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This paper presents the design and optimization of a new propeller to use on the MAAT cruiser
airship. The inverse design methodology is based on minimum induced losses and was implemented
in JBLADE software in order to obtain optimized geometries. In addition, the design procedure and the
optimization steps of a new propeller to use at high altitudes are also described. The results of propellers
designed with JBLADE are then analyzed and compared with conventional CFD results, since there is no
experimental data for these particular geometries. Two different approaches were used to obtain the final
geometries of the propellers. Instead of using the traditional lift coefficient prescription along the blade,
the airfoil best L3/2/D and best L/D were used to produce different geometries. It is shown that this new
design approach allows the minimization of the chord along the blade, while the thrust is maximized.

© 2015 Elsevier Masson SAS. All rights reserved.

1. Introduction

The airships appeared in the end of 19th century and the first
air transportation services were run by these controlled lighter-
than-air vehicles. After a promising development in the beginning
of 20th century, the crash of LZ 129 Hindenburg in May of 1937, led
to the end of operations of the commercial airship transportation
service and, thereafter, to almost 60 years of inactivity. Recently,
the rapid progress of aerospace technologies [1,2], brought the air-
ships back as a new platforms for undertaking multiple tasks [3].
In particular, stratospheric airships have been considered as an
excellent platform for many different purposes such as aerial ex-
ploration, surveillance and monitoring or even as a solution for
aerial transportation [4-9].

Multibody Concept for Advanced Airship for Transport (MAAT
[10-12]) project is a collaborative European project which aims to
develop a heavy lift cruiser-feeder airship system in order to pro-
vide middle and long range transport for passengers and goods.
The MAAT airship will be composed by 3 different main modules:
Airship Hub Airport (AHA) - located in the important logistic and
near cities centers, where the airships will perform ground opera-
tions; Air Transport Efficient Network (ATEN) - feeder - an airship
with its vertical take-off and landing capabilities used as connec-
tion between the ground and the cruiser; Photovoltaic Transport
Airship for High-altitudes (PTAH) - cruiser - an airship to carry the
cargo or passengers delivered by different feeders which remains
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airborne on stable routes on higher altitudes than civil aviation
routes [11].

Propellers have been used as propulsion units in different types
of aerial vehicles, including airships. In order to obtain an efficient
propeller it is essential to have a reliable numerical tool to model
its propulsive performance. The propeller optimization process can
start from an inverse design method which gives us the blade ge-
ometric characteristics for a pre-determined operating point. This
base blade geometry can then be used for a parametric/sensitivity
analysis to judge its relative merit in the overall flight envelope.

The design of the propeller based on minimum induced losses
started with Betz [13] and Goldstein [14] in the beginning of the
20th century. In 1936 Glauert [15] used the equations provided
by Betz but without any organized procedure for designing the
propellers. Also during 1936, Bierman [16] developed one of the
first parametric studies, analyzing the influence of some param-
eters during propeller design. He analyzed the reduction in the
design pitch angle in function of the propeller operating speed
and the thrust and/or power increase. Theodorsen [17] showed
that the Betz condition for minimum energy loss can also be ap-
plied for heavy disk loadings. Later in 1979, Larrabee [18] reviewed
Glauert’s work to produce a straightforward process to produce
new propeller geometries. However, the method still has some
problems: small angle of attack approximation, low disk loadings
and does not include viscous terms in the induced velocity formu-
lation. During 1990, Theodorsen’s developments were later revis-
ited by Riber and Foster [19]. Recently in 1994 Adkins and Liebeck
[20] presented some improvements on the previous work bringing
a new design method, without small angle of attack approximation
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Nomenclature

aq Axial induction factor R Propeller tip radius...........covviiiiiiiininnann.. m

a Tangential induction factor Re Reynolds number

B Number of blades T/A Disk 10ading........coovueiiieiiieiiiiiaiinn, N/m?

Cp Airfoil drag coefficient 1% Freestream velocCity ............cooeviiieinnnnannn.. m/s

Cr Skin friction coefficient X Non-dimensional distance, §2r/V

CL Airfoil lift coefficient yt Non-dimensional wall distance

Cp Power coefficient o Angle of attack

(o Thrust coefficient £ Drag-to-lift ratio

Eta Propeller efficiency ¢ Displacement velocity ratio, v'/V

F Prandtl’s factor 0 Incidence angle

G Circulation function A Speed ratio, V /2R

L/D Lift to drag ratio & Non-dimensional radius, r/R

M Mach number ) Inflow angle

r Radius of blade element position................... m bt Tip inflow angle

Table 1 full 360° range of angle of attack airfoil polar. This polar extrapo-
High-altitude propeller data. lation calculates the lift and drag coefficients of each airfoil for the
Year Aircraft name Propeller Propeller T/A, complete range of angle of attack, removing any blade twist angle
thrust, N diameter, m N/m? limitations.

1987 Egrett [21,22] 2773 3.04 305.42 The introduction of the blade geometry is made by specifying
1988 Condor [23] 1129 4.90 59.87 an arbitrary number of sections characterized by their radial po-
1993 Pathfinder [23,24] z3 201 7.25 sition, chord, twist, length, airfoil and its associated 360° angle of
1994 Perseus [25] 388 4.40 102.07 .
1995 Strato 2C [26] 2500 6.00 38.42 attack range lift and drag pqlar. The propeller number of blades
1996 Theseus [27] 409 274 69.36 and hub radius must be specified as well.

and some of the light disk loading limitations, which better agrees
with the analysis of the designed propeller.

Design and optimization of a high altitude propeller can be a
challenging problem due to the extremely low air density. Even so,
propellers are being used in many high altitude aircrafts such as:
Egrett (1987) [21,22], Condor (1988) [23], Pathfinder (1993) [23,
24], Perseus A (1993), Perseus B (1994) [25], Strato 2C (1995) [26],
Theseus (1997) [27], Pathfinder Plus (1998), Centurion (1998) and
Helios (1999). Although there is only little information about high
altitude propeller design, a summary of the propellers characteris-
tics is given in Table 1.

2. Methodology
2.1. JBLADE overview

JBLADE [28-32] is a numerical open-source propeller design
and analysis software written in the C++/QML programming lan-
guage [33]. The code is based on QBLADE [34,35] and XFLR5 [36]
codes. It can estimate the performance of a given propeller geom-
etry for off-design analysis and has a graphical interface making
easier to build and analyze the propeller simulations.

With the coupling between a BEM formulation module and
XFOIL [37], the airfoil characteristics needed for the blades sim-
ulation can be obtained through a direct analysis of each airfoil.
The coupling between these modules allows the design of airfoils
and the computation of their lift and drag polars. Furthermore, in
order to improve the accuracy of the propeller analysis, the soft-
ware allows the integration of airfoil data from experiments.

The simulation procedure starts by importing the blade’s sec-
tions airfoils coordinates into the XFOIL module. An analysis of
the performance for each airfoil over the largest possible angle
of attack range is then executed. To ensure good accuracy in the
propeller simulation results it is important to define the blade
operational Reynolds and Mach numbers within XFOIL. Therefore,
some iterations may be needed for a complete propeller simula-
tion. These XFOIL airfoil performance polars are used to obtain a

The propeller performance results, which characterize the pro-
peller, are then calculated and stored. It is possible to define dif-
ferent simulations for the same propeller, making easy to perform
parametric studies. The density viscosity and speed of sound of the
fluid can be modified according to the altitude in which the pro-
peller will operate.

2.2. Propeller inverse design in JBLADE

Although the detailed description of the inverse design method
can be found in Adkins and Liebeck [20] paper, a brief descrip-
tion of the method is given herein. To initiate the design, the user
should specify the number of blades, the hub radius and define
the position and airfoil of each section of the blade. The number
of sections and their location can be arbitrarily chosen. Further-
more, to obtain an initial geometry of the propeller, the free stream
speed, air density and the power that the propeller absorbs or the
thrust that it needs to produce must be given. The implemented
method requires the equivalence between momentum equations
and circulation equations which results in the relation between ¢
and the induction factors as presented in Eqgs. (1) and (2):

aazgcoszml—stanqb) (1)
_iy :
ar = o 51n¢>cosqb<1 + tan¢>> (2)

After the determination of the drag-to-lift ratio and angle of at-
tack for each station, the blade chord and blade twist angle are
computed as presented in Egs. (3) and (4) respectively:

¢ dTAGVRE/CLB (3)
V(1 +aq)/sing
O=uo+¢ (4)

The four derivatives of I and J should be calculated and integrated
along the radius in order to calculate the new ¢. Since the updated
¢ is calculated, it is necessary to compare it with the previously
calculated value to check for convergence. If it is not the case, the
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Table 2

Atmosphere conditions for an altitude of 16000 m.
Designation Units
Air density 0.165 kg/m3
Absolute viscosity 1.44 x 107> kg/(ms)
Speed of sound 295.07 m/s

Table 3

Initial considerations for the study of number of propellers.
Designation Units
Total thrust 339650 N
Disk loading 300 N/m?
Total area of actuator disk 113217 m?

procedure needs to be repeated. The method takes into account
the tip losses, according to Prandtl’s formulation, as presented in
Egs. (5) and (6).

_ 2 (oS
F_n_cos (e™) (5)

_(B)1-
f= <2>sin¢t (6)

The inflow angle is calculated using ¢ and the tip’s inflow angle,
as presented in Eqgs. (7) and (8)

tan¢g = tan éx (7)
£
tan ¢ =A(1 + %) (8)

2.3. Propeller design procedure

The main goal of the propeller is to transfer the power sup-
plied to its shaft to the axial acceleration of the air stream as
efficiently as possible. Propellers operating at high altitudes expe-
rience a number of unique design issues that must be addressed,
namely the low dynamic pressure acting on the blades due to low
air density and limited tip speed for reasonably low compressibil-
ity losses. The changes in the atmospheric conditions with altitude
are herein assumed to correspond to the International Standard
Atmosphere (ISA) [38]. The main properties of the atmosphere in
which the propeller will operate are presented at Table 2.

The total thrust needed for the MAAT airship, which will be
used as an input parameter for the propeller design is presented
in Table 3. The disk loading was initially selected based on the
data analysis of Table 1. After selecting the 305.42 N/m? as the
disk loading, an initial study on the number of propellers needed
to reach the total thrust was performed.

The implemented parametric study (see Fig. 1) shows that if
50 propellers are selected, each one needs to provide 6.79 kN of
thrust. After some iteration between the inverse design method
and the off-design analysis, it was decided to increase the diameter
to 6 m, which had reduced the disk loading to around 240 N/m?
(see Table 4). The rotation speed was computed using a fixed Mach
number of 0.6 at the blade’s tip.

2.3.1. Airfoil development

Since the L/D ratios are required as an input for the inverse de-
sign methodology, different airfoils were analyzed with the XFOIL
module at the operating Reynolds and Mach numbers enabling an
initial look at the airfoil characteristics. The L/D ratio has a small
but noticeable effect on the final blade chord and twist and a sig-
nificant effect on the propeller performance.

40000 - — 22
IR - 20
35000 H - L
I\ —— Thrust L 18
30000 — ‘.\ ---- Diameter (T/A=300 Nim?) [ 46
25000 | |\~ -~ Diameter (T/A=100 N/m2) - 14 g
b4 ] - -
o - 12 &
g 20000 — - E)
E . %5
15000 — L g O
10000 — - 6
4 — 4
5000 — -
i - 2
0 T I T I T I T I T I T l T l T I T I T 0
0 20 40 60 80 100 120 140 160 180 200
No. of Propellers
Fig. 1. Parametric study of the number of the propellers.
Table 4
MAAT cruiser propulsion.
Designation Units
No. of propellers 50
Propeller thrust 6.79 x 103 N
Rotation speed 550 rpm
Propeller diameter 6 m
Disk loading 240.15 N/m?2

The airfoil with highest L3/2/D from those that were analyzed
(see Fig. 2) was then set as a base airfoil and improved [39] for
a Reynolds number of 5.00 x 10°. Thus, the airfoil's L/D within
a useful angle of attack range was improved, allowing a reduction
of the power required by the propeller for the selected disk load-
ing and thrust. Since we are working at high altitudes, the blade
chord calculated through the inverse design methodology tends to
be large, leading to propellers with high solidity.

The comparison between the base and the improved airfoils
shape and their pressure coefficient distribution along the chord
are presented in Fig. 3. Their polars are presented in Fig. 4. It
is possible to observe that the improved airfoil presents higher
L3/2/D and L/D ratios and at the same time, these maxima ra-
tios occur for higher lift coefficients, leading to a reduction of the
blade chord needed to generate a given thrust.

2.3.2. Propeller geometry

A propeller operating design point consists of the airship’s ve-
locity, the thrust that the propeller needs to produce, the propeller
hub and tip radius, the position of each intermediate section and
the air properties at the desired altitude. The Reynolds number
at r/R = 0.75 is then estimated for the selected operating point
(see Tables 2 and 3). This was used to calculate the airfoil aero-
dynamic characteristics. The airfoil data were extrapolated and be-
came available for full 360° angle of attack range. These data were
then used by the inverse design sub-module of JBLADE, allowing
the calculation of an optimal blade geometry.

A new approach for the propeller design was used herein. In-
stead of using a prescribed lift coefficient distribution, the software
allows usage of the airfoil's best L3/2/D or best L/D for all sec-
tions, which leads to the minimization of the needed chord along
the propeller’s blade. Similarly, to some cases described in the
literature [23,40| the same airfoil was used from root to tip. In
the future, airfoils can be optimized for the respective position,
which will allow even further improvement of the overall propeller
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Fig. 3. Pressure coefficient distributions obtained with JBLADE’s XFOIL sub-module
for Re=5.70 x 10°, M =0.41 and o =6.0°.

performance. Since JBLADE does not contain any formulation to ac-
count with the sweep of the blades, the quarter chord of the airfoil
was maintained coincident with the axis.

After obtaining the initial geometry, the off-design propeller
performance was computed and the Reynolds and Mach numbers
distributions along the blade radius were determined (see Fig. 5).
The airfoil polars along the blade were updated for these actual
Reynolds and Mach distributions and the inverse design method-
ology was applied again. This procedure was repeated until no
evolution was observed in the blade’s chord and twist.

Two different propellers were designed following the above de-
scribed design procedure. One used the airfoil best L/D and the
other was developed using the airfoil best L3/2/D. These geome-
tries are compared in Fig. 6. For both designs, the hub radius was
fixed at 0.2 m and the tip radius was set to 3 m. The improved air-
foil presented in Figs. 3 and 4 was used in the propellers blades.

2.4. Computational fluid dynamics

Since there is no experimental data for the presented blade,
numerical simulations of the actual flow were performed to com-

pare with the JBLADE software simulations. The computational
fluid dynamics simulations were used to study the features of
the flow structure and to obtain more detailed information such
as parameters that affect the flow and the efficiency of the pro-
peller.

The used airfoil was exported from JBLADE and imported in
the CAD software with the respective chord and twist distribution
along the blade radius. Each section was translated making the xx
axis coincident with the 25% of the chord. The airfoils were then
rotated for the respective section twist according to Fig. 6(a) and a
multi-section body was built.

2.4.1. Mesh generation and boundary conditions definition

The computational domain was composed of about 2.7 million
tetrahedral cells clustered around the blade surface as presented in
Fig. 7. The boundaries of the domain representing the free stream
conditions were set at 3 radius to the inlet and 10 radius to the
outlet (see Fig. 7).

The blade (see Fig. 8) was defined by 300 nodes on the span-
wise and 200 nodes on the chordwise direction.

Mesh independency tests were performed (see Fig. 9) to ensure
that the obtained results are not dependent on the used mesh. As
presented in Fig. 9, three different grids were used to ensure the
results independency. The coarse mesh was composed by 1.65 mil-
lion cells, the used mesh was made by 2.7 million and the refined
mesh consisted in 4.18 million cells. The maximum discrepancy
between the used mesh and the refined mesh was 3.9% for thrust
coefficient and 4.2% for the power coefficient. Thus, since the re-
sult is not affected and in order to save computational time the
mesh with 2.7 million was used in the remaining calculations. Fur-
thermore, in order to reduce the computation time and facilitate
the meshing process, periodic boundary conditions were also used.
The y™ was controlled by the external refinement of the mesh
near the blade, through the creation of prismatic cells around the
surface of the blade such that the first point above the blade sur-
face had a value y* < 1. As presented in Fig. 7, the inlet, the outlet
and the far domain were defined with a pressure far field bound-
ary condition. At these boundaries the flow speed and direction
are prescribed by inputting the value of the Mach number and the
direction of the flow along the domain, together with the values of
static pressure and temperature.

The values of the pressure and temperature were set accord-
ing to ISA model to correspond to an altitude of 16000 m above
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mean sea level. The value of turbulent intensity and viscosity ra-
tio assigned to these boundaries were 0.1% and 10 respectively.
The blade surface was defined as a wall with no slip by consid-
ering the blade as a stationary wall with respect to the adjacent

zone.

Fig. 5. Final Reynolds and Mach numbers distribution along the blades for V =28 m/s.

2.4.2. Numerical simulation procedure

Numerical simulation of steady compressible Reynolds-Averaged
Navier-Stokes (RANS) equations and the turbulent mode with ab-
solute velocity formulation was accomplished by discretizing the
governing equations according the finite volume method (FVM) us-
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Fig. 8. Distribution of the cells on the blade surface.

ing a cell centered collocated arrangement of primitive variables.
Moreover k-w SST turbulence model [41] was used to deal with
the time-averaging of the flow equations for simulating the turbu-
lence.

The domain was divided in two regions: the rotating and sta-
tionary zones as presented in Fig. 7. The Multiple Reference Frame
(MRF) method was chosen to accomplish the blade rotation, pre-
venting the need to perform transient calculations by solving the

governing equations in rotational reference frame considering the
centrifugal and Coriolis acceleration. This method is better suited
for steady state simulations where the unsteadiness of the problem
can be ignored. Furthermore, the implicit coupled density based
solver available in ANSYS Fluent® was selected for the coupling be-
tween momentum and continuity equations. Spatial discretization
of the flow convective fluxes and turbulence variables was per-
formed by high order advection upstream splitting method (AUSM)
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Fig. 9. Mesh independency study made for L3/2/D propeller at V =30 m/s. (a) Thrust coefficient, (b) power coefficient, (c) propeller efficiency.

schemes and second order upwind scheme respectively. Moreover,
least square cell based method was used for all the gradients. The
CFD solution corresponds to a rotating domain speed of 550 rpm.
To facilitate the convergence of the solution during the simulation,
the rotational speed was increased gradually from 100 rpm to the
final rotational speed of 550 rpm. The convergence of the numer-
ical solution is controlled by assigning 1 to the Courant number
for the iterative solution and considering suitable under relaxation
factors for the turbulent variables. The convergence of the solution
is also guaranteed by monitoring the relative numerical error of
the solution drop below 1.0 x 10~7. In order to compare the re-
sults of the numerical simulation with the obtained results from
the JBLADE software, the propellers were simulated over a range
of velocity between 10 m/s and 65 m/s.

3. Results and discussion
3.1. Inverse design integration validation

In order to validate the inverse design implementation in
JBLADE, the light aircraft propeller presented by Adkins and
Liebeck [20] was obtained using the implemented method. The
required data for propeller inverse design are described in Table 5
and the resulting geometry is presented in Fig. 10.

Table 5

Input data for propeller inverse design.
Designation Units
Power 52 kw
Rotation speed 2400 rpm
Hub diameter 1 ft
Tip diameter 5.75 ft
Aircraft velocity 49 m/s
Lift coefficient 0.7
No. of blades 2

Observing Fig. 10 is possible to conclude that JBLADE is in
good agreement with original implementation done by Adkins and
Liebeck [20]. The implementation was checked also against QMIL
[42] since it uses a different approach for introducing the airfoil
characteristics. The results have shown that similar geometries are
obtained for the given propeller design point.

3.2. Propeller performance comparison

The performance of the propellers is presented in Fig. 11 in
function of the advance ratio. On the left, Fig. 11(a) presents the
thrust coefficient versus advance ratio, Fig. 11(b) the power coeffi-
cient, Fig. 11(c) presents the propeller efficiency.
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Since there is no experimental data, the JBLADE results were
compared with the CFD simulations. Observing Fig. 11 it is pos-
sible to conclude that JBLADE is in fair agreement with CFD cal-
culations. JBLADE predicts a slightly bigger thrust coefficient than
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S o018
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CFD in the higher advance ratio region. The results also show that
the power coefficient is over estimated by JBLADE at low advance
ratios when compared with CFD simulations. Due to the small dif-
ferences presented in thrust and power coefficient, the propeller
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Fig. 12. Comparison of skin friction coefficient distribution on upper surfaces for
V =30 m/s and 550 rpm. (a) L3/2/D propeller, (b) L/D propeller.
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Fig. 13. Comparison of skin friction coefficient distribution on lower surfaces for
V =30 m/s and 550 rpm. (a) L>/?/D propeller, (b) L/D propeller.

efficiency is slightly under predicted by JBLADE in the low ad-
vance ratio regions. The advance ratio for the maximum efficiency
closely matches the CFD values but the maximum efficiency is es-
timated to be 10% higher than the CFD simulations values. This
is related to the JBLADE’s over prediction of the thrust coefficient
at high advance ratios. Besides comparing JBLADE results with the
CFD simulations, Fig. 11 also shows that JBLADE correctly predicts
the difference between the two different design methodologies.
This difference also appeared in CFD simulations and it is pos-
sible to conclude that JBLADE can be used to produce different
propeller geometries and select the propeller with better perfor-
mance.

In order to understand the influence of the different design con-
cepts on the performance of the propellers, the skin friction on the
blades is compared in Figs. 12 and 13. These figures clearly show
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Fig. 14. Comparison of pressure distribution on upper surfaces for V =30 m/s and
550 rpm. (a) L3/2/D propeller, (b) L/D propeller.
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Fig. 15. Comparison of pressure distribution on lower surfaces for V =30 m/s and
550 rpm. (a) L3/2/D propeller, (b) L/D propeller.

that the skin friction coefficient of the blade designed using the
concept of best L/D is higher than the skin friction coefficient on
the blade designed using the airfoil's best L3/2/D. This means that
there is a larger viscous loss on the L/D blade’s surface, which
is not beneficial for the performance of the blade, since the input
power will be partly used to overcome the extra drag caused by
the blade shape. Most of these losses are occurring near the lead-
ing edge of the airfoil and mostly in the tip region of the blade.

Another parameter that could be used for analyzing the blade
design is the pressure distribution on the blades surfaces (see
Figs. 14 and 15). The thrust is originated mostly from pressures
forces, which means that the larger the difference of pressure be-
tween the sides of the blade, the greater the thrust generation
capability of the blade in the same operating condition.

When the blade is rotating, the upper surface of the blade
presents lower pressure and the lower surface of the blade has
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higher pressure. The biggest difference of pressure distributions
appears on the blade tip while at the blade’s root the difference
is small. The comparison of the blades reveals that the L3/2/D
propeller provides higher pressure differences all over the blade ra-
dius, which, together with lower friction along the surfaces, means
higher thrust.

4. Conclusions

This paper reports the work conducted to design and analyze
two different propellers for application on MAAT high altitude
cruiser airship. The propellers were designed to propel the cruiser
at a steady-level flight of 16000 m above sea level. A convenient
airfoil was selected and a new airfoil was developed. Its aerody-
namic performance was computed with XFOIL. The inverse design
methodology applied to the selected operating point produced the
propeller geometry for minimum induced losses according to two
different design concepts. The propeller designed with the con-
cept of maximum L3/2/D generates bigger pressure differences
between upper and lower surfaces with less friction which mean
more thrust than the blade designed with the concept of maxi-
mum L/D.
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