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Panel Method for Counter-Rotating Propfans
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A time-domain source-doublet surface-paneling method is developed for analyzing the unsteady loads on
counter-rotating propellers in incompressible irrotational flow. A scheme for treating the blade-wake interaction
problem is described. Sample results for single rotation propellers are given with comparisons to alternate
theories and experiment. Finally, results for quasisteady and fully unsteady loads on counter-rotating systems

are presented.

Nomenclature
C = chord
C, = pressure coefficient, p'/3pU.>2
Cr = power coefficient
Cr = thrust coefficient
D = rotor diameter
J = advance ratio, U./nD
Nz = number of blades
n = rotational speed, rps
n = unit outward normal
p' = disturbance pressure
r = blade radius
ri, = blade tip radius
U, = blade velocity
U; = local blade velocity relative to freestream
U. = axial freestream velocity
u, = surface normal velocity
ur = surface tangential velocity
B = blade setting angle at 3/4 radial location
AC, = difference pressure coefficient
AC, = elemental power coefficient
AC; = elemental thrust coefficient
p = density
¢ = velocity potential
& = interrow phase angle
Subscripts
1,F = front rotor
2,R = rear rotor
w = wake

Introduction

OUNTER-ROTATING propellers can be 7-12% more

efficient than single roation systems!? as shown in Fig.
1. This gain in efficiency is primarily because the rear rotor
can recover part of the swirl energy generated by the front
blades, (energy that is lost in single rotation.) The saving in
fuel, and in direct operating cost, are significant. However,
counter-rotation configurations are also significantly more
complex than single rotation, both mechanically and aero-
dynamically. The flow about a single-rotation propeller can
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for most purposes be assumed steady in a blade frame. In
contrast, the flow near a counter-rotating prop can never be
steady. This simple fact leads to concern about noise and
aeroelastic response for these designs. It also means that the
steady flow analysis methods used for the single-rotation de-
signs must be modified to account for unsteadiness. In this
paper we will discuss a numerical method for predicting time-
dependent loads on counter-rotating propellers.

Early analytical research on counter-rotating propeller sys-
tems was begun in the 1940s, as in Lock,®> who used strip
theory, and Theodorsen,* who used vortex theory. Both pre-
dicted only the time-averaged loads on the front and rear
rows, accounting for the interference between the rows by
averaging of the induced velocities. This type of analysis has
been modernized by Celestina et al.,” who solve the steady
Euler equations in a typical passage in both the front and rear
rotors using a finite-volume numerical scheme. Interference
between rows is done through the circumferentially averaged
part of the flowfield. The unsteady fluctuations are not re-
solved. Colehour et al.® present some predictions of counter-
rotation propeller performance based on two separate meth-
odologies: a semi-empirical quasisteady strip theory and a
coupled Euler and actuator disc model. Whitfield et al.” use
the same equations (Euler equations) and method (finite vol-
ume) as do Celestina et al.® for high-speed flow but in a
unsteady frame (though only time-averaged performance data
was shown). The circumferentially averaged mean flow is not
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used in their analysis. Lesieutre and Sullivan®® analyze the
counter-rotation problem with a quasisteady three-dimen-
sional vortex lattice model in which the fore and aft blade
rows are fully coupled. In this treatment, a sequence of in-
dependent calculations are made for various interrow phase
angles to construct the quasisteady time history. At each phase
angle, the trailing vortices are asasumed to have constant axial
strength, which adjusts instantaneously to the current ge-
ometry. A two-dimensional Sears gust analysis is then done
on each blade, in strip fashion, to account for the presence
of the spanwise vorticity that is neglected in the quasisteady
analysis. The use of two-dimensional theory to account for
the shed vorticity, in effect, assumes that the wavelength is
short compared to the span. Since the typical wavelengths are
not so short in practice, the accuracy of this model is open
to question.

In the present study, as in Lesieutre and Sullivan, the pro-
peller is assumed to operate in an inviscid, incompressible,
irrotational flow with a uniform axial speed U., far upstream.
The potential field is modeled by source and doublet distri-
butions on the blade and wake surfaces. Such methods have
been used by many authors, principally for wing or wing-body
configurations in rectilinear motion.'°-!* The present analysis
can handle general blade shapes, relative motions, and num-
bers of blades in the front and rear rows. In this paper, though,
we consider only cases in which the blades are all identical
(aside from mirror imaging), and the number of blades in the
fore and aft rotors is the same. These assumptions permit
some reduction in the size of the resulting influence coefficient
matrices. In addition, a prescribed rigid wake along the ad-
vance ratio was used, (though, again, a more elaborate wake
model could be used.) The potential wake assumes vorticity
is concentrated in zero thickness sheets and lines. The wakes
from the front row diffuse (viscosity) as they convect further
downstream. The concentrated vorticity approximation should
be satisfactory as long as the spacing between rows is small;
it would get worse as the separation increases so the viscous
cores are a substantial fraction of a blade chord. The primary
distinction between the present method and that of Lesieutre
and Sullivan is that we retain both chordwise and spanwise
vorticity in the wakes.

The compressibility effect for a realistic propfan operating
condition could be included by accounting for acoustic time
lags in influence coefficient calculations. This will be per-
formed in the future studies.
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Fig. 2 Blade and wake paneling.

J. PROPULSION

Formulation

We adopt an inertial Cartesian coordinate system X-Y-Z
with origin fixed at the center of the front rotor, where X is
measured along the downstream axis of rotation (see Fig. 2).
Under the stated assumptions, the flowfield is determined by
a perturbation velocity potential ¢, which satisfies Laplace’s
equation and vanishes at infinity, and a perturbation pressure
p', which is obtained from Bernoulli’s equation. Using Green’s
theorem, the potential field at any instant in time, and any
field point x, can be expressed as a distribution of sources
and doublets over the boundary surface .S, which includes all
blades and their wakes:

AmEd(x,t) = —fL%dAﬁ—thﬁ%(%) dA,

R=|x-x|,x,onS
0 if x inside §
E =143 ifxon S
1 if x outside S 6))

The first term on the right-hand side of Eq. (1) represents
the source distribution, which is known from the flow tan-
gency boundary condition on solid surfaces. The second term
on the right-hand side represents the unknown doublet dis-
tribution. When specialized to the blade surfaces, Eq. (1)
amounts to a Fredholm integral equation of the second kind,
which must be solved for the potential distribution on the
surface.

Since we aré& dealing with a perturbation potential, the nor-
mal velocity u,, appearing in the source term is given by

u,=n-U, = WU, —-U,) n 2)

where U, is the local blade velocity relative to the freestream
and n is the unit outward normal to the surface. It should be
noted that the blades are not assumed to be rigid. Blade
vibration can be included simply by using the correct normal
velocity in the source term (with or without altering the blade
coordinates, which would only be necessary for very large
amplitude vibrations).

Once the surface potentials have been found, the surface
pressures can be obtained from Bernoulli’s equation, which,
on a moving surface, is,

p_ % 1 ,_ _L
p ot +2un Ur uT z‘uTl
ur = Vo — nu, 3)

In this form, the time derivative is done at a point that is fixed
on a blade. Since the normal velocity is specified on the sur-
face, we need only calculate the tangential derivatives of po-
tential to evaluate the pressure. ‘

The wakes are modeled as infinitesimally thin rigid helical
surfaces emanating from the blade trailing edges. Therefore,
the source terms in Eq. (1) vanish on the wakes, and the
doublet terms are determined simply from the potential jump
A¢,, across the wake sheet. The jump is simply convected
along the wake at the freestream speed, in accord with the
physical constraint that there be no pressure difference across
the wake. Therefore, at any instant in time, the wake doublet
strengths are known, except at the blade trailing edge, where
they are fixed by a Kutta condition.

An unavoidable feature of the counter-rotation problem is
that a rear rotor blade will periodically cut through the wakes
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Fig. 3 Blade-wake geometry near trailing edge.

shed by the forward blades. This occurs at multiples of the
passing period,

1

T=——/——"—
(nNg, + n;N3,)

4)

For simplicity, this cutting process is assumed to occur (as in
the classical sharp-edged gust problem in linearized aerody-
namics) without deformation of the wake outside the passing
blade. The segment of wake sheet that would lie within the
passing blade is deleted, which is equivalent to merging the
wake sheet with the blade surface. Of course, this model
implies that the potential distribution on the blade will be
discontinuous at the line of intersection between the blade
and wake, with jumps equal to the local strength of the wake
sheet. After the blade emerges from the wake, the wake sheet
is rejoined. This model of wake cutting was chosen because
it appears to be the simplest plausible candidate.

Discretization

To obtain an approximate solution of the integral equation,
Eq. (1), the blade and wake surfaces are divided into quad-
rilateral elements, as shown in Fig. 2. The values of ¢ and u,,
are treated as constant over each element. The governing
equation, Eq. (1), is then imposed at the centroid of each
element on the solid surfaces, resulting in a set of simulta-
neous linear algebraic equations,

Cij¢j = Bijun/‘ — AuAd,,

a2 (k

Ci/ - Sil' 27T s on <R> dAO
L[

Bij - 277 s R dA()

- L[ 2
weglla@a o

All of the wake doublets are known from the previous time
history, except for those at the blade trailing edges: These
are treated as unknowns to be determined from the numerical
Kutta condition (see Fig. 3),

A¢w = ¢UTE - d)l.ns (6)

The influence coefficients appearing in Eq. (5) depend only
on the relative positions of panel and control point. They are
computed from a midpoint rule (i.e., point source or dipole)
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in the far field (more than two panel widths separation) and
from the hyperboloidal surface formulas given by Chen et
al.'% in the near field.

The linear algebra problem given in Eq. (5) must be solved
at each time step. Note that the influence coefficient matrices
corresponding to the interaction of a blade row on itself are
independent of time and can be calculated once. The terms
corresponding to interaction between blade rows must be up-
dated at each time step. Moreover, if the number of blades
in the two rows is the same, as in all the cases considered
here, the loads on all blades in a given row will be identical
at any given time, so that the order of the problem can be
greatly reduced. In that case, one solves only for the doublets
on a reference blade in each row, the effects of other blades
coming in through the influence coefficient matrices.

When a blade passes through a wake, the paneling pro-
cedure described above must be modified to avoid having the
wake panel edges (which are singularities) hit the control
points on the blade. (If this were to happen, very large dis-
turbances would appear of purely numerical origin.) The pro-
cedure that has been used is to keep the blade surface paneling
fixed but deform the wake elements in the neighborhood of
the blade to match up with the blade panel edges. The line
of interaction between the deformed wake and the blade,
then, is a zig-zag line following those blade panel edges that
lie closest to the true line of intersection between the rigid
wake and the blade. Since the difference between the zig-zag
and the true line of intersection decreases when the number
of panels is increased, the scheme is formally consistent with
the mathematical model originally posed. Moreover, a
“friendly” distance is always maintained between the edge
singularities and the control points, so that unwanted nu-
merical noise is minimized.

Once the surface potentials have been found at a given
time, each wake element is convected back at the freestream
speed in preparation for the following time step (the doublet
strength associated with each wake element is constant while
the element moves). The wake element size is found to be
optimum if it is of the same order as the blade element size.
The axial length of the convected wake is one blade tip di-
ameter or longer to assure steady or periodic response. The
surface pressures are obtained directly from Bernoulli’s equa-
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Fig. 4 Convergence test of a thin straight blade (AR = 3.2, tlc =
0.01, r/ry, = 0.92).



596 S. H. CHEN AND M. H. WILLIAMS

tion, Eq. (3), in which the tangential induced velocities are
found by finite differences on the surface potential data. The
net loads, thrust, and power, for example, are found by simple
numerical integration of the pressures over the surface.

Computational Costs

In a typical example of a counter-rotation calculation, with
four blades in each row, seven panels on a chord and eight
on a span, the blade surfaces are discretized with 896 ele-
ments. Counting the 64 Kutta conditions, we have 960 si-
multaneous equations to be solved at each time step. Using
the fact that the number of blades in each row is the same,
we can reduce this to 240 equations. The calculation con-
sumes, on a CYBER20S5, 3.5 minutes for the first time step
and 2.5 minutes for subsequent steps (since the diagonal blocks
of the influence matrix do not need to be recomputed). The
timing ratio using the full matrix and the reduced matrix is
approximately (960/240)*. Typically around 20 time steps per
passage period are used. No attempt has been made to vec-
torize the code.

Results

Single Rotation Cases

To test the procedure on simple cases, a number of non-
rotating wings and single-rotation propeller examples were
examined. Only single-rotating results will be discussed here.

The first test case, shown in Fig. 4, is a straight, moderate
aspect ratio blade with a 1% thickness to chord ratio parabolic
arc section. This figure shows a comparison between the re-
sults of the present scheme for the same case with (5 by 5)
and (10 by 10) panels. This indicates that at least for single
rotation problems, a fairly small number of panels will suffice.

Figures 5 and 6 are for an eight-bladed rotor of SR2 blades.
Comparisons are shown with the lifting surface theory of Ref.
(14) for chordwise pressure distribution (Fig. 5), and radial
distribution of power (Fig. 6). The agreement between the
two calculation methods is generally very good. It should be
noted, though, that the present method necessarily uses twice
as many panels for the same resolution as the lifting surface
method, since both sides of a blade must be paneled.
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Fig. 5 Pressure distribution on single-rotation SR2 (8,, = 40.3 deg,
Ny = 8,J = 1.633).
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As a last example of a single-rotation analysis, we show
results for the conventional Hamilton Standard 3155 propeller'
in Fig. 7. The total thrust and power are in reasonably good
agreement with the measured performance characteristics,'”
particularly at low loading. These results are what should be
expected from any inviscid rigid wake model.

Counter-Rotation Cases

Two counter-rotating configurations will be discussed, both
with four blades in each row, but with different blade ge-
ometries. The two blades are the HS3155, a relatively high
aspect ratio straight blade, and the SR2, a moderate aspect
ratio design.

Since the present method computes surface potentials di-
rectly, we begin a discussion of the counter-rotation results
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Fig. 9 Time history of velocity potential distribution on rear rotor
(B3 = 30.45 deg, Ny = 2 x 2, J = 0.816, riry, = 0.6, SR2).
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by showing computed surface potential distributions, with em-
phasis on the blade-wake intersection process. While these
potential distributions are not of much physical interest, they
do demonstrate that the numerical scheme used captures the
intended mathematical structure.

In Figs. 8 and 9, we show the potential as a function of
chord position and time at 60% of tip radius on the front
(Fig. 8) and rear (Fig. 9) blades of a 2-by-2 system of SR2
blades. The potential on the front blade varies smoothly, while
that on the rear blade shows a discontinuity propagating from
leading edge to trailing edge. This is, of course, the trace of
a wake through which the rear blade is passing. An instan-
taneous picture of the same thing is shown in Fig. 10. The
wake spans the entire blade from root to tip. The spanwise
variation in the strength of the potential jump mirrors the
spanwise circulation distribution on the front blade.

The next case is a 4-by-4 system of HS3155 blades, which
has also been studied by Lesieutre et al.® The spacing for this
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Fig. 11 Quasisteady elemental thrust on front rotor (r/r,, = 0.75,
Np =4 X 4, B, = 45 deg, B, = 44 deg, J = 2.0, HS3155).
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case is 8% of blade tip diameter. The sectional thrust at three-
quarters tip radius, as computed from a quasisteady approx-
imation, is shown in Fig. 11, for the front blade, and Fig. 12,
for the rear blade. The quasisteady model assumes uniform
axial wake doublet strength. The wake doublet strength ad-
justs instantaneously to a new value at each new time step as
if it were independent of the loading history. The abscissa
represents two blade passing periods. The shape and phasing
of the load histories on the front and rear blade are basically
the same for the two methods. However, the present method
predicted about 12% more thrust at that radial location. The
significance of this comparison is that when the present scheme
is run in quasisteady mode (with no spanwise vortex shedding
and with the time derivative in Bernoulli’s equation dropped),
the two methods should give the same answer, apart from
thickness effects and discretization errors. In fact, the present
results use more chordwise panels but fewer spanwise panels.
One similar trend for the two predicted results is that both
methods show larger fluctuation on the fore rotor. This reason
for larger fore rotor unsteady loading is simply because the
fore rotor is ‘near’ highly loaded leading edge of the rear
rotor, but the rear is near lightly loaded trailing edge of the
fore rotor. The time-averaged overall thrust coefficient in Fig.
13, overall power coefficient in Fig. 14, and power coefficient
for individual rotors in Fig. 15 indicate the present method
agrees very well with both experimental results'® and the vor-
tex lattice method.®
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0.009

———— UNSTEADY

— = QUASI-STEADY
0.008 |-

0.006

0.005

0.004 -

Nyod
o
Fig. 16 Unsteady elemental thrust on front rotor (r/ry, = 0.75, Ny
=4 X 4, By = 45 deg, B, = 44 deg, J = 2.0, HS3155).

We now examine the results of fully unsteady calculations
in comparison to quasisteady results. The unsteady analysis
uses axially periodically varying vorticities. The wake doublet
depends on the potential distribution on the blade surface.
Once it is generated, it is convected downstream without change
in strength. For the HS3155 rotor at the same operating con-
dition as in Fig. 16, the unsteady terms at three-quarters tip
radius produce little change in the load on the forward blade,
as might be expected from the long interaction wavelength in
the case (about four chords). However, on the rear rotor the
fluctuating amplitude is considerably larger than in the quasi-
steady calculation, as shown in Fig. 17. This must be due to
the blade-wake interaction. Figures 18 and 19 show the com-
parison of quasisteady and unsteady loads for the SR2 rotor,
with same angle setting 41.34 deg at three-quarters tip radius
fore and aft rotors, and Figs. 20 and 21 show the power. Here
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Fig. 17 Unsteady elemental thrust on rear rotor (r/ry, = 0.75, Nj
=4 X 4, B = 45 deg, B, = 44 deg, J = 2.0, HS3155).
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Fig. 18 Unsteady total thrust on front rotor (8, = 41.34 deg, N,
=4 X 4, ] = 1.633, SR2).

the unsteady amplitude is significantly larger on both rotors.
In comparison to the HS3155, the SR2 has a larger reduced
frequency (about 2.3) and a shorter wavelength (about 1.3
chords) because of its smaller aspect ratio. The mean loading
on the rear rotor is significantly larger than that on the fore

rotor. This is because the rear rotor experiences higher pres-.

sure and higher velocity inflow. In addition, the efficiency on
the rear rotor is higher (about 1%) than that of the fore rotor.
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4 x 4, J = 1.633, SR2).
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Fig. 20 Unsteady total power on front rotor (8,, = 41.34 deg, N,
=4 x 4, ] = 1.633, SR2).

This is because the rear rotor recovers part of the swirl energy
generated by the fore rotor.

Figures 22 and 23 contain comparisons of the present un-
steady results to those obtained by Lesieutre. Besides the
difference of time-averaged value for the two methods (which
was apparent in the quasisteady results), there is a substantial
difference between the two: the present scheme shows an
increase in amplitude over quasisteady; whereas Lesieutre’s
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Fig. 21 Unsteady total power on rear rotor (85, = 41.34 deg, N, =
4 x 4,J = 1.633, SR2).
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Fig. 22 Unsteady elemental thrust on front rotor; a comparison be-
tween present method and vortex lattice method (r/ry, = 0.75, N =
4 x 4, B, = 45 deg, B, = 44 deg, J = 2, HS3155).

results show a decrease. That the latter method should show
a decrease is obvious: the unsteady response is simply- the
quasisteady response harmonically decomposed, filtered by
the Sears function, and reconstituted. Since the Sears function
is less than one in magnitude at all frequencies, the end prod-
uct is a net decrease in amplitude. However, the Sears func-
tion is, of course, a two-dimensional transfer function and so

Fig. 23 Unsteady elemental thrust on rear rotor; a comparison be-
tween present method and vortex lattice method (r/r,;, = 0.75, Ny =
4 X 4, B = 45 deg, B; = 44 deg, J = 2, HS3155).

can only be a rough approximation. It should be correct at
zero frequency and for very high harmonics (with wavelengths
short compared to the span) but may well be qualitatively
wrong at intermediate frequencies.

The present unsteady results show sharp changes in loading
twice per passing period. These can be correlated with blade
relative position. The sudden drop in load on the front rotor,
and rise on the aft, occur when the aft blade is immediately
behind the front (minimum separation). The sudden rise on
the front blade and drop on the rear occurs when the rear
blade passes through a wake. The slope of the curves are
smaller at the other locations for the relative position between
blades, and wakes are larger, hence the blade-blade and blade-
wake interactions are smaller. Therefore, the distinctive fea-
tures of the unsteady response do have an apparent and rea-
sonable cause.

Conclusions

The Green’s function-based panel method decribed here is
capable of computing time-dependent incompressible irro-
tational flows for single-rotation and counter-rotation pro-
pellers. For the single-rotation cases examined, our results
were in good agreement with both lifting surface theory and
experimental performance data (though the present method
is more expensive than lifting surface theory and so has no
distinct advantage in single-rotation applications). For the
counter-rotation cases, a low aspect ratio propfan blade SR2
and a high aspect ratio classical propeller HS3155 were ex-
amined. The quasisteady results are in reasonable agreement
with those of Lesieutre. The mean value of the quasisteady
result is the same as that of unsteady calculation. The com-
parison of the mean values with experimental performance
results and vortex lattice method showed very good agree-
ment. However, the strip theory corrections that Lesieutre
made do not appear to correlate at all well with our unsteady
results. The present calculations for both configurations, SR2
and HS3155, show that the unsteady analysis predicted larger
unsteady fluctuations than that of quasisteady analysis. The
difference between the two predictions is a function of re-
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duced frequency: the higher the reduced frequency, the more
deviation of unsteady loading from the quasisteady loading.

The method should be a useful tool not only for perform-
ance estimates but also for aeroelastic and aeroacoustic ap-
plications to counter-rotation configurations and prop-wing
interaction studies, particularly if the scheme can be extended
to higher Mach numbers.
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