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Abstract

The flow fields encountered by jet- and fan-
powered Vertical/Short Takeoff and Landing
(V/STOL) aircraft operating in ground effect are
reviewed and their general effects on the aerody-
namic characteristics are discussed The ground
effects considered include 1) the suckdown experi-
enced by a single jet configuration in hover,

2) the fountain flow and additional suckdown
experienced by multiple jet configurations in
hover, 3) the ground vortex generated by jet and
jet flap configurations in Short Takeoff and Land-
1ing (STOL) operation and the assoclated aerody-
namic and hot-gas-ingestion effects, and 4) the
change in the downwash at the tail due to ground
proximity After over 30 years of research on
V/STOL aircraft, the general flow phenomena are
well known and, 1n most areas, the effects of
ground proximity can be estimated or can be deter-
mined experimentally. However, there are some
anomalies i1n the current data base which are
discussed.

Introduction

fircraft that use powered lift augmentation
to achieve short field or V/STOL performance must
do so by deflecting significant masses of air
(either directly from the engines or by assisting
the wing 1n deflecting the free stream) downward
to support the aircraft's weight at low speeds
During takeoff and landing, the ground 1interrupts
this downward flow, alters the flow field around
the aircraft, and changes the aerodynamic forces
on the aircraft Research and development work on
V/STOL aircraft over the past 20 to 30 years has
provided a broad understanding of the flow fields
involved and the mechanisms by which the aerody-
namic characteristics of these aircraft are
changed by ground proximity Experimental tech-
niques for determining these effects are available
and, 1n some cases, methods for estimating them
have been developed." However, some anomalies
1n the available data base are not understood
These differences 1in the data are not serious
enough to justify delay in development of V/STOL
and STOL aircraft, but they make it difficult to
develop an orderly system of methods for
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estimating the aerodynamic characteristics of
these configurations and require extra experimen-
tal programs 1n the development cycle

A workshop was held at NASA Ames Research
Center 1n August 1985 to discuss these anomalies
along with the current status of ground effect
research and to develop recomendations for future
investigations. In this paper, material used 1in
the 1introduction to that conference 1s reviewed as
an outline of the state of the art and highlights
the current anomalies Unfortunately, the recom-
mendations of the workshop could not be included,
but can be found 1n the proceedings of the work-
shop (to be published as a NASA SP).

Basic Flow Fields

The basic flow fields associrated with hover-
ing, transition, and STOL operation of jet- and
fan-powered V/STOL and STOL aircraft are depicted
in Fig 1 When hovering out of ground effect
(upper left corner of Fig 1), the jet streams
that support the aircraft entrain air, thereby
induecing suction pressures on the lower sur-
faces. These pressures produce a small download,
usually less than 2% of the jet thrust  Because
these downloads are small, the available empirical
methods for estimating them (Ref 2, Sec-
tion 2.2 1) are adequate

As the hovering aircraft descends into ground
effect, the Jet stream (or streams) impinges on
the ground to form a radial wall jet flowing out-
ward from the impingement point(s) These wall
Jets also entrain air and significantly increase
the 1induced suction pressures and the resulting
loss 1n 11ft as the height above the ground 1s
reduced

With multiple-jet configurations, the radial
wall jets flowing outward from their respective
impingement points meet and form an upflow or
"fountain " The impingement of the fountain on
the aircraft produces an upload which partially
offsets the suckdown created by the entrainment
action of the wall jets For some cases, the
fountain flow also induces higher suction pres-
sures between the jets and the fountain, which
tend to lncrease the suckdown The mechanisms
involved will be discussed 1n another section.

In transition between hover and conventional
flight out of ground effect, there are several



flow mechanisms that induce forces and moments on
the aircraft Flow into the 1inlets produces an
inlet momentum drag and usually a nose-up pitching
moment. The exiting jet flow 1s deflected rear-
ward by the interaction with the free stream and
rolls up into a pair of vortices These vortices
combined with the blockage and entrainment action
of the jets induce suction pressures behind and
beside the jets and positive pressures ahead of
the Jets. The net effect for most jet-V/STOL
configurations 1s usually a loss in lift and a
nose-up pitching moment. However, 1f the jets are
at or near the trailing edge of the wing (particu-
larly 1f they have appreciable spanwlse extent as
in a jet flap configuration), they induce positive
11ft and a nose-down moment. The jet wake system
also 1nduces a significant increase 1in the down-
wash at the tail

In ground effect at transition speeds (STOL
operation), all the flow phenomena just described
are present, but modified by the presence of the
ground. In addition, a ground vortex 1is formed by
the action of the free stream opposing the wall
jet that 1s flowing forward from the impingement
point(s) of the front jet(s). This ground vortex
creates and defines the dust cloud produced when
operating over loose terrain It 1s also one of
the hot-gas 1ngestion mechanisms and 1t 1induces an
additional l1ft loss and associated moment.

Both the ground vortex and the fountain flow
are 1nvolved 1n hot-gas ingestion. In hover, the
fountain flow provides a direct path to bring hot
exhaust gases into the vicinity of the inlet where
they can be ingested. The severity of this part
of the hot-gas 1ingestion problem can be controlled
to some extent by the placement of the inlet, by
the arrangement of the jets, and by the use of
suitable flow deflectors At forward speeds, the
ground vortex flow field provides an additional
mechanism to bring the hot gases of the forward-
flowing wall jet back to the vicinity of the
inlet.

The following sections review each of these
flow phenomena in more detail, present and compare
the results of key 1investigations, and discuss the
anomalies that exist

Single-Jet Suckdown

The first definitive work on jet-induced
suckdown 1n ground effect was done by Wyatt. He
showed that the suckdown for plates of different
diameters could be correlated on the basis of
height and the diameters of the plate and jet, as
shown in Fig. 2. He also showed that the suckdown
for noneircular plates would follow the same curve
when the effective, angular, mean diameter (D) of
the planform 1s used.

A few years later, Hall used a J-85 engine 1in
a full-scale investigation.! His results (Fig. 3)
were 1n good agreement with the estimate based on

Wyatt's work and appeared to i1ndicate that any
scale or real-jet effects were negligible How-
ever, the small-scale results of Ref 8 indicated
somewhat more suckdown than either Wyatt's or
Hall's work Other investigations have also shown
departures from Wyatt's results and there have
been several attempts at reconciling these differ-
ences (see Ref. 2, Section 2 2.1)

More recently Christiansen, Eshleman, and
Mitchell at NASA Ames have also shown slightly
different results in two large-scale 1investiga-
tions (Fig 4; Ref 9) There are now three sets
of full-scale data and several sets of model-scale
data that show slightly different results The
differences are not large and do not contradict
the basic framework of Wyatt's correlation
However, there appear to be factors at work that
affect the constant and exponent 1n Wyatt's
expression. These factors may include the jet
pressure ratio, the exit velocity distribution,
and turbulence. The size of the groundboard,
random crosswinds, and gusts in the test area may
also be factors. Future work should be done to
examine the basic mechanisms that generate the
1nduced downloads.

Suckdown 1s created primarily by the entrain-
ment action of the wall jet flowing radially out-
ward from the rmpingement point as depicted 1in
Fig. 5. The wall jet, and to a lesser extent the
vertical jet, entrains air, lowers the pressure,
and 1nduces an inward flow between the ground and
the lower surface of the configuration As the
height 1s reduced, the gap between the wall jet
and the planform 1s reduced, so the 1induced veloc-
1ty must 1increase. If the height 1s reduced by
half, the velocity will be doubled. The suction
pressures and therefore the download should be a
function of the square of the height. 1In prac-
tice, the exponent is slightly over 2.0 (2 3 in
Wyatt's expression) because the gap 1s 1n reality
the distance between the planform and the upper
edge of the wall jet; 1t 1s not the distance to
the ground as used in the expressions for estimat-
1ng suckdown

Future work should focus on two areas
1) The wall jet and its ability to entrain air
needs to be studied The effects of pressure
ratio, temperature, turbulence, and exit veloecity
distribution of the vertical jet on the formation
and entrainment ability of the wall jet needs
further study. 2) The possible effects of slight
crosswinds and random gusts 1in the test area need
to be examined Estimates made by the method of
Ref. 10 indicate that gusts or crosswind veloci-
ties of approximately 1% of the jet velocity can
increase the suckdown by approximately the same
amount as the differences between various investi-
gations. There 1s need for carefully controlled
investigations of the effects of test chamber
size.



Multiple Jet Suckdown and Fountain Effects

When the wall jets from two jets meet, a fan-
shaped upwash or "fountain" 1s formed between the
jets (Fig 6). If there are more than two jets, a
fan-shaped fountain 1s formed between each pair of
jets and a fountain "core" 1s formed where the
fountain fans meet. The impingement of the foun-
tain flow on the configuration produces an upload
which partially offsets the suckdown induced by
the wall-jet entrainment action

However, the net 1induced load is not simply
the sum of the vertical momentum of the fountain
(or that part of the fountain that 1impinges on the
configuration) and the suckdown estimated for an
equivalent single jet. The net induced load 1s
almost always less than that sum and, 1n some
cases, the suckdown for multiple jet cases is
actually greater than would be estimated for an
equlvalent single-jet configuration  Lummus
measured more suckdown on a two-jet configuration
(Fig 7) than on a single jet configuration having
the same planform area to jet area ratio (and
nearly the same planform aspect ratio) Other
investigators have also shown 1ncreased suckdown
for some multiple-jet configurations

The probable cause of the additional suckdown
1s shown in Fig. 8 (from Ref. 12). With a two-Jet
configuration, a vortex-like flow is formed
between the upward flow of the fountain and the
downward flow of each adjacent jet  The 1impinge-
ment of the fountain on the plate produces the
expected positive or lifting pressures at the
center of the plate (right side of Fig 8). How-
ever, the vortex-like flows between the fountain
and the jets can induce sufficiently strong suc-
tion pressures to offset the fountain lift. The
estimated suckdown for a single-jet configuration
with the same ratio of planform area to total jet
area would correspond to an average suction pres-
sure about equal to the outer contour line shown
in Fig. 8 (Cp = -0.004) Thus, both the lifting
pressures and the additional suckdown pressures
are much greater than the pressures induced on a
single-jet configuration The question of whether
there is a net lift gain or loss depends on which
predominates. Unfortunately, these are the only
pressure distribution data of this type available.

Flow surveys and additional pressure distri-
bution data of the type shown 1in Fig 8, covering
a range of heights and jet spacings, are needed to
obtain a better understanding of the total flow
field and of the effects of multiple jet interac-
tions. Such pressure distribution data appear at
this time to provide the best hope of developing a
reasonable method for estimating multiple-jet
ground effects.

There are conflicting results on the effects
of turbulence. Lummus L 1nvestigated the effect
of jet turbulence by placing a grid of wires 1in
the nozzle slightly upstream of the exit to change
the turbulence of the jetstream His data for a

two-jet conf‘lguratlon9 show that both turbulence
intensity (I) and jet pressure ratio (NPR)
increased the suckdown  However, 1t 1s not known
whether this increase 1s due to the turbulence
increasing the entrainment action of the wall jet,
decreasing the fountain strength, or increasing
the additional suckdown because of the vortex-like
flows between the fountain and the jets On the
other hand, Christiansen showed no effect of pres-
sure ratio for his single-jet configuration using
a J-97 engme.1

Foley 1nvestigated turbulence 1in the fountain
between two jets and 1ts sensitivity to "trips" on
the stagnation line where the wall jets meet to
form the fountain. The study showed 0 that
both the upward velocity at the centerline of the
fountain and the turbulence in the fountain were
very sensitive to obstructions at the stagnation
line. Even a 1/8 1n. "trip" (about the thickness
of the boundary laxer under the wall jet) had a
noticeable effect., O Apparently there 1s an
appreclable energy exchange between the wall jet
flows across the "stagnation" line. Additional
carefully conducted investigations of the effects
of jet turbulence and pressure ratio for single-
and twin-jet configurations are needed to deter-
mine the mechanisms and interactions by which
pressure ratio and turbulence affect the suckdown.

These investigations relate to '"laboratory"
flat-plate configurations with round jets of equal
thrust On an actual aircraft, the wing 1s seldom
in the same plane as the fuselage lower surface
which 1s contoured Also V/STOL configurations
often incorporate "strakes" or "fences" 1in an
attempt to "catch" the fountain flow and augment
the 1li1ft. Future aircraft will probably use
noncircular nozzles and have front and rear jets
of different sizes There have been 1nvestigat-
1ons of the effects of all these variables and,
once a firm basis for estimating the suckdown and
fountain effects on flat plate configurations 1is
established, these data can be assessed to deter-
mine where additional work 1in these and related
areas 1s required

Ground Vortex

In STOL operation, the wall jet that 1is flow-
ing upstream of the configuration 1s opposed by
the free stream and rolled back onto 1itself to
form a horseshoe-shaped ground vortex (Fig. 11)
This ground vortex creates and defines the dust
cloud that 1s often seen during flight operations
from unprepared sites. It is one of the primary
mechanisms of hot-gas ingestion and can cause a
11ft loss and assoclated pitching moment.

A ground-vortex type of flow 1s also asso-
ciated with the 1lift loss experienced on jet flap
configurations. Williams et al observed a
trapped vortex under a high-aspect-ratio full-
span, jet flap configuration in ground effect
tests (Fig 12). The problems of ground-board,



boundary-layer and jet-flap testing will be dis-
cussed 1n the next section

The ground-vortex type of flow 1s also
encountered 1n the operation of thrust reversers
in ground effect (Fig. 13) Thrust reversers
direct some of the jet flow forward at an angle to
the ground The wall jet 1s thereby thickened and
the ground vortex moved forward and strengthened
(relative to a vertical jet). Josh1i'” shows that
large 11ft losses and pitching moments can be
generated (Fig. 13) Joshi reported a severe
rolling oscillation during conditions in which the
ground vortex was present The implications of
these rolling oscillations on controllability
during landings 1s unclear at this time

The ground vortex associated with vertical
jet impingement has been studied 1in several 1inves-
tigations. Two of these measured the pressure
distribution i1nduced on the ground beard by the
ground vortex. 10,17~ Figure 14 1llustrates a
typical distribution on the centerline through the
impingement point The jet 1s swept aft by the
free stream and produces high positive pressures
1n the impingement region The pressure decreases
rapidly under the forward-flowing wall jet and
reaches a maximum negative pressure under the
vortex. Ahead of the vortex, the pressure rises
and there should be a stagnation point where the
wall jet and free stream are in balance However,
the pressure coefficient does not reach a value of
1.0, probably because of unsteady mixing 1in this
region.

Pressure distributions measured in the region
of the ground vortex show a difference in both the
location and the apparent strength of the ground
vortex. 19117 Stewart's and Kuhn's data'® show a
greater negative pressure 1ndicating a greater
vortex strength (Fig. 15) The reason for the
difference 1s unclear but may be associated with
the rather large difference 1n the jet pressure
ratio in the two 1nvestigations.

The relative thickness of the boundary layer
in the two 1nvestigations may be another factor
Figure 16 presents the forward extent of the
ground vortex flow as observed in five different
investigations The variation in the results may
be partially caused by the manner in which the
forward edge of the flow field was defined (some
investigators measured the leading edge from pho-
tographs of dust clouds and some (1 e., Stewart
and Kuhn) used the position of zero-pressure coef-
ficient as shown in Fig 11 Also, the 1investiga-
tions were performed at different pressure
ratios. However, the boundary layer on the ground
board may be the biggest factor. With a boundary
layer, the high velocities 1in the wall jet, which
are very close to the ground, can penetrate
further against the relatively lower velocities 1in
the ground-board boundary layer than would be
possible against the free stream velocity The
investigation, in which Schwantes set out to
simulate the relatively thick boundary layer

between the wind and the ground, indicates the
most forward penetration (Fig 16) Abbott,19 on
the other hand, used the moving model technique
and thus there was no boundary layer This tech-
nique shows the smallest penetration The infor-
mation available on the other 1nvestigations
showed only that they were made at the lowest
Reynolds number and thus probably had a relatively
thick boundary layer

Another factor may be the effect of the
velocity of the model over the ground. With the
moving-model technique (as 1in the actual situation
of the aircraft moving over the ground), the
velocity of the model (or aircraft) 1s added to
the wall-jet velocity; additionally, the scrubbing
drag on the wall jet thickens the boundary layer
between the wall jet and the ground, reduces the
momentum 1n the wall jet and reduces 1ts ability
to penetrate upstream With the model fixed, this
reduction 1n wall-jet energy 1s not present.

Because of the importance of the ground vor-
tex to STOL performance and to hot-gas 1ingestion
(to be discussed 1n another section) a better
understanding of the factors that determine the
location and strength of the ground vortex 1s
needed The primary need at this time 1s to
determine the effects of jet-pressure ratio, the
ground boundary layer, and motion over the ground

Jet Flap Ground Effects

Jet flap configurations can generate very
high 11ft coefficients but when operating at these
high coefficients, they suffer a large 1lift loss
when entering ground effect. Williams et al
showed that when the jet sheet from the jet flap
impinges on the ground, a ground-vortex-like flow
15 generated between the wing and the ground plane
(Fig 12). Turner2 showed, by using the moving
model technique, that the lift loss measured 1n a
wind tunnel with a boundary layer on the ground
board was considerably larger than the lift loss
when the boundary layer was absent (when the model
was moving over the ground board). Furthermore,
Werle, using the ONERA water tunnel to show the
flow, demonstrated (Fig 17) that the interaction
of the wall jet flowing forward from the impinge-
ment region with the boundary layer caused a major
alteration 1n the flow under and ahead of the
model

These results led to the development of sev-
eral moving-belt, ground-board installations,
fairst in England and later in the United States
and elsewhere The principle features are 1llus-
trated i1n Fig 18. A suction slot just ahead of
the belt 1s used to remove the boundary layer, and
the belt, running at the same speed as the free
stream, prevents the regeneration of the boundary
layer. Turner<®! showed that this technique
gave the same :1esult as the moving model technique
(Fig 19).



Unfortunately, a moving-belt ground-board 1s
wmpractical for large wind tunnels such as the
NASA Ames National Full-Scale Aerodynamics Complex
40<80-ft tunnel and for testing when high jet-
exhaust temperatures are involved The use of
suction or blowing on the ground-board has been
suggested as an alternative, but the problem 1is
where and how much blowing or suction to apply

The boundary layer control must be placed
ahead of the ground vortex, but not so far ahead
that the ground-board boundary layer can regener-
ate before 1t meets the wall jet from the model.
Hacket?? has suggested a blowing system that can
be traversed fore and aft to position the boundary
layer control (BLC) slot (Fig. 20). The pressure
distribution signature of the ground vortex
(Fig. 21) may provide a logical guide for posi-
tioning the BLC slot for each operating condi-
tion. An experimental program would be required
to verify the concept.

A jet placed at the trailing edge of a wing
acts like a short-span jet flap in that when the
wing 1s out of ground effect a favorable lift
1ncrement 1s 1nduced In the Stewart and Kuhn
study, 0 the ground effects on a configuration
with two round jets at the wing trailing edge are
compared with the ground effects of the same model
with two slot jets at the trailing edge
(Fig. 22) The round jet and the slot jet had
different areas and pressure ratios, so a direct
comparison was difficult, but the conditions
chosen 1n Fig. 22 usually give about the same
induced lift/thrust ratio when out of ground
effect. The round jets showed a favorable ground
effect whereas the slot jets showed the expected,
adverse ground effect asosciated with jet flap
configurations. The different behavior appears to
be caused by the differences in the ground vortex
position and probably the strength The ground
vortex, as determined from the ground board pres-
sures, was much further forward and had a greater
spanwise extent for the slot jets than for the
round jets

The large favorable ground effect for the
round jets 1s not very helpful (the configuration
st1ll has to fly out of ground effect) but the
adverse behavior shown by the slot jet configura-
tion should be avoided A configuration between
these two should provide a better compromise An
investigation of the effects of )et-spanwise
extent as well as size and shape should be under-
taken.

Downwash at the Tail

Lift 1s produced by deflecting the flow
around the aircraft downward. Slower flight
speeds result in greater deflection of the flow.
Powered 1ift systems are designed to achieve this
high deflection on the flow and, as a consequence,
produce hlsh downwash angles behind the wing
(Fig. 23). 6 Proximity to the ground interrupts

this downward flow and therefore changes the down-
wash at the tail.

Data are available on the downwash behind jet
flap configurations out of ground effect, but
relatively little exits on the effects of ground
proximity, Stewart'® presented a curve for the
ratio of the downwash in ground effect to the out-
of -ground-effect downwash (Fig 24) Unfortu-
nately the curve 1s based on only two sets of
data. Additional data are needed to determine 1its
range of validity.

There are even less data on the downwash
behind direct jet-li1ft configurations either 1in or
out of ground effect. Figure 25 presents the
effect of ground proximity on the downwash for a
Harrier-type model The data indicate the sur-
prising result that at low-speed, high-power con-
ditions (Ve = 0 1), the downwash 1s negative, that
1S, an upwash 1s experienced close to the
ground Stewart and Kuhn speculated that this
upwash may be due to the fountain flow generated
between the rear pair of jets on this
configuration

Additional data are needed to clarify these
data and to provide a broader data base for esti-
mating the effects of ground proximity General
research programs can be visualized, but are
unlikely 1in view of all the other ground effect
work needed Instead 1t 1s recommended that when-
ever ground effect tests are planned using com-
plete configurations, the program should be
designed to include tail on/off tests in and out
of ground effect to build up the data base

Hot Gas Ingestion

Three basic mechanisms are involved 1n the
hot-gas 1ngestion problem. First, far-field
ingestion (F1g 26) occurs when the outward flow-
1ng wall jet decreases 1in velocity to the point at
which buoyancy causes 1t to separate from the
ground and be entrained back to the vicinity of
the inlet. The 1inlet-temperature rise associated
with far-field 1ingestion 1s small because 1) there
1s considerable mixing before the flow reaches the
inlet and 2) the time required for the flow field
to develop 1s such that this mechanism 1s seldom a
problem 1in normal operations

The fountain flow (Fig 6) 1s a more serilous
hot-gas-ingestion mechanism. When the wall jets,
flowing radially outward from their impingement
points, meet they are projected upward in a foun-
tain flow. Because the path from the jet exit 1is
short and the velocities are high, the inlet tem-
perature rise can be large.

The ground-vortex flow field (Fig 11) 1s the
third basic mechanism. In STOL-operation, the
wall jet flowing upstream from the front jets 1is
opposed by the free stream and rolled back on
itself 1nto a horseshoe-shaped ground vortex.

This flow field transports hot gases back to the



vicinity of the inlet. The level of the 1inlet
temperature rise depends on the forward velocity
and the operating height

The role that the sink effect of the inlet
plays in determining the level of the 1inlet-
temperature rise depends on the direction and
energy of the hot flow that comes into the vicin-
1ty of the 1nlet. Hall'? investigated the effect
of 1nlet flow on the inlet-temperature rise for
two 1solated-lift engine simulators (Fig. 27). In
this case, the fountain transported hot gases
upward between the simulated engines, but the
temperature at the inlet face was not changed by
the amount of 1inlet flow The air above and
between the inlets was heated by mixing with the
fountain flow and brought back to the inlet by the
induced downflow  Apparently, the sink effect of
the 1inlet 1s not strong enough or close enough to
the fountain to draw fountain air directly into
the 1nlet

Figure 28, on the other hand, shows a case in
which the 1inlet flow 1s significant. In this
case, the fountain flow impinges on the bottom of
the configuration. Some hot air flows upward
around the body and 1s, 1n turn, stopped and
redirected by the wing and/or canard. Boundary
layers are generated on the various surfaces,
leaving low-energy hot air in the vicinity of the
inlet where the sink effect can draw 1t 1n In
this case, the inlet flow 1s very important but
the full mass flow does not have to be simulated.

Flow control devices can be used to minimize
the amount of hot gas thgt can get 1into the vicin-
1ty of the 1nlet Hall2% showed that 1f
"shields" are located so as to redirect the foun-
tain flow before 1t has lost significant energy,
the inlet-temperature rise can be drastically
reduced (Fig 29) By making the shields a lat-
eral extension of the lower surface of the body,
the laterally deflected fountain itself became an
extension of the shield and prevented hot gas from
getting directly 1nto the vicinity of the inlet.
On the other hand, shields placed near the 1inlet
were 1neffective because they allowed the fountain
to flow up around the body, to lose energy and
leave low-energy air near the inlet where 1t could
be ingested

The type of flow control devices shown in
Fig. 29 are not always feasible. Also, the types
of flow control devices desired for decreasing the
suckdown are usually not the best for reducing hot
gas 1ingestion. The LIDs (Lift Improvement
Devices) developed for the av-8829 are shown 1n
Fig 30 A spanwise fence incorporated between
the gun pods minimized the forward projection of
hot gas flow and significantly lowered the 1inlet
temperature rise.

At this time, the flow control devices for
minimization of inlet temperature rise have been
developed through ad hoc efforts. The data base
does not permit direct design and prediction of
the resulting inlet-temperature rise However,

the flow mechanisms involved are known. A
research program 1s needed to provide the data
base on which methods for design and prediction of
flow control devices and their effectiveness can
be based.

At forward speeds, the ground-vortex flow
field becomes a major factor in hot gas 1inges-
tion. The free stream that opposes the forward-
flowing wall jet and rolls 1t up into the ground
vortex also carries hot gases from the top of the
wall jet back to the inlet (Fig 31). As the
speed increases, the distance from the impingement
point back to the inlet and the time for mixing
with the ambient air are both reduced and the
inlet temperature rises Eventually a speed 1s
reached where the ground vortex 1s blown behind or
under the inlet and the i1nlet temperature rise
goes to zero. These trends are clearly shown by
the data for the four-jet in-line configuration of
Ref. 30; shown 1in Fig. 32 (left side).

The maximum 1nlet temperature rise for this
configuration has been correlated with the inlet
height (Fig 32, right side). This four-jet model
was tested with both top and side 1nlets and with
the wing in high and low position The data from
all four configurations show that the maximum
inlet-temperature rise 1s inversely proportional
to the square of the ratio of 1inlet height to the
diameter of the front jet (For the side 1inlets,
the height 1s measured from the lowest point of
the 1nlet.) This finding applies only to single
or in-line jet configurations With side-by-side
configurations, a fountain flow 1s projected
upward and forward between the jets and the inlet-
temperature rise 1s greater

To avoid ingestion, the inlet must be ahead
of or above the hot gas cloud created by the
ground-vortex flow field. The available data on
the forward projection of the cloud were presented
in F1g 16 and repeated 1n Fig. 33 along with an
indication of the depth of the cloud. Those
investigations that attempted to determine the
depth 1indicated 1t to be about half the forward
extent. As with the forward projection, Abbott's
moving-model data'’ with no ground-board boundary
layer showed the least depth. The Schwantes
study1 which set out to simulate the boundary
layer that would be present with atmospheric winds
showed the greatest depth. Two boundaries then
are feasible; one for hovering in a wind
(2/d = 0.45/Ve) and one for STOL operation with no
wind (z/d = 0.27/Ve). These boundaries are for
single jet or in-line jet configurations.

The speed at which the inlet-temperature rise
went to zero for the four-jet, in-line configura-
tion”" discussed in McLemore's and Smith's study
are compared with these boundaries in Fig 34
Because the data were taken 1in the wind tunnel
Wwith a ground-board boundary layer, they should
approach the "wind" boundary. The estimated
boundary appears about right, but the



1nvestigation was not carried to sufficiently high
speeds or heights to be conclusive

With two jets placed side by side, a fountain
flow will be projected forward and upward ahead of
the configuration. This will increase the depth
of the ground-vortex flow field. Abbott found
that the depth was nearly doubled for the spacing
he used Unfortunately, there 1s no data on the
effect of the spacing ratio  For very closely
spaced jets, one would expect the flow to approach
that of a single jet of twice the area and the
depth would only be 1increased by /2 Similarly,
1f the jets are very widely spaced, they will
produce two 1solated flow fields with no 1increase
1n depth. More study of the factors that deter-
mine the depth and forward extent of the hot gas
cloud and the speed needed to avoid 1ingestion 1s
needed.

The preceding discussion has considered pri-
marily steady-state data In practice, 1t takes
some time for the flow field to develop. McLemore
presented a sequence of photographs (Fig 35)
showing the development of the hot gas cloud 1in a
5 to 8 knot crosswind The model used a J-85
engine with a top inlet and a single exit at a
height of 2 jet diameters The concrete ground
plane had a radius of 25 ft or about 25 exit diam-
eters A deflector was attached to the exit
enabling the engine to be brought up to speed with
the exhaust deflected aft to avoid ingestion. At
time zero, the deflector was removed to bring the
exhaust to the vertical and a pulse of smoke was
injected 1nto the upwind side of the jet. Photo-
graphs were taken at 0.2 sec intervals to record
the development of the hot gas cloud About 1 sec
was requlred for the cloud to develop to the point
where smoke 1s brought back to the vicinity of the
inlet and at this point the inlet temperature was
observed to begin to 1increase

The photographs of Fig. 35 indicate that at
1 sec the hot gas cloud had grown to a radius of
about 25 diam The data of Fig. 33 would indicate
that the fully developed hot gas cloud would have
a radius of over 50 diam with the stated crosswind
condition., Apparently hot gas ingestion begins
before the hot gas cloud 1s fully developed.

Although the hot gas cloud has reached a
radius of 25 diam by the time ingestion starts,
the ingestion apparently does not arise from the
hot gases flowing out to the ground vortex and
then being transported back to the inlet by the
free stream. At a free-stream velocity of about
13 ft/sec, 1t would take 2 sec for hot gases to
reach the 1nlet even if they were transported to
the ground vortex instantly. The time required
for hot gas 1ingestion to start 1is probably related
to the height of the inlet and the speed at which
the air mixing with the top edge of the wall jet
rises to the height at which 1t can be blown back
to the inlet. This appears to be the area where
our basic understanding of the flow mechanisms 1is

the weakest and where additional work 1s most
needed.

Concluding Remarks

The basic flow mechanisms that produce the
ground effects experienced by jet- and fan-powered
V/STOL and STOL aircraft are known, but there
apparently are details of the mechanisms that are
not adequately understood Even for the simplest
case, the suckdown on a single, centrally located
Jjet, there are differences in the data from
various 1nvestigators that cannot be explained
In other areas, such as the ground vortex and hot-
gas cloud formation experienced in STOL operation,
there 1s unsubstantiated evidence to indicate that
parameters such as pressure ratio and the ground
board boundary layer have a significant impact,
but there 1s an 1insufficient data base to quantify
their effects

Additional force tests or temperature mea-
surements alone would be of little help 1in clari-
fying the picture 1in most areas Carefully struc-
tured 1nvestigations to 1solate and document the
effects of key parameters on the flow field under
and around the configuration as well as on the
forces, moments, and temperatures are required
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