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Computation of Transonic Flow About
Helicopter Rotor Blades
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An inviscid, nonconservative, three-dimensional full-potential flow code, ROT22, has been developed for
computing the quasi-steady flow about a lifting rotor blade. The code is valid throughout the subsonic and tran-
sonic regime. Calculations from the code are compared with detailed laser velocimeter measurements made in
the tip region of a nonlifting rotor at a tip Mach number of 0.95 and zero advance ratio. In addition, com-
parisons are made with chordwise surface pressure measurements obtained in a wind tunnel for a nonlifting
rotor blade at transonic tip speeds at advance ratios from 0.40 to 0.50. The overall agreement between
theoretical calculations and experiment is very good. A typical run on a CRAY X-MP computer requires about
30 CPU seconds for one rotor position at transonic tip speed.

Nomenclature

a =speed of sound

c =blade chord

C, =pressure coefficient, see Eq. (8)

(64 = pressure coefficient at sonic speed

M = Mach number

M, =Mach number of approaching airstream at blade

station r,, see Eq. (9)

§2 = static pressure

g1,92,q; = velocity components in x,y,z directions,
respectively

=spanwise (radial) blade station from center of
rotation

=Dblade radius from center of rotation to tip

=r./R

=time

=chordwise and normal velocity components
divided by QR, respectively

= forward flight velocity of vehicle

=spanwise (radial) velocity component divided by
QR

=chordwise and normal coordinates, respectively

=spanwise (radial) coordinate

=angle of attack

=ratio of specific heats

=advance ratio, see Eq. (7)

= full velocity potential function

= perturbation velocity potential function

=azimuth angle of blade, measured counter-
clockwise from tail

=angular velocity of rotor
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Introduction

HE development of computer codes to analyze the

three-dimensional (3-D) flowfield about rotor blades has
been hindered by the mathematical complexity associated
with modeling the physical behavior. When a helicopter is in
forward flight, a rotor blade is exposed to widely different
flowfields, depending on its azimuthal position in the rotor
disk. The blade that is ‘‘advancing” into the oncoming
airstream experiences high dynamic pressures and needs only
small angles of attack to produce adequate lift to maintain
lateral trim. On the opposite side of the disk, the
‘‘retreating’’ blade experiences low dynamic pressure and
must operate at high angles of attack to develop the same
amount of lift as the advancing blade. Analysis of the
retreating blade flow is complicated by dynamic stall
phenomena that are induced by the high angle of attack and
that dominate the flow. In contrast to the unsteady viscous
flow effects on the retreating blade, the advancing blade in
high-speed forward flight experiences small angles of attack,
and the transonic flowfield near the tip is amenable to in-
viscid flow analysis.

Several investigators have previously developed analytical
models for transonic rotor flows. The first three-
dimensional, transonic calculations for flow over rotor
blades were performed by Caradonna and Isom,! using
small-disturbance theory. The calculations were made for a
nonlifting rotor in hover such that the tip speed was
representative of forward flight. Subsequently, this steady-
state formulation was extended to the unsteady, forward
flight case?; however, the spanwise freestream velocity com-
ponent due to changing blade position was assumed to be
small and was incompletely modeled. Grant® included all
freestream velocity components in his solution of the tran-
sonic small-disturbance equation for nonlifting forward
flight, but assumed quasi-steady flow.

In contrast to the situation for rotary wing aircraft, com-
puter codes for solving the three-dimensional flowfield about
fixed lifting wings have been available for some years. One
of the more widely used is a full potential code, FLO22,
developed by Jameson and Caughey.* Results from it are
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compared with experimental data in Ref. 5. The FL022 code
provides an inviscid solution to the full-potential equation
using exact surface tangency boundary conditions; the for-
mulation is nonconservative with respect to mass flux. A suc-
cessive line overrelaxation solution procedure is used.

The FL022 code was extended to calculate the inviscid
flowfield about a lifting rotor blade in forward flight and is
referred to as code ROT22. The detailed description of
ROT?22 is given in Ref. 6; only the main features are outlined
here. The location of the blade axis of rotation is arbitrary.
Although the flowfield varies with the blade azimuthal angle,
it is computed in a quasi-steady manner. However, the treat-
ment of the rotational terms in the equations assures that
both the spanwise and cross-flow terms are correctly modeled.
Because the full-potential equation and the exact tangency
boundary condition are used rather than the small-disturbance
approximations, subsonic and transonic flow over airfoils of
finite thickness and bluntness can be realistically modeled.
There are no inherent geometric limitations; airfoil section and
chord can be varied, as well as angle of attack, collective pitch,
twist, and flapping angle.

In the remainder of the paper, a brief description of the
salient features of the analysis is presented. This is followed
by a comparison of calculations from the code with experi-
mental measurements made in hover at a transonic tip speed
and at conditions simulating very high-speed forward flight.

Brief Description of Analysis

As noted previously, complete mathematical modeling of
the flowfield about a rotor is a very complex task and is
beyond the state-of-the-art. Simplifying assumptions are re-
quired to make the problem tractable over the even part of
the rotor disk. Beyond the assumptions inherent in the full-
potential equation, the simplifications embodied in the
model are: 1) a single-blade analysis, 2) an approximate
wake-induced inflow, 3) a special mathematical treatment of
the vortex sheet behind the blade, and 4) a quasi-steady
flowfield.

The complete potential flow—including the centrifugal
and Coriolis terms due to rotation about the vertical, or y,
axis—can be rewritten in a blade-attached coordinate system
as:q

(aZ - Q%)tpxx + (02 - q%)q)yy + (aZ - q%)q)zz
- ZqIQZ(I)xy - 2q1q3q)xz - 2QZQ3(I)yz + QZ(X(I)X + Zq)z)
=&, +2q,%,, +2q,%,, +2q;%, )

Here q,, g,, and g; are the velocity components in the x, y,
and z directions, respectively, defined by
q=%+Q, ¢,=%,, ¢;=%,—0x
where ® is the full velocity potential and Q is the rotation
rate (in rad/unit time).
The local speed of sound « is related to the velocity poten-
tial by the Bernoulli equation

@ =al+ ((y— 1)/2)V2

—((y=1/2) (20, + B2+ D2+ D2+ 2Q(zd, —xP,)]  (2)

{The analysis can be performed in an inertial coordinate system.
In this case, the potential equation is simple, but the boundary con-
ditions are both geometrically complex and unsteady. Further, if the
time-dependent terms are not retained, that is, if a quasi-steady
assumption is invoked, then all the essential features of rotor flow,
such as spanwise velocity gradients and centrifugal and Coriolis
forces, are eliminated. For these reasons, blade-fixed coordinates
were adopted as the most practical reference system.
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where V is the forward flight speed and y the blade azimuth
angle. The time and spatial derivatives of the full velocity
potential are related to the derivatives of the perturbation
potential ¢ by

&, =QVeosa(xcosy —zsiny) + ¢,

& = Veosasing + ¢,

¢, =Vsina+¢,

®_ = Vcosacosy + ¢, 3)

where « is the angle of attack of the rotor disk.

If the flow is assumed to be quasi-steady, all the time
derivatives of the perturbation potential in the above equa-
tions vanish, and the resulting equations can be written as

(a2 - q%)d)xx + (02 - Q%)¢yy + (02 - q%)(bzz - ZQ1QZ¢X,V
_2q1q3¢xz - 2q2q3¢yz +92(x¢’x +z¢’z)

—2QVcosa (9, cosy — ¢ siny) =0 4)

@ =ay, ~ ((y~1)/2)[¢% +¢5 + o2 + 20 (28, —x0,)
+2Veosa (¢, siny + ¢ _cosy ) + 2V sina] (5)

It should be noted that the effects of rotation are still in-
cluded with the quasi-steady assumption. Although the time
history is removed from the solution for forward flight, Eqgs.
(4) and (5) and the boundary conditions retain a timelike
dependence by being a function of rotor position. The far-
field boundary conditions are

(®,)o = Vsinycosa, (®,), = Vsing, (P,), = Vcosycosa
6)

For the near field, the exact surface tangency boundary con-
dition is used so that all velocities are evaluated at the blade
surface.

In the solution of the potential equation (4), several
transformations are made to map the flow into a region
tailored for efficient numerical computation (see Ref. 4).
However, two regions of the flowfield are given special treat-
ment in the analysis. The first is the trailing vortex sheet that
is assumed to leave the blade at the bisector of the trailing-
edge angle. The vertical location of the vortex sheet is not
part of the solution; instead, the vortex sheet is assumed to
lie in a (transformed) coordinate plane across which the nor-
mal velocity and pressure are continuous. This assumption
introduces two limitations: first, the downstream extent of
the vortex sheet is confined to one revolution or less; second,
the rollup of the tip vortex cannot be described. In the
horizontal plane, the vortex sheet (wake) follows an essen-
tially kinematic path. The wake-induced rotor inflow from a
preceding blade can be modeled by placing one or two line
vortices in the flowfield. The strengths of the vortices are
determined by the lift on the blade; however, the locations
must be specified (implying some uncertainty). Recently,
Egolf and Sparks’ have improved the wake modeling by
coupling a lifting-line far wake with ROT22. The modified
code yields very good pressure comparisons with data for
lifting blades into the transonic speed regime. The com-
parisons published so far were limited to hover.

The second region receiving special treatment was the tip
region. The required mapping outboard of the tip produced
a singularity from the tip toward the outer computational
boundary. Where the singular line intersected each x-y plane,
the point singularity (only) was treated by locally solving the
two-dimensional potential-flow equation as in FLO22.
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Fig. 1 ROT22 and laser velocimetry measurement comparison in
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Fig. 2 ONERA blade geometries.

Before presenting results obtained with this computational
model, it is worthwhile to discuss some of the consequences
of the assumptions made in developing the code. The omis-
sion of viscous effects limits the effective applicability of the
model to advancing blades where the viscous effects are not
dominant (as they are for retreating blade flows). However,
computations of retreating blade tip flows can be made to
study the inviscid pressure gradients, etc. Atthough flow over
lifting blades can be calculated, the present wake-induced in-
flow model introduces some wuncertainty, as previously
discussed. Most of the better quality data are for nonlifting
rotors; nonetheless, significant insight into rotor flows and
the predictive ability of the code can be gained through com-
parison with these cases. The use of the potential-flow equa-
tion to model a rotor flow results in a significant simplifica-
tion over using the Euler equations because much less com-
puter time and memory are required to solve one potential
equation than to solve the four conservation equations.

The effect of assuming a quasi-steady flow was first
studied by Isom® using the small-disturbance theory. Isom
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studied the effect of advance ratio

V
nw= ~ﬁCOSO{ (7)

on the time dependence of the flowfield and concluded that
the quasi-steady approximation was valid for small advance
ratios; however, no numerical limits were given. (An advance
ratio of 0.3-0.4 is typical of modern helicopters in high-speed
forward flight.) Assuming quasi-steady flow permits com-
puting the flowfield about the blade at one azimuth angle.
This speeds the computation by nearly two orders of
magnitude in comparison with a fully unsteady calculation.
In an unsteady computation, the azimuth angle can be ad-
vanced only a fraction of a degree between time steps as the
blade advances one-half revolution or more.” The quasi-
steady assumption will be assessed in the next section, where
results from the code are compared with experimental
measurements.

Comparisons with Experimental Data

Computations made using ROT22 were compared with ex-
perimental measurements on model rotors at transonic tip
speeds. The comparisons were made with measurements
taken in the vicinity of the rotor tips, where the flow is in-
herently three-dimensional. The first experiment consisted of
nonintrusive laser velocimeter (LV) measurements of the
three orthogonal velocity components in the neighborhood
of the tip of the rotor in hover. In the second test chosen for
comparison, surface pressures were measured near the tip on
both straight and swept-tip mode! rotors at high advance
ratios around the entire rotor disk. Both experiments were
performed on nonlifting blades; the data are among the best
in the literature.

Model Configurations and Test Conditions for
Velocity Measurements

The test was performed!®!'! in a large chamber about 10 m
per side, with special ducting designed to minimize room cir-
culation. The rotor consisted of two cantilever-mounted,
manually adjustable blades. The blades were untwisted and
untapered with symmetric NACA 0012 airfoil sections and
an aspect ratio of 12. The blade tips were cut off squarely,
normal to the planform. The rotor radius and chord were
104.5 cm (41.16 in.) and 7.62 cm (3.0 in.), respectively.

The laser velocimetry measurement was made at zero ad-
vance ratio and a tip Mach number of 0.95. The experiment
consisted of measuring the three orthogonal velocity com-
ponents in the neighborhood of the blade tip over a chord-
wise distance of two chords and a radial distance of about
one chord. The laser velocimeter was a two-component
system and used the fringe mode forward scatter technique
with the 4880 and 5145 A lines of an argon-ion laser. The
overall system was specifically designed to measure all three
components of induced velocity of a hovering rotor by tak-
ing data at two different azimuthal positions 90 deg apart.
With a spanwise view of the tip as it swept by, one spectral
line measured the induced streamwise velocity component
while the other measured the induced vertical velocity com-
ponent. Translation of both transmitting and receiving optics
along the test chamber walls provided a chordwise view of
the approaching or retreating tip, thus permitting the radial
and vertical induced velocities to be measured. The effective
sensing volume was approximately 0.2 mm in diam and 3
mm long, with the axis aligned in the plane of the beams. To
enhance data acquisition rate, aerosol seeding was used;
the mean aerosol diameter was about 0.7 pym. Conditional
sampling techniques were employed to ‘‘freeze’” the
flowfield as the rotor swept past the fixed probe volume. A
once-per-revolution pulse was used to activate the laser
velocimeter electronics each time the rotor approached the



MAY 1986

probe focal volume. Signals were then recorded during rotor
transit past the focal volume. Readings from an event syn-
chronizer were used to calculate two instantaneous velocity
components and time of arrival. From these determinations,
ensemble averages were generated throughout the blade-
passing period and velocities were calculated for each data
window. The induced velocity components were measured in
an inertial (room-fixed) coordinate system. (However,
aerodynamic properties of moving bodies are normally
calculated in body-fixed coordinates. Therefore, the
measured velocity components were transformed into blade-
fixed coordinates for comparison with the ROT22 values.)

Computation of Velocities

The flowfield over the entire blade was calculated using
ROT?22 in its efficient, fully vectorized form on a CRAY X-
MP, in about 30 s of CPU time. The code output consisted
of the U, ¥, and W velocity components (nondimensionalized
by the rotational tip speed), the pressure coefficients, and
local Mach numbers. A computational grid of 120 cells
chordwise, 16 vertically, and 32 spanwise was used. About
two-thirds of the spanwise computational stations were on
the blade; the remainder were in the field, inboard and out-
board of the blade. Nonuniform spanwise grid spacing was
used to enhance resolution in the tip region and, in addition,
to place a computational plane at the 95% radial blade sta-
tion, where one set of measurements was made. (Three span-
wise grid planes were located on the outer 5% of the blade
and five outboard of the tip.) The two remaining radial
measurement stations located at the blade tip and 2.17 cm
beyond the tip were matched by linearly interpolating the
computed velocity values. (It was undesirable to place a com-
putational plane at the blade tip since the velocity gradients
are very steep at that location. The ROT22 code normally
places the tip between computational span stations, but this
spacing can be altered.) For the present computation/experi-
ment comparison, special provisions were made for inter-
polating between computational mesh points for the velocity
components along horizontal lines of constant y and between
vertical planes.

Comparison with LV Data

The comparisons presented in Fig. 1 between the cal-
culated and measured velocities were made at a tip Mach
number of 0.95 and at a height above the centerline of the
blade of 0.084 chord length. The three velocities shown, U,
¥, and W, are the chordwise, vertical, and radial com-
ponents, respectively; all have been nondimensionalized by
the tip velocity. The three chordwise scans were made at
radial stations located 0.686 chord length inboard of the tip,
at the tip, and 0.727 chord length beyond the tip.

Before assessing the agreement between the measurements
and calculations, it is worthwhile to note some of the short-
comings associated with each result. Since the LV scan in-
board of the tip was made less than 2 mm above the max-
imum thickness line of the blade, light reflecting from the
blade surface degraded the signal used to determine the V
velocity component. Also, the steepness of the velocity gra-
dients at the blade tip could affect the measurements and did
affect the computation. Computationally, the chordwise
velocity component was affected by interpolation in the
radial direction, causing the shock to appear diffused.
Therefore, the agreement with experiment is not quite as
good at the blade tip as inboard or beyond the tip.

The chordwise velocity component U is typically an order
of magnitude larger than the vertical component ¥ and the
cross-flow velocity W. Since the magnitude of the pressures
and loads are proportional to the square root of the sum of
the squares of the velocities, the accurate prediction of the
(large) U component is essential. Note that in Fig. 1 the peak
U velocity is overpredicted by a maximum of only 4% at
R=0.95. The shock location is also closely predicted,

TRANSONIC FLOW ABOUT HELICOPTER ROTOR BLADES 725

although beyond the tip it is about 0.1 chord length too far
forward. Substantially greater disagreement exists in the
(smaller) vertical ¥ velocity comparisons. Here the dif-
ferences approach 30-40% of the peak values, although the
trends are well predicted. However, inaccuracies exist in the
data at R=0.95, as well as in the calculation at the blade tip
as previously mentioned. The cross-flow component W,
although small, is well predicted, despite some scatter in the
data at the tip. In view of the complexity of the flowfield,
the agreement with the measurements was considered very
good.

Therefore, the code should be useful in the study of tran-
sonic blade noise, which is thought to be caused by the prop-
agation of the shock forming on the blade into the far
field.!? In fact, the ability of the code to predict correctly the
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Fig. 3 ROT22 and experimental pressure comparison for straight
blade at spanwise locations indicated in Fig. 2a.
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shock strength, and nearly to predict the shock location
beyond the tip, has been used to study rotor tip shapes that
show promise of reducing transonic noise.'* Thus, the good
agreement between calculations and experiment enhances
confidence in the ability of the ROT22 code to predict
flowfields, pressures, and loads under the present conditions.
Extension of the range of applicability of the code to high-
speed forward flight is discussed next.

Model Configurations and Test Conditions
for Pressure Measurements

The pressure measurements used were made by
ONERA!%!5 on modified Alouette helicopter tail rotor
blades having nonlifting, symmetrical airfoil sections. The
test was conducted with the rotor mounted on a stand in the
wind tunnel; rotor speed and tunnel velocities were varied to
achieve advance ratios ranging from 0.4 to 0.55. Two dif-
ferent rotor blade configurations were tested as illustrated in
Fig. 2: one had a nearly straight leading edge and a 75-cm
radius from the center of rotation; the second configuration
(which had a radius of 83.5 cm) had 30 deg of leading-edge
sweep on the outer 15%. Both blades had symmetric NACA
four-digit airfoils, varying in thickness-to-chord ratio from
17% at the widest chord station to 9% at the tip.

Instrumentation on both blades consisted of three chord-
wise rows of dynamic pressure transducers, nominally at the
85%, 90%, and 95% radial stations. To achieve the desired
instrumentation density, two tips were built for each con-
figuration. The straight tips were nearly identical. However,
because of fabrication difficulties, the swept tips differed
somewhat, thus introducing some scatter in the data,
especially at the middle, most densely instrumented station.
Mean instantaneous pressures were computer-averaged;
values were measured at 256 blade azimuthal positions. On
the straight blade, the thickness-to-chord ratios at the in-
strumented stations were 13.1%, 12.15%, and 10.6%; while
for the swept-tip blade the ratios were 13.5%, 12%, and
10.5%.

Computation of Pressures

The flowfields over both blades were calculated for ad-
vance ratios of 0.4, 0.45, and 0.50. A computational grid of
120 cells chordwise, 16 vertically, and 24 spanwise was used
for the straight blade; resolution was more critical for the
swept-tip blade, and the number of spanwise stations was in-
creased to 32. About two-thirds of the spanwise computa-
tional stations were on the blade; the remainder were in the
field inboard and outboard of the blade. For the straight
blade, the spanwise mesh spacing was adjusted so that a
computational plane was located at the middle (0.892) in-
strumented station while, for the swept-tip blade, the crank
in the tip (0.857 station) was matched. The pressure coeffi-
cients were linearly interpolated between the nearest com-
putational stations for the other two radial stations. The
pressure coefficient was defined as

- p_)
N7 (5 ®

where the section Mach number was

M= (Qr, + Vsiny)/a,, )

Here a_, is the freestream speed of sound, and the subscript s
refers to the blade radial station.

Comparisons with Pressure Data

The calculated pressures in the tip regions of both blades
were compared with measured values on the advancing
blade. At an advance ratio of 0.4, comparisons were made
from 60 to 120 deg. In addition, comparisons were also
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made at the important 90-deg azimuth angle at the very high
advance ratios of 0.45 and 0.5 since this blade position is
critical for predicting peak transonic noise!’ and drag.'4
Although advance ratios of 0.45 or higher exceed those of
present helicopters, they might be encountered by future
high-speed rotorcraft.

Theory and experiment compared well for the straight
blade at an advance ratio of 0.4 at all three azimuth angles
(see Figs. 3a-3c). At the 90-deg position (Fig. 3b), the tip
Mach number was 0.84, resulting in a sizable region of
supersonic flow. However, at 120 deg the flow was entirely
subsonic. At the higher advance ratios of 0.45 and 0.5, the
tip Mach numbers were 0.87 and 0.90, respectively. The
agreement with the data at the 90-deg blade position was
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Fig. 4 ROT22 and experimental pressure comparison for swept-tip
blade at spanwise locations indicated in Fig. 2b.
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again good (see Figs. 3d and 3e). The swept-tip blade
represents a more complex geometry than the straight, and
experienced higher tip Mach numbers since the tip speed was
increased from 200 to 210 m/s. At the advance ratio of 0.40,
the maximum tip Mach number was 0.88. In general, the
agreement (see Figs. 4a-4¢) was not quite as good as it was
for the straight blade. However, there was also more scatter
in the data for the swept-tip cases possibly caused by inac-
curacies in model construction. At the station where the
crank in the planform occurs, the pressure expansion rate
near the leading edge is somewhat overpredicted. It is possi-
ble that viscous effects were responsible, owing to the abrupt
change in leading-edge sweep. At the higher advance ratios
of 0.45 and 0.5, the tip Mach numbers reached 0.91 and
0.94, respectively, resulting in large regions of supersonic
flow and strong shock waves (see Figs. 4d and 4e). The
calculations again compared well with the data at the 90-deg
blade azimuth angle. In view of the quasi-steady nature of
the formulation, the ROT22 code gave remarkably good
results at high advance ratios, especially at the critical 90-deg
blade position.

Concluding Remarks

The development of ROT22, the first three-dimensional
computer code to solve the inviscid full-potential equation
for the flow about a lifting helicopter rotor blade, has been
described. The assumptions and approximations . were
discussed. The main simplifications were those of inviscid,
quasi-steady, potential-flow simulation of the induced in-
flow, and treatment of the vortex sheet behind the blade.
Calculations from the code were compared with
measurements made in the inherently three-dimensional flow
of the tip region and on the surface of nonlifting blades at
transonic tip speeds. Calculated values of the three or-
thogonal velocity components agreed well with LV-measured
velocities in the tip region of a blade rotating at a tip Mach
number of 0.95 and with zero advance ratio. Further high-
speed comparisons were made at advance ratios from 0.4 to
0.5, using surface pressures measured on straight and swept-
tip blades. In view of the quasi-steady nature of the formula-
tion, the code gave remarkably good results at the high ad-
vance ratios, especially at the important 90-deg blade
azimuth position. The surface pressure comparisons supple-
ment previous ones made over the entire rotor disk.!® In
Ref. 16 it was shown that when the flow on the blade was
subsonic or moderately supersonic so that the terminating
shocks were not too strong, the calculations agreed well with
data. The unsteadiness of the flow affected only strong
shock waves in the second quadrant, well beyond 90 deg,
when the peak tip Mach number exceeded 0.9. Since the
angle of incidence of the advancing blade in the vicinity of
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90 deg is usually small (i.e., the lift coefficient is low), the
code can be used with reasonable confidence to predict the
important tip region flowfield, especially the occurrence,
strength, and location of shock waves causing high drag and
noise.
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