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Main Features of Overexpanded Triple Jets
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Menoufia University, Shbien El-Kom, Egypt

The flowfield of an overexpanded triple free jet has been investigated. The flowfield was generated by three
Laval nozzles set in a common end wall with equal spacing in a triangular configuration. Total pressure measure-
ments were made for three exit Mach numbers of 1.5,2, and 2.5 with the range of stagnation pressure from 2.9 to
4.5 atmospheres. The spacing between the nozzles based on the throat diameter was varied as 2.8, 3.6, 4.4, and 6.
The triple jet has been compared to a single jet operating at the same initial flow conditions. It is shown that the
triple jet in triangular configuration undergoes a transformation in its shape and axis orientation. The triple jet
spreads at the base side more than at the top side. The differential spreading rate generates more flow distur-
bance and, therefore, enhances the mixing process.

Introduction

THE mixing of supersonic multijet flows has application in a
wide variety of fields. It is used, for example, in jet engine/

rocket combustors and the thrust augmenting ejectors for VTOL/
STOL aircraft and industrial gas burners. In fact, such flows are
quite complex, involving turbulent flow mixing, compression and
expansion waves/shear layer interaction, acoustic coupling be-
tween neighboring jets, and mutual interaction between the jets. In
view of these complexities and to achieve proper combustion,
thrust development, and reduction in the noise level, it is often de-
sirable to control the intermixing between the jets and also the en-
trainment of the surrounding atmosphere. This, in turn, requires a
detailed study of the behavior of high-speed jets in multijet config-
uration. The situation of interest here is an array of three Laval
nozzles set in a common end wall with equal spacing in a triangu-
lar configuration (Fig. 1). The reason why this particular configu-
ration has been chosen is that it promotes bending of the jet axes
toward each other, thus leading to greater mixing.

There have been a number of experimental investigations over
the past few decades directed toward the measurement of flow-
fields of single jets. The main concerns of the available literature
on multijet flows are with the turbulence characteristics of incom-
pressible jets and the acoustic behavior of compressible jets. Tur-
bulent incompressible jet flows have been studied by Sforza et al.,1
Tanaka and Nakata,2 Krothapalli et al.,3 and Quinn.4'5 These au-
thors have performed mean flow and turbulence measurements
and have analyzed the effects of nonaxisymmetric nozzle geome-
tries. The results obtained lead to the conclusion that low-speed
jets originating from nonaxisymmetric orifices decay to form axi-
symmetric jets far downstream. Asymmetric jets (elliptic, triangu-
lar, rectangular, etc.) have also shown to be capable of entraining
large amounts of surrounding fluid relative to those entrained by
circular jets. As observed by Quinn,5 these jets spread in the minor
axis plane more than in the major axis plane, resulting in axis
switching.

Moreover, the near acoustic field and shock cell structure of
noncircular supersonic jets have been investigated by Krothapalli
et al.,6 Schadow et al.,7 and Gutmark et al.,8'9 while the noise gen-
eration mechanisms of high-speed multiple jets have been studied
by Raghunathan and Reid10 and Krothapalli et al.11 Some investi-
gators have used the acoustic feedback mechanisms (sound reflec-
tors near the nozzle exit12) or fingers or slots added to the nozzle
exit13 to alter the mixing and noise characteristics of the underex-
panded jets. Improved mixing and absence of screech tone were
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observed. Also, the flow and acoustic features of supersonic ta-
pered nozzles have been investigated by Gutmark et al.14 Kroth-
apalli et al.11 have studied the edge tones in high-speed flows and
their effect on multiple jet mixing. Improved mixing of the multi-
ple jet occurred when a wedge was placed in one of them. Further-
more, supersonic jet interactions have been considered by
Wlezien15 and Gamal.16 The mean and turbulent velocity charac-
teristics of incompressible round jets impinging through a cross
flow have been studied by Barata et al.17 In their investigation, the
flowfield was generated by two jets in line and three jets in a trian-
gular configuration. No investigations have so far been reported
regarding the behavior and development of compressible triple jet
configurations. In the present study, experiments have been con-
ducted to investigate the effect of exit Mach number, stagnation
pressure ratio, and nozzle spacing on the mean flow characteristics
of compressible jets in triangular configuration. The individual
flow features of the vertex top jet and the base twin jet are ana-
lyzed, and their contributions to the overall triple jet behavior are
highlighted. Comparison with a single jet is provided.

Experimental Setup and Procedure
Compressed dry air was passed through the gate valve and pres-

sure regulating valve into the settling chamber, Fig. 1. It was then
accelerated through an array of round nozzles and released into the
ambient atmosphere in the form of free jets. Mesh wire screens
were inserted inside the settling chamber to produce a uniform
flow at the nozzle exit. Three models of Laval nozzles with design
Mach numbers Me of 1.5, 2, and 2.5 were used. The throat diame-
ter dt was 5 mm for all of the nozzles, whereas the exit diameter
and the nozzle length were varied according to the design Mach
number. The spacing between the nozzles (S = s/dt) was chosen as
2.8, 3.6, 4.4, and 6. The pressure ratiopo/pa was varied from 2.9 to
4.5. The Reynolds number based on the nozzle exit diameter, for
the present range of exit Mach number and pressure ratio, was var-
ied from 4.2 x 104 to 2.7 x 105. The distribution of the total pres-
sure in the jet was measured by a pitot tube of 0.5-mm i.d. Time
averaged (mean) values of total pressure were measured at several
X, 7, and Z locations downstream of the nozzle exit. The nozzles
were held horizontal and were aligned parallel to theX axis of the
three-dimensional traversing system. The traversing system had a
uniform pitch of 0.5 mm in all three directions. The distance be-
tween the nozzle axes and the floor was kept sufficiently large to
ignore the wall effects in the present experiment. The stagnation
pressure/?0 was maintained with an accuracy of ± 1.7% whereas
the total pressure reading (pitot pressure pt) across the jet was uni-
form within ± 0.6%. The uncertainty in the nozzle spacing was ±
1.6% and in the nozzle throat and exit diameters was± 1.2%. Also,
the uncertainty in the dimensionless measuring spacings x/dt, y/dt,
and z/dt was ± 0.006. Throughout the paper, measurements were
made along the three mentioned planes shown in Fig. 1.
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Fig. 1 Experimental apparatus.

Fig. 2 Total pressure contours of the single jet.

Results and Discussion
The total pressure contours of the single jet are shown in Fig. 2

for Me = 2 and 2.5. It is important to note that all of the jets are
overexpanded. From this figure it can be seen that immediately
after the nozzle exit the jet spreads sidewise and the jet width in-
creases with axial distance as the jet moves downstream. The
shock cell patterns (shown as oscillation patterns in the contours)
appear in the core region for each jet. The main features of the
pressure contours are almost similar for different exit Mach num-
bers. However, it is apparent from the figure that, at the same value
°f Po/Pa> me Jet width changes with the exit Mach number. This is
because at a constant value of stagnation pressure the degree of
overexpansion varies with the exit Mach number. In turn, the ini-
tial jet divergent angle changes and, therefore, the jet width alters.
This is also because the screech tones associated with supersonic
jets change with the exit Mach number. The screech tones, in fact,
under certain conditions, help to induce large-scale vortical mo-
tions in the jet.18 The interaction between these vortical motions
and the shear layer as well as the shock waves leads to an alter-
ation of the jet growth rate. These results are in accord with those

obtained by Gutmark et al.,8 who measured the jet width of under-
expanded sonic jets through schlieren photographs.

Figure 3 shows the total pressure contours of the top jet forMe =
2. In the near field, the contours depict similar structure of shock
cell patterns which are also observed within the single jet. In Fig.
3a, the contours of the top jet with different nozzle spacings forMe
= 2 show considerably different behaviors from those of the single
jet. Comparing the results in this figure with those in Fig. 2, the
following observations can be made. Reflecting the effect of jet in-
teraction on the flowfield (the effect of the base twin jet on the top
jet), the top jet spreads to greater downstream distance. This be-
havior of the top jet is related to the increase of the subatmospheric
region between the jets which generates a large amount of entrain-
ment. This, in fact, enhances the far-field mixing. It is also seen
that the behavior of the top jet depends considerably on the nozzle
spacing. For S = 2.8, the top jet spreads smoothly, and the jet width
is maximum around x/dt = 45. For increasing S (S = 3.6), the effect
of the base jet is stronger, as is clearly seen in the figure. The jet
width increases with distance, and its boundaries assume a curved
shape. At a distance of about x/dt = 20, the jet width shows a steep
increase, indicating greater interaction between the top and base
twin jets. For S = 4.4, another structure of the top jet is shown. A
sharp variation of the pressure contours is observed in many
places, especially in the merging region (8 < x/dt < 20). The jet
width is maximum around x/dt = 35. For 5 = 6, once again the top
jet changes its structure and exhibits behavior similar to that of S =
2.8. However, the jet boundary grows up to x/dt = 20 and then
propagates parallel to the abscissa. This also shows that for higher
values of 5, the top jet behavior comes close to that of the single
jet, but due to combination with the base twin jet it spreads for a
longer distance. The same observation can be made for other Mach
numbers. It is clear from the results that the structure as well as the
jet spreading rate for the multijet vary considerably for different
combinations of exit Mach number and nozzle spacing.

In Fig. 4, the pressure contours of the base twin jet forMe = 1.5
are given for different nozzle spacings. Similar to the top jet, the
pressure contours show considerably different behaviors for differ-
ent S. The general features are almost similar; for instance, the two
jets attract each other, mix and combine, and then the combined jet
spreads as a single jet. There is a good similarity between the be-
havior of the pressure contours of the base twin jet and that of the
top jet corresponding to every S. For S = 2.8, the contours of the
base jet moves smoothly. The width of the combined base jet is
larger compared to that of the top jet which results in a larger
spreading rate in the base side relative to that in the top side. This
difference in the spreading rates is necessary in many industrial
applications for promoting mixing. For S = 3.6, a different struc-
ture is evident. At x/dt = 20, the jet boundaries move in a straight
line parallel to the x axis. The waviness associated with the jet
boundary in the near field may be caused by the jet expansion due
to entrainment and the compression by the ambient atmosphere. It
might also be related to the jet stability.8 For S = 4.4, the mean be-
havior of the contours is similar to that of 5 = 3.6, with larger
width. The sudden jump in the jet width is also seen as in the top
jet but at different locations. At S = 6, the base jet spreads
smoothly, and there is a good correspondence between the top and
base jet behaviors.

Figure 5 illustrates the total pressure profiles of the single jet as
a function of exit Mach number. For supersonic flows, the pressure
profiles are more meaningful than the calculated velocity profiles.
This is because the results from a pitot tube cannot be converted
directly into velocity or Mach number because of the unknown en-
tropy increase that occurred in the core region. This is due to the
shock waves associated with supersonic flows. In this figure, close
to the nozzle exit, the total pressure profiles indicate the presence
of a potential core region surrounded by an axisymmetric shear
layer. The centerline total pressure deficit in this region is related
to the upstream shock wave (Mach disk). Although this behavior
appears for every Mach number, the distribution of the average
total pressure tends to be flat, like that of a low-speed jet. ¥orx/dt >
10, the shock waves disappear, and the fully developed behavior of
the jet flow dominates. The distributions &tx/dt= 20 and 30 appear
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Fig. 3 Total pressure contours of the top jet, Me = 2.0 and p$lpa - 3.65.
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Fig. 4 Total pressure contours of the base jet, Me = 1.5 and p$lpa = 3.65.
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Fig. 5 Total pressure profiles of the single jet.

to be almost similar. It is also seen that the general features are
similar for various Mach numbers. However, it is clear that in the
near field there are many differences between the flow structures,
especially in the shock wave strength and position.

Figure 6 shows the triple jet behavior at four downstream sta-
tions indicating the different stages of development of the flow-
field. The figure shows the total pressure reading taken along the
three measuring planes [at the top jet, the middle section between
the top and base jets, and at the base twin jet (Fig. 1)]. In fact, for
multijet configurations, the flowfield of high-speed jets is found to
consist of three distinct regions, namely the converging, merging,
and combining regions. The results show that in the near region (x/
4 = 2), the pressure profiles are seen at planes 1 and 3 whereas at
the second plane, the pressure profile does not yet appear. This
means that at this location, the top jet and the base twin jet are still
in the converging regime. Between the two base jets, there exists a
region where the pressure is below the ambient pressure; but
across the jet, the pressure rises suddenly about the ambient pres-
sure. Beyond the jet core region (x/dt > 10), the profiles are seen
without any oscillation patterns (shock waves). The profile at the
second plane has also appeared indicating that the jets are now in
the merging region, It is clear that the two base jets also merge
whereas the top jet exhibits almost a fully developed behavior, and
its width is greater than that at x/dt = 2. Also, the peak of the total
pressure is lower than that at x/dt = 2, and the peaks of the top jet
and base jet profiles are higher compared to that at the second
measuring plane. The observed trend of the pressure profile at the
second plane is due to the interaction between the top and base
jets. The jet width at the base side is clearly larger than that at the
top side. At x/dt = 20, the profiles are seen just before the combin-
ing point. The total pressure of the second plane at this location is

0 y/dt 2 0 y/dt 2

Fig. 6 Triple jet behavior, Me = 1.5, p^/pa = 3.62, and S = 2.8.
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Fig. 7 Entrainment of the ambient fluid.

higher than those at the top and base planes. This indicates that
both the top and base jet axes have shifted to a location lying be-
tween the jets. Farther downstream (x/dt = 30), the profiles on all
three planes have the same trend and the same width. This means
that the three jets have combined to form a single jet. If one draws
a contour plot through the triple jet (say, forpt/pa = 1.075), it can
be observed that thept/pa = 1.075 contour has a circular shape with
its origin lying approximately at a distance of h/3 from the base
side (shown by a cross in Fig. 6). It means that the combined jet
has an axisymmetric profile. The streamwise variation of the pres-
sure field, as the triple jet develops downstream, is noteworthy. In
fact, such a pressure field variation leads to enhancement of the
far-field mixing.

The mass flux has been calculated via integrating the area under
the curve (for the total pressure profiles) assuming that axisym-
metric profiles exist in the merging and combing regions. The re-
sults are shown in Fig. 7. For the single jet, the mass flux increases
with Mach number. With regard to the base twin jet, the mass flux
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Fig. 8 Width of the triple jet, Me = 1.5 and p^/pa = 3.65.

is governed by the nozzle spacing as well. For 5 = 4.4, the result
agrees with that of the single jet with respect to the influence of
Mach number. However, the opposite behavior is observed for S =
2.8. In general, the triple jet configuration implies higher mass flux
than the single jet. This result supports the earlier observation.

Flowfield measurements show that the overexpanded triple jet
in a triangular configuration also undergoes a transformation in its
shape and axis orientation downstream, as seen in Fig. 6. The un-
equal spreading rate between the top and base sides produces a
crossover point. The jet width in Fig. 8 is defined as the distance
from the jet centerline (the plane of symmetry in the case of the
base twin jet) to the location in the Y direction where the total pres-
sure pt drops to 50% of its centerline value. In Fig. 8, the crossover
point associated with the triple jet can be seen clearly as corre-
sponding to the location where the curves of the jet width of the
top jet and those of the base twin jet crossover. Downstream of this
point, the combined jet has almost a circular shape. The distance
from the exit plane to the crossover point depends on the nozzle
spacing. The unequal spreading rate was obtained by many investi-
gators using asymmetric single jets.5'8

Conclusions
The main objective in many industrial applications is to get bet-

ter mixing between the fuel and oxidizer streams. The present
study provides a lot of new data on the interaction and mixing of
supersonic jets which have not been observed in the previous in-
vestigations. Some of the important results obtained by this study
are given as follows.

1) The exit Mach number, stagnation pressure ratio, nozzle
spacing, and nozzle configuration have strong influences on the in-
teraction process and the bending phenomena.

2) In the far field, the jets attract each other, mix, and finally
combine to form a single jet. The combined jet has an axisymmet-
ric shape, and it spreads to a longer distance than that of a single
jet. The interaction process in the far field is also affected by the
nozzle configuration. The nozzle configuration considered in the
present study enhances the mixing process. The enhanced mixing

is attributed to the large amount of entrainment and the flow dis-
turbance generated by the bending of the jet axes. The entrainment
increases the mixing between the jet flow and the ambient fluid,
whereas the flow disturbance enhances the mixing between the in-
dividual jets.

3) Finally, the bending of the jet axes and its effect on the shock
cell structure might help to reduce the noise level associated with
supersonic jets.
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