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INVESTIGATION OF TURBULENT STRUCTURES
IN A SUPERSONIC FREE SHEAR LAYER

by
Jianjun Zhang

Advisor: Professor Joseph A. Johnson I

The compressible, supersonic free shear layer is investigated
experimentally in a Ludwieg tube-wind-tunnel. A new
measurement technique based on laser induced fluorescence
(LIF) is developed, by which simultaneous, multi-point local
density and density fluctuation can be obtained in the supersonic
free shear layer. From the density measurements, the streamwise
and transverse velocity components are calculated. Density,
velocity and turbulent intensity profiles and their evolution along
the streamwise direction are measured. Large scale structures at
inner layer are observed by both shadowgraph photograph and
multi-point density measurements. The mean structure spacing,
the spatial rate of changing and mean persistent time of the
structures are determined. The spreading of the turbulent region
of the shear layer is measured by means of velocity profiles
obtained along streamwise locations. An analytical investigation of
the shocklet provides a generalizable physical model for shocklet
processes, which agrees with our experimental results. It is

concluded that eddy shocklet is a transient shock wave generated
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from the interaction between the convecting eddy and
environmental field which reduces the scale of turbulent
structure, especially the spreading rate of the shear layer, and
generates a vortical field extending into the main flow from the
outer region of the shear layer. A connection of eddy shocklets
with the streaky structures ejected from the lower layer is
suggested with the strong compression between the structures,
with slow convecting velocity, and the supersconic flow field
generating the pressure field which forms the transient shock
wave. The dynamical process of shocklet formation and
propagation are observed to be the apparent basic agent for
turbulent energy transfer between the inner and outer regions of
the layer and also the eddy motion and environmental flow field,
hence they contribute significantly to the entire turbulent process

in shear layer.
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I Introduction

Much of recent research in the area of turbulent fluid flow has
concentrated on the identification and understanding of relatively
ordered or coherent motions within the randomly fluctuating flow
field in free shear flow. This intense new interest results from the
significance of turbulent shear flow in astrophysics, chemical
reactions, supersonic combustion, drag and noise reduction. It is
particularly necessary that a complete physical model of
turbulence be developed. Through this, we will expect a better
understanding of the motion and evolution of the coherent
structures (Cantwell 1981).

Many flow visualization experiments and numerical
simulations (Brown & Roshko 1974) have shown that when the
flow is moving downstream, the shear layer originating from the
nozzle's lip develops instability waves which roll up into vortices
and the vortices are convected downstream. During their lifetime
they interact showing pairing and tearing effects (Hussain 1983).
There is already visual evidence that large scale structures exist in
supersonic shear layers. This evidence comes from the
experiments of Ortwerth and Shine (1977) and Oertel (1979).

However, most of the research in turbulent structures has
been done on low Mach number flows where compressibility does
not play an important role; it is impossible to form even weak
shock wave in this case. In such flows, the turbulent structures
show higher coherence; therefore, it is relatively easy to detect and

describe the turbulent motion in the flows.



For high Mach number flows, the situation can be quite
different. The Reynolds numbers usually are much higher and
the turbulent structures show much weaker definitions; the
coherent structures also show much less order. This increases the
difficulty both for their detection and for an analytic description.
Also, for supersonic flows, regions of strong compression can be
formed resulting in the formation of shock waves in the flow. The
subsequent propagation of such shocks or eddy shocklets will
interact with the flow field and other structures (Hussaini 1986,
Lele 1989) in supersonic shear flow. The shocklets will affect the
structure's size, transfer turbulent energy in the flow field, and
produce vorticity behind the shocklets. Another dynamical
process, called turbulent bursts, is believed to exist not only in wall
boundary shear flow but also in free shear layers (Lee et al.1990).
This process is associated with a major part of the Reynolds stress
and turbulent energy production.

We, therefore, are motivated to conduct experimental
research aimed at identifying the coherent structures,
quantitatively describing the spatial and temporal evolution of the
structures and establishing the role of each of the structures in the
production of turbulence. We will use diagnostic techniques with
appropriate spatial and temporal resolution. We will determine
the role of turbulent bursts in our system. We will also speculate
on a generalizable theoretical model for the supersonic turbulent
free shear layer.

1.1 Shock waves and the Generation of Vorticity in Shear Flows



One of the most distinguishing features of compressible fluid
motions is the existence of shock waves. For an ideal fluid, in
which both viscous and thermal diffusions are negligible, a shock
wave is a discontinuity surface of flow field quantities, such as the
density, the pressure and the velocity component normal to the
shock. The normal velocity relative to a shock wave is supersonic
on one side of the shock and subsonic on the other side. The
numerical simulation works from Orszag (1990) show that there
is a strong relationship between vorticity and shock waves;
vorticity is created inside a curved shock wave through the
interaction of fluid elements and the intensification of the
compression in fluid elements. The generation of vorticity is an
important mechanism in transport phenomena such as turbulent
mixing and noise generation. In high Mach number fluid flows,
the compressibility is effective in the formation of coherent
structures (and their interactions) and the subsequent generation
of transient shock waves, known as shocklets, which are
responsible for the generation of vorticity in both turbulent and
non-turbulent flow. The shocklet structures and dynamics play a
important role in turbulent shear flows.

1.2 Coherent Structures in Turbulent Shear Layers

Coherent structures, beginning with the work of Bradshaw et
al. (1964), Crow and Champagne (1971), and Brown & Roshko
(1974) in free shear flows and and with that of Kline et al. (1967),
Kim et al. (1971), Kovasznay et al. (1970), and Blackwelder &
Kovasznay (1972) in turbulent boundary layers, are now known to

be a manifestation of hydrodynamic instabilities. These



instabilities are sensitive to initial and environmental conditions.
In general the free shear flows or layers are formed at the outlet of
nozzles or solid surfaces. The structures in the boundary layers
near the nozzle lips. and the steps of the solid surfaces should be
related to the coherent structures in the shear flows. Therefore,
the understanding of formation and evolution of a structure in
boundary layer of incoming flow is necessary in order to
understand the formation of the coherent structures in subsequent
free shear flows.

Coherent structures of interest in turbulent wall flows are the
large scale vortex motions in the outer region and the smaller scale
structures in the inner wall région (Laufer 1975). The large scale
vortex motions are rotating bodies of fluid which span the height of
boundary layer flows and are responsible for the entrainment of
the irrotational free stream fluid into the boundary layer. The
smaller scale structures in the inner region exist not only in
boundary layer but in turbulent internal flows in pipes and
channels as well. Within the viscous sublayer, the low velocity
fluid tends to accumulate into longitudinal structures known as
streaks. The streaks eventually become unstable which result in
the vigorous ejection of the low velocity fluid within the streaks
away from the wall. The break-up of a streak and subsequent
ejections are known as a burst. In the flow visualization studies
(Kim, et al. 1971, Corino and Brodkey 1969, and Grass 1971), it
was concluded that the burst structures were the major producers
of Reynolds stress and turbulent kinetic energy in turbulent wall

flows.



Although streaks have been studied by many investigations
using different techniques (Oldaker & Tiederman 1977),
Tiederman & Bogard (1981), and Gupta et al. (1971), the flow
mechanisms responsible for the formation of these streaks are still
not well understood. It has been suggested that they are due to
counter-rotating vortices which sweep low velocity fluid from the
viscous sublayer into a longitudinal streak structure in between
them. There have been probe measurements by Bakewell &
Lumley (1967) and Blackwelder & Eckelmann (1979) which are
consistent with the existence of these vortices. Moreover, results
from the large eddy simulation model presented by Moin & Kim
(1982) indicate longitudinal streak-like structures in the wall
region.

1.3 Spreading Rate of the Shear Layer

As a result of the currently increasing importance of
supersonic combustion, research on the compressible turbulent
shear layer attracts great interest. Especially there is interest in
the spreading rate of the shear layer. The fact that the turbulent
shear layer of compressible flow spreads more slowly than
incompressible shear layer was shown by Birch and Eggers
(1972). Although some inconsistencies exist among the various
experimental investigations, there is a definite trend of decreasing
spreading rate with increasing free stream Mach number.

To understand the mechanism of this trend, great efforts have
been exerted in order to distinguish between density effects and
compressibility effects. As a density effect, it was thought that the

decrease in spreading rate is due to the associated change in



density ratio across the shear layer. This possibility partially
motivated the experiments of Brown and Roshko (1974). Their
results showed that density difference has some effect on the
spreading rate; but it is an effect very much smaller than what is
required to explain the results.

It was therefore concluded that compressibility plays a
uniquely iniportant role in the evolution of the supersonic shear
layer. In this context, several experiments were conducted
(Ortwerth and Shine 1977, Demetriades and Brower 1982 and
Chinzei et al. 1986) in the shear layer of mixing flow. In such
experiments a parameter, the so called convective Mach number,
denotes the compressibility effect, which is defined as the Mach
number in a frame of reference convecting with the real phase
speed of the disturbance. It was found that the spreading rate of
shear layer decreases as the convective Mach number increases.

As a parameter, the convective Mach number gives the
description of compressibility kinematically. However it does not
explain the physical mechanisms associated with the influence of
compressibility on free shear layer transport. Furthermore, the
concept of convective Mach number or the definition in common
use is not adequate in single flow shear layers such as jet shear
flow and shear flow generated by a flow passing a sharp corner.

Another concept which directly comes from the
compressibility effect, the so called eddy shocklet, was proposed by
Hussaini et al. (1986). The eddy shocklet is a transient shock wave
generated from the compression between the eddy motion and

supersonic flow field. It can only be produced in supersonic flow in



which compressibility effects are important. From the dynamical
properties of shocklets, the connection between a shocklet and the
spreading rate of shear layer can be made. The shocklet will affect
the turbulence in a shear layer by both a reduction in the
turbulence scale and the production of counter fluctuating
vorticity.

Therefore, shocklets play an important role in decreasing of
spreading rate as the flow speed increase. Since there has been
great difficulty in experimental detection, not many actual
experimental results on shocklets can be found. A numerical
simulation analysis result by Lele (1989) showed a graph of
shocklets, but without quantitative description. An experimental
result from photographs of shocklets in a free shear layer was
reported by Johnson et al. (1988). However, to understand the
physical mechanisms of eddy shocklets and to model the
dynamical processes, it is necessary to have a diagnostic which
provides a quantitative evolution of eddy shocklet effects in
turbulence.

1.4 Bursting Process in the Shear Layer

In the flow visualization studies of Kim, et al. (1971), Corrino
and Brodkey (1969), and Grass (1971), it was found that, within
the viscous sublayer of the wall boundary, the low velocity fluid
tends to accumulate into longitudinal structures known as streaks.
The streaks eventually become unstable. This results in the
ejection of the low velocity fluid away from the wall. The break up
of a streak and subsequent ejections are known as a burst. It was

also concluded that the burst process was the major producer of



Reynolds stress and turbulent kinetic energy in turbulent wall
flow.

A keen interest in the nature of these structures has now been
stimulated and has led to numerous experimental investigations.
In addition, som= conceptual models of the bursting mechanisms
have been proposed by Laufer (1975), Offen and Kline (1975) and
Praturi and Brodkey (1978). However, the investigations of flows
with the burst processes have previously been restricted to low
speed, low shear rate and wall bounded shear layers. There is still
a serious lack of understanding of the burst process in high shear
rate supersonic flow, without the existence of solid wall, and the
dynamical effects of such a process on the flow turbulence.
Recently, a numerical simulation result by M.J.Lee (1990) shows
that in a high shear rate layer without the existence of wall ,the
streaky structure still can be formed; he also found that this
process is the major production source of turbulence in the shear
flow. Therefore, a motivation of present study of burst processes in
the supersonic free shear layer is to find out that if there is
connection between the burst process and eddy shocklet
generation.

1.5 Measurement Technique

Much current activity in high-speed turbulent free shear flow
is aimed at: quantitative measures for the scales of the vortex
motion and their evolution; the vorticity field associated with their
rapid scale distortion; and the mechanism of the shear layer
spreading and enhancement. But quantitative analyses of the

vortex motion and its effect to the fundamental properties of



turbulence have been limited by the lack of experimental
techniques capable of generating simultaneous multi-point data
(R.B. Miles et al. 1988) which can give a measure of the quantities
directly related to the physical properties of the turbulent motion.
Previous measurements on turbulent structures have largely
relied on hot wire or hot film probes in low Mach number flows,
and on laser Doppler anemometer and Schlieren photography in
high Mach number flows. These have many shortcomings in
supersonic free shear layers, especially with regard to resolution in
space and time and to system response time. Although the LDV
system provides useful measurements in many type of supersonic
flow, it is nonetheless very difficult for LDV to provide the kind of
simultaneous multi-point measurements which would be required
for coherent structure measurements in turbulent shear flows. In
contrast, laser induced fluorescence (LIF) does not have these
problems. We, therefore, developed a new measurement
technique using LIF which allows us to take simultaneous multi-
point local density and velocity measurements. No particulate
additives are required. The use of LIF affords direct assess to

intrinsic variations in the flow properties.
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II Background
2.1. Boundary-Layer Approximation

The free shear layer is bounded on one side by ambient fluid of
nearly the same density which is not turbulent and is in a state of
irrotational flow. At any moment, the fluid in turbulent, vortical
motion is divided from the fluid in irrotational motion by an
intermittent surface. Within the intermittent surface, the
turbulence is roughly homogeneous in scale and turbulent
intensity. The shear layer spreads into the surrounding fluid and
it is inhomogeneous in the stream direction as well as in a
transverse direction. |

The free shear layer scale in the stream direction is much
larger than that in transverse direction, and the rate of change of
flow parameters along the stream direction is much smaller than
that in transverse direction. Therefore the mean value equations
can be simplified by using a boundary layer approximation, similar
to that introduced by Prandtl for laminar boundary layer flow at
large Reynolds numbers.

Consider the free turbulent flow bounded by non-turbulent
flow. While the exact direction of mean flow may vary somewhat
from one part of the flow to another, a direction, called the
direction of mean flow, is selected as the the coordinate direction x.
The gradients of mean value in the x direction are considerably
less than in the transverse y direction; the length scale for
variation of mean quantities in the x direction is typically an order
of magnitude greater than the scale of variation in transverse

direction.
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The equation of motion of the free shear layer for the y

component can be written as

oV , OV 9V  duv 9V  dvw _ _JP )
Uax+Vay+Waz+ax+ay+ 5, = ay+vVV @.11)

For large Reynolds numbers, the equation can be approximated as

av: , dvw _ OP
+ - —
dy 0z dy (2.1.2)

where the U, V, W are the mean velocity components of x,y,z

respectively, and u, v, w are the velocity fluctuation components of
X, ¥, z respectively. P is the pressure inside the shear layer.

Define the mean flow velocity and pressure just outside the
shear flow as Uy, and P;. For irrotational ambient flow we have

9B,y dU _
52 U5 =0 (2.1.3)

Making use of (2.1.3) the equation of x component of mean
velocity can be expressed as
dU | duv , duw U dU, 22U , *U

oU oU
dx +V8y +Wc92 * dy T 9z 1 dx +V(3y2 WPT (2.1.4)

U

If y is in the direction of maximum transverse gradient the

approximation can be expressed as

- _ 2 —_ —
o"U_,_Vé’U_*_Wé'U_i_&'(u—v)_+_(9uv+3uw=UdU1

dx "y "9z ax 9y 9z ‘dx (2.15)

U
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The requirements of overall conservation of momentum and
energy can be expressed as relations between integrals of mean
values over planes parallel to xy. The integration of the

approximation equation (2.1.5) over the whole section leads to

dd—xHU(U U)dydz+—_”(U Updydz +4- [[(2-)dydz=0

(2.1.6)

2.2 Shear flow parameters
In the free shear layer, the transverse distribution of mean
velocity and other mean quantities change with distance
downstream. It is often assumed, however, that the distributions
retain the same functional forms, merely changing their
transverse length scale and the scales of the mean value quantities.
For two dimensional mean flow the variation of the mean

value quantities are the form of

U=U +u, f(y/}) (2.2.1)
uv =q5g,(y/h) (2.2.2)
w=q? g (yll) (2.2.3)

where U, is the velocity in the free stream, u, is the scale of mean
velocity variation, q, is the scale of the turbulent velocity, and 1, is
length scale of the flow. All the scales are functions of x alone, and

the functions are independent of position and are characteristic of



13

the whole flow. By substituting the distribution functions into the

equation (2.1.6) the momentum integral becomes

(2a+1) 2= 10(1+“01)+ ”0 l01 0

(2.2.4)
+-00
where I, = | (f(m)tdn n=yl (2.2.5)
3 L+(uy/U)) I
31, +(uy /U, (2.2.6)
and the conditions for the shear flow are
Uil duy = constant Uidly constant 2.2.7)
uo dx U, d X
The equation of momentum integral becomes
dUu
LU uy If(n)dn] ik jf(n)dn 0
(2.2.8)
showing that
L U*u,l, = constant =U; I(U—Ux)dy
- (2.2.9)

For shear layer uyoc U, o< (x—x, )", the solutions of equation (2.2.7)

and (2.2.9) are

% o< (x— X, yl20143a) 10 o< (X~ X, )V/2(1=3a)
1 (2.2.10)
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For a given velocity distribution U = U; + u, f () the stress

distribution can be found from

duo f— uO dl

w oL f-n )+ Uy (R N+ iy T fy

d(u,] d dl
l;" Uy )fffdn+(f°gu+(g1 gz)d‘ﬂ? q° SoN(8,—8,)=0
O B

For flow symmetric about xy plane, the stress distribution is

(1-a)U, d]
8 = 132y, dx 1)
for uy/ Uy is small and
. _ (1-a) U, di,

g12-(1_3a)u0 dx(f+nf)
for uy/ Uj is not small

The entrainment parameter is defined as

(2.2.11)

The eddy viscosity parameter is defined as

=B (1-a)/(1-3a) (2.2.12)



if lugyl /Uy is small, and that

R1=(a+1)p
if luyl /Uy is not small.

15
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2.3 Eddy Shocklets

In supersonic flow, the velocity difference between a local flow
speed and the structure's convective speed will generate a pressure
field. For the strong pressure situation it will form a transient
shock wave called a shocklet. This pressure field, which is
enhanced by increased Mach number, will always counter the
initial structure circulation over a portion of the structure's
contour and, for long enough times and weak enough structures
(or large enough velocity difference and Mach number), the
formation of counter vorticity and consequent structure splitting
will occur. The shocklets will greatly affect the turbulence in a
shear layer by the effects of both a reduced turbulence scale and
production of counter fluctuating vorticity.

The flow conditions will be different across a shock wave,
which are called jump conditions. The jump conditions may vary
along the shock depending on both the direction and the curvature
of the shock. For two dimensional approximation, let the unit
normal and tangent vectors be n and 1, the radius of curvature be a
and the angle of attack be 6; the density, pressure, the normal and
tangential components of velocity ahead of the shock be p, p, u,
and uj, and the corresponding ones behind the shock be p', p', u',

and u'}, respectively. Then the jump conditions between these field

quantities are
. (y+1) M?
P=-vmz+z”
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_2YMZ - (y-1)
- y+1

p

. =(y—1)M§+2u
"o(y+DMZ T

' ——
U, =y

2
Ms=1,p;;)! cos@

is the shock Mach number defined by the ratio of the relative

where

velocity normal to the shock and the sound speed ahead of the
shock. The spatial derivatives of the jump conditions can be

obtained by taking the normal and tangential derivatives

respectively.
dp _ 4(y+1) MZtané P
dl  a[(y-1)M?+27?
dp — 4y MZtan@
dl a(y+1)
ou, _[(y-1) M}~2]1n6
dl a(y+1) M?
au', __ U,
9l a
Op____2MF i (YUY -DM - (y=IME+AY+ D] 00,

dn  al(y-1)MZ +2 (M -D[(y-1) MZ+2]
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2yM2-(y—D_ 2Qy-DM +(y+5M? ~(y-1)
(y+1) M? (MZ-D[(y-1) M?+2]

op' _ 2y M?
on a(y+1)

[~

du, _ 2

_ 2y M2—(y-1) _3M2+1
dn a(y+1)

2
(r+DME R oq v Ol

[

o) _ 2[(—=y+3) M2—(y+5)]tan6
dl a(y+D[(y-1) M? +2]

U,

where

The vorticity generated behind the shock wave can be obtained

from the jump conditions and the spatial derivatives of velocity as

oW, W) Ju,
~9n "a ol
4(M?-1)’sin@ lul
T a(y+) M2[(y—-1) M2+2]

2.4 Turbulence Production at High Shear Rates

In flow visualization studies for turbulent boundary layers
(Kline et al. 1967), it was established that an important
characteristic of the near wall region of bounded turbulent flow is
the low-velocity streaks in the sublayer and the associated
subsequent ejection of the low-velocity fluids to the outer region of
the flow. The ejection of low-velocity fluids from the wall region
was associated with a major part of the Reynolds stress and

turbulent energy production.

tan2Q1p
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Recently numerical simulation results (M.J. Lee et al. 1990)
show that the high shear rate alone is sufficient for generation of
the streaky structures in shear layer; the wall is not required.
These streaky structures are highly elongated in the streamwise
direction and narrow in the spanwise direction. The strong shear
gives rise to a growth of turbulence length scales with the mean
flow; the streaks generated by the high shear rate undergo a series
of dynamical processes during which most of turbulence
production occurs.

These results have provided a strong impetus for further
studies aimed at understanding the dynamics of the generation
process of the structures and its association and interaction with
the mean flow field. The theory suggests two quantities which
indicate the nature of the streaky structures: (i) high
concentrations of turbulent kinetic energy in the streamwise
component,u; and (ii) elongation of length scales associated with u
in the streamwise direction. These two salient features of streaks

can be quantified by the dimensionless parameter K* and L*.

K¥=—"— (2.4.1)

L* L, (2.4.2)
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where K* and L* are energy partition and eddy elongation
parameters. The theory suggests, for maximum shear rates S*>35
K*>5, L*>8

In the equation (2.4.1) u, v, and w velocity fluctuations in x, y and z
components. Ly and L, are the length scales of the streaky

structures in streamwise and spanwise direction.
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III Experiments
3.1 Ludwieg tube-wind-tunnel

The Ludwieg tube-wind-tunnel we used, as shown in fig. 3.1.1,
is a conventional shock tube modified by inserting a layer-spilling
asymmetric nozzle into the test section. The high pressure section
has five parts: a 6-ft-long, 3.6-in x 3.6-in. square test section with
five optical ports on each face and corresponding pressure ports; a
3-ft-long transition piece for the change from a 3.6-in. x 3.6-in.
cross section to the 6-in.-diam circle; a 5-ft-long, 6-in.-diam
cylindrical piece; and two pieces that are each quarter-circle arcs
of 2-ft radius with 6-in.-diam cross section. The curved sections
conveniently extend the overall length of the high pressure section
and thereby increase the duration of the period of steady
supersonic flow. The low pressure section has two parts: a 6-in.-
diam, 5-ft long cylindrical end piece and a 3-ft-long transition
piece that changes from 6-in.-diam circular cross section to a 3.6-
in. x 3.6-in. square at the diaphragm. The transition piece has a
electric-magnetic-operated plunger for rupturing the diaphragm
and providing the trigger signal to the analog to digital converters
(ADC).

The high pressure section and low pressure section are
separated by a diaphragm. When the diaphragm is ruptured by a
magnetic punch, an expansion wave moves upstream into the
high pressure section through the nozzle causing the local
pressure, density and velocity to change with time, t, and as a
function of distance from the location of the diaphragm. At a time

determined by the ratio of the nozzle's throat to its exit area, which
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is about 4 to 6 ms, the nozzle is choked, the mass flow rate is frozen,
and stable, steady supersonic flow is established in the exit region.
The overall flow duration time is around 15 ms. When the
diaphragm breaks, a shock wave and a contact surface are also
produced and travel downstream into the low pressure section.
The high pressure section is filled by an admixture of 98% N9 and
2% NOg which provides a target for the incident light and is the
source of the fluorescence light.

The free shear layer is generated by the nozzle producing a
plane two-dimensional boundary layer which detaches at the
sharp corner of the nozzle as shown in Figure 3.1.2. The shear
layer is thin compared to the step of the nozzle and it is not affected
by the presence of the tube wall. Figure 3.1.3 shows the flow in the
measuring region. The flow at the outlet of the nozzle and flow in
the free shear layer are characterized by the angles. By changing
the nozzles in the Ludwieg tube, Mach numbers in the range 1.6 to
2.5 are obtained. For a given nozzle, we achieve a variation in
Reynolds number by changing the starting pressure, P4, in the
high pressure section from 106 to 108 in free stream unit Reynolds
number. Figure 3.1.4 shows the relationship between Reynolds

number and the angles which characterize the shear flow.



3.2 Three States of Flow

In the test section of Ludwieg tube, there can be three different
typical states of the supersonic flow as follows:

1. There may be a wake and an expansion wave from the
outlet of the nozzle. This state means that the back pressure
around the outlet of the nozzle is less than the pressure of the flow
at the outlet section. In this case, the Mach number of the flow
behind the expansion wave will be more than the Mach number of
the initial flow at the outlet. The directions of the axis of the wake
and the flow behind the expansion wave are different from the
direction of the initial flow. They are more or less outward from
the axis of the initial flow.

2. There may be a wake and an oblique shock wave from the

‘outlet of the nozzle. This state means that the back pressure is

more than the pressure of the flow at the outlet. In this case, the
Mach number behind the shock wave will be less than the Mach
number of the initial flow. The direction of the axis of the wake
and the flow behind the shock wave are inward more or less.

In the above two cases, the Reynolds number behind the
expansion wave or the shock wave is also different from the
Reynolds number of the initial flow.

3. There may be neither expansion waves nor shock waves
from the outlet of the nozzle, just a wake in the form of a free shear
layer. This state means that the back pressure around the outlet of
the nezzle is the same as the pressure of the flow at the outlet. In
this case, the Mach number, Reynolds number and the direction of

the initial flow are unchanged and the direction of the axis of the
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wake will be same as that of the initial flow. This is the state that
we need in our research on the turbulent compressible flow.

Figures 3.2.1 to 3.2.3 show the shadowgraph pictures of shear
layer at the three different states. The state of the flow in the test
section of Ludwieg tube can be controlled by adjusting, through
trial and error, the pressure ratio of the filling pressure P4 to the
initial low pressure P;. However, the initial low pressure is not the
same as the back pressure around the outlet of the nozzle. The
reason is that the test section is behind a normal shock wave which
is formed in the initial low pressure section of the Ludwieg tube
and must move downstream.
3.3 Flat Free Shear Layer Control

As indicated above, the flat free shear layer from the outlet of
the nozzle can be produced by controlling the ratio of filling high
pressure Py to filling low pressure P;. In such a situation, the
environmental pressure is equal to the static pressure of the flow at
the outlet section of the nozzle. The pressure sensors which are
used to measure the filling high pressure and low pressure must be
pi‘ecise because the flat state of shear layer flow is highly sensitive
to the pressure ratio. Therefore, a Baratron system is being used.
The accuracy for the high pressure measurement is 0.05 psi (2.6
torr). The accuracy for low pressure measurement is 0.01 torr.
The calibration line of the Baratron is shown in Figure 3.3.1. The
overall configuration requires frequent calibrations of the
Baratron system.

When the low pressure P1=916.2 ~916.5 torr, high pressure
'P4=76.75~77.32 psi, the flat wakes can be obtained even if there is a
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weak shock wave or a weak expansion fan at the outlet of the
nozzle. Thirteen shadowgraphs with the flat wakes were taken
under such a condition. For example, when P1=916.5 torr, the
suitable high pressure value is P4=77.18 psi (corresponding voltage
of Baratron is 1596 mV). For this pressure ratio, 6 shadowgraphs
with flat wakes were taken. Two typical shadowgraphs are shown
in Figure 3.3.2. In fluorescence measurements, since the high
pressure section is filled by an admixture of 2% NO2 and 98% N2
the high pressure and low pressure which can give flat free shear
layer become P4 = 51.84 psi, and P; = 110.4 torr respectively.

The location of the nozzle in the Ludwieg tube can strongly
influence the results because it can change the distance between
the outlet of the nozzle and the diaphragm. The pressure
environment around the outlet of the nozzle will be changed.

Humidity in the high pressure gas can influence the results.
In the test section when M=2.04, for example, the static
temperature T of the flow is much lower that the total
temperature to of the flow, T/T9=0.5458; when the temperature of
the laboratory is 298° K, then T=163° K. At such a temperature,
water vapor in the flow will be condensed so that the static
pressure of the flow will be decreased. The balance between
pressure of the flow and that of the environment can be destroyed.
Therefore, we must use high pressure gas which has been dried in
order to get stable results.

3.4 Starting Stage of Supersonic Flow
In accordance with the downstream and upstream static

pressure measurements of the nozzle, we know that for our M=2
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nozzle, the starting stage is 6 ms long (see Figure 3.4.1); after 6 ms,
a supersonic flow with M=2 will be established. Simultaneously,
the boundary layer which is appropriate for M=2 free stream will
be formed after the starting stage.
3.4.1 Free Stream

When the sound signal from a diaphragm arrives at the
microphone downstream located near the diaphragm, the head of
the expansion waves arrives at some position A upstream relative
to the diaphragm. The distance between position A and the Pitot
gauge position B is that AB=48.5 cm. The period in which the head

of the expansion waves moves from A to B should be:

AB  485cm
a = 34.6 cm/ms - 140 ms

It is the same as the times measured by the Pitot gauge.

After the first 1.4 ms, the total pressure measured by Pitot
gauge begins to decrease. The reason is as follows: After the first
1.4 ms, the head of the expansion waves and the region of
expansion waves which follows (known as the expansion fan) will
pass the Pitot gauge upstream. The static pressure at the outlet of
the Pitot gauge will be lower than the total pressure in the Pitot
gauge. When the expansion waves pass through the nozzle
upstream, the gas in the nozzle will begin to move downstream.
However, during the starting stage, the nozzle does not work

perfectly; the velocity will not be high enough to keep the total

1
pressure (P =P+ ) pV2) in the nozzle constant. Therefore, at any

moment, the total pressure at the outlet of the Pitot gauge is also
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lower than that the gas in the Pitot gauge. Thus gas in the Pitot
gauge will leave and will be brought downstream. Of course in this
situation the pressure in the Pitot gauge will be decreased. That is
why the total pressure measured by the Pitot gauge decreases
after a time lag with respect to gas at the head of the Pitot gauge.

However, the nozzle's performance will improve as time
passes and the velocity of the gas in nozzle will increase
downstream. Ultimately, the total pressure will increase and will
be higher than that in the Pitot gauge so that a part of the gas in
the nozzle will go into the Pitot gauge. That is why the total
pressure measured by the Pitot gauge will show an increase as the
flow stabilized.

If, in front of the Pitot gauge, no shock waves were produced,
the total pressure recovers to its original value. But in fact, after
the speed of the flow at the throat of the nozzle increases to the
local sonic speed, a shock wave will be produced and move
downstream along the divergent section of the nozzle. In the
meantime the shock wave will be stronger with its increasingly
downstream location in the divergent section of the nozzle until it
stands in front of the outlet of the Pitot gauge. The Pitot gauge, in
supersonic flow, can only measure the total pressure behind a
shock wave. It is lower than that in front of the outlet of the Pitot
gauge owing to the loss of the total pressure. That is why the total
pressure measured by the Pitot gauge can not be recovered to its
original value. However, using the ratio between these two total
pressure values, the Mach number at front of the shock wave in

the free stream can be calculated easily.
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3.4.2 Boundary Layer of the Nozzle's Surface

When the Pitot gauge is in the subsonic region of the boundary
layer, there is no shock wave produced in front of the Pitot gauge.
But there is the obvious viscosity loss of the total pressure so that,
even when there is no shock wave, the total pressure measured
still can be much lower than the original value and the value in
free stream, especially, after the starting stage. Using the total
pressure distribution within the subsonic region of the boundary
layer and the static pressure value which is a constant along the
direction perpendicular to the surface of the model, the velocity
within the subsonic region of the boundary layer can be
determined.

When the Pitot gauge is in the supersonic region of the
boundary layer, in front of the Pitot gauge, there is a shock wave.
Thus there is shock wave loss of the total pressure as mentioned in
the last section. In the meantime, there is the viscosity loss of the
total pressure as mentioned above. Therefore the total pressure
measured by the Pitot gauge still can not be recovered to its
original value. In this situation there is the interaction between
shock wave and boundary layer around the Pitot gauge so that the
static pressure is not a constant any longer along the direction
perpendicular to the surface of the model. Therefore it is more
complicated and difficult to calculate the velocity distribution
accurately. Fortunately, this region has a narrow window of
opportunity and not important in our measurements.

3.4.3 Moving Shock Waves and Bow Shock Waves
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When the normal shock wave which is formed in divergent
section of the nozzle moves downstream, the strength of the shock
wave will increase and the total pressure behind the shock wave
will decrease. When the normal shock wave arrives at the front of
the outlet of the Pitot gauge, it will become a standing and detached
bow shock wave. All of this is an unsteady process. The history of
the total pressure behind the shock wave can be partially observed
when the shock wave moves near to the probe. A "vibration" of the
trace appears on the photo of the total pressure history.

When the Pitot tube is in the subsonic region of the boundary
layer, even if there is no shock wave in front of the Pitot tube (but
in the supersonic region of the flow), a shock wave must sweep
over the location of the gauge. This shock wave can still influence
the pressure value in the subsonic region ewing to the existence of
a possible interaction between the shock wave and the boundary
layer. Therefore, some changes of the trace still can be seen when
the shock wave sweeps that location.

When the probe is in the boundary layer, during the starting
stage, the total pressure goes down again after the shock wave
sweeps. The reason is that the boundary layer is being formed
during that period; the total pressure within the boundary layer
should go down in the meantime owing to the viscosity loss of the
total pressure. Correspondingly, during that period, a part of the
gas in the Pitot gauge should go out again.

3.5 Optical System
The optical system used to collect the fluorescence signais

from the test region is shown in Fig. 3.5.1. A laser light beam from
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an argon ion laser at 488.0 nm wave length is split into three
beams with the same diameter and the same intensity; they are
separated by 1.5 mm. The cross section of the set of beams is a
triangular form. The beams are sent through the free shear layer
along the Y direction. The fluorescence light signals emitted from
arranged measuring points are collected by sets of optical systems,
then passed on to the photomultiplier tubes. A filter which can only
allow the light with wave length longer than 5900 angstrom to
pass is placed before the photomultiplier tubes to remove scattered
laser light. The measuring points are arranged such that three
dimensional velocity components can be obtained. The separation
between the measuring points along each beam is 1.5 mm. By
changing measuring locations along the X and Y directions, the
turbulent behavior for different regimes inside the shear layer can
be obtained. The spatial resolution of the measurement mainly
depends on the separation between the measuring points, and this
has been limited because of the vibration of incident laser beams
causing by the vibration of the optical table.
3.6 Density Calibration

In general, the NO2 spectrum extends from 800 nm to near
400 nm and this entire 400 nm region contains a very high density
of lines. Within the range 570 nm to 670 nm the spectrum is
mainly the vibronic bands (Richard E. Smally, 1975). In our
measurement, the NO2 molecules, which are mixed with Ng
provide a target for the incident light and are pumped to
vibrational excitation states by an Argon ion laser with a 488 nm

light beam. The intensity of the fluorescence emitted by NOg
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molecules depends on the density of the NOg molecules in the flow
and the intensity of incident laser beam. The intensity signals
collected by the photomultiplier tubes represent the local density of
NOg molecules which is mixed with Ng as the flow gas. Therefore,
the density or density fluctuation of NOg represent the flow density
or density fluctuation.

For a certain percentage of NOg filling in the flow gas and the
power of incident laser beam, the intensity of fluorescence is a
function of density. This is shown in Figure 3.6.1. The function of
I=I(p) can be obtained from the data fit shown in Figures 3.6.2 and
3.6.3. The resulis of data fitting show that the function is an
exponential, i.e., the intensity of emitted fluorescence decays
exponentially as the density of NOg increases. The fact that the
intensity of fluorescence decreases when the density of NOg
increases can be explained by the interactions between the NOg
molecules. The NOg molecule is excited to a higher energy level by
incident laser light; if it interacts with another NOy molecule
before falling back to a lower energy level and radiating
fluorescence light, it can transfer energy to another molecule.
Therefore, the higher concentration of NOg molecules, the larger
the number of interactions of NOg molecules, and the greater the
likelihood that energy will transfer to unexcited molecules and
result in a decreasing fluorescence. The relation between density
and intensity is called the calibration relation. For a different
percentage of NOg, the calibration is shifted but the functional
relation between intensity of fluorescence and the density is

unchanged.
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Figure 3.6.4 shows that the intensity of fluorescence is also the
function of the power of incident laser beam. When the laser
output power increases, the emitted fluorescence intensity
increases. There is a bending point of laser power, Pg; for P<P( the
relation between the intensity of fluorescence and the laser power
is linear; for P>P( the relation is not longer linear and it shows a
saturation behavior. For a different density of NO9, the intensity
of fluorescence is different and the bending point, Py, is also
different. The higher the density of NO9, the smaller the value of
Pg. This feature is showing in Fig. 3.6.3. It is obvious that in our
experiments the intensity of incident laser beam should remain
within the linear range.

For multi-channel measurements, extra care is taken in the
calibrations. For different channels, the intensity at focusing point
of the laser beam can hardly be exactly the same, and the
sensitivities of the photomultiplier tubes are also slightly different.
Therefore, it is necessary that each channel be calibrated
independently in order to get the calibration curve for each
channel. Examples of the small differences in calibration curves
are shown in Fig. 3.6.4.

The measured intensity history signals therefore provide the
density histories. The time history fluctuation signals give the
turbulent fluctuations in the free shear flow at different spatial
locations. By using the calibration curves those intensity histories
can be converted into density histories as shown in Fig. 3.6.5. Since
the NO9 gas is mixed the Ny gas as the flow gas, the local point

density fluctuation of NOy represents the local density fluctuation
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of the flow; therefore, the turbulent density properties of the free
shear layer are obtained. This conversion, using calibration curves
such as those shown in F'ig. 3.6.3, is illustrated in Fig. 3.6.5.
3.7 Velocity Calculation

The mean flow at the exit region of the nozzle can be
considered as one dimensional flow. For such moving flow the

energy balance equation is
_ 1.2 15
q+pv,— PV, =(e, ta i )—(e1+-2-u1 )

where q is the heat quantity transferred to the system.

For supersonic flow generated by our Ludwieg tube the
duration time is 15 ms, the sample rate of measuring is 500 ns and
the Reynolds number is as high as 108; therefore, the process can
be considered isentropic process. Since the percentage of NOg is

low, the gas of flow still can be considered as an ideal gas, then

1 1
hyt i =h+>ul

where h=h(T)
If the experimental temperature T and pressure p satisfy

Te << T << 9,
P << Pc¢
the energy equation can be written as

1 2 _
CpT+§u2 _CPTO (1)
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Together with the sound speed equation we can rewrite the

equation ( 1)

or
2 (2)

M=X4
c

For isentropic flow the local frozen value p,equals the initial
frozen value. When the the density, p, is measured from the
experiment, the free stream velocity can be calculated from above
equations.

For turbulent shear layers, the 3 - dimensional situation
should be considered. If the Reynolds number is high and the
measuring time is short ( in our case the Reynolds number is in
108, and the sample time of measurement is 500 ns), we can
consider the flow is inviscid and nonconducting. The energy

equation in such flow is

9 puw)=2-pertou2)+ D (pestow?
pfu+pq axi(p“i)‘ SiiPetspu )+971_[(pe+2pu u;] .
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where fI is external force per unit mass.

By using the Eulerian derivative

d

+U, =
&
8xk

the energy equation can be written in two parts

D_od
Dt dt

D, 1, ap
P (U )=—U;5—+p f; u;
Dr'2 X; (3.7.4)

Dl pD(ty=q
Dt ""Dt'p (3.7.5)

The total enthalpy is

19p
(h+ ) q+fu+-ﬁat

For ideal gas

2_ 1 2
h+2u CT+2

the first and second terms in the total enthalpy equation can be

consider zero. Then

D 1,_1dp
LT AR YT (3.7.6)

From the above equations and the isentropy relation
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-
P Lyr= =(z T_\51
Py Py T,

we get the equation from which the three component of velocities

can be calculated.

¢, 2L 16,1, (—1—)T 1——<p>

From the isentropy relation the pressure, p, and the
temperature, T, can be calculated when the density, p, is
measured. Since the multi-point measurements are set such that
three dimensional local density histories are obtained, the time and
space derivatives of density, pressure, and temperature can be
calculated from measured quantities. Specifically, the x
component of Navier-Stokes equation in inviscid and

nonconducting flow is

dx, 5'x3 ) ox, (3.7.8)

From equation (2), (7 ), and (8) the three components of velocity
can be obtained.

The flow in our free shear layer is predominantly two
dimensional. Therefore, for our study, the two dimensional
velocity components (streamwise and transverse components) are
calculated. Figures 3.7.1 to 3.7.7 show the streamwise velocities at

different x locations. In each plot seven channel measurements
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were taken along different transverse locations separated from
each other by 1.5 mm. Figures 3.7.1 and 3.7.2 show some negative
velocities; at positions lower than the low edge of the shear layer
and near the nozzle's lip the flow moves in opposite direction to that
of the main flow. Figure 3.7.8 shows the transverse velocities at 2.5
cm downstream from the nozzle's lip and at different transverse
locations. Figure 3.7.9 shows the spatial development of the
transverse profile of mean streamwise velocities. The velocity
profile across the shear layer provides a shear flow picture which
will be used to understand the turbulent structure of the shear
layer.
3.8 The Calculation of Reynolds Number at the Cutlet of the

Nozzle of Ludwieg Tube during the Measuring Time

The stagnation pressure of the flow at the outlet section of the
nozzle during the measuring time is Pp=P4 and the stagnation
temperature of the flow at the outlet section of the nozzle during
the measuring time T¢=T4=T4. The density, velocity, and

Reynolds number in the free shear layer can be written as

-1/ (y-1)

Py v-1

v=M\/yRTa<1+3’:2—1M2)‘1

where R = 8.31 J mol'l K1, R' = 2.841 atm cm3 Kg'!



38

_pv
Re/D="]

= 0.3293x107 { (P4 (1 +3—‘2—1— M2) -V (1)

1 S U
M ¥ - {Ty(1 +L=M2) 1 4 1106 em1
T 3(1 +-5 M2)°

Generally, Rg/ D = R/ D (Py, Ty, M) and M = M(AY Ajutlet)-
Therefore,
Re/ D =Re /D (Py, Ty A Agutlet)
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o --- The angle between the boundary of the shear flow and the
axis of shear layer

0 --- The angle between the shocklet and the axis of the shear
layer
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axis of the shear layer
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Fig. 3.1.3 Schematic of the measuring region in the shear

flow
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Fig. 3.2.1 Shadowgraph picture of nozzle outlet flow
with flow pressure larger than back pressure Pg> Py,
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TS,

Fig. 3.2.2 Shadowgraph picture of nozzle outlet flow
with flow pressure equal to back pressure Pg = Py,



45

Fig. 3.2.3 Shadowgraph picture of nozzle outlet flow
with flow pressure less than back pressure P < Py,



Fig. 3.4.1 A typical history of downstream and

upstream static pressure of the nozzle.
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Fig. 3.5.1 Schematic of the optical system for fluorescence

measurements
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Fig. 3.7.1 Streamwise velocity at x = 0.5 cm downstream from the
nozzle's lip. Va, Vb, V¢, Vd, Ve, Vf and Vg correspond to Y = 4.5 mm,

3.0 mm, 1.5 mm, 0.0 mm, -1.5 mm, -3.0 mm, and -4.5 mm.
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Fig. 3.7.2 Streamwise velocity at x = 1.0 cm downstream from the
nozzle's lip. Va, Vb, Ve, Vd, Ve, Vf and Vg correspond to Y = 4.5 mm,
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Fig. 3.7.3 Streamwise velocity at x = 1.5 cm downstream from the
nozzle's lip. Va, Vb, Ve, Vd, Ve, Vf and Vg correspond to Y = 4.5 mm,

3.0 mm, 1.5 mm, 0.0 mm, -1.5 mm, -3.0 mm, and -4.5 mm.
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Fig. 3.7.4 Streamwise velocity at x = 2.0 cm downstream from the
nozzle's lip. Va, Vb, V¢, Vd, Ve, Vf and Vg correspond to Y = 4.5 mm,

3.0 mm, 1.5 mm, 0.0 mm, -1.5 mm, -3.0 mm, and -4.5 mm.



57

600

500

Ve

N
o
o

Lol ' T JEE B B |
3 M~ ¥ O
3 & & .
" Bocas, @2 4
e s
o 1] 8,
2 i
ol ey = ¢!
& &
Lo i K B

Velocity (m/s)

Vi

-d

(=

o
|

0 100 200 300 400 500
Time

Fig. 3.7.5 Streamwise velocity at x = 2.5 cm downstream from the
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Fig. 3.7.6 Streamwise velocity at x = 3.0 cm downstream from the
nozzle's lip. Va, Vb, V¢, Vd, Ve, Vf and Vg correspond to Y = 4.5 mm,
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Fig. 3.7.7 Streamwise velocity at x = 3.5 cm downstream from the
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Fig. 3.7.8 The transverse velocity histories at 2.5 cm
downstream from the nozzle's lip and different y locations
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IV Data and Analysis
4.1 Large Scale Structures and Their Evolution

Based on laser induced fluorescence measurements, the local
density distributions and density fluctuations are measured along
streamwise and transverse directions within the shear layer. The
density and density fluctuation measurements can provide a clear
picture of flow field and flow structures.

Those structures are spatial and temporal; they are
convecting downstream changing in time and space. Since the
scale of the structure is inversely proportional to the flow velocity,
high spatial resolution and short response time are necessary in
measuring the structures in supersonic shear layers. Figure 4.1.1.
and 4.1.2. are the density measurements at 2.5 cm and 3.0 cm
downstream from the nozzle's lip. Six measuring points are
arranged along the y direction; each measuring point is separated
by 1.5 mm. Figures 4.1.1 and 4.1.2 show the turbulent structures
and their spatial evolution at different location for the same run
condition. For lower values of y where the shear layer has a
smaller velocity and a smaller shear rate, the structures have
large size and have low fluctuation frequency. Asy increases the
structures are split to smaller sizes and have a higher fluctuation
frequency as shown in Figures 4.1.1 and 4.1.2. The scales of the
structures are in the range from 0.26 + 0.08 mm to 8.2 = 2.7 mm.
These scales are calculated based on the time scales of the
structure and the local speed of the structures. By counting the
sample points covered by a certain structure, the time scale of the

structures can be calculated. The minimum magnitude of mean
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period is 0.12+ 0.03 ms at x = 25 mm and y = 1.5 mm. The rate of
spatial change is defined as 9//9dy, where 1 is the scale of the
structure. The mean maximum rate of spatial change is 18.6 +
0.16.

Figure 4.1.3 shows the mean density profiles across the shear
layer and the spatial development along the streamwise direction.
The coordinate is set such that the origin is at the nozzle's lip. The
x axis is in the streamwise direction and y is in transverse
direction. The y=0 plane is at the surface of the nozzle. Along
increasing y the density is decreasing; density is increasing with
increasing X.

Figure 4.1.4 shows the turbulent intensity across the shear
layer and the spatial development along the streamwise direction.
Along the transverse direction, near the nozzle's lip, the turbulent
intensity has its maximum value at the center of the shear layer;
however, further downstream the turbulent intensity spreads
along the y direction and splits. This means that at locations
further from the nozzle's lip, the flow turbulence increases and has
a more complicated structure. The density and turbulent intensity
profiles across the shear layer provide a basic description of the
free shear layer.

4.2 Shocklet Profiles

From our experiments using both shadowgraph pictures and
fluorescence measurements of local densities and velocities, we
confirmed the existence of turbulent shocklets in supersonic free
shear layer. The shocklets are thought to be produced in two ways:

(a) when the speed of the structure is smaller than the speed of
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local flow; (b) when the speed of shocklets is larger than the speed
of local flow. But our results show that only the shocklets
associated with the speed less than local speed exist(i.e. type (a)
above). This means that the deceleration, due to the shear flow, of
the vortex motion in the shear layer is apparently not great
enough to produce the pressure field which might form the
shocklets by the type (b) process.

We found that the shocklet Mach angle associated with the
motion of shocklets in the shear layer has a sensitivity to changes
in Reynolds number. This strongly suggests that the shocklet is
related to the turbulent intensity. The change in angle is related to'
the change in velocity of the shocklet with respect to the local flow.
Specifically, the velocity of a shocklet can be represented as Vg =
Ms a, where a is the local speed of sound in the supersonic free
stream, and the Mach number of shocklets, Mg = ( sin 6 )'1 .

Typical shocklet profiles are showing in Figures 4.2.1 and
4.2.2. In those figures the density measurements are taken at the
spatial position 2.0 cm downstream from the nozzle's lip, at
locations in y where a high likelihood of shocklet production is
found. Since point density measurements were taken, the signals
give good spatial resolution. When shocklets appear in the outer
layer of the shear flow they seem to show up as a sharp increase in
the density. The apparent time of appearance of shocklets are quit
random; i.e., from the results it can be seen that for the same run
condition and the same measuring location the shocklets show up
at different times for different runs. This result agrees with the

association of shocklets with eddies convecting in shear flow; eddies
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appear in a random manner, and their interactions with flow field
are also random.

From the figures it is obvious that shocklets have different
thickness. The word thickness means the persistence time of
shocklets. This difference in thickness is caused because of the
difference in distribution of shocklets. At certain times, the
shocklets have higher concentration than other times. This means
that several shocklets are generated within a small time range,
rather than a single shocklet which lasts a longer time. If the
spatial resolution can be increased to higher than 0.1 mm, then we
can expect that the thick peaks will split into many thin, sharp
peaks.

Thus a shocklet transfers the turbulent energy from eddy
motion to flow field; therefore, they will reduce the size of eddies
and slow down the eddy motion and produce density and velocity
fluctuations. The shocklet also increases the density and pressure
when it passes by the measuring point. Since the inhomogeneities
and density changes will generate vorticity, these vortical motions
will dissipate the turbulent energy and moderate the relative large
scale structure motion.

4.3 Distributions of Shocklets in the Shear Layer

Although the generation of shocklets is quite random because
of the randomness of eddy convection motion, the measurement
results show that the shocklets have a localized spatial and
directional distribution which varies with spatial position and
angular direction. Figure 4.3.1 shows that the mean frequency of

shocklets varies with the angle 6, which is the angle between the
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streamline of main flow and the shocklet. This angle is related to
the velocity of the shocklet, or, more precisely, the velocity
difference between the mean flow velocity and the convective
velocity.

The angular distribution of shocklets suggests that within a
certain velocity range the shocklets have relatively higher
concentration. From our measurements, the shocklets are mainly
distributed in the angle between 20 and 70 degrees and the
associated velocities are between 276 m/s to 520 m/s. The
maximum value is at about 38 degrees, which is about 422 m/s.
Figure 4.3.1 also shows that the angular distribution varies at
different streamwise locations. Near 28 degrees the distribution is
increases sharply and then decreases relatively slowly at the
angles larger than 40 degrees.

The distribution of shocklets not only varies in direction but
also with changes in spatial location. Figure 4.3.2 shows the mean
shocklet frequency distribution at different transverse location.
The seven measuring points are set along the transverse direction,
and each point is separated by 1.5 mm. The plot includes five set of
data with the same run conditions but different x locations. At low
locations ( small y ) in the free shear layers, below the surface of
the nozzle, the shocklet has a much lower apparent production
frequency; near the upper edge of the shear layer, the production
frequency is high. At the range between roughly 1.5 mm to 4 mm
the mean production frequency is in the range of 0.8 kHz to 2.4
kHz; for different streamwise locations, the mean production

frequency is also quite different.
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The trend that the shocklets concentrate near the upper edge
of the shear layer suggests that only the small size structures can
generate the shocklet. Near the upper edge, the mean shear flow
speed is supersonic and the structures originating from the lower
layer with large size are broken during the motion from the low
layer to the upper region. So the production of shocklets mainly
remains in the convection motion of small size structures.

Figure 4.3.3 shows the mean shocklet frequency distribution
along the streamwise direction. The mean apparent frequency
sharply increases at about 1.5 cm downstream from the nozzle's
lip, and slowly decreases as the distance increases. Beyond 2.0 cm
from the nozzle's lip, the mean frequency slowly decreases. This is
apparently caused by a slowing down of the mean velocity of the
shear flow. Therefore, only the eddies with a lower convective
velocity can satisfy the condition to generate the shocklet.

In Figure 4.3.3 three sets of data are plotted at three different
run conditions, where R; is with Reynolds number 7.6 x 106, R, =
2.3 x 106 and R; = 7.1 x 105. The Reynolds numbers are based on
the free stream flow at the outlet of the nozzle. The mean
frequency distribution increases as the Reynolds number
increases. At higher Reynolds number flow, more small size
structures are produced in the shear layer. The mean periods
associated with the Reynolds numbers are 0.133 ms, 0.152 ms and
0.189ms.

4.4 The Spectrum and Correlation of Shocklets
The Fourier transform is one of the ways to identify and to

characterize a dynamical regime. The usefulness of the Fourier
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spectrum is that it reveals the periodic properties of the evolution
of fluctuations in the system. One defines the Fourier transform of
a discrete time series x; to be the operation creating a

corresponding discrete series xy such that:

1 2njk
Xk (fk) = _\/mg Xj eXP('-l N )

k=1,.,N
i= \}-1 pure imaginary
f=kAf=K—,  tme=NAL

tm ax

For convenience we have taken At as the unit of time.

The graph representing | xx |2 as a function of the frequency
f is called the power spectrum. The area under each peak in the
spectrum is proportional to the strength of that mode. The
spectrum of turbulence indicate that in the turbulent state, the
power spectra falls off as £, where n can be obtained from the
slope of the plot of log | xi |2 versus logf. Fourier spectra are an
indicator of the existence turbulent motion. Therefore, it is possible
to determine experimentally the spectral index n from the power
spectra, and determine if the flow is turbulent.

In principal, there is no difficulty in using the formula to
calculate | xx |2 explicitly. But in practice, the extent of the task
becomes substantial as soon as N takes on appreciable values.
However, when N is a power of two, an algorithm, called a Fast

Fourier Transform (FFT), permits calculation of the spectrum
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with a tremendous saving in computer execution time relative to
the direct Fourier transform. Therefore, FFT has been applied to
compute the Fourier transform.

Correlation methods have been used in the study of fluid
turbulence. Correlation methods can be used to obtain information
regarding the statistical characteristics of the turbulence.

One use of correlation techniques is to determine whether and
to what extent different signals are related. Autocorrelation
function measures the correlation between subsequent signals. It
remains constant or oscillates for regular motion and decays
rapidly (mostly with an exponential tail) if the signals become
uncorrelated in the chaotic regime (J. C. Roux, et al. 1981). The
correlation C(t) between the values of x at two different times is
called the autocorrelation. It is defined as

C(1)=<x(t)x(t+1)>/<x(t)2>

1(T . .
where <x(t)x(t+1)> = %‘11>n rfJ dt x(t)x(t+1) in a continuous case,

and <x(t)x(t+1)> = %

J:
Khinchin theorem states that the autocorrelation function is

Xj+:X; for discrete signals. The Wiener-
1

merely the Fourier transform of the power spectrum of the

quantity of interest:
2ntk
Ch

1
<x(t)x(t+1)> = — i | xx |2 cos )
k=1
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where the Fourier transform has been defined above.

From the autocorrelation profile, two characterizing time
parameters are determined. A characterizing correlation time 7

t
is calculated from 1:C=J z C(1)dt, where tz is the value of t for
0

which C(7) first becomes zero.

A small correlation time 15 is generally considered a measure
of the dimensions of the smallest structure or the lifetime of the
most rapidly decaying structure. It is defined by the curvature of

the autocorrelation coefficient at the origin:
d2C/dt21 o = -2/12

Expanding C in a Taylor series about the origin, we can write, for

small 7,
C(1) =1-12/1¢2

Although spectral and correlation analysis are equivalent in
principle, in practice they complement one another. Results
obtained from their combined use will generally be more complete
than those obtained by either alone.

Figure 4.4.1 shows a typical plot of power spectrum of density
fluctuations before and after a shocklet at 2.5 cm downstream
from the nozzle's lip and 3.0mm in transverse direction from the
nozzle's surface. There seem to be no explicit modes generated
after the shocklet passes; but the decay rate of the power spectrum
increases. This means that after the shocklet, part of the turbulent
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energy is transfered from the turbulent region of the shear layer to
the region outside the shear layer through the shocklet process.
Smaller scale vorticity motions should thereby be generated in the
post-region of shocklet, resulting in the increase of dissipation of
turbulent energy. Using P « o™, the spectral decay rate n in the
pre- shocklet region is about 1.64+ 0.04; the decay rate in the post-
shocklet region is about 1.79+0.06.

Figures 4.4.2 and 4.4.3 show the variation of correlation time
along streamwise direction and at different transverse locations.
The large correlation time plot shows that when x increases the
correlation time decrease This means the scale of the turbulent
structures is decreasing when x increases. This is the dynamical
effect of the eddy shocklet, which reduces the turbulent scale by
breaking the structures convecting in the shear layer. The small
scale correlation time does not show an explicit trend. This is not a
surprise since the small correlation time characterizes the motion
scale much smaller than the scale in this shear flow.

4.5 Spreading Rate of the Free Shear Layers

Spreading rate of a free shear layer is defined as Ds = tan «,
where the o is the angle between the upper and lower boundary of
the free shear layer. The spreading rate of the free shear layer
was measured using the calculated velocity profiles. At different
transverse locations, mean streamwise velocities were measured.
Since the velocities fluctuate strongly, many measurements had to
be done in order to get relatively smooth values for a determination

of the boundary.
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For the upper boundary of the free shear layer the threshold
was determined by dividing the entire boundary into three parts.
The first part is used from x=0 to x=10 mm, the second one from
x=10 mm to x=25 mm, and a third one from x=25 mm to x=35
mm. This procedure is necessary because at different streamwise
locations, the thickness of the boundary is quite different. For the
boundary close to the nozzle's lip (x < 10 ) mm the boundary is very
sharp; the threshold for this part is 95% + 0.05 of the free stream
velocity. The threshold for the second part is 90% + 0.10 of the free
stream velocity. Because of the entrainment effect in the third
part, x> 25 mm, the flow in the shear layer is quite mixed with that
outside the shear layer, and the threshold for this part is 75% + 0.2
of the free stream velocity.

There are three different states of flow at the outlet of the
nozzle as shown in Figure 3.2.1 to 3.2.3. From shocklet
measurements, the properties of these three states are quite
different. For Pg > Py, situation, the shocklet has broadest
distribution in x and the highest apparent frequency; when Ps < Py,
the distribution and production rate of shocklets is much lower.
This is shown in Figure 4.5.1.

For spreading rates, one also sees three different states of flow.
This is shown in Figures 4.5.2 to 4.5.4. These are typical plots of the
extent of the free shear layer at various streamwise location for Pg
> Py, Pg= Py, and Py < Py,. Shocklets seem to break the structures
into smaller sizes thereby reducing the spreading rate. For the P¢
< Py, case the effect of a shocklet can be neglected because of the

low distribution. However, comparing Figures 4.5.1 and 4.5.3, the
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spreading rate has much higher value than that in the Pr> Py,
case. The spreading rate for those three different type of flows are
0.31+£0.11, 0.24 £ 0.09, and 0.11 + 0.04. |
4.6 Dynamical Analysis of Turbulence In Shear Flow

The dimension of an attractor may describe the statistics of
fully developed fluid turbulence. The dimension of a chaotic or
turbulent system is the first level of knowledge necessary to
characterize its properties. The dimension is also a lower bound on
the number of essential variables needed to model the dynamics.
Fluid systems have infinite-dimensional phase spaces, but the
strange-attractor theory postulates that there are finite-
dimensional attractors that represent the asymptotic dynamical
behavior of the fluid. One can present projections of these
attractors onto phase spaces of low dimension that correspond to
experimental measurements. From a time-delay approach
(Ruelle 1971), a single time series x(t) can be converted into a
multiple time series x(s)=[x,(£),x,(t).....x,.,(t)] by selecting a delay r and
defining x,(r)=x(t+k 7).

Consider the d-dimensional phase space to be covered by total
number, M(1), d-dimensional cubes with side 1. The probability A, of

finding a point of the attractor in cube i is P= 1‘_‘,‘1%’ where is the

number of points in this cﬁbe. The Hausdorff dimension is defined

as

M(l)
1 log(ZP/

D, =lim =
-0 f—1  logl

); f=0,1,2,...
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Ml

log(}, p?)
D, =lim—=— < p, = —1im 226X O
1-0 log l 150 logl

where D, provides the lower bound of Hausdorff dimension. Do

can be computed by the correlation integral.

D2 =11m1_0§.C.(_l).
10 log[

where C()) is correlation integral function defined by
)= lim — ZG[I-IZ-—}'-I ]
= lm Nz - i J

where ¢ [l—l}'.- e ,l] is the Heaviside function.

The results of our D9 dimension determination for the shear
layer are plotted in Figures 4.6.1 and 4.6.2. In the first one, two sets
of data are plotted. These two sets of data were measured at the
streamwise locations 0.5 cm and 3.5 cm downstream from the
nozzle lip. These data were also measured simultaneously. The
dimension has higher value at x = 3.5 cm than that at 0.5 cm.

This means that the shear layer detaching at the nozzle lip has
a more complicated structure than that near the nozzle lip. When
the shear layer detaches before it becomes fully developed

turbulence, it goes through a transition process forming a



75

transition region. Although the flow in the transition region should
not be laminar under our supersonic conditions, it has a relatively
simple structure. At this region, if we neglected the structures
coming from the boundary layer of the nozzle wall, the instability
is still at an early stage, the structures formed due to the instability
waves are quite ordered, i.e. the structures have a relatively higher
order of coherence. @ When these structures convected
downstream, they break up due to the entrainment motion and
interaction with other structures. Therefore, at the region further
from the nozzle's lip, the turbulent structures are less coherent and
the dimension of the system is higher.

From the same plot it can be seen that at the upper region
system has higher dimension. As it is shown in section 4.1 at the
lower layer the flow speed is subsonic, structures have relative
larger size and the motion is relatively simple. However, at the
upper layer region the flow speed is supersonic; a strong
intermittent effect is causing fluctuations in density, pressure and
velocity, and the shocklet generated in this region also interacts
with those structures. All those processes and effects make the
flow extremely complicated.

The results of fractal dimension evolution at different
transverse location and along the x direction are plotted in Figure
4.6.2. In this plot four sets of data were used; these were taken with
transverse location at y = 4.5 mm, y = 3.0 mm, y= 1.5 mm, and y =
0.0 mm. The run conditions for these measurements were the
same. For each measurements seven channels were used at seven

measuring points along the streamwise direction. The results
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show that at a certain value Xe¢, which is 1.8 + 0.4 em in this free
shear layer, downstream from the nozzle lip the fractal dimension
increases sharply. This also shows as one moves further from the
nozzle's lip; the turbulent structure becomes more complicated. It
is believed that the value Xc depends on the flow type, Mach
number, and the angle of detachment. These fractal dimension
profiles give a basic picture of turbulent structure of the shear
layer, and help in the analytical modeling of the shear flow.
4.7 Formation of Streaky Structures

The principal effects of mean shear on turbulence may be
represented by a parameter, S*, called shear rate parameter. It is
defined as

S1

* o
S q

where 1 is a length scale for ‘energy-containing' eddies, ¢ =« :
is a turbulent velocity scale and S is assumed to be a function of y
only. Based on the velocity measurements shown in Figures 3.7.2,
3.7.4, 3.7.6 and 3.7.8, the shear rate parameter is calculated along
the transverse direction at different streamwise locations and
shown in Figure 4.7.1. The eddy scale used in that calculation is
from the density measurements of large scale structures along the
transverse direction. Since large eddies contain the main
turbulent energy, as confirmed by procedures used for the
detection of the streaky structures, it was shown by others that the
streaks were the major producers of Reynolds stress and turbulent

kinetic energy in turbulent flow. Therefore, the scale of large
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structure in shear flow may be used to calculate the shear rate
parameter. The energy partition parameter, K*, in equation
(2.4.1) is calculated based on the two dimensional shear flow
approximation. The average value of thatis 9.2+ 1.6 at x = 1.0 cm,
and 6.7+ 0.7 at x = 3.0 cm.

Figure 4.7.2 shows the contour plot of streaky structures along
the transverse direction and at different streamwise locations.
The plot shows that the streaks are narrow in transverse scale.
The average ratio of longitudinal scale to transverse scale is 12.5 +
1.8.

4.8 Detection of Burst and Distribution of Bursts along the Shear

Layer

From the flow visualization investigation by Corino and
Brodkey (1969) and Kim et al. (9171) it is indicated that the burst
or ejection process was responsible for a major proportion of the
Reynolds stress production. It naturally follows that detection of
the burst or ejection might be based on the occurrence of high
negative uv or high Reynolds stress value.

From the boundary layer approximation theory, the free
shear layer can be described as two dimensional shear flow ( as
discussed in Chapter 2 ). The Reynolds stress term can be derived
from equation (2.1.3) which is

U ., oU . oU  duv duw _ 19P . dU, 32U LU

1% w ]
U oy ™ s oy T T eV TV Gy az)

(4.8.1)
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Since the Reynolds number is high the viscous stress term can
always be neglected, and giving a two dimensional treatment,

equation (4.8.1) becomes

U3U+V3U+9uv laP U_d_U__

dx dy dy pax dx (4.8.2)

When we calculate the velocity in shear flow which is not
concerned with a rapid distortion process (like shock wave
structure), the shear flow can be consider as incompressible flow.
From the continuity equation, the transverse velocity can be
obtained by

Yy
; 9% (4.8.3)

where the integration is over the transverse direction across the
shear layer, and y, and y, can set the transverse position values of

the edges of the shear layer. For convenience, the coordinates can
be set such that y, is the origin of the coordinate. Substituting

(4.8.3) in to (4.8.2), integrating over y again we get

LU
3

U,

d
=(h-y)— - —dy+ | U —d
puv=( y) p[ j 7 y

(4.8.4)

where h is the width of the shear layer, U, is the free stream flow

velocity, U,, is the mean streamwise velocity of the shear flow, and
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P is the mean pressure in shear layer. When taking the
measurements, the free shear layers were forced to be flat.
Therefore, the pressure, P, is only function of x. The free stream
velocity U, is just a function of x. The mean streamwise velocity,
U, is a function of x and y; its expression can be obtained from the
velocity profile shown in figure 3.7.9. Therefore, the Reynolds
stress including its dependence on x and y can be calculated from
equation (4.8.4).

Experimentally, the streaky structure and subsequent burst
process are fluid structures which have different velocity and
density from the environmental fluid field. The LIF measuring
system provides high spatial and time resolution, therefore, the
burst process can be detected by density measurements. In fact it
has been done and shown in Figures 4.1.1 and 4.1.2. In those plots,
relative large structures are formed; when they move to upper
layer during the convecting they break up to smaller structures.

To distinguish the burst a normalized parameter is defined as

o[

Ty

Po (4.8.5)

where p, is the density at initial state. Figures 4.8.1 to 4.8.6 show

the burst measurements at different streamwise locations. Near
the nozzle lip where the shear flow has higher shear rate, the
density measurements show more thin peaks; further from the
nozzle's lip the peaks are grouped. This phenomenon means that

at high shear rate regions, the streaky structures more frequently
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break up, or bursts have higher production frequencies. At other
regions further away, the shear rate is lower; the flow is more
vortical; bursts, have lower production frequencies, and the

structure scales associated with the ejection is larger.
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Fig. 4.2.2 A shadowgraph of the shocklet in the free

shear flow.

86



87

] . e X=15mm
1'6_:‘ + * X=20 mm
1.4 a . + X=25mm
1.2- * F o X=30 mm
—_ 11 f x X=35 mm
L
: o
Z0s: : ;
0.6 *
: 2
0.4 o
02] : ;
i o
0 -y S -
0 10 20 30 40 50 60 70 80 90

0 (degree )

Fig. 4.3.1 The angular distribution of shocklets at different

streamwise locations.



f (KHz)

88

2.4+
e X=15mm
2] * .
] * X=20 mm
1.6- + X=25 mm * °
- +
j o X=30 mm
: 3 3
1.2 ¢ X=35mm = 2
0.8—: ¢
N 3 8
_ *
0.4 % . .
s
0 — T A 1 1
-6 4 -2 0 2 4 6

Fig. 4.3.2 The mean frequency distribution of shocklets

along the transverse location.



89

8—: x* R1 * *
7- « R2 *
6- o] R3

e %

(9N
' P 1
LI

LANNLENNLINAS) R LIRS I RN IL AL LR R N

0 5 10 15 20 25 30 35
X (mm)

Fig. 4.3.3 The mean frequency distribution of shocklets

along the streamwise locations.



90

W &
L~

_‘ ': /
4

P(w)

=

1 [f(x)=-1.69E+0* X + 3.06E+0

% AN I A I R
0 05 1 1.5 2 25

w
(a) before the shocklet

P(w)

f (x)=-1.88E+0* X + 3.48E+0

0 0.5 1 1.5 2 25
w
(b) after the shocklet

Fig. 4.4.1 The power spectrums of density fluctuations
before and after the shocklet at y = 3.0 mm, x = 25 mm.



91

160
] o
]
] e y=3.0mm

120- y
] n y=1.5mm
] .

80-
- o ¥ -

40—— ) * K b
T | ®
: - |

o LA L L D L L L A L !
0 5 10 15 20 25 30 35 40
X (mm)

Fig. 4.4.2 The variation of large correlation times at

different y along the streamwise direction.



92

0.006 -
0.005 _-l ) ) ° y=4.5 mm
) x y=1.5mm
J =
0.004]
- ] ;‘ -]
goosd i} n
0.002- .
] * .
0.001
0- DL L | T T T T

X (mm)

Fig. 4.4.3 The variation of small correlation times at

different y along streamwise locations.

”’40



93

9-
8" n Pf>Pb X n
] - §
74 * Pf=Pb
6- o Pf<Pb n - .
— ] * *
o ,
=4
] o |
3
2- * 0
ER -
o: : 7 1 1 LA B i 1
0 5 10 15 20 25 30 35 40
X (mm)

Fig. 4.5.1 The distribution of shocklet for different flow
pressure, Pg, and the pressure at the outlet of the nozzle,

P,



y (mm)

10

y = 0.60208 + 0.10851x + 1.5833e-3x"2 R*2 = 0.993

-5
]
y = - 1.9875 + 6.0357e-2x - 5.0714e-3x*2 RA2 = 0.993
-10 v T T T v T v
0 10 20 30 40
X ( mm)

Fig. 4.5.2 The extent of the free shear layer at various

streamwise locations for Pf > Pb.

94



y (mm)

y = 0.93542 + 4.1667e-4x + 3.2024e-3x*2 R”*2 = 0.9

o -
T L .
24
y = - 1.1417 + 6.9048e-3x - 2.09528-3x*2 R*2 = 0.9
-4 v Y v . v 1 +
o 10 20 30 40

x (mm)

Fig. 4.5.3 The extent of the free shear layer at various

streamwise locations for Pf < Pb.

95



96

y = 0.87083 + 7.51199-2x + 2.2619e-3x*2 R*2 = 0.938

y = - 1.1854 + 4.5893e-2x - 3.36908-3x*2 R"2 = i
4 v T v 1 v T
0 10 20 30 40
Xx (mm)

Fig. 4.5.4 The extent of the free shear layer at various

streamwise locations for Pf = Ph.



d (mm)

14
] o
12 1 . Pi>Pb
10 ] « Pi=Pb |
] a Pf<Pb
8-
* {
6 - {‘ % }
4 - % i % {
2 g
0 T T L Ty T ] T
0 5 10 15 20 25 30 35 40
X (mm)

Fig. 4.5.5 Spatial evolutions of the shear layer width for
different flow pressure Py and back pressure P},

97



98

3.5
3- *
2.5] Y
23 . ° " i
. n
(= 3 H
LSE " n x
13
. B X=5mm
0.5 s X=35mm
0- 1 | I | I 1 1 IR
-6 -4 -2 0 2 4 6
y (mm)

Fig. 4.6.1 The fractal dimension variation along the
transverse direction at different streamwise locations.



3- o
. 91
- -] *

25‘ . $ i ]

2_: . . * .

- )+
- * n
] H $
1.5 +
N + y=45mm
1 g y=30mm
] =1.
0.5 *y=1s
] ¢« y=00
0-""l""l""l"“l""l‘"'l"“
0 5 i0 15 20 25 30 35
X (mm) )

Fig. 4.6.2 The fractal dimension variation at differenty

along the streamwise direction.



Lx

3. 8\ (1 I

- 'll\v'll {7 = 'l';"
WS

SRS
RS
b

lb%?& "\.

W
S v s 5

25

Fig. 4.7.1 Contour plot of streaky structures at different

transverse locations along the streamwise direction.

100



101

7.0x19

6.0x19

5'0)”-3,

4.0x19
o

3.0x1'3

2.0x19

1.0x19

o.ox1%| L] L] ) ] L] I T L] L I T 1 L} L] l ] L] ] l L | | ) L]
0.0x19 1.0x1® 2.0x1 3.0x1 4.0x1 5.0%x19
t

Fig. 4.8.1 Evolution of bursts at y = 1.5 mm and 1.0 cm

downstream from the nozzle's lip.



102

3.5x19
3.0x190
2.5x1'ﬁ

2.0x10

1.5x10

1.0x18

5.0x10

0.0x1 T T
0.0x1% 1.0x1d 2.0x1 3.0x1 4.0x19 5.0x1%
t

L] ' L) L) 1 ) l L} L 1 ] ' L v L 1 I ) L] L L)

Fig. 4.8.2 Evolution of bursts at y = 1.5 mm and 1.5 cm

downstream from the nozzle's lip.



103

2.0x19
1.8x10
1.6x19
1.4x190

1.2x10 M

.0x18

-l

.0x1'5
.0x18

.0x1'3

N & O O®

.0x19

o.ox‘%l L] L) L L} I L L) T L) l L} Ll L] LJ l L | ) L] L]

0.0x1® 1.0x1 2.0x10D 3.0x1d 4.0x1d 5.0x1%
t

] L L] T

Fig. 4.8.3 Evolution of bursts at y = 1.5 mm and 2.0 cm

downstream from the nozzle's lip.



= N N O W & & O

-k

0.0x1%¢ ‘ A e s \4

104

5.0x19

Fig. 4.8.4 Evolution of bursts at y = 1.5 mm and 2.5 cm

downstream from the nozzle's lip.



105

6.0x 18-
.
5.0x 18-
4.0x19-
T 3.0x19-

2.0x19-

1.0x1'§—:

0.0X"@' lll|llr*r|-u-|j

0.0x19 1.0x1® 2.0x1d 3.0x1d 4.0x1d 5.0x1%
t

Fig. 4.8.5 Evolution of bursts at y = 1.5 mm and 3.0 cm

downstream from the nozzle's lip.



106

3.0x18+

-
-

2.5x 18- N
2.0x1'6-;

T 1.5x18
.

1.0x 18

: .
5.0%19 L J o0 |i | ]
0.0x1% LAY g

0.0x19 1.0x1® 2.0x1d 3.0x1dD 4.0x1® 5.0x1%
t

Fig. 4.8.6 Evolution of bursts at y = 1.5 mm and 3.5 cm

downstream from the nozzle's lip.



107

V. Analytical Modeling of the Eddy Shocklet
5.1 The transient shock waves generation

To model the shocklet process, we can consider that the vortex
structures or eddies are rigid. Their shapes or boundaries will not
change during the interaction between the eddies and
environmental field. The interaction is generally not strong. The
transient shocks produced from the interactions are relatively
weak shock waves. Therefore, it will be assumed that the effects of
gas dissociation and relaxation phenomena can be neglected. We
also consider that the Reynolds number is high; the flow is ideal gas
flow. If the stagnation temperature does not exceed about 2000° K,
the equation of state for ideal gas and the equation of continuity in

a fixed Cartesian reference frame are

p=RpT (5.1.1)

.!_ ﬂ’. + .Qy.‘_ =0
p Dt dx (5.1.2)

where R is the gas constant and p, p, T represent the pressure,
density and temperature of the gas. Since the density can be
considered a function of pressure and entropy S, this equation can

be expressed as

1(ap) Dp 1(3,9) DS Jdu,
) Rt o el RS 4 ) e R )
p ap SDt p 35 PDt ax‘- (5.1.3)

From the second law of thermodynamics
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dS=C,g—T+(97—pJ d(l)
T \oT), \p (5.1.4)

where Cv is the specific heat at constant volume. Therefore
s\ _C.(or) _1(2p
dp), T\dp), p*\9T)
=-p?(C,+R)

C,

v

P (5.1.5)

from the equation of state for ideal gas and the equation Cp - Cv =

R, where Cp is the specific heat at constant pressure. Then

gz
P Js p (5.1.6)

where a is the local speed of sound and 7y the ratio of specific heats,

so that the equation of continuity can be expressed as

du ___1 Dp 1DS

9% ypDi G, Di (5.1.7)

The momentum equation for the fluid flow is

Du, _ la Dij
Dt p 9x (5.1.8)
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where p;; represents the stress tensor which is of the form

2
Dij=—pP 5.’;‘""'/1 (sij—-ge 6;,‘)

where §;; is the Kronecker delta, s;; the rate of strain tensor and
6 =Jdu;/ d x; is the fluid dilatation.

Since
o D_D 0 +¢9u,- J
dx; Dt Dt dx; dx, dx,

from the equation of momentum we can get

Eau‘.z__aujaui_ d[(ldp) 21 a[ (s 255 )]
Dt dx, dx; dx; dx\pdx,) dx |pdx, %737 %

(5.1.9)

Operating on equation (5.1.7) with D/Dt, and subtracting the result

from the last expression, we have

D’ )4 d| , 0 14
log| 2 |- 2| 2>~ 10g| &
D¢? Og(p(,) ox, l:a dx, Oc{po

272&2&.”’2_[_1_05)_}, 9 {‘1‘ 9 [.U(S "'2‘98 )]}
dx; dx; ' Dt\C, Dt dx; |p dx; A (5.1.10)

since
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where p, is a convenient reference pressure. For our case, one can
choose the initial pressure as p,.

Equation (5.1.10) gives the pressure field generated by the
eddy which convects with a velocity different from the flow field.
The terms on the left-hand side are those of a wave equation in a
moving medium with a variable speed of sound, the partial time
derivatives of the ordinary wave equation being replaced by
derivatives following the motion. The first term on the right-hand
side represents the generation of pressure fluctuations by the
velocity fluctuations in fluid. The remaining terms describe the
effects of entropy fluctuations and fluid viscosity. If we were to be
concerned with the structure of the shock waves developed inside
a turbulent fluid at high Mach number, then the last two terms
can not be neglected, since the internal structures of the shocks is
determined by the balance between these diffusive and convective
effects.

Let us instead only concern ourselves with the formation of
the shock waves and ignore the internal structures of the shocks;
we treat only the eddy interactions with the flow field. Let us also
ignore the inside structure of the eddy and its changes during the
interaction; this is acceptable since the important thing in free
shear flows is the generation of the shock and consequent
propagation of shock waves along with the vorticity production

due to the shock waves. Under these circumstances, the last two
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terms in equation 5.1.10 can be neglected. For a turbulent shear
layer there is the possibility that we can consider separately the
processes of generation of the pressure waves and the subsequent
development of the shocks.

In most cases the boundary approximation can be applied to
shear layer problems. We can consider that, in a turbulent shear

zone, the mean velocity u; is a function of the x, position coordinate

only. Suppose that the characteristic zone thickness is 2L, and that
u; changes from -U to +U as x, moves from - e to +o. The
necessary condition for generation of shocklet in shear layer is that
we have U greater than a, the speed of sound at infinity. For the
sake of analytical convenience, we suppose that all mean point
properties of the motion in the shear zone are independent of x,, x3
and time t, being a function of x5 alone, the position coordinate
normal to the zone. Therefore, from the equation (5.1.10), we

obtain

D2 _ d a2 J lo l = iﬂ.?_li’_
De* dx, dx P, yaxj ox; (5.1.11)

To further simplify the equation we can neglect, on the left-hand
side, products of two fluctuating quantities with zero means, on the
understanding that these will be small (in mean square) compared
with the products of mean and fluctuating quantities. This neglects
such physical processes as the convection and scattering of a shock
wave by turbulence, and the variation of a2 about its local mean

value. The terms of generation, the processes of convection and
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refraction of the shock wave by the mean flow, and by variation
with x5 of the local mean speed of shock wave are retained. The

latter may be important if there are significant variations in the

mean density of the flow. Equation (5.1.11) then reduces to

‘i.g.ra:—a—-faloag—au?_u_.
or ﬁ&xl ox, ax.| “\p, 81 ax,

R TEFINEE.
ot 9% ) ox, 0% . ox Py 3" "" (5.1.12)

since 4’ =4’(z,). In many instances, the dominant term on the

or

right-hand side is likely to result from the interactions of the large
mean velocity gradient with the fluctuating velocity gradients, and

the generation term can be approximated by

du, du,

2y —
dx, dx, (5.1.13)

As usual we can express the equation (4.11) in dimensionless form.

Let the instantaneous and mean velocities be given by

u. —
v,=—=%, V=v

U (5.1.14)
Y= L



113

. m=Z

LWEW

A (y) =
(5.1.15)

where a, is a reference sound speed; it can be choose at y, = + ~ in
the main flow. It is also clear that
A(y;)—>1 as y, o too

The dimensionless form of (4.11) is thus

J oY 1da* a9 A & p v, 9
+V -— ——35zlogl—|=r 55
a1 ay, M* dy, dy, M*2y; Do 3)’,— y; (5.1.16)

5.2 The Condition of Shocklet Generation

In free shear layers, the sizes of turbulent eddies are widely
distributed from the dissipation range to the flow dimension. The
shock waves generated by the interactions of the eddies and the
flow should be the function of eddy wave number, k, and Mach
number of the shear flow. To study the mechanism of shocklets
and the eddy wave number, it convenient to do the Fourier
transformation.

Before taking the Fourier transformation, equation (5.1.16)
can be rewritten in different form by taking a new dependent

variable

{(y,t) = A(yz)log(ﬁ)

(]

Then

2
d . A d*’A A* & v, 9V,
—+V - L I)=7vYA did S
{(af 3y,)+M2dy§ M’&yf}g(y D=ral) 5353,

J
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=G(y,7) (5.2.1)

The generation term G is significant only inside the turbulent

shear zone, so that

G(y,7)—>0 as y,>teo

By using the standard definition (Lighthill 1958) we can

define the generalized Fourier transforms

((y, O =[[@ (3, K n)exp[i(Key+n)]dkdn

(5.2.2)
G(y, t) =”F (y,,K,n)exp[i(Key+n1)]dKdn

where K = ( K, K;) is a wave number vector in the plane of the
shear layer and the integrations are made over all values of K and
frequency n.

The equation relating the generalized Fourier transform ®
and T corresponding to (5.2.1) is

d’ M? 1 d’A

2
Z;z_w(y’K’ n)"'{?(n +V kl)z_ kz_Xd_yz_} w(y’Ks n) = ‘%r (vaa n)

(5.2.3)

where k* =7 + k2 , A and V are functions of y only.
From our experimental results using both shadowgraph and
multi-point fluorescence measurements we know that the

shocklets are generated in the upper edge of the shear flow and
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propagate into main flow. Therefore, we can simplify equation
(5.2.3) by considering only the upper edge region, that is, the region

y> 1.
Fory>1, G(y)=0, A(y)=1 V(y)= 1. Thus equation (5.2.3)

becomes

d* o
dy*

+{M2(n+k)-k*}@=0
{ b } (5.2.4)

Since © (y) must be bounded as y - =, the solutions to equation
(5.2.4) must be either exponential decreasing or oscillatory
according as the coefficient of @ is negative or positive. From
eguation (5.2.4), it is clear that the oscillatory solution corresponds
to a radiated pattern of shock waves and the Mach number, M.
For given Mach number the oscillatory solutions are associated

with wave number k and frequency n such that

M?*(n+k)*—k*>0 (5.2.5)

As mentioned above, the upper edge region is the formation
region for shocklets, that is, the radiated pressure field is largely
contributed from the layer between y = Y and y = Y + 8Y in the
shear zone. The turbulent eddies in this neighbourhood are
convected by the mean stream with velocity Ve which is
approximately equal to the local mean velocity at Y. If the the flow
is supersonic, it is sufficient to neglect ( for the moment ) the

evolution of the eddy pattern as it is carried along; with this, the
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frequency of the components of wave number k is just the

frequency with which the wave component is swept past the fixed

observation point at a rigid convected pattern. In this way we have
n=kYV,

The layer of the shear zone near Y, where the convection

velocity is Ve, will therefore generate a shock wave on the side of

the layer y > 1 with wave numbers k such that

Ml 1=V, )*> & (5.2.6)

Let o be the angle between the vector wave number k and the
direction of the mean velocity. Then cos0 = k,/k and this condition

becomes

cos’ 8> [M(1-V)]? (5.2.7)

This prediction can be compared with experimental results on
shocklet observations. From the equation we can see that the
shocklets will therefore be generated by some wave numbers in
those layers of the shear zone for which the difference between the
mean velocity of the fluid outside the shear zone and the local eddy
convection velocity is greater than the speed of sound outside the
zone. From our measurements, the shocklets are mainly
distributed in the angle between 20 and 70 degrees and the
associated velocities are between 276 m/s to 520 m/s. The
maximum value is at about 38 degrees, which is about 422 m/s.

According to equation 5.2.7 the angular distribution is in the range
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of 34.6 to 89.1 degrees and associated velocities are between 260.0
m/s to 457.8 m /s. Equation 5.2.7 is therefore in very good

agreement with our results.
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VI Conclusions and Suggestion
6.1 The LIF system

The laser induced fluorescence measurement technique
provides simultaneous multi-point localized density and velocity
measurements. The spatial resolution here is (1.5 + 0.5 mm)3 and
the time response is less than 100 ns. The velocity profiles
measured by using this system show a logarithmic distribution
which agrees with theory (L. D. Landau, E.M. Lifshitz 1987).
These velocity profile distributions also agree with the
experimental results from N.L. Messersmith (1988). The mean
velocity in the outlet of the nozzle calculated based on the multi-
point density measurements is 564 + 16 m/s. The velocity based on
the theoretical calculation of nozzle design is 534 m/s, and the
velocity measured from taking a shadowgraph of a Mach angle is
547 + 35 m/s. These results are in good agreement. The spreading
rates of the shear layer measured by LIF technique are 0.31 + 0.11,
0.24 £ 0.09, and 0.11 * 0.04 for P¢ > Py,, Pr= Py, and Pr < Py, flows.
The spreading rates for the same flows from the photograph
measurements are 0.37 £ 0.25, 0.30 £ 0.19, and 0.18 + 0.14. From
those results it can concluded that the LIF technique provides a
useful and reliable measurement technique in turbulent
supersonic flows.
6.2 Coherent Structures

Large scale structures were observed in lower regions of the
shear layer. The scales of the structures are in the range from 2.6
+ 0.8 mm to 8.2 * 2.7 mm. The minimum magnitude of mean

periods is 0.12£0.03 ms . The mean rate of spatial change is about
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18.6 + 0.16. It is believed that they are formed due to counter
rotating vortices which sweep low velocity fluid from the outer
region of the shear layer. The structures are lifted when they are
convecting downstream. At higher shear rate regions, they break
up into smaller structures.
6.3 Dynamics and Dimensionality of Shocklets

The shocklet observed in a supersonic free shear layer is
strongly concentrated in the upper edge of the layer where the
flow has a higher shear rate and the mean flow speed is
supersonic. The shocklets are characterized by the typical density
profiles and associated density jump. Experimental results for
velocities of shocklets in the laboratory coordinate system are
concentrated in the range of 276 m/s to 520 m/s. The shock angles
between the main flow and shocklets are mainly distributed in the
range 20 to 70 degrees as show in Figure 4.3.1. From the
analytical modeling result in chapter 5, we find that, shocklets

satisfy the condition

cos’@> [M(1-V)]?

where the M is the Mach number of shocklet and Ve is the
convective velocity of shocklet in the shear layer. The Mach
number and convective velocity are the values in the coordinate
system moving with the flow. Specifically, the angle distribution
from the analytical model is in the range 34.6 to 89.1 degrees;

associated velocities are between 260.0 m/s to 457.8 m /s.
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From the experimental results, it can be concluded that the
formation of shocklets is understood in terms of the a vortex
embeded in the flow moving at a speed different from that of the
local flow. The vortex is accelerated by the flow field. During the
acceleration, the energy transfers from the field to the vortex and
a strong compression is formed. These strong disturbances in
density propagate as a transient shock. From the correlation and
dimension _calculation results, it can be argued that the transient
shocks reduce the turbulence scale of flow through two effects: (a)
the break-up of the structures; and (b) the generation of vorticity
field by the transient shock.

6.4 Effect of Shocklets on the Spreading Rate

The results in chapter 4 show that differences in the spreading
rates for different type of flows are associated with differences in
the distribution of shocklets in these flows. Specifically, as
shocklets increase in production frequency, the shear layer's
spreading rate decreases. The theory in chapter 2 states that the
dynamical effect of shocklets in shear flows is that of reducing the
size of turbulent structure and transferring turbulent energy from
structures to the flow outside the shear layer. These effects will
therefore result in a reduction of the spreading rate of the shear
layer; thus the experimental results agree with expectations from
theory. The average spreading rate for those three different type
of flows is 0.22 + 0.08. This value is about 10 time larger than that
by N.L. Messersmith(1988) from the mixing layer, as would be
expected. Our result is in good agreement with the value 0.267 for



121

the same kind turbulent shear layer discussed in L.D. Landau and
E.M. Lifshitz (1987).
6.5 Shear Flow Parameters

By applying boundary-layer-approximation theory, the shear
layer parameter, a, is calculated from equation (2.2.6), where the
distribution function of f(n) is obtained from the logarithmic fit of
the velocity profile. The entrainment and eddy viscosity
parameters are calculated from equations (2.2.11) and (2.2.12).
The experimental result for the shear rate parameter, S*, at high
shear rate region in our flow is larger than 35; the energy partition
parameter, K*, is in the range of 9.2 + 1.6 at x = 1.0 cm, and 6.7 +
0.7 at x = 3.0 cm; the eddy elongation parameter, L*, is found to be
12.5 + 1.8. Given that S* > 35 in our system, our experimental
results are quite consistent with the predictions (K* > 5, L* > 8)
from M.J. Lee (1990).
6.6 Connection between Streaks and Shocklets

From the experimental results, a correlation between the
streaks and shocklets is obtained; the streaks are formed at the
~ lower regions of the free shear layer and break into small
structures near the upper region where the flow speed is
supersonic. These small structures should rotate in counter-
clockwise direction (due to the high shear stress). They should
then be ejected into the supersonic region, and due to the difference
in velocities, the strong compression is formed. The subsequent
process is indeed the process of generation of shocklets.

6.7 Suggestion
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The first hint that there may be some connection between
dynamical systems theory and turbulence was established by
Lorenz (1963). Ruelle & Takens (1971) proposed a model in
which turbulence would be a deterministic, chaotic regime
reached after a small number of bifurcations. A review by Hussain
(1986) concludes that while turbulent flows have infinite degree of
freedom, the motion of coherent structures, being large-scale and
organized, is likely to be low-dimensional. Aubry et al. (1988) and
Holmes (1989) showed that low dimensional methods might be
applied in concert with the proper orthogonal decomposition to the
study of a class of turbulent flows possessing coherent structures.
The instantaneous field in shear layer can be expanded in so-called
empirical eigenfunctions. The results of such an expansion allow
us to retain correct dynamical representation of the turbulence
production phenomenon and keep as few modes as possible in
order to obtain a low-dimensional system. A proper way to do that
is find the cutoff modes from the experimental measurement.

Our results now define regions in the free shear layer where
such measurements can be attempted, viz, regions with low
dimensionality and with low shocklet production frequency. The
Navier Stokes equation can be solved explicitly using the
procedures outlined in section 4,8; however, to do the complete
calculation for all derivatives and integrations at least 12
simultaneous measuring points in the free shear layer are
required. Furthermore, the separation between measuring should
be reduced ( to roughly 0.5 mm), - a difficult requirement.

Nonetheless, because of the potential importance for the
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development of theoretical models,Athe cutoff modes should indeed

be determined. -
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