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Abstract

INVESTIGATION OF TURBULENT STRUCTURES 
IN A SUPERSONIC FREE SHEAR LAYER

ty
Jiaryun Zhang 

Advisor: Professor Joseph A. Johnson m

The compressible, supersonic free shear layer is investigated 
experim entally  in  a Ludwieg tube-w ind-tunnel. A new
m easurem ent technique based on laser induced fluorescence 

(LIF) is developed, by which sim ultaneous, m ulti-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 a t 
inner layer are observed by both shadowgraph photograph and 

multi-point density measurements. The mean structure spacing, 
the spatial ra te  of changing and mean persistent time of the 
structures are determined. The spreading of the turbulent region 
of the shear layer is m easured 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 w ith our experim ental results. I t is 
concluded tha t eddy shocklet is a transient shock wave generated



from the in te rac tion  betw een the  convecting eddy and 
environm ental field which reduces the  scale of tu rb u len t 
structure, especially the spreading ra te  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 
w ith the streaky structures ejected from the lower layer is 
suggested with the strong compression between the structures, 
w ith slow convecting velocity, and the supersonic flow field 
generating the pressure field which forms the transien t shock 
wave. The dynam ical process of shocklet form ation and 
propagation are observed to be the apparen t 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 tu rbu len t shear flow in astrophysics, chemical 
reactions, supersonic combustion, drag and noise reduction. It is 
particu larly  necessary th a t  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).

M any flow v isualiza tion  experim ents and num erical 
simulations (Brown & Roshko 1974) have shown th a t 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 tha t large scale structures exist in 
supersonic sh ear layers. This evidence comes from the 
experiments of Ortwerth and Shine (1977) and Oertel (1979).

However, most of the research in  turbulen t structures has 

been done on low Mach number flows where compressibility does 
not play an im portant 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.
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For high Mach num ber flows, the situation  can be quite 
different. The Reynolds numbers usually are much higher and 
the tu rbu len t structures show much w eaker 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. A nother dynam ical 
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  m otivated to conduct experim ental 

research  aim ed a t  iden tify ing  th e  coheren t s tru c tu re s , 
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
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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 therm al 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 th a t there 
is a strong relationship between vorticity and shock waves; 
vorticity is created inside a curved shock wave through the 
in teraction  of fluid elem ents and the intensification of the 
compression in fluid elements. The generation of vorticity is an 
im portant mechanism in transport phenomena such as turbulent 
mixing and noise generation. In  high Mach number fluid flows, 
the com pressibility is effective in the formation of coherent 
structures (and their interactions) and the subsequent generation 
of tra n s ie n t 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 tha t 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 m anifestation  of hydrodynam ic in stab ilities. These
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instabilities are sensitive to initial and environmental conditions. 
In general the free shear flows or layers are formed a t 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 region (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 entrainm ent of 
the irrotational free stream  fluid into the boundary layer. The 
sm aller scale structures in  the inner region exist not only in 
boundary layer bu t in  tu rbu len t in ternal flows in pipes and 

channels as well. W ithin 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 tha t the burst structures were the major producers 
of Reynolds stress and turbulent kinetic energy in turbulent wall 
flows.
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Although streaks have been studied by many investigations 
using  d ifferent techniques (O ldaker & Tiederm an 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 th a t 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 m easurem ents 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 resu lt of the  currently  increasing  im portance 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 th a t 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 tha t the 
decrease in spreading ra te  is due to the associated change in
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density ratio across the shear layer. This possibility partially 
motivated the experiments of Brown and Roshko (1974). Their 
results showed th a t 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.

I t  was therefore concluded th a t com pressibility plays a 
uniquely im portant role in the evolution of the supersonic shear 
layer. In th is context, several experim ents were conducted 
(O rtwerth and Shine 1977, Demetriades and Brower 1982 and 
Chinzei et al. 1986) in the shear layer of mixing flow. In  such 
experiments a param eter, the so called convective Mach number, 
denotes the compressibility effect, which is defined as the Mach 
num ber in a frame of reference convecting with the real phase 

speed of the disturbance. It was found th a t the spreading rate of 
shear layer decreases as the convective Mach number increases.

As a param eter, the convective Mach num ber 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. Furtherm ore, the 

concept of convective Mach number or the definition in  common 
use is not adequate in single flow shear layers such as je t shear 
flow and shear flow generated by a flow passing a sharp corner.

A nother concept w hich d irec tly  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
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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 im portant role in decreasing of 
spreading rate as the flow speed increase. Since there has been 
g reat difficulty in experim ental detection, not many actual 
experim ental results on shocklets can be found. A numerical 
sim ulation analysis resu lt 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 m echanism s of eddy shocklets and to model the 
dynamical processes, it is necessary to have a diagnostic which 
provides a quantita tive evolution of eddy shocklet effects in 
turbulence.
1.4 Bursting Process in the Shear Layer

In the flow visualization studies of Earn, 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 th a t the burst process was the major producer of
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Reynolds stress and turbulen t kinetic energy in turbulent wall 
flow.

A keen interest in the nature of these structures has now been 
stim ulated and has led to numerous experimental investigations. 
In addition, some conceptual models of the bursting mechanisms 
have been proposed by Laufer (1975), Offen and Kline (1975) and 
P raturi and Brodkey (1978). However, the investigations of flows 
w ith 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 
dynam ical effects of such a process on the flow turbulence. 
Recently, a numerical simulation result by M.J.Lee (1990) shows 
th a t in a high shear rate  layer without the existence of wall ,the 
streaky structure still can be formed; he also found th a t th is 
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 th a t if  there is 
connection betw een the  b u rs t process and eddy shocklet 
generation.

1.5 M easurement Technique
Much current activity in high-speed turbulent free shear flow 

is aimed at: quantitative m easures 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 fundam ental properties of
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turbulence have been lim ited by the  lack of experim ental 
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 m easurem ents on tu rbu len t structures have largely 
relied on hot wire or hot film probes in low Mach number flows, 
and on laser Doppler anemometer and Sehlieren photography in 
high Mach num ber 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 m easurem ent 
technique using LIF which allows us to take simultaneous multi­
point local density and velocity m easurem ents. No particulate 
additives are required. The use of LIF affords direct assess to 
intrinsic variations in the flow properties.
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n  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 
in te rm itten t surface. W ithin the in te rm itten t surface, the 
turbulence is roughly homogeneous in  scale and tu rbu len t 
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  th a t in transverse direction, and the rate of change of 
flow param eters along the stream direction is much smaller than 
th a t in transverse direction. Therefore the mean value equations 
can be simplified by using a boundary layer approximation, similar 
to th a t introduced by Prandtl for lam inar boundary layer flow a t 
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 p a rt 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 th an  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.



The equation of motion of the free shear layer for the y 
component can be written as

For large Reynolds numbers, the equation can be approximated as 

d v 2 d v w  _  _  d P
d y  d z  ~  d y  ( 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, y, z respectively. P is the pressure inside the shear layer.

Define the mean flow velocity and pressure ju s t outside the 
shear flow as U i, and P i. For irrotational ambient flow we have

Making use of (2.1.3) the equation of x component of mean 
velocity can be expressed as

(2 . 1.1)

(2.1.3)

d2U ^ d 2U,
^  (2.1.4)

If y is in  the direction of maximum transverse gradient the 
approximation can be expressed as
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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 paralle l to xy. The in tegration  of the 
approximation equation (2.1.5) over the whole section leads to

^  IIU( U- Ut ) d y d z  + ^ x  ||([/-U , )dy dz  + A  J |(? _  7 ) d y dz  = 0

(2 .1.6)

2.2 Shear flow param eters

In the free shear layer, the transverse distribution of mean 
velocity and other m ean quan tities  change w ith distance 
downstream. It is often assumed, however, th a t the distributions 
re ta in  the  sam e functional forms, m erely changing th e ir  
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 = Ul +u0 f ( y / l 0)

^2 = ^ 8 i ( y l l 0)

where is the velocity in  the free stream, u 0 is the scale of mean 
velocity variation, q0 is the scale of the turbulent velocity, and 10 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

(2 .2 .1)

(2 .2 .2)

(2.2.3)
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the whole flow. By substituting the distribution functions into the 
equation (2 .1 .6 ) the momentum integral becomes

( 2 a  + 1  ) ^ H A ( /  + ^ l /  ) +  a ^ ^ - L  = 0
x - x 0 1 Ux 2/ jc-jc0 1

+ oo
where /„ = J (f(V))ndr1 n = yllQ

(2.2.4)

(2.2.5)

/ ,+ Q fr /q ) / ,
3 lxH u J U x)l2

and the conditions for the shear flow are

— =  constant m0 a*

The equation of momentum integral becomes

(2 .2 .6 )

(2.2.7)

dx

+ o o H-oo

+i n t u° li> J / < T7>cfn = o
(2 .2 .8)

showing th a t

I , U ? u J „  =  constant = t/,2 J(tf-E/,Ry
(2.2.9)

For shear layer (jc-jc0)a the solutions of equation (2.2.7)

and (2.2.9) are

jb- oc (x -X 0)_1/2(1+3a), /0 oc ( x - x 0)1/2(1_3a)
(2 .2 .10)



1 4

For a given velocity distribution U = Uj + u 0 f  (r|) the stress 

distribution can be found from

For flow symmetric about xy plane, the stress distribution is

_ (!-* )£ /, dl  
812 (1 - 3 a ) u 0 d x Knj>

for uo / U i is small and

o' -  ^  a ^U\ dlQ()r+yf ' )  
812 ( l - 3 a ) u 0 d x U  nT>

for Uo / U i is not small

The entrainm ent param eter is defined as

dln
un d xUq

( 2 .2 .11)

The eddy viscosity param eter is defined as

R ; ' = p a - a ) / a - 3 a ) ( 2 .2 .12)



if I Uo I / U i is small, and that

*;if - 1

if I Uo I / U i is not small.
=  (<1+ 1 ) 0
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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 
in itia l structu re  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 num ber), 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, le t the unit 

normal and tangent vectors be n  and 1, the radius of curvature be a 
and the angle of attack be 0 ; the density, pressure, the normal and 
tangential components of velocity ahead of the shock be p, p, un 
and ui, and the corresponding ones behind the shock be p', p', u 'n, 
and u'i, respectively. Then the jump conditions between these field 

quantities are
■= _ ( r ± l ) <  p

F ( r - \ ) M * + 2 y
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_ , _ 2yM 2 - ( y - l )  
F y + 1

u [=ul

where

Afj = cos 6
v r/>

is the shock Mach number defined by the ratio of the relative 
velocity normal to the shock and the sound speed ahead of the 
shock. The spatial derivatives of the jum p conditions can be 
obtained by tak ing  the  norm al and tangen tia l derivatives 
respectively.

dp' _  4(r+l)M ?tanfl Q 
dl  a [ ( y - l )  Af2+2]2

dp'  _  4 r  M2tan0 
dl  <J(7+1) P

[ ( r - l )M ? -2 ] ta n f l  
dl  a (y + l )M 2 ^

_ M-
<9/ a

<?p'_ 2 m ? r 1 , ( r+ l ) [3 ( r - l )M ? -( r -3 )M ? + 2 (y + 2 )1  2ff1
a[(y-l)Af2+2 (M2- l ) [ ( y - l ) M 2+2] JP
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d£ = 2 yM? 2 y M ? - ( r - l ) , 2(2y-l)M? +(y+5)Af?-(y-l)  2
<?n a (y + l)  (7+1) M2 (M2- l ) [ ( 7 - l ) M 2+2] IP

d u \ _  2 r2y M ?-(y - l )  3M?+1 2 „.
dn a(y+l )  ( 7 + 1  )MS2 M2- l  J "

_ 2 [ (- r+ 3 )M ?-(7+5)] tang 
5/ a (7 +l)[(7 - l )M 2 +2 ]

w here
1a = -

d d / d l

The vorticity generated behind the shock wave can be obtained 
from the jump conditions and the spatial derivatives of velocity as

(O' =  ^ U l +—L - ^ u'
dn a dl

4(jtf2 - l ) 2sin9 | | 
a ( 7 +l)M 2[(7 - l ) M 2+2 ]

2.4 Turbulence Production at High Shear Rates

In  flow visualization studies for tu rbu len t boundary layers 
(Kline e t al. 1967), i t  was established th a t an  im portan t 
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 p a rt of the Reynolds stress and 
turbulent energy production.
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Recently numerical simulation results (M.J. Lee et al. 1990)

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 dynam ical processes during  which m ost of turbulence 
production occurs.

These results have provided a strong im petus for fu rther 
studies aimed a t 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 
ind icate  the  n a tu re  of the  s treak y  s tru c tu res: (i) high 
concentrations of tu rbu len t kinetic energy in the stream wise 
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*.

show th a t the high shear rate alone is sufficient for generation of

K* = 2u2
(2.4.1)

v2 + w 2

(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. Lx and Lz 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 th a t are each quarter-circle arcs 
of 2-ft radius w ith 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 th a t changes from 6 -in.-diam circular cross section to a 3.6- 
in. x 3.6-in. square a t 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 tim e 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% N2  and 
2 % NO2  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 a t 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 a t 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 num ber by changing the starting  pressure, P4 , in the 
high pressure section from 1 0 6  to 1 0 8  in free stream  unit Reynolds 
number. Figure 3.1.4 shows the relationship between Reynolds 
number and the angles which characterize the shear flow.
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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 th a t the back pressure 
around the outlet of the nozzle is less than the pressure of the flow 
a t 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 a t 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 th a t the back pressure is 
more than the pressure of the flow a t 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 num ber 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 tha t the back pressure around the outlet of 
the nozzle is the same as the pressure of the flow a t 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 th a t of the initial flow. This is the state tha t 
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 a t 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 i. However, the initial low pressure is not the 

same as the back pressure around the outlet of the nozzle. The 
reason is tha t the test section is behind a normal shock wave which 
is formed in the initial low pressure section of the Ludwieg tube 
and m ust move downstream.
3.3 F lat 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 P 4  to filling low pressure P i. In such a situation, the 

environmental pressure is equal to the static pressure of the flow a t 
the outlet section of the nozzle. The pressure sensors which are 

used to measure the filling high pressure and low pressure must be 

precise 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 m easurem ent is 0.05 psi (2.6 
torr). The accuracy for low pressure measurem ent 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 Pi=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 a t the outlet of the 
nozzle. Thirteen shadowgraphs with the flat wakes were taken 
under such a condition. For example, when Pi=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 m easurem ents, since the high 
pressure section is filled by an admixture of 2 % N 02 and 98% N2 
the high pressure and low pressure which can give flat free shear 
layer become P4  = 51.84 psi, and P i = 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  te s t section when M=2.04, for example, the  static  
tem p era tu re  T of the  flow is much lower th a t  the  to tal 

tem perature to of the flow, T/To=0.5458; when the tem perature of 
the laboratory is 298° K, then T=163° K. At such a temperature, 
w ater vapor in the flow will be condensed so th a t the static 
pressure of the flow will be decreased. The balance between 
pressure of the flow and th a t of the environment can be destroyed. 
Therefore, we m ust 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 th a t 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 a t the 
microphone downstream located near the diaphragm, the head of 
the expansion waves arrives a t some position A upstream  relative 
to the diaphragm. The distance between position A and the Pitot 
gauge position B is tha t AB=48.5 cm. The period in which the head 
of the expansion waves moves from A to B should be:

AB 48.5 cm „ 
a = 34.6 cm/ms = 1 4 0  ms

It is the same as the times measured by the Pitot gauge.
After the first 1.4 ms, the total pressure m easured 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 a t 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 

pressure (P0=P+ ^ pV2) in the nozzle constant. Therefore, a t any

moment, the total pressure a t the outlet of the Pitot gauge is also
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lower than th a t 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 P itot gauge decreases 
after a time lag with respect to gas a t 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  th a t in the Pitot gauge so th a t a part of the gas in 
the nozzle will go into the P itot gauge. T hat 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 a t 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 th a t 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 a t 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 
w ithin  the  subsonic region of the boundary layer can be 
determined.

When the P itot 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 
m easured 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 th a t 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 a t 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 m ust sweep 
over the location of the gauge. This shock wave can still influence 
the pressure value in the subsonic region owing 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 tha t 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 th a t the boundary layer is being formed 
during th a t 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 tha t 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 signals 
from the test region is shown in Fig. 3.5.1. A laser light beam from
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an argon ion laser a t 488.0 nm wave length is split into three 
beams with the same diam eter 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 th a t three 
dimensional velocity components can be obtained. The separation 
between the m easuring 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 measurem ent 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 N 02 spectrum extends from 800 nm to near 

400 nm and this entire 400 nm region contains a very high density 
of lines. W ithin the range 570 nm to 670 nm the spectrum is 
mainly the vibronic bands (Richard E. Smally, 1975). In  our 
m easurem ent, the NO2  molecules, which are mixed with N 2 , 

provide a ta rg e t 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 em itted by NO2
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molecules depends on the density of the NO2  molecules in the flow 
and the intensity of incident laser beam. The intensity signals 
collected by the photomultiplier tubes represent the local density of 
NO2  molecules which is mixed with N2  as the flow gas. Therefore, 
the density or density fluctuation of NO2  represent the flow density 
or density fluctuation.

For a certain percentage of NO2  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 results of data fitting show th a t the function is an 
exponential, i.e., the in tensity  of em itted fluorescence decays 
exponentially as the density of NO2  increases. The fact th a t the 
in tensity  of fluorescence decreases when the density of NO2  

increases can be explained by the interactions between the NO2 

molecules. The NO2  molecule is excited to a higher energy level by 
incident laser light; if it interacts w ith another NO2  molecule 

before falling back to a lower energy level and rad ia ting  

fluorescence light, it  can transfer energy to another molecule. 
Therefore, the higher concentration of NO2  molecules, the larger 
the number of interactions of NO2  molecules, and the greater the 

likelihood th a t 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 NO2 , the calibration is shifted but the functional 

relation between in tensity  of fluorescence and the density is 
unchanged.
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Figure 3.6.4 shows th a t the intensity of fluorescence is also the 
function of the power of incident laser beam. When the laser 
output power increases, the em itted fluorescence in tensity  
increases. There is a bending point of laser power, Pq; for P<Pq the 

relation between the intensity of fluorescence and the laser power 
is linear; for P>Po the relation is not longer linear and it shows a 
saturation behavior. For a different density of NO2 , the intensity 
of fluorescence is different and the bending point, Pq, is also 
different. The higher the density of NO2 , the smaller the value of 
Pq. This feature is showing in Fig. 3.6.3. I t is obvious th a t in  our 

experiments the intensity of incident laser beam should rem ain 
within the linear range.

For multi-channel measurements, extra care is taken in the 
calibrations. For different channels, the intensity a t focusing point 
of the laser beam  can hard ly  be exactly the same, and the 
sensitivities of the photomultiplier tubes are also slightly different. 

Therefore, it  is necessary th a t 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 tim e history fluctuation signals give the 

turbulent fluctuations in the free shear flow a t 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 NO2  gas is mixed the N2  gas as the flow gas, the local point 
density fluctuation of NO2  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 Fig. 3.6.3, is illustrated in Fig. 3.6.5.
3.7 Velocity Calculation

The m ean flow a t the exit region of the nozzle can be 
considered as one dimensional flow. For such moving flow the 
energy balance equation is

<7+Pi V, -  P2 v2 =  ( e2 + |.<4 ) -  ('h + jU ? )

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 NO2  is 
low, the gas of flow still can be considered as an ideal gas, then

where h = h ( T )

If the experimental tem perature T and pressure p satisfy

Tc «  T «  #v 

P «  Pc
the energy equation can be written as

h 2+2 U2

CpT+ i«2 =CpTQ ( 1 )
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Together with the sound speed equation we can rewrite the 
equation ( 1 )

£,,=rsr

or

2  / - I  / - I

P  z ( 2 )

For isentropic flow the local frozen value p0 equals the initial 

frozen value. When the the density, p, is m easured from the 
experiment, the free stream  velocity can be calculated from above 
equations.

For turbu len t shear layers, the 3 - dimensional situation 
should be considered. If  the Reynolds num ber is high and the 
measuring time is short ( in our case the Reynolds number is in 

108, and the sample tim e of m easurem ent is 500 ns), we can 
consider the flow is inviscid and nonconducting. The energy 
equation in such flow is

P fu i+ P < ? - ^ - ( pui) = 4 ( P e + 2 P u2)+-£-[(pe+±pu2 )Uj]
' i (3.7.3)
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where f. is external force per unit mass. 

By using the Eulerian derivative

Dt dt k dxk

the energy equation can be written in two parts

p -§i(h 2)=~ u- j i + p f ‘ u‘

De . D A .

(3.7.4)

Dt Dt P ’  (3.7.5)
The total enthalpy is 

For ideal gas
h + ^ u 2 = C p T + ^ u 2

the first and second term s in the total enthalpy equation can be 
consider zero. Then

- ^ • ( c . r + i« 2 )= i-4 £
Dt 2 p l h  (3.7.6)

From the above equations and the isentropy relation
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Po Po *0

we get the equation from which the three component of velocities 
can be calculated.

c p^ + [ c pt0(— y ~  - L \ Ui£2-= -itE-
dt Pq y  p  dXj p  dt  (3.7.7)

From the  isentropy relation  the  pressure, p, and the 
tem perature , T, can be calculated when the density, p, is  
measured. Since the multi-point measurements are set such th a t 
three dimensional local density histories are obtained, the time and 
space derivatives of density, pressure, and tem perature can be 
calculated from m easured quantities. Specifically, the  x 
com ponent of N avier-S tokes equation  in  inviscid  and 
nonconducting flow is

dt 1 dxl 1 dx0 5 <7JC3 p  d JCj ^  rj

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

The flow in our free shear layer is predom inantly 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 a t 
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; a t 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 a t 2.5 
cm downstream from the nozzle’s lip and a t 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 a t the O utlet of the 

Nozzle of Ludwieg Tube during the Measuring Time 
The stagnation pressure of the flow a t the outlet section of the 

nozzle during the measuring time is Pq=F4  and the stagnation 

tem perature of the flow a t the outlet section of the nozzle during 
the m easuring tim e To=T4 =Ta . The density, velocity, and 

Reynolds number in the free shear layer can be written as

where R = 8.31 J  m ol1 K 1, R' = 2.841 atm  cm3 Kg'1



1VD-

3 8

£ V

= 0.3293x107 {(P4  (1 M2) -y  (7‘1)

M A  /    -{Ta(l + ^ M 2 ) -1 + 110.6]) cm-1
\ J  T a a a + ^ ^ ' 1  22 M2)

Generally, Rg/ D = Re/ D ( P4 , Ta, M) and M = M(A*/ AoUtiet)- 

Therefore,
Re / D = Eg / D (P4, Ta A*/ A ^ t )

w here
A* M

A outlet l M 2 )3r-H/2(y- l )



a\
co

A/D computer

Photo
tubes optical controller

jB LiS u jSS u S i.

Q ^
vacuum

optical Laser
Gauge

NO

Fi
g.

 3
.1.

1 
Sc

he
m

at
ic

 
of 

the
 

Lu
dw

ie
g 

tu
be

-w
in

d-
tu

nn
el



4 0
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Fig. 3.1.2 Schematic of the free shear layer a t the outlet 
region of nozzle and meassuring alignments.
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Fig. 3.2.1 Shadowgraph picture of nozzle outlet flow 
with flow pressure larger than back pressure Pf > P*,.



Fig. 3.2.2 Shadowgraph picture of nozzle outlet flow 
with flow pressure equal to back pressure Pf = P*,.



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

m easurem ents
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Fig. 3.7.2 Streamwise velocity at x = 1.0 cm downstream from the
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3.0 mm, 1.5 mm, 0.0 mm, -1.5 mm, -3.0 mm, and -4.5 mm.
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Fig. 3.7.3 Streamwise velocity at x = 1.5 cm downstream from the
nozzle’s lip. Va, Vb, Vc, Vd, Ve, Vf and Vg correspond to Y = 4.5 mm,
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Fig. 3.7.4 Streamwise velocity at x = 2.0 cm downstream from the
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Fig. 3.7.5 Streamwise velocity at x = 2.5 cm downstream from the
nozzle's lip. Va, Vb, Vc, 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.



Ve
loc

ity
 

(m
/s

)

5 8

600

500-

400 -

300-

200  -

100 -

I I I I | I1 I I I |  I l f - p - j i i i

0 100 200 300 400 500
Time

Va

Vb

Vc

Vd

Ve

Vf

vg

Fig. 3.7.6 Streamwise velocity at x = 3.0 cm downstream from the
nozzle’s lip. Va, Vb, Vc, 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.



Ve
loc

ity
 

(m
/s

)

5 9

600

500

400

300 -

200  -

100 -

“I 1— p ^ — r — T" T"

100 200 300 400 500
Time

Fig. 3.7.7 Streamwise velocity at x = 3.5 cm downstream from the
nozzle's lip. Va, Vb, Vc, 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.



V 
(m

/s
)

6 0

60-

55-

50-

45-

y=3.0mm
y=1.5mm

35-

200
Time ( ps )

300100 400 500

Fig. 3.7.8 The transverse velocity histories at 2.5 cm 
downstream from the nozzle's lip and different y locations



y 
(m

m
)

61

600 m/s

4 4 + + 4 4

4 4 4 + 4 4

4 4 4 4 4 4

+ 4 4 4 4 4

4 4 4* 4 4 4

4 4 4 4 4 4

h 4- + 4 4

10 15 20 i
i i r""i

>5 30 35 40
x (mm)

4-

2 -

0 -

- 2 -

-4-

Fig. 3.7.9 Spatial development of transverse profiles of the 
mean streamwise velocity.



6 2

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 s tru c tu re s  are sp a tia l and  tem poral; 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 m easurem ents a t 2.5 cm and 3.0 cm 
downstream from the nozzle's lip. Six m easuring 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 a t different location for the same run  
condition. For lower values of y where the shear layer has a 

sm aller velocity and a sm aller shear rate , the structures have 
large size and have low fluctuation frequency. As y 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  tim e 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 a t x = 25 mm and y = 1.5 mm. The rate of 
spatial change is defined as d l l  d y ,  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 tha t the origin is a t the nozzle's lip. The 
x axis is in the stream wise direction and y is in  transverse 
direction. The y=0 plane is a t 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 a t the center of the shear layer; 
however, fu rther downstream the tu rbu len t in tensity  spreads 
along the y direction and splits. This means th a t a t 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 m easurem ents 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 sm aller than  the speed of
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local flow; (b) when the speed of shocklets is larger than the speed 
of local flow. B ut our resu lts show th a t only the shocklets 
associated with the speed less than  local speed exist(i.e. type (a) 
above). This means th a t 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 m ight form the 
shocklets by the type (b) process.

We found th a t the shocklet Mach angle associated w ith the 
motion of shocklets in the shear layer has a sensitivity to changes 
in  Reynolds number. This strongly suggests th a t 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 Vs = 
Ms a, where a is the local speed of sound in the supersonic free 
stream, and the Mach number of shocklets, Ms = ( sin 0  )"* .

Typical shocklet profiles are showing in Figures 4.2.1 and 

4.2.2. In those figures the density measurements are taken a t the 
spatial position 2 . 0  cm downstream  from the nozzle's lip, a t 
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 th a t for the same run 
condition and the same m easuring location the shocklets show up 

a t 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 th a t 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 tim es, the 
shocklets have higher concentration than  other times. This means 
th a t several shocklets are generated within a small time range, 
ra ther 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 th a t 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 m easurem ent 
resu lts show th a t the shocklets have a localized spatial and 
directional distribution which varies w ith spatial position and 
angular direction. Figure 4.3.1 shows th a t the mean frequency of 
shocklets varies with the angle 0 , 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 th a t within a 
certa in  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 a t about 38 degrees, which is about 422 m/s. 
Figure 4.3.1 also shows th a t the angular distribution varies a t 
different streamwise locations. Near 28 degrees the distribution is 
increases sharply and then decreases relatively slowly a t 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 a t 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 stream wise locations, the m ean production 
frequency is also quite different.
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The trend th a t the shocklets concentrate near the upper edge 
of the shear layer suggests th a t 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 m ean apparent frequency 
sharply increases a t 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 a t three different 
run conditions, where R2 is with Reynolds number 7.6 x 106, R2 =

2.3 x IQ6 and R3 = 7.1 x 105. The Reynolds numbers are based on 

the free stream  flow a t the outlet of the nozzle. The mean 
frequency d istribu tion  increases as the  Reynolds num ber 
increases. At higher Reynolds num ber 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 th a t it reveals the periodic properties of the evolution 
of fluctuations in the system. One defines the Fourier transform of 
a d iscrete tim e series xj to be the  operation creating  a 
corresponding discrete series xk such that:

f r \  1  ^  / • 2lt Jk \
Xk = V n ^ i  Xj ~ N ~
k =  1 , N
i = pure imaginary

fk = k A f = k , tm ax = N A t. 
i>m ax

For convenience we have taken At as the unit of time.
The graph representing I xk 12 as a function of the frequency

f  is called the power spectrum. The area under each peak in the 
spectrum  is proportional to the streng th  of th a t mode. The 
spectrum of turbulence indicate th a t in the turbulen t state, the 
power spectra falls off as f n , where n can be obtained from the 
slope of the plot of log I xk 12 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 I xk 12 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), perm its 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 w hat extent different signals are related. Autocorrelation 
function measures the correlation between subsequent signals. It 
rem ains 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, e t al. 1981). The 

correlation C(x) between the values of x a t two different times is 
called the autocorrelation. It is defined as

where <x(t)x(t+x)> = lim bT-!>oo 1

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

T
dt x(t)x(t+x) in a continuous case,

0

and <x(t)x(t+x)> = ^  ^Xj+Xxj for discrete signals. The Wiener-

Khinchin theorem  sta tes  th a t the autocorrelation function is 
merely the Fourier transform  of the power spectrum  of the 
quantity of interest:

1 a  . .  ̂ 2 irrk
-)<x(t)x(t+x)> = J  I Xk 12 cos

n k=l n
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where the Fourier transform has been defined above.

From the autocorrelation profile, two characterizing time 
param eters are determined. A characterizing correlation time xc

f tzis calculated from xc= C(x)dx, where tz is the value of x for
Jo

which C(x) first becomes zero.
A small correlation time Xs is generally considered a measure 

of the dimensions of the smallest structure or the lifetime of the 
most rapidly decaying structure. I t is defined by the curvature of 
the autocorrelation coefficient a t the origin:

d2C/dx2 1 T=0 = -2 /xs2

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

C(x) ~l-x2/xs2

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 a t 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 tha t after the shocklet, part of the turbulent
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energy is transferee! 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 °c arn, 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 1.7910.06.

Figures 4.4.2 and 4.4.3 show the variation of correlation time 
along streamwise direction and a t different transverse locations. 
The large correlation time plot shows th a t 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  a, 
where the a  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=Q 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 a t different streamwise 
locations, the thickness of the boundary is quite different. For the 
boundary close to the nozzle's lip (x < 1 0  ) 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 entrainm ent effect in the third 
part, x> 25 mm, the flow in the shear layer is quite mixed with tha t 
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 a t the outlet of the 
nozzle as shown in F igure 3.2.1 to 3.2.3. From  shocklet 
m easurem ents, the properties of these three sta tes  are quite 
different. For Pf > Pb situation , the  shocklet has broadest 
distribution in x and the highest apparent frequency; when Pf < Pb 
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 a t various streamwise location for Pf 
> Pb, Pf = Pb and Pf < Pb- Shocklets seem to break the structures 
into smaller sizes thereby reducing the spreading rate. For the Pf 
< Pb 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



7 3

spreading rate has much higher value than  th a t in  the Pf > 
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 
tu rbu len t 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, bu t the 
s tran g e -a ttrac to r theory  postu la tes th a t  th e re  are  fin ite­
dimensional attractors th a t represent the asymptotic dynamical 
behavior of the fluid. One can present projections of these 
attractors onto phase spaces of low dimension th a t correspond to 
experim ental m easurem ents. From a tim e-delay approach 
(Ruelle 1971), a single time series x(t) can be converted into a 
multiple time series jc(r)=[jc0(r),(r),...,jc„_x(r)] by selecting a delay t  and 

defining xk(t)=x(t+kT).

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

finding a point of the attractor in cube i is R = lim —, where is the

number of points in this cube. The Hausdorff dimension is defined 
as

(M(i) \

i  = 0
log

D^lim 1 /= 0 ,1,2 ,...
'-*0/ - !  log/
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M ( l )

l° g (£ A 2)
£>, =lim- <=o

;-*o log /
< D 0 = -u

'-*0 log/

where D2 provides the lower bound of HausdorfF dimension. D2 

can be computed by the correlation integral.

/-*0 log /

where C(l) is correlation integral function defined by

i)
X i - X j

where 0 [/- xi-xj ] is the Heaviside function.

The results of our D2  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 a t 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 a t x = 3.5 cm than tha t a t 0.5 cm.

This means tha t the shear layer detaching a t the nozzle lip has 
a more complicated structure than  th a t near the nozzle lip. When 
the  shear layer detaches before it  becomes fully developed 
turbulence, i t  goes through a transition  process forming a



transition region. Although the flow in the transition region should 
not be lam inar under our supersonic conditions, it has a relatively 
simple structure. At th is region, if we neglected the structures 
coming from the boundary layer of the nozzle wall, the instability 
is still a t an early stage, the structures formed due to the instability 
waves are quite ordered, i.e. the structures have a relatively higher 
o rder of coherence. W hen th ese  s tru c tu re s  convected 
downstream, they break up due to the entrainm ent motion and 
interaction with other structures. Therefore, a t 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 th a t a t the upper region 
system has higher dimension. As it is shown in section 4.1 a t the 
lower layer the flow speed is subsonic, structures have relative 
larger size and the motion is relatively simple. However, a t the 
upper layer region the  flow speed is supersonic; a strong 
interm ittent effect is causing fluctuations in density, pressure and 

velocity, and the shocklet generated in this region also interacts 
w ith those structures. All those processes and effects make the 
flow extremely complicated.

The resu lts  of fracta l dim ension evolution a t 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 a t y = 4.5 mm, y = 3.0 mm, y= 1.5 mm, and y = 
0.0 mm. The run  conditions for these m easurem ents were the 
same. For each measurements seven channels were used a t seven 
m easuring points along the stream wise direction. The results



show th a t a t a certain value Xc, which is 1.8 ± 0.4 cm 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 th a t 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 param eter, 8 *, called shear rate  parameter. I t is 
defined as

where 1 is a length scale for 'energy-containing' eddies, q = u~ui * 

is a turbulent velocity scale and S is assumed to be a function of y 
only. Based oh the velocity measurements shown in Figures 3.7.2, 
3.7.4, 3.7.6 and 3.7.8, the shear rate param eter is calculated along 
the transverse direction a t different stream wise locations and 
shown in Figure 4.7.1. The eddy scale used in th a t calculation is 
from the density measurements of large scale structures along the 
transverse  direction. Since large eddies contain the m ain 

tu rb u len t energy, as confirmed by procedures used for the 
detection of the streaky structures, it was shown by others th a t 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 
param eter. The energy partition param eter, K*, in  equation
(2.4.1) is calculated based on the two dimensional shear flow 
approximation. The average value of tha t is 9.2 ± 1.6 a t x = 1.0 cm, 
and 6.7 ± 0.7 a t x = 3.0 cm.

Figure 4.7.2 shows the contour plot of streaky structures along 
the transverse direction and a t different stream wise locations. 
The plot shows th a t 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 th a t the burst 
or ejection process was responsible for a major proportion of the 
Reynolds stress production. It naturally follows th a t 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 approxim ation 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

d U  „ d U  „Td U  d u v  d u w  1 d P  TT dU, , d 2U d 2U ,_ _  + V — —  +  w —— + ——  + ——  = ------ Z— + U , — L + v ( — r
d x  d y  d z  d y  d z  p  d x  d x  d y  d z

(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 treatm ent, 
equation (4.8.1) becomes

When we calculate the velocity in shear flow which is not 
concerned w ith 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

where the integration is over the transverse direction across the 
shear layer, and yx and y2 can set the transverse position values of

the edges of the shear layer. For convenience, the coordinates can 
be set such th a t y 1 is the origin of the coordinate. Substituting

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

d x  d y  d y  p  d x  1 d x (4.8.2)

(4.8.3)

where h  is the width of the shear layer, Uj is the free stream  flow 
velocity, Um is the mean streamwise velocity of the shear flow, and
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P is the m ean pressure in  shear layer. When tak ing  the 
m easurem ents, the free shear layers were forced to be flat. 
Therefore, the pressure, P, is only function of x. The free stream  
velocity Uj is ju st 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 param eter is defined as

h M
W  (4.8.5)

where p0 is the density a t initial state. Figures 4.8.1 to 4.8.6 show 

the burst measurements a t different streamwise locations. Near 
the nozzle lip where the shear flow has higher shear rate, the 
density m easurem ents show more th in  peaks; further from the 
nozzle's lip the peaks are grouped. This phenomenon means th a t 
a t 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 ra te  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.



f(
K

H
z)

8 7

1 .6 ^

1-47

1.2 -

1 ^

0 .8 ^

0 .6 ^

0.4-̂

0.2 -

*

n

*

+
oU

*
+

• x=15mm
* x=20 mm
+ x=25 mm
o x=30 mm
n x=35 mm

*

*

T-TT - p r  I I I | I I T -'l ~ l I ' I 7 -T "T T WTI I I I

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 
(K

Hz
)

8 8

2.4 

2 

1.6 

1.2 

0.8 

0.4 

0

-6 -4 -2 0 2 4 6
y (mm)

- • x=15mm
- * x=20mm

- 4- x=25mm
- o x=30mm

- *£ x=35 mm

£
|  *
u

 i i® ■]' i i i | i i

8
$

r  |" i "i ■ i | i i i I n  i i

Fig. 4.3.2 The mean frequency distribution of shocklets
along the transverse location.



f 
(K

Hz
)

89

8-i

7-

6 r

5-_

4-i

3-i

2 -i 

1 -j 

0

&

*

a

10

*
*

a u

i i 111 i i i I i11 i i I i i i i i i i i i
15 20 25 30 35
X (mm)

Fig. 4.3.3 The mean frequency distribution of shocklets
along the streamwise locations.



P(
W

) 
P(

w
)

9 0

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

0.5 2.5
w

(a) before the shocklet

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

0.5 2.5
w

(b) after the shocklet

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



C
ps

)

9 1

y=3.0 mm

n y=1.5mm

p  80-

—i i |—i—i i i

10 15 20 25 30 35 40
X (mm)

Fig. 4.4.2 The variation of large correlation times a t 
different y along the streamwise direction.



9 2

0.006

0.005  ̂

0.004- 

p  0.003- 

0.002  ̂

0.001 -

B

b

• y=4.5 mm 

b y=1.5mm

B

0
i i i i i i 

10 15 20 25 30
X (mm)

[' i I i i | i i i—r-
35

Fig. 4.4.3 The variation of small correlation times a t 
different y along streamwise locations.



f 
(k

H
z)

9 3

8 -

1-

6-_

5-

4-j

3^

2-j 

1-  

0

s  Pf > Pb 

* Pf = Pb 

« Pf <Pb

T
10 15 20 25

x (mm)
30 35

Fig. 4.5.1 The distribution of shocklet for different flow 
pressure, Pf, and the pressure a t the outlet of the nozzle,

pb-



9 4

y = 0.60208 + 0.10851x + 1.5833e-3xA2 RA2 = 0.993

E
E

>»

-5 -

- 1.9875 + 6.0357e-2x - 5.0714e-3xA2 RA2 = 0.993

-10
10 200 3 0 4 0

x ( mm )

Fig. 4.5.2 The extent of the free shear layer at various
streamwise locations for Pf > Pb.



9 5

6

y = 0.93542 + 4.1667e-4x + 3.2024e-3xA2 RA2 = 0.9!

4

2

0

-2

- 1.1417 + 6.9048e-3x - 2.0952e-3xA2 RA2 = 0.9I

-4
10 20 3 00 4 0

x ( mm )

Fig. 4.5.3 The extent of the free shear layer at various
streamwise locations for Pf < Pb.



( m
m 

)

96

= 0.97083 + 7.5119e-2x + 2.2619e-3xA2 RA2 = 0.998

>.

- 2 -

- 1.1854 + 4.5893e-2x - 3.3690e-3xA2 RA2 = g.

200 1 0 30 40

x ( mm )

Fig. 4.5.4 The extent of the free shear layer at various
streamwise locations for Pf = Pb.



d 
(m

m
)

9 7

14

12

10

8 -

6 -

4-

2 -

.  Pf > Pb 

* Pf=Pb 

a  Pf < Pb

0

i | ri" i i | j i i i ■■) i i i t 1 | i i I1" i | i i i i | i i i i
10 15 20 25 30 35 40

X ( mm)

Fig. 4.5.5 Spatial evolutions of the shear layer width for 
different flow pressure P f and back pressure P^.



98

3 -

2.5:

2 :

1>5i
1 :

o.s:

B

n x = 5 mm 

• x = 35 mm

1 1 1 1 1 1 1 1 1 1 1 ~t..... 1 | 1 1 1 1 |  1 1 1

-4 -2 0 2 4 6
y ( mm)

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



99

3.5-

3- n in

2.5- H i* ̂ X
♦ T  T

i

2 - • • •* n
* ■ i

1.5- ♦
+ y = 4.5 mm

1- b y = 3.0 mm

* y = 1.5
0.5-

0
• y = 0.0

1 1 1  1 1 "1 " I 1 1 1 1 1 1 1 1

C 5 10 15 20 25 30 3
X ( mm)

Fig. 4.6.2 The fractal dimension variation at differenty
along the streamwise direction.



Fig. 4.7.1 Contour plot of streaky structures a t different 
transverse locations along the streamwise direction.
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Fig. 4.8.1 Evolution of bursts at y = 1.5 mm and 1.0 cm
downstream from the nozzle's lip.
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Fig. 4.8.2 Evolution of bursts at y = 1.5 mm and 1.5 cm
downstream from the nozzle's lip.
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Fig. 4.8.5 Evolution of bursts at y = 1.5 mm and 3.0 cm
downstream from the nozzle's lip.
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Fig. 4.8.6 Evolution of bursts at y = 1.5 mm and 3.5 cm
downstream from the nozzle's lip.
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V. Analytical Modeling of the Eddy Shocklet
5.1 The transient shock waves generation

To model the shocklet process, we can consider th a t the vortex 
structures or eddies are rigid. Their shapes or boundaries will not 
change du ring  the  in te rac tion  betw een the  eddies and 
environmental field. The interaction is generally not strong. The 
transien t shocks produced from the interactions are relatively 
weak shock waves. Therefore, it will be assumed th a t the effects of 
gas dissociation and relaxation phenomena can be neglected. We 
also consider tha t 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 = R p T

I O p + c ^  = o 
p  Dt  d x t

(5.1.1)

(5.1.2)

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

P
d p
d p Js Dt  p

i£
d s Dt  dX: (5.1.3)

From the second law of thermodynamics



where Cv is the specific heat a t constant volume. Therefore

dp. T
dT

\ sp/ t
dp
d T

= - p - 1(Cv+/?)

P (5.1.5)
from the equation of state for ideal gas and the equation Cp - Cv = 
R, where Cp is the specific heat a t constant pressure. Then

d p
d p

= fl2= i l £
Js (5.1.6)

where a is the local speed of sound and y the ratio of specific heats, 
so that the equation Of continuity can be expressed as

d Uj _  1 D p  1 P S
dx< y p D t  Cr D,  ( 5 1 7 )

The momentum equation for the fluid flow is



109

where pjj represents the stress tensor which is of the form

Pij=-pSij+n(sij - -esij)

where 5jj is the Kronecker delta, Sjj the rate of stra in  tensor and 

0  = 0u, /  d  x, i s  the fluid dilatation.

Since
d D D d dUj d   = -----------+ — L-----

d x x Dt  Dt  dx; d x i d x }

from the equation of momentum we can get

D dut _  dUj dUj d  f  1 d p
Dt  dXi

(5.1.9)

dx t dXj d : ^ y p d X i )  d x i Ip dxj
d \ \  d

Operating on equation (5.1.7) with D/Dt, and subtracting the result 
from the last expression, we have

Ef
Dt 2 l0S

\
p_ d lo,®
Po j 0JC,. dx,

dUi dui D
/

1 D$' d f l  d
dXj d x t

+ Y ----
Dt S

' Dt / [ p d x ; (5.1.10)

since



where p0 is a convenient reference pressure. For our case, one can 
choose the initial pressure as p0.

Equation (5.1.10) gives the pressure field generated by the 
eddy which convects with a velocity different from the flow field. 
The term s 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 term s 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 a t 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 trea t 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 im portant 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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term s in equation 5.1.10 can be neglected. For a turbulent shear 

layer there is the possibility th a t 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 x2 position coordinate

only. Suppose tha t the characteristic zone thickness is 2L, and that 
u.1 changes from -U to +U as x2 moves from - °o to +°°. T he

necessary condition for generation of shocklet in shear layer is tha t 
we have U greater than  a0, the speed of sound a t infinity. For the

sake of analytical convenience, we suppose th a t all m ean point 
properties of the motion in the shear zone are independent of xls x3 

and time t, being a function of x2  alone, the position coordinate 

normal to the zone. Therefore, from the equation (5.1.10), we 
obtain

l ^ - ± a> ± \ J p . ) = r ? ± i h .
[D i2 dx,  d x , l  \ p j  d x } dx,  ( 5 .1 .1 1 )

To further simplify the equation we can neglect, on the left-hand 
side, products of two fluctuating quantities with zero means, on the 
understanding th a t 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 term s of generation, the processes of convection and



refraction of the shock wave by  the mean flow, and by variation 
with x2  of the local mean speed of shock wave are retained. The

la tter may be im portant if there are significant variations in the 
mean density of the flow. Equation (5.1.1 1 ) then reduces to

d - d
dt dx:

V d ~ d  ■adx, dx~ log -̂£-1 -  du- duj
Pa ) dx, dx.

or
d - d  
d t +Uzdx,

V -.-2da2 d — d2 
dx, dx, dx2 ►log

<Po J
= r

du■ duj
di~~di: (5.1.12)

since a2 = a2(x2). In  many instances, the dominant term  on the 

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

2 y d^Ldu2
dx2 d x < (5.1.13)

As usual we can express the equation (4.11) in dimensionless form. 
Let the instantaneous and mean velocities be given by
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i a
A 2(y2) = - t .

(5.1.15)

where a0 is a reference sound speed; it can be choose a t y2 = + °° in 

the main flow. It is also clear that
A (;y2) —»1 as y2 —>

The dimensionless form of (4.11) is thus

1 dA1 9 A1 a2
d r  d y j  M d y 2 d y 2 M dy,

•log
/  \  

p_
Ia> j

_ v̂, &vj
(5.1.16)

= Y

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 num ber, it convenient to do the Fourier 
transformation.

Before taking the Fourier transform ation, equation (5.1.16) 
can be rew ritten in different form by taking a new dependent 
variable

C, (y, t) = A(y2)log
f \

p_

\Pos
Then

f +v ; Ta t  d y x

\ 2 A d 2A A2 d 2
M d y \  M d y 2 C (}>>*)= r  M y 2)

dv, dVj
d y ,  d y i
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= G(y,T) (5.2.1)

The generation term  G is significant only inside the turbulent 
shear zone, so that

By using the standard  definition (Lighthill 1958) we can 
define the generalized Fourier transforms

where K = ( Kx, K3 ) 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  05 

and r  corresponding to (5.2.1) is

where k2 = k2 + k% , A and V are functions of y only.

From our experimental results using both shadowgraph and 
m ulti-point fluorescence m easurem ents we know th a t  the 
shocklets are generated in the upper edge of the shear flow and

C (y. f) = JJgj (y2,K, n) exp[ i ( K » y  + n x)]dKdn

(5.2.2)
G (y, t  ) = JJr {y2 ,K, n) exp[ i (K  • y  + n r)] dKdn

C7 (j,K , n) = - -^ - r  ( j.K , n)

(5.2.3)
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propagate into main flow. Therefore, we can simplify equation
(5.2.3) by considering only the upper edge region, tha t is, the region

y > i .
For y > 1, G(y) = 0, A(y) » 1  V(y)« 1. Thus equation (5.2.3) 

becomes

+ {M2(n+ki)2- k 2}(U=0  
dy (5.2.4)

Since tJ5 (y) m ust be bounded as y - °° , the solutions to equation
(5.2.4) m ust be either exponential decreasing or oscillatory 
according as the coefficient of 03 is negative or positive. From 
equation (5.2.4), it is clear th a t the oscillatory solution corresponds 
to a radiated pattern  of shock waves and the Mach number, M. 
For given Mach num ber the oscillatory solutions are associated 
with wave number k  and frequency n such tha t

M 2(n+kl )2- k 2> 0 (5.2.5)

As mentioned above, the upper edge region is the formation 
region for shocklets, th a t is, the radiated pressure field is largely 

contributed from the layer between y = Y and y = Y + 5Y in the 

shear zone. The turbu len t eddies in th is neighbourhood are 
convected by the m ean stream  w ith velocity Vc which is 
approximately equal to the local mean velocity a t 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 num ber k is ju s t the
frequency with which the wave component is swept past the fixed
observation point a t a rigid convected pattern. In this way we have

n ~ k\vc
The layer of the shear zone near Y, where the convection 

velocity is Vc, will therefore generate a shock wave on the side of 
the layer y > 1 with wave numbers k such th a t

M 2 w - v c ? > e  ( 5 2 6 )

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

becomes

cos20>  [M(l-Ve)]~2 ( 5 2 7 )

This prediction can be compared with experimental results on 
shocklet observations. From the equation we can see th a t 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 m easurem ents, the  shocklets are m ainly 
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 a t 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 m easurem ent technique 
provides simultaneous multi-point localized density and velocity 
measurements. The spatial resolution here is (1.5 ± 0.5 mm )3  and 
the tim e response is less th an  100 ns. The velocity profiles 
measured by using th is system show a logarithmic distribution 
which agrees w ith theory (L. D. Landau, E.M. Lifshitz 1987). 
These velocity profile d is tribu tions also agree w ith  the  
experimental results from N.L. M essersmith (1988). The mean 
velocity in the outlet of the nozzle calculated based on the m ulti­
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 . 1 1  ± 0.04 for Pf > Pb, Pf = Pb and Pf < Pb flows. 

The spreading ra tes 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 th a t the LIF technique provides a 
useful and reliab le  m easurem ent technique in  tu rb u len t 
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 m agnitude 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. I t is believed th a t 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 ra te  and the m ean 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 2 0  to 70 degrees as show in Figure 4.3.1. From the 
analytical modeling result in  chapter 5, we find tha t, shocklets 
satisfy the condition

cos26 >  [ M ( l - V c)]~2

where the M is the Mach num ber of shocklet and Vc is the 
convective velocity of shocklet in the shear layer. The Mach 
num ber 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 th a t the 
formation of shocklets is understood in term s of the a vortex 
embeded in the flow moving a t a speed different from tha t 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 th a t 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 tha t 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 th a t the 

dynamical effect of shocklets in shear flows is th a t 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
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the same kind turbulent shear layer discussed in L.D. Landau and 
E.M. Lifshitz (1987).
6.5 Shear Flow Param eters

By applying boundary-layer-approximation theory, the shear 
layer param eter, a, is calculated from equation (2 .2 .6 ), where the 
distribution function of f(q) is obtained from the logarithmic fit of 

the  velocity profile. The en tra inm en t and eddy viscosity 
param eters are calculated from equations (2 .2 .1 1 ) and (2 .2 .1 2 ). 
The experimental result for the shear rate param eter, S*, a t high 
shear rate region in our flow is larger than 35; the energy partition 
param eter, K*, is in the range of 9.2 ± 1.6 a t x = 1.0 cm, and 6.7 ± 
0.7 a t x = 3.0 cm; the eddy elongation parameter, L*, is found to be
12.5 ± 1.8. Given th a t 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 experim ental results, a correlation between the 
streaks and shocklets is obtained; the streaks are formed a t the 
lower regions of the free shear layer and break  into small 
s tru c tu res  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 h in t th a t 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 determ inistic, chaotic regime 
reached after a small number of bifurcations. A review by Hussain 
(1986) concludes th a t 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 th a t 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 tha t 
is find the cutoff modes from the experimental measurement.

Our results now define regions in the free shear layer where 

such m easurem ents can be attem pted, viz, regions w ith low 
dimensionality and with low shocklet production frequency. The 
N avier Stokes equation can be solved explicitly using the 
procedures outlined in section 4,8; however, to do the complete 
calculation for all derivatives and in tegrations a t least 1 2  

sim ultaneous m easuring points in  the free shear layer are 

required. Furthermore, the separation between measuring should 
be reduced ( to roughly 0.5 mm), - a difficult requirem ent. 

N onetheless, because of the  po ten tial im portance for the
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development of theoretical models, the cutoff modes should indeed 
be determined.

«
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