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Abstract
OpenProp is an open-source computational tool for the design
and analysis of optimized propellers and turbines. The numer-
ical model is based on the vortex lattice lifting line methods
utilized by the US Navy as well as commercial designers. The
code is written in MATLAB M-code, which is widely used in
academia and industry. The code includes analysis capability
to estimate the performance curve of a given design for use in
off-design performance prediction. In addition, a module to
generate cavitation bucket diagrams for cavitation analysis is
presented. Examples of designs are presented including val-
idation comparisons and examples of actual parts fabricated
from the code using 3D printing technology.

As a case study, we present the design and analysis of
a propeller for an electrically-driven destroyer-sized twin-
screw vessel. Herein, we explore the redesign of a propeller
for a higher shaft rotation rate, in order to investigate the
impacts on motor sizing within the limits of cavitation. Off-
design propeller performance is also predicted to aid in mod-
eling the hydrodynamic performance and fuel usage of the
ship operating over its typical operational profile.

1. INTRODUCTION

OpenProp is a suite of open-source propeller and tur-
bine design codes written in the MATLAB programming lan-
guage [Kimball et. al. 2008]. The codes are based on the same
propeller design theory utilized in codes employed by the
US Navy for parametric design of marine propellers [Kerwin
2007]. OpenProp is designed to be a GUI-based user-friendly
tool that can be used by both propeller design professionals
as well as novices to propeller design.

A team of researchers at MIT, Maine Maritime Academy
and University of Maine have contributed to the current
OpenProp code. OpenProp began in 2001 with the propeller
code PVL developed by Kerwin [2007] as part of his MIT
propeller design course notes. The first MATLAB version of
this code, MPVL, incorporated graphical user interfaces for

parametric design and preliminary bladerow design [Chung
2007]. Geometry routines were later added which interfaced
with the CAD program Rhino to generate a 3D printable pro-
peller [D’Epagnier et. al. 2007]. These early codes were capa-
ble of designing propellers using a simple Lerb’s criteria op-
timizer routine [Lerbs 1952]. Using a generalized optimizer
routine implemented by Epps [2009], the code was then ex-
tended to design ducted propellers [Stubblefield 2008].

This paper presents the methodology and numerical imple-
mentation of both the propeller design and analysis capabil-
ities. OpenProp utilizes a vortex-lattice lifting-line represen-
tation of the blades with constant-diameter helical vortices
to represent the blade wake. The computational model incor-
porates a standard wake alignment procedure to accurately
represent moderate blade loading. As such, it can design both
propellers and axial flow turbines using the same numerical
representation [Epps et. al. 2009], although only propeller de-
sign is discussed herein. The code also has an analysis capa-
bility to estimate the performance curve of a given design for
use in off-design evaluation, which will be described herein.

The long term goal of the OpenProp project is to provide
a user-friendly, accurate, and validated open-source code that
can be used to design and prototype a variety of propellers
and turbines including:

e Marine Propellers (free tip and ducted)
e Marine Hydrokinetic Turbines (free tip and ducted)

e Hydraulic turbines

The OpenProp team is currently integrating and validating
several new features into the OpenProp code. Implementa-
tion of the turbine design module is in validation stages. Cou-
pling with the open-source code XFOIL [Drela 1989] is also
underway, which will give OpenProp flexibility in designing
and analyzing blades with arbitrary foil shapes. Integration of
the cavitation prediction tools presented herein is also under-
way. Future additions will include enhanced CAD and CAM
modeling, strength analysis and coupling with electric motor
parametric design and analysis. Visit the OpenProp website
(http://openprop.mit.edu) for more information.


http://openprop.mit.edu

1.1. Data flow

OpenProp uses data structures to store the input param-
eters, design, geometry, and operating states of a propeller.
The data flow is illustrated in figure[I] The input data (diame-
ter, rotation rate, etc.) are defined by the user either though the
GUI or by running a short script. The optimizer module deter-
mines the optimum propeller design, for the given inputs. The
resulting propeller design can then be analyzed at off-design
conditions (i.e. user-specified tip speed ratios) in the analyzer
to determine off-design operating states. The crafter can de-
termine the 3D geometry and prepare rapid prototyping files
for production of the propeller.

=

Figure 1. OpenProp information flow chart

2. METHODOLOGY

The following is the theoretical foundation and an
overview of the numerical implementation of the OpenProp
propeller/turbine design code . It draws from the theory pre-
sented in [Kerwin 2007, Coney 1989, Carlton 1994].

OpenProp is based on moderately-loaded lifting line the-
ory, in which a propeller blade is represented by a lifting line,
with trailing vorticity aligned to the local flow velocity (i.e.
the vector sum of free-stream plus induced velocity). The in-
duced velocities are computed using a vortex lattice, with he-
lical vortex filaments trailing into the wake at discrete stations
along the blade. The blade itself is modeled as discrete sec-
tions, having 2D section properties at each radius. Loads are
computed by integrating the 2D section loads over the span of
the blade. The goal of the propeller optimization procedure is
to determine the optimum circulation distribution along the
span of the blade, which yields the best performance (min-
imum torque for a specified thrust), given the inflow condi-
tions and blade 2D section properties.

2.1. Propeller representation

c.-5
Figure 2. Propeller velocity/force diagram, as viewed from

the tip towards the root of the blade. All velocities are relative
to a stationary blade section at radius 7.

The velocity/force diagram shown in figure 2] illustrates
the velocities and forces (per unit span) on a 2D blade sec-
tion in the axial é, and tangential é; directions. The pro-
peller shaft rotates with angular velocity ®é,, such that the
apparent tangential (swirl) inflow at radius r is —@ré;. Also
shown on figure 2] are the axial and tangential inflow veloci-
ties, Vo = —V,é, and V¢ = —V,¢é,; induced axial and tangen-
tial velocities, uy = —u}é, and uf = —u; é; (note that typically
u; < 0 when using this definition, so uj actually points in the
é; direction); and the total resultant inflow velocity, V*, which
has magnitude

V= Va2 + (0r 4+ Vi )2 M)

and is oriented at pitch angle,
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to the é; axis. Also shown on figure [2| are the angle of attack,
o; blade pitch angle 6 = o+ B;; circulation, I'é,; (inviscid)
Kutta-Joukowski lift force, Fj = pV* x (I'é,) ; and viscous
drag force, Fy, aligned with V*. Assuming the Z blades are
identical, the total thrust and torque on the propeller are

R
T-2 / [Fycos B, — F,sinBildr (64) 3)
h R
Q= pZ/ [F;sinB; + F, cos B;]rdr (—é,) )
n

where F; = pV*T and F, = %p(V*)zCDc are the magnitudes
of the inviscid and viscous force per unit radius, p is the fluid
density, Cp is the drag coefficient, c is the section chord, and
ry, and R are the radius of the hub and blade tip, respectively.

The efficiency of the propeller is the ratio of useful power
produced by the propeller to the input shaft power, 1 = TQZ;,

where V; is the ship speed (i.e. free-stream speed).




2.2. Vortex lattice formulation

OpenProp employs a standard propeller vortex lattice
model to compute the axial and tangential induced velocities,
{u,u;}. In this formulation, a Z-bladed propeller is modeled
as a single representative radial lifting line, partitioned into M
panels. A horseshoe vortex filament with circulation I'(i) sur-
rounds the i" panel, consisting of constant-pitch helical trail-
ing vortex filaments at the panel endpoints (r, (i) and r,(i+1))
and the segment of the lifting line that spans the panel. The
induced velocities are computed at control points on the lift-
ing line at radial locations r.(m), m = 1...M, by summing
the velocity induced by each horseshoe vortex

M

g (re(m)) = uy(m) = Z_,lr(i)ﬁii(m,i) ®)
u

u; (re(m)) = u; (m) = er(i)ﬁz*(m,i) (6)

where i, (m,i) and @ (m, i) are the axial and tangential veloc-
ity induced at r.(m) by a unit-strength horseshoe vortex sur-
rounding panel i, These influence matrices are functions of
{Z,rc(m),ry(i),pi (i)}, which are computed using the approxi-
mations by Wrench [1957].

Following Kerwin [2007], the hub is modeled as an im-
age vortex lattice, with the image trailing vortex filaments
having equal and opposite strength as the real trailing vor-
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tex filaments and radii ry,(i) = rfhl.). The image vorticity is
shed through the trailing surface of the hub and rolls up into
a hub vortex of radius, r,. The drag due to the hub vortex is

D, = ‘l’fn [ln( ) +3} [[(1)]? (—&,). For practical purposes,
it suffices to set :’; = 1, which sets the logarithm to zero.

2.3. Propeller optimization module

Following Coney [1989], the propeller optimization prob-
lem is to find the set of M circulations of the vortex lattice
panels that produce the least torque

M
Q=pZ Z {[Va +uy )T+ %V*CDC[O)I"C +Vi+u] } r.A\r,

m=1
@)
for a specified thrust, T,
M
T =pZ Z {[(x)rc +Vi+u I — %V*CDC[VG +u}] } Ar,
_ Hflag - °% [m( ) +3} C()? =T, ®)

where Hflag is set to 1 to model a hub or O for no hub. Here,
{p,Z,®} are constants and {T, v}, u}, V*, ¢, V,, V;, Cp, re,
Ar,} are evaluated at each control point radius, r.(m), in the
summation. Note that {u},u’,V*} are functions of the circu-
lation distribution, I', by equations {,@}

The circulation optimization is performed using the
method of the Lagrange multiplier from variational calcu-
lus. An auxiliary function, H = Q + A (T — T), is formed,
where A; is the unknown Lagrange multiplier that introduces
the thrust constraint (@) Clearly, if T = Ty, then a minimum H
coincides with a minimum Q. To find this minima, the deriva-
tives with respect to the unknowns are set to zero, % =0
(i=1...M)and 3TH1 = 0, which results in a system of M + 1
equations for as many unknowns {I'(i = 1...M), A;}. This
non-linear system of equations is solved iteratively until con-
vergence of the optimized circulation distribution, I', and flow
parameters {u, u;, B;, @, @, V*}.

The generalized circulation optimizer described herein
was implemented in OpenProp by Epps [2009]. Stubblefield
[2008] validated the optimizer for unducted and ducted cases
against the U.S. Navy code PLL with good agreement in cir-
culation distribution over a wide range of duct loadings.

2.4. Geometry module

Once the design operating state of the propeller/turbine is
known, the geometry can be determined to give such perfor-
mance. The 3D geometry is built from given 2D section pro-
files that are scaled and rotated according to the design lift
coefficient, chord, and inflow angle {Cy,,c,Bi, }.

A given 2D section profile includes camber and thickness
normalized by the chord, {f f/e.i/c}, ideal 1 angle of attack, oy,
and ideal lift coefficient, C7,. Note that { f, &, Cz, } scale lin-
early with the maximum camber, fo [Abbott and Von Doen-
hoff 1959]. The section lift coefficient is given in terms of the
geometry by

Cr 227'C((X—(X1>+CL1 )

for ot < OLgean1, and the stall model is described in [Epps et. al.
2009]. In the geometry module, the angle of attack of each
blade section is set to the ideal angle of attack (o = o) to
prevent leading edge flow separation and/or cavitation. The
lift coefficient (9) then becomes the ideal lift coefficient (Cz, =
Cy1,). In order to achieve the desired lift coefficient, Cy, the
given GL, is scaled by scaling the section camber. Thus, the
desired lift coefficient and section geometry is

{CLafOLfa(xl}_? {CL]?fO7f7(xl} (10)

Ly
The pitch angle of the blade section is then fixed at
0= oy +Pi, (11)
With this computed blade 2D section geometry, OpenProp

can then form 3D renderings or export files for rapid proto-
typing of physical parts.



2.5. Performance analysis module
This section details the analysis of a propeller operating at
an off-design (OD) tip-speed ratio,

WopR
Vs

hop = 12)
An off-design operating state is defined by Agp and unknown
flow parameters {V*, o, Cp, T, u’, u’, By, i, ) }.

To proceed, we need equations for the angle of attack, o,
and circulation, I'. In the analyzer, the pitch angle, 0, of each
blade section is fixed, so the net angle of attack is

o—oy =B —PBi (13)

The circulation can be computed from the 2D section lift co-
efficient, which is given in terms of the loading by

_2r
Ve

93 (14)
For a computed operating state to be physically-realistic, the
above flow parameters must all be self-consistent. That is,
equations {(1), (13), @), (14), (). (6). @)} and the Wrench
(1957) formulae must all hold, given Agp.

Since there are M vortex panels, there are 7M + 2M? un-
knowns and a system of 7M +2M? non-linear equations that
govern the state of the system. This system is solved in Open-
Prop using an approach similar to a Newton solver. During
each iteration of the analyzer, one Newton solver iteration is
performed to drive the residual vector

V* =/ Va +u3)? + (@opre + Vi + ;)2
o — (o +Biy — Bi)

Cr— (2n(o—oy) +Cy,)

I'—(3CLV*c)

ug — [ig] - [T

uy — [i7] - [T

s5)

towards zero. Given the new values of {V*, a, Cr, T, u}, u;},
the parameters {;, i, i} } are then updated. These new val-
ues are used in the next Newton iteration, and so on. This pro-
cess repeats until convergence of the entire system. Since the
method updates both {V*, o, C, T, u, uf} and {B;, &}, @}
in each iteration, it accounts for the coupled interaction be-
tween all 7M +2M? unknown flow parameters and converges
on physically-realistic operating states [Epps et. al. 2009].

For each operating state, the analyzer computes the pro-
peller thrust, torque, and power coefficients and the efficiency.

The OpenProp analyzer was validated with U.S. Navy pro-
peller 4119. Figure [3] shows the circulation distribution of
an OpenProp-designed version of 4119, showing good agree-
ment with the design circulation distribution and off-design
performance curves, as compared with U.S. Navy code PBD
and experimental data from [Black 1997].
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Figure 3. (top) Design circulation distribution for U.S. Navy
propeller 4119. (bottom) Performance curves for propeller
4119. OpenProp results agree with PBD code solution and
experimental data from [Black 1997].

2.6. Cavitation analysis module

This section details the preliminary cavitation analysis ca-
pabilities of OpenProp. Analysis of blade section cavitation
requires the 2D foil pressure distribution, which is found in
OpenProp using either of two 2D foil solvers. Peterson [2008]
developed a cavitation analysis module using the open-source
code XFOIL by Drela [1989]. For the present work, a simpler
2D vortex lattice code VLM by Chung [2007] was used as
the 2D foil solver engine. The pressure distribution results are
incorporated in a module that generates cavitation bucket dia-
grams for a given blade design. An example Brockett diagram
is shown in figure @] These diagrams can be generated for
each 2D blade section, given the section meanline form and
camber ratio. Using the Brockett diagram, the thickness ratio
can be chosen to give adequate on-design cavitation margin
and off-design angle of attack margin. The 2D solvers can
also be used to analyze the blade pressure coefficient (Cp)
distributions for determining cavitation margin and location
by comparing the Cp values to the local cavitation number of
the section (G), as discussed later in this paper.
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Figure 4. Brockett diagram (inviscid cavitation bucket dia-
gram) for an example propeller with a NACA a=0.8 meanline
and NACAG66 thickness (fo/c = 0.0093, Ao = 0.1°).

0o 05 1

3. CASE STUDY: ELECTRIC SHIP
PROPELLER REDESIGN

We present as a case study, the redesign of a marine pro-
peller for an electrically-driven ship. In this redesign, we con-
sider a much higher shaft rotation rate in order to explore the
implications on the propeller performance; electric motor de-
sign [see Englebretson et. al. 2009]; and ship hydrodynamics
[see Chalfant and Chryssostomidis 2009]. Specifications for
the old and new propellers are listed in tables [[|and [2]

Table 1. Specifications. For both propellers, the design ship
speed is V; = 20 [knots] = 10.290 [m/s]; the required thrust
is T, = 4.2038 x 10° [N]; the sea-water density is p =
1026 [kg/m3]; and the viscous drag coefficient is Cp ~ 0.009.

old new
Z 5 4
D [m] 5.1816 | 4.2672
Dhup [m] 1.7282 | 0.8534
N [rpm] 91.900 | 150
Jo=2 1.2965 | 0.9646
Cr, = ——— | 0.3670 | 0.5411

2PV T4

K1, = pn?D“ 0.2422 | 0.1977

3.1. Design optimization

OpenProp was used to design optimized propellers that
meet the old and new design specifications. As a validation
case, the U.S. Navy code PLL was also used to design an op-
timized propeller for the old specifications. These designs are
characterized by their circulation distribution, thrust coeffi-
cient, Cr or K7, torque coefficient, Cp or Ko, and efficiency,
1. For reference, the efficiency of an actuator disc with Cr, =

{0.3670,0.5411} is M = 2 = {0.9220,0.8923}.

Table 2. Propeller input geometry. In both cases, all sections
have a NACA a=0.8 meanline (which has fy/c = 0.0679,
5L1 = 1.0, and 0oy = 1.54°), and a NACA 65A010 thickness
profile with 7y /c = 0.0200.

Old propeller: New propeller:

r/R ¢/D Va r/R ¢/D Va
0.3333 | 0.1852 | 0.9342 || 0.2000 | 0.2454 | 0.7300
0.3704 | 0.2447 | 0.9573 || 0.2500 | 0.2595 | 0.8200
0.4444 | 0.2847 | 0.9864 || 0.3000 | 0.2735 | 0.9000
0.5185 | 0.3518 | 1.0018 || 0.4000 | 0.3014 | 0.9700
0.5926 | 0.4242 | 1.0003 || 0.5000 | 0.3290 | 1.0000
0.6667 | 0.5549 | 0.9996 || 0.6000 | 0.3564 | 1.0000
0.7407 | 0.5314 | 1.0002 || 0.7000 | 0.3833 | 1.0000
0.8148 | 0.4323 | 1.0000 || 0.8000 | 0.4092 | 1.0000
0.8889 | 0.3387 | 1.0000 || 0.9000 | 0.4381 | 1.0000
0.9630 | 0.1889 | 1.0000 || 0.9500 | 0.4376 | 1.0000
1.0000 | 0.0020 | 1.0000 || 1.0000 | 0.0020 | 1.0000
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Figure 5. Normalized circulation, G =
for the old and new propellers.
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The optimized circulation distributions are shown in fig-
ure [5] Both the PLL and OpenProp old propeller circula-
tion distributions are nearly identical. These designs also have
nearly identical computed performance data shown in table[3]
which validates the OpenProp optimizer with PLL.

The optimized circulation distribution for the new propeller
is also shown in figure [5] Although the blade loading, T, is
similar for the two cases, the non-dimensional circulation,
G= %RVV’ is higher for the new propeller, due to the smaller
propeller diameter. The smaller diameter also results in a
slightly higher Cr and lower 1, as expected.

The computed on-design propeller performance parame-
ters of the old and new propellers are shown in table [3] In
both cases, the efficiency is slightly lower than that predicted
by actuator disc theory, since these propellers have a finite
number of blades and since viscous forces are considered.



Table 3. Computed

propeller performance at design (20 kts).

old old new

PLL | OpenProp || OpenProp
J=2 1.2960 | 12965 0.9646
Cr=—L— 103680 | 0.3670 0.5411

%pVSZ%

Co= T 0.2130 | 0.2123 0.2364
Kr = o5 0.2427 | 0.2422 0.1977
Ko = .55 0.0703 | 0.0701 0.0432
n= il 0.7100 | 0.7109 0.6923

Figure 6. 3D geometry rendering: (left) old propeller, (right)
new propeller. Since the present implementation of OpenProp
does not treat propeller skew, these 3D renderings are skew-
free, although skew was used in the old propeller design.

Figure [6] shows a 3D rendering of the old and new pro-
pellers, as generated by OpenProp. OpenProp can also gener-
ate files for CAD and rapid prototyping, although prototypes
were not manufactured for the present study.

3.2. Performance analysis

The performance curves for the old and new propellers are
shown in figure [7] This figure highlights the performance at
the design-intent endurance speed (20 knots) and the maxi-
mum speed of the ship (30 knots). Since both the endurance
and maximum speed conditions are design criteria for this
vessel, these data allow us to analyze the propeller perfor-
mance at these operating conditions and enable ship system-
level analysis, such as electric motor performance [see En-
glebretson et. al. 2009], fuel requirements, and ship hydrody-
namic performance [see Chalfant and Chryssostomidis 2009].

In addition to the information shown in these plots, the flow
parameters at any 2D blade section and any operating state
can be extracted for cavitation analysis.
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Figure 7. Performance curves for the old (top) and new (bot-
tom) propellers.

3.3. Cavitation analysis

Figure[8]shows the blade section cavitation analysis for the
old and new propellers at r/R = 0.7 for the endurance speed
(20 knots) and maximum speed (30 knots). This figure shows
that this blade section of the old propeller is marginally cav-
itation free at the endurance speed and has substantial back
cavitation at the maximum speed.

Figure [8also shows the cavitation performance of the new
higher-speed redesigned propeller at 20 and 30 knots. Though
the propeller performance of the redesigned propeller was ac-
ceptable, the cavitation at 30 knots is clearly unacceptable,
since this detailed cavitation analysis shows significant face
cavitation would occur at this speed.

Since the new propeller had significant cavitation, a second
iteration of the propeller redesign was performed, with a de-
sign rotation rate of 120 RPM at the endurance speed (20 kts).
Figure 9] shows that this second-iteration propeller had little
or no face cavitation when operated at maximum speed (30
kts) and that it had similar efficiency and thrust performance
to the previous design. Using the OpenProp tools, additional
redesign and analysis can be performed rapidly.



Old propeller, 20 knots

New propeller, 20 knots
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Figure 8. Pressure coefficient versus chordwise coordinate
for the old and new propeller at the endurance (20 kts) and
maximum (30 kts) speeds.
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Figure 9. Performance curves and pressure distribution for
a second-iteration design derived from the new propeller, but
with a design rotation rate of 120 RPM.

4. CURRENT RESEARCH FOCUS

OpenProp is a continuing work in progress, but has reached
the level of development where it has been useful to those
not directly involved with the code. It brings the considerable
power of vortex lattice analysis to the fingertips of novice and
expert propeller designers with its friendly GUI and higher-
power command-line interfaces.

In the present version of OpenProp, users have the op-
tion of working through the MATLAB command line or the
graphical user interface (GUI). The GUI provides a paramet-
ric analysis interface for preliminary design and a single pro-
peller interface for detail design (shown in figure [10). Both
modes take basic parameters such as the diameter, number
of blades, ship speed, etc. In the design optimizer, OpenProp
uses these inputs to generate a vortex lattice model of the
propeller and optimizes the circulation distribution on this
model. With this design, OpenProp can then craft the geome-
try required to produce such performance, and OpenProp can
also analyze the propeller in off-design operating conditions.

866 OpenProp
Options

) Hubimag g (Gheck o YES)

= __ Ducted propeler (Chack or YES)

HHHHHEBHHEHE

Figure 10.

Figure 11. OpenProp rendering, 3D printed model, and tow-
tank testing of propeller OP4148.

D’Epagnier [2007] designed and built a propeller to em-
ulate the performance of U.S. NAVY propeller 4148 [Kinnas
1995] as a test case for OpenProp. Figure [TT] shows the pro-
peller as designed and rendered in Rhino, the physical 3D
printed propeller, and the propeller as it was undergoing tests
at the tow tank at the University of Maine at Orono at the time
of publication.



OpenProp is also a valuable teaching and educational tool,
allowing students to learn the fundamentals of propeller de-
sign and become familiar with the physical models and nu-
merical methods used in the field. Though hands on learning
modules, OpenProp can be readily integrated into the class-
room for both undergraduate and advanced graduate subjects.
Modules are currently under development for MIT under-
graduate course 2.016 Hydrodynamics and graduate course
2.23 Hydrofoils and Propellers, and roll-out is planned for
the fall 2009 semester.

Efforts currently underway with the OpenProp code devel-
opment include improvements to the GUI, verification testing
of the turbine optimizer, and experimental validation testing
of OpenProp propeller and turbine designs. Future additions
to OpenProp are planned in the following areas:

e Integration of the 2D foil code XFOIL for arbitrary ge-

ometries and inclusion of viscous boundary layer effects,

e Integration of the cavitation bucket generator of Peterson
(2008) into the OpenProp code,

e Addition of multiple blade row design capability,
e Addition of blade strength analysis capability,

e Extension of blade outputs to CAD programs such as
SolidWorks, and internal generation of 3D print files.

e Development of hands-on learning modules for use in
undergraduate and graduate level classes.

The goal of the OpenProp team is to provide accurate and
powerful propeller and axial flow turbine design codes for use
by both novice users and experienced designers. The open-
source nature of the code (published under the GNU public
License protocol) is intended to be a public resource to en-
hance the art of propeller design and analysis.
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