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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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Modified Spalart-Allmaras
One-Equation Turbulence Model
for Rough Wall Boundary Layers
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Nomenclature
A = constant (=26.0) in van Driest's damping function
k = roughness height
ks = equivalent sand-grain roughness height
kf = roughness Reynolds number, ksurlv
u, v = velocity components in the streamwise and the

normal to surface direction
UT = factional velocity
x, y = coordinates in the streamwise and the normal to

boundary-layer surface directions
0 = momentum thickness
x - von Kdrmdn 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:

+ *)+T^——J (D

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

R = ? - ^ exp(-#76)] (2)
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smooth
surface

Fig. 1 Boundary-layer thickening on a rough surface and a ref-
erence coordinates system (x-y).

Equation (1) implies that the eddy viscosity on a rough wall
is nonzero and increases with the modified mixing length y +
/?, which results in a reduction of the viscous sublayer. The
C-C model was evaluated using a parabolic marching code
for two-dimensional turbulent boundary-layer flows3 and a
Navier-Stokes code, PARC (Ref. 4). The model works well
in predicting turbulent boundary-layer flows over acoustically
treated rough surfaces when there is no flow separation.2'5'6
However, to predict separated boundary-layer flows in three
dimension and installed inlet and nozzle flows, a roughness
model based on a transport equation-type turbulence model is
needed.

The objective of the present study was to develop a transport
equation-type turbulence model for boundary-layer flows over
rough surfaces by modifying the Spalart-Allmaras (S-A)
one-equation turbulence model.7

Approach
The S-A turbulence model was shifted by a distance R to-

ward the wall using a similar coordinate transformation to that
for the C-C model. The model equation was also simplified
to implement into a two-dimensional, parabolized, steady-state
boundary-layer analysis code4 as

df> dp
T"dy

1
"dy

dv\ .
> — + cbl&

d + R (3)

where

5 = 5 + RY fw = g

/.2 = l - cw2(r6 - r)

r = + R)2

Here, 5 is the magnitude of vorticity and d is the distance
from the surface. R is defined by Eq. (1). Note that the coor-
dinate transformation changed the production and destruction
terms and the coefficients of the S-A model. The kinematic
eddy viscosity is obtained using

(4)

where

«*

The empirical constants, CM, cb2, &, cwl9 cw2, cw3, cvlt and x
are the same as the values used in the original S-A model.

The boundary condition on rough surface was estimated by
setting v = 0 in Eq. (1):

(5)

The eddy viscosity profile at the starting location was ini-
tialized using the C-C turbulence model based on the incom-
ing velocity profile. The velocity profile at the starting location
was estimated by Cole's compressible law of the wall and
wake formula using the experimental momentum thickness and
shape factor.

Equation (3) was discretized using an upwind differencing
scheme combined with linearization of the source terms to
adapt to the boundary-layer analysis code. The resulting tri-
diagonal matrix (TDM) form of Eq. (3) was solved using a
TDM solution algorithm, decoupled from the solution of the
boundary-layer equations. The modified S-A model usually
converged to a satisfactory solution within two inner iterations.
The first grid spacing parallel to the rough surface was refined
to maintain the y+ value on the order of 0.5.

The equivalent sand-grain roughness heights for the rough
surfaces considered in the present study were the same values
used by Cebeci and Chang.2 In general, a &s for a rough surface
can be determined using a two-dimensional boundary-layer
method by varying fc5 input until the predicted momentum
thickness growth matches that which was obtained experimen-
tally. The growth of momentum thickness is considered be-
cause it is closely related with the pressure loss because of
surface roughness.

Results and Discussion
The modified S-A turbulence model was evaluated using

experimental momentum thickness growth data for the bound-
ary-layer development over acoustically treated surfaces.8'11

The growth of measured momentum thickness was compared
with those predicted using the C-C and the modified S-A
model.

Figure 2 shows typical velocity profiles plotted on a semi-
logarithmic inner coordinate system that were predicted using
the modified S-A model. It clearly shows the reduction of
viscous sublayer and the downshift of the velocity profiles due
to roughness which is consistent with the experimental data.

Figure 3 shows the comparisons of measured momentum
thickness growths and predicted results using the C-C and the

logy+
Fig. 2 Downshift of near-wall velocity profile from surface
roughness effect.
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Fig. 3 Comparison of predicted and measured momentum thick-
nesses for boundary-layer flows under zero pressure gradient.

modified S-A models for Betterman's and Arndt et al.'s tests.
For both comparisons shown, surface roughness conditions
were varied by two levels at a fixed freestream velocity of 30
m/s. The predicted results using the modified S-A model are
in good agreement with the measured data over a distance of
approximately 1 m. However, Fig. 3 shows that the C-C
model predicts the momentum thickness growth more accu-
rately than the S-A model at the ks values used. The slight
overprediction tendency with the S-A model is partly because
of the fundamental difference between the two turbulence
models. Another reason could be that the ks values reported
by Cebeci and Chang2 might be slightly higher than for the
modified S-A model. No attempt was made in the present
study to obtain the best agreement by slightly lowering ks val-
ues for the modified S-A model.

The effect of pressure gradient on the boundary-layer de-
velopment on rough surfaces was examined using Coleman
et al.10 and Scottron et al.11 tests for favorable and adverse
pressure gradient conditions, respectively. Their tests were
conducted at two different levels of pressure gradient while
keeping the freestream velocity and surface roughness condi-
tions the same. Predicted and measured results are compared
in Fig. 4. The predicted momentum thickness growth for both
the C-C and the S-A models are in good agreement with the
experimental data except that both the C-C and the modified
S-A models overpredicted the experimental results for the
strong adverse pressure gradient case. This overprediction with
strong adverse pressure gradient may be attributed to the lim-
ited capability of the parabolic boundary-layer analysis method
that was used in the present study.
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Fig. 4 Comparison of predicted and measured momentum thick-
nesses for boundary-layer flows under favorable and adverse pres-
sure gradients.

Conclusions
A turbulence model for boundary-layer flows over rough

surfaces has been developed by modifying the S-A one-equa-
tion turbulence model. The model was evaluated against ex-
perimental data for flows developing over acoustically treated
rough surfaces with different surface roughness, freestream ve-
locity, and pressure gradient conditions. The modified S-A
turbulence model was demonstrated by predicting boundary-
layer flows over rough surfaces. The developed modeling ap-
proach based on a transport-type turbulence model should en-
able the three-dimensional Navier-Stokes analysis of inlets
and nozzles to include roughness effects for more accurate
performance predictions.
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Boundary-Layer Tripping
by a Roughness Element
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Introduction

BOUNDARY-LAYER tripping is desired in scramjet as
well as heat-exchanger design to enhance, respectively,

mixing and heat transfer rates. Furthermore, the achievement
of earlier transition by artificial tripping of the boundary layer
is often desired in wind-tunnel operations to simulate turbulent
boundary-layer behavior at full-scale Reynolds numbers. The
most common method for tripping the boundary layer is the
use of roughness. The existence of roughness enhances the
instability of the flow and accelerates the onset of transition
and, consequently, the occurrence of turbulence. It is known
that tripping the boundary layer with roughness elements be-
comes more difficult at higher speeds. This was first evident
because large-diameter wires were needed to trip the boundary
layer at high speeds.

The occurrence of laminar separation on aerodynamic sur-
faces increases pressure drag that results in a reduction in the
efficiency of these surfaces. Separation can result from a lo-
calized adverse pressure gradient created by surface roughness,
or it can result from extended regions of adverse pressure gra-
dient because of the curvature of the surface. In both cases,
the flow may separate while it is still laminar.1 In situations in
which laminar separation is about to occur, tripping the bound-
ary layer so that it remains attached is preferable. Transition
causes the point of separation to move downstream because in
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a turbulent boundary layer the accelerating influence of the
external flow extends farther because of turbulent mixing. This
in turn, reduces the pressure drag.

The critical tripping height of a roughness element is defined
as the minimum height that causes transition at the downstream
end of the roughness element. In this work, we quantify the
variation of the critical tripping height of a roughness element
with parameters such as the freestream Mach and Reynolds
numbers and the length of the roughness element. Our ap-
proach consists of using linear stability theory, coupled with
the empirical eN method, to predict the transition onset loca-
tion.

The presence of a roughness element on a surface can pro-
duce a separation bubble behind it if and when its height be-
comes sufficiently large. In such flows, both a strong viscous-
inviscid interaction and an upstream influence are known to
exist. The conventional boundary-layer formulation fails to
predict such flows; therefore, one needs to use a triple-deck
theory, an interacting boundary layer (IBL) theory,2 or a
Navier-Stokes solver to analyze them. In this work we use
the IBL theory to predict such flows.

The numerical results presented in this work are for two-
dimensional compressible subsonic flow over a single, smooth,
two-dimensional hump on a flat plate. The results are for a
two-parameter family of symmetric hump shapes given by

where

y = y*/L* = (k*/L*)f(z) = kf(z)

z = 2(jt* - L*)/A* = 2(jc -

/(z) = if | z > l |

(D

(2)

(3)

Here, k* is the dimensional height of the symmetric hump; it
is positive for a hump and negative for a dip. The parameter
A* is the dimensional length of the hump with the center lo-
cated at ** = L*.

For stability analysis, we use spatial quasiparallel instability.
By solving the linear instability eigenvalue problem, we obtain
the disturbance-wave growth rate as a function of location on
the flat surface. The transition onset location is then empiri-
cally correlated with the location at which the integrated
growth rate (AT factor) of the disturbance wave reaches a cer-
tain value. This is the empirical W-factor transition criterion
(i.e., the criterion that utilizes the eN method) proposed by
Smith and Gamberoni3 based on experimental data (see also
Jaffe et al.4). For flow over a flat plate, transition was found
to occur when the N factor reached a value close to 9. We
denote the value of Rex at which the N factor reaches a value
of 9 by (/te,W

The length of a roughness element influences considerably
the predicted transition onset location.5 However, the effect of
the length of a roughness element on flow instability and tran-
sition location is usually overlooked in the literature. Although
the experimental correlations of Page6 and Carmichael7 ac-
count for the effect of roughness length on transition location,
the commonly used Rek correlation does not.

The role of the hump length is opposite that of the hump
height. If the nondimensional length A = A*/L* of a hump at
a fixed height is decreased, then the location where the N factor
first reaches a value of 9 is shifted upstream. When the rough-
ness element becomes so short that its length falls below a
certain critical value, the upstream movement of the transition
location slows down considerably, and the predicted transition
location approaches the downstream end of the roughness ele-
ment.

Variation of the nondimensional critical tripping height £crit
with the nondimensional length of the hump A is shown in Fig.
1. The results are for incompressible flow at a freestream


