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Numerical Simulation and Comparison with Experiment
for Self-Excited Oscillations in a Diffuser Flow
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This paper describes numerical simulations of self-excited oscillations in a two-dimensional transonic dif-
fuser flow obtained by solving the Navier-Stokes equations with a two-equation turbulence model. Com-
parisons were made between the computational results and experimental data. For the mean flowfields, agree-
ment between computation and experiment is good for the wall pressures, shock location, and separation and
reattachment points. However, the thickness of the computed recirculation zone is about 50% of the
measured thickness. For the fluctuating flowfields, a great deal of qualitative similarity exists between com-
putation and experiment; however, the predicted oscillation frequency is about 50% higher than the measured
value. The formation of a succession of downstream-traveling counter-rotating vortices, as seen experiment-
ally, is also vividly displayed in the numerical results.

Nomenclature
E — specific total energy
/ = frequency
H = throat height
k = turbulent kinetic energy
N — time-step count
p,pe = instantaneous and fluctuating pressure
pe =exit pressure
pr = ratio of pe to pt
pt = total pressure
t = time
u,u' = instantaneous and fluctuating streamwise velocity
v,v' = instantaneous and fluctuating vertical velocity
x,y = streamwise and vertical coordinates, x = 0 at throat,

y = Q at bottom wall
//, = viscosity
p = density
<j =shock
0 = phase, with respect to shock phase
co = specific dissipation rate of turbulent kinetic energy

Introduction

RECENT test of ramjet propulsion systems have revealed
undesirable, high-amplitude pressure fluctuations caused

by instability in the ramjet combustor.1 The most trouble-
some oscillations are in the frequency range 100-500 Hz,
and the corresponding rms amplitudes of pressure fluctua-
tion can reach up to 20% of the mean pressure in the com-
bustor. The interaction between the inlet and the combustor
flowfields is one of the major causes of instability for the en-
tire system. Because of the complicated chemical reactions
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and thermal additions in the combustor, a numerical simula-
tion of the entire system is currently beyond reach. However,
it is possible to simulate numerically the unsteady inlet flow-
fields separately as a first step to a better understanding of
inlet/combustor-coupling-induced instabilities.

Successful numerical simulations of unsteady flow in inlets
obtained by solving the two-dimensional, time-dependent,
compressible, Reynolds-averaged, thin-layer Navier-Stokes
equations with a two-equation turbulence model have been
reported.2"7 In Ref. 2, when an attempt was made to com-
pute a steady-state solution for the diffuser configuration
shown in Fig. 1 at pr = 0.12 using a time asymptotic ap-
proach, the terminal shock continued to oscillate with time,
not achieving a steady state. This is a strong indication of a
self-excited oscillating flow. Although numerical simulations
of self-excited oscillations in diffuser flows were reported in
Ref. 7, the computation was for a configuration for which
no detailed experimental information about the fluctuating
flowfields was given.

Extensive experimental data do exist for the unsteady
flowfield for the diffuser configuration shown in Fig. 1, 8~12

in particular for the case pr = 0.72, which exhibits the self-
excited oscillations. Therefore, careful computations have
been performed for this case, focusing on the unsteady
aspects of the flow, so that a thorough comparison of the
numerical results against the experimental data can be per-
formed. The goals are twofold: 1) to test and improve the
capability of the present numerical code in simulating a com-
plicated unsteady flowfield, and 2) to understand the physics
of a flow of practical importance.

Numerical Procedures
The numerical procedures used for solving the Navier-

Stokes equations for the geometry shown in Fig. 1 are
described in Refs. 2 and 7. A brief outline is given in this
section.

The basic equations are the two-dimensional, compressi-
ble, time-dependent, Reynolds-averaged, thin-layer Navier-
Stokes equations for the conservation of mass, momentum,
and energy, together with the two-equation turbulence model
of Wilcox and Rubesin13 for the turbulence kinetic energy
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Fig. 1 Diffuser configuration.
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and specific dissipation rate of kinetic energy. (The constants
used in the turbulence model can be found in Ref. 7.) In ad-
dition, the equation of state for a perfect gas is assumed.
There are therefore seven equations for the seven variables p,
u, v, E, p, k, and co. All equations are written in conserva-
tion form. A modified MacCormack's hybrid method14 is
used to solve the basic equations.

The inflow and outflow boundaries are located at
X/H= -4.04, (-178 mm) and x/H=8.66 (381 mm) denoted
as the inlet and exit stations in Fig. 1. In the core-flow region
of the inflow boundary, the total pressure and temperature
were set at 135 kPa and 292 K, respectively. The vertical
velocity is set to zero, and the stream wise velocity and static
pressure are obtained by solving the steady-flow energy
equation and the characteristic relations, assuming a locally
one-dimensional flow. This produced a Reynolds number at
the inflow boundary, based on inflow inlet height, of
8.22xl05. The boundary-layer thicknesses on the top and
bottom walls at the inflow plane are prescribed according to
experimentally obtained values10 (9% of H on the top wall
and 4.5% of H on the bottom).

At the outflow boundary, the static pressure is prescribed.
The streamwise velocity is obtained by extrapolation of the
locally one-dimensional characteristic relations. Zero-gradi-
ent conditions are used for the entropy, the vertical velocity,
and the turbulence variables.

On the top and bottom walls, the no-slip and adiabatic
wall conditions are imposed. The wall pressures are com-
puted as an integral part of MacCormack's hybrid algo-
rithm. The turbulent kinetic energy is set to zero, and an
analytic formula for o>(a>= 133^/p.y2) is used for a few points
near the wall. (Note that co is not defined at the wall.)

The initial flowfield was prescribed using the one-
dimensional, steady duct solution. Near the top and bottom
wall, velocity components were modified using the one-
seventh power law with a linear laminar-sublayer profile for
u and the wall slope for v. Appropriate initial profiles for k
and co2 were also implemented.

All calculations were carried out on a mesh, with 80 points
in the streamwise direction and 50 points in the vertical
direction. The mesh was exponentially stretched in the ver-
tical direction near the top and bottom walls in a manner
that assumed the presence of at least two points in the
laminar sublayer. The streamwise mesh points were clustered
in the region between x/H— 1 and 3 with constant spacing of
H/\5, in order to improve resolution of the terminal shock.

The computation method proved to be robust in providing
solutions to various sets of boundary conditions given in
Refs. 4-6. The present calculations were performed on the
NASA-ARC CRAY-X-MP computer and used 3 .6x lO~ 4

CPU-s/mesh-point/time step. Each time step corresponded
to a 4x 10~6-s interval for the physical flow.

During the calculations, data for the entire flowfield were
saved at every 50 time steps. Figure 2 shows the time history
of the top-wall static pressure at x/H=2.\19 throughout the
computation. After a transient period of about 3000 time
steps, the self-excited nature of the flow is quite evident as
the pressure fluctuation settles into a highly periodic oscilla-
tion as the computation proceeds. Flowfield data (p, u, and
v) from the last five cycles (N= 5300-TV-9300) were used
for detailed analysis and comparison with experimental
results.

The highly periodic nature of the computed flow persists
through the flowfield and includes all flow variables. Figure
3a shows the streamwise velocity fluctuation waveform near
the downstream boundary. The power-spectral-density distri-
bution (PSD, Fig. 3b) of the waveform shows a single large
peak at 317 Hz; departures from strict periodicity appear as
relatively insignificant bumps on the PSD.

Experimental Arrangement
The experimental arrangement, data acquisition and

reduction procedures, and experimental results are discussed
in detail in Ref. 12.

The diffuser model (Fig. 1) is a converging/diverging
channel with an exit-to-throat area ratio of 1.52. The aspect
ratio at the throat is 4.05. The top-wall boundary layer is
tripped ahead of the converging channel section. Reference
10 presents details of the experimental facility and, together
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Computation Experiment

a) Mean velocity vectors.

b) Mean u contours (m/s).
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Fig. 4 Comparisons of mean velocity vectors, p and v velocity contours.

with Ref. 9, describes the unexcited flowfield for this model
in terms of shock location, wall and core pressures (time-
mean and rms fluctuation values), and laser Doppler velo-
cimetry (LDV) measurement of the subsonic flowfield.

At pr = Q.12, the shock was sufficiently strong to cause
separation in the top-wall boundary layer. At this operating
condition, the flow has a natural oscillation frequency of ap-
proximately 210 Hz, as determined from shock location and
wall and core flow pressure measurements.10

Data Reduction Procedure
The computational results were ensemble-averaged using

the same procedure that was applied to the experimental
data.12 However, since no direct shock location signal was
available by which the computational results might be
sorted, one computational grid point corresponding to a
location at the upstream edge of the experimental data range
was chosen as a reference point for each of the computed
flow quantities investigated (u, v, and p). The ensemble
averaging of data from all other grid points was carried out
with respect to the reference point. To bring the computa-
tional phases into correspondence with the experimental,
that is, to reference the computational phases to the shock
phase, the phase at the reference point was shifted to be
equal to the experimentally obtained phase at the same
point. All other computational phases were shifted by the
same amount.

Comparison and Discussion
Mean Flowfields

Comparisons between computational and experimental
results for wall pressure distributions for the case under in-

vestigation may be found in Ref. 4. The agreement is good for
wall pressure distribution (within 5%), the location of ter-
minal shock, and thus the point of (shock induced) separation.

Plots of velocity vectors and contours of u and v time-mean
flowfield are shown in Fig. 4 for both the computational and
experimental results. As shown in the velocity vector plot (Fig.
4a), the point of flow reattachment on the top wall is seen to
agree well at x/H- 6.0 for both computation and experiment.
The reattachment point was determined by the intersection of
the zero-streamwise-velocity line and the wall in the experi-
ment and by the vanishing of skin friction along the top wall
with positive slope in the computation. The experimental
recirculation zone is about twice as thick as the computational
result. This difference may be attributed partly to the insuffi-
cient number of mesh points in the vertical direction16 and
partly to the three-dimensional effects in the experiment,
which tend to thicken the boundary layer in the plane of sym-
metry where the data were measured (see Ref. 10).

The comparison of u contours (Fig. 4b) show considerable
similarity between the experiment and computation. The
experiment shows a slightly higher velocity in the core region,
probably because of the greater blockage caused by the recir-
culation zone.

The v contours (Fig. 4c) also show considerable qualitative
similarity. Again, the experimental magnitudes are higher
because of the greater deflection of the flow around the larger
separation zone. The experimental data for v show a moderate
amount of scatter both in the mean data and in the fluctua-
tions discussed below. This is because the LDV beams were
aligned at + / - 45 deg to the horizontal and because the ver-
tical velocity component was determined from the difference
between two large values of nearly equal magnitude.



JULY 1987 SELF-EXCITED OSCILLATIONS IN A DIFFUSER FLOW 939

Terminal Shock Oscillation
The oscillation of the terminal shock as determined by the

computation is clearly demonstrated by the time history of the
top-wall pressure shown in Fig. 2. The time-dependent shock
position may also be obtained by plotting the pressure
distribution in the vicinity of the shock at several different
time steps after the oscillation is firmly established (7V>5000).
In Fig. 5, the pressure distribution for the top wall is plotted
for six different time steps (denoted by letters a- f in Fig. 2),
at which time the pressure in Fig. 2 is at a maximum or a
minimum. Figure 5 shows that the amplitudes of the shock
oscillation vary between 0.07 and 0.1 throat heights. This
result is to be compared with the measured mean amplitude of

P/P*
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x/H
Fig. 5 Top wall pressure distribution near the terminal shock at six
different time steps.

0.06 throat heights, again showing reasonably good agree-
ment.

Fluctuating Velocity Fields
Before comparison of the fluctuating velocity field, the

reader is to be reminded about the difference in frequency of
oscillation between computation (317 Hz) and experiment (210
Hz). This difference may be attributed to the difference in the
downstream boundary. In computation, the exit plane is
located at ;c//f=8.6, and the local measured pressure of
p/p( = Q.12 was used as the exit pressure. In the experiment,
the diffuser is extended to x/H= 14, with a suction slot located
at x/H=9.S. A study of downstream boundary effects is in
progress,17 and preliminary results indicate that the frequency
of oscillation reduces as the diffuser length increases. There-
fore, the comparison of phase described in this section is en-
tirely qualitative.

The comparison of amplitude and phase distributions for
the streamwise velocity fluctuations are shown in Fig. 6. The
computed amplitudes (Fig. 6a) are generally higher, par-
ticularly at the upstream edge of the recirculation zone; how-
ever, both the computation (left column, Fig. 6) and experi-
ment (right column, Fig. 6) show the majority of the activity
to be in the shear layer at the edge of the recirculation zone. As
the shock oscillates, so does the boundary-layer thickness.
Both the measurement and computation represent the
Eulerian velocity at a fixed location whose distance from the
wall corresponds to some fraction of the boundary-layer
thickness. This fraction changes as the boundary-layer thick-
ness oscillates, and the velocity associated with this fraction
varies according to the shape of the velocity profile. The
steeper the gradient or the greater the thickness variation, the
greater the velocity fluctuation. The disparity between the ex-
perimental and computed streamwise velocity fluctuation
amplitudes is probably the result of differences in the in-
dividual boundary-layer characteristics.

The computation and experiment show striking agreement
in the phase distribution (Fig. 6b) as well. Two interesting
points are noted. First, since the disturbance propagates in a
direction perpendicular to the constant-phase contours, both
results show a vertical flapping (transverse oscillation) of the
core flow, denoted by the horizontal phase contours through-
out much of the flow. Immediately downstream of the shock,

Computation Experiment

a) u'amplitude (m/s).

b) u "phase (deg).
Fig. 6 Comparisons of amplitude and phase contour for the fluctuating streamwise velocity.



940 HSIEH, BOGAR, AND COAKLEY AIAA JOURNAL

Computation Experiment
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Fig. 7 Temporal development of ensemble-average velocity vector fluctuations.

however, the fluctuation in the core flow is longitudinal (ver-
tical phase contours) for a short distance. Second, the phase
that exists immediately after the shock in the core flow appears
considerably farther downstream in the top-wall boundary
layer in both cases. The longitudinal oscillation is quickly and
completely overwhelmed by the boundary-layer-related trans-
verse motion. The boundary layer seems to be a more effective

medium for the propagation of the shock-related disturbances
than the core flow.

The amplitude of v' is relatively small compared to u'.
The amplitudes and phases for v' are not shown here but
may be found in Ref. 18. The phase distributions of these
quantities for the experiment and computation are quite
similar, and both show an essentially streamwise propagation
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Fig. 8 Temporal development of ensemble-averaged streamline fluctuations: __, clockwise and —, counterclockwise.

of the vertical velocity disturbance, as signified by the gen-
erally vertical phase contours. This pattern is consistent with
the existence of a transverse oscillation (flapping) of the core
flow.

The horizontal and vertical velocity fluctuation can be
combined to provide a picture of the velocity vector fluctua-
tions as the oscillation proceeds through its cycle. Figure 7
shows the evolution of the experimental and computed vec-
tor fields at six equally spaced phases. One striking result of
the experimental investigation was the discovery of a succes-
sion of counter-rotating structures being convected through
the top-wall boundary layer. This feature is also vividly
represented in the computational results. In both cases, the

structures are seen to originate at the upstream edge of the
recirculation zone. Because many more grid points are pro-
vided in the computation than measured points in the experi-
ment, the computed results give more detail, particularly in
this region.

The structure of the fluctuating velocity fields might better
be visualized by sketching the streamlines associated with the
rotating structures (Fig. 8). The solid and dotted lines denote
clockwise and counterclockwise rotation, respectively.

From the computed results (Fig. 8, left column), three
distinct stages of development for each of the rotating struc-
tures can be distinguished:

1) The production stage. Several small vortices, rotating in
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the same direction, are produced near the upstream edge of
the recirculation zone, where the mean velocity gradient is
large. The production mechanism appears to occur near a
shock phase of 60 deg for the counterclockwise-rotating
structures and near 240 deg for the clockwise-rotating struc-
tures.

2) The growth stage. The small vortices merge into a large
structure, which continues to gain strength as it moves down-
stream and toward the center of the diffuser.

a) p'/pt amplitude.

85 6 7
x/H

b) p' phase (deg).
Fig. 9 Computed pressure fluctuation amplitude and phase
contours.

O Computation
3

Experiment

9 ,

3) The convection stage. The vortex stops growing as it
moves past the exit plane and out of both the computation
and measurement fields.

Two major differences appear between the computation
and experiment as shown in Fig. 8. First, the production and
the early growth stages do not appear in the experimental
results. This is probably because no measurements were
made near the walls owing to practical considerations with
the LDV and data acquisition systems. These stages may in-
deed exist in the experiment, but they were not measured.
Second, the length scales associated with the structures are
shorter for the computation. The convection speeds for the
structures have been estimated to be comparable, 70 m/s for
the experiment and 68 m/s for the computation. The dif-
ference in length scale results primarily from the oscillation
frequency difference between the experiment and computa-
tion.

There is no comparable experimental pressure data for the
entire flowfield; measurements were made at only a limited
number of stations along the top wall and along a line 0.432
throat height above the bottom wall. Figure 10 shows a com-
parison between the computation and experiment where such
a comparison is possible. As was the case with the velocity
fluctuations, the computed pressure fluctuations are gener-
ally higher amplitude than the experimentally determined
amplitudes.

Fluctuating Pressure Fields
Contour plots of computed amplitude and phase for the

fluctuating pressure field are shown in Fig. 9. Except for
very near the shock, the fluctuation amplitudes remain
relatively small, about 1% of the total pressure, throughout
the flowfield (Fig. 9a). There are distinct minima at approx-
imately x/H =4 and x/H =8.5. The first minimum cor-
responds to a large, concentrated phase shift (Fig. 9b) of ap-
proximately 180 deg, indicating a standing-wave-like charac-
ter to the flow.
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The minima in the computed amplitudes appear clearly
along the top wall and in the core. The experimental data
also show a decided minimum in the core flow; however, it is
located somewhat farther upstream, at x/H=3.5. There are
insufficient data to define a minimum from the top-wall ex-
perimental results.

Significant differences appear between the experiment and
computation in the pressure fluctuation phases. The ex-
perimental data for both the wall and core show a smooth,
steady increase downstream, indicating the presence of a
planar, strictly downstream-convected disturbance. This is
compared with the sharp phase shift for the core flow data
present in the computation. The phase shift is considerably
less pronounced, but still visible, in the computed top-wall
pressure data.

Some light may be shed on the origin of the difference be-
tween the computation and experiment by considering the
possible mechanisms at work in the flow. A model has been
developed15 in which the organized unsteady flow occurring
in transonic internal flows results from the interaction of
three primary waves: upstream- and downstream-traveling
acoustic waves and a downstream-traveling "interface
wave." As an upstream-traveling acoustic wave impinges on
the shock, it produces a reflected acoustic wave but, in addi-
tion, the recoil of the shock causes a disturbance in the
separated boundary layer (interface wave), which is con-
vected downstream at approximately half the core flow
velocity. Both the computation and experiment support the
existence of such a phenomenon (Fig. 7).

The differences between experiment and computation
might be attributed to the relative contributions of these
three mechanisms to the resultant wave. The interface wave
is clearly a purely viscous phenomenon, while acoustic waves
are inviscid. The computation shows the core flow pressure
disturbance to be dominated by acoustic disturbances,
resulting in the standing-wave-like pattern. In the top-wall
boundary layer, however, the phase distribution looks more
nearly convective, gradually increasing without a sharp phase
shift. Since the experimental boundary layer is considerably
thicker than the computational one, it is reasonable that the
viscous phenomenon would dominate. The displacement
thickness changes associated with the boundary-layer fluc-
tuations are sufficiently large to make their presence felt in
the interior of the core flow. Hence, both the wall and core
data show a convected wave in the experimental data.

Summary
The result of the comparison between experimental data

and a numerical simulation of self-excited oscillations in a
two-dimensional transonic diffuser obtained by solving the
Navier-Stokes equations with a two-equation turbulence
model can be summarized as follows:

1) The computed and experimental mean flows show rea-
sonable agreement. The computation predicts the measured
separation and reattachment points for the recirculation
zone; however, the predicted zone thickness is only half the
measured value. The computed boundary layer is also some-
what thinner. Vertical mesh point distribution that is in-
sufficient to resolve the viscous effects and three-dimensional
effects in the experiment is the major source of the difference.

2) The computed amplitudes of all the oscillating flow
quantities are somewhat higher than the measured values;
however, a great deal of qualitative similarity exists for the
fluctuating velocity fields. The predicted frequency is about
509/o higher than the experimental value. This difference in
frequency may be attributed to the difference in downstream
boundary between computation and experiment.

3) Both computation and experiment show the vertical
flapping of the core flow, resulting from the thickness varia-
tions of the top-wall boundary layer. The effects of the
shock oscillation appear to propagate faster through the top-
wall boundary layer than through the core flow.

4) The formation of a succession of downstream-traveling,
counter-rotating vortices, which appear in the experiment,
are also vividly revealed in the numerical results.

5) Three possible oscillation mechanisms have been sug-
gested, with the nature of the result fluctuation depending on
the relative contributions of the three. Viscous mechanisms
seem to dominate the experiment, with the thicker boundary
layer, more than the computation.
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