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The wide-field shadowgraph method has been used to photograph the tip vortices of a hovering helicopter rotor
in ground effect. The shadowgraphs were used to obtain quantitative measurements of the rotor tip vortex
geometry both in and out of ground effect. Many important phenomena are visible in the rotor wake using this
method. These include the variation in descent and contraction rates of the tip vortices in ground effect, and
the interaction between tip vortices in the far wake. The tip vortex geometry from the shadowgraphs is com-
pared with the tip vortex geometry predicted using a free wake hover performance analysis. The free wake
analysis accurately predicts the tip vortex geometry both in and out of ground effect. Performance data from
the test is compared with the performance predicted using several methods, including the free wake analysis.
All methods provided reasonable predictions of the helicopter performance in ground effect.

Notation
A = rotor disk area, nR2, m?
b = number of blades
c = rotor blade chord, m
Co = rotor torque coefficient, Q/pARViip?
Cg, = profile torque coefficient
Cr = rotor thrust coefficient. T/pAVip?
FM = rotor figure of merit, CT32/(C g V2 )

h = distance from rotor to ground plane, m

K =dCq /dCr%, slope of cr, C g curve

P = rotor power, Nm/s

Q rotor torque, Nm

r radial distance measured from rotor centerline,
m

R = rotor radius, m

T = rotor thrust, N

Viip = rotor tip speed, Q R, m/s

z = axial distance measured from rotor plane, m
Q = rotor rotation speed, rad/s

p = air density, kg/m?

c = rotor solidity, bcR/A

oo = subscript denoting out of ground effect condition
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Introduction

he hover performance of a helicopter is a very important

design consideration since it directly affects the maximum
payload of the helicopter. One method that can be used to in-
crease the effective lifting capabilities of a helicopter is to hover
close to the ground (in ground effect). Analytical and empirical
methods have been developed to predict helicopter performance
in ground effect (IGE) with reasonable accuracy(Refs. 1-6).
Knight and Hefner (Ref. 2) developed an analytical method to
predict rotor performance in ground effect, and verified it with
experimental studies. They treated ground effect as a modifica-
tion to the induced power of the rotor. The work of Zbrozek
(Ref. 3) examined experimental results from many tests and de-
veloped an empirical method that was based on rotor height and
thrust coefficient. Cheeseman and Bennett (Ref. 4) developed a
simple analysis using the method of images that modeled the
rotor as a source. Hayden (Ref. 6) developed a simplified em-
pirical model from a large set of flight test data. This method
was also based on a correction to the induced power. These
methods all provide reasonable results, but each has certain limi-
tations. The simple analytical methods do not account for rotor
design parameters such as blade twist, chord, and sweep that
may influence the hover performance in ground effect. The em-
pirical methods are generally limited to rotor systems that are
similar to those used to develop the database. Also, none of
these analyses will provide information on the blade loading
characteristics in ground effect.
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A greater understanding of the physics of the flow is required
to develop more rigorous analytical methods capable of accu-
rately predicting the performance in ground effect for advanced
rotor designs. Flow visualization can be a very important tool
in understanding the physics of the flow field. Taylor (Ref. 7)
examined the flow field of a hoverlng rotor in ground effect
using balsa dust particles. This technique showed the overall
shape of the wake, especially the radial expansion of the wake
as the rotor/ground plane separation distance was decreased.

This paper describes an experimental and theoretical study of
the wake geometry and performance of a helicopter rotor in
ground effect. For the experimental portion of the study, a Lynx
tail rotor was used to model a simple helicopter rotor in ground
effect. The rotor performance was measured at many ro-
tor/ground plane separation distances for a range of collective
pitch settings. The wide-field shadowgraph method was used to
obtain quantitative and qualitative information on the tip vortex
geometry of the hovering rotor. The wide-field shadowgraph
method is a photographic technique that detects the density vari-
ations of the tip vortices in the rotor wake (Ref. 8), allowing
precise visualization of the tip vortices.

The data obtained during this test are compared to several
theoretical predictions. The measured tip vortex geometry is
compared to the results of a recently developed free wake hover
performance analysis (Ref. 9) that models the wake of a hover-
ing rotor in ground effect using curved vortex elements and a
wake image system. The rotor performance measured during the
test is compared to the predictions of the free wake analysis and
predictions obtained using the methods of Cheeseman (Ref. 4)
and Hayden (Ref. 6).

Test Setup

The test was conducted at the Outdoor Aerodynamic Research
Facility at NASA Ames Research Center. The test apparatus
consisted of a full-scale Lynx tail rotor mounted on the Tail
Rotor Test Rig (TRTR) shown in Fig. 1. This four-bladed rotor
had constant chord, untwisted blades with a radius of 1.105 m.
More information on the tail rotor characteristics are provided
in Fig. 2. The rotor shaft axis was horizontal and was located
6.07 rotor radii above the ground. The rotor was operated at tip
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Fig. 1 Tail rotor test rig.
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Fig. 2 Lynx tail rotor characteristics.

Mach numbers of 0.56 and 0.60, and collective pitch settings
ranging from 13 deg to 17 deg. All runs were completed with
ambient winds below 2.5 m/s.

A ground plane was installed in the wake of the rotor as
shown in Figs. 3 and 4. The ground plane was 6.62 rotor radii
in diameter, and was centered at the rotor axis. The rotor and
ground plane height, approximately 6 rotor radii, were selected
to minimize possible interference from the ground. Since the
base of the ground plane was fixed, variations in the distance
between the ground plane and the rotor were accomplished us-
ing the traversing mechanism of the TRTR. Using this travers-
ing mechanism, the distance from the rotor to the ground plane
could be varied from 0.25 to 2.5 rotor radii. All out of ground
effect runs were conducted with the ground plane removed from
the support stand.

The wide-field shadowgraph method was used to visualize the
tip vortex geometry during the test. This method requires
screens of retro-reflective material behind the flow field of in-
terest. This material was mounted on a screen to the side of the
tail rotor and on the ground plane itself (Fig. 4). These locations
provided shadowgraphs which were used to determine the axial
and radial coordinates of the tip vortex wake geometry. The
screen to the side of the rotor was placed 6.62 R from the rotor
centerline to minimize its effect on the rotor performance.
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Fig. 3 Top view of test setup.
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Fig. 4 Tail rotor and ground plane installation.

Rotor thrust coefficient is a major factor in determining the
out of ground effect (OGE) tip vortex geometry (Refs. 10 and
11). Therefore, to examine the effect of the ground plane on the
tip vortex geometry, a constant thrust was required for various
rotor/ground plane separation distances. Since collective was
not variable during runs, the thrust coefficient could not be var-
ied directly. Therefore, to obtain a specified thrust coeffficient
at a fixed collective, the TRTR was traversed toward or away
from the ground plane until the desired thrust coefficient was
achieved. The test conditions obtained using this method are
shown in Table 1.

Free Wake Analysis

A free wake analysis was recently developed to calculate the
performance of a hovering helicopter rotor in ground effect
(Ref. 9). The analysis is based on the EHPIC (Evaluation of
Hover Performance using Influence Coefficients) analysis de-
veloped by Quackenbush, er. al. (Ref. 12).The analysis uses a
lifting surface model of the blade and curved vortex elements to
model the rotor wake. A unique relaxation technique is used to
calculate a free wake geometry. The effect of the ground is
modeled by an image system below the rotor. Past work with
this analysis out of ground effect has demonstrated its ability to
predict hover performance (Ref. 13).

The free wake analysis was used to predict the performance
and tip vortex geometry of the rotor in and out of ground effect.
The rotor blade was modeled using three chordwise panels and
30 spanwise panels while the wake was represented by four
vortex filaments trailing from each blade.

Shadowgraphs

A large database of shadowgraphs was obtained during this
test over a wide range of operating conditions. Discussion of the
shadowgraphs is based on the coordinate system shown in Fig.
3. The ground plane will be considered to be below the rotor,
and the tip vortex axial descent will be toward the ground plane.
The shadowgraphs from this test were of very high quality, with
many showing the tip vortices for five turns of wake.
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Table 1. Shadowgraph Run Conditions

Crlo Rotor/Ground Collective
plane dist. (Degrees)
(h/R)
0.102 0.78 17
0.099 0.52 16
0.093 1.92 17
0.094 0.72 16
0.095 0.32 15
0.091 OGE 17
0.090 1.20 16
0.090 0.52 15
0.090 0.26 14
0.085 OGE 16
0.084 0.96 15
0.085 0.42 14
0.080 1.54 15
0.081 0.64 14
0.080 0.34 13
0.077 OGE 15
0.077 0.46 13
0.070 OGE 14*
0.070 1.92 14
0.071 0.84 13
0.063 OGE 13*
0.064 1.90 13

*Shadowgraphs not available for these run conditions

Tip Vortex Geometry out of Ground Effect

A sample shadowgraph obtained during testing is shown in
Fig. 5. The photo is for an out of ground effect (OGE) condition
with C7/6=0.091. The relative orientation of the blades for the
shadowgraph is included in the figure. The dark section in the
center of the figure was caused by the use of a different, less
reflective material on that portion of the screen. Five turns of
the tip vortex are clearly visible on both sides of the rotor. The
shadowgraph shows the tip vortex contracting radially for the
first four turns of wake. This agrees with previous research con-
ducted on helicopter tip vortex geometry in hover (Refs. 8, 11,
and 12). However, the fifth turn of wake shows significant radial
expansion of the tip vortex. This expansion occurs approxi-
mately 360 deg after the tip vortex leaves the rotor blade. The
expansion of the wake is accompanied by a decrease in the axial
descent of the tip vortex. This is visible on both sides of the
figure, but it is much more obvious on the left side. On the left
side of the figure, the fourth and fifth turns of rotor wake are at
about the same axial distance from the rotor. For some shadow-
graphs, the fourth turn is actually further downstream than the
fifth. This effect occurred consistently during the OGE runs, and
was generally visible on the left of the rotor. Since this photo
was taken for the out of ground effect case, this effect can not
be attributed to the ground plane. This change in the tip vortex
axial spacing is not currently understood.

Quantitative data were obtained from the shadowgraphs using
a semi-automated data reduction technique. Up to three shadow-
graphs were taken for 6 deg increments in rotor azimuth from 0
deg to 90 deg. The data reduction technique uses the outermost
tip vortex location visible on each side of the rotor in each pho-
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Fig. 5 Shadowgraph of tip vortices out of ground effect
(C1/0=0.091).

tograph. For example, Fig. 5 has five data points on each side
of the rotor. The radial distance from the centerline and the axial
distance from the tip path plane for these points are then deter-
mined. The reduced data from the shadowgraphs out of ground
effect at C1/6=0.091 are shown in Fig. 6.

The measured tip vortex geometry out of ground effect is
compared to three predicted geometries in Fig. 6. The measured
axial tip vortex location is shown in Fig. 6a. The tip vortex
descent rate is constant up to the first blade passage (90 deg).
At about 90 deg, the descent rate increases, and then remains
constant to 270 deg. Then in the far wake, 270 deg after leaving
the blade, the tip vortex location shows more variation with
increasing azimuth. This shows the changes in tip vortex axial
spacing that were noted in Fig. 5. The apparent scatter at the
high wake azimuth angles is actually an indication of the un-
steadiness of the tip vortex in the far wake. ‘

Landgrebe’s prescribed tip vortex geometry (Ref. 11) signifi-
cantly underpredicts the axial descent rate of the tip vortex be-
fore the first blade passage (Fig. 6a). The Kocurek tip vortex
geometry (Ref. 12) matches the measured geometry very well
before and after the first blade passage. The free wake analysis
predicts a higher axial descent rate before the first blade passage
than is shown by the measured data. This is largely caused by
insufficient resolution of the rapidly changing flow field behind
the rotor blade in the tip region. Because of this, the tip vortex
travels too far downward immediately following the blade
(Refs. 10 and 13). The free wake analysis slightly underpredicts
the tip vortex axial descent rate after the first blade passage,
while the two prescribed geometries match the descent rate very
closely. The variation in the far wake tip vortex location is not
modeled by any of these analyses. This is expected, since all of
the methods assume a distortion free, steady wake.

The measured and predicted values of the radial location of
the tip vortex are shown in Fig. 6b. This shows the contraction
of the tip vortex as the wake azimuth angle increases. However,
at a wake azimuth angle of 270 deg, the radial location of the
tip vortex also begins to vary with increasing azimuth. This
corresponds to the variations in the axial tip vortex spacing.

The three wake models predict a very similar radial tip vortex
location as shown in Fig. 6b. All three models show a more
rapid radial contraction of the tip vortex wake than the test data.
Once again, none of the methods captures the variations in the
far wake.
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Fig. 6a Comparison of measured and predicted tip vortex axial
location OGE (C1/0=0.091).

O EXPERIMENT
EHPIC
KOCUREK
----- LANDGREBE

11~

RADIAL LOCATION, v/R

0.7 T T T T T T T T T
° s0 100 150 200 250 300 aso 400 as0
WAKE AZIMUTH ANGLE, deg

s

Fig. 6b Comparison of measured and predicted tip vortex radial
location OGE (C1/6=0.091 ).

Tip Vortex Geometry in Ground Effect

Figure 7 shows a shadowgraph for the rotor operating in
ground effect (C1/0=0.080 and h/R=1.54). The ground plane is
visible as the dark edge of the screen at the bottom of the figure.
The features visible in this shadowgraph are essentially the same
as for the out of ground effect case. This figure shows the
change in the tip vortex axial spacing on both sides of the rotor,
as was noticed for the OGE case. This effect is so pronounced

Fig. 7 Shadowgraph of tip vortices in ground effect
(C1/0=0.080, h/R=1.54).
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Fig. 8 Shadowgraph of tip vortices in ground effect
(C1/0=0.084, h/R=0.96).

that the fifth turn of the wake is at the same axial location as the
fourth.

Figure 8 shows a shadowgraph of the tip vortices for a smaller
rotor/ground plane separation distance (C1/6=0.084, h/R=0.96).
The tip vortex is visible for five turns of wake in this photo-
graph. The ground plane now significantly alters the tip vortex
geometry. This is most evident in the radial location of the tip
vortex. The wake contracts slightly from the first turn of wake
to the second, but then for each successive turn, the radial loca-
tion of the tip vortex increases. The axial descent in the far wake
changes in a manner similar to that noted for the OGE case.
However, it is much more pronounced than in the previous shad-
owgraph. The fourth turn of wake is actually further down-
stream than the fifth turn.

Figure 9 shows the reduced tip vortex geometry data for a
moderate rotor/ground plane separation distance (C1/0=0.071
and h/R=0.84). The axial location of the tip vortex (Fig. 9a) is
very similar to the out of ground effect case. The variation in
the tip vortex axial spacing is once again present, but it appears
to be constrained somewhat by the ground plane.

The reduced data for the radial location of the tip vortex (Fig.
9b) shows a much more significant influence from the ground
plane. This plot shows that the tip vortex trajectory contracts for
only a small range of the wake. At a wake azimuth angle of
about 150 deg the wake starts expanding. This is in sharp con-
trast to the OGE tip vortex geometry that contracts till far in the
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Fig. 9a. Axial location of tip vortex in ground effect
(C1/0=0.071, h/R=0.84).
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Fig. 9b Radial location of tip vortex in ground effect
(C1/6=0.071, h/R=0.84).
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Fig. 10 Shadowgraph of tip vortices in ground effect
(C1/6=0.095, h/R=0.32).

wake. This radial expansion was also shown in the flow visuali-
zation work of Taylor (Ref. 7). The radial data in Fig. 9b also
show more apparent scatter in the far wake than was evident in
the axial data shown in Fig. 9a. This suggests that the rotor wake
is more unsteady in the radial direction than in the axial direc-
tion. This unsteadiness is much more noticeable for the in
ground effect runs than it was for the out of ground effect runs.
Figure 10 shows a shadowgraph for the rotor very close to the
ground plane (C7/6 = 0.095, h/R=0.32). The maximum descent
of the tip vortex and the tip vortex descent rate for this run
condition are very obviously affected by the ground plane.

Unfortunately, the screen width limits the extent of the radial
wake expansion that is visible. Note that the tip vortices are still
well defined for approximately four turns of wake.

The reduced tip vortex geometry data for a rotor/ground plane
separation of 0.32 R is shown in Fig. 11. The axial location of
the tip vortex is shown in Fig. 11a. There is no change in the
axial tip vortex descent rate at the first blade passage as was
evident for out of ground effect data (Fig. 6a) and in ground
effect data at the larger ground plane separation (Fig. 9a). Also,
the axial descent rate essentially reaches zero very near the
ground plane. The axial location of the tip vortex does not show
the variations in spacing evident in other shadowgraphs. This is
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Fig. 11a Axial location of tip vortex in ground effect
(C1/6=0.095, h/R=0.32).
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Fig. 11b Radial location of tip vortex in ground effect
(C1/6=0.095, h/R=0.32).

because the outermost tip vortex location was not visible at large
enough wake azimuth angles for the distortion to be evident.
The radial location of the tip vortex is shown in Fig. 11b. This
shows a slight contraction of the tip vortex, and then expansion
at a faster rate than was evident for the larger ground plane
distance (i.e. Fig. 9b). The abrupt end in the data at r/R=1.2 is
caused by the screen size limitation discussed above.

As stated earlier, the thrust coefficient is a major factor influ-
encing the tip vortex geometry for a helicopter rotor hovering
out of ground effect. Therefore, to examine the effect of the
ground plane on the tip vortex geometry, the thrust coefficient
must be held constant. Figure 12 shows comparisons between
the tip vortex geometry for variations in rotor/ground plane
separation at C1/6=0.095. The experimental data, as represented
by fitted curves (Fig. 12a), show that the ground plane has very
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Fig. 12a Effect of rotor/ground plane separation
on axial tip vortex geometry(C1/6=0.095).
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Fig. 12b Effect of rotor/ground plane separation on radial tip
vortex geometry (C1/6=0.095) .

little effect on the tip vortex axial location in the near wake. The
initial axial descent rate is essentially the same for the three
different rotor/ground plane separation distances. However,
there is a significant effect on the location of the tip vortex as
it approaches the ground plane. Data acquired for the smaller
h/R show the decrease in axial descent rate that is caused by the
presence of the ground plane. This effect is not apparent for
h/R=1.92, largely because the tip vortices are not visible close
to the ground plane.

The rotor/ground plane separation distance has a much greater
influence on the tip vortex radial location (Fig. 12b), even at
ground plane distances that showed no influence on the axial
location. The figure shows that the tip vortex at each h/R has a
similar initial contraction rate. However, the smaller separation
distance between the rotor and ground plane causes the tip vor-
tex expansion to begin sooner, and the expansion occurs at a
faster rate. The radial contraction reaches a maximum at ap-
proximately 30 percent of the rotor/ground plane separation dis-
tance, and then the tip vortex wake expands radially.

Wake Geometry Correlation in Ground Effect

Predicted and measured tip vortex geometry are compared in
Fig. 13 for C1/6=0.090 with the rotor close to the ground plane
(h/R=0.52). This figure shows the significant effect of the
ground plane on the measured tip vortex geometry. The initial
axial tip vortex location (Fig. 13a) is overpredicted by the analy-
sis, which was also noted for the OGE case. The decrease in
axial descent rate for larger wake azimuth angles (i.e., closer to
the ground plane) is modeled correctly by the free wake analy-
sis. The predicted radial location of the tip vortex (Fig. 13b)
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Fig. 13a Comparison of measured and predicted tip vortex axial lo-
cation in ground effect (C1/6=0.090, h/R=0.52).
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Fig. 13b Comparison of measured and predicted tip vortex radial
location in ground effect (C1/6=0.090, h/R=0.52).

reaches maximum contraction at an earlier azimuth angle than
the shadowgraph data. After the contraction, the predicted and
measured geometries are very much the same.

Overall, the free wake analysis models the tip vortex geome-
try very well. It captures both the decrease in axial descent rate
and the radial contraction/expansion caused by the ground plane
with excellent accuracy.

Performance Correlations

Performance measurements were also made during testing of
the rotor. For a constant collective, the ratio of the measured
rotor thrust IGE to the thrust OGE plotted as a function of the
rotor distance from the ground plane is shown in Fig. 14. The
figure shows the averaged data obtained from each run condi-
tion. Correlation with these data was performed using three
techniques.

The first technique is based on the method of Cheeseman and
Bennett (Ref. 4). This is a simple analytical technique based on
the method of images. Using their results, the thrust augmenta-
tion (at constant power) for a hovering rotor in ground effect is
determined solely by the rotor/ground plane separation distance:
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Fig. 14 Comparison of measured and predicted thrust in ground
effect (Cheeseman Method).
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The comparison between this prediction and the data obtained
during the test is shown in Fig. 14. The OGE data are plotted at

T 1
T R*®
1= ——
16 h

h/R=4 even though there was no ground plane present during
those runs. The prediction and theory agree fairly well, except
at very small separation distances (h/R). This limitation was
acknowledged in the original development of the method. While
providing a very simple method to determine thrust augmenta-
tion, this method is limited since it does not take into account
the characteristics of the rotor blade (e.g., twist, planform), or
operating conditions.

A second method used to predict hover performance in
ground effect was the empirical method developed by Hayden
(Ref. 6). This method is based on a large number of tests of
helicopters hovering in ground effect. The method applies a cor-
rection factor (K/K o) to modify the induced power required in
ground effect as shown by:

Hayden developed the following expression for K/K.. based

ER
2
T

C = C +| —|K_C
o] Qo (KJ”

on a curve fit of the experimental data:

-+ t -
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Fig. 16 Comparison of measured and predicted thrust in ground
effect (EHPIC).

Using the performance measured during the test, K/K values
were derived. These are compared with the Hayden results in
Fig. 15. These data also agree well with the experimental results
over a fairly small range. At small separation distances
(h/R<0.8), this method predicts significantly lower K/K. val-
ues. This would result in a lower predicted power than was ac-
tually measured. This may be caused in part by the
dissimilarities between the Hayden database and the present test.
Hayden’s database consisted of flight test of actual helicopters
rather than isolated rotor testing. Thus, his data includes correc-
tions for tail rotor power, drive train losses, etc. This method,
like that of Cheeseman and Bennett, is limited since prior
knowledge of the rotorcraft OGE performance is required to
determine the in ground effect performance.

The EHPIC free wake analysis was also used to predict the
performance of the rotor in ground effect. The following per-
formance plots are all shown for a constant collective as dictated
by the EHPIC convergence method. The thrust augmentation vs.
rotor/ground plane separation is shown in Fig. 16. The predic-
tions and data are both shown for Ct/c (OGE) in the range of
0.0155 to 0.0190. The predicted thrust increase is somewhat
lower than the experimentally measured results. Examination of
the tip vortex geometries provides no explanation for this dif-
ference in thrust. One possible explanation for the difference
may lie in the treatment of the inboard vortex by the free wake
analysis. In order to improve convergence, the free wake analy-
sis fixes the location of the inboard vortex. Therefore, the recir-
culation in the inboard region of the rotor wake in ground effect
is not modeled, and this may contribute to the lower predicted
thrust.

The ratio of the IGE power to the OGE power vs. rotor/ground
plane separation is shown in Figure 17. The experimental results
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Fig. 17 Comparison of measured and predicted power in ground
effect (EHPIC).
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show a small decrease in power for smaller ground plane sepa-
ration distances. However, the power prediction from the free
wake analysis indicates a small increase in the power. This in-
crease in total power is caused by an increase In the calculated
induced power for decreasing rotor/ground plane distances. One
must keep in mind that the free wake analysis is modeling an
inherently unsteady process using a steady analysis. This limi-
tation of the analysis may be affecting the results shown here.

The ratio of the IGE figure of merit to the OGE figure of merit
is plotted against the rotor/ground plane separation distance in
Figure 18. The predicted figure of merit is close to the experi-
mental values for the upper and lower h/R. However, the pre-
dicted value is significantly off in the midrange of rotor/ground
plane separation distance. This is a result of the errors noted for
the thrust and power in the previous figures.

The performance correlations completed for this work show
that for the configuration tested, all three methods have the ca-
pability to predict the rotor hover performance in ground effect
to a reasonable degree. However, each method has limitations
that demonstrate the potential for improvement in this area.

Conclusions

This investigation examined the tip vortex geometry and per-
formance for a helicopter rotor in and out of ground effect. The
tip vortex geometry in ground effect was found to be quite dif-
ferent from the geometry for the out of ground effect case.

1. The axial descent of the tip vortices is significantly de-
creased very close to the ground plane. The radial geome-
try of the tip vortex contracts for a short period, and then
expands rapidly. The descent rate and radial contrac-
tion/expansion are mainly functions of the rotor/ground
plane separation distance.

2. The tip vortex geometry was predicted using a free wake
analysis. The free wake tip vortex geometry predicted by
EHPIC agreed very well with the measured geometry for
a wide range of rotor/ground plane separation distances.

3. The rotor performance predicted using three methods
were all in close agreement with the experimental results.
The simple methods predicted the performance as accu-
rately as the free wake analysis, and did not require as
much time and computer costs. However, the free wake
analysis provides a more rigorous treatment of the physics
of the rotorcraft hovering in ground effect. The benefits
of this capability may become more apparent as rotor de-
signs are examined that are significantly different from
designs that were used to develop the previous analytical
and empirical ground effect performance prediction meth-
ods.
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