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~ Rotor Hover Performance Prediction
Using a Free-Wake, Computational Fluid Dynamics Method

K. Ramachandran*
Flow Analysis, Inc., Mountain View, Californida
. and
, C. Tungt and F. X. Caradonnat
NASA Ames Research Center, Moffett Field, California

A method for predicting rotor hover performaicé is described. This method solves the compressible mass
conservation equation much like current full-poteiitial codes and therefore can predict transonic flows on a rotor.
The niewly developed approach also allows for the free convectioii of shed vorticity dnd permits the computation
of the entire hover wake system: The method uses a vortex embedding scheme in potential flow and has been
implemented in a computer code, HELIX I. A simple boundary layer and two different induced-drag integration
schemes are includ'ed‘for power predictions. The induced drag is obtained from surface pressure integration and
an energy flux integral. Comparisons betweéen computations and experiment show good agreement for the
prediction of power polars, surface pressure distribution, and tip vortex geometry.

; Introduction . with the isentropic relation for density
HE performance of helicopter rotors is dominated by the 1 ) Lo
strength, structure, and location of the shed wake (Fig. 1). o= {1 - (7___> M?2 [(w xr)2—gq 2]} y=1
Our inability to predict these wakes is a very old problem and 2

a primary impediment to the accurate prediction of hover per-
formance. All previous hover free-wake prediction methods
employ integral formulations of the flow problem and most
fail to accurately predict the convection of the shed tip vortex.
Lacking this quaitity, we cannot predict the distance between
a blade and the nearest tip vortex from a previous blade.
Therefore, one typically does not obtain an accurate induced
velocity and power. )

Most current methods for computing rotor flowfields can
be classified under two broad categories: 1) integral methods
in the form of lifting liné ot lifting surface method!-? and
2) finite difference*% methods based on potential, Euler, or
Navier-Stokes solvers. Finite-difference methods are generally
too dissipative to predict a full hover wake with a realistic grid.
Therefore; these methods are typically coupled’”-® to an integral
method which then predicts the wake and its induced inflow.
In this paper, an alternative firtite-volume scheme® is described
that uses a vortex embedding procedure which allows us to put
vorticity layers aniywhere in the grid.

Solution Method

The potential flow equation, which expresses: conservation
of mass for compressible irrotational flow, is given by

A

V- (p¥)=0 | M
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SHEET REPLACED BY VORTICITY LAYER
= [f5-d8§

Fig.2 Alternate models of the shed wake.

where

V=0xr+ve 3)

This flow model has a basic flaw when the shed circulation
sheet is a fundamental part of the problem. With a potential
alone, this sheet can only be represented by a surface along
which & is discontinuous and where the magnitude of this
discontinuity, I', is the shed circulation. This sheet requires
special coding logic which constrains it to lie along a grid
coordinate. This constraint can be eliminated by redefining ¥
as :

V=0QXr+Vo+gq’ “)

That is, the flow is decomposed into irrotational (V¢) and
_ rotational (g?) fields defined for the entire solution domain.
(Note: @ X r results from a rotational coordinate transforma-
tion and has no fundamental effect on the flow kinematics.) In
this description, the shed circulation can be described as a thin
region of vorticity, w= V X g?, and ¢ is continuous. The essen-
tial simplification results because the use of g¢? does not effect
the physical validity of Eq. (1) and has only a minor effect on
its coding. The vortical velocity, g does violate the irrota-
tional assumption which underlies Eq. (2). However, ¢? is
nonzero only in regions whose small size (i.e., thinness) results
in no significant effect on the flow. With this modification,
our coding is not grid dependent and we are free to convect g°.
This decomposition is made especially powerful by the fact
that for a given w distribution, ¢V is not unique and can be
imposed in several ways. The intuitive urge is to impose gV as
a tangential field (Fig. 2). However, such a ¢¥ must be nonzero
throughout the entire solution domain and is very costly to
compute.

A computationally efficient representation of g? is that of a
distribution of spread velocity normal to the vortex sheet. This
representation seems very unphysical until one considers that
this is not the entire velocity which is représented, but merely
the vortical portion ¢g’. The distribution of total velocity V
must actually have a tangential form after the potential por-
tion V¢ is added. The vortical part g* can have any form as
long as &= V X g*. The normal form of ¢ has the advantage
of being nonzero only in a thin region, just like w.

To find the required strength of ¢¥, we use Gauss’ theorem
to obtain a relation from the integral of ¢¥ along a normal
through each point on the sheet:

_ 1|9
I‘—SS 3 ds dn )
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The circulation I' is known at the upstream edge of the sheet
(blade trailing edge) from the lift distribution (which is com-
puted as part of the entire calculation). Since I' is constant
along mean streamlines within the sheet, it can easily be com-
puted on the entire sheet. This I distribution provides a scaling
factor which gives the magnitude of ¢? as soon as the width
and the functional form of ¢? are determined. This width and
functional form can be found using a viscous solution or by
simply choosing computationally convenierit values. For the
hover wake problem; the later approach suffices. A particu-
larly simple and accurate form for g? involves a Clebsch-type!®
of representation:

qg?=T°vV¥ ©)
where I'“(r) is a three-dimensional field which smoothly goés

to the appropriate I' (circulation value) on the sheet as r ap-
proaches the sheet surface. A convenient formula for ¥(r) is

¥(r) = Vs sin(xS,/2a), |S.| <as2 (7a)
¥(r) = + 14, S,>+a/2 (7b)
Y(r)= -1, S, < —a/2 )

where S, i$ a (signed) normal distance from the point r to the
sheet. The Clebsch’s potential ¥(r) smoothly goés from +0.5
on one side of the sheet to —0.5 on the other. We use interpo-
lation-like formulas to compute I'“(r) and S,(r) at any grid
point r: ~

I.(r) = [z: I‘w(Are)] Ja ®
£
8,(r) = [E Sz"(r,ry)a(An)] /A ©)
£
where
A = Yo(ar)
]

Ary= |r —r|

and the T is the circulation defined for each marker / that
defines the sheet. It remains constant on each marker from the
point on the blade trailing edge where it is shed. Also, S¢(r,r)
is the normal distance from 7 to a plane tangent to the sheet at
marker /, and the spreading fihction o(Ary) is

o(Ar;) = max(0,1 — Ar,/a?) (10)

where a is a specified spreading distance, which is some conve-
nient function of local grid size.

Even though ¥ is nonzero throughout the field (except on
the sheet), V¥ is zero beyond the spreading distance from the
sheet. Accordingly, both I'%(r) and ¥(r) need be computed
only on those grid points that are in a narrow band about the
sheet with thickness of the order of the spreading distance.

The major computational work is the solution of Eq. (1) for
@(r,¥,z), where r,y,z represent radial, azimuthal, and axial
coordinates, respectively. A blade fixed H-grid is used to solve
for the potential. In the azimuthal direction, all flow quantities
are taken to be periodic with period 2x/N, where N is the num-
ber of blades. During each iteration, a rapidly converging ap-
proximate factorization scheme is used to solve Eq. (1) with g
fixed. This procedure is described in detail in Ref. 9. The
resulting solution process is an iteration between solving the
mass equation and convecting the shed vorticity. A four-step
procedure is repeatedly used:

1) The vortex sheet position is integrated as a set of marker
streamlines which follow the flow using interpolated values of
¥ from the fixed grid.

2) ¢V is computed at grid points near the sheet.
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Fig. 3 Induced power by energy-flux integration.
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Fig. 4 Comparison of surface pressure integration and kinetic
energy-flux integration to find power. [Landgrebe hover model, 4
blades, twist = —8 deg, 09.75=6 deg, aspect ratio = 13.6, and NACA
0012 (same rotor as for Figs. 10-13)].

3) A potential ¢ is computed at all grid points by solving the
compressible mass conservation equation using a modified fi-
nite-volume potential flow technique.

4) A new velocity V is computed at each grid point after
adding g7 to the potential and freestream components of the
velocity. At convergence the vortex sheet follows the flow.

This procedure is implemented in the code HELIX I.

Drag Mechanisms

The major task in helicopter rotor performance analysis is
the calculation of the rotor lift and power. Typically, lift is
found by surface pressure integration and is well predicted by
finite-difference methods when the induced inflow is well
modeled. This is usually reflected in good comparisons of
blade surface pressures with measured data.’ However, power
depends on drag which is a much smaller force than lift and is
very sensitive to small changes (and errors) in surface pressure.
Nevertheless, surface pressure integration is simple and is usu-
ally the first means used to compute drag. Such integrations
typically produce a spurious numerical drag which is a func-
tion of the grid and the flow. The usual way of treating this is
to subtract it as a tare from the pressure integrations. The
value of the tare is found by performing nonlifting subcritical
three-dimensional computations and lifting, subcritical, and
two-dimensional computations. We find a tare drag coeffi-
cient of 0.0075 to be typical for a NACA 0012 airfoil. This
value is independent of Mach number (for subcritical flows)
and slightly dependent on lift, being a maximum at zero lift.
We employ this tare for all of the shown pressure integrations
for drag. .
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Fig. 5 Computed wake structure for the BHC 360 rotor (tapered tip,
nonconstant twist, 0¢.75=6.87, and C7r =0.007).
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Fig. 6 Axial and radial tip vortex convection for the BHC 360 rotor.

Induced drag is the predominant hover drag mechanism and
can account for nearly 75% of the total power. The impor-
tance of this term requires a means other than the previously
mentioned pressure integral to find induced power. A conve-
nient approach is to find power by integrating the total energy
flux across the surface of a control volume containing the
rotor,

P=jj@+%pV2)V'dS a1
P
Co = J@rRYGRD 12

where Cg is the power coefficient (Fig. 3). The major contribu-
tion to the energy flux integral comes from the downstream
boundary, where the rotor wake passes through. Furthermore,
in the downstream boundary it is found that the contribution
of the pressure p to the flux integral in Eq. (11) is very small.
Figure 4 plots the nondimensional kinetic energy flux through
a plane parallel to the rotor,

I=S§(l/2pV2)V-dS (13)
=t 14
1= N@RY(RY) 19

as a function of axial position with respect to the rotor. It is
seen that C; is nearly zero at 0.3R above the rotor and a
constant beyond 0.3R below the rotor. The variation in C; seen
between +0.3R and —0.3R represents the energy exchange
between the pressure and kinetic energy as well as the rotor
wake contraction. Below —0.3R, the wake is fully contracted
and C; approaches the induced-power coefficient Cp. Also
shown in this plot are the values of Cy, obtained by pressure
integration and pressure integration minus the drag tare. The
range from this latter value to the energy-flux value provides
a numerical induced power range.

The profile drag is the next significant power sink. Follow-
ing Ref. 11, we have implemented a Nash-Macdonald integral
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boundary-layer module to account for weak viscous-inviscid
interaction effects and to allow for an approximate determina-
tion of the skin-friction drag. In this method,'? von Kérman’s
integral equation is solved for the momentum thickness 8. At
each spanwise station, the appropriate two-dimensional flow
quantities are determined. The Mach number distribution is
the main input to the boundary-layer calculation, and is ob-
tained on each spanwise station. The boundary-layer module
can run interactively. Once the displacement thickness is ob-
tained, its influence on the inviscid computaion can be intro-
duced using a transpiration-velocity technique.

Results

In this section, we shall show various comparisons of com-
putations with experiments. The intent of these cases will be to
show the ability of the HELIX code to predict the wake struc-
ture, high-speed loading, profile drag, and finally the entire
lift/power curve.

The resolution requirements of a computation increase with
the number of blades because this decreases the spacing be-
tween the various wake elements. Figures 5 and 6 show wake
computations for the Boeing 360 rotor, a four-bladed rotor
with a 3:1 tip taper.!® Figure 5 shows the structure of the
computed wake in the form of circulation markers and vortic-
ity contours at an azimuth of 45 deg behind the blade. The
distinction between the tip vortex and inboard wake sheets that
are the basis of all empirical wake models is clear. The tight
definition of the tip vortices seen here is not practically possi-
ble with present pure finite-difference methods due to numer-
ical dissipation. In fact, this resolution was not even possible
with HELIX I until the adoption of the Clebsch potential
description of the vorticity. A plot of the axial and radial
location of the tip vortex as a function of time is seen in Fig.

O~
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Fig. 7 Axial and radial convection of tip vortex (2-bladed hovering
rotor, rectangular, untwisted, NACA 0012, aspect ratio = 6.0, and
G0.75=8 deg).
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Fig. 8 Computed and measured loading on a rotor (same blade as
Fig. 7; tip Mach number = 0.877).
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6. Here we clearly see two distinct rates of vortex convection
in the axial location. The first rate (known as K] in the litera-
ture) is particularly important to accurate performance pre-
diction and HELIX I has been unique in predicting this accu-
rately. Also included in this figure is the empirically fitted
wake geometry from Ref. 1 for a blade with the same thrust
coefficient, a similar twist, and a rectangular planform. It can
be seen that the 360 tip vortex convects radially at a faster rate
than that for the rectangular planform. Also included in this
figure are several unpublished shadowgraph measurements of
the vortex radial location. In general, these values fall between
the 360 computation and empirical curve. The differences in
the contraction that are seen here are significant and can
greatly affect the tip loading. Unfortunately, such loading
information is not presently available for this rotor.

Rotor data containing both loading and wake information
are rare. One of the few such cases is for a two-bladed, rectan-
gular, untwisted rotor of low aspect ratio and a NACA 0012
profile.'* Figure 7 shows a comparison of the computed and

10 —— HELIXI
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Fig.9 Measured and computed hover profile power for a nearly
nonlifting rotor (2 blades, untapered, untwisted, NACA 0012, aspect
ratio = 13.7, and ©¢,75=0.75 deg).
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Fig. 10 Computed wake structure for a hovering rotor. (Landgrebe
model rotor, 4 blades, untapered, twist = — 8 deg, aspect ratio = 13.6,
NACA 0012, and O¢.75=8 deg).
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Fig. 11 Axial convection of a tip vortex (Landgrebe model rotor).
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Fig. 12 Radial convection of a tip vortex (Landgrebe model rotor).

measured axial and radial convection of the tip vortex. Again,
the initial axial convection rate K, is very well predicted. The
subsequent axial rate K, is underpredicted. However, KX is the
most important of the two parameters because it determines
the vortex distance of closest aproach to the blade. The radial
contraction is initially overpredicted, but it rapidly converges
to the experimental value for =180 deg and all subsequent
azimuths. Thus, the free-wake prediction correctly gives the
relative position of the first vortex passage with respect to the
blade. Figure 8 shows the resulting predicted and measured
loading in the form of chordwise pressure distributions. This
case is highly transonic (M7 =0.877) and it is seen that the
measured shocks are well predicted. The leading-edge overex-
pansion and the slight trailing-edge pressure jump are prob-
ably due to the use of an artificial density (for supercritical
stability) together with a grid which is optimized for the wake
prediction. The point, however, is that a free wake and tran-
sonic solution can be handled by a unified analysis. Certainly,
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Fig. 13 Computed radial circulation distributions (Landgrebe model
rotor).
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Fig. 14 Computed and measured rotor hover performance (Land-
grebe model rotor).

this particular computation would require a surface grid re-
finement if a drag computation were to be performed. Unfor-
tunately, power is not included in the experimental data.

As a first step in demonstrating the ability to predict power,
comparisons were made with experimental data for a nonlift-
ing rotor. Suitable experimental data for such a compari-
son has recently been obtained in a model hover facility.!!
High-speed torque data has been obtained for a model rotor
with an untapered, untwisted rectangular planform using a
NACA 0012 profile. Computations of the power consumption
of this model were determined by means of the previously
discussed integration and the tare subtraction. In this process,
the tare is assumed to be independent of Mach number. In
addition to this pressure drag, we also included the integration
of skin friction which is calculated from the boundary-layer
module run in a noninteracting mode. Figure 9 is a plot of the
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measured power coefficient Cg as a function of rotor tip Mach
number. Also included in this figure are the drag computations
obtained from HELIX I. The power variation is well predicted
especially in the range My =0.6-0.8. The differences seen at
lower speeds can be due to the boundary layer being laminar
and not well predicted by the present turbulent boundary-layer
module. The transonic drag divergence is fairly well predicted,
with the computed rise being at a slightly higher tip Mach
number than the data indicates. This level of accuracy is more
than adequate for hover purposes, where induced power con-
stitutes the major loss.

Finally, wake predictions and total power are compared.
Data suitable for this purpose were obtained by Landgrebe.!
A four-bladed rotor with — 8 deg linear twist and a rectangular
planform was chosen for comparison. Computations were
performed for three different collective pitch angles 6,5 (de-
fined as the pitch at r/R = (.75). Figure 10 shows a typical
view of the wake structure (75 = 8 deg) as visualized by the
circulation markers and vorticity contours. The axial and ra-
dial convection of the tip vortex for collective pitch angles of
6, 8, and 10 deg is shown in Figs. 11 and 12. For this rotor the
prediction of K and K are uniformly excellent. (Note that the
data symbols shown are obtained from Landgrebe empirical
formulas.)

In Fig. 12, the tip vortex radial contraction is plotted as a
function of azimuth. Good comparison is seen for the vortex
location up to the first passage (¥ =90 deg) for the 8- and 10-
deg cases. The computed vortex for the 6-deg case is inboard
compared to the experimental location. Figure 13 shows the
spanwise blade-bound circulation distribution. It is seen that
for all three cases the tip vortex induces a large circulation
peak at the tip. This peak is greatest for 6y, = 10 deg. This
indicates that the growth of the tip vortex strength (as pitch
increases) is a more important factor than the increasing axial
convection.

The computed performance power polar is shown in Fig. 14
and compared to the experimental data. The two values of
computed torque coefficient are corresponding to the use
of surface pressure integration and total energy-flux integral
for the induced component. It is seen that the comparison of
thrust/power for 6,5 = 6 and 8 deg is excellent. At 10 deg,
the power is somewhat overpredicted for presently unknown
reasons. These computations used the actual experimental val-
ues for pitch. Most other codes require a pitch correction
(2 deg is not uncommon) in order to match the experimental
lift. Therefore, a slight underprediction of lift in these compu-
tations constitutes unusually good agreement—and probably
results from the present wake modeling. This constitutes (to
our knowledge) the first complete computational fluid dynam-
ics (in the usual finite-difference/finite-volume sense) compu-
tation of rotor performance.

Concluding Remarks

The present vortex embedding method eliminates the prob-
lem of numerical vorticity diffusion and in the process pro-
duces excellent free-wake results. The code can also predict the
three-dimensional transonic flow on the rotor blade. There-
fore, the user is free to analyze rotors of arbitrary geometry.
This contrasts with the present state-of-the-art which is typi-
cally a lifting-line analysis. .

The present code can perform complete performance com-
putations. The integral boundary-layer module that is imple-
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mented is suitable for many applications in predicting profile
power. The induced power is computed both by surface pres-
sure integration and by an energy-flux integral over a control
volume. The two methods are in reasonable agreement and
provide a small probable error range.

Although the HELIX code requires further validation stud-
ies and improvements, it probably constitutes an excellent de-
sign tool in its present form.
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