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Summary

The accuracy of various methods used to predict tilt rotor
hover performance was established by comparing pre-
dictions with large-scale experimental data. A wide range
of analytical approaches were examined. Blade 1ift was
predicted with a lifting line analysis, two lifting surface
analyses, and by a finite-difference solution of the full
potential equation. Blade profile drag was predicted with
two different types of airfoil tables and an integral
boundary layer analysis. The inflow at the rotor was
predicted using momentum theory, two types of pre-
scribed wakes, and two free wake analyses, All of the
analyses were accurate at moderate thrust coefficients.
The accuracy of the analyses at high thrust coefficients
was dependent upon their treatment of high sectional

angles of attack on the inboard sections of the rotor blade.

The analyses which allowed sectional lift coefficients on
the inboard stations of the blade to exceed the maximum
observed in two-dimensional wind tunnel tests provided
better accuracy at high thrust coefficients than those
which limited lift to the maximum two-dimensional
value. These results provide tilt rotor aircraft designers
guidance on which analytical approaches provide the best
results, and the level of accuracy which can be expected
from the best analyses.

Nomenclature
A rotor disc area, TR2, m?
Cp rotor nower coefficient, P/pAQSR3
Cr rotor thrust coefficient, T/ pAQZR2
P rotor power, N-m/s

rotor radius, m
T radial distance from rotor axis, m
T rotor thrust, N
z axial distance from rotor hub, m
T rotor solidity
p air density, kg/m3
Q rotor rotation speed, rad/s
Introduction

Hover performance is one of the most important factors
that determine the economic viability of tilt rotor aircraft.
The rotor performance in hover usually determines the
total installed power, or limits the payload. It is essential
that accurate hover performance predictions be available
to assess the total mission performance of any proposed

tilt rotor aircraft. At the detail design stage, the perfor-
mance analysis must be accurate enough to allow far
selection of the optimum rotor design for a given
application.

A wide range of analytical methods for predicting hover
performance are available to the designer of a tilt rotor
aircraft. The available choices range from simple
momentum theory to solutions of the full Navier—Stokes
equations. In general, the more sophisticated analyses are
more difficult to use and require greater computational
resources than the simpler analyses. In return, the more
sophisticated analyses will hopefuily provide more
accurate results. However, it is usually unclear how much
more accurate the sophisticated analyses are, and whether
or not the increase in accuracy justifies the additional
time and expense. Furthermore, it is also uncertain what
level of accuracy is achieved by the best analyses.

This paper provides a critical assessment of the present
capability to predict tilt rotor hover performance using a
variety of analytical methods. The accuracy of each
analytical method is established by comparing its pre-
dictions with large-scale test data. No special “tuning” of
the analyses was done to improve the correfation with test
data, Thus, the accuracy results presented here should be
representative of what could be obtained for a new tilt
rotor desiga, prior to the acquisition of test data.

As a ground rule, only analyses which were available in
the public domain or were commerciaily available were
considered. As a result, a number of excellent company-
proprietary analyses were not examined. Most of the
analyses which were used required the user to make many
choices when setting up the input files. In all cases, the
input files were set up following the recommendations in
the codes’ documentation, and no effort was made to
modify the input files to achieve better correlation with
the test data. The intent of this effort was to establish the
accuracy which could be expected for true predictions:
analysis conducted in the absence of test data for the
configuration of interest. The author does not claim to be
an expert user of any of the analyses, but the choices
which were made were reasonable, and should be
representative of the choices which would be made by a
typical user in the absence of test data. The same airfoil
tables were used for all analyses (if required), and these
tables were defined based on two-dimensional wind
tunnel test data, without any adjustment of drag
coefficients.

The author is grateful 1o Dave Jordan of NASA Ames for
providing access to LSAF, and to Dr. Krishna
Ramachandran of Flow Analysis, Inc., for running the
HELIX cases.



Analytical Methods

Five different analytical modeling approaches were
considered for the prediction of isolated rotor perfor-
mance in hover. They were a lifting-line method with a
momentum theory uniform inflow (CAMRAD/JA (refs. 1
and 2)), a lifting-line method with a Kocurek-Tangler
prescribed wake (also CAMRAD/JA), a lifting-surface
method with a circulation-coupled prescribed wake
(LSAF (ref, 3)), a lifting-surface method with a free wake
(EHPIC (ref. 43), and a computational fluid dynamics
analysis which solves the full-potential equation with a
Lagrangian potential wake model (HELIX (ref, 5)).
CAMRAD/IA, LSAF, and EHPIC used airfoil tables to
determine the airfoil sectional drag coefficient, and
HELIX used an integral boundary layer analysis. The
blades were assumed to be rigid in all analyses, This is a
reasonable approximation, as CAMRAD/IA predicts less
than 0.5 degrees of elastic twist at the tip for these rotors
in hover.

Note that no analyses which solve the full Navier—Stokes
equations were used for this effort. Although the Navier—
Stokes analyses have been developed to the point where
they provide considerable capability (ref, 6), their use
reguires large computational resources which make them
impractical for design applications, Tt is anticipated that
this limitation will eventually be overcome, and the
Navier—Stokes analyses will then be used as design tools,

CAMRAD/JA

CAMRAD/JA used a second-order-accurate lifting-line to
represent the rotor blade aerodynarics, with airfoil lift
and drag coefficients found from table look-up based on
the local sectional angle of attack and Mach number.
Fifteen to twenty aerodynamic segments were used for
the rotor biade lifting-line model. A variety of options
were available within CAMRAD/JA for determining the
rotor inflow, For this investigation the uniform inflow
(determined from momentum theory) and nonuniform
inflow (determined from the Kocurek-Tangler prescribed
wake model (ref. 7), with the wake geometry a function
of the thrust coefficient) options were used. Following
typical practice with CAMRAD/JA, the uniform inflow
was increased by 10% relative to the ideal momentum
theory value. When the prescribed wake option was
used, the far wake axial descent rate of the tip vortex
(KWGT(2)) was reduced by 10% to compensate for the
truncation of the tip vortex after 5 revolutions. The
Kocurek—Tangler prescribed wake model is a function
of the blade linear twist rate, and it is unclear what
equivalent linear twist rate should be used for tilt rotor
configurations, which have nonlinear twist distributions,

Following reference 8, the equivalent linear twist rate was
chosen to be the average twist rate over the outer 30% of
the blade span. Because of this choice, the tip vortex
geometry was computed externally to CAMRAD/JA
{using the equations of ref. 7) and manually input to the
analysis.

LSAF

LSAF used a lifting-surface method to model the rotor
blade aerodynamics, with airfoil lift and drag coefficients
found from table look-up based on the local section angle
of attack and Mach number. Twenty spanwise and two
chordwise panels were used to represent the rotor blade.
The inflow was determined from a circulation-coupled
prescribed wake method, with the geometry of the wake
determined from the peak bound circulation on the rotor
blade rather than the thrust coefficient. Wake expansion
of the tip vortex was prescribed to occur at a 15° angle
(the default value) after 4 blade passages. This was
intended to model the gradual transition from a well-
ordered vortex flow to a turbulent jet which occurs in
actual rotor wakes.

EHPIC

EHPIC used a vortex-lattice method to model the rotor
blade aerodynamics, which was equivalent to a constant-
strength doublet lifting surface method. Four chordwise
and 36 spanwise panels were used to represent the rotor
blade. EHPIC defined the blade section lift coefficient
using the section circulation from the vortex lattice
method. Thus, the local angle of attack never entered
into the problem, and the section profile drag coefficient
must be found as a function of the lift coefficient and
Mach nomber. To accomplish this, the standard
CB81-format airfoil tables, which define lift and drag
coefficients as a function of angle of attack and

Mach number, were transformed into a format which
gives drag coefficient as a function of lift coefficient and
Mach number only. Since the vortex-lattice method
models potential flow, there was no fundamental limit to
the lift coefficients which were predicted by the method,
and lift coefficients in excess of the a section’s two-
dimensional maximum lift coefficient may be predicted.
To model stall at these extreme lift coefficients EHPIC
used a large drag coefficient, but did not limit the
maximum lift coefficient. This feature of the analysis had
a significant effect on the predicted hover performance.

The rotor inflow was calculated in EHPIC from a series
of vortex filaments which represented the tip vortex and
inboard sheet of the rotor wake. Seven or eight of these

filaments were used for the present calculations. The



positions of these filaments were adjusted by the analysis
to achieve a force-free wake configuration. The wake was
effectively extended to infinity by using an analytical
representation of the far wake. Thus, EHPIC used a true
free wake, with none of the features of the wake geometry
determined from experimental data.

HELIX

HELIX solves the full-potential equation on a finite-
difference mesh which wraps around the rotor blade,
Seventeen grid planes were used along the span of the
blade, with a total of approximatety 200,000 grid
points. The wake geometry was modeled using a set of
Lagrangian markers, with the vorticity associated with
these markers smeared over several nearby grid points.
The wake was computed as a part of the total solution,
and is a true free wake. Blade profile drag was calculated
using an integral boundary layer analysis, However, the
boundary layer model was not able to handle separated
flow. As will be seen in the section of this report con-
taining HELIX results, the code’s inability to handle
cases with separated flow severely limits its wtility for
tilt rotors.

Experimental Data

The hover performance of three tilt rotor configurations
was measured in a series of back-to-back tests at the
Ames Outdoor Aerodynamic Test Facility. The rotors
which were tested were the original metal blades for the
XV-135 aircraft (XV-15 blades), a set of composite
“Advanced Technology™ blades for the XV-15

{ATB blades), and a 0.658-scale model of the blades
used on the V-22 aircraft (V-22 blades). All three rotors
had diameters of 25 feet, providing full-scale Reynolds
numbers. The solidity of the rotors was 0.0891 for the
XV-15, 0.103 for the ATB, and 0.1138 for the V-22. The
rotors were tested at full-scale tip Mach numbers in very
low winds. The results of these tests were summarized in
Ref. 8, and the complete data sets, including definition
of the planform, twist, and airfoils of each rotor, were
provided in references 9-11. Pata are available for a
range of tip Mach numbers for each rotor, but for this
investigation only data acquired at the normal operating
tip Mach number for each rotor was used. These tip
Mach numbers were 0.69 for the XV-135 rotor, §.66 for
the ATB rotor, and 0.68 for the V-22 rotor.

The experimental data (and analytical predictions) are
presented in terms of power coefficient as a function of
thrust coefficient, with both normalized by the rotor
solidity ratio. An expanded scale is used, which
concenirates on the range of thrust coefficients over

which tilt rotor aircraft usually operate (henceforth, the
terms “thrust coefficient” and “power coefficient” denote
Cr/o and Cp/o, respectively). Alternatively, the results
could be presented in terms of figure of merit as a
function of thrust coefficient. However, this format has
been avoided because it is difficult to present profile and
induced components of power in a figure of merit format.

CAMRAD/JA Results with Uniform Inflow

Figure 1 shows a comparison of predicted and measured
rotor performance in hover using CAMRAD/JA with
uniform inflow, Figure 1{(a) shows results for the

XV-15 rotor, figure 1{b) shows results for the ATB rotor,
and figure 1(c) shows results for the V-22 rotor. The
results for all three rotors were good for thrust coeffi-
cients of 0.14 or less. However, as the thrust coefficient
was increased past this value, the power of the XV-135 and
ATB rotors was overpredicted by a wide margin. The
errors were especially large for the XV-15 rotor, where
the power was overpredicted by 14 percent at a thrust

coefficient of (.165.

The same phenomenon was responsible for the sharp
increase in predicted power as the thrust coefficient was
increased for both the XV-15 and ATB rotors. The
analysis indicated that the inboard sections of the rotor
blade were operating at sectional angles of attack well
above their two-dimensional stall angle. The stall angle is
taken to be the minimum angle of attack for which the lift
curve slope is zero. The sectional profile drag coefficients
of these stalled airfoil sections were very large. Figure 2
shows the sectional angle of attack distribution predicted
by CAMRAD/JA with uniform inflow, and figure 3
shows the associated profile drag coefficients, for the
XV-15 rotor at a thrust coefficient of 0.153. The very
large profile drag coefficients on the inboard sections of
the rotor were responsible for the sharp increase in power
as the thrust coefficient was increased. The effect of these
large drag coefficients on the rotor power is shown in
figure 4, which is a plot of the XV-15 rotor profile,
induced, and total power coefficients as a function of
thrust coefficient. The sharp increase in profile power was
responsible for the sharp increase in total power at the
higher thrust coefficients. This phenomenon was not
observed in the comparisons of predicted and measured
performance for the V-22 rotor (fig. 1{c)), because the
V-22 airfoils have higher maximum lift coefficients than
the XV-13 or ATB airfoils, and because the test data do
not extend to extremely high thrust coefficients for the
V-22 rotor.

One of the most important choices to be made when using
CAMRAD/JA with the usiform inflow option is how
much to increase the inflow over the minimum value



defined by momentum theory. For the calculations
presented here, the inflow was increased by 10 percent
over the momentum theory value. To show the influence
of this choice on the predicted performance, figure 5
presents a comparison of the predictions obtained with the
V-22 rotor when increasing the inflow by 10 percent and
15 percent. The good correlation obtained between the
predictions and test data at low thrust coefficients for all
three rotors (figs. 1{a—c)) indicates that the baseline

10 percent increase is a reasonable choice for tilt rotors.
A small improvement in accuracy could be obtained by
using larger values at the highest thrust coefficients.

CAMRAD/JA Resulis with Prescribed Wake

Figure 6 shows a comparison of predicted and measured
rotor perfurmance in hover using CAMRAD/JA with the
nonuniform inflow prescribed wake. Figure 6(a) shows
results for the X'V-135 rotor, figure 6(b) shows results for
the ATB rotor, and figure 6(c) shows results for the
V-22 rotor. The results were generally similar to those
obtained using uniform inflow, with good results obtained
for the V-22 rotor, but with the power substantially over-
predicted for the XV-15 and ATB rotors at high thrust
coefficients. However, the sharp increase in power at the
higher thrust coefficients was more severe in this case
than for the uniform irflow case (compare figs. 1(a)

and 6(a), or figs. 1(b} and 6(h)).

Figure 7 shows that the poorer results obtained with the
prescribed wake analysis were caused by increases in
both the profile and induced power relative to the uniform
inflow predictions. The increases in the induced power
were caused by the highly nonuniform (and therefore
nonoptimal) induced velocity at the rotor disc associated
with the vortex wake. This nonuniform inflow is also
responsible for the increased profile power. This is
because the nonuniform inflow from the prescribed wake,
when compared with uniform inflow, tends to predict
relatively lower inflow on the inboard sections of the
rotor, and relatively higher inflow on the outboard
sections of the rotor. The lower inflow on the inboard
sections results in higher angles of attack (fig. 8), which
lead to higher drag coefficients (fig. 9). These extremely
large drag coefficients were again responsible for the
sharp increase in predicted profile power at high thrust
coefficients.

The tip vortex geometry data provided in reference 8 for
the ATB rotor provide an opportunity to check the wake
geometry used in the prescribed wake model. Figure 10
shows a comparison of predicted and measured tip vortex
geometry, with figure 10(a) showing the axial and fig-
ure 10(b) showing the radial geometry.

The initial tip vortex axial descent rate {for wake azimuth
angles between 0 and 60 degrees) was overpredicted.
However, the axial position of the tip vortex at the first
blade passage, which has a significant influence on the
blade radial loading distribution, was well predicted. The
far wake (wake azimuth angles greater than 120 degrees)
axial descent rate was slightly underpredicted, but recall
that the rate used by CAMRAD/JA was deliberately
reduced by 10 percent to compensate for the truncation
of the tip vortex after five revolutions. Overall, the com-
parison of the predicted and measured tip vortex axial
geometry was very good, and the observed errors in the
predicted rotor performance were not caused by the slight
differences between the theory and the wake geometry
shown in figure 10(a).

The cornparison between the predicted and measured tip
vortex radial geometry was less satisfactory. The radial
contraction of the tip vortex was underpredicted for the
entire range of wake azimuth angles. The predicted radial
location of the tip vortex at first blade passage was about
2 percent of the rotor radius further outboard than mea-
sured. This error affects the details of the blade radial
loading distribution near the tip of the blade. To assess
the effect of the underprediction of the tip vortex contrac-
tion on the predicted rotor performance, CAMRAD/JA
was rerun with the prescribed wake adjusted to match
the observed tip vortex contraction. The resuiting
predictions of rotor power were 2--3 percent lower than
those obtained with the standard Kocurek—Tangler wake
geometry, which was a small change relative to the

20 percent error in the predicted power at this thrust
coefficient (fig. 6(b)). Thus, it has been shown that the
small differences between the predicted and measured
wake geometry cannot account for the large errors in the
predicted power at high thrust coefficients for the ATB
rotor. This result is consistent with the findings reported
in reference 8.

LSAF Results

Figure 11 shows a comparison of predicted and measured
rotor performance in hover using LSAF. Figure 11(a)
shows results for the XV-135 rotor, figure 11{b) shows
results for the ATB rotor, and figure 11(c) shows results
for the V-22 rotor. These results differ very little from
those obtained with CAMRAD/JA when the prescribed
wake option was used (see figs. 12(a—)).

There are a number of similarities between the
CAMRADV/IA prescribed wake mode] and that of LSAF.
They are both based on the Kocurek—Tangler wake
model, although LSAF bases the wake geometry on the
maximum bound circulation instead of the thrust
coefficient which is used in CAMRAD/JA. However,



they differ considerably in their treatment of the far wake.
CAMRAD/JA truncates the tip vortex after 5 revolutions,
with the far wake axial descent rate reduced by 10 percent
to compensate. LSAF uses a more realistic far wake
expansion model to represent the transition of the orderly
helical vortex wake into a turbulent jet. For the blade
aerodynamics, CAMRAD/JA uses a second-order-
accurate lifting line theory while LSAF uses a lifting
surface analysis. Both codes used identical airfoil tables
for profile drag. Clearly, the similarities between the two
analyses are far more significant than their differences,
since their results are virtually indistinguishable for these
three tilt rotors.

EHPIC Results

Figure 13 shows a comparison of predicted and measured
rotor performance in hover using EHPIC, a free-wake
analysis. Figure 13(a) shows resulis for the XV-15 rotor,
figare 13(b) shows results for the ATB rotor, and fig-

ure 13(c) shows results for the V-22 rotor. Good results
were obtained for all three rotors, with errors in the
predicted power ranging from zero to six percent.

Figure 14 shows a comparison of the induced and profile
power predicted for the XV-15 rotor using EHPIC and
CAMRADV/JA with the prescribed wake. The induced
power predicted by EHPIC is somewhat lower than that
predicted by the prescribed wake model. The induced
power predicted by the prescribed wake analysis is almost
certainly too large, since the predicted induced power
alone equals the measured total power at high thrust
coefficients.

The EHPIC predictions of profile power show no sign of
the sharp power increase associated with inboard blade
stall which were exhibited by the CAMRAD/JA predic-
tions. However, this is not because EHPIC predicts that
the sectional angle of attack on the inboard sections is
below the stall angle. Figure 15 shows a comparison

of the predicted 1ift coefficients on the XV-15 blade

at a thrust coefficient of 0.153, using EHPIC and
CAMRAD/IA with the prescribed wake. The prescribed
wake analysis predicts lift coefficients slightly above the
nominal value of the stall lift coefficient on the inboard
sections of the rotor because of nonlinear behavior of the
blade root airfoil at angles of attack above stall (recall that
stall was defined to occur at the lowest angle of attack for
which the lift curve slope equals zero), EHPIC predicts
lift coefficients well in excess of the stall lift coefficient.
This is because EHPIC computes the lift coefficient from
the bound circulation on the vortex iattice, and not from
table look-up based on angle of attack. There is no
fundamentat limit to the lift coefficients which can be
predicted by EHPIC, so that lift coefficients well in

excess of an airfoil’s two-dimensional maximum lift
coefficient can be obtained.

EHPIC’s only representation of stall is in the drag
coefficients used by the analysis for lift coefficients in
excess of the two-dimensional maximum lift coefficient
of the airfoil. These drag coefficients are defined from
an equivalent angle of attack which is found from the
predicted lift coefficient and an unstalled 1ift curve
slope. For example, if the predicted lift coefficient was
50 percent greater than the airfoil’s two-dimensional
maximum lift coefficient, then the associated drag coef-
ficient would be found from the C81 table at an angle of
attack 50 percent greater than the angle of the maximum
lift coefficient. A comparison of the predicted drag
coefficients on the XV-15 blade at a thrust coefficient of
0.153, using EHPIC and CAMRAD/JA with the pre-
scribed wake, is shown in figure 16, The lower drag
coetficients predicted using EHPIC are responsible for
the lower profile power shown in figure 14.

The prediction by EHPIC of lift coefficients greater than a
2-D section’s maximum lift coefficient is troubling, and
the code was set up to allow this merely because it was

a convenient choice for the code’s developers. The
developers recognized this as a limitation of the analysis,
and work is underway to eliminate this problem in the
next release of the software. However, a number of
factors indicate that the inboard sections of a tilt rotor
blade do, in fact, maintain attached flow at angles-of
attack well above the 2-D section’s stall angle of attack,
producing very high lift coefficients.

Tung and Branum (ref. 12) provide experimental
evidence of attached flow, and consequently very high lift
coefficients, on the inboard sections of a model tilt rotor
blade at high thrust coefficients. Lift coefficients of over
2.7 were measured at a radial station of 0.125 R, and lift
coefficients of over 1,7 were measured at a radial station
of 0.2 R. These lift coefficients were well in excess of the
airfoil sections’ 2-D maximum lift coefficient, which
cannot be much greater than 1 for the low Reynolds
numbers of the small-scale rotor which was tested, There
was no evidence of flow separation at these inboard
stations, Himmelskamp (ref. 13) obtained similar results
for a model propeller. Narramore and Vermeland (ref. 14)
conducted a computational study of the V-22 rotor blade
using the 3-D Navier-Stokes equations. They obtained
results which were consistent with the experimental data
of Tung and Branum, with very high lift coefficients and
no flow separation on the inboard sections of the rotor.
However, their results were severely compromised by the
inadequate grid resolution in the boundary layer. The
reason for the observed behavior is unclear, although
reference 14 shows that radial flow in the boundary layer



18 not a factor. This is an area that is ripe for additional
research.

Thus, there is a substantial body of evidence, both
experimental and computational, which suggests that the
inboard sections of a tilt rotor blade do not stall in a
manner consistent with two-dimensional flow. EHPIC’s
blade aerodynamics model, although suspect at initial
examination, may in fact be appropriate for tilt rotor
blades. The good correlation between the predicted and
measured rotor performance obtained with EHPIC is
directly atiributable to EHPIC’s refusal to allow blade
sections to stall. These results lend additional support to
the idea that tilt rotor blades are able to maintain attached
flow over their inboard sections at very large angles of
attack.

A comparizon of the predicted and measured wake
geometry for the ATB rotor at a thrust coefficient of 0.17
is shown in figure 17, Figure 17(a) shows the axial wake
geometry, and figure 17(b) shows the radial wake geom-
etry. The initial axial descent rate (for wake azimuth
angles between 0 and 60 degrees) was overpredicted,

but the axial position at first blade passage was well-
predicted by the free-wake analysis. The subsequent far-
wake axial descent rate (wake azimuth angles greater than
120 degrees) was slightly under-predicted. This small
error would not have a large effect on the performance
predictions. The agreement between the predicted and
measured tip vortex radial position was very good. These
results providc confidence that the free-wake model
correctly predicted the rotor wake configuration, and that
the resulting predictions of inflow and induced power
were correct,

HELIX Resulis

Figure 18 shows a comparison of predicted and measured
rotor performance in hover using HELTX. Figure 18(a)
shows results for the XV-135 rotor and figure 18(b} shows
results for the ATB rotor (the V-22 rotor was not con-
sidered because of the difficulty of defining a grid for this
rofor).

The predictions for the XV-15 rotor are in excellent
agreernent with the test data for the limited range of thrust
coefficients covered by the analysis. The HELIX predic-
tions of total power do not extend past thrust coefficients
higher than 0.125, although the induced power was
predicted for thrust coefficients as high as 0.170. This is
because the integral boundary layer analysis in HELIX
predicts the onset of separation at thrust coefficients
above 0.125. The boundary layer model is unable to
provide predictions of profile power in the presence of
separaiion, and the total power coefficient of the XV-15

rotor cannot be predicted by HELIX for thrust coef-
ficients above (0.125. 1t might be possible to estimate

the profile power at higher thrust coefficients by, for
example, assaming that the profile power was propor-
tional to the square of the thrust coefficient. However,
such a procedure would be inconsistent with the level

of accuracy and sophistication provided by the finite-
difference solution of the full-potential equation used for
the inviseid portion of the analysis.

The results obtained for the ATB rotor are shown in
figure 18(b). The power was slightly underpredicted over
the range of thrust coefficients for which results were
obtained. As for the XV-15 rotor, HELIX was not able to
predict total power after the onset of separation, and
results were not obtained for thrust coefficients greater
than 0.16.

Figure 19 compares the profile power predictions of
HELIX with EHPIC and LSAF. Figure 19(a) shows
results for the XV-15 rotor and figure 19(b) shows results
for the ATB rotor, The HELIX predictions are shown
with the solid line, LSAF with the dotted line, and EHPIC
results are shown by the dashed line. For the limited
range of thrust coefficients for which HELIX was able to
predict profile power, the results are in fair agreement
with those of the other analyses. However, it is disturbing
that the HELIX prediction shows the profile power to be
decreasing with increasing thrust coefficient, instead of
the expected increase in profile power with increasing
thrust coefficient.

Figure 20 shows that the induced power predicted by
HELIX for the XV-15 rotor is in good agreement with the
predictions of various other analyses over the entire range
of thrust coefficients. The HELEX predictions are shown
with the solid line, CAMRAD/JA with uniform inflow by
the dot-dash line, LSAF with the dotted line, and EHPIC
results are shown by the dashed line. These results
provide confidence in the induced power resulis obtained
with HELIX for g tilt rotor configuration. Also, the good
agreement on induced power among the various analyses,
coupled with the lack of agreement on profile power,
again confirms that the correct prediction of profile power
is the key to obtaining accurate predictions of tilt rotor
hover performance.

Conclusions

The accuracy of various methods used to predict tilt rotor
hover performance was established by comparing pre-
dictions with large-scale experimental data. A wide range
of analytical approaches were examined, and no special
“tuning” of the analyses was performed to improve the
correlation with test data. The accuracy of the results



should therefore be representative of what would be
obtained in the absence of test data. Specific conclusions
from this investigation were:

1. The predictions of hover performance were generally
conservative, with the predicted power greater than the
measured power, particularly at high thrust coefficients.

2. The total power results obtained with LSAF and
CAMRAD/IA with the prescribed wake option were
virtually identical,

3. The results acquired with HELIX were severely
limited by the boundary-layer model’s inability to handle
separated flow. In its present form, this code is not useful
for tilt rotor performance design studies. '

4. All of the analyses provided good results for thrust
coefficients which were low enough to keep all sections
of the rotor blade at angles of attack below their 2-D stall
angles of attack. As the thrust coefficient was increased
past that point, the accuracy of each analysis was depen-
dent upon its treatment of airfoil section Iift and drag at
very high angles of attack.

5. EHPIC, which allowed sectional lft coefficients on
the inboard stations of the blade to exceed the maximum
observed in two-dimensional wind tunnel tests, provided
better accuracy at high thrust coefficients than the analy-
ses which 1imit 1ift to the maximum two-dimensional
value,

6. This result provides additional evidence to support
the hypothesis that the inboard stations on tilt rotor blades
maintain attached flow at very high angles of attack. The
resulting high section lift coefficients and low drag
coefficients allow these rotors to provide excellent
performance at very high thrust coefficient to solidity
ratios. Additional analytical and experimental work is
required to provide a fundamental understanding of this
phenomena, and to guide the development of a more
accurate hover performance analysis for tilt rotors.

7. These results shown that EHPIC would probably
provide the most accurate hover performance predictions
for new tilt rotor designs. The predicted performance
should be regarded as a conservative estimate, with the
power overpredicted by zero to six percent at 1ypical
hovering thrust coefficients.
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Figure 1(a). Comparisan of CAMRAD/JA uniform inflow hover performance predictions with XV-15 rotor test data.
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Figure 1(b). Comparison of CAMRAD/JA uniform irflow hover performance predictions with ATB rotor test data.
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Figure 1{c). Comparison of CAMRAD/JA uniform inflow hover performance predictions with V-22 rotor test data.
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Figure 2. Predicted sectional angle of attack distribution, XV-15 rotor, CT/o = 0.153. Prediction from CAMRAD/JA with
uniform inflow.
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Figure 3. Predicted sectional drag coefficient, XV-15 rotor, Ct/o = 0.153. Prediction from CAMRAD/JA with uniform inflow.
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Figure 4. Predicted total, induced, and profile power coefficients, XV-15 rofor, Cv/o = 0.183. Prediction from CAMRAD/JA
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Figure 6(a). Comparison of CAMRAD/JA prescribed wake hover performance predictions with XV-15 rolor test data.
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Figure 6(b). Comparison of CAMRAD/JA prescribed wake hover performance predictions with ATB rotor test data.
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Figure 10(a). Comparison of prescribed wake tip vortex axial geometry with test data. ATB rotor, C1/o = 0.17.
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Figure 11{a). Comparison of LSAF hover performance predictions with XV-15 rotor test daia.
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Figure 11(b). Comparison of LSAF hover performance predictions with ATB rotor test data.
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Figure 12{b). Comparison of LSAF and CAMRADYJA prescribed wake hover performance predictions. ATB rotor.

024 -
-——— LSAF

022 - —=== CAMRADAIA prescribed wake

020 —

018 |-

016 =

Cplo

A4 ~

012 -

010 -

7 4 i i I i I
.008
08 10 A2 14 16 .18 .20

Crlc
Figure 12(c). Comparison of LSAF and CAMRAD/JA prescribed wake hover performance predictions. V-22 rotor,



J24 -

O  XV-15 rotor test data
— EHPIC

022
020 -

018 -~

016 —

Cplc

014 -

012~

D10+

008
08 10 g2 14 16 18 .20

Figure 13{a). Comparison of EHPIC hover performance predictions with XV-15 rotor test data.

024 o]

O  ATB rotor test data Q)
——— EHPIC

022

020 —

018 [~

Cp/c

016

014 —

012 —

010 [~

008 I { i j | ]
.08 .10 12 14 .16 18 20

Crlc

Figure 13{b). Comparison of EHPIC hover performance predictions with ATB rotor test data.
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Figure 18(a). Comparison of HELIX hover performance predictions with XV-15 rofor test dafa.
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