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Prediction of Periodic Loadings on Single Rotation
Propf an with Off-Axis Inflow

Shih H. Chen*
Rockwell International Corporation, Canoga Park, California 91303

A three-dimensional Green's function potential paneling method is used to predict the propfan unsteady load
in a yawed flow condition when the axis of blade rotation is inclined to the freest ream. Unsteady response is
predicted in a frequency domain with proper predetermined interblade phase angle. The method is shown to be
accurate and efficient in computation comparing to a time-domain calculation. Single-rotation propfan blade
SR2 is used to demonstrate the capability. The effects of shaft angle of attack, advance ratio, number of blades,
and Mach number on the response due to the off-axis inflow are studied. The results indicate that the shaft angle
of attack has a major effect on the unsteady blade loading.
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steady source influence coefficient
unsteady source influence coefficient
steady blade doublet influence coefficient
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power coefficient
pressure coefficient
thrust coefficient
unsteady blade doublet influence coefficient
bla4e diameter
blade index
number of blades
current time step
surface unit normal
power
perturbation pressure
torque
distance between two points
blade tip radius
boundary surface
period of excitation or thrust
time
axial freestream velocity
side wind velocity
freestream velocity
blade surface normal velocity
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time step
steady potential jump at blade trailing edge
unsteady potential jump across blade surface at
trailing edge
steady potential jump across the wake
unsteady potential jump across the wake at trailing
edge
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density
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a = interblade phase angle
<p = interwake element phase angle
</> = velocity potential
0te/ = unsteady potential at blade trailing edge (lower)
</>teM = steady potential at blade trailing edge (upper)
$w/ = unsteady potential on lower surface of wake at

trailing edge
0vvu = unsteady potential on upper surface of wake at

trailing edge
Q = blade rotational speed
w = blade rotational velocity

Subscripts
I = lower surface
o = reference blade
st = steady part
u = upper surface
un = unsteady part
w = wake
x,y,z - x,y ,z component

Superscripts
~ - mean value

= unsteady value

Introduction

T HE new generation of turboprop (propfan) has drawn
much attention because of its potential of attaining very

high efficiency at high subsonic Mach numbers. As the prop-
fan is designed to be thin, unshrouded, and flown at high
speeds, the noise and aeroelastic characteristics are of great
concern to engineers. One of the major propfan blade design
considerations is noise level and forced response resulting
from angled flow into the rotor. At level flight condition, the
flow for a single rotation propfan is nearly parallel to the axis
of blade rotation. The loading on the blades can be assumed
steady and identical on all blades since each blade is subjected
to the same angle of attack and relative velocity. When the
aircraft is ascending, descending, turning, or encountering a
transverse gust, the flow on the blades and their wakes are
skewed due to the resultant inflow not being parallel to the
rotating axis. The skewness of the flowfield depends on the
angle between the inflow and the axis of rotation. This causes
the blade angle of attack to change with respect to the blade
circumferential position. Thus, each blade experiences a one
cycle per revolution unsteady excitation. Researchers1'9 found
that the unsteadiness not only affects the noise amplitude,
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directivity, and aeroelastic behavior, but also the stability and
control in these operating conditions. Also, the high vibratory
stress caused by the resulting unsteady loading can lead to high
cycle fatigue failures. The accurate prediction of the unsteady
loads in these operating conditions is thus very important.

Recent studies have successfully predicted the performance
for single-rotation propfan10'14 and for counter-rotation prop-
fan.15'17 These analyses are mostly based on the assumption of
level flight condition where the inflow is parallel to the axis of
rotation. Padula and Block5 predicted the propfan noise in
angled inflow by using classical quasisteady aerodynamic pre-
diction. Nallasamy et al.9 solved Euler equations to predict the
propfan pressure and noise at takeoff and landing Mach num-
bers, but no shaft angle of attack effect was included. Kaza et
al.4 and Williams and Hwang18 also developed a three-dimen-
sional lifting surface theory for the prediction of steady and
unsteady aerodynamic and aeroelastic response of the propfan
and have shown results to be accurate in comparison with
measured results. Though the thickness is not a primary source
in propeller loading analysis, experience with propfan acous-
tics indicates that thickness and lift sources are about equally
important.14

A three-dimensional time-domain Green's function panel-
ing method19 similar to that of Morino's20 has been success^
fully used to predict the loading and performance for single
and counter-rotating propellers. In that calculation, the free-
stream is parallel to the rotating axis and the loads were as-
sumed identical for ajl of the blades in the same blade row.
Only one blade in each row is used in constructing the influ-
ence coefficient matrix. This is not valid when the loads are not
blade to blade in phase, e.g., operating in a gust or yawed
flow. The influence coefficient matrix must then be con-
structed by all of the elements on the blades and their wakes.
The calculation of the inverse of the influence matrix is in-
evitably awkward and time consuming, especially when the
number of blades is large. In the present study, a three-dimen-
sional frequency-domain method is developed. The axis of
rotation is inclined to the freestream, Fig. 1, such that the
velocity component of the inflow in the plane of rotation is
nonzero. This produces a one cycle per revolution excitation to
the blades. The blades are assumed to be identical and rigid,
and no aeroelastic effect is included. The main objective of this
paper is to describe the computational method in a frequency
domain for this problem and present some results obtained
from propfan blade SR2 at takeoff and landing speed to quan-
tify the unsteady effect.

Theory and Formulation
In an incompressible, irrotational, and inviscid flowfield,

the velocity potential at any instant in time, and any field
point, can be expressed in terms of a distribution of sources
and doublets over the boundary surface S, which includes all
of the blades and their wakes

^ A~r"B dA
dn R (1)

where R is the distance between any two points in space and E
equals 0 if the field point is inside S, equals Vi if the field point
is on S, and equals 1 if it is outside S. The first term on the
right side of Eq. (1) represents the source distribution, which
is known from the flow tangency boundary condition on the
solid surfaces. The second term on the right side represents the
unknown doublet distribution. Since we are only interested in
the potential distribution on the blade surface, the value of !/2
is selected for E in Eq. (1).

The blades are assumed to be identical and rigid. For sim-
plicity, the effects of hub and nacelle are ignored. This as-
sumption should be generally valid unless the shaft angle is
sufficiently large that the vorticity generated by the hub and
nacelle become important. The wakes of blades are converted
downstream, without contraction, by the local freestream.

Fig. 1 Inertial coordinate system of rotating blades.

Hence, if there are NB blades, we have NB helical wake sur-
faces, which are also assumed to be rigid. When the flow is not
parallel to the axis, the wakes become skewed helical surfaces.
The skewness of the wakes depends on the inclination angle of
the rotating axis to the inflow.

Because of the side wind effect, each blade encounters a one
cycle per revolution excitation. The blade loadings on the
blades are not identical at any instant in time, and there is a
phase lag between them. The phase lag between blades can be
modeled easily by using an interblade phase angle. The in-
terblade phase angle a tietween neighboring blades can be ex-
pressed as

a = 2-K/NB (2)

One blade can be picked as the reference blade. The loading on
all of the other blades can be expressed in terms of the refer-
ence blade with the phase angle at any instant in time.

The boundary condition on the blade surface is the standard
flow tangency condition. This yields the blade normal velocity

vn = -n (3)

where n is the blade surface unit normal, £/«, is the freestream
velocity, and r is the blade coordinate vector. Knowing the
geometry and motion, Eq. (3) can be written as

= ~ Uxnx - - u(nyz-nzy) (4)

where nyz is the component of n in the YZ plane. The normal
velocity includes a time independent (steady) part vn&i and a
time dependent (unsteady) part vn ,

v*st = - Uxnx - w(nyz-nzy) (5)

(6)

Once the interblade phase angle is determined, the unsteady
normal velocity on the other blades can be expressed in terms
of the reference blade as

y _ y Q - / ( / -1)<T /7\

The surface of blades and their wakes are subdivided into
panels with constant doublet and source strengths. The wake
doublet strength near the trailing edge is determined from the
numerical Kutta condition, which is represented approx-
imately by

^w = A</>te = (8)
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for steady-state conditions, and by

(9)

for unsteady conditions.
Since the wake doublet strength is determined by the doublet

on the blade trailing edge, the phase angle between neighbor-
ing blade wakes is also a. Also, the wake doublet strength is
varying periodically with a frequency equal to the upstream
disturbance (Fig. 2). There exists a phase lag A<p between
neighboring wake elements. The phase A<p is decided by the
disturbing wave length and the time step used to describe the
wake sheets, i.e.,

= 2-jrAt/T (10)

Based on the previous assumptions, we can express the en-
tire unsteady wake doublet strength in terms of the doublet
strength at the blade trailing edge on the reference blade. Thus,
Eq. (1) can be written as

[SU](vn]

where <5/7 is the Kronecker Delta function and

(11)

The unsteady loads induced by the yawed flow can be decou-
pled mathematically from the steady loads, that is,

= [£,,] [vn] (12)

(13)

For the steady part, Eq. (12) gives the steady solution </>7 and
Eq. (13) gives the unsteady solution 0y. The overall velocity
potential is simply the superposition of steady and unsteady
solutions, i.e.,

(D; -— (D; ~f~ ©/ 6 (14)

The pressure is calculated using the unsteady Bernoulli's
equation once the velocity potential is obtained,

~ ,
dt

(15)

The pressure coefficient is nondimensionized by the axial in-
flow dynamic pressure

(16)

The thrust and power can be calculated by summing the
forces in the axial and tangential directions. The thrust and

Fig. 2 Gust and unsteady wake model.

power coefficients for the rotor are

V* V^ \ c^r ^ L^ ^-7?'
„ - MR i

Co =

p&D*

p ££*[
NB i

(17)

(18)

The force produced by the yawed flow is asymmetric to the
plane of rotation. The torques generated by the nonaxisym-
metric force with respect to the Y and Z axes are represented
as nondimensional torque coefficients,

(19)

NB iz
(20)

where ACT is the differential thrust along the blade span and
iz is the blade radial index.

Results and Discussion
Single-rotation propfan blade SR2 was used to test this

method. When there is no shaft inclination, o; = 0, the blade
loadings are identical for all of the blades and are independent
of time. The predicted steady results are identical for both the
time domain (at a converged solution) and the frequency do-
main. Figure 3 shows the pressure distribution at different
spanwise locations of an eight-bladed SR2 at /33/4 = 40.3 deg,
advance ratio 1.633. The comparison with the lifting surface
theory18 in the same figure indicates that they are in excellent
agreement from hub to tip. The radial distribution of thrust
(Fig. 4) shows very good agreement again between the present
method and the lifting surface method. Figures 5 and 6 show
the overall thrust and power coefficients in comparison to the
lifting surface theory. The two methods agree well though the
lifting surface predicted lower power at lower advance ratio. In
addition, measured values of net power are shown in Fig. 6.
Both the present incompressible method and the lifting surface
theory underpredict the power at higher loading. This is due
both to the inviscid rigid wake model and Mach number effect.
The two-dimensional strip fashion Prandtl-Glauert (P-G)
compressibility correction technique that was used successfully
to predict trie propfan performance by Kobayakawa and On-
uma10 is also employed here. Figure 6 shows that the corrected



JAN.-FEB. 1992 SINGLE ROTATION PROPFAN WITH OFF-AXIS INFLOW 147

powers move closer to the measured results, especially at lower
advance ratios, with relative Mach number equal to 0.81 at
7 = 0.8 and M = 0.2. Less changes were found for higher ad-
vance ratios since the relative Mach numbers are smaller for a
given axial Mach number. The two-dimensional compressibil-
ity correction method is basically utilized to avoid the diffi-
culties associated with solving directly the three-dimensional
compressible flow problems. It is valid for most subsonic flow
but failed for transonic or supersonic conditions. For most
conditions, yaw flow effect is significant like ascending, de-
scending, etc., the use of P-G transformation should be gener-
ally good. The following calculation is based on incompress-
ible flow analysis, but the effect of compressibility in unsteady
response will be discussed in the last part of this section.

The unsteady load prediction is first tested on a two-bladed
SR2 with a shaft angle of 3 deg. The time-domain calculation
is started from rest. The wake of the rotor is generated step by
step, convected downstream with freestream velocity and
gradually changes into a skewed helical surface. As the tran-
sient solution is not the main interest of the present study, the
time-marching solution uses a sufficiently small time step,
At =Q.Q2D/UX, to adequately model the helical wake sur-
faces, but not enough to resolve a good transient solution from
the start. In Fig. 7, the unsteady load reaches cyclic condition
soon after the blades start rotating. The loading on blade 1 is
180 deg out of phase in comparison to that of blade 2. The time
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Fig. 3 Pressure distribution on single rotation SR2: £3. = 40.3 deg;
7VB = 8;/ = 1.633.

0.03

0.02 -

B<
0.01 -

0.00
0.0 1.0

history shows little difference compared with the result from
the frequency-domain calculation. The CPU time for a 128-
panel blade and 80 wake time steps is about 11 min on an
APOLLO-4000 workstation for the present frequency-domain
analysis and is about 10 h for the time-domain computation.
The difference is even larger for a rotor with more blades since
the influence matrix size is proportional to the blade number
for the time-domain calculation. Also, the influence domain
calculates only once at any arbitrary reference time, whereas
the time domain is required to start from rest and stop when
a converged solution is obtained. Thus, the advantage for the
frequency-domain analysis is obvious.

The differential thrust on the reference blade with a 3-deg
shaft angle (on an eight-bladed rotor) at different circumferen-
tial locations is shown in Fig. 8. This shows a strong one cycle
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per revolution behavior with the blade maximum load occur-
ring around 0 deg with the largest local angle of attack, and the
minimum load occurring around 180 deg with minimum local
angle of attack. Negative differential thrust shown in the fig-
ure is mainly due to locally negative incidence.

As the force produced by the side wind effect is dependent
on blade azimuth location and is asymmetric to any of the
three axes, the torque produced by the blades are nonzero.
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Fig. 7 Time-domain vs frequency-domain thrust calculation for one
revolution: / = 1.633.

Figure 9 shows the torques with respect to the Y and Z axes,
Qy and Qz, increase with the blade number while the thrust-to-
blade ratio decreases as number of blades increase. The overall
forces and torques are more or less constant in time (within 1 %
of variation) except when NB = 2. This is because the blades
are equally spaced and the unsteady loading is nearly sinu-
soidal. Figure 10 shows that, by increasing the number of
blades on a rotor, the blade mean loading decreases but the
unsteady loading increases. Relatively, the change in mean
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Fig. 9 Forces and torques produced by off-axis inflow.
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Fig. 10 Number of blade effect on unsteady loading.

0.06

0.05-

0 . 0 4 -

0.03

0.02

0.01

0.00
0 60 120 180 240 300 360

DEGREE

Fig. 11 Shaft angle-of-attack effect on unsteady loading.

loading is more significant than that of the unsteady part by
changing the blade number. The curves of unsteady loading
shift due to the interaction between blades becomes stronger as
the blade number increases.

The unsteady loadings for one cycle of revolution at differ-
ent shaft angles, 2, 4, and 6 deg, are shown in Fig. 11. The
peak-to-peak amplitude is comparable to the mean loading at
that operating condition. This indicated that the unsteady
loading is sensitive to the shaft angle and the magnitude of
excess unsteady load on a single blade is proportional to the
degree of axis inclination (with nonlinearity only 1.1 % at 6 deg
by using skewed helical wake); this agreed with the observation
by Mehmed et al.3

Figure 12 shows that the unsteady load variation at the same
shaft angle is lower for a smaller advance ratio. This is due to
a smaller ratio of the in-plane transverse velocity to rotational
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Fig. 12 Advance ratio effect on unsteady loading.
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Fig. 13 Mach number effect on unsteady loading: / = 1.633; a = 3
deg.

speed. The effective cyclic flow angle-of-attack change is
smaller and, thus, the lower unsteady load variation results.

The compressibility effect for the yawed flow is corrected in
the same way as that used in the steady analysis. Figures 13-15
show the correction at axial Mach number 0.1 and 0.2 at two
advance ratios (/ = 1.02 and 1.633) and two shaft angles (a = 3
and 6 deg). In these figures, the unsteady loads are more
significant at 0 = 0 because the relative Mach number at this
blade azimuth position is higher than that when 6= 180 deg.
For the higher advance ratio /= 1.633, the unsteady load is
dominated more by the shaft angle of attack than by the Mach
number as seen from Figs. 13 and 14. Similarly, Fig. 15 shows,
for the lower advance ratio, J = 1.02, that the unsteady load
variation due to the Mach number effect is similar to that of
a higher advance ratio, though the mean loading is signifi-
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Fig. 14 Mach number effect on unsteady loading: 7 = 1.633; a =
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Fig. 15 Mach number effect on unsteady loading: / = 1.02; « =
cleg.

cantly higher. Thus, the effect of Mach number on unsteady
loading is less significant than that of shaft angle of attack
change.

Conclusions
The results presented here indicate that the frequency-do-

main source and doublet potential paneling method can be
used to predict the propfan one cycle per revolution unsteady
loading with axis of rotation not parallel to the inflow. The
comparison with the results from a time-domain calculation is
good and its computation is very efficient.

The analysis is based on incompressible flow theory though
compressibility is corrected in a two-dimensional fashion to
account for the fact that the propfan is designed to fly at high
subsonic speeds. The unsteady loading based on the calcula-
tion for a single rotation SR2 propfan is found to be dependent
on the angle between inflow and axis of blade rotation, ad-
vance ratio, number of blades, and axial Mach number.
Among them, the shaft angle seems to be the dominant
parameter in the yawed flow problem. Relatively, the Mach
number effect is the least influential. Since little data is avail-
able on the off-axis flow problem, measurements are needed to
properly assess the validity of the method and provide a base-
line for compressibility corrections.
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