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Boxprop, a forward-swept joined-blade propeller
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Abstract

This article describes the Boxprop,
a new high-speed propeller concept

with forward swept Jjoined-blades
for future transport aircraft ap-
plications. Both numerical and
experimental investigations of the

joined-blade propeller were carried
out at GKN Aerospace and Chalmers
University in order to answer some
of the fundamental questions relat-
ing to aerodynamic performance and
mechanical integrity. The results
show that the Boxprop concept works
as intended and in particular that
rapid prototyping methods using
polymeric materials are suitable
for early product development, even
for functional testing of high
speed propellers.

Furthermore, based on the positive
outcome of the experimental work
described in this article, the next

development step can be started by
initiating the design of the coun-
ter-rotating Boxprop and wind
tunnel test stand to proof the con-
cept at TRL 3.

Figure 1.
The conventional counter-rotating propeller is shown to the left.
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Nomenclature
AF Activity factor,
1051'OC(RJ3 (RJ
AF = j—— dl = |n
16 3 D\R. R,
Rt
COTS Commercial Off-The-Shelf
C blade chord [m]
Cop Thrust coefficient, T/pN?D*
D Propeller diameter [m]
FDM Fused Deposition Modeling
FE Finite Element
GPS GKN Propeller, Single-blade
GPX GKN Propeller, boX blade
J Advance ratio, V/ND
M Mach number [-]
N Rotational speed [rps]
n Number of blades
N/A Not Available
Pitch Blade angle at 75% radius
R Radius [m]
T Thrust [N]
TRL Technology Readiness Level
UTs Ultimate Tensile Strength
Y Free-stream velocity [m/s]
o Air density [kg/m’]
Subscripts
h hub
t tip

Inc., with permission.

1

D

P v

S <
\S

v

Examples of high-speed propeller concepts.



Introduction

One of the most promising technical
innovations for reducing aircraft
fuel consumption within the next 20
years 1is the introduction of aero
engines with counter-rotating high
speed propellers, e.g. open rotors.

A drawback with the counter-
rotating open rotor is the in-
creased noise it may generate, at
least 1n comparison with a future
generation ducted ultra high bypass
engine integrated in a conventional
noise attenuating nacelle. The open
rotor noise 1s to a great extent
caused by the interaction of the
wake of the forward propeller with
the aft one. Also the weight of the
open rotor engine and the reduced
fan efficiency caused by exposure
to the full flight speed, somewhat
reduce the effect of the improved
propulsive efficiency.

A propeller blade, Jjust as an air-
craft wing, generates a tip vortex,
which is associated with the
blade's induced drag and also con-
tributing to increased noise when
interacting with the aft propeller.
It is well known that winglets and
double wings joined at the tip (a
box wing) can reduce the

tip vortex local strength and also
decrease wing induced drag'?. This
effect can consequently be of in-
terest also for propeller design.
Such a Dblade pair Jjoined at the
tips can in the same manner be re-
ferred to as a box blade.

Further there is some evidence that
a forward swept propeller may enjoy
a tip flow less compromised Dby
boundary layer effects. Considering
simple sweep theory for aircraft
wings it might not seem obvious
that sweeping a wing forwards would
give any additional benefits com-
pared to the same amount of rear-
ward sweep. However, for reasons
similar to those resulting in the
flight test program X-29° and have
resulted 1in more recent research
related to subsonic transport air-

craft®® it is observed that forward
swept wings still have a very in-
teresting potential aerodynamic
benefit that also should be inves-
tigated further for propellers.

For a counter-rotating propeller
pair the increased axial separation
between the tips of the forward and
rear propeller reduces the strength
of the forward blade wake where it
arrives at the rear blade which has
beneficial impact on the interac-
tion noise®. However, forward swept,
thin bladed propellers are prone to
aerodynamic instability and flut-
ter’. To exploit these improvements
to propeller aerodynamics a double
bladed high speed propeller has
been proposed, see figure 1 and 2.

The box blades are stiffer and may
allow a flutter free forward swept
design that also most 1likely is
stronger in the case of a bird im-
pact. By suitable shaping of the
blades the centrifugal force 1is
carried by tensile stresses, avoid-
ing excessive bending and high
stress concentrations. An initial
design study shows that the stack-
ing line therefore must approximate
a rotating catenary. To avoid a
bending moment in the blade stub
shaft, the inner portion of the
blade must Thave rearward sweep
smoothly changing to a forward
swept outer portion. This also re-
duces leading and trailing edge
stresses, although some stress con-
centration remains where the sweep
changes direction.

For a counter-rotating propeller
pair various combinations of for-
ward and rearward sweep, single-
and joined-blade propellers are
possible, see figure 1.

The properties of a Jjoined-blade
propeller are still relatively un-
known, and there are both
aerodynamic and mechanical issues
which need to be understood to as-
sess its full development
potential.



Figure 2. Artist’s impression of a
joined-blade propeller.

Joined-blade propeller background

The first publication describing
the Jjoined-blade ©propellers pre-
sented in this study was the patent
application filed by the authors in
200987, Wingtip-devices for general
aviation propellers, SO called
proplets, have been studied before
and the results indicate a poten-
tial noise reduction and propeller
efficiency increase, see for in-
stance the reports by Korkan'® and
Jeracki'!. Moreover, Hartzell Pro-
peller in the U.S. offers aluminum
propellers for rated powers up to
700 hp with “g-tips” which is a 90
degree bent tip section that reduc-
es the noise 1levels according to
the manufacturer®?.

In figure 3 the potential ideal
aerodynamic Dbenefit stemming from
the induced drag reduction of sev-
eral different joined-wings is
shown. From the study by Kroo? it is
also worth noting that adding a
winglet device to the planar wing
is almost as efficient as a box-
wing configuration but 1is lacking
the mechanical benefits of the
closed box-wing system.
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Figure 3. Ideal span efficiency
(induced drag of the planar
wing/induced efficiency of the non-
planar wing) of various non-planar
wing systems with 20% height/span.
All wing systems have equal span
and total 1lift. Adapted from Kroo?.

Small scale propeller testing

An important purpose of the present
study was to decide whether rapid
prototyping and testing of small
scale model propellers is of rele-
vance to high-speed applications.
The diameter of all propellers man-
ufactured and tested was 150 mm.

The availability of empirical data
from small scale high-speed propel-
ler tests is limited. Most of the
research carried out in the 1980s
involved propeller model diameters
greater than 600 mm. However, in a
recent study from University of
Wisconsin'® an 80 mm diameter model
of GE36 1is wused for aeroacoustic
experiments. For low-speed applica-
tions, such as Unmanned Aerial
Vehicles and model aircraft, Uni-
versity of Illinois provides a
database covering wind tunnel tests
of more than 100 propellers', which
has been used in the present study
for initial test rig evaluation.

Design considerations

Following the principles of tech-
nology readiness level!®> (TRL) for
describing the maturity of a new
technology, the joined-blade prop-
eller work started at TRL 1-2 aim-
ing at proofing the concept by
experiments and numerical analysis.



The overall objectives for the work
described in this article can be
summarized as,

1. To demonstrate that forward-
swept high-speed joined-blade
propellers are mechanically
and aerodynamically feasible.

2. To identify any specific is-
sues related to mechanical
integrity and deformation as
well as performance.

3. Show that small scale manu-
facturing and testing provide
relevant data for the de-
velopment process and in gen-
eral constitutes a poss-ible
way forward at low TRL.

Propeller geometry and layout

The first step in the geometry lay-
out of the joined-blade pro-peller
was to parameterize the stacking
line by introducing a new parameter
s varying from -1 at the first
blade root, 0 at the blade tip and
1 at the other blade root thus al-
lowing a continuous para-
meterization of the complete blade
pair, see example layouts in figure
4 and 5.
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Figure 4. Stacking line example
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Figure 5. Example of propeller
blade geometry generation in Matlab
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Figure 6. GPX313 front and side
view.

Prototype manufacturing

The propellers used for the initial
experiments were manufactured by a
rapid prototype supplier in Sweden.
One of the =early questions that
were raised was whether 3D printing
could Dbe a suitable process for
functional prototypes of propellers
at low TRLs in early product devel-
opment. Initially, two diff- erent
processes were evaluated and com-
pared, fused deposition modeling
(FDM) and the PolyJet process. The
FDM ©process works Dby heating a
thermoplastic material to a semi-
liguid state and extruding it layer
by layer onto a support material.
In the PolyJet process a 1liquid
photopolymer is sprayed onto a sup-
port material, layer by layer and
cured by UV 1light. Some important
material characteristics are pro-
vided in table 1.



80%Carb.
Material giii? Verogggy ZO%S—Gla;;
RGP (GE36)
Method FDM PolyJet N/A
Spec.
Strength 54-63 43-55 390
[MPa*cm®/g]
Spec.
stiffness i;iﬁ; 1700-2500 38000
[MPa*cm’®/g]
Min. layer
thickness 0.25 0.016 N/A
[mm]
Min. air-
foil
thickness 1 1 N/A
[mm]

Table 1. Strength and stiffness for
the FDM and PolyJet materials
available for this study'®!’. The
GE36 fan blade material strength
properties are given along the
blade®.

Based on the smoother surface of
the VeroGray propeller, the de-
cision was to continue with the
PolyJet process for the remainder
of the prototype manufacturing.

Joined-blade propeller prototypes

The three tested prototypes have a
diameter of 150 mm and main design
parameters as given in table 2. The
propeller blade airfoils are based
on the NACA 16 series. The design
objective was to use the sweep an-
gle and  total activity factor
representative of the state-of-the-
art high-speed propellers of the
1980s°®. However, the thickness to
chord ratio could not be reduced
below 7% due to the rapid prototyp-
ing process constraints. This can
be compared to the 2% thickness at
the fan blade tips of GE36°.

AF Pitch | Sweep
Prop. blades (-] [deg] [deg]
GPX100 5 1800 26 ~50
GPX313 5 1800 26 ~50
GPX404 5 1800 20 ~40

Table 2. Joined-blade propeller
prototypes tested. Sweep refers to
the maximum sweep angle near the
tip.

At this early stage in the develop-
ment it is important to realize
that the propellers do not repre-
sent any efficiency maximum or the
best final mechanical design. In-
stead, these Jjoined-blade propel-
lers should be looked at as first
prototypes giving the basics of how
they Dbehave mechanically and per-
formance wise. For instance, known
3D aerodynamic effects are not con-
sidered in the design, neither is
the interaction with an aft rotor.
This work was solely focused on the
single propeller properties but
preparing for the next step which
is the counter-rotating joined-
blade propeller design.

Experimental set-up

The propellers were tested in a
static test rig at Chalmers Univer-
sity of Technology that was
designed and Dbuilt, mainly from
COTS components, for the purpose of
this work. The overall rig design
is shown in figure 7 and 8. The rig
is designed for continuous opera-
tion at maximum rated power at
32000 RPM for 120 seconds. The pro-
peller drive consists of a brush-
less DC engine rated at 10 kW shaft
power supplied by up to four 12V
batteries with a capacity of 100 Ah
each. The maximum propeller diame-
ter for this rig is approximately
0.5 m. Measured quantities are
thrust, rotational speed, current,
voltage and ambient conditions in
terms of pressure and temperature.
The load cells for thrust measure-
ment are calibrated with a static
load.



Figure 7. Static propeller rig at
Chalmers University of Technology.

Figure 8. The GPX313 propeller
mounted in the static test rig (aft
view) .

Analysis

Mechanical Strength

The linear FE stress analysis of
the initial GPX100 propeller showed
relatively high stress concentra-
tions on the inner surface of the
joined-blade tips, see figure 9.
The results showed von Mises stress
levels exceeding 200% of the UTS
for the VeroGray material.

Von Mises Stress [MPa]
135 max

Figure 9. Von Mises Stress levels
due to centrifugal loads of the
GPX100 propeller at the design
point.

After some modifications of the
blade geometry to better approxi-
mate the Dblade catenary 1line, the
max von Mises stress of the GPX313
propeller was reduced to approxi-
mately 80% of the UTS, giving a
safety factor of 1.2, see figure
10.

Von Mises Stress [MPa]
135 max

Figure 10. Von Mises Stress levels
due to centrifugal loads of the
GPX313 propeller at the design
point.

Aerodynamic performance

The flow around one Dbox blade of
the GPX313 was simulated to achieve
an 1improved understanding of the
flow physics and provide input for
geometrical improvements. The flow
1.3 blade heights upstream and 1.7
heights downstream of the blade was
calculated in 3-D and the far-field
in 2-D. Calculations used ANSYS CFX
with a k-w based shear stress
transport turbulence model and un-
structured grids with 2 to 38 mil-
lion elements. Calculations were
done at two inflow velocities cor-



responding to J=0.15 and 0.77. The
thrust results varied less than 2%
for grids with at least 9 million
elements and for a range of domain
sizes. Accurate simulation of stat-
ic performance may require a larger
domain due to recirculation, and
has not been performed yet.

Figure 11 illustrates the flow on
cylindrical surfaces. At the 75%
radius used to define the nominal
pitch, the airfoils act fairly in-
dependently. At 95% radius the
interference causes an increase of
the Mach number and an associated
low pressure Dbetween the Dblades.
The Mach number i1is 1limited below
0.82 around the entire blade, a re-
sult which is favorable when
increasing the flight speed, and 1is
likely due to the blade sweep.
The thrust distribution between the
upstream and downstream blade half
was checked and found to be almost
equal at J=0.77. At J=0.15, for
this fixed pitch propeller, about
60% of the thrust comes from the
downstream blade.
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Figure 11. GPX313, blade relative
Mach number at 75% radius (left)
and 95% radius (right). J=0.77, the
rotational axis is horizontal.

Experimental results

The test results indicated thrust
coefficients falling with increased
speed for the GPX100, see figure
12. In terms of static propeller
performance this 1is fairly atypi-
cal, especially for low Reynolds

number tests, where increasing
speeds 1is expected to give thinner
boundary layers and increased

thrust. In contrast, the mechani-

cally improved GPX313 and 404
yielded rising C; curves. It is pos-
sible that mechanical deformation
caused the falling values for

GPX100.
cT
0.4
H HEge [ -
n AAA A A. ..
03 |, aaaist aa 42
O 2 o, [00® o0 @ L adhd ¢ u
) M = GPX100
0.1 4 GPX313
+ GPX404
0
0 0.2 0.4 0.6 M

Figure 12 Experimental static
thrust coefficient vs. tangential
tip Mach number.

The GPX313 thrust coefficient in-
creased 77% when reducing the ad-
vance ratio from 0.77 to 0.15, see
figure 13. It is 1likely that static
simulations would vyield somewhat
higher thrust than at J=0.15, and
thus higher than seen in experi-
ments. This may be due to
simulating smooth surfaces, whereas
the experiments are done with unim-
proved surfaces from the PolyJet
process, which has steps, just vis-
ible to the eye, stemming from the
0.02 mm layer thickness. Defor-
mation during rotation may also
reduce thrust. Further, it is pos-
sible that the turbulence model
used in the simulation under pre-
dicts flow separation, which af-
fects thrust at low advance ratios.
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Figure 13. Thrust coefficient vs.
advance ratio for tests and flow
simulations.



Conclusions

Although still wvery early in the
research and development process of
the first Jjoined-blade propeller it
is possible to make some interest-
ing conclusions. Through careful
mechanical design of the Jjoined-
blades, and via the high-speed pro-
peller tests at Chalmers
University, it 1s concluded that
rapid prototyping manufacturing
methods using moderate strength
polymeric materials is an interest-
ing alternative for functional
high-speed propeller testing at low
technology readiness levels.

Furthermore, based on the positive
outcome of the experimental work
described in this article, the next
development step can be started by
initiating the design of the coun-
ter-rotating Boxprop and wind
tunnel test stand to proof the con-
cept at TRL 3.
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