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Introduction

IXING of a secondary jet with the primary supersonic stream

is of great importance in many practical applications espe-
cially in scramjet combustors. Because the residence time of the
high-speed flow in such combustors is only a few milliseconds, it
is essential to implement mixing augmentation techniques to pro-
vide rapid and uniform mixing of fuel and air. Several injection
schemes have been proposed,' = and it has been concluded that the
vorticity is the main driving mechanism for rapid near-field mixing.
The present study is conducted on the strut-based fuel injectors.
The main advantage of strut-based injectors is the injection of the
fuel into the core of the main flow and uniform spreading of the
fuel in the lateral direction. The large-scale structures at the wake
region can assist macromixing. Moreover, the shock that emanates
from the leading edge of the strut is useful to enhance the mix-
ing via the baroclinic torque mechanism.® A further advantage of
strut-based injection is the formation of a recirculation zone, which
can be used for flame holding in combustion.”~® Four types of fuel
injectors are considered in the current experimental investigation,
one of them being the plain strut-type injector. Diagnostic methods
employed are Mie scattering combined with image processing and
the time-averaged schlieren. Numerical simulation of the flowfield
using the commercially available software FLUENT has also been
carried out.

Experimental Setup

The facility used for the present study is the blowdown supersonic
freejet facility of Mach number 1.7. A test section of width 20 mm,
height H 80 mm, and length 300 mm accommodates the injector
model. The injector is kept at a distance 40 mm from the inlet to the
test section and spans its full width. The secondary air is injected
parallel to the mainstream through two 3.4-mm-diam ports. The
ports are at a distance of 7 mm from the side walls in the base of
the strut. The injection pressure was maintained in such a way that
the flow is sonic at the injection ports. The injectant jet was always
maintained underexpanded.
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Injector Configurations

Figure 1 shows the proposed injector models. All of the injectors
have length of 96.9 mm, width 20 mm, thickness 6 mm, and wedge
angle of 8 deg. C1 is the plain strut injector and C2 the strut with
raised and relieved straight ramps at the trailing edge. In the case
of injector with ramp, it is well known that the vorticity will be
generated due to the spillage of air from the high-pressure ramp
surface to the low-pressure adjacent region. Because the adjacent
surfaces are the expansion regions (relieved), it is expected that the
strength of the vorticity becomes more dominant as compared to
the straight adjacent surfaces. Injectors C3 and C4 are the straight
castellated and tapered castellated-type strut injectors.

In the case of injector C3, there is a projected and recess region
of 10 mm in the aft portion of the strut, whereas in injector C4, the
projected portion is uniformly tapered by 2 deg. It is expected that
the flow over the projected surface will enter into the expanded low-
pressure recess region due to the pressure difference and produce
vorticity. This would enhance the mixing, and the effectiveness is
expected to be greater if the projected region is tapered. In these
cases it is attempted to enhance mixing due to vorticity without the
shocks of the ramp injectors. While designing the injectors, care is
taken to keep the blockage below 10%. The raised ramp angle of 14
deg is chosen, to keep the blockage within the preceding limit. The
relieved ramp angle of 5.7 deg is chosen so that the base of the in-
jector C2 is 4 mm thick, which can accommodate the injection port
of 3.4 mm diam. To accommodate the injector port of 3.4 mm diam,
the maximum possible taper that can be given to injector C4
is 2 deg.

Diagnostic Methods

A continuous-wave, 15-mW He—Ne laser source was used as
the light source in the experiments. For the planar Mie-scattering
experiments, a laser sheet of about 1 mm thickness was formed
from the laser source. The injectant air was seeded with olive oil.
Mie images were captured using a charge-coupled device (CCD)
camera (Stanford Computer Optics, Inc., Model MV10-OEM). The
images were acquired at a 55-deg angle to the longitudinal axis of
the test section at nine cross-sectional locations X downstream of
the injection ports. The location closest to the injection port was at
X/t =0.83, where ¢ is the thickness of the strut. The camera shutter
speed corresponds to an exposure time of 56.8 ms. The acquired
images were processed using an in-house developed software. The
software implements background subtraction and flat-field correc-
tion to eliminate unwanted noise, nonuniformity of the laser light
sheet, and thermodynamic dependency of the flowfield.!? A parame-
ter, degree of unmixedness (DU),'""'? is used to compare the mixing
capability of the injection schemes employed. DU is defined as the
ratio of the standard deviation of the pixel intensities of the image
to the average of the image pixel intensities. The statistical calcu-
lation was performed on the entire image field, and the value of
DU was calculated based on the average intensities of six images at
each location. Based on the accuracy of the instrumentation and the
method of image processing, the uncertainty in the estimation DU
is +7%.

Results and Discussion

Figure 2 shows the schlieren images of the flow without (Fig. 2a)
and with (Fig. 2b) injection. The injector positions are visible on
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Fig. 1 Injector configurations, dimensions in millimeters.
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Fig. 2 Schlieren images behind the strut without and with injection: 1 ramp shocks and 2, recompression shocks.

the left of the image, and the flow is from left to right. Each image
extends to about 150 mm from the base of the strut. The general
features of the flowfield show the expansion around the strut base
and the formation of recompression shocks. The main flow, which
is separated by the presence of strut, reattaches downstream of the
strut base and causes the formation of recompression shocks. The
recompression shocks make the flow parallel to the freestream. The
change in density near the base region of the strut observed from

the schlieren images confirms the existence of the recirculation re-
gion in the vicinity of the recompression shocks. The recirculation
entrains the jet and causes it to spread over the entire base region.
However the point where the recompression shocks originate is the
wake neck. Note that, in all of the injection images, the injectant
narrows as it passes through the wake neck before spreading again.
Moreover, it is seen that, the location of the wake neck changes
with the injector geometry. In the case of injectors C1 and C3, it
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Fig. 3 Mie images at various X/¢: left, 0.83; center, 8.33; and right, 18.33.

is observed that the intersection point of the recompression shock
is slightly shifted from the centerline of the test section. This may
be due to unsteady nature of the shock pattern, which could not
be diagnosed in the time-averaged schlieren pictures. While de-
signing C2 injector, it was expected that the shock produced by
the raised ramp would intersect with the injectant plume and en-
hance the mixing due to the baroclinic torque mechanism. However,
the schlieren images of injector C2 shows that the ramp-generated
shocks are not strong enough to reflect back from the wall of the
test section into the injectant plume. The injected jet is highly un-
derexpanded, and as it passes through the surrounding medium of
lower pressure, it will form a three-dimensional barrel shock and
the Mach disk. In the present case, the schlieren images show no ev-
idence of such effects. The injection is done behind the strut where
the subsonic recirculation exists; the interaction between the under-
expanded jet and the surrounding subsonic recirculating region is
seen to be masked in the schlieren pictures. It is further found that
the C4 injector exhibits good spreading as compared to the other
injectors.

In the present study, the Reynolds number based on the strut
length is calculated as 8.26 x 10 and the maximum boundary layer
thickness is 1.48 mm. As far as the strut injector is concerned, the
nature of the boundary layer and its associated phenomena are im-
portant with regard to the total pressure losses. If the boundary layer
is separated in the region close to the leading edge, the total pressure
loss will be greater. Earlier works on strut injectors'>!* suggested
that the strut of semiwedge angle of 6 deg and the leading-edge
radius of 1 mm does not produce a separation bubble in Mach 2.5
flow. In the present case, the semiwedge angle is only 4 deg and
the leading edge is of zero thickness. Hence, it is expected that flow
separation will not occur for the present case. Based on this, it is
reasonable to presume that the chosen length and height of the strut
have only a minor influence on the loss in total pressure.

To assess the mixing of the injectant with the main flow, cross-
plane imaging at nine different locations were carried out using a

planar Mie-scattering technique. Figure 3 shows the Mie images
at three selected locations, namely, X /¢t =0.83, 8.33, and 18.33.
Here X is the distance downstream of the injection location and is
nondimensionalized by ¢, the thickness of the strut. Figure 3a cor-
responding to injector C1, shows that the spreading of the injectant
plume is very minimum.

Figure 3b, corresponding to injector C2, shows the stretching of
the jet plume in the vertical direction. This could be attributed to
the vorticity formation from raised and relieved ramps. Also note
that the spreading of the jet is not very pronounced in the crosswise
direction. The vorticity generated by the ramps on either side of the
strut stretches the injectant in the vertical direction rather than over
the complete base of the strut. In the Figs. 3c and 3d corresponding
to injectors C3 and C4, better spread of the injectant in the lateral,
as well as in the crosswise, direction is observed. Of these two, the
spreading is found to be marginally better in the latter case. This
could be attributed to the increased vorticity strength produced by
the tapered castellated portion.

The numerical simulation of the flow was also carried out us-
ing FLUENT for the straight castellated strut (injector C3) and
for the tapered castellated strut (injector C4) to show the gener-
ated velocity vector field in the castellated region. The flowfield is
three-dimensional and is fully compressible. Turbulence is modeled
using a k—w model with standard wall functions. All solid surfaces
have been taken to be adiabatic, no-slip surfaces. Pressure inlet and
mass flow inlet boundary conditions are used for the duct inlet and
injection inlet, respectively. Default values of k and w have been
used for the inflow. At the outflow boundary, all of the variables are
calculated by extrapolation from the interior. The computational do-
main consisted of approximately 370,000 tetrahedral cells, and finer
meshes are used in the regions where shocks are seen. The wall y*
was found to be 200-250 in all three injector cases. The mass flux
residuals in all cases are of the order of 107>, A grid-independence
study has been carried out for the injectors. Adoption based on the
gradient of static pressure has been used in this numerical work.
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Fig. 4 Velocity vector in castellated region.
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Fig. 5 DU variation for different X/t locations.

Figure 4 shows the simulated velocity vector in the castellated re-
gion. Figure 4 corresponds to the section at 96 mm from the leading
edge of the strut (injector C3) in the y—z plane, which gives evi-
dence of the vorticity generation in the castellated portion of the
flowfield. The directions of the velocity vector turning around the
castellated region are shown in Fig. 4. When the castellated portion
of the strut is tapered, the resulting pressure variation in that region
can enhance the strength of the vorticity generated by it and, hence,
enhance mixing. In the case of injector C4, the generated velocity
vector varies up to 600 m/s, whereas in the case of injectors C2 and
C3, the velocity vector has a maximum of 477 m/s. This is consis-
tent with the increased mixing observed while using injector C4 as
shown in Figs. 3d and 5. Figure 5 shows DU vs X /¢. Note that the
value of DU drops initially, except for injector C1. This could be
attributed to the effect of vorticity. From the experimental results,
it is not presumptuous to consider that the change of slope of the
DU curve is an indication of the mode of mixing. Earlier work'® on
ramp-based injector indicates that the vorticity generated is effective
for mixing up to a distance of 10 times the ramp height. The change
of slope of the DU curve in the case of injector C2 is occurring at
a similar location, namely, ~X /¢ =6. In the case of injectors C3
and C4, it occurs at approximately four times the height of the strut
base. From the Mie images, it is found that stripes of horizontal
lines are visible at X /¢ = 18.33. This location is very close to the
intersection point of the reflected shocks (Fig. 2b). This could be the

reason for the occurrence of the horizontal lines in the Mie images.
Kinks seen in the DU curves are roughly within the uncertainty lim-
its. The taper given for the castellated portion is small in the case of
injector C4; its performance is seen to be not different from that of
injector C3. The performance of the ramp-strut (injector C2) injec-
tor falls in between that of the plain strut and of the castellated-type
injectors.

Conclusions

Schlieren photography and the Mie scattering technique were
employed to study the flowfield of the injectant plume produced
by four strut-based injectors. The results were compared with that
of the plain strut injector. The performance of the injectors as re-
gards mixing is compared using the DU parameter. It has been
found that the castellated injectors (injectors C3 and C4) per-
formed better compared to other two cases. The ramp-strut in-
jector (injector C2) performed better compared to the plain strut
injector (injector C1). The flowfield simulated using FLUENT ex-
plains the better performance of the castellated injectors to some
extent.
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