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Experimental Investigation of
High-Speed Twin Jets
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Introduction

TWIN jets have been used in many engineering applications.
Recently, the development of high-performance aircraft, in

which high-speed twin jets are used, is a subject that has received
increasing attention. Low-speed twin jets have been investigated
extensively, and sufficient data on them are available for many
practical engineering purposes.1'2 Most of the work has been per-
formed in incompressible turbulent jets. However, there have been
very few studies of high-speed twin jets. The acoustic and screech
phenomena of high-speed twin jets are the aim of most earlier
investigators. Miller and Comings3 studied the subsonic twin jet at
only one nozzle spacing. They found that the region of subatmo-
spheric static pressure between the converging jets accounted for

Fig. la Mean velocity profile.
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Fig. Ib Total pressure profiles of underexpanded jets.

their convergence and for the reversal of a considerable fraction of
the total flow at the centerline against a strong downstream force
of turbulent shear. The phenomenon of supersonic twin jet reso-
nance was defined and studied by Seiner et al.4 The effect of noz-
zle spacing on the coupled interaction of supersonic twin jets was
examined by Wlezien.5 He found that, for closely spaced nozzles,
coupling occurred at low Mach numbers and was suppressed at
high Mach numbers.

The main parameters governing the flowfield of a high-speed
twin freejet are stagnation/ambient pressure ratio (po/Az) and noz-
zle spacing 5. The interaction between the jet and ambient fluid
with varying these parameters just discussed is especially impor-
tant in many engineering fields. The purpose of the present investi-
gation is to study the effect of the parameters on the twin jet struc-
ture, development, and propagation. Only the mean flowfield is
highlighted in this investigation.

Experimental Apparatus and Procedure
A blowdown high-pressure supply system was used to provide

the airflow to a settling chamber. Before reaching the nozzle, air
was passed through three mesh screens set 3 cm apart to reduce
disturbances at the nozzle inlet. Two axisymmetric convergent
nozzles having an exit diameter de of 4.2 mm set in a common wall
were used. The spacing between the two nozzles was chosen as 12,
16, 18, and 22 mm. The stagnation/ambient pressure ratio was var-
ied from 1.13 to 4. The Reynolds number based on de was varied
from 4.2 X 104 to 1.3 X 105. Measurements of total pressure were
made across the jet at several downstream locations using a pitot
tube with an inside diameter of 0.5 mm. The distance between the
nozzle centerline and the nearest wall was about 3 m so that wall
effects were negligible in the experiments. The stagnation pressure
was maintained at the desired value within an accuracy of'±1.7%.
The total pressure (pitot tube reading) measured in the jet (pt) was
uniform within ±0.6%. The stagnation temperature was uniform at
35 ±1°C during the experiments.
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Fig. 2 Total pressure contours of the twin jet.

Results and Discussion
Figure la shows the mean velocity (U/UQ) profiles in the x-y

plane at pQ/pa = 1.9. The total pressure profiles of the under-
expanded jet (pQ/pa = 3.3) are given in Fig. Ib. In fact, the results
from a total pressure probe cannot be converted directly into ve-
locity or Mach number for the underexpanded jet because of the
unknown entropy increase that has occurred in the core region.
This is due to the shock waves associated with supersonic flows. In
this case, the pressure distributions are more meaningful than the
calculated velocity profiles.

In the region close to the nozzles (converging region), the main
behavior of each jet is quite similar to that of a single jet. For in-
stance, the centerline region of the mean velocity profile of each
jet in this region is nearly flat. The flat portion disappears as the
jets decay downstream. The maximum velocity/total pressure de-
creases and the jet width increases with distance from the nozzle

exit. The two jets interact and approach the plane of symmetry as
the distance from the nozzle exit increases. The jets intermix in the
merging region where the velocity/total pressure in the plane of
symmetry increases from zero at the merging point until it reaches
a maximum just upstream of the point where the two jets join to
form a single jet. The jet interaction begins at a distance between
4de and 9de and the combining (the beginning of combining re-
gion) occurs at a distance of 23de for 5=12 mm and at a distance
of 30de for higher values of S. The location of the peak velocity/
total pressure (umax/pmax) shifts from the nozzle axis to the plane of
symmetry as the distance increases downstream. The combined jet
propagates as a single jet in the far region, and the "fully devel-
oped" behavior takes place as in the case of incompressible jets.

The underexpanded twin jet (Fig. Ib) exhibits many of the
aforementioned features. The distinct centerline deficit in the core
region of the underexpanded jet is related to the upstream Mach
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Fig. 3b Variation of jet width (j0tl) with pressure ratio.

disk. This is the main difference between the underexpanded jet
and the subsonic and sonic jets. Far downstream, the flow becomes
subsonic and the fully developed flow behavior similar to that of a
low-speed jet is observed.

Figure 2 shows the total pressure contours for different pressure
ratios. The effect of nozzle spacing is also included in this figure.
The behavior of the twin jet is quite similar at different pressure ra-
tios and nozzle spacings. The three regions defined earlier are
clearly observed, and the nozzle spacing has a strong influence on
the starting point of these regions.

For lower values of nozzle spacing, the two jets mix and com-
bine to form a single jet that is faster and very close to the nozzle
exit. This process occurs farther from the nozzle exit plane with in-
creasing S. Also, for smaller 5, the jet axes undergo only a slight
bending toward each other. However, in the case of higher nozzle
spacings, the attraction force between them becomes more (due to
larger entrainment), and therefore the bending of the jet axis be-
comes severe as seen for S = 22 mm. This, in fact, has strong ef-
fects on the core length, which becomes shorter than that of a sin-
gle jet. Also, the jet bending brings down the spread rate of the
twin jet as compared with that of a single jet.

For the subsonic and sonic jets, the pressure contours are quite
similar. However, there are many differences between the pressure
contours of the subsonic/sonic jets and those of the underexpanded
jet. The effect of shock waves on the contours is seen in the core
region of the underexpanded jet (shown as oscillating patterns).
Also, the propagation distance of the underexpanded jet is longer.
A more interesting fact is that the bending alters the shock cell
structure. Therefore, the structure of the shock cell in the underex-
panded jet is strongly affected by nozzle spacing (Fig. 2c). Far
downstream, the pressure contours of the combined jet show the
behavior of a single jet. However, the width of the underexpanded
jet is larger than those of the subsonic and sonic jets. The large
spread rate of the underexpanded jet is related to the interaction
between the shock waves and the jet shear layer in the near field
and the large amount of entrainment in the far field. It may be
noted here that because of the lack of pitot tube data, the interpola-

tion procedure failed to produce proper pressure contours at the
centerline for some of the total pressure values.

The jet growth (spreading ratio) is commonly measured by the
variation of the jet half-width. This is the distance between the
plane of symmetry to the point in the y direction where the axial
velocity becomes half of its maximum value at the particular axial
location (x/de). Figure 3a shows the variation of the half-width
yo.5/de with x/de f°r different 5. The spreading ratio of a single jet
is also given for comparison. The spreading ratio of the twin jet de-
creases slightly in the near field and then increases with increasing
downstream distance. Forx/de < 15, the spreading ratio of the twin
jet is larger than that of the single jet for all cases of S. For x/de >
15, the slope of the single jet half-width is higher than that of the
twin jet. This can be understood, considering the facts that the en-
trainment of the ambient air is prevented in the inner region be-
tween the jets and also the jets bend toward each other. For large
nozzle spacings (S = 22 mm), the lower spread rate is related to the
excessive bending of the jet axes as well as the streaming effect of
the ambient entrainment.

The variations of the jet width (defined as the yQl distance at
which U/UQ = 0.1) are shown in Fig. 3b. The pressure ratio has been
represented by pa/po in the figure. The jet width attains a maxi-
mum for some value ofpa/pQ in the subsonic flow regime and then
decreases near the sonic pressure ratio. At all axial distances, the
variation in the jet width with pressure ratio is more or less similar
and the peak value of the jet width occurs aroundpa/pQ - 0.6. For
the underexpanded jet, the trend of the jet width with the variation
of pressure ratio does not exhibit a fixed behavior. It decreases
after the sonic flow value up topa/p0 = 0.42 and then oscillates due
to the shock cell patterns. This variation of the spread rate with
pressure ratio in the underexpanded flow regime is related to the
change in the jet mode structure from axisymmetric to helical to
another at which the normal shock waves are more dominant.6
This indicates that the pressure ratio/Mach number has a consider-
able effect on the jet structure, especially for underexpanded jets.

Conclusions
The main features of high-speed twin jets are quite similar to

those of low-speed incompressible jets. The flowfield contains
three distinct regions, namely, converging, merging, and combin-
ing regions. The twin jet interacts and merges, with a downstream
development like a circular single jet. The position of maximum
velocity/total pressure of the twin jet shifts from the nozzle axis to
the plane of symmetry between the jets. The jet flow structure is
strongly influenced by the pressure ratio as well as nozzle spacing.
Because of the interaction between the jets, the jet axes bend to-
ward each other, and the extent of bending increases with nozzle
spacing. In the region close to the nozzle, the width of the twin jet
is larger than that of a single jet. Far downstream, the spread rate
of the combined jet is slightly lower than that of a single jet for
most of nozzle spacing values. In the underexpanded flow region,
the jet width shows irregular variation with varying the pressure
ratio, and it is not characterized by a fixed behavior as that of a
low-speed jet.
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