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Fluctuating Flowfield of Propellers in Cruise and
Static Operation
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The flowfields computed in the lifting-line approximation for finite-bladed, lightly loaded
propellers in axial cruise are compared for constant and distributed blade circulations of the
same total loading. Regions of agreement and differences in the two flowfields are distin-
guished for various blade numbers and advance ratios, and the asymptotic behavior of the
velocity components is established. Related computations and comparisons are made for
heavily loaded propellers in static operation, i.e., hover. A propeller in static operation is
characterized by a greatly distorted trailing vortex system and the appreciable radial con-
traction and axial extension involved are modeled in the present numerical computations.
The azimuthal variations of the velocity components in the propeller plane are presented for
three cases which allow the velocity variations to be examined for three- and four-bladed
propellers with similar effective pitch of their trailing vortex systems, and for two three-
bladed propellers with widely different effective pitch. The relationship between the mean
inflow at a given radius in the propeller disk plane and the instantaneous inflow to the blades
at the same radius is examined for these same three cases.

Nomenclature

CT = propeller thrust coefficient, T/%pU2-n-R2

cm
u = Fourier harmonic coefficient of u

J = advance ratio, U/ttR
m = harmonic number
N = number of propeller blades
R = propeller tip radius
T = propeller thrust
U — axial flight velocity
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UjVjW = axial, radial, and tangential induced velocity com-
ponents, respectively

x,r,0 = cylindrical, propeller-fixed coordinate system
T = propeller blade circulation
p = fluid density
fi = propeller angular velocity
{ ) = azimuthal mean of induced velocity

Subscripts
p = value at propeller blade
0 = value in propeller plane

I. Introduction

TC^OR a finite-bladed, lightly loaded propeller in axial cruise
-•- flight, the harmonics of the induced velocity components
were computed numerically at several field positions in Ref. 1.
The propeller was represented by a lifting line and was as-
sumed to have a constant blade-circulation distribution.
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This work provided a complement to earlier investigations
of the steady part, or zeroth harmonic, of the velocity field.2"4

It was shown in Ref. 1 that for a constant circulation dis-
tribution the harmonic content of the velocity components
could be appreciable as compared to the steady part, es-
pecially for a small number of blades and high advance ratios.
On the other hand, comparisons2"4 between the steady parts
of the velocity components induced by a constant blade
circulation and by an equivalent distribution approximating
a Goldstein optimum showed that the velocity fields agree
closely outside the slipstream boundary, but are significantly
different within the slipstream and immediately upstream of
the propeller plane.

The first objective of the present paper, then, is to examine
the fluctuating part of the velocity components for the same
equivalent blade-circulation distribution that approximates
a Goldstein optimum. This will complete the comparisons
of the effects of circulation distribution on the velocity field
and will distinguish those parts of the flowfield which are,
for engineering purposes, independent of the circulation
distribution.

The second objective is to investigate similar relationships
for a heavily loaded propeller at zero advance ratio, i.e., the
static thrust problem. This problem has received consider-
able attention recently5""10 because hover is a critical design
condition for propeller-driven V/STOL aircraft. These
investigations have attempted to eliminate shortcomings
in previous analytical approaches to performance prediction.
Furthermore, hovering helicopter rotors, which differ from
propellers principally in the magnitude of the disk loading,
have also been reexamined.11 For the most part, attention
has been focused in these studies on providing propeller
(or rotor) designers with improved performance prediction
methods. Central to the static thrust problem has been,
on one hand, the acquisition of a sound understanding of the
significant deformations which the propeller wake must
undergo to remain force free and, on the other, the representa-
tion of this physical reality with sufficient detail in a theo-
retically sound mathematical model. Most of the hovering
propeller and rotor research has been directed to these
ends.5"13 In addition, the deformation aspects of the wake
representation have also been of concern to helicopter rotor
forward-flight investigations, some of which have also touched
on hover.14"19

The present study examines aspects of the flowfield which
have had little previous attention in the static case. In
parallel with the case of axial cruise, comparisons are made
of the velocity induced by equivalent constant and distributed
blade circulations, but emphasis has been placed on the
velocity components in the propeller plane itself. The
characteristics of the flowfield there are examined, including
the relationship between the mean inflow over the propeller
disk at a given radius, and the instantaneous inflow to the
propeller blades at the same radius. Although the induced
velocity in the propeller wake was not calculated here, the
wake deformations are represented in the mathematical
model used for the flowfield calculations.

II. Lightly Loaded Propeller in Cruise

2.1 Mathematical Model

The mathematical model for the propeller is identical to
that of Ref. 1. That is; a lightly loaded propeller is con-
sidered to be operating in axial cruise flight in a uniform, in-
viscid, incompressible stream of density p and speed U.
The propeller has N identical, equally spaced blades of
radius R which rotate about their axis at a constant angular
velocity 0. The hub radius is assumed to be zero. A
cylindrical, blade-fixed coordinate system (x,r,0) is chosen
such that the propeller disk is normal to the x axis and is
located at x = 0; 6 = 0 locates the position of one of the
blades; see Fig. 1.

Fig. 1 Coordinate sys-
tem and nomenclature.

The propeller is represented by the classical lifting-line
model of a bound radial vortex line of strength T(rp) for each
blade, accompanied by a helical vortex sheet of strength
— dT/drp trailing from each line, where rp is the radial dis-
tance to any element of the vortex line. The path of each
element of the trailing vortex sheet is a helix determined
solely by the incoming freestream with translation U and
rotation 12.

The propeller flowfield has been calculated according to
the procedures described in Refs. 1 and 2. In brief, the
axial, radial, and tangential components of the induced ve-
locity, which are composed of a steady part plus a fluctu-
ating component of period 2ir/N&, are expressed in Fourier
series form. Thus, for the axial velocity component u, we
can write

u = U cm
u(x,r)e ,imNd

with similar expressions for the radial and tangential com-
ponents v and w. The Fourier harmonic coefficients cm

u

contain contributions from both the bound and trailing vor-
tices and are obtained from the Biot-Savart law. The in-
tegral expressions for these coefficients1"2 are quite complex
and must be evaluated numerically.

Since the contribution to the Fourier coefficients from the
bound blade vortices involves only a single integration, its
calculation is straightforward and is carried out as outlined
in Ref. 1. On the other hand, the contribution of the trail-
ing vortex sheets to the Fourier coefficients generally in-
volves double integrals. These integrations are carried out
first over the axial extent of the trailing vortex system from
the propeller plane to infinity downstream and then over the
blade radius. They are computed by a specially programed
multiple ten-point double-Gaussian technique. The integra-
tions themselves are straightforward but require a consider-
able amount of computing time (approximately the square
of the time required to do one integration).

The calculations have been carried out for both a uniform
circulation,

T(rp) = 7rJURCT/N (2)
and a nonuniform circulation distribution of the form

T(rp) = (mJURCT/32N)(rp/R)(l - rp/R)^ (3)

where J = U/&R is the advance ratio and CT = T/^pU^irR2

is the ideal thrust coefficient found by neglecting the tangen-
tial inflow and the profile drag. The particular form of Eq.
(3) was chosen since it approximates the Goldstein opti-
mum fairly well,2 has the proper square-root behavior near
the blade tip, and is simple to use. The constants in Eqs.
(2) and (3) are those necessary to express F in terms of CT.
For the uniform circulation distribution, the double integra-
tion over the trailing vortex system reduces to a single
integration since there is only a single vortex of strength F
trailing from each blade tip together with a line vortex of
strength AT along the x axis.
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Fig. 2 Effect of circulation distribution on axial induced
velocity within slipstream in axial cruise.

2.2 Fluctuating Velocity Field

Calculations of the Fourier coefficients were made at
various field points for advance ratios J = j, J, and 1 and for
mN = 2,3,4, . . ., 9 in order to compare the results with those
previously calculated for the uniform loading.1 Over-all,
both sets of Fourier coefficients exhibited the same behavior.
That is, upstream of the propeller, there is a rapid decay with
increasing distance from the propeller plane and the coeffi-
cients become vanishingly small within about two propeller
radii. Downstream of the propeller, the contribution of the
bound vortices decays rapidly while that of the trailing vor-
tices takes on a periodic behavior in x with an amplitude
which is damped to zero as r increases to infinity.

Once the Fourier coefficients have been found, the calcula-
tion of the induced velocity field is easily made by using;
say, Eq. (1). Some of the results are shown in Figs. 2 and
3 in which the azimuthal (equivalently, timewise) variation
of the axial induced velocity component is plotted for both
circulation distributions. In Fig. 2, the velocities are shown
for a field point located inside the propeller slipstream. The
main feature which is apparent is that, although the magni-
tudes for each case may differ appreciably, the velocities are
approximately in phase with each other. The results for a
field location well outside the slipstream are shown in Fig. 3.
Again, the velocities are in phase but now their magnitudes
at any instant are also very nearly the same. The differ-
ences between the magnitudes of the velocities induced by
the two circulation distributions are greatest in the vicinity
of the trailing vortex sheets, which are at 6 values of 28.65°
and 57.30° in Figs. 2 and 3, respectively. This is where the
influence of the details of the trailing vortex distribution
would be expected to be greatest. Of course, as the pro-
peller blade number increases, the magnitude of the fluctu-
ating part of the flow will rapidly decrease, although the
steady part will always remain the same. Calculations of
the radial velocity component reveal features similar to
those of the axial velocity.

All the calculations indicate that a nonuniform circulation
distribution has the same effect on the fluctuating part of
the flowfield as it does on the steady part. That is, circula-
tion distribution effects are pronounced in the propeller slip-

x/R = 0.5, r/R = 1.3
N - 2, J = 0.5

REPRESENTATIVE F

150° 180°

stream region and just upstream of the propeller plane but
are negligible elsewhere.

2.3 Asymptotic Behavior of Velocity Field

For field points far from the propeller disk, the limiting-
behavior of the induced velocity field can be obtained. This
is done by approximating the integrands of the Fourier co-
efficients and carrying out the appropriate simplifications.
It is easily showrn that the results are independent of the
assumed form of the blade circulation for field points outside
of the wake; this is to be expected. Two limiting cases are
considered: first, letting r -* oo with x fixed; second,
letting \x —> °° with r fixed.

In the case of the steady velocities, the integration of the
leading term in the Fourier coefficient expansion can be
carried out for both limiting cases. The final results are
given in Table la. From these, it is seen that as r —>- oo ?
the axial component decays faster than does the radial com-
ponent; for \x\ -> oo, the opposite is true. Velocities ob-
tained from these asymptotic formulas agree with the nu-
merically calculated values at distances from the propeller
larger than five propeller radii. It should also be noted that
the slope of the mean flow streamlines far from the propeller
outside the slipstream is given by (v)/(u) = rfx.

For the fluctuating part of the induced velocities, the be-
havior of the Fourier coefficients has been determined both as
r —>• oo and as x\ —*• <» . Here, however, the integration of
the leading term in the limiting expansion cannot be carried
out analytically and so only proportional behavior can be
found. The results for this case are given in Table Ib.
In contrast to the steady behavior, as r -*• oo ? the radial
harmonic coefficients decay faster than the axial ones while,
for \x —>• oo , the axial components decay faster. The limiting
behavior of the tangential harmonic coefficients is the same
as for the radial ones.

III. Heavily Loaded Propeller
in Static Operation

3.1 Mathematical Model

The mathematical model used for propellers in static
operation has been developed in Refs. 5-7 and is basically
similar to the lightly loaded model discussed above. The
principal differences are due to the heavy loading that occurs
if the stream speed U is zero. In particular, the elements
of the trailing vortex sheets, although of roughly helical shape,
have pronounced axial, radial, and tangential deformation.
The trajectories of these vortex elements are determined by
the condition that they be force free. This condition is
satisfied if the local induced velocity along them is such that
they are coincident with streamlines of the flow.

Achievement of a truly force-free solution requires an
elaborate and lengthy iterative technique involving compu-

Table 1 Asymptotic behavior of induced velocity

a) Steady velocity components

(u)/UCT (v)/UCT

-* oo, r > R \
-oo, r < Rj

b) Fluctuating velocity components

Fig. 3 Effect of circulation distribution on axial induced
velocity outside slipstream in axial cruise.
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tation of the induced velocity everywhere on the trailing
vortex sheets. Therefore, attention was concentrated on
developing a simplified representation of the trailing vortex
system that approximates the force-free condition suffi-
ciently well for design purposes. The representation
chosen5"7 is based upon the idea that, since the inflow to the
blades must be computed in all cases in order that perform-
ance can be predicted on the basis of two-dimensional airfoil
data, a relationship that links the velocity along the trailing
vortex sheets to the inflow should be sought. Toward this
end, it was assumed in Ref. 7 that the envelopes (i.e., r vs x
or, equivalently, v/u) describing the contraction of all the
trailing vortex elements be fixed according to the exact,
heavily loaded, constant circulation, force-free, infinite-
blade-number numerical solution of Greenberg and Kaskel.13

The variations of the axial and tangential velocity compo-
nents along each trailing element from the inflow values at the
blade to the asymptotic values far downstream are based
upon previously computed values. These assumptions lead
to the radial velocity variations. The axial velocity vari-
ations near the propeller tip determine the "effective pitch"
of the deformed trailing vortex system and are of principal
importance to an adequate theory. In Ref. 7, a double
iteration scheme was developed for seeking a reasonably force-
free approximation to the flow. It consists of an initial
assumption of the axial velocity variations, iteration to
determine the inflow, actual computation of the axial vari-
ations along the trailing elements and comparison with the
assumed variations, revision of the variations as indicated
by the comparisons, iteration again to determine the inflow,
etc., until convergence of both the inflow and axial velocity
variations is achieved.

The results for several cases were not completely satis-
factory so far as the double iteration was pursued, particularly
in comparisons of computed and experimental performance
quantities and computed and assumed contraction patterns.
Nevertheless, it is felt that the model contains the essential
aspects of the deformation of the trailing vortex wake so that
the results given here describe the significant features of the
flowfields for these cases, especially in the immediate vicinity
of the propeller plane.

3.2 Description of Cases for Static Flowfield Calculations

The calculations presented here were carried out for three
propeller loadings that had been investigated principally for
inflow and performance.7 Case I is the three-bladed Curtiss-
Wright 3(109652) propeller at a pitch setting of 10° as mea-

TTFT

x/R = 0, r/R = 0.975
CASE m, N = 4

- TRAILING, CONSTANT P

Fig. 4 Characteristics of three propeller loadings in static
operation; top) blade circulation distribution; bottom)

axial inflow to blades.

Fig. 5 Effect of circulation distribution 011 bound and
trailing vortex contributions to axial induced velocity
within tip radius in propeller plane for static operation.

sured at the seven-tenths radial station. Case II is a three-
bladed loading distribution called "Representative Blade
Loading 2" in Ref. 7, and case III is a four-bladed loading
distribution called "Representative Blade Loading 1."

To illustrate the three cases, the radial distributions of the
nondimensional circulation F/HR2 and axial inflow up/QR
are reproduced7 in Fig. 4. It can be seen that, for the
three-bladed propeller loadings, up is much lower near the tip
for case I than for case II so that the effective pitch is
lower too. For cases II and III, it is seen that the values
of Up near the tip, and so the effective pitch, are comparable,
so that the principal difference between these cases is the
number of blades.

The constant circulation equivalents of all three cases
were also computed. Equivalence was established by re-
quiring, first, that the constant and distributed circulations
have the same ideal thrust at the same 12 and, second, that
the single trailing line vortex from each blade tip for constant
circulation has the same trajectory as the tip element of the
distributed trailing vortex sheet.

The induced velocity field in the static case was computed
differently from that of the lightly loaded case. Whereas
the azimuthal harmonics of each velocity component were
computed for the lightly loaded case, the total of each com-
ponent was computed here. The computer program used5"6

is based upon direct integration of the Biot-Savart law over
all elements of the bound and trailing vortex systems with
appropriate treatment of the continuously deforming trailing
vortex sheets. The computations were performed on the
IBM 360/65 computing facility at Cornell Aeronautical
Laboratory Inc.

3.3 Fluctuating Velocity in Propeller Plane

A series of numerical calculations has been carried out to
determine the induced velocity components u0, v0, w0 in the
propeller plane for cases I-III. The principal results are
described here.

The axial component of the induced velocity u0 is made up
of a part due to the bound vortex lines representing the
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x/R = 0, r/R = 1.1
CASE H, N = 3

— — — BOUND
————— TRAILING
——— - TRAILING, CONSTANT T

0° 30° 60° 90° 120°

Fig. 6 Effect of circulation distribution on bound and
trailing vortex contributions to axial induced velocity out-
side tip radius in propeller plane for static operation.

blades and a part due to the deformed trailing vortex sheets.
An example of these two contributions for case III at the
0.975 radius is presented in Fig. 5 as a function of the azi-
muthal coordinate 6 between two blades of this four-bladed
propeller. The bound contribution has exactly the same
behavior as for the lightly loaded propeller. It is anti-
symmetric about the 45° azimuth midway between blades,
thus having an azimuthal mean of zero, and it is singular as
the lifting line is approached. The trailing contribution has
a 6 variation which is characteristic in shape of all three
cases at this radius. It is positive at the lifting line, in-
creases rapidly to a maximum, then decreases equally rapidly
to a negative minimum from which it increases gradually
until just before the next blade where the rapid increase to
the next maximum begins. In the lifting-line model, the
inflow at the blade is induced solely by the trailing vorticity
so that the total induced axial velocity is positive at the
blades but is largely negative between the blades.

The trailing contribution due to the constant circulation
equivalent of case III is also shown in Fig. 5. Although the
over-all shape is basically similar, the magnitude is quite
different just as it is for light loading. As a result, the mean
value (uo)/toR is 0.0396 for constant circulation but -0.0015
for case III.

In contrast to the strong effect of the blade circulation
distribution on the magnitude of the induced velocity com-
ponents for radii within the tip, as demonstrated in Fig. 5,
there is only a small effect outside the tip, even as close as at
1.1 propeller radii as shown in Fig. 6 for case II. The trail-
ing contribution to the axial component here is negative for
nearly all 6 and its mean is negative, whereas the mean axial
velocity is identically zero outside the tip in the propeller
plane for lightly loaded propellers.2

Although comparisons are not presented here, the behavior
of the corresponding radial and tangential induced velocity
components with regard to the differences between constant
and distributed blade circulation is qualitatively the same as
for the axial. That is, there are appreciable differences at
the 0.975 radius and only small differences at the 1.1 radius.

At the propeller plane, typical changes in the azimuthal
variation of the total radial and axial induced velocity com-
ponents with radial position can be seen in Figs. 7a and 7b,
respectively, for case I at radii of 0.7, 0.9, and 0.975. The
total radial component shown v0 is due to the contribution
from the trailing vortex sheets only, since the bound radial
contribution is identically zero in the propeller plane.2 Most
of the axial velocity fluctuation at 0.7 is due to the bound
vortices since the fluctuation in the trailing contribution is of
comparable magnitude to the fluctuation in the radial com-
ponent there. As the tip is approached, the magnitude of
the fluctuations increases rapidly for both components. Al-
though not shown here, the tangential velocity components,
w0, have fluctuations of comparable percentage magnitude
to the others about the mean value of — NT(rp)/4:7rrp that is
given by Kelvin's theorem here just as it is for lightly loaded
propellers.2

A comparison of the influence of effective pitch for three-
bladed propellers can be seen in Fig. 8 where the azimuthal
variation of the trailing contribution to the axial velocity is
given for cases I and II at the 0.975 radius. The shapes are
similar and have the same basic nature described above for
the four-bladed case III. However, the minimum occurs
at a larger 6 for case I than for case II because of the geom-
etry of the contraction of the trailing vortex system. Al-
though the contraction of each trailing element is expressed
by the same assumed r vs x relationship in both cases, the
smaller axial inflow of case I near the tip means that a larger
6 is reached for contraction of an element to the same r.
In particular, each minimum occurs close to that 6 for which
the entire trailing vortex system has just contracted enough
to be completely within the radius at which the calculations
are being made. Here at the 0.975 radius, these 0 values
are 47.8° for case I and 16.4° for case II.

In all three cases, the axial induced velocity from the trail-
ing vortex system varies extremely rapidly with 6 in the
immediate vicinity of the blades, especially at radii near the
tip. Although this variation is in the propeller plane, previ-
ous computations7 show a rapid change along the elements
of the trailing vortex sheets as well. These rapid variations

30° 60° 90° 120°

x/R = 0
CASE I, N = 3

————— r/R = 0.7
——— - 0.9
———— 0.975

a) Radial induced velocity

x/R = 0
CASE I, N = 3

r/R = 0.7
0.9
0.975

U0
flR

0° 120°

b) Axial induced velocity

Fig. 7 Influence of radius on induced velocity fluctuations
in propeller plane for static operation.
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over distances as small as a chord length cast considerable
doubt on the applicability of the lifting-line model because
they imply a significant induced camber effect.

The results presented can be used to assist in the inter-
pretation of flow visualization experiments which have been
made. For example, smoke pictures such as those presented
in Ref. 9 seem to indicate that the flow enters the propeller
plane from behind the blade near the tip. Although cases
may exist for which the instantaneous axial velocity near the
tip is negative at the blades as well as between them, all
cases considered here have positive axial velocity at the
blades despite a large region of negative axial velocity between
them.

3.4 Mean arid Instantaneous Inflow

The relationship between the mean inflow at a given
radius in the propeller plane and the instantaneous inflow to
the blade at the same radius is important in interpreting
and applying mean flow results from infinite-blade-number
theories.

The ratios of the mean to instantaneous axial (UO)/UP and
radial (VO}/VP inflow are given as a function of radius in Figs.
9a and 9b, respectively, for cases I-III. Computations were
made outboard of the 0.7 radius since there appeared to be
little difference between the mean and instantaneous inflow
at inboard radii. Although these ratios differ considerably
in magnitude from the lightly loaded results for constant
circulation1 and for Goldstein optimum circulation distri-
butions,20 qualitatively, they display similar relationships.
That is, a comparison of the three-bladed cases indicates
that, at a given radius near the tip, the mean inflow is closer
to the instantaneous values for case I than for case II be-
cause the former has a lower effective pitch. Further, a
comparison of the cases with comparable effective pitch
shows that the mean inflow is closer to the instantaneous for
case III than for case II because the former has a larger
number of blades. The mean and instantaneous tangential
inflow compare with one another qualitatively like the case
I axial inflow. Therefore, the magnitudes of the axial and
tangential ratios differ. This is in contrast to lightly loaded
propellers for which the axial and tangential ratios are
identical; i.e., (UO)/UP = (WQ)/WP in all cases.1

In viewT of the observations that the mean radial inflow is
greater than the instantaneous, whereas the mean axial in-
flow is less than the instantaneous (and may even be nega-
tive), the streamline patterns (i.e., (v)/(u)) computed by in-
fmite-blade-number models may be somewhat misleading.

x/R = 0, r/R = 0.975
N = 3

TRAILING, CASE I
— — —TRAILING, CASE IL

120°

Fig. 8 Influence of effective advance ratio on trailing vor-
tex contribution to axial induced velocity in propeller plane

for static operation.

— —— —— CASE H
———— - CASE HI \ \

— — — CASE n
———— - CASE HI

OLJ^J__
0 0.6 0.8

• /R

a) Axial inflow b) Radial inflow

Fig. 9 Ratios of mean inflow in propeller plane to in-
stantaneous inflow at propeller blades for three cases in

static operation.

For example, the strong initial contraction predicted by
Greenberg and Kaskel13 may not be representative of the
instantaneous values along the elements of the trailing vortex
sheets as was assumed in Ref. 7.

IV. Conclusions

Numerical computations of the fluctuating flowfield of a
lightly loaded propeller in axial cruise with both a constant
blade circulation distribution and one approximating a
Goldstein optimum indicate that, within the slipstream and
just upstream of the propeller, the induced velocities are
highly dependent upon the circulation shape. On the
other hand, in the remainder of the field, the induced ve-
locities can be considered independent of the circulation
shape for practical purposes, provided the total loading is the
same. Asymptotic formulas derived for the far-field induced
velocities agree with numerically computed values at dis-
tances greater than five blade radii from the propeller. For
heavily loaded propellers in static operation, limited calcu-
lations for three cases yield similar results for the velocity
components induced by constant and distributed blade
circulations.

For a propeller in static operation, the basic shape of the
azimuthal variation of the velocity components in the pro-
peller plane does not depend significantly on the number of
blades or the effective pitch of the deformed trailing vortex
sheets. Differences in the detailed shape of the azimuthal
variations of the velocity components arise in large measure
from the rate of contraction of the elements of the trailing
vortex sheets with respect to azimuth. The fluctuations
induced by the trailing vortex system become much more
pronounced as the tip is approached, i.e., outboard of the
0.9 radius of the propeller. For all cases investigated, the
axial velocity component at the 0.975 radius is positive at
the blades, but is sufficiently negative at azimuthal positions
between blades that the mean is negative. The ratios of the
mean to the instantaneous inflow components as a function
of radius differ qualitatively with blade number and effective
pitch in the same manner as for light loading, although the
magnitudes of the ratios are quite different.

The rapid variation of the axial induced velocity over dis-
tances as small as a blade chord length implies an induced
camber effect which casts doubt on the applicability of the
lifting-line model for accurate prediction of the static per-
formance. Nevertheless, the flowfield characteristics re-
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vealed in the calculations aid the interpretation of both flow
visualization results and theoretical results for infinite-blade-
number models.
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