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Effects of Jet Decay Rate on
Jet-Induced Loads on a Flat Plate

J.M. Kuhlman* and R.W. Warcupt
Old Dominion University, Norfolk, Va.

Experimental modeling of the interaction between a jet and an aircraft wing or fuselage in VTOL aircraft was
undertaken using a cold jet exiting perpendicular to a flat plate in a uniform crossflow. Effects of jet decay rate
and jet-to-crossflow velocity ratio, /?, on the induced load distribution were investigated. Jet decay rate was
increased by using cylindrical centerbodies submerged in the jet nozzle, which caused nonuniform initial jet
velocity profiles. A quicker jet decay rate, corresponding to the presence of a centerbody, resulted in as much as
a 45% reduction in the induced pressure loads on the plate. This has implications in interpretation of results
from earlier VTOL model studies of jet-induced loads, where the jets have often had relatively slow decay rates
due to uniform initial velocity profiles.

Nomenclature
cp = (p —pno jet )/<7oo = jet-induced pressure coefficient
D = effective jet diameter
Dn = nominal j et exit diameter (2.58 cm)
L = jet-induced lift loss
M = jet-induced pitching moment
p = static pressure
q = dynamic pressure
#00 = crossflow dynamic pressure
r = radius
R = Ve I Fa, = jet-to-crossflow velocity ratio
5 = arc length measured along jet trajectory
T =jet thrust
Ve = effective j et exit velocity
KOO = crossflow velocity
x = stream wise coordinate
y = transverse coordinate
z — coordinate perpendicular to plate

L Introduction

DURING transition of a jet VTOL aircraft from hover to
forward flight, there is a complicated interaction

between the jet engine exhaust and the crossflow which results
in a change in the pressure loadings on the aircraft in the
vicinity of the jet. The integrated effect of these jet-induced
pressure loadings is a loss in lift and an incremental moment.
Previous wind-tunnel tests have attempted to measure these
induced lift losses and moments for specific, proposed VTOL
configurations.1'2 Many other investigators have studied a
geometrically more simple model of such a flowfield—that of
a low-speed round jet with uniform initial velocity profile
exiting perpendicular to a flat plate into a uniform crossflow.
Such efforts have centered around the measurement of jet-
induced loads on the flat plate3"7 and jet trajectories.8"10

Fearn and Weston found the jet-to-crossflow velocity ratio,
/?, to be the key parameter in determining the jet-induced
load.3 More recently, Fearn and Weston have modeled such a
jet-crossflow interaction as a pair of contrarotating vortices
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deflected by the crossflow.11 This model has been used by
Dietz in an attempt to predict plate surface pressures based
upon the strength and location of the jet vortex pair.12 A
detailed survey of the work on the jet-crossflow interaction,
as related to VTOL aerodynamics prior to 1970, has been
performed by Margason.13

The majority of these model studies have been performed
using jets with uniform jet exit dynamic pressure profiles.
This is in contrast to the nonuniform jet exhaust velocity
profiles found in actual jet engines.14 Livingston15 and
Ziegler and Wooler16 have studied the effects of stratified jets
with nonuniform jet exit velocity profiles and have found
different induced pressure loadings than for a model with
uniform initial jet profiles. Also, Gentry and Margason found
that for a jet in hover there was a large effect of the jet decay
rate upon the induced pressures.17

In the present work, a systematic study was undertaken into
the effects of varying jet decay rate upon the induced
pressures, lift loss, and pitching moment for a subsonic
circular air jet exiting at right angles to a flat plate into a
uniform crossflow. Jet decay rate was varied by altering the
positioning of various centerbodies in the jet settling chamber
and nozzle. Results show that the presence of a centerbody in
the jet nozzle significantly increased jet mixing with the
crossflow, increased jet decay rate, and decreased the induced
lift loss and moment. Thus, it is recommended that future
VTOL model studies should simulate anticipated full-scale jet
exit conditions as accurately as possible.

II. Experimental Apparatus and Techniques
Experiments were performed in the 0.92 x 1.2 m (3 x 4 ft)

test section of an Aerolab closed-circuit low-speed wind
tunnel located at Old Dominion University. A 0.92x 1.2 m
(3x4 ft) flat plate was mounted on struts 10.6 cm from the
test section floor. A 2.58-cm (1.016 in.)-diam circular jet
exited perpendicular to the flat plate 60 cm back from the
round leading edge. A schematic of the flat plate and jet, as
located in the test section, is shown in Fig. 1. The air jet was
supplied by an air compressor through a 14.2-cm-diam
plenum and a smooth 30:1 contraction ratio nozzle. A cross
section of the jet nozzle and plenum is shown in Fig. 2. Also
shown is the 1.9-cm-diam hemispherical tipped centerbody, or
round-ended plug, used to alter the jet exit dynamic pressure
profile and decay rate. A similar centerbody with a flat tip
was also used. Jet flow rate was measured using a turbine
flowmeter and held constant to within 0.2% using an
automatic control device.

The angle of attack between the flat plate and the crossflow
was less than 0.5 deg with no jet flow for all experiments. The
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Fig. 1 Schematic of experimental apparatus.
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Fig. 2 Cross-sectional view of jet nozzle, plenum, and centerbody.

boundary layer on the plate was artifically tripped using the
technique described by Braslow, Hicks, and Harris,18 and
was found to be fully turbulent. A separation bubble was
observed at the plate leading edge which extended nominally 8
cm in the transverse and 4-6 cm in the flow directions.

The plate was fitted with 226 pressure ports, 0.061 cm in
diameter, located on rays centered at the jet exit. Pressure
taps were connected through tubing and scanning valves to a
capacitance-type pressure transducer. All pressure trans-
ducers were calibrated using a dead-weight tester. Each plate
surface pressure measurement was automatically averaged
over a minimum of a 5 s interval, since it was found that the
pressures at some locations on the plate fluctuated, as ob-
served by Fearn and Weston.3

A three-dimensional probe transverse was fitted to the top
of the tunnel test section. A total pressure probe mounted to
the traverse was used to locate the jet center line trajectory.
These data were numerically curve-fitted and used to orient a
pitot-static probe tangent to the jet for measurement of the jet
dynamic pressure along the jet centerline. Temperatures were
measured with 0.025-cm-diam chromel-alumel ther-
mocouples. The jet exit temperature was nominally 15°C
below the tunnel temperature.

Integrated jet-induced lift losses and pitching moments
were numerically calculated using the plate surface pressure
data. Constant pressure panels centered at the pressure tape
locations were used in the integration. Differences between
pressures measured with the jet on and jet off conditions were
used.

A technique suggested by Ziegler and Wooler was used to
compare data taken with different initial jet velocity
profiles.16 The actual jet exit dynamic pressure was surveyed

Fig. 3 Examples of non-
dimensional jet exit plane
dynamic pressure profiles; no
crossflow.

-0.5

for the static case and used to calculate the jet thrust. For
comparison purposes, an effective jet velocity and effective
jet area were then calculated that represent a slug-flow jet
having the measured mass flow rate and thrust, produced by
isentropic expansion from the same plenum (stagnation)
conditions. This effective initial jet velocity and the tunnel
velocity were used to calculate the jet-to-crossflow velocity
ratio, R, rather than the conventionally used ratio of dynamic
pressures to the one-half power. This resulted in no more than
a 6% difference from the value of R calculated in the usual
manner, which includes differences in tunnel and jet densities.
Since this is within the estimated accuracy of 6% for the
experimental R values, the current R values may be con-
sidered to be equivalent to those obtained by the conventional
definition. The previously mentioned effective jet area was
used to calculate an effective circular jet diameter, D. This
effective diameter has been used to nondimensionalize the jet
centerline trajectory data and jet decay data, as well as the
pressure coefficient, lift loss, and pitching moment data.

Jet exit Mach number, based upon the effective jet exit
velocity, was equal to 0.4, and jet Reynolds number was
2xl0 5 . Tunnel speeds ranged from 13-68 m/s, and the
crossflow Reynolds numbers ranged from 7.5xl05 /m to
4xl06 /m.

III. Presentation of Results
Jet-induced plate surface pressures, jet centerline trajec-

tories, and jet dynamic pressure decay data have been
measured over a range of jet-to-crossflow ratios of
2.2<R< 10. These data have been obtained for the following
jet nozzle centerbody configurations: 1) no centerbody; 2)
round-ended centerbody with tip submerged one nominal jet
exit diameter, Dn, below nozzle exit plane; 3) round-ended
centerbody submerged 0.5 Dn below nozzle exit; 4) round-
ended centerbody flush with nozzle exit; 5) flat-ended cen-
terbody submerged 1.375 Dn below nozzle exit; 6) flat-ended
centerbody submerged 0.875 Dn below nozzle exit; 7) flat-
ended centerbody submerged 0.375 Dn below nozzle exit; and
8) flat-ended centerbody flush with nozzle exit.

Examples of how the centerbodies affected the jet exit plane
dynamic pressure distributions are shown in Fig. 3. These
data were taken with no crossflow and the profiles were
observed to be axisymmetric. The fore-to-aft symmetry was
observed to be destroyed when the crossflow was nonzero.
Note that, generally, the closer the centerbody tip was to the
nozzle exit plane the more nonuniform the initial dynamic
pressure distribution.

Jet-induced plate pressure coefficient data for R = 3.9 with
no centerbody are compared with data of Fearn and Weston
in Fig. 4.3 Lines of constant cp agree to within the ex-
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Fig. 4 Constant pressure contour data; no centerbody in nozzle,

Fig. 5 Constant pressure contour data; flat-ended plug down 0.375
Dn,R = 4.36.
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Fig. 6 Jet centerline trajectories for configurations with no cen-
terbody.

perimental accuracy estimated both for the current work and
in Ref. 3, except in the region behind the jet.

Pressure coefficient data for a velocity ratio of 4.36 for a
configuration with a flat-ended plug submerged 0.375
nominal jet diameters below the jet exit plane are shown in
Fig. 5. Through comparison of Figs. 4 and 5, a marked
change in the distribution of cp is observed for a similar value
of R when a centerbody is present in the jet nozzle. This
change in pressure levels due to the centerbody occurs in the
lee of the jet. Similar behavior is observed for other nozzle
configurations and velocity ratios.

Nondimensional jet centerline trajectories for varying
values of R for jets with no centerbody are shown in Fig. 6.
Also shown for comparison are data taken by Margason.8

Increasing the crossflow causes the expected increase in jet

18-
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Fig. 7 Jet centerline trajectories for configurations with round-
ended centerbodies, R = 6.
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Fig. 8 Integrated lift loss for round-ended plug configurations
compared with unplugged jets.

turning. In Fig. 7, nondimensional jet trajectories are shown
for a velocity ratio of R = 6.0 for various centerbody con-
figurations. Note that, generally, the closer the plug tip to the
nozzle exit plane, the quicker the jet turning. The same trend
is observed at /? = 8.0, but tends to disappear as R decreases
below 4.0.

The integrated lift loss induced by the jet (non-
dimensionalized by the jet thrust) for various plug con-
figurations is compared with the no-plug case in Figs. 8 and 9.
Note that the horizontal axis is the crossflow-to-jet velocity
ratio equal to 1/R. The lift loss has been calculated for a
circular area on the plate equal to 43 times the jet effective
area. Lift loss increases with increasing crossflow velocity;
but for a constant value of R, the presence of a centerbody
decreases the lift loss by up to 45%. Also shown in Fig. 8 are
approximate integrations of data of Fearn and Weston for
comparison with the no-plug configuration3 Figure 10
compares the jet-induced pitching moment about the nozzle
center for the various flat-ended centerbody configurations
with the no-plug case. The pitching moment is non-
dimensionalized by the jet thrust times the jet effective
diameter. Here, increased crossflow velocity causes an in-
crease in the pitching moment, and the centerbody decreases
the moment.

The nondimensional decay of the jet dynamic pressure for
the configuration with no centerbody is presented in Fig. 11
for various values of the jet-to-crossflow velocity ratio, R. As
the crossflow increases, the jet decay occurs more rapidly.
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Fig. 9 Integrated lift loss for flat-tipped plug configurations com-
pared with unplugged jets.
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Fig. 10 Pitching moment for flat-ended centerbodies compared with
unplugged configurations.
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Fig. 11 Dynamic pressure decay along jet trajectory; no centerbody
in nozzle.

Figures 12 and 13 show examples of the increased jet decay
rate observed as the flat- or round-ended centerbody was
moved closer to the nozzle exit plane with the velocity ratio
held constant. Similar behavior was observed at all other
velocity ratios for which data were obtained. Note that for the
examples shown, R = 4.0 for the flat-ended centerbody, while
R = 8.0 for the round-ended centerbody examples. Results are
shown on both figures for the case of no centerbody.
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Fig. 12 Dynamic pressure decay along jet trajectory, R = 4.
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Fig. 13 Dynamic pressure decay along jet trajectory, R = 8.

IV. Discussion and Conclusions
All data presented for jet configurations with no cen-

terbody agree well with results presented by previous authors.
Development of such a jet is dominated by the jet-to-
crossflow ratio, /?, as found by Fearn and Weston.3

However, the addition of a centerbody in the jet nozzle will
also cause a marked variation in the jet development.
Specifically, a centerbody causes nonuniform initial jet
dynamic pressure profiles, quicker jet turning, quicker jet
decay, and a smaller induced lift loss and pitch moment,
assuming the velocity ratio R is held fixed. Based on results of
Fearn and Weston,11 it is felt that this observed reduction in
induced lift loss, even though the jet turns more quickly and
lies closer to the plate, must be due to a weakening of the
vortex pair associated with the jet.

Discrepencies between results presented in Ref. 4 and those
of other investigators3'5"7 are believed to be due to differences
in their jet decay rates. The jet used in Ref. 4 was observed to
begin to decay more rapidly than jets used in other ex-
periments. Thus, from the current results, it is to be expected
that the induced lift loss would be different.

Based upon the current results, where the presence of a
centerbody in the nozzle of an air jet entering a crossflow has
been found to significantly modify the jet-induced pressure
distribution, it is recommended that all future model VTOL
studies should duplicate as closely as possible the anticipated
jet engine exhaust conditions. It further appears that previous
model studies which have had uniform jet exhaust velocity
profiles may significantly overestimate the jet-induced lift
losses.
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