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This report is the final report for AFOSR Grant 88-0120, monitored by
Dr. J. McMichael. An experimental program was carried out to study the
detailed structure of supersonic turbulent boundary layers. The experiments
were designed to elucidate physical models and mechanisms that are particular
to compressible turbulence, such as the effects of compressibility on the
nature of the large-scale motions, the scaling laws for high Reynolds number
supersonic turbulent flows, direct compressibility effects that cause the
exchange of turbulence energy among the vorticity, entropy and sound modes,

and the transport of heat and momentum by compressible turbulent motions.

In Section 2. a detailed deczcoripeion of the completed work s givea,
including a description of the new optical experimental tools developed in
conjunction with Prof. Miles. Appendix A contains a list of the publications
acknowledging this grant, and Appendix B gives a list of the personnel

involved with the work, including the degrees awarded during the period of

the grant.
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1. INTRODUCTION

This report is the firal report for AFOSR Grant 88-0120, monitored by
Dr. J. McMichael. An experimental program was carried out to study the
detailed structure of supersonic turbulcni boundary layers. The experiments
were desiguned to elucidate physical models and mechanisms that are particular
to compressible turbulence, such as the effects of compressibility on the
nature of the large-scale motions, the scaling laws for high Reynolds number
supersonic turbulent flows, direct compressibility effects that cause th:
exchange of turbulence energy among the vorticity, entropy and sound modes,
and the transport of heat and momentum by compressible turbulent motions.

In Section 2, a detaile?d descripticn of the completed work is given,
including a description of the new optical experimental tools developed in
conjunction with Prof. Miles. Appendix A contains a list of the publications
acknowledging this grant, and Appendix B gives a list of the personnel
involved with the work, including the degrees awarded during the period of

the grant.

2. DETATLED DESCRIPTION OF COMPLETED WORK

Here. we review our work on the study of the structure of supersonic
turbulent boundary layers in zero and adverse pressure gradients, and the
flow of a turbulent boundary layer over curved surfaces. A description of

the new optical techniques developed bv Prof. Miles is also given.

2.1 The structure of supersonic turbulent boundary layers

A considerable amount of new insight into the turbulence structure of
supersonic turbulent boundary layers has been obtained, through the detailed
study of representative boundary layer flows. The data include measurements
of <u’'>, <(pu)’'>, <v'> and -i;ﬁ?:n, and they have been reported in great
detail in the recen: AGARDograph by Fernholz, Smits, Dussauge and Finley
(1988). 1In addition, measurements of higher order moments have been made,
and spectral data, probability density distributions, and correlations have
also been obtained in all cases. 1In this respect, these data sets are the
most complete data sets for zero and adverse pressure gradient supersonic
boundar: laycis currently available.

During the grant pevind, ztvdic: of o Zere presovre aradient ana ar
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adverse pressure gradient flow on a flat plate were completed (Fernando
(1988), Spina (1988)), as well as a study of the behavior of a supersonic
turbulent boundary layer on curved surfaces (Donovan (1989)). This work was
used to assess the significance of variable density on the structure of high
speed turbulent boundary layers. For the purpose of comparison with the
subsonic case we used the results from Alving (1988) because ¢f the wide
variety of data obtained in that flow. The flow conditions for these cases,
and some others, are summarized in Table I. Because of the experimental
conditions of these tests, and the lack of high-quality, detailed data from
other sources, it is not always possible to make a clear distinction between
Mach and Reynolds number effects.

According to Morkecvin {1962), the dynamics of compressible turbulent
shear layers follow the incompressible pattern closely, as long as the
fluctuauating Mach number remains small. 1In supersonic Flows 1 and 2, the
freestream Mach number is in the range where Morkovin’s hypothesis should
apply over most of the boundary layer thickness. The Mach number gradient
near the wall, however, is very high (for example, in Flow 1 the sonic line
is located at approximately y = 0.0056 = 0.13mm = 75 vy /u,), and it may be
expected that the fluctuating Mach number can exceed unity in the region of
maximum turbulence production, and Morkovin's hypothesis may break down in
the near-wall region.

The simplest comparison between the turbulence behavior in subsonic and
supersonic boundary layers is to compare the distributions of <u’'>. When
normalized by u, (= |ry/py), the distributions appear to show a strong Mach
number effect (see, for example Schlichting 1968, p. 659). However, if the
results for Mach numbers less than 5 are normalized by a velocity scale
derived using the wall stress and the local density (= jry/p), as suggested
by Morkovin, the Mach number dependence is no longer evident. At a Mach number
of 6.7, however, Owen et al. found that this transformation did not seem to
collapse the data, indicating that hypersonic flow may display strong
compressibility effects. It is also known that the flatness profile in
supersonic flows is more constant than in the corresponding subsonic case (see
figure 2). One definition of intermittency is I = (3/Flatness), where
Flatness = :TZ/(JT§)2, and the results imply that the intermittency profile is

fuller in supersonic flows. In contrast, the Rayleigh scattering density




Subsonic flow  Supersonic flow 1 Supersonic flow 2 Supersonic flow 3
M 0.1 2.9 z.97 6.7
Uref 31 m/s 565 m/s 594 m/s 1110 m/s
Cs .002832 .00114 .00166 .00080
Rg 500V 8C,000 15000 8500
) 19.3 mm 28 mm 12 mm 33 mm

Table 1. Experimental conditions for the supersonic boundary layers
investigated by Spina (1988) and Fernando (1988) (Flow 1), Robinson (1986)
(Flow 2), and Owen et al. (1975) (Flow 3), and the subsonic boundary layer
investigated by Alving (1988).

field flow visualization by Smith at Princeton (private communication)
reveals that the boundary layer has a very similar appearance to that seen in
subsonic flows (see figure 3), and it may be possible that the flatness
profiles of (pu)' do not give an accurate picture of the intermittency.
Recent measurements of the intermittency function from the (pu)' signal by

Selig (1988) seems to support this idea. What is even more interesting is

that the shear correlation coefficient Ryy (= -u'v'/<u’'><v'>) is different
(figure 4). The subsonic data reveal a higher correlation across the

boundary layer with a nearly constant value of 0.45 for 0 < y/6 < (.8, while
the supersonic correlation decreases steadily as y/§ increases. Differences

were also observed in the distribution of the structure parameter aj = -

u’v'/q2 (not shown). In these same studies, however, Fernando and Alving
found similar anisotropy ratios, suggesting that the difference in character
of the Ry, distribution is caused by a change in the shear stress, that is,

'

the organized motions, not by a change in u’ or v' alone. These changes are

clearly evident in the joint probability density distributions of u’' (or
L —

(pu)') and v', shown in figure 5. The contributions to -u’'v’ are organized

differently; as a basis for comparison, it may be seen that the major axes of




these approximately elliptical distributions are aligned more closely with
the horizontal axis when the flow is supersonic. A wide variety of two-point
space-time correlation data is available, including mass-flux (pu)’' (or
velocity u') correlations in the streamwise, normal, and spanwise directions
(x.v, and z, respectively). To begin the discussiown of the results,
consider the time records of (gu)’ obtained in the zero pressure gradient
boundary layer from three hot wires (figure 6). The signals exhibit a very
similar character, indicating the passage of organized motions of a scale
larger than the separation distance between the top and bottom wires.

The space-time correlations for one supersonic and one subsonic flow are
shown in figure 7. For both cases, the peak values of the correlations are
quite high, reaching a maximum of 0.65 near the middle of the boundary layer.
The correlation frictions for the supersonic boundary layer are considerably
narrower than for subsonic layer. Furthermore, the dimensionless delay time
corresponding to the peak of the space-time correlation, 7p,y. decreases from
0.4 (=20 + O0.5us) at the floor to nearly zero at the edge of the boundary
laver.

The high peak level of the correlation and the non-zero value of the
time delay imply that both wires are detecting the same "disturbance", and
that one wire is detecting it before the other. Since the time shift was
applied to the upper wire, the peak at negative time delay means that the
upper wire detects the disturbance first, that is, the disturbance leans
downstream. Accordingly, an angle # can be defined for this "front" by using
the value of 7 ;5 along with the wire separation distance, ¢, and the local

convection velocity. That is,

9=ta1’1'1 [ &

UcTmax

The angle ¢ may be called an "average structure angle," in that it is asso-
ciated with an average large-scale motion. Figures 8 and 9 show that the
structure angle depends on the distance between the two measurement points,
and that the distribution for supersonic flow is different from that in
subsonic flow. In the supersonic case for small values of ¢ (é/6 = 0.09
.say), the structure angle is approximately constant at a value between 45°

and 50° for 0.2 < y/§ < 0.8. For £/6 > 0.2, the structure angle becomes




insensitive to variation in the separation distance, and it varies from about
40° at v/6§ = 0.2 to about 60° at y/6 = 0.8. In the subsonic case, however,
small values of £ give larger values of #, and large values of £ gives
smaller values of § than those observed in the supersonic case. For example,
Alving found that tor £/f = 0.1, the structure angle was approximately at a
value of 60° for 0.2 < y/6 < 0.8, whereas for £/6 > 0.2, J varied from about
20-30° to about 50° over the same interval in y. Note that the uncertainty in
the convection velocity will not affect these results significantly: when ¢
= 45°, 0% error in U, leads to an error in # of only 2-3°. These resuilts
help to explain the differences seen in the correlation functions (figure 7).
Since the average large-scale structure is more upright in a supersonic
boundary layer, the space-time correlation is apt to fall off at shorter time
delays since the extent of the structures in the mean flow direction will be
smalier.

Using the same upstream flow conditions used by Spina and Smits for the
zero pressure gradient layer discussed above, Donovan and Smits (1987)
investigated the mean structure angle distribution following a short region
of concave surface curvature using two different flow models: one which
turns the flow through 5° with a radius of curvature of 1270 mm (6§/R = .022),
and the other turns the flow 16° with 6/R = .08. Fernando and Smits (1987)
made similar measurements on a flat plate following a short region of adverse
pressure gradient. In that case, the pressure gradient was generated by a
contoured plate, designed so that the pressure distribution matched that of
the 8° model using by Donovan and Smits. The general shape of the
distribution remained the same as in the zero pressure gradient case.
However, there appeared to be a small increase in the structure angle after
each of the three perturbations. Furthermore, the structure angle after the
stronger curvature was slightly higher than after the weaker curvature.
Donovan and Smits suggested that the perturbation rate was too rapid in the
stronger curvature model to allow readi 'stment of the large-scale motions,
and thus the angle of inclination is affected. It appears that the same
preliminary conclusion can be drawn for all three of the flow perturbations,
since they all exhibit the same trend.

While the present study traversed two "detection probes" through the

boundary layer at a fixed separation distance (small compared to §), most




other measurements of this kind have used one detection probe fixed at the
wall (a hot wire. a shear stress gauge, or some similar device) and another
probz which was traversed through the boundary layer, thereby varying the
separation distance. The tixed separation method used here results in a
tvpical mean structure angle of 45° in supersonic flow and about 30° in
subscenic flow. While the variable separation method seems to give a lower
characteristic value; in superscni~ flow Robinson (1986) found 30° and in
incompressible flows Brown and Thomas (1977) found 18°, whereas Rajagopalan
and Antonia (1979) found 12.5°, and Robinson (1985) found 16°. The advantage
of the present method is that the slope of the structure is determined
locally, instead of being inferred from a large-scale measurement.

A superposition of peak time delays on the "mean structure shape" was
used to produce iso-cerrelation contours for the supersonic case using £ =
0.0%¢ and 0.308& (figure 10). The "mean structure shape”, the solid curve
drawn through the center of the contours, was constructed from an
extripolation of the mean structure angle from one measurement location to
the next (with the first location supplying the appropriate inclination from
the origin). The peak of the cross-correlation at each mean wire position
was then shifted so that it was coincident with the curve delineating the
mean structure shape. The contours give a good indication of the extent of
the field around the identified structure. The same mean structural
characteristics are evident in all of the contours, as well as those
determined by Robinson. Similar contour plots were derived for the subsonic
boundary layer studied by Alving and they are given in figure 11. The
differences in mean structure angle that exist between supersonic and
subsonic flows (figures 8 and 9) are readily apparent in figures 10 and 11,
as are the much greater streamwise extent of the large-s ale structures in
the subsonic boundary layer.

Donovan (198Y%) has studied the space-time correlations in the supersonic
hoindary layer flow downstream of the short region of concave surface
curvature described earlier. He observed a significant elongation of the
average structure in the streamwise direction, consistent with the
distortion that would be observed if the large scale motion can be
represented by a horseshor vortx model.

In addition to the measurements made at two points separated in the




direction normal to the wali, measurements were taken at a variety of
spanwise spacings in both the supersonic and subsonic cases. The space-time
correlation for a spanwise spacing of 0.096 is shown in figire 12 for several
locations across the supersonic boundary layer. The corresponding results
fer the subsonic boundary laver are given in figure 13. The peak values are
somewhat lower than in the supersonic case, although the cerrelations are
much broader. Tn both cases, however, the character and strength of the
correlations is similar to those found for the vertical separations, except
that the peak occurs at zero time delay in this case. Since the correlation
between wires spaced 0.09¢6 apart is similar for both the spanwise and
vertical alignments, a similarity of the structures is suggested in the y-
and z-directions for small distances in both cases. As determined from the
peak values of the correlation functions, it appears that the spanwise scales
are slightlv smaller than the vertical scales.

A comparison of the length scales based entirely upon the peak values of
the correlations is not conclusive, however. Thercfore, the transverse
scales were further explored with the aid of Iso-correlation contours which
give the behavior of the entire correlation curve, not just the peak value.
The space-time correlations wece reflected about £ = 0 for each v-position
tthis is valid since the spanwise correlations are symmetric), ang iso-
correlation contours were drawn from the resulting surfaces (figures l4 and
157, As with the vertical correlations, the time delay was normalized by
outer-laver variables, and by Tavlor’s hypothesis can be interpreted as a
streamwise distance. The plots then give (pseudo) x-z cross-sections of the
boundary laver at three different y-locations. What is very striking is
that the spanwise extent of the large-scale motions in subsonic and
supersonic flows are almost identical (and in good agreement with the results
of Fovasznay et al. 19/0), whereas the streamwise scale differs by a factor
ot agheut two. In additiorn, the spanwise scale of the detected structures
Intreases away from the wall. Since the overall size of the structures
increases with y/é this behavior is not surprising. The spanwise scale of
the detected organized structures should therefore increase as we move

farther from the wall.

All the neasurements presented here indicate that despite broad
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similarities, the turbulence structure of supersonic and subsonic boundary
lavers display significant differences. Some of these differences, such as
the change in the flatness profile, have been observed in previous studies,
and are now relatively well known. Structure parameters have not been widely
studied in supersonic flows, however. and the new measurements presented here
indicate thar strong differences exist. For example, the length scales
derived from space-time correlations indicate that the spanwise scales are
almost identical but that the streamwise scales in the subsonic flow are
about half the size of those in supersonic flow. The large-scale structures
in the subsonic boundary layer also appear to move slightly slower, and lean
more towards the wall, than those observed in supersonic flows, and their
shear stress content is distributed differently among the four quadrants.

All these observations suggest that there may be fundamental differences
between the structure of subsonic and supersonic boundary lavers. It is
possible that the density gradients in a supersonic shear layer affect the
large scale structure, and that there exists a damping effect of Mach number
on the turbulent motions which may be impcrtant even for turbulence away from
the wall. In some sense it would not be surprising to find differences
between compressible and incompressible boundary layers since the vorticity
transport equation describes the transport of vecrticity per unit mass, rather
than the absolute vorticity, and there is a contribution from the non-
barotropic term. Density gradients must therefore affect the vorticity
dvriamics to some extent, and the extent of this influence will vary with Mach

murher .

2.2 New Optical Techniques For Investigating Compressible Turbulent rlows

The image of “he shock wave/boundary layer interaction shown in figure 16 was
made possible by using a high-power, far ultraviolet excimer laser in
conjunction with a high-sensitivity, far ultraviolet camera. By focusing the
laser into a thin sheet of light and passing it through the wind tunnel,
cross-sectional images of the air density can be recorded by direct Rayleigh

. . /
scattering. Due to tue "

dependence of the Rayleigh scattering cross
section, operation in the far-UV produces a signal which is approximately 60
times that in the visible. Even though the excitation is near resonant

transitions in oxygen, the Rayleigh scattering cross section of air in this

I ——
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region is virtually independent of laser frequency and molecular temperature
(Miles ¢t al. 1988a). As a consequence, the collected light level is a
direct measure of the air density. Illumination is with an argon-fluoride
laser operating in the vicinity of .193 microns with a pulse duration of 10
nsec, so the cross-sectional image is frozen in time. This diagnostic
technique mayv be used together with vibrational tagging of oxygen molecules
to vield, simultanecusly, an instantaneous velocity profile. This method fonr
generating velocity profiles combines Raman Excitation plus Laser-Induced
Electronic Fluorescence (RELIEF) and some recent results for experiments in
free shear lavers were reported by Miles et al. (1988b). Examples of lines
which have been marked before and after the Mach disk of an underexpanded
frec jet are shown in figure 17. The lines in both cases were marked 2 pusec
betore the image was taren, so the line deformation is a quantitative measure
of the velocity profile. Rayleigh scattering was simultaneously recorded to
rive the density cross section. The Rayleigh scattering technique has
already given the first detailed, quantitative, two-dimensional picture of
the turbulent structure of a supersonic boundary layer (see below). The
RELIEF methiod 1Is currently being extended to boundary layer measurements to
obtain simultaneous time-lives which will complement the density cross
sections presented here.

A small Mach 3 supersonic wind tunnel was constructed and fitted with UV
transmitting quartz windows so that the laser sheet could be passed through
the flow field. The high-sensitivity camera observed the scattering at 90°
and Imapes could be recorded up to the camera framing rate of 30 Hz. AL tie
peint of interrogation, the Reynolds number, based on the boundary layer
momentum thickness, was 15,000. The tunnel was operated as a blow down
facility and exhausted into atmospheric pressure. An example of a single
cross-sectional image taken normal to the boundary layer in the streamwise
direction is shown in figure 18 (the flow is the same as that shown in
figure 3: the flow is from right to left). Regions of high density are
bright and repions of low density are dark. There is some scattering from
the wall which causes a bright region at the very bottom of the image. The
scale. from top to bottom, is 7 mm and the resolution is on the order of
several hundred microns. The boundary layer thickness is approximately 5 mm.

Figure 19 is a false color rendition of this same boundary layer image with
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the scattering from the bot+~m trimmed off. Cross-sectional images parallel
to the boundary layer (plan views) can also be recorded, and figure 20 is a
typical plan view image taken 3 mm above the wall.

In a qualitative fashion, these images show that there are well-defined
individual structures located in the boundary layer. The dark areas of the
image represent lcw denzity regions characteristic of high temperatures. The
bright areas are the high densities found in the free stream. Intermittent
penetration of freestream fluid deep into the boundary layer is clearly
visible in figure 18. The plan view (figure 20) gives an even better
appreciation of the intermittency at a given height in the boundary layer.
From many such images a statistical picture of the intermittency can be
generated.

Furthermore, since the brightness of the image is a quantitative measure
of the density of the gas, these images may be examined to give probability
density distributions across the flow and at different height locations
within the boundary layer. Deunsity ccrrelations can also be developed to
give a quantitative measure of the scale of the turbulent structures. Figure
21 is the probability density distribution function taken from figure 20.
Even though it comes from a single frame, this probability density
distribution of the density fluctuations is similar to the probability
density distribution of the mass-flux fluctuations by Hayakawa et al. (1984)
in a similar flow, giving indirect support for the Strong Reynolds Analogy.

In addition, we can now contrast this statistical result
with an instantaneous picture of the density distribution. It is interesting
to note from figure 19, for example, that the boundary layer appears to
consist of large regions of relatively uniform low density, separated from
the high density region by a rather thin buffer zone.

In summary, we have obtained instantaneous two-dimensional density cross
sections in supersonic flow fields using a new nonintrusive flow diagnostic
method. These images have already provided new insight into the structure of
the boundary layers, and have generated statistical information on the
density fluctuations. These represent the first direct measurements of the
density fluctuations obtained in a supersonic turbulent boundary layer. When
combined with the flow marking technique, we will have the first opportunity

to directly observe the coupling between vorticity and density.
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grant received the Ph.D. degree. They were Amy Alving (currently at the
Technical University of Berlin), Eric Spina (Assistant Professor, Syracuse
University), Emerick Fernando (Flow Research), John Donovan (McDonnell-
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Fig. 3 Density cross-section of a Mach 2.5 boundary layer. Flow is from
right to left.
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comnression corner

t.e instantaneous density field for a shock wave
laver irnteraction produced by a compression corner.
€ ¢rose-cection normal to the wall, obtained by
', using Ravleigh scattering. The flow is from

. ¢ upstream freestream Mach number is 2.5,
r boundary laver has Rg = 25,000, and the corner




Cross-sectional image of density and line
velocity profiles in an underexpanded air
jet. Llines have been tagged before and
after the Mach disk 2 psec. before the
irage was recorded.




Figure [ Densitv cross section across the boundary layer
in a Mach 3.0 supersonic wind tunnel. Flow is
from right te left.
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Figure 20 Density cross section parallel to the boundary
laver at v/¢{ = .6.
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