VOL. 24, NO. 2, FEBRUARY 1986

AJAA JOURNAL

261

A Study of Compressible Turbulent Reattaching Free Shear Layers
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An experimental investigation was conducted to study the two-dimensional, compressible, turbulent reat-
taching free shear layer formed by the geometrical separation of a Mach 2.46 flow with a turbulent boundary
layer and a Reynolds number of 5.01 X 107 /m from a 25.4 mm high backward-facing step. The wind tunnel test
section was specifically designed to obtain a constant pressure separation at the step. A detailed survey of the
flowfield was made utilizing a Schlieren system, static pressure taps, and a two-component coincident laser Dop-
pler velocimeter. In contrast to incompressible reattaching free shear layers, significant increases in the tur-
bulence level, shear stress, and turbulent triple products were observed within the reattachment region. Large
turbulence structure and enhanced mixing were observed in the redeveloping region.

Nomenclature
M =Mach number
p = pressure
pr =start of pressure rise
Pr = turbulence production
r =location of reattachment
u =mean velocity in the streamwise direction
u* = Van Driest generalized velocity
u, = friction velocity
X,y =horizontal and vertical coordinates
Yos =y component distance where u=0.5u,

) =boundary layer or shear layer thickness,
where v =0.99u,,

0 =momentum thickness

o = density

o =standard deviation with subscripts u or v
T =shear stress

() =ensemble average
Superscripts

() =mean value

)’ = fluctuation from mean value
Subscripts

max =maximum value

u = streamwise

v =transverse

w = wall value

z = spanwise

o = freestream value
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0 =value of the boundary-layer parameter at the
backstep and centerline value
0,0.5,0.99 =location where u/u,, =0, 0.5, 0.99

Introduction

FTER many years of investigation, the problem of flow

separation and subsequent flow recompression and
redevelopment in the base region of a blunt based missile-type
body still offers a great challenge to experimentalists and
analytical and computational modelers. Since the early 1950s,
analysis of separated flows for both laminar and turbulent
supersonic base flows have been carried out along two paths,
namely, the Chapman-Korst component model'? and integral
methods.>* Although these methods are good engineering
tools for analyzing base flow problems, they lack generality
and leave unanswered many questions regarding the fun-
damental fluid dynamic nature of the flow mechanisms and
interactions within the separated base flow region. This lack
of knowledge is most apparent when an attempt is made to ex-
tend the models to more complex systems, geometries, and/or
flight conditions.

The lack of understanding of the physics of the separated
flows and the lack of reliable experimental data have slowed
progress in the numerical modeling of this problem. Recent
papers by Marvin,” Horstman et al.,® and Weinberg et al.’
have shown good computational prediction of the separated
flowfields with a small separated region but only a qualitative
prediction with a large separated region, especially in the
highly turbulent reattachment and redevelopment regions.
The overall objectives of this study were to learn more about
the fundamental nature of the recompression, reattachment,
and redevelopment processes and to obtain some detailed data
useful for analytical and computational modeling purposes.

Experimental Program

A series of dry, cold air experiments were conducted in a
small-scale, blowdown wind tunnel facility.® The test section
of the wind tunnel is shown in Fig. 1. The wind tunnel width
was 50.8 mm and the step height was 25.4 mm. This con-
figuration was specifically designed to eliminate the expansion
effects at the separation point and provide a long constant-
pressure free shear layer with a well-defined initial condition
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to the compression and reattachment processes. The ramp
angle was 19.4 deg, and the ramp leading apex distance from
the step was 69.85 mm. Settles et al.,” Hayakawa et al.,'* and
Petrie et al.!! have used configurations similar to that of the
present study. Settles and Hayakawa used a hot-wire
anemometer to survey the entire flowfield in a wind tunnel
facility with a Mach 2.92 incoming flow with a turbulent
boundary layer. Petrie used the laser Doppler velocimeter
(LDV) to study only the constant-pressure region of the shear
layer in a Mach 2.44 incoming flow with a turbulent boundary
layer. Ikawa and Kubota'? and Petrie et al.!! also generated
constant-pressure shear layers over a backward-facing step by
using mass bleed from the floor of the wind tunnel. In their in-
vestigations, Ikawa and Kubota used a hot-wire anemometer
and Petrie et al. used an LDV.

Information obtained from schlieren photographs, static
pressure data, and LDV results were used to construct Fig. 1,
and the regions of the flowfield with distinct features are iden-
tified for later discussion. The curves of u=0, 0.5u,,, 0.994,,,
and the sonic line, M= 1, are shown. As can be seen, the M =1
and u=0.5u, locations were almost coincident. The station
numbers where the vertical surveys of the flowfield were car-
ried out are shown above the x axis in this figure.

The approach Mach number, Reynolds number, stagnation
pressure, and stagnation temperature were 2.46, 5.01 X 107/m,
528.1 kPa, and 297 K, respectively. The approach boundary-
layer and momentum thicknesses were 3.12 and 0.25 mm,
respectively.

Laser Doppler Velocimetry Considerations

A two-color, two-component LDV system was utilized to
make the velocity measurements. The frequency of one beam
of each beam pair was shifted by 40 MHz in order to detect
velocity direction and to eliminate fringe bias.!>!> A 250 mm
focal length lens was used for the velocity measurements
within the boundary layer and the initial part of the shear
layer, and a 600 mm focal length lens was used for the velocity
measurements in the reattachment and redevelopment regions.
The measurement volume diameter and length for the 250 and
600 mm lens were 0.131 and 1.83 mm and 0.314 and 4.39 mm,
respectively. The 600 mm lens produced a large fringe spacing
and a large fringe velocity in the measurement volume. These
were desirable LDV system characteristics because of the high
turbulence intensities expected in the reattachment and
redevelopment regions® and possible fringe bias problems that
may have resulted from the two-component coincident LDV .

Seed particle generation was accomplished with a commer-
cial six-jet atomizer. A 50 cP silicone oil was atomized and the
effective mean diameter of the generated particles was
estimated by measuring the relaxation of the velocity of par-
ticles downstream of an oblique shock wave.'¢ The results in-
dicated that the effective mean particle diameter was approx-
imately 1 pm.

The individual velocity realization type data processor used
in these experiments had the capability of measuring and stor-
ing 83.3 k coincident samples/s. The maximum data rate was
approximately 2000 samples/s with the 250 mm lens and 400
samples/s with the 600 mm lens. Therefore, the sampling pro-
cess was totally controlled by the flow. According to Erdmann
and Tropea,'”!® this ‘‘free-running’’ processor condition is
completely velocity-biased. The two-dimensional velocity in-
verse weighting factor 11/V ;| was used to correct for velocity
bias, where V' is the total velocity.

The digital frequency counters used in these experiments
had a 1 ns resolution. The maximum Doppler signal fre-
quency was approximately 95 MHz, and the uncertainty due
to counter clock resolution in a 5 to 8 frequency comparison
could reach 3.1% at this frequency. Thus, the comparison
level was set at 4% to avoid discarding data because of clock
resolution.

In the separation region just downstream of the step, the
velocity gradient across the shear layer was very large;
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therefore, errors in the velocity statistics due to spatial resolu-
tion were the largest. In this region, measurement errors due to
spatial resolution were the largest and were estimated to be
0.9% in mean velocity and 1.9% in turbulence intensity. %20

The data rate was approximately 2000 samples/s in the
freestream and dropped to 20 samples/s in the recirculating
region. The following number of samples were collected: 1024
in the freestream, 2048 in the recirculating region, and 4096
elsewhere. Therefore, the statistical uncertainty due to the
limited sample size was estimated to be approximately =3%
in the mean velocity and =3.5% in the turbulence intensity in
the recirculating region. Elsewhere in the flowfield the
statistical uncertainty was much lower.

Fringe bias occurs because the LDV frequency counters re-
quire 2 minimum number of fringes to be crossed before a
signal is accepted.!3!* Due to the highly turbulent nature of
the flow in the present experiments, it was thought, at the
outset, that fringe bias would be the major problem in design-
ing these experiments. The fringe bias analysis of Buchhave'?
was modified to incorporate frequency shifting and was then
used to correct for possible fringe bias.® The largest difference
between the results that were corrected and uncorrected for
fringe bias was 3%. Consequently, only the uncorrected
results are presented herein.

Experimental Results

In this section, the experimental results are presented and
compared to the results of previous studies. The nature of the
incoming boundary layer, the pressure field, and the two-
dimensionality of the flowfield are first discussed, and then
the results for the mean flow and the turbulent flow are
presented.

Incoming Boundary Layer

Two-component and one-component velocity measure-
ments were made to within 1 and 0.25 mm of the wall, respec-
tively. The approach boundary-layer and momentum
thicknesses were determined to be 3.12 and 0.25 mm, respec-
tively. The ratio of momentum thickness to boundary-layer
thickness was 0.0792, which was approximately 10% higher
than the value reported by Maise and McDonald.?!

Maise and McDonald?!' defined a single curve, which was
based on the wall-wake law coupled with the Van Driest com-
pressibility transformation, and showed that they could col-
lapse experimental data from numerous equilibrium-
compressible boundary-layer flows. The maximum scatter of
the data relative to their curve was approximately 30%. Figure
2 shows the boundary-layer data of the current study in com-
parison with the Maise and McDonald curve. The maximum
difference between the present data and their curve is less than
5%; this is a good indication that the boundary layer of the
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Fig. 1 Scaled map of the flowfield.
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present study was in equilibrium. Since the skin-friction coef-
ficient C, was not measured directly, it was determined from
the wall-wake law. The value of C, determined by this method
was 0.00138, which is in good agreement with the values of
Refs. 9 and 11.

The boundary-layer shear stress profile is shown in Fig. 3.
Also included in Fig. 3 are the incompressible results of
Klebanoff,?? the ‘‘best estimate’ for the supersonic
boundary-layer shear stress distribution given by Sandborn,??
and the hot-wire and LDV data of Johnson and Rose® for a
Mach 2.9 boundary-layer flow. The present data agree well
with the LDV data of Johnson and Rose and with the best
estimate of Sandborn up to y/6=0.8, but in the upper edge of
the boundary layer, the present data show somehow higher
values.

Static Pressure Results

The wall pressure distribution nondimensionalized by static
pressure before the step is shown in Fig. 4. The accuracy of the
pressure measurements was approximately +0.6%. The
pressure change was less than 4% from 12.5 mm before
separation to 96 mm after separation. The reattachment loca-
tion, which was determined by coating the ramp surface with a
steam engine oil-zinc oxide mixture, was located 128.02 mm
downstream of the step and 4.91 mm vertically below a
straight horizontal line extended from the step (see Fig. 4). At
the last station, x=172.72 mm, the pressure ratio was 2.83,
which was significantly less than the final expected recovery
pressure ratio of approximately 3.25. The experimental results
of Roshko and Thomke,? Sirieix et al.,2 and Settles et al.®
have shown that the reattachment process is to a significant
degree independent of the wall geometry or disturbances
downstream of the reattachment location. Therefore, the
relatively short length of the present ramp downstream of the
reattachment location would be expected not to disturb the
reattachment process during the current investigation.

Spanwise wall pressure distributions in three streamwise
locations are shown in Fig. 5. As can be seen, the variations in
the spanwise pressure distributions do not show any signifi-
cant trends and are all within +0.8% of the centerline
pressure. Since the accuracy of the pressure measurements was
determined to be +£0.6%, the flow was found to be two-
dimensional within +19 mm of the wind tunnel centerline.

Two Dimensionality of the Flowfield

Spanwise cellular structure has been noticed in the reattach-
ment region using surface flow visualization.!62%27 This struc-
ture was also observed in the present experiments by coating
the ramp surface with a steam engine oil-zinc oxide mixture.
This structure was absent in the recent experimental study of
Settles et al.” Thus, the existence of such spanwise motions is
still a point of discussion and concern. Some detailed pressure
measurements by Roshko and Thomke?® have indicated that
these secondary motions have very small effects on the static
pressure distribution. The spanwise surface pressure distribu-
tions in two streamwise locations in the reattachment and
redevelopment regions of the present study, which were
discussed earlier and are shown in Fig. 5, are in agreement
with the findings of Roshko and Thomke.?5

Uniformity of the mean velocity and turbulence field across
the tunnel in the reattachment and redevelopment regionswas
confirmed by LDV measurements made +8.0 mm on either
side of the centerline of the wind tunnel at x=130 and 140
mm. The variation in data for the worst cases was +2.1% in
the mean velocity, +2.8% in the streamwise turbulence inten-
sity, and +2.7% in the shear stress. Since the turbulence in-
tensities and shear stress reached maximum values near x = 140
mm, these variations were within the statistical uncertainty of
the finite sample sizes. LDV measurements further off-center
were not possible due to reflections of laser light from the
windows.
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Based on the spanwise pressure measurements and off-
center LDV measurements, it is concluded that the mean
flowfield was uniform within a region +19 mm of the
centerline. From LDV measurements, the turbulence field was
shown to be uniform within =8.0 mm of the wind tunnel
centerline.

Mean Flow Results

The mean velocity profiles for all stations are shown in Fig.
6. The abscissa shows the vertical station numbers, the dashed
vertical lines show the locations of zero velocities for each sta-
tion, and the number above the dashed lines show the x loca-
tions of the stations. The mean velocities were normalized by
the approach freestream velocity u,, = 571.82 m/s. The varia-
tion in freestream velocity above the shear layer was +1.4%.
The mean flow has a wake profile until reattachment; after
reattachment, the wake flow feature starts to diminish.

The mean velocity vector field in the recirculation region is
shown in Fig. 7. A single, clockwise, recirculating bubble was
centered above the leading apex of the ramp; in a similar ramp
configuration experiment, Petrie et al.!' found a similar recir-
culating bubble. Weinberg et al.” applied a Navier-Stokes
code with an algebraic mixing length turbulence model to a
similar ramp configuration with an approach Mach 2.92 flow
and a ramp angle of 20 deg and found two clockwise and one
counterclockwise recirculating bubbles. It can be seen from
Fig. 7 that the recirculating flow was directed toward the
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separation point. This was also noticed by Petrie et al.,!! but
the Navier-Stokes code of Weinberg et al.” did not capture this
feature of the recirculating bubbles. This feature needs to be
studied carefully since it could contribute to the onset of
plume-induced flow separation on afterbodies with a centered
propulsive jet.

The maximum negative velocity measured in the base region
was 0.2u,,, which occurred where the minimum wall pressure
was measured. Petrie et al.!! in a similar experiment, Delery?®
with a transonic freestream and a supersonic propulsive jet,
and Etheridge and Kemp? in a subsonic flow over a step
measured maximum negative velocities of 0.19u,, 0.30u,,,
and 0.18u,,, respectively.

The streamwise mean velocity profiles are shown in a non-
dimensionalized y coordinate in Fig. 8. The variable § is the
shear or boundary-layer thickness with the classical definition
of 6=y4.99 — ¥y, Where y,, ¥o s, and y, oo are the locations of
u=0, 0.5u,, and 0.99u,, respectively. As can be seen from
this figure, the collapse of these data is good from two stations
after separation up to one station after reattachment. The col-
lapse of these data showed that, in spite of a large adverse
pressure gradient, the mean flow in the recompression, reat-
tachment, and initial part of the redeveloping regions is in local
equilibrium. It was surprising to see local equilibrium in the
reattaching and redeveloping regions under such a large adverse
pressure gradient. There are ample experimental results to sup-
port the existence of local equilibrium in boundary-layer flows
under moderate pressure gradients.’>3? The similarity para-
meter, which is used to correlate some overall boundary-layer
shape parameter in supersonic flows, is the Clauser pressure
gradient coefficient, defined as (63 /7, )(dp/dx), where 6} is the
boundary-layer kinematic thickness and 7, is the wall shear
stress. In contrast to the studies cited above, no pressure term
was used in the similarity parameter of the present results.
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Self-similarity of the mean flow is achieved when the shear
layer growth rate becomes linear. A detailed examination of
the velocity data and constant velocity lines showed that mean
velocity self-similarity was achieved approximately 166, or
2000, downstream of the step. Self-similarity in similar ex-
periments by Petrie et al.,!! Settles et al.,” and lkawa and
Kubota'? were attained at 18.86,, 188,, and 226, downstream
of the step, respectively. The growth rate of the free shear
layer was 0.093, which was higher than the values of 0.078 and
0.062 obtained by Petrie et al.!! and Ikawa and Kubota,'?
respectively, and which was 1.74 times smaller than the incom-
pressible shear layer growth rate of Liepmann and Laufer.*

Turbulent Field Results

The streamwise component turbulence intensities are shown
in Fig. 9. The x location of each station is given above the pro-
files. The vertical dashed line at each station shows the local
zero. As can be seen, a very pronounced peak turbulence in-
tensity developed just downstream of separation and grad-
ually spread as the shear layer grew. This behavior was also
observed by Petrie et al.!! in supersonic, Delery?® in transonic,
and Driver and Seegmiller® in subsonic flows. The peak
values increased through recompression and reached a max-
imum in the reattachment region and decayed afterward. In
the recirculating region, the turbulence intensity was high; it
was nearly constant at each vertical station and increased in
the downstream direction.

The streamwise turbulence intensities nondimensionalized
with u, did not collapse onto a single curve as the mean
velocity data did in Fig. 8. In Fig. 10 the maximum turbulence
intensity at each station was used to nondimensionalize the
turbulence intensity data. The turbulence field for x=30 mm
is locally similar above the sonic line. This was also observed
by Petrie et al.!! in the free shear layer; however, it was sur-
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prising to see such local similarity existing in the turbulence
field for the reattachment and redevelopment regions under
such a large adverse pressure gradient. The maximum tur-
bulence intensities occurred near y=y,s which was approx-
imately coincident with the sonic line (see Fig. 1). Hayakawa
et al.'® used a hot-wire anemometer for turbulence measure-
ment in a similar geometry, with an incoming Mach 2.92 flow
with a turbulent boundary layer. Their results showed that the
maximum mass flow fluctuations occurred in the supersonic
region of the shear layer. The differences between the present
results and Hayakawa’s results could be due to the difference
between turbulence fluctuation and mass flow fluctuation
and/or to difficulties involved in hot-wire calibration for local
Mach numbers of 1.2 or less,!%3% where the maximum inten-
sities occurred during the present study.

The nondimensionalized transverse component turbulence
intensities are shown in Fig. 11. In contrast to subsonic shear
layers®®*7 the location of the v component maximum tur-
bulence intensities shifted toward the lower velocity side of the
mixing layer. The cause of this turbulence behavior change is
perhaps the combined effects of compressibility and mean
density change across the shear and redeveloping boundary
layers. The v component turbulence intensity, nondimen-
sionalized with the maximum turbulence intensity at each sta-
tion, collapsed above the sonic line as did the streamwise tur-
bulence data.

Evolutionary profiles of the turbulent shear stress are
shown in Fig. 12. In the calculation of the mean density p,
some interpolations were involved; therefore, at stations 12-17
the mean density is believed to be accurate within +6.0%. As
with the ¥ component turbulence intensity, a sharp peak in the
shear stress profile developed soon after separation and spread
as the shear layer grew. The shear stress increased through
recompression, reattachment, and redevelopment of the
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boundary layer. The maximum shear stress values at each sta-
tion occurred near the sonic line. The shear stress nondimen-
sionalized with the maximum shear stress at each station col-
lapsed onto a single curve above the sonic line as did the tur-
bulence intensities.

The shear stress fluctuations in the recirculating flow were
negligibly small in comparison to the normal stress values (see
Fig. 9). The large values of the turbulence intensities and the
low values of the shear stress in the recirculating flow could be
indicative of a low-frequency flapping motion of the reat-
taching shear layer. Subsonic flow results343%3% showed
relatively high shear stress in the recirculating flow.

The maximum turbulence intensities and shear stresses are
shown in Fig. 13. The onset of pressure rise and the reattach-
ment location are identified by pr and r in Fig. 13. The max-
imum « and v intensity components reached 15% and 7.5%,
respectively, in the constant-pressure shear layer. The ratio of

- the maximum # intensity to the maximum v intensity in the

shear layer region was approximately 1/2, which was similar
to that of Petrie et al.!' but lower than the 2/3 reported for
subsonic flows.’” The maximum u and v component inten-
sities were approximately 22% and 9%, respectively, and both
occurred one station after reattachment. The maximum shear
stress with the density term increased through recompression
and reattachment and reached approximately 0.7% in the
redeveloping boundary layer, while the maximum shear stress
without the density term leveled off at approximately 0.5% in
the reattachment region.

All the experimental results for subsonic shear layer reat-
tachment in the backward-facing step configuration reported
in a review paper by Eaton and Johnson*® showed that the
peak values of the maximum # component intensity and max-
imum shear stress occurred approximately one step height
before reattachment followed with a rapid decay. The causes
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of the rapid decay of turbulence intensity and shear stress for
subsonic flows in the reattachment region are not known. The
candidate causes are the stabilizing streamline curvature, the
adverse pressure gradient, and the strong interaction with the
wall.3%0 Whatever the mechanism(s) for subsonic flow, it
seems that compressibility effects are more dominant in super-
sonic flow reattachment and that there is no turbulence fluc-
tuation decay before or at reattachment.

In turbulence modeling using the turbulent kinetic energy or
the shear stress transport equation, one needs to model the
turbulent triple products. The evolutionary profiles of one
component of the triple products are shown in Fig. 14. As with
subsonic plane mixing layers and reattaching shear layers,’
the triple products were observed to be roughly antisym-
metrical about the mixing layer center for all four com-

ponents.® The ((#')?) and (u’(v’')?) components reached
negative minima in the upper portion and positive maxima in
the lower portion of the shear layer, which was similar to sub-
sonic shear layers.3*363 The ((u’)?v’) and ((v’)?®) com-
ponents reached positive maxima in the upper portion and
negative minima in the lower portion of the shear layer, which
was just the opposite of the subsonic reattaching free shear
layers. Therefore, this appears to be another fundamental dif-
ference between compressible and incompressible shear layers,
which shows the different characteristics of the diffusion of tur-
bulent kinetic energy in the transverse direction in compressible
and incompressible shear layers.

As with incompressible reattaching shear layers,* all four
components of the triple products were negligibly small in the
recirculating flow. Since the major contributions to triple
products come from large-scale turbulence and there is no
large-scale motion in the recirculating flow, this was expected.
The local values of all four components of the triple products
increased dramatically through recompression, reattachment,
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and redevelopment, which meant large-scale motion and in-
creased length scale in these regions. This behavior was not
observed in subsonic flows; rather the triple products on the
wall side started decreasing before the reattachment region.
Chandrsuda and Bradshaw?® attributed this behavior to im-
position of the v =0 condition by the wall and limitation of the
large eddies, which are the major contributors to the triple
products. Existence of large shear stresses (see Fig. 12) and
large triple products could mean large-scale motion and large
turbulence length scales in the redeveloping boundary layer.
Turbulence production plays an important role in the
streamwise evolution of separated flowfields. The component
of turbulence production that could be obtained experiment-
ally with reasonable accuracy was the production by shear
stresses, Pr= —p{u’v’)du/dy. The turbulence production
profiles developed a peak soon after separation and spread as
the shear layer grew (see Fig. 15). The peak value at each sta-
tion was located around the sonic line and reached a maximum
near the reattachment region and started decaying afterward.

Conclusions

A detailed experimental study of reattaching compressible,
turbulent, free shear layers using LDV techniques was carried
out. Local similarity of the mean flow was observed through
the shear layer, the reattachment, and the initial part of the
redeveloping boundary layer. The mean flow and the tur-
bulence field above the sonic line correlated with the local
shear or the local boundary-layer thickness. The growth rate
of the shear layer was 1.74 times less than that of incompressi-
ble shear layer. In contrast to incompressible reattaching shear
layers, the turbulence intensities, shear stress, and turbulent
triple products were significantly increased through reattach-
ment. Existence of large turbulent triple products and large
shear stress in the recompression, reattachment, and
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redevelopment regions indicated the presence of a large-scale
turbulence field in these regions. Evolution of the turbulence
field in reattaching compressible shear layers seems to be very
complex and offers a great challenge to turbulence modelers.
Probably models based on the shear stress transport equation
with relatively sophisticated models for the turbulent triple
products are required.
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