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Supersonic Breakaway Separation
Past an Adiabatic Wavy Wall

Alric P. Rothmayer¤

Iowa State University, Ames, Iowa 50011

Triple-deck free interactions for breakaway separation are computed for � ow past an adiabaticwavy wall. These
solutions depend on a phase shift, which positions the breakaway separation relative to the wavy wall. It is found
that the downstream shear layer slope of the breakaway separation is largely unaffected by the wavy wall.

Nomenclature
A = displacement function
F = wall geometry
h = height of wavy wall
k = gridpoint for periodicity condition
m = exponent of growing wavy wall
N = maximum Y gridpoint
P = pressure
P0 = far downstream pressure asymptote and slope of

breakaway shear layer
T = � ctitious time
U = streamwise velocity
V = normal velocity
X = streamwise coordinate
Y = normal coordinate
b = pressure gradient
D T = � ctitious temporal step
D X = streamwise grid spacing
j = relaxation parameter
k X = streamwise wavelength of wavy wall
v = streamwise phase shift of wavy wall

Subscripts

i = streamwise X gridpoint
j = vertical Y gridpoint

Superscript

g = guessed values

Central Triple-Deck Problem

T HE triple-deck structure and the breakaway separation eigen-
solution are given in the studies of Neiland1 and Stewartson

and Williams.2 The main assumptions of the triple-deck equations
used in this study are that the Reynolds number is large, the Mach
number is � nite and supersonic, and the wavy wall is adiabatic, or
approximatelyconstanttemperature.The Reynoldsnumberscalings
of the triple deck are shown in Fig. 1, where the Reynolds number
Re D T 1V1 L/ l 1 is based on a characteristicvelocity V1, density
T 1, and viscosity l 1 , typically taken to be freestream values. L
is a characteristic length of the body in question. The triple deck
involvesan interactionbetween a slow moving viscous sublayer,or
lower deck, and a predominantly inviscid outer deck, as shown in
Fig. 1. The interaction occurs through a passive main deck, which
is a linearized displacement of the oncoming boundary-layer � ow.
Because the � ow velocities within the lower deck are close to zero,
it can be described by a low Mach number approximation. The
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further assumption of an adiabatic, or almost constant temperature,
wall, leads to incompressible � ow in this layer, which is found to
be governed by the incompressibleboundary-layerequations

UX C VY D 0 (1)

and

UUX C V UY D ¡ b C UY Y (2)

where b D PX (X ) is the pressure gradient, X and Y are the scaled
streamwise and normal coordinates within the lower deck (after a
coordinateshearingtransformationhasbeen applied;seeFig.1), and
U and V are the scaled and shear transformed lower-deck velocity
components in the X and Y directions, respectively.One boundary
condition is matching with the main deck:

U ! Y C A(X ) C F(X ) as Y ! 1 (3)

where Y is effectively the shear pro� le of the oncoming boundary
layer, A(X ) is proportionalto the displacement thicknessof the vis-
cous sublayer, and F(X ) is the wall shape. Two transformations
have been applied to the preceding equations. One removes con-
stant parameters in the equations,such as the upstream shear stress,
the Mach number, and the Chapman viscosity constant. The other
is a coordinate shearing transformation, which introduces F(X ) to
Eq. (3). The reader may consult Ref. 3 for further details. The re-
maining boundary conditions are no-slip conditions applied at the
surface of the wavy wall. In the body-� tted sheared coordinates
these are

U (X, 0) D V (X, 0) D 0

The inviscid outer-deck � ow is governed by a supersonic small-
disturbance equation, whose solution gives Ackeret’s law

P D ¡AX or b D ¡AX X (4)

Numerical Methods for the Boundary-Layer Equations
The boundary-layer algorithms used here closely parallel those

used by Veldman4 and Davis and Werle5 for the interacting bound-
ary-layer equations. In all algorithms, one of the following is intro-
duced for the pressure or pressure gradient:

b Y D 0, PY D 0

These equations, together with the mass and momentum equations
(1) and (2), are Newton linearized and parabolicallydifferenced in
a second-orderaccurate manner. In regions of � ow reversal either a
second-orderupwinddifferencemethodor a FLARE approximation
is used, i.e., neglectUUX when U < 0. The resultingsystem of � nite
difference equations is inverted in the Y direction at each stream-
wise X station using a block tridiagonal algorithm. The boundary
conditions at the wall are the two no-slip conditions,U D V D 0. At
large Y , the boundary condition is Eq. (3).

If A(X ) and F(X ) in Eq. (3) are known functions of X , then
the resulting � nite difference equations can be iterated to conver-
genceat eachstreamwisestation,for attached� ows, and the solution
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Fig. 1 Supersonic triple deck.

consists of a single parabolicpass in X . Introducinga P( A) or b ( A)
relation of form (4) does not allow a single-pass solution. Rather,
Eq. (4) must be differenced to allow the solution at a particular X
station to react to downstream effects. A multiple pass upstream to
downstream solution, or global iteration, is then implemented with
the Newton linearization and boundary value problem for A(X )
converged simultaneously.

The preceding algorithm is acceleratedusing two differentmeth-
ods, to be discussed subsequently.In all cases, the accelerationcon-
sists of a single downstreampass of the global iteration followed by
the inversionofa singleordinarydifferentialequationin X for A(X).

Numerical Methods for Globally Iterated
Supersonic Flows

In all cases, the � nite difference form of the boundary condition
(3), i.e.,

Ui N D YN C Ai C Fi

is rewritten in one of the following forms by using a P( A) or b ( A)
relation (4):

Ui, N C Ci Pi, N D Ri (5a)

or

Ui, N C Ci b i, N D Ri (5b)

where N is the topmost gridpoint in the Y direction. The coupling
is completely implicit in the sense of a Veldman4 and Davis and
Werle5 algorithmbecause the entire effect of the local displacement
function is removed and written in terms of variables within the
boundary layer.

Pressure-Based Algorithm
The P( A) relation (4) is forward differenced to allow the triple

deck to react to downstream boundary conditions, in the form

Pi, N D ¡(AX )i D ¡
¡3Ai C 4Ai C 1 ¡ Ai C 2

2D X
Solving for Ai and substituting into the U -matching condition (3)
gives an equation of the form of Eq. (5a). This method converges
very slowly, if at all. The convergence problem was circumvented
by the alternating direction explicit (ADE) method of Davis.6 The
ADE methodwill be discussed in the AccelerationSchemes section.

Pressure-Gradient-Based Algorithm
The interactionlaw, b ( A), for the triple deck in pressuregradient

form is given by the following central differenced expression:

b i, N D ¡(AX X )i D ¡
Ai ¡ 1 ¡ 2Ai C Ai C 1

D X 2

Solving this equation for Ai and substituting into Eq. (3) gives the
following form of the boundary condition (5b):

Ui, N ¡
D X 2

2
b i, N D YN C

Ai ¡ 1 C Ai C 1

2
C Fi

This method is reasonably stable, but also converges slowly (see
Fig. 2).

Convergence Issues
The convergence of the triple-deck method for supersonic inter-

actions is usually controlled by the amount of upstream in� uence
present in the � ow. That is, convergenceis controlledby the relative
importance of the downstream Ai . To illustrate this idea, consider
the pressure gradient algorithm

b D PX D ¡AX X (6)

A second-order accurate central differenceof this b ( A) relation is

b i, N D ¡(AX X )i D ¡
Ai C 1 ¡ 2Ai C Ai ¡ 1

D X 2

This equation gives a 2/1 ratio for the effect of Ai C 1 on the local
solution, when compared to Ai , giving a weighting factor of 2.0.
On the other hand, a fourth-order central difference of this same
equation gives

b i, N D ¡
1

12D X 2
[¡Ai C 2 C 16Ai C 1 ¡ 30Ai C 16Ai ¡ 1 ¡ Ai ¡ 2]

The fourth-ordercentral differenceformula has a 30 to 16C1 D 17
weighting of local to downstream in� uence, for a weighting factor
of 1.7. Therefore, the second-order scheme has less downstream
in� uence, i.e., a larger local weighting factor. The weighting fac-
tor of the second-ordermethod is about 17–18% larger than that of
the fourth-order scheme, and so it should converge approximately
that much faster. This, in fact, happens, as shown in Fig. 2. The
described methods were used in the fully second-order accurate
quasisimultaneousscheme to solve the initial portionof the smooth
surface free interaction using both FLARE and a second-order up-
wind difference, with A D 0 upstream and A D ¡5 downstream
[on an interval X D (0, 15), Y D (0, 20) with 51 points in each di-
rection]. In all cases exactly the same fully second-order accurate
difference scheme was used with a modi� cation only to the P( A)
or b ( A) relation and the pressure gradient term in the momentum
equation.All schemes gave the same solution for wall shear (which
has the last station near the minimum negative shear position, ap-
proximately X D 11 in Figs. 3 and 4). The error shown in Fig. 2 is
a spatially averaged percent error of wall shear for the cases using
FLARE. Figure 2 shows that there is about a 20% slow down from

Fig. 2 Convergence comparisons of pressure-gradient-based second-
and fourth-order line relaxations, and the ADI and Davis6 ADE accel-
eration methods.

Fig. 3 Streamlines for breakaway separation past a smooth wall.
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Fig. 4 Grids: i) 50, 50; ii) 100, 100; iii) 150, 150; iv) A(X� nal) = ¡ 12;
upwind, converged two orders of magnitude more, are compared with
v) Stewartson and Williams2 results.

the second- to the fourth-order scheme, as expected, i.e., 1469 it-
erations to convergence for the second-order scheme vs 1811 for
the fourth-order scheme. Also shown are the ADE and alternating
direction implicit (ADI) schemes (to be discussed later), which both
outperform the straightforwardline relaxations.The ADE and ADI
methods shown here both use optimal time steps (0.1 for the ADE
and 0.8 for the ADI). The convergence rates of the ADI and ADE
methods do depend sensitivelyon time steps. Part of the faster con-
vergence for the ADI method is because it is stable for larger time
steps.

Acceleration Schemes
Pressure-Based ADE Acceleration

The ADE method of Davis6 introducesa � ctitious time derivative
into the interaction law, which tends to zero as the solution con-
verges. The following form of the interaction law (4) is used, with
the sign of the unsteady term chosen to give upstream propagating
waves for prescribed pressure:

P D AT ¡ AX (7)

The ADE method is a two-pass procedure.First, the pressure inter-
action law is coupled to the U -matching condition. The pressure-
displacement interaction law is differenced in a manner suitable for
upstream propagating waves, i.e.,

Pi, N D
Ai ¡ Ag

i

D T
¡

¡3Ag
i C 4Ag

i C 1 ¡ Ag
i C 2

2D X

D
Ai ¡ Ag

i

D T
¡ Ag

X

except at the last point, where a � rst-order difference is used. The
guessed value is � xed during a global iteration sweep. Note that
only the pseudotime derivative is directly coupled to the boundary
layer in the downstream pass. Isolating the local displacement Ai

and combining the result with the U -matching condition (3) gives
a boundary condition of the form of Eq. (5a):

Ui, N ¡ D T Pi, N D YN C Ag
i C D T Ag

X C Fi

The second step of the ADE method consists of prescribing the
pressure and solving the wave equation (7) for the displacement
function A(X). In � nite difference form, this equation is solved
from i D M to i D 1 in the form

Pg
i, N D

Ai ¡ Ag
i

D T
¡

¡3Ai C 4Ag
i C 1 ¡ Ag

i C 2

2D X

The convergenceaccelerationof the ADE method is shown in Fig. 2.

Pressure-Gradient-Based ADI Acceleration
The ADI method proposed here is similar to the ADE method of

Davis.6 A � ctitious temporal term is introduced into Eq. (6) in the
form

b D AT ¡ AX X D
Ai ¡ Ag

i

D T
¡

Ag
i ¡ 1 ¡ 2Ai C Ag

i C 1

D X2

Solving for Ai and substituting into Eq. (3) gives the boundary
condition in the form of Eq. (5b):

Ui, N ¡ 1
D T

C 2
D X 2

¡1

b i, j D YN C Fi

C 1
D T

C 2
D X 2

¡1
Ag

i ¡ 1 C Ag
i C 1

D X 2
C 1

D T
Ag

i

This equation is used as the boundaryconditionon the forward pass.
After each forward pass, an ADI acceleration step is computed by
inverting the following scalar tridiagonal equation:

¡(1/ D X2) Ai ¡ 1 C [(1/ D T ) C (2/ D X 2)]Ai ¡ (1/ D X 2) Ai C 1

D b i, j C (1/ D T ) Ag
i (8)

This method has several advantages over the method of Davis.6

First, the method operates on the pressure-gradient-based viscous-
inviscid interaction problem, which is inherently more stable than
the pressure-based method. Second, the boundary value inversion
of Eq. (8) for A(X ) propagates information very quickly through
the grid.

As noted in Fig. 2, this method is by far the fastest of all of the
methods tested in this study and was the key to obtaining the highly
separated breakaway solutions past the wavy wall. This method is
particularly appropriate for the problem of local breakaway sepa-
ration, because the downstream boundary condition is speci� ed on
A(X ). This boundary condition may take on almost any value and
still be consistent with the free interaction, whereas a method that
uses a downstream pressure differencing requires � xing the down-
stream pressure, and this may be dif� cult to pin down accurately.

Comparisons with Ref. 2
The free interaction for the supersonic triple-deckwas � rst com-

puted by Stewartson and Williams.2 One viable approach for com-
puting the free interaction for smooth walls is to use a forward
marching method with a backward differenced P(A) relation (4).
This approach will not work for the roughnessproblem. The reason
is that there are two types of free interactions: a compressive one
computed by Stewartson and Williams,2 which has rising pressure
and leads to breakaway separation,and an expansiveone computed
by Brown et al.7 (see also Ref. 8), which has fallingpressureand ris-
ing displacementand leads to an accelerationof the � ow terminating
in a � nite position singularity. The type of free interaction encoun-
tered depends on the upstream pressure perturbation.Positive pres-
sure perturbationsgive rise to the compressive free interaction, and
negative pressure perturbationsgive rise to the expansive one. Free
interactions past roughness have both positive and negative pres-
sure perturbationsover the initial upstream roughness. This means
that both free interactions are triggered, and it is likely that only
the fastest growing one, namely, the expansive,will be encountered
in numerical computations. In fact, this was found to be the case.
All purely forward marching computations gave the expansive free
interaction. This observation is the primary motivation for solving
the free interaction using a global iteration method.

The streamline pattern for the globally iterated compressive free
interaction and breakaway separation past a smooth wall is shown
in Fig. 3. The linearly growing separation region is clearly seen.

Grid Study
Results forpressureare shown in Fig. 4. Also shownis a gridstudy

on (50, 50), (100, 100) and (150, 150) grids. Grid independence is
reached by the (100, 100) grid. Comparisons of these results with
the results of Stewartson and Williams2 are shown in Fig. 4.

Sensitivity to Downstream A(X) and FLARE Approximation
On the downstreamside of separation, the displacement function

is continuously dropping, i.e., becoming large and negative. This
means that any large negative value may be set for the downstream
A(X ) boundary condition. Different downstream values of A(X )
simply give an origin shift in the solution. This result is shown in
Fig. 4. The grid size study discussed earlier was conducted with
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a FLARE approximation and a downstream boundary condition of
A D ¡20 at the last gridpoint.Also shown in Fig. 4 is an upwind dif-
ferencesolutionwith a downstreamboundaryconditionof A D ¡12
(note that the last two pointswere FLAREd, and the upwindmethod
would not converge for suf� ciently large separations).

Furthermore, a convergence criterion study was included in this
case, with the convergencecriterion lowered by two orders of mag-
nitude. The results of this computation are shifted in X so that the
separationpointcoincideswith the (100,100)case.As seen in Fig. 4,
the results are essentially the same as the (100, 100) grid solution
with A D ¡20 and a FLARE approximation.

Breakaway Separation Past a Wavy Wall
Computational Issues

Now consider the breakaway separation past the following uni-
form wavy wall:

F(X ) D h sin (2 p / k X )(X ¡ v )

The globally iterated ADI method based on pressure gradient was
used to compute this � ow. The following grid was assumed, where
the downstream boundary is placed at P periods of the sine:

i D 1 2 ¢ ¢ ¢ k C 2 ¢ ¢ ¢ i D n X

X D ¡D X 0 k X 2 k X ¢ ¢ ¢ P k X

In the code, the number of gridpoints in the period k X is speci-
� ed, i.e., k, as well as the total number of periods in the grid. The
periodicity condition for the upstream � ow is taken to be

U2, j D Uk C 2, j , U1, j D Uk C 1, j (9)

V2, j D Vk C 2, j , V1, j D Vk C 1, j (10)

and

A2 D Ak C 2, A1 D Ak C 1 (11)

These conditions were either enforced within the iteration cycle or
between successivecases (to be discussed). The computationsgen-
erally requiredcycling� rst througha seriesof hump heightsstarting
from zero height and progressing to the � nal height, all with small
downstream Ai . This solution was then used as an initial guess to
cycle througha series of prescribeddownstream Ai . The periodicity
condition was fully convergedwithin the � rst cycle, i.e., increasing
height with downstream A � xed and small, although severe under-
relaxation of the velocity conditions (9) was required, in the form

U2, j D (1 ¡ j )U2, j C j Uk C 2, j

No underrelaxation was used during the A(X ) cycle. It was found
that the upstream periodicityconditioncould not be fully converged
when the downstream A(X ) was large (or when it changed signi� -
cantly from one case to the next). The dif� culty was only encoun-
tered late in the iteration when the error was low. It is likely that
a large and negative downstream A(X) requires the � rst solution
station to be placed far upstream of the breakaway separation to
obtain an extremely accurate satisfaction of the periodicity condi-
tion. Unfortunately,that was not feasible for this problem (note that
simply stretching the grid in X will not work here, as the grid must
be uniformly extended on the upstream side to correctly capture
the upstream periodic solution). Therefore, after the hump reached
its � nal height, which more or less sets the upstream solution, the
periodicity conditions (9–11) were � xed within each case but were
updated from case to case, i.e., Eqs. (9–11) from a converged case
were applied to the i D 1, 2 gridpoints and � xed for the subsequent
case. Typically, anywhere from 5 to 200 cases were used for ei-
ther the hump height increases or the variations of the downstream
A(X ). Therefore, the upstream solutions are close to periodic, and
the following results show that they are periodicto at least graphical
accuracy.

Results
Figure 5 shows a grid convergence study for a typical wall shear

solution for the wavy wall. The upstream periodic attached solu-
tion and the downstreambreakaway separation shear stress are both
clearly seen in Fig. 5.

Solutions with Phase Shift
Figures 6 and 7 show a series of solutions with the downstream

value of A � xed at ¡15 and the hump center v shifted from 0 to
k X . As v changes, the � ow separates from different points along
the wavy wall. In general, each of these solutions will be differ-
ent (Figs. 7a–7e). Figures 7a–7e show the breakaway separation
streamlines embedded within the otherwise periodic � ow over the
wall. Figure 8 shows the vorticity distribution.The upstream lobes
of vorticity are the sublayer solution for the wavy wall. The vortic-
ity concentration about the breakaway shear layer is also evident.
Remember that the triple deck is a small-scaleregion embedded in a
larger problem. The separationpoint may move on the longer scale
and so the phase shift parameter can vary rapidly as the separation
point moves a � nite distance along a body surface. This means, ef-
fectively, that the phase shift is a stochasticvariable.The separation
should be viewed as an average separation with a random compo-
nent generated by the phase shift. We can split the � ow variables
into the following components:

U (X, Y, v ) D NU (X, Y ) C U 0(X, Y, v )

with similar expressions for the other variables. The average is de-
� ned to be an average over the phase shift

NU D hU (X, Y, v )i D
1

k X

Z k X

0

U (X , Y, v ) d v (12)

We may then constructthe averageequation in the standardmanner.
This gives the following triple-deck problem: the conservation of
mass equation (1), the no-slip boundary conditions, and the P( A)

Fig. 5 Grid study for wall shear stress: i) (122, 101) grid, and ii) (182,
151) grid.

Fig. 6 Effect of phase shift on pressure: Á = i) 1.0, ii) 2.0, iii) 3.0, iv)
4.0, and v) 5.0, 0.0.
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a)

b)

c)

d)

e)

Fig. 7 Streamlines for the phase-shifted solutions of Fig. 6.

Fig. 8 Typical vorticity contours for the phase-shifted solutions of
Fig. 6.

Fig. 9 Downstream asymptote of breakaway separation.

relation (4) retain the same form in the averaged variables. The
momentum equation (2) becomes

NU NUX C NV NUY C hU 02iX C hU 0V 0iY D ¡ NPX (X) C NUY Y

The U -matching condition (3) becomes

NU ! Y C NA C NF(X ) as Y ! 1

where, for this particular problem,

NF(X ) D
h

k X

Z k X

0

sin
2 p

k X
(X ¡ v ) dv D 0

This means that the average separation is a � ow past a � at surface
with the Reynolds stresses providing the forcing that accounts for
the wavy wall.

The averagedsolution for the pressure is also shown in Fig. 6 and
is computed from a trapezoidal rule integration applied to Eq. (12),
i.e.,

NP(X ) D
D v

k X

"
P(X, v 1) C P(X , v Q )

2
C

Q ¡1X

k D 2

P(X, v k )

#

In Fig. 6, the number of integration points Q was chosen to be
� ve, i.e., the � ve cases shown in Figs. 6 and 7, and so the aver-
age is not particularly accurate. However, it is likely that this � g-
ure is representative of a more accurate average. Also shown are
the approximate bounds on the values the pressure can take, i.e.,
the region in which the probabilitydensity is nonzero.The hump has
a wide rangeof allowablepressuresin the upstream� ow. As the � ow
breaks away from the body the allowable pressures rapidly collapse
toward the average,suggestingthat the downstream� ow is not terri-
bly sensitiveto changesin surfacegeometry.In addition,the P D 1.8
downstream limit of Stewartson and Williams2 is shown in Fig. 6,
and the presentsolutionsdonot signi� cantlydeviate from thatvalue.

Role of Downstream Pressure
The results of Stewartson and Williams2 show that the down-

stream pressureasymptotes to a constantvalue of around P D P0 D
1.8 in the smooth wall case. This pressure asymptote sets the break-
away shear layer slope via Eq. (4), i.e., the shear layer height is
S(X ) D ¡A(X ) and is given in the limit by

S(X) ! P0 X as X ! 1

The structureof thedownstreamlimit solutionis shown in Fig. 9,and
details may be found in Ref. 2. The downstream shear layer slope
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playsan importantrole in a largerscaleseparation,as it sets the angle
of the separation bubble at the separation point. Any change in the
downstream slope of the triple-deckshear layer induced by surface
roughness, as manifested by a change in the downstream pressure
asymptote, would be expected to affect the larger scale separation.
Unfortunately, such a change is not evident in any of the solutions
presented so far. This is an unusual result, in and of itself, because
Stewartson and Williams2 claim that the pressure asymptote cannot
be � xed froma downstreamlimit solutionbut must bedeterminedby
nonlinear processes within the full triple-deck separation. The vis-
cous triple-decksolutionpassing through separationis being signif-
icantly modi� ed by the wall geometry in all computationspresented
in this study, but the downstream pressure is largely unaffected.

Higher Amplitude Solutions
The amplitude of the wavy wall was increased in an attempt to

affect the downstream pressure asymptote and, thereby, the break-
away shear layer slope. A typical stream function solution for a
wavy wall with moderate initial separation is shown in Fig. 10.
An expanded view of a similar solution is shown in Fig. 11. Even
though the initial breakaway slope is lowered near separation, the
slope farther downstream returns to the smooth value (as shown in
Fig. 11). A case with deep initial separation on the wavy wall is
shown in Fig. 12, with an expanded view of a similar case shown

Fig. 10 Local view of breakaway separation past a wavy wall with
moderate initial separation. Also shown is the downstream breakaway
slope past a smooth wall (from Fig. 3).

Fig. 11 Expanded view of the Fig. 10 wall with the computations car-
ried farther downstream and comparison of the smooth and rough
downstream shear layer slopes.

Fig. 12 Local view of breakaway separationpasta wavy wall with deep
initial separation. Also shown is the downstream breakaway slope past
a smooth wall (from Fig. 3).

Fig. 13 Expanded view of the Fig. 12 wall with the computations car-
ried farther downstream and comparison of the smooth and rough
downstream shear layer slopes.

Fig. 14 Pressure for entry into a region where roughness height in-
creases in proportion to X2/3 [Eq. (13)].

in Fig. 13. Again, there is a decrease in slope near the separation
point, but the smooth slope is recovered farther downstream. The
pressures upstream of the breakaway separation vary signi� cantly,
but downstream of breakaway separation the pressures collapse to
values close to the smooth wall case and show little dependenceon
the phase shift (results not shown).

Breakaway Separation Entering
into a Roughness Patch

Clearly, if the supersonicbreakawayseparationlies just upstream
of a roughness region, which is growing at a faster rate than the
smooth breakaway shear layer, then that roughness must impact
the downstream form of the separation. The goal here is to iden-
tify downstream roughness forms that could affect the separation,
and that will be accomplished by examining the breakaway separa-
tion solution that is enteringa region of nonuniformroughness.The
breakaway separationis known to asymptote to the structure shown
in Fig. 9. If the roughnessgrows fast enough downstreamof the ini-
tial separation, then it should eventually impact the solution for the
downstreamasymptote.There are two cases that stand out. The � rst
is when the roughness grows faster than the downstream reversed
boundary layer, i.e., X 2/ 3. The second is when the roughnessgrows
faster than the downstream reversed � ow region, i.e., X .

The two standoutcaseswill be examinedusinga roughness,which
will be taken to be F(X) D 0 when X < 0 and

F (X ) D h(X/ k X )msin[(2 p / k X )X] (13)

when X > 0. The function F(X) is well behaved at X D 0. Solu-
tions where the roughness height grows at a rate comparable to
the reversed boundary-layer height are shown in Fig. 14. Nothing
very interesting is seen here. In particular, there is no evidence of a
change in the downstream pressure asymptote. Solutions where the
roughnessheight grows in proportion to the height of the separated
regionare shownin Fig. 15.Here, a small butpersistentchangein the
downstreampressurewas observed,and the downstreampressureis
increasing with increasing wall height. This means that the break-
away separation slope is becoming steeper, as might be expected
due to the downstream � ow blockage.
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Fig. 15 Pressure for entry into a region where roughness height in-
creases linearly with X.

Conclusion
Supersonicbreakawayseparationhasbeencomputedfor � owpast

a wavy wall and other geometries simulating surface roughness.
It was found that the free interaction of Neiland1 and Stewartson
and Williams2 could be signi� cantly modi� ed by wall geometry in
regions close to the initial separation. It was also found that the
downstream asymptote remained largely unchanged.
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