pattern in the isobaric contour at
station 5. :

The interaction between the secondary flow from the side-
fences to the ramp with the nozzle core flow evolves another
separation line and the three-dimensional high-pressure re-
gion on the ramp. The streamlines converging to the center-
line of the ramp are associated with the high-pressure region.
A blowing up of the surface flow at the symmetric plane
(separation bubble) and a reverse flow in the separation bub-
ble at the ramp trailing edge were observed in the velocity-
vector map calculated for case C.

Another shock wave might be formed above the bubble if
the pressure increase is large enough. The expansion fan in-

itiated by the ramp deflection reflects back as a compression
wave from the free-shear layer developed from the cowl trail-
ing edge. Decreasing NPR, the compression or shock wave
might impinge on the ramp. Thus, three or four shock waves
are formed which confine the nozzle flow in an overexpanded,
rectangular nozzle. The flow with the Mach reflection and the
side-fence separation can be found in the oil-flows by Carson
and Mason.?

The pressure distribution seen in case C of Fig. 8 was ob-
served in the experiment by Hiraiwa et al.? They found that
the thrust did not deteriorate so rapidly with decreasing NPR.
The wall pressure measured on the ramp showed a high-
pressure region caused by the separation flow from the side-
walls, when the nozzle pressure was decreased slightly from
the ambient pressure. The three-dimensional high-pressure
region in the ramp yielded a nozzle performance 10% superior
to that assuming two-dimensional separation.

This improved nozzle performance and the change of the
pitching moment are strongly dependent on the Mach number
of the external flow. The entrainment on the sidewalls be-
comes evident in the flight with a low Mach number. Hyper-
sonic vehicles are required to fly at low altitude with a low
Mach number. Therefore, the variations of nozzle perfor-
mance and the pitching moment delivered under off-design
conditions must be accounted for in scramjet nozzles.

Comparison of Nozzle Performances

Table 1 summarizes the nozzle performance expressed by
the specific impulse in the unit of velocity. The thrust deliv-
ered by the inviscid core flow is also tabulated for comparison
with the experimental results. The ODE code provides the
theoretical value of 57.27 m/s for the nozzle examined (7, =
293 K). The experimental I,, delivered by the core flow was
found to be 54.0 m/s, which showed the divergence loss to be
3.27 m/s (5.7%). The inviscid I, derived by TVD3D was 53.0
m/s. The discrepancy of the TVD3D value from the experi-
mental results was found to be 2.0%. It can be concluded that
the performance by the core flow was successfully reproduced
by the TVD3D code.

The boundary-layer integral method was adopted in JAN-
NAF to evaluate the friction loss on the ramp wall. The loss
was 2.0 m/s, which was in good agreement with the estimation
from the velocity profile measurements. The TVD3D calcu-
lation yielded a value of 1.62 m/s. The friction which worked
on the cowl was found to be greater than that on the ramp
in spite of the smaller wetted area. The friction on sidewalls
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was overestimated to be 6.6 mv/s in the JANNAF. A smaller
value of 3.50 m/s was obtained by the TVD3D code.

The total friction loss can be accessed by subtracting the
thrust measured by load-cells from the pressure-integral thrust
experimentally. The total friction loss was predicted to be
7.56 m/s by TVD3D, which is comparable with the experi-
mental value (6.6 m/s). The 88% overestimation of the friction
loss with the JANNAF code was reduced to 13% in the TVD3D
evaluation. Finally, delivered I,, was 45.4 m/s (TVD3D). The
I, calculated by TVD3D coincided with the experimental
value with a discrepancy of 4.2%. Therefore, the nozzle per-
formance of the nozzle internal flow could be predicted ac-
curately.

In order to discuss the nozzle performance under off-de-
sign conditions, the thrust should be corrected considering
the back pressure on the nozzles. The correction is given by
J P,dA = (Ac*)/INPR, where the increment of expansion
ratio in scramjet nozzles and the characteristic velocity are
denoted by A and c*, respectively. Table 2 shows the core
flow I, (pressure thrust) and the delivered I,,, as well as the
correction and the friction loss calculated by the TVD3D code
for the various external flow conditions. The decrease in NPR
from 968 to 96.8 produces a ‘““bubble”-type separation in the
nozzle and reduces the friction loss in the nozzle. In case C,
showing the separated flow on the sidewalls, the friction loss
on the sidewalls decreases by 6% compared with case A.

Table 2 indicates that the [, delivered by the scramjet
nozzle is positive in cases A and B, but becomes negative in
cases C and D with NPR = 96.8. This implies that the over-
expansion loss causes the nozzle performance to deteriorate
and fall below that of the gas generator with a smaller nozzle
area ratio. Regarding the evaluation of the overexpansion loss
in case C, since the I, delivered by the scramjet nozzle is
given as —18.9 m/s, the reduction of 64.2 m/s from the core
flow I, (45.4 m/s) is the overexpansion loss. This evaluated
value for the overexpansion loss agrees well with the exper-
imental value (64.0 m/s). The smaller loss compared with case
D (—23.4 m/s) results from the high-pressure region by the
crossing shock wave.

Conclusions

Three-dimensional codes incorporated by the Baldwin-Lo-
max model were utilized for simulating the flowfield in the
scramjet nozzles. Comparisons with the experimental results
led to the following conclusions.

1) Pitot and static pressure distributions at the inlet of scramjet
nozzles were calculated for comparison with the experimental
results. Although the numerical code provided satisfactory
results, the numerical results yielded distributions which were
flatter than the experimental ones. Wave patterns calculated
shifted upstream.

2) The heat fluxes evaluated by the viscous code were found
to agree with the experimental results measured by thermo-
couples. The skin friction also coincided with those estimated
from the heating rates as well as with the estimation by the
Spalding integral method.

3) Under overexpanded conditions for scramjet nozzles, a
pair of separation shocks is produced on the sidewalls. The
shock waves, blocking the nozzle exit plane, deflect the nozzle
flow upward and inward. The crossing shock waves from the
sidewalls produce a high pressure on the nozzle ramp. The
high-pressure region results in superior nozzle performance
and yields unexpected pitching moment under overexpanded
flight condition.

4) The numerical results showed the friction loss to be
13.2% in the scramjet nozzle examined. The experimental
results and the numerical calculations were in close agreement
within a discrepancy of 4.2% for the nozzle internal flow
performance. The evaluated overexpansion loss agreed well
with the experimental data under the condition examined.
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