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Gaseous Ejector
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Abstract | A supersonic ejector is an aerodynamic device used as a
compressor/vacuum generator/gas mixer, simple in construction, having
varied applications. Itis, however, complex in its flow structure. Flow visuali-
zation techniques are essential to understand flow dynamics in general, and
with modern image processing techniques their utility has been enhanced
to evaluate field data of the flow. To understand the gas dynamics in an
ejector multiple visualization tools that compliment each other have been
implemented including time resolved schlieren and laser scattering from
acetone particles seeded in the primary flow. While schlieren emphasizes
flow features by density gradient created due to the flow, the need to clearly
distinguish the primary and secondary flow from one another necessitates
the use of seeding and laser scattering. The primary objective is to use two
flow visualization techniques to clearly capture the flow within a supersonic
ejector followed by analysis of the images by digital image processing tools
to compute the non-mixed length. Following a brief review of flow visuali-
zations and the supersonic ejector, experimental techniques and details
of the visualization procedures are described in the paper. Instantaneous
flow images at two operating conditions of primary stagnation pressure at
9.69 bar and 5.69 bar are presented, and their qualitative inferences are
described. The image processing tools of MATLAB have been used to
develop algorithms that enhance the quality of raw images and through the
definition of appropriate criteria by using intensity profile along the height
of the ejector, quantitative inferences on non-mixed length is made from
both the schlieren and laser scattering images. For the case with primary
stagnation pressure of 9.69 bar the length of non-mixed region is evalu-
ated as 4.65 L/D from the laser scattering and 4.95 L/D from schlieren
techniques. Given the sources of errors and uncertainity of 6% both the
methods of visualizations give results in agreement with each other.

1 Introduction

1.1 The supersonic ejector

A supersonic ejector is an aerodynamic device
which consists of a supersonic nozzle within a vari-
able area mixing duct followed by an expanding

diffuser, as shown diagrammatically in Figure 1.
The expanding primary flow generates a suction
for the secondary flow that causes entrainment of
secondary flow followed by mixing of the two flows
in the mixing duct; the mixed flow then undergoes
a pressure recovery in the diffuser, thereby the
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Figure 1: Schematic dia

a generic ejector.

secondary flow is pumped by using momentum
and energy augmentation from the primary flow.
A supersonic flow has velocities greater than the
local speed of sound, consequently limitations
on propagation of acoustic waves compared to
the flow velocity causes development of shock
waves and expansions, which are regions of sharp
changes in velocity and thermodynamic properties
of the flow in response to changes in the flow con-
dition." The interface of two flows with different
velocities dominated by shear forces is referred to
as the mixing layer, which in this case is turbulent,
compressible and subjected to large pressure gradi-
ents. These devices are simple in construction and
operate without any moving parts, proving advan-
tageous in many applications where conventionally
compressor/vacuum pumps are used. The ejectors
have been explored for alternate green refrigera-
tion cycles.”™ Fuel cells are promising power gen-
erators for future, and the ejector finds a role in
recirculation or purging of spent fuel.’ Figure 2 is
a simple diagrammatic representation of the part
played by the ejector in these applications. These
devices have also found applications for thrust
augmentation,®® noise reduction in jets, con-
denser vacuum generation in power plants and in
aerodynamic testing installations.”'

The operation and control of the ejector is solely
based on gas dynamic phenomena caused by the
interactions of the supply conditions—stagnation
pressures and temperatures and the geometry.
Experimental, analytical and numerical tools have
been used to understand, model and design the
ejector. Experimental investigations have mostly
focused on generating the operating regimes of
the flow by pressure measurements and flow rate
measurements." ™ The analysis of ejectors using
control volume techniques leading to design meth-
odologies and optimization can be found in some
of the earlier work.”'® Numerical simulations of
the flow through ejectors have also been reported
in the open literature."” Fundamental to the opera-
tion of the ejector are the dynamics of a supersonic
jet with a co-flow that is confined between variable
area walls. The mixing layer that develops between
both flows is largely turbulent and compressible in
nature, and is subjected to large pressure gradients
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Diagramatic representation of fuel recirculation
using ejector in fuel cell
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Diagramatic representation of a refrig-
eration cycle with ejector

Figure 2: Application of ejector in fuel cells and

refrigeration.

due to shocks within the supersonic jet as well as
the varying area presented by the confinement of
the walls. Understanding gas dynamics of the mix-
ing process under such conditions holds the key to
understanding and improving the performance of
the supersonic ejector. While turbulent mixing layer
has been studied using schlieren, shadowgraphs'®'
and techniques like Planar Laser Mie Scatterring,
the configuration resembles an open domain flow
with bounding walls far away from the jet core,
unlike the ejectors where the jet is closely bounded
by a co-flow and walls of the mixing duct. Schlieren
images of the flow through the ejector can be found
in,'*" however, they lack in efforts to quantitatively
estimate parameters of flow from the image. Laser
based visualizations of the ejector flow and image
analysis to estimate mixing has been attempted for a
few generic conditions.”»* From what is available in
open literature it is evident that criteria to determine
the mixing length in an ejector is a matter of ongoing
interest and with immense design utility. The flow
through the ejector is sufficiently complex, involving
a mixture of subsonic, supersonic regimes of flow,
shocks, compressible mixing layers and boundary
layers that a comprehensive understanding requires
use of multiple methods of optical diagnostics. Two
complimentary optical tools have been used to study
the flow through the supersonic ejector—the time-
resolved schlieren and the laser scattering method.
The images captured are further processed by digital
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image processing algorithms to arrive at quantitative
estimates of the mixing within the ejector.

1.2 Flow visualization

Primary interest of a fluid dynamicist lies in under-
standing the fluid flow phenomenon by knowing
the flow parameters at all locations of space and
instants of time. Conventional measurement tech-
niques like pressure, temperature sensors, velocity
anemometers, and pitot probes are point meas-
urement devices that are intrusive in nature and
require tedious traverse mechanisms followed by
data analysis to construct the flow field. It is in
this context that flow imaging using different flow
visualization techniques gain significance since
they can yield field information and the structures
in the flow are immediately apparent. Merzkirch*
has a comprehensive collection of various flow
visualization techniques and their applications
to different flow scenarios. Gases are transpar-
ent, however their flows are generally compress-
ible leading to density gradients in the flow, that
have been exploited in schlieren and shadowgraph
techniques which have been described in detail
by Settles.”” The introduction of lasers into flow
visualizations has spawned methods like inter-
ferometry, Particle Image Velocimetry (PIV), and
Laser Induced Fluorescence (LIF). The advances
in CCD and CMOS technologies has lead to digital
cameras of increasingly better spatial and temporal
resolutions. Digital recording has been instrumen-
tal in revolutionizing visualization techniques as it
becomes easier to conduct off-line image process-
ing in computers enabling quantitative estimation
of flow parameters from what would otherwise
be qualitative images. Figure 3 shows the basic
principle of two different kinds of visualization
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Gas Flow seeded
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- Scattered light
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Figure 3: Schematic illustration of two kinds of

flow visualization techniques.

techniques, the first has a parallel beam of light
incident into the flow region, the density gradi-
ents cause deflections of this light beam which is
captured by camera; shadowgraph and schlieren
techniques are based on this principle. The sec-
ond method has the flow seeded with particles
that scatter a sheet or beam of laser light, the scat-
tered light is recorded by a camera; laser scatter-
ing makes use of this principle. While schlieren
emphasizes the sharper features in the flow that
generate high density gradients, the mixing of the
two flows is not directly evident. Seeding the pri-
mary flow and using laser scattering helps moni-
tor progress of mixing, the shock trains are less
visible. Thus this work combines the two methods
and image processing tools to arrive at a method
for estimating the mixing in the ejector.

1.3 Image processing

Image processing has increasingly become an
indispensable tool for enhancing the utility of flow
visualization images. Good digital image recording
and computer technology has only helped matters,
a host of techniques like PIV, quantitative PLIF,
and BOS rely predominantly on image processing.
In this work image processing tools of MATLAB
have been used.” A library of codes for specific
image processing tasks with adequate documen-
tation can be found at.”” Using these tools algo-
rithms that address the processing needs for the
current problem have been developed in house.
The problem in question is to find the non-mixed
length within the ejector, which is the length in the
duct for which the primary and secondary flows
are distinct. Qualitatively it can be inferred from
the images, however, to get numerical data dig-
ital image processing has been carried out on the
images and based on a criterion of mixing defined
here the non-mixed length is computed. The pro-
cedure for such an analysis and a result for specific
case is presented here.

2 Experimental Setup

An ejector test rig facility has been designed, fab-
ricated and installed at the Laboratory of Shock-
waves and Hypersonic Research (LHSR), Indian
Institute of Science. The schematic diagram of
the flow facility is shown in Figure 4. The facil-
ity has two compressed air tanks of 3 m’ capacity
at pressure of 12.5 bar which supply the primary
flow. The primary flow is controlled by a pres-
sure regulator and solenoid valve assembly. The
primary flow is led from the tanks to a stagnation
chamber where the stagnation pressure of the pri-
mary flow is measured after which it enters the
ejector through a convergent divergent nozzle of
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Figure 4: Diagrammatic representation of the ejector test facility.

Figure 5: Photograph of the ejector test rig facility
at LHSR.

an exit Mach number of 2.48, and exit height of
6 mm. The constant area of the mixing duct has
a height of 20 mm, giving an area ratio of 3.33
for the ejector. The secondary flow is entrained
from the ambient atmosphere passing through
venturimeter where the flow rate is measured
and then to a short reservoir where the stagna-
tion pressure is measured, before entering into the
mixing duct. The ejector walls are instrumented
with 12 kulite pressure transducers that measure
static pressure along the wall. The diffuser exit has
a pressure monitoring station and a venturimeter
that measures the outgoing flow rate. Difference
between outgoing and secondary flow rate gives
the primary mass flow rate. The ratio of second-
ary to primary mass flow rate is termed as the
entrainment ratio. The data is acquired using a
DEWETRON data acquisition system connected
to a computer. The side walls are made of optical
quality BK-7 glass that gives an optical axis along
the length of the ejector. Figure 5 shows the pho-
tograph of the facility at LHSR.

Figure 6 shows the static pressure profile
measured along the walls of the ejector for a case
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Figure 6: Static pressure profile along the ejector.

with primary stagnation pressure at 9.69 bar and
entrainment ratio at 0.24. The suction caused by
the primary flow followed by pressure recovery of
the mixed flow within the facility follows that of a
typical ejector.

3 The Schlieren Technique

Z-type schlieren is setup across the ejector. It
essentially consists of two concave mirrors. The
first concave mirror renders light from a point
source into a parallel beam, which passes through
glass windows of the ejector and is collected by
the second mirror. The second mirror focuses the
beam onto a knife edge and then into the camera
which captures the images. Two plane mirrors are
used to fold the optical path within the constrained
space. During the flow, density gradients present
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within the flow cause deflections in the parallel
beam of light. When the collected beam is cut by a
knife edge at the focus, it acts like a filter allowing
deflections in one direction to pass through and
blocking the deflections in the other direction,
thereby producing a gray scale image that is pro-
portional to the density gradients in the flow. The
optical set up uses mirrors of 30 cm diameter and
focal length of 3 m for high sensitivity and suffi-
cient viewing window. The position of knife edge
is crucial for a good schlieren image, the direction
of knife edge determines which gradients are being
captured horizontal or vertical and consequently
what flow features get highlighted. The knife edge
is placed such that a uniform contrast is obtained
prior to flow, and the setup is sensitive enough to
pick up the thermal currents from a human hand.
Since the dominant gradients in the flow are along
the flow direction, i.e. horizontal, the knife edge
is placed vertical. The Phantom v310 high speed
camera is used to capture time resolved images
at a resolution of 1024 x 800 and a frame rate of
2000 fps. Crisp images are obtained with lowest
possible exposure times, however, this demands
a very intense light source since exposure time
and source intensity are contradictory objectives.
A 250 W halogen lamp with focusing lenses is used
as a light source which gives enough intensity to
keep an exposure time of 6 us. The best configura-
tion of mirrors, light source and camera param-
eters were arrived after a series of experiments.
Different light sources varying from a 3 W LED to
the 250 W hologen lamp with collimating lenses
were tried. The camera exposure time accordingly,
was varied from milliseconds to the final 6 ps.
Figure 8 shows the evolution of images from an
initial non-optimal optical configuration to the
best configuration. Figure 8 shows that when the
light intensity is insufficient the exposure time has
to be kept high to obtain an image of reasonable
brightness and contrast. Consequently, the tran-
sient structures in the flow are averaged out and
only the steady structures dominate, the overall
contrast of the image is poor. The second image
image shows a shadowgraph where no knife edge
is used, here again the finer structures of the flow
are not clearly visible. The third image shows the
schlieren image at the best optical arrangement
with a high intensity light source and low expo-
sure time, showing crisp structures in the flow.
Figure 9 is an instantaneous schlieren image
of the flow through the ejector at a primary stag-
nation pressure P = 9.69 bar and the entrain-
ment ratio @ = 0.24. The expansion of primary
supersonic jet with alternate shock and expansion
regions are clearly visible. The secondary flow is
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Figure 7: The schlieren arrangement for the ejector.

Figure 8: Series of schlieren images showing the
improvement of quality of schlieren images with
optical arrangements.

Figure 9: Instantaneous schlieren image of the
flow at a primary stagnation pressure Pop of 9.69
bar and entrainment ratio @ = 0.24.

subsonic and has very small density gradients,
hence is seen as a bright region around the pri-
mary jet. The sharp interface—shear layer between
the two flows is visible as a bright curve, the thick-
ness of which grows with distance from the nozzle
and ultimately, the two flows merge into a region
of turbulent mixing. The mixed flow then moves
into the diffuser, and the absence of any shock
structures in the mixed flow implies that the flow
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has become subsonic after mixing. The length of
region within the duct where two flows are seen
distinctly is termed as the non-mixed region. The
schlieren is just an image of density gradients and
apriori knowledge of the occurrence of mixing
leads to the qualitative interpretation.

3.1 Image processing of schlieren
images

The schlieren images are analysed using image
processing tools of MATLAB. Algorithms are
developed and coded in order to extract the
non-mixed length. From Figures 9 and 8, it can
be observed that at the region near the exit of
the nozzle, the two flows are distinctly separated
by a shear layer within which the primary flow
shock structure exists, and outside the subsonic
secondary flow region is clear. Progressing along
the length of the ejector the edge of the shear layer
extends closer to the wall and the image gener-
ates line like features due to vortical structures
and the mixing region is full of criss-cross lines.
Hence when a high frequency filter is used which
emphasizes line like structures, the density of lines
increases downstream. This fact is used to com-
pute the non-mixed length. The line structures
are enhanced using the canny algorithm which is
an edge detection algorithm. Figure 10 shows the
edge detected image corresponding to the image
in Figure 9. Notice the increase in density of lines
at the turbulent mixing region.

The density of lines can be computed by tak-
ing an intensity profile along the vertical direc-
tion. Figure 11 is superimposition of a few lines
on Figure 9 for which intensity profile plots are
shown.

Figure 12 is an intensity profile plot at a loca-
tion 5 mm from the exit of the nozzle. The peaks
correspond to lines that may denote the shear layer
or shocks as marked in the figure. Figure 13 shows
the progress of the intensity profiles along the
ejector, more the number of peaks, more the lines.
A criterion for the length of non-mixed length
can be arrived at by taking a ratio of the vertical
number density of lines at a particular x location
to the maximum vertical number density in all of
the ejector, using which the non-mixed length is
computed to be 99 mm which is 4.95 L/D for this

Figure 10: Edge enhanced schlieren image using

the canny algorithm.

Figure 11: Lines along which the intensity profiles

are plotted.
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Figure 12: Intensity profile at 5 mm from the exit
of the nozzle.
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Figure 13: Progression of normalized intensity

profiles for the edge enhanced schlieren image.

case. From Figure 13 also it can be seen that the
non-mixed length is between 80 mm-100 mm.
The unit of length in an image is pixel while the
physical unit is in mm, this conversion can be car-
ried out by finding the scale of the image using a
reference length in the image which in this case is
the duct height of 20 mm.

Discussion in this section has focused on the
schlieren method of flow visualization, setting
it up for the best images taken in time resolved
manner with a high speed camera. The criterion
for mixing is the increase in density of lines along
the length of the ejector in an edge enhanced
image. However, this method does not distinguish
between the two flows at all, as the schlieren image
is a density gradient image. The criterion is based
on the presence of certain flow structures which
are generally present in such flows. A clear evi-
dence of mixing can be achieved by using a tracer
and then looking at the spread of the tracer along
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Acetone
ISeeding

the length of the ejector, which is done by seed-
ing acetone vapors into the primary flow and then
capturing the scattered light from a sheet of laser
by condensed droplets of acetone, as described in
the following.

4 Flow Visualization Using Laser

Scattering
In an ejector there are two flows present that
undergo mixing; in a schlieren picture the overall
density gradients are captured which can depict
features like shocks, expansions, shear layers and
turbulent zones, however, it does not distinguish
one flow from the other. This demands that one
flow be clearly marked from the other, which is
done by seeding the primary flow with acetone
vapors. A sheet of laser is passed into the ejector
at midplane. When the primary flow expands in
the supersonic nozzle, the resulting drop in pres-
sure and temperature causes condensation of ace-
tone into tiny droplets which scatter the intense
plane of laser light into the transverse direc-
tion where it is captured by a camera. A Spectra
Physics Quantaray Nd-YaG laser giving three
wavelengths—1024 nm, 532 nm and 266 nm
is used as the source of laser light. The 532 nm
wavelenth is used with an energy of 180 m]J, hav-
ing a pulse width of 7 ns and pulse rate of 10 Hz.
The ejector setup has a glass window at the end
flange. The laser beam of 10 mm diameter is
first brought in line to the ejector flow direction
by the use of suitable plane mirrors and is then
rendered into a sheet using cylindrical lens. The
sheet passes into the ejector flow passage through
the glass window at the end flange of the ejector,
along the flow direction at midplane. The scatter-
ing images are captured using the same Phantom
camera. Acetone is seeded by bubbling nitrogen
from a compressed gas cylinder through a reser-
voir that contains acetone liquid-vapor mixture,
nitrogen carries vapors of acetone with it into the
stagnation chamber of the primary flow. Similar
to the schlieren technique the best configuration
is arrived at by conducting series of experiments;
good seeding was produced for nitrogen cylin-
der pressure of about 10 bar. Image of reasonable
brightness could be obtained for laser powers
greater than 180 mJ, hence it has been kept at the
least. Only images fit for analysis are shown here
since at non-optimal conditions the images were
dark. The physics of condensation also plays a role
in getting a good image. Figure 14 is a diagram-
matic representation of the optical arrangement
for the laser scattering.

Figure 15 is the instantaneous raw laser scatter-
ing image for the same conditions as the schlieren

—m—" Mirrors

Cylindrical
lens

Figure 14: The optical arrangement for the laser
scattering flow visualization technique.

Non-mixed Length
Turbulent Mixing
Shear Layer Region

Oblique Mixing Duct Diffuser
Shock

Figure 15: Instantaneous laser scattering image
of the flow at a primary stagnation pressure Pop of
9.69 bar and entrainment ratio w= 0.24.

Figure 16: Instantaneous laser scattering image
of the flow at a primary stagnation pressure P, of
5.69 bar and entrainment ratio w= 0.683.

image with the primary flow seeded with acetone.
Here the primary flow that has been seeded with
acetone which condenses to droplets, gets empha-
sized, and as the droplets spread due to mixing, the
intensity of scattered light spreads finally engulf-
ing the whole height of the duct. In this image
only the first shock in the primary flow is sharply
visible where as the schlieren image shows a shock
train of five shock cells.

Figure 16 is a laser scattering image at
Pap = 5.69 bar and @ = 0.63, it is evident that the
intensity of scattered light is less than the previ-
ous case. This is because the conditions across
the nozzle i.e. stagnation pressure ratio, does not
allow a full expansion, hence higher pressure and
temperatures in the flow thus a reduction in con-
densation consequently a reduction in the density
of droplets that scatter laser light. The fact that
expansion is less can be observed in the schlieren
image (Figure 17) where the primary jet is not as
penetrative nor does it have as many shock cells
as compared to the case with primary stagnation
pressure at 9.69 bar.
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Figure 17: Instantaneous schlieren image of the
flow at a primary stagnation pressure P, of 5.69 bar
and entrainment ratio @ = 0.63.

However, even in such a scenario with proper
image processing it is possible to gather as much
information as from the previous case.

4.1 Image processing of laser scattering
images

Figure 18 is an image during the no flow condition
of the ejector before the solenoid valve is opened.
Notice that the image has a few background dis-
turbance like the bright spots caused due to reflec-
tions from the top wall of the ejector. These are
present even during flow with other minor back-
ground irregularities. These can be removed from
the flow images by subtracting the no-flow image
from the flow image so that only the effects caused
because of the flow are highlighted, the quality is
further enhanced by a contrast adjustment. The
processing is carried out on the intensity images
which are gray scale images devoid of color. The
result of such an operation can be seen in the
enhanced quality of Figure 16, an image with a
low intensity and contrast to what can be seen
in Figure 19. Figure 20 is the image of Figure 15
after undergoing the same procedure as above.
These procedures only enhance the quality of the
images and they depend on the quality of the cap-
tured image, hence though Figure 19 is a marked
improvement over Figure 16, the original quality
of Figure 15 being much crisper Figure 20 reflects
the same. The point of interest in this study is the
progress of mixing within the duct of ejector for
which both images are equally suitable since both
delineate the two flows.

Mixing in the duct proceeds from what is
nearly a step, i.e. a distinct primary and secondary
flow to a full or uniform profile as they approach
a completely mixed scenario, the idealized version
of which is shown in Figure 22.

The intensity profile variation along the length
of the ejector on Figure 20 is evaluated by extracting
the intensity data along vertical lines spanning the
height of the ejector by using the MATLAB func-
tion improfile. Figure 23 shows the plot of normal-
ized intensity with distance from the nozzle exit
clearly following the trend shown in Figure 22.

Thus by scanning along the length of the ejec-
tor the location of non-mixed length can be found

Figure 18: The snapshot of the ejector at no flow
condition.

Figure 19: Figure 16 after background subtrac-
tion and contrast enhancement.

Figure 20: Figure 15 after background subtrac-
tion and contrast enhancement.

Figure 21: Superimposed image of lines along
which intensity profiles are plotted in Figure 23.
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Figure 22: Schematic illustration of the progress

of mixing within the duct.
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Figure 23: Normalized intensity plots along the
length of the ejector.

by identifying when the intensity profile changes
from a peaky profile, as seen in the line 5 mm
from the nozzle to a nearly uniform profile as in
the line greater than 80 mm from the nozzle. This
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criterion is decided by ratio of mean of the profile
to the peak of the profile; which is 1 for a uniform
profile and minimum for a peaky profile. Based
on this criterion the non-mixed length has been
found to be 93 mm from the exit of the nozzle
which if non-dimensionalized by the duct height
comes out to be 4.65 L/D. Similar analyses are car-
ried out on the schlieren image, but before taking
the intensity profiles the image is rendered into an
edge enhanced image by detecting the prominent
edges using canny edge detection algorithm. Here,
the larger number of edges are found in the mix-
ing region while the non-mixed region has only
a few edges corresponding to the shock and the
shear layer, as shown in Figure 23. Estimation of
the mixing length from the schlieren image comes
out to be 99 mm which is 4.95 L/D.

4.2 Experimental uncertainities

There are various factors that affect the accuracy of
these results primary among them is the discrete
nature of the data being processed. The intensity
profiles are available only upto the resolution of a
pixel thus limited by the resolution of the camera
and the optics. Good quality images are a func-
tion of flow itself and the dynamics of vapor
condensation in such flows. Error is introduced
when scaling the image from pixels to physical
units since it depends on the exact acquisition of a
reference length, which depends on placement of
optics with respect to the experimental set up. The
uncertainities associated with the discrete nature
of the data and the canny algorithm amount to
5% while the scaling error gives a 3% uncertain-
ity, combining the two, an overall 6% uncertainty
in the results presented in this study. Within this
experimental uncertainty the values of L . =
estimated from the laser scattering and schlieren
are in good agreement.

5 Discussions and Conclusions

This article describes the application of two differ-
ent techniques of flow visualization—schlieren and
laser scattering to the experimental investigation of
the mixing process within an ejector. The objective
is to estimate the non-mixed length—length along
the ejector for which the two flows are distinct using
image processing of the images captured from the
two complimentary techniques. The best optical
arrangement giving clear sharp images of the flow
are arrived at by doing a series of experiments.
Instantaneous flow images at a primary stagnation
pressure of 9.69 bar and 5.69 bar are shown with a
qualitative description of the flow inferred from the
images. Image processing tools of MATLAB are used
to develop an in house code that is used to enhance

the quality of images and extract the length of non
mixed region from these images. In the case of
schlieren technique, which produces an image pro-
portional to density gradient, none of the two flows
is marked and the non-mixed length is inferred
from the development of flow structures i.e. density
of lines caused due to turbulent mixing. Hence, the
need to seed the primary flow with acetone thereby
clearly marking it and estimating the mixing by the
progress of spread of acetone particles from the
primary flow. The length of non mixed region is
established by locating the point where the intensity
profile across the height of the mixing duct changes
from a predominant peaky profile to a uniform pro-
file. This estimation from the laser scattering images
yields a 4.65 L/D for the case with stagnation pres-
sure ratio of 9.69 bar and from the schlieren images
of the same case it is 4.95 L/D. The fact that vapor
condensation plays a crucial role in the efficacy of
laser scattering images is brought by the comparison
of the two cases. Given the sources of uncertainties
due to optical arrangements, camera resolution and
algorithm, the two methods are in good agreement.
The analysis of the laser scattering images is restricted
by the laser pulse rate of 10 Hz, which does not allow
time-resolved study of the structures in the flow.
However, having established that schlieren images
give as much information about mixing as the laser
scattering images, time resolved schlieren analysis
can be used to determine their behavior. The ejec-
tor test rig facility has the flexibility for testing dif-
ferent geometries of ejectors and nozzles for mixing
enhancement using the above developed technique.
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