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Investigation of Two Plane Parallel Jets
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Results of an experimental study on the interaction of two two-dimensional turbulent parallel jets are
reported. The investigation includes measurements of mean velocity, turbulence intensities, and Reynolds shear
stress. The structure of the combined flow is compared with that of a single jet. The results show that the velocity
profiles of the combined flow are similar and agree well with that of the single jet. Up to 120 slot widths
downstream from the nozzles, true similarity is not found. For a spacing of 12.5 slot widths between the axes of
the two nozzles, the half-width of the combined flow grows linearly with downstream distance, but its spread
angle is slightly lower than that of a single jet. The centerline velocity decays with the same rate as the single jet,
but with a higher value of UM/ U0.

Nomenclature
5 = spacing between the two nozzles
tp = jet nozzle width
U = mean velocity in the x direction
u, v, w = fluctuating velocity components along x, y, and

^respectively
u',vf,w' =rms of fluctuating velocity components along x,
_ y, and z, respectively
uv = Reynolds shear stress
x = stream wise coordinate along centerline
y = coordinate normal to the centerline
y05 = half-width of the mean velocity profile along the

y axis
z = coordinate normal to floor and ceiling planes
7? = dimensionless distance y/x

Subscripts
M = centerline conditions
max = maximum value
0 = nozzle exit plane conditions

Introduction

THE turbulent mixing of jets can be applied in a wide
variety of fields. It is used, for example, in burners and in

thrust-augmenting ejectors for VTOL and STOL aircraft. The
flow configuration of interest here is that shown in Fig. 1.
Two identical two-dimensional jets of air issue from parallel
free-standing nozzles. Mutual entrainment of the surrounding
fluid creates a subatmospheric region between the two jets.
For this reason, the two jets attract each other and finally
merge together to form a single jet. The flowfield generated
by two plane parallel jets issuing from parallel slot nozzles in
a common wall has been examined experimentally.1'4 The
work of Marsters5 is perhaps the only case reported in the
literature for jets issuing from free-standing (ventilated)
nozzles. In this case, inter jet air entrainment is allowed and
the formation of vortices upstream of the merging region is
not observed. Marsters' work5 included measurements of
static pressure and mean velocities and was not concerned
with turbulence intensities.
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The characteristics of the flowfield are influenced by the
spacing between the two nozzles 5, see Fig. 1. In the present
investigation, S has the value of 12.5 slot widths tp.
Measurements were made up to 120 times tp downstream
from the nozzles. They included mean velocities, turbulent
intensities for the rms of the three fluctuating velocity
components u',v', and w' and Reynolds shear stress.

Experimental Apparatus
The apparatus used is shown schematically in Fig. 2. Two

variable-speed centrifugal fans were used to provide the
airflow to two identical separate nozzle blocks. The width of
the nozzle slot tp is 1.2 cm and its height is 49 cm. Before
reaching the slot, the air passes through a settling chamber
which contains three screens to produce a uniform velocity
along the length of the slot. The nozzle blocks are held be-
tween two horizontal walls extending 200 cm downstream of
the slots and 100 cm on each side of the midline between the
two nozzles. The facility is designed such that each of the two
nozzle blocks can be rotated around the vertical axis of the
slot for further experiments on the intercepting jets. The
design allows the jet to span all of the distance between the
floor and ceiling confining walls. Several measurements were
carried out to assure two-dimensionality. Over the central 38
cm of the distance between the floor and ceiling walls, the
velocity at nozzle exit was highly uniform and even at a
downstream distance, *=120^, the variation in total head
did not exceed 2.4%. The exit Reynolds number was 2x IO4

and the turbulence level was 1%. The traversing mechanism
enabled the measuring instrument to be traversed longitudi-
nally in the downstream direction and laterally across the jet.
The apparatus is placed in nearly symmetric position of a
large air-conditioned room. The distance from the apparatus
boundary to the nearest wall was greater than 5 m.

Instrumentation and Procedure
Measurements were made with DISA 55M-01 constant

temperature anemometers in conjunction with DISA 55-M25
linearizers. The linearizers were calibrated with the aid of
DISA 55-D90 calibration equipment. An automatic X-Y
recorder was used for plotting calibration curves. Most of the
measurements were made using either symmetric X-wire or a
single inclined wire. The probes were manufactured by DISA
and constructed from 5 /mi platinum-coated tungsten wire
with an active length of 1.25 mm. The distance between the
two wires of the X-wire probe is of the order of one wire
length. Jerome et al.6 had shown that for such a distance, the
thermal wake effects on X-wire measurements are avoided
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Fig. 1 Flow configuration of two turbulent parallel jets.
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Fig. 3 Velocity profile for the single jet.

and the wire can be considered to have no pitch sensitivity.
The X-wire probe can be used in oblique operation for
measuring mean velocities and the three component turbulent
intensities with adequate accuracy7'9 up to an angle of 25 deg.
For the Reynolds shear stress higher errors are obtained with
oblique operation.7

The calibration equipment together with the X- Y recorder
has enabled calibration to be conducted easily before each run
and to be checked and readjusted at the beginning of each
lateral traverse. Measurements of correlations were made
using DISA 52-B25 turbulence processor. Mean values and
rms values were obtained using DISA 55-D31 digital volt-
meters and DISA 55-D35 rms units, respectively. Most of
these instruments have integration times of 0.1-100 s. In the
present investigation, averaging times of 30 s were used in the
outer portions of the jet and 10 s in the rest of the flowfield.

Summary of Single-Jet Measurements
Mean Velocity

For convenience in comparison of results, the single jet was
investigated and compared with the results of previous in-

——— Bradbury
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Fig. 5
jet.

Distribution of the lateral velocity fluctuations for the single

vestigators.10'12 Mean velocity profiles normalized by the
maximum velocity at a given value of x/tp are shown in Fig.
3. The profiles exhibit good similarity and have the usual bell
shape. The agreement between the present results and that of
Gutmark,10 Bradbury,11 and Heskestad12 is very good for
r;<0.1. Near the edge, the four sets of data appear to be
somewhat different, probably due to the measuring accuracy
in this low-velocity region.
Turbulence Quantities

The rms fluctuating velocity components u', v', and w' are
shown in Figs. 4-6, along with the results of Refs. 10-12. The
distribution of Reynolds shear stress uv is shown in Fig. 7.
Agreement between the four sets of results is poor. One may
attribute this difference to the influence of the apparatus
design and initial conditions at the nozzle exit.13
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Fig. 6 Distribution of the transverse velocity fluctuations for the
single jet.

X/tP

40
50
60
70

___ Calculated
_..— Gutmark
——— Bradbury

— Heskestad

p
D
V
A

0.02 _

CMS

Fig. 7 Distribution of the turbulent shear stress for the single jet.

The distribution of the axial velocity fluctuations u'/UM
compares favorably with that of Gutmark10 and Heskestad12

for r/<0.1. But for rj > 0.1, the present results are in good
agreement with those of Bradbury11 but substantially lower
than those of Gutmark and Heskestad. In the present ex-
periment as in Bradbury's experiment, the apparatus design
allows the entrained streamlines to be approximately parallel
to the axis of the jet. This has the advantage of decreasing the
turbulent intensities at the edge of the jet and leads to more
accurate measurements.

The distribution of the lateral velocity fluctuations v' IUM
is shown in Fig. 5. In the central part of the jet the v' profile
agrees well with that observed by Bradbury. But in the outer
region of the jet, the present results are nearer to those of
Gutmark.

In Fig. 6, the distribution of the transverse velocity fluc-
tuations w'/t/M is shown. In the central part of the jet, the
present results are closer to those of Heskestad except that the
present distribution shows a slight "saddle-back" shape
which was observed only in Bradbury's results. However, the
ratio w!nax/wM takes the value of 1.05 and 1.2 for the present
and Bradbury's results, respectively. In the outer part of the
jet, the transverse velocity fluctuations are lower than those
measured by Gutmark, Bradbury, and Heskestad. _

The measured distribution of the turbulent shear stress uv is
shown in Fig. 7. Good agreement is obtained between the
measured values and the distribution calculated from the
mean velocity profile by neglecting the normal stresses. The
maximum value of the shear stress occurs at around 77 = 0.07.

Characteristics of the Flowfield of the Two Jets
Mean Velocity

Figure 8 shows the distribution of velocity along the y axis
at-x/tp-=l-9 4, 7, and 15. The velocity is normalized with
respect to the velocity at nozzle exit, while the y coordinate is
normalized with respect to the spacing 5 between the two
nozzles. As seen, the maximum velocity of the jet and its
location from the x axis decrease with the distance from the
nozzle. The two jets finally approach the x axis and join to
form a single jet. The entrained secondary flow between the
two jets is clearly noticeable. The distribution of velocity
along the x axis is shown in Fig. 9. At the centerline, the ratio
of the secondary flow velocity to the exit velocity U/U0 has
the value 0.15 at x/tp = 1 and decreases with x/tp up to a value
of about 0.04 at x/tp = \2. For x/tp>\2, the centerline
velocity begins to rise with x/tp up to a maximum value in the
region where the two jets join together at x/tp around 30. The
ratio UM/UQ for the combined jet is higher than that for the
single jet and decays at nearly the same rate as the single jet.

Figure 10 shows the velocity profiles in the combined jet. In
this case the y coordinate is normalized with respect to y0,5.
The profiles are similar and have the shape of those of the
single jet. Figure 11 shows the growth of the half-width of the
combined jet. As shown in the figure, the half-width y05
grows linearly with x/tp. However, its spread angle is slightly
lower than that of the single jet. The lower spread rate may be

Fig. 8 Mean velocity distribution upstream of the merging region of
the two parallel jets.
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Fig. 10 Velocity profile for the combined parallel jets.
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Fig. 12 Distribution of the axial velocity fluctuations upstream of
the merging region of the two parallel jets.
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Fig. 13 Distribution of the lateral velocity fluctuations upstream of
the merging region of the two parallel jets.
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Fig. 11 Growth of the combined jet with downstream distance.

Fig. 14 Distribution of the transverse velocity fluctuations upstream
of the merging region of the two parallel jets.

attributed to the streaming effect of the entrainment fluid.
This effect should depend upon the geometrical parameters of
the flowfield, in particular, the spacing S and the dimensions
of the bounding plates.

Turbulence Quantities
The distribution of the turbulent intensities along the

centerline is shown in Fig. 9. The figure shows that in this
investigation, the three components of the turbulent in-
tensities still rise with the axial distance up to x/tp = 120. The
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Fig. 15 Distribution of the axial velocity fluctuations for the
combined jet. Fig. 17 Distribution of the transverse velocity fluctuations for the

combined jet.
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Fig. 16 Distribution of the lateral velocity fluctuations for the
combined jet.

distribution of the «', v'9 and w' components upstream of
the merging region are shown in Figs. 12-14. From these
figures, it is seen that near the nozzle exit, the maximum
values of the velocity fluctuations u' /U0f v' /U0, and w'/U0
exist in positions corresponding to the nozzle edges, while the
minimum values correspond to the axis of each jet and the
secondary flow.

The distribution of the turbulent velocity fluctuations
downstream of the merging region u'/UMf v'/UM, and
w' IUM are presented in Figs. 15-17. Figure 15 shows that the
profiles of the axial velocity fluctuations u'IUM are not
similar and have the "saddle-back" shape. At x/tp =50, the
maximum value of u' occurs at y/y0.s =0.76. As x/tp in-
creases, the magnitude of this maximum increases and its

ll
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Fig. 18 Distribution of the turbulent shear stress for the combined
jet.

location moves toward the centerline. Also, the value of the
ratio Wmax/wM is quite large near the confluent region, in-
dicating the effects of the merging of the two shear layers at
the outside of the combined jet.

As shown in Fig. 16, the maximum value of the lateral
velocity fluctuations v'IUM occurs at the centerline and its
magnitude increases with x/tp. Figure 17 shows that the
distribution of the transverse velocity fluctuations w' /UM
exhibits the "saddle-back" shape at lower values o f x / t p , but
as x/tp increases, this shape gradually disappears. For
#/fp = 50,-the location of w^ occurs at y/y05=Q.5% and
moves toward the centerline as x/tp increases.

The variation of the turbulent shear stress uv is shown in
Fig. 18 together with the distribution calculated from the
mean velocity profile. The maximum value of the shear stress
is about the same as the single jet and occurs at around
y/y0.5 =0.8. However, the maximum measured value of uv is
about 13% higher than the calculated one.
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Conclusions
The following conclusions can be drawn from the ex-

perimental results presented in this paper of the mixing
between two plane parallel ventilated j ets:

1) The velocity profiles of the combined flow are similar
and agree well with that of the single jet.

2) The centerline velocity decays with the same rate as for
the single jet, but with higher value of UM/U0.

3) The width of the combined jet spreads linearly down-
stream as a single jet, but its spread angle is slightly lower.

4) The distributions of the three components of turbulent
velocity fluctuations show different behavior than that for the
single jet and true similarity was not observed up to
x/tp = 120.

5) The maximum shear stress has nearly the same value as
that in the single jet.
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