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Abstract

While the implementation of azimuthing propulsors powered by irltestegtric motors
(often called “podded propulsors”) into the commercial ship markst een swift, the
understanding of their hydrodynamics through research, particulade iarea of maneuvering
performance, has been very limited.

This thesis research investigates the steady and unsthadynic maneuvering forces
associated with an azimuthing podded propulsor, and provides supportorgtitted insight
toward understanding their mechanisms and prediction. Becatise wide range of potential
applications of azimuthing podded propulsion in the marine field, dyndonce phenomena
applicable to maneuverability of both large and small scalecleshiare investigated. These
include quasi-steady vectored maneuvering forces, of importanceniarauvering vehicles or
ships, as well as unsteady or transient maneuvering forcesh Whve more significance to the
maneuverability of smaller vehicles, particularly for psem control applications. The ultimate
goal of the research is to provide a comprehensive understandihg ofigneuvering forces
associated with an azimuthing podded propulsor, such that future mangused control
applications, and computational fluid dynamics studies in the field, can be apigiggdoaused.

The research efforts are focused in four main areasst, B number of relevant dynamic
models for the maneuvering of a surface vehicle with an azingughviopulsor are developed.
Second, an extensive test program measures and charactexinasure of quasi-steady vectored
maneuvering forces associated with a podded propulsor in azimuif8@3 for the entire range
of forward propeller speeds, as well as unsteady or transianeuvering forces due to rapid
changes in azimuth angle or propeller rate. This test proigraimed at quantifying the steady
and unsteady parameters associated with the developed dynamic .mddets, two flow
visualization techniques are utilized to visualize, documantd correlate the helical wake
characteristics, velocities and forces for both quasi-staadyunsteady propulsor states. A new
fluorescent paint flow visualization technique is developed @pplied for small, moderate and



large propulsor azimuth angles, and a laser particledmalpcimetry (PIV) technique is adapted
for small and moderate propulsor azimuth angles. Finally, ef ®etmprehensive physics-based
models are developed to foster the understanding of the mechassmegated with the steady
and unsteady force dynamics. The quasi-steady models are based woombination of
momentum-based, blade-element, and vortex wake propeller theories, as apliedimuthing
podded propulsor. The unsteady force models are based upon unstdayr “dynamic
inflow” methods. Additionally, an interesting phenomenon associatedthttiormation of a
vortex ring during rapid propeller rate increase is presented and @idcuss

The steady and unsteady test results, flow visualizations, and th&laredels, are shown to
be consistent in terms of the magnitudes and charactee aizilmuthing maneuvering forces.
Limited comparisons of quasi-steady propulsor forces at smaltlerate and large azimuth
angles are also made with forces predicted by a modified cothbiade-element-momentum
(BEM) method, as well as the unsteady vortex-lattice propeade MPUF-3A, with and without
modified inflows to account for propulsor pod wake. The resllilistiate inherent complexities
related to use of existing computational fluid dynamics tools with azimugddded propulsors.

Thesis Supervisor: Michael S. Triantafyllou
Title: Professor of Ocean Engineering, Massachusetts Institutecbhdlogy
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Chapter 1

Introduction

1.1 Background and motivation

While azimuthing propulsion in the form of low-power electric, laydic, or right-angle
gear-driven steerable thrusters has been around for redirlst century, it has been only in the
last decade that electric motor technology has advanced to thewpere implementation of
high-power azimuthing electric-drive propulsors has become pahdtc primary propulsion
(and steering). The advantages of azimuthing electric-gmiveary propulsion (often called
podded or modular propulsion) are numerous, including design flexitskiginng to improved
arrangement efficiency, power management, maneuverability, and eveaddéulliaesistance.

While the implementation of podded propulsors into the commeshipl market has been
swift, the complete understanding of their hydrodynamics througlarngseparticularly in the
area of maneuvering performance, has been limited. Van Teratisgja[75] provide a general
overview of the history of mechanical and electrical stdergropulsion units, and address
general hydrodynamic issues associated with their design @&nd Texopeus and Loeff [72]
discuss recent applications of podded propulsion from a maneuverisgepive, comparing
maneuverability between specific ship designs with conventiongpufsion and podded
propulsion, and highlighting the general benefits and points otiatten Additional comparative
maneuvering testing has been conducted under the auspices of tHeODPand FASTPOD
research programs funded by the European Union, with some results just neablislyed in the
First International Conference on Technological Advances in PodagdilBion (T-POD), held
in the UK in April 2004. Two papers deal specifically with thguies of vessel maneuverability
with podded propulsors [4], [46].

Although limited free-running and captive model maneuveraliggying on ships with pods
has been conducted as mentioned above, there has been littleebaarch done specifically in
the area of prediction and simulation of dynamic maneuverirgg$oand capabilities associated
with podded propulsors. Research of this type conducted in thédgm$ocused mainly on the
design and optimization of low-power thrusters and dynamic positiogsigras for deep water

applications at slow speeds or in currents [57], [61], [60], [79].evA iew investigations of this
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type for podded propulsors have just recently been presentedTaPt®® conference [35], [30],
[71].

This thesis research investigates the steady and unsthadynic maneuvering forces
associated with an azimuthing podded propulsor, and provides supportorgtitted insight
toward understanding their maneuvering attributes and performaeeause of the wide range
of potential applications of azimuthing podded propulsion, dynamic fdfeet® applicable to
maneuverability of both large and small vehicles are invastigaThese include quasi-steady
force effects applicable to any maneuvering vehicle or shiwe#isas unsteady or transient force
effects which might have more significant application torttaeuverability of smaller vehicles,
particularly for precision control applications. The ultimaien of this thesis research is to
provide a technical understanding and quantify the dynamic effesttsia®ed with azimuthing

propulsion, particularly relating to vehicle maneuvering dynamics.

1.2 Literature review

There is very little in the literature regarding maneingewith podded propulsion. Prior to
April 2004, there have been only general literature notesdiegathe effectiveness of podded
propulsion in terms of maneuvering, and slow speed maneuveratiilityow-power thrusters.
These literature sources that are relevant to the cuesearch have been noted in the previous
section.

Just recently, in April of 2004, the First International Confegemt Technological Advances
in Podded Propulsion (T-POD) was held in Newcastle upon TyrghenUK.  Although
providing an excellent forum for exchange of information on the custtus and focus of
research in the area of podded propulsion, its direct appliyakai the forces that effect
maneuvering can be boiled down to a small handful of presented papkese have been
referenced in the previous section.

For this reason, a formal literature review will not fresented within this introductory
chapter. Rather, specific references pertaining to maneuyeriogellers and propulsion, lifting
theory, system dynamics, etc. will be presented as thegyemded, within the relevant chapters

and sections.
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1.3 Chapter preview

This thesis documents an overall effort to characterize andstadeé maneuvering forces
associated with an azimuthing podded propulsor through a focusednexmtet effort, and
provides a theoretical basis for the behavior of the maneuvirings based upon steady and
unsteady propeller theories and calculations.

Chapter 2 provides a brief overview of the relevant dynaasssciated with maneuvering
with an azimuthing propulsor. First, a short presentation is prdvieigarding the basic force
effects associated with propellers operating in oblique inflonhenTa combined dynamic
maneuvering model is presented which incorporates the fully coupteinilys of the vehicle,
propeller and propulsor motor, and provides for necessary kinesmeatjaired to fully couple the
various dynamics.

Since the overall goal of the research is to investitptenaneuvering dynamics associated
with an azimuthing podded propulsor, a first step in the researchtavdesign, model and
construct an autonomous surface test vehicle with a dynamicaiyidung propulsor system,
which could be utilized for carrying out the investigation. Chapter 3 providesceobvasview of
the design and construction of the autonomous surface test vedmclethe dynamically-
azimuthing propulsor system, which have been utilized for rigggarch. This chapter also
includes details of the propulsor and propeller geometries, abde# discussion of the
experimental identification of the vehicle maneuvering coeffits for the combined dynamic
maneuvering model.

Chapter 4 provides an in-depth presentation of the test program amhduchvestigating
maneuvering forces associated with the azimuthing propulsor, inglegiasi-steady effects of
importance to all vehicles, as well as the transient or unseféelyts of potential importance to
smaller vehicles. The experimental setups and techniques tmitedleresults presented in
graphical and tabular form, and the significance of the testtsesulehicle maneuvering are
discussed.

Chapter 5 presents and discusses results of severak dffovisualize and document the
steady and unsteady wake of the azimuthing propulsor. A novel technique using fhiqraestde
and ultraviolet black light has been developed for the vistigizaf the vortex wake for a range
of quasi-steady and unsteady/transient operating conditions. A daehunsing laser Particle
Image Velocimetry (PIV) has also been adapted to provide mpeise visualization and
velocity documentation of the wake for a number of quasi-stealy umsteady/transient

operating conditions. Documentation and demonstration of several impatiEady and
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unsteady wake effects are provided, including quasi-steady wadte gnd wake angle for
moderate and large angles, distortion of the wake for moderateasgel dngles, and the
interesting development and interaction of vortex rings during rapid progskeincrease.

Chapter 6 provides a detailed discussion of a theoreticabk basi the quasi-steady
maneuvering force dynamics of an azimuthing propulsor over thiee elange of forward
operating conditions (i.e. for propulsor azimuth#®0 degrees relative to the inflow). This
theoretical basis begins with a discussion of “simple” monme+iiased models for a propeller in
axial and oblique inflows, and expands to include a modified bladesatetheory, using
combined blade-element and momentum, including important wake caigdsrfrom vortex
theory. Finally, a discussion of the use of computationatl ftlyinamics for the prediction of
maneuvering forces is presented. Results of calculations anag®ovided in comparison with
experimental results, with the relevance of consistencies and incorisistgiscussed in detail.

Chapter 7 provides a detailed discussion of a theoretica fmaghe unsteady maneuvering
force dynamics of an azimuthing propulsor. A “dynamic inflow” modetleveloped which
provides an expression for an approximate dynamic inflow oewiale constant. This dynamic
inflow time constant represents the lag in induced velotitiieapropeller disk, and the “lead” in
propeller forces for rapid changes in propeller operatintestaparticularly propeller rate n.
Additionally, asymmetry seen in the unsteady propeller rate exgetdin force results is
addressed by discussing the formation of vortex rings during rapid lgropaie increase.
Estimates for the vortex ring formation time are developgidgucombined vortex ring and
propeller theories and results of flow visualization experiments.

Finally, Chapter 8 provides a summary of the research andgtiifcant results, provides a
summary of the unique contributions of the thesis to the fieldawél architecture and marine
engineering, and provides some recommendations for future research igethe ar

For reference throughout the thesis, table 1-1 provides a sumwmhamuch of the

nomenclature used.
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Table 1-1: Nomenclature.

Xos Yo

Xp

Aa Aw

Ap

A%, A" B etc
Bm, ko, ki1 ke

CFa; Can CMz

Blade element angle of attack, vehicle effectivitoim angle into propulsor
Angle of rotor/disk relative to incoming flow

Blade element pitch angle, vehicle drift angle

Wake skew angle

Propulsor azimuth angle in vehicle coordinate frame

Blade element inflow angle, propeller pitch angleke helix pitch angle
Propeller efficiency (JK2pKg)

Tip speed ratio

Non-dimensional induced velocity based on propelés (M/nD)

Propeller azimuthal/circumferential blade angledkimn

Water density

Time constant, dynamic inflow time constant

Formation time for vortex ring from rapid increasepropeller rate

Total system time constant (overall time constant)

Angular velocity

Vehicle yaw angle in inertial (earth-fixed) frame

Circulation, circulation produced by propeller ctitation of vortex ring
Wing span

Propeller blade chord

Frequency (hz)

Motor current, motor torque constant

Motor current zero-crossing and amplitude for matarrent sinusoidal test
Empirical factors for propeller blade lift/dragefticients

Mass flux through disk annulus

Apparent added mass of water influenced by prepelisk (dynamic inflow)
Propeller rotation rate (rev/sec)

Perturbation of propeller rotation rate for curragmut step or ramp test
Steady state perturbation of propeller rate forentrinput step or ramp test
Ambient pressure, pressure far upstream, far doaars propeller disk
Radial coordinate position

Span of propeller blade

Vehicle surge, sway, yaw velocities in \@icoordinate frame
x-component of velocity far downstream propetlesk, wake fraction
Vehicle x, y location in inertial (earth-fixed)aime

Distance from center of vehicle coordinate frameenter of propulsor
Area of streamtube far upstream, far downstreaipedler disk

Area of propeller disk

Harmonic coefficients for effective propeller inflovelocity decomposition
Mechanical “dry” stick-slip friction, friction cdécients

Non-dimensional axial force, normal force, momemtpod-only
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Propeller blade lift, drag coefficients

Propeller diameter

Diameter of piston feeding vortex ring

Prantdl tip loss factor

Axial force, normal force, moment on pod-only

Propulsor surge and sway forces

Impulse related to vortex ring formation

Mechanical “dry” rotational inertia (motor, shadgal, propeller)
Hydrodynamic (added) rotational inertia (unstebggrodynamic torque)
Advance coefficient (YnD)

Propulsor thrust force, normal force coefficierita 6°D*, N/r n?D?)
Propeller torque, propulsor steering moment coiefiiis (Qf n’D°, M/r n°D®)
Propulsor surge force, sway force coefficientgr(#D*, F,/r n’D*)

Lift force, drag force

* property at blade element (e.g. elemental/increahdift, drag, etc.)
Propulsor steering moment (total, quasi-steady)
Propeller/propulsor normal force (total, quasiasity

Propeller pitch

Propeller/propulsor torque (total hydrodynamicasjtsteady)

Motor input torque perturbation for current inptestest

Motor input torque perturbation for current inpammp test

Propeller radius, propeller hub radius

Effective radius (Prandtl tip loss)

Propeller/propulsor thrust force (total, quasiasity
Annulus-averaged thrust, torque, etc.

Nominal formation time for vortex ring

Velocities related to vortex ring formation

Characteristic velocity of axial flow feeding artex ring

Advance velocity, towing tank carriage velocityedrsteam velocity
Axial velocity, tangential velocity

Axial induced velocity, tangential induced velocity

Effective inflow velocity at propulsor

Induced velocity

Velocity at propeller disk, velocity far downstregropeller disk (slipstream)

Disk-averaged velocities
Transverse (in-plane) component of velocity, indueelocity
Number of propeller blades, logarithmic variafdecurrent input step test
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Chapter 2

Maneuvering dynamics: an overview

For typical marine propulsion and maneuvering simulation and ¢ompaications (i.e.
conventional ships with shafted propellers or ROV/AUV marineidtiers), equations for the
maneuvering dynamics of the vehicle or ship are typicallypted to the dynamics of the main
engine or propulsion motor through quasi-steady mappings relating arabiathitance velocity
and propeller rotation rate to propeller thrust and torque. Howseme recent studies have also
considered coupling of propeller thrust and torque tautisteadyfluid velocities in the vicinity
of the propeller blades for consideringry fast thrust and torque dynamics for precision control
applications [34], [77], [5], [10]. In either case, the additional complexities pefev/propulsor
azimuth lead to a necessity to expand the dynamic maneuveringoagquatinclude additional
vectored propulsion and steering force components, and expand the pimogllésor mappings
to includenormal forceand steering momentin addition to thevectored(altered) thrust and
torque. It is mainly in the character of thiectoredthrust force, torque, normal force, and
steering moment that maneuvering with azimuthing propulsors sliffer significantly from

maneuvering with conventional shafted propellers and rudders, or marinerhirust

2.1 Propellers in oblique flow and maneuvering forces

The fundamental importance of understanding vectored propulsion cdludbeated by
considering the forces that result from a propeller that isatipgrin an oblique inflow (figure 2-
1). First, the hydrodynamic thrust force (T) and torque (Qjove@long the axis of the propeller
shaft are affected by a reductiondfifectiveaxial inflow velocity as the propeller is azimuthed
relative to the inflow. Intuitively, this reduction in efftive axial inflow velocity (i.e. with the
cosine of the angleeducesthe effective advance coefficient in terms of the inflalocity to
the propeller, and thuacreaseshrust and torque in accordance with “typical” propeller thrust-
torque-speed characterization (figure 2-2). Seconthranal force (or side force) N is created
due to unequal angles of incidence on the blades as they rotatehttineugplique inflow [15],
and for larger inflow angles at higher advance velocities réamsverse roll-up of the wake along

its top and bottom edges, essentially forming two dominant vortegles (see for example [51],

21



[52]). Regardless of the direction of rotation of the propellerngtenormal force is in theame

direction, away from the inflow [15].

Z - bladedpropeller Top view )
Va
V, :VT =V,sind <
F, v,
Q d )
N \—M/ ‘
Y

y
Figure 2-1: Propeller in oblique inflow. Hydrodynamic torque Q, thiarse T, normal force N,
and steering moment M, resulting from a propeller in oblique inflonand F; are the equivalent
surge force and sway force in the vehicle or tunnel coordinatarsyste

Thrust force, normal force, torque, efficiency (at 8 = 0)
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Figure 2-2: “Typical” propeller thrust-torque-speed charazation. Non-dimensional thrust
force and torque coefficients {Kand Ky) vs. advance coefficient (non-dimensional advance
velocity J = \/nD). Thrust and torque are maximum at zero advance coeffaneireduce with
increasing advance coefficient.

Thus one main effect of azimuthing propulsion, in terms of manewyices, is to produce

propeller forces which vary in a nonlinear manner with infeowgle, propeller speed and advance
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velocity (or non-dimensional advance coefficient J MW). This would suggest a nonlinear 3-
dimensional mapping of quasi-steady propeller thrust, torque, and Infomoa with azimuth
angle and advance coefficient. It should be noted that, for an amgutodded propulsor, this
also implies a coincidental mapping of the hydrodynamic moment omprtplsor about its
steering shaft (i.e. theteering momeni). It is also noted that in addition to the vectored
propeller forces, the propulsor pod itself also induces force bations resulting from its own
effective hydrodynamic characteristic drag and lift fer¢er axial force along its axis and normal
force perpendicular to its axis), as well as a hydrodynamicenomThis will be discussed in
greater detail in Chapters 4 and 6.

In addition to the nonlinear mappings of quasi-steady propellert thougue, normal force
and steering moment, there are alssteadyhydrodynamic force components associated with
accelerating and decelerating flows. In terms of maneuveoitngd, the ternuinsteadyis used

here to denote those force components which arise due to tereficitange of the main state
variables associated with the azimuthing propulsor .8/, and potentiallydandd). For

maneuvering simulation and control of large ships or vehiclese thasteady hydrodynamic
force components are typically neglected, as the time congtemtssually at least an order of
magnitude faster than the dominant time constants for the mameuehip or vehicle. For
smaller vehicles, this is not necessarily the case, andideration of unsteady forces may be
necessary, particularly for control applications such as maneuveringcigneunderwater work
vehicles. Therefore, this thesis research considers both the qaalyifsieee components as well

as the unsteady or transient force components.

2.2 Models for maneuvering dynamics

In order to tie together and motivate the test program and providgsafdraguantification of
the effects of the azimuthing propulsor on vehicle maneuvering, mbiged dynamic
maneuvering model for a vehicle with azimuthing propulsion is bridilgussed. A combined
maneuvering model can be developed based upon fundamental principlesaaficty and
parameters determined through a suitable test program foratims force components and
interactions. The dynamics of an azimuthing propulsor can h@po@ated into an overall
vehicle dynamic maneuvering model by coupling the equations forethiele dynamics to those
of the propulsor, through quasi-steady or dynamic equations relatlngityeand propeller

rotation rate to propeller thrust, torque, normal force and steetoment. This relationship, for
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a surface vehicle with a single azimuthing propulsor driven tyCamotor, can be simply
illustrated as in figure 2-3. In order to carry out system ifieation and combined system
simulation or control of the maneuvering dynamics of the vehible various dynamic and
kinematic relations in the model must be put into suitable fomgse parameters can be

determined (identified) through a reasonable experimental test program

=

m . L
—_— Propeller, propulsor, fluid _N>
. force & torque Vehicle dynamics &
Motor dynamics ; - — . .
mappings, dynamics & M kinematics
P Q kinematics —
- 4 4

1

Uu v r Xq Y, VY
Figure 2-3: Combined dynamic maneuvering model for a surface @ekitth a DC motor-
driven azimuthing propulsor.

2.2.1 A model for vehicle maneuvering in the horizontal plane

In order to motivate the direction of testing on the azimutipirgpulsor and highlight the
significance of the results in terms of maneuvering forsieg)lation or control applications, it is
necessary to define a “form” for the equations of motion, or sitiaul model, which is capable
of capturing the relevant dynamics for the maneuvering of thielee(and whose parameters can
be successfully identified through a suitable experimental test pmpgra

The form of the vehicle dynamic and kinematic relations banwritten based upon
“standard” nonlinear equations for maneuvering of a ship or ehiwbdified to account for the
vectoredforces associated with the azimuthing propulsor, plus appropniggeaction terms.
Figure 2-4 defines relevant earth-fixed (inertial) and veHigkd coordinate frames, as well as
forces, velocities and displacements for a surface velaleeuvering in the horizontal plane.
Combined maneuvering equations of motion can be written based upof amyumber of ship
maneuvering models, for example the “Abkowitz” maneuvering mddgl$2], [15], [21] with
modifications to account for the vectored propulsor forces. Wighdynamic state variables
delineated in figure 2-4 relating to vehicle velocities (u, vamil displacements {xy,, ) as

specified by the selected vehicle maneuvering model, a singbleomprehensive nonlinear
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maneuvering model for a vehicle maneuvering in the horizontal mlanebe developed and
written as three coupled equations of the form

m{u- V= Xegr?) = Xo + XU+ X DU+ X DU? + X DU® + X V2 + X 12 + X, VDU +
X P 2DU + X, vr + X, vrDu + F + (inter.terms)

m(v +ru+ xcgr) =Y, + Yo, DU+ Yy, DUZ+Y V+Y VHY NV HY r+Y r+Y, rP+Y, v+
Y, VDU + Y, VDU? + Y, V2 + Y, rDu+ Y, rDu® +F, + (inter.terms) (2.1)

|1 +mMXgy (v + 1u) = N + Ny Du + Ngy,Du® + Ny + Nyv + Nr+ N+ Ny, v + N vr? +
2 3 2 2 H
N, VDU + N, ,vDu“ + N 1" + N, rv" + N, ,rDu + N, ,/Du” + X F, + M + (inter.terms)

(Du® u- up)
where the first equation is for surge, the second for sway, andhitte for yaw. The
maneuvering coefficients (or derivatives) are defined instla@dard way from Taylor series
expansions of the hydrodynamic forces around prescribed operating points, @= 0, r = 0).
Here, a 8 order (nonlinear) expansion has been used (i.e. the “Abkowitz” fotthpugh 2°
order nonlinear expansions have also commonly been used and found to be a&ctmptadhy
maneuvering simulation studies [27], [6], [38]. Note that many ofdérévative terms which
result from the Taylor series expansion are neglected irmibdel due to considerations of
symmetry or homogeneity. Also note that the hydrodynamic ceeffgas written here are for
the “bare hull”, with the terms specifically associatdathwhe azimuthing propulsor accounting
for vectored forces, in addition to interaction effects.

To complete the maneuvering model, along with the equations of motonsédts of
kinematic relations are required. Referring again to fi@de one set of equations transforms
from earth-fixed to vehicle-fixed coordinate frames, and camteeenced in a number of sources

([1] or [21] for example). This set of kinematic equations can beeawnritt the form

x = ucody )- vsirslgyg

y = usin(y ) + vcody
y=r

where u, v, and r are vehicle surge, sway and yaw velocigspdctively) in the vehicle-fixed

(2.2)

frame, and x, y, ang are x and y position and yaw angle (respectively) in thé-@agd frame.

Another set of kinematic equations transforms the forces from the profinembicoordinate
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Figure 2-4: Maneuvering coordinate frames. Earth-fixed (imgdral vehicle-fixed coordinate
frames, forces, velocities and displacements for a surfdueleevith an azimuthing podded
propulsor maneuvering in the horizontal plane.

frame to the vehicle-fixed coordinate frame, and can be written as

F, =T(n,V,a)cosd- N(n,V,,a)sind
K = T(n,Ve,a)sind+N(n,V,,a)cosd (2.3)
M=M

where the effective inflow velocity at the propulsog,(W lieu of advance velocity ¥ can be

written:

/2

V, = [u2 - (v - xpr)z]1 (2.4)
where ¥ is the distance from the center of the vehicle reference fimthe center of the
propulsor. The effective angle of inflow to the propulso(in lieu of propulsor azimuth angtg
can be written:

V+Xpl’

a=d-b=d- tan™ (2.5)

u

whereb is the drift angle of the vehicle in the vehicle-fixed frame.
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2.2.2 A model for the dynamics of an azimuthing propulsor driven by a DC motor

Referring to figure 2-3, the form of a simple equation relatiegor dynamics to propeller
torque (referred to as the motor torque equation) can be derived lbgeon fundamental
principles of the torque dynamics of an electric motor. Fdirect current permanent magnet
motor, this can be written in a “standard” nonlinear form (see for examg)e [17

Ki,=Il,n+B,(n)+Q (2.6)
where K, (torque constant times motor current) is the motor torgyis, the mechanical “dry”
rotary moment of inertia of the motor, shaft and propeller, aiid)Bs a general mechanical
“dry” stick-slip friction associated with the motor, shaft and seal, aoggtler. The latter can be

written in a general quadratic form
B, (N) =k osign(n) + ke +k,n|n| (2.7)
where the first term is a Coulomb friction, and the latter are dynamiiofrierms.
The total propeller hydrodynamic torque Q in general includes boig (quasi-steady)

components and inertial (unsteady) components. One simple way tothigsiterould be by
analogy to the mechanical torque as

Q=1.n+Q, (2.8)
where the latter term, Qs the quasi-steady hydrodynamic torque which is mapped to the quasi-
steady propeller states (propeller rate n, advance velogitgnd azimuth angld). The former
term is an unsteady inertial term in analogy to the mechhaniertia, with } being a
hydrodynamic (added) rotational inertia. However, since the hydrodgn@dded) inertia is
related in general to fluid velocities (vice propeller rath)s term is not easily identifiable in

terms of propeller rate n, and in fact can depend upon the caddifpropulsor state variables

(n,V,d,andd). In fact, the hydrodynamic added inertia coefficient as evwrithere has no
physical modeling basis, other than to equate it to some enpidss of fluid that is accelerated
with the propeller, which might be based upon a simplified momentum model.

As will be discussed in detail in Chapter 7, a physically-basedel to represent the
unsteady dynamics of hydrodynamic torque Q, as well as hydrodynamst filirce T, normal
force N, and steering moment M (i.e. the dynamics of Q(t), T(t), Bifd M(t)), is via a dynamic
inflow or wake time constant. The dynamic inflow time constart can be thought of
fundamentally as representing tlag in the change in induced velocity at the propeller disk due
to a change in the propeller operating state (g,dy, where the change in operating state

translates to a change in the local blade angle of atfélsls change in blade angle of attack in
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turn translates to a change in blade forces, and thereforallogeopeller forces. Thus, the
dynamic inflow time constarit could also be thought of as representing the time constant of the
decay (or rise) in propeller blade forces from a sudden charggprimpeller state. In either case,
the basis for the use of a dynamic inflow time constantiigee physical inertia of the vortex
wake, and its corresponding effect on induced velocities apritygeller disk (see Chapter 7).
Using the concept of a dynamic inflow time constanthe time-dependent propeller torque,
thrust force, normal force and steering moment can be repedseising the first order

differential equations

Q02,019+t 2V

dT,(n,V,,d)
T(t)» T, (n,V,,d) +t —2 2=

dt (2.9)
N(t) » N_(n,V d)+tw
PR dt

M(t) » M _(n,V d+th"(n’Va’d)
©»Mp(nVa, )+t —— ——

where Q(n,V,d), Ty(n,Vad), Ny(n,Vad) and My(n,V,d) are the quasi-steady force mappings (i.e.
from quasi-steady experiments), and the time constarthe dynamic inflow time constant. The
argument for applying the same dynamic inflow time constafdgr all the propeller forces
follows from development of the dynamic inflow theory presente@hiapter 7. The equations
could be written in dimensionless form, so that the dynamiovinfime constant would be in
terms of the propeller revolutions, as will be discussed inptehas. Note that these are
linearized relations, in that they are linearized aboutctireent propulsor state (n,,\), and
therefore are applied at each time t. It is acknowledgedthie representation of unsteady
propeller forces is different than some recent studies whieh &lso considered unsteady thrust
and torque dynamics for marine thrusters [34], [77], [5], [10].thvse studies, the unsteady
propeller thrust (and torque in some cases) was considered baseanupmipirical added mass
or inertia which was modeled using a simplified unsteady momeappnoach, but required
measurement (or estimation) of the fluid velocities in the vicinithefgropeller disk. Although
this approach using a dynamic inflow time constant and diffteaguations could also be
approached from an empirical perspective (see Chapter 4)alédsbased upon a fundamental
model of the vortex wake and its interaction with the unsteady peopsthtes through induced
velocity at the propeller disk (Chapter 7).

To recapitulate: referring again to figures 2-1, 2-3, and 2-4,nb&or torque dynamic

equation (2.6) is coupled to the full nonlinear vehicle dynamic emngat{2.1) through the
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propeller hydrodynamic forces and torques (Q(t), T(t), N(t), ang)M(This coupling can be
written in terms of a dynamic inflow time constardnd the quasi-steady mappings using the first
order dynamic representation equations (2.9).

The primary propulsor forces and torques investigated and didcunstes thesis are thrust
force, normal force, propeller torque, and steering moment, atdnpropulsor or propeller
coordinate frame. These are based upon the “traditionally” rtegpopropeller force
characterizations. However, the characterizations of sunge {R) and sway force (fy, as
shown in figures 2-1 and 2-4, are also reported and discussed in @rgevide a different
perspective on maneuvering forces. All of the quasi-steacbes and torque mappings are
parameterized to azimuth angleas well as propeller rate n, and ambient or advance welgi
(or nondimensional advance coefficient J #1D).

Finally, note also that, although one simple dynamic equation (2.&)ekaswritten here for
the DC motor torque, more complex equations of the same basiccfoutd be written for
electric motors (or other prime-movers) with more complex dyoc&nso long as the motor or
engine dynamics remain coupled to the vehicle dynamics through the hydnoidyforces and

torques.

2.3 Summary

This chapter has provided a brief overview of the relevamamjcs associated with
maneuvering with an azimuthing propulsor, and has provided somevatuitderstanding for
their application. Basic force effects associated with plengeoperating in oblique inflow have
been introduced, including the important concepts of vectored pEpplelices leading to
increased thrust and torque with propulsor azimuth. A combined dymaamieuvering model
for incorporating the fully coupled dynamics of a surface vehidepgller, and azimuthing
propulsion motor has been introduced, also providing the relevant kinemequired to fully
couple the dynamics. A new model for the dynamics of an azimuthipglisor driven by a DC
motor has been introduced, with nonlinear equations for the torque dgnaciicding important
inertia and stick-slip dynamic friction effects. Finally, avneoncept for unsteady propeller
hydrodynamics has been introduced, using a “dynamic inflow” time con&iamtake time
constant) for modeling the unsteady hydrodynamic thrust, torque, nooneal fand steering
moment of importance to the maneuvering of smaller vehicles.of Ahe dynamic models are

used subsequently in the further analysis of the dynamics of the azimuthingl podgdelsor.
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Chapter 3

An autonomous surface test vehicle and dynamicallgzimuthed
propulsor system

In order to investigate the combined maneuvering dynamics ohialerepropelled by a
dynamically-azimuthed podded propulsor, as in the dynamic modelsimese Chapter 2, a 12
foot autonomous surface vehicle propelled with a single dynagaziinuthed podded
propulsor was designed and constructed. The autonomous surface igebfc modular design,
so that the various components could be separated and testbdyastesus. Figure 3-1 provides

several photographic views of the vehicle and components.

3.1 Vehicle and azimuthing propulsor system

The test vehicle was designed and built on a modified 12'2" dibss kayak hull (the
Chesapeake Pfanodel by Wilderness Systef)s The kayak hull was modified by laminating a
2.5" x 2.5” fiberglass T-hat keelson (with 2“ x 2“ solid oak wood co&jJull %" watertight
laminated fiberglass/wood bulkheads, ballast bins, and a remo¥ablgood deck plate for
installation of electrical and electronic equipment. A lamishaféerglass/wood motor
foundation structure with integrated shaft bearing tube and throughpbo#tration for the
azimuthing propulsor was also added. The integrated shaft bearsgstubed in conjunction
with an integral lower PVC bearing and a removable upper Rulon bearing.

The vehicle is controlled by an onboard computer, either autonomoustemotely-
controlled using a shore-based PC. The onboard Pentium-based PC104 ceysperter(which
includes data acquisition and control /O and Ethernet camis)ides serial and analog data
acquisition and control capability, with interface to the shosetidhost” laptop PC through a
wireless Ethernet bridge (Linksysnodel WET11). Data acquisition and control functions utilize
the xPC Targ@tsoftware package (Mathworks, Inc.).

The propulsor itself is a modified trolling motor (Motorgdid@odel ET54 with 3-bladed
Machete Il aluminum propeller). The trolling motor has been mabfbe accurate closed-loop
speed control by adding a Hall-effect latching magnetic seepoxied and attached on the aft

face of the propulsor, inside the propeller well. The Hiédlet sensor is an Allegfo
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Microsystems model UGN-3175U with added pull-up resistor. Eigignets of alternating pole,
evenly spaced and epoxied within the propeller hub, provide altermatiggetic flux for the
Hall-effect sensor. The latching Hall-effect sensor prodacelsan square wave voltage output,
which is used as an input signal to the onboard computer for calgufatpeller rotation rate.
The overall propulsor is 13 inches in length and 3.625 inches iretBamwvith the open-bladed
fixed-pitch propeller being 9.875 inches in diameter. Figure 3eXiges the geometry and
dimensions of the dynamically-azimuthed podded propulsor. Table 3-1 prak&eseasured
propeller blade geometry (non-dimensional as required for inpdtetgropeller analysis code
MPUF-3A). Note that the propeller is left-handed, but the geon®tgiven as right-handed, as
required for input into MPUF-3A.

The propulsor is dynamically-azimuthed by a Pittthamodel GM9234S031 servo
gearmotor, with a mechanically-connected Vishay-Spéctrabdel 601-1045 360° Smart
Position Sensor, which provides an analog output voltage proportioaagke, enabling closed-
loop dynamic azimuth control. Both motors are permanent magnenh®@ra controlled using
PWM brush servo amplifiers in the torque (current) contnolde. The propulsion motor is
controlled using an Advanced Motion Contfolmodel 50A8 brush-type PWM servo amplifier,
while the gearmotor is controlled using a Copley Cortrat®del 413 brush-type PWM servo
amplifier. An F.W. Belf model IHA-100 Hall-effect current sensor provides accurate psigul
motor current measurement. The system is powered either bgl{B)pg 12 volt batteries (in
series) for autonomous operation, or a 24 volt DC power supply forutoneanous or semi-

autonomous testing.

3.2 Planar motion mechanism testing and determination of nonlinear vetie
maneuvering coefficients

In order to investigate the combined maneuvering dynamics ohialevepropelled by a
dynamically-azimuthed podded propulsor, as in the dynamic modelsif@ése Chapter 2, the
“bare-hull” maneuvering coefficients of the vehicle werpesknentally identified using a Planar
Motion Mechanism (PMM) technique. The PMM used was theesyshstalled in the large
280'x26'x16’ towing tank at the U.S. Naval Academy. For documenparposes, table 3-2
provides a summary of the results for the maneuvering cagftiof equation (2.1) for the
autonomous surface test vehicle. Note that maneuvering coefficége presented in non-
dimensional form, as defined in a number of references on manaydsgmamics [1], [2], [15],
[21].
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Figure 3-1: Autonomous surface test vehicle with dynamicallywthed podded propulsor
system.
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Figure 3-2: Geometry and dimensions of the dynamically-azimuthed podded propulsor.

Table 3-1: Blade geometry of Motorguft&lachete Il propeller (MPUF-3A input geometry).
Note that propeller is left-handed, but geometry is provided gig-manded. D is propeller
diameter (9.875 inches).

Radii Pitch angle Rake/diam. Skew angle | Chord/diam. Max Max
(r/R) (b(r)) (deg) (Xm(r)/D) (gm(r) (deg) (c(r)/D) camber/chord | thickness/diam.
(fmax(r)/c(r)) (tmax(1)/D)

0.36 18.37 0.0275 -16.44 0.3386 0.0220 0.0234
0.44 17.20 0.0397 -6.19 0.3261 0.0220 0.0234
0.52 15.84 0.0515 1.31 0.3100 0.0220 0.0233
0.60 14.34 0.0629 7.20 0.2894 0.0219 0.0230
0.68 12.68 0.0740 11.90 0.2628 0.0215 0.0221
0.76 10.92 0.0846 15.91 0.2305 0.0201 0.0199
0.84 9.04 0.0949 19.45 0.1906 0.0138 0.0155
0.92 7.06 0.1047 22.96 0.1343 0.0044 0.0088
0.96 6.04 0.1094 24.93 0.0935 0.0014 0.0050
1.00 5.00 0.1140 28.00 0.0000 0.0000 0.0000
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Table 3-2: Non-dimensional maneuvering coefficients for the aotons surface test vehicle
based on results of PMM testing. Results

are provided for tieehodl at two test (“design”)

velocities.
X-equation Value (x10°) Y-equation Value (x10°) N-equation Value (x10°)
non- non- non-
dimensional Ug Ug dimensional Ug Ug dimensional Ug Ug
coefficient 2.62 5.24 coefficient 2.62 5.24 coefficient 2.62 5.24
ft/s ft/s ft/s ft/s ft/s ft/s
(X, - m) -646.9 (Y, - m) -864.5| -939.0 (N, - 13) -62.21 | -55.08
Xo -64.40 | -65.01 Yo 2.787 | 3.216 Ny -3.056 | -6.813
u -114.9 | -167.3 You 6.419 | 6.836 No, -13.63 | -17.38
w -42.28 | -178.1 Youw 3.492 | 3.590 N ouu -10.56 | -10.57
o 7.056 | -80.78 Y, -12.56 | -13.17 N, 8.171 | 16.85
(X, +m) éé_oéi gg:gg (Y.-mu) | -4340| -3816 N, -283.6 | -308.8
X -58.41 | -268.7 Yo 100.36| 1568 Ny -1925 | -3857
v -41.78 | -101.58 Y, -97.35| -124.6 N, -176.0 | -219.9
X -496.4 Yow -31.59 | -39.94 N, -229.2 | -442.0
X -79.74 Your -2892 | -3704 [\ 7742 | -1666
Xor 117.2 Yo -3384 | -4580 . -9134 | -14820
Yo -1136 | -2140 N, -524.8 | -900.5
Yo -560.5 | -1332 Ny -182.1 | -697.1
Yo -690.1| -543.5 N, -317.9 | -607.0
Y o -174.0 | -111.4 N -148.5 | -561.8
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Chapter 4

Experimental measurement of steady and unsteady manvering forces

Quasi-steady and unsteady/transient force testing of thrizng propulsor was conducted
using two configurations. First, the modular components of the dynamicallytaeidpropulsor
system were installed into a test fixture including a dynanenaand attached to the MIT towing
tank (figure 4-1). Second, the entire autonomous surface tesflevevith the dynamically-
azimuthed propulsor system was installed and tested on the Matian Mechanism (PMM) at
the U.S. Naval Academy (figure 4-2). In both configurations, egtasidy force measurements
were made over the entire desired range of quasi-steady opearatidigions. In the former, a
number of unsteady/transient force tests and measurementalsemompleted. These tests and
a comprehensive presentation of results are discussed in thisrchim addition to the integrated
propulsor testing, several tests were conducted specificailyentify the necessary propulsion
motor, friction, and inertia terms discussed in Section 2.2.2.

Unless otherwise noted, all time sequences in plots labsl&itered” are computed from
the unfiltered sequence using a sharp cutbi@ler Type Il Chebyshev digital filter designed for
the stated cutoff frequency. The filtering is applied usirdual-direction filtering algorithm,

resulting in a filtered sequence of precisely zero phase-shift andtheidiéer order.

4.1 Experimental setup

Testing in the MIT towing tank was conducted utilizing a tegure incorporating an
AMTI® model MC6 six axis load cell and amplifier (figure 4-1). Both prepuland servo
gearmotor were founded within a structure attached below theckelhd The propulsor was
dynamically-azimuthed in the horizontal plane with Rulon shaft beathmgugh a hydrodynamic
strut. Because of the large moment arm, the load cell ougmicalibrated daily in place. Data
acquisition and control utilized the modular components of the autonesudase vehicle, with

a sampling rate of 1000 Hz.
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Figure 4-2: Autonomous surface test vehicle with dynamically+athied propulsor on Planar
Motion Mechanism (PMM) at the U.S. Naval Academy.

Testing of the quasi-steady maneuvering forces of the proputsorlso conducted on the
PMM in the large towing tank at the U.S. Naval Academy uffiegentire autonomous surface
test vehicle (figure 4-2). The vehicle was attached to #ndage via (4) 50 pound variable-

reluctance modular block force gauges manufactured by HydrondaticsForce gauges were
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calibrated on a special calibration stand with their correspondiptjfeers. Data acquisition and
control utilized the modular components of the autonomous surfacdeyetith a sampling rate
of 1000 Hz. Propulsor forces were determined from the measuierbgntleducting the
contribution of the bare hull. Note that because of the verg ggaration between the hull and
the propeller (by design as shown in Chapter 3), the hull wake andldrgulayer are well
outside the propeller slipstream and the interaction effestsliscussed in Section 2.2.1 are

considered minimal, and are mainly captured by this method using the bare huliatteduct

4.2 Experimental identification of propulsor motor torque and friction
characteristics and mechanical “dry” rotational inertia

Since it was impractical to install a propeller torquadicell in the small propulsor, the
propeller hydrodynamic torque was calculated from accurate rootcgnt measurement, based
upon the motor torque equation (2.6), by first experimentally identifyireg motor torque
constant, mechanical “dry” friction coefficients and mechariid@al’ rotational inertia discussed
in Section 2.2.2.

Determination of the motor torque constant is discussed in a nuoflbeferences, for
example [17]. The torque constant for the propulsion motor was detsinhiy driving the
propeller with another motor, measuring rotation speed, anduniegghe voltage generated
across the motor terminals (the back EMF voltage). The gibpiee linear curve fit of shaft
speed vs. measured voltage provides the voltage (or speed) corsatiigdre 4-3). By Sl unit
equivalence, K(in N-m/A) is equivalent to Kyr (in V-s/rad). Referring to equations (2.6) and
(2.7), the mechanical “dry” friction coefficients and mechanicay” rotational inertia were
determined by performing a series of step current input tests in ane wtogeller hydrodynamic

torque is negligible (note: the shaft seals were maintainédoweaintain lubrication). The plot

of steady-state propeller speed vs. input tordug, () was fit with a quadratic to determine the

coefficients of By(n) (figure 4-4). These experiments were checked for repestahiiid
consistency over several months.

The mechanical “dry” rotary inertia coefficient,(lwas determined using current input step
testing (to be discussed in detail in Section 4.4), but coeduntair, where the hydrodynamic
torque Q on the propeller could be considered negligible. The deeaffivas determined by
averaging the results of 10 current input step tests overge i@ input current step magnitudes.

Results provide a mechanical “dry” inertia for the motor, shaft, and peopél
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Determination of KEMF and Kt
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Figure 4-3: Determination of propulsion motor torque constant byrlifieaand Sl unit
equivalence of DC motor torque and speed constants.

Determination of mechanical "dry" friction, Bm(n)

25 T I I I I I
- : « Input torque vs. propeller speed
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Figure 4-4: Determination of propulsor mechanical “dry”tidn coefficients by quadratic fit of
steady-state response to step current inputs in air.

40



|, =0.0184+ 0.0007(in - Ib,; -s*/rad)=0.116% 0.004(in - Ib, -s*/rev)
or non-dimensionally

|
|'= 25 = 00252+ 0,0011(/ rad) = 0,158 0007 (rev)

where the density dfesh waterat 68°F is used as the normalizing density (to be consistent with
hydrodynamic testsy, = 1.9367 lps/ft*.

4.3 Quasi-steady propulsor force measurements and results

The quasi-steady thrust, torque, normal force, and steeringemiomere determined
(mapped) by running the propulsor at a range of advance coefficients,VdnD (by
systematically varying propeller speed and carriage vgloaind the entire range of azimuth
angles. The hydrodynamic torque was calculated using equatid@@safd (2.7) from the
measured current, along with the identified motor torque constanhaaldanical friction terms.
The thrust, normal force, and steering moment were taken frerfoad cell output, applying a
transformation from the load cell (towing tank) coordinatgesysto the propulsor coordinate

system (see figure 4-5):

F, :ETcosd- Nsind; T _ cod -sind ™" F “.1)
K, =(Tsind+ Ncosd N sind cosd F ’
i Va
O Towingtank Cl_

Figure 4-5: Vectored propulsor forces for towing tank and PMM testing.

The mapped forces were obtained by truncation and averaging of the force data witeadlye

state portion of each run. For azimuth angles greater than 96edegrhere an unsteady
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reversing wake was encountered (due to the propulsor “drivingtintawn wake”), a Fourier-
averaging technique was used to average the quasi-steadys fére. using the"OFourier
harmonic). This will be discussed in more detail subsequently.

Figures 4-6 and 4-7 show the results for values of J up to 0.&zandth anglesl to £90°.
The surface plots are mesh plots developed using bicubic irdggoobf data points, which are
also shown. The smooth but nonlinear nature is clearly evident. plote show clearly the
nature of vectored propulsion with regards to an azimuthing propassdiscussed in Chapter 2
for the generic case of a propeller in oblique flow. The resultaeiar azimuth angled(= 0°) are
the “standard” thrust-torque-speed curves shown in figure 2-2.

Figure 4-8 shows thrust and torque for the entire range of azimgthsafl to +180°).
Despite the apparent “scatter” for larger angtes £90°), there are also clearly regular nonlinear
features associated with the changing wake character. thatéhrust is taken from the force
load cell, while torque is calculated from the motor current (i.e. there s$ensor correlation), yet
the nonlinear character of the two plots is very similar,uigiclg locations of maxima and
minima. Thus, the basic features of both thrust and torque pletsnoest of the parameter
space, as shown in figure 4-8, are real quasi-steady forcésefifec not load cell measurement
irregularity or data scatter).

The apparent “scatter” in figure 4-8 at larger angles>£90°) for smaller advance
velocities is due to the highly unsteady nature of the rexgersake, and the resulting difficulty
in calculating the ® Fourier harmonic from theecessarilytruncated unsteady, quasi-periodic
force data for each test run. Figure 4-9 shows a sample riezoed for a typical “crashback”
condition or reversing wake, illustrating the quasi-periodic nature of the wia&an &lso be seen
from figure 4-8 that for larger angles, as velocity is inseela the Fourier averaging results in a
much smoother plot of the quasi-steady force components. Thisasdee at higher advance
velocities, the unsteady wake becomes even more regularly-ppralic, and therefore the
Fourier averaging technique is more successful, since iheaemore dominant period about
which to truncate the data. This increase in periodicity withease in carriage speed was
visually observed during the testing. As the carriage speedineaeased, stronger vortex

shedding from the reversing (“crashback”) unsteady wake was observed.
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Quasi-steady thrust force
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Figure 4-6: Surface plots of quasi-steady thrust force and taddoe: ©0°). Data points shown,
surface plot is bicubic interpolation of data points.
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Quasi-steady normal force
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Figure 4-7: Surface plots of quasi-steady normal force andrgjeapment ¢ to £ 90°). Data
points shown, surface plot is bicubic interpolation of data points.
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Quasi-steady thrust force
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Figure 4-8: Surface plots of quasi-steady thrust and todjte £ 180°). Data points shown,
surface plot is bicubic interpolation of data points.

45



Figures 4-10 and 4-11 provide a different presentation of the deasliysresults in the form
of contour plots for each of the tested advance coefficiprigjding a more detailed view of the
data. Note the small asymmetry in the force dataipdatly noticeable in terms of locations
and magnitudes of maxima and inflection points between @80%Y. These force asymmetries
are due to the influence of the pod housing and strut in front of thellproped the effect of the
direction of propeller rotation (here a left-handed propeller). ifqaty, the strut or steering
shaft, being in front of the propeller, causes a blockage of dieifito the propeller across the
top of the pod, and results in an induced swirl around the pod housing amiteim@peller, in
addition to the swirl induced by the normal propeller rotation. Thiditeonal induced swirl
causes an asymmetric swirl inflow into the propeller (i.e. for a pogitimpulsor rotation angle, it
increaseghe normal counter-clockwise inflow swirl to the propeller, ardafnegative propulsor
angle, itdecreaseshe normal counter-clockwise inflow swirl to the propell@he net result is
decreased angle of attack at the blades for positive propatadion (decreased lift and lift-
induced drag) and increased angle of attack at the bladesefative propulsor rotation
(increased lift and lift-induced drag). This type of force astny for “pusher” type pods and
thrusters was noted in [61], and more recently in [35] and [30], butaihsal effects not detailed.
This asymmetry will be illustrated again in Chapter 6.

While the presentation of force data in terms of thrust anghaddiorce (i.e. in the coordinate
system of the propulsor) is more “traditional”, it is perhaps maosdructive in terms of
maneuvering performance to present the forces in the coordintgensyfsthe towing tank. This
is similar to the forces in the coordinate system of ldcle in which the propulsor would be
installed (with the modification that the actual inflow agty and angle of attack seen by the
propulsor in the vehicle would need to be corrected for the effédte vehicle’s velocities, yaw
rate, propulsor location, and wake fraction, equations (2.3) through. (2Ngyertheless, the
forces in the coordinate system of the towing tank have bemedesurge force (Jrand sway
force (), to be consistent with the vehicle force terminology. Figure 4-12 shoge fuce and
sway force in the form of surface data mesh plots over the entire range ofteaimgles£180°).
Again, the smooth but nonlinear nature is evident. The veryiirgwiairiation of surge force (as
cogl) and sway force (as glpin the limit at J = 0 is obvious. As an aside, it is alsa@sténg to
note the sudden drop in surge forgeaF+150°-180° (an increase in the negative & J » 0.3;
this is the infamous “vortex ring state” [51], well known he thelicopter community for causing
sudden drops in rotor thrust, with particularly dire consequendesnis of loss of flight control
for the VTOL aircraft. Figure 4-13 presentsand F in the form of contour plots for each of the

tested advance coefficients. It is very interesting to timetrends of both fand F in the
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moderate range of azimuth angles (say up4t®°), and in the range of a typical vehicle design
advance coefficient for this propellel $ 036 for the MIT vehicle). As shown in figure 4-14, in
this range, Fis nearly linear (and almost constant), apdsFearly linear. The implications of
this in terms of vehicle maneuvering and control are significentthat there is a strong

possibility for linearization, even decoupling, in the surge-sway-yavicle maneuvering control
problem.

Unsteady forces and current (torque) for crashback condition
Towing tank tests: 1.0 m/s, -150 deg, 600 RFPM
T

N (Ib)

L

i} '|I il
L

‘| I
I"Il|l‘ n

I\‘l ’H “ |“1|,‘iIH JI“'{\'

-10

18
40

20

24

20

M (in-1n}

iR i
Flulmw u\ |" |“III‘I“|L .‘M' ‘.‘|w| HJ‘H‘l‘

Current (A)

=]

— Signal @ 1000 hz
—— Filtered @ 5 hz

28

Time (sec)

Figure 4-9: Example force and current records for a “crashlzacidition (advance coefficient
J = 0.4, azimuth anglg= -150°). Note quasi-periodic nature of force and current recdigsn
value determined by truncation and Fourier averaging.
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Figure 4-10: Contour plots of quasi-steady thrust force, torque, and normaldftocel 80°).
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Figure 4-11: Contour plots of quasi-steady thrust force, torque, and normaldftoae0°).
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Figure 4-12: Surface plots of quasi-steady surge forgedivay force () (d to+ 180°).
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Figure 4-13: Contour plots of quasi-steady surge forge way force () (d to + 180°).
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Figure 4-14: Contour plots of quasi-steady surge forgge &way force (F). Red highlight
indicates near-linear behavior for J = 0.36.
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4.4 Unsteady/transient force measurements and results

Chapter 2 briefly introduced the idea of the development of uwhstwapeller forces (thrust,
torque, normal force, and steering moment) due to time-rathawige in the propeller's
operating states (n,,vd). The idea of modeling these unsteady propeller forces vieofiler
differential equations using a dynamic inflow time constant w&®duced as a physically-
motivated representation of the dynamics of the propedleres. A more detailed theoretical
basis of this concept will be presented in Chapter 7. #nseaition, the empiricism of a dynamic
inflow time constant representation is investigated through severairagpéal efforts.

In previous studies which have experimentally investigated aohgtgropeller force
dynamics for marine thrusters (all at zero advance veld&ity) [34], [77], [5], parameters based
upon simple momentum models used to model the steady and unsteadylyheumsics were
identified through application of a number of different input responge téssimilar approach is
taken here, in that parameterization of a dynamic inflow tiomestant is investigated through a
number of different types of input response tests. In themfmtioned marine thruster studies,
high-quality marine thrusters were used which incorporated maabaft position encoders, so
that accurate propeller velocity measurements were alailadowever, for the experimental
azimuthing propulsor used in these experiments, propeller veloo#ggsurements were
necessarily of a lower resolution, due to the method of speed mmasuinetilizing an external
Hall-effect sensor and propeller hub-installed magnets. \Wthile propeller speed measurement
scheme is of sufficient accuracy for quasi-steady measurenitsnise for very rapid transient
speed measurement is acknowledged to be of lesser accuraoweved, for purposes of the
basic theoretical development and comparisons, it is believedhikasystem is of acceptable
capability to illustrate the theoretical basis of the dynamic inflowe constant.

In order to investigate the unsteady dynamics of an azimuthopgulsor, a number of
different types of dynamic tests were conducted, with the airmezsuring an approximate
dynamic inflow time constant based upon measured dynamic force resultsis@dwdynamics
of interest are those related to the maneuvering forcetgstieg focused on the characterization
of a first order time constant through a number of tests whichttahgracterization of first-order
system dynamics. To this end, several of the selected dyriastienethods are based upon
“established” dynamic test procedures for mechanical fidgrodynamic systems (such as step
and saturated ramp input response tests). Several otheexiat®rs of harmonic or sinusoidal
test procedures, but utilized in a slightly different mannér.good overview of mechanical

system dynamics and test procedures is provided in [19].
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4.4.1 Current input step tests

One method utilized for investigation of an approximate firster dynamic inflow time
constant was current input step testing. In these tests;defamnined stephangein the motor
current was provided by the control hardware (a step incrézse a subsequent step decrease
after a suitable amount of time at steady-state). Inaskg, the initial current was set to 5A (so
that the propeller would have an initial rate) with a chaong20A, then the step was reversed at
the end of each run (see figure 4-15). In order to approximatdytiznic inflow time constant
from the step current input, the approximate rotational inefighe fluid | (i.e. the added
rotational inertia) was calculated by subtracting the known (pusly identified) mechanical
rotational inertia}, as discussed below. This amounts to a linear superposition of mechanical and

hydrodynamic added inertias.

Figure 4-15: Current input step test. Unfiltered motor current (A) andl@oge (rev/sec).
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These current input step tests were carried out and rasalized based upon the following
mathematics: Referring to equations (2.6) and (2.7) for the Isiopumotor torque, and

applying a step change in current, where the initial propelterisaa quasi-constantm 0 for
t £ tye, (andn, = 0)

Kiim, =Ko +Kig + kiong +Q(n,) (4.2)
Note that the current step change must be started with nompzgeller rate ¢ otherwise, there

would be an unknown static friction component (which would also vary teshto test).

Following the step change in curre(r'nefort > tstep)
Kiim, =1mn(t) + Ko +Ken(t) + ke ,N(t)? + 1,n(t) + Q(n(t)) (4.3)
Subtracting equation (4.2) from equation (4.3)
Ki(im, = Tmy) = 1mN() + K (N(E) - Ng) + K (N - ng) + 1,0(1) +Q(M(D) - Q) (4.4)
Neglecting the quadratic term of the mechanical “dry” foict{which is small) and assuming that

changes in propeller torque are approximately proportional tohtwege in propeller rate (i.e. a

linear propeller torque curve at the tested azimuth angle)
Ki(im, = Tmy) » (I + 12)N(1) + Ky (n(E) - Nnp) +Q(N(L)) - Q(Ny) (4.4)
Using the simplifying notation (for perturbations)
Q. % Kylim = imy)s D) N(1)- 15, DAL © kyyfi(t) + Q(N(E)) - QM) (4.5)
results in the first order differential equation
Q, » IA(t) + bA(t) (4.6)
where | = (J, + Iy is the total system rotational inertia (mechanical plusdoydramic added).

This is a standard linear equation for a mass-damper systenmdTtbd step response, a Laplace

transform method is applied (see for example [19]) with the resdtamgresponse
o) »%(1- etor) 4.7)
Fort ® ¥ , the steady-state solution provides the steady-state gain

=@ 1olsoy (4.8)
b b O

with the desired time constant and inertia terms related through

| t t
tr=0 ® I=(p+1)=bty="F ® 1 ,=-T-1, and t»t;-KI (4.9)

m m
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wheret+ is the overall total system time constant ansl the time constant associated only with
the hydrodynamicadded rotational inertia.l Thust is a measure of the dynamic inflow time
constant based upon development of propéieirodynamidorque Q with change in propeller
rate n.

To find the total time constati, equation (4.7) is transformed by rearranging and taking the

natural logarithm [19], resulting in

zom1. M, t (4.10a)
KQs tT
which could also be written in the simpler form
zom1. AWt (4.10b)
Nss tr

Thus, if Z is plotted against time, the initial slope prosidee time constant. Note that Z
approaches negative infinity as steady-state is approachéue stope of interest is the initial
slope (roughly within the first time constant as a rule of th{b%)). Figures 4-16 and 4-17
provide an example of the use of the current step response for estithatadygnamic inflow time
constant. Figure 4-17 illustrates the fit of the exponentialf(Zquations (4.10)) to obtain the
total time constartty. Results of the calculation of the hydrodynamic (added) oot@tinertia |
from the total inertia |, based upon the total time constanising equation (4.9), and the
corresponding dynamic inflow time constantare also shown. It should also be noted that,
although not mathematically rigorous for the step current irgstif &very rough estimate of the
dynamic inflow time constant could also be obtained by “eyebatitnaion of thelag of
propeller rate n vs. thrust force shown in figure 4-16.

Based upon the simple dynamic inflow model to be presented in Chapter 7, it can bedexpec
that the major influence on the unsteady dynamics of the profmutspeller is due to a rapid
change in propeller rate n, and that changes to the unsteadijtudagf the inflow velocity Y
and azimuth anglé would have little effect on the unsteady response (i.e. thedamstant).
This is illustrated by calculation of the dynamic inflow tiemnstant from current input step test
results conducted with steady-state azimuth angles varyorg €° to+90°, and at several
carriage speeds. Figure 4-18 provides a summary of resuhsth&icalculated dynamic inflow
time constant for each azimuth angle provided at each of dareiage speeds, for both step

increase in current (5A to 20A) and step decrease in current (20A to 5A
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There is an obvious asymmetry in the results presentedurefi4-18. A rapidncreasein
propeller rate apparently hasfaster dynamic inflow time constant than a corresponding rapid

decrease in propeller rate. In fact, this can also be seen by caspkidtion of figure 4-15.

Figure 4-16: Examples of current step response. Normalized chramggtor current (torque)
step input, normalized change in thrust, normalized change irelmopate. Approximate
dynamic inflow time constant from propeller rate vs. thrust forgg= 1.31 ft/s,d = 0°. Top:
initial current input § = 5A, final = 20A (RPM, 280, RPM 640), t ~ 0.007 sec ~ 0.05 rev.
Bottom: p=20A, i =5A (RPM, 640, RPM 280),t ~0.036 sec ~ 0.28 rev.
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Figure 4-17: Current step response. Calculation of approximate gymdlow time constant
from current input step tests. ;¥ 1.31 ft/s, d = 0°. { = 20A, i = 5A (RPM, 640, RPM
280),t 0.036 sec 0.28 rev.

This asymmetry will be addressed and discussed in gresdltideChapter 7. Interestingly, in
published results provided by Whitcomb and Yoerger [77] and Bachireewé [5], the plots of
step current increase and step current decrease did pedrap show this obvious asymmetry.
This might at first seem curious. However, it is noted that all of these were conducted using
ROV marine thrusters designed for low speed ROV applicationsharttirusters were therefore
equipped withsymmetricconstant pitch propellers with zero rake and skew (for zehiclee
speed bi-directional thrust equivalence), and were also fully diuctais latter difference, as it
turns out, may have a significant impact on this force asymmetry.

One plausible explanation for the observed force asymmetnpendgscribed in terms of the
unsteady3-dimensionaborticity that is shed into the wake with a rapid increasgropeller rate.
For a large step current increase to the propulsion motor, ancgbking rapid increase in
propeller rate, a large amount of vorticity is shed into theewdk conjunction with this, a rapid
acceleration of the fluid behind the propeller takes plat¢kdrgeneration or strengthening of the
slipstream. This rapid slipstream acceleration is jet-lik that it accelerates quickly relative to
the fluid outside the slipstream. Owing to viscosity, the slagar shed from the blades rolls up
into a 3-dimensional vortex ring, which quickly plumes outward, thenemswownstream as

the slipstream convects. In consideration to the Biot-Savart laiw vortex ring induces
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additionalaxial velocity at the propeller disk, in effect decreasing the (Phaagle of attack at
the blades. Based on the results of flow visualizations (Chaptinisyortex ring could be quite
large, and therefore could induce substantial axial velocityeaptopeller disk. The generation
of the vortex ring, and its impact on the dynamic inflow time tartswill be discussed in much
greater detail in Chapters 5 and 7 (for the reader who cavaibto read Chapters 5 and 7, a
quick look at figures 5-6, 5-7 and 5-8 should temporarily suffice)s #iso interesting to note
that the marine thrusters used in the experiments conducted itbgoWih and Yoerger [77] and
Bachmeyer et al. [5] were fully ducted. This is interesting in that thelarte vortex ring would
not have formed until the acceleration of the slipstream preggdseyond the end of duct. Then,
by the Biot-Savart law, its ability to induce velocitiesha propeller blades would be effectively
removed (not to mention the fact that the ducting around the [mop®uld effectively shield it
from seeing the effect of the ring vortex).

It should also be noted that the small negative dynamic infiloe constant shown for
some of the data points in figure 4-18 (for the step incrimsarrent) doesot imply that the
dynamic system has a negative time constant (i.e. infinite bdtigwilt may be recalled from
equations (2.9) that the dynamic inflow time constant fundamentgiresents théag in the
change in induced velocity at the propeller disk due to chantheipropeller operating states (n,
V. d), where the change in operating states translates to a chatiye local blade angle of
attack. This change in blade angle of attack in turn trasslata change in blade forces (thrust
and torque), and therefore overall propeller forces. Thus, thandg inflow time constant
could also be thought of as representing the time constant of the decay (or rise)llerdoypes
from a sudden change in a propeller state (here the propédler)ralt therefore only represents
the hydrodynamigoortion of the first order system dynamics, the mechameatia of the system
ensures a positive overall system time constant (as caledndy seen from the composite step
response record shown in figure 4-15). Further, the apparent netjatveonstant for some of
the results with the step current increase is consisteht tive overall asymmetry in results,
including the existence of a vortex ring, which will be thoroughly addressed ineCifapt

Finally, it is also clear from figure 4-18 that the vaodatof dynamic inflow time constant
with static propulsor azimuth angteand carriage speed is generally negligible (at leaghéor
rapid step decrease). For the rapid step increase, whendgea ring forms, the effect of the
vortex ring on the induced velocities at the disk is decreasedmitient/advance velocity. This

is consistent with vortex ring formation, which will be discussed inldat&hapter 7.
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Figure 4-18: Dynamic inflow time constant calculated fromremwir input step tests. Top:
dimensional (sec). Bottom: non-dimensional (propeller revolutiondlon-dimensional
calculated based upon average propeller rate.
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4.4.2 Current input saturated ramp tests

Another approach to estimating the first order dynamic inflow woestant is through a
saturated ramp current input response. As with the st@ones, a first order linear ramp
response is derived using a standard Laplace transform methadingStrom the motor torque

equation at time t after the beginning of the ramp
Kif (1) = 1,0() + K¢ +Kian(t) + ke ,n(1)* +1,0(1) +Q, (n(1)) (4.11)

and subtracting equation (4.2), using the same approximations and aledifidr N and b as

defined for the step response, results in the differential equation
Kelim () - i )» (1, +1.)0(E) + bA(E) (4.12)
Rearranging the left-hand side as the ramp torque input, using therm@a(t), the result is the
first order differential equation
Q. (t) » IA(t) + bA(t) (4.13)

Using the Laplace transform for a ramp input [19], the resulting ramp resj®ons

A(t) » KQ, (t)(t- t;)+KQ, ()t e Vtr (4.14)
The first term on the right-hand side is a steady-state lageba output and input (with total
time constantt), and the second term is the start-up transient of the resgomse. Thus, the

total time constant: can be measured from the ramp response curves as thentardistance
between the ramp inpukK@Q, (t) ) and the outputf{(t) ), once the initial transient has died.

Despite the fact that there is a notable resonance inddeckll test structure, a current ramp
input also provides a means to estimate the dynamic inflow ¢onetantt directly using the
measured thrust force in lieu of the torque as the input, witledtimation that the thrust force
change during the current ramp is approximately of the formsaftarated ramp (this is much
better than the “eyeball” approach suggested above for theretppnse). This offers the
advantage of not requiring calculation of the overall time emisand hydrodynamic added
inertia as an interim to calculating the hydrodynamic dynamlovinfime constant. However,
both approaches are illustrated here.

Figures 4-19 and 4-20 provide examples of the application of thi®agpto calculating
estimates of the dynamic inflow time constanfrom both torque and thrust. These tests were
conducted in the MIT recirculating water tunnel, and becausénitations in time and on
azimuth angle, only angles 0°, 10° and 20° were tested in this manA#r.provided

approximately the same results. As can be seen in figuresandl9-20, the saturated ramp
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current input response results in the same asymmetry ase@asaéth the current input step

response. Again, this will be discussed in detail in Chapter 7.

Figure 4-19: Examples of current saturated ramp response. Nardhaliator torque (input) =
saturated ramp. Normalized propeller rate (output). Approxichatamic inflow time constant
t calculated from input torque using linear superposition of mechlamind hydrodynamic
(added) inertias. M= 1.6 ft/s,d = 10°. Top: initial currentyi= 5A, final i = 20A (RPM, 300,
RPM; 675),t ~0.0 sec ~0.0 rev. Bottony. ¥ 20A, i = 5A (RPM, 675, RPM 300),t ~0.06
sec ~0.48 rev.
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Figure 4-20: Examples of current saturated ramp response. hNwaandrust (input) ~ saturated
ramp. Normalized propeller rate (output). Approximate dynaimilow time constantt
calculated from thrust force as input and propeller rate as output.1¥6 ft/s,d = 10°.

Top: initial currentd = 5A, final i = 20A (RPM, 300, RPM 675),t ~0.01 sec ~0.08 rev.
Bottom: p = 20A, i =5A (RPM, 675, RPM 300),t ~0.08 sec ~0.65 rev.
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4.4.3 Sinusoidal current input tests

In this set of tests, a series of sinusoidal current inpassused to measure an approximate
dynamic inflow time constant. An offset sinusoid was commandedh&smpropulsion motor
current. This resulted in a steady quasi-sinusoidal responsdhoplmpeller rate n as well as
measured thrust force. Figure 4-21 provides an example of thieatiopl of the sinusoidal
current, showing the measured sinusoidal current (measurée Iatl-effect current sensor), as
well as the quasi-sinusoidal propeller rate and thrust forslso in figure 4-21 is shown the
superposition of the normalized propeller rate and thrust force (betimamalized to their
respective steady-state offsets and to their total respesteady-state amplitudes). Thus, the lag
of propeller rate n behind thrust force, measured at theiralized offset crossings, provides a
measure of the dynamic inflow time constant

At each carriage speed and azimuth angle, a series ofwastgonducted with identical
sinusoidal current commands\(f) = imo + ia Sin(Pft)), but varying the frequency. Frequencies
from 0.2 Hz (5 second period) to 1.0 Hz (1 second period) were usedre Bg2 shows the
results for frequencies of 0.2 Hz and 1.0 Hz for a carria¢gcity of 1.31 ft/s and azimuth angle
of 15°. Inspection of the plots and comparing results for the teguéncies implies an
interesting result. The lower frequency provides a resultishgitmilar to the current input step
and ramp tests (i.e. an asymmetry in time constants for imogeasd decreasing propeller rates).
However, the higher frequency provides a different result: botd tonstants are nearly the
same. Evaluating the remainder of the frequencies and for a nombarriage velocities and
azimuth angles, and tabulating the results in table 4-1, ites Heat the results seem to
“converge” as the frequency is increased. Time constated lis table 4-1 are provided both in
seconds (dimensional) and in propeller revolutions (non-dimension&l)discussion of these

results and significance related to a theoretical basis willdédad in Chapter 7.
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Figure 4-21: Example of sinusoidal current response. Normalizegt ~ sinusoidal.
Normalized propeller rate ~ sinusoidal. Approximate dynamiowtime constant from lead of
thrust force vs. propeller rate at normalized zero-crossing: NM31 ft/s,d = 15°,

im(t) = imo + ia SIN(2ft), imo= 13A, i =5A, f=0.4 hz.
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Figure 4-22: Examples of sinusoidal current response. Normallredtt~ sinusoidal.
Normalized propeller rate ~ sinusoidal. Approximate dynamiowtime constant from lead of

thrust force vs. propeller rate at normalized zero-crossing: 31 ft/sd = 15°,
im(t) = Imo + ia SIN(PAt), imo=13A, i = 5A.
Top: f=0.2 hz,t (h>0)~-0.05sec~-0.41rev, t (n<0)~0.09sec~0.73rev.

Bottom: f=1.0 hz,t (n>0)~0.03sec~0.24rev, t (h<0)~0.05sec~0.41rev.
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Table 4-1: Results of sinusoidal current input tests, with variatioedguéncy.
im(t) = imo + ia SIN(PFL), imo= 13A, i = BA.

V f
(ws) | ¢ d‘ég) ) 0.2 0.4 06 0.8 1.0
0 any | t (h>0) (secrev) | -0.09, -0.54| -0.01,-0.06 0.01,0.06 0.03,0/19 300019

t (N<0) (secrev) | 0.15,0.91 | 0.09,0.55 0.07,0.43 0.06,0/37 0.C8, 0
1.31| 0 | t(n>0) (secrev) | -0.11,-0.90| 0.00,0.00f 0.02,0.16 0.03,0/25 005,

t (n<0) (secrev) | 0.07,0.57 | 0.07,0.57| 0.05,041 0.04,0/37 0.63,.
1.31| 15 | t(n>0) (secrev) | -0.05,-0.41| 0.00,0.00[ 0.01,0.08 0.02,0/16 O

t (n<0) (secrev) | 0.09,0.73 | 0.06,0.49 0.05,041 0.05 041 0.08, (
1.31| 45 | t(n>0) (secrev) | -0.07,-0.55| 0.00,0.00] 0.02,0.16 0.03,0[24 OIH

t (n<0) (secrev) | 0.11,0.87 | 0.07,0.56| 0.06,0.48 0.05,0/40 0.08) (
1.31| 90 | t(n>0) (secrev) | -0.08,-0.59| 0.00,0.00{ 0.03,0.22 0.04,0/30 (D033

t (n<0) (secrev) | 0.15,1.10 | 0.12,0.89 0.09, 0.7 0.05,0/38 0.(88 (

4.4.4 Sinusoidal azimuth tests

Two sinusoidal azimuth tests were also completed in ordeyppooximate the dynamic
inflow time constant, in terms of a rapid change in propulsor azinmgle.aor a propulsor
azimuth maneuver. A zero offset sinusoidal azimuth was commandbeé bpntrol system, for
two frequencies. The azimuth angle and sway forgewEre normalized in the same manner as
for the current sinusoidal tests, and results plotted as shown in fi@&ébbth are normalized to
their respective steady-state total amplitudes). Thusathefl azimuth angle behind the sway
force, measured at their normalized zero crossings, providesaaune of the dynamic inflow
time constant (this will also be discussed in greater detail in Chrapte Figure 4-23 shows the
approximation of the dynamic inflow time constant in this manneréguencies of 0.25 and 0.5
hz (with maximum angular rates of 25°/sec and 49°/sec, resggytfor a velocity of 3.05 ft/s
and 700 RPM (11.667 rev/s). Both frequencies yielded the same dynfloictime constantt

0.06 sec 0.7 rev.

Additional unsteady azimuth tests were conducted by applicatiam azimuth gearmotor
step command input (which resulted in a fast azimuth ramp). Howkseause of the large
amount of structural resonance in the test fixture, these iests very difficult to effectively

filter and determine a dynamic inflow time constant. These resaltherefore not presented.
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Figure 4-23: Examples of sinusoidal azimuth response. Normalizeduth angle (input) =
sinusoidal. Normalized sway forceyYRoutput). Approximate dynamic inflow time constant
from lead of thrust force vs. azimuth angle at zero-crossing= 3/05 ft/s, RPM = 700d(t) =

do + da Sin(Pft), do=0°, da = 15° (note: difference in plot time scales).

Top: f=0.25 hzd,,, »25°/sec, t ~0.06 sec ~ 0.7 rev.

Bottom: f=0.5hzd,,, »49°/sec,t ~ 0.06 sec ~ 0.7 rev.
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4.5 Pod-only force tests

The data and plots presented thus far have been based upon measurements talantifer the
azimuthing propulsor unit. Since the ultimate goal of the researdio characterize the
maneuvering forces associated with the azimuthing propulsor, timsgyeneral the best way to
characterize the propulsor forces. However, in considehegirtuitions for a propeller in
oblique flow presented in Chapter 2, it is important to realize theaddition to the propeller
forces, the pod (and the steering shaft) act to provide additiorcast There are, in addition,
interaction effects due to the effects of the propeller intowthe flow past the propulsor pod
(i.e. an added resistance analogous to the drag augmentationsbidéduction used for normal
shafted propellers), and the converse (i.e. the effect of the pkel evathe propulsor inflow,
analogous to the wake fraction and inflow wake field used for normal shafieellprs).

While these issues will be addressed in greater detail hapt€r 6, where propeller
calculations are presented, data for force measurements ftakthe bare pod (i.e. without the
propeller installed) are presented here for the vehicle degigrating velocity. Figure 4-24
provides plots of the pod-only (i.e. motor housing plus steering shaithout propeller) axial
force (R), normal force (F), and moment () in units of Ibf and in-Ibf, and the same data, non-
dimensionalized as is typical for streamlined bodies (seextongle [59] or [39]). These forces
are analogous to propulsor thrust, normal force and steeringematefined in the propulsor
coordinate system as in figure 2-1 (i.q.if analogous to T, .,HAs analogous to N, and Ms

analogous to M). These pod-only forces will be referred to again in Chapter 6.
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Figure 4-24: Pod-only force data (motor housing plus steering shafithout propeller).
Dimensional (top) and non-dimensional (bottom).
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4.6 Summary

This chapter has provided an in-depth presentation of theptegram conducted in
guantitatively investigating maneuvering forces associateith wWie azimuthing propulsor,
including quasi-steady effects, as well as the transientsteady effects of potential importance
to smaller vehicles. The experimental setups and techniquesbesmn detailed, for testing
conducted with the propulsor installed on a special test fixtutlee MIT towing tank, and with
the propulsor installed in the autonomous surface test vehicleladstai the planar motion
mechanism (PMM) at the U.S. Naval Academy. The results baea presented in both
graphical and tabular form, with the significance of the testlt® to vehicle maneuvering
discussed.

Specifically, parametric results clearly illustrate umiqeharacteristics of vectored-
propulsion, including generation of sizeable normal force, andfisigmi increase in vectored
thrust and torque with azimuth angle. Force data has alsgobesented in terms of surge force
(Fv) and sway force (f. Contour plots of Fand F;, for moderate azimuth angles (upt46°) are
nearly linear in the range of the typical design advancéficieat for the tested propulsor,
suggesting the strong possibility of linearization, even decoypiritpe surge-sway-yaw vehicle
maneuvering control problem.

An investigation of the unsteady propulsor hydrodynamics has beertedsporcluding
identification of a characteristic “dynamic inflow” time cadast, which can be used to
characterize the unsteady dynamics of propeller thrust, tanquaal force and steering moment
for coupled maneuvering dynamics as discussed in Chapter 2. ekasiitg “asymmetry” in
results for rapidly changing propeller rate has been obsertéh wndicates a hydrodynamic
asymmetry in the flow through the propeller disk with propelte rincrease and decrease.
Identified “asymmetric” non-dimensional dynamic inflow time canss for rapid propeller rate
increase are approximately zero, while those for rapid pespelte decrease are approximately
0.4 propeller revolutions.

Finally, the measured forces associated with only the podh{atar housing plus steering
shaft — without propeller) have been presented in graphical fdime. plots indicate significant
lift forces associated with separation as the pod is azimutiative to the flow. At azimuth
angles near 60 degrees, normal forces on the pod are seen arlpef3eof the total measured

on the propulsor with the propeller operating.
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Chapter 5

Flow visualization of the steady and unsteady wake

In order to more thoroughly characterize the maneuvering dynawhitBe azimuthing
propulsor, two methods of wake flow visualization were employeibt, a new fluorescent paint
visualization technique was developed for use in the MIT towand to visualize the helical
wake of the azimuthing propulsor for a number of quasi-steady amsleinh wake conditions.
Second, a particle image velocimetry (PIV) technique wagptedafor use in the MIT
recirculating water tunnel to visualize the wake and measuteélacument the velocities within
the wake for a number of quasi-steady and transient conditions. Wedechniques provide
visualization and documentation of a number of important wake paesnmeiseful for
understanding the dynamics of the wake, as well as for futlidatian of computational fluid
dynamics studies. Wake parameters such as wake pitch/diaragte wake angle, wake

distortion, and velocities are documented and discussed.

5.1 Fluorescent paint flow visualization

A new fluorescent paint visualization technique was developedhéwisualization and
documentation of the quasi-steady and unsteady wake. In additias desired to demonstrate
the evolution of unsteady forces during a maneuver, and compare higtrevolution the
evolution of the helical wake during the maneuver. The visumizatas carried out using a
fluorescent paint applied to a single propeller blade, wighvibke fluoresced under ultraviolet

black light. The fluoresced wake was recorded using digital videaliseguent analysis.
5.1.1 Experimental setup and procedure

The visualization was carried out in the MIT towing tank usiregdame test fixture used for
the quasi-steady and dynamic test series as discussedptelCha The wake was illuminated

using several banks of ultraviolet black light attached ¢acHrriage assembly, as shown in figure

5-1. A digital video camera was attached to the carr@gagembly overhead of the propulsor,
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looking down at the wake. Thus, video and still image sets were obtained fromtlatoagh the

free surface as the fixture was towed. This, unfortunatity introduce some minor image
distortion (which will be discussed subsequently), but was believebbte rasonable results for
basic helical wake visualization. In addition, two visualmatruns were conducted with the
digital video camera mounted inside a clear acrylic windbwure, looking forward at the

propulsor and the wake, as shown in figure 5-1.

Figure 5-1: Experimental setup for fluorescent paint flow visaabn of quasi-steady and
transient wakes. Top: digital video camera mounted overlehe propulsor, looking down at
the wake. Bottom: digital video camera mounted inside a alagltic window fixture, looking
forward at the propulsor and wake.
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A clear acrylic-based (water-soluble) paint leveling gaswsed as a base for the fluorescent
mixture applied to the single propeller blade. To the baas added Fluorescein Sodium
powder, and mixed into a thin paste, and brushed onto both sides of thékidgle The applied
paste was allowed to dry for 3-4 hours.

For each visualization run, the propeller was installed onto theulsor by hand, and the
camera set to record. Within 30 seconds of propeller ingtaljathe carriage motion was
initiated and the programmed propulsor sequence (i.e. sequerctoiraof propeller speed and
azimuth angle controlled by the control system) was execui#tl.runs were controlled to
execute in entirety within 90 seconds of installation of the propeller

The visualization was carried out for two sets of advarmefficients (combinations of
carriage velocity and propeller rate) and five azimuthem{0°,+30°, andt60°). Additionally,
each change in azimuth angle was executed as a fast ramg gtep command change to the
azimuth gearmotor) during each run, so that the transient Whdasecould also be visualized
and correlated with force measurements.

It should be noted that, because of the rapid diffusion of the ficene paint, there was a
practical limitation in terms of propeller rotation ratettbauld be used. Here, propeller rates of
240 and 300 RPM were used (this was determined through a trial-andagproach).
Additionally, the distorting effect of the free surface aghler carriage speeds also limited
practical top carriage speeds that could be used (this was also detettmingh a trial-and-error
approach). As it turned out, the limits of both propeller rate and carriagetyetiltiallowed for
visualization of a light propeller loading condition (J = 0.4), adl &ws a moderate propeller

loading condition (J = 0.2), as will be discussed subsequently.

5.1.2 Visualization results

5.1.2.1 Quasi-steady visualization results

By varying propeller rate, carriage velocity, and propulzimath angle, a small matrix of
guasi-steady operating test conditions was completed. After etolfi @sualizations, from the
digital video was created a set of still image sequewitbsfrequency timed to the rotation rate
of the propeller (6 image sets per propeller revolution in all cases) infage sets for each of the
test conditions were then measured using a drawing/dimensionimgsaft For each image set,

an approximate helical wake pitch (distance) was medsurédoth sides of the wake, as well as

75



an approximate wake angle (i.e. for the “near” and “interntetlimake). Figure 5-2 provides a
graphical definition of a blade helix, illustrated for the blédeand root helices. The theoretical
blade helix surface can be thought of as a continuous distributialicésbetween tip and root.
Note that the blade pitch (distance) is theoretically idehfior both tip helix and root helices,
and therefore there is theoretically a single blade watah for the helix surface. There is
however, a roll-up of the wake in the tip region (the tip vesjowhich distorts the blade helix
surface which is visualized in these experiments, makingureaent of the “true” helix pitch
more difficult. This will be discussed more subsequently. Sammges for each of the test
matrix conditions are shown in figure 5-3. Because of the roll-upeofvake in the tip region,
pitch measurements were made at the mid-blade region of thee Wéddasurements for each of
the ten image sets for each condition were averaged, and tdbakijgrovided in table 5-1. The
results are provided in non-dimensional form (i.e. pitch/diameter rafiy épd wake angle).

The results listed in table 5-1 indicate that the P/[D ddes not appear to change with even
the large change in azimuth angle, only with advance velociprapeller rate. To understand
why this might be so, consider the definition of pitch arfig a radius r (as defined in [74] for

example)
tanf (1) =—— (5.1)
2pr

where P is the pitch (distance), the distance between turhe efake helix as shown in figure
5-2. The pitch angle at radius r can also be written as

(VA + VAi )

tanf (r) = 2prn

(5.2)

where \j is the axial component of inflow velocity at the propelleskdand \4 is the axial
induced velocity at the propeller disk (together they makthepotal axial velocity at the disk).
Note that this representation includes account for propelfer(is. it is not assumed that the
propeller is lightly loaded). Equating equations (5.1) and (5@)uaimg the dependence of axial
inflow velocity on propulsor azimuth angle (see figure 2-1)
p= (Va +Vai) ® P _(VatVy) _ (V,cosd+Vy,)
n D nD nD

Thus, the pitch/diameter ratio of the helical wake for an attimg propulsor is dependent on the

= Jcosd+h (5.3)
nD

advance ratio J and azimuth andlebut is also dependent upon the axial induced velocity V
which depends on propeller blade loading. Although the contribution of the firsbietine right

hand side of equation (5.3) is reduced when the propulsor is azimutheskdbed term is
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increased when the propulsor is azimuthed (Chapter 4). Thus,ishan apparent cancellation-

effect with propulsor azimuth in terms of pitch/diameter ratio.

|

Propeller Hub
diameter diameter

l

Blade tip helix

Figure 5-2: Definition of a blade helix.

Blade root helix

Shaft CL

lllustrated are tipeand root helices. The actual

theoretical blade helix surface can be thought of as a contirdistuidution of helices between
tip and root. Basic graphic adapted from [74].
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Figure 5-3: Fluorescent paint visualization. Examples of grapmieasurement of helical wake
parameters. Top to bottom: 0°, 30°, 60°, -30°, -60°. Left=0.82 ft/s, RPM =300 (J =0.2)
(moderate loading). Right:\+ 1.31 ft/s, RPM = 240 (J = 0.4) (light loading).
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Table 5-1: Fluorescent paint visualization. Summary of grapiieasurement of helical wake
parameters. First helix P/D and wake angle are averagesoter 10 measured image sets for
each operating condition. Mean axial induced velocity calculated usingay(&aB6).

Axial
Advance | Azimuth i

V, n coefficient angle First helix P/D Wake angle '\?gggﬁd

() | (revis)| g0 Ve (deg) | (mid-blade wake) (deg) Ve /vay
) d (average of 10) | (average of 10) (mean,

calculated)

0.82 5.0 0.2 -60 0.56 15 2.32
0.82 5.0 0.2 -30 0.56 11 1.94
0.82 5.0 0.2 0 0.56 0 1.82
0.82 5.0 0.2 30 0.56 11 1.93
0.82 5.0 0.2 60 0.56 16 2.30
131 4.0 0.4 -60 0.51 35 0.78
131 4.0 0.4 -30 0.51 24 0.41
131 4.0 0.4 0 0.51 0 0.27
131 4.0 0.4 30 0.51 25 0.41
131 4.0 0.4 60 0.51 37 0.77

Equation (5.3) could theoretically be used to calculate an apmtximean axial induced
velocity, based upon the P/D ratio measured from the vistiahzaFor example, for the wake at

J=0.2,n=5rev/s, artti= 0°, the approximate mean axial induced velocity can be calculated

V, =nD g- Jeosd = (5rev/g)(0.8229ft)(056- (0.2)cos0°) = 1491t/

or non-dimensionaV/,; /V, = 182. Calculated approximations for the mean axial induced

velocity for each condition have been added to table 5.1.

Measurement of blade pitch on both sides of the propeller wake, as shagumerbt3,
provides an illustration of the wake distortion which occurs when the projsediebjected to
oblique inflow. The upstream side of the wake is stretched, while the dovmsicE of the
wake is compressed. The net effect is a slight difference in pietkeas measured on the
upstream and downstream sides of the wake. The blade pitch/diametecastulated and used
in table 5-1 are taken from the mean of the upstream and downstream wake pitalemeats
from each image.

Table 5-1 also shows that the P/D ratio is greater for the conditibrihgitmoderate
propeller loading (J = 0.2) and less for the condition with the light propediding (J = 0.4).

This is as expected. The theoretical no-slip P/D (i.e. the “no loaditmmadt zero net thrust) is
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approximately 0.43 (taken from figure 2-2, with accounting for the small pardisig associated
with the propulsor pod). The P/D for the light loading condition is closéettheoretical no-
slip P/D ratio, as expected.

From observations made following the conduct of smoke wake stafifeelicopter rotors in
the early 1950s, R.B. Gray [28], [29] concluded that the wake frblade consisted of a strong
tip vortex and an inner vortex sheet of opposite sense. Gray obseatede outer part of the
sheet moved faster than the inner part, and that the outer parsbettenoved much faster than
the tip vortex. Landgrebe conducted additional smoke tests wbidhrroed Gray’s result and
also reported that the tip vortices do not necessarily ocebe &nds of the corresponding sheet
[49], [20], but rather lag behind. It was reported that the blgdgortex moved downwards
relatively slowly until it passed beneath the following blademf which point it moved down
more rapidly, although always lagging behind the corresponding blade wake.

Although the blade geometry and loading distribution of a helicofdelis clearly different
than a “typical” marine propeller, it can be expected thatstrae basic relationship between
blade and tip helices would remain. This relation was cleallgerved from the paint
visualization, and was the main initial source of difficultyconsistently measuring blade wake
pitch as previously noted. As the blade wake is shed and ceringbe wake, the region of the
wake in the tip region (i.e. the tip vortex) can be cleagbnsto move much more slowly than the
rest of the blade wake. This is pointed out by annotation dfrtage sequence shown in figure
5-4. This sequence is taken at 30 Hz (6 images per revolutionthtirmage sequence shows
one revolution of the propeller. The separation of the blade waketlfi®tip vortex is annotated
for blade wake sheets on both sides of the image. It is ttlatthe initial velocity of the tip
vortex is significantly less than the rest of the bladdeast for the first diameter downstream.
Beyond this, there is too much diffusion to follow the paint trackis will be illustrated again

when reviewing the PIV visualization technique in the next section.
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Figure 5-4. Fluorescent paint visualization. Visualizing ttaek of the blade wake. Note
separation of wake near tip (tip vortex) from main blade wake as wakeatsmownstream.
V,=0.82ft/s, RPM =300 (J=0.2=0°.

5.1.2.2 Unsteady/transient visualization results

Each visualization run included 3 rapid dynamic/transient chamgegzimuth angle (for
example from 0° to 60°, 60° to -60°, and -60° to 0°). The rapid chamgesn&d to rapid
saturated ramp azimuth changes (from a step command changeaintibéh gearmotor). The
purpose of these rapid dynamic azimuth changes was to inveshgaterrelation between the

change in propulsor maneuvering forces (e.g. sway fojcarfél the progression of the helical
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wake during a very rapid propulsor azimuth maneuver. Figure Bwbdes an example image
sequence of the dynamic change in azimuth angle (here from @D°} and the corresponding
normalized change in sway forcg)FDespite the large amount of “noise” in the force signal due
to the resonant vibration of the test fixture, the fundanheetult is rather clear. As can be
clearly seen from the sequence, the maximum sway force teeslalbeen reached upon the
completion of the azimuth maneuver (i.e. upon the propulsor reaélit)g Another way of
looking at this is to note that for the image at t = 208fbeds, where the sway force has already
reached its maximum, the blade wake has not progressed. In aitts, ¥he blade forckeads

the azimuth. This can be supported using a simple “dynamic inflevdel, as will be discussed
in detail in Chapter 7, where it will be shown that the blgmiees can be predicted kead the
angle during a propulsor azimuth maneuver. This is indeed consisterihe force test results
presented in Chapter 4.

It will be discussed in detail in Chapter 7 that a plaes#ixplanation for the asymmetry seen
in the force tests for unsteady propeller rate (Chapter &) be described in terms of the
unsteadyB-dimensionaborticity that is generated and shed into the wake witlpia iacrease in
propeller rate. The jet-like acceleration of the slipstrdamonjunction with viscosity, results in
the formation of a 3-dimensional ring vortex, which quickly plumesvard, then convects
downstream with the slipstream. In consideration to the Biot$&&wv, this vortex ring induces
additional velocity at the propeller disk, in effect decreasing thglea of attack at the blades.
This conception is made partially based upon the visualimiid the unsteady wake with the
rapid increase in propeller rate due to a step increase in owt@nt. Figure 5-6 provides an
image sequence showing the vortex ring which forms as the tpigcrapidly shed from the
blades following a motor current step increase for zero adwashgeity. Images are 0.1 seconds
apart. Owing to its size and location, it is easy totkaethe toroidal vortex ring would have a
substantial influence on the induced velocities at the peapdlsk. In particular, given the
direction of the rotation of the vortex ringjricreasesaxial velocity at the disk, with the effect of
decreasingthe angle of attack at the blades, and theredeweasingthe blade forces (thrust,
torque). This provides a potent potential explanation foredaced leaddynamic inflow time
constant (otag in some cases) of the thrust and torque compared to thelpropé in transient
response tests discussed in Chapter 4. Figure 5-7 provides am $eqgence showing the
progression of the vortex ring under similar conditions, but viewad fvithin the clear acrylic
window downstream of the propeller (see figure 5-1). Figure 5-8idgeswva similar image
sequence showing the progression of the wake following the motentgtep increase, but here

for an advance velocity of 0.82 ft/s. In this case, the formartex ring convects more quickly
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downstream, due to the additional ambient/advance velocity. Additimmetground and
theoretical development regarding the vortex ring formation angection will be discussed in
Chapter 7.

Figure 5-5: Fluorescent paint visualization. Image sequdinsgrating progression of helical
wake vs. sway force for a fast ramp change in azimuth andte¢.isfhormalized azimuth angle
(blue) and sway force (green, with filtered red). Azimuthngeafrom 0° to 60°. Y= 0.82 ft/s,
RPM =300 (J =0.2).
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Figure 5-6: Fluorescent paint visualization. Visualizatiorhefformation and convection of the
large vortex ring associated with a rapid increase in propelte, here a step increase. Final
propeller rate is approximately 280 RPM, %0 ft/s. Images are separated by 1/10 second (1/2
propeller revolution at final speed).
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Figure 5-7: Fluorescent paint visualization. Visualizatiorhefformation and convection of the
large vortex ring associated with a rapid increase in propelle, here a step increase. Viewed
from downstream of the propeller. Final propeller rate is approglyn@00 RPM. ¥ = O ft/s.
Images are separated by 1/10 second (1/2 propeller revolution afee).
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Figure 5-8: Fluorescent paint visualization. Visualizatiorhefformation and convection of the
large vortex ring associated with a rapid increase in propelte, here a step increase. Final
propeller rate is 300 RPM. ,\# 0.82 ft/s. Images are separated by 1/10 second (1/2 propeller
revolution at final speed).
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5.2 Particle image velocimetry (PIV)

In addition to the wake visualization using the fluorescemitpaethod, a particle image
velocimetry (PIV) technique was adapted for use in the MiGirculating water tunnel to
visualize the wake and measure and document the velocities whniwake for a number of
quasi-steady and transient conditions. It is anticipated that the chaedaiarof the wake in this
manner provides a means for better understanding the comples #emociated with an
azimuthing propulsor, as well as providing an additional tool fiidaton of unsteady codes and

flow modeling tools.

5.2.1 Experimental setup and procedure

Quasi-steady and dynamic wake visualization, documentation gdittbaal dynamic testing
were conducted in the MIT recirculating water tunnel utiliziag existing test fixture
incorporating three coplanar axial strain-gauge load cellsamiplifiers, as shown in figure 5-9.
The servo gearmotor was attached to the floating collar offixtuee, and the propulsor was
dynamically-azimuthed in the horizontal plane with Rulon shaft beathmgsigh the floating
collar. Data acquisition and control utilized the modular comporaéritee autonomous surface
vehicle, with a sampling rate of 1000 Hz. The main purpose of the testing in theumnatdrwas
to conduct dynamic wake flow visualization using particle imagéocimetry (PIV) and
cavitation visualization using high-speed video. The PIV utlize New Wave Research
Geminf dual head Nd:YAG laser PIV system (120 mJ/pulse @ 532 nm), aNislon DaVi¢
software for control of the laser and camera systems anal inithge processing. The wake was
illuminated using a horizontal laser sheet, with CCD cant€oddk Mega plus E54.0) acquiring
images of the wake from below; thus mid-plane horizontal welke 2D velocities were
measured. In the PIV system internal triggering mode, lagenes fired at approximately 7.5 Hz.
In the external triggering mode, lasers were synchronized to tpelmr rotation. Internal
triggering was utilized to obtain instantaneous resultsdigramic wake (unsteady/transient)
conditions, and external triggering was utilized to obtain phasegaerasults for quasi-steady,

azimuthed conditions.
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Figure 5-9: Dynamically-azimuthed propulsor in test fixturéViiT recirculating water tunnel.
Wake illuminated with horizontal laser sheet.

The general approach for PIV image acquisition for the propeléke in unsteady and
oblique flow was very similar to that taken by DiFelice let[B3] for a stationary propeller in
steady axial flow, and therefore generic discussion of PIV énaagjuisition and processing, and
application to investigation of propeller wake velocities| witt be made here; the reader is
referred to DiFelice et al., and other informative paperSMiiert and Gharib [80], Gui et al.
[31], and Westerweel [76].

The CCD imaging camera was positioned beneath the flow, andieeconages of particle

velocity fields in the horizontal mid-propulsor plane with spatial reswiwof 2048 x 2048 pixels.
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Image resolution was 0.01795 cm/pixel (1008ec between exposures providing velocity
resolution 0.1795 m/s per pixel). Post-processing was conducted aisitamdard multi-pass
window-shifting algorithm (4 pass: 64 x 64 down to 12 x 12 pixels) 808 overlap. Produced
flow fields were further post-processed in Maflgtroducing maps of velocity and vorticity
fields. 2-D vorticity was calculated using the curl of th® velocities, and all velocities and
vorticity were appropriately non-dimensionalized.

The focus in this section is on the presentation and intetipretaf results of the flow
visualization, and documentation of the velocities of severahefquasi-steady and dynamic
wakes. Particular notice is made to the blade wake vielecitp vortex spatial development and
fluctuations, overall velocity trends, and geometries associaidd the quasi-steady and

unsteady/transient wakes.

5.2.2 Visualization results

5.2.2.1 Quasi-steady wake trajectories and velocities

For the quasi-steady azimuth conditions, the laser was synaduiottizthe rotation of the
propeller, and a phase-averaging technique was utilized tdatalthie quasi-steady velocities in
the horizontal mid-plane of the wake. The coordinate systethahthe plots is centered on the
main steering shaft of the propulsor (located 5.3125” forward ddifthface of the propeller hub,
see figure 3-2). Phase-averaging in each case was made avegéssets, each synchronized to
the same blade location.

Figures 5-10 through 5-13 provide a series of plots showing the ahassged velocity
characteristics of the wake for quasi-steady azimuth ar@jle$0°, 20° and 30°. Figure 5-10
provides velocity maps with the magnitude of the total in-platecity, normalized by the free-
stream velocity (measured upstream of the propulsor). Fhydde provides velocity maps with
the magnitude of the perturbation (induced) velocity, also norndatiyehe free-steam velocity.
Figure 5-12 provides the RMS velocity fluctuations, also normdllzy the free-stream velocity.
Figure 5-13 provides maps of the distribution of the calculatedcitgytnondimensionalized by
the free-stream velocity and the propeller diameter.

These plots clearly demonstrate the character of the sigasly wake for small to moderate
propulsor azimuth. The viscous wake due to the boundary layer dtattes is highlighted by

the defect in induced velocity plots and vorticity distributio$iese velocity defects transition
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from the root to the tip vortex, and rapidly diffuse as the wake cteemwnstream. The traces
of the tip vortices are obvious, particularly in the plotsimduced velocity and vorticity
distribution. But, tip vortices also rapidly roll-up, split, anéfudie as they convect downstream.
The slower relative velocity of the tip vortices as discdigaeSection 5.1.2 is also clearly seen,
particularly in the plots of vorticity. Highlight should be made to thei@ant hub wake (due to
the very large and flat-faced hub that is 1/3 the diametehefptopeller), which produces
significant turbulence in its wake, creating additional unstesdi to the wake. The strong hub
wake consists of strong tangential velocity components, which are ewdaghthe plots.

Figure 5-14 provides a comparison between the phase-averageitydistribution at 20
degrees and three of the instantaneous vorticity distributibieh are among the 45 used for the
phase-averaging. The hub wake is clearly the area withrédaegt variability, which is also
shown clearly as an area of high intensity in the plots of RM&city fluctuations, figure 5-12.
However, despite the fact that the tip vortices in the pheseged plot appear to be non-
uniformly distributed, their positioning and even intensity appedrslittle variability compared
to the instantaneous plots, at least within the first prepedidius downstream (this is also shown
clearly as an area of very low intensity in the plots of RMS velokittfations, figure 5-12).

To further examine the character of the tip and hub vorticegradegxperiments were
conducted of cavitation visualization using a high-speed videerayand reduced pressure in the
propeller tunnel. Figure 5-15 shows two images (taken at apmteiimthe same propeller
position) which illustrate the 3-dimensional nature of theatig hub vortices. As can clearly be
seen, the tip vortices within the first propeller radius dameasn are generally stable and
consistent. However, as the tip vortices convect downstreamathegeen to split and rapidly
diffuse.

To tie the PIV results presented in figures 5-10 to 5-13 intoréiselts for the force
measurements presented in Chapter 4, it is noted that the evetalgand average perturbation
(induced) velocities for the conditions with azimuth are nobilsegreater than the 0° condition.
This increase in wake velocity would be intuitively linkedan increase in thrust. For example,
for the 20 degree azimuth condition (conditions noted in the figuréonaptthis is consistent
with the 20% increase in thrust which can be estimated from figure 4-11.

One other important note should be made regarding the quasi-steadjhavake velocities
from the PIV. It is clear from this figures 5-10 to 5-13 tim&t magnitude of velocity (or induced
velocity) is greater for the “upstream” or “outboard” sidehe wake for the azimuthed case (for
the horizontal wake cut). An explanation for this wake velaasymmetry can be understood by

considering that the vortex wake undergoes distortion under the obiftpye. Experiments for

90



helicopters in forward flight have confirmed vortex wake distortion effectd progress has been
made in modeling this distortion using free-vortex wake models [8]L] The net result is that
the “upstream” side of the vortex wake is stretched (anddiwnstream” side is compressed),
such that the “upstream” wake velocities are higher. Faethelatively small azimuth angles,
the effect is minimal, but noticeable. This was also gleidldstrated in the fluorescent paint

visualization discussed in the previous section.
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Figure 5-10: PIV. Quasi-steady phase-averaged velocity Mielghitude (normalized by free-
stream velocity). RPM = 700,y= 3.05 ft/s (J = 0.32)d = 0° (top left), 10° (top right), 20°
(bottom left) and 30° (bottom right).
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Figure 5-11: PIV. Quasi-steady phase-averaged perturbationjduelocity field magnitude
(normalized by free-stream velocity). RPM = 70Q,2/3.05 ft/s (J = 0.32)Y = 0° (top left), 10°
(top right), 20° (bottom left) and 30° (bottom right).
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Figure 5-12: PIV. Quasi-steady phase-averaged RMS velbwityidtion (turbulence intensity)
(normalized by free-stream velocity). RPM = 70Q,+/3.05 ft/s (J = 0.32), d = 0° (top left),
10° (top right), 20° (bottom left) and 30° (bottom right).
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Figure 5-13: PIV. Quasi-steady phase-averaged vorticityildison (nondimensionalized by
free-stream velocity and propeller diameter). RPM = 7Q0+\3.05 ft/s (J = 0.32)) = 0° (top
left), 10° (top right), 20° (bottom left) and 30° (bottom right).
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Figure 5-14: PIV. Quasi-steady vorticity distribution (nondinmmaized by free-stream
velocity and propeller diameter). Phase averaged (upf@rvie instantaneous (others).
RPM = 700, \ = 3.05 ft/s (J = 0.32)) = 20°.
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Figure 5-15: High speed video cavitation visualization. RPM = 10%0; ¥.6 ft/s (J = 0.11),
d = 15°. Uneven tip vortex rollup is clearly evident.

Figure 5-16 shows measurement of the helical wake pitch/dtamegio and approximate
helical wake skew angle. Note that plot length scalesabeady non-dimensionalized by
diameter D, and that values measured are for 2 blades (i.e= B/D * value measured). A
summary of these measurement results is given in table Sh2ilar to the fluorescent paint
visualization, the P/D ratio does not change with increaseimuéz angle (although there is a
slight apparent “distortion” of the wake as mentioned previgushs a check, the measured P/D
ratio can be used to calculate an approximate velocity (ioiaduced) using equation (5.3), and

the results compared to the PIV total velocities from #gub-10 or induced velocities from
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figure 5-11. For example, fdr= 0°, with \j, = 3.05 ft/s and n = 11.667 rev/s (J = 0.32), using
equation (5.3)

V, =nD g- Jcosd =(11.667rev/s)(0.8229ft)(059- (032)cos0°)= 259ft/s

or non-dimensionaV , /V, = 085, which is close to the approximate value of 0.8 in the blade
wake taken from figure 5-11.

Table 5-2: PIV. Summary of graphical measurement of heligkbywarameters from PIV. First
helix P/D and wake angle are taken from measurements of-phessged vorticity plots. Helix
P/D is for mid-blade helical surface.

Ad .

V, n coe\f;?cr;g(re]t Azimuth angle First helix P/D Wake

(ft's) (revis) v (deg) (mid-blade wake) | angle (deg)
Jo = d (average) (average)

3.05 11.667 0.32 0 0.59 0
3.05 | 11.667 0.32 10 0.59 4.1
3.05 | 11.667 0.32 20 0.59 9.6
3.05 | 11.667 0.32 30 0.59 15.5
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Figure 5-16: PIV. Graphical measurement of helical wake peeam First helix P/D and wake
angle are approximated from measurements of phase-averagetty plots. Helix P/D is for
mid-blade helical surface (note: value measured is for @&bla P/D = 3/2 (value measured)).

V.=3.05ft/s, RPM =700 (J=0.32).
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5.2.2.2 Transient wake trajectories, velocities and force measurements

Section 5.1 provided a fluorescent paint visualization of an uhstEamuth rate in terms of
a fast ramp change in azimuth angle (from a step command chantpe azimuth servo
gearmotor). The results provided a visualization and roughlatore between the change in
propulsor maneuvering forces (e.g. sway forgeaRd the progression of the helical wake during
a very rapid propulsor azimuth maneuver, and provided confirmationeafdan sway force vs.
azimuth angle. The PIV system was also used to visualiz¢ af gapid propulsor azimuth
maneuvers, in the form of a sinusoidal azimuth. Figure 5-17 prowde<f the resulting
velocity maps, taken from image sets at a point very clos$eet zero degree cross-over (within
2°), for frequencies of 0.5 and 0.25 Hz. The velocity maps clelaoky she geometric lag of the
wake behind the azimuth angle. As expected, the higher frequanuytlazfaster azimuth rate)
has a larger geometric lag. Figure 5-18 provides the corresygpadimuth and sway force jF
records (unfiltered and filtered). As discussed in Chapt@n4approximation to the dynamic
inflow time constant is the time lead of the sway force vs. azimutle.amtgre, the resulting lead
of sway force at both frequencies gives an estimate oflfhamic inflow time constant to be
approximately 0.06 sec which equates to approximately 0.7 propeller revoluti@® &PM).

Section 5.1 also provided a fluorescent paint visualizatioheofdsults of a rapid change in
propeller rate, specifically in terms of the generation tdrge vortex ring, and its convection
downstream with the slipstream. The PIV system was alsotasédualize a rapid change in
propeller rate in terms of the generation and convection of tge lartex ring. Figure 5-19
provides an image sequence showing the progression of the wakerigllawnotor current step
increase. Images here are taken from the PIV systemppabxamately 7.5 Hz. As with the
fluorescent paint visualization, the formation and conveabbthe vortex ring can clearly be

seen, and its impact on the induced velocities at the disk understood.
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Figure 5-17: PIV. Dynamic/transient instantaneous velocitiesdimensionalized by free-
stream velocity). RPM = 700, yw= 3.05 ft/s (J = 0.32). Sinusoidal azimuth trajectory

d(t) =15°sin(2pft). Left: f= 0.25 hz., d» 0, d» - 25°/sec. Right: f= 0.5 hz.,d»0,
d»-49°/sec.
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Figure 5-18: Normalized azimuth angle and normalized sway féngecprresponding to PIV
instantaneous velocities of figure 5-11. RPM = 700~\3.05 ft/s (J = 0.32). Sinusoidal azimuth

trajectory d(t) = 15° sin(2pft).
Top: f=0.25hz.d .0 » 0, ipage » - 25°/s€C, t ~0.06 sec ~ 0.7 rev.
Bottom: f = 0.5 hz. 0,50 » 0, djpage » - 49°/sec, t ~0.06 sec ~ 0.7 rev.
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Figure 5-19: PIV. Visualization of the formation and convectdrthe large vortex ring
associated with a rapid increase in propeller rate, dstep current increase. Initial current OA.
Final current 20A. Y = 0. Final propeller rate approx. 600 RPM reached in approx. 0.2 sec
Instantaneous images from PIV at approx. 7.5 Hz. Colormap is absolute viglouity
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5.3 Summary

This chapter has presented and discussed results of sefferisl to visualize and document
the steady and unsteady/transient wake of the azimuthing propulsmew technique using
fluorescent paint and ultraviolet black light has been develtpétie visualization of the vortex
wake for a range of quasi-steady and unsteady/transient operafidgions. A technique using
laser Particle Image Velocimetry (PIV) has also beenptadato provide more precise
visualization and velocity documentation of the wake for a numbenguafsi-steady and
unsteady/transient operating conditions.

Quasi-steady visualizations indicate that the helical watah/diameter ratio for a given
propeller rate does not appear to change with even large shangzimuth angle. This is
attributed to the fact that the pitch/diameter ratio foazimuthing propeller depends not only on
the advance ratio J and azimuth angdlebut also on the axial induced velocity, Vwhich
depends on the propeller blade loading. Thus, there is an appareritatanceffect with
propulsor azimuth in terms of helical wake pitch/diameterorathanges. Quasi-steady
visualizations have also provided demonstration of the wake tibst@ffects when the propulsor
is azimuthed relative to the flow. The upstream side ofwh&e is stretched, while the
downstream side is compressed. Finally, the quasi-steady visualizations tlatadhs different
convection velocities for the portion of the helical wake canirom the blade, and that portion
of the wake which has rolled up into the tip vortices. Thevdirtices convect downstream much
slower than the corresponding blade wake.

Unsteady or transient visualizations have provided confirmaifothe “dynamic inflow”
effect, in terms of the leading of propeller blade forces coedpto rapid propulsor azimuth.
Despite the fact that the helical wake lags the azinpibsition of the propulsor, the forces lead
the azimuthal position. Finally, the transient visualizatitiase provided powerful visual
evidence of the formation and interaction of vortex rings wdihid increase in propeller rate.
These vortex rings appear to induce significant velocity aptbpeller disk, which would be

consistent with the “asymmetric” results seen with rapid changes inllerajpge in Chapter 4.
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Chapter 6
A theoretical basis for quasi-steady maneuvering dyamics

This chapter provides a detailed discussion of a theordbasis for the quasi-steady
maneuvering dynamics associated with the azimuthing propulsotheventire range of forward
operating conditions (i.e. for propulsor azimuth up:-t80 degrees relative to the inflow). This
theoretical basis begins with “simple” momentum-based modelspropellers in axial and
oblique inflow, and expands to include a modified combined blade-eleamehtmomentum
theory, including important finite blade and wake skew considesafrom vortex wake theory.
Finally, a discussion of the use of computational fluid dynanfas the prediction of
maneuvering forces is presented. Results of calculations anadwovided in comparison with
experimental results, with the relevance of consistenciesnandsistencies discussed in detalil.

It is not the intent of this theoretical basis to offeigmnous numerical method capable of
accurately predicting propulsor forces, but rather to provide aigatlysbased intuition of the
mechanisms by which the forces vary as a function of the propulsor statdes(ig V,d) for an
azimuthing propulsor. It is also noted, and will be illustrated,ithaddition to propeller forces,
the forces associated with the propulsor pod (i.e. motor housisgsptering shaft — without
propeller), and with the interaction of pod and propeller, play an importdat in the
determination of propulsor maneuvering forces, especially at moderatga@lamuth angles.

The early theory of propeller action was founded in two magasaf25]. Classical
momentum-based theories, which are directed mainly at ttimmof the fluid and the forces
necessary to impart the motion to the fluid, were initiated by.M{ Rankine and R.E. Froude in
the mid 1800’s. An extended form of the momentum theory which dadithe effects of
slipstream rotation was developed by A. Betz in the early 1900%e riain defect of the
momentum-based theories is that they give no indication ofgdmmetry or shape of the
propeller required to produce (prescribed or designed) forces tlaéy give no indication of in-
plane forces and moments of importance to propellers and propulsolbfigue inflow). The
blade-element theories, which consider the forces experienctxt ifades of the propellers in
their motion through the fluid (and therefore are concerned withgéloenetric shape of the
propeller blades and their lift characteristics) was fitsbduced in crude form by W. Froude in
1878, but developed mainly by S. Drzewiecki in the early 1900’s. midie defect of the blade-

element theories is in the uncertainty as to the charstoteriwhich must be assumed for
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generation of lift and drag forces for the blade elementsf{@m experiment or theory of 2-
dimensional foil shapes).

Modern propeller theories rest fundamentally on the conceptiothindift of a foil is due to
a circulation of the flow around its contour [25]. As a logicahsequence of this conception,
vortices must spring from the blades of the rotating propelled pass downstream in
approximately helical paths, and it is these vortices thatitatesthe slipstream of the propeller.
These trailing vortices induce velocities which change the [flagt the propeller blade elements.
The vortex theory was first introduced by F.W. Lanchester inrreaiseAerial Flight in 1907
[74]. It is clear that, with the complex flow in the helicahke of a propeller or propulsor in
oblique inflow (as could be clearly seen through the flow visaidins discussed in Chapter 5),
some of the attributes embodied in the vortex theories are relarahtnecessary for
understanding and predicting the maneuvering forces due to a prapelievpulsor in oblique
inflow.

Considering the complexity of the vortex theory of propelleigsiown right, its application
to a propeller (or propulsor) in oblique inflow is necessarilyywén greater complexity. Even
with the advent of modern computers and the development of powerrfugrical methods for
solving the complex 3-dimensional propeller vortex problem, most peopidksign and analysis
tools require some simplification and even an amount of ecigiri in application to more
complex flow conditions. To this end, this chapter begins witturalamental look at the
application of some of the basic momentum and blade-element théorike performance of
propellers and propulsors in oblique inflow. After the developnoérd basic theory for an
azimuthing propulsor, some basic results from vortex theory wiligdptied, and a computational

fluid dynamics approach will also be discussed and applied.

6.1 Steady momentum-based models for an azimuthing propulsor

6.1.1 The classical momentum propeller model

The most basic of the theories of propeller action is ahsaled classical momentum theory
(or actuator disk theory), which is described in detail in mafgrences (for example [74], [25],
[11], [12]). The classical momentum theory combines conservafiomass, linear momentum

and Bernoulli's equation to find fluid velocity for a prescribed diskding or thrust, or the
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converse. Application of angular momentum for including effeétslipstream rotation and
application of torque is also possible, and is considered in the “generaBmiommodel.

One method of applying the actuator disk theory is to consideluanetric “streamtube” of
flow through an idealized propeller disk (figure 6-1). Thesgizal application of mass and
momentum conservation, and Bernoulli's equation along a streamimerajly assumes the
following [55]:

(@) Flow is inviscid and irrotational.

(b) Thrust loading and velocity distribution are uniform over the disk.

(c) No rotation of the slipstream is considered.

(d) A well-defined slipstream separates the flow passing thrtugllisk from that outside

the disc.

(e) Far ahead and far behind the disk, the pressure is equal to the freepstssume.

One important result from classical axial momentum théoithat the velocity through the
propeller disk is equal to the average of the velocitiehénstreamtube far upstream and far
downstream of the disk g\and \{, in figure 6-1). The increment of velocity added to the free-
stream velocity is called the induced velocity(kote that V=V, - V,). The other important
result is that the thrust is equal to the product of thesrflass through the propeller and the
increasein velocity in the streamtube far upstream and downstream the propeller, or

T=rAV,(V, - V,) (6.1)
Combining these results gives the important result from classicaéntam theory
T=2A,V,(V,-V,) or T=2rA V(v +V,) (6.2)
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Figure 6-1: Propeller classical (axial) momentum model (“actuatof)dis
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6.1.2 The classical momentum propeller model modified for obliquenflow

The classical momentum theory for axial flow through a propeier be modified for
oblique inflow as shown in figure 6-2. The control volume is the strdzsrwith ends parallel to
the propeller disk. The induced velocity perpendicular talible is V.. The Bernoulli equation
is applied along the streamline as shown in figure 6-2 (notetligaistreamline is always
tangential to the flow, by definition). Conservation of momentumpislied in the x-direction
(perpendicular to the disk). The component of the oblique inflweh flows perpendicular to
the propeller disk is ¥od, and the component parallel to the disk [sifnl. Conservation of
mass around the large streamtube control volume results in

rA,V,cosd = rAW(W+Vacosd)= rAp(Vi +Vacosd) (6.3)

Application of the Bernoulli equation along a streamline (inelgdhe pressure jump across the
disk) results in

V2

w

(pq - pu):%r [(w +V, cosd)® +(V, sind)z] - %rvj (6.4)

Application of conservation of momentum in the x-direction in thrgeastreamtube control
volume results in

T= rA, (w+V,cosd)w +V,cosd)- rA,(V, cosd)(V, cosd) (6.5)
Application of conservation of momentum in the x-direction aroundgigible control volume

about the disk results in
T= Ap(pd - pu) (66)

Combining equations (6.4) through (6.6)
%rAp[(W +V, cosd)” + (Vasind)z]— %rApVa2 =rA,(w+V,cosdf - rA (V,cosdf  (6.7)

Multiplying out the terms of equation (6.7) and solving for the velocity ingdhavéke (w) gives
w =2V, (6.8)
This is the same result from classical momentum. Now combithi@gconservation of mass
result, equation (6.3), with the conservation of x-momentum, equatibngped using equation
(6.8), results in the expression for thrust
T=rA,(2V, +V,coxd) - rA_(V, cosd)’

=r AV, +V,cosd)(2V, +V,cosd)- 1A (V,cosd)(V; +V,cosd)

=rA [2V7 +2V,V, cosd

=2rA V[V, +V, cosd]

(6.9)
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Comparing the steady result from classical axial momettteory with the result for oblique

inflow:
T=2rA V,(V, +V,) axialinflow
T=2rAV, (V. +V, cosd)  obliqueinflow (6.10)
pYi\Yi a
It is clearly seen that the basic result of classical emom is unchanged: the thrust is equal to
the product of the mass flux through the propeller disk andntreasein velocity in the
streamtube from far upstream to far downstream the propellee result for oblique inflow
simply captures the fact that the mass flux through the propédlethe product

rAp(Vi +Vacosd) , the velocity sum in brackets being the perpendicular (normalp@oemt of

velocity through the disk.

d
V,sind| V
VW
V., cod \ [ |
d detail
V,sind| V
Vp

streamtube _—

detail
propeller(actuator) disk )

streamline

Aa
Figure 6-2: A modified momentum model for a propeller operating in oblique inflow.
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6.1.3 The general momentum propeller model including angular momenia

In the classical momentum model, it was assumed that thatactlisk could only accelerate
the fluid in the axial direction. Rotation of the slipstream neglected. The general momentum
theory includes accounting for rotation of the slipstream.s Thisometimes referred to as the
idealized form of the screw propeller [74].

In the generalized momentum model, both axial and angular ve$oeite assumed to be
uniformly distributed over the disk. Angular velocity of the flisvassumed to be zero far
upstream from the disk, equalwoat the disk, and equal tevZar downstream of the disk (figure
6-3). The latter is a fundamental result which follows in alfErfashion to the axial velocity
from classical momentum, using an energy balance (see [254Pr [ Note that the angular
velocity at the disk can also be written for a radius eims of the tangential induced velocity as
w = Vqi(r)/r. Considering a control volume that is an annular streanasilséiown in figure 6-3,
the elemental torque at the disk in the annulus of radiusequsl to the angular momentum
change per unit time within the entire corresponding annular streamtube

dQ=m(2w)r? =m o Va2 (6.11)
r

wherem is the mass flux through the disk annulus of radius r
m = 2prdrr (V, +V,) (6.12)
where \, is the axial component of inflow velocity and;\s the axial component of the induced

velocity at the disk. Thus, the elemental differential torque in gleatinulus is

‘jj—Q =4 r*Vy (Va +Vy) (6.13)
r

where V4 and V; are the axial and tangential components of the induced velodit alisk at
radius r. The net propeller torque is the integration ofeteeental differential torque in each

annulus over the radius of the propeller.

6.1.4 Glauert’s thrust hypothesis for helicopters in forward flight

Observing the results of classical momentum applied to obiidlasv (equations (6.10)), it
is apparent that the theory implies a maximum thrust limitaé to the thrust at the bollard
condition (i.e. \{ =0, J = 0). This is clear by inspection of the “typical” prigpehrust-torque-
speed characterization curves (figure 2-2), and noting thheihmit asd ® 90° (i.e. cod ® 0),

then the maximum thrust possible is that at the bollard conditenl’ = 2r ApViz). Inspection
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of the experimental results shown in figures 4-10 and 4-11 (also repbafufigure 6-6) clearly
indicates that the experimental thrust of the propulsor at 9lftgsly in excess of the thrust
obtained at the bollard condition, the amount in exges®gasingsignificantly with increase in

advance velocity (or advance coefficient).

\ Annular streamtube (ring)

(Va +Vy), (W)
(Va +2V,), (2w)

Figure 6-3: Annular streamtube concept as the basis for the gemarentum theory. Axial
and angular momentum are balanced within the control volume boulhéh vite annular
streamtube. This also forms the basis of the combined blade-elemmentma (BEM) method.

It was first noticed in 1897 by H.S. Maxim that translational vglaaf an airscrew (i.e. an
airscrew that is moved perpendicular to its axis of rotagmperiences an increased thrust for a
given power input [25]. In trying to explain and predict the thiushavior of a rotating
helicopter airscrew or autogyro over the entire range of pessiérating conditions (i.e. in
hover, vertical flight, and forward or horizontal flight), Glauarovided a hypothesis relating the
thrust of the rotor to inflow angle and velocity, which has a fonarkedly different that that

obtained from classical momentum theory with oblique inflow (equations (6.10))
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Although not detailed in his original paper [24], Glauert hypotleesthat a helicopter rotor
in high-speed horizontal flight (i.e. moving at high horizontal speedh thi#¢ axis of rotation
vertical, figure 6-4) was analogous to an elliptically-loadedgwi Glauert applied a basic lifting
line result from vortex theory for the elliptically-loadedhg, with the result that the downwash

velocity (induced velocity) is related to the lift by

2

L=rV,pp g 2v, (6.14)

where b is the wing span Vs the advance velocity (horizontal velocity) andsvthe downwash
(induced velocity). This means that the lift of an eltiplly-loaded wing is equal to the product
of twice the induced velocity and the mass flow rate passing throcigtuéar disc with diameter

equal to the span of the wing

Figure 6-4: Glauert’s idealization of a helicopter ratohigh-speed forward (horizontal) flight,
as an elliptically-loaded wing. Adapted from [25].

Note: The basic result for an elliptically-loaded wing used by Glaeguation (6.14), is not
often given in this form. For an elliptically-loaded wing (ia@ elliptic circulation distribution),
Prandtl’s lifting line theory can be used to obtain an expredsiothe induced downwash as
[41]

v, =% (6.14a)
which is constant along the wing span. Another feature of anelligtribution is that the span-
wise integral is simply half the area of an ellipse (with sems&xg and b/2), or

b/2

G(y)dy =22 G, (6.14b)

-b/2

Consequently, the lift of the elliptically-loaded wing is

b/2 pb
L=rVv, G(y)dy :Tr V.G, (6.14c¢)

-b/2
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Combining equation (6.14a) for the induced downwash with equation (6.14c) for the lift, provides
equation (6.14). As a further aside: the result of Prandtliadifine theory for an elliptically-

loaded wing is usually given in terms of a lift coefficientadd the induced angle of attack

C. 2p2 a- aLO) AR=Db*/S  a=tan’ \\;—' (6.14d)
1+ a
AR

where S is the area of the wing. This result follows imalai manner to equation (6.14) if it is

also assumed that, in addition to the elliptic load distribution, ldr&grm (chord distribution) is
also elliptic (see [41]).

Glauert applied the equation (6.14) result directly to the lift of @dyaier rotor irhigh-speed
horizontal flight, with the hypothesis that the thrust and downwash (iddvelecity) at the

circular rotor are related by

T =rVpR?2v, = 2rAv,V (6.15)
with the velocity V being equal to the total vector sum efititcoming and induced velocities at
the disc (ise\/Va2 + viz). Glauert further hypothesized that for the general case dicagter

rotor at an arbitrary anglé to the free-stream velocity (figure 6-5), this expressanthrust
would still be valid, noting that for the general case, the taator sum of the velocity at the

disk would be

V = J(V,cosd+v,  +(V,sindf = V.2 +2v,V, cosd +v,> (6.16)

Although Glauert offered no specific proof of this relationdtbanglesd, he pointed out that
it has the correct limits. For a helicopter in high-speedzbotal flight (V, >> v), it provides the
elliptically-loaded wing result, and for a helicopter in hover ertigal flight, it provides the
standard result from classical axial momentum theory. Hewyestepniewski and Keys [70]
point out that, although Glauert did not do so, this simple reanltbe and has been rigorously
proven with the help of numerical methods and vortex and potential theories.

Glauert’s hypothesis provides a basis for understanding the memtal “excess” thrust
provided by the propeller at large angles (indeedlatngles between 0 a®0° and beyond,
compared to the modified momentum theory given in equations (6.10)arAse seen in figure
6-6, where thrust at large angles with forward speed is compared to thid botidition (\4 = 0),
the propeller gains a "lift” as it is moved at anglestige to its inflow. This “excess” thrust or
“lift” can be understood to be a result of the lift force on ttappller disk as it moves horizontal
to the fluid, as an “elliptically-loaded wing,” in accordaneigh equation (6.14), and Glauert’s

hypothesis. Thus, Glauert's hypothesis can be directly observed applieable in terms of
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providing for this experimental “excess” thrust for propulsomaith, with the “excess” thrust

coming from the lift force on the propeller disk in oblique flow.

I
I
I
I
I
U

2v, -
Figure 6-5: Glauert’s conceptual model of a helicopter in general flight.

Figure 6-6: Demonstration of “excess” thrust fogf % 0 compared to the bollard condition
(Va = 0), providing an illustration of the applicability of Glaterbasic hypothesis to an

azimuthing propulsor.
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6.2 A combined blade-element and momentum (BEM) model for propelts and
propulsors in oblique inflow

With the help of Glauert’'s hypothesis, a theoretical basis be developed which
characterizes the nature of the variation of thrust for@ @rque with azimuth angle as
illustrated in Chapter 4. However, even with the help ofu@ftés hypothesis, the classical
momentum theories fail to provide a theoretical basis foe#igence of the in-plane propeller
forces (and moments) which are a strict consequence of a propelpropulsor operating in an
oblique inflow, figure 6-7. Also, even though the classical mometi@aories can be modified
to include the effects of slipstream rotation, the momentumtrissuhable to fully characterize

the variation in propeller torque, by itself.

A

Z - bladedpropeller

A

Top view <

Figure 6-7: An azimuthing propulsor operating in oblique inflow.

6.2.1 A basic BEM model for propellers in oblique inflow

In order to provide a basic theoretical basis for the in-pf@oeeller normal force and
steering moment, in addition to the modified (vectored) thrusttamgie, the theory of blade-
element analysis is combined with the propeller momentum theériekiding slipstream
rotation); an approach referred to as combined blade-element-momé&EM). By combining
the fundamental approach of blade-element analysis with cotisena axial and angular
momentum of an annular ring of the streamtube passing throughatheller disk, some of the

weaknesses of either approach can be overcome. At each swcttament of a blade (see
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figures 6-3, 6-7, 6-8 and 6-9), a force balance is applied involving-ttimensional lift and drag
forces with thrust and torque. At the same time, balancegiafand angular momentum are
applied to the annular ring of the wake streamtube through wihécblade section passes. By
equating the thrust and torque determined by the blade element (fordéplied by the Z blades
of the propeller) with the thrust and torque required to balaxé@ and angular momentum
within the annular streamtube, a pair of nonlinear equationbeabtained for each differential
annular ring. The nonlinear equations can be solved for the indatedties at the blade
section using the linear and angular momentum balance equations., bihuseration, the
induced velocities, as well as thrust and torque of the propedarbe calculated (the latter by
integration over the propeller radius of the elemental trandttorque values for the blades or

annular rings).

V,sind

. . F < —
Looking forward ¢ i;/zpm{vqi V, sindcosq

Figure 6-8: Definition of in-plane velocities and forces foprapeller operating in oblique
inflow. Blade azimuthal location angigis defined as shown.
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V, =V_cosd+V,

V, cosd
2pnr+V, sindcosqg

e

V, =2pnr+V, +V, sindcosq

SIXe uoieloy

. Lé A b V’:(V;2+V;2)U2

f =tan »

Sectior A-A (r,q)

q

Figure 6-9: Definition of blade element (local) velocities and ffoea propeller operating in
oblique inflow. Defined in the coordinate frame of the blade element.

There are a number of important assumptions inherent in the ajpliof this type of
combined approach. First, the method implies that the annular blacen&desio not interact (i.e.
a strip theory). This is equivalent to a simplification ttiet flow is locally 2-dimensional at the
blade section (i.e. radial induced velocities are neglec®ther general assumptions are that the
induced velocities vary only with radius (i.e. are constant arouctd @anular ring), and that the
angle of attack remains generally small [55]. The fornssumption appears to invalidate the
method’s use for a propeller in oblique inflow (since the iedugelocities (both axial and
tangential) vary with azimuthal blade angle/position around tivular ring). However, if
annular-averaged induced velocities, thrust and torque are obthiwedh spatial averaging
around each annulus, then the average values can be used and theapm@teddso long as the
shape of the wake can still be represented reasonably walstvgamtube, which is supportable
using the results of the fluorescent paint visualizatioergim Chapter 5, even for lightly loaded
propellers at large angles). The second assumption is thetidifacteristics of the foil sections
that make up the blade sections remain within their lineage, below static stall, and that no
dynamic stall occurs. This also can be addressed if $pmmjgirical and/or computational
measures are taken to account for nonlinearities and dyntatii¢os hysteresis) with the blade
lift and drag forces. Like all momentum-based theories, & Bheory also is developed by
assuming the propeller to have a large (infinite) number alfekldi.e. a disk), which results in a
uniform velocity distribution within the wake. For a propelléth a finite number of blades, this
can be addressed in an approximate manner by including a fiesul vortex wake theory

developed by Prandtl [25]. The effects of wake skew (asymnaeising from oblique inflow)
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can also be addressed in an approximate manner by incorportioresult from vortex wake
theory.
The total local axial and tangential velocity at each blade eldomatton (rg) can be written

(see figures 6-8 and 6-9)
VA (r,q) =V, cosd+V, (r,q)

V, (r,0) =2pnr+V, (r,q) + V, sindcosq (6.17)
The total angle of attack at each blade element locatiorg)can be written
a(r,q) =b(r)- f(r,q) (6.18)
wheref is the inflow angle
f(r,q) =tan’ Va(r.9) (6.19)

Vq (r.a)
The element thrust force and in-plane tangential force canibernnn terms of the element lift

and drag forces
T'(r,q) =L cod - Dsinf F, (r,a) =L'sinf + D" oo (6.20)
where the element lift and drag forces can be written

« 1 .2 . 1 .2
L (r,q):Eer cC, D (r,q):Eer cCp (6.21)
where G and G are the sectional lift and drag coefficients, respectivahyl \,* is the total
velocity at the blade element.
The differential thrust, torque, normal force and steering embifor each annular ring at the
propeller disk (radius) are calculated by integrating the blade eldrtianist force and tangential

force over the annulus as follows

= 1 2p * g 1 2p *
T(r) =Z— T (rvq)dq Q(r) =Z— Fq (er)rdq

. 2P o (6.22)
- 1 2p . - 1 2p . '
N(r)=Z_— F,(r,q)cogdq M(r)=Z— - T (r,q)rsingdg

2p 0 2 0

By the general momentum theory discussed previptistydifferential thrust and torque for each

annular ring at the propeller disk calculated frtime blade element theory must equal the
differential thrust and torque for the correspogdiannular streamtube calculated from

conservation of general momentum. The thrust &heannular streamtube can be written, using
Glauert’s thrust hypothesis (equations (6.15) @&g)), in the form

1/2

() =4 WV, (OV()? + 2V, (VA () + Vs (07 (6.23)

and the torque for each annular streamtube canriiewfrom equation (6.13) in the form
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Q) =4 12V, (V1) + 2V, (V0 (1) +V, (2] (6.24)

whereV,, (r) and ti (r) are annulus-averaged values of the induced videdit the disk

2

. 1 P o 1 p
Vi (1) :2_p Vi (r,9)dg Vi (1) :2_[) V, (r,9)dg
0 0

2

By equating thrust and torque from equations (6.2&h equations (6.23) and (6.24), the
annulus-averaged values of the induced velockiggr) and ti (r) can be calculated. Thus, an

iterative scheme is required. Once convergendbeotalculated induced velocities is obtained,
the total propeller thrust, torque, normal forced asteering moment can be calculated by

integration of the annulus values over the propelisk

T= TOd  N= NOd Q= GWd M= M@

Ry Ry Ry, Rp

6.2.2 Extension to BEM for wake skew effects

The traditional BEM approach fundamentally assuthas the axial and tangentialduced
velocities (Vx and ) are constant around each annulus. This doeagoaunt for the wake
angle which arises as a result of the oblique wflato the propeller, and the effect of the
asymmetry of the trailing wake with respect to phepeller disk (defined as thveake skeyv A
wake skew induces velocities at the disc that fakerskew of the wake (i.e. an asymmetry of
induced velocities with respect to blade azimuthagle g around the annular ring). One
approach is to consider the results of Coleman. ¢14], who applied the Biot-Savart law to a
vortex wake represented by an elliptic cylindrishell, with a continuous distribution of vortex
“rings” whose planes are parallel to the disk, feg8-10 (the rings representing tmeanhelical
surfaces of the vortex wake). The analytic resds a complex expression involving elliptic
integrals for induced velocity at a general pointtioe rotor disk. While not a linear expression,
the plotted results were nearly linear over theirentisk diameter. For purposes of
simplification, a 2-term Taylor series expansiorswaed to derive a simple linear expression for
the distributions of induced velocity, with slopgual to tan¢/2) across the diameter of the disk.
Thus, an expression for the distribution of indugetbcity for a helicopter rotor in forward flight

was developed by Coleman et al. (see also [20]) as

r c
V, =V, 1+Etan 5 cosy (6.25)
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where V4o is the mean induced velocity (i.e. at the cenfdhe disk), r is the radial coordinate
on the disk,y is the azimuthal angle from downstream, ands the wake angle (in the
downstream direction). Coleman et al. also deraveelated result for the mean induced velocity
related to the wake angle and the advance veldnjtgombining the theory with the well known

Glauert thrust equation (discussed above):

V,, _cogc +a
V—'O = —S( . D) (6.26)
a 2tan —
2
where p is the angle of rotor disk incidence with the imdog flow.
_— ViO
induced velocity J\“\} V=V, 1+Ltan ¢ cosy
R 2
V., — T
> rotordisk

R

cylindrical shell

/\ _ vortex rings
c -

side view wake
skew
angle

A\ 4

top view

Figure 6-10: Model of the distribution of induceelocity across a rotor disk by Coleman et al.,
based upon a simplified vortex system of a rotdkeva

Although these results were derived for helicapiarforward flight, the mathematics (and
results) are based on geometric/kinematic condidasaof the helical vortex wake relative to the
disk, along with application of the Biot-Savart lawith moderate assumptions, and thus are
equally applicable to the current propeller problfm oblique inflow. In fact, review of the

fluorescent paint flow visualization results praseinin Chapter 5 would suggest that this type of
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wake representation is still reasonable even §iit Ipropeller loading at large propulsor azimuth
angles (see figure 5-3). Thus, for the azimuthpngpulsor problem and coordinate system as
defined in figures 6-7 and 6-8, the blade-azimutéiadl radial distribution of axial induced

velocity could be calculated using the expression
r c .
Vi (1,9) = Vo 1+Etan 5 sing (6.27)

Note that, as expected, the result is a linearibligion of induced velocity across the disk (e.g.

for the cross-flow across the propeller disc frgm 270° toq = 90°):

V) Z 14 an

A0

:
= 6.28)

N O

i.e. with the slope given by tari@).

It is also feasible to calculate the wake skewlendf it is considered as a constant for all
radial and azimuthal positionsdy, This is equivalent to averaging the spatialataons of the
inflow and induced velocities to obtain a singlatily-averaged wake angle. The calculations
are carried out in the propulsor coordinate frane the blade element frame). The wake angle

at the disk can be calculated as (see figure 6-11)

1 V,sind+V,

c =tan — 8
V,cosd+V, 28)
where the spatially-averaged induced velocitiecaleulated
Vy = V, (r,q) cosgdqrdr
T E(W)Rh i 4 (,0) cosq dg .
RS (6:30)
V, = V, (r,g)dqgrdr
A IoRZ_haRhoA(q)q

Note V,, andV, are disk-averagedinduced velocities, withV;; the disk-averaged in-plane

transverseinduced velocity in the directionith the incoming oblique flow (i.e. the “cross-flow”

component).
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inflow velocity
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\ \V transverse
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Figure 6-11: Calculation of wake skew angle fraovitoiw and disk-averaged induced velocities.

6.2.3 Extension to BEM for finite number of blades

Application of the momentum theories implies nookfedge of the distribution of the
velocities as a function of radius. However, cdastion of the vortex theory requires that the
trailing vortices in the wake lie on a regular sef@elical) surface, and the velocity system of the
slipstream is obtained if this vortex sheet is as=ii to be a rigid membrane which moves
backwards with a constant velocity [25]. In théefor of the slipstream, the fluid velociiy
betweerthe sheets will necessarily have mainly axial estdtional components, and move with
the vortex sheets. However, near the boundanhefstipstream, the fluid will tend to flow
around the edges of the vortex sheets (and willieecsome radial velocity in the process), a
process sometimes referred to as “leakage”. Rrfg#jtdeveloped an approximate method for
estimating the effect of this radial flow. The mad is presented in English by Glauert [25].
Prandtl replaced the system of vortex sheets leyiassof parallel lines or plates at a regular gap,
representing the vortex sheets. The flow arouedetiges of the vortex sheets of the slipstream
was estimated by the flow around the system ofgstrdines or plates. Prandtl’s result is a “tip
loss factor” or reduction factor which can be ipteted as expressing the fraction of the velocity
of the vortex sheets which is imparted to the finidhetween the sheets (as a function of radius).
In analogy to the propeller momentum theories,“timeloss factor” is a reduction factor which

must be applied to the momentum equation for flowadius r, since it represents the fact that
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only a fraction of the fluid in between the vortheets of the slipstream receives the full efféct o
the motion of the slipstream.

The Prandtl tip loss factor can be representah@of two forms: as a momentum reduction
factor F, or as an effective radius [R5]. The momentum reduction factor is appliecedily to
the momentum equations as a reduction to the eddmlibxial induced velocity at the disk at each
radius. The effective radius is used in placeh&f &ctual radius R in integration of forces.
However, the net effect is the same in either aggroto decrease the transport of momentum

within the slipstream. The momentum reductiondag&t can be written in the form [25]

[ 2
F(r) = %cos‘1 exp - %%ﬂ—“ (6.31)
where
| o} (VA +VAi0) (632)
(2pnR+ V)

is the tip speed ratio. The effective radius camviitten in the form

R -R 1 1386

Z 1+1?

It is noted that, while the “tip loss factor” asrided by Prandtl was derived assuming a

(6)33

symmetric axial wake, its use is extended to tlse cd a skewed wake, with the assumption that
the mean characteristics of the wake helical sarfeparationsare approximately the same, as

was the case for the derivation of Coleman etistudsed above.

6.2.4 The inflow velocity deficit due to a propulsor pod wake

Application of the general BEM method assumes ioum inflow into the propeller disk
(although this assumption has been modified heragpfication of the oblique inflow with in-
plane as well as normal velocity components to grapeller). However, as a special issue
associated with a podded propulsor of the “pushgy& (i.e. where the pod body is forward of
the propeller, as for the current experimental plsqr), the inflow to the propeller disk can also
possess circumferential variation due to the emégteof the wake of the pod when the pod is
azimuthed relative to the inflow. Figure 6-12 dtates the concept of a pod wake inflow

variation.
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This wake inflow variation can be described in ¢lene basic form as the traditional nominal
ship wake inflow into a traditional shafted propelat the stern of a ship, where the inflow wake
has circumferentially-varying components due toghig’s wake [74], [12], [43]. For the case of
a ship’s wake (and also the podded propulsor wadege the inflow velocity is periodic ig
(figures 6-8 and 6-12), the three components asorsl (axial Va, radial Vk, and tangential

at the propeller disk at any locatiorgjrcan be written as Fourier series

¥

Vo (h@ =AM+ AA()sin(ma)+  BA(r)costng)
Ve @) =AR(M+  AR(nsinmg)+  BR(r)cosng) (6.34)

Vo (ra) =Ag(r) + ' Ag (r)sin(ma) + ' B (r) cosa)

m=1 m=1
Note that the harmonic coefficients for each veéjocomponent, A, By, are functions of radius.

In order to determine the harmonic coefficientsgistandard Fourier analysis techniques,
the inflow velocity components @V Vg, and ;) must be known as functions ofdy, Thus,
either data from a detailed wake survey (& of the potential pod angles and advance
velocities), or numerical or analytic solution teetwake of the pod or body creating the inflow
wake, must be available. For the subsequentlyepted BEM analyses, several generic
representative pod wake field representations ssamaed in order to investigate quantitatively
the effect of wake variation on the propulsor mameing forces. These wakes are described in
terms of the actual positional velocity distributso(Va(r,q), Vr(r,g), and \j(r,q)), rather than the
Fourier series representation. However, subsequmanparative analyses utilizing the propeller
analysis code MPUF-3A require the description & thflow wake by the Fourier coefficient
representation given by equations (6.34).

It should be noted that the consideration of trepplsor pod wake in this manner doex
include any potential additional wake distributitmat might be associated with the ship or
vehicle’s wake. Thus, the representation of thkewaither as a spatial velocity distribution (i.e.
X, I, Q), or in terms of harmonic components as in eqnati®.34), would need to include the

ship or vehicle’s wake, if necessary.
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Figure 6-12: Conceptual propulsor pod wake infl@locity variation to the propeller disk.

6.2.5 A calculation scheme for applying a modified combined BEM gpoach to an
azimuthing podded propulsor

A summary of a scheme for calculation of the plepdorces using a modified combined
BEM approach, as previously discussed, is providddble 6-1. The detailed numerical code is
executed as a Matl&kscript, provided in Appendix A. The details oétpropulsor and propeller
geometries are provided in Chapter 3. The follgnaalditional notes are given regarding the
BEM calculation scheme and subsequent calculations:

(a) The blade pitch angle distributib(r) for the experimental propeller is given

approximately by the linear distribution

bt' bh

b(r) =b, + (r- Ry)

h

where subscrigt is for hub, and is for tip (the maximum propeller radius).
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(b) The blade chord distribution c(r) for the expental propeller is given approximately by

the elliptic distribution

(R
c(r)=c, 1- W
(c) The maximum blade camber ratio at a nominaiusad0.7R) for the experimental
propeller is given approximately by/co = 0.015 (measured).
(d) The blade element lift coefficient is given appmately by linear lifting theory for a
thin foil with camber [36]
C. = k1[2pa +4ph, /co]
where the coefficient;ks added as an empirical factor to match experiaheasults at
zero propulsor angle. The blade element drag icgait is given approximately for a thin

foil as a combination of a nominal (parasitic)gleand a lift-induced drag [37]

C, =k,[0.00d + 006C, °
where the coefficient,ks added as an empirical factor to match the fiarasag to the
experimental results at zero propulsor angldinidkely, the combination of coefficients
k; and k are used to match both thrust and torque forxperémental results for the zero
propulsor angle case (they are found for thipelter to be k= 1.07 and k= 1.80).

To be more rigorous, the potential effects of @iow velocity deficit due to the pod wake
are investigated quantitatively. Because compjedidetailed wake survey for all of the potential
pod angles and advance velocities was impractoralhis study, the BEM analyses use several
generic representative pod wake field represemsticassumed in order to investigate
guantitatively the effect of pod wake variationtbe maneuvering forces. These wake fields are
described in terms of the actual positional vejodistributions (M(r,0), Vr(r,0), and \(r,q)),
and are developed based upon a few fundamentahptisas regarding the pod wake as follows:

(&) The pod wake is assumed to have a generaleggoas shown in figure 6-12. The wake

is assumed to be of a general “rectangular” shaipe velocity distribution defined
within this “rectangular” wake shape, reducingriagnitude in a linear fashion from the
free-stream at the boundary of the wake to anddfminimum, a wake fraction w, at the
center of the wake (gt= 90° for positive propulsor angtk orq = 270° for negative
propulsor angle).

(b) For positive propulsor azimuth angle, at eawjius r, the upper and lower boundaries of

the “rectangular” wake are defined by
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R -R

Oy, =COS' —2 =cost —2*
r

q max

where Ris the radius of the propulsor pod, and the midfilte wake is ajmiq = 90°.

For negative propulsor azimuth angles, theseegadue increased Ipyradians or 180°.
(c) Implementation of a numerical scheme to aefire wake magnitudes at each wake

location, \A(r,q) and \4(r,q), is provided in the Matldbscripts provided in Appendix A.

Figure 6-13 provides an example of the inflow @/aklocity components calculated for
one inflow condition.

Figure 6-13: Approximated inflow velocity compomerdue to pod wake. Assumed wake
fraction w = 0, propulsor angté= -30°, normalized radius r/R = 0.60.
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Table 6-1: A calculation scheme for a modified bomed BEM approach applied to an
azimuthing podded propulsor. Detailed Mallaoript is provided in Appendix A.

Guess initial disk-averaged induced velocitiesgbtangential, cross-flow)
Calculate steady axial and in-plane inflow velodtmponents ¥ and 4, based on Yandd
Step through time t (O tg.4)
Iterate until change in disk-averaged induced via&scwithin tolerance
Calculate wake skew angtebased on latest iteration disk-averaged velocities
Calculate tip speed ratlofor Prandtl tip loss factor
Step through radius r (R to R)
Calculate blade pitch angtr)
Calculate blade chord c(r)
Calculate Prandtl tip loss factor F(r)
Step through circumference angje(0 to )
Calculate element inflow velocities, modified tacaant for pod wake, Mr,q), V+(r,q)
Calculate element axial induced velocity; \fr,q) based on wake skew
Calculate element tangential induced veIoci;,ﬁ(V,q) based on wake skew
Calculate element total axial velocity \(r,q)
Calculate element total tangential velocitaf ,q)
Calculate element total velocityp\(r,q)
Calculate element inflow angfdr,q)
Calculate element angle of attaal,q)
Calculate element lift coefficient,Gnd drag coefficient &£
Calculate element thrust force(f,q) and tangential forceqi‘-'(r,q)
Integrate element thrust forces and tangentiakfomverg to get annular dT(r), dQ(r), dN(r)
Integrate element induced velocities to get anraNaragedv ,ti
Calculatenewinduced velocities, using annular momentum equoatfor thrust and torque
Integrate and average old and new annular induektities to get disk-averaged values
Compare old and new disk-averaged induced velsdftieeck for convergence)
If convergencenot attained
Take average of old and new disk-averaged induekitities
Go to next iteration
If convergence attained
Integrate annulus forces dT(r), dQ(r), dN(r) and(ghdver r to get total T, Q, N, M

Go onto next time step
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6.2.6 BEM calculation of propulsor forces for oblique inflow and comparison wh
experiment

To illustrate the use of a combined blade-elemeomentum approach for the calculation of
maneuvering forces for an azimuthing propulsorilique inflow, the above scheme is applied to
the entire range of propulsor azimuth angl#80() for a representative advance coefficient,
J = 0.304, which can be considered to be of modelaading (zero loading occurs at
approximately J = 0.43, see figure 2-2). Figurk4garovides the calculated net thrust and torque
compared to the experimental values. Since the REMulations provide only thpropeller
thrust and torque, the calculated propeller thhet been added to the pod-only axial force
presented in Section 4.5. This can be seen aga difficulty with any propeller calculation
scheme used for a podded propulsor (including theermtensive computational fluid dynamics
approaches discussed in the next sections). lildgHme clear that the inflow velocities to the
propulsor (and the resulting forces) are affectgdhle existence of the flow past the “bluff” pod
body, and, conversely, the velocities of the flawuad the pod body (and the resulting forces)
are affected by the additional induced velocitidstiee propeller. These relationships are
complex, and would by themselves require extensasources and effort to compute or
determine experimentally. It has been simplifiedl assumed here that the two effects are
decoupled and that superposition can be appliethéoforces. As stated in the previous section,
the sectional lift and drag coefficients have badjusted to match the experimental results at
zero propulsor azimuth angle (i.e. matching theust torque).

The BEM calculations have also been carried oet vassumed pod wake inflow velocity
distributions in order to observe the sensitivitiy the results to the assumed pod wake
characteristics (calculated on the basis of theewfaction w as discussed in the previous
section). The effects of increase in the waketifvacare clearly greatest for moderate propulsor
angles (15° - 45°). Increase in the pod wake ifsaatesults in an increase in thrust and torque.
This is as expected, since reduced inflow velotity be seen as directly related to an increase in
thrust and torque through increased blade angitadk (figure 6-9).

The asymmetry in the experimental results duenéodirection of rotation of the propeller
should be obvious by inspection of the plots. Tésymmetry was noted and discussed in
Chapter 4 (Section 4.3) as caused by the asymnsstiitinflow caused by blockage associated
with the strut or steering shaft located atop the lpousing. Its effect is quite evident here. sThi
asymmetric inflow swirl has not been modeled inBf&V calculations, and is therefore a source

for asymmetric error in the results. It is alsteiesting and supportive to note that the thrust wa
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measured from the load cell output, while the terguas calculated from the current going to the
propulsion motor (Chapters 2 and 3). Thus, the nveasurements are completely uncorrelated,

yet the plots of experimental force result for tiwve have nearly the same asymmetric form over

the ranget90°.

Figure 6-14: Modified combined BEM calculations ggperiment. Top: thrust. Bottom: torque.
Results are calculated propeller BEM results plupeemental pod-only forces. BEM
calculations show sensitivity of results to assusiatplified inflow velocity pod wake deficit.

130



Despite this considerable asymmetry in experimieatailts, it is clear that, overall, the thrust
and torque predicted by the BEM calculations exdbedexperimental results over the range of
propulsor azimuth angles. It is noted that the BEgthod doesot include the effects of the
inducedradial velocity as the propulsor is azimuthed to theowfl Radial velocity at the blade
elements translates to increased energy lossesgtiithe additional radial drag on the blades.
Addition of these 3-dimensional frictional lossesluces the energy available to produce thrust
and torque in the fluid, thus decreasing the thanst torque over the range of propulsor azimuth
angles. This is consistent with the experimergsiilts.

Figure 6-15 provides the calculated net normatdadd and steering moment M compared to
the experimental values. It is interesting th& BEM calculation of normal force appears to
nearly match experimental results over nearly titeeerange of angles. This should actually not
be surprising. As mentioned previously, the bladetional lift and drag coefficients have been
empirically adjusted so that the thrust and tormagch experimental results at zero propulsor
azimuth angle. Because the normal force is comlyletetermined by the integration of the in-
plane force component, Fequations (6.20) and (6.22)), angds=determined mainly by the blade
drag force D (for small inflow anglds equation (6.20)), then the normal force N is drieed
primarily by the drag force on the blades. Adufiglly, it is observed that the assumed pod wake
fraction has little effect on the calculated noriimate. This is also as expected, since the normal
force is a function of the cosine of the circumfei@ angleq (equation (6.22)), and thus is
effected only minimally by the pod wake. The cédted net steering moment is seen to be
highly dependent upon the pod wake fraction w. sTikialso as expected, since the steering
moment is a function of the sine of the circumféisdrangleq (equation (6.22)), and thus is
effected significantly by the pod wake.

Figure 6-16 provides the calculated axial andeatigl disk-averaged induced velocities, and
the calculated wake skew anglgas they vary with propulsor azimuth andle Since these are
all calculated based upon the annulus-averagedl@keaveraged values of velocity (equations

(6.27) and (6.29)), the overall impact of incregdime pod wake fraction w is small.
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Figure 6-15: Modified combined BEM calculations ggperiment. Top: normal force. Bottom:
steering moment. Results are calculated prop8EK results plus experimental pod-only
forces. BEM calculations show sensitivity of résub assumed simplified inflow velocity pod

wake deficit.
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Figure 6-16: Modified combined BEM calculation3.op: disk-averaged axial and tangential
induced velocities. Bottom: disk-averaged wakens&agle. BEM calculations show sensitivity
of results to assumed simplified inflow velocitydowake deficit.
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6.3 Computational fluid dynamics

6.3.1 An unsteady propeller code and comparison with experiment

As a comparison with the propeller forces computgth the modified combined BEM
method, and experiment, calculations have also besde using the propeller code MPUF-3A.
MPUF-3A is a vortex and source lattice method oady developed at MIT in the late 1970s and
1980s [42],[44]. In the last decade, numerous temidil features have been added, as
summarized by Kinnas [45]. MPUF-3A now includepatailities to perform calculations for
fully-wetted as well as cavitating conditions i thresence of non-axisymmetric inflow, and also
includes routines for wake alignment, inclined ghatfib effects by imaging the vortex and source
lattice with respect to the hub cylinder, plus amber of other features of importance for
cavitating conditions [50]. It has been appliedehenly in terms of fully-wetted propeller forces.

The application of MPUF-3A to an azimuthing podda@pulsor at moderate and large
angles is clearly beyond the capability of the enrrcomputational routines within the program.
While the program was able to compute maneuveranget for even large propulsor angles
withoutaligning the wake (i.e. assuming the waketo skew relative to the disk, as discussed in
Section 6.2.2), it has been found that the MPUF#8¥e alignment routines with shaft incline
(i.e. for the propulsor in oblique inflow) are ipable of properly aligning the wake for more
than small incline angles. However, it is notedttthe experimental propulsor has a propeller
with exceptionally small pitch/diameter ratio, atidis exacerbated the difficulty of the wake
alignment routine.

In addition to the detailed propeller blade geawenput to the MPUF-3A program requires
description of the axisymmetric or non-axisymmetriftow in terms of Fourier coefficients as
described in Section 6.2.4. For the analysessdmee pod wake geometries and wake fraction
representations used for the BEM calculations wesed for the MPUF-3A calculations.
Calculation of corresponding Fourier coefficientasaperformed as provided in Matfabcripts
in Appendix A. Figure 6-17 provides an examplehaf inflow velocity components required for
MPUF-3A (axial, radial, tangential), and the l6ateFourier series representation, for a specific
radius and flow condition. This is the same podkevaflow as shown in figure 6-13. Note,
however, that the azimuthal angjes defined slightly differently here; a requiredrisformation
for input into MPUF-3A, since MPUF-3A is designeadl lbe used fowertical propeller shaft

incline, vice a podded propulsor witlerizontalincline or azimuth.
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Figure 6-17: Approximated inflow velocity componerdue to pod wake. Assumed wake
fraction w = 0, propulsor anglk= -30°, normalized radius r/R = 0.60. Note ttnat origin of the
azimuthal angle is different than figure 6-13 due to a transfolioratequired for PUF-3A input.

Figure 6-18 shows the calculated net propulsarsthand torque from MPUF-3Ayithout
aligning the wake to the flow (i.e. the wake trallsectly behind the propeller, regardless of the
inflow angle), but including the vectored inflowlweity distribution as Fourier series harmonics.
Note that these MPUF-3A forces are tH&Harmonic force components (i.e. the steady force
components), which are of primary importance toicslehmaneuvering. It is clear that, without
wake alignment, MPUF-3A under-predicts thrust aothue (allowing for the experimental
asymmetry as discussed in the previous sectiot)js i§ as expected, since the propeller wake
without alignment would inducaore velocity at the disk than the aligned (skewed) evakVith
more velocity induced at the disk, the angle o&cktat the blade sections would be smaller,
resulting in smaller blade thrust and torque (sg&é¢ 6-9). However, unlike the simplified BEM
calculation, the vortex and source lattice wakewationdoesinclude the 3-dimensional effects
of the inflow (i.e. the additionakdial inflow and induced velocity components), and thase
of the additional drag loss on the blades is aceaufor. Note that the calculated net forces
include the addition of the pod-only forces by sppsition, as discussed in the previous section.

Figure 6-19 shows the calculated net propulsomabforce N, and steering moment M, also
without wake alignment. Similar to the thrust andjue, without wake alignment to the flow,
the normal force is under-predicted (since indugetbcities at the disk are over-predicted

without the wake skew). Similar to the BEM calt¢igda discussed in the previous section, the
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major effect on the normal force is the in-planenponent of the tangential drag force. Thus,
there is very little variation with the assumedadnf pod wake fraction w.

As mentioned, the wake-alignment routine in MPU¥aBas unable to properly align the
wake with the flow for other than very small progi angles (less than 10°). This is illustrated
in figure 6-20 for net propulsor thrust and torqué&igure 6-21 shows the calculated wake
mappings for the unaligned and aligned calculafmorihe same test condition. Note the inability
of the alignment routine to properly align the wak&he wake lattice of the forward blade

actually passes in front of downstream blades.
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Figure 6-18: Calculations using vortex and solattice code MPUF-3A. Wake isot aligned
with the flow. Top: thrust. Bottom: torque. Rbsuare calculated propeller results plus
experimental pod-only forces. ¥ 2.5 ft/s, n = 10 rev/s (J = 0.304).
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Figure 6-19: Calculations of the vortex latticededMPUF-3A. Wake not aligned with flow.
Top: Normal force. Bottom: Steering moment. Ressalre calculated propeller results plus
experimental pod-only forces. ¥ 2.5 ft/s, n = 10 rev/s (J = 0.304).
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Figure 6-20: Calculations using the vortex latioele MPUF-3A. Wake aligned with flow by
MPUF-3A wake alignment method. Top: thrust. Buottotorque. Results are calculated
propeller results plus experimental pod-only fordgs= 2.5 ft/s, n = 10 rev/s (J = 0.304).
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Figure 6-21: Calculations using the vortex andre®lattice code MPUF-3A. Blade and wake
lattice mapping. Top: Wake not aligned (trailsedity behind propeller). Bottom: Wake aligned
with flow. Note inability of alignment routine tproperly align the wake. Wake lattice of
forward blade passes in front of downstream bladés.= 2.5 ft/s, n = 10 rev/s (J = 0.304),

propulsor azimutld = 30°, pod wake fraction w = 0.
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6.3.2 Current directions in computational fluid dynamics with azimuthing
podded propulsors

As mentioned in the introduction in Chapter 1 jlulpril 2004, there was very little available
in the literature regarding ship and vehicle maeeimg and maneuvering forces associated with
podded propulsors. The recent T-POD conference $&etion 1.2) has provided some initial
results and experiences with computational fluichadgics approaches being investigated for
application to podded propulsors, both in termsesfstance and powering, and to a more limited
extent, to maneuvering forces. However, in alesagvestigations currently underway are in the
development stages, and limited to very small aeffiects (i.e. small angle lift and drag forces,
and steering moments).

Deniset et al. [16] provide an overview of ongoatalysis using a coupled potential flow
and Reynolds-Averaged Navier Stokes (RANS) visdlmys solver for the calculation of pod lift,
drag and steering moment coefficients for a trattpe podded propulsor. The potential flow
solution downstream of the propeller (velocitiesused as the inlet boundary condition within
the RANS calculation, in which the pod housing atrdt are explicitly modeled. Junglewitz et
al. [40] use a coupled vortex lattice and RANS splw calculate body forces on the strut and
pod. The resulting velocities (wake) from the eartattice method are also used as input to the
RANS solver. Ma et al. [54] use a vortex latticethod alone, in which propeller, pod housing
and strut are all explicitty modeled, to calculateering forces associated with the podded
propulsor. In all cases, steering/maneuveringef®iare currently being investigated only within
the small angle or linear range.

It is apparent that the greatest difficulty inheravith the application of any of the
computational fluid dynamics approaches being edplio the podded propulsion and
maneuvering problem arises due to the calculatianaxleling of the interaction effects between
the propeller and the pod housing and strut. timeeiof the two primary pod configurations (i.e.
pusher or tractor variants), there are unique actesn issues which must be addressed within the
computational analysis scheme. For the pusher(ip@dpropeller behind the pod), the inflow
into the propeller must account for the unsteadkewaf the pod and strut, which requires a
viscous flow calculation to reasonably capture ldrge separation effects; this includes critical
aspects of rotational flow variations (which aree tlbkause of large maneuvering force
asymmetries, as could be seen in the force da@hapters 4 and 6). Conversely, the induced
velocities of the propeller have a significant effen the flow past the pods (and the resulting
separation effects). For tractor pods (i.e. piepeh front of the pod), on the other hand, the

inflow velocity to the propeller is relatively clea(affected only by the ship’'s wake field).
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However, the wake of the propeller interacts stlpmgth the pod housing and strut, producing
not only strong pressure fluctuations on the podshwmy and strut, but also varying their

separation characteristics. Conversely, the poesef the pod housing and strut within the
slipstream of the propeller requires modificatiorthe normally helical wake to account for the
interference (especially from the large strut). efdfiore, no matter what the selected pod
configuration, there are significant interactiorfeefs which must be dealt with within any

computational fluid dynamics scheme, and an amotiampiricism is undoubtedly necessary to

capture the relevant dynamics.

6.4 Summary

This chapter has provided a detailed discussion tifeoretical basis for the quasi-steady
maneuvering dynamics associated with an azimutbiogulsor over the entire range of forward
operating conditions (i.e. for propulsor azimuth#®0 degrees relative to the inflow). This
theoretical basis has included discussion of “sihptomentum-based models for a propeller in
axial and oblique inflows, and has been expandeddoide a modified blade-element theory,
using combined blade-element and momentum, inafudimportant wake considerations from
vortex theory. Finally, a discussion of the useahputational fluid dynamics for the prediction
of maneuvering forces has been presented. Redutslculations made have been provided in
comparison with experimental results, with the vatee of consistencies and inconsistencies
discussed in detail.

An interesting and obvious limitation on the apation of a modified momentum theory to
an azimuthing propulsor is the theoretical limgatiof maximum thrust to that of the bollard
condition (\, = 0). However, force measurement results (Chaptaave shown that an “excess”
thrust force (and torque) is seen by the propuser the entire range of operating angles (and is
particularly obvious nead = £90°). An intuitive explanation for the “excess'tit has been
offered using Glauert’'s hypothesis for helicoptarorward flight. Glauert's hypothesis is used
to suggest that the propeller disk experiencesdalitianal lift force when it is operating in an
oblique inflow, thus providing this “excess” thrust

The development and application of a modified cioeth blade-element-momentum (BEM)
theory, and application of a vortex lattice compiotal fluid dynamics approach, have
demonstrated some of the practical limitationsiaiiy any of the computational propeller

methods in attempting to predict maneuvering fomrepodded propulsors. It is apparent that the
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greatest difficulty inherent with the applicatioi any of the computational fluid dynamics
approaches being applied to the podded propulsidnn@aneuvering problem arises due to the
calculation or modeling of the interaction effebttween the propeller and the pod housing and
strut. In particular, for a pusher-type poddedppisor, the effect of the pod wake on the inflow
is very difficult to model, even if experimentaldaempirical methods are applied. Conversely,
the influence of the propeller flow past the pod$ing and strut introduce significant uncertainty
in the viscous and separation effects of the gade to the close proximity and interaction of the
propeller and pod housing and strut (particularighwpropulsor azimuth angle or steering),
complete numerical solution techniques to the pddgeopulsor maneuvering problem are

distant.
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Chapter 7

A theoretical basis for unsteady maneuvering dynanss

The unsteady force effects resulting from chariggsopeller rate, propulsor azimuth angle,
and ambient or advance velocity could be considdrezlto two main effects. First, there are
non-stationary blade section profile dynamics ealab realignment of the (2-dimensional) flow
around the blade section. This flow has a flowetision on the order of the blade chord length,
and an associated time scale of the force dynaomidake order of cfnr (where c is the chord
length at radius r). Leishman [52] refers to thgsthe “inner problem” of the blade element
approach. These are the “unsteady blade sectioantgs” effects, which use a 2-dimensional
model for the locally unsteady flow dynamics arouhd blade section. Analytical results for
incompressible, unsteady airfoil problems (2-dinemal) have been formulated in both the
frequency domain and time domain, primarily by Wergmheodorsen, Kissner, and vonKarman
and Sears (see [9], [59] or [51]). Second, theeedgnamics associated with the development of
the unsteady 3-dimensional shed vortical wake tfie helical wake or slipstream), and its effect
on the induced velocity field in the vicinity ofdlpropeller blades. This is the “outer problem”
and can also be thought of as representing théianefr the 3-dimensional helical wake, and
therefore it has a different time scale than the-stationary blade section profile dynamics. For
helicopter rotors and wind turbines, where the rewidity (s = ZcpR) is very low, the time
scale is on the order of D/U (where U is the infloelocity at the disk including induced
velocity) and at least an order of magnitude fastan the time scale of the non-stationary blade
section profile dynamics [68]. However, for a maripropeller with higher solidity, this time
scale can be somewhat faster, as will be deriveddiscussed in the following section. This
latter wake effect, in that it considers the tinagiation of the velocities at the propeller (oromt
disk, is often referred to as “dynamic inflow.” yRically, of course, the two effects are
intrinsically coupled. But, for both understandisuigd modeling purposes, they have in the past
been dealt with separately [32], [33], [69], [5&AIthough consideration in this chapter will focus
on the “outer problem,” through the developmenaaimple model for a “dynamic inflow” time
constant, the “inner problem” will also be discussed.

Additionally in this chapter, the asymmetry seeithie experimental unsteady force results in
Chapter 4 will be discussed in terms of additiamadteadiness in the vortical wake due to the

generation of large transient vortex rings, seetha flow visualizations in Chapter 5. The
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formation of these vortex rings can be consideoeactur with a given time constant (termed the
“formation time”), and its “asymmetric” impact oha measured dynamic inflow time constants

will be discussed.

7.1 Dynamic inflow

Unsteadiness of effective inflow and unsteadingfsenduced velocities due to the time-
variation of the vorticity (or inertia) in the shedke have been studied in relation to pitch and
yaw dynamics associated with helicopter maneuvaesiitly sudden blade pitch changes, as well
as in relation to unsteady blade loading on hoteloaxis wind turbines in the presence of rapid
blade pitch changes and sudden wind gusts. Prewdpproaches to modeling the unsteady 3-
dimensional wake problem (i.e. the “outer probled&fined above) in helicopter and wind
turbine analyses can be considered under two dehemings: analytical approaches to
“dynamic inflow”, and numerical approaches suclifeee wake” models. The latter approach is
more appropriately based upon the vorticity changesthe shed helical wake, but is
computationally-expensive and, for the currentestdifficult to couple with desired unsteady
analyses such as unsteady blade flexure dynamicnanduvering dynamic models. The former
approach is based upon the simpler analysis oinlréia of the 3-dimensional wake, and offers
more suitable mathematical forms for inclusion @augled dynamic analyses, and has been used
almost exclusively for helicopter and wind-turbibtade dynamic analyses (blade flapping).
However, “free wake” computational fluid dynamicavie also been used to develop appropriate
time constants which have subsequently been usedailytical “dynamic inflow” models [67],
[68]. The general concept of the analytical apphd@ dynamic inflow is discussed further here
as an application to gain intuition of the unstepthpulsor maneuvering dynamics.

Snel and Schepers [67], [68] have provided a tgitoand interesting perspective on
dynamic inflow. They use the term dynamic inflow indicate the response of the inflow
velocities in the rotor plane (helicopters or wintbines) to changes in the load conditions on the
rotor. Figure 7-1 provides a simple example, iriclithe blade pitch angle undergoes a rapid
change from an initial valule,; to a new valud,. Blade-element-momentum theory (or steady
vortex wake theory) gives two different equilibriuralues of the induced velocities at the disk
pertaining to the two pitch angles (i.e; ¥ind \;,). In reality, there is time needed for the flaw t
accelerate and the 3-dimensional wake to chanfjghe Ipitch angle change is sufficiently fast,

the inflow velocity will essentially still be at ¢hinitial value, and only gradually change to the
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new value. The consequences of this are also shdmstead of instantly changing the blade
angle of attack froma; to a,, as suggested by quasi-steady equilibrium theibrgre is an
important “overshoot” in the angle of attack (immtied by the heavy line). The actual
“overshoot” is dependent on the time scale involirdhe adjustment of the inflow (i.e. the
development of the changes to the overall heliate). Consequently to the “overshoot” of the
angle of attack, the blade loads (particularly lifteforce) also exhibit an “overshoot” (also
compared to their equilibrium values). For an idgep change in blade pitch angle, the induced
velocity builds up more or less exponentially, watlyiven time constant. Conversely, the angle
of attack and blade forces, following the initialeosshoot transients, decay to their steady-state
values, roughly with the same time constant. Thige constant is referred to here as the

“dynamic inflow time constant,” or “wake time coaast”.

Figure 7-1. lllustration of the influence of wakeertia (dynamic inflow) on induced velocity,
angle of attack, and lift force after a step chaingaade pitch angle. Basic graphic adapted from
[68].

The first principles of the analytical dynamic lov approach for helicopters and wind
turbines can be attributed to Carpenter and Frafof13], who considered the thrust dynamics
associated with the unsteady aerodynamic lag ofinflew velocity development over the
hovering helicopter rotor disk in response to samddeanges in blade pitch. Their approach

consisted of combining an unsteady form of the doet blade-element-momentum theory,
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along with simple blade flexure dynamics, to depedoset of simultaneous ordinary differential
equations, with the time constant representingdyreamic lag in the build-up of the induced
velocity with the changes in blade pitch angle [52] more recent, but more complex model for
dynamic inflow, being utilized for both helicoptend wind turbine work, is that due to Pitt and
Peters [63] (see also [22] and [62]), who developgérturbation dynamic inflow velocity theory
from a rigorous solution to the actuator disc tlgesing an unsteady potential flow method.
With the added complexity of the Pitt and Petersieh@ame a model including the range of
helicopter flight conditions (hover, axial, forwditiht) and the incorporation of wake skew. The
Pitt and Peters model is fundamentally of the storma as earlier models for quasi-steady wake
skew effects (i.e. the wake skew effects in terfrsltered distribution of induced velocity across
the disk, [25], [14]), with the additional incor@ion of time constant(s) for the lag of induced
velocities at the disk. The added functionalitytted Pitt and Peters model has been utilized for
unsteady blade flapping analyses of helicopterrsoemd wind-turbines. However, the added
complexity of the Pitt and Peters model is not aered warranted for illustration of the marine
vehicle maneuvering problem considered here. Adaditly, the Pitt and Peters model neglects a
term that relates to the solidity of the prope(lesually very small for a helicopter rotor or wind-
turbine rotor, but not necessarily for a marinepeiter), and therefore would grossly over-predict
the dynamic inflow time constant. As an applicatad a “dynamic inflow” model to the marine
propeller, a model for the dynamic inflow time ctamt for a change in induced velocity with a
change in propeller rate, is presented (basedaphardin [13] and [52]).
From momentum theory, an unsteady equation reldtirust to the induced velocity of a
propeller in axial flow can be written
T=m,v, +rAv,(v, +V,) 1.
where m is an apparent added mass of water influencedhéptopeller disc. For the bollard
condition, this is
T=m,v, +rAv,’ (7.2)
Starting with the bollard condition, if the projeelis considered to be at a steady propeller
rate n, and an instantaneous (step) change in lopate is applied (which is analogous to an
instantaneous (step) change in pitch abyjdased on vortex theory, the induced velocitthat
disc begins to build up with a certain time constdfit is assumed that the induced velocity is
of uniform distribution across the disk, then tlhanf field is analogous to an impervious disk
being moved horizontal to the flow with velocity vThe added mass of an impervious circular

disc being accelerated perpendicular to its fapedsided by Munk [58] and is equal to
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m, =0.637 % rp R® (7.3)

From blade element theory, the differential thfaste on a blade element can be written and

integrated over the blade radius and summed oeef thlades

dT » Zir(an)erC,ac b- Vi dr
2 2pnr
R (7.4)

rdr » Z%rcCIa (2pn)’R® % -

1 2 R 2 Vi
T»Z=r(2pn)’C,cb r2dr- ——
2 2(2pn)R

0 2pn 0
Equating the expressions (7.2) and (7.4) for thrust

4 3 2., 2 1 23 b Vi
0.637 — rpR°v, +rp R°v, Z=rcC_\2pn)"R°> —- 7.5
3 p i p i » 2 Ia( p ) 3 22pn R ( )

An approximate linear dynamic inflow time constahthe buildup of induced velocity at the
disk can be obtained by writing the induced veloak a steady part plus a perturbation part
Vi SV vy Vi =V &y
Substituting this in to equation (7.5)

2R3 b (v, +v)

3 2(2pn)R 7.7

0.637 g rp R3v, "+rp RZ(ViZ +2V,V, v, '2)» Z%r cC,, (2pn)

Neglecting v?, rearranging and dividing through, the result irst order differential equation

for the (perturbation of) induced velocity

t b V.
z(2p)kC.n?R —- 1 - y.?2
06374/3R ., ._ (2p)cC,,n 3 dor -

v, +Z(1/2)cCn 2V, +Z(1/ 2)cC,,n

In this form, the coefficient of the unsteady tasthe linear time constant (the large term on the

right is a constant). Thus, the dynamic inflowdigonstant is

0.6374/3)R
2v, +Z(1/2)cC,,n

7.9

It is noted that this time constanis dependent upon the propeller rate n, as wethasteady
part of the induced velocity,. It is also interesting to note that the rightithderm in the
denominator of equation (7.9) is neglected in theaPd Peters model (since the solidity of the
helicopter rotor is relatively small). But, it i®oted that this term is important to the marine

propeller with higher solidity.

149



To further simplify, an expression for the stegqdyt of the induced velocity at the bollard

condition is used. For the bollard condition, steady momentum result provides

T=2AV? ® V = T (7.10)
2rA,
or using the definition of thrust coefficient
24 1/2
v = | KD 2 p (7.11)

2ip(D/2f  p
Substituting equation (7.11) into the expressiartlie time constant and approximating the blade

element lift coefficient C by 2p and simplifying

(0.637) = D
t» (sec) (7.12)

1/2
12 K,“?Dn+ P zen
2 p 4

ol

This represents an approximate linear time congtarstecond}for the development of induced
velocity at the disk from a change in propelleerdbr the bollard condition. Note that this time
constant is a function of the propeller rate n Hralsteady-state thrust coefficient at the bollard
condition (J=0), as well as the propeller geomgiaiameters.

The time constant can also be written in non-dsi@ral form by using the definition of
thrust coefficient and defining a non-dimensiomaltced velocity based upon the propeller rate
and diameter (similar to the advance coefficient J)

Vv, v,

| =—— and | =— 13
S ST (7)

and substituting into equation (7.7) or (7.8). Tésult is the non-dimensional time constant

(0.637) 1p
t» 6 (rev) (7.14)

1/2
12 gy Py
2 p 4

This represents an approximate linear time congtan-dimensional, in propelleevolutiong
for the development of induced velocity at the diskn a change in propeller rate, for the bollard
condition.

For the experimental propeller, D = 0.8229 ft, ¢ .£70ft, Z = 3 blades, and the thrust
coefficient for the bollard condition (as determdnérom experiment, see Chapter 4) is
Kt =0.13. The resulting non-dimensional time cortstan

t'» 0.2 (rev)
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Using a nominal propeller rate n = 5 rev/sec = 30MRAMominal dimensional time constant is
t » 004 (sec)

Thus, for the experimental propeller operating abainal 300 RPM at the bollard condition, an
approximate time constant for development of indugslocity from a change in propeller rate is
approximately 0.04 seconds or 0.2 propeller revahst

It is interesting to note the impact of the sajiddf the marine propeller as mentioned above.
If the solidity term (the right hand term in thendeninator of equation (7.9)) were neglected as in
the Pitt and Peters model, then the calculated tomstant would be approximately 0.15 sec or
0.75 propeller revolutions (nearly 4 times slower).

For the non-bollard condition, the situation isiamore complex in that there is an additional
inflow velocity term \4 as in equation (7.1), and a different momenturaltés place of equation
(7.10)

T=2AV({V,+V,) ® V’+Vy - T -0 0 V,=-V, % v;-zL
2rA, rA,

However, equations (7.12) and (7.14) still appraatisly hold if the rotational velocity is much

greater than the advance velocity (i2pnr >>V,). It is clear from inspecting equations (7.12)

and (7.14) that the dominant effect for the experital propeller is related to the propeller rate n

(since in generapnr >>v,; and 2pnr >>V, (Chapters 4 and 5)).

As mentioned previously, while a sudden increas@ropeller rate n causes the induced
velocity at the disk to build-up with first ordeyramic inflow time constartt, the local forces at
the propeller blade (i.e. lift and drag, or thrigste and tangential force) see a sudden overshoot,
and thendecayapproximately with time constamt (see figures 7-1 and 7-2). With a rapid
increase in propeller rate n, comes a rapid ineré@ashe blade angle of attaek This sudden
increase in blade angle of attack directly incredéeand drag (or thrust and tangential) forces
through the blade lift characteristics. The cosgeeffects are seen with a sudden decrease in
propeller rate n. Thus, the net effect is thatttirest force, torque, normal force and steering
moment can be expected to be higher than theidpteaunterpart (at the same propeller rate or
angle of attack). Thus, in terms of the responsa $tep current change or rapid ramp change to
propeller RPM, the propeller blade forces can basidered to fead” a change in propeller rate

with the dynamic inflow time constahtas discussed in Chapter 2 (equations (2.9)).
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V, =V, cosd+V,

V, » 2pnr

xeuomeloy

Figure 7-2: Mean blade element velocities anddeffor a propeller operating in oblique inflow,
neglecting slip stream rotation.

This same dynamic inflow time constdnis also theoretically applicable for sudden change
in the other propeller states (advance velocifyald propulsor azimuth angt. Looking again

at figure 7-2, it should be clear that sudden charig either advance velocity, \ér propulsor
azimuth angled directly effect the axial inflow velocity at theade elementV, , and thus are

also precisely related to a change in blade anfgldtacka, and thus should theoretically have
the same time constantfor change in induced velocity at the disk or gein the blade (and
propeller) forces, as discussed above. For exaragaeddemcreasein propulsor azimuth angle
d (say from zero to some moderate or large angéelycesthe effective inflow velocity \€od,
and thusncreaseghe blade angle of attack and blade forces. Tihesblade forces shouldad
a change in azimuth angle approximately with thst forder dynamic inflow time constant
This was shown in the experimental results in Cirapt and 5.

In the Pitt and Peters dynamic inflow model [G2R], [62], an axial flow time constant as
discussed above is combined with time constantshiedistributedinflow by considering the

inflow velocity as the sum of spatial harmonicsuan® the disk
v, (r,q)=v, +vs%sinq+vc%cosq (7.15)

Thus, to model a full distribution ¢, of unsteady induced velocities with first ordarinonics,

the single time constant for the axial inflow chgeomes a 3x3 matrix of time constants for the
distributed inflow case. This more complex Pittl&eters model has been used in investigation
of blade flapping dynamics of helicopter and windsine rotors, where those harmonic

structural effects can be important.
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Leishman [52] points out that one of the lesssgtig aspects of the simplest analytical
forms of the dynamic inflow theory is that the timenstants of the dynamic inflow have been
developed using the concept of an apparent masemia of the flow surrounding the disk (i.e. a
non-circulatory effect) as opposed to the lag edlgnamic evolution of the actual vortical wake
(i.e. a circulatory effect). Additionally, the agment mass approach assumes equivalence between
the apparent force on a solid disk accelerating istagnant fluid and the force on a fluid
accelerating through a permeable actuator diskglwbi course is not a rigorous analogy. On the
other hand, Snel and Schepers [67], [68] have shibahvalues of the dynamic inflow time
constant can also be calculated based upon marmug “free wake” numerical methods, then
used in simple dynamic equations. This processpnagided excellent results compared to
experiments.

Finally, a note is made regarding the local natishary blade section profile dynamics (or
the “inner problem”) mentioned in the chapter idwotion. Although the dynamic inflow time
constant associated with the dynamics or inertighef wake (i.e. the “outer problem”) for a
helicopter or wind turbine rotor is typically ander of magnitude greater than the time constant
of the blade section profile dynamics (the “inneskifem”), this is not necessarily the case for a
marine propeller with higher solidity. As mentiahgreviously, the addition of the solidity effect
in the dynamic inflow model (the numerator of edumat(7.9)) significantly reduces the effective
dynamic inflow time constant, and could bring itointhe same order as the time constant
associated with the local blade section profileastgits, which is on the order pfar.

For example, a review of the solution of the “inpeoblem” using indicial response theory
such as a Wagner function or Kissner function [8gd59] or [51]), indicates that the lift force
increasestoward its steady state value with a sudden chamgagle of attack or inflow. The
Wagner function, which is a solution for an inséar@ous change in angle of attack, provides an
instantaneous increase in lift to % its final valien (approximately) an exponential increase to
its final value. The Kussner function, which is@ution for a sharp-edged gust (i.e. an inflow
change), provides an (approximately) exponentiatease in lift to its final value. What is
interesting is that these solutions to the “innegbem” transient solution are quite contrary to
the “overshoot” seen with the “outer problem” smotdue to the dynamics associated with the
build up of induced velocity as the 3-dimensionaker builds (i.e. “dynamic inflow”). Thus, if
the time constants of the two effects are on tiheesarder, the two effects mapmpeten terms
of the time response of the lift force on the btade

For the experimental propeller, for the “innerlgem” solution using the Wagner function,

the time constant of the increase in lift forcehwdtn instantaneous change in angle of attack is
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approximately 2(c(r)/@nr) = c(r)pnr (see [59] for example). This non-dimensionaleiconstant
then varies from approximately 0.4 revolutionshat hhub to 0.02 revolutions near the tip (with an
approximate elliptic profile for c(r)). This ca®elcompared to the computed time constant for the
dynamic inflow model of approximately 0.2 revolut®do Thus, for blade sections near the hub,
the time constants of the two dynamic effects aarly coincident. Therefore, it could be
assumed that the local blade force dynamics (aorexgial increase in lift force) ompetingo
some extent with the wake dynamics (an overshootd@cay in lift force). However, since the
analytic dynamic inflow model gives no indicatiohtbe amount of overshoot, the magnitude
and significance of this competition would be diffit to quantify. However, the results of the
experiments reported in Chapter 4 provide evidéhaethe wake dynamics or “dynamic inflow”
effect (i.e. the overshoot and decay in lift forpedvides a more significant effect on the overall

transient force response for this propeller.

7.2  Vortex ring formation with rapid increase in propeller rate

It was mentioned in the chapter introduction tteg asymmetry seen in the experimental
unsteady force results in Chapter 4 might be censttlas due to unsteadiness in the vortical
wake due to the generation of large transient woriegs, seen in the flow visualizations in
Chapter 5. This chapter discusses formation dexaings, and demonstrates that the formation
of these vortex rings can be considered to occuh wi given time constant (termed the
“formation time”), and the “asymmetric” impact dmetmeasured dynamic inflow time constant is
discussed.

The experimental investigation of vortex ringghe laboratory has typically been conducted
by the ejection of a fluid slug into a quiescenidlby moving a piston through a tube, with a
resulting vortex ring being generated at the ekithe tube. The vortex ring results from the roll
up of the slug’s shear layer as it is ejected ftbmtube. While the generation of a vortex ring
associated with a rapid propeller rate increaséesrly not strictly analogous to the experimental
fluid slug concept, the basic mechanisms associaittdthe formation of the vortex ring and the
roll up of a shear layer may be considered as camfiiee shear layer from a propeller coming
from the shedding of vorticity from the propellelatbes into their respective vortical wake

surfaces and tip vortices).
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7.2.1 Formation time of a vortex ring for a fluid jet

General reviews of the behavior of vortex rings given by Shariff and Leonard [66] and
Lim and Nickels [53]. While experiments and congigns have had varied success in
identifying similarity behaviors associated withrtex rings, it is well known that the physical
mechanics of the ejection process and the phyait#@butes of flow boundaries greatly affect the
character and evolution of the vortex ring [3]. dther words, the differences in boundary
conditions for the shear layer generation may plajgnificant role in the time for development
of the vortex ring.

A widely accepted simplified model for the fornmatiof vortex rings by the ejection of a slug
of fluid by moving a piston through a tube is diseed by Glezer [26]. A vortex ring is
invariably formed by a programmed discharge ofdflover a short time interval. An elementary
representation of the process is the uniform cyiiad “slug” model, in which a cylindrical
volume of fluid moves at a step velocity for a time T through a circular tube of diametes.D

If Ug is not constant, then the mean velocity with respetime can be determined

1D
Up=— Uy (et (7.16)
0 0

where, for the “slug” model, &) is assumed to be uniform over the orifice mctiarge area.

The impulse (the momentum associated with the digd) is

TO JRE—
I=rA Uj(t)dt=rAU}; T, (7.17)
0

A simple expression for the initial circulation asgted with the generation of the vortex ring (in

a half-plane through the axis of symmetry) can eeved based upon the rate of vorticity flux
from the edge of the tube or orifice, which hagdnsaneous magnitude of approximatély /2

(this is using a boundary-layer approximation fog flux of vorticity across the plane of the tube
or orifice). This results in a simple expressionthe development of circulation being fed to the

vortex ring
Ui, UL T,
2 2

G 13)

0

Recent experiments by Gharib et al. [23] for wortengs generated through impulsively-
started jets indicate that the flow generated bgelastroke ratios (i.e. largeyDo) consists of a
leading vortex ring, followed by a trailing jet, thithe vorticity field of the leading vortex ring

disconnected from the trailing jet. On the othand flow fields generated by small stroke ratios
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show only a single vortex ring, with no trailing.jeThe transition between the two phenomena
occurs at a stroke ratio of approximately 4 (reférto by Gharib et al. as the “formation
number”). It was shown that, in all cases, the imaxn circulation that the vortex ring could
attain during its formation is reached at this ffiation number”. Through a series of tests
varying exit diameters and boundaries, as well gariety of non-impulsive piston velocities, it
was shown that the “formation number” lies in tlaege 3.6- 45 for a broad range of “slug”
flow conditions. It is also noted that the “forriaet number” (/Do) is the same as a non-

dimensional time for formation of the ring, or “foation time” (i.e.L,/D, = U,T,/D,). Gharib

et al. conceived the existence of this “formatiomber” as a limiting value, above which vortex
rings generated do not absorb more of the massnticity of the discharged fluid jet, and the
vortex ring is said to have “pinched-off” from tgenerating jet.

Following on the work of Gharib et al., Kruegerakt[48] studied the vortex ring “pinch-off”
(or “formation number”) in the presence of simu#tansly initiated uniform background co-flow.
Defining the co-flow velocity ¥ (i.e. the ambient velocity outside the jet), daoraf co-flow to
piston velocity was defined

R, :tl/_(; (7.19)
The velocity ratio Rwas varied through the range 0 to 1 over a rafgeake ratios k/D,. The
results indicated a marked drop in “formation tinfi@” velocity ratios greater than 0.75, implying
that vortex rings reach their (reduced) peak cathoih (“pinch-off”) more rapidly in the presence
of background (ambient) co-flow.

Making a direct computational analogy or correlatbetween the piston-tube “slug model”
as discussed above, and the flow resulting fromraipgd change in propeller rate, is probably
guestionable in a strict theoretical sense, siheentechanism and geometry for development of
the feeding shear layer is clearly different in twe cases. However, the strong visual evidence
of the generation and convection of a vortex rintdha rapid increase in propeller rate (Chapter
5) presents a compelling argument for considerggsimilarities in the vortex ring generation
and growth process and its potential effect on @eduwelocities at the propeller disk. The “slug
model” assumes a uniform velocity distribution &srdhe discharge orifice, and assumes the
vorticity to be generated in the boundary layenglthe walls of the tube. The “slug model” then
assumes this vorticity to directly “feed” the grogivortex ring as the jet exits the orifice (up to
the “formation time”, where the vortex ring is “pimed-off”). Since there is no “tube” with the
propeller, the free vorticity that is “fed” to tlggowing vortex ring must come from the vorticity

in the unsteady flow from the propeller blades.r #e case of initial propeller motion, this
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would include the startup vorticity required to m#ee Kutta-Joukowsky condition at the trailing
edge of the blades.

As mentioned in Chapters 4 and 5, the net effette abrupt shedding of vorticity into the
wake and formation of the vortex ring would beémts of the immediately altered flow around
the propeller disk. For example, for a rapid imsein propeller rate, the vortex ring would tend
to increasethe axial induced velocity at the disk, and congsedly decreasehe angle of attack
and blade lift (and thrust) force (see figure 7-2).

According to the results of Gharib et al. [23] afdieger et al. [48], the non-dimensional
“formation time” for the vortex ring for impulsivglstarted jets is on the order of 4. Initially
then, making an extrapolation to the propelleraordex ring for the bollard condition (see figure
5-6)

N 4D, N 4(080ft)

0 > —= » 3.2sec
U, (ft/sec)

where the mean velocity of the “jet” is roughlyip®ited to be the mean axial induced velocity
during the startup phase (approximately 1 ft/spwelver, approximation of a “formation time”
for the vortex ring of the propeller by a simplenservation of mass approach (measuring the
approximate final dimensions of the vortex ringlinting its entrained fluid (approximated as the
outside volume of a torus), calculating its finahss, and equating to an approximation for the

total mass flux provided by the propeller in thdldra condition) gives

3
T » "Vions » (022ft) » 05sec

°rA,U,  (045ft*)(1ft/sec)

where \{ys IS the outside volume of the torus that is thedfi vortex ring size (see figures 5-6
and 5-7),U,; is the mean axial induced velocity during thetsfaphase (approximately 1 ft/s),

and A, is the cross sectional area of the propeller diks interesting to note from the image
sequence shown in figures 5-6 and 5-7, that théexoring has reached its full size within
approximately 0.5 seconds (thus, an approximateniddion time” is on the order of 0.5
seconds). Therefore, it could be deduced thatateof vorticity being fed to the vortex ring by
the unsteady flow from the propeller blades is ificemtly greater than the rate of vorticity that i
fed in the “slug model” by the boundary layer oé ttube in the standard experiments. This

should not be surprising owing to the highly vaatinature of propeller flows in general.
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7.2.2 Formation time of a vortex ring with a rapid increase in propeller rate

To develop a more appropriate expression for thedimensional “formation time” for a
rapid increase in propeller rate, a non-dimensidimaé associated with the formation of the
vortex ring due to a rapid increase in propellés @n be written

Ut
"D

where Ll is the characteristic velocity of the axial floeefling the vortex ring. If this

t (7.20)

characteristic velocity is initially representedthg velocity induced at the center of the ring by
the circulation within the ring, then it can be tt@h by simple application of the Biot-Savart Law

(for a thin ring) as
G,
UR » UAiO ))E (7.21)

where Uy is the velocity induced at the center of the rifignus, a non-dimensional time
associated with the formation of the vortex ring d¢io a rapid increase in propeller rate can be
approximated

C.t
tR ))_R (7.22)

DZ
For the propeller as the source of the circulatemding the ring, the circulation produced by a

single propeller blade can be approximated byithke &nd relative blade velocity U as
1 .
L Er U° cs2pa

G» »
rus r Us

43)

where c is the blade chord, s is the blade sparadadhe angle of attack. At the standard blade
radius of 0.75R

L 1
G» % (2p N (075R)) C 111 2P @ 471 = LERPZNC @ 4en (7.24)

It takes 1/n seconds for each blade to completevalution. Thus, theate of circulation
production being fed to the vortex ring (from Z petler blades) is

dG _ circulation - (15)Rp?nc,,.a

dt time 1o = ZL5)RENC e s (7.25)

For a very approximate calculation, it is iniyaélstimated that the blade angle of attadk
approximately constant. Then, integrating the teirculation production from time 0 to t

gives the total circulation produced by the pragredind fed to the vortex ring up to time t
Gp (t)» Z(l'S)Rp2n2C0.75Ra orm (7.26)
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Using Kelvin’s Theorem (conservation of circulafipassuming all of the vorticity shed from the
propeller blades is fed into the vortex ring, thiea circulation of the ring is the same as thel tota
circulation produced by all Z propeller blades @lwhich initially rolls up into the vortex ring).
Thus,G = G, and the non-dimensional time can then be apprabeich
2,2
t % _ Z(15)Rp B Corad
For the experimental propeller, D = 0.80 §74 = 0.17 ft, and Z = 3 blades, and the blade pitch

Cc
OTR t2 5 7(075)p? OSR a geq N2 (7.27)

angle at 0.75R is approximately 13 degrees. Ttuat@the non-dimensional formation time for
the flow visualization shown in figure 5-6, it ibgerved from a more detailed image sequence
that the approximate formation time for the vortayg is approximately t = 0.5 seconds. The
flow visualization was executed by a step currantdase, and therefore the propeller rate n and
induced velocity W are not constant, but rather increase roughly mempitally to their steady
state values. Initially, assuming a constant angktacka (and therefore constant propeller rate
n), the time-averaged propeller rate during theopleto 0.5 seconds is n = 4 rev/s. Thus, using
equation (7.27), a rough estimate of the non-dinosas formation time of the vortex ring from a

rapid increase in propeller rate is

2 0171 43 P rag (4rev/sed’(05seq” » 43
©08ft) 180

t, » z(0.75)p2¢°-%a075R n2t? » 3)(079)p

which is remarkably very close to 4, which is thellvestablished experimental formation time
for vortex rings produced by impulsively and rapidtarted jets generated at the exit of a tube or
orifice (36- 45 over a wide range of jet velocity profiles) [23].

Now, to consider the effects of the time-varyimgpeller rate and axial induced velocity at
the disk, consider that the blade angle of atégtkat the standard radius of 0.75R can be
approximated by

a(t)» by - #((C)J[)?FR) (7.28)
where U;(t) is the time-varying axial induced velocity betdisk. Thus, the total circulation
produced by the propeller and fed to the vorteg toitime t can be written by substituting

equation (7.28) into equation (7.25) and integatin

t U, (1)

Gb (t)» . Z(:I-'S)qu:)z""(i:)2 Cormr Dorsr - W(O?SF\’) (7.29)

Thus, the non-dimensional time associated witHdhmation of the vortex ring can be written
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! U, (t)

Z(15)Rp?n(t)*c b - —ARrS

G.(Ot r ( ) PN(t) " Corer D orsr 20 n(1) (0.75R)
D2 D2

Note that this non-dimensional time is a functidéithe unsteady propeller rate n(t) as well as the

(7.30)

tR»

unsteady axial induced velocity at the propellaskdi,(t). Therefore, solution requires a priori
knowledge or estimation of the axial velocity asrtise propeller disk as a function of time, as
might be obtained through high frequency lasengarvelocimetry.

As a comparison to the case above in which théeafgttack was assumed constant and the
axial induced velocity was neglected, the time-iragyformula of equation (7.30) is applied to
calculate the non-dimensional formation time fag flow visualization shown in figure 5-6. A
simple iterative scheme is applied to calculateakial induced velocity W(t) at each time step
by iteratively solving equations (7.30) and (7.2mh}il convergence. The results produce a non-
dimensional formation time of only 1.3 (which igsificantly under the experimental range of
36- 45 for vortex rings produced by impulsively and rdpistarted jets generated at the exit of
a tube or orifice [23]). An explanation for thisder-prediction can be provided by returning to
equation (7.20) and realizing that, in reality, tr@racteristic velocity of the axial flow feeding
the vortex ring W is not limited to the contribution of the ring’svn induced velocity as assumed
with equation (7.21) (i.eG:/2R). Rather, there is an additional inflow to hrepeller disk and
the ring coming from the inner area of the diskillastrated in figure 7-4. This additional inflow
is required in order to satisfy conservation of spamomentum, and energy (i.e. the mass,
momentum, and energy flux of the “new” fluid acrdise propeller disk is required to “feed” the
growing vortex ring). Thus, there is a complicatedknown inflow into the propeller disk (and
subsequently the flow feeding the vortex ring)addition to the ring’s own self-induced velocity
field. Thus, referring to figure 7-4 and equat{@®0), the non-dimensional time associated with

the formation of the vortex ring would have the smoomplicated form
- T t
tg = (UAiR () + U, (t))B (7.31)

where U, (t)andU ., (t) are disk-averaged values of the induced veloaitiesto the ring and

propeller, respectively.

Finally, to complicate matters more, the vortengriranslates due to its own self-induced
velocity and the additional wake velocity in thenfing propeller slipstream. In other words, the
ring moves downstream, partially “under its own poi(its self-induced velocity) and partially
due to being “pushed” by the forming propeller sfipam. This translation of the vortex ring

means that the plane of the inflow velocity compunequired for measurement or calculation of
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Ur of equation (7.20) is translating along with itegtly complicating the hydrodynamics. These
complexities associated with the variable inflowoss the propeller disk and feeding the vortex

ring would make this a very rich area for additicsizbsequent research.

Figure 7-3: Image capture of vortex ring formatde to a rapid increase in propeller rate (here
a step increase in motor current), approximatelypatch-off” (completion of the formation).
This image is the same as that at t = 0.5 secorfayuire 5-6.

Pod
Ui (1) Up (1)

Ui (1)

Figure 7-4: Simplified illustration of the compleropeller inflows required to “feed” the

formation and growth of the vortex ring due to pidancrease in propeller rate. The “new” fluid
(Uaip(t)) is required to satisfy conservation of masseymantum and energy during formation and
growth of the vortex ring. The “reconstituted”itlUxir(t)) is the velocity induced by the vortex
ring.
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7.3 Comparison with experiment

Section 7.1 provided expressions for an approxntginamic inflow time constant based
upon a dynamic inflow theory (equations (7.12) gidL4)), and provided an approximate
theoretical dynamic inflow time constant for thepesmental propeller of 0.2 revolutions for the
bollard condition. It was further stated that,agivthe dominant influence of the propeller rate on
the analytical dynamic inflow time constant, thigpeoximate dynamic inflow time constant
would still approximately hold for the non-bollacdndition, as long as in general the tangential
velocity due to the propeller rate (relative to tiiade) is much larger than the induced velocity

and the advance velocity (i.2pnr >>v; and 2pnr >>V,), a condition which holds for practical

operating conditions for the experimental propelladditionally, Section 7.2 conceptualized the
influences of the vortex ring resulting from a khpincrease in propeller rate in terms of an
asymmetry of dynamic propeller blade forces seen répid propeller rate increases and
decreases, and highlighted the approximate “foonatime” associated with the vortex ring.

By review of the experimental results of the catri@put step and rapid ramp response tests
provided in Chapter 4, it can be summarized thigipacal measured/calculated dynamic inflow
time constant would be approximately of O revolusiqi.e. near zero) for rapid propeller rate
increase and 0.4 revolutions for rapid propell¢ée decrease. This is estimated by review of the
current input step and rapid ramp results (seerdgyu-18, 4-19 and 4-20). Note that this
includes the asymmetry due to the vortex ring. Tésults of the sinusoidal tests will be
addressed subsequently. This is compared tchdwrdtical (symmetric) dynamic inflow time
constant, estimated using dynamic inflow theoryambroximately 0.2 revolutions.

Figure 4-20, which provides an example of the enirisaturated ramp response using input
(normalized change in thrust x gain) and outputrfradized change in propeller rate), provides a
good example to illustrate the potential influenoédynamic inflow, and the vortex ring. Direct
application of the dynamic inflow theory would ingp result that would have the output lagging
behind the input by the theoretical dynamic infltmwe constant, for both increase in current and
decrease in current (top and bottom plots of figliD). For the rapid increase in propeller rate,
a vortex ring is generated which fundamentally é#ases induced velocities at the propeller disk,
and therefore provides decreased thrust force fitfier given propeller rate, as discussed
previously). Thus, it would be expected that thffuence of the vortex ring formation would be
to reduce the input curve (change in thrust x gaingach time. This is consistent with the

general results shown in figure 4-20, as well garéis 4-18 and 4-19. Thus, it could be deduced
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that the dynamic inflow theory generally under-fcesithe dynamic inflow time constant by
approximately 50% (i.e. 0.4 revolutions vs. 0.2otations).

It should also be noted from figure 4-18 that #ffect of the vortex ring on the identified
dynamic inflow time constant appears to lessen witheased ambient flow (i.e. the calculated
time constant for propulsor azimuth angles in #rege O tat45° appear to “approach” those of
the rapid decrease in propeller rate as the advagloeity is increased). This is consistent with
the previous discussion of the vortex ring. Speaily, the experimental results of Krueger et al.
[48] indicated a marked drop in vortex ring “fornegt time” for velocity ratios greater than 0.75,
implying that vortex rings reach their (reduceddlpeirculation (“pinch-off”) more rapidly in the
presence of background (ambient) co-flow. This ldae consistent with the apparent reduced
influence of vortex ring formation on the dynamnflow time constant measurement shown in
figure 4-18.

The behavior of the dynamic inflow time constantwith increase in frequency in the
sinusoidal current input tests discussed in Chaptés also consistent with these considerations
of vortex ring formation and growth. From the poess discussion of vortex ring formation and
growth, the vortex ring, and its effect on the ioeld velocities at the propeller disk, has a
characteristic “formation time” or “time constantF:rom the flow visualizations and the previous
discussion, it is estimated that this time consiamn the order of 1/2 second for most of these
test operating conditions. As the frequency of therent (and propeller rate) sinusoid is
increased, the time between successive vortex rbegomes shorter, and their individual
influence on the induced velocities at the propellsk (and the corresponding blade forces)
would then become less at the higher frequenciéss is consistent with the results indicated in
figure 4-22 and table 4-1.

The results of the limited sinusoidal azimuth ge@inly 2 frequencies at one operating
condition) indicate a dynamic inflow time constaftapproximately 0.7 revolutions (figure 4-
23), slightly larger than the time constants deteeah from the unsteady propeller rate tests. One
possible explanation for this discrepancy is thieerent inaccuracy of applying a sinusoidal
azimuth test for this type of variation, especidlly such a small amplitude variatiot16°),
giving such a small variation in effective inflovlacity Va. Another possible explanation is that
this small variation in azimuth anglel(5°) is applied over a relatively long time frame.(a low
frequency) compared to the time constant of theewaK his latter possibility amounts to a
violation of the basic assumption used in the dgwekent of the dynamic inflow theory in
Section 7.1; that is that the rapid change in dtepeate or azimuth angle (or inflow velocity) is

applied “instantaneously” (i.e. a step change adélangle of attack). Clearly, the nature of the
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dynamic vortical wake while the wake is undergagnigighly variable wake skew (in addition to
the dynamic inflow), is not accounted for in thesibaheory. This can be clearly seen in figures
5-50r 5-17.

7.4 Summary

This chapter has provided a theoretical basigdHerunsteady maneuvering dynamics of an
azimuthing propulsor. The concept of “dynamicamil as an intuitive yet physics-based model
of the inertia of the propeller wake or slipstredas been discussed. A simple analytical
“dynamic inflow” model has been developed whichyies an expression for an approximate
dynamic inflow or wake time constant, which canused in unsteady equations for propeller
hydrodynamic forces (Chapter 2). This dynamicawfltime constant represents the lag in the
build-up of induced velocity at the propeller didlee to the inertia of the propeller wake. As a
result of this lag in induced velocity, the angfeatiack at the blades sees a rapid overshoot, then
decays to steady-state, with approximately the same constant. Consequently, the blade
forces see an overshoot and decay, with the saneectinstant.

Additionally, asymmetries seen in the unsteadypeller rate experimental force results
(Chapter 4) have been addressed by considerinfptimation and growth of a vortex ring with
rapid increases in propeller rate. The formatidntheese vortex rings was shown in flow
visualizations in Chapter 5. A basic analyticaldmbofor the “formation time” of a vortex ring
associated with a rapid increase in propeller re® been developed. In previous laboratory
experiments, the non-dimensional “formation timef’ ¥ortex rings resulting from the ejection of
a water jet from a long tube has been shown toppeoaimately in the range 3.6-4.5. However,
the complexity of the flows through a propellerkdisake this difficult to confirm analytically for
a propeller, because of the unknown velocities sscthe propeller disk and feeding the vortex
ring. Follow-on research using a high-frequency Bystem to measure detailed velocity fields

around the propeller and vortex ring may shed Banit light in this area.
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Chapter 8

Conclusions

8.1 Summary

This thesis research has investigated the steadyuasteady dynamic maneuvering forces
associated with an azimuthing podded propulsor,resdprovided supporting theoretical insight
toward understanding their mechanisms and predictid he ultimate goal of the research was to
provide a sufficiently comprehensive understandihthe maneuvering forces associated with an
azimuthing podded propulsor, such that future meseng and control applications, and
computational studies in the field, could be apgedply focused.

Chapter 2 provided a brief overview of the relévdynamics associated with maneuvering
with an azimuthing propulsor, along with some ititei understanding for their application.
Basic force effects associated with propellers afieg in oblique inflow were introduced,
including the important concepts of vectored prigpelorces leading to increased thrust and
torque with propulsor azimuth. A combined dynamaneuvering model for incorporating the
fully coupled dynamics of a surface vehicle, prtgeland azimuthing propulsion motor was
developed, also providing the relevant kinematieguired to fully couple the dynamics. A
simple model for the dynamics of an azimuthing pispr driven by a DC motor was also
presented, with nonlinear equations for the todyreamics including important inertia and stick-
slip dynamic friction effects. Finally, a new cept for unsteady propeller hydrodynamics was
introduced, using a “dynamic inflow” time constdgat wake time constant) for modeling the
unsteady hydrodynamic thrust, torque, normal foecel steering moment, all of importance to
maneuvering of smaller vehicles. All of dynamicdets are used subsequently in the further
analysis of the dynamics of the azimuthing poddegysor.

Chapter 3 provided an overview of the design amtsttuction of an autonomous surface test
vehicle, which has been used for much of the sulesgqgtesting. Additionally, the geometric
specifications of the podded propulsor and propelte provided in standard form as might be
required for subsequent computational analysis.

Chapter 4 provided an in-depth presentation oftélse program conducted in quantitatively
investigating maneuvering forces associated with azimuthing propulsor, including quasi-

steady effects, as well as the transient or ungteffécts of potential importance to smaller
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vehicles. The experimental setups and techniquexe detailed for testing conducted with the
propulsor installed on a special test fixture ie tdIT towing tank, and with the propulsor
installed in the autonomous surface test vehidtalled on the planar motion mechanism (PMM)
at the U.S. Naval Academy. The results were ptedein both graphical and tabular form, with
the significance of the test results to vehicle enwaering discussed. Specifically, parametric
results clearly illustrate unique characteristiésvectored-propulsion, including generation of
sizeable normal force, and significant increaseectored thrust and torque with azimuth angle.
Force data has also been presented in terms &f anage (k) and sway force (f. Contour plots

of i, and F for moderate azimuth angles (up#45°) are nearly linear in the range of the typical
design advance coefficient for the tested propulsarggesting the strong possibility of
linearization, even decoupling, of the surge-swawywehicle maneuvering control problem. A
thorough investigation of the unsteady propulsairbglynamics was also reported in Chapter 4,
including identification of a characteristic “dynaninflow” time constant, which can be used to
characterize the unsteady dynamics of propelleisthtorque, normal force and steering moment
for coupled maneuvering dynamics as discussed apteh 2. An interesting “asymmetry” in
results for rapidly changing propeller rate was estssd which indicates a hydrodynamic
asymmetry in the flow through the propeller diskthwpropeller rate increase and decrease.
Identified “asymmetric” non-dimensional dynamiclovf time constants for rapid propeller rate
increase are approximately zero, while those fpidraropeller rate decrease are approximately
0.4 propeller revolutions.

Chapter 5 presented and discussed results ofadeaféorts to visualize and document the
steady and unsteady/transient wake of the azimmtipropulsor. A new technique using
fluorescent paint and ultraviolet black light wasveloped for the visualization of the vortex
wake for a range of quasi-steady and unsteadyig@mnsperating conditions. A technique using
laser Particle Image Velocimetry (PIV) was alsopadd to provide more precise visualization
and velocity documentation of the wake for a numbkquasi-steady and unsteady/transient
operating conditions. Quasi-steady visualizationBcate that the helical wake pitch/diameter
ratio for a given propeller rate does not appeachtange with even large changes in azimuth
angle. This is attributed to the fact that theclpdiameter ratio for an azimuthing propeller
depends not only on the advance ratio J and aziantfe d, but also on the axial induced
velocity V,, which depends on the propeller blade loading. usThthere is an apparent
cancellation effect with propulsor azimuth in teraishelical wake pitch/diameter ratio changes.
Quasi-steady visualizations also provided demotistraf the wake distortion effects when the

propulsor is azimuthed relative to the flow. Thestueam side of the wake is stretched, while the
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downstream side is compressed. The quasi-steadglidations also demonstrate the different
convection velocities for the portion of the helisaake coming from the blade, and that portion
of the wake which has rolled up into the tip vagtic The tip vortices convect downstream much
slower than the corresponding blade wake. Unsteadyransient visualizations provided
confirmation of the “dynamic inflow” effect, in ters of a lead of propeller blade forces
compared to rapid propulsor azimuth. Despite tha that the helical wake angle lags the
azimuthal position of the propulsor, the forcesdléfae azimuthal position. Finally, the transient
visualizations provided powerful visual evidencetlug formation and interaction of vortex rings
with rapid increases in propeller rate. Theseerorings appear to induce significant velocity at
the propeller disk, which would be consistent witle “asymmetric” results seen with rapid
changes in propeller rate in Chapter 4.

Chapter 6 provided a detailed discussion of a rdteal basis for the quasi-steady
maneuvering dynamics associated with an azimutpiogulsor over the entire range of forward
operating conditions (i.e. for propulsor azimuth#®0 degrees relative to the inflow). This
theoretical basis included discussion of “simpledmentum-based models for a propeller in axial
and oblique inflows, and was expanded to a moditfiery using combined blade-element and
momentum, including important wake consideratiogogfvortex theory. Finally, a discussion of
the use of computational fluid dynamics for thedicgon of maneuvering forces was presented.
Results of calculations made were provided in caoispa with experimental results, with the
relevance of consistencies and inconsistenciesisiged in detail.

An interesting and obvious limitation on the apation of a modified momentum theory to
an azimuthing propulsor is the theoretical limatiof maximum thrust to that of the bollard
condition (\, = 0). However, force measurement results (Chafteshowed that an “excess”
thrust force (and torque) results over the entaege of azimuth angles (and is particularly
obvious neard = £90°). An intuitive explanation for the “excess’ruit was offered using
Glauert’s hypothesis for helicopters in forwardyffii. Glauert’'s hypothesis was used to suggest
that the propeller disk experiences an additioifalfdrce when it is operating in an oblique
inflow, thus providing this “excess” thrust. Tlaevelopment and application of a modified
combined blade-element-momentum (BEM) theory, amplieation of a vortex lattice
computational fluid dynamics approach, have dematest some of the practical limitations
utilizing any of the computational propeller metbad attempting to predict maneuvering forces
of podded propulsors. It is apparent that the tgeeaifficulty inherent with the application of
any of the computational fluid dynamics approadbeisg applied to the podded propulsion and

maneuvering problem arises due to the calculatianaxleling of the interaction effects between
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the propeller and the pod housing and strut. Hiqudar, for a pusher-type podded propulsor, the
effect of the pod wake on the propeller inflow webube very difficult to model, even if
experimental and empirical methods would be appliédnversely, the influence of the propeller
inflow past the pod housing and strut introduceni§icant uncertainty in the viscous and
separation effects of the pod. Due to the clos&ipiity and interaction of the propeller and pod
housing and strut (particularly with propulsor aatmangle or steering), numerical solution to
the podded propulsor maneuvering problem are egge¢otremain an engineering challenge.
Finally, Chapter 7 provided a theoretical basristfie unsteady maneuvering dynamics of an
azimuthing propulsor. A relatively simple analglic’dynamic inflow” model was developed
which provides an expression for an approximateadyn inflow or wake time constant, which
can be used in unsteady equations for propellerdaytiamic forces (Chapter 2). This dynamic
inflow time constant represents the lag in thedup of induced velocity at the propeller disk
due to the inertia of the propeller wake. As ailtesf this lag in induced velocity, the angle of
attack at the blade overshoots, then decays talysstate, with approximately the same time
constant. Consequently, the blade forces alscsbwet and decay, with approximately the same
time constant. Additionally, asymmetries seenhim tinsteady propeller rate experimental force
results (Chapter 4) were addressed by considdnmfprmation and growth of a vortex ring with
rapid increases in propeller rate. A basic anaytmodel for the “formation time” of a vortex
ring associated with a rapid increase in propaide was developed. In previous laboratory
experiments, the non-dimensional “formation timef’ ¥ortex rings resulting from the ejection of
a water jet from a long tube has been shown tgopeoaimately in the range 3.6-4.5. However,
the complexity of the flows through and around apgtler disk make this difficult to confirm
analytically for a propeller, because of the unknowvelocities across the propeller disk and

feeding the vortex ring.

8.2 Unique contributions

This research effort has provided a number of mgod and unique contributions to the field
of naval architecture and marine engineering.

The quasi-steady propulsor force experiments geowialuable experimental data for the
future validation of computational studies on patigeopulsors. Specifically, fully-documented

propulsor geometries, propulsor operating stated,rasulting quasi-steady forces are provided
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over the entire range of forward propeller opemtionditions, for azimuth angles from 0 to
+180°.

The introduced fluorescent paint flow visualizatiechnique provides a unique means for
visualizing the complex helical wake of an azimnthpropulsor over a wide range of steady and
unsteady operating conditions. In conjunction wttle force measurement results discussed
above, the visualization results also provide desets of wake trajectory data, including helix
geometries (pitch/diameter ratios, wake angles, \wale distortions), which can be used in
computational studies for wake modeling and aligmreg small, moderate and large azimuth
angles.

The fluorescent paint visualizations also revealtedformation of vortex rings during rapid
increase in propeller rate. This provides an irtgrdrrationale for the observed asymmetries in
unsteady force results (i.e. dynamic inflow tim@stants) during rapid changes in propeller rate.

The fluorescent paint and PIV flow visualizatiohave also demonstrated an apparent
invariance of the helical wake pitch/diameter ratith propulsor azimuth angle, for given
propeller rates and advance velocities. This apypadnvariance is considered due to the relative
cancellation between the decrease in effectiveinfand the increase in induced velocity (i.e.
loading) as the propulsor is azimuthed relativéh&oflow.

In addition to the fluorescent paint results, Bi¥ results also provide specific sets of wake
trajectory data, including both helix geometriesvadl as wake velocities. These can likewise be
used in computational studies for wake modeling alighment at small and moderate azimuth
angles, and also for validation of computed wakeoites.

The development of basic theoretical models, mjwation with basic experimental results
may provide important insights into the nature aimathing propulsion. For example,
modification of the momentum theories using Glaeentypothesis for helicopters in forward
flight leads to an important understanding of thechanisms associated with the “excess” thrust
(and torque) seen in the quasi-steady experimeggalts. Specifically, it can be deduced that the
propeller operating in an oblique flow produces edift, in addition to its vectored thrust. This
is particularly important when the propulsor is igtieg at higher velocities and at larger azimuth
angles, but it is also apparent at slower velaciied smaller angles.

Investigation of maneuvering forces using modifiemmbined blade-element-momentum
(BEM) models, and using an available vortex latficepeller design and analysis code (MPUF-
3A), has led to a number of important observati@gsrding difficulties with analytical modeling
of podded propulsors (particularly at moderate lange azimuth angles). First, wake alignment

is critical to the proper calculation of propelferces. Methods must be developed to improve
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wake alignment and trajectory analysis. Additibnathere are significant pod wake and
propeller inflow interaction effects that are diffit to quantify, but have a significant impact on
the computational results. The induced inflowre propeller alters the flow around and across
the pod and strut, and the wake of the pod and stgnificantly alter the inflow into the
propeller. Further, there are significant podfstifti forces which must be taken into account
within any computational scheme.

Application of a “dynamic inflow” model for thedain induced velocity at the propeller disk
provides a new method of modeling the unsteady ytsop force dynamics using a set of
linearized dynamic equations with a single timestant (a “dynamic inflow” time constant).
This has powerful implications in terms of control,that the unsteady propeller forces can be
modeled with the simple first order dynamic equadioelated to propeller operating states, and
these equations can be incorporated readily intocitmbined dynamic maneuvering model.

Finally, a basic theoretical understanding of eerting formation and interaction with a
rapid increase in propeller rate has been providukcifically, the analogy between “traditional”
vortex rings (produced by ejection of a water jgbia quiescent fluid), was used to develop a
basic understanding of the concepts and difficslltheolved in modeling the formation of vortex

rings from the circulation supplied by a rapidlycalerating rotating propeller.

8.3 Recommendations for further study

There are three obvious areas that are recommdadadther study. First, the experimental
results of force measurements should be utilizefulirvehicle simulations, which should be
compared to free-running model tests of the aut@usrsurface test vehicle. The full set of
nonlinear maneuvering coefficients for the bard (Ohapter 2) has been identified from PMM
tests, and provided in Chapter 3. The combinedhlyti maneuvering model could be used as
the numerical basis for simulations.

As discussed in Chapter 7, a basic analyticalehfmit the “formation time” of a vortex ring
associated with a rapid increase in propeller nate been developed. However, the complexity
of the flows through a propeller disk make thididifit to confirm analytically for a propeller,
based on existing experimental flow visualizatidmegause of the unknown velocities across the
propeller disk and feeding the vortex ring. FoHlow research using a high-frequency PIV
system to measure detailed velocity fields aroumel propeller and vortex ring may shed

significant light in this area. A high-frequencivPsystem could provide a detailed velocity map
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around the propeller disk, and around the formiongex ring (see figure 7-4). These velocity
maps could be used (by integration) to calculageréiguired fluxes for the vortex ring formation
model. This would provide a means of verificatadrequation (7.30) for the formation of vortex
rings with rapid increase in propeller rate. Sugjosat investigation could lead to an improved
understanding of the transient force asymmetrytedlto rapid propeller state changes.

Finally, and without question, investigation ofimathing podded propulsors using
computational fluid dynamics is a difficult and éwog field. Certainly, continued efforts
directed toward refinement of computational procedu especially interaction effects, is a

worthy undertaking.
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Appendix A

Example computer code

A.1  Matlab® script for modified combined blade-element-momentum (BEM)
calculations with pod wake inflow calculation

clear all;
format short
%
%
deltai=[-90 -75 -60 -45 -30 -15 0 15 30 45 60 75 90
for d=1:length(deltai)
delta=deltai(d)
%
%

kl=1.0704; % scaling factor for litbefficient

kd=1.8040; % scaling factor for patiagirag coefficient

%

% Input/Parameter Entry

w=0.0; % estimated wake fraction (fefocity inside wake)
RPM=600; % RPM

Va=2.5; % ambient/advance velocitysjft/

Vai0=1; % initial guess for mean araduced velocity
V1i0=-0.3; % initial guess for mean tangi@hinduced velocity
Vxi0=0.3; % initial guess for mean inpgacrossflow induced velocity
% delta=0; % azimuth angle (degree)

Z=3,; % number of blades

D=0.8229; % propeller diameter (ft)

Dh=3.5/12; % hub diameter (ft)

Bh=22.0; % pitch angle at hub radiugjde

Bt=2.0; % pitch angle at tip (deg)

Dpod=3.625/12; % diameter of pod (ft)
ch=2.375/12; % max chord length (at hubj) (ft

eta0=0.015; % max camber ratio (etaO/chagt® (parabolic assumed)
tmax=0.1; % max time (sec)
tstep=0.1; % step size for time (sec);

rho=1.9367; % density (Ibf-s2/ft4)
%
% Basic conversions

Rh=Dh/2; % hub radius (ft)

R=D/2; % propeller radius (ft)
Rpod=Dpod/2; % pod radius (ft)
n=RPM/60; % convert propeller ratev(s)

delta=delta*pi/180; % convert azimuth angleljra

t1=[O:tstep:tmax];

dtheta=(0.5)*(pi/180); % step size of azimuthajlen1/2 degrees) = theta differential (rad)
thetal=[0:dtheta:2*pi]; % array of azimuthal andiescalculation/integration (rad)
dr=(R-Rh)/50;

r1=[Rh:dr:R];
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%
VA=Va*cos(delta); % axial inflow velocity cqmonent
VT=Va*sin(delta); % in-plane inflow velocitgomponent
%
%
% Calculation of modified inflow velocities due pod wake and strut/shaft wake VAt(j,k), VAt(j,kjt/§)
% modify for pod body wake
for j=1:length(rl)
r=ri(j);
if delta>=0
thetamin(j)=acos(Rh/r);
thetamax(j)=acos(-Rh/r);
else
thetamin(j)=acos(Rh/r)+pi;
thetamax(j)=acos(-Rh/r)+pi;
end
thetamid(j)=(thetamin(j)+thetamax(j))/2;
for k=1:length(thetal) % theta
theta=thetal(k);
if (abs(delta)>(10*pi/180))
if (theta<=thetamin(j))
VAL(j,k)=VA;
VTt(j,k)=VT*cos(theta);
elseif (theta>=thetamax(j))
VAL(j,k)=VA;
VTt(j,k)=VT*cos(theta);
elseif (theta>thetamin(j)) & (theta<etamid(j))
VAL(j,k)=VA*(1+(w-1)/(thetamid(j) Hetamin(j))*(theta-thetamin(j)));
VTt(j,k)=VT*cos(theta)*(1+(w-1)/(Btamid(j)-thetamin(j))*(theta-thetamin(j)));
else
VAL(j,k)=VA*(w+(1-w)/(thetamax(j) Hetamid(j))*(theta-thetamid(j)));
VTt(j,k)=VT*cos(theta)*(w+(1-w)/(Btamax(j)-thetamid(j))*(theta-thetamid(j)));
end
else
VAL(j,k)=VA;
VTt(j,k)=VT*cos(theta);
end
end
end
%
% Modify inflow velocities for stut/shaft wake
[=4.9/12; % distance from steering shaft to mielale location (ft)
d1=I*tan(delta)-0.5/12;
d2=I*tan(delta)+0.5/12;
Rminl1=(Rh"2+d172)"0.5/12;
Rmax1=(R"2+d1/72)"0.5/12;
Rmin2=(Rh"2+d2"2)"0.5/12;
Rmax2=(R"2+d2/"2)"0.5/12;
for j=1:length(rl)
r=ri(j);
if delta>=0
thetamin(j)=atan(d1/r);
thetamax(j)=atan(d2/r);
else
thetamin(j)=2*pi-atan(d1/r);
thetamax(j)=2*pi-atan(d2/r);
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end
for k=1:length(thetal) % theta
theta=thetal(k);
if (theta>thetamin(j)) & (theta<thetamak(j)
VAL(j,k)=0;
VTt(j,k)=0;
else
VAL(j,k)=VAL(,k);
VTt(j,k)=VTt(j,k);
end
end
end
%
%
% Calculate disk-averaged inflow velocities (inéhglpod wake)
for j=1:length(rl);
for k=1:length(thetal);
dVAmM1(k)=VAt(j,k);
dVTm1(k)=VTi(j,k);
end
dVAmM2(j)=1/(2*pi)*sum(dVAmZ1*dtheta);
dvTm2(j)=1/(2*pi)*sum(dVTm1l*dtheta);
end
VAM=2/(R"2-Rh"2)*sum(dVAmM2.*r1*dr); % disk-avaged axial inflow velocity (including pod wake)
VTm=2/(R"2-Rh"2)*sum(dVTm2.*r1*dr); % disk-avaged in-plane infow velocity (including pod
wake)
%
% BEM calculation/integration at current angle
%
for i=1:length(t1) % time
t(i)=t1(i);
%
T1=0; Q1=0; N1=0; M1=0; % initializetal force integration at time t
%
finished=0;
iter=1;
while (finished==0) % while loop
X(i)=atan2((VTm+Vxi0),(VAm+Vai0)); %alculate wake skew angle (rad)
lambda(i)=(VAm+Vai0)/(2*pi*n*R+Vti0); %ip speed ratio for Prandtl tip loss factor caltiola
%
for j=1:length(rl) % radius

r=ri(j);
Br=(Bh+((Bt-Bh)/(R-Rh))*(r-Rh))*pi/180; % blade pitch angle at radius r (rad)
c=ch*(1-((r-Rh)"2/(R-Rh)*2))"0.5; % blade chord at radius r (parabolicritistion) (ft)

F(j)=(2/pi)*acos(exp(-(Z2/2)*((R-r)/R)1+lambda(i)*2)*0.5/lambda(i))); % Prandtl's lss
for k=1:length(thetal) % theta
theta=thetal(k);
% calculation of modified imflovelocities due to pod wake VA(j,k), VT(j,k)
VAjK=VAL(j,k); VTjk=VTt(j,k);
Vaik(k)=Vai0*(1+(r/R)*tan(X(iR)*sin(theta)); = % element axial induced velp¢ft/s)
Vtik(K)=Vtio*(1+(r/R)*tan(X(i)2)*sin(theta)); % element tangential induwetbcity (ft/s)
Vxik(k)=Vtik(k)*cos(theta); Vait(j,k)=Vaik(k); Vtit(j,k)=Vtik(k)
Vas=VAjk+Vaik(k);
Vat(j,k)=Vas;

Vis=(2*pi*n*r+Vtik(k))+VTjk*ccs(theta);

Vps=(Vas"2+Vts"2)"0.5;
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phi=atan2(Vas,Vts);
a=Br-phi;
Cl=kl*(4*pi*eta0+2*pi*a);
Cd=kd*(0.008)+(0.06*CI"2);
Ts=0.5*rho*Vps”2*c*(Cl*cos(phiEd*sin(phi));
Fts=0.5*rho*Vps”2*c*(Cl*sin(pjiCd*cos(phi));
dTbek(k)=Ts;
dQbek(k)=Fts*r;
dNbek(k)=Fts*cos(theta);
dMbek(k)=-Ts*sin(theta)*r;
end % theta
dTbe(j)=2/(2*pi)*sum(dTbek*dtheta);
dQbe(j)=Z/(2*pi)*sum(dQbek*dtheta);
dNbe(j)=2/(2*pi)*sum(dNbek*dtheta);
dMbe(j)=2/(2*pi)*sum(dMbek*dtheta);
Vaibar(j)=1/(2*pi)*sum(Vaik*dtheta)
Vtibar(j)=1/(2*pi)*sum(Vtik*dthetq)
Vxibar(j)=1/(2*pi)*sum(Vxik*dtheta)
Vaibar1(j)=dTbe(j)/(4*rho*pi*r*(Va2+2*Vaibar(j)*VA+Vaibar(j)*2)"0.5)*F());
Vtibarl(j)=-dQbe(j)/(4*rho*pi*r*2/a*2+2*Vaibar(j)*VA+Vaibar(j)*2)"0.5)*F(j);
end % radius
Vai0=2/(R"2-Rh"2)*sum(Vaibar.*r1*dr);
Vti0=2/(R"2-Rh"2)*sum(Vtibar.*r1*dr);
Vxi0=2/(R"2-Rh"2)*sum(Vxibar.*r1*dr);
Vai01=2/(R"2-Rh"2)*sum(Vaibarl.*r1*dr);
Vti01=2/(R"2-Rh"2)*sum(Vtibarl.*r1*dr);
dVai=Vai0-Vvaiol;
dVti=Viti0-Vtiol;
if (abs(dVai)<1.0e-5) & (abs(dVti)<18¢ % convergence check
finished=1;
else
Vai0=0.5*(Vai0+Vai01l);
Vti0=0.5*(Vti0+Vti01);
finished=0;
iter=iter+1,;
if (iter>100)
finished=1,;
t=t
Vai0
Vtio
end
end % convergence check
end % while loop
for j=1:length(rl)
T1=T1+dTbe(j)*dr;
Q1=Q1+dQbe(j)*dr;
N1=N1+dNbe(j)*dr;
M1=M1+dMbe(j)*dr;
end
T()=T1;
Q()=QL;
Qinlb=Q*12;
N(i)=N1;
M(i)=M1;
Minlb=M*12;
Vaiot(i)=Vaio;
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Vtiot(i)=Vtio;
end % time
%
Tmean(d)=mean(T);
Qmeaninlb(d)=mean(Qinlb);
Nmean(d)=mean(N);
Mmeaninlb(d)=mean(Minlb);
Xm(d)=mean(X)*180/pi;
VaiOm(d)=mean(VaiOt);
Vtiom(d)=mean(V1iOt);
%
end % deltai
format short
A=[deltai; Tmean; Nmean; Mmeaninlb; Qmeaninlb; XvigiOm; VtiOm];
wklwrite('RectWakeOut.wk1',A, 0, 0)
%
%
% Plot inflow velocity components vs. theta for 0:8*R (j=35)
%
figure(1); clf; hold on;
grid on; plot(thetal*180/pi,VAL(35,:)/Va,'b");pldbetal*180/pi,VTt(35,:)/Va,'b");
axis([0 360 -1 1.5]);ylabel('V_A/V_a, V_\theta/V);@ox on;
title('Approximated pod wake inflow: w =0 \deka30 deg, r/R=0.8"); xlabel('Angle (deq)";
box on; legend('Approximate inflow velocity compaitieD);
text(155,0.78,'V_A/V_a");
text(155,-0.6,"V_\theta/V_a");
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A.2  Matlab® script for calculation of pod wake inflow Fourier harmonics for
MPUF-3A calculations

clear all;
%
delta=-30; % Input propulsor azimuth anglegd
Va=2.5; % Ambient/advance velocity (ft/s)
w=0.00; % Input wake fraction (mean frantof freestream velocity in wake of propulsor pod)
%
rR=[0.36 0.44 0.52 0.60 0.68 0.76 0.84 0.92 1.00]% normalized radii
dtheta=0.001;
thetal=[0:dtheta:2*pi];
delta=delta*pi/180;
%
RhR=0.36; % hub radius normalized to pitgp radius
%
%
VA=Va*cos(delta); % axial inflow velocity compone
VT=Va*sin(delta); % in-plane inflow velocity coropent
%
% Calculation of modified inflow velocities due pod wake Vat(j,k), Vit(j,k), Vrt(j,k) (ft/s)
for j=1:length(rR)
% Calculate min and max angles of the wakectorent radius (with theta = 0 opposite to infloov f
delta > 0:
if delta>=0
thetamin(j)=2*pi-asin(RhR/rR(j));
thetamax(j)=asin(RhR/rR(j));
thetamid(j)=0;
else
thetamin(j)=-asin(RhR/rR(j))+pi;
thetamax(j)=asin(RhR/rR(j))+pi;
thetamid(j)=pi;
end
for k=1:length(thetal) % theta
theta=thetal(k);
if delta>(10*pi/180)
if (theta>=thetamax(j)) & (theta<=thetanjjj(
Vat(j,k)= VA;
Vtt(j,k)=-VT*sin(theta);
Vri(j,k)= VT*cos(theta);
elseif (theta>thetamin(j))
Vat(j,k)= VA*(1+(w-1)/(2*pi-thetamin(jf(theta-thetamin(j)));
Vtt(j,k)=-VT*sin(theta)*(1+(w-1)/(2*pithetamin(j))*(theta-thetamin(j)));
Vri(j,k)= VT*cos(theta)*(1+(w-1)/(2*pthetamin(j))*(theta-thetamin(j)));
else
Vat(j,k)= VA*(w+(1-w)/thetamax(j)*(thetthetamid(j)));
Vtt(j,k)=-VT*sin(theta)*(w+(1-w)/thetaax(j)*(theta-thetamid(j)));
Vri(j,k)= VT*cos(theta)*(w+(1-w)/thetaax(j)*(theta-thetamid(j)));
end
elseif delta<(-10*pi/180)
if (theta<=thetamin(j))
Vat(j,k)= VA,
Vtt(j,k)=-VT*sin(theta);
Vri(j,k)= VT*cos(theta);
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elseif (theta>=thetamax(j))
Vat(j,k)= VA;
Vtt(j,k)=-VT*sin(theta);
Vri(j,k)= VT*cos(theta);
elseif (theta>thetamin(j)) & (theta<thetal))
Vat(j,k)= VA*(1+(w-1)/(thetamid(j)-thamin(j))*(theta-thetamin(j)));
Vtt(j,k)=-VT*sin(theta)*(1+(w-1)/(thetaid(j)-thetamin(j))*(theta-thetamin(j)));
Vri(j,k)= VT*cos(theta)*(1+(w-1)/(thetaid(j)-thetamin(j))*(theta-thetamin(j)));
else
Vat(j,k)= VA*(w+(1-w)/(thetamax(j)-thamid(j))*(theta-thetamid(j)));
Vtt(j,k)=-VT*sin(theta)*(w+(1-w)/(thetaax(j)-thetamid(j))*(theta-thetamid(j)));
Vri(j,k)= VT*cos(theta)*(w+(1-w)/(thetaax(j)-thetamid(j))*(theta-thetamid(j)));
end
else
Vat(j,k)= VA,
Vtt(j,k)=-VT*sin(theta);
Vrt(j,k)= VT*cos(theta);
end
end
end
%
% Normalize inflow velocities
Vatn=Vat/Va;
Vttn=Vitt/Va;
Vrtn=Vrt/Va;
%
% Calculate Fourier coefficients for 1st 16 harnesr(incl. Oth) for normalized inflow velocities
%
for j=1:length(rR)
for p=1:15
aa0=0;
aa(p)=0;
ba(p)=0;
at0=0;
at(p)=0;
bt(p)=0;
ar0=0;
ar(p)=0;
br(p)=0;
for k=1:length(thetal)
aa0=aa0+(1/(2*pi))*Vatn(j,k)*dtheta;
aa(p)=aa(p)+(1/(pi))*Vatn(j,k)*cos(prtal(k))*dtheta;
ba(p)=ba(p)+(1/(pi))*Vatn(j,k)*sin(p*dial(k))*dtheta;
atO=at0+(1/(2*pi))*Vttn(j,k)*dtheta;
at(p)=at(p)+(1/(pi))*Vttn(j,k)*cos(p*etal(k))*dtheta;
bt(p)=bt(p)+(1/(pi))*Vttn(j,k)*sin(p*tbtal(k))*dtheta;
arO=ar0+(1/(2*pi))*Vrtn(j,k)*dtheta;
ar(p)=ar(p)+(1/(pi))*Vrtn(j,k)*cos(p*etal(k))*dtheta;
br(p)=br(p)+(1/(pi))*Vrtn(j,k)*sin(p*tetal(k))*dtheta;
end
AA0(j)=aa0;
AA(j,p)=aa(p);
BA(j,p)=ba(p);
ATO(j)=at0;
AT(j,p)=at(p);
BT(.p)=bt(p);
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ARO(j)=ar0;
AR(j,p)=ar(p);
BR(j,p)=br(p);
end
end
%
%
% Check calculation by calculating velocities bagpdn truncated Fourier series and plotting
for j=1:length(rR)
for k=1:length(thetal)
val(k)=AA0());
vt1(k)=ATO(j);
vr1(K)=ARO0());
for p=1:15
val(k)=val(k)+(AA(j,p)*cos(p*thetal(KBA(,p)*sin(p*thetal(k)));
vt1(k)=vt1(k)+(AT(j,p)*cos(p*thetal(KYBT(j,p)*sin(p*thetal(k)));
vr1(k)=vrl(k)+(AR(j,p)*cos(p*thetal()BR(j,p)*sin(p*thetal(k)));
end
Valn(j,k)=val(k);
Vitln(j,k)=vtl(k);
Vrin(j,k)=vrl(k);
end
end
% plot to compare
% (not included)
%
%
% Output formatted Fourier coefficients to screen
format short
AA0=AAOD;
AAL=AA';
BA1=BA’;
ARO=ARO;
AR1=AR';
BR1=BR";
ATO=ATO;
AT1=AT;
BT1=BT}

%

format short

A=[0 0000000 0; AAD; AAL; BAL; ARO; AR1; BRIATO; AT1; BT1];
wklwrite("'WakeTemp.wk1'A, 0, 0)
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