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Numerical and Experimental Investigation of Isolated Propeller
Wakes in Axial Flight

D. Favier,* A. Ettaouil,t and C. Maresca*
Universite d'Aix-Marseille //, Marseille, France

Complementary numerical and experimental studies were used to investigate the isolated propeller aerodynamic
field over a large range of operating parameters of the axial flight regime. The numerical approach is based on a
free-wake-analysis calculation that uses a new complete equilibrium procedure for the wake divided into near and
far regions. Measurements of instantaneous velocities, as well as overall thrust and torque, were performed to
determine the wake geometry and the three-dimensional vortex flow streaming back from the propeller. A large
check of the code efficiency to predict both overall and local aerodynamic quantities is realized through extensive
comparisons with experimental data obtained on a model scale of a four-bladed propeller. From the present results,
the code predictions are shown to be in good agreement with experiments for different axial flight conditions of the
isolated propeller.
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Nomenclature
= tip vortex contraction coefficients defined

inEq. ( l )
= number of blades
- local chord of the airfoil section, m
= propeller and hub diameters, D =0.85 m;

£>o = 0.14m
= pitch of a vortex sheet filament defined in

Eq. (9)
= tip vortex translation coefficients defined

in Eqs. (2) and (3)
= blade rotational frequency (rps)
= fixed coordinate system defined in Fig. 2
= power of the propeller, P = 2/2(2, W
= propeller radius, R = D/2
- radial distance from the axis of rotation, m
= thrust and torque of the propeller, N and N.m
= time, s
= velocity components defined in Fig. 2, m/s
= freestream axial velocity, m/s
= mean pitch angle at £ =0.70
= operating parameter of the propeller, y = VJnD
= circulation on the blade or the wake, m2/s
= reduced blade radius, £ = r/R
= advance ratio of the propeller, A = y/n
= blade azimuth angle, deg
= azimuthal periodicity, \j/b = 360 deg/&, deg
= azimuthal far wake position given by Eq. (5)
= thrust coefficient, T = T/pn2D4

- power coefficient, i — P/pn3D5

= angular rotational speed, co = 2nn, rad/s

Subscripts
t = relative to the tip vortex
VS = relative to the inboard vortex sheet

Superscript
— = denotes quantity nondimensionalized by
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Introduction

THE ability to predict local and overall blade airloads is
nowadays of primary importance for providing and im-

proving current rotary wing designs. Also, the capability to
predict accurately the associated wake flow behind the rotat-
ing plane is required for the determination of aerodynamic
interference effects on the aircraft components fixed wings and
fuselage. This is especially true in the case of highly loaded
propellers and tilted rotors recently proposed1 for advanced
transport aircraft.

Relative to the flowfield generated by isolated propellers
and helicopter rotors operating in various flight regimes (hov-
ering, axial, or forward flight), analytical models can be
classified according to the way in which the vortical structures
of the wake and their influence on the blade loading are
modeled. Several earlier numerical investigations2-3 have
shown reasonable agreement with experiments when consider-
ing the problem of blade calculation by means of a prescribed
wake-analysis method (PWA). In these models, the geometry
of the wake and the vortical structures are prescribed, and
induced velocities need to be calculated only at the different
blade sections. The prescribed geometry is generally based on
empirical modeling laws deduced from tests performed by
using flow visualizations, hot-wire, and laser velocity measure-
ment techniques.4"7

In order to improve the prediction accuracy of the free
vortex-flow influence, several other investigators have pro-
posed to include a free wake that is allowed to assume the
geometry corresponding to the bound circulation distribution
as determined by the inflow velocities and the blade configura-
tion (planform, airfoil section, twist, tip shape, etc.). As a
result, the solution procedure includes repeated changes of the
wake geometry, until convergence is reached on bound circu-
lation and thrust coefficient, and is, therefore, called a free-
wake-analysis method (FWA); see Refs. 8-11 for examples.
These FWA models use either lifting surfaces8 or lifting
lines9'10 for the blade-loading distribution, and straight or
curved vortex elements11 for the wake-distortion influence.
Convergent procedures have been realized for given thrust
coefficient or for experimentally prescribed blade calcula-
tions.12 In recent studies, 13~15 the FWA approach also appears
as a very important and powerful tool to investigate the
detailed aerodynamic behavior of rotary wings.

Based on the previous literature review, it can be deduced
that the comparisons between FWA calculation results and
available experimental data indicate good agreement in some
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flight regimes and large deviations in others, especially for
blades with nonlinear twists and/or sharp evolutive tip shapes,
which are, nevertheless, of high importance for new aircraft
design. As emphasized by several authors,12"14 the major
reasons of these discrepancies are due, to a large extent, to a
still inadequate modeling of important parameters that char-
acterize the vortex flow generated by a given blade configura-
tion at a proper flight regime. A few examples of these
parameters are 1) the accurate modeling of the initial wake
geometry and especially the far wake region, which appears to
have more critical influence in hover and axial regimes than in
forward flight13'14; 2) the evolution of the tip vortex size and
strength along its path in the near wake, which significantly
affects the circulation distribution near the tip region15'16; and
3) the effects of blade-vortex interactions, which can introduce
severe local azimuthal and spanwise gradients in the blade
airloads.17-18

Additionally, although being a useful tool, the convergence
of FWA calculation can be a very time-consuming process,
especially with unconventional blade geometries and twists
when no initial conditions exist for estimating the wake shape.
The wake-equilibrium condition is, therefore, only realized on
the tip vortex filament in most current FWA procedures (see
Refs. 9-11). Moreover, probably due to the lack of a unified
body of available test data, the validation of codes is generally
made by means of limited comparisons with either overall
airloads data or local wake measurements, except for a very
few studies based on both.

The purpose of the present investigation is to address some
of the points previously raised, and to present some recent
results involving an application of the FWA technique to the
axial flight regime of a four-bladed propeller with evolutive
chord distribution and nonlinearly twisted blades.

Three objectives are pursued in the following sections. The
first is to provide an accurate experimental modeling of the
near and far wake associated with a large range of blade pitch
angles a0 and operating parameters y of the isolated propeller.
Extensive measurements of overall thrust and torque co-
efficients, as well as instantaneous three-dimensional veloc-
ities, are performed at several distances aft of the rotating
plane to constitute a reliable data base for evaluating the
calculation code efficiency. The second objective is to develop
an efficient FWA method based on the complete wake-equi-
librium procedure, e.g., on the tip vortex line as well as on the
inboard vortex sheet filaments. The third objective is focused
on checking the FWA method consistency and on evaluating
its efficiency to predict both overall and local aerodynamic
quantities characteristic of the axial flight regime.

Experimental Study and Wake Modeling
The experiments were conducted on a model scale of a

propeller mounted in the open chamber of the SI subsonic
wind tunnel (elliptical test section: 3.3 x 2.2 m2; length of the
open chamber: 3 m; freestream velocity: 5 m/s < V^ < 50 m/
s). A front view photograph showing the model mounted in
the open chamber is presented in Fig. 1.

This model consists of a four-bladed propeller of D =0.85-
m diam (hub diameter: DO = 0.14 m), driven by a 40-kW vari-
able-speed motor and held vertically in the test section by
means of a supporting mast (see Fig. 1). The angular rotation-
al frequency and the blade tip speed can be varied within
the ranges 140 rad/s < w < 280 rad/s and, therefore, 60 m/s
< uR < 120 m/s.

The blades are constituted by the NACA 64A408 airfoil
series with a nonlinear twist law defined in Table 1. The
dimensional and design characteristics of this blade (thickness
t/c, chord c/R, camber cb) are also given in Table 1 as
function of the blade radius £ =r/R.

The present experimental approach involved a variety of
measurement techniques suited for surveying the flow in the
near- and far-wake regions and around the blades. The details
of measurement procedures and data-reduction methods, in-
cluding X-wire anemometry, two-dimensional laser velocime-
try, flow visualizations, and strain-gauge techniques can be
found in Refs. 6, 7, 10, and 12 for application to rotor and
propeller studies. Here, only a brief description for the
reader's convenience is given.

Airloads measurements (averaged thrust and torque) are
made by means of strain-gauge cells mounted on the support-
ing mast of the model. The thrust i and torque x coefficients
have been determined6'16 over a large range of operating
parameters ranging from zero thrust level to the stall domain.

The three-dimensional instantaneous velocity is measured
using an X-wire probe displaced behind the rotating plane
along radial and axial coordinates (r,Z) by means of an

Fig. 1 View of propeller model and probe traversing device.

Vortex paths
3D-Velocity field

"MQrquis"propeller

> NACA 64A408

*> N.L.Twist

Fig. 2 Wake referential system and U9 V, W velocity components.

Table 1 Propeller blade elements details

{
tic
c/R

Cb
0,deg

0.176
0.187
0.205
0.40

28.3

0.300
0.091
0.292
0.40

20.8

0.400
0.085
0.280
0.40

25.1

0.500
0.082
0.242
0.40
9.66

0.600
0.080
0.203
0.40
4.53

0.700
0.073
0.174
0.35
0.00

0.800
0.052
0.155
0.30

-4.5

0.900
0.051
0.143
0.20

-8.3

1.000
0.051
0.134
0.15

-11.5
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automated traversing mechanism shown in Fig. 1. The veloc-
ity components (7, V and the redundant axial component W
are determined in the fixed reference system defined in Fig. 2.
Because of evolutive blade-chord distribution, the velocity
measurements cannot be made closer than Z/R — 0.20 aft of
the rotating plane. At any given measuring point in the wake,
a large amount of azimuthal-dependent data is stored and
processed through a data-acquisition and reduction system
(Intertechnique IN 110 and HP 9845 B computer) to obtain
each velocity component U,V,W as a function of the rota-
tional azimuth varying in the range Odeg ^ ^ < 90 deg (for
the present four-bladed propeller). The initiation and synchro-
nization of the data acquisition are achieved by means of a
photoelectric cell delivering the azimuthal origin (i// = 0 deg)
at the blade passage in front of the fixed measuring point in
the absolute reference frame. In order to constitute a reliable
data base on the three-dimensional velocity field synthesized
by Fourier series, several distances aft of the rotating plane
(0.2 < Z/R < 2.0) have been investigated for seven values of
the operating parameter ( 0 . 2 < y < l . l ) and five different
pitch angles (23 deg ^ a0 < 32.5 deg). An example of the
three-dimensional instantaneous velocity field t7,F,f^(nondi-
mensionalized by V^) is presented in Figs. 3a-3c for
op = 32.5 deg, y =0.89, Z/R =0.203, and at 15 different ra-
dial stations (0.2 < £ < 1.0). As shown in these plots, the tip
vortex passage through the fixed downstream plane Z/
R = 0.203 is responsible for the significant disturbances ob-
served in each component (V and W are maximum and
U = 0). The smaller inboard disturbances observed in the
plots are a result of the blade wake and of the hub vortex
influence.

Tip vortex paths (r,, Z,, \j/t) are measured by two comple-
mentary techniques based on flow visualization and hot-wire
probing. The flow visualization consists of emitting white
smoke filaments upstream of the rotating plane to reveal the
vortex-structure development very close to the blade. A strobe
flash synchronized on the blade rotation lights up the emis-
sion lines, which are filmed by a video camera and recorded
on a magnetoscope tape. For a0 = 27deg and y =0.71, the
photographs in Fig. 4 give an example of the vortex struc-
tures, visualized at a fixed azimuth (^ = 0 deg), and shed from
the blade when varying the smoke emission from the tip
towards the inboard sections (0.7 < £ < 1). From such records
repeated at different azimuths of the period, the pseudo-
helicoidal paths of the vortex lines are then obtained as a
function of the blade radius £. Additionally, this visualization
method provides useful data on the growth of the vortex core
as a function of its age (see Fig. 4).

However, the smoke diffusion renders the visualization
method inadequate for the accurate survey of the middle and
far-wake regions. In those regions, a hot-wire technique based
on the localization in space and_time of the tip vortex center
(corresponding to U = 0 and W maximum as illustrated in
Figs. 3a-3c). This hot-wire technique additionally allows the
determination of the far-wake position where space-time in-
stabilities of the tip vortex start to develop. The beginning of
the far wake is defined by the azimuthal position \j/s where
instabilities are initiated. Beyond the azimuth \J/S9 the vortex
instabilities gradually increase and the pseudohelicoidal form
of the path is destroyed when going further back in the wake
due to viscous dissipation and vortex interaction.

An example of the tip vortex paths rt /R = rt /R(ij/) and
Zt/R = rtjR(\l/) measured by hot-wire probing at a0 = 27 deg
and for 7 different operating parameters (0.3 <y < 1.0) is
given in Figs. 5a and 5b; also shown in the figure are the
results deduced from the flow-visualization method imple-
mented in the region close to the blade (\l/ < 45 deg), as well as
the results obtained on the far-wake localization (dotted line)
indicated by the azimuth \j/s where tip vortex instabilities are
initiated.

From extensive tests conducted over a wide range of the
axial flight regime parameters (23 deg < ap < 32.5 deg and

a o = 32.5°
y = 0.89
Z/R = 0.203

Fig. 3 Three-dimensional instantaneous velocity field vs ^ for Z/
/?= 0.203 and as a function {, <x0== 32.5 deg and 7= 0.89: a) U
component; b) V component; and c) W component.

0,2 < y < 1.1), the vortex contraction and convection (rt,Zt)
have been synthesized according to the following fitting laws:

rt/R=A+(l-A)e-+/s for 0 < ^ < J/s (1)

zt IR = K, OA/<K) for o < iM <A* (2)
Zt/R = K, +.K2WWb - 1) for fa < * < ̂  (3)
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Fig. 4 Visualizations of vortex structures development as a function of
{ at \l/ = 0 deg, and for <x0 = 27 deg and y == 0.71.

with A, B, Kl9 and K2 defined as

, y) = (4)

K2 = Z'0 + Z\L + Z'2L2

where the coefficients (PA, QA) and (P5, QB) are expressed as
second-order polynomial expressions of y2, and coefficients
(Zf), 0 < i < 3, and (Z-), 0 < i < 3, are expressed as polyno-
mial expressions of second order in a0 and first order in 7.
Numerical values for all of the above coefficients can be found
in Refs. 6 and 16. The L-parameter is defined as L= 'A/
AT = y/yT, where Ar and yT correspond to the zero-thrust
coefficient conditions.

90° 180° 270° 360° 450° 540° Y 630°

Fig. 5 Empirical tip vortex paths modeling at a0 = 27 deg, "————"
empirical formulation from Eqs. (2-4); "——" far-wake position from
Eq. (5): a) axial convection ZJR =Z,/l?(^,y); and b) radial contrac-
tion rt IR= rt I

BLADE

NEAR WAKE

A2IMUT

FAR WAKE

Fig. 6 Far-wake modeling by semi-infinite vortex cylinders.
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In the Eqs. (2-4), the azimuth \j/ is expressed in degrees and
tyb only represents an azimiithal periodicity (\j/b = 360 deg/6).
The azimuthal position \l/s of the far-wake region has been
also synthesized as

INPUT

= l/4[8.5 - - 7(2 + 7)] (5)

In Figs. 5a and 5b, the preceding empirical-fitting laws are
represented by full lines and the beginning of the far-wake
region by dotted lines. It is worth noting that similar forms of
the rt and Zt tip vortex coordinates are obtained for either the
hovering rotor case2'3 or the present axial flight propeller case.
However, emphasis should be placed on the fact that co-
efficients (A,B) and C£lv£2) of Eqs. (1-3) are strongly depend-
ent on the upstream conditions (a0,y) for the present propeller
wake.

FWA Calculation Model
The derivation of basic equations and the blade and wake

representations used in the present FWA approach are similar
to those previously developed for the hovering rotor
case.10'12-16 Only the new features introduced in this approach
are described here, e.g., the complete equilibrium procedure,
the far- wake modeling, and the associated main code opera-
tions. More details on the resolution technique used for the
present equilibrium procedure can be found in Ref. 19.

Each blade is considered as a lifting line spanning the
quarter-chord airfoil sections and is divided into a finite
number of vortex segments. The bound vbrticity is continu-
ously distributed along the lifting line and is represented by a
finite sum of sine terms along the blade span. The NP blade
calculation points are located in the middle of each vortex
segment. Because the bound circulation gradient dF/dr
appears to be higher near the blade ends, the number of
calculation points has been increased towards the hub and
towards the tip. Eleven control points usually have been used
for the present calculations.

A number of trailing vortex filaments NL — NP-\-\ leave
every blade and form the wake, which is divided into near and
far regions. The near region starts at the trailing edge of all of
the blades and ends at the azimuthal distance \jjs behind it. In
the near region, the operating mode consists in dividing the
blade wake in a rolled-up tip vortex line and in several trailing
vortex lines constituting the inboard vortex sheet. Given the
upstream operating conditions (a0,y) of the propeller, the tip
vortex line (fy,Z,) and the far-wake position \j/s are, therefore,
known from the synthesized Eqs. (1-5).

Then, for each vortex line (/ = l,29...,NL) of the inboard
vortex sheet, it is assumed that the radial rl

vs(r,\j/) and the
axial Zl

vs(r,il/) coordinates are expressed in the form

= H(r$)\l/ for 0 < $ <

fa

(6)

(7)

(8)

where the two functions H(r$) and H(r,\j/b) depend on the
coordinates of the vortex filaments at the emission ({// = 0)
and at the azimuth i// = \l/b in the wake. At any point, they can
be expressed as a function of the induced velocities U,V,W,
and azimuth \l/ as

(9)

Equation (9) means that each filament of the inboard
vortex sheet has a radial contraction proportional to that of
the tip vortex and depends on the emission point on the blade
[Eq. (6)]. Moreover, the pitch H = H(r,\l/) of this helical
vortex filament is determined by the induced velocities calcu-
lated at \l/ = 0 and at \j/ = \lsb[Eqs. (7-9)].

b, OQ, 9V ,.,..

Tip vortex path
rt = rtCF); Z

STEP 0
0

CL,CD

Far Wake Position

Initial Inboard vortex sheet

STEP 1
la

Complete equilibrium
condition on tip vortex line
+ vortex sheet filaments

Distribution of blade circulation
(Kutta - Joukowski law) + (C^Cp)

lb Induced Velocity over the wake and
on the blade (Biot and Savart law)

Ic New vortex sheet position
(rvs ; Zvs)

Id Convergence check on vortex sheet
deformation

Max IZvs(n)-Zvs(n-l)|<£ (e=lQ-4)

YES

OUTPUT

_ N O _

Overall and local aerodynamic field
1 , %, T| , F, induced velocities, vortex sheet,..

I END |

Fig. 7 FWA block diagram for complete equilibrium! procedure.
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Fig. 8 Comparison of calculation and experiment on the thrust co-
efficient T = r(y).

Concerning the far-wake region, it starts at the azimuth \l/s
given by Eq. (5) and is composed of NL semi-infinite vortex
cylinders as shown in Fig. 6. Each cylinder is composed of an
infinite number of rings having a constant vorticity (-dr/dr)
and a constant radius. The radius of each cylinder is equal to
that of the corresponding vortex filament in the near wake.
The velocity field induced by the far wake at any point on the
blade or in the near wake is then calculated by using the Biot
and Savart law. It can be noticed that only one vortex
Cylinder (associated to the tip vortex line alone) was intro-
duced in previous FWA models12'16 on hovering rotors to
account for the far-wake region influence. As it will be shown
in the following results the use of several vortex cylinders has
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the effect of significantly improving the three-dimensional
velocity field prediction along the blade radius direction.
Moreover, in order to avoid singularity problems a finite-vor-
tex core model similar to the classical Rankine model has
been applied. As deduced from flow visualizations and hot-
wire surveys, a vortex core radius of about 0.017? has been
used19 in the present model.

From these blade and wake representations, the solution
procedure is summarized in the block diagram shown in Fig.
7. The input data of the model are the geometrical configura-
tion and the upstream operation conditions of the propeller:
the number of blades b, the blade geometry characteristics
(mean pitch angle a0, twist and chord distributions, etc.), the
freestream axial velocity, the angular rotational speed Q, and
the advance ratio A = y/n. Also given are the airfoil section
characteristics (CL,CD) represented in standard tabular form
as functions of angle of attack and Mach number. The tip
vortex coordinates (rt,Zt) and the azimuthal far-wake position
\l/b are then deduced from the empirical synthesized Eqs.
(1-5).

Then an initial position of the inboard vortex sheet is
assumed (step 0 in Fig. 7). This initial position is deduced
from Eqs. (6-8) and assuming that the pitch of the vortex
sheet equals the advancing parameter, e.g., Zrs/R = li//(nf
180).

Now the FWA procedure consists of calculating a new
vortex sheet position (steps la-Id in Fig. 7) as deduced from
the induced velocity field and the bound circulation estab-
lished along the blade radius. Then the sequence is repeated
until the calculated velocity field becomes tangent at every
calculation point of each vortex line (e.g., the tip vortex
as well as the vortex sheet filaments), in order to realize
the complete equilibrium condition. The iterating pro-
cedure stops when the vortex-sheet deformation becomes
negligible between two iterating steps n — 1 and n: e.g.,
max\Zys

(n-V-ZySW\<e with e = 10~4. When the con-
verged solution is obtained and the equilibrium condition is
satisfied, all of the overall propeller performances (T,#,f/) and
the local aerodynamic quantities (velocity field, circulation
distribution, vortex-sheet position) are obtained as model
outputs.

It can also be noticed that the complete equilibrium pro-
cedure described previously for the present axial flight pro-
peller configuration is not much more demanding in
computing time than the FWA models previously developed
for the hovering rotor case12-16 (although in this last case the
equilibrium condition was only satisfied on the tip vortex
line). As an example, 3 min CPU time (IBM 3081) is required
for calculation of the complete aerodynamic propeller field at
a given pair of operating parameters (a0, y). The same com-
puting time was required in the same conditions for the FWA
calculation on a four-bladed hovering rotor at a given thrust
coefficient (see Refs. 12 and 16). Additionally, a pitch angle
change (of about 1 deg) was required to converge the FWA
procedure and to match the thrust coefficient of the hovering
rotor, while the initial pitch-angle value a0 is strictly conserved
during the present equilibrium procedure on the advancing
propeller.

Results and Discussion
As indicated above, one of the objectives here is to check

the consistency of the FWA method by comparisons with
experimental data obtained on both the overall and local
aerodynamic fields of the propeller.

Concerning the overall propeller performances, the Figs. 8
and 9 present the calculated and measured results on the
thrust and power coefficients (T,#) obtained at increasing
values of the mean pitch angle a0 of 23, 27, and 32.5 deg. In
the plots of Fig. 8, the calculated thrust coefficient T exhibits
a good agreement with experiments when the operating
parameter is increasing from y = 0.3 to y = 1.0, and for three
values of a0. As an example, when considering the three

0.40

0.35

0.30

0.25-

0.20-

0.15

•0.10"

0.05 -

0.00

%

x y

0.2 0.4 0.6 0.8 1.0 1.2

Fig. 9 Comparison of calculation and experiment on the power co-
efficient i =

operating conditions [(a0 = 23 deg, y = 0.44); (a0 = 27 deg,
y =0.63) and (a0 = 32.5 deg, y = 0.89)] the experiments give
the same value of the thrust coefficient. This experimental
value of t=0.16 is predicted by the FWA model with a
^percentage error less than 0.5% at a0 = 32.5 deg, less than 1%
at a0 = 27 deg, and less than 2% at a0 = 23%, respectively, as
shown in Fig. 8.

The calculations of the power coefficient i also show a good
agreement with experimental data in Fig. 9. For y > 0.7 and
a0 < 27 deg, the predicted value is shown to slightly underesti-
mate the experiment. This can be attributed to the fact that in
the present FWA calculations no Reynolds-number correction
is introduced on the airfoil characteristics (CL, CD), which are
given as input data of the model at a fixed Reynolds number
(see Fig. 7). When y increases above 0.7, this Reynolds
number (about 106) becomes five times higher than the actual
Reynolds number of the experiments. Therefore, the sensitiv-
ity of the CD coefficient on Reynolds-number influence is
responsible for the slight theoretical underestimation observed
in Fig. 9 on the power coefficient. Similar satisfactory com-
parisons between calculation and experiment are also ob-
tained on the propeller efficiency (r\ = yc/%), as it can be
deduced from the results presented in Figs. 8 and 9. More-
over, it should be emphasized that the present comparisons
between calculation and experiment on the overall perfor-
mances (T,;c,7/) as a function of a0 and y has been possible
because no change on the pitch-angle value a0 is needed
during the present FWA convergence procedure. As discussed
in Refs. 12-14, such comparisons become questionable when
an increase of the pitch angle is required to match the thrust
coefficient and converge the FWA iterative process.

Concerning the local instantaneous velocity field induced in
the wake, the comparisons between calculation and experi-
ment have been done for several planes Z/R = const down-
stream of the propeller. The value selected in Figs. lOa-lOc
corresponds to an axial distance close to the blades (Z/
R= 0.203). The radial, tangential, and axial components
U, V, W are plotted vs the reduced blade radius £ at different
values of the blade azimuth \l/, for the case a0 = 32.5 deg and
y =0.89. In Figs. lOa-lOc, the tip vortex trace on the fixed
downstream plane Z/R = 0.203 is localized at rt/R = 0.97 and
\l/t = 37 deg. The calculated velocity profiles obtained at
i/f = 15, 35, 45, and 75 deg are shown to be in good agreement
with experiments for all of these azimuths, even those that are
very close to the tip vortex passage (i]/ = 35 and_45_deg).

The velocity disturbance observed on each U, V, W velocity
component is typical of the vortex influence and is well
predicted by the FWA calculation model. Similar good results
are also obtained at a larger axial distance from the rotating
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Fig. 10 Comparison of calculation and experiment on the instanta-
neous three-dimensional velocity field as a function of £ and at azimuths
^ = 15, 35, 45, and 75 deg: a) U component: b) V component; and c) W
component.
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Fig. 12 Comparison of calculation and experiment on the pitch of the
vortex-sheet filaments at $ = 0 deg for a0 = 27 deg.

plane when using the preceding far-wake representation and
the finite-vortex core model in the vicinity of the singularity.

Moreover, it should be noticed that the number of itera-
tions required to converge the equilibrium procedure (step 1
in Fig. 7) never exceeded 5 iterations for all of the calculations
presented in this study for the propeller axial flight. As an

example, Figs. 1 la and lib give the blade circulation F =
and the pitch of the inboard vortex lines at ^ = 0 deg on the
blade #(£,0) calculated at the successive iteration steps for the
pair of operating parameters (a0 = 32.5 deg; y — 0.89). As
shown in this figure, the fifth iteration presents a converged
solution on the vortex-sheet position (£ < 10~4), which is
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Fig. 13 Comparison of calculation and experiment on the resultant radial velocity flowfield for <x0 = 27 deg.

obtained in this case with TVp = 11 and NL = 12. Although the
number of iterations is reduced, the present equilibrium pro-
cedure provides a converged solution on the vortex-sheet
position that compares well with the experiments. An example
of * comparison calculation/experiment on the pitch #(£,0) of
the inboard vortex-sheet filaments is given in Fig. 12 for
a0 = 27 deg and two values of the operating parameter
y = 0.63 and y = 0.71. At all of the points on the blade, the
FWA-model results show a good agreement with the data
deduced from the flow-visualization technique previously de-
scribed (see Fig. 4). The agreement appears to be better for
the higher value of the operating parameter at y =0.71.

After the equilibrium procedure is converged for a given
pair of parameters (a0, y), the complete overall performances
and the local three-dimensional velocity field at any point in
the wake can be additionally obtained (see Fig. 7) within a
very short computing time requirement.

As exemplified in Figs. 13a and 13b, a fine description of
the induced radial velocity field can be calculated at several
downstream distances in the wake. Each of these maps repre-
sents the complete radial flowfield (0 deg < \// < 360 deg) cal-
culated and measured at two different axial distances
Z/R= 0.231 and 1.181 behind the propeller operating at
oc0 = 27 deg and y = 0.63. Maps of the two components
(Ur,Vr) of the resultant radial velocity are deduced from the
velocities U = U(£,\l/) and V = V(g,\li) using the expressions

Ur = U cos\l/ Vr = V cos\// - U (10)

The resultant velocity vector (U* + V^)112 is then repre-
sented at 80 different phases of the period with a step azimuth

of 4.5 deg. At a given blade position ^, the radial velocity is
plotted along 15 blade radii ranging from the hub (£ = 0.165)
to the tip (£ = 1). In the plots, a velocity vector represented by
an arrow of O.I/? length is equal to 0.4^.

Using such flow map representations, the four blades can
be considered as fixed at the four principal azimuths (i// = 0,
90, 180, and 270 deg), and the wake shed from each blade
develops and rotates counterclockwise as Z/R increases. As
shown in Figs. 13a and 13b, the FWA calculation provides a
detailed radial flowfield that is in good agreement with exper-
iments all along the Z direction. At a given Z/R = const, the
radial wake contraction, the tip vortex imprint on the Z
plane, as well as the neutral flow zone delimiting the respec-
tive influences of the hub and the tip vortex, are shown to be
very similar on the calculated and measured flow maps. As
Z/R increases, the neutral zone located in the middle blade
region expands rapidly. The corresponding reduction of the
influence of the blade tip and hub is also well predicted by the
present FWA calculation model. The major discrepancies
between calculation and experiment are observed in the blade-
root region where the FWA model generally overestimates the
experimental flowfield. Further improvements in the model
could be achieved by including the nonpenetration flow condi-
tion and the adequate hub geometry in this blade-root region.

From the previous radial velocity field joint to the corre-
sponding axial velocity field obtained at the different down-
stream Z planes, it has been possible to synthesize the
complete evolution of the whole vortex-sheet geometry issued
from one blade and developing until the far-wake instabilities
are reached. Figures 14a and 14b present the calculated
vortex-sheet geometry associated with the blade for two
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Fig. 14 Calculated vortex-sheet geometry shed from one blade at i=0.16: a) <x0=23deg, y =0.44; and b) a0 = 32.5 deg, y =0.89.

different operating conditions (a0 = 23 deg; y = 0.44) and
(a0 = 32.5 deg; y = 0.89) selected so that the thrust coefficient
remains constant at T =0.16. Figure 14 gives a side view of
the rotating plane tilted with a yaw angle of 10 deg. The upper
side of the vortex sheet is represented by the shaded regions,
whereas the hatched regions correspond to the under side.
Although the thrust coefficient remains constant in both cases,
the FWA calculations clearly show the development of quite
different vortex-sheet geometries for the present axial flight
regime. It should be noticed that in the hovering rotor case, a
unique prescribed wake geometry was obtained when the
pitch angle and the thrust coefficient are given (see Refs. 1-3).

Based on the aforementioned calculation results concerning
the three-dimensional velocity field and the associated vortex-
sheet geometry, it can be concluded that the present FWA
model provides a realistic wake-flow description that appears
to be sufficiently detailed for use in the investigation of more
complex aerodynamic interference problems between the pro-
peller wake and the downstream aircraft components.

Conclusions
In the present study, numerical and experimental ap-

proaches have been derived to investigate the isolated pro-
peller aerodynamic field over a wide range of parameters of
the axial flight regime. Extensive measurements of overall
thrust and torque coefficients, tip vortex paths, and three-
dimensional instantaneous velocity field have been performed
at different propeller operating conditions, in order to consti-
tute a complete and reliable data base for both elaboration
and evaluation of the numerical approach. Concerning the tip
vortex paths and the azimuthal far-wake positions, measure-
ments have been synthesized according to an empirical formu-
lation. Although this empirical formulation presents a form
similar to those derived for the hovering flight case (with
V^ = 0), it is shown to be strongly dependent on the upstream
parametric conditions a0 and y. The present empirical formu-
lation accounts for this dependence.

The numerical approach has been based on an FWA
method that uses a new complete equilibrium procedure on
both the tip vortex line and the inboard vortex-sheet

filaments. Semi-infinite vortex cylinders have been used to
model the far-wake region positioned at the azimuth i//s given
by the empirical formulation. The present comparisons be-
tween calculation and experiment have demonstrated the
good efficiency of the FWA model to predict both the overall
and local aerodynamic fields of the propeller in axial flight.
Good agreement between calculated and measured quantities
has been shown on the thrust and power coefficients, the
radial and axial velocity fields in the near- and far-wake
regions, as well as the complete vortex-sheet geometry (pitch
and distortion). However, further improvements in the model
could be achieved by including 1) an adequate hub geometry
model accounting for the flow near the blade-root region
where the largest deviations between experiment and calcula-
tion are observed; and 2) a Reynolds-number correction to
improve the power-coefficient prediction at certain operating
parameters of the propeller.

Additionally, the present results have shown that the com-
plete equilibrium procedure in axial flight is no more time
consuming than those limited to the tip vortex line alone in
the hovering flight case. Finally, this study also indicates that
the present FWA method, which provides a realistic and
detailed wake-flow description, can be suitable to investigate
more complex aerodynamic interference phenomena between
the propeller wake and the near aircraft components.
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