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Solid Fuel Ramjet Simulator Results:
Experiment and Analysis in Cold Flow

J. Richardson,* W.A. de Groot,* J.I. Jagoda,t R.E. Walterick,J I.E. Hubbartt,§ and W.C. Strahlef
Georgia Institute of Technology, Atlanta, Georgia

This paper presents laser-based experimental results and analytical results on two-dimensional backward-
facing step flows with mass injection from the bottom wall behind the step. The facility simulates the flowfield in
the flame stabilization region of a solid fueled ramjet. Measured are two components of velocity and shear stress
with and without secondary air injection. The same quantities are calculated for foreign-gas injection. The most
notable effect of blowing, both experimentally and analytically, is the appearance of a second recirculation zone.
Analytically and experimentally, it is found that the general size of the main recirculatory region diminishes with
increased blowing rate and that blowoff of the recirculation zone can occur at relatively low blowing rates. This
indicates that flame stabilization may be strongly affected by the actual blowing rate in a solid fuel ramjet
(SFRJ).

Nomenclature
Ci = mass fraction of species /
CM = turbulence constant
E = constant in law of the wall
H = step height
k = turbulence kinetic energy
Uj = velocity in the x/th coordinate direction
UT = friction velocity
V0 = injection velocity
x,y = coordinates
y = wall distance in law of the wall relations
e = turbulence energy dissipation
K = von Karmah constant
^ = molecular viscosity
fjiT = turbulent viscosity
u = kinematic viscosity
p = density
ac = turbulent (and laminar) Schmidt number ( = 0.9)
TW = shear stress

Superscripts and Subscripts
(-) = conventional time average
+ = nondimensionalized variables in law of the wall
0 = wall value

Introduction

SOLID fueled ramjets operate by ingestion of air and
subsequent combustion with a solid fuel.1 A low-velocity

region of flow near the head end of the fuel grain is imperative
for flame stabilization. This may be achieved by creating a
backward-facing step at the flow boundary, thereby forcing a
recirculation zone behind the step. In practice, the flow is
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highly turbulent and, even without combustion, is highly
complex.

A goal at this laboratory is to compute the solid fueled ram-
jet flowfield to an accuracy commensurate with establishing
scaling laws for quantities such as the flame blowoff limit and
fuel regression rate. To this end, a facility has been developed
to simulate a solid fueled ramjet flame stabilization region.

In the case of pure two-dimensional cold flow over a
backward-facing step, there has been considerable work by a
number of investigators, and a recent review article2 sum-
marizes this work. Such a flow was labeled as a standard flow
with a number 0420 assigned to it in Ref. 3. Reference 4 added
to the data base, using intrusive probes where possible.
However, this flow is not particularly amenable to intrusive
probe testing because there are reversed flow regions and the
turbulence velocities can oscillate between positive and
negative values. As a consequence, a laser velocimetry (LV)
system has been used here.

For the solid fueled ramjet, a unique aspect of the flowfield
is that there is mass addition from the wall. Questions that this
introduces include issues of movement, of the reattachment
point, creation of multiple recirculation zones, destabilization
of the flowfield, and change in mixing rates. There is also the
issue of calculability of the flow when the wall-blowing case is
considered. In this paper an LV system is used together with a
k-e calculation method to investigate the effects of blowing at
the wall with injection velocities typical of those in a solid
fueled ramjet. At the present time, cold flow is considered and
the sole injectant has been air. However, the calculations also
consider foreign-gas injection.

Facility
The tunnel has been described elsewhere,4 but it is a suction-

type tunnel, drawing air from the quiescent laboratory air. It
is shown in Fig. 1. Optical access is provided by optical-glass
side walls. Because this tunnel draws air from an irrotational
quiescent flow, and because the inlet run to the step is not long
enough for the top and bottom wall boundary layers to merge,
there should be a potential core to the flow at the step station.
It was noted in Ref. 4, however, and confirmed in this work,
that there is a freestream "turbulence" level of 2%. This can-
not be turbulence but must be an unsteady potential flow.
That is, it is acoustics generated by a noisy downstream flow.

Flows over backward-facing steps are notoriously unsteady
and are strongly facility-dependent.5 Therefore, it is believed
necessary here to present the acoustical spectrum obtained by



NOV.-DEC. 1985 SOLID FUEL RAMJET SIMULATOR RESULTS 489

a flush-mounted side-wall microphone near the reattachment
point location. It is seen in Fig. 2 that while there are some
tunnel resonances present, they do not have a lot of acoustic
power. Moreover, if the shear layer flapping phenomena of
Ref. 5 were present, there would have been a peak near 250
Hz, which there is not.

The bottom wall, behind the step, is a porous metal plate
through which secondary air or foreign gases may be blown.
Provision has been made for blowing of air, CO2, He, N2, and
H2. The experimental part of the present paper is concerned
only with the blowing of air.

The LV system is a two-component system (TSI 9100-7) fit-
ted with a 4-watt argon ion laser (Spectra Physics 164-08); it
operates in the backscatter mode, using two counter-type
signal processors (TSI 1990A). Bragg cell frequency shifters
(TSI 9108) in one beam of each of the two beam pairs permit a
detection of reversed flow. The frequency shift can be ad-
justed to local flow conditions to permit acceptance of the en-
tire velocity-related signal with maximum accuracy.

The LV system is mounted on an actuator, which is re-
motely controlled in three degrees of linear translation and
manually controlled in tilt. The seed material used was TiO2,
with a particle size of 0.2 /mi. This gives a dynamic relaxation
time of 0.46 jus. This seed material was introduced at the tun-
nel inlet. The porous plate will plug if the injectant flow is
seeded. As a consequence, there is no injectant seed and there
will be a velocity bias near the wall in the injection cases. Un-
fortunately, no bias correction can be used since no informa-
tion can be obtained about the unseeded injection flow.

The digital counter output delivers data when vertical and
axial velocity signals are received within a coincidence window
of 10 jLts. The data are digitally processed into probability den-
sity functions (pdf's) and joint pdf's, from which mean and
rms velocities and shear stress are calculated. Typical axial
velocity and joint vertical and axial velocity pdf's are shown in
Figs. 3 and 4.

Analysis
Procedure

From prior experience with manipulation of near wakes by
injection,6 the physical expectation is that the recirculation
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zone will be strongly modified by only moderate blowing.
Typical SFRJ blowing velocities are less than 1 m/s, which is
only of the order of 1% of the mean inlet flow speed. Never-
theless, some reasonably strong modifications to the flowfield
are expected.

A two-equation turbulence model (k-e) is used for the
analysis of the current flowfield.7'8 With the exception of the
new results introduced by wall blowing, this computation
method has been used by many workers,3'4 and will not be
fully documented here. A numerical code called TEACH,9'10

originally developed at Imperial College, is used for solution
of the elliptic differential equations with appropriate bound-
ary conditions; modifications introduced for calculation of
the present problem resulted in a program to be designated
TEACH-GT.

There are three primary modifications to the program.
First, there is 7% turbulence kinetic energy (k) production
added to the basic transport law to account approximately for
pressure-velocity correlations.11 This addition substantially
improves the reattachment length prediction in the nonblown
case.4 Secondly, for foreign-gas injection, a species conserva-
tion equation must be added and boundary conditions
developed. Thirdly, with foreign-gas injection, the problem
becomes one of variable density with its attendant difficulties.

Full documention of the modifications is located in Ref. 12.
Here only an outline will be given. The species concentration,
C/, for species /, is calculated from

(1)

An immediate problem will be seen in the use of Eq. (1) for
variable density flows: it is inexact. The more popular ap-
proach13 is to presume that all dependent variables are inter-
preted as Favre-average (mass-weighted) quantities, with the
exception of density, which is retained in its conventional
time-average form. The problem then arises as to how to
calculate mean density because, through the equation of state,
the mean density depends upon both Favre-weighted concen-
trations and their fluctuations. One approach14 is to carry
along another balance equation for the mean square concen-
tration fluctuation which, together with an assumed shape for
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a probability distribution of the fluctuation, will allow a mean
density calculation.

The equation for the concentration fluctuation variation
was inserted into the program. The result was that the rms
fluctuation level in density was too low (<4% of the mean
density) to affect strongly the calculation of mean density. As
a consequence, this calculation was dropped and it was con-
sidered that there is too little difference between conventional
and Favre averages to warrant the sophistication at this time.
When the reacting case is considered, this effect will, of
course, have to be included.

Available measured profiles of the dependent variables are
used to provide boundary conditions at the sudden expansion
inlet. Outlet boundary conditions impose zero gradients at 24
step heights downstream of the step. Numerical calculations
show this location to be sufficiently far downstream that the
calculations in the recirculation region are not affected by the
downstream conditions. For the solid surface boundary condi-
tions, algebraic relations are used that are consistent with the
"law of the wall." However, in the current case with wall
blowing, some additional developments are necessary.
Paralleling the Patankar and Spalding15 procedure and using
data from Kays and Moffat16 to check the mass addition
results, Ref. 12 contains a full description of the boundary
conditions' development. At this point a difference occurs be-
tween true SFRJ simulation and the current simulator. Since
the bottom wall of the apparatus is porous rather than solid,
the air from the main channel can diffuse into the plate. In
contrast, in an SFRJ the absolute air velocity perpendicular to
the wall must be zero at the wall. The boundary condition used
in this analysis is chosen to correspond to the actual ex-
perimental situation. The mass fraction of air is set zero at
"minus infinity" rather than specifying zero transport rate at
the wall.

A 31 -axial by 41 -vertical grid was used with an expanding
grid in the axial direction. The expansion ratio was 1.15. This
grid had achieved grid independence of the results in the no-
bleed case.4 This grid dependence was not investigated
separately for the bleed-flow cases. The effect of bleed flow is
only felt close to the porous wall where it is incorporated in the
boundary conditions. Since the bleed flow has a minimum ef-
fect on the gradients of the dependent variables as indicated by
the results and since only the change in gradients will lead to a
change in grid dependence, it is assumed that bleed has no ef-
fect on this dependence. The grid points next to the wall (one-
half grid spacing away from the wall) were the points at which
boundary conditions were applied. The balance equations
used at these near- wall points were continuity, momentum, k,
and C/ equations. The e was calculated from the law of the
wall relation

where ur is the friction velocity calculated from

with CM = 0.09. A law of the wall including blowing was de-
rived in Ref. 12, which yields the shear stress at the near- wall
grid point. It is

oCl/2kV2

Here E is the law of the wall constant, which is 9.5 for the
no-blowing case but varies with injection rate. From Ref. 12,
Fig. 5 shows this variation, which is able to match the results
of Ref. 16. In the above y+ = y ( C f l

l / 2 k ) l / 2 / v . Correcting the
shear stress at the near-wall point for the momentum due to
injection, the wall shear stress is
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Fig. 4 Joint pdf of axial and vertical velocities.
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which is applied at the wall as a condition on the momentum
equation.

The final piece of information needed is the wall condition
of C7. In Ref. 12 the condition needed is

where C/o and C, are the wall value and near- wall value of C,,
respectively. Here m+=p0V0/uTp and U+=U/UT. All non-
subscripted quantities refer to the near- wall node points. This
final equation is used together with the balance equation for
C/ near the wall to determine both C/ and C/Q.

Results
Figure 6 shows a velocity vector plot of the recirculation

zone comparing the no-bleed results with a bleed case, with
CO2 as the bleed gas. There are two dominant effects of bleed.
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First, there is the appearance of a second recirculation zone.
Second, the extent of the primary recirculation zone is less-
ened, with much less backflow. With bleed there is more "up
and away" flow than a dominant recirculation flow. Thus,
even at low blowing velocities, the recirculation zone is being
"blown off." This is also illustrated in Fig. 7, where CO2
mass fractions are displayed at about the mid-length point of
the original recirculation zone. The flat profiles at low injec-
tion rate are indicative of a well-stirred recirculation zone,
whereas the smooth diffusion profiles at high injection rate in-
dicate near blowoff of the recirculation flow.

This phenomenon may have important implications for the
flame stabilization characteristics for these flows.
Presumably, anchoring a flame in this region requires two
things—low velocity and a favorable (nearly stoichiometric)
fuel (injectant)/air ratio. Near blowoff, a favorable mixture
may occur somewhere in the flowfield, but the velocity may be
too high in the downstream direction.

Shown in Fig. 8 are the variations in the position of the two
flow reversal (loosely called reattachment) points with injec-
tion rate for three different injection rates. The influence of
injection is more nearly a volume flow than a mass flow
phenomenon for a given injectant velocity, as expected.
Notice that the downstream flow reversal point movement is
much weaker than the near-step point movement.

Other changes in the flowfield with injection are much less
pronounced. For example the mean streamwise velocity is lit-
tle affected, as seen in Fig. 9. The maximum value of the shear
stress at any axial location is shown in Fig. 10 for the case of
air injection. Again, there is little effect of injection on the
primary shear layer.

The main conclusion of the analysis is that for the blowing
velocities of interest there is little structural change of the main
mixing layer but that there can be a large change in the recir-
culatory region structure. This change may be deleterious to
the flame-holding capacity of the region due to a reduced
residence time of fuel in this region, but firm conclusions will
have to await further analysis and experimentation.

Experimental Results
Prior results4 obtained in the no-bleed case using hot-

wires and pitot probes were checked with the LV system. A
typical comparison of axial velocity obtained with these
methods is shown in Fig. 11, along with the analytical curve.
Several stations were compared to lend confidence in the LV
results. The development of the axial velocity profile with
downstream distance is shown in Fig. 12, all data being ob-
tained with the LV for the no-bleed case. Reattachment of the
shear layer occurs at 7.3 step heights downstream of the step,
and there is a single observable time mean recirculation zone,
in accordance with calculation.

Two bleed cases, both with air as the injectant, are reported
here. The injectant velocities were nominally 0.25 and 0.50
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bleed rate.
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m/s. There is a mild axial variation in the bleed velocity due to
a small pressure gradient in the tunnel. However, the pressure
drop across the porous plate is large compared with the
pressure variation in the tunnel.

First, notice the location of the zero axial velocity line in
Fig. 13. In accord with analytical expectations, there is very
little effect of blowing on this line's position. Referring back
to the calculations of Fig. 6 and tracing the zero axial velocity
line on the upper edge of the recirculation zones, there was lit-
tle effect to be expected by blowing. Prediction of the analysis
that there would be a mild shift of the downstream flow rever-
sal point toward the step did not materialize. Figure 13 shows
that this point is independent of the blowing rate.

As predicted, a second recirculation zone appears ex-
perimentally upon injection. This is shown in Fig. 14, viewing
the x/H position of 1.06. It should be borne in mind that the
k-e modeling used is least accurate near positions of flow
reversal because of the use of law of the wall boundary condi-
tions. The fact that two recirculation regions are found ex-
perimentally lends some more confidence in the calculation
method, even though the calculation only predicts a secondary
recirculation zone length of x/H = 0.4. Importantly, the non-
shift of the zero axial velocity line and the diminution in size
of the primary recirculation zone confirms the analytical
prediction that blowing probably reduces the flame-holding
effectiveness of the region.

The calculation method does come under some "stress,"
however, when one looks at the predictions of shear stress.
Shown in Fig. 15 is the maximum value of the shear stress at
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Fig. 11 Comparison of various measurements and theory for the ax-
ial mean velocity profile.
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Fig. 12 Development of the mean axial velocity profile with no bleed
against axial distance.

each axial location. Recall that the analysis predicts very little
change with blowing, with a mild reduction in the absolute
value of the maximum with an increase in blowing rate. In Fig.
15, there is a mild increase in the value of shear stress at both
low and high x/H but litle change in the absolute maximum
value. This indicates an increase in turbulent transport rates
with a blowing increase. Such behavior would be beneficial to
flame stabilization, in contrast to the opposing effect of
diminution of the recirculatory region extent. Firm conclu-
sions, however, must await further Rayleigh scattering
measurements of species transport.
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Conclusions
Blowing at the wall behind a backward-facing step in a

simulation of the SFRJ flame stabilization region produces the
following effects:

1) A second recirculation zone appears.
2) There is diminution of extent of the primary recircula-

tion zone with increased blowing and a lessening of the
recirculatory strength, which is viewed as destabilizing
from a flame-holding point of view.

3) Turbulent transport rates appear to increase with a
blowing rate increase that is viewed as stabilizing in-
sofar as flame holding is concerned.

Future experiments must concentrate on species concentra-
tion measurements made simultaneously with velocity
measurements to confirm or deny the mass transport conclu-
sion intimated previously.
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