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Abstract

This study considers analysis of data obtained from tests with a generic combustor model at the pulse fa-

cility T3 tocated in the Graduate Aeronautical Laboratories at California Institute of Technology (GALCIT). The anal-
ysis was performed using the numerical code GASP, version 2.2. Comparisons were made between the flow
predictions using Baldwin-Lomax and k-epsilon turbulence modeis. Computed predictions of mixing efficiency, wall
pressure signatures, eddy viscosity distributions, etc. obtained from both the turbulence models were similar, Comput-
ed wall pressure distributions agreed with those from experiments. Based on the results obtained, use of Baldwin -
Lomax turbulence model can be considered to be sufficient for the conditions considered, as it yields adequate predic-

tions with significant savings in computational cost.

1. Introduction

Inrecent years there has been a resurgence in research re-
lated o air-breathing propulsion systems. The primary
impetus  for this was the National Aecrospace
Plane(NASP) Program which had as its goal the develop-
ment of a vehicle capable of transatmospheric flight op-
erating in the hypervelocity regime. Predictions from
previous tests performed on scramjets operating in the
supersenic range may not be relevant for the hypersonic
case, It is for this reason that tests have been performed
at T5 (Hornung [1992]), the newest of the free-piston
driven, reflected shock tunnels, located at the Graduate
Aeronautical Laboratories at California Institute of
Technology (GALCIT). TS's capabilities atlow flow
simulations with free stream velocities up to 6 km/s. A
separate combustion-driven shock tunnel has been de-
signed to supply “hot” hydrogen. Similar to existing pro-
pulsion systems developed and used by both military and
civillan organizations, NASP will employ a propulsion
system that uses its fuel as a coolant also. The effect of
serving as a coolant on the fuel is an increase in enthalpy.
Thus, the availability of hot hydrogen in T5 allows for a
maore realistic simulation. Also, the high pressure condi-
tion {43.9 kPa) that 1s obtainable for the test gas is repre-
sentative of actual flight-capable propuisive systems.
Analysis of recent data obtained by Belanger
[1993], from tests of a generic combustor model (Fig. 1)
at TS5 is the subject of the present investigation. The tests
were conducted in a rectangular combustor model with
the dimensions of 7 mm (length) by 50.8 mm (width)
and 254 mm (height). Tests were performed with both
cold and heated hydrogen injected at an angle of 15 de-
grees into a mainstream of either air or nitrogen. The
analysis employs the use of an existing numericai code
and computed solutions to investigate performance char-

acteristics such as mixing. The numerical code, GASP
{General Aerodynamic Simulation Package} 2.2 devel-
oped by Walters et al. {1993] 1s used. Comparisons with
computational results are made with the measured pres-
sure signatures on the upper and lower {injection) walis
of the combustor.

Mixing of fuel and air is primarily governed by
the turbulent interactions in the flow feld. Thus the ap-
preach taken in modeling the turbulent interactions af-
fects the computed resulis. It is therefore proposed that
two different turbuience models be used to assess the ef-
fect of the choice of the turbulence model on the compu-
tations. Initially, Baldwin-Lomax (algebraic) model will
be used. Comparisons wiil then be made with resulis
from the two-equation k-epsiion model. The interaction
between the injectant and the main stream results in rath-
er elevated levels of shear stress near the injector. An al-
gebraic model’s predictions are usually considered to be
unreliable in such situations. A two-eguation model, on
the other hand, is the simplest complete turbulence mod-
el and is generally expected to yield reliable results atheit
at greater cost.

The primary objective of using an injector is to
deliver fuel so that a desired level of mixing of fuel and
air can be achieved over the length of the combustor. At
high mach numbers, rates of mixing are inherently lower.
Thus, a knowledge of the mixing rates is of extreme im-
portance for vehicles traveling in the hypersonic range.
The performance of the injector will be evaluated by
computing the mixing efficiency. This parameter could
not be measured in the experiment, Therefore, the com-
puted value is the only available source
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fig.d A schematic of the combustor model

2. Governing Equations and Boundary Conditions

The governing equations inciude three-dimensionai, vis-
cous, Parabolized Navier Stokes (PNS) equations and
the corresponding conservation equations of energy and
species and are given in Anderson et al. [1984] and in
‘Woods [1997]. Since the injectant is injected at a shallow
angle (15 degrees) to the main stream, thers is no recir-
culation near the injector. This is clearly evident in the
resonantly enhanced interferograms obtained by Be-
langer [1993]. Thus, the parabolized form of the Navier-
Stokes equations which neglect all streamwise gradients
except for the one involving pressure, would be appro-
priate to modei this flow. The advantage with this system
of equations is that streamwise marching is permitted.
This study censidered only those tests where hydrogen
was injected into a nitrogen main siream. Thus no chem-
tcal reactions had to be accounted for.

The inlet flow is supersonic, so the velocities,
static temperature, static pressure, and species concen-
tration are all fixed quantities derived from correspond-
ing entries in Woods [1997]. The no-slip condition is
applied to all the walls of the combustor. Because of the
inherent symmetry of the actual combustor, only one half
is simulated. The vertical plane, located at 2 = 0.0 m that
passes through the lower wali of the combustor was tak-
en to be plane of symmetry. The solid walls are held con-
stant at 300K, to reflect the small test times (1-2 ms)
encountered in T3. On the injection wall (lower wall},
over the injection region, values of density, temperature,
etc. were specified based on the information in Woods
[1997].

3. Grids
Computational simulation is performed with a two-di-
mensional grid as well as with a three-dimensional grid.

There are 230 grid points in the x-direction (principal
flow direction}, 72 in the y-direction (direction along the
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normal to the plane of the lower wall) and 44 grid points
in the z-direction. In the x-direction, the grid is clustered
at the infet to capture leading edge shocks. In the injec-
tion region the grid is uniformly spaced to capture the
large flow variations. The grid is also ¢lustered near all
the walls to capture the associated boundary layers. An
exponential formula was used to cluster the grids.

4. Numerical Code

The General Aerodynamic Simulation Package (GASP)
is used to analyze the test data from T3, The code GASP
solves the full Beynolds-averaged, compressible form of
the Navier-Stokes, energy and species conservation
equations. GASP can be run in explicit, implicit, space
marching or elliptic modes. The governing equations are
discretized using a finite volume approach and can be
solved for one, two, and three dimensional models.
GASP also solves subsets of the Navier-Stokes equations
including the Parabolized Navier-Stokes equations.The
code GASP has numerous physical modeling capabili-
ties and contains various algorithms for handling both in-
viscid and viscous fluxes.

For the inviscid fluxes, a full flux algorithm
with the Vigneron technique was used in the x-direction
{marching direction}. In the y- and z-directions, Roe’s
flux diffecence splitting methed with Harten correction
was used from the inlet to the beginning of the injector,
The more robust, Yan Leer’s vector splitting method was
employed from this point forward till the end of the com-
bustor. The viscous portions of the flow field in both y-
direction and z-direction were discretized using central
differences. No viscous terms were included in the
marching direction. Limiting algorithms were used to re-
duce oscitlations in the solution. Van Albeda’s limiter
was used in the marching direction, and Spekretise-Ven-
kat limiter was used in both y and z-directions. A two
species, hydrogen and nitrogen, chemistry model was
added to GASP for this computation. Both hydrogen and
nitrogen were taken to be ideal gases.

As stated earlier, a principal objective of this
study was to consider two different turbulence models -
the algebraic Baldwin-Lomax model and the two-equa-
tion k-epsiton model. The two-equation model used in
this study is the low-Reynolds number k-epsilon model
of Chien [1982]which reduces to the “standard” k-epsi-
ion mode! of Jones and Launder [1972] away from the
wall,

5. Results and Discussion

Based on the numerical procedure outlined previously,
the governing equations were solved on a CRAY T-90
platform, using the code GASP. Selected results are pre-
sented and discussed here,

All computations were performed with the two-
species, nitrogen and hydrogen, chemistry model. Both
species were taken to be ideal gases. In order to conserve



computational resources, only mixing runs were consid-
ered. These flows involved injection of hydrogen into a
nitrogen main stream and thus no chemical reactions had
to be accounted for. Previous studies (Belanger [1993])
indicate that the added heat release from combustion of
hydrogen with air does not affect the dynamics of the
flow significantly. Solutions were obtained with both the
Baldwin-Lomax and k-epsilon turbulence models.
Comparisons of computed pressure signatares
on the upper (non-injection) and lower (injection) walls
of the combustor model are made with the Baldwin-Lo-
max and k-epsilon models are shown in figure 2, The
pressure signature obtained with the Baldwin-Lomax
model shows good agreement with experimental results,
Likewise, the resulis obtained with the k-epsilon solution
also show good agreement with the experimental results,
The simulations differ slightly in the predicted value of
the first peak in the wall pressure for the upper wall.The
first peak in the wall pressures on the opposite wall results
from the incidence of the primary bow shock. Other
peaks in the pressure distribution on both the walls arise
from subsequent reflections of the primary bow shock.

An important goal of this study is to analyze the
extent of mixing between the nitrogen and hydrogen
streams. Mixing is affected to a large extent by the turbu-
lent interactions. Comparisons of eddy viscosity values,
from the two turbulence models, provide a reasonable
quantitative measure of turbulent interactions in the
flow. Bddy viscosity, ee, is a function of all three spatial
coordinates - %, v, and z. To show the variation of eddy
viscosity, it is plotted as a function of v for different x
and z locations, in figures (3a-3c¢). For each x, two loca-
tions of z are shoewn. These locations correspond to the
centerline (2 = 0.0 m) and near the far wall (z = 0.023637
m) respectively. The x locations correspond to upstream
of the injection region (x = (.105651 m), the plane pre-
ceding the injection region (x = (.165874 m), the plane
midway within the injection region (x = 0177358 m),
first plane downstream of the injection region (x =
(.188843 m), further downstream of the injection region
(x = 0.420846 m), and near the exit {x = 0.6543 m). The
regicn over which the fuel is injected in the computation-
al grid, extends from x = 0.166232 m to x = 0.187766 m,
and from z = 0.0 m t0 z =0.002012 m, with y = 0.0 m.

Upstream of the injection region, eddy viscosity
distribution is symmetric with respect to the y-axis {fig-
ure 3a). Also to be noted is the relatively elevated levels
of eddy viscosity near the wall (z= 0.023637m) when
compared with its value near the centertine (z=0). This
can be attributed to the corner flow where two boundary
layers meet, resulting in enhanced rurbulent interactions.
At locations downstream of injector, figures (3h-3c), as
expected, no symmetry about the y-axis is observed.
Near the injector a large increase in eddy viscosity is
seen. The loss of symmetry and the higher eddy viscosity
values are attributed to the rapid mixing of the injected
fuel and the mainstream nitrogen. At the first plane
downstream of the injection region (figure 3b), the Bald-

win-Lomax model predicts rapidly varying eddy viscos-
ity distribution. The predictions of the k-epsilon mods]
are better behaved. Further downstream (figure 3c¢), at
the centerline and near the far wall, the Baldwin-Lomax
model predicts higher values of eddy viscosity. Near the
exit, (figure 3¢), the solutions obtained by the two turbu-
lence models are similar and a good amount of mixing
seems to occur near the far wall.

Next, we will examine a parameter that quanti-
fies mixing, i.e. mixing efficiency. The mixing efficien-
cy is expressed as

wg‘puYRdAC

Mixing efficiency is a number between zero and
one and is defined as the fraction of the least available re-
actant that can undergo complete reaction without fur-
ther mixing. In the definition given above, mixing
efficiency is expressed as the ratic of two mass flow
rates, Yy is the mass fraction of the least available reac-
tant. In flow regions that are locaily fuel lean, Yy = ¥
ard in regions that are fuel rich, Yg = {1~ Yy}, where
fis the stoichiometric fuel-air mass ratio. The product of
pu Yp gives the local mass flux rate of the least available
reactant, Thus the numerator is the actuai local mass flow
rate of the least available reactant expressed in terms of
equivalent fuel flow rate. The denominator, is the maxi-
mum possible mass flow rate of the least available reac-
tant expressed in terms of equivalent mass flow rate of
the fuel. Thus, if the overall fuel-air ratio, ¢, is greater

than one, Mp = fmgygygen. If ¢ is less than one, then
Mg = Mg - The mixing efficiency results are shown

infig. 4. Both the turbalence models yield similar results,
The Baldwin-Lomax mode! shows generally higher val-
ues. However, at the exit of the combustor, both the tur-
bulence models give identical results. These
computations of mixing efficiency are consistent with
cross-stream distributions of fuel-mass fractions as well
as the behavior of eddy viscosity {(figs. 3a - 3c)

The results from the eddy viscosity predictions,
discussed earlier, are supported by the computed distri-
bution of the mixing efficiency shown in figure 4. Within
the injection region (at the x = (0.177358 m) the mixing
efficiency is relatively smali and a slight difference is ob-
served between the prediclions from the two turbulence
models. Stmilar resuits were found at this location for
eddy viscosity (figure 3h). Further downstreamn (x =
0.420846 m location) the predicted mixing efficiency
obtained from the Baldwin-Lomax solution is greater
than that from the k-epsilon model. This is in agreement
with results from the eddy viscosity predictions, (figure
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3¢). Near the exit (x = 0.654800 m) both the eddy viscos- turbulence models are almost identical.
ity predictions {figure 3c), and mixing efficiency predic-
tions (figure 4), as computed with these twe different
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6. Conclusions

A computational comparison has been made with results
obtained from tests with a generic combustor model at
T5. Both the turbulence models predicted a wall pressure
distribution that was in agreement with measured data.
The Baldwin-Lomax model in general predicted larger
values of eddy viscosity. The results from the eddy vis-
cosity predictions were supported by the evaluation of
the mixing efficiency. Similar to eddy viscosity predic-
tions, the mixing efficiency predictions between the k-
epsilon and Baldwin-Lomax turbulence models varied
slightly within the injection region. Further downstream
the Baldwin-Lomax turbulence model predicted higher
values. However, both models predicted an identical val-
ue for mixing efficiency at the exit of the combustor. For
the conditions considered in the present study, the use of
the simpler albebraic Baldwin-Lomax model is consid-
ered sufficient.
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