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ABSTRACT

The compressible, two-dimensional shear layer is investigated
experimentally in a novel facility. In this facility, it is possible
to flow similar or dissimilar gases of different densities and to
select different Mach numbers for each stream over a wide range of Rey-
nolds numbers. In the current experiments, ten combinations of gases
and Mach numbers are studied in which the freestream Mach numbers range
from 0.2 to 4, the density ratio varies from 0.2 to 9.2, and the velo-
city ratio varies from 0.13 to 1. The growth of the turbulent region
of the layer is measured by means of pitot pressure profiles obtained
at several streamwise locations. The resulting growth rate is
estimated to be about 80% of the visual growth rate. The transition
from laminar to turbulent flow, as well as the structure of the tur-
bulent layer, are observed with Schlieren photographs of 20 nanosecond
duration. Streamwise pressure distribution and total pressures are

measured by means of a Scanivalve-pressure transducer system.

An underlying objective of this investigation was the definition
of a compressibility-effect parameter that correlates and consolidates
the experimental results, especially the turbulent growth rates. A
brief analytical investigation of the vortex sheet suggests that such a
parameter is the Mach number in a frame of reference moving with the
phase speed of the disturbance, called here the convective Mach number.
In a similar manner, the convective Mach number of a turbulent shear
layer is defined as the one seen by an observer moving with the convec-
tive velocity of the dominant waves and structures. It happens to have
about the same value for each stream. In the current experiments, it

ranges from 0 to 1.9.



The correlations of the growth rate with convective Mach number
fall approximately onto one curve when the growth rate is normalized by
its incompressible value at the same velocity and density ratios. The
normalized growth rate, which is unity for incompressible flow,
decreases gradually with increasing convective Mach number, reaching an
asymptotic value of about 0.25 for supersonic convective Mach numbers.
The above behavior is in qualitative agreement with results of 1linear
stability theory as well as with those of previous, one-stream experi-

ments.

Large-scale structures, resembling those observed in subsonic
shear layers, are evident in the Schlieren photographs. It is
estimated that the mean structure spacing, normalized by the local
thickness, 1is reduced to about half its incompressible value as the

convective Mach number becomes supersonic.

An estimate of the transition Reynolds number has been obtained
from the photographs of two shear layers having quite different convec—
tive Mach numbers, one low subsonic and the other sonic. In both
cases, it is about 2 x 105, based on distance to transition and proper-
ties of the high unit Reynolds number stream, thus suggesting that, in
this experiment, transition is dominated by instabilities of the wake,

rather than of the shear layer.
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Chapter 1

Introduction

1.1. Motivation.

As a result of today's increasing importance of supersonic combus-
tion, there has recently been renewed intefest in the compressible tur-
bulent shear layer. Compressibility plavs a crucial role in the sta-
bility and mixing of shear layers. its effects being capable of produc-
ing order-of-magnitude changes compared to incompressible shear layers.
It is essential that these effects be understood in a coherent and
universal way. The limited amount of experimental data in two-stream.
compressible turbulent shear layers dictates an extensive experimental
investigation where a parametric study of such flows can be carried

out.

It has been observed that turbulent shear layers with one stream
supersonic and one stream at rest {e.g., at the edges of jets) spread
more slowly than incompressible shear layers. Birch and Eggers [1972]
have compiled a survey of such experiments. Although some inconsisten-
cies exist among the various experimental investigators, there is a
definite trend 6f decreasing growth rate with increasing freestream
Mach number. In most one-stream experiments, increasing Mach number is
accompanied by decreasing temperature and thus increasing density of
the jet. Thé>thinning of the shear layer with increasing Mach number
was thus attributed by many investigators to the density ratio between
the jet and the external gas. This 1led to models incorporating
Howarth-Dorodnitsyn-type transformations, density-dependent eddy

viscosities, etc.

Whether density effects alone could account for the differences in
spreading rate was one of the QUestions that motivated the experiment

of Brown and Roshko [1974], who built an apparatus in which



incompressible shear layers with large density differences could be
studied by using different gas combinations. like helium and nitrogen.
at low speeds. It was found that. although there is some effect of
density on the spreading rate. it is very much smaller than what is
observed in the supersonic case. It was therefore concluded that
compressibility. per se. plays an important role in the development of

the supersonic shear layer.

Little information about turbulent growth rates can be extracted
from the scarce. two-stream experiments found in the literature, pri-
marily because most measurements were taken in the near field of a flow
with a strong wake component (Bailey and Kuethe [1957]). Ortwerth and
Shine [1977} conducted an interesting heterogeneous experiment, men-
tioned later in this section, but provided unclear growth-rate data.
Recently, Chinzei et al. [1986] conducted a rather extensive investiga-
tion of turbulent shear layers, with air in both streams, where one
Mach number is supersonic and the other ranges from subsonic to super-
sonic. Their growth rate measurements, however, are hard to interpret
quantitatively because they are based on an uncommon definition of
shear-layer thickness and are coyrelated ignoring density effects.
Other two-stream experiments concentrate on transition (Shackleford et
al. [1973], Demetriades and Brower [1982}) and ejector performance

{Dutton et al. [1982]).

In recent years, supersonic stability and mixing have found the
rather unlikely application in understanding the behavior of cosnmic
. jets emanating from the nuclei of galaxies. Astrophysicists believe
that cosmic jets are supersonic and that, as a result, their morphology
and small spreading angle could be partly due to Mach-number effects
(Blandford et al. [1982]). Considerable computational effort has been
expended to simulate the fluid-mechanical properties of such jets, an

example being the work of Norman and Winkler [1983].



An important elementary feature that distinguishes a supersonic
flow from a subsonic one is that in the supersonic case a disturbance
does not propagate upstream. while in the subsonic case a disturbance
is felt throughout the flowfield. Given the limited region of influence
of a supersonic disturbance, we might expect that a supersonic shear
layer is more stable. therefore mixes more slowly, than a subsonic one.
In trying to convert this abstract notion to a more concrete one, we
come to the following obvious question: in what frame of reference do
we measure the compressibility of the shear‘layer? In the case of the
one-stream shear layer, we might choose the laboratory frame of refer-
ence. In the case of the two-stream shear layer, however, this becomes
a very poor choice. As an extreme example, we consider a shear layer
comprised of two supersonic streams with nearly equal wvelocities.
Clearly, it would be a mistake to describe such a shear layer as int-
rinsically supersonic, when the velocity difference between the frees-
treams is low subsonic. The problem of finding the proper frame of
reference becomes even more complex when the gases have different
speeds of sound. Nevertheless, it is essential that a sensible choice

for a frame of reference is made in which the intrinsic compressibility

of the flow can most adequately be characterized.

In two-stream compressible shear layers, the effects of compressi-
bility are coupled not only with the effects of density ratio, but also
with those of velocity ratio. These two parameters have been found to
play a fundamental role in the growth of fully-developed, turbulent
incompressible shear layers. In order to understand and quantify the
effects of compressibility. a scheme must be invented where the
compressibility effects are somehow uncoupled from those of the other
important parameters. Useful comparisons can only be made when one
parameter is varied at a time, something that is lacking in the corre-

lations done by previous experimental investigators.
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It has been observed, initially by Brown and Roshko. that subsonic
turbulent shear 1layers contain large, so-called "coherent" structures
reminiscent of those in the early stages if instability. It was real-
ized that the growth of the shear layer is governed primarily by its
instability at these large scales. It would be interesting to find out
whether such large structures dominate the development of compressible
shear layers. There is already visual evidence that large-scale struc-
tures exist in supersonic shear layers. This evidence comes from the
experiments of Ortwerth and Shine [1977], where a stream of helium at
M=3 mixes with a stream of nitrogen also at M=3, and Oertel [1979] at

the edges of supersonic jets.

Another interesting aspec: of compressible shear layers is the
transition from laminar to turbulent flow. We might expect that, since
compressibility apparently stabilizes the flow, transition is delayed
as compressibility increases. The extensive transition investigation
of Chapman et al. [1948] indicates that such a trend exists in reat-
taching shear layers. It would be incorrect., however, to simply extend
these results to the free shear layer without taking into account the
stabilizing influence of the reattachment process. Unfortunately,
there are virtually no transition experiments in compressible, one-
stream, free shear layers. In the two-stream case, transition may be
wake-dominated, in which case the compressibility of the wake may be
more important than that 6f the far-field shear layer. The related
investigations of Shackleford et al. [1973] and Demetriades and Brower
{1983) tend to support that premise. The dependence of transition on
the intrinsic compressibility of the flow is a subject worth pursuing

further.

Some insights into the effects of compressibility on the develop-
ment of the turbulent shear layer can be gained by carrying out the
inviscid, linear stability analysis of shear layers with typical velo-
city and density profiles, the simplest case being the vortex sheet.

The results of such analyses cannot, of course, be directly applied to



the turbulent problem, but they provide tools and intuition which are

very useful for understanding more complex problems.

1.2. Research Program Objectives.

The objective of this study was to investigate planar, two-stream
shear layers between similar or dissimilar gases at a variety of frees-
tream Mach numbers, ranging from subsonic to high supersonic. In that
way, compressibility effects, together with those of density and velo-
city ratios, could be studied. Additionally, it was desired to have
variable test section static pressure, offering a range of Reynolds
numbers, from those associated with transitional.flow to those associ-
ated with fully turbulent flow. The general configuration of the shear

layer and the variables involved are summarized in Figure 1.1.

A new and unique facility was necessary to meet the experimental
specifications mentioned above. Its design and construction proved to
a formidable task, the generation and instrumentation of a shear layer
composed of two independent supersonic streams presenting many complex
problems. Nevertheless, the facility was completed in sufficiently
short time that a fair number of experiments was conducted within the

duration of this project.

This investigation focuses primarily on the measurement of tur-
bulent growth rates from pitot pressure surveys. Such measurements are
performed at 10 Mach number-gas combinations with varying degrees of
compressibility, so that statistically meaningful trends are esta-
blished. An attempt is made to correlate and unify the results, using
ideas stated earlier in this chapter, so that the net effect of

compressibility can be abstracted as clearly as possible.

The laminar-to-turbulent transition and structure of the turbulent

layer are observed with instantaneous Schlieren photography. From the

photographs, some rather subjective estimates of transition Reynolds



numbers and large-scale structure spacings are obtained.

Other aspects of the flow, such as streamwise pressure gradient,

velocity profiles, and growth of a wake flow are briefly investigated.



Chapter 2

Experimental Details

2.1. General Description.

A new facility was designed and built in which a two-dimensional,
compressible shear layer can be established at a variety of Mach
numbers, Reynolds numbers, density ratios and velocity ratios. The
flow apparatus is essentially a two-stream, blow-down supersonic wind
tunnel with two independent supply sides. Each supply side is con-
nected to high-pressure gas cylinders. Similar or dissimilar gases can
be used to generate the shear layer. After being expanded to their
design Mach numbers, the two gases are brought into contact downstream
of a splitter ﬁlate and mix inside a rectangular test section. Glass
windows, mounted on the test section sidewalls, allow for visual obser-
vation of the layer. The downstream end of the apparatus is connected
to a low pressure tank which is evacuated by a wvacuum pump. A
schematic overview and photographs of the facility are shown on Figures

2.1 and 2.2.

Instantaneous Schlieren photography is wused to visualize the
structure of the turbulent layer as well as the laminar-to-turbulent
transition region. Pjtot pressure profiles, obtained by a traversing
pitot probe, are used to measure the thickness of the layer at several
streamwise locations. Each Schlieren photograph and thickness measure-
ment is accompanied by a record of total pressures, total temperatures
and sidewall static pressure distribution. The experiment is micropro-
cessor controlled, which allows for the execution and proper timing of
severél functions within the short duration of each run. The operation
of the facility is intermittent, each run lasting typically 1.5 to 2

seconds.



2.2. Flow Apparatus.

The flow apparatus can be divided into two sections: the high
pressure section and the low pressure section. The high pressure sec-
tion consists of the gas supply system and the settling chamber. The
low pressure section consists of the test section, where the shear
layer is formed, the low pressure tank and the vacuum pump. The set-
tling chamber and test section, which together form the ‘"main
apparatus"”, are contained in a 3 ft long, clamp-like structure which
forms the top and bottom outside walls of tﬁe main apparatus. The main
apparatus sits on rails along which it can traverse forward or backward
along the flow direction. The usefulness of this feature will be dis-
cussed in section 2.3.1. The detailed design of the flow apparatus is
shown on Figure 2.1. All its structural components are machined from
aluminum 7075 and are bolted to each other, allowing for quick assembly

and disassembly.

2.2.1. High-Pressure Section. Two identical but independent sup-

ply lines feed gas into each of the two separate compartments of the
settling chamber. Each supply linre is connected to a manifold of 5 gas
cvlinders, each cylinder containing 200 standard cubic feet of gas at a
pressure of 2000 psig when fully loaded. The manifold is connected,
through a 3/4 in. diameter carbon steel tube, to a dome-loaded, high-
capacity pressure regulator (Grove Model 202G). The regulator reduces
the gas pressure to a value ranging from 10 psia to 100 psia. Down-
stream of the pressure regulator, a solenoid valve (ASCO) is used to
start and stop the flow. The gas is fed into the settling chamber com-
partment by means of two 3/4-in. diameter flexible metal hoses. The use
of flexible hoses permits the movement of the main apparatus along its

rails.

The settliing chamber has two separate compartments of identical
design. Each compartment consists of a gas inlet, a constant area sec-
tion with flow management devices and a contraction section. The

length and width of the entire settling chamber are 12 in. (305 mm) and



2.25 in. (57 mm) respectively. The height of each compartment at the
constant area section is 2 in. (531 mm). The two compartments are
separated by a 0.4 in. (10 mm)-thick divider plate. The structural
design allows for a maximum pressure differential of 150 psi between
compartments and a maximum pressure of 150 psig for the whole settling

chamber.

The gas inlet is designed so that the flow entering each compart-
ment develops a uniform, rather than a jet-like, velocity profile. That
design is shown on Figure 2.3. The two flexible hoses, which supply
the gas, are attached to the ends of a manifold-type structure, which
forms the upstream end-plate of the compartment. The manifold has 25
outlets, of 0.2 in. (5.1 mm) diameter, evenly spaced across the end-
plate and oriented in the downstream direction. The flow discharges
into the compartment through each outlet, thus acquiring a apﬁroxi—

mately uniform velocity profile.

Inside the 7-in. (178 mm) long constant area section of each com-
partment, a series of flow management devices help smooth out the velo-
city profile intoe a uniform one. Immediately downstream of the gas
inlet there are two perforated plates of 0.1 in. (2.5 mm) hole diameter
and 40% solidity. They are followed by a 3-in. (76 mm) long piece of
honeycomb with 0.08-in. (2.0 mm) mesh size. Downstream of the honey-
comb there are two wire screens with 0.02-in. (0.5 mm) mesh size and
38.5% solidity. The dimensions and spacings of the above devices are a
result of compromise between physical constraints and suggestions in

Loherke and Nagib [1972], as well as private consultations with Dr.

Morteza Gharib.

In the design of the contraction section, care was taken to avoid
flow separation that might result from a small length-to-height ratio.
The contraction has a length-to-height ratio of 2.5, which is con-
sidered to be quite safe in that respect (Chmielewski [1974]). The

shape of the contraction is a fifth-order polynomial, with the first
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and second derivatives vanishing at the extremes. It is claimed by
Tan-atichat et al. [1980] that such a shape is superior to others in
maintaining a uniform velocity profile all the way to the contraction

exit.

An important feature of the settling chamber design is the ability
of its upper and lower walls to slightly deflect about flexure joints
located at the upstream end of the chamber. FEach wall is cantilevered
near the flexure joint and can be deflected inwards or outwards by
means of a screw mechanism mounted on the structure that contains the
settling chamber and test section. Although the deflection angles are
Qery small -less than 0.5 degrees- they can significantly change the
throat height of the supersonic nozzles. It will be seen in section
2.2.3 that this is very useful for the proper installation of the

supersonic nozzles.

Sealing of the settling chamber from the ambient surroundings, as
well as sealing of each compartment from the other, is accomplished by
rubber O-rings, placed in grooves that run along every contact surface

between components.

2.2.2. Low-Pressure " Section. The most important part of the

apparatus is the test section (Figure 2.1), where the shear layer is
formed. At the upstream end of the test section, a removable center-
body, placed between the upper and lower test section walls, forms two
supersonic nozzles. The centerbody ends in a sharp trailing edge. The
downstream end of the test section forms a supersonic diffuser that is
connected to a low-pressure tank. Optical quality glass windows extend
from upstream of the centerbody tip all the way to the diffuser. The
windows are mounted on removable sidewalls that provide access to the
test section. The upper and lower test section walls can each be
deflected inwards or outwards. A detailed description of the test sec-

tion follows below.



In designing the various test section components, special effort
was made to avoid protrusions or extrusions in joints between com-
ponents, particularliy where the flow is superscnic. As is well known,
in supersonic flow such disturbances travel unattenuated for long dis-
tances, causing undesirable effects. As a result, the design of the
supersonic part of the test section is such that no joints exist per-

pendicular to the flow direction.

Iin contemplating the design of a nozzle combipnation that would
produce two streams at independent Mach numbers, two arrangements were
considered: one where a thin, wedge-shaped splitter plate is placed
between two nozzle contours; and one where a contoured centerbody is
placed between two parallel walls. The latter arrangement was pre-
ferred because "it is structurally sounder than the former, although the
- former provides more flexibility when more than tﬁo interchangeable

nozzle contours are used.

The upstream part of the centerbody becomes a smooth continuation
of the settling chamber divider plate, as can be seen in Figure 2.F3.
It is joined with the divider plate by means of an insert. The joint
is located one third of the way into the subsonic contraction. The
centerbody has its maximum thickness right at the end of the contrac-
tion, where the two nozzle_throats are formed. The downstream part of
the centerbody forms two supersonic nozzles with equal exit heights of
0.45 in. (11.4 mm). The length of the subsonic part of the centerbody,
from upstream joint to throat, is 3.2 in. (81 mm). The length of the
supersonic part, from throat to tip, varies from 1.96 in. (50 mm) to
2.27 in. (58 mm), depending on the combination of Mach numbers. The
tip thickness is typically 0.02 in. (0.5 mm). The centerbody width is
2.25 in. (57 mm) and its upstream thickness, where it joins'the divider
plate, is 0.4 in. (10 mm). The transition from the 0.4 in. thickness to
the maximum thickness at the throats is accomplished by fifth-order

polynomials curves.



A 1/4 in. diameter hole is drilled across the whole width of the
centerbody, 1.2 in. (30 mm) upstream of the throat, and is aligned with
equal diameter holes drilled through the settling chamber sidewalls.
When the centerbody is in place, structural support is provided by a
pin driven through the centerbody and sidewalls. Once access to the
test section is gained, the centerbody can be removed simply by pulling
out the pin. The sides of the centerbody are covered with RTV silicone
rubber, which forms thin gaskets that seal the centerbody against the
sidewalls. Details about the design, construction and use of the cen-

terbodies are given in section 2.2.83.

The rectangular test section is 9 in. (230 mm) long, 2.25 in. (57
mm) wide and its height at the nozzle exits is 0.9 in. (23 mm). The
aspect ratio of each nozzle exit is thus 5.0. The top and bottom walls
can each be deflected about 1.2 in. (30 mm) long flexure areas located
3.2 in. (81 mm) downstream of the nozzle throats, or 0.8 in. (20 mm)
downstream of the edge of the longest centerbody used here. Each wall
can deflect outwards or inwards a maximum of 5 degrees. The deflec-
tions are controlled by screw mechanisms, similar to those that control
the throat heights. The sidewall deflections were intended to compen-
sate for possible boundary layer and shear layer displacement thickness
effects. Along each wall there are 16 equally spaced static pressure
taps, of 1/32 in. (0.8 mm) diameter each. The distances of the
upstream-most and downstream-most pressure taps from the nozzle throats
are 1.05 in. (27 mm) and 8.55 in. (217 mm) respectively. The longitu-
dinal spacing of the pressure taps is 0.5 in. (13 mm) and they are

arranged as shown on Figure 2.4

The sidewalls of the test section are removable, providing access
to the full length of the test section. A photograph of the exposed
test section is shown on Figure 2.5. Long rectangular glass windows
are mounted on the sidewalls and provide a view of the whole test sec-
tion. Each window's length, height, and thickness are 14 in. (356 mm},

1.5 in. (38 mm) and 0.5 in. {(12.7 mm) respectively. The windows are
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made of optical quality BK-7 glass. They extend from 0.8 in. {20 mm)
upstream of the nozzle throat all the way to the diffuser section. The
upstream joint of the window with the aluminum frame is therefore
located well upstream of +the sonic throats, satisfying the design

objective stated at the end of Section 2.2.2.

With the facility in operation, the test section is surrounded by
gas at low pressure, estimated to be within 0.5 psia of the test sec-
tion static pressure. This minimizes the poésible leakage of gas in or
out of the test section through the very small gap between the unsealed
deflectable walls and the sidewalls. Based on the design width of that
gap, the maximum possible leakage across the entire test section is
estimated to be of the order of 0.1% of the test section volumetric

flow rate.

At the downstream end of the test section, a wedge-shaped diffuser
is used to decelerate the flow into an area 2.4 in. (61 mm) by 2.25 in.
(57 mm). The diffuser is 2 in. (51 mm) long, with its upstream end
rounded-off and slightly protruding in the flow. The two wedges, one
on the upper and one on the lower wall, are removable. With the wedges
removed, the diffuser takes the shape of a backward-facing step. Remo-
val of the wedges did not significantly alter the diffuser performance.

The wedges are removed when the traversing pitot probe is installed.

The downstream end of the apparatus is connected to the low pres-—
sure tank by means of a 2-in. diameter, 5-ft long flexible metal hose.
That hose, together with the flexible hoses connected to the settling

chamber, allow the movement of the apparatus along its rails.

The low pressure tank has an approximate volume of 200 ft3 (5.5

m3). It is connected to a large capacity rotary piston vacuum pump (
Beech-Russ 325RP )} that displaces 325 fts/min. The tank and pump were
parts of the now abandoned GALCIT Arc Tunnel Facility. The recommis-

sioning of the vacuum pump, which had be sitting idle for many years,
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required the refurbishment of some parts and the installation of a new
electrical system. The tank was siightly modified to be adapted to the

facility.

The size of the tank and vacuum pump proved to be quite satisfac-
tory for the operation of the facility, providing run times as long as
5 seconds and pump-down times of less than 3 minutes. The tank can be
evacuated to pressures as low as 5 mm Hg, although such low pressures

were not necessary for the experiments.

2.2.8. Centerbody Details. It was desired to design the center-

body supersonic nozzle contours such that the flow at the nozzle exit
is expanded to a uniform parallel jet, free of waves of significant
strength. The contours can be designed graphically using the method of
characteristics, assuming uniform flow at the throat. This method is
laborious and its accuracy depends on the number of characteristics
and the skill and patience of the designer. Foelsch [1946] has pro-
posed an elegant method by which the nozzle contours are computed
analytically. His method applies the method of characteristics to a
fiow originating from a line source upstream of the nozzle throat. The
expansion region of the nozzle is a circular arc, whose radius and
final angle are chosen by the designer. The coordinates of the cancel-
lation region are given by analyticalyexpressions. Given the parame-
ters of the circular expansion region, a unique shape for the cancella-
tion region is computed for each exit Mach number and specific heat

ratio. The Foelsch method is briefly described in Appendix A.

Because of its relative simplicity, the Foelsch method was applied
to the design of the centerbodies used here. Ideally, it is good prac-
tice to apply a boundary layer displacement thickness correction to the
nozzle contours. Such a correction would strictly be valid only at a
given Reynolds number, at which the boundary layer thickness distribu-
tion is somehow known. It was anticipated that the nozzles designed

here would be used at a wide range of Reynolds numbers, thus making a



single boundary layer correction impossible. That, coupled with imper-
fections in the manufacturing of the centerbodies, led to the belief
that a boundary layer correction would be rather pointless. As a
result, no such correction was given to the neczzle contours. The
correctness and implications of this decision are discussed in Section
3.2.2. where nozzle boundary layer is calculated at Reynolds numbers

that typically occurred in the experiments.

A computer program, written on C.I.T.'s Computer Support Services
VAX 11/780 computer, generates the centerbody coordinates, given the
parameters of the expansion region, the exit Mach numbers and the

specific heat ratios.

The centerbodies were made of aluminum 7075 and were machined on a
numerically controlled (N.C.) mill (Servo Products Model 6000) of
C.I.T.'s Engineering and Applied Science Division. The centerbody
coordinates were computed on C.I.T.'s VAX 11/780 computer and fed into
the memory of the N.C. mill. Because of the unusual geometry of the
centerbodies, an elaborate support system was built that énabled the
machining and protecte@ the centerbody tip from being bent by the cut-
ting tool. Despite the automation, the machining was very slow and
hampered by repeated breakdowns of the mill and the computer. Due to
the small size of the millfs memory, only a limited number of coordi-
nates could be input, resulting in a coarse surface on the final pro-
duct. The surfaces were later sanded by hand to a smooth finish. The
tolerance of the whole fabrication process is estimated to be about

0.005 in. (0.12 mm).

Each centerbody is easily installed by attaching it to the set-
tling chamber divider plate and by inserting the support pin described
in Section 2.2.2. Us}ng filler gauges and by slightly deflecting the
settling chamber sidewalls, the correct nozzle heights, corresponding

to each centerbody, are set to within 6.002 in. (0.05 mm).



Three centerbodies, each with a unique exit Mach number, Me and

specific heat ratio, v, combination were designed and fabricated.
Their designs are shown on Figure 2.6. In Figure 2.7, pitot pressure
profiles, obtained at the exits of the nozzles formed by the centerbo-
dies, indicate that the Foelsch design is quite adequate in producing

nearly uniform exit conditions.

The specifications of the centerbodies are listed in Table 2.1
below. The nozzle exit heights are 0.45 in. (11.4 mm) . The throat

heights, h*, and throat to trailing-edge lengths, L, are also listed in

the table.
Table 2.1. Centerbody Design Conditions
g ” Side 1 ” Side 2 !! 5
£Centerbody ” M. | 4y | nt(in.) H Mo | oy | n'(in) ” L(in.) ;
! i i |
; 1 H 3.0 ! 7/5 1 0.105 “ 3.0 5/3 ! 0.148 ” 1.96 ;
i 11 H 3.5 ; 7/5 g 0.065 ,!; 2.3 ; 5/3 | 0.238 H 2.39 ;
111 ” 4.0 { 5/3 { 0.081 “ 1.9 i 7/5 i 0.286 “ 2.27 i

The above centerbodies are used with three of the most common,
inexpensive and safe gases: helium (y=5/3), argon (y=5/3) and nitrogen
(y=7/5). Any other gases with the above specific heat ratios are
either too expensive (like xenon) or~too dangerous (like hydrogen) to
use. A mixture of gases with the same vy, like He and Ar, could be used
if the facility had provisions for such operation. In the current
experiments, only unmixed gases are used, providing a fair number of

Mach number-gas combinations.



it was tempting to employ the above centerbodies at slightly off-
design conditions by using monatomic gases where diatomic gases are
supposed to be used and vice-versa. That adds a couple more Mach
number-gas combinations to the ones obtained at the design conditions
without the time-consuming fabrication of a new centerbody. The
geometry of the centerbody remains unchanged, that is, the throat
heights remain at the design conditions. Since the nozzle area ratio
stays constant, the change of y creates a different exit Mach number.
A calculation of the nozzle contour at the new condition showed that
the slope differs only a maximum of 1 degree from the existing contour

for the cases listed in Table 2.2 below:

Table 2.2. Centerbody Slightly Off-Design Conditions

| I Side 1 { Side 2 |
} eh H i
| Centerbody il M il !
| e b YoMl T
§ I11 {% 4.0 ; 5/3 éf 2.0 { 5/3 :
| II1 Wa.3i 75119 7/5

| [ I

Additionally, centerbody III is used for supersonic/subsonic com-
binations, with its low Mach number side becoming a slowly diverging

subsonic channel.
2.3. Diagnostics.

2.3.1. Flow Visualization. Flow visualization is used to detect

the large-scale structures of the shear layer and to estimate the loca-
tion of the laminar to turbulent transition region. It is accomplished
by a spark-illuminated Schlieren system designed for high sensitivity

and very short exposure time. A schematic of the Schlieren system is
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shown on Figure 2.8

The system is a conventional one, with a horizontal knife edge and
a folded configuration due to lack of space in the laboratory. All its
components lie on a horizontal plane and are attached on a steel
plate-covered table by means of magnetic mounts. The Schlieren heads
are 3.93 in. (100 mm) diameter, f10 spherical mirrors (Melles Griot).
A combination of flat mirrors folds the light path as shown on Figure
2.8. All mirrors in the system are figured to one tenth of wavelength

of visible light.

The spark source (Xenon Corp. Model N-789B "Nanolamp” with Model
437 power supply) is of uniqﬁe design, originally invented by Fischer
[1961]. 1Its high capacitance - low inductance characteristics allow it
to produce sparks of approximately 20 nanosecond duration. The very
short spark duration enables the instantaneous visualization ("freez-
ing") of flow structures whose scale is of the order of millimeters and
whose velocity is of the order of 1000 m/s. The spark brightness is
lower than that of other, longer duration sparks but high enough to
produce good quality photogfaphs on high speed film. The film used
here is 35 mm Kodak Tri-X Pan. Its ASA rating is 400 but can be

increased to 1000 by developing the film with diafine.

The design of the Schlieren light source is critical in obtaining
adequate brightness and high sensitivity. High sensitivity is neces-
sary because the test section pressures, and hence refractive indices,
are very low. The source consists of the spark, condenser and optical
slit. The smaller the slit width, the higher the sensitivity becomes.
The slit used here (Edmund Scientific) has adjustable width that ranges
from 0.005 in. (0.13 mm) to 0.08 in. (2.0 mm) although only a range
from 0.005 in. to 0.010 in. was actually used. Given the small slit
width and the limited brightness of the spark, the proper focusing of
the spark on the slit becomes very important. Since the spark is a

point source, it is desirable to capture its light in the greatest
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possible solid angle. For that, a large diameter, small f-number con-
denser should ideally be used. Such a condenser, however, produces
high spherical aberration that smears the focal area and thus decreases
the brightness at the slit. Therefore, the f-number of the condenser
should not be too small. After many trials, the selected configuration

is a two-element, 2.75 in. diameter, f2.25 condenser.

The small width of the optical slit, together with the large focal
length of the schlieren heads, produce a system with enough sensiti&ity
to allow visualization of most flows generated here. The sensitivity
can be varied by adjusting the slit width and the amount of knife edge
insertion in the source image plane. Due to the small refractive index
gradients encountered here, visualization was possible only with the
slit and knife' edge both parallel to the shear layer. Visualization
was best when the refractive index difference was large and the shear

layer spreading rate small.

- A continuous light source, that consists of a 100-Watt Tungsten
-Halogen lamp (Oriel Model 6322), is used for continuous flow observa-
tions and helps in the alignement of the optical components. A sliding
mirror offers the choice of continuous or instantaneous illumination

without necessitating the removal or relocation of either light source.

The parallel light beém that enters the test section covers 4
in.es (100 mm) of streamwise length. In order to enable visualization
of all parts of the 9 in. long test section, the apparatus traverses on
rails, while the optical system remains stationary. As mentioned pre-
viously, the flexible connections of the main apparatus to the other
systems make the traversing motion possible. Usually two photographs,
with an overlap of 0.5 in. (unless otherwise stated), are enough to

visualize most of the test section.
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2.3.2. Pitot Probe. A pitot probe that traverses the shear layer
at selected streamwise locations was designed and constructed. The
probe provides pitot pressure profiles from which the shear layer
thicknesses and growth rates are measured. The design of the probe and
traversing mechanism reflects the need for a device small enough not to
cause flow choking problems and simple enough to require only minor
apparatus modifications for its installation. Additionally, the probe
was designed to provide good spatial resolution and short time
response. A sketch of the probe and traversing mechanism is shown on
Figure 2.9. A photograph of the probe, installed in the test section,

can also be seen on Figure 2.5.

The probe consists of a 0.083 in. (2.1 mm) diameter, 8 in. (203
mm) long stainless steel tube, flattened at the end to an opening 0.005
in. (.13 mm) by 0.10 in. (2.5 mm). A typical shear layer thickness
being 5 mm, the probe offers an adequate spatial resolution. The probe
is rigidly mounted inside a larger, 1/8 in. diameter tube, which pro-
vides its structural support. The supporting tube pivots and
translates longitudinally about a point 2 in. (51 mm) downstream of the
test section end (the diffuser wedges are removed) . The motorized
pivoting motion enables the tip of the probe to move laterally across
the test section at a nearly constant speed. The longitudinal transla-
tion, which is done manually, allows the positioning of the probe tip
anywhere along the test section. The maximum possible incidence angle
of the probe with the flow is 10 degrees. This angle is considered
small enough not to affect the accuracy of the pressure measurement
(Liepmann and Roshko [1957]). The downstream end of the probe is con-
nected, via flexible tubing, to a pressure transducer (Setra Systems

Model 204), located outside the apparatus.

The pivot mechanism consists of a 9-in. (230 mm) long moment arm,

extending to the downstream end of the apparatus. Directly above the

tip of the moment arm and located outside the apparatus there is a

A.C., 27.2 RPM, reversible motor (Bodine NYC-12RS3). A cable that
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passes through the apparatus wall links the tip of the moment arm to
the motor shaft. The cable siides through a teflon seal that minimizes
the leaking of ambient air into the apparatus. As the motor turns
clockwise, the cable winds on the motor shaft and the probe traverses
downwards. The probe returns to its resting position, against the
upper test section wall, by the action of a spring and by turning the
motor counter-clockwise. The motor shaft has three consecutive seg-
ments of 0.25, 0.375, and 0.50-in. diameters, on each of which the
cable can be attached. Since the motor RPM is fixed, the traversing
speed of the probe tip is a known function of longitudinal position and
motor shaft diameter. The shaft diameter is selected so that the
traversing time across the shear layer is about 1.5 seconds, a typical
traversing speed being 10 mm/s. The response time of the probe-
transducer system, of the order of 10 ms, is small enough to permit
. this kind of operation. To ascertain good temporal resolution, the
probe was occasionally traversed in the opposite direction and the sig-

nal obtained was identical to the original one.

Two mechanically programmed electrical switches, linked to the
probe motion via the motor, are located outside the apparatus. They
provide coordination of the probe motion with other functions of the
facility and shut-off the motor before the probe touches the lower test
section wall. That coordination will be further described in section

2.4.

Given a monotonic pitot-pressure profile, the shear layer pitot

thickness is obtained by measuring the profile width, from p,C '+ 0.05
2 .

Ap.t to Pt,'+0.95 Apy' (5% to 95% width), as shown on Figure 2.10(a).

If the profile is not monotonic, that is if a local minimum occurs, the

profile width is measured from 0.95 Apt ' to 0.95 Apy ', with Apy ' and
1 2 1

APtz' defined on Figure 2.10(b). The occurrence of a minimum does not

necessarily imply a wake effect and could be a result of the mixing
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between dissimilar gases, as will be discussed in Section 3.2.3. Exam-
ples of actual pitot thickness measurements in present cases where the
pitot-pressure profile is monotonic or has a deficit are shown on Fig-
ure 2.11. The case designation wiil be introduced in Section 2.7. It
is estimated that the pitot thickness obtained by the above method is

about 80% of the corresponding visual thickness (Section 3.5).

2.3.3. Pressure and Temperature Measurement. The measurement of

the total pressures, P¢, regulator outlet pressures, p., and sidewall
static pressure is obtained with a Scanivalve-pressure transducer sys-
tem. The motorized Scanivalve (Scanivalve Corp. Model WS5-24) has two
24-port fluid switch wafers (Scanivalve Corp. Model W0602/1P-24T), one
connected to the sidewall static pressure ports and the other to the
total pressure and regulator outlet pressure ports. The Scanivalve

makes one complete rotation in the duration of one run.

The static pressure port arrangement has been described in Section
2.2.2. In all, there are 32 ports, 24 or fewer of which can be con-
nected to the Scanivalve wafer. Due to the limited time response of the
system, only 12 ports are scanned, six on each test section wall. The
ports used in the present experiments are shown on Figure 2.4. Each
port is connected to two consecutive wafer ports, so that the 12 ports
are scanned in one complete Scanivalve rotation. The collector of the
Scanivalve is connected to 'a 0-25 psia range, capacitance-type pressure

transducer (Setra Systems Model 204).

The total pressure ports are.located in the contraction section of
the settling chamber, while the regulator outlet pressure ports are

located immediately downstream of the regulator outlet (the difference

between Py and P, will be explained in Section 2.5.1.). These ports
are connected to the second Scanivalve wafer and are scanned at the

beginning and the end of each run. This is done to detect any signifi-
cant pressure change that might occur during the run. The wafer is

connected to a 0-250 psia range, capacitance-type pressure transducer
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(Setra Systems Model 204). This is the same transducer that is used
with the pitot probe. It can be switched from the Scanivalve to the

pitot probe and vice-versa.

The total temperature measurement is done by two thermocouple
probes, each immersed in the fiow downstream of the pressure regulator,
near the flexible hose connection. Installation was easiest in that
location and no significant temperature change is expected to occur

from that point to the settling chamber contraction.

Each probe consists of a type T (copper-constantan), 0.015 in.
diameter thermocouple bead (Omega Engineering). The two probes are
alternately connected to a single digital thermometer (Omega Model 115
TC). The response time of the theymocouple—transducer system is short

enough for the purposes of the present experiments.

2.4. Experimental Control and Data Acquisition.

The experiment is controlled automatically by an Intel 8085
microprocessor. The shortness of the run times and the complexity of
operation make this an invaluable téol. The microprocessor, after
being programmed, generates 5-Volt pulses that activate relays, which
iﬁ turn switch on and off the various functions of the faility. Fol-
lowing is a typical sequence of events that take place in a run of 2.0

second duration (t is time in seconds):

t=0.00 Solenoid valve opens (flow starts).
Thermocouple 1 is switched to thermometer.

Recording oscilloscope is-triggered.
t=0.94 Camera shutter opens.

t=1.00 Spark light source is activated.

Thermocouple 2 is switched to thermometer.
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t=1.06 Camera shutter closes.

t=2.00 Solenocid valves close (flow stops).

Additionally, the microprocessor generates 24 consecutive pulses
that turn the Scanivalve motor one complete rotation. The duration of
the run is a variable in the microprocessor program and the above

sequence of events can be expanded or contracted at will.

When the traversing probe is not used, the execution of the
microprocessor program is activated manually. With the probe in opera-
tion, the program execution is activated by a switch linked to the
probe motion, briefly described in Section 2.3.2. The switch closes as
soon as the probe passesAthrough a predetermined lateral location, the

motor'having time to achieve its full RPM.

The outputs of the pressure and temperature transducers are
recorded on a two-channel, digital oscilloscope (Nicolet Model 206) and
stored on floppy disk. A series of pressure gauges {Glasco), connected
to every pressure stage of the facility, help monitor the experiments

and set the regulator pressures.

The experiment is physically controlled from a control panel which
contains the pressure gauges, pressure regulator controls, microproces-
sor, probe motor controls, power supplies for the instruments, and

various visual indicators.
2.5. Operating Procedure.

2.5.1. Supersonic-Supersonic combinations. Provided that the

pressure ratio is high enough and that no flow choking occurs in the
nozzles, the Mach numbers at the nozzle exits are, for a given vy, func-
tions of the nozzle geometry only. The main objective of the procedure

>

was to set the regulator outlet pressures, pr such that the static



pressures at the nozzle exits, pe’ are nearly equal. The pressure D,
is higher than the total pressure P, because the flow chokes somewhere
between the regulators and the settling chamber, apparently at the
solenoid wvalve. Once sufficient pressure ratio exists across the

apparatus, the ratio P¢/p, depends only on the nozzle throat height and

is therefore fixed for a given nozzle configuration. Knowing pt/pr,

the pressures Py and p,. that correspond to equal nozzle exit static

pressures were calculated using the isentropic relation:

.
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The regulators were then set at or near the prescribed value and the

flow was started. The sidewall static pressure distribution was
displayed on the oscilloscope. If the distribution were full of
"kinks", indicating strong compression and expansion waves bouncing

along the test section due to pressure mismatch, the regulators were
set at slightly different values and the flow was started again. The
procedure was repeated until the pressure distribution became rela-
tively smooth, at which point the experiment was finally performed.
The difficulties associated with this procedure are discussed in Sec-

tion 2.6.

2.5.2. Supersonic-Subsonic Combirations. In the limited number of

cases that belong to this category, the low Mach number nozzle becomes
a slowly diverging subsonic diffuser. The subsonic Mach number depends
on the mass flow rate and the test section static pressure. A very iow
total pressure (almost equal to the test section static pressure) is
created by bypassing the main gas supply system and by injecting gas
from the regulator outlet into the settling chamber through a small
sonic orifice, whose diameter is approximately 0.1 in. (2.5 mm). The
subsonic Mach number at the nozzle exit is calculated from the regula-
tor outlet pressure, orifice diameter, and test section static pres-—

sure. The exact equivalent orifice diameter is determined by measuring
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the flow rate through it under choked conditions. Unless the dividing
streamline of the shear layer is drastically tilted, and provided that
the growth rates are relatively small, the subsonic freestream Mach
number at the downstream part of the test section will be close to that

calculated at the nozzle exit.

2.6. Experimental Difficulties.
As with any new type of experimental facility, a number of prob-
lems were encountered as a result of the nature of the flow and the

unpredictable performance of some industrial hardware.

2.6.1. Pressure Regulation. Pressure regulation of the large

volumetric flow rates generated in the current facility proved to be a
tough problem. The pressure regulators (Grove Model 202G) were ini-
tially plagued by severe output pressure oscillation (chattering).
- This was cured by an internal modification that léngthens the time
response to outlet pressure changes. After the modification, the regu-
lators provided a steady outlet pressure. It was very hard, however,
to predict exactly the regulator output pressure once the flow was
started. That pressure could be as much as 10 psi different from the
pressure at which the regulator ﬁas set. Apparently, that presure
change is a function of the regulator inlet pressure and is largest
when the gas cylinders are fully loaded. Many trials were thus neces-
sary until the test section pressure distribution became satisfactory,

as described in Section 2.5.1.

2.6.2. FIoW Visualization. The high sensitivity of the Schlieren

system, while indispensable for visualizing the flows generated here,
created a few problems that caused the poor quality and subsequent
rejection of many photographs. The primary difficulty stems from the
fact that the Nanolamp spark, which is really an arc channel between
two electrodes, can slightly "jump" from one firing to the other. That
"jumping"” causes the focal point on the narrow optical slit to shift
away from the slit's center, thus reducing the illumination in many

photographs. As mentioned in Section 2.3.1, the small slit width is
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essential for obtaining high sensitivity.

Visualization was most difficult in the cases where the refractive
index gradients were of the same order of magnitude with those caused
by the movement of ambient air in the laboratory. This usually hap-
pened when the gases had similar refractive indices or when the shear
layer spreading rate was relatively large. In these cases, it is pos-
sible to adequately visualize only the upstream part of the shear

layer.

2.6.3. Adverse Pressure Gradient. Positive streamwise pressure

gradient in the test section is a phenomenon that occurred in every
Mach number-gas combination and was most severe in the cases where one
stream is at very high Mach number and the density ratio is large, for
example He at M=4 and Ar at M=2 (a case that was finally rejected). 1In
some cases, the static pressure rise was so severe that the low Mach
number stream became subsonic at some downstream location. The
severely affected cases were eventually dropped from the current exper-
imental program. In the moderately affected cases, the pressure usu-
ally rose sharply in the first 1/3 length of the test section and lev-
eled off for the remaining length. This permitted the calculation of a
local Mach number, based on an average static pressure, over the down-
stream half of the test section. This' is the region where the tur-
bulent growth rates are measured. The outward deflection of the test
section sidewalls lessened the magnitude of the pressure rise without
being able to fully compensate for it. This phenomenon and its impli-

cations are discussed in Section 3.3.

2.6.4. Limited Gas Supply. Perhaps the main difficulty of the

current experiments stems from the limited supply of gases, which does
not allow sufficient time for experimentation. As mentioned previ-
ously, many trials were necessary in order to set the right conditions
for a particular measurement. These trials depleted the gas supply and
sometimes there was hardly enough gas left to make a couple of runs.

The situation was most difficult when one of the gases was helium
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because of its high volumetric flow rates. Ironically, the cases that
involved helium were usually the ones that required the largest number

of trials.

2.7. Run Conditions.

All runs were restricted to 1.5 to 2.0 second duration in order to
conserve gas and maintain nearly steady-state conditions during each
run. The total pressures ranged from 0 to 80 psig, while the test sec-
tion static pressures ranged from 0.2 psia to 2.5 psia. The total tem-
peratures were measured to be very close to room temperature and in
most cases are within 5% of each other. The maximum total temperature
difference recorded here is 20 degrees C, which is too small to cause

any significant change in the flow parameters. .

A list of all the Mach number-gas combinations covered in the
experiments is presented in Table 2.3 below. Me is the ideal nozzle
exit Mach number and M is the actual Mach number at the downstream part
of the test section, where the growth rates are measured. M is calcu-
lated by knowing the average freestream pitot pressure, pt., and static
pressure, p, over the downstream half of the test section and by using

the Rayleigh pitot formula:

X A
Mglly—l { y+1 Jy-1
(2yM2 - (y-1)]

The maximum variation of M along the downstream half of the test sec-
tion is typically 5% of the value of M computed by the above method.
Representative static pressure distributions, on which the above calcu-
lation is based, are shown on Figure 3.5. For the supersonic/subsonic
combinations, the subéonic Mach number is calculated by the method

described in Section 2.5.2.
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The test cases are tabulated in order of increasing compressibil-
ity, based on a compressibility-effect parameter that will be intro-
duced in Chapter 4. Their designation indicates the two gases used
(A=argon, H=helium, N=nitrogen), the fastest gas placed first, and the
order of compressibility. For example, in cases HN6 and HN9 helium is
in the fast stream, nitrogen in the slow stream and HNY9 is more

compressible than HNG6. The velocity ratio Uz/Ul and density ratio

Dz/pl, calculated at the downstream conditions, are listed for each

case.

. Table 2.3. Mach Number-Gas Combinations

Sl LTV TR EY PRV
Pyar N, 1y gl Hooap | 33l 44 ! 993 !
;AAZ H Ar 2 4.0} ” Ar { .of 8 ” 0.43 z 0.81 ;
ENN3 ;; N, ; 3.3{ 3.1 H N, ; 1.9§ 1.7 H 0.54 } 0.74 ¥
;NA‘* H N, % 3.05 2.8” Ar ; 3.0{ 2.6 ” 1.8 % 0.75 g
NAS N

g | Y2 | 85| 32| Ar | 2.3| 2.1 1.2 | 0.67 |
luve Il He P 231 1.7 N 35! 30l 92 | g52 |
] I I N Al B I B
| AAT || Ar | 4.0 ] 8.1|] Ar | 0.2 0.2 0.24 | 0.13 |
;HNS H He } 3.0; 2.6” N, ; 3.0; 2.8” 5.5 E 0.42 i
| BN9 |l He | 4.0} 3.40l N, | 19| ,eil 2.2 | o0.20 |
iHAlD H He i 4.oi 3.1 ;i Ar ; o.si o.s'li i 0.04 i

An attempt was made to measure the fluctuation level in the set-
tling chamber by installing a pressure transducer of mil}isecond time
response (PCB) near the gas inlet to the settling chamber (installation
near the contraction would have been very difficult). With the facil-

ity in operation, the transducer output showed an oscillation with
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frequency of the order of 100 Hz and amplitude less than 1% of the
absolute pressure. That oscillation was more apparent at the starting
of the flow and usually decayed to very low levels in the first 100 ms
af ter the opening of the solenoid valves. It is traced to the motion
of the pressure regulator valve which tries to adjust to the downstreanm
conditions. No other disturbance of higher frequency was detected.
Since the frequencies associated with the structures of the present
shhear layers are of the order of 100 kHz and higher, the effect of the
total pressure oscillation on the development of the shear laygr is
believed to be insignificant. It is highly unlikely that any device in
the high-pressure section of the facility would generate frequencies so

high as to cause forcing of the shear layer.
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Chapter 3

Experimental Results

In this chapter, the results obtained in the current experiments
are presented uncorrelated with any compressibility-effect parameter.
Such a parameter is introduced in Chapter 4 and the appropriate corre-

lations are done in Chapter 5.

3.1. Schlieren Photography.

Schlieren photographs of all ten test cases investigated here are
shown on Figures 3.1(a) through 3.1(j). The Reynolds numbers at which
the flows were photographed are representative of those that occurred

_in the measurements of the growth rates. The shear layer is believed
to be turbulent for at least the downstream two thirds of the test sec-
tion. In Figures 3.2(a) and 3.2(b), photographs of cases NA4 and HNS
are shown at relatively low Reynolds numbers. All photogfaphs are
presented full-scale. For each test case, usually two photographs are
shown, the upper one showing the upstream part of the test section and
the lower one showing the downstream part. The two photogfaphs are
taken at different runs under the same flow conditions. They overlap
0.5 inch, unless stated otherwise. The trailing edge of the centerbody
is located where the initial compression and expansion waves originate.
In a few cases, only the upstream photograph is shown because the van-
ishing refracfive index gradients do not permit visualization of the

downstream part of the flow.

3.1.1. Waves in the Test Section. Compression and expansion waves

originating from the trailing edge of the centerbody are visible in all
photographs. These waves, and possibly others generated further down-
stream, reflect on the test section walls and impinge on the shear
layer as they propagate downstream. Ideally, if the static pressures
at the nozzle exits were perfectly matched, there would be no waves.
In reality, even if the pressures are exactly matched, waves will be

produced from the finite thickness of the centerbody's tip and the
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displacement thicknesses of the trailing edge boundary layers. . The
possibly sloping dividing streamline of the shear layer may produce
more waves downstream, even if the nozzle exit pressures are equal.
The growth of the displacement thickness of the shear layer, which is
quite rapid near the trailing edge (Section 3.3), further complicates
the flowfield and is another source of waves. It is thus very diffi-
cult, and perhaps impossible, to completely eliminate the waves
throughout the test section. It is believed here that the current
pressure setting procedure, described in Section 2.5.1, by which the
nozzle exit pressures are set such that the sidewall pressure distribu-
tion is the smoothest possible, works best in minimizing the strength

of waves impinging on the shear layer.

3.1.2. Growth Rates. It is evident from the photographs that the

shear layer spreading rates are remarkably smaller than those usually
observed in subsqnic experiments. It would be premature, however, to
conclude that compressibility is the only major cause for the small
spreading rates. Other, equally important flow parameters, like the
velocity and density ratios, should also be considered. This is a sub-

ject to which Chapter 5 is devoted.

One way to measure the visual spreading rates from the photographs
is to fit straight-line mean tangents to the edges of the layer, as
done by Brown and Roshko [1974]. This has been done in the current
facility (Papamoschou and Roshko [19861), covering most cases under
investigation here. Due to the smallness of the growth rates and the
uncertainty in defining the edges of the layer, such procedure is sub-
Jjective and of limited accuracy. The results obtained by the above

method, however, are in qualitative agreement with the present results.

The decay of the refractive index gradients with downstream dis-
tance may sometimes create the appearance that the shear layer grows
very slowly or that it even gets thinner! One must then be cautious in

interpreting growth rates from Schlieren photographs, especially when
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the indices of refraction are very small, as is the case here. The
thickness of the shear layer, as it appears on the Schlieren photo-
graph, may vary with the sensitivity of the Schlieren system. If the
edges of the layer are well defined, increasing the sensitivity beyond
a threshold level should not produce significant change in the lﬁyer
thickness., If the edges are not well defined, increasing the sensi-
tivity may result in an apparent thickening of the layer. Interest-
ingly, the layer edges appear, on the average, better defined in the
less compressible cases and less well defined in the more compressible
cases. For example, the edges of case NN3 (Figure 3.1(c)) are better
defined than the edges of case HN8 (Figure 3.1(h)). This could be due
to the fact that, in the current experiments, the growth rate of the
highly-compressible cases is relatively large, thus the refractive
index gradients across the shear layer small. It may also be related
to the decay rate of a disturbance away from the layer which, we
hypothesize, is slower for the highly-compressible cases. The latter

point stems from a vortex sheet analysis presented in Section 4.1.

3.1.3. Shear-Layer Structures. Large structures, reminiscent of

those found in subsonic mixing layers, can be seen in most Schlieren
photographs. Evidence of large-scale structures in supersonic shear
layers has been previously found in the experiments of Ortwerth and
Shine [1977] and Oertel [1979]. Although the structures observed in
the current experiments are not as clearly defined as, for example,
those observed in the subsonic experiments of Brown and Roshko [1974],

some rough measurements can be obtained from the photographs.

Of primary interest here is the mean scaling of the structure
spacing, ¢, with the pitot thickness of the layer, bpit' Similar meas-
urements, in subsonic shear layers, have been made in the past by vari-
ous investigators. Brown and Roshko found that the ratio R/Gw stays
fairly constant with downstream distance and has the value of about 3.
Koochesfahani et al. [1979] found Q/6w=3,9 while measurements of Jones

et al. [1973] imply that Q./6w=5.1, where £~ is the most frequent
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structure spacing (found to be almost equal to ¢ by Brown and Roshko).

Assuming that 5w/6pit=o.60, a relation that will be suggested in Sec-

tion 3.5, Brown and Roshko's result translates to l/&p.

1t=1'8’ and that

2 =
of Jones et al. to /apit 3.1.

A "mean" structure spacing is obtained from the Schlieren photo-
graphs by measuring the length of a row of 3 to 5 vortical structures
centered around an average x-position and then dividing that length by
the number of vortices included in it. Where possible, this is done at
two streamwise locations, one near the middle of the test section and
one near the end. The thickness of the layer is known from the pitot
pressure profile measurements, which will be shown in Section 3.2. It
is found that the ratio Qlépit does not change significantly with down-
stream distance, the maximum difference measured here being 15% of the
average value. In the cases where % is measured at two streamwise
positions, the average value of 2/6pit is presented in the table below.
Clearly, the above method of measuring structure spacings is much infe-
rior to that used by the subsonic shear layer investigators, they hav-
ing the advantage of tracking the structures with movies. The current
technique is estimated to be 25% accurate.

The measured values of %/8 for 9 Mach number-gas combinations

pit
are presented below in Table 3.1. Unfortunately, the poor visualiza-
tion in case HA10 did not allow identification of any structures in

that flow.
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Table 3.1. Mean Structure Spacing Normalized by Pitot Thickness

Case

ok = DN DN N
©c W W

N N O e

It appears that in the highly compressible cases (AA7 and beyond)
the ratio R/apit is approximately half of that in the less compressible
cases, This will be further discussed in Section 5.2. For the less
compressible cases, the values of z/opit are close to the value of 1.8,

implied by Brown and Roshko.

3.1.4. Laminar-to-Turbulent Transition. In all the photographs

shown on Figures 3.1(a) to 3.1(j), it appears that the shear layer
becomes turbulent after a very short initial laminar region. The trail-
ing edge boundary layers are believed to be laminar, the arguments to
that being presented in Section 3.2.2. It was desired to extend the
laminar region by lowering the unit Reynolds numbers in order to
observe a more gradual transition to turbulence. From these observa-
tions, a rough estimate of the transition Reynolds number could be

obtained.
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The investigation of the transition region is rather limited. Only
two Mach number-gas combinations were exploited. These combinations are
NA4 (N, at M,=3.0 and Ar at M_=3.0) and HN8 (He at M,=8.0 and N, at
Me=3.0). The above cases were chosen primarily because the total pres-
sures of the two streams are about equal, making it easy to vary the
total and thus the test section static pressure by a wide range. In
all other cases, the total pressure ratio is greater than 6, which lim-
its the range of static pressures because of structural and flow rate
constraints. Additionally, the above two cases offer better than aver-

age flow visualization.

Schlieren photography at the very low test section static pres-
sures established in this part of the investigation proved to be gquite
‘'difficult. The refractive indices were extremely smali and the edges of
the layer lost their definition. Nevertheles, it was possible to dis-
tinguish some features of what appears to be the transition region.
Figures 3.2(a) and 3.2(b) are Schlieren photographs at low pressure of
cases NA4 and HN8 respectivelly. In both cases, the test section pres¥
sure is approximately 0.20 psia. The following features are observed
from the photographs and apply to both cases: initially, the layer is
laminar, grows extremely slowly and produces a relatively sharp con-
trast on the photograph; then it becomes wavy, with the disturbance
waves confined within the edges of edges of the almost straight layer
which now loses its initial sharpness; further downstréam, the layer
breaks up into structures. Although it is hard to pinpoint the onset
of transition, there is no doubt that by the midlength of the test sec-
tion 1layer is turbulent. For case NA4, it appears that transition
starts about 40 mm downstream of the tfailing edge. For case HN8, that
distance is about 60 mm. The above estimates of distance to transition
are subjective and should be treated as such. In both cases, the

layers are turbulent 100 mm downstream of the trailing edge.
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The definition of a single transition Reynolds number that can
adequately characterize the state of a two-stream shear layer is a dif-
ficult, if not impossible, task. Some researchers base the Reynolds
number on the properties of the high speed fluid and the distance to
transition. Others base it on the velocity difference, one of the
kinematic viscosities or their average, and the thickness of the layer.
The latter definition would provide a rather poor transition criterion
here, since the thickness of the initially laminar layer hardly grows
with downstream distance It seems more useful to list the transition
Reynolds numbers based on the properties of each fluid and the

estimated distance to transition, x It is important to note that in

tr’
cases NA4 and HN8 the Reynolds number of the high-speed stream is lower
than that of the low-speed stream, a contrast to the familiar situation

in homogeneous shear layers.

It is likely that the Reynolds number alone does not adequately
characterize the transition process. If the transition is an inviscid
process, essentially a Kelvin-Helmholtz type of instability, one might
expect that the definition of a Reynolds number is less important and
that distance to transition scales with initial conditions. Indeed,
Roshko and Lau [1965], in their experiments of transition and reattach-
ment of incompressible free shear layers, find that xtr is much better
correlated with the boundary layer thickness before separation than

with the Reynolds number based on x Bradshaw [1969] and Breidenthal

tr

[1981] also suggest that X, scales with the momentum thickness at the
trailing edge, #. With that inp mind, the ratios xtr/g1 and xtr/o2 have
been calculated and are presented in Table 3.2, together with the tran-

sition Reynolds numbers based on xtr
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Table 3.2. Shear Layer Transition Reynolds Numbers

letr

“1

UpXip

Va

Case

HN8 106,000 640

I | | I l
| | | | |
| ] ] | ]
; NA4 ; 120, 000 : 190, 000 ; 470 ; 670
I | | 180,000 | |
[ | l ] ]

Examination of the possible effect of compressibility on transi-
tion Reynolds number and comparisons with results of other investiga-

tors will be presented in section 5.2.
3.2. Turbulent Growth Rates.

3.2.1. Method of Measurement. Turbulent growth rates are measured

by applying straight-line least-squares fit to the pitot thickness data
over the downstream half of the test section. The pitot thickness is
obtained by the pitot pressure profile as shown on Figure 2.10. It is
believed that the flow is fully turbulent in that region, something
that will be closely examined in section 3.2.2. Futhermore, the static
pressure variation over that region is small enough that the freestream
conditions can be treated as constant without significant error. For
each case, the layer thickness is measured at typically six to eight
streamwise locations. The growth rate is deduced from at least four
thickness measurements in the downstream region of the layer. Figure
3.3 shows representative pitot pressure profiles at four x-locations

for all present cases.

For each test case, the shear layer thicknesses were obtained at
approximately the same static pressure. For a couple of cases, the

thicknesses were measured at different static pressures to detect
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possible Reynolds number effect on the turbulent growth rate. The unit
Reynolds numbers were varied by a factor of two and no effect was
observed within the accuracy of the measuring technique. 1In the case
of subsonic shear layers, it is generally assumed that the growth rate
of the fully-developed flow is largely independent of Reynolds number.
However, this issue is not fully resolved vyet. In the shear-layer
experiments of Mungal et al. [1984], there is evidence that the layer
thickness varies modestly with Reynolds number. In the current inves-
tigation, although the measurements are too few to make any solid con-
clusions, we neglect any Reynolds-number effects on the turbulent
growth rate. More important here is the effect of the strength of
waves impinging on the layer: the thickness of the layer can increase
as much as 25% if the streamwise static pressure is very "bumpy",
implying the presence of relatively strong waves throughout the test
section. It was often necessary to repeat a particular measurement
many times until the pressure distribution appeared to be the smoothest
possible. The growth rate data presented here are believed to have
been obtained near the best possible conditions achievable in the
current facility. That, however, does not preclude room for improve-
ment and the scatter of the data may indicate that some thicknesses

could be as much as 5% smaller if the pressure distribution were ideal.

The shear layer pitot thickness measurements are shown on Figure
3.4 for all ten test cases. The straight lines that fit the downstream
portion of the data are also shown, except for case NAl1. Case NA1l is
essentially a wake flow and fitting a stfaight line through the data
would be inappropriate. That case is examined in Section 3.2.3. The
standard deviation of the data points from the straight-line least-
squares fit, as a fraction of the growth rate, does not exceed 5%. The
overall uncertainty of the growth rate measurement is estimated to- be
+10%. The growth rates, together with other relevant quantities, are

summarized in section 3.2.2.
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The straight-line least-squares fit produces a displaced origin of
the shear layer which, in some cases, is located as much as 60 mm
upstream of the trailing edge. Considering the small growth rates, the
finite boundary layer thicknesses at the trailing edge, and the possi-
bly parabolic growth of the initial laminar layer, such great origin
displacements should not be surprising. It should be noted, however,
that the origin displacement thickness found by the above method is
very sensitive to the accuracy of the thickness measurements and'could
be up to *30% in error. Sirieix and Solignac [1966] found experimen-
tally that the displaced origin of a M=3, one-stream shear layer is
located about 208 upstream of the separation point, where 8 is the
velocity thickness of the boundary layer before separation. In the
present experiments, a typical combined § of the two streams is about
1.5 mm (Section 3.2.2). Putting that in Sirieix and Solignac's for-
mula, we obtain an origin displacement of about 30 mm, which falls in

the range of the origin displacements found here.

3.2.2. Trailing-Edge Boundary-Layver Thickness. The primary

motivation for calculating the boundary layer thickness at the trailing
edge 1is the need to know<whether the turbulent shear layer has had
enough length to develop so that it is independent of initial condi-
tions. Bradshaw [1966] suggests that for a one-stream, subsonic shear
layer the distance to a fully developed turbulent flow is of the order
of 1000 momentum thicknesses of the initial boundary layer. On the
other hand, Sirieix and Solignac [1966] found that for a one-streanm,
M=3 shear layer that distance is only 10 boundary layer velocity
thicknesses, which translates to about 200 momentum thicknesses.
Bradshaw's criterion is used here because it is more conservative. It
is applied to both streams, since it is not known whether a single
momentum thickness can adequately define the initial conditions of a

two-stream shear layer -that unavoidably has a wake component.
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Before proceeding with any calculation, it is important to first
establish whether the trailing edge boundary lavers are laminar or tur-
bulent. From their appearance on the Schlieren photographs it is
almost certain that they are laminar. A more objective criterion would
have been the Reynolds number based on nozzle length, ReL, if reliable
transition Reynolds numbers elsted for supersonic nozzle boundary
layers. Unfortunately, transition experiments, even for flat plates,
have been very limited. Mack [1975] has summarized transition Reynolds
numbers for compressible boundary layer over flat plate, measured by
various investigators. The trend of the data indicates that the tran-
sition Reynolds number based on distance from leading edge, Ret, has a
minimum value of 1.5 x 10 near M=4. That trend is inconsistent with
results of linear stability theory, which predicts monotonically
‘increasing stability with increasing Mach number. .Furthermore, the
trgnsition Reynolds number of a boundary layer in an accelerating
freestream, as in a supersonic nozzle, could be significantly lower
that that of a flat plate boundary layer. The value of Ret=1‘5 X 106,
believed here to be very conserva;ive, will be compared to ReL to judge

the state of the trailing edge boundary layers.

The highest Re; established under the current growth rate measure-
ment conditions is 2.6 x 196 in the Me=4 stream of case AA2. In all
other cases, ReL, is near or below 1.5 x 106. Case AA2 appears margi-
nal ‘in that respect, while all other cases appear to have laminar
trailing edge boundary layers. Given the great conservatism of the
above transition criterion, however, it is strongly doubted that the

boundary layers of case AA2 are turbulent or even transitional.

The boundary layer momentum thickness at the trailing edge is
obtained by first calculating the momentum thickness, 6, along the sub-
sonic contraction using the Thwaites [1949] method. The thickness at
the beginning of the contraction is assumed to be zero. Along the
supersonic nozzle, 6 is calculated by a compressible Thwaites method

proposed by Rott and Crabtree [1953}]. It uses the 1Illingworth-
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Stewartson transformations to reduce the compressible problem into an
equivalent incompressible one, assuming adiabatic wall. The calcula-
tion starts at the nozzle throat, where 6 is known from the previous

subsonic calculation.

For the cases where one stream is subsonic, a Thwaites calculation
along the nozzle (which now becomes a diverging subsonic diffuser)
revealed that the boundary layer is likely to separate 10 mm downstream
of the throat. This is not considered a serious problem because the
subsonic stream is so slow, compared to the supersonic one, that it is
merely there to establish a density difference and provide the entrain-
ment needs of the shear layer. Thus, the initial conditions of the
subsonic stream are not likely to affect the development of the shear
layer. Nevertheless, it would have been more appropriate to design a
converging nozzle for the subsonic stream. That, however, entails a
very asymmetric centerbody design, difficult to fabricate and requiring

extensive modifications of the test section.

It is worth nqiing here that 6 depends strongly on the freestream
acceleration and rather weakly on compressibility. An incompressible
Thwaites calculation along the supersonic nozzle, based on the actual
supersonié flowfield, gives a value of 6 quite close to that obtained
by the compressible Thwaités method for the Mach number range esta-
blished here. In contrast to that, the boundary layer displacement
thickness, 5*, is a strong function of compressibility: the ratio
H=6*/9, known as the "shape factor", increases dramatically with Mach

number. Rott and Crabtree [1952] propose the relation,

Tt
H=-T—;(Hi+1)_1 (3.1)

where Tt is the stagnation temperature, T, the freestream temperature,

and Hi the incompressible shape factor, whose value is 2.6 for flat

plate. For example, a M=4, +vy=5/3 boundary layer over insulated flat
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plate has H=22, almost an order of magnitude larger than its incompres-
E

sible value. The ratio 6 /8, as tabulated by White [1974], is 0.6 for

M=2, 0.8 for M=4 and approaches 1 for very high Mach numbers.

The momentum and displacement thicknesses of the trailing-edge
boundary layers, calculated by the above methods, are shown on Table

3.3:

Table'3.3. Trailing-Edge Boundary-Layer Thicknesses

case || 8. (mm) az(mm) Il 6, (mm) | 5;(mm)

| | |
| I | |
: AN1 ;: 0.025 { 0.47 |} 0.080 | 0.41 ;
| a2 Il 0.021 | o0.39 Il 0.076 | o.57 |
; NN3 :: 0.042 } 0.44 :{ 0.069 : 0.36 :
: NA4 ;: 0.038 { 0.31 ;: 0.028 { 0.33 ;
| NAS || 0.051 | 0.59 || 0.062 | 0.56 |
} HN6 :! 0.091 ; 0.82 :: 0.042 : 0.49 :
| AA7 |l 0.024 | o0.46 || * | * |
: HNS ;} 0.040 } 0.47 }} 0.035 i 0.28 }
| HNo :{ 0.039 { 0.74 {; 0.072 } 0.38 {
;HAIOII 0.045 ] 0.84 ‘] * I * I

* : Boundary layer likely to separate upstream of trailing edge

Based on the above values of #, the following quantities are cal-
culated: xgr/o, where xgr is the distance (from trailing edge) of the
upstream-most thickness datum used in the calculation of the turbulent

growth rate according to Section 3.2.3; Reo = U8/v at the trailing edge
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flow conditions. These quantities, together with the visual growth

t -
rate 6 pit = dapit

based on the downstream flow conditions, are shown on Table 3.4:

/dx and the unit Reynolds number Re' for each stream,

Table 3.4. Growth rates with corresponding xgr/o and Re'

Il X

.069 ” 1600 360 , 8200 il * * 380

| Il Xgp | | -1 Xgr | | 1. |
1
| Case || 8 pit li 01 I Reg1 | Re'y(mm )| 02 | Reo2 | Re',(mm ) |
| il il l | 1] | | |
o 1 e 1 e | T | l
l AN1 ” ” l 640 I 22800 ” l 250 ’ 2600 l
} AA2 il 0.030 ” 3400 ; 800 i 17900 }; 900 ; 310 : 7000 ,
| NN3 || 0.027 || 2000 | 680 | 16100 |} 1200 | 290 | 4000 |
} NA4 ;io.ozs ” 2100 : 540 : 17400 H 2800 { 600 ’ 22600 }
| NA5 || 0.026 || 1800 | 600 | 16600 || 1400 | 370 | 8700 |
E HN6 ” 0.023 ” 1000 : 230 { 2600 ” 2100 : 700 { 16500 :
: AAT {{o.oss ” 3000 ; 640 ; 23700 }{ * } * ; 260 {
HN8 || 0.038 || 2000 | 430 13000 1100 | 600 27800

| I i | | il I I |
: HN9 }; 0.028 ” 1800 : 410 : 15300 {} 1000 : 290 { 4500 }
[ [ o J 1o

1

*. Boundary layer likely to separate upstream of trailing edge

**%: Wake flow

The calculated values of X,p/0 presented above indicate that all
cases satisfy Bradshaw's criterion. While this is comforting to know,
it should be interpreted cautiously in view of the very limited infor-

mation about self-similar behavior of supersonic shear layers.

*
Finally, a note should be made on the effects of & on nozzle
flow. It was mentioned in Section 2.2.3 that the nozzle contours were

designed without correcting for the boundary layer displacement
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thickness. From the values of 6*, shown on Table 3.4, it is clear that
the He nozzles have the greatest 6*. This is to be expected since He
has a low unit Reynolds number. The nozzle exit area is effectively
decreased by about 15%, while 6* at the throat is calculated to be too
small to make any appreciable change in the effective throat area. For
a nozzle designed for an ideal Me=4.0, the reduced effective area ratio
results in an actual Me=3.8. This small change is not important for
the purposes of the current experiments. Also, the uniformity of the
nozzle exit profiles, shown on Figure 2.7, suggests that 6* does not
cause significant deterioration of the Foelsch nozzle performance. 1In
that respect, the decision not to correct the nozzle contour was a
practical one that apparently did not compromise the flow quality at
the nozzle exits. On the other hand, in applications where Me must

have a precise value, that correction must obviously be included.

3.2.3. Wake Effect. In a two stream shear layer, the initial
region of the flow is wake-dominated due to the finite thickness of the
trailing edge and the displacement thicknesses of the trailing edge
boundary layers. It is desired to obtain an estimate of the extent of

the wake-dominated region in the current supersonic shear layers.

In the cases where the two gases are dissimilar, the velocity is
not necessarily a monotonic function of pitot pressure and, since no
concentration measurements were made here, the construction of accurate
velocity profiles from pitot pressure profiles would require additional
(ad-hoc) assumptions. Extracting wake information from pitot'pressure
profiles can thus be misleading: a deficit in the pitot pressure pro-
file may not be due to the wake but rather to the mixing process.
Striking examples of that are cases NA4 and HN8 where the total pres-
sures are almost equal while the velocities are different: the pitot
pressure profile has a’wake-like appearance (Figure 3.3) all the way to
the end of the test section where the flow is almost certainly a fully
developed shear layer. The occurrence of a deficit in these cases is

explained later in this section. On the other hand, the pitot pressure
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profiles of case AN1, which is a pure wake flow, appear like shear
layer profiles with no evidence of deficit from the first measuring
station at x=20 mm. Clearer presence of the wake is observed in cases
NAS5 and HN6, where a deficit appears at the upstream stations that dis-
sappears at the downstream stations. That deficit last occurs at x=63
mm in both cases. It should be kept in mind that even in these cases

the deficit could be partly due to the mixing process.

The distance of 60 mm is used here as a conservative estimate of
the extent of the wake—dominafed flow. The measurements of turbulent
growth do not start till x=75 mm, so we can assume with some confidence

that they lie outside the region affected by the wake.

The pitot pressure deficit in cases NA4 and HN6, and possibly in
other heterogeneous cases, can be justified on the basis of entropy
increase due to mixing. It can be easily shown that, for a turbulent
Prandtl number close to unity, the differential equation that governs

the mean entropy s is

as s _ _ R &t
Uss + vay > u 3y (3.2}
where 7 is the shear stress. Introducing the similarity variable

7=y/X and using the continuity equation, (3.2) takes the form

n 1
I pudn| = BBE
]

Q-ID-

=2 o

o s ey
Q-IQ
= s

(3.3)

D =
1
8

Any static pressure variation across the layer is assumed negligible.
The distribution of the right-hand side of (3.3), as well as that of
its components, is illustrated on Figure 3.5, where 7=0 denotes the
location of the dividing streamline. We note that the term in brackets
on the left-hand side of (3.3) is positive. Clearly, dv/dy and ds/dn
are both positive for %<0 and negative for 7>0 (provided, of course,

that du/dy>0, which is the convention here). Thus, s behaves
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qualitatively as 7, i.e., it has a maximum within the layer. We con-
clude, therefore, that there is an entropy increase inside the layer.
To illustrate how that produces a pitot-pressure defect in the cases
where the total pressures are nearly equal, we study the following sim-

ple example. We consider a shear layer with M1 =M but

2; ’Yl =Fyg:
U1 # Uz because the gases have different molecular weights (the stagna-

tion tehperature is assumed uniform). We thus have T1 = T, and

2

pt = Py - At some fixed x-location, the entropy variation across the
1 2 .
layer, s(y), can be related to the temperature variation, T(y), through

the first thermodynamic law:

- _ T(y)
s(y) sj = cp(y) In =3 (3.4)

J
where subscript j=1,2 denotes the freestream conditions. We are rem-
inded that, based on our assumption that the turbulent Prandtl number
is unity, Tt is constant throughout the flowfield. If we could somehow
place in the flow a probe that measures Dy directly by bringing the

flow to rest isentropically, then T(y) would be given in terms of pt(y)

by

' 1-xzi
TéY) i {pt(y)l 5
i | P | 3.5
J t tJ J ( )
Substituting (3.5) into (3.4) we have
P (v)

s{y) - s, = - R(y)} 1n

J Pe (3.6)

J

It is evident from (3.6) that for s(y) to be uniquely defined we must

have S1 = 8,. Since the left hand side of (3.5) is positive inside the

mixed region, P.(v) has a deficit within the layer. Given that p is

constant across the layer, the Mach number distribution has a deficit,
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thus the pitot pressure distribution also has a deficit.

3.2.4. Growth of a Wake Flow. Case NA1 (Ar at Me=4,0 and N, at
Me=1.9) is an interesting flow situation where the velocities are equal
while the Mach numbers are very different. Since this is a wake,
rather than a shear layer, its far field growth is expected to be para-

bolic. With that in mind, the quantity Ggi is plotted versus x in

t
Figure 3.6. The plot exhibits nearly linear behavior, and a straight
line least squares fit through the thickness data downstream of x=40 mm

gives:

where XO' the virtual origin, is -5 mm. The growth of the farfield wake
is found from similarity arguments to be

82 -¢ (x-x,4) 6 (3.7)

pit pit w
where 0w is the momentum defect thickness and Cpit is a non-dimensional
constant to be determined. Since the velocity and density profiles
cannot presently be known, is not clear what to use as Ow here. Konrad

[1977] and Roberts [1985]}, in their studies of wakes, have used
9w = 01 + 62, where 6 is the momentum thickness of the trailing edge
boundary layer. Doing the same here, using the values of § shown on
Table 3.3, we have Gw = 0.10 mm. Substituting that in (3.7) we get
Cpit= 1.6. In the literature it is more common to find the growth rate
in the form:

2 _
Vise = €4 (x-xpy 6

where ¥,/p is one half of the half-defect width. Typically €y%0.1, as

found in the subsonic experiments of Sreenivasan ans Narasimha [1982]

and the supersonic experiments of Demetriades [1969]. It is desired to



somehow translate the wvalue of Coit:1~6' obtained here. +to an

equivalent value of c,. If we make the rough approximation that

6 .. T 4vy,, get C, 2 0.1. This apparent agreement with the
pit 1/2 1
results of the other investigaters is subject to the validity of the

we
assumptions and approximations made here.

The implication that the subsonic wake and the supersonic wake
obey the same growth laws may seem surprising at first but one should
consider that in the far wake the velocity defect becomes eventually
subsonic with respect to the freestream velocity. Thus, the supersonic

far-field wake is not fundamentally different from the subsonic one.

3.3. Streamwise pressure gradient.

v The static pressure gradients encountered during the measurements
of the growth rates are shown on Figure 3.7 for all ten cases. The
common trend is a rapid pressure increase near the trailing edge fol-
lowed by a region of relatively small pressure gradient. At the end of
the test section the pressure rises again but this is thought to be an
upstream influence of the diffuser shock waves, possibly propagated
through a separated boundary layer. Fortunately, the slow pressure
change over the downstream half of the test section allowed the calcu-
lation of average freestream conditions aésociated with the growth rate

measurements. as described in Section 2.7.

Letting p be the average downstream static pressure and P, the
nozzle exit pressure. the mildest pressure increase occurs for case
NN3. where p/pe=1.2 and the largest one for cases HN9 and HA10. where
D/De=2.0. Some Mach number-gas combinations. achievable with the
current set of centerbodies, namely He at Me=4,o / Ar at Me=2‘0 and Ar
at Me=4.0 / He at Me=2.0 produced such severe pressure gradients that
the low Mach number stream eventually became subsonic at some down-
stream distance and flow breakdown was evident at the nozzles. Full
outward deflection of the top and bottom walls did little to improve

the situation. After numerous trials. no region of mild pressure



- 50 -

gradient could be established and the above two combinations were

dropped from the experimental program.

The streamwise pressure rise, while a nuisance in the accomplish-
ment of the current research goals, became an intriguing phenomenon in
itself that merited further investigation. Generally speaking, the
basic cause of the pressure rise is the entropy increase due to mixing.
In that respect, the shear layer can be viewed as a two-stream
equivalent of Fanno flow. That property of supersonic shear layers has
been appreciated by researchers of supersonic-supersonic ejectors where
the goal is efficient pressure recovery. Dutton et al. [1982] con-
ducted experimental and theoretical studies of such ejectors. In a
set-up similar "to the presént one, they established shear layers with
pressure gradients of the same nature as the ones observed here. Their
control-volume analysis of a constant-area supersonic planar shear
layer with uniform mixed conditions revealed the elstence of twb solu-
tions for the mixed flow: one supersonic and isentropic; one subsonic
that is equivalent to a two-stream shock solution. The subsonic solu-
tion applies to the actual experiment since mixing produces entropy.
As might be expected, the higher the Mach numbers of the unmixed flow,

the greater the pressure recovery.

The rapid pressure rise near the trailing edge suggests an equally
rapid local growth rate of thé shear layer displacement thickness, 6*
Essentially, 6*(x) acts like a solid, initially concave wedge between
the two streams, with its apex near the trailing edge and orientation
such that the static pressures in the two freestreams are roughly
equal. The pressure rise is transmitted along -Mach lines originating
from that fictitious wedge. Downstream of the the initial region of
fast pressure rise, Q*(x) grows slowly and its 4effect can to some

extent be counteracted by outward deflection of the test section walls.
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Adverse pressure gradients, similar to the ones encountered in the
present experiments, have also been reported by Devis [1972] in a shear
layer consisting of He at M=0.98 and N2 at M=2.78. PFerri and Edelman
[1967] have carried out analytical and numerical investigation of
compressible mixing under constant area or constant pressure condi-
tions. Their computations of the constant-area mixing of a coalal jet

formed of Hz at M,=2.0 and N, at M, =2.0 show the presence of very

strong adverse pressure gradients, the static pressure reaching 3 times

its jet exit value in a short distance from the jet origin.

In shear layers with one stream supersonic and one stream sub-
sonic, if the Mach number of the supersonic stream is not large,
approximately less than 2, then it is possible, depending on the frees-
“tream conditions, to have an adverse or a favorable ﬁressure gradient.
As an example, Cosner [1976] in his investigation of a Me=1,4 / Me=0‘6
shear layer, with air in both streams, observed a slight negative pres-
sure gradient along his test section. On the other hand, if the Mach
number of the supersonic stream is large, as in the present
supersonic-subsonic combinations (cases AA7 and HA10), the potential
for pressure recovery is great and the pressure will certainly rise.
In that case, the static pressure throughout the subsonic stream will
be close to the highest one occuring in the supersonic stream. That
creates an interesting situation where the static pressures near the
trailing edge.cannot be matched in any way. The shear layer must
therefore be curved near the trailing edge in order to support that
pressure difference. This situation is evident in cases AA7 and HA1l0
from their sidewall pressure distributions (Figure 3.7) and from the

Schlieren photograph of case AA7 (Figure 3.1(g)).

3.4. Velocity Profiles.

Due to the lack of concentration measurements, velocity profiles
have been constructed from pitot pressure profiles and wall static
pressure readings only for the homogeneous cases AA2, NN3 and AA7.

Appendix € illustrates how sensitive the velocity profile of a
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heterogeneous case is on the assumed density profile. 1In calculating
the velocity profiles for the homogeneous cases, it is assumed that the
turbulent Prandtl number is close to unity, therefore the total tem-
perature is uniform throughout the flowfield. It is also assumed that
the static pressure is constant across the layer. The accuracy of the

above assumptions was not tested experimentally.

First, the Mach number distribution, M(y), is obtained from the
pitot pressure distribution normalized by the local static pressure.

For M(y)<1, the Rayleigh pitot formula

p,."(y)y . - ( 1
T - et el AT
’ L2vM2(y) - (vy-1}) (3.8)

is used, from which M(y) is obtained implicitly. For M(y)<1, the probe
now measures total pressure directly, so M(y) is given directly from

the isentropic relation

{ l1/2

y-1
Py
Y T -1 . M(y)<i

]
|
v-1 J

|

| [
My) = |3 (|

jY- l

l_ X

(3.9)

After M(y) is obtained, the velocity is calculated using the assumption

that the total temperature is conserved:

1+ X1 Mz(y)}l/z (3.10)

U(y) = a, M(y) 3

P

where a, is the ambient speed of sound.

The far-field velocity profiles of cases AA2, NN3 and AA7 are
shown on Figure 3.8. Profiles obtained at other x-locations look very

similar to the ones shown on Figure 3.8, so they are not included here.
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A striking feature of the velocity profiles is the almost linear velo-
city distribution throughout most of the mixed region of the layer.

That shape of the velocity profile causes the vorticity thickness

_ AU

6 PRl A
w  fdu)
tovimax (3.11)

to be a very large portion of the pitot thickness, 8 Indeed, meas-

pit-
urements of ﬁw at several x-locations for the three cases vyield

Bw/a 2 0.9.

pit
3.5. Relations Among the Various Thicknesses.

As mentioned in Section 3.1.2, the measurement of visual growth
rate from the éurrent Schlieren photographs is an inaccurate and sub-
jective process. A more reliable and consistent alternative is the
measurement of growth rate from the distribution of pitot thicknesses,
as done in Section 3.2.1. It is desired here to examine the relations
among pitot thickness, visual thickness, and vorticity thickness, the

latter being defined by (3.11).

The visual thickness, although a subjective measurement, is useful
in defining the extent of the region involved in the mixing. The same
applies to the pitot thickness, which is the distance between two
points in the pitot pressure profile very close to the freestream
values (Figure 2.11). The vorticity thickness, on the other hand, is
quite sensitive to the shape of the velocity profile and may not ade-
gquately describe the mixed region.

It has been customary to assume that Gw = 0.58 While this is

vis"®
valid for incompressible shear layers with uniform density, there is
hardly any evidence to suggest that it holds for shear layers with den-
sity diffefence, let alone compressibility effects. The only known
heterogeneous shear layer experiment where velocity profiles have been

constructed, with the help of concentration measurements, is that of
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Brown and Roshko [1974]. Their velocity profile for s=1/7 and r=0.13
looks very much like the present ones (Figure 3.8) in that it is nearly
linear all the way to the edges of the layer. Their measurements of
vorticity thickness in the heterogeneous cases are too few to make any
.quantitative conclusions. It is worth noting that in the s=1/7 case of
Brown and Roshko, as well as in the current homogeneous cases (Section

3.4) the heavier fluid is on the high-speed side.

An attempt is made here to establish approximate relations among

6pit' 5vis'

we assume that the vélocity profile is desribed by a simple hyperbolic

and Gw' For incompressible flow with uniform density, if

tangent we get 6m/6pit=0'82 for r=0 and 0.68 for r approaching 1, with

8 .. as defined in Figure 2.10(a). Since in this case Gw/G =0.5,

pit
6pit/bvis
It should be noted that this is a theoretical result and that actual

vis
takes the values 0.61 for r=0 and 0.74 for r approaching 1.

velocity profiles usually tend to deviate from such simple shapes,
especially near the edges of the layer. For the different density
case, Brown and Roshko {1974] provide pitot pressure, vorticity thick-

ness and visual thickness data for s=7 and r=0.38. From those, we

/8 =0.95, & it being defined simi-

st i that 8 =
estimate a w/apit 0.55 and § vis D

pit
larly to Figure 2.10(b).

For the compressible case, Sirieix and Solignac [1969] measured

1=3, M2=0 shear laver with air in both

streams. Calculating the pitot pressure profile by a procedure oppo-

velocity profiles for a M

site of that described in Section 3.4, we find that 6w/6 =0.95, a

pit
value similar to that obtained for the current velocity profiles.

The scarcity of experimental thickness data in heterogeneous
incompressible and compressible shear layers undermines any further
effort to develop more precise relations among the thicknesses. For

the incompressible case, we will assume that § =0.80, a value

pit/évis
between the theoretical one for hyperbolic tangent profile and the

experimental one obtained from Brown and Roshko's measurements. For
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uniform density, that relation translates to aw/6p1t=0‘60‘ For the

compressible case, the evidence from the current velocity profiles and

those of Sirieix and Solignac suggests that 6@, 6pit’ and possibly

svis’ are nearly equal at high Mach numbers.



Chapter 4

The Convective Mach Number Concept

In investigating the effects of Mach number on the stability and
growth rates of compressible shear lavers., one would like to find a
parameter that will correlate and unify the results for various flow
conditions. In shear lavers where M2=o' for given stagnation condi-
tions Ml is itself such a parameter. Most compressible shear layer
experiments in the Iliterature belong to this category and the growth
rate data indeed correlate well with Ml' as shown on Figure 15 of Brown
and Roshko [1974]. However, in shear layvers where the stagnation con-
ditions are variable and M2¢0. as in the present experiments, the
‘choice of the right parameters is not clear. The growth rate. 48!, of a
compressible, fully-developed turbulent shear layer can be generally

expressed in terms of dimensionless parameters

C‘.' o)
b o
DI®

oo

o Yy- Tp ) (4.1)

[
¥

while for incompressible fully-developed turbulent shear layers it has

been well established that their growth rate

a,offo(;ggg) .
One possibility is that
U, »p
s _z2 2
60 = Iy o U, p, PO UM My Ly vy ) (4.3)

which implies that the velocity and density ratios act independently of
the compressibility parameters. So far this is just speculation and is

not supported by any analytical studies.



Clearly. a more analvtical tool is needed for the investigation cof
compressibiiity effects. The simplest and most insightful wav to
approach the problem is to first examine a vortex sheet in compressible
flow. Obviously, the vortex sheet itself cannot be compared quanti-
tavely to the present shear layers but in analyzing it one finds param-
eters and trends that are very useful for understanding the behavior of

more complex flows.

Iin this chapter, only two-dimensional disturbances‘are considered.
Possible effects of three-dimensional disturbances are discussed in

Section 5.4.

4.1. The Compressible Vortex Sheet.

The vortex sheet in an inviscid compressible flow was first
analyzed by Landau [1944]1 and thén by Hatanaka {19471, Pai {1954},
Miles [1958] and others. The analyvses of the above investigators focus
cn stability criteria and not on finding a compressibility-effect
parameter in the sense described previously. The focus of the present
analysis is the definition of such a parameter and the study of the
dependence of amplification rates on that parameter as well as on other
variables not related to compressibility, like the velocity ratio and
the density ratio. The analysis presented below is that of a tem-

porally developing vortex sheet and follows loosely that of Pai.

4.1.1. Fundamental Equation and Sclutions. We consider a vortex

sheet of shape 7 = 7(x,t) between two parallel streams in an infinite
domain (Figure 4.1). The velocity potentials of the flows on both

sides of the vortex sheet can be expressed as
O, =U. X + o, (4.4}
where j=1 refers to the fast stream and j=2 to the slow streamn. ¢j is

the perturbation velocity potential. From small perturbation theory.

the differential equation that governs ¢j is
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D _ 9 . 9
Dt at = j ex

We now assume that ¢j has the form

o5 = v(y) el (X = ct) (4.6)

where Y({y) is the disturbance amplitude function, o« is the disturbance
wave number, taken to be real, and ¢=C.+ic; is the complex phase velo-

city of the disturbance. We can rewrite {4.6) in the form

acit i {(x - crt)

65 = wiy) e e (4.7)

where oc is the temporal amplification rate. Substituting (4.3} into

{(4.2) we have

2

%Y.

3. 2 2)

—— - o (1 - pul Y, =0

ay2 J J (4.8)
where

. UJ - C i Uj - Cn . Ei
i a, a a. {4.9)

1t should always be kept in mind that “j is complex. The general solu-

tion of (4.8) is



{y) = A. e + B, e 4,10}
w3<y, j J (
where A; and Bj are constants to be determined by the houndary condi-
tions. Equation (4.10) deserves close attention. To understand its
nature. we nust examine the regimes that the factor 1-#? goes through

as the flow conditions varyv. For that, we go back to (4.9) and define

¢, a (4.11)

Mc is the Mach number in a frame of reference convecting with the real
3
phase speed of ‘the disturbances Cr' More simply, it is the Mach number

"felt" by those disturbances. We call it the convective Mach number

and its value mayv be different for each stream. Since U2<cr<U (4.11)

1 »
gives Mc positive and Mc negative, The fact that a Mach number is
1 2

negative is nothing more than an artifact of the coordinate system. the
low-speed flow moving from right to left in the convective frame of

reference. Now we write

{4.12)

b
}
=
1l
[
|
=
+
o
[

In general, the behavior of (4.10) is an oscillation of exponentially
amplifying or decaying amplitude. Examining (4.12} it becomes clear
that the behavior of (4.10) is purely oscillatoty and the disturbances
propagate unattenuated (radiate} away from the layer only when the ima-
ginary term is zero and the real term is negative. Therefore, for wj(y)

to be purely oscillatory, the following condition must be satisfied:

TR
2 I% :
| { j] <0 (4.13)

c, =0 , 1 - MC.
J

From (4.10) it becomes obvious that (4.13) defines not only a radiation
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condition for wj(y) but also complete stability for the vortex sheet.

It is crucial to note that (4.13) is not generally satisfied when M

J
just exceeds 1 because at MC =1 ¢, is still finite. As we will soon
; i
see, the vortex sheet is stable at values of MC usually considerably
J
larger than 1. The convective Mach number beyond which the vortex

sheet is stable is called here the critical convective Mach number and

is denoted by Mc.*
J

At this point it is useful to draw the distinctions between the
present unsteady vortex sheet and the problem of a steady but flexible,
wave-shaped surface of discontinuity between streams moving in opposite
directions, first considered by Ackeret (Liepmann and Puckett [1947]).
The latter situation is shown on Figure 4.2(a). The surface of discon-
tinuity is stationary in a frame of reference moving with velocity C.-

In that frame of reference, the Mach numbers of the two streams are MC

1

and Mc ., as given by (4.11}. For MC and Mc both greater than 1. the
2 1 2

pressures on both sides of the surface balance everywhere and the sur-

face is neutrally stable (Figure 4.2(b)). When at least cne of the

Mach numbers is less than 1, the pressures cannot be balanced and the
surface is unstable (Figure 4.2{(c}). The above argumént fails to
predict the values of M, at which the vortex sheet becomes stable
because it lacks the unsieady terms of (4.5). It is these unsteady
terms that give rise to the complex nature of uj and thus alter

Ackeret's simple picture. Nevertheless, Ackeret's argument provides

some insight into the stability mechanism of the vortex sheet.

In the vortex sheet, a disturbance is classified as "supersonic”,
"sonic, or "subsonic"°relative to a freestream velocity if its real
phase speed with respect to that freestream velocity is greater than,
equal to, or less‘than the local speed of sound. Thus, at side j of

the vortex sheet a disturbance is supersonic if MC >1, sonic if MC =1,
J J
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and subsonic if M_ <1, It is possible that the same disturbance is
"]
supersonic with respect to one stream and subsonic with respect to the

other.

In the past, there has been some confusion about the character of
supersonic disturbances because arguments like that of Ackeret led to
the misconception that supersonic disturbances are always associated
with a stable vortex sheet. It is clear from (4.13) that this is not
the case. In the regime 1<Mc.<Mc.*’ the disturbances are supersonic
but behave like subsonic ones in f;e sense that ¢j(Y) decays or ampli-
fies exponentially with y and the vortex sheet is unstable. It should
be pointed out that the decaylor amplification rate of disturbances

-with large Mc. {not necessarily larger than 1) is duite slower than
that of low ~}subsonic disturbances because the real part of (4.10)
becomes smaller as Mc. increases.

J

4,1.2. Boundary Conditions and Eigenvalue Problem. The boundary

conditions on the vortex sheet are:
(1) Disturbances at infinity must be finite.

{2) The velocity components of the fluid perpendicular to the wvor-
tex sheet are .equal on both sides and equal to the motion of the vortex

sheet itself in that direction.
(3) The pressures on both sides of the vortex sheet are equal.

The eigenvalue probiem is obtained by applying the above boundary
conditions to the perturbation potential (4.6) using the general solu-
tion (4.10). Boundary condition (1) dictates that Aj=o in (4.10),

Letting the shape of the vortex sheet be
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P(x.t) =g, ¢ (X 7€ 8 (4.14)
and omitting the details., boundary conditions (2) and (3) give
2 2
“/1 LLl 72 ,U-z
P PR S P (4.15)

Note that if uj were replaced by M. in {4.15), the pressure boundary
J

condition for a flexible surface of discontinuity, described previ-

ously, would be obtained. So the eigenvalue equation (4.15} could be

descriptively referred to as a pressure boundary condition defined by

the "complex cohvective Mach numbers” uj,

We rewrite (4.15) in the form

(V512

4 2 2

A I ot B
REY!

2 ‘
s o (1 - ay) (4.16)

which,-together with the definition of uj (4:9), can be solved for Cy
and . in terms of the freestream conditions. Here, however, we wish
to examine the variation of ¢, and c_, with one of the convective Mach
numbers Mcj' We choose MCl as the independent variable and we define
non-dimensional phase velocities in the forms

- r 2
‘s T U, - U (4.17)
r 1 2 l
and
5, -
170 -1, (4.18)

The above definitions simpiify the algebra considerably. Since
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U2<CF<U1' we mnust have 0<cr<1. The notations s=p2/p1 and r=U1/U2 are
used below. The pressures at the two sides of the vortex sheet being

equal and a2=yp/p, we have

1
j {4.19)

Using (4.17), (4.18) and (4.19) with (4.9), we express 1y and Ly in

terms of M
€4

By = MC 1 -1 -
1 1-c¢ (4.20)
r
/2 = - )
[ S S U
ny = M |s == —LI .y
€1 1 g - ¢ 1 -¢c | (4.21)
L Cp r} ‘

Substituting (4.21) and {4.22) into (4.16), we solve (4.16) sub-

ject to the condition O<Er<1. We obtain three solutions of Ei and gr

in terms of Mc . s, and 72/71. The three solutions c¢orrespond to
1 1

damped, neutral and amplified disturbances. Here we are concerned only

with the amplified solution. Note that the actual Mach numbers, M1 and

Mz. do not come into the picture. Knowing r, from (4.17) we calculate

Ci and Cp normalized by any velocity we wish, thus Mcz is obtained from
{4.11). We could have chosen M02 as the independent variable and MCl
would have been obtained in a similar manner. The essential point is
that either Mcl or MCZ. which are compressibility-effect parameters,
together with r, s .and Y5/v;, which are parameters not related to

compressibility, uniquely define the state of the vortex sheet.

The same, of course, could be said for Mlz knowing Ml’ r, s, and

72/71, we can always calculate Mg, S0 M1 could be used as a single

compressibility parameter. The importance of MC as a
1
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compressibility-effect parameter arises from the fact that it unifies
the stability characteristics of a whole class of vortex sheets. As we
will see. for s or 1l/s not very large (say, |log{s}i<l) and regardiess

of velocity ratio, the range of MC in which the vortex sheet becomes

1
stable is roughly 1.2<MC <2.5. while M, could be range anywhere from
zero to infinity. Therefore. Mc is a more useful stability criterion

1

and compressibility-effet parameter than Ml'

4.1.3. Discussion of Eigensolutions. The advantages of using Mc
1

as a compressibility-effect parameter become evident when the eigenso-

lutions Ei and gr are plotted versus M. for various values of s and
1

72/71. This is done in Figures 4.3 through 4.6. The values of s are
'0.1, 1. 10 and those of 71/79 are 21/25, 1, 25/21 corresponding to com-
binations of monatomic and diatomic gases.

It is seen in Figures 4.3 and 4.4 that, for MC >0.5. ¢. declines

1
sharply with increasing MC and vanishes at a value of MC ., centered
1 1
around 1.4, that depends on s and vz/yl. In the range 0<MC <0.5, Ei
1

decreases faster when the densities of the two fluids are similar than
when they are very different Figure 4.3). Actually, for sufficiently

large s or 1/s, Ei slightly increases at low values of M, . Since Ei
1

is proportional to the temporal amplification rate, the two sides of
the vortex sheet are indistinguishable when Ei is related to the frees-

tream conditions. Here, however, Ei depends on Mc . thus on which side
1

has the Ilarger density and the larger specific heat ratio. As a

result, the curves of Ei versus M, become different when s and 72/71
1

are replaced by their reciprocals, the difference accentuating as Ei
vanishes. We remark that Ei is more sensitive to changes of 'yz/v1
(Figure 4.4) than to similar changes of s, something ignored in the
existing compressible vortex sheet literature that deals only with

equal specific heat ratio cases.



In Figure 4.5, the dependence of c, on MC and s is shown for
- 1

79:71' For uniform density and specific heat ratio, Cp is not affected
by Mc and has a value Er=o.5 which corresponds to c. = (U1+U2)/2, that
1

is. cn equals the average of the freestream velocities. When the

freestreams have different densities, Ch is closer to the speed of the

heaviest gas. while the rise of MC results in ¢ moving toward the
1

average velocity of the two streams. In Figure 4.6, the effect of
72/71 on Er is shown for the uniform density case where it is seen that
cr slightly deviates from the average velocity of the two streams at

- %
high M_ . The calculation of c¢_ stops at M =M because after that
c, r c, c,

we get multiple solutions for Er whose physical significance is not

currently known.

*
=Yy, We obtain from (4.16}) explicit solutions of Mc in

4
4

terms of s. Such stability relations, given in a different form, have

For 71

been calculated by Landau and by Miles. We get

x  _1/6 | 1/311/2
Mc1 = s ttes (4.22)
and
x 1/311/2
Mo =157y (4.23)

As expected. when s is replaced by 1/s in (4.22) and (4.23) the expres-

. * * E S , E * 1/2
sions for M and -M are switched. For s=1 we have M =-M =2
o c c c
1 2 /o 1 2
which translates to M1=23 when M2=0. This is the well-known stabil-

ity criterion for a homogeneous vortex sheet with one stream at rest,

first formulated by Landau.
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For Y,=Y,. the value of ¢ at MC =M is

-— i &
c. = — e (M = M )
I 1+ 81/3 Cj CJ (4.24)

It is interesting to compare that to the value of Er for an incompres-

sible vortex sheet

(4.25)

For 72¢71, we cannot get similar explicit expressions and the sta-
bility relations must be determined numerically. Based on the above,
we can construct vortex sheet stability diagrams in terms of Mc , S,

1

*
and 72/71‘ These are shown on Figure 4.7. For Yo=Yy Mc tends to
1

large values for s<<1, and approaches 1 for s>>1. For 72/71=25/21, the

1

x
trend is the same but MC approaches a value close to 2 for s>>1. For

1
*
Y,/v,=21/25, it appears that for s<<i Mc reaches an asymptote near
= £ 1
1.4. This behavior could be of interest in supersonic mixing of very

heavy and light gases.

The temporal amplification rate, aci, can be transformed into a
spatial one by forming the ratio aci/cr. In the present unbounded vor-
tex sheet, the disturbance wavelength cannot be related to any length
scale because no other length scales exist. As a result, there are no

eigenvalues for o and we can assign to o any value we wish. Here we

take o = 1. Ci/cr can be viewed as the transformed spatial amplifica-

tion rate per unit wave number. It is related to the normalized phase

velocities by

+ (4.26)



Thus. Ci/‘cr depends not only on s. ’yg/v1 and Mc but also on r. A full
1

parametric study of Ci/C” would be lengthy and would not add much fo

what is already known about c, and c_ . Here we investigate only the

effects of M and s. for Y5774 and r=0. In Figure 4.8 we notice that
L9 _1 -~ .

-

s has a pronounced effect on the incompressible (MC =0} amplification
1

rate, something already known from the subsonic vortex sheet. The
effect of compressibility becomes more cliear when the amplification

rates are normalized to be 1 at M_ =0 (Figure 4.9}. We see that, as
“1
with Cyi» the decline of Ci/cr with increasing MC is faster for s>1 and
1

slower for s<1. For small density ratios ({s<0.3), ci/cr actually
increases near'MC =0.4 and then declines. Clearly, Ci/cr vanishes at

1

the same value of MC that cg does. Therefore, although the Ci/cr
1

versus Mc curve depends on r, s, and 72/71, the value of Mc where the
1 1

amplification rates become zero is independent of r.

Probably the most important point to make about the amplification

rates is that they change gradually with MC , something that Ackeret's
1

argument cannot possibly predict. It is believed here that the decline

of amplification rates, which starts at subsonic values of Mc , has to
b

do with the distribution in v of the disturbance amplitude function,

Y(v), ginen by (4.10), which is controlled by the comlex parameter uj

given by (4.9). As Mc increases, the real part of u. decreases until

J
R *
it becomes zero at MC =MC . Thus, the disturbances decay slower with
J o7
y as Mc increases. This may mean that less "energy" is left in the

b
vicinity of the sheet that can be used for the excitation of the sheet
E 3
itself. When MC exceeds MC , all "energy" is radiated away from the
J J
sheet and the sheet cannot excite itself, thus remains stable. Here

the term "energy" should be viewed as a measure of the magnitude of

pressure fluctuations, the total energy of the system being constant.
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This is only an intuitive explanation of the gradual decline of the

amplification rates and by no means a rigorous one.

Finally. note should be made of the differences between temporal
and spatial analyses. In the spatial analysis, the wave number is com-
plex (a=ur+iai) while the frequency of oscillation (w=ac) is real. The
spatial amplification rate per unit wave number obtained by the spatial
analysis (—ai/ar) is identical to the transformed spatial amplification
rate obtained by the temporal analysis (ci/cr} when both quantities are
related to the freestream conditions. On the other hand, the real
phase velocity (Cr) given by the spatial analysis is quite different
from that given by the temporal analysis, especially at low values of

the velocity ratio. Therefore the ~%;/a, versus M, curve is different

1
from the c.,/c_ versus M curve because M depends on c_. On the
i"~r 4 cy r
*
other hand, the value of Mc is identical for both analyses since, by
1

definition, both ~%; and c, vanish when the vortex sheet becomes
stable. The temporal analysis has been stressed here because it
closely resembles the treatment of the fturbulent shear layer presented

N

in Section 4.3.

4.2. Shear Layer of Finite Thickness.

Analytical investigations of the finite thickness, compressible
shear layer have been very limited in the scientific literature. It is
a problem full of mathematical complexities and the results obtained so
far cannot be considerd very reliable. The linearized analysis of an
inviscid, temporally developing, compressible shear layer has been car-
ried out by Lin [1953] and Blumen et al. [1975], while the correspond-
ing spatial analysis has been performed by Gropengiesser [1970]. It is
not possible to 1list here every related work in the literature. The
analyses of the above authors are in gqualitative agreement with each
other in that they predict a drastic reduction of amplification rates
with increasing Mach number. Quantitative comparisons are difficult to

make because of the variety of assumptions and notations each work
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uses.

No attempt is made here fto deveiop an analytical model for the
stability of the compressible shear layer. Instead, a conceptual model
will be outlined, using what is already known for the compressible vor-

tex sheet and some fundamental results of the aforementioned analyses.

Contrary to the discontinuous nature of the vortex sheet, in a
shear layér of finite thickness the velocity, density, temperature and
specific heat ratio vary gradually across the layer. This gives rise to
du/dy, 9dp/dy, 3T/dy. and dv/dy terms that make the perturbation equa-
tion much more complex than that used with the vortex sheet. Further-
more, there aré no static pressure and velocity equality boundary con-
.ditions, l1ike those applied to the vortex sheet, because no distinct
interface exists between the two fluids. The only boundary condition
here is that disturbances are finite at infinity. Most important,
since the velocity varies gradually across the layer, parts of the same
layer can exhibit different behavior as to how disturbances propagate

through them.

For a temporally developing layer, the disturbance can be given in
a wave-form equation, simiiar to that used with the vortex sheet:

Q' = q(y) et®{x - ct) (4.27)

with « real and c=C +ic; complex. Here Q' is the disturbance value of
the mean flow parameter Q, and gq(y) is its amplitude function. Q
represents the mean values of the horizontal and vertical velocity com-

ponents, density, pressure, and temperature.

in defining the convective Mach numbers of the shear layer, we

distinguish between the freestream convective Mach numbers and the

local convective Mach number. The freestream convective Mach numbers,

defined similarly to those of the vortex sheet, are given by (4.11)
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where Uj and aj are the freestream values of the velocity and speed of

sound respectivelly. The local convective Mach number is a function of

v and is giQen by

u{y) - c,

——ETYT_‘ (4.28})

M.(y) =
where u{y) is the local mean velocity and a(y) the local mean speed of

sound. Clearly, at the edges of the shear layer Mc(y) takes the frees-—

tream values Mc and M_ . TFurther relations for M . M and M _{y)
c c C c
1 2 1 2
cannot be obtained until the complete eigenvalue problem is solved. We

do expect, however, that Mc will uniquely characterize the compresi-
k]

a

bility of the flow and in that respect will unify the results, at least

for s or 1/s not very large.

We classify a local disturbance at some y—locatioh of the layer as
subsonic, sonic, and supersonic, depending on whether jMC(y)g is less
than, equal to, or greater than 1. To clarify this classification, we

consider a shear layer with Mc >1 and MC >1. It is shown on Figure
1 2

4.10(a) in a stationary frame of reference. Figure 4.10(b) depicts the
same shear layer in a frame of reference moving with velocity C.. The
intersections of u(y)-—cr with *a(y) define the boundaries between sub-
layers where disturbances are subsonic or supersonic. The subsonic
sublayer is centerd around the vy-location where u(y)=cr, while the
supersonic sublayer is located outside the subsonic one and extends to

the edges of the shear layer.

As Mc (or MC } increases, the subsonic sublayer shrinks but never

1 2
guite vanishes. Therefore, subsonic disturbances will always exist
regardless of how large M. . This is an important distinction from the
1
vortex sheet where for sufficiently high Mc only supersonic distur-

1
bances exist. It is thus likely that the finite thickness shear layer
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will in general be unstable at any value of M . gn the other hand, we
71

might expect that, as in the vortex sheet, the disturbances will decay

slower, or possibly amplify, with y as MC increases. Since that
1

appears to be the fundamental reason for the amplification rate decline
in the vortex sheet, we conjecture that the amplification rate of the

shear layer will also decrease with increasing MC , starting at sub-
1

sonic values of MC
1

The above features of this crude conceptual model are in line with
the analytical results of Blumen et al. and Gropengiesser. Both ana-
lyses find that the amplification rates are drastically reduced with
increasing Macﬁ number, starting at subsonic Mach numbers, but never
become zero, no matter how large the Mach number. One of
Gropengiesser's results is plotted on Figure 4.11, showing the spatial

amplification rate -, versus M1 in a one-stream (M2=O) shear Ilayer

-

with uniform density and specific heat ratio. Notable is the flatten-

ing of the -o, curve at high Mach numbers. Gropengiesser has also com-—

puted the effect of density ratio on amplification rates and finds the
same trend as in the vortex sheet, i.e., the rise of Mach number has a
greater stabilizing effect for large density ratios (s>1) than for
small ones (s<1). His results, however, show an excessive sensitivity
of amplification rates on density ratio, especially at M1=o, This is
in disagreement with results of incompressible heterogeneous shear
layer stability anaiysis (Maslowe and Kelly [1971]) and casts doubt on

the quantitative reliability of Gropengiesser's computations.

4.3. Turbulent Shear Layer.

It is clear that the results of the linearized stability analysis
for a finite thickness shear layver cannot be directly applied to the
turbulent case, since the disturbances now have finite amplitude and
linearization is not possible. A direct solution to the problem, using
the full Navier-Stokes equations, is an enormous task which, teo our

knowledge., has not been attempted so far. Using the Reynolds time-



averaged equations of motion may be a simpler approach, but reliable

models for the various correlation terms must first be invented.

Here we are not so much concerned with the exact solution tc the
compressible shear layer problem., as with the choice of a suitable
coordinate system in which to view the flow. In subsonic shear layers,
the discovery of organized large structures led to the idea that such a
coordinate system is one moving with the structures. The term "celer-
ity" has been used by Favre and Kovasznay to define the velocity of the

moving frame in which the large structure is most nearly stationary.

Since large structures are also present in compressible shear
layers, a framé of reference moving with Uc’ where UC is the velocity
of the dominant waves and structures, is a reasonable choice for a
coordinate sysyten in which the intrinsic properties of the flow are
investigated. Accordingly, we define the convective Mach numbers of a

turbulent shear layer in the following fashion:

u, - U

M . -Ll_ ¢
c1 a1 (4.30)

yw _ e U
02 az (4.31)

With this definition, since U2<UP<U hoth convective Mach numbers are

1
now positive.

The fact that large-scale structures dominate the development of
the turbulent shear layer (Figure 4.12(a)), helps in formulating a
pressure boundary condition, in a way similar to the static pressure
boundary condition of the vortex sheet, by which the convective velo-
city Uc is calculated. This boundary condition is implicit in Cole's
[1981] sketches of streamlines in the moving coordinates of the large

structures (Figure 4.12(b)}, and was first suggested to us by Dimotakis
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[1982}. In this coordinate system, there is a saddle point between the
structures; it is a common stagnation point for both streams, thus
implies equality of total pressures in the two streams in that system.

For equal static pressures this results in

Y4 7o

AR
| _

f ’yl_
{1 Ty M (4.32)

i
This result has been obtained by Bogdanoff [1981] using a slightly dif-
ferent argument. It should also be noted that Oertel [1982] has
obtained excellent experimental evidence supporting the concept of
large coherent structures and associated convective velocities in

supersonic shear layers.

For Mc and MC not very high and Y4 and Yo not substantially dif-
1 2

ferent, (4.32) can be approximated by

{71)1/2
= == M

M
Ca (Y2 €4 (4.33)

which, together with (4.30), (4.31) and (4.19), gives

Eg - 1 +r sl/2
U, 1+ g1/2 (4.34)

For 71=72, UC can be expressed in the form

a U, + a.U
U - 271 172

o4 a, + a
. 1

2 (4.35)
which has the form of a speed-of-sound weighted average. It should be
noted that (4.34) and (4.35) are not restricted to compressible flow

and are actually more accurate for incompressible flow.



M  and M are slichtly different when vy, =7/5 and v,=5/3 or the
c1 02 1 2

reverse. Figure 4.11 shows the dependence of M on Ml and M2 for
|

<4

various gas combinations. MC has been calculated for uniform total
1

temperature using (4.30) and {4.34). The error that results from using

(4.33) instead of (4.32) is very small for the range of Mc plotted on
1

Figure 4.11, and is obviously zero for vlzyz,

As in Section 4.2, we define a local convective Mach number

Mc(y) = (4.36)

where u(y) and a(y) are the mean local values of velocity and speed of

sound. Accordingly, we classify a disturbance as subsonic, sonic, or

supersonic depending on whether Mc(y) is less than, equal to, or

greater than 1. A shear layer with Mc >1 is thus divided into super-
J

sonic and subsonic regions according to Figure 4.8(b), with c, replaced

by Uc‘

Having defined the convective Mach numbers of the turbulent shear

layer, we hypothesize that (4.1) can be reduced to

U1 Py 71 cy (4.37)
i.e., the compressibility effects can now be expressed in a single
parameter, Mc .  The above parameters. {enclosed in the parentheses of

1
{4.37)) uniquely define the freestream conditions of the layer. The

choice of Mc or M as a compressibility-effect parameter is not crit-
1 2
ical since the relation between the two is known from (4.33) and the

two are not very different anyway.
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With the statement of (4.37} in mind, we proceed to calculate the
convective Mach numbers of the shear layers established in the current
facility. The caliculation, which uses (4.30), (4.31) and (4.34), is
based on the freestream conditions at the region of turbulent growth
rate measurement. The convective Mach numbers are shown on Tabie 4.1.

For compieteness, most of the information of Table 2.3 is reproduced

nere.
Table 4.1. Convective Mach Numbers
; Case ” Gas 1 ; M 5; Gas 2 § M }} M ; M i% fg ; HE } ZZ 2
1 i) U
Ll L I S 2| T N R B
{
} AN1 H Ar ; 1.6 }} N, ; 3.3 H 0.07 ? 0.08 l’; 4.4 ; 0.93 ; 0.84 }
| aa2 Il ar | 3.4 l! ar | 1.8l 0.26 ! 0.26 [l 0.43 3 o.81 1 1 |
? NN3 %i N, ; 3.1 ;i N, i 1.7 H 0.33 ; 0.33 “ 0.54 Z 0.74 3 1 g
z NA4 {f N, : 2.8 ” Ar i 2.6 H 0.39 § 0.36 ;; 1.8 1 0.75 ; 1.19 i
| NAS | N, | 3.2 ar | 2.1} 0.55] 0.51 4 1.2 f 0.67 | 1.19 |
, .
{ HN6 H He % 1.7 H N, ; 3.0 “ 0.64 ; 0.69 ” 9.2 ; 0.52 } 0.84 ;
| AAT H Ar } 3.1 H Ar il 0.2 }1 0.89 { 0.89 1} 0.24 | 0,28} 1 |
% HN8 | He | 2.6 N, | 2.8 ;{ 1.08 } 1.15 }i 5.5 } 0.42 ; 0.84 §
; HN9 ” He g 3.4 ” N, } 1.6 H 1.44 : 1.57 H 2.2 E 0.29 ; 0.84 ;
IHAIO “ He I 3.1 “ Ar ‘ 0.3 H1.81 ‘ 1.81 H 2.4 ‘ 0.04l 1 ‘

The so-far obscure designations of the experimental cases accord-
ing to degree of compressibility now become clarified since they are

based on the value of M. . The implications of using M, as a
1 "1
compressibility-effect parameter become evident when we examine Table

4.1. It is seen that Ml and M, alone provide little information about

2
how compressible the flow is. For example, in case AN1, M1 and M2 are

both supersonic and quite different from each other but MC is nearly
1
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zero, implying that the flow 1is essentially incompressibie. On the

other hand, in case HN8 M, and M, are nearly equal but M. is quite
B 1

large, suggesting large effect of compressibility. Finally, in case

HA10 one stream is subsonic, vet MC is larger than in all the others.
: 1

-

In that respect, there is no fundamental difference between a shear
layer consisting of two supersonic streams and one consisting of a

supersonic and a subsonic stream.

The usefulness of M. in correlating the experimental results will
1

be tested in the next chapter.
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Chapter 5
The Isolated Effect of Compressibility

Now that a compressibility-effect parameter has been defined in
the name of the convective Mach number which, we hypothesize, describes
the intrinsic_compressibility of the shear laver, we proceed to corre-
jate the experimental results with it. If we somehow fix all other
relevant parameters and vary the convective Mach number only, we can
estimate the isolated effect of compressibility on the experimental

measurements.
5.1. Turbulent Growth Rates.

5.1.1. Uncoupling the Effect of Convective Mach Number. Assuming

that the turbulent growth rate is generally correlated by (4.37), we

see that there are two parameters besides MC that play an important
1

role in the growth rate, namely the velocity ratio and the density
ratio. As for 72/71. since it already plays a role in the determina-
tion of the convective Mach numbers (equation (4.33)). we assume that
its other possible effects are negligible compared to those of r and s.

1f we go ahead and plot the experimental growth rates versus MC
1

without taking into account the effects of r and s, we obtain an incon-

clusive trend shown on Figure 5.1. That trend shows the growth rates

actually increasing at high Mc , something that contradicts the expec-
1

tation supported by previous experimental works that compressibility

has a stabilizing effect. This illustrates the need to uncouple the

effects of Mc from those of r and s.
1

Such uncoupling is easier for the previous experimental works

where M2=0 (r=0) and both gases are air, the only parameter varying

besides M being s. Yet, the growth rate-Mach number correlations done
i

in the past, 1like those of Birch and Eggers [1972] and Bogdanoff
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{1982}, consistently fail to allow for density ratio effects. It is
known from subsonic experiments (Brown and Roshko [1974]) that shear
layvers with fixed r grow faster when s<i and slower when s>1. In the
above experiments., the freestream at high Mach number is much cooler
than the stream at rest, thus s is guite high. As a result, the shear
layer would grow more slowly even if it were incompressible at the same
density ratio. The above correlations, therefore, overestimate the

stabilizing effect of Mach number by as much as a factor of 2.

A simple way to estimate the net effect of Mc is to compare the
1

experimentally measured growth rates with those that would have occured
if the flow were incompressible and ‘the velocity and density ratios

were kept unchanged. More specifically, we form the ratio

' ' 1

8
37T -
6 0 f{r, s, MC =0 )

(5.1}

which will give the isclated effect of Mc at particular values of
1

velocity ratio and density ratio.

5.1.2. A Model for the Incompressible Growth Rate. In order to

normalize the growth rate according to (5.1), we need an approximate
model for the growth rate of the incompressible shear layer over a wide
range of r and s. .In creating such a model, we assume that the main
effect of the density ratio is to determine the donvective veleccity of
the structures U,  as given by (4.34). We conjecture that in a frame of
reference moving with U, the growth rate is simply proportiopmal to
AU=U1_U

2 thus the density ratio drops out of the picture in that

frame. We thus arrive at the very simple expression

5' ~ AU
0] U (5.2)
C

which can be compared to the spatial growth rate of a <temporally
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developing vortex sheet c,/c . the major difference being that c,/aU
weakly depends on density ratio. For uniform density (s=1), from

(4.34) we have UC:(U1+UZ)/2 and {5.2) takes the familiar form

0 U, + U » (5.3)
For visual thickness, (5.2) becomes, using (4.34)

(1 - r){1 + sl/z)

UC 1+ p s172 (5.4)

(5|vis)0 =
the constant 0.17 having been obtained experimentally by Brown and
Roshko [1974]. A generalized version of (5.4), obtained by similar
‘arguments, was first proposed by Brown [1974] who suggests that the
exponent of s in (5.4) is variable, ranging between 0.5 and 0.6. Dimo-
takis [1984] uses geometrical arguments to derive the entrainmeﬁt and
growth of the turbulent region and comes up with an expression for the
growth rate quite similar to (5.4). Bogdanoff [1984] also proposes

(5.2) without giving any specific arguments.

Although the present derivation of (5.4) 1is hardly based on
rigorous arguments, its growth rate prediction is in surprisingly good
agreement with experimentally observed growth rates of subsonic shear

layers, as shown in Figure 5.2.

To compare with the present results of pitot thickness growth, we

assume that (§' =0.80(3"' a relation suggested in Section 3.5.

pit)O vis)O’

From (5.4) we have

(1 - (1 + sl/z)

1+ gt/2 (5.5)
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5.1.3. The Neormalized Growth Rate. The ratio &'

/ !
pit’ (8 pit)o
called here the "normalized growth rate", is now formed according to
(5.5)., where évpit is the experimentally obtained growth rate and
(5*pit)0 is the incompressible visual growth rate, obtained from (5.3},

at the same r and s as the experimental one. The normalized growth

rate is plotted versus Mc in Figure 5.83. This is probably the most
1

important result of this research project and illustrates the advan-

tages of Mc as a compressibility-effect parameter, as well as the use-
1
fulness of the growth rate normalization according to (5.1). We first

note that all the normalized growth rates obtained here collapse
roughly onto one curve, despite the wide variation of density ratio

from one case to the other. For example, case HNG6 (MC =0.64) has
' 1
s=0.24 and case AA7 (MC =0,89) has s=9.2, yet they both have approxi-
1 :

pit’ (8 pitdo
ation of s would have significantly altered the effectiveness of the

mately the same 6' 2 0.22. In the vortex sheet, such vari-

Mc in reducing the growth rate (Figure 4.9). In the turbulent shear
i

layer, however, it appears that that effectiveness is less sensitive to
variations of s and, for that matter, variations of r and Y,/¥y. This
suggests that the growth rate of a compressible shear layer might be

generally expressed in the form of (4.3), that is,

1

& ~
=7 ~ C{(M_ }
] 0 ¢y ‘ (5.6)

where C is a universal function valid over a wide range of r and s. We
must be cautious about such a statement, however, in view of the lim-
ited number of measurements and the experimental error involved. The
accuracy of the incompressible model of the shear layer must also be

taken into consideration.

The most striking feature of Figure 5.3 is the drastic reduction

of the normalized growth rate with increasing M_ | untjl Mc reaches
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about 0.8. Beyond that point, it stays fairly constant, at a value
approximately one fourth of the incompressible one. The apparent com-
plete flattening of the normalized growth rate curve for Mc >1, imply-

1

ing independence of growih rate from MC for Mc >1, is a little
1 ‘1

surprising because there is no obvious reason why it should occur. On
the other hand, it is interesting to note that Gropengiesser's computa-
tions do predict such a leveling off of amplification rates at high
Mach numbers (Figure 4.11). It is possible that the normalized growth

rate does decrease with increasing MC for M_ >1. but that decrease is
1 1

so slow that it is covered up by experimental error.

Another .important feature of Figure 5.3 is that the normalized
growth rate decreases gradually with increasing Mc , starting at sub-
1

sonic values of Mc .  This contradicts some earlier ideas that the
i

decline of growth rate would come abruptly, immediately after some
relative Mach number becomes supersonic (Cosner [1976]). That gradual
decline is in line with results of the vortex sheet analysis and shear
layer computations of Blumen et al. [1975] and Gropengiesser [1969]
(Figure 4.11). The fundamental reason for it occuring, even at subsonic

values of Mc , is believed here to be similar to that proposed for the
1

vortex sheet: as Mc increases, the disturbances decay away from the
i

layer more slowly, thus there is less potential for excitation left in

the vicinity of the layer. The uncertain visual definition of the

edges of the layer at high MC , as noted in Section 3.1.2, may be an
1

indication that disturbances do indeed decay slower with increasing
M

¢y

Assuming that (5.4) is approximately valid, at a given value of

Mc the effects of density ratio and velocity ratio on the growth rate
1
are similar to those in an incompressible shear layer, given by (5.4):
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the growth rate is smaller when the heavier gas is on the high-speed
side and greater when the heavier gas Is on the low-speed side; the
growth rate increases with decreasing velocity ratio, i.e., with

increasing freestream velocity difference.

The same type of correlation used with the present growth rates
can be applied to the growth rates measured by previous investigators.
The experimental data are taken from Maydew and Reed [1963], Ikawa and
Kubota [19751, Sirieix and Solignac (1966}, and Birch and Eggers
[1973]. All these investigators have performed probe measurements of
vorticity thickness (5w) in shear layers with M,=0 and both gases air.
We form the ratio 5'w/(6‘w)0 using (5.3) with the constant changed to
0.085. That change stems from the fact that in incompressible homo-
geneous shear layers the vorticity thickness is about half of the
visual thickness (Brown and Roshko [1974]). There is little evidence,
however, to suggest that the same relation holds for layers with den-
sity difference, as discussed in Section 3.5. The result is shown on
Figure (5.4}, where it is seen that the normalized growth rate versus

Mc exhibits the same qualitative behavior as the current one; Quanti-
1
tatively, the major difference is that the leveling off of the curve at

Mc >1 occurs at a normalized growth rate around 0.4, as opposed to 0.2
1
in the present experiments. That discrepancy probably arises from the

fact that the ratio sm/apit may be a function of density ratio and

freestream Mach number, as pointed out in Section 3.4. A value of

6w/6pit=0'9’ obtained from the current velocity profiles, at the large

Mach number cases (Mc >1) would reconcile the two curves to some
-1

extent.

5.2. Transition Results.

It was found in Section 3.1.4 that the shear layer transition Rey-

’

tr
and the distance to transition) is roughly 2x10° for cases NA4 and HNS.

nolds number, REX (based on the properties of the high Re' stream

Also, xtr/e {based on the smaller 4) is 670 for case NA4 and 720 for
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case HN8. It is thus apparent that Re( and xtr/g are insensitive to
“tr

rather large changes of M_ . from M, =0.39 (case NA4) to M_ =1.05 (case
‘1 1 1

HNS8) . This is a 1little surprising since it is expected <that the

increase of Mc will stabilize the fiow, as found for the growth rates.
1

One explanation may be that the transition process is wake-dominated,

in which case the actual freestream Mach numbers, M1 and M,, may be

more important than Mc . This observation is supported by experimental
1

work of Shackleford et al. [1973]: they found that the distance to

transition in a shear layer composed of alternatively heated . N2

streams, both at M=4, is independent of the velocity ratic which ranges

between 0.4 and 1. In their case, this corresponds to MC ranging from
’ 1

0 to 0.8.

Demetriades and Brower [1982] have conducted instantaneous hot
film measurements in the transition region of a shear layer composed of

air at M=3.0 and air at M=2.2. They quote a value of Rex ranging
‘ tr

between 1.2x105 to 3.53105, with a corresponding value of xtr/e rang-
ing between 250 and 700. The reason for that wide range of xtr stems
primarily from the fact that in attempting to apply their theory to
experimental results, they use the Reynolds number based on local layer
thickness as their transition criterion. Given the extremely small
growth rates, any uncertainty in defining the transition thickness of
the layer translates into an order-of-magnitude greater uncertainty in

defining x This illustrates the limited usefulness of a transition

tr-
criterion based on layer thickness. Also, the physical significance of
such a criterion becomes small when one considers the transition pro-
cess as an inviscid one, thus scaling with initial conditions {(Roshko
and Lau [1965]1). The }ransition experiments of Demetriades and Brower |
are likely to apply to a wake, rather than to a shear layer, since the
velgcity ratic is 0.9 and their measurements are made in the near

field.
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It is believed here that if the wake effect were negligible, the
distance to transition, scaled by the initial conditions, and the tran-
sition Reynolds number would increase markedly with increasing convec-
tive Mach number. In a fixed experimental configuration, however, it
is difficult to minimize the effect of the wake because in extending
the distance to transition far downstream by lowering the pressﬁre, the
trailing-edge boundary layvers become thicker, thus the wake extends
further downstream. The effect of initial conditions on transition of
incompressible shear layers has been the topic of extensive investiga-

tions by Roshke and Lau [1965] and Breidenthal [1981].

5.3. Large-Scale Structures..

A plot of structure spacing to visual thickness ratio, /8

pit’
versus Mc is shown on Figure 5.5. It is seen  that for Mc <1,
. 1 1
R/Gpit 2 2.2, which is a typical value for incompressible shear layers.
For Mc >1, the ratio decreases to 2/6pit %~ 1.2. This suggests that the
1

lateral extent of the shear layer where large-scale structures can form

lessens as Mc increases beyond some critical value. The above trend
1
could be explained by the fact that as Mc increases beyond 1, the sub-
1

sonic sublayer, described in Section 4.2, occupies a smaller portion of
the extent of the mixing region. It is thus implied that somehow vort-
ical structures prefer to form in a "subsonic" environment, something

that so far is very speculative.

5.4. Possible Effects of Oblique Disturbances.

So far, the analyses and discussions in Chapters 4 and 5 have been
limited to two-dimensional disturbances. It is possible that oblique
disturbances, i.e., disturbances that.propagate at an angle B8 to the
mean flow direction, exist inv.compressible shear  layers. Unfor-
tunately, the possible presence of such disturbances in the present

shear layers could not be detected with the existing diagnostics.
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In the analytical works of Gropengiesser [1970] and Lessen et al.
19657 it 1is found that the shear layer becomes more unstable as B
increases. Bogdanoff [1981] proposes that in turbulent shear layers
the effect of B can be taken into account by defining an effective con-

vective Mach number

M = M_ cosB = =
Cl,eff Ll {(5.3)

in which case the result shown on Figure 5.3 would be invariant with 8

as long as it is plotted against M . If {5.5) indeed holds, it is
1,eff

easy to see that for 8 to have a significant effect it must be greater
than about 30 degrees, otherwise its effect could be easily covered up
by experimental error of the order of +5%. We also note that the effect

of obliquity on the growth rate would be more pronounced for O<MC <1,
1

where the growth rate decreases drastically with increasing MC , than
1

for MC >1, where the growth rate changes slightly with Mc
1 1

The wvisualization of large-scale structures in most current
Schlieren photographs is a strong indication that these structures are
basically two-dimensional. This, however, does not preclude the
existence of smaller, three-dimensioconal disturbances that are superim-
posed on the larger ones. Actually, it is well known that such small
structures exist in subsonic shear layers, although the priméry struc-
ture is coherent spanwise (Konrad [1977], Breidenthal [1981]). Their
potential effect on the development of the compressible layer is not

currently known.
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Chapter 6

Conclusion

A parametric study of supersonic shear layers has been carried out
in which the freestream Mach numbers range from 0.2 to 4, the density
ratio varies from 0.2 to 9.2. and the velocity ratio varies from 0.13
to 1. The emphasis of this investigation was upon determining the
effect of compressibility on the properties of the shear layer, espe-
cially on the turbulent growth rate. The growth rate is based on the
width of pitot-pressure profiles obtained at several streamwise 1loca-
tions. The Mach number in a frame of reference moving with the convec-
tive velocity of the dominant waves and structures, called the convec-
tive Mach number, is defined as a compressibility-effect parameter
which correlates and unifies the experimental results. The effects of
compressibility on other aspects of the flow, such as the large-scale
structures of the layer, the transition from laminar to turbulent flow,
the velocity profiles, and the streamwise pressure gradient, are also

investigated.

6.1. Summary of Results.

(a) The growth rate of the turbulent region of the shear layer
decreases drastically with increasing convective Mach number. That
decrease is gradual, starting at low subsonic values of the convective
Mach number, and tapering off as the convective Mach number becomes
'supersonic. The growth rate at supersonic values of the convective
Mach number is about one fifth that of an incompressible shear laver
with the same ratios of densities and velocities. The gradual thinning
of the growth rate is in qualitative agreement with results of linear
stability analyses of the vortex sheet and the finite thickness layer,

as well as with previous experimental results of other investigators.
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{b) Given a fixed convective Mach number, the effects of density
and velocity ratios on the growth of the turbulent compressible shear
layer are similar to those in an incompressible shear laver: at a fixed
value of the velocity ratio. the layer spreads faster when the heavy
gas is on the low-speed side and slower when the heavy gas is on the
high-speed side: at a fixed value of the density ratio, the spreading
rate increases with decreasing velocity ratio, i.e., with increasing

velocity difference with respect to one of the freestream velocities.

{c) Large-scale structures, reminiscent of those observed in sub-~
sonic shear layers, are evident in the visual observation of compressi-
ble shear layers. The spacing of the structures. normalized by the
pitot thickness, appears to be reduced by about 50% as the convective
Mach number becomes supersonic. It is conjectured that large-scale
motions are more likely to take place in the subsonic part of the
layer, i.e., in the region where the convective velocity of the struc-
tures is subsonic with respect to the local mean velocity, rather than

in the supersonic region.

(d) The distance to transition, xtr’ has been estimated visually
for two shear layvers composed of different gases, with both gases at
M=3. The shear layers have widely different convective Mach numbers.

one low subsonic and the other sonic. It is found that Rex and x,,./8
tr

(8 being the smaller of the two initial boundary-layer momentum
thicknesses) are about the same in both cases, having the approximate
values of 2x105 and 700, respectivelly. it is conjectured that the
transition process is wake-dominated, in which case the freestream Mach

numbers may play a more important role than the convective Mach number.

{e) An adverse streamwise pressure gradient, taking place mostly
near the trailing edge, was present at various intensities in all the
current shear laver configurations. It is primarily caused by the fact

that mixing produces entropy, the actual pressure rise mechanism being
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a positive displacement thickness of the shear layer. The streamwise
pressure rise is an inherent feature of shear lavers with at least one

high-Mach number stream.

{f) Velocity profiles for the homogeneous cases are remarkably
full. the velocity distribution being nearly linear all the way to the
edges of the shear layer. It appears that the Mach number, as well as

the density ratio, contribute in that fullness of the velocity profile.

(g) A wake flow, established by mixing different gases at dif-
ferent Mach numbers but equal velocities. appears to grow according to

laws established for subsonic wakes with uniform density.

6.2. Suggestioné for Further Work.

It would be interesting to find how the trend of decreasing growth
rate with increasing convective Mach number continues past the highest
current value. To accomplish that, shear layers with one stream at
very high Mach number and large density ratio must be generated. in
which case the adverse pressure gradient may be so strohg that it will
cause a sharp reduction in the downstream value of the Mach number. It
would be useful to see if experimental configurations are possible
where the onset of adverse pressure gradient is delayed so that the
high freestream Mach number is sustained over a long extent of the

shear layer.

It may be desirable to study more extensively the effect of den-
sity ratio on the stability and growth rate of the shear layer at high
convective Mach numbers. The effect of waves impinging on the shear
layer could be investigated more quantitatively by generating waves of

controlled strength in the test section.

A great deal of information would be provided by comprehensive
instantaneous measurements in the transitional and turbulent regime.

Such measurements could shed a 1lot of light on the so-far sketchy



- 89 -

picture of stability and mixing 