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Hypersonic Single Expansion Ramp Nozzle Simulations
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The single-expansion ramp-nozzle experiment underway at NASA Ames Research Center simulates the
National Aerospace Plane propulsive jet-plume flow. Recently, limited experimental data have become available
from an experiment with a generic nozzle/afterbody model in a hypersonic wind tunnel. The present paper
presents full three-dimensional solutions obtained with the implicit Navier-Stokes solver, FL3D, for the baseline
model and a version of the model with side extensions. Analysis of the computed flow clearly shows the complex
three-dimensional nature of the flow, critical flow features, and the effect of side extensions on the plume flow
development. Schematics of the flowfield appropriate for the conditions tested are presented for the baseline
model and the model with side extensions. The computed results show excellent agreement with experimental
shadowgraph and with surface pressure measurements. The computed and experimental surface oil flows show
the same features but may be improved by appropriate turbulence modeling.

Nomenclature
M = Mach number
p = pressure
Re/m = Reynolds number per meter
T = temperature
x = streamwise coordinate
z = vertical coordinate
a. = angle of attack

Subscripts
jet = internal nozzle exit condition
/ = stagnation condition
oo = freestream condition

Introduction to the Single-Expansion
Ramp-Nozzle Experiment

H YPERSONIC air-breathing vehicles, such as the pro-
posed National Aerospace Plane (NASP), require effi-

cient airframe propulsion integration. A major element of the
integrated design is the interaction between the jet-plume
flow, the external flow, and the afterbody. The afterbody is
designed as a single- (or one-sided) expansion ramp-nozzle
(SERN) to minimize friction drag and nozzle weight while
extracting thrust from the high-pressure flow on the after-
body. This complex interaction can significantly alter the
thrust, pitching moment, and overall performance of the
NASP.
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Existing ground-based test facilities can only simulate some
aspects of the hypersonic flight environment. Therefore, accu-
rate and validated computational fluid dynamics codes are
needed to provide simulations of realistic flight conditions.
The experimental validation data should, of course, model as
many of the realistic flight conditions as possible. The vali-
dated codes can then be used to provide the most reliable
predictions of the increments in performance or design
parameters associated with the differences between the avail-
able test conditions and the flight environment.

An experiment has been conducted at NASA Ames Re-
search Center that will allow greater insight into nozzle/after-
body flows relevant to the NASP. The SERN experiment was
conducted in the NASA Ames 3.5 ft Hypersonic Wind Tun-
nel. This is a closed-circuit blow-down wind tunnel which has
interchangeable, contoured, axisymmetric nozzles upstream
of the test section. Figures 1 and 2 illustrate the primary
features of the SERN model. The side view of the model is a
parallelogram. The leading- and trailing-edge angles of the
model are 20 deg. The upper surface of the model forward of
the cowl is a flat plate with a sharp leading edge. A boundary-

t
19.4(7.63)

J
1

Plenum 1
1

Cowl Ramp

Nozzle
Plenum \ Cover

Air supply pipe

Fig. 1 Schematic of the baseline SERN model, [all dimensions are in
cm (in.)].
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Fig. 2 Baseline SERN model.
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Fig. 3 Symmetry plane schematic of the SERN flowfield.

layer trip is located 10.2 cm (4 in.) downstream of the leading
edge. This device causes rapid transition to turbulence on the
forebody boundary layer and in the subsequent plume shear
layer. A perforated plate is located at the entrance of the
supply pipe to the plenum, followed by two screens. The
internal nozzle downstream of the plenum was designed to
provide uniform flow at the simulated combustor exit station.
At the combustor exit station, the inviscid Mach number is
approximately 1.5 and the expansion angle is 20 deg. A nozzle
cowl 10.2 cm (4 in.) in length begins at the combustor exit
station. The internal nozzle exit referred to in this study corre-
sponds to the cowl exit station. Earlier versions of the model
design included 15.2-cm- (6.0-in.) wide extensions that would
attach to the side of the model and effectively increase the
ramp width.

Table 1 gives the flow conditions used for the present
computations. The entire model is immersed in a freestream
flow of Moo = 7.3 and high pressure air exits the nozzle with a
jet to freestream static pressure ratio of approximately 11. A
number of parametric studies were performed during the ex-
perimental investigation to understand the flowfield develop-
ment under different operating conditions.

Figure 3 shows the basic flow features in the symmetry
plane of the SERN experimental model, and the details are
described below. The flow is three-dimensional, but much of
the flow development can best be explained with a side view.
Crossflow views are given in a later section. The experimental
model is oriented at a negative angle of attack with respect to
the freestream. Leading-edge, or forebody, shocks are present
both on the upper and lower surfaces of the model. The
internal nozzle flow development is dictated by the contour of
this nozzle, which is designed to be shock free. The internal
nozzle shape is flat on the upper cowl and side walls and only
the lower wall is contoured. Because of the one-sided con-
toured wall design, the flow at the exit of the nozzle will vary
in the vertical direction but will be two-dimensional.

The interaction of the jet with the external flow is of main
interest here. Similar to the plume flow associated with rocket
nozzles,1'2 the interaction between the expanding plume and
the external flow produces an outer plume shock, a shear-
layer, and an inner plume shock (i.e., barrel shock). Since the
ramp surface limits the plume flow development, the outer

plume shock, the shear-layer, and the inner plume shock will
interact with the viscous wall layer on the ramp surface. The
pressure differences between the upper and the lower surfaces
of the model will induce a crossflow from the lower to the
upper side and a complex vortical structure will exist. The
interaction between the plume flow and this side edge flow will
depend on the model geometry and flow conditions, such as
angle of attack, etc. The static pressure ratio between the
nozzle exit and the external flow primarily determines the size
of the plume and the strength of the various flow structures
associated with the plume. The pressure and skin friction on
the external ramp surface determine the nozzle efficiency and
the thrust. The pressure and skin friction values on the ramp
surface are a result of the various interactions. In addition to
the flow details just mentioned, the boundary layers and shear
layers are expected to be turbulent. The flow may separate on
the upper cowl surface due to adverse streamwise pressure
gradient and there also may be a plume-induced crossflow
separation which will be discussed in the results sections.3 The
major plume features will be present whether or not the flow
separates on the cowl upper surface.

A variety of flowfield measurements have been taken both
on the model surface and in the surrounding flow. At present,
surface oil-flow patterns, shadowgraph visualization photo-
graphs, and surface center line static pressures are available
and are presented in this paper. Complete surveys of the
plume flowfield and skin-friction data will be presented in a
subsequent publication which also describes, in detail, the
experimental program.

The experimental development has been supported by a
computational effort. Earlier numerical studies were also used
to help design this experiment. These efforts are described in
greater detail by Ruff in et. al.4 and by Venkatapathy et. al.5
However, these preliminary computations were performed on
an earlier model design with side extensions. In the present
paper, three-dimensional Navier-Stokes solutions and two-di-
mensional symmetry plane solutions are presented for the
baseline model at the nominal test conditions. Critical flow
features are identified and the results are compared with ex-
perimental shadowgraphs, oil-flow visualization, and surface
pressure data along the model center line. For the three-dimen-
sional cases, patched, and in some cases, solution-adapted
grids are used to map the complex three-dimensional geome-
try. Simulations of a version of the model with 15.2 cm (6.0
in.) ramp side extensions are also presented. The effects of
side extensions and other geometric features on SERN flow
structure are discussed.

Solution Algorithm
The computations in this study are performed with FL3D, a

three-dimensional, implicit time-marching Navier-Stokes solver.
FL3D is a finite difference code that solves the Navier-Stokes
equations in generalized coordinates. This code has previously
been applied to axisymmetric and three-dimensional generic
rocket nozzle plume flows.1'2 All of the present calculations
are for laminar flow of a perfect gas. The perfect-gas assump-
tion is valid because both the freestream and jet static temper-
atures are sufficiently low. Much of the experimental flowfield
will be turbulent because of the high Reynolds number and the

Table 1 Test conditions for computed solutions3

Moo

a, deg
Too, K
/?oo, Pa
Re/m
PtJQt/Poo

r/jet/Too
Pjet//?oo
Mjet

Condition 1
7.3
b.o

57.2
756

1.2 x \08m~l

300
5.0

10.6
2.83

Condition 2
7.4

-1.1
71.5

673
1.5 x lOSm- 1

337
3.9

« 10.7
«2.87

aBoth the freestream and jet gas are air.
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boundary-layer trip on the upper model surface. The present
laminar flow calculations are designed to give an understand-
ing of the overall flow structure and primary flow features.
When more detailed, calibrated experimental data become
available, quantitative comparisons with turbulent flow pre-
dictions will be conducted.

This numerical formulation is detailed by Obayashi6 and
only briefly outlined here. The numerical method is a lower-
diagonal-upper (LDU), alternating-direction-implicit (ADI)
scheme with Roe's averaging. The LDU-ADI algorithm is a
diagonal algorithm requiring minimal CPU per iteration and
is applicable to steady flows. High-order spatial accuracy is
achieved by constructing monotone upstream-centered scheme
for conservation laws (MUSCL) differencing with a differen-
tiate limiter. The ADI sweeps of this formulation are quite
efficient. Venkatapathy and Feiereisen2 used this method to
predict plume flows accurately. This scheme has been applied
to complex plume flows and the solutions were validated in
terms of shock reflection location and plume structure for
highly underexpanded axisymmetric plume flows. The calcula-
tions were performed both with supersonic external flow and
with quiescent ambient conditions.4 The success of the solver
in these limited validations permits confidence in the present
solutions for the experimental SERN flowfield.

Grid Generation
The computational grids used in this study are created with

an algebraic grid generation code. This code utilizes bilinear
interpolation to provide smoothly varying grid planes with
nearly orthogonal grid cells. To map the complex SERN ge-
ometry, multiple grid zones are generated. The surface grid
and the boundaries of each grid zone are shown in Fig. 4 for
the baseline model. This grid consists of 13 grid zones. Al-

syrnmetry outflow

Fig. 4 Surface grid and grid zone boundaries for baseline model
computations.

flow direction

Fig. 6 Plume region for computations on the model with side exten-
sions.

symmetry plane
outflow plane

Fig. 5 Computational body for model with 15.2-cm- (6.0 in.) wide
side extensions.

Fig. 7 Computed Mach contours in the symmetry and outflow
planes in the plume region of the model with side extensions.

though not shown in Fig. 4, each of the grid zones overlaps its
neighbor by one common grid plane. The flow solver alter-
nates grid zones on which it computes and applies the appro-
priate boundary condition on each of the intersecting grid
planes. The computed results show seamless contours of all
flow variables. The three-dimensional flow computation on
the baseline model was performed with 338,000 total grid
points and required approximately 5 h of CPU time on a Cray
YMP computer.
Boundary Conditions

The boundary conditions encountered in the present nozzle/
afterbody calculations are inflow or outflow, wall boundaries,
symmetry, and reflection boundaries. All of the boundary
conditions were applied explicitly. At the supersonic inflow
boundary, conservative flow variables were frozen, and at the
outflow, flow variables were extrapolated from the interior.
At the wall boundary viscous, no-slip, adiabatic wall
boundary conditions were applied. In the case of symmetry
boundaries, the flow variables were simply reflected from the
interior. The various boundary conditions were unified into
one generalized routine so that any specified part of the com-
putational domain could be updated with the proper boundary
condition. This unified boundary-condition formulation greatly
facilitated the use of three-dimensional zonal grids needed to
map the experimental geometry.

Three-Dimensional Results on the Model
with Side Extensions

One of the afterbody design considerations for hypersonic
vehicles is the width of the afterbody surface. This geometric
factor influences total vehicle thrust due to nozzle plume
pressure and skin-friction drag on the afterbody. To study the
effects of ramp width, calculations of a version of the model
with 15.2 cm (6.0 in.) side extensions were conducted. These
calculations were performed at condition 1 shown in Table 1.
For this case, the internal nozzle flow was not computed.
Instead, the jet flow at the nozzle exit is modeled by specifying
inviscid conditions and approximate boundary-layer profiles.
The boundary-layer profiles are specified by using the
Pohlhausen polynomial approximation7 for the velocities and
the Crocco-Busemann relation8 for compressible boundary
layers for the temperature profile. Figure 5 shows the compu-
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Fig. 8 Simulated surface oil-flow pattern and Mach contours in the
outflow plane for model with side extensions.

Fig. 9 Simulated surface oil-flow pattern and particle traces for the
model with side extensions.

tational model for this case. For this simulation a solution-
adapted grid was used. The three-dimensional adapted grid
package used clusters existing grid points in regions of high
flow gradients and is described by Davies and Verikatapathy.9
For the present case, the grid was adapted on gradients of both
Mach number and static temperature. Figure 6 outlines the
plume region and shows the location of the symmetry and
outflow planes. Figure 7 gives computed Mach contours in
these two planes. The solution was adapted on gradients of
both temperature and Mach number so that good resolution
of the plume shocks and shear layers is achieved.

The symmetry plane Mach contours in Fig. 7 predict the
outer plume shock, shear layer, and inner plume shock (i.e.,
barrel shock) shown in the schematic in Fig. 3. This calcula-
tion is performed for the model at zero angle of attack. In the
outflow plane at the end of the ramp, the Mach contours also
show these features and indicate that the width of the plume
extends laterally to near the side edge of the model. The Mach
contours in this outflow plane also indicate a complex viscous
structure near the intersection of these plume shocks with the
ramp and another complex structure just outside the plume
boundary. These features can be further understood by study-
ing Figs. 8 and 9. Figure 8 shows simulated oil flow and the
Mach contours in the outflow plane, and Fig. 9 shows particle
traces and simulated surface oil-flow pattern. For the model
with side extensions, the freestream flow expands in the region
above the side extension ramp surface. The magenta particle
traces in Fig. 9 correspond to a large vortex that is generated
in this expanding region above the side extensions. As the flow
proceeds downstream, this side extension vortex lifts off the
ramp surface and follows the outside edge of the outer plume
shock. The blue particle traces correspond to a vortex that
begins from the trailing-edge corner of the cowl and follows
the outer boundary of the plume along the surface of the

ramp. The most prominent features in the predicted oil-flow
pattern are crossflow separation lines which extend from the
cowl to the ramp trailing edge. These separation lines are
clearly within the plume external shock boundary and ap-
proach the symmetry line of the model as they proceed down-
stream. These features correspond to crossflow separation
induced by the inner plume shock (barrel shock) within the
plume. The expanding crossflow from the symmetry line expe-
riences a strongly adverse pressure gradient from the internal
plume shock and crossflow separation is induced.

Based on the results presented, a schematic of the cross-sec-
tional SERN flow is developed and is shown in Fig. 10. This
flow schematic is appropriate in the plume region of the flow
at the conditions given in Table 1. The large side extension
vortex lifts off the ramp surface and interacts with the outer
plume shock. Near the ramp, the inner plume shock induces a
primary crossflow separation vortex whose separation line is
very prominent in the surface oil- flow pattern. Underneath
this vortex, a secondary crossflow vortex is found to exist.

Results on the Baseline Model
Computations on the baseline SERN model without side

extensions were conducted at condition 2 shown in Table 1.
For this simulation the internal nozzle flow was computed and
solved coupled to the other grid regions. Predicted Mach
contours in the symmetry and outflow planes for the baseline
experimental model are shown in Fig. 1 1 . The symmetry plane
shows the same features in the plume region as preceding
computations on the model with side extensions. The calcula-
tions on the baseline model and the experiment were per-
formed with the model at a - 1.1 deg angle relative to the
freestream and the forebody produces a shock on the upper
side of the model. From the outflow plane, we see that the

Jet shear
Inner plume
shock
(barrel shock)

Urj>rjer forebody shock

Side extension
vortex

Primary cross-
flow separation
vortex

Side extension

Lower forebody shock
Fig. 10 Cross-sectional schematic of the plume flowfield for the
model with side extensions.

Fig. 11 Computed Mach contours in the symmetry and outflow
planes for the baseline model.
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width of the plume extends to the side edge of the body.
Particle traces and velocity vectors which are not shown indi-
cate a number of vortices near the model side edge. The
overall plume flow structure in the crossflow plane for the
baseline model is shown in Fig. 12 for these flow conditions.
The outer plume shock extends laterally over the side edge of
the model and approaches the side corner of the model near
the ramp. This shock induces a vortex on the side of the
model. As in the model with side extensions, the inner plume
shock induces a primary crossflow separation vortex, which is
accompanied by a smaller secondary vortex. Because the base-
line model has no side extensions, the large side extension
vortex present in the preceding results does not exist for the
baseline model.

Surface pressure measurements have been taken at a variety
of locations on the model ramp. At present only data along
the center line is available. Figure 13 shows a comparison of
the experimental and computed static pressure along the ramp
centerline. The computed results show excellent agreement
with the experimental data.

The symmetry plane flow is of interest for two reasons.
First, although experimental surveys of several crossflow
planes will be available, the most detailed data will be ob-
tained along the symmetry plane. Also, very fine grids can be
used in two-dimensional simulations to resolve critical flow
features without prohibitive CPU requirements. For these two
reasons, it is of interest to know if the three-dimensional
features affect the symmetry plane flow. To study three-di-
mensional effects on the symmetry plane flow, two-dimen-
sional symmetry plane results were compared to the predicted
symmetry plane flow from a three-dimensional calculation.
The symmetry plane grid contains 80 x 60 grid points. Figure
14 shows Mach-number surveys at three streamwise locations
for the three-dimensional and two-dimensional cases on the
same grid. The x = 63.0 cm (24.8 in.) station is upstream of
the nozzle cowl. The x = 106.4 cm (41.9 in.) station is in the
plume region midway between the internal nozzle exit and the
end of the ramp, and the x = 129.8 cm (51.1 in) station is in
the plume region at the end of the afterbody ramp. It is found

Upper forebody shock

Jet shear layer

Inner plume
shock (barrel
shock)

Outer plume
shock

Primary cross-
flow separation
vortex

,ower forebody
shock

Fig. 12 Cross-sectional schematic of the plume flowfield for the
baseline model.
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Fig. 13 Comparison of computed and experimental surface static
pressure along the baseline model centerline.
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Fig. 14 Comparison of symmetry plane Mach number at three
streamwise stations for three-dimensional and two-dimensional calcu-
lations. Solid line: three-dimensional solution; and dashed line: two-
dimensional solution on the same symmetry plane grid.

that the three-dimensional features do not significantly affect
the symmetry plane flow until near the trailing edge of the
model. Similar comparisons of two-dimensional and three-di-
mensional results in the symmetry plane4 also revealed little
difference between the two simulations. However, overall the
flow does expand somewhat faster in the three-dimensional
case due to pressure relief in the crossflow direction.

Calibration data obtained with the Mach 7.3 wind-tunnel
nozzle used during the experimental investigation show the
presence of a moderate degree of expansion (source flow) in
the test section. For most of the computational simulations
this gradient was neglected, and uniform external-flow condi-
tions were imposed on the inflow boundaries of the computa-
tional domain. To evaluate the effect of the nonuniform exter-
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Fig. 15 Comparison of symmetry plane pressure at three streamwise
stations for flow with uniform freestream and flow with expanding
freestream variation. Solid line: uniform freestream; and dashed line:
expanding freestream.

nal flow and to study any interaction between the nonuniform
freestream and the jet plume, numerical experiments were
conducted with uniform and expanding freestream flow con-
ditions. These numerical experiments were limited to two-di-
mensional symmetry plane computations with a 159x119
grid. In the tunnel test section, a normalized pressure change
of A/7/^oo = - 0.138 and Mach number change of AM*, =
0.178 were measured. In the two-dimensional simulations
these gradients were imposed, and through isentropic relation-
ships10 the freestream conditions and the conservative flow
quantities at all of the inflow and top boundary grid points
were computed. In the uniform freestream case, the flow
conditions corresponding to condition 2 in Table 1 was main-
tained at all grid points on the top and inflow boundary

surfaces. Both cases were computed with the same nozzle
sonic throat conditions for the internal nozzle. Static pressure
profiles, along the z direction, at three streamwise locations,
are compared in Figs. 15a-15c. Pressure contours from the
computed solutions with uniform and nonuniform freestream
conditions are shown in Fig. 16a and 16b, respectively. The
computed solutions show that the nonuniform freestream con-
ditions affect only the flow above the jet-plume region. The
upper forebody shock shape and the conditions behind the
shock are affected by the conditions upstream of this shock,
but the shock acts as a buffer to reduce the effect of the
nonuniformities in the freestream. The outer plume shock has
a similar damping effect, and the flowfield in the vicinity of
the jet closely resembles that of the uniform flow case. The
ramp surface pressure and the flow inside the plume are unaf-
fected by the nonuniform external flow. Although the numer-
ical experiments were carried out only along the symmetry
plane, as a two-dimensional study, these conclusions are also
expected to hold in the three-dimensional case.

a)

b)

Fig. 16 Comparison of symmetry plane pressure contours: a) uni-
form freestream; and b) expanding freestream.

a)

b)

Fig. 17 Experimental and computational shadowgraphs in the sym-
metry plane of the baseline model. Simulated shadowgraph is based
on two-dimensional fine grid results: a) experimental; and b) compu-
tational.
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An experimental shadowgraph photograph and a simulated
shadowgraph based on a fine grid symmetry plane calculation
are shown in Fig. 17. The fine grid consisted of 300 x 300 grid
points. The forebody shock, outer plume shock, shear layer,
and barrel shock are resolved quite well. The location of these
features agrees well with the computed results. The downward
curve of the upper cowl surface induces a streamwise bound-
ary-layer separation near the trailing edge of the cowl. The
curved outer boundary of the cowl followed by the shear layer
between the under expanded jet and the freestream produces
an effective compression corner. One difference between the
experimental and computed results is that the experimental
boundary layers and shear layers are turbulent. The experi-
mental shadowgraph shows a thick turbulent boundary layer
on the model forebody which feeds into a thick plume shear
layer. The laminar flow calculations of course do not repro-
duce these turbulent details but predict the overall symmetry
plane flow quite well.

The experimental surface oil-flow patterns on the afterbody
ramp is shown in Fig. 18a. Predicted surface oil-flow patterns
for the baseline model and the model with side extensions are
shown in Figs. 18b and 18c. In the experimental oil pattern,
the flow appears to be two-dimensional inside the cowl, with
no separation at the corner. The pattern on the ramp is sym-
metrical and the center line flow is straight down the ramp.
The surface flow direction turns increasingly outboard with
increasing distance from the center line. The prominent cross-
flow separation lines on the ramp predicted in both of the
computed results are also observed experimentally. As is evi-
dent from the oil-flow patterns and indicated in schematics in
Figs. 10 and 12, the primary crossflow separation lines are
found to exist closer to the symmetry line for the baseline
model relative to the model with side extensions. The rate at
which these separation lines approach the symmetry line to-
ward the trailing edge is different in the predicted vs the

c)
Fig. 18 Experimental and simulated oil-flow on the ramp surface: a)
experimental on baseline model; b) simulated on baseline model; and
c) simulated on model with side extensions.

experimental results. The details of this viscous dominated
effect may be strongly influenced by turbulence which is not
modeled. In all of the oil-flow patterns, a secondary crossflow
separation line is also seen near the side edge of the model. In
addition, the experimental oil-flow pattern shows a stream-
wise separation line on the upper surface of the cowl near the
trailing edge. This separation is also apparent from the com-
putational and experimental shadowgraphs in Fig. 17.

Concluding Remarks
The latest version of FL3D, an implicit, three-dimensional

Navier-Stokes solver, is used to predict the experimental hy-
personic flowfield. Multiple, and in some cases, solution-
adapted grids are used to map the three-dimensional nozzle/
afterbody geometry. Roe's averaging and MUSCL
differencing are used to model critical flow features. These
modifications have greatly improved the efficiency of the code
and its ability to provide accurate modeling of complex flow-
fields. Three-dimensional calculations of the two SERN ge-
ometries and two-dimensional symmetry plane calculations
have been performed which simulate the cold-jet perfect-gas
experimental conditions. Flow schematics appropriate for the
conditions tested are presented for the baseline model and the
model with side extensions.

The computed results show excellent agreement with experi-
mental shadowgraph and with centerline surface pressure
measurements. The computed and experimental surface oil
flows show favorable agreement but demonstrate the need for
turbulence modeling. At present, several candidate algebraic
and two-equation turbulence models are being validated in jet
plume flows. Turbulent code-validation cases will be con-
ducted and presented along with detailed calibrated experi-
mental data in a subsequent publication. All of the flow
features observed experimentally are also seen in the com-
puted results, thus the success of the current predictions with
the available data is quite promising.
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