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Introduction

SUPERSONIC annular flow passages exist in propulsion
applications that include dual combustion ramjet engines

where a supersonic annular flow (the outer flow) mixes with a
sonic (or supersonic) gas generator flow (the inner flow) in the
shock expansion zone downstream of the gas generator nozzle
exit.1 Other engine designs include components in the form of
annular ducts whose cross-sectional area varies in the stream-
wise flow direction. In some of these configurations, it is
necessary to support the outer shroud (cowl) by means of
struts positioned between the cowl and centerbody. To investi-
gate the distorting influence of these struts on the local flow
structure, it is first necessary to ensure that the intrinsic flow
without struts is free of wave reflections and the effects of
upstream disturbances. It is also necessary to demonstrate that
the intrinsic flow exhibits the characteristics of a well-defined
turbulent boundary-layer flow, so that changes in the local
flow structure induced by the presence of struts can be inter-
preted properly. The purpose of this Note is to demonstrate
that a supersonic flow facility that meets these objectives has
been developed.

Experimental Program
To generate a supersonic annular duct flow, a new continu-

ous flow facility was designed consisting of a plenum cham-
ber, annular nozzle, test section, and downstream ductwork
connected to a large vacuum tank. This facility was built at the
University of Washington and is located in the Heat Power
Laboratory. High-pressure air enters the plenum chamber
through an inlet piping configuration and porous filter as
shown in Fig. la. Low-pressure air is evacuated continuously
from the vacuum tank by means of a Nash liquid ring vacuum
pump and four Worthington steam ejectors. The polished
aluminum centerbody that forms the inner wall of the annulus
was designed to slide within a stationary steel cylindrical
sleeve, so that struts mounted on the centerbody in future
experiments could be positioned at different distances relative
to the nozzle exit. The cylindrical sleeve is held in position by
two sets of four positioning screws, circumferentially spaced
90 deg apart. The first set is located directly behind the main
inlet pipe flange in Fig. la. The second set is located at
approximately the midlength of the plenum and works against
a shroud (inner ring) connected to four airfoil-shaped (elliptic
cross section) struts attached to the cylindrical sleeve. This
strut configuration is rotated 45 deg relative to the vertical
plane of the plenum, as shown in Fig. la. By adjusting both
sets of positioning screws, the centerbody could be positioned
concentrically within the convergent-divergent nozzle
mounted on the discharge side of the plenum to within an
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estimated accuracy of ±0.05 mm (db0.002 in.) relative to a
throat gap width of 4.82 mm (0.190 in.). A hexagonal alumi-
num honeycomb with individual cells 6.4 mm (0.25 in.) wide
and a 16 x 16 mesh brass screen were located between the
elliptic strut array and nozzle inlet to minimize the circumfer-
ential flow distortion induced by the struts and to break up
any large-scale vortical structures in the flow.

A schematic diagram of the annular nozzle and test section
downstream of the plenum is shown in Fig. Ib. The contoured
section of the nozzle and the outer wall of the test section were
machined from 178 mm (7.000 in.) diam. solid Plexiglas® rod,
and the interior surfaces were polished. The nozzle was de-
signed by applying the method of characteristics to determine
the outer wall contour downstream of the throat. This was
done without accounting for viscous boundary-layer develop-
ment on the inner (centerbody) and outer walls. After the
coordinates for the diverging wall contour had been deter-
mined, the coordinates near the throat were fitted to a para-
bolic profile matched to the radius of curvature at the throat.
The parabolic profile was continued upstream until the angle
of the convergent wall was 45 deg relative to the axial center-
line of the nozzle. At this point the outer wall of the nozzle
was continued outward at a 45-deg angle until just before the
plenum wall where the outer wall was contoured to create a
smooth transition from the constant radius plenum wall to the
nozzle contraction. The pertinent coordinates relative to the
nozzle are shown in Fig. Ib where xt and x are axial coordi-
nates measured from the nozzle throat and exit, respectively,
and xc = 0 denotes the axial location in the plenum where
numerical computations were begun. The nozzle was designed
to yield a nominal core flow Mach number of 3.0 at the nozzle
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exit where the Reynolds number based on gap width was
2.4 x 105 for the maximum operating plenum pressure of 1030
mmHg (19.9 psia). The centerbody diameter was constant at
83.0 mm (3.267 in.), and the ratio of centerbody-to-outer-wall
radius was fixed at 0.7. This yielded an annular gap width h of
17.8 mm (0.700 in.) that was constant along the length of the
test section. The inner and outer wall boundary layers were
tripped near the throat of the nozzle by mounting a ring of
triangular-shaped elements on each surface with apexes facing
forward, as suggested by Chou and Childs.2 The trips were
made from 100 grit garnet paper, 0.38 mm (0.015 in.) thick;
additional details of the trip configuration are given by
Williams.3

To examine the quality of the flow, wall static pressure
distributions were measured by means of taps on the center-
body and outer wall having an orifice diameter of 0.34 mm
(0.0135 in.). A conical probe with a tip diameter of 1.07 mm
(0.042 in.) and side holes based on the design recommenda-
tions of Chue4 was used to measure static pressure in the core
flow. Two miniature circular pitot probes, one with a tip
canted toward the centerbody and the other with a tip canted
toward the outer wall, were used to measure pitot pressure
profiles. Each probe was made of nested stainless steel tubing
terminating in a 0.30 mm (0.012 in.) diameter tip exposed to
the flow. The pressure probe data were used to evaluate Mach
number profiles and axial mean velocity profiles at four
streamwise locations downstream of the nozzle exit (at x/h
= 3.6, 5.7, 8.6, and 11.4) for assumed adiabatic wall condi-
tions. The local wall shear stress was determined by means of
four different diameter, circular pitot tubes resting on the wall
(Preston tubes). For measurements on both the centerbody
and outer walls, probes with outside diameters of 0.064, 1.07,
1.65, and 2.11 mm (0.025, 0.042, 0.065, and 0.083 in.) were
used. Only data that satisfied the minimum and maximum
probe diameter criteria set forth by Alien5 were used to calcu-
late the local skin friction. When this restriction was applied,
local skin friction values on each surface at a given location
agreed to within ±2.2% of the average value calculated from
the Preston tube data reduction formula proposed by Hopkins
and Keener.6 Further details of the data reduction procedures,
tunnel operation, instrumentation, and overall flow facility
are given by Williams.3

Numerical Approach
For purposes of comparison with the experimental results,

numerical computations were performed using the PARC-3D
flow code7 that solves the Reynolds-averaged equations of
motion in strong conservation form using the Beam and
Warming approximate factorization algorithm. Closure to the
equations of motion was effected by incorporating the Bald-
win-Lomax turbulence model8 into the code. The computa-
tions were initiated in the plenum chamber at xc = 0 (refer to
Fig. 1) where a low-turbulence-level, subsonic uniform mean
flow was assumed. Wall boundary conditions were specified
consistent with the physical geometry of the plenum, nozzle,
and test section. Outflow properties were extrapolated at the
outflow plane of the test section, and adiabatic wall conditions
were assumed. The computations were performed for a cir-
cumferentially symmetric flow using a 237 x 99 grid. The 237
grid points in the x direction were clustered near the throat and
extended from xc = 0 to the outflow plane (at x/h = 21.5). A
hyperbolic clustering function was used to locate the first grid
point near each wall at a y+ value less than unity, which
enabled the local skin friction to be evaluated directly from the
axial velocity gradient at the wall.

Results and Discussion
Initial data were taken for a plenum pressure of 800 mmHg

to investigate the effect of boundary-layer trip location on
Mach number profiles measured in the duct downstream of
the nozzle exit. Figure 2 shows centerbody Mach number
profiles measured at x/h =3.6 with the centerbody trip posi-

tioned sequentially at four locations upstream of the nozzle
throat. Also shown in this figure are values of the acceleration
parameter [K = (vw/Ug) dUe/dx] where Ue was evaluated by
assuming inviscid flow in the converging annular section up-
stream of the nozzle throat. From the figure it can be seen that
the two profiles measured with the trip positioned at xt - — 41
mm and then at - 18 mm are indicative of laminar or transi-
tional-like behavior in that relatively low Mach number (mo-
mentum flux) levels exist near the wall and the boundary-layer
thickness is relatively thin. This behavior indicates that the
flow either relaminarized or that complete transition to turbu-
lent flow did not occur with the trip positioned at either of
these two locations. In contrast, when the centerbody trip was
repositioned at xt = -13 mm and then at -8 mm, Fig. 2
shows that Mach number profiles measured at x/h = 3.6 for
these two trip positions are essentially coincident and indica-
tive of fully turbulent behavior. A plot of the corresponding
velocity profiles in law-of-the-wall coordinates confirmed this
to be the case. The results in Fig. 2 imply that sustained
turbulent flow existed downstream of the trip when the trip
was positioned upstream of the throat at a streamwise location
where AT < 3.5 x 10~6. This value is close to the relaminariza-
tion limit cited by Kline et al.,9 namely, K = 3.7 x 10~6, above
which turbulent bursts in the wall boundary layers they inves-
tigated were completely suppressed. This limit is, however,
higher than typical values based on the relaminarization corre-
lation proposed by Nash-Webber and Oates,10 whose results
indicate that relaminarization will generally occur whenever
K > 1 x 10~6 to 2 x 10~6, depending on the magnitude of the
momentum thickness Reynolds number. In the present study,
K remained below 3.5 x 10~6 along the length of the nozzle
downstream of the centerbody trip at xt = -13 mm. Under
these conditions, vorticity introduced into the boundary layer
at the trip location was apparently not suppressed, and normal
turbulent boundary-layer development occurred on the center-
body without relaminarization. On the basis of these results,
trips were positioned on both the nozzle and centerbody walls
at xt = - 13 mm, and all subsequent data were taken for this
operating condition. The plenum pressure was also raised
from 800 to 1030 mmHg to increase the operating Reynolds
number and minimize the possibility of incomplete transition.

Static pressure distributions in the annular duct (test sec-
tion) indicated that weak oblique wave reflections were pre-
sent in both the experimental and numerical flows as a result
of incomplete Mach wave cancellation 6n the nozzle surface
near the nozzle exit. Computed and measured Mach number
profiles were relatively insensitive to this effect, however, as
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Fig. 2 Effect of boundary-layer trip location on centerbody Mach
number profiles measured at x/h = 3.6 and Pt = 800 mmHg.
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Fig. 3 Computed and measured Mach number profiles.

can be seen by referring to the results in Fig. 3, which show no
observable manifestation of wave distortion. The level of
agreement between the computed and measured Mach number
profiles in Fig. 3 is, in fact, rather remarkable, given the
different stream wise development histories of the two flows.
The numerical computations were initiated in the plenum
chamber upstream of the nozzle and were performed before
the experimental facility was built. The Baldwin-Lomax tur-
bulence model was applied over the entire development length
of the numerical flow between the plenum and test section
outlet, so that fully turbulent boundary-layer flow was pre-
sent, even in regions where acceleration effects led to relami-
narization of the experimental flow. The trips used in the
experimental flow also caused the wall boundary layers up-
stream of the nozzle throat to thicken more rapidly in a region
where the boundary layers of the numerical flow were chang-
ing more gradually. Some insight into possible reasons for the
high level of agreement between the computed and measured
results in Fig. 3 can be gleaned by first noting that the thick-
ness of the nozzle and centerbody boundary layers was signif-
icantly reduced as the experimental and numerical flows were
accelerated between the experimental trip location and the
nozzle throat. As a result, the virtual origins of the nozzle and
centerbody boundary layers were located relatively close to the
throat for both flows. If the experimental and numerical
boundary-layer flows on each wall originated from essentially
the same virtual origin, and the prescribed turbulence model
was appropriate, then one would expect similar boundary-
layer growth patterns for both flows downstream of the vir-
tual origin. This would explain the high level of agreement
between corresponding profiles in Fig. 3. It should not be
inferred from this conjectured behavior, however, that speci-
fying uniform flow with zero boundary-layer thickness at the
nozzle throat offers an acceptable alternative to initiating the
computations in the plenum chamber. The present computa-
tions show that although the boundary-layer thickness on the
centerbody and outer walls is relatively thin at the nozzle
throat (dcb = dow = 0.00044 ht where ht is the throat gap
width), core flow static pressure and Mach number vary by
approximately 1% with radial position in the in viscid region
of the flow, which precludes specification of uniform flow at
the nozzle throat as a valid starting condition.

As a further test of compatibility between the experimental
and numerical flows, axial velocity profiles were evaluated at
the four stream wise locations shown in Fig. 3. Results for the
centerbody and outer wall velocity profiles are shown in Fig.
4 in terms of van Driest scaled variables. From the figure it can
be seen that computed and measured C/+ profiles on each
surface agree well at all four stream wise locations. The com-
puted profiles mimic the linear relationship U+ -y+ in the
viscous sublayer (0<y+ ^5), and both sets of profiles agree
well with the law of the wall within the interval 30 < y + < 100.

30

20

10 -

o -

1000
a) Outer wall

30

20 -

10 -

0 -

0 -

0 -

100 1000

b) Centerbody
Fig. 4 Computed and measured axial velocity profiles in law-of-the-
wall coordinates.

On the basis of the results shown in Figs. 3 and 4, it is
apparent that both the centerbody and outer wall boundary
layers exhibit the characteristics of a well-defined turbulent
boundary layer and that no adjustments need to be made to
either the experimental or computed flow to insure matched
flow conditions at any streamwise location within the annular
duct test section.

Concluding Remarks
In this Note several important issues have been addressed as

they relate to shock-free, supersonic turbulent flow in an
annular duct. By properly designing the flow components
upstream of the duct and choosing an appropriate boundary-
layer trip location, it has been shown that an experimental
flow can be generated for which the inner and outer wall
boundary layers are fully turbulent, with the near-wall flow in
local equilibrium at all streamwise locations along the duct. By
initiating the computations in the plenum chamber and pre-
scribing the Baldwin-Lomax turbulence model, it has been
shown that excellent agreement is possible between the experi-
mental and numerical flows. As a result, initial conditions can
be prescribed properly for the computation of shock-wave/
boundary-layer interaction phenomena induced by struts placed
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between the duct walls. Experimental and numerical studies of
these phenomena will be the subject of future research.
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Introduction

THE most common approach to Navier-Stokes predictions of
turbulent flows is based on either the classical Reynolds- or

Favre-averaged Navier-Stokes equations or some combination.1"3

Wilcox4 suggests two research avenues for arriving at turbulence
models suitable for hypersonic flows: 1) develop new models, or
2) generalize existing models. Wilcox,4 as well as other research-
ers, have made great strides in the latter. As discussed by Wilcox,
virtually all generalized models assume that Morkovin's hypothe-
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sis applies, which may become questionable for hypersonic bound-
ary layers and high-speed free mixing layers. The present study ad-
dressed relaxing Morkovin's hypotheses by directly accounting for
the density-velocity fluctuation correlation in the conservation
equations of mass, momentum, and energy. The experimental re-
sults discussed later support this new ideology.

Mikulla and Horstman5 present cross-wire measurements in a
Mach 7 boundary layer. These data along with corollary data6'7
were "re-reduced" here, using typical methods,8 into the results
given in Fig. la. The incompressible term of the Reynolds shear
stress (Fig. la, open circles) only accounted for about 30% of the
total turbulent shear stress (open triangles), and the compressible
term (open squares) contributed the remaining 70%. Bowersox and
Schetz8 found that, for a Mach 4.0 free mixing layer, the incom-
pressible shear term only accounted for about 25% (Fig. 2a, open
circles) of the total shear stress (open triangles), whereas the com-
pressible terms (open squares) contributed the remaining 75%.

The main goal of the current work was to numerically assess the
effects of the compressible turbulence terms that were experimen-
tally found to be important. The compressible apparent mass mix-
ing length extension (CAMMLE) model,8 which was based on
measured experimental data (Figs, la and 2a, solid symbols), was
found to produce accurate predictions of the measured compress-
ible turbulence data for both the wall bounded and free mixing
layer. Hence, that model was incorporated into a finite volume
Navier-Stokes code.
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Fig. 1 Mach 6.85 (Refs. 5-7) experimental and numerical boundary-
layer comparisons (x = 237 cm): a) Reynolds shear stress profiles (open
symbols, cross-wire measurements; closed symbols, CAMMLE8 model
results evaluated with measured mean flow data; and lines, numerical
CAMMLE results) and b) Mach number profile (symbols, measure-
ments; and lines, numerical predictions).


