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Introduction

THE ram accelerator1 is a propulsion concept based on us-
ing shock-induced combustion to accelerate projectiles to

very high velocities. In a ram accelerator, a projectile travels
at supersonic speeds in a launch tube filled with a premixed
fuel-oxidizer mixture. Depending on the projectile velocity
and the mixture, different forms of shock-induced combustion
produce the high pressure on the projectile. If the projectile
velocity is greater than the Chapman-Jouget (C-J) velocity
of the mixture, oblique detonations can be stabilized on the
projectile body2'3 to generate the high pressure. On the other
hand, if the projectile velocity is lower than the C-J velocity,
energy released in the combustion in the recirculation region
behind the projectile can thermally choke the downstream flow
to maintain a high-pressure region on the projectile.4'5 This
high-pressure region provides the needed thrust for projectile
acceleration and also controls the projectile stability.

Projectile stability is an importance issue in the ram-accel-
erator development. An unstable projectile can result in fin
erosion, projectile canting, and, ultimately, launch failure. In
this study, we focus on projectile stability under the thermally
choked condition. Our approach here is to use numerical sim-
ulations to analyze the pressure distribution on projectiles that
are slightly perturbed from their normal positions to determine
if the perturbation is augmented or corrected by the pressure
imbalance on the projectile body. The same approach can read-
ily be extended to analyze the stability of projectiles under
other conditions.

Physical Models and Numerical Methods
The conservation equations for mass, momentum, energy,

and individual species are solved using the flux-corrected
transport algorithm (FCT)6 in conjunction with a two-step, re-
duced-chemistry model.7 In the simulations, the virtual cell
embedding (VCE)8 technique is used to accurately represent
the complex shape of the ram-accelerator projectile on an or-
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thogonal mesh. The physical models and numerical methods
used here have been extensively validated and applied for dif-
ferent flow conditions.8'9 In this work, two-dimensional, reac-
tive flow simulations were used to provide the pressure infor-
mation on the projectile. The results obtained from these
simulations are not only directly useful to future improvements
in the projectile design, but also provide a guide for more
comprehensive, three-dimensional studies of this issue.

Results and Discussion
The projectile used in this study is similar to those used in

the experiments at the University of Washington,4 and the ge-
ometric specifications of the projectile are shown in Fig. 1. In
the simulations, the hydrogen-air mixture (molar fraction, H2:
O2:N2/2:1:3.76) was used. The inlet pressure and temperature
were 25 atm and 300 K, respectively. The projectile velocity
was 1250 m/s and the Mach number was 3.01. In this work,
we simulated the flow around projectiles at three different po-
sitions. The projectile positions were 1) the center axis of the
projectile was at the tube axis, 2) the projectile axis was trans-
lated 0.1 cm downward from the tube axis, and 3) the projec-
tile axis was rotated 1.5-deg counterclockwise from the tube
axis. The size of the computational domain was 25.0 X 3.8
cm2. The upper and lower boundaries represented the inner
wall of the ram-accelerator launch tube. Two cell sizes, 0.05
and 0.025 cm, were used for the centered projectile and the
results show that the solutions were grid-independent. There-
fore, the cell size of 0.05 cm was used in all of the simulations.

For each projectile position, we performed three types of
simulations.

1) A nonreactive flow simulation: in this case, the pressure
profile on the projectile is controlled by the reflected shocks
between the projectile surface and the tube wall. These non-
reactive simulations provide the baseline results.

2) A reactive flow simulation initiated with a simulated start-
ing process for the thermally choked operation: This numerical
starting process produces a pressure pulse similar to that gen-
erated in the actual starting process in the experiments using
an obturator.1 A simulation of this type represents a reactive
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Fig. 1 Schematic of the projectile used in the simulations and
the pressure and H2O vapor concentration fields from the simu-
lation of the reactive flow around the centered projectile.
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Table 1 Torque on the projectile from the type-b* simulations
(N-m per unit length)

Projectile axis
Centered
Translated
Rotated

3.4
-4.0 to 3.0

2.6 to 5.0 X 103

-2.2 to -1.5 X 104

Location of c.m., cm
7.4

-6.0 to 14.0
3.0 to 5.4 X 102

-9.0 to -5.5 X 103

11.4
-40.0 to 30.0

-2.3 to -1.4 X 102

2.8 to 3.2 X 103

aA nonnal shock is maintained on the rear of the projectile by thermally choked combustion.

Table 2 Torque on the projectile from the type-ca simulations
(N-m per unit length)

Projectile axis
Centered
Translated
Rotated

3.4
-18.0 to 24.0

1.8 to 2.4 X 103

-5.2 to -3.5 X 103

Location of c.m., cm
7.4

-2.0 to 10.0
3.2 to 4.5 X 102

2.3 to -8.5 X 103

11.4
-3.5 to 2.0

-2.8 to -1.2 X 103

1.0 to 1.6 X 103

aNo normal shocks are maintained on the rear of the projectile by thermally choked combustion.

flowfield around a ram-accelerator projectile in a successful
launch. In this case, the starting pressure pulse generates ther-
mally choked combustion behind the projectile and a normal
shock is maintained on the rear part of projectile by the high
pressure generated in the combustion process. This shock is
crucial for providing the high pressure on the rear part of the
projectile for its acceleration.

3) A reactive flow simulation initiated without the simulated
starting process: A calculation of this type simulates the flow-
field around the projectile in a failed launch in which there are
no normal shocks maintained on the rear part of the projectile
and, therefore, the projectile decelerates. In this case, there is
only a small combustion region behind the projectile base. The
energy release from combustion is too weak to choke the flow
and the pressure distribution on the projectile is quite similar
to that from the nonreactive simulation.

In Fig. 1, we also show the pressure and H2O vapor con-
centration (combustion product) around the projectile from the
type-b simulation (with the starting process) for the centered
projectile to illustrate major flow features. Details of the flow-
field can be found in Ref. 10. On the front part of the projec-
tile, there are a series of reflected shock and expansion waves..
On the rear part of the projectile, a normal shock is maintained
by the high pressure generated in the thermally choked con>
bustion behind the projectile base. The combustion region lo-
cated behind the projectile is identified by H2O vapor shown
in the figure.

Figure 2 shows the pressure profiles on the projectile from
the type-b simulations for the centered, rotated, and translated
projectile. These profiles show the location and strength of the
normal shock on the projectile. On the centered projectile, the
pressure profiles on both the upper and lower surfaces are
nearly identical. The peak pressure behind the normal shock
reaches as high as 5.5 X 104 kPa, which is more than 20 times
that of the inlet pressure. On the translated projectile, the lo-
cations of the reflected shock and expansion waves are quite
similar on both surfaces. The reflected shocks on the front part
are stronger and less influenced by the expansion waves on
the lower surface than those on the upper surface because of
the narrower passage between the lower surface and the wall.
Both the strength and location of the normal shocks on the
rear part are very close to each other. On the rotated projectile,
the pressure profiles on the lower and upper surfaces are very
different. The reflected shocks and the normal shock are sig-
nificantly stronger on the upper surface than their counterparts
on the lower surface. Also, the normal shock location is more
forward on the upper surface than that on the lower surface,
creating a larger high-pressure region.
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Fig. 2 Pressure distributions on the lower and upper surfaces of
the centered, translated, and rotated projectiles from the type-b
(with the starting process) simulations.

From the pressure profiles on the projectile, the aerodynamic
torque on the projectile was calculated for different c.m. lo-
cations of the projectile (3.4, 7.4, and 11.4 cm from the tip).
Tables 1 and 2 show the results from the type-b and type-c
simulations, respectively. The c.m. location at 7.4 cm from the
tip is very similar to that of projectiles used in the experi-
ments.4 For all three c.m. locations, the aerodynamic torque
on the centered projectile is very small from either the type-b
or type-c simulation. The torque on the translated projectile is
significant for both types of simulations. Therefore, projectile
translation leads to projectile rotation (canting). For the for-
ward and middle c.m. locations (3.4 and 7.4 cm from the tip),
the aerodynamic torque rotates the projectile counterclockwise
and, for the rear c.m. location (11.4 cm from the tip), the
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torque rotates the projectile clockwise. On the rotated projec-
tile with the c.m. at 3.4 cm from the tip, the torque is coun-
terclockwise for either the type-b or type-c simulations and,
therefore, tends to restore the projectile to its centered position.
If the c.m. is at 7.4 cm, the torque is counterclockwise in the
type-b simulation and clockwise in the type-c simulation.
Therefore, the aerodynamic torque stabilizes the projectile if a
normal shock is maintained on the rear part of the projectile
and destabilizes the projectile if this shock is absent. On the
projectile with the c.m. at 11.4 cm, the torque is clockwise for
both types of simulations and, hence, destabilizes the projec-
tile.

Conclusions
We have analyzed the stability of the projectile in the ther-

mally choked ram accelerator based on the pressure informa-
tion obtained from two-dimensional, reactive flow simulations.
The analysis shows that the aerodynamic torque generated by
the pressure imbalance because of a perturbation in the pro-
jectile position stabilizes the projectile if the c.m. of the pro-
jectile is near the projectile tip, and destabilizes the projectile
if the c.m. is close to the projectile base. For the projectile
with its c.m. located in the middle part of the projectile, similar
to the projectile used in the experiments,4 the aerodynamic
torque stabilizes the projectile if a normal shock is maintained
on the rear part of the projectile by the thermally choked com-
bustion and destabilizes the projectile if this normal shock is
absent. Since this thermally choked shock tends to stabilize the
projectile, projectile canting could possibly be more serious in
a failed launch process in which no thermally choked normal
shocks are maintained on the rear part of the projectile. The
normal shock generated by the thermally choked combustion
is the key feature of the pressure distribution on the projectile
and plays an important role in the projectile stability.
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Nomenclature
A = constant (=26.0) in van Driest's damping function
k = roughness height
ks = equivalent sand-grain roughness height
k* = roughness Reynolds number, ksurlv
«, v = velocity components in the streamwise and the

normal to surface direction
ur = frictional velocity
*, y = coordinates in the streamwise and the normal to

boundary-layer surface directions
0 = momentum thickness
x = von K£rmdn constant, 0.41
v - kinematic molecular viscosity
vt = kinematic eddy viscosity

Superscript
+ = quantity normalized by vlur

Introduction

A COUSTIC lining materials are widely used in inlets and
exhaust nozzles to reduce engine noise. These acousti-

cally treated surfaces are aerodynamically rough and cause the
turbulent boundary layer to thicken more rapidly than for a
smooth surface. Separation locations, the size of the separation
bubbles, and the performance of inlets and nozzles all change
with roughness. Including surface roughness effects in com-
putational fluid dynamics simulation of fluid flows is, there-
fore, necessary to improve the accuracy of aerodynamic per-
formance prediction for inlets and nozzles, etc.

The roughness effect on the boundary-layer velocity profile
can be accounted for by modifying the eddy dissipation near
rough wall surface as suggested by Rotta.1 Rotta interpreted
surface roughness as a reduction of the viscous sublayer. He
suggested that the universal law of the wall applies when the
plane of reference is shifted in the coordinate direction toward
the wall by a small distance R as illustrated in Fig. 1.

Based on the Rotta concept,1 Cebeci and Chang (C-C) (Ref.
2) developed a roughness model by modifying the inner model
of Cebeci and Smith's algebraic turbulence model to include
the surface roughness effect. They shifted the reference coor-
dinate system by R toward the wall and calculated the eddy
viscosity based on the effective distance from wall, y + R:

dw
dy

where a shift from the wall surface R is a function of t
the boundary-layer properties, and was written as

R = (0.9iVwT)[V*? - # exp(-#76)]

(D

and

(2)

Presented as Paper 95-7087 at the 12th ISABE in Melbourne, Aus-
tralia, Sept. 10-15, 1995; received Oct. 9, 1995; revision received
Feb. 12, 1996; accepted for publication Feb. 22, 1996. Copyright ©
1996 by J. Lee and G. C. Paynter. Published by the American Institute
of Aeronautics and Astronautics, Inc., with permission.

"•Principal Engineer, Propulsion Research CFD, M/S 49-53. Mem-
ber AIAA.

fPropulsion Research CFD, M/S 49-53. Associate Fellow AIAA.


