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Flow Visualization and Measurements in a Two-Dimensional
Two-Impinging-Jet Flow

H. Elbanna* and J. A. Sabbaght
King Abdulaziz University, Jeddah, Saudi Arabia

This paper presents the results of an experimental study of the flowfield characteristics of the interaction of
two two-dimensional jets impinging against a normal ground plane. The flowfield was observed visually using
oil-flow patterns. Measurements of turbulence and averaged velocities in the flowfield were performed. Parame-
ters included in this investigation were the distance from the ground plane and the jet relative strength. The re-
sponse of the flowfield to the variation in these parameters has been characterized. Increasing the distance be-
tween the jet exit plane and the ground plate, the developed stagnation pressure in the upwash formation region
exceeds those corresponding to the jet central streamline. It is found that, in a two-impinging-jet flow, the rate
of jet decay is higher than that for a single jet.

Nomenclature
/ = velocity momentum =|p(t/2 + w'2) dy
JQ = momentum at nozzle exit = tpp(L/Ql + (/o2)
P = static pressure relative to jet ambient pressure
S = spacing between the centerline of the two nozzles
tp =jet nozzle width
U = mean velocity in the x direction
u, v, w = fluctuating velocity components along x, y, and

z, respectively
u, 'v, 'w,' = rms of fluctuating velocity components along

x, y, and z, respectively
x = stream wise coordinate along centerline
y = coordinate normal to the centerline
z = coordinate normal to the confining walls
p = density

Subscripts
01 = exit plane conditions of the strong jet
02 = exit plane conditions of the weaker jet

Introduction

T HE impingement of two parallel ventilated jets on a
normal plane surface (Fig. 1) is of interest in many engi-

neering problems, particularly in the design of efficient
VTOL aircraft. Ingestion of exhaust gases increase the tem-
perature at engine inlet, leading to significant reduction in per-
formance. It may even cause stalling of the engine in the case
of very high temperature rise and/or large fluctuations in tem-
perature.1 The flowfield due to in-ground effects (IGE) is
classified into two types: near-field and far-field flows. Far-
field flows are encountered when the jets are placed close
enough or when the jets are sufficiently far from the ground.
In this situation, the two jets combine prior to striking the
ground, and the confluent jet spreads as a wall jet. Because of
entrainment of air by the exhausting jets and buoyancy ef-
fects, some of the warmer gases in the decayed wall jet may be
brought into the engine inlets. Far-field ingestion is low be-
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cause hot gases drawn back to the engine inlets are subjected
to a long path and extensive mixing, and thus they reach the
inlets at temperatures close to the ambient. Near-field inges-
tion occurs when the two jets are placed far enough apart. In
this case, the flowfield of each of the two impinging jets exhib-
its the normal behavior of a wall jet. In addition, the interior
wall jets meet, forming an upward flow called upwash or
"fountain." In near-field ingestion, exhaust gases in the foun-
tain have a shorter path to the inlets, and accordingly high
temperature levels are usually associated with it.

Enhanced entrainment of ambient air creates subatmo-
spheric pressures on the undersides of the aircraft, resulting in
a downward force (lift loss). This negative force, which is
termed "suckdown," results in an effective vertical thrust
loss. However, capturing some of the upwash flow produces
positive lift force resulting from increased pressure on the
undersurface of the aircraft. Favorable effects of the fountain
compensate for and may even exceed suckdown losses.

The most elementary flowfield appropriate to this discus-
sion is that of free parallel jets. Such a flowfield has been sub-
ject to extensive investigation by the authors2'5 and other
workers.6'11 Air entrained by the two jets causes a subat-
mospheric region to exist between the two nozzles. There
would be an attraction between the two jets, causing their axes
to curve and eventually merge, forming a single jet. It was
concluded also2 that "ventilated" (free-standing) jets are con-
fluent at larger distance from nozzle exit than that for "unven-
tilated" jets.

Aerodynamic suckdown effects in ground proximity was in-
vestigated12 for a full-scale configuration and compared with
results from small-scale tests. It was concluded that valid aero-
dynamic suckdown data applicable to a full-scale configura-
tion can be obtained from small-scale tests. Upwash from full-
scale, heated, compressible aircraft engine jets has been
accurately predicted from small-scale cold-jet incompressible
experiments.13

Available work found in the literature is concerned with im-
pingement of round jets.14'19 In most of these investigations,
measurements were conducted using Kiel, total, and static
pressure probes and were mainly devoted to measuring the in-
duced forces and moments. In the reviewed previous work, a
maximum value of H/d of 10 was investigated in the work of
Ref. 20, and a maximum value of S/d of 12 is found in the
work of Ref. 21. Within these limits of flow parameters, it was
concluded17'18 that velocity fluctuations were high enough and
scale of turbulence was large enough to bring about a signifi-
cant error in the measured flow parameters. Rectangular
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nozzles with the longer sides parallel were found to reduce
suckdown effect rather than round jets.22 In spite of the con-
siderable efforts expended in studying the problem for many
years, extensive measurements of mean velocities and the tur-
bulent structure of the flowfield have not been carried out and
thoroughly studied. Detailed measurements are also needed in
order to develop accurate prediction methods.

The results presented in the next sections are concerned with
the impingement of two two-dimensional jets on a plane nor-
mal to their axes. The jets are placed far enough apart to mini-
mize the interaction between the upwash and the jet plumes.
Parameters included in this investigation are the distance be-
tween the jet exit plane and the ground plane, and relative jet
strength.

The effects of these parameters were studied by visually ob-
serving the flowfield using oil-flow patterns and silk tuft
probes. Ground-pressure measurements were obtained using
pressure taps. Lateral traverses of mean velocity and turbulent
intensitites were carried out using a DISA 5600 two-channel,
hot-wire anemometer. The objective of the experimental
results is to study the influence of the preceding parameters on
the upwash and other flow properties. A second objective of
this work is to investigate the turbulence structure of the
flowfield. This serves to develop more accurate models to pre-
dict upwash and suckdown effects on VTOL aircraft.

Apparatus and Procedure
Air is supplied from two separate blowers to two identical

nozzle blocks (Fig. 2). Before it converges to the nozzle exit,
air passes through three grids for producing uniform velocity
along the length of the slot. The contraction ratio is 13:1, and
the nozzle slot has a width tp = 5.5 mm and a length / = 490
mm. The two nozzle blocks are confined between two parallel
walls. The apparatus is designed such that the nozzle slot
spans all of the distance between the two confining walls to
prevent air leak into the low-pressure regions between the two
jets. In the impinging jet experiments, a ground plate is placed
vertically between the two horizontal confining walls normal
to the nozzle axes. The confining walls extend 1 m to either
side of the midline between the two jets.

Traverses were carried out spanwise of the nozzle slot and in
the lateral direction to determine the degree of uniformity of
the flow emanating from the nozzle. Spanwise velocity trav-
erses have shown that, over the middle of 80% of the distance
between the lower and upper walls, the velocity is highly uni-
form. Lateral traverses revealed a very flat velocity profile.
The present nozzle design, with a contraction ratio of 13.1 and
aspect ratio of 89.1, is considered good for the two-
dimensionality of the flowfield. However, several traverses
were carried out at different levels in the central 80% of the
distance between the bottom and upper confining walls. These
measurements have shown that the flowfield exhibits good
two-dimensionality.23

The characteristics of the single jet used in the present ex-
periments were studied23 and compared with available work in
the literature.24'26 The ratio of the momentum at downstream
stations to that at the nozzle exit plane J/J0 was found to be
0.93. This relatively high value of J/J0 indicates that the
nozzles are well designed.

In the present experiments, the spacing between the two
nozzles is fixed at 27.6 slot widths tp. Such a high value of S/tp
has the advantage of reducing the interaction between jet
plumes and the upwash. The velocity of the strong jet U0i was
kept constant at 54.5 m/s, corresponding to a Reynolds
number of 16,600 based on the slot width tp. The velocity of
the second jet UQ2 was changed by obstructing the blower in-
let. Velocity ratios were varied over a range from 1 to 0.5.
Within this velocity range, the characteristics of the two paral-
lel freejets were also studied, and the principle of conservation
of momentum was satisfied. 2,23

Another parameter in this investigation is the distance H be-
tween the nozzle exit plane and the ground plane. The H/tp
values investigated are 14.7, 30, 40, and 50. In most of the pre-
vious work in the literature, the ground plane was placed at a
distance not greater than the core of the incident jets. In this
case, the wall jet flow is influenced by the high turbulence level
in the outer shear layer of the flow developing region. Also,
upwash measurements become close to the origin of the up-
wash. This leads to a high turbulence level in the upwash re-
gion, as was previously noticed17'18 for low values of H/tp.

Mean velocities and turbulent quantities were measured us-
ing a DISA 5600 hot-wire anemometer. Most measurements
were conducted using X-probes 55P63 and 55P64 manufac-
tured by DISA. For these probes, the wire diameter is 5/x, and
its active length is 1.2 mm. The distance between the two axes
of the X-wire probe is of the order of one wire length. For
such a distance, it was concluded27 that the thermal wake ef-
fects are avoided and that the wire can be considered to have
no pitch sensitivity. The X-wire probe can be used in oblique
operation for measurements of mean velocities and turbulent
intensities with adequate accuracy28'29 up to an angle of 25
deg. For Reynolds shear stress, higher errors are obtained with
oblique operation.

A silk tuft probe was mutually traversed with the hot-wire
probe. The two probes were arranged to be located in the same
measuring position but at a small distance apart in the Z direc-
tion. The flow direction was obtained by observing the tuft di-
rection together with photographs of oil-flow patterns, which
were obtained by spreading a mixture of kerosene and chalk
on a perspex sheet placed horizontally between the jet exit
plane and the ground plane.

Surface pressure distributions along the ground plate were
measured from pressure taps of 0.5 mm diam. Pressure taps
were evenly distributed in the middle part of the ground plate.
Connecting the pressure taps to a tilting manometer, large

Stagnation point stagnation point

Fig. 1 Two-jet impingement model. Fig. 2 The nozzle blocks.
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fluctuations in pressure were noticed. Therefore, pressure
measurements were displayed using a pressure transducer and
electronic manometer. Average pressure values were obtained
by connecting the analog output of the electronic manometer
to a DISA 55D35 voltmeter.

Results and Discussion
Flow Visualization

Flow visualization technique is an interesting tool that pro-
vides valuable insight into complex flowfields. Figure 3 shows
the flow pattern for the impingement of two jets of equal
strength. Figures 3a-3d describe how the nature of the
flowfield is influenced by changing the distance H between the
nozzle exit plane and the ground plate. Two outside free wall
jets arising from the impingement of the two jets on the
ground plane are clearly seen. The up wash formed by collision
of the interior opposed wall jets is clearly observed midway be-
tween the two jets. Entrainment effects caused by the down-
stream moving jets and upstream moving fountain lead to the
formation of two counter-rotating vortices that are clearly
seen between the two jets and the fountain. Increasing H/tp9
the jet spreads further before striking the ground plate. Ac-
cordingly, the jet impingement region increases. In Figs. 3c
and 3d a stagnation region is observed as the upwash ap-
proaches the nozzle exit plane. In these figures, part of the up-
wash flow is doubled back into the vortices, whereas the re-
maining upwash flow eventually meets the downward
entrained flow between the two jets, and a stagnation region is
found. The stagnation region is more noticeable at H/tp = 50
because the upwash is subjected to a large path and conse-
quently to more deceleration. An interesting feature is the lo-
cation of the vortices' center. Although it seems to be midway
between the nozzle exit plane and the ground plane for

- a) H/tp = 14.7

b)v H/tp =30

c) H/tp = 40

d) H/tp =50
Fig. 3

H/tp = 30, it comes closer to the jet exit plane for H/tp = 40
and 50. In Fig. 3b, it seems that the upwash and the counter-
rotating vortices are pushing the jet plumes in the outward di-
rection.

Figures 4a-4d show the effect of changing the velocity ratio
of the two jets C/02/t/01 on the impingement flowfield. In Figs.
4a-4b, it can be seen that the upwash curves toward the strong
jets as the jets have different strength. For smaller values of
H/tp9 previous investigators (e.g., Refs. 17 and 21) had shown
that the upwash deflects toward the weaker jet as the velocity
ratio decreases. However, this finding is also observed in the
present work for H/tp = 3Q and (702/C/01 =0.5 (Fig. 5b). As
may be seen in Figs. 4a-4d, as the velocity ratio decreases, the
area of the right vortex (in the weaker jet side) increases,
whereas the left vortex becomes narrower in the lateral direc-
tion, and its effect extends deeper toward the ground plate. In
all visualized flows with different jet strengths, it can be seen
that the strong jet slides under the weaker jet on the right. As a
result, the right wall jet is much thicker than the left one. This
feature is more evident as the velocity ratio decreases. In Fig.
5a for H/tp = 14.1 and U02/U01=Q.59 it seems that the left
vortex has disappeared and the flow comprising it has drawn
into the weaker jet side. It can be detected also that the flow
direction of the right vortex is anticlockwise, opposite to what
was observed for the equal-strength jets. Of significant in-
terest in this figure is that the upwash has disappeared and the
flow between the two jets is in the downstream direction.

Flow pattern for equal impinging jets.
d) ^02/^01 =

Fig. 4 Flow pattern for unequal impinging jets: H/tp = 40.
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a) H/tp = 14.7

b) H/tp = 30
Fig. 5 Effect of varying the height H/tp on the flow pattern at a
velocity ratio t/02/UQl = 0.5.

Fig. 6 The distribution of ground pressure for equal impinging jets:
H/tp = 14.7.

Ground-Pressure Measurements
The variation of ground pressure for equal-strength jets is

shown in Fig. 6 for different values of H/tp. As the two inci-
dent jets approach the impinging region, the velocity in the jet
decays with a rate much greater than that for a freejet, and
consequently the pressure increases above the ambient sur-
rounding pressure. Along the ground plate, two peak pressure
values are found, corresponding to the impingement of the
two jets. Midway between the two impinging regions, a stag-
nation pressure is developed where the flow comes to rest and
deflects upstream, forming the up wash. For H/tp — 14.7, the
upwash centerline stagnation pressure compares with the peak
pressure values corresponding to the two jets, whereas it ex-
ceeds those of the nozzles at H/tp values of 40 and 50. This
observation contradicts the conclusions of Refs. 19 and 30
that the upwash stagnation pressure will never achieve the noz-
zle impinegment peak pressure value, whatever the spacing be-
tween the two nozzles or their relative distance from the
ground plate. In the interior wall jet region, the pressure is
greater than ambient. This shows that, for the investigated
values of H/tp, the spacing between the two nozzles is not
enough for the interior wall jets to be completely developed,
and therefore pressure recovery does not occur prior to inter-
action.

When the two jets have different strengths, the distribution
of ground pressure becomes asymmetrical. Figure 7 shows the
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Fig. 7 The distribution of ground pressure for unequal impinging
jets: H/tp = 14.7.

ground-pressure distribution for H/tp = 14.7 and for UQ2/U0{
values ranging from 0.5 to 0.9. A dramatic change occurs in
the pressure distribution, even for £/02/t/01 =0.9. Negative
pressure is found on the ground plane in the region between
the two jets. The development of pressure lower than ambient
in this region is attributed to air entrainment into the wall jet.
As the velocity ratio decreases, it can be seen the the peak
pressure corresponding to the strong jet increases. At
U02/U01 = 0.7, it attains a maximum value of about twice that
obtained with equal-strength jets. Then it decreases slightly
with a further decrease in the velocity ratio. Therefore, the
pressure in the impingement region of jet is highly influenced
by the existence of the second jet. This shows that we cannot
predict pressure data in the impingement region from single-
impingement jet data, as was usually considered by previous
workers.19'30'31 Such treatment would be subjected to consid-
erable error, especially at higher values of H/tp. From Fig. 7,
it can be noticed that the location of the peak pressure corre-
sponding to the strong jet is also influenced by the velocity
ratio. It moves away from the midline between the two nozzles
and approaches the nozzle centerline as the velocity ratio de-
creases. This is due to the lesser attraction of the two jets at
lowered velocity ratio.

Hot-Wire Measurements
Figures 8-11 show the results of hot-wire lateral traverses

for the two equal impinging jets with the ground plate at a dis-
tance H/tp = 14.7. Lateral traverses were conducted upstream
and downstream of the nozzle exit plane from x/.tp = - 3 up to
x/tp = 8. Mean velocity data are presented in Fig. 8. From
lateral velocity traverses, the velocity along the jet central
streamline is detected. Consequently, the extension of the
potential core and the rate of jet decay are obtained. The jet
potential core region is shortened to less than three nozzle slot
widths tp. The jet velocity decays in a faster rate than that for
a single jet and free parallel jets. In the inter jet passage close
to the outer shear layer of each of the two jets, entrained flow
is quite noticeable. Near the nozzle exit plane at x/tp = 1, the
velocity of the entrained secondary flow is in the order of 0.35
U0i. The reversed upwash flow is clearly observed between the
two jets. Flow direction in this region was obtained by a tuft
that was mutually traversed with the hot-wire probe. Because
the flow is two-dimensional, it was possible to place the tuft
probe in the same flowfield position as the hot-wire probe.
The interaction of the downstream entrained flow and the up-
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A X / tp =-3
A x / tp =-i
D x / tp = i

X / tp = 3

0 * / *P= 5
X / tp r g

A x / tp = i

Fig. 8 Velocity distribution: H/tp = 14.7, £/02/£/01 = 1. Fig. 10 Lateral turbulence intensity: H/tD = 14.7, t/02/f/0i = 1.

.1.

A x / tp = i

Fig. 9 Longitudinal turbulence intensity: H/tp = 14.7, UQ2/UQ1 = 1.

j v ^
Fig. 11 Transversal turbulence intensity: X/tp = 14.7, f/02/t/01 =

stream moving fountain creates two counter-rotating vortices.
In regions at the edge of the upwash and the shear layers of the
incident jets, the flow direction was highly fluctuating, and
complete velocity reversal was observed to occur quite fre-
quently. Hot-wire measurements were not tried in these re-
gions. The colliding two interior wall jets generate high
pressure in the upwash formation region. This high pressure is
transformed into kinetic energy, and the upwash is accelerated
rapidly to a maximum value upstream of the ground plate.
The velocity in the upwash decays with further distance from
the ground plate due to spreading and enhanced entrainment.
At the nozzle exit plane, the upwash centerline velocity is
about 0.5 C/01.

The distribution of the turbulent intensities u', vr, and w'
are shown in Figs. 9-11, respectively. At the nozzle incidence
region close to the nozzle exit plane, peak values correspond to
the nozzle edges, whereas minimum values are related to the
jet core. In regions of high turbulent intensity, the flow is es-
sentially in the downstream direction. In other investigated re-
gions where the turbulence intensity is relatively low, the incli-
nation of the mean flow to the downstream direction is not Fig. 12 Velocity distribution: H/tp = 14.7, UQ2/UQl = 0.5.
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if*
Fig. 13 Longitudinal turbulence intensity: H/tp = l4.1, *702/t/01 =
0.5.

Conclusions
In this paper, measurements of mean velocities, pressure,

and turbulent intensities together with flow visualization ex-
periments were conducted to study the flowfield of two jets
impinging normal to a ground plate. Flow visualization stu-
dies have shown the influence of both geometric parameters
and the relative strength of the two jets on the fountain as well
as other flow properties. When the ground plate is placed far
from the nozzle exit plane at H/tp ~ 40, it is found that the up-
wash deflects toward the strong jet as the velocity ratio of the
two jets decreases.

Ground-pressure measurements have shown that, as H/tp
increases, stagnation pressure in the up wash formation region
exceeds that in the impinging region of the two jets. When the
impinging jets have unequal strength, the strong jet slides
under the weaker jet, and ground-pressure measurements
show negative values in the upwash formation region.

Hot-wire measurements have shown that the rate of jet
decay in a two-impinging-jet flow is greater than that for a
freejet and for a single impinging jet. For asymmetric im-
pingement conditions developed by unequal-strength jets, the
weaker jet spreads and decays at a rate much greater than that
of the strong jet.

.2.

o

Fig. 14 Lateral turbulence intensity: H/tp = 14.7, U^/U^ = 0.5.

greater than 30 deg. Guided by the work of Klatt28 and Cham-
pange and Sleicher,32 the maximum errors in the measured
values of u'/UQl9 v'/UQl, and w'/t/01 are estimated23 to be
about 5.5%, 19%, and 19%, respectively. The turbulent struc-
ture in the upstream region shows a great departure from iso-
tropy.

The velocity profile for impinging jets with unequal strength
is shown in Fig. 12 for U02/U01 =0.5 and H/tp = 14.7. It can
be seen that the weaker jet decays and spreads at a rate much
greater than the strong jet. Atx/tp = 3 and 5, reversed flow is
found in a narrow region closer to the weaker jet. The reversed
flow disappears at x/tp = \. Comparison of Figs. 8 and 12
shows that the characteristics of the flowfield are greatly influ-
enced by the velocity ratio of the two jets. At the nozzle exit
plane, the strong upwash has disappeared for C/02/C/01 =0.5.
In the region between the two jets, Figs. 13 and 14 show higher
turbulent intensities near the weaker jet side. These higher in-
tensities are related to the reversed flow observed in this re-
gion. However, turbulent intensities in this case are much
lower than those in the upwash region for equal-strength jets.
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