ZBLF
o Gnos et. al, 1973 o
16 CFD++ (k-e-R)
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.



Figure 13b. Mach number profiles at x=116.84cm(P2)
Figure 12e. Species concentration at x=18.0

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

Figure 12f. Species concentration at x=30.0

Figure 13d. Mach number profiles at x=116.84cm(P8)

Figure 13a. Mach number profiles at x=101.6cm(P2)
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Figure 11. Species concentrations in the symmetry plane.

. . " Figure 12c. Species concentration at x=3.0
Figure 12a. Species concentration at x=-3.0 9 P

. : : Figure 12d. Species concentration at x=9.0
Figure 12b. Species concentration at x=0.0 g P
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Figure 9a. Pressure along the centerline of first injector. Figure 10a. Pressure along the centerline of second
injector.

Figure 9b. Streamwise velocity along the centerline o-

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

second injector.

Figure 9c. Vertical velocity along the centerline of first : . . .
9 injec¥or 9 Figure 10c. Vertical velocity along the centerline of
’ second injector.




Figure 8c. Computation and experimental data grids in symmetry plane.

Figure 8d. Streamlines and velocity vectors in symmetry plane.



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.

1C



Figure 5. Wall static pressure.

Figure 6. UVA two-hole injector geometry (Courtd3\R. Eklund, NASALaRC)

Figure 7a. 2-D Slice of grid on lower wall (fine grid).



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.



Figure 1. 99x99 grid used for 2-D supersonic ramp flow problem.

Figure 2a. Normalized wall pressure vx/

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

Figure 11 shows gedes concentrations in the symmetry
plane axd Figures 12a, b, ¢, d, e, f show spedes
concentrations in the y-z plane & several x-stations. The
biggest diff erence between the numerica results and the
experimental data can be found in the re region.
CFD++ predicts a less diffused core than that of the
experiments, however the arresponding length and
shape of the “plumes” are similar.

SUPERSONIC INLETS

This example fedaures two two-dimensional inlets
configurations gudied by Gnos et. al [5]. The two inlets
are known as the P2 and P8 configurations and refer to
the cmmpresson ratios (2 and 8, respedively) provided
by these mnfigurations. The inflow Madh number,

stagnation temperature, and stagnation presaure ae 7.4,

811K and 414x10° N/m’ respedively. The wall

temperature of the inlet is st to 37.5% of the stagnation
temperature. Figures 13a, b, ¢, 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-¢-R model [9]. There is fair agreement
with the data. Figure 14 shows the normalized static
presarre profile & an x-station which is just downstream
of the shock impingement locaion of the P2 geometry.

The smulation misses the presaure level completely.

This is believed to be due to the very coarse nature of
the grid in the streanwise diredion in the cowl. Figure
15 shows the same plot for the P8 geometry. Here a
better agreament is achieved probably due to the fad
that there ae twice & many grid pants 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 1051 cdls (Figure 16) with a minimum
spadng of 0.0001 The grid used of the P2 case was a
two-block 55x41 and 55«31 mesh with a minimum
spacing of 0.0001.

Computation Notes

Multi block structured grids were used for the second and
third cases. The grids were of the “patched-aligned”
type where nodal connedivity between blocks exists.
The CFD++ software suite includes a preprocesor toal
that “stitches’” such blocks together to produce asinge-

block mesh that is composed of hexahedral cdls using
unstructured bodk-keguing. Sincethe starting point was
a multiblock structured mesh, postprocessng tods are
provided to convert the results from CFD++ internal
format to various dructured-grid formats. Below is a
table of computational times using various computing
platforms on the fine-grid two-hole injedor problem,
consisting of 400K cdls. This table is included to
ill ustrate the potential of multi-CPU computing. The
adua results presented for the two-hole injedor
problem utilized a cuder grid. A reseach version of the
CFD++ code was used in al the results presented in this

paper and ample oppatunities exist for code
optimization.
Computing Platform CPUs | Timeper
Step
SGI Power Challenge 1 334.7
75 MHz R8000 3 107.5
5 63.7
7 54.0
SGI Power Challenge 1 268.7
90 MHz R8000 3 94.0
5 54.1
7 43.1
IBM SP2 1 212.6

Concluding Remarks

The turbulence models used aong with the
computational methoddogy were succesgul in cgpturing
most of the turbulent flow feauresin the caes smulated
in this paper. The presaure & well as the mncentration
profiles of the two-hole cae ayreed quite well with the
experimental results even though a relatively coarse
mesh was used for the simulations. We would also like
to pdnt out the patential for cost savings asociated with
the use of multi-CPU computing. The scdability of the
current methoddogy 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. a. [4]. The geometry involves a badkward-
fadng step followed by a ramp and then a mnstant area
sedion. A freeshea layer isformed off the step, which
eventually redtaches to the dlanted wall (ramp). This
problem is more cmplicaed than the previous one.
Here alarge redrculating subsonic flow pocket (cavity
flow) interads with a freeshea layer and a compresson
gtructure. It is important to properly model the
turbulence feaures of this flow since the reatachment
point (thus the recompresdon region) is highly
dependent on the “goodhess’ of the model. Figure 3
shows the grid used to simulate the flowfield. The
inflow was at Madch 2.46 and was initialized with
boundary layer profiles (3.12mm thicknesg. The inflow
stagnation presaure and temperature were 5281 Kpa and
297 K, respedively. The interior of the domain was
initialized with Mach 2.46 flow conditions everywhere
except for the small trianguar region downstream of the
step, where the velocity was st to zero and presaure
was matched to that of the inflow. Goldberg's three
equation model was used for this case too. Presaure and
velocity contours, as well as greanlines, are shown in
Figues 4ab and c. The presare mntours iow an
almost perfedly expanded shea layer coming off of the
badkward-fadng step. There is no dgnificant
compresson or expansion asociated with the step. A
recompresson region is also predicted, in agreament
with the experiment. The redtadhment point predicted
by the simulation is fairly close to that of the
experiment. The redrculation zone has one large
“bubble” spanning realy the entire cavity, and a much
smaller one in the wrner of the step. Figure 5 shows the
static wall presaure ompared with the experimental
results. There is reasonable agreement.

TWO HOLE INJECTOR

This case rresponds to the UVA two-hole transverse
injedor topdogy. Table 1 taken from McDaniel et. a
[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
1* injector location X/D=0.0
2"%injector location X/D=6.58
Diameter D 1.93

Figure 6 shows a sketch of the UV A two-hole transverse
injedor. The topdogy consists of an inflow region
followed by a backward-fadng step after which two
transverse injedors are locaed. The computational grid
used to simulate the flowfield is derived from afine grid
(40K cdls, Sekar[13]). This mesh is coarsened
everywhere except nea the hole regions and a grid with
only 70K cdlsis obtained. The aarser grid uses half
the number of cdls in the fine mesh except in the rows
of cdlsaongthe two holes in the spanwise diredion. 2-
D dlices of the fine and coarse grids on the lower wall
(downstream of the backward-fadng step) are shown in
Figures 7a and b to ill ustrate the arsening procedure.
The Macd number of the primary flow is 2.089 and that
of thejetsis1.183 The boundary conditions applied for
the simulations are: supersonic inflow and outflow in the
streanwise diredion; viscous wal (no-slip) and
supersonic inflow (jets) on the lower wall; inviscid (dip)
wall on the upper wall and on one side wall; and
symmetry conditions on the remaining boundary in the
spanwise diredion. The flow conditions are similar to
those found in McDaniel et al. [2]. The turbulence
model invoked for this cdculation is a one-equation
pointwise eldy viscosity model given in Goldberg [8].
A color trace was added to the flowfield in order to
tradk the injedion concentration. A value of 1.0 was
asdgned to the injeded flow and 0.0 to the primary
flow. The diffusion coefficient in the trace equation
was st 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 numericd results obtained using CFD++.
Figures 8b, ¢ and d are similar pictures for the static
temperature, grid, and streamlines. The grid in the
upper plane of Figure 8c corresponds to the locaion of
the experimental data. The presaure ontours clealy
show the initial expansion due to the badkward-fadng
step followed by the two olique shocks due to the
transverse injedion. The streamlines dwow the
redrculation region downstream of the step as well as
the turning of the flow due to the initial expansion fan
asociated with the backward-fadng step, and due to the
two oblique shocks associated with the jets.

Figures 9a, b, ¢ and 10y, b, ¢ show presaire, steanwise
velocity and verticd velocity along the centerline of the
first and second injedion holes on the symmetry plane,
respedively. Solid lines indicate the numericd solution
on the marse grid and the symbals are experimental data
from [2]. Following the mnvention used in [2], hollow
circles indicae data from Laser-Induced-lodine
Fluorescence (LIIF), and filled trianges indicae data
from Laser-Dopder Anemometry (LDA). The results
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where R is the gas constant.
written as:

The source terms are

s=p0g g oo o)

where g,, g, and g, are body forces which can be
adivated if necessary, and Q; are source terms such as
production and dissipation of turbulence.

Computational Attributes

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

(8 Unsteady Reynolds-averaged Navier-Stokes
equations for compressble flow with turbulence
modeling, including spedal treament of low speed
flows with preconditioning. (b) Unification of structured
curvilinea and unstructured grids, including hybrids. (c)
Unified treament of various cdl shapes including
hexahedral, tetrahedral and trianguar prism cdls (3-d),
quadrilateral and triangdar cdls (2-d), and linea
elements (1-d). Other spedal cdls for self-similar flows
are dso available. (d) Treament of multiblock patched
aligned (nodaly conneded), patched-nonaligned and
overset grids. Interblock connedivity is automaticdly
determined. (¢) Tota  Variation Diminishing
discretization based on a new multi-dimensional vertex-
based interpdation framework. This results in an
extremely versatil e discretization scheme that can handle
the &aove-mentioned cdl and grid topdogies. (f)
Riemann solvers to provide proper signal propagation
physics. A new modificaion to Roe's Riemann solver
permits grea savings in memory. The total memory
required is smilar to that for a structured grid flow
solver even though the bodk-kegiing is more genera
than that in most other CFD codes. (g) Consistent and
acairate discretizaion of viscous flow terms. The mde
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 discretizetion.  This provides for
additional computational efficiency. (h) One, two, and
three-equation pointwise linea and nonlinea turbulence
models that do not require knowledge of distance to
walls. (i) Versatile boundary condition implementation
includes arich variety of integrated baundary condition
types. (j) The implementation on MPP computers is
based on the distributed-memory message-passng

model. It can use native message-passng libraries or
MPI, PVM, etc. The ®de has aready been
implemented and tested succesdully on a variety of
paralel architedure mputers including the SGI
Power-Challenge Array, IBM-SP2, CRAY T3D and
Intel Paragon.

Results And Discussion

Code Validation

The CFD++ code has been subjeded to a methodicd
validation process prior to being wsed 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, ¢) badkward-fadng steps in supersonic
flow, d) instability dynamics in shea layers. Here we
report additional test cases.

2-D SUPERSONIC RAMP FLOW

This cese mrresponds to the Mach 2.84 flow past a 24
degreeramp [3]. The impinging shock on the boundary
layer upstrean of the ramp corner causes flow
separation to occur ahead of the arner and a subsequent
reatachment occurs downstrean of it. In problems of
this type the separation bubble shape ad size dfed
many flow quantities such as presaure, velocity and skin
friction. This unit problem all ows testing of turbulence
models in supersonic flow regions with subsonic
redrculating flow pockets. Figure 1 shows the
computational grid for this problem. A 99x99 grid is
used with clustering in the x-diredion (Ax;,=0.19,) at
the ramp corner, and clustering in the y diredion
(Aymin=0.00015,) at the wall, where §, = 0.023m is the
measured baundary layer thickness upstrean of the
shock. The inflow static pressure was 24 Kpa and the
total temperature 276 K. The flowfield was initialized
with spedfied inflow boundary layer and turbulence
profiles. Three turbulence models were used for the
simulation: Goldberg's [9,10] threeequation k-¢-R
model, and two k-€ models designed to predict separated
flows. Figure 2a shows the normalized wall pressure
predicted by CFD++ and datafrom [3,11,12]. Figure 2b
shows the skin friction distribution along the wall. The
data and simulation are in reasonable ajreement even
though this flow problem is very senstive to the
thickness of the boundary layer upstream of the ramp
corner.

REATTACHING FREE SHEAR LAYER




McDaniel [2] and the last two are the P2 and P8 inlet
cases fronGnoset. al [5].

CFD++ is a new Computational Fluid Dynamics toodl
developed by Chakravarthy et al. [6,7] which uilizes a
unified-grid (“grid-transparent”) computational
methoddogy. The mde dlows for very easy treament
of complex geometries thanks to its unificaion of
structured, unstructured and multi-block
structured/unstructured grids.  Its versatility allows the
use of various elements within the same mesh such as
hexahedral, trianguar 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
numericd oscill ations in the cmputed flowfield, along
with a cmmpad storage Roe's Riemann solver to
guarantee orred signal propagation of the inviscid flow
terms.  One-, two-, and threeequation pointwise
turbulence models are used to capture the turbulent flow
features[8,9,10].

The Computational M ethodology

Governing Equations

The mnservation form of the governing differential
equations can be written as:
., o(f-1), dg-g), dh-h)_
7 X oy 0z

S

where the vedor q represents the dependent
conservation variables; f, g, and h represent the fluxesin
the three spatial diredions; and S represents the source
terms. The subscript i and v denote the inviscid and
viscous flow terms, respedively. For the Reynolds-
averaged Navier-Stokes equations the dependent
guantities and the inviscid fluxes can be written as
follows:
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where e is the total energy per unit volume; p is the
density; u,v and w are the X, y and z-diredion velocities,
respedively; p is the presaure; and g;'s represent color
tracas or turbulence transport quantities such as
turbulence kinetic energy and “undamped” eddy
viscosity in the pointwise turbulence models. Flow with

multiple spedes can adso be cmputed within this
framework. The first five rows represent terms from the
standard Euler equations with the first being the energy
equation followed by the ntinuity and three
momentum equations. The ejuation of state that couples
presare to density and temperature is the perfed gas
equation of state (p=pRT) which can be written in terms
of the conservation variables in the following way:
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were y is the ratio of the spedfic heas. The viscous
terms are defined as follows:
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where T is the temperature, K is the wefficient of
thermal conductivity, D is the mefficient of diffusivity,
and the viscous stressgsare defined as:

2 o wp
To = 20 o " 3HEx oy T a2

Py 2 Hu N wg
w=2H o "3 Ty T 3

ow 2 [bu ov owld
e s oy el

(bu ovQ ow v owld
B2 e B B

where the Stokes theorem for gases is assumed to hold
true, thus relating the second coefficient of viscosity, K,
to the dynamic viscosity, p, i.e. k=2/3 p. The
temperature can is related to the conservation quantities
via the equation of state:
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Abstract

Numericd simulations of several turbulent supersonic
flows related to scramjet combustors are caried out
using a new unified-grid computational methoddogy.
Five problems are considered: a 2-D ramp unit problem;
aredtaching turbulent shea layer, the 3-D University of
Virginia two-hole supersonic transverse Air-Air injedor;
and the NASA P2 and P8 supersonic inlets. The
numericd simulations are nducted using the
Reynolds-averaged Navier-Stokes equations along with
one-equation and threeequation pointwise turbulence
models.  Both turbulence models enable acarate
prediction of the flowfields and numericd results

compare favorably with experimental data in all cases.

| ntroduction

Efficient mixing of fuel and air at supersonic speels
remains a topic of grea interest and a subjed of
intensive study. It is well known that mixing in shea
layers and jets deaeases dramaticdly as the mnvedive
Madh number increases from low subsonic to supersonic
spedals. Various designs exist in the literature, ead with
a speda way to enhance this mixing process Some
examples are the two-hole transverse injedor from the
University of Virginia (UVA), the swept-ramp injedors
from UVA and Wright Labs (WL), and the nine-hole
“aeodynamic-ramp” injedor from WL. The swept-
ramp and nine-hole geometries rely on generation of
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streamwise vortices to enhance mixing. The newer nine-
hole design aims at minimizing the presaure lossas well.
The objedive of the design is to produce a
“aeodynamic ramp” rather than a physicd one present
in the swept ramp geometry, thus reducing the presaire
lossencountered in the latter. Fuller et. a [1] conducted
comparative experiments on the two designs at WL.
Their results owed improved nea-field mixing by the
nine-hole gproach as well as lower presare losses
compared to the swept ramp method. The two-hole
transverse injedor from the UVA consists of two
circular holes of equal diameter located donvnstream of a
badkward-fadng step. McDanidl et. al [2] conducted
experiments on this concept for the purpose of creding 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 topdogies which cepture the essntial feaures of
the real combustors are preferable.

In this paper, results from four experiments are used to
further validate the computational cgpabilities of the
unified-grid framework avail able in the CFD++ software
suite. The first problem is a 2-D supersonic flow over a
24 degreeramp by Settles et. al. [3]. The second is the
turbulent redtaching free shea layer by Samimy [4].
The third problem is the 3-D two-hole injedion case by



