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Abstract. Flow visualization studies using shadowgraph technique are carried out to investigate the shock
evolution from non-circular slot jets at various under-expansion levels. The non-circular topologies considered
are triangular, square and elliptic, and the circular jet is taken as the baseline case for the study. These jets are
underexpanded in the pressure ratio (R) range of 2—6 corresponding to a fully expanded jet Mach number up to
1.85. Results indicate that the shock cell structures of non-circular jets strongly depend upon the initial shape of
the topology. The shock structures of triangular jet have additional secondary oblique shocks that are distinct
from those of other non-circular jets. Mach disk is almost absent in a shock cell structure of triangular jet, which
is unlike the case of other jets used in the study. The study suggests that square jet undergoes faster diffusion
process compared with the triangular jet. Axis-switching phenomenon is predicted for the elliptical jet at a

distance of 3-7 equivalent diameters.

Keywords.

1. Introduction

Subsonic jets are correctly expanded jets at lower pressure
ratios, and the static pressure along the jet is the same as the
ambient pressure. However, jets issued above the critical
pressure ratio undergo pressure equalizing mechanisms,
thus forming the expansion fans and shocks to equilibrate
the jet pressure with that of the ambient. Such jets are
termed as imperfectly expanded jets that can be generated
from either convergent—divergent nozzles or convergent
nozzles. While the former nozzle generates both under- and
over-expanded jets, the latter generates only the underex-
panded jets. A schematic of an underexpanded jet is shown
in figure 1. The expansion waves from the nozzle exit
reflect at the jet boundary to form an oblique shock, which
together constitutes a shock cell. In highly underexpanded
jets, the initial oblique shocks are terminated to form a
Mach disk [1]. The shock patterns of circular jets are
widely investigated by several researchers in terms of their
oscillations and acoustic feedback [2—4]. It is noted from
the aforementioned facts that the underexpanded supersonic
jets issuing from the circular nozzles are well characterized
and their behaviour is well understood at different pressure
ratios. However, non-circular nozzles that are asymmetric
with vertices and edges in their topology are supposed to
have different jet evolution. This aspect is concentrated
upon in this paper and the visualization technique is used to
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address the flow evolution of underexpanded jets from non-
circular geometries, namely the triangular, square and
elliptical slot nozzles at different pressure ratios. The dif-
fusion mechanism undergone by the different non-circular
jets is discussed.

The difference in the velocity between the jet flow and
ambient fluid causes the formation of a shear layer. Fluid in
the shear layer rolls up due to the viscous action to form
eddies. During this process, entrainment of the ambient
fluid takes place throughout the shear layer. The entrain-
ment ratio and growth rate of the shear layer depend on
convective eddy velocity [5]. In the case of supersonic jets,
the shear layer growth is slower compared with subsonic
jets due to the compressibility effects [6]. Flow control is
significant in numerous practical applications, such as in
mixing enhancement, attenuating combustion instabilities
and reducing noise. Non-circular nozzles are found to be an
attractive passive mechanism for flow control since these
jets solely depend on geometrical modifications. Among
the non-circular jets, rectangular and elliptic jets are pop-
ular owing to their interesting behaviour such as enhanced
mixing and entrainment, and axis switching. Other impor-
tant and useful features of non-circular jets are (i) larger
spread rate and thus they entrain more ambient fluid,
leading to better mixing and (ii) the vertices and edges of
non-circular jets help in small-scale and large-scale mixing,
respectively.

Non-circular jets have an asymmetric velocity profile
that modifies the shear layer evolution, and thus making the
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Figure 1. Schematic diagram of an underexpanded jet.

flow and shock structure complex. The presence of the
vertices and edges introduces streamwise and spanwise
vortices, respectively [7], and have good mixing capabili-
ties compared with circular jets due to Biot—Savart defor-
mation of self-induced vortices from azimuthally varying
geometric profile [8]. This phenomenon leads to higher
velocity from the portions of small radius of curvature
compared with that along edge side. The sharp corners lead
to the generation of high-frequency turbulent eddies, and
the edges shed large-scale coherent structures, thus result-
ing in higher spread along the edge than that along vertex
[9]. The small- and large-scale mixing is essential in
combustion systems [10], and to improve the entrainment
rate [11]. Further, the triangular jets introduce ‘“high-in-
stability modes into the flow via the non-symmetric mean
velocity and pressure distribution around the nozzle” as
discussed by Schadow er al [12]. When two triangular jets,
namely, isosceles and equilateral shapes are compared, the
former has a lower mixing rate compared with the latter
[13, 14]. Investigation on axis-switching mechanism in
triangular jets was performed by Koshigoe et al [15].
Square and rectangular jets have been under the attention of
several researchers [16—19]. This jet has larger mixing rate
and the reason is attributed to the four equi-spaced counter-
rotating pairs of streamwise vortices from the vertices.
Interestingly, Ai et al [20] experimentally studied the initial
evolution of water jets from square geometry and discussed
the penetration rates, mixing behaviour, axis switching and
leapfrogging. Elliptic jets are a special case of non-circular
jets since they are free from vertices and edges, and have an
azimuthally varying curvature. Elliptic jets have been
analysed extensively for their unique flow features such as
axis switching, and enhanced entrainment [21-23]. Hussain
and Husain [21] experimentally investigated the incom-
pressible elliptic jets and concluded that the azimuthal
variation in the geometry leads to non-uniform self-induc-
tion, resulting in three-dimensional jet flow structures. In
addition, the azimuthal non-uniformity of the initial
momentum thickness at the nozzle exit is found to vary by
around 26%. This results in higher entrainment and mixing
rate [24], thereby reducing the potential core to 3—4
equivalent diameters compared with a circular jet, which
extends up to 5 diameters. The shear layer growth is faster
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along the minor axis plane compared with the major axis
plane, thus causing the jet-axis to switch over along the
axial distance of the jet. Quinn [25] performed mixing
studies of an elliptic turbulent orifice jet (aspect ratio equal
to 5) and concluded that axis switching occurs twice within
3-7 equivalent diameters, and the jet became axisymmetric
at a distance of 30 equivalent diameters downstream.

Several research works exist on the flow and acoustics
studies of various non-circular flows; however, most of
them are related to low speeds. The flow evolution of non-
circular jets is observed to be three dimensional, and
characterization of such jets is necessary to understand the
processes like mixing, noise generation and so on. The
studies related to the non-circular jets at higher underex-
panded pressure ratios are found to be limited. Therefore, in
an attempt to understand the flow physics of non-circular
jets at higher pressure ratios, the shadowgraph flow visu-
alization technique is used in the current study. The liter-
ature related to the visualization of non-circular slot jets are
noted to be scarce, and thus the present work demonstrates
the evolution of shock cells from equilateral triangular,
square and elliptic orifices. Moreover, the visualization is
carried along two planes of the jet flow to understand the
effect of orientation on shock cell structures.

2. Experimental set-up and procedure

2.1 Experimental set-up

Compressed air is used as the jet fluid for visualization
studies, and is generated using a 150 HP motor, and is
stored in a tank of 20 m? capacity. Using a 4-in. pipeline,
the compressed air is brought to the settling/plenum
chamber. The orifice holder with required orifices is
attached to the end of the settling chamber. A schematic of
the test facility is shown in figure 2. The settling chamber is
large enough to hold the air at stagnation and is provided
with coarse and fine meshes to reduce the turbulence in the
flow. The pressure ratio R (ratio of stagnation pressure to
ambient pressure) of the jet flow is varied in the range
2 < R < 6. The various non-circular geometries fabricated
are equilateral triangular, square and elliptic along with the
circular geometry, and the corresponding dimensions are
shown in terms of the radius of a circular orifice in fig-
ure 3(a). The required shapes are engraved in a mild steel
plate of 73 mm diameter and 2 mm thickness at the centre
using a wire cut electrical discharge machining process. It
is to be noted that the orifices eliminate the azimuthally
varying boundary layer [21], which are prominent in con-
ventional nozzles as described by Quinn and Marsters [26].
All orifices have the same exit area of ~78.5 mm?, and
thus the equivalent diameter (D,) of non-circular orifices is
the same as that of a circular orifice, which is 10 mm. This
parameter is introduced by Hussain and Husain [21] and is
widely used for elliptic jets. The orifice disks are mounted
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Figure 2. Schematic of the experimental test facility.

in a disk-holder as shown in figure 3(b), which is in turn
connected to the settling chamber. The periphery of the
orifice plate is beaded with a thin rubber lining to ensure
proper grip and to prevent air leakage.

The shadowgraph arrangement used to capture the shock
cell features of circular and non-circular slot jets is shown
in figure 4(a). Light from a projector is used as a point
source to illuminate the jet flow-field. This light passes
through a biconvex lens located at twice its focal length
from the point source. The lens is positioned at a distance of
around 5 cm from the jet flow. Albeit the light beam is non-
collimated, as the distance between the jet flow and the lens
is small, the images are expected to give the correct rep-
resentation of the density gradient. The shadowgraph
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images are captured sequentially using a high-speed digital
camera (Mikrotron Model No. 1302 CMOS Type). Due to
the asymmetry in the non-circular jets, visualization is
carried along different planes. Triangular and square jets
are visualized along the edge and vertex planes and elliptic
jets are visualized along the major and minor axes planes as
indicated in figure 4(b). The normalized shock cells lengths
are expected to be in the uncertainty range of £0.02.

3. Results and discussion

The shock cell structures of circular and non-circular jets
are visualized and images are procured. Initially, the shock
cell images captured from the circular orifice and nozzle are
compared, followed by a discussion over the shadowgraph
images of non-circular jets viewed along various planes.
All the images showing the shock cell structures represent
the jet flow from left to right.

3.1 Shock structures of circular jets

Figure 5 compares the shock cell structures of a circular jet
issuing out from the orifice and nozzle at different pressure
ratios. It is observed from the shadowgraph images that
shock cells from orifice jets appear to be hazy while the
shadowgraph images of nozzle jets are clear and sharp
albeit both images are obtained for similar conditions and
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Figure 3. (a) Circular and non-circular orifices. (b) Orifice holder.
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Figure 4. (a) Schematic of shadowgraph arrangement and (b) description of image acquisition for topologies having edge and vertex,

and elliptic jet along major- and minor-axis.

with the same test facility. The haziness in the orifice jet
images may be probably due to the higher turbulence
level in the orifice jets than that issued from the nozzle
[27]. Figure 6 shows the shadowgraph images of circular
orifice jet at pressure ratios of 2—6. The images reveal
that the Mach disk appears at R = 3 and is intense at
R = 6. The number of shock cells is the highest at R = 2
having smaller shock cell lengths, while the cell length is
seen to increase at higher pressure ratios. Further, the
second shock cell at R = 6 seems to diffuse due to higher
turbulence levels. The fringe pattern at the centre of the
images is due to the refraction in the lens superimposed
with the shock cell images. Figure 7 shows the

normalized shock cell length variation with pressure ratio
for first and second shock cells (see figure 1 for the
illustration of shock cell length) of circular slot jets. The
shock cell lengths are seen to increase with pressure
ratio. The obtained shock lengths are compared to the
model proposed by Norum and Seiner [28] for the

average shock cell spacing as Ly = 1.13D,, where f =

(M? — 1) and D, is the nozzle exit diameter. The shock
cell lengths are found to be in congruence with the pro-
posed model as observed in figure 7. At all the pressure
ratios, the lengths of the second shock cell are higher
compared with that of the first shock cells.
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Figure 5. Comparison of shadowgraph images of circular jets
issuing from (a) orifice slot and (b) convergent nozzle at different
nozzle pressure ratios.

3.2 Shock structures of non-circular jets

3.2a Triangular and square jets: Figure 8 shows the shad-
owgraph images of the equilateral triangular slot jet along
the edge and vertex planes for pressure ratio ranging from 2
to 6. Preliminary observation reveals that the shock struc-
tures from triangular jets have multiple oblique shocks that
are unlikely in the case of circular jets. Figures also indicate
that the shock features along both the planes of triangular
jets are not identical. This is due to the asymmetric density
distribution across the cross-section of the jet flow. Thus
the flow issuing from the vertex of the triangular jet is
expected to have a higher density than that issued from the
edge [8]. The view along the vertex plane shows the
presence of streamwise vortices in the flow-field (fig-
ure 8b). The cartoon representing the flow structures from
vertex and edge of a triangular orifice is shown in figure 9
for better illustration. Weak oblique shocks are seen in the
triangular jet due to the reflections at the jet boundary
(figure 8a) at higher pressure ratios. This may be under-
stood as the propagation of coherent structures at super-
sonic velocities, thus generating the Mach waves. At higher
pressure ratios, the shock cells of triangular jet become
complex, which may be due to the azimuthal variation in
the shock cell structure. For instance, at pressure ratios of 5
and 6, the second shock cell seems to be initiated before the
termination of the first shock cell (figure 8a). Moreover, for
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Figure 6. Shadowgraph images of circular slot jet at different
pressure ratios.

R > 4, there exists a secondary shock in addition to the
regular shock cell and gets intense with an increase in
pressure ratio. Since this is immediately adjoining the pri-
mary shock cell region, it is conjectured that this is due to
the supersonic speed of instability waves in the shear layer.
Unlike the case of circular jets, Mach disk is either weak or
absent for triangular jets at higher pressure ratios (fig-
ure 8a). This suggests that triangular nozzle topology is
effective in restructuring the shock cells compared with the
circular nozzles. Further, the absence of Mach disk lowers
the diffusion of the supersonic jet, and in conclusion, tri-
angular geometries may not be effective in diffusing the
supersonic jets at a larger rate. This can be observed from
figure 8, where the second to fourth shock cells are eminent
at highest pressure ratios.

Figure 10 show shadowgraph images of the square slot
jet along the edge and vertex planes for various pressure
ratios. Along the edge plane (figure 10a), the flow diverges
from the jet-centreline at all pressure ratios. This observa-
tion is in contrast with the images along the vertex plane,
where the flow is seen converging towards the jet-centreline
(figure 10b). These effects may be due to the topology of
the square nozzle that comprises four edges and vertices,
which is expected to have different flow characteristics.
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circular slot jet.

Along the vertex plane, the flow emerging from corner
tends to induce into the main flow, thus making the jet flow

(a)
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converge, while along the edge, the shear layer may grow
along the jet direction, and thus the jet seems to diverge
[16]. The width of the shock structures is observed to be
higher along the edge plane compared with the vertex
plane; however, their lengths are almost identical. At higher
pressure ratio of R > 5, a Mach disk is observed in the
shock structure of square jet, which is absent for the
equilateral triangular jet. This results to an important con-
clusion that albeit the triangular and square topologies
belong to the family containing the vertices and edges, the
diffusion is stronger in the latter jet compared with the
former due to the presence of Mach disk. This fact can also
be observed in figure 10, where the second and further
shock cells in square jets are weaker compared with the
triangular jets at the same pressure ratio. Further, weak
streamwise vortices are presumed along the vertex plane of
the square jet (figure 10b), while the same is stronger in
case of triangular jets (figure 8b). The reason for this is
attributed to the internal angle of the topology, where the
smaller internal angle leads to the stronger streamwise

(b)

Figure 8. Shadowgraph images of equilateral triangular jet at various pressure ratios, viewed along the (a) edge plane and (b) vertex

plane.
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Figure 9. Cartoon representing the streamwise and spanwise
vortices from the triangular jet.

vortices compared with that of the larger ones. Hence, the
equilateral triangular geometry with an internal angle of
60° generates stronger streamwise vortices in the flow-field
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compared with the square geometry having the internal
angle of 90°. In addition, as the number of vertices in the
geometry increases, the jet dissipates faster, and the square
jet seems to attain faster symmetry than the triangular jets
[29].

3.2b Elliptic jet: This section describes the shadowgraph
images of elliptic jet along the major- and minor-axis
planes shown in figure 11. The first shock cell of elliptic
jets looks similar to that of a circular jet; however, the
consecutive shock cells have higher width unlike the case
of a circular jet. The shock cell length and width of the
elliptic jet, when viewed along the minor axis plane (fig-
ure 1la), are higher compared with that along the major
axis plane (figure 11b). The reason could be the different
entrainment rates along the periphery of an elliptic nozzle
[24]. Further, a smaller radius of curvature of elliptic jet
introduces vortices, which get self-induced in the jet stream
[8] and propagate at higher velocities, thereby increasing
the shock cell length and width (figure 11a). The second
shock cell viewed along the major axis plane (figure 11b) is
observed to have higher clarity compared with that viewed
along the minor axis plane (figure 11a) for pressure ratios

(a)

(b)

Figure 10. Shadowgraph images of square jet at various pressure ratios, viewed along the (a) edge plane and (b) vertex plane.
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R=2

Figure 11. Shadowgraph images of elliptic jet at various pressure ratios, viewed along the (a) minor axis plane and (b) major axis

plane.
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Figure 12. Normalized first shock cell length variation with
pressure ratios for various jets.

of 3-5. Consecutively, the third shock cell is seen to have
clarity when viewed along the minor axis plane. This
switch in the clarity from the second to third shock cell in
two different planes may be attributed to the axis-switching
phenomenon in elliptic jets at an axial distance of around
3-7 equivalent diameters [21-23].

Figure 12 compares the first shock cell lengths normal-
ized with the orifice diameter for circular and non-circular
jets. Interestingly, the shock cell lengths of the circular and
elliptic jets are almost similar since they do not have any
sharp corners in their geometry. Among the non-circular
jets, the triangular jet has the largest shock cell length,
which could be attributed to the lower diffusion mechanism
as discussed in the previous section. The shock cell length
of the square jet is between those of the triangular and
circular jets, therefore, agreeing with the facts that square
jet combines the advantages of both circular and non-cir-
cular jets.
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4. Conclusion

An investigation has been carried out to analyse the shock
cells of non-circular slot jets, namely the square, equilateral
triangular and elliptic jets, and compared to those of a
circular jet at different under-expansion levels. Shadow-
graph technique is employed to capture the shock structures
of the jets. Results indicate that the Mach disk in the tri-
angular jet is either weak or almost absent at higher pres-
sure ratios. Further, the triangular topology is observed to
restructure the shock cell evolution by addition of sec-
ondary shocks. The square jet has a Mach disk similar to
that of a circular jet, and the presence of four vertices leads
to the diffusion of the supersonic jet at a larger rate com-
pared with the triangular jet. In case of elliptic jets, the
width of the shock cell is considerably larger along the
major axis compared with that along the minor axis. The
images indicate an axis-switching mechanism in the elliptic
jet flow-field within 3-7 diameters. Therefore, this study
concludes that the square jet combines the advantages of
both the circular and non-circular jets, by forming the Mach
disk and utilizing the effects of vertices and edges,
respectively, for faster diffusion of supersonic jets.
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