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Introduction

T HE study discusses the computation of hypersonic air-
breathing vehicle flowfields under simulated powered

conditions. Specifically, this involves performing two-dimen-
sional parabolized Navier-Stokes (PNS) and full Reynolds-
averaged Navier-Stokes (RANS) calculations to predict the
possible existence and effects of flow separation on the cowl
of a hypersonic airbreathing model employing scramjet ex-
haust flow simulation at representative Mach 10 wind-tunnel
conditions. This effect can occur at high enough values of the
nozzle pressure ratio (NPR), defined as the ratio of the jet
total to freestream pressure, where the plume developed from
the internal nozzle expands into the aftbody region far enough
away from the body that it causes a reverse flow in the bound-
ary layer on the outside surface of the cowl (Fig. 1). This
reverse flow can subsequently cause vortex formation and a
separation of the boundary layer, which can be large enough
to produce a separation-induced compression. Cowl flow sep-
aration under simulated powered conditions has been exper-
imentally documented and computationally predicted.1 How-
ever, its impact on model external aerodynamic forces and
moments was not addressed. Flow separation near the cowl
of a single expansion ramp nozzle was also predicted by Ruffin
et al.,2 but was said to have been caused by the curvature of
the cowl near the trailing edge. Nevertheless, the separation
could have been exacerbated by the presence of the plume.
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Fig. 1 Plume-induced separation phenomena.

It is the purpose of this Note to present the effects of plume-
induced separation, in terms of flowfield features, surface
pressures, and potential thermal concerns, using computa-
tional fluid dynamics (CFD).

General Aerodynamic Simulation Program 2.0
Attributes Employed

This study was part of a paper discussing the development
of the CFD code known as the General Aerodynamic Sim-
ulation Program (GASP 2.0), which was the computational
code used for this study.3 Since this problem involves the
possible existence and effects of cowl flow separation, both
space marching (using the PNS equations) and global itera-
tions (using the RANS equations) were performed indepen-
dently. The PNS equations are not cast to predict streamwise
separation; however, the RANS equations are able to predict
streamwise separation. For this study a two-species chemistry
model was created using the data base manager within GASP.
This new model consisted of a mixture of two different perfect
gases, one for the external flow (perfect gas air), and one for
the internal flow (a perfect gas with a reduced ratio of specific
heats and molecular weight corresponding to that of a non-
combusting simulant gas used in powered hypersonic model
wind-tunnel testing).4 The multizone discretization was used
to independently begin the external and internal flows and
allow them to mix downstream.

Grid Details and Problem Initialization
The domain of the computational space is restricted to be-

low the lower surface centerline of a generic hypersonic model.
The geometry contains a faired-over inlet, similar to the type
used in powered hypersonic wind-tunnel models. The effects
of fairing over the inlet are extremely difficult to address
experimentally, but a computational study was performed to
assess the effects of inlet fairings.5 The results of this fairing
study showed only small surface pressure differences that were
isolated to the region near the cowl leading edge, and that
different fairings had little or no impact on lower surface
aftbody pressures.

The computational forebody surface has an initial compres-
sion angle of 5 deg until the fairing begins about 27 cm down-
stream of the nose. The fairing adds about 10 deg of compres-
sion to the forebody flow. The flat cowl extends from the
cowl leading edge (42.5 cm from the nose) to the cowl trailing
edge, located about 53.5 cm from the nose. The initial nozzle
expansion angle begins at the combustor exit and is approx-
imately 20 deg. It transitions to a 10-deg expansion about
halfway down the aftbody, which it maintains to the end of
the vehicle, about 85 cm from the nose.

The three zones that comprise this grid are the internal
nozzle zone, the forebody/inlet fairing/external cowl zone,
and the aftbody zone (beyond the cowl trailing edge where
the internal and external flows merge). Grid point connec-



1430 J. AIRCRAFT, VOL. 31, NO. 6: ENGINEERING NOTES

tivity is maintained along zonal boundaries, as currently re-
quired by GASP 2.O.3 The grid consisted of a total of 84,244
points. The grid was clustered near the body in all zones, with
spacing appropriate for viscous calculations.

Two different flow conditions were of interest while per-
forming the computations, namely, those that correspond to
the wind-tunnel test conditions at freestream Mach numbers
of 6 and 10. All information that pertains to the Mach 6 case
can be found in Ref. 3, and the results are similar to those
that will be presented here at Mach 10. The external flow was
initialized with constant freestream conditions at the nose.
For the Mach 10 problem, the external flow conditions in-
cluded a freestream Reynolds number of 6.6 x 106/m, a free-
stream static temperature of 48.571 K, and a freestream den-
sity of 0.016905 kg/m3. The internal flow was initialized at the
nozzle throat of the model (beginning of the internal nozzle
zone) with constant conditions spanning the nozzle height
(i.e., boundary-layer profiles were not prescribed). The in-
ternal flow conditions included an NPR of 4000, a throat Mach
number of 1.02, a jet total temperature of 3600 K, and an
exhaust gas density of 1.25341 kg/m3.

CFD Solution Issues
CFD solution issues pertaining to grid resolution and nu-

merical convergence accuracy are discussed in detail in Ref.
3. Both the Mach 6 and Mach 10 PNS solutions were con-
verged to four orders-of-magnitude residual reduction. These
PNS solutions were then used as initial conditions for the
RANS solutions. For the Mach 10 case, the RANS solution
converged three orders of magnitude (beyond the four orders-
of-magnitude PNS initial condition) in 3135 iterations. GASP
performance results for this study include both time and mem-
ory requirements. In terms of computational time, the Mach
10 PNS solution took about 10 CPU min on a Cray-2, while
the Mach 10 RANS solution used 2.75 CPU h. Memory re-
quirements were 0.3 and 8.9 MWords for the Mach 10 PNS
and RANS solutions, respectively.

Comparisons of PNS and RANS Solutions
Figure 2 shows a close-up of Mach number comparisons

near the cowl for the Mach 10 PNS and RANS solutions. This

figure reveals the details of the predicted separation region,
as well as its impact on flowfield Mach numbers. The sepa-
rated region creates an effectively larger boundary layer at
the cowl trailing edge, resulting in an external plume shock
that is displaced away from the body, as well as a different
expansion pattern inside the plume and just beyond the cowl
trailing edge. Furthermore, the concentration of contour lines
at the cowl trailing edge and outside of the boundary layer
denote the location of the separation-induced compression.

Integration of the pressures on the various parts of the lower
surface also reveals differences caused by the formation of
separated regions. Figure 3 shows pressure comparisons for
the PNS and RANS solutions for the external lower surfaces
at Mach 10. Two separation regions are actually predicted,
one at the cowl trailing edge and one at the forebody compres-
sion ramp break. Table 1 summarizes these results in terms
of forces and moments. The force and moment values are
obtained by integrating differential pressures (per unit span)
and taking the moment center about the expansion corner of
the combustor exit. The forebody part begins at the nose and
ends at the front of the cowl. The cowl piece is aligned with
the freestream (thus contains no thrust contributions), and
the aftbody part starts at the cowl trailing-edge plane and
contains the rest of the lower surface. A number of comments
can be made with respect to the data presented in Table 1.
First, the separation on the forebody causes a small reduction
in vehicle lift, thrust, and pitching moment. The cowl shows
the largest force and moment variation of any part. The ex-
istence of the separation near the cowl trailing edge creates
a higher pressure on the surface there. This force and moment
variation is misleading when compared to the overall lower
surface values, as will be discussed shortly. The aftbody force
and moment differences are very small, indicating that the
impact of cowl flow separation is minimal on the aftbody.

A more appropriate way of addressing the effect of cowl
separation is made by studying the total lower-surface forces
and moments, with and without cowl flow separation. The
results are presented in Table 2. These results indicate that
there are only small increments of lift and thrust caused by
the separation, but there is a noticeable difference in pitching
moment, which may be important in terms of trimming the
vehicle.

PNS Solution

plume-induced
separation region

separation-induced compression—/ external plume shock-

Fig. 2 Cowl-region Mach number contour comparison, PNS vs RANS solutions, My_ = 10.0, Re, = 6.6 x 106/m, NPR = 4000.
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Table 1 Pressure integration summary for Mach 10 solutions

Part/solution

Forebody/PNS
Forebody/RANS
% Difference
Cowl/PNS
Cowl/RANS
% Difference
Aftbody/PNS
Aftbody/RANS
% Difference

Lift,
N/unit span

16.9949
16.6635
-1.9
0.7086
1.0155
+ 43.3
32.5650
32.3684
-0.6

Thrust,
N/unit span

-3.8063
-3.6400
-4.4
0.0000
0.0000
0.0
8.9916
8.9516
-0.4

Pitching
moment,

N-m/unit span

-3.4412
-3.3562
-2.5
-0.0335
-0.0295
-11.9
4.6296
4.5823
-1.0

Table 2 Total lower surface pressure integration
for Mach 10 solutions

Total lower surface
integrated pressures

With cowl separation
Without cowl separation
% Difference

Lift,
Ib/unit
span

49.9371
50.0474
+ 0.2

Thrust,
Ib/unit
span

5.3517
5.3116
-0.7

Pitching
moment,
in. -Ib/unit

span

1.2399
1.1965
-3.5
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Fig. 3 Lower surface pressure comparison, PNS vs RANS solutions,
M-, = 10.0, Re, = 6.6 x 106/m, NPR = 4000.

Another concern about plume-induced flow separation is
that high-temperature exhaust gas may actually be propagat-
ing upstream, causing increased thermal stress on the affected
parts of the cowl. Plots of exhaust-gas mass fractions near the
cowl trailing edge showed that the plume doesn't truly prop-
agate upstream. Thus, it would not be expected that the ex-
ternal part of the cowl will require special cooling or material
requirements to sustain the plume-induced separation behav-
ior.

Conclusions
This study attempted to provide a better understanding of

the possible existence and effects of plume-induced flow sep-
aration on the cowl of a hypersonic airbreathing vehicle em-
ploying scramjet exhaust flow simulation. For representative
conditions at a freestream Mach number of 10, the results
showed that flow separation was predicted on a generic con-
figuration and resulted in a negligible difference in lift and
thrust, while there was a small increase in pitching moment.
For this configuration incorporating a flat cowl, no change in
drag (negative thrust) was seen, but the results are likely
geometry-dependent. If, e.g., the cowl trailing edge was at a

position such that part of the cowl was an expansion surface,
the separation would likely be greater, as would the impact
on lift and thrust. It is further expected that the nature of the
flow near the cowl trailing edge will preclude the plume from
propagating forward and causing a region of thermal stress
there.
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I. Introduction

O NE of the limitations to combat effectiveness for all
fighter aircraft is the phenomenon of wing rock. At-

tempts have been made in recent years on specific aircraft
configurations'- using a variety of both controls-oriented and
aerodynamic fixes to control wing rock problems. Research
efforts have been ongoing to understand the complexity of
high-angle-of-attack vortex flows. Some examples of rela-
tively recent studies aimed at understanding flows relating to
wing rock are shown in Refs. 3-8. A significant number of
these studies made use of the delta wing configuration.

Some of the aerodynamic phenomena that contribute to
the wing rock of delta wings may play a part in the wing rock
of a complete aircraft configuration. Of particular interest is
the phenomenon of vortex position and breakdown asym-
metry. During wing rock, large flow asymmetries are en-
countered on both the windward and leeward sides due to
the changing sideslip. Large vortex asymmetries can be pro-
duced under this situation, thereby contributing to the build-
ing-up of wing rock amplitude.

Experimental studies on wing rock are inevitably affected
by factors such as the particular model configuration, attach-
ments of sensors and instrument, and model support arrange-
ment. The specific technical objective of the present experi-
mental study is to investigate the effect on wing rock of a
symmetrically placed obstacle that deflects the leeward flow
during sideslip conditions. The study was conducted on an 80-
deg-sweep, sharp-edge delta wing because of the wealth of
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