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Finite Element Method for Computing Turbulent
Propeller Flow

Dominique Pelletier,* Andre Garon,| and Ricardo CamareroJ
Ecole Polytechnique de Montreal, Montreal, Quebec, Canada

A numerical procedure based on the primitive variable Navier-Stokes equations is applied to the simulation of
the three-dimensional axisymmetric flow near a propeller in a uniform flow. The time-averaged Navier-Stokes
equations are solved using both a mixed and a penalty function finite element method. A new model is developed
to compute axisymmetric viscous throughflow past propellers. This is achieved by forcing the flow to be tangent to
the mean stream surface between the blades. This condition is enforced by introducing a Lagrange multiplier that
can be interpreted as the force applied by the blades on the fluid. Turbulence is modeled by a simple mixing length
equation. Detailed comparison with wind tunnel measurements shows good prediction of velocity and pressure. The
present approach represents a first step toward the development of a viscous quasi-three-dimensional capability.

Nomenclature
D = propeller diameter
Dt ( - ) = material derivative operator
D c= Q = propeller domain
ex,er,ee = cylindrical coordinates unit vectors
F = global right-hand side vector and blade force
/ = blade force, =fv+fsds
fv = volume force
fs — surface force
g = metric tensor
K = global system matrix
n = unit outward normal vector
p = pressure
RQ — propeller radius
Sl ,S2 = blade-to-blade and throughflow stream surfaces
s = stream surface normal vector
ts = surface traction, = — pn + ni • n
U = global vector of unknowns
Ur = fluid velocity relative to the blade
u — velocity vector
ut = ith component of u
ux,ur,ue = cylindrical components of u
v = propeller entrainment velocity vector, = ra>ee
\JL = effective viscosity, =/// + fit
lit = laminar viscosity
Ht = turbulent eddy viscosity
p = density
a = stress tensor, —pg + JUT
i = strain rate tensor, = grad(«) + grad(w)T

co = propeller angular velocity
Q = computational domain
dD = boundary of D
dQ = boundary of the computational domain
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Introduction

DETAILED analysis of the flow produced by components
of rotating machinery such as propellers, windmills, ro-

tor-stator combinations, turbines, pumps, and mixers, is re-
quired for the performance evaluation of such equipment.
Examples include the prediction of the near-wake profiles of
propellers and losses in turbines and pumps, to name a few.
State-of-the-art techniques make it possible to compute turbu-
lent flow in the various components of a turbomachine taken
separately,1 and some results are available for the simulation
of multiblade row turbomachinery flows.2'3

Even with present day computers, the numerical treatment
of the fully three-dimensional, unsteady flow around a set of
individual blades with their thin boundary layers and wakes
represents a task that is too great to be attempted at this time.
Until recently, only approximate analytical treatments were
available involving one or more of the following restrictive
assumptions: the flow was assumed inviscid or laminar, the
propeller was represented as an actuator disk with constant
thrust, and the effects of the propeller on the flowfield were
assumed small enough to permit linearization. References 4-6
are representative. Previous numerical work on propellers and
windmills7'8 required knowledge of the dynamics of the rotor.
Thrust and torque were introduced via body forces dis-
tributed in the volume occupied by the rotor (this approach is
akin to actuator disk theory5'9). The biggest limitation of such
an analysis is the necessity to rely on experimental values of
thrust and torque.7

This work is part of an ongoing effort towards removing
this limitation while retaining most of the simplicity of previ-
ous computational approaches. Incorporation of the kinemat-
ics of the rotor into the Reynolds-averaged Navier-Stokes
equations (i.e., specification of the mean stream surface in the
bladed region) gives rise to an additional equation supple-
menting the equations of motion. This relationship expresses
the work done by the propeller on the fluid. The present
approach makes it possible to treat complex systems such as
a complete pump, counterrotating propellers, or propulsors.
A propulsor is a combination of a propeller producing the
bulk of the thrust and a fixed set of blades designed to extract
extra thrust from the kinetic energy of the swirl generated by
the propeller.

Wu's method10 has been used for over 30 years in solving
inviscid cascade flows. The present approach is a rigorous
two- and three-dimensional extension to viscous flows. By
requiring the flow to be tangent to the mean throughflow (S2
on Fig. 1) stream surface in the bladed region, the blade force
arises naturally. Hence the need to prescribe thrust and
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u =1 fy = 0

Fig. 1 Wu's stream surfaces.

torque from experiment is replaced by the specification of the
shape of the mean stream surface. Such data are provided by
blade-to-blade calculations in a quasi-three-dimensional anal-
ysis or by a simpler approximation, as in the present case. The
method developed here results in a velocity, pressure, blade-
force formulation of the fully elliptic time-averaged Navier-
Stokes equations for an incompressible fluid. In the case of
rotors, the analysis provides the thrust, torque, and power
input to or extracted from the flow. The computational
method is fast enough to be useful in a design environment.

The key element of our approach is the modeling of the
effects of the blades on the flowfield. First, we describe a
model of blade effects that leads to the augmented Navier-
Stokes equations, the basis for our analysis. Two simple cases
with analytical solutions provide insight into the behavior of
the blade- force terms. The development of the model for a
given propeller is then given. The finite element solution
algorithm is then described. Details of the nonlinear equation
solver are given. Numerical results for the experimental condi-
tions of Ref. 1 1 complete this paper.

Modeling of the Problem
This section outlines the key features of our analysis: the

blade effects and equations of motion and their use in simu-
lating a given propeller.
New Model for Blade Effects

In Wu's original analysis,10 the equations of motion for an
inviscid compressible flow are written for two families of
stream surfaces: blade-to-blade (Si) and throughflow (S2)
surfaces (see Fig. 1). In the resulting set of equations, one for
each surface, body forces naturally appear that represent the
variation of pressure in the direction normal to this stream
surface. The force acts along the unit normal vector s to the
stream surface. Hence we have:

F=fa

Note that F is orthogonal to the relative velocity of the fluid
with respect to a frame of reference fixed on the blades. Thus,
we can write:

with UR the velocity relative to the blade frame of reference.
One can interpret / as the force acting along s that is
necessary to maintain a particle of fluid on a given stream
surface. Pitch-averaged equations in a blade passage yield
similar results.2 In this case the force is related to the pressure
difference between suction and pressure sides of the blade.
Moreover, it can be shown that for incompressible flows,
under the assumption of an infinite number of blades, the
solution of the throughflow equations yields circumferentially
averaged values of flow and fluid properties if some measure
of the blade loading is small.9'12

U=1 fy = 0 u = v=1 x

Fig. 2 Analytical solution: two-dimensional case.

These methods have two major restrictions. They are lim-
ited to a given flow configuration and are valid for inviscid
flows only. The specific equations of Wu depend on the type
of flow considered: radial, axial, or mixed. One must decide a
priori on the proper set of equations that best fits the flow
configuration. However, this is not always possible. For in-
stance, in a Francis turbine the flow is radial in some regions
and axial in others. Although separate analyses may be
performed for various parts of the flow, a global analysis is
complex. Consider, for instance, a rotor-stator combination.
For this configuration, two frames of reference must be used,
a rotating one for the rotor and a fixed one for the stator, and
solutions must be patched from one region to the other. An
additional requirement is that the equations must remain
valid in the absence of blades (i.e., they must reduce to the
usual Navier-Stokes form).

Our extension of Wu's theory and pitch-averaged approxi-
mation to viscous flows leads to the following generalization
of the equations of motion13:

pDt(u) =div(ff)

div(ii) = 0

u - s +k = Q

k = — v - s

(2)

(3)

(4)

where v = rco is the blade entrainment velocity vector. Equa-
tions (1) and (2) are the usual Navier-Stokes equations, while
Eq. (3) states the tangency of the pitch-averaged velocity
vector u to the mean stream surface in the bladed region.
Equation (3) is valid for all flow configurations (axial, radial,
mixed flows) and accounts implicitly for the rotating motion
of the blades. Note that blades are assumed infinitely thin;
hence blockage effects are included at present. Furthermore,
in the absence of blades s equals zero, Eq. (3) is automatically
verified, and no force is applied on the fluid; Eqs. (1-3)
reduce to the usual Navier-Stokes equations. Thus we have a
natural coupling between rotor, stator, and duct regions. It is
noted that, at present, pressure losses due to shear on the
blades have been neglected. This is not a serious restriction
since most profiles are designed with high lift-to-drag ratio.14

A loss term can be incorporated easily into the model. An
appropriate correction term for losses can be incorporated
readily into the model.

The present model is best suited for conditions near the
propeller design point. For off-design conditions, the
throughflow model alone is insufficient, since the lift-to-drag
ratio is no longer large because shear losses on the blade
surface become important. An approach for improving the
prediction of the throughflow code would consist in coupling
it with a viscous blade-to-blade analysis program; this results
in a viscous quasi-three-dimensional code whose predictions,
are valid over a wider range of off-design conditions.

Nature of the Force Term: Two Analytical Solutions
We consider the uniform flow in a section of an infinite

domain that is required to follow a sudden change of direc-
tion as illustrated in Fig. 2. Because the solution is a function
of streamwise distance, only a finite portion of the domain
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need be considered. Without loss of generality, we set p = 1,
]i = 0.1, and assume that the flow is at 45 deg on the right of
the origin. A simple analysis shows that the analytical solu-
tion is given by:

u = 1

1
'0
-1

'1
0

for all*

for
for
for
for

x
X

X

X

for jc =
for x >

<0
> 1

<0
>0
0
0/=

In this example, the flow is uniform downstream of x = 0.
Hence, there should be no force applied in the fluid. A simple
balance of forces, on the interface at x = 0, indicates that the
preceding solution is correct and shows that the blade force in
this case is only defined on the leading edge of the cascade
and takes the form of a Dirac mass. Note that while the
velocity field is continuous, the pressure is discontinuous. The
possibility of having discontinuous pressures will significantly
affect the choice of pressure approximation in the finite-
element model.

Consider now the flow inside an annulus filled with very
closely spaced twisted ribbons. For this case the blade normal
is given by s = (sz9sr9se) = ( — sina,0, cosa) where a is the angle
between the ribbon and the meridional plane. The analytical
solution is given by:

+ CAr2) + corue(r) = tan(a)(Z>r* + Er ~

tan(atan(a) VB2 - 1
cos(a) [_ r2

where the coefficients A, B, C, Z), and E are functions of the
geometry and fluid properties only. In this last problem, the
velocity, pressure, and force field are all continuous functions.

Although these two examples represent extreme cases, they
illustrate the features that must be embodied in the numerical
algorithm if meaningful results are to be obtained.

1) The pressure approximation must allow for discontinu-
ities.

2) The blade-force approximation in the throughflow plane
must be constructed of two parts: a body force (fv) inside
region swept by the blade and a Dirac distribution along its
boundary (fs) (see Fig. 3).

Kinematic ModeUng of the Propeller
The distribution of s, the mean stream surface, normal

vector, is required to close the problem. The blade geometry
of the three-bladed rotor tested in Ref. 11 was input to
propeller performance codes using lifting line theory and
Prandtl tip loss factor,14'15 thus the effects of bound and free
vortices are included. Because the rotor has very few blades,
this constitutes a severe test case for our approach.

The programs produce a radial distribution of axial and
swirl velocity just behind the rotor. Conversion of these
distributions into flow angles determines the values of s at the
backface of the propeller. To extend the specification of 5
inside the propeller region, we assumed that s is constant for
a given radius [i.e., s = s(z)]. This is a reasonable approxima-
tion when the blades of the propeller are very slender. This
may cause some error due to thickness effects, most notably
near the root sections. Fortunately, the root sections of
airplane propellers produce little thrust. Indeed, the bulk of
the trust is produced by the outer blade section (60-85% of
blade radius).

It is well known that lifting-line theory provides global
values of thrust and torque that are sometimes in slight
disagreement with propeller performance data. If such data
are available, it is possible to improve somewhat the estimate
of s by scaling the flow angles from lifting-line theory so that
thrust and torque estimates match the data.
Turbulence Model

Following Refs. 7 and 8, turbulence is modeled using
Boussinesq's eddy-viscosity concept,16 which assumes that
turbulent stresses are proportional to the mean-velocity gradi-
ents. Use has been made of this hypothesis in Eqs. (1-3) so
that the effective viscosity may be expressed as

H=»i + Ht (5)

where \it is the turbulent viscosity that, in contrast to fih the
molecular viscosity, is not a fluid property but depends on the
state of turbulence; nt may vary from point to point in the
flow. To close the equations of motion, the eddy viscosity
must be related to the other unknowns of the problem. The
flow behind a propeller is very similar to jets and wakes.
Indeed, a velocity excess is present downstream of the thrust-
ing part of the propeller, and a defect is also present near the
root and tip of the blade. See Refs. 7, 8, and 11 for experi-
mental evidence. Hence a mixing length model is used. This is
done through the use of the relationship

ji, = PL2
m {[grad(n) + :grad(ir)}1>2 (6)

where Lm is a characteristic length scale of the shear layer. It
now remains to specify the length scale Lm. Following Ref.
16, we adopt the simplest possible form:

=0.09<5 (7)

Fig. 3 Blade-force approximation.

where <5 is defined as the distance between points such that the
velocity differs from the freestream by 10% of the maximum
velocity difference across the layer. For symmetric flows, 6 is
the distance from the axis of symmetry to the 10% point at
the outer edge of the free shear layer. Since the width of the
free shear layer will not vary much in the near field of the
propeller wake, we take 6 = 90% of the propeller radius.
More sophisticated models with variable Lm, or using the
integrated TKE7 equation can be implemented readily in the
current code. The current mixing length model is closely
related to the more sophisticated integrated TKE model of
Refs. 7 and 8 that has proved to be reliable for the class of
flows of interest.

It should be noted that Eq. (6) is defined in terms of an
invariant of the flowfield. Hence, jnt is independent of the
coordinate system used for the simulation, and important
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property that is sometimes overlooked. When substituted in
Eq. (1), this formula introduces strong nonlinearities in the
equations of motion.

Solution Algorithm
Penalty Function Formulation

A standard Bubnov-Galerkin formulation is used,17'18

hence the interpolation functions and test functions are identi-
cal. Details of the weak Galerkin formulation of Eqs. (1-3)
are readily available for penalty formulation.18 Thus, only an
outline of the technique is presented here. It is well known
that the velocity lies in Hi(D) and the pressure in L2(Q),19

but the space containing the force is more complex; it is the
dual of the velocity space, thus:

(8)

This decomposition results from the requirement that the
tangency condition be satisfied within the bladed region and
on its boundary. A similar behavior was noted for the two
analytical solutions of the previous section. Unfortunately,
H~l(D) and H~1/2(dZ)) are highly irregular spaces, arid to
develop a computational model, one must assume more regu-
larity. This is achieved by using the following decomposition:

f=fv+fA (9)

and by assuming that

fseL2(dD)dH-l/2(dD)

where ds is the Dirac function defined on dD. Although the
decomposition of Eq. (9) implies more regularity on / than
Eq. (8), it still provides enough flexibility for our purpose.

Substitution of an approximate solution (u *,/?*,/*) into
Eqs. (1-3) yields a set of residual equations of the form

Momentum:

Continuity:

Tangency:

f2(u*)=R2

/3(K*)=/?3

where Rf are the residuals, a measure of the quality of the
approximate solution. The Galerkin method reduces this error
to zero by making it orthogonal to a certain set of functions.
The continuity and tangency equation constraints are en-
forced by using a consistent penalty method to assure that
proper weak forms are obtained.19-20 The resulting weak
formulation is given by

pDt(u) • du d£l + \JLI : grad(<5w) dQ
Jn Jo

+ I A div(w) div(du) dQ + fi(u - s + k)s • du dQ

+ P(u • s + k)s - du dr = ts
JdD Jan

SudY (10)

Here /? and A are positive numbers whose values affect the
accuracy of the solution, while du may be interpreted as a
virtual velocity. Equation (10) is then similar to the principle
of virtual work of solid mechanics.

The divergence theorem was applied to the stress tensor a
to reduce the differentiability requirement on the velocity by

transferring some of the derivatives from u to du and to
introduce the natural boundary conditions involving the sur-
face tractions ts:

ts = <r-n (11)

The pressure does not appear explicitly in Eq. (10); it
appears only implicitly through the surface integrals on the
right-hand side of Eq. (10). The only unknowns are the
velocity components. This results in significant computational
savings. Once the velocity field is obtained by solving Eq.
(10); pressure and forces are recovered in a postprocessing
step13 through

p= — A div(w)

fv = — /?(« • s + k) in the bladed region

fs — — j9(w • s + k) on the edge of the bladed region (12)

Convergence of the solution of the penalty formulation to the
true solution, as A -» oo and /? -> oo, can be proved.17'18 Values
of 106-108 usually prove effective.7'8

Choice of Element Interpolation
There remains to construct a finite-element approximation

to Eq. (10). The biquadratic velocity with discontinuous
linear pressure element has proven to be one of the most
successful approximations for incompressible flow simulations
and is used outside the blade. A discontinuous pressure
approximation must be used since it was shown that the
pressure field may have discontinuities.

The proper choice of approximation for/is a more compli-
cated matter. A careful study of analytical solutions7'13 reveals
that the tangency condition is a very severe constraint on the
flowfield. In fact, for planar cases the form of "s" completely
determines the streamlines and hence the solution. For
swirling flows, there are three velocity components, and Eq.
(3) only specifies part of the flowfield. It was found that a
piecewise constant approximation was adequate in the volume
swept-by blade, but that a quadratic approximation was
needed on its boundary. This seemingly unusual combination
can be partially explained by the fact that proper satisfaction
of Eq. (3) on the edge is crucial to the solution, and hence
more degrees of freedom are needed for the surface force fs.
General Solution Procedure

From a practical point of view, the elements are treated in
three groups: regular Navier-Stokes flow elements, "rotor/
stator" elements incorporating the volume force terms within
the blade region, and edge elements with surface forces. The
element equations are assembled in a compacted skyline
storage format. The formulation results in a system of
nonlinear algebraic equations of the form

K(U)U = (13)

where K is the global system matrix, U the global vector of
unknowns, and F the global vector resulting from the
boundary conditions and the rotation of the blades.

This system of equations may be solved by a combination
of iterative methods: successive substitution and Newton-
Raphson. If needed, the eddy viscosity is updated at each
iteration using the current velocity distribution. The linearized
system of equations is very large and is solved by direct
Gaussian decomposition.

Although the quadratic convergence of Newton's method
makes it a powerful solution procedure, it is somewhat limited
in terms of its radius of convergence. An appealing technique
to overcome this shortcoming is first to use the successive
substitution method that has a wider radius of convergence
but a somewhat slower convergence rate. The following strat-
egy was found suitable throughout this study: starting from
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an initial guess of the velocity field (zero velocity), perform 2
or 3 steps of successive substitution, then switch to Newton-
Raphson and iterate until convergence. Both iteration
schemes can be cast in a standard format:

[K(un) + J(un)} AU = -R(Un)

The matrix / contains the terms arising from the Newton
linearization (7 = 0 for successive substitution), and R is the
residual from Eq. (13)

R(U") = F - K(Un)Un

The parameter a controls the degree of relaxation.

Results and Discussion
The propeller and turbulence model were programmed and

interfaced to the author's general purpose finite-element fluid
dynamics program CADYF. The resulting code can simulate
planar, axisymmetric, turbulent free shear flows. Calculations
were performed oh a sequence of successively refined grid
until grid independent solutions were obtained. Typical com-
puting times are of the order of 2 to 3 min on an IBM
3090-VF.
Nondimensionalization

All calculations were performed with a nondimensional
form of the equations of motion for the conditions of Ref . 1 1 .
Reference values are selected for the velocity t/J, length LJ,
and pressure P£ to obtain the following dimensionless vari-
ables (the asterisk denotes a dimensional variable):

U*ui p=-
J V •**

Uniform Flow Past a Propeller
The characteristics of the

L* = 0.492m, JV=1150rpm,
flow are £/J = 8.52 m/s,

p J = 1.179 kg/m3, and
pf = 1.8 x 10~5 kg/(s • m). The grid is a rectangle with 47
nodes in the axial direction and 37 in the radial direction
(Figs. 4 and 5). The inflow boundary is located two diameters
upstream of the propeller. While the outflow plane stands at
three diameters downstream of the propeller, the freestream
boundary is a cylindrical shell of radius 1.2 diameters. At the
inflow, ux is set to unity, and ur and ue are set to zero. On the
freestream boundary, ux is set to one, and the r and 9
tractions, Eq. (11), are set to zero. The three components of
the traction vector are set to zero at the outflow boundary.

The mean flow quantities are not all predicted or measured
with the same accuracy. For the present finite-element
scheme, the three velocity components are the most accurately
predicted, while the pressure prediction is less accurate. For
the experiments of Kotb,11 the order of decreasing accuracy in
the measurements of the mean flow properties is axial veloc-
ity, pressure, swirl, and, lastly, radial velocity. It should be
noted that the analysis does not include the shaft and drive-
train housing of the experiments (Fig. 6). A body is placed
close to and downstream of the propeller to house the drive
train. The housing begins at 0.23 propeller diameter down-
stream of the disk. The presence of the housing probably will
affect the experimental results from the station located at
x/D = 0.23 since this station sits right on the body. The shaft
could be included in the current analysis; however, extensive
changes to the turbulence model would be necessary to in-
clude the no-slip condition on the shaft. Inclusion of the body
would require a fully three-dimensional simulation that is
clearly beyond the scope of this paper.

Figure 7 compares the experimental and predicted axial
velocity profiles. The agreement is excellent at x/D = 0.025,
while at x/D = 0.23 the experimental velocity distribution is
higher than the numerical prediction. This is probably due to
the presence of the drive housing that acts as an obstacle and
decreases the wind tunnel cross section, thus increasing the
measured velocity.

Fig. 4 Grid for propeller flow.

Fig. 5 Detail of grid near the propeller.

Physical Model Numerical Model

Fig. 6 Experimental and numerical configurations.
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Fig. 9 Radial velocity profile.

Figure 8 presents the predicted and experimental swirl
profiles. Agreement between prediction and experiments is
excellent. The overall quality of the swirl prediction should be
viewed as very good and constitutes a major improvement
over those of Ref. 21 and confirms the results of Ref. 7
obtained with a body force model for the propeller.

Figure 9 compares the predicted and measured radial veloc-
ity distributions. The prediction curves display the expected
shape for a free-running propeller: outward flow close to the
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Fig. 11 Streamwise distribution of axial velocity.

axis and inward contraction farther out in the freestream,
both due to acceleration of the fluid. This component of the
velocity is the most difficult to measure and is subject to
the highest experimental uncertainty. At the first station
(x/D = 0.025), the experiments display a behavior similar to
that of the predictions, but the magnitudes do not agree. At
the second station (x/D = 0.23), the experimental velocity
distribution is directed outward, while that of the predictions
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Fig. 13 Streamwise distribution of pressure.

points mostly inward. This experimental behavior probably is
due to the presence of the drive housing.

Figure 10 presents the predicted and experimental radial
profiles of pressure. The pressure is given in the form of a
pressure coefficient, Cp =2(p* -PJ)/(p*C/J2), with PJ = 0
the freestream pressure. Given the lower accuracy expected on

the pressure prediction, the agreement with the experiments is
good at the first station (x/D — 0.025). The pressure predicted
at the second station is in qualitative agreement with the
theory of free-running propellers. One clearly sees the relax-
ation of the pressure toward its freestrearn value. The experi-
mental profiles at the second station (x/D = 0.23) have
negative values typical of the flow over an obstacle such as the
drive housing.

Figures 11-13 present calculated Streamwise distribution of
axial and swirl components and pressure, respectively. These
distributions were extracted at 85% of the propeller radius. In
the current analysis, the radial distribution of the flow angle
at the propeller outlet was given by a performance code. Based
upon this distribution, a field "5" then was constructed and
input into the "kinematic" relationship of the propeller model
[Eq. (3)]. One clearly sees the extreme sensitivity of the flow to
small variation in the radial distribution of the propeller exit
angle (±1.5 deg).

Concluding Remarks
A new model has been developed to simulate the flow past

propellers. The technique includes the effect of the blades on
the flow without necessitating the solution of fully three-
dimensional time-dependent flows. The main results can be
summarized as follows:

1) Predictions for uniform flow past a propeller show
excellent agreement with the experiments for axial and swirl
component of the velocity and good agreement for the pres-
sure.

2) Numerical simulations show that the velocity and pres-
sure fields are very sensitive to the "kinematic" modeling of
the propeller.

3) Previous work required knowledge of the dynamics of
the propeller thrust and torque. In this analysis the propeller
is modeled by a simple kinematic relationship for the tan-
gency equation.

4) The resulting Galerkin finite-element algorithm is robust
and stable, mostly due to the full coupling of the three
momentum equations, the continuity equation, and the tan-
gency equation.

Future plans and extensions of the analysis involve includ-
ing thickness effect through the blockage factor B. The sensi-
tivity of the predictions to the blade exit angle could be
eliminated by coupling the present throughflow analysis to a
blade-to-blade code making it possible to perform viscous
quasi-three-dimensional simulations. This would eliminate the
reliance on a propeller performance code to determine the
mean stream surface. This more elaborate model also would
provide detailed information on local blade loading and pro-
peller performance.
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