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Abstract

The mixing layer between supersonic
air stream and a supersonic parallel Helium jet
was studied. Schlieren photographs of 100ns
exposure time were used to take the 'frozen'
images of the mixing layer. Using this
technique, the large-scale structure in the shear
layer were found. Helium jets do not produce
a significant change in the shear layer. It is
possible that Helium just fills the turbulent
eddies in the shear layer without changing their
structure. Employing this assumption, the
method to calculate density gradients as a
quantitative characteristic of the mixing process
has been developed using the results from
holographic interferometry. Holographic
interferograms of the density distributions were
taken for different nozzle shapes. Using
experimental results a simple isentropic model
to predict salient parameters such as convective
velocity and convective Mach numbers of the
mixing layer has been developed.

Introduction

Currently, there is an intense interest in
developing a supersonic combustion ramjet
(SCRAMIET) which is being considered as a
possible propulsive system for Aerospace
planes of the future. Improvement of quality of
the mixture between fuel and air is important to
minimize the length and weight of the

SCRAMIET combustor(1-4),

However, at supersonic speeds, mixing
between air and fuel is not easy and the
problem is accentuated with increasing Mach
number. Considerable effort is therefore being
directed at ways of enhancing this mixing.

The expected outcomes of the current
experimental study is to find the ways of
increasing the mixing process. As a first step in
his study, we look at the mixing of two co-
flowing parallel supersonic streams, a high
Mach number main stream, representing air,
and a low Mach number stream representing
the fuel from the injector. Such simple
arrangement allows us to develop an isentropic
model to predict salient parameters such as
convective velocity and convective Mach

‘numbers of the large-scale structure in the

mixing layer as well as to develop a quantitative
characteristic of the mixing process using the
results from holographic interferometry.

Experimental Arrangement
and Techniques

Experiments were conducted in a blow-
down wind-tunnel in a Mach number 2.0 air
flow, which represented the main stream, and a
co-flowing parallel helium jet from an injector
at a Mach number 1.2.The injector was located
at the centre of the wind-tunnel test section and
extended upstream beyond the throat so that the
main flow was uniformly divided into two
supersonic parallel streams. The injector whose
thickness was 6mm had two sets of nozzles.
One set had a single slot nozzle of dimensions
1.19x54 mm at the exit and a second one has 5
slot nozzles, each of dimensions 1.75x7.75mm
with 4.25mm separation between them.

The test section of the wind-tunnel is
90mm wide and 155mm high with two round
windows on the side walls. The existence only
of the side windows required two models of
the injector to be made: one model to observe a
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side-view image of the mixing layer and second
model to observe a spanwise-view. All the
nozzles have the same Mach number 1.2 and
both sets of nozzles produce the same mass
flux. The wind-tunnel test section with the
injector model to observe the spanwise-view of
the mixing layer is shown in Fig.1 and the sets
of injectors are shown in Fig.2.

All measurements were conducted with
the wind-tunnel main stream stagnation

pressure P=295% 3kPa and the jet stagnation

pressure Pjo=120%4kPa. The condition for the

jet stagnation pressures were chosen so as to
produce a static pressure at the exit of the
injector ©) nearly equal to the static pressure in
the external stream.

Schlieren System
An electric spark light source Schlieren

system(®) was used to obtain Schlieren
photographs of the flow. The spark duration
was 200nsec. This enabled to obtain a so-called
'frozen' images which show details of the flow
structure such as small scale turbulent eddies
and large-scale structures. The images were
collected in the complete darkness using
ordinary photo plates.

Both spanwise-view and side-view
images of the flow were obtained twice using
horizontal knife edge to evaluate variations in
density in spanwise direction and vertical knife
edge to evaluate variations in density in
transverse direction. The results of the
Schlieren flow visualisation are shown in
Figs.3, 4 and 5.

Holographic Interferometry

The holographic interferometry (HI)
was also employed in addition to Schlieren
flow visualisation technique. A Ruby laser
pulsed light source with an optical set-up
similar to Mach-Zehnder interferometer was
used. Both Infinitive Fringes Interferogrammes
(IFI) and Finite Fringes Interferogrammes
(FFI) were obtained for the side-view and the
spanwise-view injector models.The FFI was
obtained introducing into the light path a thin

hollow wedge filled with liquids(?. The results
of HI are shown in Figs.6 and 7.

Results and Discussion

Schlieren system

Figure 3 shows the side-view images,
when the horizontal knife edge is sensitive to
the transverse density gradient. It is possible to
identify the jet and the mixing layer clearly. It is
also seen that the potential core of the jet
extends to along 12 to 14 jet heights in the case
of the set with 5 slot nozzles, where for the set
with single slot nozzle it is along 15 to 18 jet
heights.

Figure 4 shows the side-view images of
the flow with the vertical knife edge to evaluate
variations in density in stream-wise direction.
A distinguishable feature in these pictures is
the large-scale elongated structures inclined

roughly 45° to the free stream direction which
do not seem to be effected by the jet. The
presence of the jet can be identified, however,
through the micro-structure embedded in the
large-scale formations. Also, while the
spreading of the jet is quite perceptible in the 5
slot jets, it is not so with the single slot jet.
These results appear to show that the jet, while
not substantially changing the large-scale
turbulent structures, simply fills the void in the
eddies.

Figure 5, which shows the spanwise-
views with the horizontal knife edge to evaluate
variations in density in the transverse direction,
once again reveals large-scale structures and
finer scales within it. While the single slot jet
seems to indicate uniform mixing, the 5 slot
jets are clearly separated for a long while and
indicate some sort of mixing between them
only at the end of the picture

Holographic Interferometry

Holographic interferometry (HI) was
also used to obtain local density variations in
the mixing layer.

Figure 6, which shows the spanwise-
view of FFI, clearly verify that the density is
nearly constant in the spanwise direction and
refractive index distribution can be
approximated as a two dimensional. Therefore,
a relationship between refractive index change
and the number of shifted fringe lines can be

used as®

A
n(X,Y) = nO = i: N(X,Y), (1)
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where n(x,y) is the refractive index at the point
(x,y) when wind-tunnel is running; ng is the

reference refractive index when wind-tunnel] is
off; N(x,y) is the number of shifted fringe lines

in the point (x,y); A is the wavelength of the
light; L is the width of the wind-tunnel test
section.

As we mentioned above, that the jet,
while not substantially changing the large-scale
turbulent structures, simply fills the cord in the
eddies, increasing the density of the mixing
layer and producing brighter images. On this
basis we assumed that the change of the
refractive index in the mixing layer from ng to

npy occurs only because of the presence of
Helium in the shear layer. Employing the
Gladstone - Dale relationship®

n(x,y) =k p(x,y) +1, @)

the Helium density distribution can be
calculated as

nm(xa}’)‘ns(x,}')
k b (3)

He

PreX:y) =

where Py is the Helium density in the cross-
section of the mixing layer, kg/m3; kyy, is the
Gladstone-Dale constant for Helium, m3/kg;
ng(x,y) is the refractive index at the point (x,y)
of the shear layer when wind-tunnel is running
and Helium jet is off; n, (x,y) is the refractive
index at the point (x,y) of the mixing layer
when wind-tunnel is running and Helium jet is
on.

To obtain the refractive index variations
ng(x,y) in the shear layer, FFI images were
taken once with Helium jet off during the wind-
tunnel run.

Figure 7 shows the side-view FFI
images for the three cases again. The straight
lines of the FFI images in the mixing layer
indicate that the density distribution can be
approximated as a linear function

dp(x.y)
PEY) =4y Y+Po, @
dp(x.y) . . o
where __P_%_}Q is the density gradient in the

cross-wise direction.

The density distribution measurements
gives large uncertainties in highly turbulent
flow. On the other hand, the measurement of

the density gradient

dp(x, .
__Pg(_l’l , characterising the

speed of the diffusion process, can be done
with sufficient accuracy. To define the Helium
density gradient from the FFI image we have
developed the relationship as

dee _
dy ~

A
= m{dfmtan(am)Cym-detan(ocS)Cys),

®

where and o are the angles of inclination
Ol S g

of the fringe lines in the FFI images of the
mixing layer and in the FFI images of the shear
layer; dfm and dfs are the fringe line frequency,

1/mm; Cy and Cy,_are the y-scale coefficients
Ym ¥s

of FFI images.

Figure 8 shows the result of the density
gradient measurements for the three flow
configurations. It is seen that the higher density
gradient with single slot nozzle indicates more
rapid helium diffusion into the shear layer than
with 5 slot nozzles. However, with both single
and multi-slot jets, this speed of the diffusion
process becomes equal to the shear layer
density gradient after 18 injector heights. It
seems that the shear layer density gradient
dominates after that point.

Theoretical development and
discussion

The results from the flow visualization
techniques can be summarised in the schematic
(see Fig.9) of the topology of the mixing layer.
From the flow visualisation studies it is seen
that the flow consists of an external supersonic
steam and a parallel jet separated by a shear
layer of the injector. However, as a first step,
this complicated flow may be approximated by
two superscnic parallel streams one
representing the external stream and one
representing the jet (see Fig.10). The mixing
between these two streams should give a
reasonable picture of the physics of the flow
sufficiently away from the edge of the injector.
These simplifications allowed to develop a
simple model to predict salient parameters such
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as convective velocity and convective Mach
numbers of the mixing layer.

The model has been developed for the
mixing layer resulted from mixing of two
parallel supersonic streams with unlimited
thickness. The mixing process is assumed to
start from the end of a splitter plate which
divides the two streams.

According to the theory of a fully
turbulent mixing layer, the so called 'wedge' of
the mixing layer is assumed to grow linearly.
Assuming a homogeneous structure of the
mixing layer and according to the simple two-
dimensional model of mixing layers (see
Fig.10), if one chooses the streamline n-n'
from the jet to meet the upper edge of the
mixing layer at some point n' and then project it
to the dividing streamline extending this to the
lower edge of the mixing layer, one could
locate a point such as m' which specifies the
streamline m-m' from the upper stream.

The model is based on the assumption
that mass and momentum fluxes (MMF)
passing through the cross section between
these two streamlines do not change from the
edge of the injector to the point where they
meet the mixing layer. We can therefore write
equations, representing conservation of mass
and momentum laws between these two
streamlines as

¥1 0 Yeil
jplUldY+ jszzdy= fpudy, (6)
0 ¥2 Ye2
y1 0
2 2
I(p1+P1U1)dy+ J (p2tpaUy)dy=
0 27
Yei
= j(p +pUddy, (6b)
“Ye2

where y;, ¥, Y¢1 and y., are as defined in
Fig.5. Assuming a free stream condition in the
both streams, and keeping the same static
pressure, Eqs.6a, 6b can be simplified as

Yei
p1U1y1+paUsyp= [pUdy, (7Ta)
“Ye2
Yei
2 2
Y1P+p1UD+Y2(rpaUD = [rpU2dy), )
“Ye2

Bogdanoff® and later Papamoschou &
Roshko(10) introduced the concept of
convective Mach numbers of the large-scale
structure in the mixing layer. They assume that
there exists a stagnation point between the two
streams in the mixing layer and when they meet
each other isentropically, their total pressure is
nearly the same. The velocity at this point is
called a convective velocity U;.They developed

the relationship between convective Mach
numbers M, and M, as

) /71 :
Mc, =\, Me, ®)

where v, and 7y, are the ratios of specific heats.

Later, Papamoschou(ll) conducted a
series of experiments where he determined the
convective velocity of large-scale structures. In
these experiments, he found that the
experimental convective Mach numbers M .

and Mc, are close to the Bogdanoff's model

(see Eq.8) only when M.< 0.5. The convective

velocity of the large scale structure is closer to
lower velocity when two supersonic flows mix
and the convective velocity is closer to higher
velocity when supersonic flow mixes with
subsonic flow.

The results from the present
experiments indicate existence of the large-scale
structure. Assume that the whole structure
moves with constant convective velocity

U(1D. With the assumptions about the parallel

flow and the same static pressure in the both
streams (p;=p,=p), the dividing streamline is
parallel to the splitter plate and y;=y¢1, Yo=Yco-

As discussed by Dimotakis(12), the
dividing streamline separates the mixing layer
into two unequal parts. Using Dimotakis'
definition of shear-layer orientations, the angle-
ratio of the unsymmetrical mixing layer could
be written as

tanal
Eg= , ®
tanaz
Yei Ye2
where tano; = ——, tano, =——.
Xc Xc

Finally, using non-dimensional ratios

U U
2 P2 sc=9—9andr0=ﬁ—?—

r=+-8=—,
Ui P1 P1
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and.the above assumptions, the Eqgs.7 can be
rewritten in the non-dimensional form as

(1+71Mf)Ea+(1+72M§) =

=(1+scr§y1Mf)(1+Ea), (10b)

where _P_c is the average density which can be
calculated as

Yei

Joes.
“Ye2

—l;c(}’cl'*')’cz) =

The unknown quantities in the Eqs.10
are 1, sc. However, the investigations of
shear layer behaviour(13) and mixing layer

growth rate(14) show that the density profile
across layers depends on the velocity profiles.

It is therefore proposed that the average density -

Ec depends on the convective velocity U, and
this dependency is based on the assumption

that the difference between _P—c and pp, is
proportional to the difference between U, and
Up. In non-dimensional form it could be
expressed as
Sc - Sm
1-s ~

e - I'm
1-r

where s, =—1—;—S- and 1y =-17+—£ , K'is the

coefficient of proportional. Calculations have
shown that the best fitting of Eq.12 to the
experimental data occurs with K from 0.68 to
0.7.

(12)

Substituting s from the Eq.12 and Ey,

from the Eq.10a into the Eq.10b, we can obtain
a third order equation for convective velocity
ratio ¢

rz +a rg +br1; +c =0, 13)

where the coefficients a, b and c are the
functions of velocity and density ratios r and s
and of the coefficient of proportional K from
the Eq.12.The convective Mach numbers M1
and M¢7 can then be calculated using the

solution for r; from the Eqs.13, viz.

MC2=M2GC— -1) | © (14b)

Of course, for the jet with limited
thickness MMF model can be used only up to
the cross-section where jet potential core is
ended.Using the present density measurements
from the holographic interferometry, the
convective Mach numbers were calculated for
1 slot and 5 slot jets employing Eqs.12. MMF
model has been used also to calculate the
convective Mach numbers for

Papamoschou's(1D) experiments. The predicted
convective Mach numbers together with the
experimental results are shown in Fig.11. The
experimental and theoretical results for the

same case are joined by broken lines(!D. The
calculated convective Mach numbers coincide
well with 1 slot jet experimental convective
Mach numbers and shows big discrepancy with
5 slot jets. Looking on the top view Schlieren
images of the 5 slot jets, we can see that the 5
jets have some expansion in the spanwise
direction. It is possible that two-dimensional
assumption is not appropriate for this case.
This is how the discrepancy can be explained.
However, the MMF model shows still better
result compare with Bogdanoff's model even
for 5 slots.

The analysis of the calculations for all
experimental conditions has shown that for the
convective Mach numbers smaller then M:<0.3

the present MMF model and the Bogdanoff's
model give good agreement with the
experiments (see Fig.11).We also note that for
the convective Mach numbers 0.3 < M; < 0.5

the MMF model yields values close to
experimental result although agreement is not
very good. However, it still show the tendency
to move towards the experimental results.
Significant improvement of the present
MMF model over the Bogdanoff's model
happens for the convective Mach numbers

1
Me>—= .
larger then M > NG
The MMF model allows also to
calculate the length of potential cores of the
jets. The measured length of the jet potential
core of the jet extends to along 12 to 14 jet
heights in the case of the set with 5 slot
nozzles, where for the set with single slot
nozzle it is along 15 to 18 jet heights.
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The calculated length for 1 slot jet is 17.1
which is close enough with experimental
results. The calculated length for 5 slot jets is
23.3 which is too far from experimental
results. We mentioned before why this
discrepancy could happen.

Conclusions

The mixing layer between two parallel
supersonic streams has been studied
experimentally and theoretically. The
experimental study shows that the shear layer
density gradient dominates in the mixing layer
over 18 injector heights. It seems that the
control of the mixing layer over this distance
can be done by regulating the behaviour of the
shear layer only.

It has been shown that for two-
dimensional mixing layer the present MMF
model gives good agreement with the
experiments. The calculations were done from
subsonic to supersonic convective Mach

. 1
numbers higher than M > —

g C \/§
assumptions and without considering the effect
of shock waves. It seems that for two parallel
supersonic streams the isentropic model can
still be used to predict the convective velocity
and convective Mach numbers.

using isentropic
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Helium Inlet

a) shear layer with jet off

<} 90 D>

Helium Inlet b) mixing layer with 1 slot jet on

Fig.1 Exploded view of the test section with
injector model to observe spane-view images
of the mixing layer.

R

2
N

N N ¢) mixing layer with 5 slots jet on

a) b)
s Fig.3 Spanwise-view Schlieren images with
Fig.2 Changeable sets of nozzles . horizontal knife edge. Flow goes from left to
a - set of 5 slot nozzles; right

b - set of a single slot nozzle.
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a) share layer with jet off

b) mixing layer with 1 slot jet on

¢) mixing layer with 5 slots jet on

c¢) mixing layer with 5 slots jet on

Fig.4 Side-view Schlieren images with
vertical knife edge. Flow comes from left to
right

Fig.5 Spanwise-view Schlieren images with
horizontal knife edge. Flow comes from left
to right
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a) shear layer with jet off
a) shear layer with jet off

b) mixing layer with 1 slot jet on
b) mixing layer with 1 slot jet on ) & !

¢) mixing layer with 5 slots jet on

¢) mixing layer with 5 slots jet on

Fig.6 Spanwise-view images of finite fringes Fig.7 Sid'e-v.iew images of finite fringes
holographic interferogramms. Flow goes from holographic interferogramms. Flow goes
right to left. from right to left.
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Fig.9 Schematic of the mixing layer behind
injector, where h is the height of the

injector; L is the length of jet potential
core.
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Fig.10 Schematic of simplified mixing
layers.

1.5
®
\
\'\
14 ? \
Y
< \ \
= \ \
. Voo
059% @ ! \
C AR
B ]
o, v
o & ¥
1 1 1 I I
0 0.5 1 1.5 2

Bogdanoff's model

MMF model
Present experiment with single slot jet

Present experiment with 5 slot jets

 H + 4 o
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Fig.11 Experimental and calculated
convective Mach numbers.



