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Structural and Aerodynamic Analysis of a Large-Scale
Advanced Propeller Blade

O. Yamamoto* and R. Augustt
Sverdrup Technology, Inc., Brook Park, Ohio 44142

A finite element structure code and a finite difference Euler solver are combined to provide a more accurate
analysis of a large-scale propfan. The NASTRAN finite element code is used to compute the blade deflection
due to centrifugal and aerodynamic loads, and the NASPROP finite difference 3-D Euler code is employed to
compute the steady-state aerodynamic load of the deflected blade. The effects of deflection on the aerodynamic
and propeller performance characteristics are discussed. The local pressure profiles of deflected and undeflected
blade models are compared with test data. The results show that improvements can be made by including proper
blade deflection in the numerical model.

Introduction

T HE advanced turboprop program (ATP) was initiated in
the mid 1970s in order to develop a fuel-efficient pro-

pulsion system. The advanced turboprops, generally known
as propfans, were designed to maintain high propulsive effi-
ciency at high cruise speeds up to Mach O.8.1 To meet this
requirement propfan blades employ large sweep and twist
with thin airfoil sections to minimize compressibility losses.

In an earlier stage of the program, scaled models of several
blade designs were tested in the wind tunnel. Over the past
several years, as part of the large-scale propfan (LAP) pro-
gram, 9-ft-diameter propellers have been tested in flight2-3 as
well as in the ONERA SI-MA wind tunnel at Modane, France.4

During development of the computational approach, earlier
experiments provided a data base to validate various numer-
ical codes. In recent years, numerical codes have been ex-
tensively used to simulate both inviscid5-8 and viscous9'10 as
well as steady and unsteady flows11-12 through the propfan.
Over the years, numerical codes have evolved and have be-
come sophisticated enough to be able to capture such complex
flowfields as leading-edge and tip vortices and blade passage
shock waves. Recently a series of Modane test cases13 were
simulated using two numerical schemes by Nallasamy et al.14

The numerical predictions showed good agreement with the
measured surface pressures. The report showed that the
agreement of local pressure profiles varied between the in-
board and outboard sections of the blade, and cited the un-
certainty in the blade geometry with changes in the operating
condition.

Numerical simulations in the past have not adequately ac-
counted for the blade deflection associated with various op-
erating conditions. Since propfans employ highly loaded thin
blades, they experience more deflection than conventional
propellers. In addition, large twist and sweep make the pre-
diction of blade deflection more complex.

The propeller flow simulations are normally performed us-
ing a "hot shape," i.e., the design blade geometry of a pro-
peller operating at a cruise condition. Previously, however,
the same blade geometry has been used to compute propeller
flowfields under off-design conditions, due to a lack of struc-
tural details. When a propfan is operated under a wide range
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of conditions, such as in Modane test cases where the Mach
number ranges from 0.03 to 0.78, and the blade speed varies
from 1200 rpm to 1800 rpm, the actual blade geometry under
centrifugal and aerodynamic loads may be quite different from
the design geometry.

In an attempt to correct for blade deflection, numerical
simulations have adjusted the blade setting angle by a small
amount depending upon the operating conditions. The amount
of adjustment is usually estimated from previous experience,
or by matching a computed performance parameter, typically
the power coefficient, with the measured value. Furthermore
the adjustment assumes that the entire blade is rigidly rotated
uniformly, while actual blade deflection may be any combi-
nation of torsion and spanwise bending with amounts varying
from hub to tip.

Srivastava et al.15 included aeroelastic effects in their sim-
ulation of propfan flowfields, and reported that the power
calculation varied up to 40% due to deflections.

The purpose of this paper is to study: 1) the nature of blade
deformation under centrifugal and aerodynamic loads, and 2)
the effects of blade deflection on the local pressure profiles
and the overall performance characteristics.

Analysis
The overall structural-aerodynamic interaction approach is

depicted in Fig. 1. Initially the blade speed (w) and the nom-
inal blade setting angle (j83/4) are input to the NASTRAN
code to generate the deflection under the centrifugal load
(CL). Interface I is used to transfer the deflection data from
NASTRAN onto the blade surface grid points used by the
NASPROP aero code. The mesh generation code establishes
the computational mesh around the deflected blade. With
appropriate freestream Mach number and advance ratio, the
NASPROP code proceeds to compute the propeller flowfield.
Interface II extracts the surface pressures from the aerody-
namic data, and the differential pressure (AP) is transferred
onto the NASTRAN finite element nodes. After a new de-
flection under centrifugal and aerodynamic loads is computed,
interface I establishes a new blade geometry, and the new
computational mesh is generated for the second aerodynamic
calculations. Structural-aerodynamic interaction is iterated until
geometrical equilibrium is reached (loop 1). The variation of
blade angle at the 75% radial location (Aj83/4) is monitored
for convergence.

When loop 1 is completed, the propeller performance char-
acteristics are computed. In particular, predicted power coef-
ficient (CP) is compared with the measured value. If the power
comparison is not sufficiently close, the blade setting angle is
adjusted, and the previous process is repeated until reason-
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Fig. 1 Structure-aerodynamic integration.

able agreement in the power coefficient is obtained. This
completes the loop 2 in Fig. 1.

Aerodynamic Analysis
The aerodynamic part of this work is performed by the

NASPROP code. NASPROP is an implicit finite difference
Euler solver originally developed by Bober et al.16 to solve
three-dimensional propeller flowfields, and was the first to
provide detailed solutions of the advanced propeller flows. It
employs the ADI scheme of Beam and Warming.17 Since then
the code has been rewritten incorporating improved boundary
conditions, and has been vectorized for the CRAY computer.

The three-dimensional, inviscid flowfield about a propeller
is governed by the Euler equations. The equations in con-
servative differential form are transformed from a cylindrical
coordinate system to a time-dependent, body-fitted curvilin-
ear reference frame, with the equations cast in nondimen-
sional form.

First-order-accurate implicit Euler time differencing is em-
ployed, and the spatial derivatives are replaced by central
differences with appropriate one-sided differences at the
boundaries. The resulting implicit operators involve inver-
sions of a block tridiagonal system. The system can be reduced
to scalar tridiagonal matrices by applying a diagonalization
technique18 to the flux Jacobian matrices. Constant coeffi-
cient, second-order implicit and fourth-order explicit dissi-
pation terms are added for stability considerations. A periodic
tridiagonal matrix inversion is employed in the circumferential
direction except on the blade surfaces. Further details of the
solution procedure and the implementation of the boundary
conditions can be found in Refs. 5 and 6.

In this paper, the steady-state propeller flowfield with the
propeller axis at zero angle of attack is computed. Hence,
only one blade passage needs to be considered in the com-
putational domain. The flowfield is assumed to be periodic
in the blade-to-blade direction. A typical computational mesh
is shown in Fig. 2. A total of 101 x 33 x 45 grid points are

Fig. 2 NASPROP grid.

used for the mesh, and 41 x 21 grid points are distributed
on each surface of the blade.
Structural Analysis

The unique design features incorporated into advanced
propfans such as the SR7L require the use of finite element
codes for the blade's structural analysis. In addition to the
design, the use of composite materials also requires special
attention in the structural modeling. These thin, twisted, and
highly swept blades, manufactured with nonisotropic mate-
rials experience large, nonlinear deflections due to blade flex-
ibility, and combined centrifugal and aerodynamic loads.

MSC/NASTRAN was used to calculate the SR7L steady-
state deflections because it has the capability to perform geo-
metric nonlinear analysis as well as the capability to update
the displacement-dependent centrifugal forces. MSC/NAS-
TRAN solution 64 was used for the geometric nonlinear anal-
ysis. This solver uses a modified Newton-Raphson algorithm,
along with load updating, to simulate the correct displacement
versus load relationship.

The algorithm iterations are controlled through "subcases,"
with a minimum of two being required. The first subcase
computes the initial, linear deflected shape. Subsequent sub-
cases, or iterations, then use the previously deflected shape
to compute the differential stiffness matrix along with the new
set of displacements. For this analysis, 14 subcases were used
to achieve a converged, displacement vector. In addition,
NASTRAN Direct Matrix Abstraction Program (DMAP)
procedures are included in the analysis to account for cen-
trifugal softening due to the centrifugal forces acting in the
same direction as the displacement. A detailed explanation
of the above procedures is given in Ref. 19.

The NASTRAN finite element model used in this study is
based on the final SR7L design.20 The blade geometry and
airfoil data were obtained from the engineering design draw-
ings. The composite material properties were calculated by a
micromechanics approach using available fiber and matrix
properties from actual testing of the material. The SR7L blade
has an aluminum spar, fiberglass shell with foam fill, and
nickel alloy sheath. All these materials were combined using
the Composite Blade Structural Analysis (COBSTRAN) pro-
gram to produce equivalent, monolithic shell elements.21

The SR7L finite element model is shown in Fig. 3a. It has
261 nodes. The blade is modeled using 449 triangular shell
elements (NASTRAN element CTRIA3). Five bar elements
(NASTRAN element CBAR) are used to model the blade
shank. Multipoint constraint cards that couple the displace-
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Fig. 3 Chord planes: a) NASTRAN; b) NASPROP.

ment of prescribed grid points are used to define the blade-
shank interface. The blades are structurally decoupled from
one another by assuming a rigid hub; thus necessitating that
only one blade be modeled. To accurately simulate the shank-
hub compliance, the blade shank constraints were modeled
by using spring elements (NASTRAN element CELAS) at-
tached to the base of the shank. A total of 4 DOF for the
shank base were allowed; translation along the pitch change
axis, bending rotations in and out of the plane of rotation,
and rotation about the blade's pitch change axis.

Verification of the finite element model is done by com-
paring calculated and experimental results. This finite element
model was originally developed for aeroelastic studies of flut-
ter and forced response. Consequently, the model's validity
is checked by quantitatively comparing natural frequencies
and qualitatively comparing mode shapes over a range of
speeds. The details of this comparison are given in Ref. 22.
The good agreement of the dynamic properties implies the
blade's stiffness matrix is being properly formulated. There-
fore, the calculated steady deflections are reasonably accu-
rate.

Interfaces
While the structural deformations are computed at the finite

element model grid points, aerodynamic forces are computed
on the blade surface grid points. To make the exchange of
data between the structural and aerodynamic analyses pos-
sible, the surface grid points used in the aerodynamic calcu-
lations are projected onto a plane identical to the structural
model. The plane is constructed by connecting each chord
line of airfoil sections that define the blade geometry. The
aero chord plane is shown in Fig. 3b.

Differences in the number and the distribution of grid points
necessitate an interpolation of data between the two models.
Two-dimensional cubic spline is used for the data interpola-
tion.

In interface I, the nodal displacements from the structural
model are interpolated onto the grid points of the aero chord
plane. Then the displacements are vectorially added to the
corresponding surface grid coordinates. The procedure is re-
versed in interface II. The pressure from the NASPROP cal-
culations are first projected onto the aero chord plane, then
the differential pressures (AP) are computed. AP is trans-
ferred to the structural model using interpolation. For the
structural analysis, pressure loads at the grid points are gen-
erated and appended to the NASTRAN input deck.

Results and Discussion
The approach discussed above is applied to the two-bladed,

9-ft-diameter, SR7L propfan. Computations are performed
on a CRAY-XMP computer for NASTRAN calculations, and
CRAY-XMP and -YMP computers for NASPROP calcula-
tions. Two interfaces between NASTRAN and NASPROP
are performed on a AMDAHL 5860 computer.

Since the displacement at each grid point is added vecto-
rially to the blade surface coordinates, the deflection can re-
sult in three basic modes of deformation: 1) twisting, 2) span-
wise bending, and 3) change in the section camber. The effects
of camber are expected to be small, and thus they are not
discussed in this report.

First, the deflection pattern under centrifugal load (CL)
alone is shown in Figs. 4 and 5. The change in local blade
angle (A/3), as a measure of twisting, and the variation of local
face alignment distance, as a measure of span wise bending,
are shown in Figs. 6 and 7. The blade is operated at 1842 rpm
and the blade angle at the I radius is set to 54.5 deg. The
maximum blade twist is observed to be -2.5 deg at the tip,

UNDEFLECTED
DEFLECTED

Fig. 4 Chordwise deflection.

UNDEFLECTED
DEFLECTED

L E A D I N G E D G E M I D C H O R D T R A I L I N G E D G E
Fig. 5 Spanwise deflection.



370 YAMAMOTO AND AUGUST: ANALYSIS OF ADVANCED PROPELLER BLADE

80

75

65

60

55

S R 7 L B L A D E R = 5f IN.

O M E G A = 18<f2
BETA3/H- = 5 8 o 5 0

UNDEFLECTED
DEFLECTED

5 CboO 0.1 0,2 0.3 Oof Oo5 Oo6 0.7 Oo8 0.9

Fig. 6 Variation of local blade angle.

1.0

108

106

1 o f

1 .2

0 .6

O o f

0 » 2

O o O

SR7L BL A D E R = 5f IN.

O M E G A = 18*1-2,
BETAS/M- = 58o50

UNDEFLECTED
DEFLECTED

O o 2 O o 3 O o f O o 5 0 » 6 0 . 7 O o 8 0 .9 1 . 0

Fig. 7 Variation of face alignment distance.

and the maximum bending is approximately 0.8 in. at 85%
radius. The centrifugal load tends to untwist the blade, heavily
near the tip, and tends to straighten the blade.

During the LAP test conducted in Modane,4 the two-bladed
propfan was operated at a wide range of conditions. In order
to assess the range of deflections, the parametric effects of
blade speed and blade setting angle on blade twist are shown
in Fig. 8. For convenience the change in blade twist at the I
radius is computed as the blade speed and the blade angle
are varied. The figure shows that under a practical range of
operating conditions, the blade setting angle has much less
effect on the blade deflection than the blade speed, especially
at low speeds. The range of twist is shown to be -0.3 deg at
1200 rpm to -0.8 deg at 1842 rpm. The corresponding range
of maximum bending is computed to be 0.6 to 0.8 in. From
previous experience, the amount of blade twist indicated here
is expected to produce significant change in the performance
calculations.

Two Modane test cases are chosen to demonstrate the struc-
tural-aerodynamic analysis procedure. Modane test 7 is a high-
power loading and low-blade-speed case. The measured power
coefficient and blade speed are 0.642 and 1192 rpm, respec-
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lively. Modane test 10, on the contrary is a low-power (CP
= 0.23) and higher blade speed (1429 rpm) case. The Mach
number and the blade angle are 0.5 and 58.5 deg for test 7,
and 0.6 and 54.5 deg for test 10.

Figures 9a and 9b show the variation of blade angle at I
radial location with structural-aerodynamic iteration. ITER 1
denotes the deflection due to centrifugal load alone, ITER 2
and 3 for the deflection with subsequent aero load added.
Figs. lOa and lOb show the corresponding variations of com-
puted power coefficient. Two iterations of aero load (ITER
3) calculations are shown to be sufficient for convergence.
Loop 2 is iterated twice to meet the power comparison.

In each test case, the centrifugal load produces most of the
total deflection, with the blade deflecting into the plane of
rotation. As an assessment of power change, Figs. 9b and lOb
show that a 0.45-deg decrease in the blade angle results in
11% reduction in the power coefficient. While the centrifugal
load always results in reduced blade angle, the changes due
to aero loads are not uniform. The first application of aero
load results in increased blade angle in test 10, and an opposite
trend is shown in test 7.
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Fig. 12 Local pressure distribution, Modane test 10.

In order to understand the effect of aerodynamic load, one
must study the local pressure distribution on the blade. The
pressure profiles of tests 7 and 10 are shown in Figs. 11 and
12. The test data are shown as a reference. The comparisons
between the test data and the numerical prediction are similar
to the results of Nallasamy et al.14 In Fig. 11, a comparison
between the undeflected and the deflected (CL + aero) blades

is made. The difference between the two pressure profiles is
small on the inboard section as expected from the assumption
that the deflection is negligibly small at the hub. The differ-
ence grows as the radial distance increases. Although the
discrepancy between the test data and the prediction on the
pressure side is large, favorable correction is indicated by the
deflected model. On the outboard section, the pressure profile
improves significantly near the trailing edge where the struc-
ture is known to be flexible and susceptible to deflection.

A comparison between a solid body rotation of the blade
and the fully deflected blade is made in Fig. 12. The solid
body rotation of blade has been used in the past to simulate
the deflected blade. The solid body rotation is accomplished
by rotating the entire blade about the pitch change axis uni-
formly from hub to tip. The amount of adjustment is deter-
mined by matching the computed power coefficient with the
measured value.

The difference between the two predictions remains small
throughout the blade, indicating that the solid body rotation
provides a reasonable correction for the undeflected blade.
However, a shift in the pressure loading is observed from the
inboard section to outboard. On the outboard section of the
blade, the solid rotation results in higher pressure loading in
the forward section and less toward the aft section. This is
because the rigidly rotated blade has a higher local blade angle
than the fully deflected blade which has the untwisted blade
tip due to centrifugal load. The opposite trend is observed on
the inboard section of the blade. The deficiency of solid body
rotation is that it is difficult to predict consistent pressure
loading from hub to tip.

Comparing pressure profiles of the two test cases, test 10
is shown to have more pressure loading in the aft section than
in the forward section. In contrast, pressure loading is con-
centrated in the forward section in test 7. This difference in
the aerodynamic loading seems to result in the distinctly dif-
ferent deflection trends shown in Figs. 9a and 9b. When the
forward region is highly loaded, the aerodynamic effect tends
to untwist the blade while high tail loading results in increased
local blade angle. Unlike the centrifugal deflection, the effect
of aero load cannot be determined a priori until the local
pressure distribution is analyzed.

Conclusions
Blade deflection can be described in terms of blade twist,

span wise bending, and change in section camber. For steady-
state loading, effects of span wise bending on the aerodynamic
characteristics are considered to be small compared to twist
and camber effects. However, when unsteady loading or the
propeller at an angle of attack is considered, span wise bending
may become an important factor. The position of the blade
section relative to the freestream is critical in those flows.

It is shown that the centrifugal load produces most of the
total deflection. A comparable amount of blade twist can be
produced by aero load when the blade speed is low and the
power loading is high. Blade twist due to centrifugal load
depends mostly on the blade speed, and less on the blade
angle. While the centrifugal load tends to untwist the blade,
no simple relation holds for the aerodynamic load. Blade twist
due to aero load depends on the local pressure distribution.
Loading in the forward section tends to untwist, and tail load-
ing results in twist of blade section.

The fully deflected model showed better agreement with
the test data than the undeflected model. Significant improve-
ment was observed on the outboard aft section where the
blade is structurally flexible for deflection. Solid rotation of
the blade can provide some correction for the deflection;
however, consistent agreement with measured pressure data
is difficult to maintain throughout the blade.

The analysis technique described in this paper can readily
be used in conjunction with a Navier-Stokes code for further
refinement of numerical predictions. Also the analysis can be
adapted to compute deflection under unsteady aerodynamic
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loads. Although it will be computationally expensive to eval-
uate the deflection at each time step, a scheme can be devised
to reduce the cost by computing the deflection at specified
intervals.
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