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Abstract

Strip theory, blade element, and free-wake
techniques have been used to analyse the per-
formance of an isolated propeller. Their ca-
pabilities have been assessed for a range of
flight conditions. The techniques have been
compared on the basis of their agreement rel-
ative to each other and to published data, as
well as ease of application, ability to model in-
plane forces and moments, ability to analyse
flow upstream or downstream of the propeller
disc, and computational efficiency. The blade
element technique has been shown to give the
best compromise, combining fast solution time
with reasonable thrust and torque coefficient
prediction. In addition, it has the ability to
model forces and moments in the plane of the
propeller disc, and the potential to empirically
approximate the wake dependant force and mo-
ment coefficient increments on the wing and

tail aerodynamic surfaces.

Nomenclature

Cp Power coefficient
o Torque coefficient
~Cr Thrust coefficient

h  Altitude [m]

J  Advance ratio
n Propeller speed [RPS]
N Number of Blades
r. Incremental radius [m]
s Solidity
£ Thickness to chord ratio
Voo Freestream velocity [ms™!]
z  Radial station
Xp Propeller based X axis,
pointing forward from
propeller hub
Yp Propeller based Y axis,
point out along starboard wing
Zp Propeller based Z axis,

Orthogonal to Xp and Yp
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€ Zero lift angle [rad]

6 Blade pitch angle [rad]

¢ Wake helix angle [rad]

1 Blade azimuth angle [rad]

(1 Slipstream locus angle
from propeller to wing [rad]

(2 Slipstream locus angle
from wing to tail [rad]

{I) Introduction

The prediction of the flow through a propeller
has long been one of the more difficult aerody-
namic problems to solve. The general nature
of the flow has been well understood from an
early stage, but accurate prediction of propeller
performance has always been troublesome.

This paper compares three schemes for esti-
mating the performance of propellers, and dis-
cusses the enhancements in performance in-
formation that have become available with im-
proved propeller modelling. The first scheme is
a classical analysis of the flow through a pro-
peller, based largely on empirical data gathered
from testing. It is typical of the type of scheme
used before the advent of computers. The sec-
ond scheme is based on a conventional blade
element momentum theory solution, as com-
monly used to estimate the thrust, torque and
power coefficients of a propeller. However, it
has been modified such that variations in in-
flow factors and blade loading around the pro-
peller disc can be evaluated. The third and final
scheme is a modern three dimensional vortex
lattice panel code, which models not only the

- propeller but also the propeller slipstream and ‘-

its influence on the flow, via “free-wake” tech-
niques.

All three schemes are applied to the analysis of
a propeller of known geometry operating at a
number of flight conditions, and the results of
the three schemes are compared together with
published performance data for the specified
propeller geometry [1]. The propeller of the Pi-
latus PC-9A (Hartzell Propellers Inc. blade sec-
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tion HC-D4N-2A/D9512AK) has been chosen
for comparison of the three schemes because

of the availability of geometric and performance
data.

The three schemes are evaluated on a number
of bases. Firstly, a comparison of thrust and
torque predictions is made with respect to each
other and the published performance data for
the specified flight conditions. Secondly, their
ease of application to the problem at hand is
compared. Ideally the techniques should be
simple to apply with little setting up. Thirdly,
their abilities to estimate forces and moments
other than thrust and torque are evaluated. A
propeller generates additional forces and mo-
ments when not aligned with the oncoming flow,
and these can also be significant. Fourthly, on
the basis of their ability to be used for analy-
sis of the flow further upstream or downstream
of the propeller disc. A propeller is usually lo-
cated either upstream or dowmnstream of other
aerodynamic surfaces and the influence of the
propeller on these surfaces can also be signifi-
cant. Finally, on the basis of the computational
power required to complete the solution. An
. improvement in thrust and torque predictions
may be achieved by a more complex technique,
but the increase in solution time may be pro-
hibitive.

This work is being conducted as part of an on-
going investigation of the effects of propellers
on the stability and handling characteristics of
single engined high-powered monoplanes [8]!.

(II) Analysis Techniques

The three techniques selected for comparison
in this paper are representative of pre-computer
methods, well established computational meth-
ods, and latest technology computational meth-
ods respectively.

Strip Theory

Strip theory style techniques were first used

to ealculate propeller performance around the.

1920’s and continued to be the main technique
used until the 1960’s. The particular technique
used in this paper was published in 1945 by
Lock, Pankhurst, and Conn {2]. The propeller
blade is divided into radial segments (strips).
Empirical relations are then used to evaluate
the incremental values of thrust and torque co-
efficients at each strip on the basis of N, V., n,
h, re. L, €, s, and 4, and these are then inte-
grated along the propeller blade. The empirical

relations exist in tabular form as functions of
re, N, J, and ¢, and can be found in, for exam-
ple, [2].

It is important to note that the tables of empir-
ical relations used for strip theory calculations
in this paper are only valid for radial stations
between 0.3 and 1.0; and for advance ratios
greater than or equal to 1.0.

Blade Element Theory

The majority of blade element propeller models
assume inflow to be either constant across the
entire propeller disc or to vary only along the
propeller blade (not around the disc), and in
this regard are largely a computerised version
of the strip theory previously described. How-
ever, the blade element technique used in this
paper has been modified to allow the variation
of axial and rotational inflow around the en-
tire propeller disc to be modelled, hence allow-
ing the full variation in propeller blade loading
to be captured [7, 8]. Not only does this allow
the forces and moments along and about the Yp
and Zp axes due to the propeller blade loading
to be estimated, it also provides improved esti-
mates of thrust and torque (about the Xp axis)
for cases where the flow is not aligned with the
propeller axis. Additionally and, perhaps, more
significantly the inflow is evaluated via an iter-
ative process combining blade element and mo-
mentum conservation principles (rather than
the empirical relationships of the strip theory
technique), which should produce a more ac-
curate result.

Free-Wake Vortex Lattice Theory

Free-wake vortex lattice panel codes represent
the cutting edge technology for modelling pro-
pellers and helicopter rotors, and are beginning
to come into general use. Their main advantage
over earlier techniques is the ability to model
the radial flow along the propeller blades, as
well as the ability to take into account the flow
field upstream or downstream of the propeller.
These two factors should allow free-wake tech-

niques to provide better estimates of the forces - -

and moments generated by the propeller, as
well as allowing the interaction of the propeller
and the aircraft structure to be modelled.

The particular free-wake model used in this in-
vestigation [3] considers the propeller blades
as lifting surfaces. As such blade twist, pitch
and chord are modelled but section thickness
is not. At each time step a wake panel is shed
off each trailing edge panel. The strength of the
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wake panel is set equal to the strength of the

function of advance ratio (J) and power coeffi-

panel from which it was shed, at the time it cient (Cp), and all three computational models

was shed. The influences of these wake panels
are included in the calculation of the surface
panel strengths for the next time step. At each
time step the wake panels are moved according
to the induced velocity at their particular loca-
tion, and the influences of all panels (surface
and wake) are taken into account in this calcu-
lation.

(ITl) Test Cases

The analyses presented in this paper are based
on the Hartzell propeller fitted to the Pilatus
PC-9A. Figure 1 illustrates the example pro-
peller together with the axes system used in
the analysis. The principal specifications of the
propeller are listed in Table 1.

Figure 1: Propeller based axis system.

Propeller diameter 8 ft.

Number of blades 4

Propeller weight 162.3 1bs.
Spinner diameter 18.5in
Propeller RPM 2000 (constant)
Blade section mean line | NACA 65 series

Table 1: Propeller specifications

This propeller is fitted to a constant speed unit

account for this. The blade pitch angle for each
flight condition investigated is determined from
data supplied by Hartzell Propellers Inc. [1] (Fig-
ure 2).

Propeller Blade Pitch Angle Map
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Figure 2: Variation of blade pitch due to con-
stant speed unit.

Nine flight conditions have been investigated
for this paper, and these have been selected to
represent the full range of the flight envelope of
aircraft to which this propeller is typically fitted
(such as the PC-9A). The combinations of J and
Cp corresponding to these flight conditions are
given in Table 2.

| Flight Condition | J [ Cp |
1 1.50 | 0.180
2 1.00 | 0.180
3 0.50-1 0.180
4 1.50 | 0.100
5 1.00 | 0.100
6 0.50 | 0.100
7 1.50 | 0.030
8 1.00 | 0.030
9 0.50 | 0.030

Table 2: Flight conditions

(IV) Computational Model

All three computational techniques utilise the
same baseline model tailored as required for
application to each scheme. The baseline model
only considers the actual blades, and no at-
tempt is made to model the presence or influ-
ence of the propeller spinner. As such, the pro-

that varies the propeller blade pitch angle as a peller blades are modelled as extending from

3
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the edge of the spinner out (Figure 3), with the
exception of the strip theory model which con-
siders the portion of the blade outside z = 0.3
only.

Figure 3: Computational model of propeller
» blades.

The baseline model represents each blade as
eight radial strips/segments/panels. Table 3
gives the geometric data at the eight radial sta-
tions used to construct the model.

| Station | = | c | 6 [ % ]
0.20 { 0.1164 | 56.74 | 0.466
0.30 | 0.1562 | 47.57 | 0.232
0.45 | 0.1854 | 37.26 | 0.126
0.60 | 0.1909 | 29.57 | 0.084
0.70 | 0.1809 | 25.42 | 0.070
0.80 | 0.1593 | 22.32 | 0.064
0.90 | 0.1260 | 20.24 | 0.054
0.95 | 0.0929 | 19.40 | 0.053

WONO U D WN

Table 3: Propeller blade station geometric data

(V) Results

This section is intended to provide an overall
assessment of the suitability of the techniques
to the modelling of an isolated propeller. In
line with this, the thrust and torque coefficients
predicted by the three techniques are compared
to each other and the manufacturer's data. In

addition, the ease of application, ability to model

forces and moments in the plane of the pro-
peller disc, ability to model the flow up or down
stream of the propeller, and the computational
efficiency/solution time are compared.

Comparison of Thrust and Torque Predicted

The published data presented in Tables 4 and 5
were supplied by the propeller manufacturer.
The data are believed to have been sourced from
a computational model, rather than wind tun-
nel testing, however, this could not be verified.
As such while the published data have been
used for comparison, they. cannot be consid-
ered a “control” for the experiment. Indepen-
dent wind tunnel or flight testing of the pro-
peller would be required to confirm the manu-
facturer’s data.

Cr
Fit. Pub. Strip BE FwW
Cond. | Data | Theory | Theory | Theory
1 0.114 | 0.116 | 0.118 | 0.140
2 0.151 | 0.151 | 0.174 | 0.192
3 0.202 - 0.228 | 0.232
4 0.059 |-0.052 | 0.053 | 0.070
5 0.089 | 0.077 | 0.092 | 0.121
6 0.141 - 0.151 | 0.169
7 0.005 | -0.008 | -0.012 | 0.010
8 0.018 | 0.008 | 0.005 | 0.036
9 0.040 - 0.032 | 0.065

Table 4: Comparisons of computed thrust coef-
ficients to published data

Co -~
Flt. Pub. Strip |- BE FW
Cond. | Data | Theory | Theory Theory
1 0.030 | 0.021 | 0.031 | 0.036
2 0.029 | 0.028 | 0.032 | 0.037
3 0.029 - 0.029 | 0.036
4 0.016 | 0.009 | 0.014 | 0.019
5 0.016 | 0.014 | 0.016 | 0.021
6 0.016 - 0.017 | 0.020
7 0.004 | -0.001 | -0.002 | 0.007
8 0.005 | 0.002 | 0.002 | 0.008
9 0.005 - 0.004 | 0.007

Table 5: Comparisons of computed torque co-
efficients to published data

Examination of the tables shows that for high
power coefficient conditions (flight conditions
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1, 2, and 3) the strip theory provides good
agreement, with variations from the published
data and the blade element results of less than
2% for Cr, and 30% for Cg. The agreement
of these results suggests that the published
data may be based on techniques very simi-
lar to those of the strip theory or blade element
analyses used here-in. The free-wake results
show significantly more variation from the pub-
lished data with differences in Cr ranging from
15% to 27%. Cg results show a similar level of
agreement with differences ranging from 22%
to 28%. The blade element results are in bet-
ter agreement, with variations in Cr ranging
from 3% to 15%, and variations in Cg ranging
from 1% to 12%. Both blade element and free-
wake techniques show consistently greater Cr
and Cg results compared to the manufacturer’s
data, at these flight conditions.

The moderate power coefficient results (flight
conditions 4, 5, and 6) generally show slightly
higher levels of variation from the published
data (than the high power coefficient condi-
tions). The strip theory results show differences
in Cr around 13%, and differences in Cg be-
tween 12.5% and 44%, compared to the pub-
lished data. The blade element results (when
compared to the published data) show slightly
reduced variation compared to the high power
coefficient conditions. Variation in Cr ranges
from 3% to 10%, and in Cg from 0% to 12.5%.
The free-wake results again show higher levels
of variation in Cr, ranging from 18% to 36%,
and (g, ranging from 19% to 31%. In general,
the published data, strip theory, and blade el-
ement all give thrust and torque coefficients of
similar magnitude, while the free-wake analy-
sis gives significantly higher results.

All three techniques show significantly more dis-
agreement for the low power coefficient flight
conditions (7, 8, and 9). Differences in Cr as
large as 0.017 occur for some flight conditions
when compared to the published data. This
is not so much indicative of the capabilities of
the techniques employed, but a reflection of the
sensitivity of the thrust and torque coefficient
calculations in these conditions, due to their
small magnitudes. In these conditions the pro-
peller is producing virtually no thrust and in
some cases (flight condition 7) some of the re-
sults indicate windmilling.

The consistent over estimation of thrust and
torque coefficients by the free-wake technique,
for all flight conditions, is most likely a result of
consistent under estimation of the inflow at the

propeller disc. This would result in over pre-
diction of lift and induced drag on the propeller
blade and, therefore, propeller thrust and tor-
que. Detailed reasons of the mechanism of this
are the subject of further research and are be-
yond the scope of this paper.

As a general conclusion the tables show that
the blade element technique gives results in bet-
ter agreement with the published data than the
free-wake technique. Although under the con-
ditions at which it has been applied, the strip
theory gives better agreement still (particularly
for high Cp flight conditions), this is probably
a function of the similarity of the techniques
used in the strip theory and the calculation of
the published data. It should be noted that it
could not be confirmed whether the published
data applied to a propeller in isolation or in-
stalled on an aircraft. Installation effects could
also explain some of the discrepancy.

Ease of Application

All analysis techniques used in this paper re-
quire detailed knowledge of the blade geome-
try in terms of pitch angle, twist, and chord
as functions of radial station. In addition, the
strip theory and blade element techniques re-
quire lift curve and drag polar data at each ra-
dial station; and the free-wake technique re-
quires mean-line data for the propeller blade
sections. With the necessary data available, the
ease of use of each technique becomes a decid-
ing factor in the choice of technique.

The “hand calculation” nature of strip theory
makes it a slow and tedious process requir-
ing large amounts of “look-up”.and interpola-
tion of data tables. This can be somewhat al-
leviated via use of a spread-sheet or digitisa-
tion of tables, but the process is still time con-
suming. While the free-wake technique only re-
quires knowledge of the blade geometry, setting
up the panel model requires extensive data in-
put and is extremely time consuming if done by
hand. Appropriate pre-processing of the geom-
etry data can allow the panel setup to be read
into the programme from a suitable data file.
In addition to the geometric setup, the bound-
ary conditions on the blades must be imposed,
and the flight condition being analysed must
be specified. The blade element technique is
the easiest to apply. With the propeller geomet-
ric setup in data files, all that is required is to
specify the flight condition being analysed.
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Ability to Evaluate Forces and Moments other
than Thrust and Torque

The development of forces and moments in the
plane of the propeller disc due to the on-coming
flow not being aligned with the propeller axis
has long been known. Several early techniques
determined the side-force developed by the pro-
peller by calculating the force on an “equiva-
lent” fin located at the propeller hub {4, 5, 6].
The dimensions of the fin were determined on
the basis of the propeller geometry via empirical
equivalence relations derived from wind tunnel
testing. While these techniques would provide
an estimate of the side-force developed, they do
not compute the moments about the propeller
hub. Because of this limitation and the fact
that they are completely separate to the strip
theory, they are not considered here.

The blade element technique evaluates the load-
ing on the propeller blade at intervals around
the propeller disc that are specified at the time
of calculation. As such the variation of lift and
drag (thrust and torque} on each blade element
are evaluated and these are integrated over the
entire propeller to give the forces and moments
" at the propeller hub about the Yp and Zp axes.

The free-wake technique evaluates the forces
on each propeller blade directly at each time
step and these are summed about the origin of
the axes (which is located at the propeller hub
in this case). As such, because the blades of
the propeller are moved at each time step, not
only are the in-plane force and moment com-
ponents about the propeller hub evaluated, but
also their variation in the time domain.

Figure 4 shows the variation in Cz and C,, with
angle of attack (at zero sideslip), as predicted by
the blade element and free-wake techniques.

Inspection of the figure shows that both tech-
nigues predict force and moment coefficients
of the same order of magnitude. The Cz co-
efficients agree well. The C, coefficient pre-
dicted by the blade element technique is ap-
proximately double that predicted by the free-
wake technique. This discrepancy is most likely
due to differences in radial blade loading. The
blade element technique does not account for
the tip loses of the blades, while the free-wake
technique does. As such the blade element anal-
ysis will predict higher loading at the blade tips
(compared to the free-wake analysis) that will,
due to the moment arm, have a significant im-
pact on C,, while only having'a minimal impact
on Cyz.

Coefficient Variation with Angle of Attack
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Figure 4: Coefficient variation with angle of at-
tack for an isolated propeller

While the published data for the propeller does
not provide values of the in-plane force and mo-
ment coefficients, the agreement of the blade el-
ement and free-wake techniques with the pub-
lished data for thrust and torque, suggests a
reasonable degree of accuracy for the predic-
tion of the in-plane forces and moments.

Ability to be used for Analysis of the Flow Up or
Down Stream of the Propeller

Strip theory was and will only ever be a tech-
nique suitable for giving a first approximation
to the thrust and torque generated by a pro-
peller. It is too cumbersome and does not pro-
vide the necessary information to allow mod-
elling of the flow upstream or downstream of
the propeller. However, blade element and free-
wake techniques both allow modeling of the
propeller slipstream/airframe interaction with
some degree of accuracy.

The blade element technique can be coupled to
a semi-empirical analysis of the location of the
slipstreamn locus as it progresses downstream,
taking into account the upwash, the downwash,
and the side-wash of the propeller, wing, and
tail, and the side-wash induced by the fuse-
lage. The locus is assumed to move in a straight

- line from the propeller hub to the wing quarter - -

chord, and from the wing quarter chord to the
tail (Figure 5).

With the location of the slipstream relative to
the wing and tail known, the induced velocities
on these surfaces can then be calculated and
the forces and moments integrated to yield total
aerodynamic coefficient increments due to the
slipstream/airframe interaction.
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Figure 5: Blade element technique approxima-
tion to motion of slipstream locus.

The lack of empennage interference informa-
tion suggests that the force and moment incre-
ments due to the wake interference with the
empennage are difficult to estimate with any
degree of accuracy, and remain an uncertainty
in the method.

The free-wake technique provides the greatest

possibility of truly accurate modelling of the slip-
streamn/airframe interaction. In this technique

the wake panels are shed off the trailing edge of

the propeller blades and allowed to move with

the induced velocities (due to all panels) at their

location (refer to Figure 6 for an example of the

shed wake shape). As such, the wake is free to

move as it would in the “real world” and should

develop the correct shape.

Figure 6: Free-wake interaction of propeller
slipstream with wing and tail.

However, if the time step used in the solution
is to large this can lead to a wake panel pass-
ing through a solid surface (a situation which-
is physically impossible), and caution must be
used to ensure this does not happen.

The variation of thrust and torque predicted
by the free-wake technique, compared to the
other techniques, suggests that the inflow at
the propeller disc is being consistently under
estimated. This will have the follow-on effect
of producing errors in the helix angle and ve-
locities within the propeller wake. As such,

the structure of the slipstream/airframe inter-
action predicted by the free-wake technique will
be correct, but the magnitude of the forces and
moments predicted may be in error.

-

Computational Efficiency

While the free-wake model of the propeller does
hold better hope of accurately evaluating the
forces and moments on an aircraft in power-on
flight, due to the ability to correctly model the
slipstream/airframe interaction, Table 6 shows
that a simple model of the isolated propeller
required a three hundred fold greater solution
time compared to the blade element technique
combined with a semi-empirical approximation
of the slipstream/airframe interaction. The data
given in Table 6 are for a typical analysis.

| Technique [ Solution Time [sec] ]
Strip theory ~1500
Blade element 1
Free-wake 300

Table 6: Comparison of solution times

The greater solution time given will only be fur-
ther exacerbated by increasing model complex-
ity and the inclusion of other aerodynamic sur-
faces, from which additional wake panels will
be shed. As such increasing model complex-
ity or solution length will result in exponential
increase in the solution time required. Com-
bined with the evidence from Tables 4 and 5
that the blade element technique generally pro-
vides better results for the propeller forces and
moments, this suggests that the free-wake tech-
nique has not matured sufficiently to be suit-
able for everyday usage. It is, however, evident
from initial results that if solution times can be
reduced, and thrust and torque prediction im-
proved /verified, the free-wake technique holds
great promise for spot checks of more empirical
techniques, and eventually everyday usage.

The solution time given for the strip theory tech-
nique is an approximate value based on the
hand calculations used in this paper. The hand
calculation nature of the technique means es-
tablishing a more precise solution time is near
impossible. It can, however, be seen that there
is a substantial time penalty over the other tech-
niques.
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(V1) Conclusions

Strip theory will provide a good first approxi-
mation to thrust and torque coefficients. How-
ever, it is a time consuming processes and the
empirical basis of the technique throws doubt
over its general applicability.

Blade element analysis is an easy to use tech-
nique that provides estimates of thrust and tor-
que, as well as forces and moments in the plane
of the propeller disc, with reasonable accuracy.
When coupled to a semi-empirical analysis of
the motion of the slipstream locus it can also be
used to estimate the forces and moments due to
the slipsiream/airframe interaction.

Free-wake analysis is the technique that holds
the greatest promise of correctly modelling not
only the forces and moments generated by the
propeller, but also those due to the interaction
of the slipstream and the airframe. However,
the greater solution time over the blade ele-
ment technique currently prohibits it from be-
ing used for solution throughout the entire flight
envelope.

For general usage, blade element analysis of-
fers a good level of accuracy, along with a so-
lution time that makes it suitable for investiga-
tion of the complete flight envelope [8]. It also
provides an initial estimate of the forces and
moments due to the slipstream/airframe inter-
action. In this regard it is currently the most
attractive and amenable method for large scale
analysis.

Given improvements in thrust and torque pre-
diction and solution time the free-wake analy-
sis may become suitable for more general ap-
plication in the future.
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