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Figure 14. Pressure profiles at x=116.84cm(P2) Figure 15. Pressure profiles at x=116.84cm(P8)

Figure 16. Computational grid for P8 inlet.
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Figure 12e. Species concentration at x=18.0

Figure 12f. Species concentration at x=30.0

Figure 13a. Mach number profiles at x=101.6cm(P2)

Figure 13b. Mach number profiles at x=116.84cm(P2)

Figure 13c. Mach number profiles at x=104.14cm(P8)

Figure 13d. Mach number profiles at x=116.84cm(P8)
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Figure 11. Species concentrations in the symmetry plane.

Figure 12a. Species concentration at x=-3.0

Figure 12b. Species concentration at x=0.0

Figure 12c. Species concentration at x=3.0

Figure 12d. Species concentration at x=9.0
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Figure 9a.  Pressure along the centerline of first injector.

Figure 9b.  Streamwise velocity along the centerline of
first injector.

Figure 9c.  Vertical velocity along the centerline of first
injector.

Figure 10a.  Pressure along the centerline of second
injector.

Figure 10b.  Streamwise velocity along the centerline of
second injector.

Figure 10c.  Vertical velocity along the centerline of
second injector.
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Figure 8c.  Computation and experimental data grids in symmetry plane.

Figure 8d.  Streamlines and velocity vectors in symmetry plane.
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Figure 7b. 2-D Slice of grid on lower wall (coarse grid).

Figure 8a.  Static pressure contours in symmetry plane.

Figure 8b.  Static temperature contours in symmetry plane.
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Figure 5.  Wall static pressure.

Figure 6.  UVA two-hole injector geometry (Courtesy D.R. Eklund, NASA LaRC)

Figure 7a. 2-D Slice of grid on lower wall (fine grid).
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Figure 3.  Computational grid for re-attaching free shear layer problem.

Figure 4a. Pressure contours.

Figure 4b.  Streamwise velocity contours.

Figure 4c.  Streamlines showing re-circulation region.
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Figure 1. 99x99 grid used for 2-D supersonic ramp flow problem.

Figure 2a. Normalized wall pressure vs. x/δo.

Figure 2b. Skin friction distribution.
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show very good agreement with the experimental data
even with a one equation turbulence model and a
calculation on a very coarse grid.  Note the large
gradients in the pressure along the z-axis.  They are
much larger than that along the x-direction which, as
pointed out by McDaniel[2], is the reason behind the
vertical streamlines along the centerlines of the jets.

Figure 11 shows species concentrations in the symmetry
plane and Figures 12a, b, c, d, e, f show species
concentrations in the y-z plane at several x-stations.  The
biggest difference between the numerical results and the
experimental data can be found in the core region.
CFD++ predicts a less diffused core than that of the
experiments, however the corresponding length and
shape of the “plumes” are similar.

SUPERSONIC INLETS

This example features two two-dimensional inlets
configurations studied by Gnos et. al [5].  The two inlets
are known as the P2 and P8 configurations and refer to
the compression ratios (2 and 8, respectively) provided
by these configurations.  The inflow Mach number,
stagnation temperature, and stagnation pressure are 7.4,
811K and 4.14x106 N/m2 respectively.  The wall
temperature of the inlet is set to 37.5% of the stagnation
temperature.  Figures 13a, b, c, d show the Mach number
profiles at several x-stations within the cowl for the P2
and P8 geometries.  The solid line is by CFD++ using
Goldberg’s k-ε-R model [9].  There is fair agreement
with the data.  Figure 14 shows the normalized static
pressure profile at an x-station which is just downstream
of the shock impingement location of the P2 geometry.
The simulation misses the pressure level completely.
This is believed to be due to the very coarse nature of
the grid in the streamwise direction in the cowl.  Figure
15 shows the same plot for the P8 geometry.  Here a
better agreement is achieved probably due to the fact
that there are twice as many grid points in the cowl of
the P8 grid as in that of the P2 grid.  The grid used to
run the P8 simulations was a two-block mesh consisting
of 55x71 and 102x51 cells (Figure 16) with a minimum
spacing of 0.0001.  The grid used of the P2 case was a
two-block 55x41 and 55x31 mesh with a minimum
spacing of 0.0001.

Computation Notes

Multiblock structured grids were used for the second and
third cases.  The grids were of the “patched-aligned”
type where nodal connectivity between blocks exists.
The CFD++ software suite includes a preprocessor tool
that “stitches” such blocks together to produce a single-

block mesh that is composed of hexahedral cells using
unstructured book-keeping.  Since the starting point was
a multiblock structured mesh, postprocessing tools are
provided to convert the results from CFD++ internal
format to various structured-grid formats.  Below is a
table of computational times using various computing
platforms on the fine-grid two-hole injector problem,
consisting of 400K cells.  This table is included to
ill ustrate the potential of multi -CPU computing.  The
actual results presented for the two-hole injector
problem utili zed a cruder grid.  A research version of the
CFD++ code was used in all the results presented in this
paper and ample opportunities exist for code
optimization.

Computing Platform CPUs Time per
Step

SGI Power Challenge
75 MHz R8000

1
3
5
7

334.7
107.5
63.7
54.0

SGI Power Challenge
90 MHz R8000

1
3
5
7

268.7
94.0
54.1
43.1

IBM SP2 1 212.6

Concluding Remarks

The turbulence models used along with the
computational methodology were successful in capturing
most of the turbulent flow features in the cases simulated
in this paper.  The pressure as well as the concentration
profiles of the two-hole case agreed quite well with the
experimental results even though a relatively coarse
mesh was used for the simulations.  We would also like
to point out the potential for cost savings associated with
the use of multi -CPU computing.  The scalabilit y of the
current methodology provides much faster turnaround
times, than possible with single CPU execution.
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This case is taken from the experiments conducted by
Samimy et. al. [4].  The geometry involves a backward-
facing step followed by a ramp and then a constant area
section.  A free shear layer is formed off the step, which
eventually reattaches to the slanted wall (ramp).  This
problem is more complicated than the previous one.
Here a large recirculating subsonic flow pocket (cavity
flow) interacts with a free shear layer and a compression
structure.  It is important to properly model the
turbulence features of this flow since the reattachment
point (thus the recompression region) is highly
dependent on the “goodness” of the model.  Figure 3
shows the grid used to simulate the flowfield.  The
inflow was at Mach 2.46 and was initialized with
boundary layer profiles (3.12mm thickness).  The inflow
stagnation pressure and temperature were 528.1 Kpa and
297 K, respectively.  The interior of the domain was
initialized with  Mach 2.46 flow conditions everywhere
except for the small triangular region downstream of the
step,  where the velocity was set to zero and pressure
was matched to that of the inflow.  Goldberg’s three
equation model was used for this case too.  Pressure and
velocity contours, as well as streamlines, are shown in
Figures 4a,b and c.  The pressure contours show an
almost perfectly expanded shear layer coming off of the
backward-facing step.  There is no significant
compression or expansion associated with the step.  A
recompression region is also predicted, in agreement
with the experiment.  The reattachment point predicted
by the simulation is fairly close to that of the
experiment.  The recirculation zone has one large
“bubble” spanning nearly the entire cavity, and a much
smaller one in the corner of the step. Figure 5 shows the
static wall pressure compared with the experimental
results.  There is reasonable agreement.

TWO HOLE INJECTOR

This case corresponds to the UVA two-hole transverse
injector topology.  Table 1 taken from McDaniel et. al
[2] shows the geometry characteristics.

Test section height 11.03D
Test section width 15.79D
Length of measurement domainX/D=26.6
End of nozzle contour X/D=-10.65
Step location X/D=-4.94
Step height H=1.65D
1st injector location X/D=0.0
2nd injector location X/D=6.58
Diameter D 1.93

Figure 6 shows a sketch of the UVA two-hole transverse
injector.  The topology consists of an inflow region
followed by a backward-facing step after which two
transverse injectors are located.  The computational grid
used to simulate the flowfield is derived from a fine grid
(400K cells, Sekar[13]). This mesh is coarsened
everywhere except near the hole regions and a grid with
only 70K cells is obtained.  The coarser grid uses half
the number of cells in the fine mesh except in the rows
of cells along the two holes in the spanwise direction.  2-
D slices of the fine and coarse grids on the lower wall
(downstream of the backward-facing step) are shown in
Figures 7a and b to ill ustrate the coarsening procedure.
The Mach number of the primary flow is 2.089 and that
of the jets is 1.183.  The boundary conditions applied for
the simulations are: supersonic inflow and outflow in the
streamwise direction; viscous wall (no-slip) and
supersonic inflow (jets) on the lower wall; i nviscid (slip)
wall on the upper wall and on one side wall; and
symmetry conditions on the remaining boundary in the
spanwise direction.  The flow conditions are similar to
those found in McDaniel et al. [2].  The turbulence
model invoked for this calculation is a one-equation
pointwise eddy viscosity model given in Goldberg [8].
A color tracer was added to the flowfield in order to
track the injection concentration.  A value of 1.0 was
assigned to the injected flow and 0.0 to the primary
flow.  The diffusion coeff icient in the tracer equation
was set to that in the momentum equations (i.e. Schmidt
Number of unity).
Figure 8a shows pressure contours in the vicinity of the
two holes in the symmetry plane.  The upper half of the
figure represents the experimental data from [2] and the
lower half the numerical results obtained using CFD++.
Figures 8b, c and d are similar pictures for the static
temperature, grid, and streamlines.  The grid in the
upper plane of Figure 8c corresponds to the location of
the experimental data.  The pressure contours clearly
show the initial expansion due to the backward-facing
step followed by the two oblique shocks due to the
transverse injection.  The streamlines show the
recirculation region downstream of the step as well as
the turning of the flow due to the initial expansion fan
associated with the backward-facing step, and due to the
two oblique shocks associated with the jets.

Figures 9a, b, c and 10a, b, c show pressure, steamwise
velocity and vertical velocity along the centerline of the
first and second injection holes on the symmetry plane,
respectively.  Solid lines indicate the numerical solution
on the coarse grid and the symbols are experimental data
from [2].  Following the convention used in [2], hollow
circles indicate data from Laser-Induced-Iodine
Fluorescence (LIIF), and fill ed triangles indicate data
from Laser-Doppler Anemometry (LDA). The results
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where R is the gas constant.  The source terms are
written as:

( )S g g gx y z n

T

= 0 0 1Ω Ω�

where gx, gy and gz are body forces which can be
activated if necessary, and Ωi are source terms such as
production and dissipation of turbulence.

Computational Attributes

The numerical framework of CFD++ is based on the
following general elements:

(a) Unsteady Reynolds-averaged Navier-Stokes
equations for compressible flow with turbulence
modeling, including special treatment of low speed
flows with preconditioning. (b) Unification of structured
curvili near and unstructured grids, including hybrids. (c)
Unified treatment of various cell shapes including
hexahedral, tetrahedral and triangular prism cells (3-d),
quadrilateral and triangular cells (2-d), and linear
elements (1-d).  Other special cells for self-similar flows
are also available. (d) Treatment of multiblock patched
aligned (nodally connected), patched-nonaligned and
overset grids.  Interblock connectivity is automatically
determined. (e) Total Variation Diminishing
discretization based on a new multi -dimensional vertex-
based interpolation framework.  This results in an
extremely versatile discretization scheme that can handle
the above-mentioned cell and grid topologies. (f)
Riemann solvers to provide proper signal propagation
physics.  A new modification to Roe’s Riemann solver
permits great savings in memory.  The total memory
required is similar to that for a structured grid flow
solver even though the book-keeping is more general
than that in most other CFD codes. (g) Consistent and
accurate discretization of viscous flow terms.  The code
uses the same multi -dimensional polynomial framework
and memory-saving implementation as for the inviscid
flow terms.  Non-TVD derivatives computed for the
latter are reused to compute viscous flow terms and
turbulence model discretization.  This provides for
additional computational eff iciency. (h) One, two, and
three-equation pointwise linear and nonlinear turbulence
models that do not require knowledge of distance to
walls. (i) Versatile boundary condition implementation
includes a rich variety of integrated boundary condition
types. (j) The implementation on MPP computers is
based on the distributed-memory message-passing

model.  It can use native message-passing libraries or
MPI, PVM, etc.  The code has already been
implemented and tested successfully on a variety of
parallel architecture computers including the SGI
Power-Challenge Array, IBM-SP2, CRAY T3D and
Intel Paragon.

Results And Discussion

Code Validation

The CFD++ code has been subjected to a methodical
validation process prior to being used to compute flow
problems presented in this paper.  The basic test cases
included: a) supersonic inviscid flow over ramps and
expansion corners, b) isothermal and adiabatic wall
boundary layers, c) backward-facing steps in supersonic
flow, d) instabilit y dynamics in shear layers.  Here we
report additional test cases.

2-D SUPERSONIC RAMP FLOW

This case corresponds to the Mach 2.84 flow past a 24
degree ramp [3].  The impinging shock on the boundary
layer upstream of the ramp corner causes flow
separation to occur ahead of the corner and a subsequent
reattachment occurs downstream of it. In problems of
this type the separation bubble shape and size affect
many flow quantities such as pressure, velocity and skin
friction.  This unit problem allows testing of turbulence
models in supersonic flow regions with subsonic
recirculating flow pockets.  Figure 1 shows the
computational grid for this problem.  A 99x99 grid is
used with clustering in the x-direction (∆xmin=0.1δo) at
the ramp corner, and clustering in the y direction
(∆ymin=0.0001δo) at the wall , where δo = 0.023m is the
measured boundary layer thickness upstream of the
shock.  The inflow static pressure was 24 Kpa and the
total temperature 276 K.  The flowfield was initialized
with specified inflow boundary layer and turbulence
profiles.  Three turbulence models were used for the
simulation: Goldberg’s [9,10] three-equation k-ε-R
model, and two k-ε models designed to predict separated
flows.  Figure 2a shows the normalized wall pressure
predicted by CFD++ and data from [3,11,12].  Figure 2b
shows the skin friction distribution along the wall .  The
data and simulation are in reasonable agreement even
though this flow problem is very sensitive to the
thickness of the boundary layer upstream of the ramp
corner.

REATTACHING FREE SHEAR LAYER
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McDaniel [2] and the last two are the P2 and P8 inlet
cases from Gnos et. al [5].

CFD++ is a new  Computational Fluid Dynamics tool
developed by Chakravarthy et al. [6,7] which utili zes a
unified-grid (“grid-transparent” ) computational
methodology.  The code allows for very easy treatment
of complex geometries thanks to its unification of
structured, unstructured and multi -block
structured/unstructured grids.  Its versatilit y allows the
use of various elements within the same mesh such as
hexahedral, triangular prism and tetrahedral elements in
3-D.  Due to the supersonic nature of the flowfield, a
multi -dimensional second-order Total Variation
Diminishing interpolation is used to avoid spurious
numerical oscill ations in the computed flowfield, along
with a compact storage Roe’s Riemann solver to
guarantee correct signal propagation of the inviscid flow
terms.  One-, two-, and three-equation pointwise
turbulence models are used to capture the turbulent flow
features[8,9,10].

The Computational Methodology

Governing Equations

The conservation form of the governing differential
equations can be written as:
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where the vector q represents the dependent
conservation variables; f, g, and h represent the fluxes in
the three spatial directions; and S represents the source
terms.  The subscript i and v denote the inviscid and
viscous flow terms, respectively.  For the Reynolds-
averaged Navier-Stokes equations the dependent
quantities and the inviscid fluxes can be written as
follows:
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where e is the total energy per unit volume; ρ is the
density; u,v and w are the x, y and z-direction velocities,
respectively; p is the pressure; and σi’s represent color
tracers or turbulence transport quantities such as
turbulence kinetic energy and “undamped” eddy
viscosity in the pointwise turbulence models.  Flow with

multiple species can also be computed within this
framework.  The first five rows represent terms from the
standard Euler equations with the first being the energy
equation followed by the continuity and three
momentum equations.  The equation of state that couples
pressure to density and temperature is the perfect gas
equation of state (p=ρRT) which can be written in terms
of the conservation variables in the following way:
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were γ is the ratio of the specific heats.  The viscous
terms are defined as follows:
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where T is the temperature, K is the coeff icient of
thermal conductivity, D is the coeff icient of diffusivity,
and the viscous stresses τij are defined as:
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where the Stokes theorem for gases is assumed to hold
true, thus relating the second coeff icient of viscosity, κ,
to the dynamic viscosity, µ, i.e. κ=2/3 µ.  The
temperature can is related to the conservation quantities
via the equation of state:
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Abstract

Numerical simulations of several turbulent supersonic
flows related to scramjet combustors are carried out
using a new unified-grid computational methodology.
Five problems are considered: a 2-D ramp unit problem;
a reattaching turbulent shear layer, the 3-D University of
Virginia two-hole supersonic transverse Air-Air injector;
and the NASA P2 and P8 supersonic inlets.  The
numerical simulations are conducted using the
Reynolds-averaged Navier-Stokes equations along with
one-equation and three-equation pointwise turbulence
models.  Both turbulence models enable accurate
prediction of the flowfields and numerical results
compare favorably with experimental data in all cases.

Introduction

Eff icient mixing of fuel and air at supersonic speeds
remains a topic of great interest and a subject of
intensive study.  It is well known that mixing in shear
layers and jets decreases dramatically as the convective
Mach number increases from low subsonic to supersonic
speeds.  Various designs exist in the literature, each with
a special way to enhance this mixing process.  Some
examples are the two-hole transverse injector from the
University of Virginia (UVA), the swept-ramp injectors
from UVA and Wright Labs (WL), and the nine-hole
“aerodynamic-ramp” injector from WL.  The swept-
ramp and nine-hole geometries rely on generation of

streamwise vortices to enhance mixing.  The newer nine-
hole design aims at minimizing the pressure loss as well .
The objective of the design is to produce an
“aerodynamic ramp” rather than a physical one present
in the swept ramp geometry, thus reducing the pressure
loss encountered in the latter. Fuller et. al [1] conducted
comparative experiments on the two designs at WL.
Their results showed improved near-field mixing by the
nine-hole approach as well as lower pressure losses
compared to the swept ramp method.  The two-hole
transverse injector from the UVA consists of two
circular holes of equal diameter located downstream of a
backward-facing step.  McDaniel et. al [2] conducted
experiments on this concept for the purpose of creating a
complete data-set to be used for CFD code validations.
This type of experimental measurement of turbulent
mixing is crucial for the validation of existing turbulence
models and for the development of new and improved
ones. For the purpose of model/code validation, simple
flow topologies which capture the essential features of
the real combustors are preferable.

In this paper, results from four experiments are used to
further validate the computational capabiliti es of the
unified-grid framework available in the CFD++ software
suite.  The first problem is a 2-D supersonic flow over a
24 degree ramp by Settles et. al. [3].  The second is the
turbulent reattaching free shear layer by Samimy [4].
The third problem is the 3-D two-hole injection case by


