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Ground Vortex Formed by Impinging Jets in Crossflow

K. Knowles* and D. Brayt
Royal Military College of Science (Cranfield Institute of Technology),
Shrivenham, Swindon,
Wiltshire SN6 SLA, England, United Kingdom

The flowfields associated with single and twin jets impinging in crossflows have been studied experimentally
using ground plane pressure profiles and flow visualization. The following parameters and their effect on the
position of the ground vortex have been investigated: crossflow-to-jet velocity ratio, crossflow boundary-layer
thickness, nozzle height, nozzle pressure ratio, vector angle, and nozzle splay with both fixed and moving ground
planes. Results show that the ground vortex moves away from the nozzle centerline as crossflow-to-jet velocity
ratio is decreased; the rate of change of position, however, depends on other parameters. This article presents
an analysis of this experimental data which isolates the effects of these individual parameters. Nozzle pressure
ratio is seen to influence ground vortex position independently of velocity ratio, but the definitions of jet equivalent
velocity and crossflow velocity ratio are shown to be important. The effect of the moving ground plane is to
reduce vortex penetration significantly; this suggests that a moving ground plane simulation (or moving model)
is essential when testing design configurations in ground effect in wind tunnels. With twin nozzles there is a
distinct effect of nozzle height on the upstream extent of the ground sheet, especially when the nozzles are toed-
in. It is suggested that the twin nozzle height effect is connected with jet merging. It is also argued that rig
design can produce a blockage effect which moves the ground vortex significantly and can change other apparent

parametric effects.

Nomenclature

A, = nozzle exit area

C, = pressure coefficient, (p — p.)/(3p.V2)

d, = nozzle exit diameter

h = height of nozzle above ground, (Fig. 2)

p = pressure

pr, = nozzle pressure ratio, p,/p..

T = thrust

V= velocity

Ve = as V, but using thrust-based w,,

V, = effective velocity ratio, Vip. VZ/(3pw2)

v = y direction velocity

w = jet velocity

x = horizontal distance measured normal to the
crossflow from the plane of symmetry

y = horizontal distance measured upstream from the
nozzle centerline, (Fig. 2)

y, = position of peak C, upstream of ground vortex

y, = position at which mean C, = 0

y. = position of minimum C, (under vortex core)

z = vertical distance above the ground plane

6 = crossflow boundary-layer thickness

p = density

Subscripts

¢ = maximum

g = ground plane

i = impingement

w = wall jet

joe] =

ambient (crossflow) conditions
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= jet stagnation conditions
= nozzle exit conditions

—
!

Introduction

HEN a jet impinges on a surface normal (or nearly

normal) to its axis, a wall jet is formed which spreads
out radially from the impingement point. In the presence of
a crosstlow (parallel to the wall) the wall jet will eventually
separate and roll up to form a vortex arranged as a horseshoe
around the impingement point (Figs. 1 and 2). This so-called
ground vortex flowfield is of particular interest in the devel-
opment of advanced short take off and vertical landing (AS-
TOVL) aircraft, where it can influence both airframe air loads
and engine intake flows. Therefore, there is a need to model
this flowfield, both experimentally and numerically. Both have
been done before,!~'* at least over a more or less limited
range of conditions, but there are problems with this data
base. There is considerable scatter in the experimental data
(Fig. 3); the end result of the scale model tests in the aircraft
industry—the level of engine hot gas ingestion—is known to
scale very poorly to full size; as a consequence of both of
these there are little or no reliable experimental data against
which to validate the computational fluid dynamic (CFD)
models, especially at high jet pressure ratios. The present
work is aimed at a better understanding of single- and twin-
jet impingement in crossflows and, in particular, at isolating
parametric effects on ground vortex formation.

The upwind extent of the ground vortex can be determined
experimentally either by flow visualization'~*'® or from sur-
face pressure plots.®~® Such a plot in the plane of symmetry
of the ground vortex is sketched in Fig. 4. This reveals three
key points representative of the vortex position: 1) y,, 2) y,,
and 3) y,. These are generally taken to correspond* to the
positions of the vortex core, the separation point, and the
maximum penetration point, respectively. It has been shown'*?
that there is a fixed linear relationship between y,, y,, and y,,,
and so any one of these can be taken to be indicative of the
vortex position. For the present work, y, has generally been
chosen, since it is easier to determine this position accurately.
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Fig. 1 Ground vortex formed by impinging jet in crossflow.
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Fig. 2 Plane of symmetry for single impinging jet in crossflow.
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Fig. 4 Typical ground vortex static pressure distribution.

Comparisons with other workers, however, can be difficult,
especially where they have used flow visualization.

The present work ‘has set out to determine experimentally
the effect on the ground vortex position of a number of pa-
rameters: nozzle height (4/d, = 2 to 10), nozzle pressure ratio
(pr, = 1.05 to 4), crossflow-to-jet velocity ratio (V, = 0.1 to
0.013), and vector angle (=5 to +10 deg) for single- and
twin-jet configurations with both fixed and moving ground
planes (simulating ambient wind or aircraft motion). For the
(side-by-side) twin-jet configurations, the effect of nozzle splay
has also been investigated. Some of these parametric trends
have been published previously, '’ the more important of these
will be emphasized here before the latest results are discussed.

Experimentation

A schematic of the experimental layout is shown in Fig. 5.
The Royal Military College of Science (RMCS) open-jet wind
tunnel (OJWT), having a 1.1 X 1.5 m elliptical nozzle, sup-
plies the crossflow with a maximum wind speed of 42 ms1.
In the working section is a removable “rolling road” (1.1 x
1.7 m) with a boundary-layer suction slot upstream. To pre-
vent the rolling-road belt from flapping or lifting off its base,
belt suction is provided. This is arranged in four separate full-
span sections; the level of suction in each section can be varied
independently. It is therefore possible to increase the belt
suction under the forward part of the vortex (where consid-
erable “lift” was experienced) while suction is reduced under
the impingement point. Even so, the combination of lift under
the front of the vortex and a large download under the jet
impingement can provide a limit to the test conditions avail-
able with the rolling road on, especially if large nozzles are
used.

Ambient-temperature compressed air for the jet is provided
by two screw-type compressors by way of a 34-m3 storage
tank. This system allows a 1-in.- (25.4-mm-) diam nozzle to
be run continuously at up to pr, = 7, or two such nozzles at
up to pr, = 4. Larger nozzles could, of course, be run inter-
mittently. The compressed air is connected to a settling cham-
ber (approximately 340-mm wide, 140-mm deep, and 150-mm
high, externally) in the OJWT test section. One or two nozzles
can be fitted to the lower surface of this plenum. By incor-
porating different designs of lower plate, nozzle vector (fore
and aft angle) and splay or toe-in (differential transverse an-
gle) can be incorporated. When comparing vectored and un-
vectored test results, it should be noted that the perpendicular
height (in nozzle diameters) from the ground plane to the
center of the nozzle exit planes was the same in each case.
Similarly, with different splay (or toe-in) angles, the distance
between the two nozzle centerlines at exit was maintained at
three diameters. For all the results presented here, simple
conical nozzles of d, = 0.5 in. (12.7 mm) were used having
a convergence of length d,/4 and a total length of 10d,,. These
are referred to here as the “long 3-in. nozzles.” Reference 15
discusses other nozzles tested.
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Fig. 5 General arrangement of the experimental setup.
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Ground plane static pressures were measured using a pitot-
static tube aligned with the crossflow and traversed in the
streamwise direction. The traverse plane was the plane of
symmetry of the flowfield. The probe was positioned as close
as possible to the ground surface (typically 4 mm to the cen-
terline of a 4-mm-diam probe), without being noticeably af-
fected by any ground belt flapping. This “standoff probe”
technique has been validated by comparison with fixed ground
board static tappings; the only measureable errors involved
are under the ground vortex® where, as expected, the probe
gives a lower static pressure. The measured positions of y,,
¥,, and y,, however, are not significantly affected by the use
of the probe.

Smoke flow visualization has also been used in the present
work. For this, a separate, small-scale rig has been built'® with
smoke injected into the compressed air supply. Only low jet
pressure ratios can be investigated with this facility. Com-
parisons between the flow visualization and pressure traverses
show reasonably good agreement (based on y,). For the single
nozzle the largest difference in penetration is 2d,,, with a uni-
form scatter of data, except at h/d, = 8 where the flow vi-
sualization consistently gives more penetration. For the twin
nozzle tests there is more data scatter (up to 5d,), and h/d,
= 8 data all show a reduced penetration.

Results and Discussion

As discussed earlier,'™-** self-similarity laws appear to exist
for the ground vortex, at least in the plane of symmetry (Fig.
6). This allows any one of the positions y,, y,, or y, to be used
to quantify vortex position. Static pressure traverses con-
ducted in the twin nozzle plane of symmetry revealed a similar
distribution to that found in the single nozzle cases, but with
no minimum C, detected within the traverse range. The ab-
sence of an apparent vortex does not prevent separation and
penetration distances (y, and y,) being quantified. When plot-
ted on the same basis as Fig. 6, the same self-similarity is
revealed as for the single nozzle. It should be recognized that
the plane of symmetry of the twin-jet flowfield, especially
close to the nozzles, already contains a separated shear layer
(the fountain) and that within this sheet static pressures are
subatmospheric."’

The current experimental work has been conducted in two
phases, including some deliberate overlap to assess experi-
mental repeatability. Comparison between these repeated test
points is presented in Fig. 7. This shows a scatter of up to
1d,. By comparison, Stott® found a similar level of repeata-
bility for a similar range of penetration distances. From this
it is concluded that variations of vortex position of less than
5% are unlikely to be parametric effects, and that apparent
trends of up to 13% could be random if based on only one
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Fig. 6 Ground-vortex self-similarity.
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Fig. 7 Experimental repeatability.

data point (deduced from statistical analysis of Stott’s® mul-
tiple tests). Comparisons between different workers’ results
for similar conditions,'> however, can show a far greater scat-
ter than this, even when the same rig is used.®® This perhaps
illustrates the sensitivity of this flowfield to minor changes in
various parameters.

Effect of Crossflow Velocity Ratio

An important parameter in analyzing test results has been
found to be the crossflow velocity ratio. This is defined here
as

V.= %vai/(%lhw%l) (1)

where w,, is defined as the velocity which would exist at the
exit of a fully-expanded convergent-divergent nozzle operated
at the same pressure ratio as the convergent nozzle. Some
authors, however, use a thrust-based equivalent nozzle ve-
locity, thus

wa = V(T/2p,A,) )]

The crossflow velocity ratio is also defined by many authors
simply as w,,/V.., and it has previously been shown’ that this
latter definition appears to lead to poorer data collapse when
plotting against the crossflow velocity ratio and including data
for underexpanded nozzle pressure ratios.

Whichever definition of V, is used, vortex penetration is
found to increase as V! increases (Fig. 3). The rate of in-
crease, however, depends on other parameters and on the
precise definition of V. Much of the scatter between different
authors in Fig. 3 is felt to be due to different V, definitions.
Even when the same definition is used, as with the data of
Green® and Stott,” there is a marked scatter. As discussed
above, this is not just a problem with experimental repeata-
bility, but presumably illustrates the impact of other param-
eters. Even though there is poor repeatability between Green’s
and Stott’s data for individual points, this is not necessarily
reflected by the average lines of Fig. 3, since, for instance,
these are averaged over different pressure ratio ranges. There-
fore, it is strongly recommended that, although V, is an im-
portant parameter in determining the ground vortex flowfield,
it is not the only one, and general plots against V, are mean-
ingless. In particular, no meaningful single correlation of y,
(or y,) against V! can be produced.

The same general trend with V, is seen with twin nozzles,
as was the case for the single nozzle. As shown in Fig. 8,
however, penetration is increased with twin nozzles, even over
that expected of a single nozzle of the same total exit area.
However, as flow visualization'® reveals (Fig. 9), this in-
creased penetration is confined to the central upwind portion
of the vortex where the twin-jet fountain projects forward of
the main vortex. Away from this region the twin- and single-
nozzle flowfields are virtually identical, suggesting a shielding
effect of one jet on the other. It should be pointed out that
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the twin nozzle vortex locus shown in Fig. 9 may be strongly
dependent on the nozzle spacing used here (3d,). Wider spac-
ings do not appear to produce a spike on the locus in this
central upwind region.'s?

Effect of Moving Ground Plane and Crossflow Boundary
Layer Thickness

The present tests confirm’ that the use of a rolling road
consistently produces a reduction in vortex penetration com-
pared with the fixed ground plane, as shown in Fig. 10. This
reduction in penetration is presumably due to the reduction
in crossflow momentum deficit produced by using the rolling
road (Fig. 11), and/or the increased wall jet shear stress.
Which of these, if either, is the dominant effect is not clear:
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experiments elsewhere suggest that small changes in crossflow
boundary-layer thickness (of the order of a few nozzle di-

ameters) have only a small effect on vortex position®; large

boundary-layer thicknesses, however, do cause an increase in

vortex penetration.'® It seems most likely, however, that the

increased wall jet shear stress plays a significant part in this

effect, and that tunnel floor boundary-layer control will be

insufficient to model aircraft motion through still air.

The effect of a small change in crossflow boundary-layer
thickness is shown in Fig. 12. With a 1-in.- (25.4-mm-) diam
nozzle (total length 54,) the crossflow boundary layer is about
1d,, thick; with a 3-in. (12.7-mm) nozzle (total length 10d,)
this is doubled. It can be seen that there is no consistent effect
of this increased boundary-layer thickness, although there is
a general trend towards increased penetration which is some-
what greater than the general experimental scatter. It should
be noted that with the smaller d, nozzle, the plenum is 2-in.
(50.8-mm) closer to the ground under these conditions: this
will have a slight effect on penetration, but less'> than that
shown in Fig. 12.

Twin parallel nozzles show the same rolling road effect as
the single nozzle; this is not so if the nozzle centerlines are
converging (nozzle toe-in). In these cases the average y, re-
duction was found to be about 30% less than with the normal
jets. This seems to be a function of jet merging, but it is an
average statement and, again, it hides some complex effects.
For instance, for these toed-in configurations there is some
indication that at lower penetrations there is a greater rolling-
road effect than the average; or there could just be increased
data scatter in these twin nozzle tests.

As indicated in Fig. 10, tests have also been conducted with
the rolling road running at half the freestream speed. These
show a reduction in vortex penetration, but not half that seen
when V, = V. In principle, this allows the relative contri-
butions of wall jet shear stress and crossflow momentum def-
icit to be assessed if certain simplifying assumptions are made.
From the point of view of wind-tunnel model tests on AS-
TOVL configurations, however, the mechanism by which the
vortex penetration changes is not of immediate importance;
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what is important is that a rolling vertical landing must be
simulated using a rolling-road or moving model.

Effect of Nozzle Height

Nozzle height seems to be an extremely difficult parametric
effect to isolate reliably. For a single nozzle, the traditional
description of vortex sensitivity to nozzle height has an initial
increase in penetration as nozzle height is increased, appar-
ently due to more efficient turning in the impingement region
with high nozzles (and therefore, lower impingement veloc-
ities) giving lower loss of momentum on entering the wall jet.
This is followed by a reduction in y, as the jet deflects in the
crossflow, deflection being limited at low heights by vortex
blockage. This sort of behavior was shown by Schwantes* for
low pr,, jets, and by Stott® for a range of pr, up to underex-
panded. Cimbala et al.® show an increase in y, (relative to
the impingement point) for height increases from 1 to 44, at
V./w, = 0.1, but only a decrease in penetration at V../w,
= 0.3 (h < 3d,, in this case). For multiple jets, Macl.ean et
al.’® show no height effects at higher velocity ratios (V./w,,
>(0.1) with a height dependence at lower velocity ratios (<0.06).

The current authors have previously shown results!® which
tend to support the view that (for h/d, < 8) there is little
consistent effect of nozzle height for single nozzles across a
range of pr,. This has been modified somewhat by extra ex-
perimental results (only at pr, = 1.8), including some at h
= 10d,, as shown in Fig. 13. Also shown in this figure are
results from Stott,® but a direct comparison with the present
work is not very meaningful because of the different defini-
tions of velocity ratio used between the two sets of data and
the fact that Stott’s curves are averaged over various pressure
ratios. As discussed previously,' Stott’s height effect is also
susceptible to a variable and unknown rig interference (likely
to be of the order of 3d,'*). The important feature of the rig
used by Stott was the nose fairing, which extended approxi-
mately 11d, forward of the nozzle centerline. This almost
certainly influenced the vortex flowfield (even for y, of the
order of 20d,) and, in this case, may have caused an under-
penetration of the vortex at low rig heights. This trend was
illustrated by Cimbala et al.® who introduced a plate in the
plane of the nozzle exit, parallel to the ground, and showed
a reduction in vortex penetration. It is important from the
point of view of wind-tunnel testing to note that the influence
of nozzle height on vortex position can be rig-dependent.

The current twin nozzle tests have shown a marked effect
of nozzle height on penetration.’> Over the height range of
2-8d,, the twin parallel nozzles showed penetration increases
varying between 1-10 diameters, but with the majority of
cases showing an increase of penetration between 4—8d,,. This
is generally a bigger change in penetration than caused by rig
blockage. It is not clear exactly what is the mechanism causing
this effect; it may be associated with the fountain flow, in
which case nozzle spacing may also have an influence. It has
been suggested by the authors! that jet merging may have
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Fig. 14 Merging of twin jets.

an influence. For the current spacing of 3d, and assuming a
jet spreading angle of 7 deg (the spreading rate of the w,/2
line deduced from Ref. 20), simple geometry suggests that
the two jets will start to merge at about 124, (this is illustrated
in Fig. 14). This spreading rate, however, is deduced from
data for an isolated jet, it is conceivable that two closely
spaced jets will spread faster due to mutual interference, or
will bend in towards each other. Only a slight increase in
spreading angle is needed for the edges of the two jets to
merge at & = 8d,, which is the height of peak penetration
for two parallel jets.

When the twin nozzles are toed-in (Fig. 14), there is a
dramatic height effect (Figs. 15 and 16). For moderate toe-
in (Fig. 15), penetration increases up to & = 4d,,, after which
the “spike” on the ground vortex collapses and the vortex
locus looks like that from a single jet (indeed, the penetration
is virtually identical to that from a single nozzle of the same
total exit area at the same conditions). The peak penetration
occurs at roughly the same height as that for jet merging (Fig.
14). At the higher toe-in angle (Fig. 16) the same is true:
maximum penetration just as the edges of the jets are merg-
ing, followed by a single jet-like locus once the jet centerlines
merge. Note that in this latter case there is a dramatic re-
duction in penetration as height is increased above that for
jet centerline confluence, resulting (at A/d, = 8) in less pen-
etration than for a single nozzle under the same conditions.
This reduction is presumably due to an increase in momentum
loss caused by jet impact.

Effect of Nozzle Pressure Ratio

Few of the previous workers have looked at pr, effects.
The results of Stott® show a general, although not consistent,
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trend with penetration increasing as pressure ratio increases
from 1.5 to 3, followed by a decrease, or little change, in
penetration up to pr, = 4. The present results (Fig. 17) show
a consistent trend (albeit over a more limited range of con-
ditions than Stott’s): penetration increases up to choking
(probably peaking just beyond pr,, = 2), decreases up to pr,
= 2.5, and then peaks again close to pr, = 3. Very similar
pressure ratio effects are seen with twin nozzles (the only
significant difference occurs at the highest height tested where
there is relatively little increase in penetration up to choking).
This is, at least, consistent with the changes in shock pattern
which occur over this pressure ratio range,? but is markedly
different from the trends shown by Stott.® Part of the expla-
nation seems to lie in the definitions of w_, and V,. Stott used
measured thrust to calculate an equivalent w,, which may have
been ratioed directly with V. to produce his V1. We use a
fully expanded velocity and ratio the square roots of dynamic
pressures. However, Stott has defined his V, we find that at
pressure ratios of 3 and 4 he has a lower value of V! than
our V1, for the same conditions. His curves, therefore, jump
from a low V! (e.g., 40) in Fig. 17 to a higher value (e.g.,
50) at pr, = 3. At low vortex penetrations there is also the
likelihood of rig interference effects in the results of Ref. 9.

Effect of Nozzle Vector Angle

The effect of vectoring the nozzle is shown in Fig. 18. Three
vector angles have been considered, —5, +5, and +10 deg,
the sign convention being indicated on the figure. In each
case, the origin for y is the intersection of the nozzle centerline
with the ground plane. A forward vector of —5 deg causes
an increase in penetration of about 15%, with a rearward
vector of +5 deg giving a similar decrease, compared with
the normal impinging jet. Ten-deg rearward vector gives a
23% reduction in penetration. (The trend lines indicated in
Fig. 18 are for the single-nozzle results only.) Note that the
vortex self-similarity is not affected by vectoring. It is assumed
that the effect of the rolling road is uniformly additive to that
of nozzle vector.

The twin parallel nozzle vector results are also shown in
Fig. 18. For 5-deg vector, the twin-nozzle configuration shows
very similar trends to those for the single nozzle. The results
for +10 deg, however, show more underpenetration and far
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less linear behavior than the single nozzle. There appears to
be a “kink” in all the twin-nozzle trends at a nonvectored
separation distance of 22-25d,,; either side of this the twin
nozzle data tend to run parallel with those for the single
nozzle. What might be causing this is not clear: the kink could
be a problem with the unvectored data; or there could be
insufficient data points to be sure that it is a significant trend.

Conclusions

An experimental investigation has been made into the pa-
rameters which affect the position of the ground vortex formed
by single- and twin-impinging jets in crossflow. It has been
confirmed that there is a constant relationship between the
penetration distance, the separation distance, and the position
of the vortex core, thus, any one of these can be used to
quantify ground sheet forward penetration. The relationship
between y, and y, seems to hold for single and twin nozzles
across the complete range of parameters tested. In terms of
s, the following trends have been found:

1) Penetration increases with increasing V7', but the rate
depends on other parameters. Consequently, it is felt that a
universal law does not exist to link penetration and velocity
ratio.

2) Penetration decreases when a moving ground plane is
used, due to reduced crossflow momentum deficit and in-
creased wall jet shear stress. Since this latter seems to play a
significant role in this effect, it precludes the use of tunnel-
floor boundary-layer control in simulating STOVL aircraft
motion in ground proximity.

3) The effect of nozzle height for single jets is seen to be
difficult to isolate, and some previous results showing an effect
are thought to be rig-dependent. There is some evidence here
toshow aninitial increase in penetration with increasing height,
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followed by a reduction at high nozzle heights as jet deflection
increases.

4) There is an increase of penetration with height for twin
jets, and this seems to be associated with the edges of the jets
merging. For toed-in nozzles this is also true, but after the
jet centerlines have merged there is a dramatic reduction in
penetration.

5) Penetration increases with nozzle pressure ratio (at con-
stant V,) up to just beyond choking, it decreases at higher
pressure ratios, but with a second, lower peak around pr,=3.

6) This pressure ratio trend is consistent with shock struc-
ture changes, but relies on using a fully expanded equivalent
jet velocity and a velocity ratio based on dynamic pressures.
Other velocity ratios give poorer data collapse, and thrust-
based equivalent velocities give a pressure ratio trend which
is not consistent with shock structures.

7) Vectoring the nozzles forwards increases penetration
(relative to the geometric impingement point) and rearward
vectoring gives a reduction: 15% for 5 deg and 23% for 10
deg.

8) Overall twin side-by-side parallel nozzles (of 3d,, spacing)
give a greater penetration than equivalent single nozzles, al-
though flow visualization suggests that this is confined to the
central, upwind portion of the ground sheet.

The current experimental studies have found the flowfield
to be extremely unsteady, especially in the presence of the
twin-jet fountain flow. This unsteadiness is now being inves-
tigated experimentally as it is recognized as being crucial to
the engine’s response to hot gas ingestion.
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