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B. Acxial Developed Flow Between Concentric Cylinders

For this flow type, two cases were studied (the predicted values
of Cy are shown in Table 1). For one typical flow at a* =21 and
8/a =11, even close to the wall all of the models predict deviation
in the mean velocity profile from that for the plane channel, in agree-
ment with the DNS data (Fig. 5). The complete velocity profile com-
puted by the low-Re k- RM model is in the best agreement with the
DNS data. The Reynolds stress predicted by all of the models, except
Chien’s model, is also in very good agreement (almost coincident)
with the DNS data. The four models (except Chien’s model) ac-
curately predict significant reduction in the Reynolds stress in the
wall variables as compared with that for the plane channel (not
shown here).

III. Discussion and Concluding Remarks

From the results presented in Sec. II it is clear that for the axial
developed flow between concentric cylinders most models (except
Chien’s model) predict all quantities in reasonably good agreement
with the DNS data. In contrast, for thick axisymmetric boundary
layers at small a™, the five models underpredict turbulence quantities
and Cy by large amount.

To understand the difference in the predictions for the two flow
configurations we need to consider the details of the flows. One
difference between the two flow configurations is in the Reynolds
number. Thick axisymmetric boundary layers are at a much higher
Reynolds number as compared with that for the axial developed
flow between concentric cylinders. Another possibility is that the
measurements for the boundary-layer flow are in error because
of the misalignment of the cylinder and/or because C; is incor-
rectly deduced. Recently, Bull and Dekkars'> have shown that in
the boundary-layer flow at small radius Reynolds numbers (Re,),
even at about 1-deg yaw angle, vortex shedding from the cylinder
may lead to additional turbulence generation. A third possibility is
that the flow structure in the two cases is different. In the experiments
on thick axisymmetric boundary layers,” large eddies scaling with
the boundary-layer thickness have been observed to move across
the cylinder. This is not accounted for in any of the models. This
viscous-inviscid interaction is absent in DNS of axial developed
flow between concentric cylinders.!!
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I. Introduction

N recent years, the numerical simulation of three-dimensional

turbulent interactions has received considerable impetus from
developments in two different areas: Riemann solvers and turbu-
lence modeling. Sophisticated upwinded methods for the inviscid
terms of the Navier-Stokes equations obviate the need for speci-
fication of arbitrary damping coefficients. Solvers employing such
high-resolution flux evaluation techiques are superior to central-
difference-based schemes not only in shock capturing but also in
resolving smoother viscous-dominated regions of the flow.!

Advances in eddy-viscosity-based turbulence modeling have
been reported principally in one- and two-equation formulations.?~*
Although turbulence model development and evaluation efforts have
focused on two-dimensional interactions, most practical flows are
inherently three-dimensional. Fewer efforts have systematically in-

. vestigated the performance of popular turbulence models in three-

dimensional flows, where the physical processes are significantly
different from those found in two dimensions.’ This work examines
several eddy-viscosity turbulence models for their ability to repro-
duce the experimental data in a strong three-dimensional external-
shock-wave~-turbulent-boundary-layer interaction. The four models
investigated are the zero-equation Baldwin-Lomax (BL) model,’
the one-equation models of Baldwin and Barth? (BB) and of Spalart
and Allmaras® (SA), and the two-equation k— closure.”

The quantitative evaluation of turbulence models in three dimen-
sions has been significantly aided by recent measurements not only
of surface pressure but also of gradient quantities closely linked to
the viscous and turbulent stresses. The error bounds on such data are
typically less than 10%. The experimental geometries are simple,
typically a combination of fins on a plate or cylinder—flare intersec-
tions. For fin-based configurations, computational results with zero-
and two-equation models® indicate that good agreement is achieved
with experimental data for surface pressure, perhaps as a conse-
quence of the inviscid rotational nature of the dominant portion of
the flowfield. However, the effort to match derivative quantities such
as skin friction coefficients and heat transfer rates has proven to be
considerably more challenging (see Ref. 9 for example).
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II. Results

The geometry of interest in the present work is a cylinder—flare
juncture (Fig. 1) characteristic of an external flow situation. De-
tailed measurements of surface pressures and skin-friction coeffi-
cients have recently been reported.!’ The model is composed of
a sting-supported cylinder forming a juncture with a 20-deg-half-
angle conical flare. The principal region of interest—henceforth
called the juncture region—is in the vicinity of the inner-cylinder—
flare connection. The axis of the flare is parallel to that of the inner
and outer cylinders, but offset vertically by a distance equal to one-
fourth the diameter of the inner cylinder. The incoming flow is Mach
2.89 at zero angle of attack. This configuration is advantageous in
two respects: 1) the availability of extensive experimental data,?
including surface pressures, skin-friction coefficients, and surface
streamline patterns permits detailed quantitative validation; and 2)
the shock structure is observed experimentally to be steady under
these conditions, thus eliminating an additional element of uncer-
tainty in numerical simulation.

The three-dimensional compressible Navier—Stokes equations are
solved in strong conservation form with mass-averaged variables
in a curvilinear coordinate system. Details of the implementation
and the formulations of the eddy viscosity models may be found
in Ref. 11 and the references contained therein. The freestream
flow parameters in the computations duplicate the experimentally
measured values and are summarized in Fig. 1, where §(=1.1 cm)
is the nominal height of the boundary layer entering the interaction.
The wallis assumed to be at the adiabatic wall temperature of 262 K.
The initial portion of the interaction, extending to a few boundary-
layer thicknesses upstream of the juncture, is axisymmetric because
of the geometry. To save resources, this portion is computed under
the assumption of axisymmetry with only a few circumferential
points. These results are then employed to provide a boundary-
layer profile roughly 108 upstream of the juncture by matching the
experimental mean skin-friction coefficient of the incoming flow on
the periphery of the inner cylinder.

The global Cartesian coordinate system is located at the juncture
on the upper plane of symmetry. The subsequent discussion also em-
ploys the angle 8 measured with respect to the cylinder axis. Thus
6 = 0 and 180 deg refer to the upper and lower symmetry planes, re-
spectively. Since the configuration is symmetric, only one side of the
symmetry plane is computed. To estimate solution dependence on
mesh resolution, calculations are described on two meshes, desig-
nated M1 and M2.: On each mesh, the point distribution is optimized
to obtain increased resolution in the interaction region. M1 contains
113 x 97 x 89 nodes and resolves the incoming boundary layer with
65 points; the corresponding figures for M2 are 113 x 125 x 115
and 94. All turbulence models are computed on M1. Only the k—€
method, which requires the most stringent resolution criteria to be
met, is investigated in M2. Both meshes satisfy the constraint of
mean y*+ < 1 associated with the k—e model.

At the upstream end of the domain, the incoming profiles of all
necessary quantities are specified, including values of k2 /e for the
one-equation models and of k and € for the two-equation model.
Separate calculations are employed for this purpose, as outlined
in the preceding section. At the downstream and far-field bound-
aries, the zero-gradient condition is specified. Spurious reflections
are minimized by designing the meshes so that the shock system
passes out of the domain at the downstream boundary. On the solid

R=6.35cm
M=2.89 Outer Cylinder
5=1.1cm H \
Re=15x10%/m &:
P=172.37 kPa -
T=280 K

20° Flare
Axis Offset = 1.27 cm

Inner Cylinder
R=2.54 cm

Fig.1 Geometry of cylinder-offset-flare juncture.
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Fig.2 Streamwisesurface-pressure comparison at the upper and lower
symmetry planes (6 = 0, 180 deg) and at & = 90 deg. J = juncturelocation.

surface, no slip is assumed in conjunction with the zero normal pres-
sure gradient and fixed adiabatic wall temperature, while symmetry
is imposed on the upper and lower symmetry planes.

For brevity, some results are stated without accompanying figures,
which may be found inRef. 11. A systematic comparison of the com-
putational capabilities, including the influence of mesh resolution,
is presented by.plotting the surface pressure and skin-friction coef-
ficients along the three streamwise lines corresponding to the two
symmetry planes € = 0 and 180 deg and along 6 = 90 deg.

Figure 2 displays the surface pressures at the three circumferen-
tial locations. The ordinate is the static pressure normalized by the
upstream total pressure, and the abscissa is the streamwise distance
normalized by the nominal boundary-layer thickness. The location
of the juncture has been marked in each figure. Note that the domain
plotted terminates at the flare—outer-cylinder intersection. Hence,

"the pressure drop associated with the corresponding expansion is

not evident. The shock arising from the flare is conical in the in-
viscid regions away from the surface. The shock angle of roughly
31.5 deg is in good agreement with theory. Each method captures the
shock in a very crisp fashion with a minimal amount of staircasing.

A measure of the upstream influence is defined by the location
of the initial pressure rise. It is evident from Fig. 2 that this is very
accurately computed by each of the methods. A similar conclusion
is obtained upon comparison of the initial deflection of the surface
skin-friction vector (not shown). The rate of pressure rise in the in-
ception region of the interaction up to the juncture is also correctly
estimated. Beyond the juncture location, however, several differ-
ences are evident. The BB method predicts a lower rate of pressure
rise than the other methods, thus resulting in underprediction of the
peak pressure. In contrast, with the k—e method, the pressure rises
more rapidly to its asymptote as a consequence of a slightly smaller
predicted interaction region. On each of the sections however, the
pressure is modestly underpredicted in the trailing portion of the
region plotted, i.e., in the vicinity of the flare~outer-cylinder inter-
section. The largest discrepancy in the downstream region occurs
on the lower plane of symmetry with the BB method (8%); the best
comparison is shown by the k— scheme (3%).

The plateau region of the pressure profile, characteristic of swept
interactions, is not pronounced on the symmetry planes but is con-
spicuous on the § = 90-deg line near the juncture, where there is
significant crossflow. This plateau is evident in the results by each
closure. Proceeding around the periphery, an increase is observed
in the spanwise extent over which the pressure rise occurs. Overall,

- the computational results accurately predict the trend of experimen-

tal pressure data, and in the interaction region the discrepancy is
relatively small. An examination of all plots in Fig. 2 demonstrates
that the degree of mesh resolution with M1 is adequate in this re-

‘gard. The maximum variation in pressure is only about 1% and is

observed at § = 90-deg downstream of the juncture (x/& ~ 7).
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Fig. 3 Comparison of skin-friction coefficient at the upper and lower
symmetry planes (6 = 0, 180 deg) and at 8 = 90 deg. J = juncture location.

Figure 3 compares the computed skin-friction coefficient distribu-
tions with the measured data at the three azimuthal angles. Because
of the matching procedure employed, the values agree reasonably in
the upstream region of the undisturbed boundary layer. At each an-
gle, the skin-friction value drops to reach a minimum before showing
the rapid recovery typical of postattachment flow. On both planes of
symmetry, the skin friction becomes negative, indicating separation
of the incoming boundary layer and associated reversed flow.

The region of separation is small at & = 0 compared to that at
6 = 180 deg. This is consistent with the observation made earlier
in relation to Fig. 2-—the size of the interaction increases in every
respect with the azimuthal angle 6 in proximity to the upper sym-
metry plane. This greater domain of interaction is a consequence of
fluid movement from the upper to the lower symmetry plane. The
recovery of Cy subsequent to attachment is also more rapid on the
upper symmetry plane, where the separated region is smaller and the
peak skin friction reaches a much higher value, about 3 times that in
the incoming boundary layer. Both the BL and BB methods predict
amore gradual rise and thus underpredict C in regions downstream
of attachment. In contrast, the Spalart—Allmaras model displays the
correct rate of rise but fails to predict the leveling off observed in the
region x /8 & 5. The k—e method predicts a more rapid rise of skin
friction than in experiment, but successfully captures the asymptote
of skin friction in the downstream regions.

On the lower plane of symmetry (§ = 180 deg in Fig. 3), the peak
skin-friction coefficient is only about twice the upstream value and
occurs near the outer-cylinder juncture. All methods reproduce the
point of separation accurately. However, acommon trend is reflected
in the overprediction of the near-wall backflow velocity magnitude,
manifested by a lower backflow skin-friction level (i.e., higher neg-
ative magnitude) than observed experimentally. All methods also
show a small spike near the juncture location, where a slope discon-
tinuity exists. Nevertheless, the k— method performs considerably
better in this region than the other methods, the C; predictions being
within 10% of the experimental value over the entire domain length.

At 6 =90 deg, the comparison between experiment and data de-
teriorates, with all methods displaying significant overprediction of
skin-friction values. Note that the x component of C; is plotted
here. The two methods that provide better results on the symmetry
planes (i.e., k—e and SA) are the worst at this location. Although
the BB and BL methods appear to be more accurate in this region,
the good agreement may be fortuitous in view of the tendency of
these methods to underpredict the recovery of C on the upper and
lower symmetry planes. In general, the calculations indicate more
sensitivity to mesh resolution for C; than for pressure. The vari-
ation in C is nevertheless restricted to the region downstream of
attachment, and the maximum change is less than 3%.

Some of the C; data trends on the symmetry planes may be
compared with those observed in two-dimensional or axisymmetric
situations. For axially separated two-dimensional flows, the SA and
BB models induce a rather slow velocity recovery downstream of
reattachment,'? resulting in an underprediction of Cy. A similar
trend occurs for the three-dimensional separation at 8 = 180 deg.
The overly rapid recovery of C; with the two-equation model has
also been observed in earlier work.* The cause suggested in Ref. 4
is that there is an abnormal collapse of € near attachment leading
to strong growth in length scale. This source of error is not present
in the zero- and one-equation models, in which the length scale is
specified, and its effect on the overall results is minor.

The failure to reproduce C values in regions of significant cross-
flow may be traced to assumptions inherent in the formulation. In
contrast to that at 8 = 0 and 180 deg, the flow at & = 90 deg is char-
acterized by a large degree of three-dimensionality in the presence
of a pressure gradient. It is noted in Ref. 5 that turbulence models
extrapolated from two-dimensional experience miss some essential
features of three-dimensional flows. The example discussed in Ref. 5
specifically deals with the effect of crossflow pressure gradient, such
as exists in the present configuration, and its resultant anomalous
effects, which affect the development of and relationships between
mean shear stresses and the corresponding strain rates. Scalar eddy-
viscosity-based solutions, however, are pseudolaminar and impose
a close relationship between the stresses and the mean-flow gradi-
ents; thus they may not be very accurate away from the flows for
which they have been calibrated.!®

These characteristics of the comparison between theory and ex-
periment bear resemblance to results on other three-dimensional
shock-wave-turbulent-boundary-layer interactions. In particular, in
Ref. 8 both the BL and k—¢ models were investigated for the
crossing-shock or double-fin configuration. Those results indicated
similarly good results for all features, particularly with the k—e
model, except for C; in regions of large crossflow occurring after
attachment. A comparison with flowfield surveys of pitot pressure
indicated that the vortical structure caused by the interaction is accu-
rately reproduced.® The properties of the primary vortical structure
are dependent upon those of the upstream fully developed boundary
layer and the shock wave, both of which are accurately represented
by the turbulence model and the inviscid discretization, respectively,
as is their interaction. Within the interaction region, inadequacies
in turbulence modeling influence principally the complex mecha-
nisms in the flow close to the wall, which affect the development
of the turbulent stresses. For the double fin, therefore, the generally
accepted conclusion in the literature (see Ref. 8 and the references
therein) is that the primary vortical structure is predominantly invis-
cid and rotational. The parallel situation with regard to validation
in the present configuration indicates that a similar conclusion may
be appropriate here for the major features of the vortical structure.
This conjecture must be verified by comparisons with off-surface
flowfield quantities.

III. Summary

The performance of a hierarchy of popular turbulence models
in a three-dimensional external-shock-wave—turbulent-boundary-
layer interaction caused by a cylinder—offset-flare juncture has
been investigated. The turbulence closures examined are the zero-
equation BL algorithm, the one-equation models of BB and of SA,
and a variant of the two-equation k—¢ method. The influence of
mesh resolution has been examined. All methods reproduce the the-
oretical shock structure and the experimentally measured upstream
influence. With minor variations, the surface pressures are well ob-
tained in all regions. The performance for the surface skin-friction
coefficient, however, requires qualification. Each method predicts
the C profile in some regions, and in each region at least one method
may be deemed accurate. However, no one model performs well ev-
erywhere. Overall, the SA and k—e models exhibit similar properties
and are modestly more accurate than the BL and BB methods.
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Skewed Shear-Layer Mixing
‘Within a Duct

Thomas F. Fric*
General Electric Corporate R&D Center,
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Introduction

ASES occur where shear layers are inherently more three-
dimensional than nominally two-dimensional mixing layers.
The skewed mixing layer, which is formed by two streams at an
angle to each other, is one example. Skewed mixing layers can be
better mixers than two-dimensional layers,!™ and the analysis of
Lu and Lele showed that the growth rate of skewed mixing layers
can be represented by an effective shear-velocity dlfference of the
two streams.®
In the experiments highlighted here, incompressible skewed
shear-layer mixing is studied. The mixing region is confined in the
sense that the streams impinge somewhat on the side walls of the
duct into which the two streams flow. Generally there are differences
in the two streams’ relative speeds in both the streamwise and span-
wise directions, and therefore fluxes of two vorticity components
separate from the splitter plate. The mass flow ratio is varied for a
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fixed amount of skewing, and mixing development within the duct
is investigated.

Experimental Setup ,

Figure 1 shows the two skewed streams, mixing duct, and laser,
optics, and camera for the planar laser-induced flunorescence (PLIF)
technique. The top and bottom streams are injected at 26 and 13
deg relative to the duct axis, respectively. The splitter-plate trailing
edge is located 2.5 cm downstream of the transition between the
injected streams and mixing duct. Screens and honeycomb were
used to condition the injected streams. The distance from the down-
stream edge of each stream’s flow conditioning to the splitter-plate
edge was 47.0 cm, and the boundary-layer momentum thicknesses
at the end of the splitter plate were estimated to be in the range of
0.5-1.1 cm, depending upon the mass flow rate. The mixing-duct
dimensions are 12.7 cm wide by 9.3 cm high. Further details about
the setup are available.*

Planar laser-induced fluorescence of fluorescein dye in water was
used. All images captured by an 8-bit charge-coupled device (CCD)
camera were corrected for laser sheet nonuniformity, background
light, and camera response.” The laser sheet was steered across the
mixing region to reveal cross-sectional images at several duct planes.
The CCD camera viewed the mixing process through a window
located at the end of the duct, 66.0 cm downstream from the splitter-
plate trailing edge.

Table 1 shows flow conditions for five test cases. The bottom-to-
top stream mass-flow ratio k£ defines each test case. High- and low-
speed streams are indicated as streams 1 and 2, respectively. By ¢,
we denote the skewing angle of the higher-speed stream, and by ¢,
the skewing angle of the lower-speed stream, both relative to the duct
axis. The total skewness ¢ is given by ¢, —¢;. The Reynolds number,
based on duct height £ and mean streamwise duct velocity, is 3000.

Results

Figure 2 show streamwise progression of mixing for k=2.
Each image shows time-averaged scalar concentrations of 50
instantaneous fields. The gray scale from white (top stream) to black
(bottom stream) shows mixture levels between the two streams. At
x/h = 1, Fig. 2a shows the growth and structure of the interface
between the two streams and a counterclockwise rotation of the in-
terface. The thin central portion of the shear layer shows evidence of
two streamwise structures with counterclockwise vortical sense, and
the bottom left and top right corners show the collection of stream-
wise vorticity. The top stream fluid, with a velocity component from
right to left, impinges on the left duct wall and moves downward.
Similarly the bottom stream fluid impinges on the right wall and

moves upward, displacing what was initially pure top-stream fluid.

Figure 2b shows mixing-layer growth and improvement in mixture
uniformity at x /A = 2. Figures 2¢ and 2d show further development

Table 1 Flow conditions

$, ¢, o=d2—¢1,
k=mp/my r=uzfuy deg deg deg
5 0.22 —13 26 39
2 0.54 —13 26 39
1 0.92 -13 26 39
0.5 0.46 26 -—13 -39
0.2 » 0.18 26 - -13 -39
TOP VIEW END VIEW
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Fig. 1 Schematic of experimental setup.




