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Abstract

This thesis presents threc aspects of marine propeller technology. 1) the theo-
retical design of small propellers; 2) some aspects of manufacturing, in particular,
propeller casting; and 3) tests on full scale vessels. Although this work was done
in the context of small fishing vessels, most of it is applicable to ships’ propellers
in general.

Two lifting line theory propeller design programs were written and tested. Their
usefulness was demonstrated by using test cases which involved real vessels and ex-
perimental test results. Through development of lifting surface corrections, results
can be produced, from the lifting line theory which closely approximate experi-
mental test data; also, propellers for specific vessels have been designed using the
new programs. The lifting line methods for propeller design, as used here, are
useful methods for designing propellers for small vessels for which few propulsive
or resistive data are available and for preliminary design of other subcavitating
propellers.

A 1/5 scale model of the vessel “MV SUGAR” was constructed to do a set of
model tests: resistance tests; open water propeller and self propulsion tests; and
hot film anemometer wake measurements. Although the model was designed and

constructed by the author, the tank testing was done by a visiting post-doctoral



fellow, Dr. Shukai Wu, The testing program was done to determine the propulsion
and resistance data required for lifting line propeller design and to compare model
and full scale results. A graph of the Taylor wake fraction and thrust deduction
fraction as measured from the model are given in the appendix. Complete test

results are given in the reference.

Sea trials were d to determine vessel propulsive perf fthe “MV
SUGAR” and the MV BECKY A. by using a purposc designed and instrumented
propeller stub shaft. Results from both full scale trials were analysed. These tests
confirm previous claims of very poor propulsive efficiency for these vessels.

A method for commercially producing a propeller casting was developed. This
method did not require the use of a solid pattern to produce the mould. A strickle
gear was designed and built to construct propeller moulds for propellers up to 24
inches in diameter. An expert system was developed to ensure that casting quality

could be maintained through information access on mould design. The system was

tested by producing a prototype propeller mould and casting for a model propeller.
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Chapter 1

Introduction

Propeller design has evolved very quickly over the past thirty years. Much of this
development is a direct result of the advances in digital computers. Techniques
used for design have become more powerful with improvements in the hardwere.
The object of screw propeller design is to determine the propeller geometry such
that certain conditions of operation are met; the main requirement is to convert the
power from an engine to produce thrust to propel a vessel. The primary require-
ments which must be met by a propeller design can be described in the following
terms. The most important criterion is that the propeller and the primemover arc

properly matched. That is, the diameter and pitch should be chosen lo absorb all



the power available at the correct operating speed of the vessel and propeller shaft
rpm (revolutions per minute). Engine and machinery choices should be optimized
for the highest possible cfficiency based on reliable hull and propeller performance
predictions. This usually means that the propeller itself must have the highest
possible efficiency, but in some applications where cavitation and radiated noise
reduction are important, a lower propeller efficiency may be deemed acceptable.
Also, the propeller must have adequate strength over its lifetime; this is governed
by the initial blade thickness and material sclection. Finally, from the perspective
of the manufacturer it must be possible to economically produce the design.
When propellers were first used for propulsion, very little was known about the
operation of the screw propeller and why it worked. Early designs were the product
of trial and error, and imagination. These were followed by formalized empirical
methods which produced workable propellers when used correctly. Momentum

theory was applied to

in the late ni: h century; it explained the
action produced by the propeller, but it did not give any insight into why these
things happened. Diameters were chosen more or les arbitrarily at first and then
through the use of the well known By-6 charts derived from model series tests

(Burtmer 1953). Cavitation inception was controlled to some extent by using charts,

such as Burrills cavitation diagram, to & ine the mini required blade area

of a standard propeller blade (Burrill 1965). Blade strength was based largely on



experience, and then later on simple beam theory, to determine the minimum root
{hickness and thickness distiibution along the blade span. Today, finite cloment
analysis is used to analyse blade strength in great detail.

Theoretical analysis was first applied to propellers in the form of momentum
theory. This helped to explain the operation of a propeller in basic energy terms,
but it could not be used as a direct design method. Today, theorctical methods
for propeller design consist primarily of different trcatments of circulation theory
of aircraft wings for operation in water. Wu (1965), Kerwin (1986), Glover (1987)
and the Propulsor Committee of the 19th ITTC 1990 (International Towing Tank
Conference) give a good review of these methods to date. Scveral of the differ-
ent methods will be discussed in general terms so that their basic approaches are
outlined.

In his dissertation of 1910, Betz, a student of the theoretical hydrodynamicist,
Prandtl, first formally formulated the circulation theory of aircraft wings for use

with screw propellers (Betz 1910). The vortex theory of propellers was developed on

the basic ion that certain ic qualities of the flow in which a propeiler
operates must exist if the energy losses are to be minimized. That is, the shects
of vortices shed at the trailing edge of the blades must be of true helical shape.
Goldstein (1929) developed this theory to account for the physical characteristics

of propellers - the most important being a finite number of blades. He showed that



the (potential) flow past a vortex sheet could be calculated by relating the two
theoretical cases of a propeller with a finite number of blades and a propeller with
an infinite number of blades. This produced the “Goldstein factor” for periodicity
of flow under conditions of optimum circulation. However, he neglected the effects
of the propeller hub.

The problem of flow analysis consists of determining the induced velocities at
the propeller blades. The large number of numericai calculations involved in the
implementation of the theories were a major obstacle during early development,

but have now mostly been overcome by high speed digital computers. Lerbs (1952)

lified the calculations by introducing the concept of induction factors. This
concept amounts to factoring the theoretical induced velocities into components
and expressing them in terms of ratios with respect to the speed of advance. Rigor-
ously calculated, the induction factors depend only on helix geometry and therefore

can be calculated independent of loading; they are as a result, valid under all load-

ing even when circulation is ti To achieve this, Lerbs made
certain assumptions: 1) The radial induced velocity was assumed to be negligible

in the cases of light to moderate loading; this however, is not the case for heavily

loaded propellers such as towing propellers. 2) The calculated hydrodynamic pitch
approximates the shape of the streamlines in the wake. These are assumed to de-

pend only on the axial and tangential velocity components. Lerbs' method became



known as the lifting line method for marine pr 'pellers because the forces produced
by the circulation are assumed to act along radial lines in place of the blades as
in the similar theory of airscrews. Kerwin (1986) explains that Prandtl (1918-19)
deduced that the three dimensional problem could be solved by concentrating the
circulation around high aspect ratio blades on individual lifting lines. These fines
praduce vortices in the streamwise direction, to account for changes in circulation
along the blade span.

Before high speed computers became readily available, Eckhardt and Morgan
developed an “engincering” approach to the lifting line method. They assumed
an optimum distribution of circulation, and a reduced thrust, proportional to the
Goldstein factor due to the number of blades - and proceeded to calculate the
induced velocities. This greatly reduces the amount of calculation involved. They
showed that their method produces only small errors under light and moderate
loading conditions and therefore is a very useful design tool (Eckhardt and Morgan
1955). The author has shown that, by writing an appropriate computer code, this
method is actually very useful for fishing vessel propeller design and sizing. These
computer programs are in use at a local propeller servicing firm (Hofmann 1989b,
1989c).

Classical momentum theory, as applied to propellers, forms the background to

the major assumptions used in the theoretical velocity field analyses. In general,



certain relationships can be shown to be true under various degrees of propeller

loading. That is, the hips between the of the induced veloci-

ties, their eflect on the slipstream and the degree of loading. Induced velocities are
the components of the velocity increase experienced by the fluid and imparted to it
by the propeller. Kruppa (1967) gives a good explanation of momentum theory. He
concludes with a definition of propeller loading in terms of the induced velocities.
The axial component of the induced velocity is assumed to be: 1) much smaller
than the advance velocity for lightly loaded propellers; and 2) approximately equal
to the advance velocity for heavily loaded propellers. Furthemore the ratio of the
squares of the axial induced velocity and advance velocity is small in moderately
loaded propellers.

Goldstein (1929) first formulated Betz's (1910) vortex theory for propellers for
the real case of a propeller with a finite number of blades. He showed that the ve-
locity characteristics changed substantially by removing the assumption of infinite
blade number. His analysis was done for the case of optimum circulation distri-
bution of a propeller with minimum energy loss. By calculating the ratio of the
circulation with infinite and finite numbers of blades, the Goldstein coefficients, &,
for periodicty of flow were derived.

Glauert (1947) showed that the individual airfoil sections along the blade span,

having certain characteristics of lift and drag, could be included directly into a



lifting linc calculation to design a propeller. However, he used momentum theory
to determine the average induced velocity at the lifting line.

Lerbs (1952) produced a rigorous method for calculating the induced velocities

under pti ditions of circulation. He then extended Glauert's meth-
ods to calculate elemental contributions to thrust and torque along the blade span.
These results were then integrated over the propeller blades to give overall per-
formance of the propeller. He effectively produced the first practical numerical
propeller design method which could be applied under various non-optimum condi-
tions of loading. Lerbs' methods were extended later to include corrections for the
effects of treating a three dimensional problem in two dimensions - lifting surface
corrections (Kerwin 1986).

Lifting line methods are very useful for conventional propeller design and are
used extensively by leading propeller manufacturers and naval authorities for pre-
liminary work (Paulson et al. 1982; private communication, J.L.Kennedy, Depart-
ment of National Defense, DND, Ottawa). The circulation distribution and hydro-
dynamic pitch are determined, before ‘hree-dimensional lifting surface methods are
applied (Kerwin 1986). The required pitch distribution can be constant or varied

(wake adapted). Blade tional ch istics are i d by using de-

tailed airfoil section data and lift-drag relationships. A strength analysis can also

be included by incorporating simple bearn theory direcily into the calculation to



obtain the primary stresses (Muckle 1941; Morgan 1954). Although this method
has been very successful, it does not directly account for three-dimensional effects
such as rake, skew, cross flow and flow curvature (Kerwin 1986). For many pro-
peller designs, these are of secondary importance, but they do play a larger role in
special propellers with wide, unsymmetric or highly skewed blades, where strength
and vibratory considerations are much more important. To help account for three-
dimensional effects the results of many lifting surface calculations are applied in
the form of lifting surface pitch and camber corrections (Cox 1961, Morgan et al.
1968). These corrections at one time formed part of ongoing work in lifting surface
theory which were applied primarily to refine and optimize designs produced by us-
ing the lifting line design method. However, ongoing work today focuses primarily
on using pure lifting surface theory and panel methods for design. These methods
are now used for the design of large propellers using input data from lifting line
theory. Lifting surface theory is used for a three dimensional analysis of the pro-
peller flow which takes into account the width of the blades. It can also account for
blade thickness effects by using source distributions on the camber surface. Pauel
methods are used for detailed analysis of particular regions of interest such as flow
around the blade root fillets or accounting for the effect of blade thickness on the
flow field.

Lifting surface and panel methods used for propeller design are the topics of




ongoing research in this field. However, due to the very limited data available,
in general, for small fishing vessels, the input data required for these techniques
would be difficult to obtain in the vast majority of cases. Lifting line techniques
on the other hand do not require as much detail and still yield useful results. By
using lifting line design and analysis programs, large advances in the design of
fishing vessel propellers can be made without the detailed numerical input required
for more sophisticated methods. Experience gained using lifting line methods could
lead to further development and the application of lifting surface methods to fishing
propeller design.

WAOPTPROP is the author’s core computer program for determining the ideal,
wake adapted, hydrodynamic design of a propeller. By using the inputs: advance
ratio, assumed induced velocity and number of blades, the actual induced velocity
components are calculated and the thrust, torque, ideal efficiency and pitch diam-
eter ratios are calculated by using Lerbs’ induction factor method. WAOPTPROP
was written keeping in mind the design approaches used in previous design pro-
grams based on Eckhardt and Morgan’s (1955) methods (Hofmann, 1989b, 1989c).

The second program written was for the analysis of propeller performance over
its operating range. This computer program (PPT2) combined Eckhardt and Mor-
gan's (1955) design method with airfoil theory to evaluate the thrust, torque and

efficiency of a propeller at conditions other than the design condition. Following an



approach previously used by the author (Hofmann 1990a), a lift and drag model
for airfoils was used to determine the operating angles of attack of the blade sec-
tions. Hence, the thrust and torque values could be determined. The two programs,
WAOPTPRGP and PPT2, together form a design tool which allow the complete
evaluation and design of a propeller under arbitrary loading conditions limited only
to sub-cavitating operation.

Fuel costs are the second highest variable cost to the small vessel operator
(besides crew). By making available more efficient propellers which can help to
reduce fuel costs, fishermen and other operators can benefit from the immediate
savings. The aim of this work was to develop a capability for the detailed design
of marine propellers of higher efficiency for smaller vessels such as fishing vessels.
Although the technology exists within the larger marine propeller manufacturers,
it is not in general available to small vessel operators. A consequence of custom
designed propellers is the difficulty and high cost of purchasing non-stock propellers.
To this end the question of manufacturing was also addressed.

The nost ical way of producing a complicated shape is by casting. Tra-

ditional methods of casting require wooden (or other materials) solid patterns which
are used to create a cavity in the casting mould. These are inherently expensive and
time consuming lo produce. By being able to produce a mould without the need

for a solid pattern, production costs can reduced substantially. The process can

10



also be applied to make patterns for stock or standard propellers. A strickle gear
was designed, built and used to make a casting mould (Hofmann 1990¢) without
requiring a pattern. A crude reverberatory furnace was built to melt a charge of
metal and a propeller casting was manufactured to demonstrate the viability of the
system for propellers.

As most of the know-how required to produce sound castings is based on experi-
ence, an expert system, PROCASTER, was developed to guide the user in choosing
the correct feeding and gating system for a particular case (Hofmann 1990d). The
system was written in the EXSYS PROFESSIONAL expert system shell, a unique
information access and storage tool for the foundry was devloped. It uses a rule-

based inductive reasoning process to determine appropriate riser and gating system

and to retrieve

I technical information through user inter-
active menus.

To bester understand the limitations of the design systems developed here, test
case vessels were equipped with a purpose designed thrust and torque measurement
system inserted into the propeller shaft. By comparing the behind the vessel per-
formance curves as measured during seatrials, with those calculated by using the
performance analysis program PPT2, the validity of the program could be gauged.
By using the results from calculations, model tests and sea trials, a new more

efficient propeller could be designed for a given vessel.



Chapter 2

Custom propeller design

2.1 Propeller Design

The first step in powering a given vessel is to determine the variation of hull re-
sistance within the operating speed range. This will determine the thrust power
required and hence the thrust the propeller must produce, taking into account the
thrust deduction fraction. The engine power can then be determined from the total
thrust requirement at speed, and the losses of all the components in the system.
Other allowances for power take-off for auxiliary machinery aud service allowances

for unsteady i ditions and perfc

P 13

in rough seas must also be
made. Although there are many ways to deal with these problems for large ships,

the emphasis of this work was to apply some of these engineering techniques to



smaller vessels such as fishing boats. With large ships, there exist many methods
for resistance prediction; wake data for single or twin or even triple screw ships are
readily available in the literature. Thrust deduction measurements have been com-
pleted from countless self-propulsion tests by many towing tanks. For small, hicavy.
full form fishing vessels, these data are rare and those that are available are not
generally applicable. Therefore, highly complex methods for propeller design are
not practical and will not give better or more reliable results than simpler meth-
ods. By applying methods such as the lifting line methods for propeller design,

very good results are achievable with much less sophistication than lifting surface

or panel methods.

The object of propeller design is to determine the overall geometric character-
istics such as diameter, blade pitch, blade shape and area, cross-section shape and
to ensure adequate strength. The design must produce the required thrust at the
design condition and yet not overload the engine at off-design conditions. Propeller
design involves the detailed analysis of the performance of the propeller. That is,
over its entire operating speed range the torque and thrust characteristics must be
determined so that the ofi-design performance of the vessel can be predicted and

optimizated within the parameters dictated by the vessel design (Gerr 1989).



2.1.1 Lifting line theory - Lerbs’ induction factor method

This section is a review of Lerbs’ (1952) paper outlining the method. An introduc-
tion is given to the design program which was written in this study and which was
based on this approach.

As has been stated previously, the blades are replaced by lifting lines whose
circulation, T, varies over the radius, r. Variation of I' across the span requires free
vortices to be shed between r and (r + dr), of strength T' = £Ldr from Stokes law.
The direction of the free vortex line is assumed to coincide with the direction of the
resultant motion relative to the lifting system, therefore, for a propeller, the free
vortex lines shed from the trailing edge of the blades are helices. The combination
of all the vortex lines can be regarded as vortex sheets. The flow induced by
the free vortex sheets can be found from Biot-Savart’s Law. A difficu’ x arises in
that the shape of the free vortex sheets depends on the induced velocity and the
induced velocity depends on the shape of the free vortex sheets, therefore, certain
assumptions must be made. These are: 1) for a lightly loaded propeller the induced
velocity influence can be neglected, which gives a true helical shape (ie. shape of
the vortex sheet is determined by inflow velocity v, the radius r and the rotational
velocity w ); 2) for moderately loaded propellers the induced velocity is taken into

account but the effects of ifugal forces on the sli and from

are neglected; 3) for heavily loaded propellers the effects of sli




and centrifugal forces must be included in the analysis (Heavily loaded propellers
were not considered in this study); and 4) the vortex sheets are not uniform helical
sheets. That is, the hydrodynamic pitch is not radially uniform.

The vortex sheets considered in the following are of true helical shape, con-
sisting of cylindrical vortex lines of constant diameter and constant pitch in the
axial direction. However, unlike previous work (Schubert 1940; Guilloton 1949)
Lerbs avoided any a priori assumptions with respect to pitch. The problem then

became the i calculation of the individual axial and tangential velocity

components w, and w;.

In developing this method, the relationships between the geometry and the flow
needed to be determined so that expressions for the velocity field of a symmetrical
helical vortex system could be found. In addition the influence of the hub cylinder
on the velocity field needed to be established.

The velocity field can be found by using two approaches. Using Laplace’s equa-
tion in the potential flow outside the vortex, leads to a houndary value problem of
a partial differential equation. The other approach is to apply the Biot-Savart law
which reduces the problem to an integration along a vortex line. Both approaches
give the same result. The former approach is used here.

Lerbs uses the analytical expression for the velocity potential as given by Moriya '

1While researching this subject, it was discovered that this reference as cited by Lerbs (1952)
was incorrect. The author was T. Moriya and not Kawada, according to the University of Tokyo.
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to avoid the claborate numerical integration of the Biot-Savart surface integrals re-
quired for other methods (Moriya 1933). Moriya's expression is valid for a vortex
system which is infinitely long in both directions. A system of g helical tip vortices
is considered corresponding to a propeller with g number of blades. The potential
of the hub vortex is subtracted from Moriya’s potential function - a potential of
an infinitely long symetrical system of g helical vortices of constant radius. r,, and
constant pitch angle, Bi,. For cylindrical coordinates the potential may be written

as follows (Lerbs 1952, equations 1a, 1b):

a) for internal points r<r,

+ PR KL (G song] @)

b) for external points r>1,

Llow - 2080, (B5) 4+ 23T, Kog (eI, (Hro)sinngs]  (2:2)

where, (z,,r) are cylindrical coordinates; z=0 at propeller disc, positive in direc-
tioa of flow; =0 at the first lifting line; k,=r, tan B, is proportional to the pitch
of the vortex lines; and v = y~z/k,. The I, K and I, K" are modified Bessel func-
tions and their derivatives with respect to their argument. T is the infinitesimal
circulation of one of the g vortex lines I' = €dr, and T is the circulation at one of
the lifting lines.

The object was to determine the induced velocities, not in the entire field, but
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at the lifting lines. In the expressions ¢; and ¢, the velocitics at the lifting line were
found corresponding to locations z=0 and »=0. These corresponded to a vortex
system extending from —oo <z< +00 in two dimensional flow while the vortex
system of the propeller extended from 2=0 to z=+cc in three dimensional flow.
The potentials were written extending from — oo to +00 with the halves ahead and
behind the propeller being equal by the Biot-Savart relations. It followed that the
axial and tangential components of the induced velocity at the lifting linc and the
bisectors were obtained from }¢; and }g.. However, ¢; and g, did not consider
the radial component of the induced velocity of the vortex system, therefore, if

the radial is needed the Biot-Savart integral must be used. Hence, the

analysis is i to lightly and mod ly loaded it

By differentiating the velocity potential for the internal and external flows with
respect to the axial and tangential direction, the induced velocitics are found (Lerbs
1952, equations 5a, 5b):

internal points: w,; = 124 and w;; =

2,
702 (7

)

ar
external points: . = 138 and w, = ;_7%3

and under conditions of light to moderate loading, the radial components were

assumed to be zero:

Wi = % and w;, = 34=0 at the lifting line.

The previously mentioned Bessel functions are replaced by Nicholson's asymptotic
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approximations which yield the final results for the induced velocities at the lifting

Jline as written below (Lerbs 1952 page 82).

The internal and external axial components were given by,

1 g0

Wai = k—;(l-{—B:)
- _Ld
Wee = Tlar !

and the internal and external tangential components were given by,

14T

wi = —-<B,
rdm
147

i = 51+ B)

where the constants By ; and Az are defined as,

(1+y,
T+y?

W1+ -DVTH¥+1)
1+ - /1443 xln——————ﬁ_I e PR

. 1 LI 1 )
T T F g 2t AT

ro _

ko lmﬂia

r z
R zotan fi,

(23)

(24)

(2.5)

(2.6)

(27
(2.8)
(2.9)

(2.10)

where f, is the pitch angle, z = r/R is the radius fraction on the propeller blade

and z, is the radius of the helical vortex line.

Upon consideration of these equations, it is apparent that as y — y, then the

induced velocity components tend to infinity. To avoid this difficulty, Lerbs intro-

duces the induction factors, i, and iy, which are defined by (Lerbs 1952, equations
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6),

B = v

These induction factors are the non-dimensional parts of the induced velorcities
which are related by ['/dr(r —r,). They relate the velocity induced at r by a
fictitious straight line potential vortex at r, parallel to the axis extending from
2=0 to z=co. Through this mathematical manipulation, a function (the induction
factors) was found that did not tend to infinity as the section radius approached

the vortex radius (ie. the induction factors remain finite, as r—r,). Hence, the

induction factors are written explicitly as follows (Lerbs 1952, equations 7),

i = yﬁ— 2o+ 8) (.11
- -gm—;ﬂ:(?—nm (2.12)
i o= g(%—])B; (213)
e = —g(?-n(ua,). (2.14)

These factors depend only on geometric characteristics of the helix and not on the
circulation (that is, on the relative position of the reference z to the point z, at
which the vortex is shed and on the pitch angle of the vortex line). Therefore, these
factors are valid under any type of circulation, or in other words, under any loading

conditions.



Hub Influence

The propeller hub imposes certain boundary conditions on the circulation at the
lifting line and on the induced flow. The circulation at the hub must be zero.
(Intuitively, the hub does not produce any lift, so this must be true.) By imposing
the condition that the circulation must be zero when approaching the hub surface,
a discontinuous change in circulation occurs. This would mean that no equalizing
pressure would be possible at the hub, but in real terms, a flow between adjacent
blades produces an equalization in pressure between the pressure side of one blade
and suction side of the next blade. A continuous change in circulation is therefore
possible at z, = ra/R, the (non-dimensional) hub radius. The hub also requires
that the radial component of the induced velocity be zero from the impermeability
condition on the hub surface. This condition does not enter into the present analysis

because the radial velocity component is neglected.

The Velocity Field

The velocity components induced by g equally spaced helical vortex lines are ob-

tained by i ing over the respective el y of the vortex lines.

Integrating the free vortices at a station z of a lifting line gives the components in

terms of the speed of advance. From i; and i, and the non-dimensional circulation
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G=T"/xDv, the following integrals can be written (Lerbs 1952, equations 12),

wo_ 101dG_1

B b ol O 2.15
v = 2adnoa 1)
ws 1p1dG 1 .

= =] ———, 5 2.
v 2 /5, dro 1 — :,"’dh (215}

These integrals represent the induced velocity components and correspond to
integrals which occur in the theory of airfoil sections of finite span.

It is convenient to introduce a new variable ¢ (not the same ¢ used to define
velocity potential in the previous discussion) such that at the hub, z4, ¢=0 and
at the tip of the blade, =1, ¢=m. ¢, is also defined in this way, but it locates
the corresponding point on the vortex line and references the influence of the other

positions of ¢ to the location under ideration. The general ion for the

reference radius is, therefore, given by (Lerbs 1952, equation 14),
1 1
z= §(1+z;.)—5(1 — zp) cos ¢, (2.17)
The circulation G, across the span, is replaced by a Fourier series approximation
of the form (Lerbs 1952, equation 15),
G =ZI%_ Gmsinmg. (2.18)
Introducing this into the expression for w;/v gives the complete component of the
induced velocity as the circulation is continuous.
The induction factors depend on both ¢ and ¢, in addition to the number
of blades and the pitch angle of the vortex lines. The induction factors are also
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expanded into a Fourier series (Lerbs 1952, equation 16),
iau(#)60) = Epsoln(@) cos ndo. (2.19)

When these are inserted into the respective expressions for axial and tangential

induced velocity ratios, the following expressions are obtained (Lerbs 1952. equation

17).
% = l_“s:ﬂmcmh;m (2.20)
gy o [" (8,60 cosmds
Ho) = [ HeE s,

= lgw ™ cos(m + n)ge v cos(m — n)g,
= TR g gt | i Seg 4 220

Glavert (1947) solved the integrals [ S5t 2dgy = w84 5o the equation for
k!, is written in series form, suitable for numerical evaluation (Lerbs 1952, equation
17a).

B = ;lx—é[sinméﬂ;’;nliw)cosné +cosmgZ, . It sinnd] (222)

Similarly for the axial component (Lerbs 1952, equations 18, 18a),

Wa _ 1 - o
%= I TRamGat ) ()

he = ﬁ;(sin meET_ [1($) cos ng + cosmPE, ., [Esinng].  (2.24)
hym becomes indefinite at the endpoints where ¢ equals 0 or 7 radians. L'Hospital’s
rule was applied to get the limits at these two end points (Lerbs 1952, equations
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19):
hf{0) = #[mETLol?(0) + Eiimyinli?(0)] (2:25)

e

= -7 cos(mm)[mEmolt*(m) cos(nm) + £, n1s(x) cos(n)2.26)
Hence, the induced velocities were related to the circulation distribution and

the induction factors. Therefore, the induced velocities could be calculated for any

given distribution of circulation. Successive

pproximations were necessary to meet
the condition that the vortex sheets and the relative stream lines coincide at the
lifting line, since, the induction factors depend on the direction of the sheets and

therefore on the induced velocities.

2.1.2 Hydrodynamic propeller design - WAOPTPROP

How were the expressions derived in the previous section used to design a propeller?
The first step was to determine the design conditions under which the propeller was
expected to operate. Once these had been established, the hydrodynamic design
could be initiated.

The characteristics of interest were the diameter, the pitch required to produce
a certain thrust while consuming a specified amount of power and the propeller
efficiency. The required thrust or the available power are often the governing crite-
ria. The diameter is determined by the aperture size or by calculating the optimum
diameter from empirical results such as the Wageningen B,-6 screw series results
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oot sesigned and writien by: Thomas Hofr-3nn,

Figure 2.1: Propeller design program flow chart.
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(Burtner 1953). The final diameter will often be optimized for best efficiency, low
noise and tip-cavitation free operation on large ships. For smaller vessels the pre-
liminary design process is not so detailed and is limited to a selection of diameter
according to aperture si. » and a check on the likelihood of cavitation uccurring by
using Burrill's chart, for example (Burrill 1944).

The thrust and power (or torque) coefficients were calculated in non-dimensional

form for convenience and were used to determine the final results - propeller specifi-
cations. The Lerbs lifting line method forms the basis of the program, OPTPROP,
that was written as part of this study. It was then modified to include wake adapted
propeller capability; WAOPTPROP is the modified version. The program was writ-
ten using VAX FORTRAN, but as the intended use is for personal computers, no
standard routines are used. All the subroutines were written in a form which will
allow compiling using a simple PC FORTRAN compiler.

Refer to figure 2.1 for the following explanations. The blade radius fractions
were defined in terms of the angle ¢ as outlined in equation (17). The benefits
of this type of definition, instead of the conventional method of a percent of the
radius of the propeller, was that the mathematics can be handled more casily in
polar form. This format also resulted in a concentration of stations at the hub and
tip where the circulation distribution varied more rapidly than around the centre

of the span.
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Given the number of blades, the hub radius ratio and the advance ratio (non-
dimensional speed), the program WAOPTPROP calculated the ratios of the ref-
erence location z, and the locations of the other reference points of influence to

the vortex. The subroutine INDUCT then calculated the ding ind:

factors, cquations (2.11), (2.12), (2.13), (2.14), which are the solutions to the lcft-
hand side of the Fourier series as given by equation (2.19). Equation (2.19) could
be written in matrix form, (7X7 bocause, there are seven blade sections, at each
of which the corresponding equation has six Fourier coefficiencts and a solution),
which was then solved by using the Gaussian matrix inversion technique in the
subroutine GAUSS. GAUSS was written to avoid the use of mainframe library rou-
tines which could hinder transfer of the program to a personal computer. To avoid
the accumulation of excessive rounding errors, double precision computations were
used throughout. Having found the Fourier coefficients of the induction factor se-
ries, the I(¢) values, the program proceded to calculate the various parts for the
hy! factors which were used to calculate the non-dimensional circulation.

To calculate the circulation distribution in the form of a Fourier series with a
limited number of terms, the following system of equations was set up in the form of
an augmented matrix (Lerbs 1952, equation 23). Having calculated hZ! previously

using equations (221) and (2.23)

SharmGnlh () + 2hE )] = (1 - 20 . )
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The factors hm, A; and x were calculated and a value of ideal efficiency was assumed
to initiate the calculation. The system of p linear equations were solved using the

subroutine GAUSS to find the coeffici G, of the ci ion series

Hence, the circulation distribution could be calculated by summing the Fourier

series at each location z./z.

circulation = I5,_,Gp sin jé (2.28)

where, j: ber of locations, p ber of coeffici

Given the coefficients G, the axial and tangential velocity components were

calculated as ratios of the advance velocity as the following sums:

w
oo (2.29)
w,
= = (2.30)

The hydrodynamic pitch angle was then calculated according to the relation derived

from section geometry,

f
tanf = 1e (231)
A

<k

followed by the hydrodynamic pitch-diameter ratio
% = rztanfi. (2.32)

Finally, the ideal thrust and power coefficients were calculated by integrating
the elemental thrust and power coefficients across the span of the blade by using
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the trapezoidal rule. The elemental thrust and power coefficients are,

%

e = [ 40:1“‘—*"\—_\: (2.33)
s w

Cr = /401'}‘7 (2.34)

which lead to the propeller ideal efficiency n = Cr/Cp.

The assumed value of ideal efficiency made at the beginning would not neces-
sarily correspond to the actual value required in the design condition. Therefore,
it was necessary to iterate for a range of values and determine the correct induced
velocity according to the required thrust or power coefficient.

These results were for the ideal case since frictional effects were not yet taken
into account. Frictional effects were incorporated into the formulation by super-
imposing the empirical data from airfoil sections and accounting for the losses in
thrust through adjustments in pitch. A strength of the method was that it could
account for non-uniform flow in the wake by allowing for a radial variation of wake
(ie. wake adapted). Other effects not accounted for in this method stem from
neglecting the blade width. Therefore, it could be stated that as the propeller
blades move away from straight, high aspect ratio configurations, the accuracy of

the method decreases. However, this method is used by most leading designers and

f: of marine llers for prelimi

'y design of large or special appli-
cation propellers, especially wake adapted propellers, or for designing conventional
propellers where extensive analysis is not required.
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Wake adapted propellers

The wake behind the vessel in the region of the propeller disc is assumed to vary
radially, and is assumed to be constant over the circumference at each radius. To
determine the useful thrust of a propeller operating in the wake, the circulation
distribution must be determined by taking into account the wake variations. To
express these characteristics mathematically, Lerbs (1952) defined the following

terms: the di ional ci jon distribution G = ;J-, the advance ratio

A, = 345, the resistance augmentation dT = dR; + A(dR,) = dR, +dT where,
dRy = dT(1—t(z)), and the wake fraction w(z) such that v = v,(1 —w(z)). Both t
and w are considered functions of z and are assumed to consist of two parts releting

potential flow (subscript p) and viscous flow (subscript f).

u(z) = u,(z) +0(z)
) = ty(2) + ty(z)

With these definitions, Lerbs obtained the power input and useful power coef-
ficients on the basis of the Kutta-Joukowski law (Lerbs 1952, equations 24, 25):

B

Cpi = T = cm w)+‘:;"m (2.35)

Cpu = ./: d{é:;v:)d:—4 / (Ai‘——%:(l—t)dz (236)

A
The induced velocity ratios are related to the circulation by the integrals (Lerbs
1952, equations 26); these are similar to equations 2.16 and 2.17 except that ship
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speed is substituted for speed of advance:

o 1p1dG 1

il e L
1

= ————FnmGahl, 237
P (237)

L4 lprde 1 iid%,

v g dzfz-zo) °
= L pmGah, (2:38)

(1=za)

The di jonal circulati G, was again d as a Fourier series as in

cquation (2.18). The optimization problem tobe solved was to maximize the output
thrust power, Cp,, given a constant input power, Cy, requiring that the incremental
change in input pover equals the output pover (Lerbs 1952, equation 28):

o _ _

o (2.39)

where k is a constant independent of z, and the wake and thrust deduction are
assumed to be known.

Substitution of equations (2.17), (2.35), (2.36) into both (2.33) and (2.34) will
cnabled the integrals to be calculated. Equations (233) and (2.34) will have been
transformed into sums of polynomials of G, and a system of m equations in m
unknowns (G, values).

Lerbs discovered several difficulties when he d to apply these

to actual propeller design. Firstly, these equations are not linear in Gm; secondly,
the multiplier k could not be eliminated, requiring several solutions to be found so
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that k could be interpolated from Cy;; thirdly, the thrust deduction was not known
with sufficient accuracy to justify the laborious calculations,

Dickman (1938) developed a relationship between wake fraction and thrust de-
duction fraction analytically, but it gives only the potential part of the increased

obtained from self- Isi

test analysis, particularly when there is a
large variation in wake (Lerbs 1952).

Van Manen (1952) gives an i lationship between thrust

fraction and wake fraction based on calculations and experiments. The ratio of the

local value and global value of each is related as follows:

Van Manen states that this relationship is justified as ¢(z) varies little over the
outer blade sections and it also implies a lower blade loading at the inner radii
where #(z) is greatest.

In previous work, Lerbs derived the optimum condition in terms of the wake

fraction, thrust deduction fraction and the ideal propeller efficiency (Lerbs 1952).

tan 8
tanf;

(240)

[

He then assumed that the variation of thrust deduction could be neglected to get

(=) (1

w,)

the approximate optimum condition (Lerbs 1952, equation 31):

B o ) e, (2a1)
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I(x) is assumed 10 be known from efficiency diagrams (for example, Kramer 1938),
or from wake measurements. For a free-running propeller, Betz's general optimum
condition expressed as, tan/tanf, is independent of radius. That is, the eficiency
of an increment of circulation s independent of radius. Van Manen (1952) deduced
a similar relation as (2.41), but in his case, the exponent was set at 0.75 instead of
0.5.

Modifying equation (230) slightly to account for a variable wake gives,

(2.42)

Manipulation of equations (2.37), (2.38) and substituien into (2.35) and (2.36)
gives an integral equation for the variation of circulation with position along the
span (Lerbs 1952, equation 32). This integral is rewritten in Fourier series form
to give a system of linear equations in m unknowas. This is solved as before at m
stations Lo obtain the coefficients Gy for the circulation. The induced velocities are
then calculated using the expansions (2.37) and (2.38). The input power coefficient
is calculated and checked against the required value to refine the estimated ideal
efficiency assumed in equation (241). Once the induced velocities were calculated,
the lift coefficient/chord length ratio could be calculated according to the relation

as given by Lerbs,

Cul _ Geshi
'1;' = :‘_T'ﬂh (2.43)
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which d ines the section ch istics and hence the basic propeller blade

geometry.

Given the computer program WAOPTPROP, the propeller design procedure is
straight forward. The wake distribution is measured or estimated for the given
design speed and the required input power coefficient is calculated using equation
number (2.35). The program then iterates from an assumed low valuc of ideal effi-
ciency to a solution by progressively closer approximations to the required Cy; based

on increments of assumed ideal propeller efficiency. The final results of the program

are the power and thrust power coefficients as calculated, the hydrod. ic pitch
distribution is given in terms of the pitch diameter ratio. Figure 2.2 gives a sample
output from the program for a single iteration. The circulation distribution gives
the distribution of loading along the blade span. The induced velocity ratios are
printed out next followed by the design results. Cj; is the required value of power
coefficient; Cr and Cp are the calculated values of thrust and power coefficients; d
is the propeller diameter; pitch, is the mean pitch in uniform flow; and EFF is the
propeller ideal efficiency. For wake adapted analysis these would be followed by the
radial pitch distribution. Appendix B gives the FORTRAN listing of the program

including all the subroutines.



CIRCULATION WITH INTERMEDIATE POINTS

1RADX=  0.2000000
2RADX= 0.2136297
3RADX= 0.2535899
4RADX= 0.3171573
SRADX= 0.4000000
6RADX= 0.4964724
TRADX= 0.6000000
BRADX= 0.7035277
SRADX= 0.8000001
10RADX= 0.8828428
11RADX= 0.9464102
12RADX= 0.9863704
13RADX=  1.000000
14RADX= 0.9863704

INDUCED VELOCITIES

WIV( 1)=
WIV( 2)=
WTV( 3 )=
WTV( 4)=
WIV( 5)=
WIV( 6 )=
WTV( 7)=

0.2327480
0.2137835
0.1646722
0.1125691

CIRC2= O.
CIRC2= 1.
CIRC2= 2.
CIRC2= 2.
CIRC2= 3.
3.2321583E-02
3.2284081E-02
CIRC2= 3.
2
2
L

CIRC2=
CIRC2=

CIRC2=
CIRC2=
CIRC2=

CIRC2= -9

WAV (
WAV(
WAV (
WAV(

8.3773755E-02 WAV (
7.0740819E-02 WAV (
6.7371733E-02 WAV(

0000000E+00
1169008E-02
0585597E-02
7182156E-02
0876445E-02

1085309E-02

.8484998E-02
.4026178E-02
.7510720E-02
CIRC2= 9.
CIRC2= -2.

2493016E-03
6780986E-09

.2493081E-03

1 )= 0.1689280
2 )= 0.2055833
3 )= 0.2444799
4 )= 0.2472781
5 )= 0.2439426
6 )= 0.2422469
7 )= 0.2430193

iterations required

CPI= 0.7840000000000000
diameter= 1.000000000000000
0.9658955

CT= 0.7355737 CP=

EFF= 0.7615458

pitch=

0.7448814712329811

Figure 2.2: Sample output from WAOPTPROP.
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2.1.3 Results from propeller design

The design program WAOPTPROP was tested by reproducing the published cal-
culation results in Lerbs’ (1952) paper. It was then used to address a typical case
of engine and propeller mis-matching.

As the various sections of the program were written, they were tested by re-
producing the examples given by Lerbs (1952). Invariably, the calculated values
differed only in the third or fourth decimal place. Lerbs’ original calculations were
done by hand while the encoded calculations were done in double precision to avoid
rounding and truncation errors. However, there was still some doubt as to how well
the program could predict the required pitch distribution on an actual propeller.

The opportunity to use the program on a specific vessel arose during the spring of
1991. The owner of a 75 ft. (23 m) long, steel, shelter deck stern trawler, MV BEAR
COVE POINT, consulted with the local propeller firm Avalon Propulsion Systems
Limited, (APS), about reconditioning the vessel’s propeller. During discussions
the owner complained of poor performance at sea. The vessel had apparently
never performed to specifications even though it had a large amount of installed
power. The trawler was a lengthened 65 ft (about 20 m) design and had a fully

enclosed processing deck installed. These modi ions increased the displ;

substantially. No other structural changes were made to the original design except

that the main engine power was increased. The result was a vessel that could
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not achieve the design speed of about 10 knots. The maximum speed recorded
was about 7 knots in port departure condition. The original propeller supplier
attempted to correct the problem, but failed. Some time later another attempt was
made by another propeller company which also failed. Through consultation with
APS, it was surmised that the poor vessel performance at sea was attributable to the
existing propeller. The vessel was inspected while in drydock at St.John’s. It was
found that the single chine, steel hull exhibited a very full midship section and that
the maximum propeller diameter was very restricted for the installed power and
shaft speed (rpm). As with most vessels of this type in the region, very few vessel
performance data were available. A uniform steady flow design calculation was
carried out using WAOPTPROP to determine the correct pitch/diameter ratio. A
similar calculation was carried out by using WAP (Hofmann 1989d) and by using the
slip method for determining pitch (Gerr 1989 and appendix A). From experience,
the installed power was considered sufficient for propelling the vessel 2t 10 knots
in the fully loaded condition. There were no values for wake or true slip available
for this or similar vessels. Again, from experience with full form fishing vessels in
Newfoundland, the wake fraction was estimated to be about 0.40 (see for example,
Wu and Bose 1991) and the true slip about 0.45 (Gerr 1989 and appendix A). All
three of these calculations yielded essentially the same result: a pitch to diameter

ratio, P/D=0.84.
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‘WAP uses the Eckhardt and Morgan (1955) design methed. The design condi-
tion to be specified in this case was the required thrust. This presented a problem
because resistance data do not exist for this vessel; therefore, an estimate was made
based on model tests on a very full form 20m vessel done by Nordco Ltd. (1990).
This program led to a pitch/diameter ratio of 0.825, From experience of previous
use at Avalon Propulsion Systems Ltd. (APS), WAP tends to underestimate pitch;
this is borne out by the comparison with other methods as shown in table 2.1.

WAOPTPROP was used in this case to calculate a range of power and thrust
coefficients. By incrernenting the assumed ideal propeller efficiency, the dependence
of thrust coefficient, Cr, and power coefficient, Cp, on hydrodynamic pitch was cal-
culated and plotted. Figure 2.3 shows a plot of the thrust and power coefficients
as a function of the hydrodynamic pitch. Which curve is used to determine the
required pitch depends on the chosen design point; either the required thrust, to
propel the vessel at a certain speed; or the available power for propulsion. The de-
sign coefficients were determined from the following relationships which correspond

to equations 2.35 and 2.36 for useful and input power, respectively.

T

Or= TRV}
wQ

Cr RV}

(2.44)
where T is the required thrust; Q is the shaft torque at rotational velocity w; V4
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Table 2.1: Comparative results for P/D: MV BEAR COVE POINT.
design method P/D
WAP 0.825

slip method  0.845
WAOPTPROP _0.839

is speed of advance; R is the propeller radius; and p is the water density. The
propeller efficiency was defined as n = Cr/Cp. These values are related to the

usual K, and K, by:

_Cr
K'_-VA
. _Cr
Ky=sr

The curves were used to determine the required propeller pitch by drawing a
vertical line through the design point power or thrust coeflicient and reading off the
corresponding pitch. In this case the design point chosen was a power coefficient
cqual to 1.141 which gave a pitch of 1.45 m.

Another problem foreseen in this case was inadequate blade area. Due to the
restricted diameter and increased power output, the standard propeller installed was
ineffective in converting all of the power. Inspection of the blade surfaces indicated
a substantial amount of surface cavitation on the suction side which would have led
to areduction in thrust. It was also reported by ship's personnel that the engine fuel

rack position did not reach full throttle except when auxiliary loads were high. The

38



Propeller cocfficients "MV. BEAR COVE POINT"

hydrodynamic pitch (m)

@ i

o 1 2 3 ‘ 5
thrst coefl, O power coefL,, Cp

Figure 2.3: MV BEAR COVE POINT pitch determination.

thrust loads were estimated and found to be high; average blade loading was around
18 pounds per square inch (psi) ( a value of 6 psi is suggested as a maximum mean
pressure, Burrill 1943-44). It was necessary to increase the expanded blade arca
ratio to lower the mean loading and to avoid thrust break-down due to cavitation.

A solution was recommended which involved a major alteration to the existing
propeller. The diameter was increased by two inches to 1.778 m (70 inches) in
diameter. This was the maximum diameter allowed by aperture size plus clearance.
The pitch was altered to 1.525 m (60 inches) and the blade area was increased by
20%, from 0.54 to 0.68 to reduce the mean blade loading to below 6 psi. To
help increase the propeller efficiency the tip loading was increased by altering the

distribution of area toward the tips. That is, the tips were squared-off more from
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the standard elliptical design of the original propeller. Vibration was not a concern
with this vessel.

The work was done as suggested by APS. The owner reported back after his
first three voyages with the altered propeller. There was no appreciable change
in the noise levels experienced in the work area of the shelterdeck. Thercfore, the
reduction in tip clearance had not increased the propeller induced hull vibration.
The design speed had now been achieved in port departure condition (usually a
full load of ice and fuel and provisions for ten days at sea). The transit speed
had increased from 7 to about 9-9 1/2 knots under full load. The owner was quite
pleased with the results. The gain in speed had reduced his steaming time to and
from the fishing grounds by 8 to 10 hours. This saved him fuel and other costs
because of quicker turn-around and fewer hours at sea.

A new propeller was subsequently purchased (after the skeg was lowered to allow
a further increase in diameter) which had nominal dimensions: 1.830 m (72 inches)
in diameter; the pitch was equal to 1.525 m (60 inches) as before; and an expanded
blade area ratio of 0.70. The altered propeller was retained as a spare.

The level of confidence in the results from the new program increased substan-
tially because this case was successful. The results described show that by applying
sound engineering to difficult propeller problems, workable solutions can be found.

The use of the program as an independent design tool looks very promising. The
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wake adapted propeller feature has as et not been used for actual design cases. It
should be noted that although it can potentially produce a better design. the de-
tailed wake information required is usually not available. The program is expected
10 become more uscful when more detailed wake and resistance data become avail-

able.
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2.2 Hydrodynamic propeller performance

The propeller designer is i d in the p of a propeller

under off-design conditions for several reasons. These include the need to optimize
propeller designs for particular applications (e.g. towing); the avoidance of “over-
pitching”, and hence engine overloading; and to ensure compliance with design and
performance specifications such as bollard pull and trial or design speed.

Initially, an attempt was made to write a computer program as suggested by

Lerbs (1952) using the induction factor method iousl, lained. However,

after considerable effort it became apparent that the complexity of the numerical

d required to simull solve two i d d

sets of

iteratively, far outweighed the potential gains in accuracy. This may be the reason
why no referc 'ces were found in the literature in which Lerbs’ suggested method was
used in computations. In cases where high accuracy is required, a lifting surface
program can be used (Greely and Kerwin 1982). Therefore, based on previous
experience (Hofmann 1990a) and on published material by Kerwin (1959), Burrill
(1943-44) and Bose (1983), a new program was written to analyse the hydrodynamic
performance of a propeller throughout its range of operation. The method used
was from the propeller design method by Eckhardt and Morgan (1955); this is a
lifting line method which assumes that circulation is optimum. The method was

developed to avoid the complex calculations required by Lerbs' method for design
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so that reasonble results could be obtained by hand. It makes use of Goldstein's
factors for periodicity of flow for a finite number of blades. The authors showed that
by avoiding high propeller loading, only small errors were incurred at the design
condition.

The question could be asked: why was this work justified when there were much
more sophisticated methods available for propeller analysis? The primary reasons
were simplicity and scarcity of specific information.

During the course of this work the lifting surface steady flow analysis program
produced by Greely and Kerwin (1982), MIT-PSF-2, was used for verification of
the new program’s results. Six test propellers from the Wageningen B-serics were
analysed: two 3 bladed, two 4 bladed and two 5 bladed propellers (van Lammeran
et al. 1969). It quickly became apparent that PSF-2 was quite cumbersome to use.
For each advance coefficient of interest, a new data file needed to be written. For a
minimum of three values of advance coefficient on the thrust and torque coefficient
curves for the six test cases, the 18 runs required took two days to complete.

The performance analysis program written as a part of this project is called
PPT2. Using PPT2 and another program, BKTKQ, written to calculate the re-

gression

of the B-series i I results, a full range of points
were calculated for all the propellers in about one and one half hours. A half of

a day was required to plot all the results. These are substantial savings in time;



firstly, of computer time required to run the programs; and secondly, of time spent
by a qualified (and cxpensive) designer. This is a major consideration for a com-
mercial enterprise. Other considerations include the awkward way in which the
program must be run (using data files etc.) and the possibility of transferring the
programs to micro-computers or personal computers. The MIT program is diff-
cult to use on a micro-computer because of large memory requirements, while the
present programs have only a limited memory requirement which makes them ideal
for micro-computer use. As they were written without using library programs such
as those for matrix inversion, they can be easily compiled for the appropriate FOR-
TRAN system with only minor adaptations. Finally, the user keyboard input makes
PPT2 much more user-friendly and does not implicitly require a good understand-

ing of propeller design or of lifting surface techni For ional 1)

MIT-PSF-2 is in general too sophisticated; it produces very detailed output that
would rarely be used for day to day work on small propellers. Its high commercial
purchase and operating costs cannot be justified in a smaller commercial setting;
the programs were available at a reduced rate with the restriction that they could
only be used for university research.

A serious drawback of previous analysis programs (for example, Kerwin 1959,
Burrill 1943-44) was that they assumed an ideal lift curve for the blade sections

without allowing for stall. Stall was allowed for by Bose (1983), in his windmill anal-
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ysis program, by implementing an idealized lift and drag model which extends well
beyond the stall region of airfoil section operation. Bose's approach was adapted
to marine propeller performance analysis as part of earlier work (Hofmann 1990a).
In the latest version of the program, PPT2, this method was refined by taking

into account different types of airfoils and their specific lift characteristi

5. Also,
by using an improved modular programming technique the correct angle of attack
of an individual section could be more accurately determined. The lift model and
methods are explained in the subsequent sections.

After running the MIT-PSF-2 program for the B-series propellers it was found
that in some cases the results produced at low advance coefficient differed greatly

from the i | results. These di ies were possibly due to limitations

in the potential lifting surface theory which cannot account for flow separation,
because there is no viscosity by definition; although viscous drag is included by using
a constant drag value. PPT2 however, accounts for flow separation by modelling

the stall region of the sections and therefore produces a more rational result at low

advance coefficients. This was an i feature because many small vessels
operate at relatively low advance coefficients (less than about 0.5). By developing
appropriate corrections for PPT2, the differences in the calculated thrust and torque

coefficients could be reduced so that the program re-produces B-series data.



2.2.1 Propelier performance analysis program - PPT2

The propeller performance analysis program PPT2 calculated the thrust and torque
cocfficients and the propeller efficiency over the full range of operation of a pro-
peller. The numerical design method of Eckhardt and Morgan (1955) was adapted
to calculate the airfoil section lift at a radial blade location. To determine the
appropriate angle of attack at which individual sections operate, the calculated
lift was compared with the lift possible from the section (as given by a lift model).
When the correct value was determined, the lift of the section was recalculated. The
thrust and torque for the whole blade was found by integrating the recalculated

values at the blade sections.

2.2.2 Main program

PPT2 is a FORTRAN program written on a VAX 8530 computer. Again library
programs were not used so as to make transfer to other computers and micro’s
as simple as possible. The main program handles the data input and controls
the function of the various subroutines and outputs the results. The following
paragraphs describe in detail the program operation. Figure 2.4 gives the flow
chart of the program PPT2.

The title and acknowledgements pages were followed by data input from the

keyboard. The data which were required as input to run the program were as
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follows: propeller diameter, number of blades (3,4,5, or 6), expanded blade arca
ratio, propeller shaft revolutions per minute, and the overall (Taylor) wake frac-
tion. Wake adapted analysis could be chosen if the data were available. The pitch
diameter ratio was then typed in at the prompts. The option for specifying the
type of airfoil section followed. The current version of PPT2 had three options:
NACA a=1.0 mean line, NACA a=0.8 mean line and circular arc sections with flat
face. The geometric properties of the propeller : chord/diameter, thickness/chord
and camber/chord ratios were incorporated into the geometry subroutine GEO ex-
plicitly. GEO took the geometric properties at arbitrary locations and through a
second order regression procedure calculated the properties at the required radial
locations.

The actual calculations were initiated by setting the first value of advance coeffi-
cient, J. At each blade section the advance angle and piich angle were determined.
An angle of attack was assumed initially. The subroutine NUMLFT was called to
calculate the theoretical lift coefficient, C;. At the same angle of attack another
subroutine , TRULFT, was called to calculate the lift, Cy, at that angle according
to a lift model. These two values were compared by finding the difference hetween
them. As the value of C; was always greater than Cj, when the iteration was begun
(Hofmann 1990a), by stepping up the angle of attack and recalculating C and Cy,,

the point at which the difference became zero or negative could be determined.
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The subroutine ATTACK was then called to determine the angle accurately. 0.05
degrees was found to be sufficiently accurate to produce a smooth Kt output curve.
When the angle of attack for that section was determined, the ideal incremental

thrust and torque coefficients were calculated using the following equations:

ird(l — d')

K

1 ..
izhh tan g

Kgi=
where z is the radius fraction; « is the Goldstein factor; a' is the rotational inter-
ference factor; and f is the advance angle.

The subroutine DRAG was called to calculate the section drag coefficient at the
angle of attack. The drag/lift ratio, ¢, was calculated to account for viscous flow.
(7 = K1i(1 - etan §;)

€

Ko = Kg(1+ ey

) (2.45)

where f; was the hydrodynamic pitch angle of the section.

The total thrust and torque coefficients, K1 and Kg, of the blades were found by
integrating the incremental values across the span by using Simpson's rule. A simple
lifting surface correction to A7 and Kq was then applied to better approximate the
experimental results. After calculating the propeller efficiency, the next value of J
was chosen and the entire procedure repeated. The program output was in table
form where the K7, Kq, and efficiency valuc are printed out corresponding to ship
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speed and J value. Figure 2.5 shows the output from PPT2 for the analysis of the
existing propeller on the MV SUGAR.

The useful operating range of the propeller can be read off at a J value corre-
sponding to where the thrust coefficient changes sign to negative. Negative thrust
means the propeller is water milling and is therefore not useful for propulsion be-
yond that value of J. Plotting the value of thrust, torque and efficiency with respect

to J gives the propeller curves.

2.2.3 The subroutines
NUMLFT

This subroutine was used to calculate the theoretical lift coefficient according to
the Eckhardt and Morgan propeller design method (Eckhardt and Morgan 1955,
Bose 1983, Hofmann 1990a).

The lift coefficient is given by:

= 4xa'rz
nbG(1 = a')y/1 + tan §;
where as before, « is the Goldstein factor; ' is the rotational interference factor;
z is the radius fraction; n is the revolution per second; b is the number of blades;
¢/D is the chord/diameter ratio of the section; and f; is the hydrodynamic pitch

angle.
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PROPELLER PERFROMANCE DATA:
OPERATING CONDITIONS:
DIAMETER :
PITCH RATIO:
NUMBER OF BLADES :
SHAFT RPM:
MAXIMUM SHIP SPEED:
OVERALL WAKE FRACTION:

PERFORMANCE CHARACTERISTICS:

Vs J Kt

1.334230 3.3333335E-02  9.2949018E-02
2.668460 6.6666670E-02 9.3736432E-02
4.002689 0.1000000 9.0417132E-02
5.336920 0.1333333 8.4391870E-02
6.671149 0.1666667 7.5357854E-02
8.005379 0.2000000 6.4933285E-02
5.339608 0.2333333 5.3078841E-02
10.67384 0.2666667 4.0312979E-02
12.00807 0.3000000 2.5980230E-02
13.34230 0.3333333 1.2659688E-02
14.67653 0.3666667 ~2.8156661E-03
16.01076 0.4000000 =2.0289032E-02
17.34499 0.4333333 ~4.0042102E-02
18.67922 0.4666667 -6.3114293E-02
20.01345 +0.5000000 -9.1633849E-02
21.34768 0.5333334 ~0.1268936

0.56 m
0.44
3

1326.00

21.35 KNOTS
0.400

Kq
5.1667136E-03
5.8262111E-03
6.1535467E-03
6.4949649E-03
6.2855203E-03
6.1565619E-03
5.8659194E-03
5.9066443E-03
7.4703521E-03
4.1861678E-03
3.7533133E-03
3.3978035E-03
2.8871584E-03
2.2053584E-03
1.5743456E-03
9.7573374E-04

Figure 2.5: Sample output from PPT2.

eff
9.543975
17.07069
23.38543
27.57201
31.80213
33.57215
33.60332
28.96630
16.60517
16.04373
-4.377820
-38.01397
-95.65076
~-212.8570
-463.1759
-1103.893
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Figure 2.6: Ideal lift model.
TRULFT
The idealized lift model was represented in this subroutine. Figure 2.6 shows the

lift curve of this model.

The lift model was idealized to i lift istics for

a wide range of lift curves corresponding to varying angles of incidence. From
thin airfoil theory it is known that the pre-stall lift curve has a slope of about
21 for airfoil shaped sections. The stall region generally varies considerably with
angle of attack while the post-stall region of the curve for thin airfoils can be
approsimated by the equation C; = 2sinacos a (Hoerner and Borst 1985, Abbott
and von Doenhoff 1945, 1959). As an upper limit on lift Bose (1983) chose G = 1.2

as a conservative average value. The initial section lift is linear according to thin
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airfoil theory and varies from some negative v.lue (if the angle of attack is less than
the zero lift angle) to the maximum value with a slope approximately equal to 27.
From analysis of experimental data for circular arc airfoil sections, the lift slope

for these sections was actually found to be less than this value: 1.587 (see section

on subroutine TYP). The stall region was then defined as between the angles
of attack corresponding to C; = 1.2 and C; = 0.6. The lift in the stall region is
taken as a straight line between these two values with a negative slope. The post-
stall region is as defined above. This region begins where the angle corresponds to
Cr=0.6.

The subroutine STNTYP is called from within TRULFT to give the zero lift
angle, a,, and the lift slope, dCi/da, depending on the section type chosen during
the input stage. The type of section chosen can be varied along the span.

The stall angle for the section is calculated,

Ci watt
Cytall = # +a.

and together with the zero lift angle sets the position of the model. Therefore,
having determined the appropriate lift model for the section, the lift coeflicient is

calculated at the current angle of attack.



STNTYP

The user has a choice of three airfoil sectiun types. In this subroutine, the char-
acteristic zero lift angle, o, the ideal lift coefficient, Cii, and the lift slope 42 are
defined. The first two choices are NACA meanlines commonly used in propeller
design: NACA a=1.0 and a=0.8 (Abbott and von Doenhoff 19435, 1959). The third
choice is circular arc sections. Although the circular arc sections are obsolete for
aircraft, they are still used extensively for standard propellers. For example, the
B-series propellers have airfoil sections on the inner radii and circular arc sections
on the outer radii. Very little published data were available for circular arc sections.

During the first quarter of the 1900’s a large number of systematic and arbitrary
airfoil sections were testd at Géttingen, Germany. Among these was a series of
roundback sections which were tested under varied cavitation numbers. Riegels
(1961) published the compiled results of many tests. These sections, the G& xx K
circular back sections, included data in tabular and graphical form. These data were
not useful for programming purposes in their published form and incompatible with

standard ways of representing airfoil data for design purposes.

By first plotting the i Wi} d lift coefficients with respect to
the angle of attack and fitting a second order curve to them, the lift curves were
found for cach section type in the series. Figure 2.7 shows some typical lift curves

for these sections.
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Figure 2.7: Experimental lift curves for typical Géttingen circular arc airfoil sec-
tions.

The zero lift angle was then determined with respect to the camber/chord ratio
and plotted as shown in figure 2.8. A linear relationship was found between the
zero lift angle and the camber/chord ratio for these sections.

The lift corresponding to an angle of incidence equal to zero was termed the de-

sign lift coeffcient, C;, for propellers, as propellers are usually designed for shock-
less entry. By plotting Cy; with respect to camber/chord ratio, m/c, for all the
sections in the series (omitting the “fat” sections with rounded off ends) and then
fitting a straight line to the data through a regression routine, a linear relationship
was established between Cj; and m/c. This could be expected since thin airfoil
theory assumes a linear variation of lift with camber. The actual values are plotted

along with the straight line through them in figure 2.9 for thin and thick scctions.
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Figure 2.8: Zero lift angle varies linearly with camber ratio.
The first straight line is for thin sections and the second line with a lower slope is
for thick sections as defined below.

This subroutine uses published data directly for the NACA sections, but for the
circular arc sections, it uses the following equations: the zero lift angle in degrees
is,

G —115.6622% +0.0635.
For thin sections (m/c < 0.055) the ideal lift coefficient is,
Ci= 9.7942% +0.0077,

while for thick sections (m/c > 0.055) it is,

Cu= 5.6046% +0.2292
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Figure 2.9: Design lift coefficient variation with camber ratio.

where m/c is the section camber ratio.

ATTACK

Once the interval has been determined where the model and the theoretical lift
coefficients are similar, the subroutine ATTACK is called to determine the angle
more accurately and then calculate the corresponding lift coefficient.

The procedure used was as follows. Having found the one degree interval within
which the sign of the difference changed to negative, the angle for which the last
positive difference was calculated was taken as the starting point. The angle was
thep stepped-up by 0.05 degrees and the lift coefficients re-calculated by calling

NUMLFT and TRULFT subrouti At each i the diffe was used
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Figure 2.10: Thin airfoil drag model.

to find the crossing point. The exact angle of attack was taken as the average of
the two values bracketing the step Where the difference again went negative. The
final lift coefficient,Cya, was then calculated for that angle. Therefore, the angle
of attack was determined within 0.05 degrees along with the corresponding lift

coefficient.

DRAG

This subroutine calculated the drag of an aitfoil sections. For the NACA thin aitfoils
an idealized model was used (Bose 1983). This model is shown in figure 2.10.

The initial drag, up to the angle where stall occurs, was taken as the Prandt)-



Schlichting flat plate friction which depends on Reynold's number.

_ 0455
- “Dg RE)T.S!

Cy
In the stall region, the drag is approximated by a straight line between the stall
angle and the beginning of the post-stall region at an angle of attack corresponding

t0 C4=0.6. In the post-stall region, the drag curve is given by C4 = 2sin?

in?a (Hoerner
and Borst 1985, Bose 1983).
For circular arc sections, data published by Riegels (1961) was used. The usual

way Cu is represented for aitfoils is an equation of the form
t
Ca=2C;(1+a2) +HC — ) (2.46)

where a,b,and c are constants. The first term is the drag due Lo section thickness
and the second is that due to lift and angle of attack. Figure 2.11 shows the drag
coefficient variation with angle of attack form the first four sections in the series.
These curves are typical for the entire series of airfoils.

The published data in Riegels does not state at which Reynold's number the
tests were done. Therefore, Reynold's number could not be scaled. The Cy for
Géttingen series airfoils was plotted with respect to thickness/chord ratio, t/c.

Figure 2.12 shows the linear depend of the mini drag coefficient on the

section thickness/chord ratio. A linear equation was derived by regression analysis
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Figure 2.11: Go xx K circular arc section drag data.

o it the dsta so that the drag could be calculated directly.
€= 008007 +00024

By calculating and plotting the difference in lift coefficient and design lift co-
efficient with respect to the incremental increase in drag, a quadratic relationship

was found.
ACq = 00786(Cy — Cpi)* + 0.0162(Cr. — Cui) +0.0004

The total drag coefficient due to both thickness and variation of angle of attack for

Géttingen circular arc airfoil sections was derived as:

Cp = 0.0028(1 + 2&57%) +0018(Cy, - Cu.)? +0.0162(Ct, — Cyi)
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Figure 2.12: Drag variation with thickness ratio.
The form of this equation was the same as for standard thin sections, but it con-
tained an extra term in (C'r, —CL;). This implied that the circular arc section drag
i3 more sensitive to changes in angle of attack than the streamline airfoil sections.
This equation was applied in place of the flat plate formulation in the pre-stall
operating condition and was assumed for all circular arc airfoils. The rest of the

drag curve was defined as for the NACA sections.

GOLST1

This subroutine is called whenever the Goldstein factors, «, for periodicity of flow
are required. They are calculated as a function of blade number, advance ratio and

radial location of the section. The x values are published in the form of curves on
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a graph for casy relerence during hand calculations (see for example, Eckhardt and
Morgan 1955). To make these curves more useful numerically, regression analysis

was done on the curves to prodnce second order equations of the form,
Kk =a+ b\ +c)?

for blade numbers 3,4,5 and 6 and radius fractions 0.3 to 0.9 (a.b and ¢ are con-

stants).

GEO,LSQUARE,G AUSS

The propeller blade geometry could be supplied to the program at arbitrary radial
locations in the form of camber/chord, chord/diameter and thickness diameter ra-
tios. The subroutine GEO took these values and using the least squares regression
routine LSQUARE redefined them at the appropriate section radii. LSQUARE
used the subroutine GAUSS to solve the system of equations which produced, for
cach set of data, a second order polynomial from which the desired values were

calculated.

2.2.4 Results of propeller analysis

To evaluate the accuracy of PPT2 results, a series of six B-series propellers were
analysed by using the program. The six propellers were: B3.50, B4.40, B5.60 with
pitch/diameter ratios equal to 0.8 and 1.0. The same six propellers were also anal-
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ysed by using a program, BKTKQ, written to calculate the propeller coefficients for
the B-series propellers from the multiple regression polynomials of the experimental
results (Lewis 1988). The thrust and torque curves were plotted by using MATLAB
software produced by The Math Works Inc. All results for a particular propeller
were plotted on the same graph for casy comparison. It was readily apparent that
the lifting line theory used in PPT2 under-estimated the experimental results. To
verify that the differences could be attributed to lifting line and blade width eflects,
the same six propellers were analysed at three values of advance cocfficient using
the MIT-PSF-2 lifting surface program. These results were also plotted on the same
graph for each propeller. In most cases the lifting surface program results coincided
very closely with the experimental results. At low advance cocfficient (J=0.15), the
PSF-2 results differed from the experimental results for both the B3.50, P/D=0.8
case and the B5.60, P /D=1.0 case. Appendix H gives the performance curves for all
the propellers analysed. However, at higher calculation points, J=0.4 and 0.8, the
PSF-2 points fell very closz to the curves for K, and K. The two four bladed pro-
pellers showed the best agreement between the PSF-2 and the experimental results;
the data points coincided almost exactly (Appendix H). These plots showed that
the errors in the PPT2 results were primarily attributable to differences in the two
theories. Figures 2.15 and 2.16 show the results of all three programs on the same

graph. The solid curves with the stars show the experimental results while the cir-
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cles show the points calculated by using the MIT-PSF-2 program. The broken line
curves show the lifting surface corrected results of the PPT2 calculations. These
calculations were done for all six propellers. The results from B4.40, P/D=1.0 and
B5.60, P/1)=0.8 demonstrate the best and worst cases, in figures 2.15 and 2.16,
respectively.

An attempt was made to generate a set of lifting surface corrections for PPT2.
These corrections would also be valid for the lifting line design program, but in the
design case these would be applied as a pitch and/or section camber correction.
‘The approach taken to find suitable corrections was to first compute the differences
for all the thrust and torque coefficient data points available from the analysis of

the six propellers. These diff were notmalized by dividing them by the value

calculated from PPT2 (called difference factors). These difference factors were then
plotted with respect to the advance coefficient. For thrust, figure 2.13 shows the

grouping of the factors for P/D=0.8 and P/D=1.0. These curves clearly imply some

1ationshin d d

on advance ient and pitch/di; ratio. The thrust
differences between experimental and PPT2 results tended to increase with higher
J values. Propeller blade loading increases with advance coefficient; therefore, it
could be expected that the lifting line approximation will be affected more under
higher loading conditions. That is, the rotational effects have a larger influence; the

radial induced velocities, which are assumed zero in lifting line theory, have larger
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corrections PPT2 wrt. Bucries polynomials
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Figure 2.13: Thrust difference factors.
values. The cubic nature of the difference factor curves were produced by dividing
the differences by increasingly small values of thrust coefficient during normalizing.
As the difference factor curves were grouped by P/D, varying a maximum
amount of about 15-20%, the curves for all the propellers with the same P/D were

combined. This produced a single relationship which could be used in direct cal-

culations to correct the thrust coefficient of PPT2, d di ially on blade
loading.

As a first approximation, the thrust differences were averaged for each group
of P/D curves and curve fitted in a least squares sense to a third order polyno-

mial. These were then applied as two equations which modified the PPT2 thrust



conrections for PPT2 wrt. B-series polynomials

Kq difference factor

advance coefficient J
Figure 2.14: Torque difference factors

cocfficients. For P/D=0.8 the difference factor is given by:
AK, = 2162417 — 16.2785J7 + 4.4236J — 0.1538
and for P/D=1.0 the factor is given by:
AR, = 121919 - 12.0786J7 + 40395 — 0.2538
where the difference factor AK; is defined as

KB-weries _ gPPT:

8k = S

and the corrected value of Kt was found from

K corrected = ARy x K + K,

66



The torque factors did not show any obvious classification. Figure 2.14 shows the
variation of the torque factors. It was not clear from the results of the six propeliers,
in what way the lifting surface corrections for torque should be formulated. Torque
is largely dependent on the component of drag which varies with angle of attack
( the (Cr, = C1) terms in equation 2.46). The drag component due to thickness
has a smaller effect over the operating range of a propeller. A much larger number
of propellers necd to be analysed to determine the best way these corrections and
their dependence can be formulated.

As a first attempt, the torque correction was taken as the mean of the difference

factors for all the propellers, producing a single third order equation
AK, =17.0107J% - 18.3133J% +6.1630J — 0.3628

which was applied to the calculated values of torque in the same way as for thrust.

The results of these calculations showed a sub ial i in the thrust

estimates. Figure 2.15 and 2.16 show the results for B4.40, P/D=1.0 and the B5.60,
P/D=0.8 propellers.

The thrus! corrections reduced the errors between the K, curves of the exper-
imental results and PPT2 points. In all cases tested, the thrust coefficient curves
were under estimated with PPT2. The differences varied from about 5% (135.60,
P/D=1.0) to over 30% (B3.50, P/d=0.8). The largest errors occurred at high
advance coefficient and the smallest errors at low advance coefficient. The error
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distribution increased with J values in some cases. By applying the lifting surface
corrections as described, the errors were reduced to between 0% and about 105,
However. the lifting surface corrected thrust curves produced were not smooth
curves. It may be possible to produce smooth curves, which better approximate
the experimental curves by least squares fitting the difference factors directly in
stead of their average values. This approach may produce better results if a much
larger set of data points were available. Alternatively, the corrected results could
be approximated by fitting a curve to produce a smoothed result. This may help
reduce some of the arithmetic inconsistencies in the numerical work.

The torque curves showed similar trends as the thrust curves between the ex-
perimental and the PPT2 results. The differences increased with J value. The
smallest differences, occurring at low J, were about 3% (under-estimate) and the
largest differences at high J values were about 100% in the best and worst cases
respectively (B4.40, P/D=0.8 and P/D=1.0). The crude correction ta torque was
applied to the PPT2 results. The points produced now over estimated the B-series
K — g curves in all the propellers tested except for B4.40, P/D=08. This could
be expected because the difference factor curve in figure 2.14 for this propeller i
substantially different from the others which were loosely grouped together. As is
apparent in figures 2.15 and 2.16, the lifting surface corrections formulated in this

way do not produce as good agreement as did the thrust corrected curves. The
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torque curves now over-estimated the B-series results by about 10-15 % for the
B5.60, P/D=0.8 propeller, and under-estimated the torque by as much as 40% for
the B1.40. P/D=1.0 propeller at high advance ratios. However. as the propellers
under consideration usually do not operate at advance coefficients above 0.5. say. it
could be argued thal the errors may be accepted as conservative engineering esti-
mates when taken as a first approximation in the context of conventional propellers
for fishing vessels.

This approach to lifting surface corrections seems promising for thrust, but a
much enlarged body of data is needed to produce a comprehensive set of corrections
for general work. Lifting surface corrections for torque require further work on a

much larger series of propellers.

2.2.5 Discussion

Lifting line performance analysis of a propeller introduces another level of complex-
ity over initial design in that the propeller blades, while usually being designed for
shockless entry, do not necessarily operate under shockless conditions. That is, they
usually have some angle of attack which will vary along the span. The performance
of the airfoil sections and their individual contributions to the propeller thrust and
torque must be accounted for. The lifting surface approach on the other hand con-

siders the entire “wing” at once. This is the fundemental difference between the
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two approaches. Each has its limitations.

By introducing the airfoil lift and drag models. and by allowing a variation in
the type of section across the span, a better estimate of section performance is
achieved over the entire operating range of the propeller.

The program PPT2 was shown to produce reasonable results for conventional
propellers. It calculated the thrust and torque coefficients and the propeller offi-
ciency by taking into account the type of airfoil sections, the geometric properties of
the sections and viscous flow. By calculating the angle of attack at which individual
sections operate, the lift and stall characteristics were accurately predicted. The
discrepancies between lifting line and lifting surface theories were approximately ac-
counted for by deriving appropriate corrections. Hence, the propeller performance

was calculated over its entire useful range.



Chapter 3

Propeller tests

3.1 Scale model construction

The MV SUGAR was built in 1986 by Jackson's Boatbuilders at Whiteway, Trinity
Bay, Newfoundland. It is a typical inshore fishing boat hull of about 10m (36™
0") in overall length built with some minor adjustment of the frame templates to
reduce the deadweight capacity of the boat. The owner, Mr. Max Clarke intended
the vessel for pleasure use only; therefore, he did not. require the displacement
normally found in these vessels. It was built of spruce planking over sawn frames in
the typical robust Newfoundland tradition. The engine was a 65 HP Kubota marine
diesel driving a three bladed bronze propeller through a rigidly connected shaft and

a reversing reduction gear. For further details about the vessel see Appendix E.



As part of an undergraduate workterm project the author measured the hull of
the vessel while it was hauled out for the winter (Hofmann 1989b). A lines and
body plan was drawn from these measuremnts to 1/2"=1"-0" scale to determine
the basic hull characteristics and estimate resistance. The original lines plan was
expanded to 1/5 scale during the fall of 1990 and re-faired by hand. It proved to
be a difficult task to fair the larger scale lines and still maintain the characteristic
shape of the hull. This was due to inaccuracies in the measurements of the offsets
from the small scale lines plan and the magnification of these errors.

A 1/5 scale model was constructed from pine laths over plywood frames and
covered in glass reinforced plastic (GRP) in the spirit of cold moulded boat build-
ing (see the photographs at the end of the section). To facilitate the setup and
construction of the model, a common datum for all frames was chosen in line with
the stemhead. The frames were then cut out and chamfered according to the sec-
tions from the bodyplan. They were precut leaving tabs so that the centres of the
frames could be removed after completion of the huli leaving the skeleton in place
(photo 1). The frames were set into the keel about 3/4” and then located and
screwed to the work table. The plywood laminated keel was slotted to reccive the
copper stern tube. Once the copper tube was in place the slot was filled in with
epoxy filler. The resulting skeleton was lathed ovsr by glueing and stapling the

pine lathes to the edges of the frames (photo 2). The staples were removed after
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the glue had dried and the surface then hand-planed to remove exposed edges and
sawcut roughness (photo 3). The rough lathe surface was filled and smoothed with
filler and then covered with a single layer of woven glass fibre cloth and wetted out
with polyester resin. The hardened shell was again filled with autobody filler and
the entire surface sanded to a very smooth surface (photo 4). When everything had
cured, the hull was released from the table and set into the cradle. The centres of
the frame panels were removed by cutting out the tabs holding them in place (photo
5). The interior was cleaned and sealed with thinned resin. It was found that the
hull was very fragile to puncture, so a layer of GRP was applied on the inside panels
between frames to strengthen them. The top edges of the hull were strengthened
and finished by laminating a wooden rubbing bar on the outside along the edge
and fitting a gunwale around the top along the inside edge. These v:ere then also
fibreglassed into place. This helped to stiffen the hull and provided surfaces for
mounting the towing gear. The model was then spray painted to a glossy smooth
finish with four coats of white CENTURI epoxy paint by an autobody shop (photo
6,7 and 8).

There was some difficulty in obtaining a good scale propeller for the self propul-
sion tests. However, it was possible to borrow a four bladed propeller from the
NRC - Institute for Marine Dynamics. This propeller was a crude one intended for

use by hobbyists. It was reconditioned to improve its performance. Reconditioning
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Table 3.1: Model propeller characteristics.

Diameter 90 mm

Pitch/diameter ratio (P/D) 0.82

Expanded area ratio 0.62

number of blades 4

blade outline shape clliptical

turbulence stimulation 1.5 mm strips along L.E.

both sides of blade

consisted of trimming the blades as required to make them reasonably uniform in
size and shape. The pitch was adusted on two of the blades so that all of the blades
had a uniform pitch. The propeller was reworked so the thickness of the blades
were approximately the same and then statically balanced. A cloth wheel was used
to polish the propeller to a high gloss.

To help in scaling the Reynolds number by inducing turbulence at the leading
edges, a 1.5 mm wide strip of fine grained white sand was glued to the leading
edges of the blades on both the pressure and suction sides extending from the
hub to about the 0.95R radius. The two part epoxy used in the bonding of the
sand to the blade worked quite well; however, the sand needed to be renewed after
about two weeks of testing. The reconditioning work was done by the author by
using the facilities at Avalon Propulsion Systems Ltd., St. John’s. Model propeller
characteristics after reconditioning were as given in table 3.1:

Both open water propeller tests and self propulsion tests and resistance tests on the
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MV SUGAR model were done by Dr. Shukai Wu, a post doctor fellow (WU 1991).
Photographs 8 and 10 show the madel in the tawing tank at Memorial University

undergoing tests.









photo G
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photo 8
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photo 10
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3.2 Existing propeller analysis

An analysis was done on the existing propeller of the MV SUGAR to determine its
performance charcteristics by using the performance program PPT2. The propeller
was a standard Osborne Propellers Ltd. design for small craft and was measured in
detail so that accurate section profiles could be drawn and the required relationships
for program inputs could be determined. The sections of the propeller blades were
measured and drawn. The propeller characteristics and section profiles are given
in Appendix F. The peculiar shapes of the profiles is apparent. The maximum
thickness lies well back from the mid-chord instead of ahead of the mid-chord as
would be expected for many airfoil sections or at mid-chord for circular arc sections.
A possible explanation could be as follows. The pattern from which this propeller
was cast was an aluminum, thre bladed one. It originally had circular sections with
maximum thickness near or at mid-chord. However, at some point a propeller was
required with a lower blade area, so the pattern was trimmed at the trailing edge.
This left the odd section shapes. Although this is standard practice, because it is
much cheaper to alter patterns where possible than make new ones, it underlines
the lack of understanding often encountered in the small vessel equipment industry.
A much beter approach would have been to trim the leading cdge. This would
have resulted in a better airfoil shape and may even have improved performance

(or at least not reduced it).
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Figure 3.1: MV SUGAR propeller curves.

The basic section data were used as inputs to the computer program to generate
the performance curves in open water (zero wake). These performance curves were
generated using the program PPT2 (figure 3.1).

The propeller curves shown in figure 3.1 are the uncorrected PPT2 results as no

lifting surface corrections are yet available for pitch ratios other than 0.8 and 1.0.

3.3 Instrumentation of the propeller shaft

To enable the measurement of thrust and torque on a full scale vessel, a propeller
stub shaft was designed and manufactured. In the the case of the MV SUGAR a
new propeller shaft with a removable section was also manufactured and installed

while on the MV BECKY A. the stub shaft was inserted into the existing shaft line,
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The stub shaft contained strain gauges; therefore, the average propeller thrust and
torque could be measured directly while the vessel was under way. The signals
from the Wheatstone bridge circuits were transmitted to amplifiers through slip
rings so that the variations of thrust and torque with shaft revolutions (rpm) and
ship speed could be recorded. From a serics of trial runs at different speeds, the per-
formance curves of the propeller in operation behind the vessel could be generated
and plotted. These results could then be compared with the calculated values.

A short hollow stub shaft was designed, to which the strain gauges were bonded.
As space was very restricted on board, a set of slip rings were fabricated to fit
over the instrumentated segment of shaft to form a compact removable unit (see
Appendix D). The final design used two independent Wheatstone bridge circuits
each of which was made up of two strain gauge rosettes (four rosettes in total).
Each bridge was therefore made up of four single strain gauge legs. The bridges
were excited using a Vishay Measurements Group 2100A strain gauge conditioner
and amplifier system. The signals were transmitted through eight copper slip rings
via sixteen modified carbon machine tool brushes. The thrust and torque data were
recorded on a two channel pen recorder. The whole system was powered on board
the vessel by 2 HONDA EX650 portable generator supplying 120 VAC at 60 Hz

with a 550 VA output rating.



3.3.1 Strain gauges for torque measurement

The Wheatstone bridge for torque measurement consisted of two 2-element 90°
rosettes { Micromeasurements type CEA-06-187-UV-350) mounted 180° apart on the
hollow bored section of shaft. The shaft section was dimensioned to give adequate
shear strain due to angular deflection under load. Drawing number 994290-23 in
Appendix D shows the arrangement. The inside and outside diameters of the hollow
shaft section were determined iteratively by using the direct surface stress equation
derived from Mohr's circle analysis of a cylindrical section under torsional load.

The total strain was determined from the relation
Ee=2(1+v)r

where, 7 = TR/J, is the shear stress; E is Young's modulus; ¢ is the strain; v is
Poisson’s ratio; T is the applied torque; R is the radius to the outer surface; and J
is the polar moment of inertia of the section.

For a Wheatstone bridge where all legs have equal resistance, the following
relationship can be derived for the change in output voltage in terms of the supplied
voltage (Dally and Riley 1965).

VAR _ AR, ARy AR

Apat (Ol 8 B

2"l R R R

As the strains can be assumed to be equal,

t=a=ag=a=6
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and therefore the changes in resistance of the strain gauges are equal,

AR _ AR,

1 R R R

ARy _ AR

then the output to input voltage ratio is,

AE
TR
where, S,, the gauge factor, has a value of approximately 2.

The ratio AE/V is called the sensitivity. This value was used to determine
the signal amplification required to achieve an acceptable full scale output signal,

which was then recorded. Figure 3.2 shows the Wheatstone bridge wiring of the

measuring and recording system.

3.3.2 Strain gauges for thrust measurement

Thrust was measured from the compressive or tensile axial strain in the hollow
shaft section by using a Wheatsone bridge circuit similar to the one shown in figure
1. However, in this case two 2-element 90° ‘tee’ rosettes were used (Micromea-
surements type CEA-06-125-UT-350). These also, were mounted 180° apart on
the same section of shaft as the torque gauges. The correct shaft dimensions were
determined such that sufficient strain could be produced at the operating thrust

values according to the formula for axial stress,
P

= He s

%=Ee=7
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THRUST TORQUE

Figure 3.2: Strain gauge measuring and recording system.

where, o, is the axial stress; €, denotes the axial strain; P is the maximum thrust
and A is the cross-sectional area of the hollow shaft section.

The strain was calculated and the output /input voltage ratio determined as be-
fore. It turned out that the thrust load was the limiting case because the sensitivity
of the thrust strain gauges was very low compared with that for torque measure-
ment. Calculations showed that the maximum stress could easily exceed the yield
strength of the material and still give an output signal only about 10% of that of
the torque strain gauge bridge. Thercfore, fairly large amplification was required
for the thrust (about 2500) while for the torque less amplification was required

(about 250). This made the thrust recording more susceptible to electrical noise.
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Table 3.2: Results of stress and strain calculations of the hollow stainless steel shaft.
Strain gauge sensitivty for thrust and torque ate given.

OoD. 32 mm

1D. 19 mm
thrust torque
design load maximum torque
10000 N 700 Nm
compressive stress _ shear stress
19.2 N/mm? 125 N/mm?
strain

99.5 e 839.4 pe
sensitivity

0.199 =¥ 1.68 2X

i
principal _stress 249 N/mm?

Table 3.3: Material Properties: annealed 316 stainless steel shafting.

ultimate stress 620 N/mm?
vield stress 275 N/mm?
Young’s modulus 190,000 N/mm?
shear modulus 73,000 N/mm?

Table 3.1 gives the results of calculations and table 3.2 gives a short summary of
the shaft material properties.
3.3.3 Slip rings

When measuring propeller shaft strain, the electrical power supply and the out-
put signals need to be transmitted from the rotating shaft o the stationary signal

conditioning system and recording equipment. Two methods have been used suc-
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cessfully for this purpose: 1) the White Fish Authority instrumented several fishing

vessels in the United Kingdom by using slip rings (Bennet and Hatficld 1966); 2) the

Japanese shipbuilders, Hitachi Shipbuilding and Engineering Company Ltd. of Os-
aka used radio telemetry methods (Kinoshita et al. 1962). Telemetry methods are
useful for transmitting dynamic strain fluctuations, but they are quite expensive.
They also have the advantage that the rings, brushes and cables can be climinated
from the circuit, thereby reducing electrical noise and making it possible to move
the entire system from ship-to-ship without altering any shipboard equipment. Slip
ring methods are less expensive, but they generate electrical noise which make dy-
namic measurements difficult. In the cases considered here, only steady thrust and
torque were of interest; therefore, noise was not considered to be a serious limita-
tion. This assumption was later proven wrong. Noise became a problem as the
trials progressed. Dirt contamination of the slip rings produced so much ::oise at
the end of the day so that the measurement signals for thrust were obscured.

Due to space restrictions on board, a new propeller shaft needed to be fabricated

for the MV SUGAR to date the ble i d section; however,

the MV BECKY A. did not require another propeller shaft. The stub shaft was
reduced in length to give adequate clearance by designing new shorter couplings
and machining the shaft itself from eight inches in length to seven inches.

The slip rings were mounted over the hollow section and strain gauges to save
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space. This also allowed the unit to be selfcontained and compact and facilitated
installation and alignment of the brush holder.

Slip rings were manufactured from slices of copper tubing, these were mounted
on a poly vinyl chloride (PVC) hub with insulators separating them. The arrange-
ment is shown in drawing number 994290-23 in Appendix D and in figure 3.3. 14
gauge copper wires (insulated) were used to form terminals at the forward end of
the slip ring hub and to connect the slip rings to the strain gauges. Figure 3.3
shows the stub shaft as installed on the MV BECKY A.. The brush holder has
been released and turned down to expose the slip rings.

Brushes with holders were difficult to obtain locally. Finally, 1/4” X 1/4™ carbon
machine tool brushes were found which could be fitted with minor modification into
Bakelite holders and then mounted on an aluminum box frame. See drawing number
994290-25 and 26 for details of mounting and arrangement. The box frame was

mounted on | card so that the brushes and slip rings were aligned both axially and

ly with ble adj screws. Shielded cables of two 18 gauge
wires each were then connected to the brushes and the strain gauge conditioner and

amplifier and hence to the two channel pen recorder.



Figure 3.3: The stub shaft as installed on the MV BECKY A..

3.3.4 Pen recorder

The pen recorder used to record the amplified strain gauge output signals was a two
channel J.J. Lloyd Instruments Ltd., CR 600 recorder, with a maximum full scale
deflection adjustable between 0 and 100 VDC and variable chart speed. This system
was chosen, over computer data aquisition, because of concern about the reliability
of power supply onboard the small vessel and as only steady state response data

were of importance for the 11 £ analysis. In addition, small vessels

rarely have a protected space where a p could be installed and d

out of the weather; for example, on board the MV BECKY A..
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Figure 3.4: The MV BECKY A..

3.3.5 Stub shaft calibration

The strain gauges were mounted on the hollow stub shaft by Intertechnology Lim-
ited. Final assembly and wiring of the measuring and recording system was done
by the author. The shaft was calibrated by subjecting it to axial loads from an
hydraulic press and then checked by using weights. Torsional loads were applied
by using weights on a double lever arm. The calibration measurements were re-
peated several times to ensure reproducibilty of results. The torque measurements
were very consistent with negligible variation between loading and unloading. The
thrust calibration showed more scatter. It was difficult to establish what caused the
scatter in the tests done using the hydraulic press with a loadcell. There seemed

to be some inconsistency or hysteresis in the digital load readout. To verify this,
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Tarque calibration
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Figure 3.5: Calibration curve for torque measurement.

the shaft was end loaded using weights. However, due to the inherent instability
of using free weights on the end of the shaft, i* could not be loaded to full scale
by using weights. The results of both calibration tests were plotted together. It
could be concluded that the scatter was produced by the loadcell and not by the
instrumentation of the shaft, because the loading done with weights was very con-
sistent. The the torque strain gauge readings also produced a linear behaviour for
the strain gauge bridge signals, as was expected.

The calibration results were fitted to a straight line (linear curve) using the
regression and plotting routines available in the MATLAB software package. The

curves are shown for both thrust and torque in figures 3.4 and 3.5.
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Thrust calibration
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Figure 3.6: Calibration curve for thrust measurement.

3.4 Sea trials

Full scale tests were done on two typical 36’ (10m) long fishing boat hulls. The MV
SUGAR on Conception Bay and the BECKY A. in St.John’s harbour.

The main objectives of the trials were to obtain data as about the performance of
a propeller as it operates in the uneven wake behind the vessel. To do this, a series
of tests were conducted whereby the propeller thrust, torque and revolutions were
measured under different conditions of speed ranging from bollard to full specd. As
the intention was to generate a set of points along the thrust and torque cocfficient
curves for the propeller, specific RPM’s were chosen to give as wide a range of
advance coefficients, J, as possible within the limits of the vessel capability. These

were calculated by using the results of model tests conducted on the previously
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described model of MV SUGAR (Wu 1991). By comparing the full scale speed
and power predictions for the hull and the corresponding RPM with the engine
manufacturer’s power curves for the main engine, it was possible to cstimate the

RPM setting which would give the required value of advance coefficient J:

where, V, is the speed of advance of the propeller, and n and D are the revolutions
per second and the propeller diameter, respectively. Table 3.3 gives these calculated
J values. It was noted that as speed increased, the advance coefficients decreased;
this was not the expected result. However, upon reconsideration it became apparent
that as the boat speed (and resistance) increased, the RPM required by the engine
to produce the higher power also increased which reduced the J values. Therefore,
the J values actually do decrease when the RPM is increased. This is not the
case when RPM is held constant as in propeller open water tests and numerical
performance analysis.

Seatrials were conducted on board the MV SUGAR near Long Pond on Concep-
tion Bay on June 25, 1991. During the early part of the tests on the MV SUGAR,
an insulating ring became dislodged from between the slip rings, that transmitted
the thrust signals from the strain gauges. Therefore, thrust measurements made
during the trials were unusable. Although this failure had occurred, inexperience
with this type of measurement system prevented the problem from being diagnosed
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Table 3.4: Calculated J values and ding shaft rpm from comparisons of
propeller thrust power (and resistance) and engine power output.

Required boal  engine corresponding
thrust  speed RPM J

power Vs

(HP) (knots)

8.5 4.6 840 0.363
11.3 5.1 1100  0.307
21.8 5.6 1400  0.265
32.1 6.1 1800  0.224

48.0 6.6 2600  0.168

until after di bly of the i i Time ints at the time

of the trials would not have allowed enough time to repair the slip rings and redo
the tests at that timein any case. An assessment of the data collected revealed that
although thrust measurement had been possible while maneouvring and sailing to
the trials site, these measurements were transient because steady state conditions
had not been reached. The speed trials were conducted near Little Bell Island on
Conception bay. Engine RPM was varied in steps corresponding approximately to
those given in table 3.3. When steady state conditions were reached, the timed run

on the d course was d and a i record of shaft torque

and thrust was recorded by using the pen recorder; periodically, the shaft RPM
was measured. These results could then be analysed to give vessel speed over the
ground; and propeller thrust and torque and hence efficiency. Several runs were

made at each speed in opposite directions so that wind and current effects could be
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Figure 3.7: MV. SUGAR K, results superimposed on PPT2 performance curves.

averaged out. Bollard tests were also conducted in both ahead and astern giving
the variation of torque and thrust with RPM at zero advance.

Due to failure of the thrust measuring system, the MV. SUGAR trial results were
limited to torque and vessel speed variations with RPM. In figure 3.7, calculated
thrust and torque curves from PPT2 are given as solid lines while the measured
torque coefficient points are plotted by the small circles. The predicted values
are not lifting surface corrected and under-estimate the measured values, This is
consistent with findings from performance analysis in section 2.2.4.

A set of tests under bollard conditions was also conducted in both ahead and
astern. Again, thrust measurements were not available due to equipment failure.

The measured torque curves for ahead and astern operation under bollard condi-
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BOLLARD TEST "MV SUGAR™

torque (kg-m)

pm
Figure 3.8: Bollard test results MV. SUGAR.

tions were plotted in figure 3.8.

The influence of waves and wind on the open water performance of a vessel was
readily apparent when the graphs of ship speed with respect to shaft RPM were
plotted for the two speed trials conducted on the MV SUGAR. The first speed
runs were conducted over a measured course in open water between Bell Island
and Little Bell Island, a distance of 0.44 nautical miles. The second st of runs
was conducted in the inner harbour of Long Pond by using the cement wharf as
the measured distance, distance of 250m (figure 3.9). In protected waters, speeds
varied from about 4 knots at idle to just over eight knots at full RPM. At sea, the
speed varied from about 3.25 knots to 7.25 knots.

The speeds attained in the harbour were substantially higher than those ob-
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Figure 3.9: Speed trial site : MV SUGAR.
tained in open water. The maximum speed increased from about 7.25 knots to 8.1
knots, or about 10%. Figure 3.10 gives these curves.

The MV BECKY A. was a wooden, 10 year old, 36' (10m) long, open trap
boat operating from Prosser’s Rock small craft harbour, St.John's. This vessel was
chosen as the second test case because: 1) it had the same basic dimensions and
power as the MV SUGAR, but with a diflerent yet similar and common hull form;
and 2) the instrumented stub shaft could be inserted into the shaft line by pushing
back the tail shaft and making new couplings. Drawing numbers 994290-31 and 32
in appendix D show the new couplings for this installation and appendix E gives
details about this vessel.

The sea trials were conducted in St.John's harbour on Friday September 6,
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Figure 3.10: Speed trial results: MV SUGAR.

1991 after preparations were made the previous day. Speed trials were conducted
by using similar values of RPM as before. The predictions made for J values in
table 3.3 were considered valid because both vessels were assumed to have similar
powering characteristics. The equipment was tested during the early morning.
After some initial erratic recording, the signals stabilized, presumably when the
brushes had been cleaned and seated (four new brushes had been fitted after their
wites broke during the last trial).

Three sets of speed trials over the entire range of boat speed were conducted
along the South Side Piers by using the east end of the National Sea Products plant
and the west end of the ESSO warehouse as markers, a distance of 635m (figure

3.11). Figure 3.12 shows the ship speed with respect to engine RPM for the BECK'Y
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Figure 3.11: Speed trial site: MV BECKY A..

A.. This vessel had a similar specd-resi ionship in p d waters to

the MV SUGAR. The speed varied between 4.75 knots at idle and 8 knots at full
RPM. It was noticed during the speed trials that the engine was not attaining its
maximum RPM at full load. This indicated that the propeller was slightly over
pitched and did not match the engine as well as it should. A reduction in pitch
could be recommended to allow the full RPM to be reached. The MV. BECKY
A. seemed to be more responsive and cruises more smoothly, even with its higher
displacement hull, than the MV SUGAR. A factor which could contribute to this
is the finer, narrow transom afterbody design of this vessel. The trials were done
in lightship condition.

The thrust and torque measurements were successful this time. All the results
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Figure 3.12: Speed trial results: MV BECKY A..

were plotted in the form of thrust and torque coefficients, These are given in figure
3.13. The bollard test results are included at J=0 with a straight linc fitted through
all the data points in a least squares sense. The small range of J typical for
a propeller operating behind a vessel is readily apparent from the grouping of
the points on the graph. Without drastically altering the hull resistance of the
vessel, a further increase in the range of J/ would not be possible. Figure 3.14 gives
the corresponding propeller efficiencies for the plotted data points. The very low
propeller efficiencies indicated here confirm the low values of efficiency common on
these vesscls. Propeller analysis by using PPT2 was not possible for this vessel
because it could not be taken out of service to measure the propeller in detail.

The plotted values for torque and thrust coefficients show some scatter. The
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Figure 3.14: Corrzsponding propeller efficiencies: MV BECKY A..
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highest amount of scatter was found in the thrust readings. These varied by about
30% at speed. but by much more under bollard conditions (150%). Bollard tests
were conducted three times during the day. The first two tests were conducted at
midday after about three hours of operation. However, so much electrical noise was
being gencrated by dirty slip rings that it was impossible to record the zero thrust
pen position. The last set of bollard tests was done after thoroughly cleaning the
slip rings and re-seating the brushes by using a brush stone. Thrust readings were
now possible, but propeller induced vibration was still causing substantial variations
in the recorded signals. The high propeller induced vibrations were caused by the
close proximity of the propeller to the rudder after insertion of the stub shaft into
the shaft line and the displacement of the propeller shaft aft. The average thrust
value was difficult to establish from these recordings. Another problem was that we
were reluctant to operate the vessel for extended periods under high bollard load
because of a recurring engine over-heating problem and the high levels of vibration.
Therefore, the length of recorded signal was limited. The torque readings were
very stable throughout all the tests done on both vessels making analysis straight

forward. Diffe in torque were i ly less than 10%. This

can be seen by the close grouping of the measured points to the least squares curve

in figure 3.13.
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3.5 Discussion

By analysing the performance of the MV SUGAR’s propeller, an idea of the ef-

ficiency achicvable was d d. Ui ly, only the torque coefficient
values were obtained during full scale measurements. Full scale measurements were
made on the MV BECKY A. as well. However, detailed measurements of the pro-
peller have not heen possible because the vessel is still in service and this precluded
a theoretical performance analysis.

The shaft thrust and torque measurement system operated well except for its
vulnerability to dirt contamination. As was noted in the photograph (figure 3.3),
the slip rings are exposed and the brush holder is separately mounted. It was not
anticipated that a small amount of dirt could have a large effect on the measure-
ments nor that the slip rings would get contaminated so easily. The slip rings
required periodic cleaning during both sea trials because of the erratic behaviour
caused by dirty rings. After several hours of running, system performance suffered
noticably through increased electrical noise on the thrust measurments. Even with

these problems throughout the trials, some good results were obtained which gave

new insight into the eperation of llers on Newfoundland trap boats.
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Chapter 4

Propeller Manufacturing

4.1 Introduction '

Propellers can be produced in several ways. Techniques have been developed
whereby propellers can be machined from solid blocks of metal, fabricated by weld-
ing individually manufactured blades onto a machined hub or casting of the pro-
peller in a foundry. Cast propellers can be made in one piece or the separately
cast blades can be bolted to a hub (built-up propellers). The latter method was
used extensively in the early days of large ship construction when existing foundry
capacities were limited. All of these methods produce workable propellers, but their
reliability and economy of production can be quite different. Fabricated propellers

are not common. Although they are used for some commercial applications, they
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have questionable structural reliability and are not usually approved by classifica-
tion socictics. Machined propellers can be produced to exceptional accuracy, but at
tremendous cost. Therefore, this method is limited to very specialized applications
stich as rescarch ships or naval vessels and model research propellers. Casting is by
far the simplest and most economical method to produce a complicated shape such
as a propeller.

Propellers are produced in several materials which combine properties such as
high structural strength, ductility, corrosion resistance, repairability and ease of
machining (AFS 1984, 1989). The materials consist of various steels, bronzes or
aluminum alloys. Propellers operating in [resh water which could encounter foreign
objects (sand bars, logs or ice) may be cast of steel for high strength and tolerable
corrosion resistance given adequate cathodic protection. A similar propeller oper-
ating in salt water could be made from cast stainless steel for improved corrosion
resistance. However, stainless steel is more expensive and more difficult to cast than
bronze and tends to fail in brittle fracture. Bronzes have been developed specifi-
cally for marine use and in some cases for propellers. Manganese bronze is the most
common propeller material. It has medium strength and acceptable corrosion resis-
tance while being economical to produce and repair. Nickel aluminum bronzes are
materials specially developed for marine propellers. They are high tensile bronzes

with very good corrosion and erosion resistance. Their tensile strengths are coni-
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parable to stainless steel, but they are more ductile and will bend substantially
before fracturing, Manganese aluminum bronze is a derivation of nickel aluminum
bronze, but has better corrosion and load bearing characteristics which makes it
suitable for machine parts exposed to sea water such as controllable pitch propeller
blades and hubs. Both these types of alloys are more expensive than manganese
bronze, but because they are easier to cast and machine than stainless steel, they
are less costly than the latter. Propellers made of aluminum alloys are produced
primarily for use with standard production propulsion units such as outboard mo-
tors and sterndrives. Most propellers are made of cast bronze; therefore, the focus
of this study was on the production of bronze castings (Czyra and Niederberger
1975, Kress etal. 1984).

Propeller castings are produced by filling a mould with molten metal and allow-

for

ing it to cool. Traditional casting tech propellers less than about 2.5-3.0 m
in diameter, start with the crafting of a pattern of the propeller (or a single blade)
from wood. Usually, this is done by using a technique known as cant construction
(Goudie 1921; AFS 1986). The pattern is used to build a sand mould into which the
molten metal is poured. For very large propellers, moulds are constructed by using
sweep methods to form the helical blade surfaces; the sections are then built-up

by using section templates and fillers. The manner in which the molten metal is

supplied to the mould cavity is critical to casting quality both during filling and
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during coaling. The filling ducts are called gates. Their primary purpose s 1o
supply clean metal as quickly as possible to the mould cavity in an undisturbed
manner, The gate is composed of three components: the pouring basin or cup; the
down sprue which is sized to regulate the flow rate; and the runner which feeds the
molten metal to the cavity itself.

The second feeding process is the supply of liquid metal to the casting while
it cools. An extra volume of metal is needed to make up for contraction; this is
accomplished through a riser system. The riser system consists of extra volumes
of metal which are connected in such a way to the casting so that there is an
uninterupted flow of molten metal to all the parts of the casting while it cools. The
necessary volume and placement of these risers is dependent on the geometry of
the casting, the material and cooling rate. The riser must be the last part of the
casting to freeze if molten metal feeding is to take place. If a channel between the
riser and another section freezes, then the supply of molten metal is cut off and the
casting will be defective (Flinn 1963).

When cooled, the castings are removed from the sand mould; that is, they are
“shaken-out”. The solidified gating and riser systems are removed for recycling and
the casting is cleaned, measured, machined and finished.

To facilitate the selection of gating and riser systems and to provide ready access

to important information concerning the casting process, a knowledge based expert
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system “PROCASTER” was developed. The user can seck specific information

with regard to riser i gating selecti or other iderations which

may be important, such as the solidification mechanism, crystal growth or rules of

thumb.
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4.2 Propeller casting in non-ferrous metals

The casting of metals is a process that has changed little in principle since its
beginning, but it has had many refinements along the way. The physics of molten
metal flow and cooling are very complex, and to date, founders still rely heavily on
experiment and experience to help them produce sound castings.

Casting can be described in crude terms as the process whereby molten metal
is poured into a mould and left to solidify. The mould is then removed and the
casting finished. The majority of products produced by industry are cast from
one material or another and most of these cannot br wanufactured in any other
way. One of the most important parts of building a casting mould to produce a
specific product is the design of the ducts which feed the molten metal into the
cavity during filling and during cooling. These two items are related through the
dimensions of the casting, its volume and the arrangement of the mould. How the

metal is fed requires control of the filling rate and the cooling rate of the casting

and mould combination while ing for shrink avoiding ingress of foreign
materials and gas absorption by the melt. By proper design and good practice,
most defects can be avoided or at least minimized (AFS 1984).

The criteria used to determine casting design, layout and dimensioning is based
on many years of experience, trial and error and experimental work. Much of this

knowledge has been documented, but every foundry still has its own techniques and
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practices which work for them, but may be less satisfactory under other conditions.
As new materials and products are developed, so must casting technology evolve,
A common thread was perceived by the author, while working in the foundry at Os-
borne Propellers Ltd., to be crucial to casting production and methods refinement:
consistency in production and practice can help to isolate problems and point to

ways in which they can corrected.

4.2.1 The casting problem

Casting of metals consists of several major steps from inception to completion of
a product. These are: demand for a casting of specific shape and size; production

of drawings, patterns or prototypes which will guide the design and building of the

mould; and the application ¢f simple ienced-based rules to cnsure
good molten metal behaviour. All of these require some engincering to produce a
good casting and it will often take several attempts before a satisfactory result is

obtained when a new product is developed. The procedures and techni used to

solve the various problem steps depend on the casting itself, the metal to be used,
the material and moulding process and the standard practice of the foundry (Flinn
1963).

An expert system can be very useful for solving narrow scope well known prob-

lems which “an expert” can solve (see for example, Williams 1987). The knowledge-
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based expert systems approach would be impractical and far too complex if general
foundry technology were to be addressed. However, by applying it to a specific
product such as marine propellers, the scope of the problem was reduced to a maa-

ageable size. The range of materials was limited to non-ferrous, seawater resistant

{als; and by climinating very expensi jal alloys or specialty
allays the scope could be narrowed further. (Specific materials could be included
at a later date without altering the exsisting system, for example, aluminum.) The
problem was then focused further by realizing that monobloc (one-piece) propellers
are all cast by using a similar mould layout, regardless of size, which allowed certain
generalizations to be made with respect to gating and riser requirements. Figure
4.1 shows a typical propeller mould in cross-section. The main features are indi-
cated: the mould cavity which becomes the casting; the gating system consisting
of the down sprue and runner; and the riser system which feeds molten metal to
the casting during solidification.

Special propellers such as built-up and controllable pitch propellers were outside
the scope of the current problem because they consist of separately cast blades, hubs
and other components. Although the basic principles apply to casting these parts,
they are not included because these types of propellers are less common on small
vessels and they lie outside the experience available to the author. The section on

the source of knowledge gives details about sources used to develop the system.
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Figure 4.1: Typical propeller mould cross-section.
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4.3 PROCASTER

A branch of artificial intelligence known as expert systems was identified as an ideal

to foundry

medium for the structuring and application of i and k
practice by making it casy for foundry personnel to get information and substantiate
customary procedures in the propeller foundry. In this way experimentation can
be minimized during production and the rejection rate reduced.

PROCASTER is the result of the application of knowled ineering tech-

niques to foundry practice. It is the first attempt to make some of the empirical
knowledge used in a propellcr foundry available through the use of a computer to
aid in maintaining uniformity and quality in a “prototype” production industry.
That is, a propeller foundry rarely produces more than one or two of the same
casting at any one time. There is no evidence in the literature of an application of
expert systems to this subject.

Using the techniques of knowledge engineering and applying the EXSYS PRO-
FESSIONAL expert system shell to riser and gating system design, an expert sys-
tem was produced which helps to determine recommended dimensions for propeller
casting gates and risers given metal weight and general dimensions. It also provided
easy access to other non-numerical technical information which could be accessed
by the user to answer specific questions about these topics. A real strength is the

capability to update, expand and modify the system without changing the existng
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knowledge base.

4.3.1 Source of knowledge

The knowledge base for this expert system was derived from two sources:

The primary source of “practical” knowledge was the author who had experience
from some ten years involvement with ships’ propellers in both manufacturing,
service and repair. This involved engineering and technical duties as well as manual
work at Lips B.V., the large Dutch based manufacturer; Osborne Propellers Ltd.,
the foremost wholly Canadian manufacturer; and Avalon Propulsion Systems Ltd.
the only propeller repairer in the province of Newfoundland. Many conceptual and
practical considerations are based directly on experience gained while employed by
these companies.

Theoretical methods and technical data were obtained from Flinn (1963), AFS

(1984) and AFS (1989). Further inf jon and backgs d came from Chak

(1967), Hofmann (1989), Langham (1964) and Stone Manganese Marine technical

brief, No. 14 for example.
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4.3.2 The problem

The problem to be solved by the expert system is two-fold. Firstly. the questions
of gating and riscring must be answered. Secondly, the user must have access to
specific information which may be important to the overall planning of the mould
and casting production. The solution of the problem can take from a few minutes
for routine work up to several hours in the case of larger more complex shaped
propellers.

A problem identified at Osborne Propellers was that of consistency in technique.
"There was a certain amount of experimentation done at times when the extensive
experience and expertise available in the foundry should have been applied more
consciously. It is very difficult to isolate problems in foundry practice if procedures
are not repeated or repeatable. An expert system which uses a structured knowledge
base applies the same methods and rules every time it is used; therefore, it is
inherently consistent in its results. This can help to ensure consistent quality (or
error) and reduce experimentation on production work.

Additionally, by i inga d inf i bility, it is easier for

foundry 1 to access i without the need for searching

reference material which is both ing and time ing; therefore, the
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system is more likely to be used.
Expected beneficiary

This system might be an attractive supplement to a large foundry because it
“anerally has (or has access to) a metallurgical laboratory where detailed mould and
casting designs is carried out and tested, procedures could be actively developed and
incorporated into the expert system. A small foundry with xaited personnel and
resources could make use of such a system to help control its production. Personnel
would have easy access to technical information they would not normally see and
could use the system to check the standard practice for routine work (if they had
access to a computer). The more likely situation might be whereby every job order
has issued with it guidelines for moulding based on the output of the expert system.

It also gives the small foundry the capability to be flexible and adapt to new
products by allowing modification and upgrading of the system and then applying

standard procedures to new products.

4.3.3 Shell

PROCASTER was written using the EXSYS PROFESSIONAL expert system shell

version 1.0.3 produced by Exsys Inc.
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4.3.4 Structure

PROCASTER was structured in the form of a tree which has two main branches
with several sub-branches. The first branch was the dimensioning section for the
main components of the gating system. The second branch had two large sub-
branches dealing with the sizing of risers and metal solidification respectively. Much
of the system was dedicted to information retrieval covering much the same material
as the technical aspects of this report. A detailed schematic of the tree is given in
figure 4.1. The rules were written following the tree structure closely. During each
run, Exsys evaluates all the rules to determine which ones apply, and then applies
those to the problem addressed. For detailed information and rules, the reader is

referred to the Ocean Engineering Report (Hofmann 1991d)

4.3.5 Running PROCASTER

PROCASTER can be used by first running the system shell runtime file EXSYSP.EXE.
It will then require the input of the program name: the user types PROCASTER.
with the suitable location prefix. The program will then require the user to answer
questions by typing the appropriate answer number.

To determine the dimension guidelines for gates and risers, the following infor-
mation will be required as input: 1) the casting volume, 2) the metal type, 3) the

thickness of the blade section at the fifth radius, 4) the diameter of the propeller to
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be cast, 5) the heights of the casting and sprue. If an item other than a propeller is
1o be cast, instead of entering the 5th radius thickness and the propeller diameter,
the user should enter the smallest dimension of the cross-section and the longest
dimension of the part to be cast. The assumption being, that the part can be ap-
proximated by a plate or bar shape. For accessing non-numerical information. the
user follows the structure tree to answer the intermediate step questions as asked
by the program. The results will then be printed on the screen. The menu at the
bottom of the screen allows the user to determine how the results were achieved
by printing the rules used. Other options include re-tunning the program with
modified inputs and printing the results.

Detailed instructions on running the system shell are available at the beginning

of the run by typing YES when the question is asked.

4.4 Main features of mould design

4.4.1 Gating system

The gating system consists of a pouring basin, a down sprue, a sprue base (or well),
a runner and a swirl chamber at the bottom inlet of the casting (refer to figure 4.1).
The horizontal runner is often replaced by a horn gate in small castings because it

b

implifies the Iding process A horn gate consists of a curved and
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slightly tapered pattern which can be easily extracted from the finished mould. A
horizontal runner, on the other hand, requires a channel to be constructed in the
mould which is more laborious, but it does not have the size limitation of the horn
gate approach. A horn gate becomes impractical to use for large castings. Both
these types are dimensioned in the same way. The three critical items: the down
sprue, the sprue basc and the runner, must be dimensioned such that the flow of
metal is controlled as it fills the mould cavity. The metal should flow as quickly as
possible to minimize the heat loss during delivery, yet avoiding turbulent flow. igh
flow velocity will cause turbulence and erosion of the mould walls. The material
removed from these wash-outs will become inclusions in the casting. Excessive
defects of this type will cause rejection of the casting. This is particularly true of
propellers because inclusions tend to occur in the most highly stressed region of
blade, at the blade root.

The main dimension to be determined is the sprue exit diameter (in this case the
sprue is assumed to be an inverted cone) which is sized to regulate the flow of metal.
All other dimensions in the gating system are based on this exit diameter. One way

this di ion is d ined is by using an empirical formula which determines the

flow rate required for bronzes (AFS 1984, Flinn 1963):

Wi

Jlow rate = 5556 + T.081

where W is the total casting weight and ¢ is the average thin section thickness. The
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“thin" section is taken to be the smallest dimension of a cross-section to be fed with
metal. In the case of a propeller the thickness is taken to be the blade thickness at
the 5th blade section radius (midpoint of the blade length). Experience has shown
that better results can be obtained if this flow rate is modified by a delivery factor
to account for the variation in pressure head as the casting fills. Other dimensions
are determined from linear empirical relationships and proportions that experience
has found to be successful (AFS 1984).

Defects that could occur as a result of the gating system or pouring should also
be kept in mind when designing a layout: cuts and washes due to too high velocities
or abrupt changes in direction (erosion); dirt and slag; and other inclusions. Other
defects such as expansion defects; misruns and cold shuts, open grain structure,
face shrink

rough surface, surface or are also undesirable and should be

avoided wherever possible. A list of casting defects is given in AFS (1989).

4.4.2 Riser system

The second and most critical part of producing a casting is the controlled solidi-
fication of the molten metal within the mould. Once the mould is full, additional
molten metal must be fed into the cavity progressively to make up for volume defi-
ciencies due to metal shrinkage during cooling. Although feeding and solidification

are closely related, they can be discussed separately. Solidification is the heading
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given to the many aspects which specifically concern the metallurgy of the freczing
process of the metal. The feeding of molten metal to the casting from a riser or
several risers is given the heading, feeding system.

Copper-base alloys fall roughly into one of two groups. These groups represent
extremes in behaviour during cooling. Some alloys however, fall into an interme-
diate category because no sharply defined line exists hetween the groups. Group
1 alloys are those which freeze by skin formation at the mould wall followed by

dendritic crystal growth at a specific or a specific range.

These are said to have narrow freezing ranges. Group II alloys do not have a spe-
cific temperature (or temperature range) within which solidification takes place.

These alloys tend to “gel” hout the melt in an i ly uniform man-

ner. Freezing begins with the formation of crystallites around the mould walls, the
growth of these is almost immediately retarded (or even halted) because they are
considerably poorer in alloying elemeris or impurities than the surrounding melt.
Alloying element atoms are rejected from the crystallites when they form, thus
enriching the liquid metal surrounding the crystallites and reducing the freczing
temperature (AFS 1984). Further crystallites form and are subsequently halted.
This cycle continues throughout the molten metal until it has numerous crystallites
distributed through it. The temperature gradient across the melt is very slight as

the entire melt cools at about the same rate. The solidification process is analo-
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Table 4.1: Classification of copper-base alloys used in marine applications by solid-
ification lype (adapted from AFS 1984).

Group I alloys Group II alloys
(short freezing range) (long freezing range)
deoxidized copper tin bronze®
manganese bronze® leaded bronze*
yellow brass red brass®
aluminum bronze semi-red brass”
lumi bronze nickel-alumi bronze

silicon bronze®
*d dent on precise ition and

of Treezing.

gous to setting concrete. The material is all liquid initially, then becomes mushy
throughout and finally becomes rigid. This type of solidification produces a uni-
form, equiaxial microstructure commonly found in high strength metals.

These two processes represent extremes in freezing mechanisms. In reality most
copper-base alloys fall between them in continuous intermediate modes of freezing.
As the alloy content increases from pure copper, so does the tendency toward
mushy solidification. The actual freezing rate, which is very difficult to predict,
also has a great effect on the type of freezing. Intermediate freezing alloys exhibit
a microstructure with dendritic crystal growth at the surface of the casting and
more equiaxial grains toward the centre of the section. The proportion of one to
the other will depend prir=arily on the cooling rate and hence on the section shape.
Table 4.1 summarizes some of the marine bronzes and classifies them according to

group.
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As solidification and feeding are closely related and interdependent, the rest of
the discussion here will be in terms of Group I or II alloys and not in terms of
feeding versus solidification.

Other more practical concerns, upon which sound castings depend are discussed

in detail in the report on the expert system PROCASTER (Hofmann 1991d).

Risering procedures

The purpose of a riser is to supply molten metal to the casting as it cools. The riser
must be large enough to make up volume losses due to shrinkage. It must also be
sized to ensure that it freezes after the casting has solidified so that it can supply
molten metal. The size and location of risers is largely based on experience and
requires a certain amount of experimentation when new products are developed.
As shown in figure 4.1, most prapellers are arranged with one large riser on top of
the central hub which feeds all the blades and the hub itself. For propellers cast in
stainless steel this would be inadequate because of the reduced feeding range of this
material compared to bronze. Cases like this are not considered here specifically
although the following analysis results from developments in the cast steel industry
which have been applied to copper-base alloys (AFS 1984, Flinn 1963).

Group I alloys have similar feeding requirements to steel because they have

similar solidification mechanisms. Gates and risers are located to ensure directional
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Table 4.2 Approximate feeding ranges for some group I bronzes (AFS 1984).

Feeding distance

Alloy Section shape _in terms of thickness T
‘manganese bronze square bars 4T to 10T'/?
as thickness increases
plates 5.5T to 8T
aluminum bronze square bars  8TY/?
kel-alumi bronze square bars <82

Note: about 2/3 of fecding range is due to a free end.

solidification. This depends on the feeding distance (or range) of the alloy. In other
words, how far along a section can a metal be fed before cut-offs occur (Flinn 1963).
In general, use is made of the retarding effect of the riser mass on freezing and the
accelerating effect of external corners and edges to form the V-shaped solidification
front with the open end toward the riser. The riser will only feed a limited distance
and must be placed to ensure that it can feed the entire section. This may require
multiple risers if sections are very long and thin, for example. Table 4.2 gives the

approximate feeding ranges for various propeller alloys.

Riser shape

Riser “efficiency”, in terms of its capacity to supply molten metal and to store heat,
depends on its volume and its surface area. To maximize volume and minimize
surface area (and therefore heat loss) it can be shown that a cylindrical riser with a

height to diameter ratio equal to one meets this criterion. If the riser were insulated,
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even higher yields could be achieved. Yield is the percent weight of finished casting
with respect to the poured weight of metal. The radiated heat loss from the top of
the riser has been estimated to be as much as 50% for a non-insulated riser, but by

insulating the top this value can be reduced by half. It is therefore essential that

risers are covered with an hermi d or insulation to a mini depth
of 1/10 the riser diameter. Freeze-over of the riser must be prevented so that the

feed metal is not isolated from atmospheric pressure (AFS 1984).

Riser dimensioning

Riser size and placement is critical to the production of sound castings. Various
methods have been developed for sizing risers, but the most popular has been the
one developed by the U.S. Naval Research Laboratory (NRL). This method uses
empirically derived relationships between the casting to riser volume ratio and a

shape factor based on the characteristic dimensions of the casting:

w
shape factor = L—‘:—

where, L is the length, W is the width and ¢ is the thickness of the section. Much of
the published work in this topic s based on the NRL method (see for example, Flinn
1963). Another method, the “modulus® method, has received greater attention in
recent years. Although used most extensively for steel castings, it is suitable for use

with short freezing range (group ) copper-base alloys as it is ble to assume
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a similarity between the feeding requirements of materials with similar freezing
mechanisms.

Propellers are difficult to describe in terms of linear characteristic dimensions.
Therefore, the modulus method, which does not depend on a shape factor as above,
was considered more suitable to dimension risers for propellers and is therefore used
in the expert system.

This method is derived from Chvorinovs rule for the freezing time T" of a casting

(Flinn 1963, AFS 1984, 1989).
T=kxM?

where, M = V/A is the modulus of a casting with volume V and surface area
A, and k is a constant. This relationship is valid for any cast shape including a
propeller and its riser. The surface area considered includes only those portions
which contribute to cooling. Applying this equation to both the casting and the

riser (identified by subscripts c and r, ively) the following derivation can

be made. The actual freezing time is not of primary interest , but the relative
time for solidification for riser and casting is. This means that T, > T or restated

T,/T. > F? > 1 for the casting to be sound.

T kxM?
5T kng‘F
M = FPxM
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M, = FxM,

Practical experience has shown that for steel and ductile iron F=1.2 and for
group 1 copper-base alloys a value of about 1.3 gives satisfactory results (AFS
1984). In this way a riser is proportioned so that it freezes more slowly than the
casting to which it is connected; however, the riser must also have sufficient volume
to provide the necessary amount of feed metal to the casting. To this end, the

volume ratio of riser to casting is calcul to d ine whether the

V./Ve criterion is met. This criterion is based on experience. For propellers cast
in sand moulds, V,/V. ranges from about 30% to 60% by using risers of height
/diameter ratio equal to one and as much as 75% for risers where the height is
say, 50% greater than the diameter (Hofmann 1989, AFS 1984). If the minimum

volume ratio is not met, then the riser height must be increased from the calculated

di ion based on vol i id

Group II alloys comprise the greatest percentage of annual copper-base casting
production. Soundness in these castings depend on section thickness and unifor-
mity. Experience has shown that achieving soundness in these castings depends
on avoiding slow cooling rates. Within the limitations of the moulding processes
available and casting design, there are three ways in which cooling rate can be
maximized: 1) minimize section thickness; 2) reduce and/or evenly distribute heat

in the metal entering the mould cavity; 3) use chills and mould materials of high
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chilling power (AFS 1984).
Soundness in these castings is generally judged by achieving pressure tightness
of the casting. The extent of visible porosity and maintaining minimum mechanical

properties for the metal are also important as indicators of quality.
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4.5 Building a propeller

4.5.1  The strickle gear

The propeller founder is faced with the task of producing a casting of complicated
shape as accurately and as cheaply as possible. Owing to the possible infinite
variation of geometry of custom designed propellers, almost all those manufactured

are “one-off” items. The aim is to reduce the finishing time to a minimum as this is

generally the most expensi: jon during f Therefore, the casting
must be as close to finished dimensions as possible; ideally, it should require only
polishing and machining of the bore to produce the finished propeller.
Manufacturing prototypes of light alloys using a sweeping method can be adapted
to a wide variety of propeller configurations without complex numerical machining,
and it eliminates the requirement for wooden patterns. A strickle gear is a fixture
used to speep out blade surfaces in the moulding material. The mould is built and
then cast directly on the strickle gear, which acts as a base and mould box. Light
alloy cast patterns, manufactured by using a strickle gear, have the advantage that
they can be reworked and altered for use with similar future designs, thus avoiding
the need to produce a new one in some cases. Plaster patterns are vulnerable to
mechanical damage when thin sections are required and therefore not recommended

in these cases (Flinn 1963 ). In addition to this, by moulding the pattern directly
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trailing edge {leading edge
[

blade face

Figure 4.3: Propeller Geometry (adapted from O'Brien 1962)

in the medium into which it will be cast, the avoids the i

step of using a single blade wooden pattern, fos example, to produce a full solid
pattern without the dimensional and positioning problems. This may not be of
primary concern in some designs where dimensional accuracy is not critical, but
it will definitely be required in high precision propellers or small diameter highly
loaded propellers. Dimensional accuracy is even more critical in scale propellers
designed for research purposes.

The strickle gear provided a method to produce a mould from which a pattern
or prototype propeller can be cast in either a light alloy such as aluminum or a

propeller bronze.
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Strickle gear capacity requirements

The dimensions of the strickle gear were determined from the overall dimensions of

propellers which were to be f d. These i for the manufact

of wake adapted propellers were as follows.

The diameter is the most important dimension of a marine screw propeller.
Upon consultation with Avalon Propulsion Systems Ltd., it was decided that the
maximum diameter would be restricted to approximately 24 inches for two reasons.
Firstly, there is some difficulty in ordering custom propellers in the size range 10"
to 24” in diameter; secondly, the gear should also be suitable for making model
propellers. It was felt that a larger machine would make this very awkward. The
normal model propeller diameter that can be tested in the cavitation tunnel at
NRC - Institute for Marine Dynamics, St. John's, is 0.25m.

In most full scale applications of propellers in this size range the number of
blades does not exceed four. Although propellers with five, six or even seven blades

are common on larger ships, they are not usually applied to smaller vessls. The

. Lo -

of these propellers may be of no great benefit
to smaller vessels less subject to vibration problemns, and the associated losses in
efficiency usually do not warrant the higher number of blades. These propellers are
slightly more complicated in geometry, but they are constructed in the same way

as the three and four blade cases.
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There was a smaller strickle gear in use at Glasgow University, in Scotland,
which had been used to make model propellers up to a diameter of 0.3m. The
single blade moulds were made from plaster for casting whitemetal propellers. The
individual blades had a 1/4 hub cast-on (for a three bladed propeller a 1/3 hub is
cast-on etc.). These were machined and then mounted in another mould to fuse the
blades together with more molten metal. The blades were then finished and the bore
machined to produce the model propeller (private communication). A deficiency
that was readily apparent in the Glasgow University strickle gear (which was not
acceptable for our application) was the inability to easily incorporate positive rake
into the propeller (2). Rake is defined as the angle of inclination o the propeller
blade generater line (centre line) away from the radial position to give increased
clearance between the hull and the blade tips. This reduces propeller induced
pressure fluctuations on the hull surface. In the current design, to overcome this

problem, an adjustable sweep arm was i d to allow a variation in rake

from zero to fifteen degrees (a common maximum value; often a “standard” rake
of 17 per foot of diameter is used). Figure 4.1 shows a typical propeller mould
cross-section with rake. Note that the two blade sections shown have their tips
angled downwards instead of straight out from the hub. Figure 4.3 describes general
propeller nomenclature and gecometry.

A wake adapted propeller has as its main characteristic a variation of pitch
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along the length of the blade which is designed to suit the wake in which it is
operating. The gear must therefore have the capability to produce a blade with
radially varying pitch and a cambered surface. This can be done by using a custom
set of helix plates which are used to guide the arm which sweeps the face of the
blade. In the experimental casting discussed later in this chapter, a single plate
was used to produce a uniform pitch helix in the mould material. The Glasgow
University gear could only make uniform pitch blades accurately, radially varied
pitch, though possible to make, required many adjustments and settings of the helix
guide. This brought into question the uniformity of the set of blades that could
be produced. The maximum pitch-diameter ratio was limited to approximately 1.5

for a 24" diameter propeller, to give a i pitch angle of ap i ly 38.5

degrees. This maximum ratio was decided upon based on the records of propeller
repairs and sales over the past few years at Avalon Propulsion Systems Ltd.
Other non-propeller specific requirements of the strickle gear were: it had to be
of rugged construction, able to withstand the rough handling of foundry and shop
use; that is, it had to be movable even with a completed sand mould in place -
lfting eyes were provided. The drag was equipped with a quick release clamping
arrangement for the helix plates thus avoiding two problems seen with the Glasgow
University model: firstly, the screws used for helix adjustment could quickly become

damaged; and secondly, the repeatability of blade location and sweeping is critical
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for moulding solid multi-blade patterns.

An additional feature incorporated into the new strickle gear was that it had a
reversable cope which allowed for the complete mould to be built and the casting
poured on the same unit. The copebox had built-in reinforcments for the cope sec-
tions 1o ensure ease of removal and replacement during successive blade moulding.
The gating to be used will be a typical runner or horn type gating system with a

particle trap at the bottom end of the down sprue (Hofmann 1989a).

Mould construction

The drag

A propeller is always moulded and cast face down to ensure that the metal flows
upwards to fill the mould cavity in a continuous and undisturbed manner. This
means that any small amounts of slag can be skimmed while pouring and will not
be trapped inside the casting. The faces of the blades are constructed, with the
spindle and hub cylinder pattern in place (see assembly drawing in Appendix G),
by sweeping out their shape while using the helix plates to guide the arm. The hub
cylinder pattern must be located above a plug of similar diameter which forms the
swirl chamber of the horn gate (see figure 4.1). The runner itself is located so that,
the metal flows around the outside of the swirl chamber and fill the mould cavity

from underneath; that is, the end is directed only slightly inward along the tangent
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of the swirl chamber and not radially. In the latter case the metal would impinge
on the opposite side causing turbulence which can lead to defects such as porosity
in the casting.

The rake of the blades must be set on the sweep arm at the beginning of the

operation by adjusting the angle of the arm. The varied pitch of the blades

wept
successively starting at the inner radius and working outward as the inner radius
will always have the steepest pitch angle. This is the same procedure as is used
for very large propellers where solid patterns are not practical due to their size
(Langham 1964; Chakravarty 1967). If this were attempted inwards from the outer
radius the successive sweeps would destroy the previously swept surfaces. When
the successive plates have been used and the surface is roughly swept it must be
faired to avoid excessive finishing of the surface of the casting. It follows that the
larger the number of helix plates the more accurate the swept surface will be and
the less fairing will be required. Before the removal of the last helix plate the blade
generator lines and the radii at which the blade sections will be mounted must be
lightly marked to ensure correct positioning of the blades. When the moulding
material has set (in the case of concrete, plaster or CO, sand) tiie drag portion of
the mould is complete.

The mould material is a matter of choice and can be any one of green sand,

concrete, plaster or chemically bonded sand. Depending on the propeller in question
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one material may he more suitable then another. In the present study plaster of
paris was used, following the example of Glasgow University. However, this turned
out to be a poor choice for two reasons: firstly, it was found that the plaster set-up
so quickly (about five minutes) that the face could not be swept out completely.
Varied pitch could not have been constructed at all. The mould needed to be
completed by using the wooden single blade pattern which was to be raproduced
with the strickle gear technique. Secondly, the plaster mould did not cure properly
under shop conditions. It was discovered later that plaster moulds require baking
in an oven at about 400-500 °F for aluminum alloys and 1200 °F for copper alloys.
No oven was avalible for this purpose. Although the mould performed its function
and was successful, the high moisture content in the mould material itself caused
extreme bubbling and spatter due to steam generation when the mould was about
3/4 full, This was readily apparent when the cooled casting was removed from the
mould and inspected. The lower portion of the casting was sound, but the upper
part and the riser were very porous. If green sand had been used, the casting would
have been a complete success because the mould material does not require curing.

Future moulds should be made from sand with suitable bonding agents.

The cope
The cope is the upper half of the mould. It creates the cavity of the actual shape

of the propeller blades and their cross-sectional dimensions. The blade outline was
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located and scribed on the swept surface of the drag by using a wooden blade
pattern as a template. The swept surface was covered with plastic foil wrap (a
parting agent such as starch or silica dust would be used when moulding with
green sand) and the blade pattern was fixed on the swept surface properly located
by using the blade outline and generator line for guidance. The spaces between the
sections were filled with plaster, Templates, if needed for a pattern, would have
had incorporated into them a double shrinkage and finishing allowance such that
the pattern would have adequate material for finishing to the required dimensions
and an allowance for shrinkage of the prototype.

With the blade now completely defined, the cope could be completed. After
placing retaining boards in the cope around the defined blade, the cope was filled
with moulding material (plaster). If sand is used, it should be suitably packed to
ensure that no cavities are left near or on the surface of the blade and that the
surfaces which are formed by the boards are also completely intact - particularly
at the mating surfaces with the drag.

It was at this stage that the down sprue was installed. This was done by using
a tapered pattern of sufficient length and proper cross-section. The end was fixed
in the drag near the exposed end of the horn gate, it *hen protruded above the
cope top. The cope was then completed around the down sprue plug, which when

removed, left a clean hole right through the cope.
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A riser was also provided at the hub which was of sufficient capacity to ensure
adequate flow into the mould during cooling. In some cases, additional risers may
need to be provided along the top edges of the blades if it is felt that due to the
section dimensions and shape, flow will be inadequate from the hub riser alone. In
general this is not necessary when casting in aluminum or bronze if the hub riser
is of adequate size, but, it may be required if the casting is to be of steel or a steel

alloy.

Completion of the mould

When the cope was completed and it was again separated from the drag, the mould
was cleaned up along all joints and touching edges. The hub cylinder block is
removed along with the swirl chamber pattern. Before removal of the runner it
was necessary to cul a particle trap near the down sprue and connect it with a
small runner to the gate by cutting it into the drag mould surface. These should
be well away from the edge of the propeller cavity itself. The gate pattern was
then removed and all exposed edges were rounded slightly so that there was no
possibility of the edges crumbling when the mould was reassembled in preparation
for pouring. At this stage it was also necessary to ensure that the blade root radii
were formed correctly; in this case, the wooden blade pattern formed the hub also,

it turned out that the pattern hub was slightly oblong making it very difficult to




remove. The mould was opened slightly at the blade roots so the pattern could be
extracted. The mould was left open 1o dry over an electric heater over night.

All foreign materials were removed prior to closing up the mould. It is also
good practice to keep all openings covered with pieces of weighted cardboard or the
like to ensure nothing falls into the cavity until immediately prior to pouring. Any
foreign matter will produce defects which could cause rejection of the casting.

The strickle gear is essentially a jig for building either a propelier mould for
casting an aluminum pattern (which will then later be used for moulding a pro-
peller), or for casting a propeller directly if no pattern is required. It allows a

“low-tech” approach to creating high precision propeller castings and avoids the

16 1 mach

inherent diff and expense of

or wooden pat-
terns; although the casting could be finished using computer numerical controlled
machining. The gear works on the same principles used for very large propellers.
These are moulded directly in their mould pit using a loam board with a helical

guide around its cil fe

(for example, Chak 1967). The blade shapes
are then built up and the mould completed for casting.

Alunimum was used to make the casting because the crude furnace which was
built for this experiment could not melt bronze . As the casting was made from
aluminum, PROCASTER could not be consulted for information. Rules of thumb

were used to dimension the riser (about 1.5-2 times the hub length and 2-2.5 times
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its diameter), horn gate (runner) and down sprue patterns were used from a bronze

propeller of similar size.

4.5.2 Casting a prototype

To cast a propeller in a mould constructed by using the strickle gear and to show
that the system developed here was useful for the purpose intended, a mould was
constructed from plaster; firstly, by using a single bladed wooden pattern; and
secondly, by using the strickle gear. Photos 1 and 2 show the drag and cope parts
of the mould. As the plaster mould material set very quickly, insufficient time
was available to complete the strickle gear blade, so it was completed by using the
pattern such that the casting could be completed. Photo 3 shows the mould closed
and weighted, ready for pouring.

A small berating furnace was d to melt to cast the

propellers. Photo number 4 shows the author inserting the torch into the lower
section of the furnace. A naturally asperated 400,000 Btu/hr propane torch was
the heat source. The torch was positioned so that the flame entered the furnace
tangentially to ensure a good swirl around the ladle and to ensure maximum heat
transfer. It had a capacity of about 225 cubic inches of metal in a fabricated
steel ladle. The metal was melted and heated until it was completely melted and

glowing slightly red. No means of temperature mexsurement was available, but from
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experience it was about right for pouring. It was then poured into the mould. When
the mould was about 3/4 full, excessive moisture in the mould due to incomplete
curing caused the metal to bubble and spatter violently. Pouring was continued to
subdue the spattering and fill the mould as much as possible. The excess metal in
the ladle was pigged (poured into an ingot).

Once cooled, the castings were shaken-out. Photos 5 and 6 show the rough
castings as removed from the mould. Photo 5 shows the face (underside) of the
casting. The gate has been removed, but the swirl chamher can be seen clearly. The
intricate detail possible with plaster casting is demonstrated by the reproduction
on a measuring scratch on the pattern which has been reproduced in the casting
(this line is also visible in photo 1). Photo 5 shows the backs of the blades and
lower half of the riser. A small amount of leakage occurred from the upper cdge
of the blade. This is visible in the form of drips of solidified metal. Inspection
of the castings revealed that the mould construction itself was successful. It had
leaked a small amount at the parting line near the hub where the steam pressure
had separated the halves slightly. This in itself would be a minor defect, but would
not have any bearing on the quality of the casting itself as it could simply be cut
off. The upper part of the propeller blades were incompletely filled and porous due
to the bubbling out of the steam. The porosity could also be readily seen at the

break between the upper and lower part of the riser.
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The casting experiment was, in general, a success except for those items men-
tioned which depend directly on the type of moulding material used: the mould
was constructed correctly, the scrap aluminum was successfully smelted and then
remelted for casting, and the strickle gear is expected to work quite well given a

moulding material which allows sufficient time to complete the mould properly.

4.5.3 Finishing the propeller

After cooling, the propeller casting would be shaken out of the mould. The gating
system and riser would be cut off for recycling. The rough casting hub must be
faced off and the bore machined for the required shaft taper.

The blade faces would be ground smooth using hand grinders in preparation for
measuring. The blades are then laid off with the correct outline and the local pitch
measured at each of ‘e radii. If the pitch were not within specifications due to
distortion (for example), then a pitch adjustment would be made by preheating and

twisting the blade. Once the pitch is determined to be within tolerance, usually

ding to I ional Standards Organization standards (ISO 1981) the blades
must be trimmed and ground to shape both on the face and the back. The better
the casting, the less finishing would be required. After grinding smooth all the outer
surfaces of the propeller, it is balanced according to 1SO standards and sanded to

a smooth shiny finish.
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4.6 Discussion

Small standard propellers are readily obtainable in Atlantic Canada from estab-
lished firms which produce a variety of foundry products for the marine industry.
However, custom designed propellers are very difficult to obtain and expensive to
buy because traditional pattern costs cannot be written off on several jobs. A ves-
sel owner will pay substantially more for a custom propeller (as demonstrated by
the owner of the MV. BEAR COVE POINT), yet, the ~bility to acquire a custom

design is hampered by the lack of technical

pability of existing

They cannot produce designs beyond their pattern inventory. Therefore, the need
10 develop a capability to custom cast small propellers was seen to be the next step
in providing 2 complete professional and industrial propeller service. Interest in the
work has been expressed by several individuals and firms, including the Canada-
ian Department of National Defence, and Canada’s biggest manufacturer of large
propellers, Canadian Stone Marine.

The geometry of a propeller is complex in the sense that almost all external
surfaces are compound curves. The question is how can these specific shapes be
reproduced in the mould so that the propeller can be cast.

To help reproduce the complex and variable propeller blade geometry in a
mould, a strickle gear was designed and constructed. The strickle gear used the

sweeping technique for producing the helical blade faces in much the same way
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that very large propellers are swept-out with a loam board in the foundry pit. This
strickle gear can incorporate rake and variable pitch into the blade face. These are
inprovements over previous devices. The mould is then completed by building up
the section profiles in some way. For example by using templates at radial locations
along the span. In this way the nced for a solid pattern is avoided, or if repeat
orders are to be expected, this method can be used to make a solid pattern for
quicker moulding in the future without the need for a highly skilled pattern maker.

To help with quality control and mould design, an expert system was developed
to make proper mould design easier. When a new casting order is recieved, PRO-
CASTER can be consulted, as a matter of routine, to ensure that experimentation
is minimized. Feeding system dimensions may vary, but their configurations should

be dardized to avoid of avoidabie defects. This was percieved to be

a major problem at another foundry. Other material specific information would
also be availble to remind the foundryman of possible problem sources. The expert

system will also be useful for training new foundry personnel and others.
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Chapter 5

Conclusion

5.1 Propeller design

The design program WAOPTPROP, based on Lerbs’ (1952) lifting line method,

was written and tested. It d the published results of calculation examples

in Lerbs' paper. The program calculates the induced velocities at the blade sections
from a non-optimum circulation distribution and then the required pitch distribu-
tion and the thrust and torque coefficients for the design condition. Propeller design
using this program amounts to determining the hydrodynamic pitch distribution
by comparing the design point coefficient with the pitch distribution/propeller co-
efficient relationship calculated.

The design program was used to design a new propeller for a 75ft steel stern

151




trawler. The result was compared with two other design methods and found to agree
within the limits of known propulsive data for the vessel. To verify the new design,
the existing propeller for the vessel was extensively altered by Avalon Propulsion
Systems Limited: by adjusting the pitch to the new value, P/D=0.84; by increasing
the expanded blade area by 20% to reduce the mean blade loading and to avoid
prematuie cavitation: and by increasing the diameter from 68 to 70 inches. The
altered propeller was put back into service. The vessels's owner reported that a
2-2.5 knot increase in speed at full load had been achieved. A new propeller was
subsequently ordered based on the new design.

This case demonstrated that by applying sound engineering principles to difficult
rroblems, good solutions can be found. The wake adapted design capability of the
program has not yet been used on a real vessel, but it is expected to produce

efficient designs in cases where wake data is available.

5.2 Performance analysis

The propeller preformance program PPT2 was written by combining thin airfoil the-
ory and the Eckhardt and Morgan (1955) lifting line design method. PPT2 results

for six B-series propeller analyses were d with these d

tally and with the results of the lifting surface analysis program MIT-PSF-2, It

was shown that the diff between the perfc curves d by PPT2
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and those from the experimental results were attributable to differences between
lifting surface theory and lifting line theory.

Thin airfoil theory was used to represent the blade sections of the propeller
blades. Twa NACA meanlines, 2=0.8 and 1.0, and circular arc sections were built-in
as possible options for analysis. The circular arc section lift and drag experimental
data published by Riegels (1961) was re-analysed and then formulated in standard

thin airfoil format. An idealized section lift model was used in conjunction with

lly calculated lift to ine the angle of attack at which a section was
operating. The actual lift and drag could then be estimated; hence, the section
thrust and torque contributions could be found. This was done at each section
along the blade span; these values were then integrated to give the total thrust and
torque for the whole propeller.

To assess the accuracy of the program, results for B-series propellers were gen-

erated. The approach gave consistent, smooth coefficient curves, which underesti

mated the experimental results by amounts ranging from 5 to 50% for thrust and
up to as much as 100% for torque. MIT-PSF-2 gave results on the B-series ex-
perimental data curves, this implied that the differences were due to lifting surface
effects. Lifting surface corrections for these differences were derived which depended
on the pitch/diameter ratio and the blade loading (or advance coefficient) of the

propeller. These corrections were applied to the same six propellers within PPT2.
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The new performance results were plotted and shown to approximate the experi-
mental curves more closely: the errors in thrust coefficients had been reduced to
less than 10% in all cases. The errors in torque coefficients were also reduced, but
they still varied between 10 and 40%. However, now the torque coefficients tended
to over-estimate the B-series results, leading to conservative results.

Together, these two pregrams allowed the design and analysis of conventional
marine propellers for small propellers. They could be used for design optimization of

wake adapted propell ing under sub-cavitati ditions. Lifting surface

corrections were derived for two pitch/diameter ratios which approximately correct
for the differences between lifting line and lifting surface theory. These corrections
should be extended over a much wider range of geometric variations to make them
more widely applicable. They were tested and found to give consistent engineering
estimates of the thrust, torque and propeller efficiency under design and off-design

conditions.

5.3 Full scale tests

A transducer to measure propeller thrust and torque by measuring the shaft ma-
terial strains using strain gauges was designed and built. The excitation of the

Wheatstone bridge circuits and the signals were itted to the

strain gauge conditioner via copper slip rings, carbon machine tool brushes and
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shielded cables.

Sea trials were conducted on two 36'0” fishing vessel hulls: the MV. SUGAR
and the MV. BECK'Y A.. The propeller thrust, torque and shaft RPM were mea-
sured at different boat speeds over a measured distance and timed. The results were
analysed and plotted. Due to equipment failure, thrust measurements were not suc-

cessful on the MV. SUGAR, but torque were made th the

sea trial. The torque coefficients calculated from the measured torque values were
plotted as points on the performance curves from PPT2 (figure 3.1). The prefor-
mance curves are not corrected for lifiing surface effects; therefore, a shift upward
of the torque coefficient curve could be expected if corrections were applied which
would have brought the measured points nearer the predicted curve. The trials of
the MV. BECKY A. were successful. The analysed thrust and torque measure-
ments indicated propulsion efficiencies which did not exceed about 35% (scatter of
the results was about 30% of the measured values). These values confirmed by di-
rect measurements the poor efficiencies common on these vessels. Bollard tests were
also conducted on both vessels, but these measurements produced a large amount
of scatter (about 100-150% of the measured value). A major source of scatter was
electrical noise due in part to dirt contamination of the slip rings and in part to

high levels of propeller induced vibration in the bollard condition. The ease with

which the slip rings were inated was d and not d for in
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the design of the slip rings and pick-ups resulting in high noise levels in the thrust
readings. The torque readings were relatively unaffected by noise, but determining
zero thrust and torque was a problem. At low shaft speeds, brush induced noise
was also noticed. This noise could be due to poor seating and chatter of the brushes
in their holders.

The trial results re-affirmed the poor propulsive efficiency of fishing vessels, The
highest value measured was only about 35%. Theoretically, higher values of about
50-55% should be attainable, but diameter restrictions due to inadequate aperture
size may [imit this to about 40%. Substantial increases in cfficiency should be
possible using good design practice in place of rules of thumb.

Speeds measured during the trial of the MV. SUGAR in protected and open wa-
ter were compared and found to be substantially different. The speeds were about
10% higher over the entire range in protected waters and varied from about 4 knots
to over 8 knots. The speeds attained by the MV. BECKY A.in St.John’s harbour
were similar to those attained by the other boat in protected waters. It could be
expected that a similar reduction in speed with RPM would occur when the vessel
leaves the confines of the harbour. These observations indicate a substantial in-
crease in power requirement for a vessel operating o the open ‘ea. Adcquate service
allowances must be made when determining the available power for propulsion.

The messured thrust and torque coefficient values for the MV BECKY A.
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demonstrate the restricted range of advance coefficient, J, within which a ves-
sel operates while free sailing. A propeller design must be optimized within this
range. If a propeller has its highest efficiency outside this range, its performance
will be very poor and the boat may not use all of the available power and may not
attain its design speed; alternately, the engine will become overloaded before full
speed is achieved.

If the case of a trawling propeller is considered, a sea trial would be useful to
determine the wider range of advance coefficient, J, over which the trawler must
operate duc to increased load of the net. Ineffect, the net increases the resistance of
the vessel, and the possible range of J. The lower end of the range will be extended.
A towing propeller would then need to be optimized at some point between the free
sailing and towing speed. The weighting toward one or the other would depend
on the operational profile of the vessel. For this reason, when owners have several
licences, they may also have different propellers optimized for the specific fishery
which is pursued at the time, for example trawling or alternately fixed gear where
1o towing is done,

Optimization of this type can readily be done by using the performance analysis
program PPT2. Competing propeller designs are indivdually evaluated and the best

one chosen.
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5.4 Manufacture of propellers

To produce custom propellers, the capability to make castings must exist. This ini-
tiated the work to develop aids to moulding propellers and to develop techniques to

cast these ically. Two aids to Iding were developed to help in the design

and dimensioning of a mould without requiring a solid propeller blade pattern. An
expert system, PROCASTER, was developed to help define design criteria and di-
mensioning of mould components, and a strickle gear was designed and constructed
that was used to construct the propeller blade shape. A crude reverberatory fur-
nace was built to melt aluminum to test the constructed mould by casting a small
propeller.

The moulding material chosen for the experiment was plaster. It has several
attractive properties which include excellent dimensional stability, very low shrink-
age during curing and very good detail reproduction. Ifowever, it was found that

the plaster did not cure sufficiently under shop conditions to cast alumi It

was determined that plaster moulds required baking for use when casting above a
few hundred degrees. For aluminum the mould must be baked at 400-500°F and
for copper alloys at temperatures exceeding 1200°F are required (P.M.C.A. 1983).
The high moisture content of the un-baked plaster mould generated steam inside
the cavity which caused porosity in the upper portion of the casting. The stcam

also separated the cope and drag slightly allowing some minor leakage of molten
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metal to occur at the trailing edge parting line. Another unexpected problem arose
while attempting to use the strickle gear to sweep out the helical blade surface.
The plaster of paris set so quickly that the sweeping could not be completed. The
mould had to be completed by using the solid wooden pattern. The problems en-
countered were a result of the choice of moulding material. The mould construction
and layout functioned as desired; the metal was filled from the pouring cup and
flowed through sprue and gate filling the cavity in a continuous undisturbed man-
ner. When the cavity was about 3/4 full, the steam generated caused spattering
and porosity. A sand mould would not require curing and would allow ample time

to sweep the blade face and construct the mould.
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Chapter 6

Recommendations

6.1 ...for improvments of software

- A more comprehensive set of lifting surface corrections should be developed and
applied to both the design program and the performance analysis program.

- The programs should be made more user friendly by some flexibility in input data
and more error traps to avoid crashes.

- Detailed documentation should be produced for both programs including sample
runs and results.

- Propeller strength for detailed blade section design should be addressed in the
design program as the next step in development.

- Section data should be modularized in data files to avoid the need for extensive
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data input unless it is so desired.

- More section data for common section types should be incorporated. For exam-
ple the NACA 66 modified profiles have been used extensively for large marine
propellers.

- Detailed design output should be available for input into lifting surface programs.

6.2 ..for future full scale testing

- Improvements in the design of the stub shaft should include a sealed brush holder
which is mounted integral and supported by the stub shaft. This would avoid dirt
contamination of the slip rings and brushes and make installation onboard simpler
and less prone to damage. A smaller and more compact brush set would enable a
shortening of the stub shaft which would make it possible to install it in a wider
selection of boats given that the thrust and torque limitations are not exceeded.

- Radio telemetry methods should be investigated for signal transinission.

- Further full scale testing should be undertaken to gather data ing propul-

sive characteristics, resistance and wake.

- A wider range of advance coefficients could be tested by towwing another boat with
the test boat to alter the resistance. This however will introduce other problems
such as towing instability due to stretching of the towing line. This approach was
discussed, but since propellers do not operate under these conditions under normal
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circumstances (ie. not towing), it was not pursued further,

6.3 ..for manufacturing

- The strickle gear should be tested further for versatility. Several improvements can
suggested even at this stage. A smaller and lighter sweep arm shouid be designed
for close-in work (model propellers). The centre shaft is too long and should be
shorter unless high pitch ratios require it to be full length. Excessive length makes
it awkward to use. In addition, it must be smooth and slightly tapered at *ie
bottom so that it can be easily removed from the mould. The current shaft was

difficult to extract. The outer edge of the strickle gear should be calibrated for

easier blade positioning (angular). R bility of blade shapes and profiles and
blade tracking (surface height relative to other blades) should also be verified. A
varied pitch propeller mould should be constructed using a set of pitch plates.

- The crude furnace operated beyond expectation. With improvement of the upper
cylindrical cover by insulating and better sealing around the base, this furnace
should be capable of melting small quantities of bronze.

- Bonded sand should be used for casting. This will require some basic handling
equipment including a storage he.pper to keep it clean when not in use and a muller
for breaking up lumps and mixing the sand, clays and water for moulding.

- A sand muller should be designed and built.
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- More acrurate casting and finishing requires a morc accurate and simpler mea-
suring facility. A digital measuring machine with scaie zeroing should be designed
and built.

- Computer software should be written to convert design specifications from design
programs ta manufacturing blade off-sets for shop use.

- Develop a low cost floor mounted melting furnace. It should have a suflicient
capacity for a two meter diameter propeller (400 kg of bronze). The melting time
should reasonable, but higher heat capacities will require more expensive equip-

ment. Naturally aspirated burners should be investigated.
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Appendix A

Empirical propeller selection

The first method of selecting a stock propeller is most often used when very iittle
information about a boat is available. It is based on the comparison of the pro-
peller “horsepower curve”, which is roughly the thrust power developed by a stock
propeller, and the power curve of the engine. These two curves should intersect at
the maximum operating rpm of the engine. Usually, the 70-85 % maximum rpm is
used because most engines have the lowest specific fuel consumption in this speed
range. This also makes allowances for some of the other unknowns involved. This
method often gives a propeller that will not overload the engiue but its performance
remains questionable. In most cases where this method is used, the installed power
is relatively low and performance is not a primary consideration, but engine loading
is. The propeller thrust changes with boat speed and the propeller iaay not nec-
essarily absorb all the power available at a given rpm, but, usually a free running
propeller is designed to abscrb ail the available power at maximum rpm. Hence,

the achieved boat speed remains a function of the engine power installed.
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The second method which has been in use in North America for many years
is the slip method or Crouch’s method. It is an empirical method whereby the
propeller pitch is matched to the boat speed at about 90 % of maximum rpm. The
pitch is calculated without taking into account the slip *. The pitch without slip
is then increased by the amount of slip which is calculated empirically or guessed
at based on experience. That is. if the slip is approximately 40 %, then the piteh
is increased approximately 40 % to give the required pitch of the propelicr. The
installed engine power must then be capable of preducing the amount of power
demanded by the propeller to avoid overload. This method gives a quick and ap-
proximate first estimate for stock propellers used in applications where efficiency
is of less importance; these include, powerboats, speedboats and workboats. For
workboats, more experience is required to make this method work and some knowl-
edge of the type of operation (that is, is it used for towing, mancuvring, or simply
self-propulsion as in a barge, say). The method is used widely by small craft de-

signers and some propeller for first esti and repl of

old propellers (Gerr 1989). Often a pitch adjustment may be necessary to ensure
the maximum engine rpm is reached in cases where overload or underload becomes
a problem.

A third level of sophisticaiion can be introduced into propeller matching by using

the results from tests on modei propellers to d ine their perf Although

many systematic series of propellers have been tested over the years, the most

comprehensive and widest range of testing was carried out by the Netherlands Ship

15lip is a term used to account for the induced velocities of a propeller. The slip is the difference
between the distance a propeller would travel in a solid medium and the distance it travels in
water. Apparent slip = theoretical advance (pitch X rpm) - actual advance. True slip can be
determined from a measured mile run at a known rpm and propeller pitch.
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Model Basin at Wageningen, the Netherlands (NSMB now MARIN). The NSMB B-
serics (also known as the Troost B-Series) model propellers have been extensively
tested in open water (without the inf sence of a hull) and the results plotted in
the form of charts (van Manen and Troost 1952, van Lammeran and Oosterveld
1969). The power factor, B, is plotted as a function of advance coefficient, .
for variations of pitch/diameter ratios. Hence, the method is called the B,-6 chart
method. So, based on a power factor, By, calculated for the case under consideration
and the design sperd (advance coefficient) the pitch ratio and propeller open water
efficiency can be read off. This method has been used since the first series of tests
were completed. It is very useful for designing propellers which are geometrically
similar to the B-series propellers but certain corrections must be made to account
for operation behind a hull. For example, it has been shown that a 3-4 % reduction
from the optimum open water diameter performs better on a single screw ship (Gerr
1989, van Manen and Troost 1952). The experimental data is also used in other
ways. The K-J and y — o charts are very useful in performance analysis at off
design conditions. These are plots of the same experimental data in forms which

lend thy Ives to i f infc fon such as thrust and torque

coefficients and open water efficiency at speeds other than the design speed or to
determine the extra thrust available for towing. Another very useful presentation of
the data is in the form of polynomials based on regression analysis and curve fitting.
These give thrust and torque coefficients by direct calculation and are written in
terms of the pitch-diar.eter ratio, advance coefficient (speed) and rpm. These are

i 5
P for

A program, BKTKQ was written

by using these polynomials to calculate the performence of the B-series propellers
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over their entire operating range. This program was used to verify the output form
the program PPT2.

In some cases, designers use these results for preliminary work with special
propellers, such as supercavitating propellers, by introducing some empirical cor-
rections. The By-6 charts are however less useful near their limits because the
cocfficients as plotted go off the charts. As in all engineering work, results should
be checked by other means. However, since very high speed applications, 50-60
knots, fall outside the useful range of subcavitating propellers (conventional pro-
pellers), it is not recommended that the charts be used under these conditions.

To summarize, By§ charts are very useful in preliminary design calculations,

for determining propeller diameter. They can also be used to evaluate alternative

(at least q ly). Other methods such as the slip
method can be very useful for checking design results or sizing propellers when very
little iz known about the vessel. Many repairers and manufacturers also have rules
of thumb which they can use to determine pitch changes or size propellers knowing

the operating conditions of similar vessels.
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Appendix B

Fortran listing of WAOPTPROP
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ADVANCE COEFFICIENT
5=0.25

HUB RADIUS FRACTION
H=0.2

REQUIRED INPUT POWER COEFFICIENT
PI=0.784

OVERALL AND LOCAL WAKE FRACTIONS

4

5, “

6,

7)=0.155

ARRAY DIMENSIONING
o4
P=N+1
P=M+1

T=3.141592654
HID1=PI/(N-1)

INITIALIZE ALL ARRAYS
1111 DO 1 I=1,M
=0.0

X0(J
PH!G(J;-O .0

IN’T(I J)-O 0
INA(I,3)=0.0
X0X(I, J)IO 0
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EJC: DEFINE VORTEX REFERNCE ANGLES

D0 10 I=1,N

PRS-

C DEFINE RADIUS FRACTION REFERENCE ANGLE
0 I=1,N

gt

C DEFINE RADIUS FRACTIONS

DO 29 I:

XD(I)-O 5‘(1‘XH) 0.5%(1-XH)*COS (PHIO(1))

c x(x)lo .00001
X(I)-o 5:(1~xn) 0.5 (1-XH)*COS (PHI(I))

c HAKE ADAPTATION

HAxsrcn(Ig-aunurt(E -u(xg)/(x 0))#40.5
vrite(s ‘m}é“k cn ? ,wakefen (i)

c DF.FI“E VORTEX PITCH ANGLES

IF X ( ) E :0.0) TH]
BIﬂEI)-l 570796327

BIO(Ig-ATuI(LS/X(I)'(l ~W(i))/WAKEFCN(I))

oi'st
n
xg);(ém}_)ﬂﬁél)lx(l)
43 CONTINUE
WRITE s,; Y PHI PHID BID!
9, .) PHI(I),PHIO(I),BI0(I)
c ' X0 X’
c DO 46 I=1,N
c HRITE(s ) X0(1),X(D)
c 46 CONTINU|
¢ 88 PN
< b
¢ WRITE(Q,*) ' XCIK(‘.I 3,7 )=1,X0X(I,J)
c 45 ONT

Cf
c 44 CUI(TINUE
C CALL SUBROUTINE INDUCT TO CALCULATE THE LERBS INDUCTION FACTORS
CALL INDUCT(IT,IA,BID,XOX,G,N,M)
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FOR EACH VALUE OF PHI SET UP FOURIER COEFFICIENT MATRIX
USING SUBROUTINE FCINDUCT AND THEN SOLVE THE MATRIX USIN
SUBROUTINE GAl SE. ;éﬁ T FD§ ANGENTIAL COMPONENT 'IT’
OR THE AXIAL COMI bk € 3

0 70 1=1,
GALL FCINDUCT(A,IT,N,M,PHIO,T)

c WRITE(9,*) ’ PHI=',I,’ QUTSIDE FCINDUCT’
C DO 69 N
C DO 68 R=1N+1
C WRITE( SACLILK,? )= ACTLTLK)
g &

D! N
DO 65 K=1
A2(J,K)=A(T,
< un:gs(s W AZ(‘ 1K, )= ,A2(3,K)

60
CALL GAUSS(XT,AZ,N,NP)
c WRITE(9,*) ' OUTSIDE GAUSS'
c HRITE(Q *) ' INDUCTION FACTOR FOURIER COEFFICIENTS’

INT(I K)=XT(K)
WRT' TE(9 *) * INT(I,K)’,XT(K),INT(I,K)
CONTINUE
% CONTINGE
D0 51 I=1,H
SALL FCINDUCK‘(A IA,N,M,PHIO,T)

DO 53 K=1), i

A3(j,100=A(1,3,K)

C WRITE(9, ) © A3C?,3,K,’ )= ,A3(J,K)
53 CONTINUE

52 CONTIWUE
CALL GAUSS(XA,A3,N,NP)

=1,
IH:(I K)-XA%#\)IE
51 CONTINUE

¢ WRITE(9,*) ’ PHI PHIO’

¢ DG 71 I=1,N

WRITE(9,*) PHI(I),PHIO(I)

c 71 CONTINUE

WRITE(9,%) ’ !

HRITE(S *) ! XDX INT

Do 72 I=1,4

write(9,») *

WRITE(9,*) ’ PHI=‘,i,PHX(I)
HHI ( *) ?

0 73 J=1,N
WRITEGD. 45 XOX(I,1),INT(T,J),INACT,T)
73 cu;{riwx—:
72 CONTINUE

)

o

@anannananooa
=]
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g BEGIN CALCULATION OF hm TERMS
DO 80 I=1,M

N
1,J)#DCOS(

A(L,J)=INA( (- 1)'PHI(I))
SININA(T)1)=INA(T, 1) #DSIN((J-1) *PHI (1))
COSINT(I,J)=INT(I,J)*DCOS((J-1)*PHI(I))

(J-1)#PHI(I))

SININT(I,J)-I]IT(! ,J)‘DSIN(
90 CONTINUE

0T(I, NT(I,1)
SUHCUS(I 1)'CUS'HIA(1 1)

SU'HCDS(I J)=SUHCUS(! (3-1))+COSINA(I,J)
SUHCDT(I J)‘SUHCDT(I ,(J=1))+COSINT(I,J)

SUMCOS

SUMSIN(I,N+1)=0.0
SUMSIT(I,1)=0.0
SUMSIT(I,2)=0.0
S(IHSIT( rm)-o 0

J=N,
SUHSIN(I J)-sunsm(x J+1)+SININACI,J)
sunsrr(x_r:‘)l;gunsrr(l ,J+1)+SININT(I, J)

1 E
WRITE(9,*) ’ SUMSIN

c
c
c
c =10
C WRITE(S,*)'T,J, SUMSIN(I,J),SUMSIT(I, )
€ 108 CONTT

G

c

¢

e
o
2
Q
o
35

'OR CONDITIONS WHERE PHI=0 DEGREES
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SUHIN'TU( )=INT(1,1)
SUHIHAD(I)-I)IA(] 1)

SUHINTI](J)=SUHINTU(J 1)+INT(1,1)
SUHINAO(.V):SUHINAO(J 1)+INACL, 3)
o307 SONTINY

N
HSU’HIm‘Dé ) EJ 1) *SUMINTO(J)
ng- J-1) *SUMINAD(J)
108 CONT.

NINTO(2)=(3-1)*INT(1,3)
NINAU(J)T(lJml)‘INA(l 3

SUMNINTO (Ng =NINTO(N)
SUMN ;N NAO(N)

,3,-1
SUMNINTO Jg-S'WIN'rnEJq)«NINTcﬁJ)
SUMRINAD( 1) =STHNINAD J+1)+NINAD(J)
D0 260 J=1 ti
HT(1,J) =PI+ (MSUMINTO(J+1) +SUMNINTO(J+2))
HA(1, J)-PX‘(HSUHINAD(J+1)4SUHN!HAU(J¢2))
(260 CONTINUE

4
C FOR PHI BETWEEN O AND 190 DEGREES...
DO 140 I=2,M-1
C write(9,%)i,’ phi=’ , phi(i)
PISIN-PI/SI“(FHI(I))

T§ ? PISIN=',PISIN

SINgHI'SIHE EJ; *PHI(T))

COSPHI=COS((J)*PHI(1))
TE(9,*) ' SINPHI=’,SINPHI,’ CDSPHI" COSPHI
C HR!TE(Q ‘) y SUHCOS-’,SUHCDS(I J+1),
(4 #SUNSINa ,SUMSIN(I, J+2)
C WRITE(9,*) * SU‘HCUT-’ SUNCOT(I J+1),?
‘SUHCDT-' SuMCOT (T, 3+2)
C WRITE(9,*) ' ;

HA(I,3)=PISIN®(SINPHI*SUMCOS(I,J+1)+COSPHI*SUMSIN(I, (J+2)))
HT(I,J)=PISIN® (SINPHI*SUMCOT(I, J+1)+COSPHI*SUMSIT(I, (J+2)))

150 CONTINUE
140 CONTINUE

C CUNDITION FOR PHI=180 DEGREES
0 J=1,4

JPI-(J- )*PI

COSINTN(J)=DCOS(JPI)*INT(N,J)

CDSINAN(J}-DCBS(JPI)‘XI(A(N )

sc051m(1)-cnsxm(1)
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SCOSINAN(1)=COSINAN(1)

SImEJé-SCDS!mEJ-lgoCUSIm

Sco:
SCOSINAN 4COSINAN

J)=SCOSINAN(J-1

gBl CONTINVE

freinil- e

MSCOSIN;
282 CON

DO 283

JPI=(J-1

A(3)=(]-
TINUE
SLE

8

*P1
NCOSINT(J)=DCOS(JPI)*(J-1)*INT(N,J)
NCDgIgs}(‘J)'DCDS(JPI)‘(J 1)*INA(N, )

TINUE
SNCOSINT (N)=NCOSINT(N)

SNCDSIN

SNCD INT
SHCDSINA
4 _COl

JP.
HT%H J)'-PI'DCDS (JPI1)#(MSCOSINT(J+1)+SNCOSINT (J+2))
HA(N J)--PX‘DCOS (JPI1)*(MSCOSINA(J+1)+SNCOSINA(J+2))

C
C
WRITE(9

WRITE(S, ‘) II.! KA(I 1), H1(1,0)

151
141 col

c
C CALCULATE AUGMENTED FOURIER COEFFICIENT MATRIX FOR CIRCULATION

U 160
WRI'

TE(9,*
L!SX-LS‘(l ~H(I))/X(
C WRITE(9

A (N) =NCOSINA(N)

=SNCOSINA(J+1

O)‘

Cl
INTINUE

1284

23,1
g-SNCDSINTéJ‘ l; +NCOSINT
+NCOSINA

&

! Ls=’ Ls.' X=',X(I)

? LIX=’

DG 170 J=1

170 COl

C WRITE(9,%) J,’HA=’ HA(I J),’HT=’ HT(1,J)
GA(I-1, J)-i!{B(HAKEFCN(I)OHA(I L DALISXSHT(T, 1))
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CALL GAUSS(GCIRC,GA,Q,QP)

WRITE(9,#) ' *

DO 181 i 1,0

WRITE(g ) | GCIRC(,1,° )=, GCIRC(T)
181 CONTINU]

S CALCULATE CTIRCULATION DISTRIBUTION

1,9
CIRC(I)-CIRC(l)4GCIRC(J)'SIN(J‘PHI(I))
0" " CONTINUE
210 CONTINUE
WRITE(S q5
D0 211 1=i
WRITE(9, a) ¥ Cmc(' 1,’ )=',CIRC(I)

211 CONT.
8 CALCULATE DOUBLE NUMBER OF POINTS OF CIRCULATION

"S ZlZ

=1,N
Fr(t)-mm- 1-1)/2
RADX(1)=0. 5:31 +XH)=0.5%(1.-XH)*COS(FI(I))

J=1,Q
CIRC2(T)=CIRC2 (1)+GCIRC(J) *SIN(I*FI (1))
314 CONTINUE
WRITE(9,%) ’ CIRCULATION WITH INTERMEDIATE POINTS'
ot
N2
WRITE(9,#) I, RADX=’ ,RADX(I),’ CIRC2=’,CIRC2(I)
215 CONTINUE
€ CALCULATE TANGENTIAL AND AXIAL COMPONENTS OF INDUCED VELOCITY
00 182 I=1,8
HTVEI;-O.
e ComitnuE
D0 190 I=1,N

DD 200 j-:,?
WIV(I)=WTV(1)+(1./(1.-XH) ) *J*GCIRC(J)#HT(,J)
HAVCD)=RAVCI) (4.7 (1 -XH) )+ J4GCIRCC) HA(T, 3)
190 CONTI
WRITE(S,%) / INDUCED VELOCITIES’
00 191 f=1,N
VRITE(S. )+ WTVC: T, )= WIVCD), ! WAVCE, T, )=, WAV (1)

c hydrodynw:c pitch angle

tubxﬁx) ((1 -H(I))#vnv(1))/(:(1)/L5-vcv(x))
vrite(9,*) ' tambi(’, ,tanbi (1)
195 'nnnnue
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g CALCULATE POWER AND THRUST COEFFICIENTS
Dg 330 I=1,N
FHAVgI)M‘G'X(!)‘CIRCé Yo (1. +WAV(T)) /L8
WIV(1)=42G+CIRC(I)*((X(I)/Ls)~WTV(I))
CONTINUE
DO 340 I=2,N
CP‘CP?(FH‘M’gIg‘FHAV(l 1))/2'£X(I)- E -1
CT+ (FWTV () +FWTV(I-1)) /2% (X(I)-X(I-1))
340 CONTINUE

C CHI'.CK REQUIRED THRUST COEFFICIENT, IF ERROR TOO LARGE
INCREMENT ASSUMED IDEAL PROPELLER EFFICIENCY.

DIFFCP:(CP CPI)/CPI

ita(9,%) 'diffcp=’,diffcp
IF (A\n(DIFFCP) GE.0.1) THEN
etanot: .05
zznuzmn-zzennpnn
GDTDI

3
< pitch/diameter ratio

do 350 i=1,n
pd(l)-pltx(:)ttanbl(l)
350 continue

c AVERAGE face pitch

¢

do 360 i=1,n

pdi=pd1+pd(i)

360 continue

p=pd1/n=d

vrite(9,») * ’

write(9,+) ’ Je-nnons required’,iteration

write(9,#) ' CPI=’,CPI

Write(9,*) ' diuetsr-',d,‘pitch-',p

EFF=CT/CP

WRITE(9,*) ‘CT-’,ﬂ' ‘Cp=’,CP

WRITE(9,#) ’EFF=’,EFF

;gl;E(SI'} LS P!TCH/DIAHEI'ER RATIO DISTRIBUTION’

WRITE(9,%) 'PD(’,I,’)*,PD(I)

361 CONTINUE

vrite(9,*) ’ !
0P

EHD

SUBROUTINE INDUCT(IT,IA,BI,XOX,G,N,M)

¢ SUBROUTINE INDUCT TO CALCULATE LERBS INDUCTION FACTORS

DOUBLE PRECISION BI(N),IA(N,N),IT(N,N),XOX(N,N) ,Y0,Y,A2,B2

REAL YY,YOYD

INTEGER G

< WRITE(9,*) ’* NOW INSIDE INDUCT DATA TRANSFER’
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gl'uugE(Qlt) ¢ G=’,G,’ N=',N," M=' M
VRITE(S -) £ BICY,I,¢ )=, BI(I)
sﬂcl 1= 1
Do 2
gRITE(S ') ' Xox(’,1,3,” )=',X0X(I,J)
1 CONTINUE
0
DDU10 1:? N

Qnno nnonan

UNT+1. 0
C WRITE(9,+) / iteration #’
C WRITE(9,*) ' XOX=',XOX(I, J).’ BI-' ,BI(J)

IF (XOX(I,J).LT.1.000) THEN
IF(((BI(I)4GT.L570),AIID.(BI(I).LTJ.SH)) THEN

IT(1,1)=0.0
¢ WRITE(9,%)’ 1ST BI=30 CONDITION COMPLETED’
gor0, 20
END 1
IF (XOX(I,J).LT.0.0001) THEN
IT(1,1)=G
IA(I J)=0.0f

c WRITE(9, -) ki cunpz.m-: LOOP 1 - NULL CONDITION’
GoTo 20
End if

Y=1/(XOX(I,J)*TAN(BI(J)))

m-l/TAH(BI( ))

YY=SQRT(1.+Y**2)
Yu‘m-snnr(x +Y0%#2)

}w YOY0)-0.5#ALOG((YOYD-1.)#(YY+1.)/((YOYD41.) #(YY-1.)))
E-i (EXP(GeA1)-1)

B1=SQRT(YOYO/YY) * (E-YO##2/ (2%G+Y0YO**3) *ALOG (1.+E))

IA(T,3)=-GaY*(XOX(I,J)-1.)sB1
Gs(g 23)=-G# (XOX(T,33~1.)%(1.4B1)

IF ((X0X(I, J) GT.0.9999) ,AND. (XOX(I,J) .LT.1.0001)) THEN
IT(I,3)=SIN(BI(3})
IA(1,J)=C0S(BI(J))
°n"31§§(9") * COMPLETE LOOP 2 ~ UNITY CONDITION'
ST r
IF (X0X(1,3).GT.1.0000) THEN

§v(§(al(l) .GT.1.570) .AND. (BI(I).LT.1.571)) THEN
IT(1,3)0.0

183



c WRITE(9,#)’ 2ND BI=90 CONDITION COMPLETED’
20

END IF

IF (X0X(I,J).GT.1000.0) THEN

,J)=0.0
u(x 13)=G+(X0X(1,J)-1.0)/ (X0X(I, I)STAN(BI(I)))
c wnm:(s, ) * COMPLETE LOOP 3 - INFINTY COND.
GuTd 20
v=1/(xux(1 J)*TAN(BI(J)))
Y0=1/TAN(BI(J))

YY=SQRT(14Y##2)

YOYO=SQRT (14Y0#*2)
WRITE(9,%) * Y Yo
wnm:(s +) Y,Y0
WRITE(9,#) '  YY Yovo’
\mm:(s *) YY,YOY0

=~ (YY-YOY0)+0.5#ALOG ((YOY0-1)#(YY+1)/ ((YOYO+1)*(YY-1)))
z/(ExP(a-Az) 1)

B2=SQRT(YOYD/YY)* (E+YO#»2/ (2#G+YOYO##3)* (ALOG(1+E)))

IT(I, J)-G-(xux(x J)-1.)%B2
1A, 3)=GYs (XOX{T, 3)-1.)#(1.+B2)

20 CDNTIMIE
INTINU

a nm fanaonon

¢ WRITE(9,%) ' RESULTS msm INDUCT®

c mTE(s *) (31Q),J=1,K)

< WRITE(9, %) ’ I 3 bed
¢ oo 30 I

€ DO 31 J=i

¢ WRITE(9,) 1 J,17(1,3),IA(L, )
¢ 3 SEAE

RETURN

END

C
SUBROUTINE GAUSS(X,A,N,NP)
] L’ ATI0)
¢ NAm g\' EFIEIgAfmﬂsmmnﬁ
C NP=N+1 NUMBER COLUMNS IN AUGMENTED MATRIX

C A=MATRIX OF CDEFFICXENTS AND RHS (N X NP)
€ X=SOLUTION VECTO!

ﬁgUBLElPRECISmlI A(I( ,NP) ,X(N) ,LARG

NP1=N+1

C WRITE(9,*) ' msms aAuss® ¢
C write(9,+) * N=',N,’ NP=

C WRITE(9,%) * A(I, x) ;
C WRITE(9,*) A(1,1),A(2,2),A(3,3) i
C WRITE(9.%) A(4,4) .A(5.5) A(6.6) !
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C WRITE(S,*) A(7,7),A(7,8)

E FOR EACH COLUMN I DO THE FOLLOWING

DO 10 I=1,NM1

IP1=I+1

C FIND THE LARGEST COEFFICIENT BENEATH A(I,I) IN COLUMN I

LARG = ABS( A(I,I) )
L=T

0

505 J=IP1,N
{r-‘ (LARG.LT.ABS( A(J,I) )) THEN
LARG=ABS( A(J,1))
CONTINUE.
1K AON INTERCHANGE NECESSARY

IF_(L.NE.I) THEN
g INTERCHANGE I AND L
0 6 J=i,NP1

€ BEGIN ELIMNATION PROCESS, ALL X(1) BENEATH A(T,I) ELIMINATED
00 7 K=IP1,K

DO B M=iP1NPL

C (K,M) REPRESENTS AN ELEMENT IN THE KTH ROW AND MTH COLUMN

€ T0'THE RIGHT OF THE ITH COLUMN

A

9 CONTIN

Ro°CaNT IV

FIND SOLUTION BY BACK SUBSTITUTION
X(N)=A(N N+1)/A(N,N)
DO 11 I=HM1,1,-1
Ipa=Iet

=0.

8013 J=1P1, N
SUN=SUM+A(T ) )X (J)

X(I)=( A(I,N+1) - SUM )/A(I,I)
1 CONTINUE
D
UBROUTINE FCINDUCT(A,II,N,M,PHIO.K)

INE FCINDUCT TQ SET UP FOURIER COEFFICIENT MATRIX
g %gﬂgﬁlﬂ'\l"}: EEIR FOURIER COEFFICIENTS éF INDUC?IDN FACTORS
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DOUBLE PRECISION A(M,N,N+1),TT(M,N),PRIO(N)

INTEGER N, NP1, H.K
C WRITE(9,+) ’ INSIDE FCINDUCT’
C URITE(Q ‘) ! N=',N,’ M=’ M,’ K=’ K
C DI f
¢ B0 3 ot
G MRITE(.S) * T1(,1,3,0 )=, 11CL)
¢ 2 CONTINUE
¢ 1 CoNTINuE
DO 10 i=1,N
DO 11 j=1,N
A(K.I J)'DCUS((J 1) *PHIO(3))
i CONTINUE
10 CONTINUE
npi=n+1

DO 12 i=1,N
A(K i, NPl)“I!(K i)

[ HRITE(Q ') ' HATRIX A INSIDE FCINDUCT’
4 HRITE(920
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Appendix C

Fortran listing of PPT2

187



Pi am ICE
FROGRRVERETORE

WRITTEN BY: THOMAS HOFMANN ((C)) 1991

DEFINITIONS:

VS - SHIP SPEED M/SE
I bl e
= QVEI %LL WAKE Fi gAC% ION
el
XIMUM PROPELLER DIAMETER
TCH
UE
ST

- o TRl Cltercran
A N NON

AOA0AAAEAAAAAANKNNAANNANANNANAKANAAANA
FERREHOvOg=Ty

real x(8),td(8),cd(8),mc(8),tc(8),pd(8),d,ear,nn,n,w,wx(8)
real uec(E),pl.ae,pa ro, ]ay,Jayc(ZO) va,vs tanb(a)
real phi(8),alphai,aipha,cl(B,100),cit(8,100),deltcl
real cla,clb,cltta,clttb,alphaa,alphab, clta(8) ,alfan(s)
real betta(8),landa(8),etta(8),t3,aprim(8), cdt(8) ,epsiln(8)
real knpn(s) kqlpn(B) kt,ktsm,kq,kqsm, ktc(20) ,vakefn(8)
real kqc(20) .thmst,curqua,sff,aff:(ZO) ,vsc(20)
real ktpri(8),kqpri(8),kapi(8),kappa(8),corkt,corkq,fkt,fkq
double prumnon xa(8) tdn(s).cdn(s) mca(s) ccn(e) ,pda(a)
integer k,1,z,nnn,nb,ans

c

G K DEFINES THE RADIUS FRACTION NUMBERS

€ L DEFINES THE NUMBER OF ANGLES OF ATTACK STARTING FROM -10 DEGREES
£2800

CALL z.uml (3,'PRN?)

CALL SCLEAR

open(unit=2, t;..-'ppcz out’,type='new’)

WRITE (5,%) *

WRITE (§,+) '’

WRITE (5,) ' '

aao
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vrite(5,*) * ’
write(5,x) * ’
vrite(5,*%) ’
WRITE (5,%) t
WRITE (5,%)
WRITE (5,%)
WRITE (5,*)
WRITE (5,*)

PPT2 (VERSION 2.0)’
PROPELLER PERFORMANCE PROGRAM’
THOMAS HOFMANN'

(Cc)) 1981’

USE OF THIS PROGRAM IS RESTRICTED’

WRITE(S, .) 3
WRITE(5,*) ’
WRITE(S,%) '
WRITE(5,%) ’
WRITE(S,%) *
WRITE(S,*) °
WRITE (5,%) ' '
WRITE (5,*) * ’
20 WRITE (5, n) ,
read (5,

" TO CONTINUE’

21 WRITE (5,%) * °’

vrite(5,*) ’ ’
write(5,*) ’ ’
WR.

ACKNOWLEDGEMENT’

g
d

THE AUTHOR WOULD LIKE TO THANK DR.NEIL BOSE’
WRITE (5,*) ’ OF THE NAVAL ARCHITECTURAL ENGINEERING DEPT.’
MEMORIAL UNIVERSITY OF NEWFOUNDLAND, ST.JOHN S °’
NEWFOUNDLAND FOR HIS TECH‘NICAL GUIDANCE DURING’
THE WRITING OF THIS PROGRAM.

)

geE
d

)

)

)

)

%) 4

30 WRITE (5 *) ’ PRESS "1" TO CONTINUE’
READ (5, ) Z
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IF (Z.EQ.1) THEN
GO_TO 31

END IF
31 WRITE (5,%) !
cm. scz.m\
WRITE (5,%) *
WRITE (5,*) ' PLEASE ENSURE PRINTER IS SHITCHED "ON-LINE"
WRITE (5 *) 7 PRESS "1" TO CONTINUE'

-
3

aaacananaaaa a

CAL LEAR

CALL CURSUR(i 0,0LDROW, 0LDCOL)
WRITE (5,%) '
WRITE (5,%) ' *

WRITE (5,%) ' *

DEFINING RADIUS FRACTIONS X(I)=r/R

Xa(1)=0.2
Xa(l)-o 34

aaa

w
1
-h

4

5,
Xa(6)=0.7

7

8.

k.
NNN IS THE NUMBER OF STATIONS OF INPUT DATA
GEO 1S GEOMETRIC BLADE SECTION DATA INTERPOLATICN ROUTINE

CALL GEO(TDa,CDa,MCa,TCa,PDa,Xa,nnn)

do 7 i=1,k
td(i)=sngl(tda(i))
cd(i)=sngl(cda(i))
mc(i) =sngl(mca(i))
te(i)=sngl(tca(i))
pd(i)=sngl(pda(i))
xgx)'sngl(xa(x))
continue
CALL SCLEAR
WRITE (5,%) ’
WRITE (5,%)
WRITE (5 0 2
WRITE (5.-) *

GENERAL PROPELLER DATA’

PROPELLER DIAMETER (meters)?’
READ (5,%) D
c WRITE(2,*) ’DIA=',D
WRITE (5,*) ' ENTER THE NUMBER OF PROPELLER BLADES.’
11 WRITE (5,#) * (POSSIBLE CHOICES: 3,4,5 or 6 BLADES)'

190



KEAD (5,%) NB
WRITE(2,*) ' NB=' NB

BLADE NUMBER VERIFICATION LOOP
IF ((NB.Eq.3}.0R.(NB.Eq.4).0R.(NB.Eq.5) .0R.(NB.Eq.6)) THEN
goto 12

aaaon

else
WRITE (5,%) ' PLEASE RE-ENTER NUMBER OF BLADES’
GOTO 11
IF
12 HRITE (5, ‘) x
23 E (5, !
write(s, .) g Fm-.n Exnnnm BLADE AREA RATIQ’
READ(5,*) E
© WRITE(2, .) * EAR=’,EAR
WRITE (5,*) > ENTER SHAFT RPM’
READ (5,%) NN
WRITE (2,%) ' SHAFT RPM Nh=',NN

c

N=NN/60.0
TE (5,*) ' ENTER OVERALL WAKE FRACTION’

WRITE (5, t] 4 (FEIR UNIFORM FLOW ENTER ZERO)’

EAD

C WRITE (2 *) W=t W
HRITE (5,%) * Do you require vake adapted analysis?’
WRITE (5,%) ’ yes type "1", if not type "0".’

WRITE (5,%) * (daf&ult sections are NACA a=1.0 mean lines)’
read(5,*) ans
if (us eq.1) then

8

gnto 45

44 HRITE (5 *) ! Enter the local wake fractions nt each radius.’
for uniform flow enter "0".)’

do EU 1' k

WRITE (5,%) * x(’,1,")=",x(i)

read(s,*) wx(i

vakefn(i)= (1.-n(1))/(1-v)

0_continue
WRITE (5,%) ' All correct? If yes type 1, else type 0.’
road(5,%) an
if (ans.eq. 0) then
gotn 44

45 do 61 i=1,k
wakefn(i)=1.0
51 continue

B"SI;; (5{*) * ENTER PITCH RATIO AT EACH SECTION’
write(5,) ' X(’,I,” )’
o coniwe (aJa) 80>
c WRITE(2,*) ’ P/D UNIFORM =’ ,PD(6)
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WRITE (S,*) ’ IS DATA ENTERED CORRECT 7!
WRITE (5,*) ' (IF YES TYPE "1" ELSE TYPE
READ (5,%) Z

IF (ZAEQ.g% THEN

24 WRITE (5,%) '’
e WRITE (5,#) ’ '

26 urite(5,%) ' Do you wish to specify the type of airfoil’
write(5,*) ' sections to be used? If yes type 1, if not’
write(5,*) ' type 0. (Default is NACA a=1.0 mean linme.)’
read(5,+) ans
if (ans. .€q.0) then
do 81 i=1,k

urite(s,s) ' Section types currently available for’
write(5,%) ’ propeller analysis are:
write(s,*) !
vrite(5,*) ' NACA a=0.8 mean line - 2’
write(5,s) ! Cucnlu back/flat face sections ~ 3’
write(5,») '
write(5,%) ' Typa the appropriate number to spacify the kind’
write(5,*) ' of section required for each radius.’
do 82 i=1,k
write(5,*) ' x(’ ,i,")= x(i)
rend(S ‘) sec(i)
nue

WRITE 25 ,#) ’ IS DATA ENTERED CORRECT ?’
WRITE (§,*) * (IF YES TYPE "1" ELSE TYPE "0")’
EAI
IF (Z.EQ.O) THEN
GUSTD 26
GO TO 27

27 WRITE (5,%) ’
“ WRITE (5,%)
¢ CALL SCLEA

WRITE (S,*) ’ CALCULATING - PLEASE WAIT FOR PRINT-OUT’
WRITE (5,*) OF RESULTS.’

c
g INITIALIZATION OF CONSTANTS
PA=101325

E=1720
EIIB 121592654
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BEGIN ADVANCE COEFFICIENT STEP UP TO MAXIMUM =12

6
S=1, smax

DESIGN POINT ADVANCE RATIO, ADVANCE COEFFICIENT AND REQUIRED
THRUST COEFFICIENT.

JAY=5/30.
c WRITE(2,*) ’ JAY=',JAY
jayc(s)=JAY
YAN+D
/(0.5144% (1-W))

D

0 98 I=1,K

TANB(I)=JAY/ (PI¥X(I))#wakefn(i)

PHI (I)=ATAN(PD(I)/PI/X(I))

WRITE (2,%) ' TANB(’,I,’ =',TANB(I),’ PHI(’,I,’® =’ PHI(I)
98 CONTINUE

[
Cc

€ FOR ANGLES OF INCIDENCE ~10 TO 60 DEGREES CALCULATE

g FDLLGHIﬁG COMPONENTS éF THEORET: CAEELIFT CUEPEICE{ET.

HA1=-10.
< HRITE(Z,‘% "SISPHM. INITIALIZED TO ', ALPHA1
0 =

3
ALPHA1=ALPA1+1
ALPHA=ALPHA1+P1/180.0

A C: S
FOHERTEAEY SEERE T B0 TR B B ARE AR G KREHER ™
HRITEE?.‘; *NB=’,NB,’ BEFORE NUMLFT’
vrite(2,*) ’vakefn=’,wvakefn(i)
write(2,#) ’ phi=’,phi(i),’ tanb=’,tanb(i)
vrite(2,+) ’ alphai=’,alphai,’ deg. and alpha=’, alpha,’ rad.’
write(2,%) *

'ALL NUMLFT(CL,PHI,TANB,NB,CD,X,PI,K,L,alpha,vakefn,i,j)

CALL SUBROUTINE FOR ACTUAL LIFT COEFFICIENT, ANGLE OF
INCIDENCE AND DRAG COEFFICIENT OF THE SECTION.
WRITE(2,%) ’'NB=’,NB,’ bafore TRULFT’
vrite(2,%) ’ wakefn(i)=’,wakefn(i)
write(2,#) ’ phi=’,phi(i),’ tanb=’,tanb(i)
write(2,*) ' alphai=’,alphai,’ deg. and alpha=’, alpha,’ rad.’
write(2,+) ’ ’

CALL TRULFT(CLT,MC,PI K,L,ALPHA,SEC,I,})

F E OF INCIDENCE alfaa AT WHICH EACH SECTION IS
OPEan Tt R DL e R E bR SRS

vritaiz.') y

vrite(2,») ’ nunlft results outside numlft’

write(2,*) ’ i j cl?

A 00N6NA0 AN 0 00 0GNAOAQN0 0 0 00QAcan
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c write(2,%) i J,cl(x,))
c write(2,4) '

c write(2,*) ' truelift reanlts outside trulft‘
c vrite(2,s) ' el

c vrite(2,9) 1,3,c1t(i, ,)

émterz D

¢ determine intersection of theoretical and model 1ift curves.
deltcl=cl(i,j)-clt(i,j)

if (deltcl.1t.0.) then

c vrite(2,%) ' Have intersection betveen points:’
alphaas(alphal-1. )*pi/180

c vrite(2,*) ' alphaa=’,alphaa,’ alpha=’,alpha

g Data transfer check

c vrite(2,s) * !

¢ write(2,+) ! inputs to ATTACK outside ATTACK'
c vrite(2,#) ’

c WRITE(2,*) ’NB=’,NB,’ k=’,k,’ 1x’,1

c write(2,#) ! wakefn(i)' ,vakefn(i)

c write(2,*) ' phi=’ ,phi(i),’ tanb=’,tanb(i)

c write(2,*) cd=’,cd(1), 'x=",x(1), pi=’,pi
c write(2,*) 'mc=’,mc(i),’ sec=’,sec(i)

c write(2,+) ’ alphaa’,aiphaa

gurn.(Z ‘) ks

€ GALL SUBROUTINE ATTACK T0 FIND ANGLE OF ATTACK AND
¢ COkkeSPBROENE FTESKFICTRR.

CALL ATTACK(CLTA,ALFAA,alphaa,K,L,

*phi, tanb,nb,cd,x,pi, vakefn,ac, sec,i,3)
€ urite(2,%) 'TRULIFT' i, clta=’,clta(i),’ alfass’,alfsa(i)
got

100 :onnnue
99 continue

bo 107 x
FHI(I)-nltn(x)

me -x(r)a'rm(arm\ (1))

ETTA(I)=tanb(i )ITAII(BE'ITA(:))/vakern(:)

T3=1.0+TAN(BETTA(I)) *»:

APRIH(I)-TAN(BEHA(I))nzt(t 0-ETTA(I)*sq~t (vakefn(i)

T3
107 C%))I'{'IN UE

c write(2,%) ' Inputs to DRAG’

c vt:to(z -) g betta landa etta

c sapril II

c do 1081 i

c write(2, .) betu(x) landa(i),etta(i),aprim(i)

§ 1081 continue

C CALL SUBROUTINE DRAG TO CALCULATE DRAG COEEFICIENTS CDT(I) AT
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€ EACH BLADE SECTION.

do 101 i=1,k

CALL DRAG (CDT, ALFAA,MC, TC,D,PI,N,APRIM,CD,BETTA,X,EAR,NB,K , SEC
*,1,clta,wakefn)

c
c write(2,*) 'DRAG’,i,’ cdt=’,cdt(i),’ clta=’,clta(i)
101 continue

[
DC 139 I=1,K
EPSILN(I)=cdt(i)/clta(i)
1069 CONTINUE

E (2, 2 I coT CLTA EPSILN’
B0 To71 4 1,k
WRITE (2 -) I,CDT(I),CLTACI) ,EPSILN(I)
1071~ CONTINUE
WRITE(2;e) °. LANDA BETTA’

Ixi,
wnn's(z .) LAHDA(I) BETTA(I)

Dﬂ 108 Ill,K
Call subroutine for single uubscriptﬁd Goldstein coefficients.

CALL GOLST1(KAP1,LANDA,NB,i
YTIPRI(I)IPI”SOX(I)”StKAPl(I)‘APRIH(I)‘(i 0-APRIM(I))
c Wﬁ_r 2,#) * KTIPRI=' KTIPRI(I
DO 109 I=1,K
KDIFKI(I)'X(I)'KTIPRI(I)‘TAH(BEH'A(I) 2.0
WRITE (2,%) ' PRI(’,I,* =’ KQIPRI(I)

n0Q Qcoaonnaona

10
IE g-nmxﬁ Jagegs EPs!LN(!)‘TAN(BEn'A(I);;
KDPRI I)=KQIPRI(I)*(1.0+(EPSILN(I)/TAN(BETTA(I))))
110 H'RITE (2,*) ! KTPRI',I,’ ,» KTPRI(I),’ KQPRI=’, KQPRI(I)

CALL SUBROUTIIIE SIMSON TO INTEGRATE THRUST AND TORQUE
COEFFICIENTS.

write(2,*) ' integrate thrust coefficient’

CALL SIMSON(KTSM,KTPRI,K)
c write(2,*) ’ktsm".ktsm

KT=KTSMs0,

c WRITE (2, t) ' I(T" KT
c lifting surface corrections applied for p/d(6)=0.7
€ thrust coefficient
it (gd(ﬁ).lq.o.!) then
fkt- 1.6241%jayes3-16 . 2785% j ay#s2+4 . 4236+ jay-0.1558

(yd(G) eq.1.0) then
rkmz 1919‘Jay“3-12 0786% jay+*2+4 . 0395+ jay-0.2838

corkc-fkt-ktokt

naaaa_a
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lét:(s)qorkc
c write(2,*) ’ integrate torque cncif)clenc’

CALL SIHSOK?KDSH KQPRi,K)

KQ=KQsM+0 .
¢ WRITE (2, t) ; KQ-' KQ
c lifting surface correction for torque coeff.
fkq=17. 0107»]ay~-3 18.3133% jay»»2+6.1630%jay-0.3628
corkq=fkqkq+l

ch(u)=curkq
&
¢
g CALCULATION OF TOTAL THRUST AND TORQUE DEVELOPED.
¢ PRI comdiRgINZiB
EFF=JAY%corkt#100/ (2,04PI*corkq)
EFFC(8)=EFF
VSC(S)=vs
¢ write(2,*) kic(s),kqc(s),effc(s),jayc(s),vac(s)
70 CONTINUE
WRITE (2,%) * !
WRITE (2 *) ! PRUPELLD\ PERFROMANCE DATA o
WRITE (2,%) *
g WRITE (2 ayLa
g PROPELLER OUTPUT

WRITE(2,*) ' upmnéx)m CONDITIONS: *
0
WRITE(2, ao7) PD(7)
(2 808) NB

WRITE(2, aos)
WRITE(2,810) VS
HRITE(Z 817 ¥

WRITE(2,*) !
HRITE(Z ‘) ! PERFORMANCE CHARACTERISTICS:®

WRITE (2,814) THRUST

c WRITE (2 815) TORQUE
c WRITE (2,816) EFF

c URITE(Z 813) KQ

C WRITE(2,811) JAY

HRI:’I'E(_? 818)

VRITE(Z ‘5 VSC(T) »JAYC(T) ,KTC(T) ,KQC(T) ,EFFC(T)

806 FORHAT(‘ g lDX ’ DIAMETER :',14X,F15.2,2X,* m’)
807

FORMAT(" ' 10X PITCH RATIO: ‘12X l-'15 2 ZX)
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808 FORMAT(' ?,10X,’ NUMBER OF BLADE ')' ,15X,12)

810 FORMAT(’ ' 10X,’ MAXINUM SHIP SPiED X,FLs. 2,2, KNOTS?)
C 811 FORMAT(' /408, ADVANCE CORFFICIENT J12K,F15.5}
C 812 FORMAT(’ ',1 * THRUST COEFFICIIENT ,12xF15-5)

C 814  FORMAT(’ ’,10X,’ THRUST DEVELOPED : ’,F15.2,2X,’ N’)

C 815 Fumm"(' *,10X,’ TORQUE PRODUCED : ’,F15.2,2X,' N-n’)

C 816 AT(’ *110X,’ PROPELLER EFFICIENCY : ' Fi0.2,2X,’ %’)
o7 FORMATC: 110X, " OVERALL WAKE FRACTION:',4X,F15.3)

818 format(’ ',10x,’ Vs’,10x,’ J',10x,’ Kt’,10x,’ Kq’,10x,’ off')
c

stop
END

¢
< subroutine to calcylate the lift coefficient at each section
€ according to a modified Eckardt and Norgan design method.

SUBRDUTINE NUMLFT (CL,PHI, TANB,NB,CD, X,PI,K,L,alpha,vakefn, i,j)

REAL c1(8,60),phi (8),tanb(8) ,cd(8) ,x(8),pi,alpha,wakefn(8)
real beta(s) ,tanbi(8),etai(8, tl,aprlmu(B) kappa(8)

real lamdai(8),t2

INT EGER NB,K,Lii,j

: WRITE(2,*) ' NOW INSIDE NUMLFT’,’ NB=',NB,’ tmbl-',tanb(x)

© WRITE(2,*) ' €D(’,i,")=’,CD(i),’ PI=’,PI,’ X(i)=",X(i),i

VRITE(2,+) ' ALPHA=’ ,ALPHA, 'wakefns’ ,vakefn(i),’ ptu-' phi(i)
¢ vrite(2,%) * tanb=’, tanb(i}
g begin calculation
c

BETA I)=PHI(L -ALPHA
2) i ( ) (’,T,’ )=’ ,BETA(T)
'rAnaI(I)-TAN(aErA(
c WRITE(2,*) ' TANBI’ I =, TANBI(I)
ETAX(I;-TMIB(I)/TANBI(I)/ukafn(:.)
- ;E(f +(TANBI (1)) s 12
St APRIME(I)= (Tmm(x)uz)—u 0-ETAI(I)#sqrt (vakefn(i)
B
2 m’r (2,%) ' APRIME’,I,’)s’ APRIME(I)

LAHDAI(I)-X(I)‘TAHBI(!;
WRITE(2,*) ' LAMDAI(’,I,’)=',LAMDAI(I)

a

o

CALL SUBROUTINE FOR GOLDSTEIN COEFFICIENTS
CALL GOLST1(KAPPA,Lamdai,NB,i)
WRITE(2,#) ' KAPPA’,I, kappa(i)
THEORETICAL LIFT COEFFICIENT

aanaa aacan
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oo

T2-NBtCD(I)-(1 0-APRIME (I))*SQRT(1. O+TANBI (1)#+2)
CL(1,J)=4.0¢KAPPA(I)*APRINE(T) #PI¥X (1) /T2

c

c write(2,*) ’

c write(2,%) ' chennncu lift coefficient’
c urne(z *) !

< rrs(z *) 0 CLC 4,5, )=l §)

RETURN

END

¢

§ SUBRQUTINE TO CALCULATE ACTUAL SECTION LIFT COEFFICIENT CLT.
Coptions x,a=100,5=600,q

4

SUBROUTINE TRULFT(CLT,MC,PI,K,L,ALfA,SEC,I,3)

real clt(8,60),mc(8),pi,alfa,sec(8),clstall,alfaov
real dclda,alfstal, alfuos ,slope
integer K,L,I,j

c

< WRITE (2,%) *NOW INSIDE TRUELFT®

c WRITE(2,%) *'i,j= *,i,j ,’ sec=’,sec(i)
c WRITE(2, %) ' MCi=' MC(1),’ alfas’,alfa
< WRITE(2,%) * PI=’ Pl , 'Ka' K, La',L

cl:tall-l 2

c call subroutine STNTYP for 1ift slope dclda and zero lift

¢ angle alfaov.

c

call stntyp(alfaov,dclda,cli,sec,nc,i,pi,k)

<

alfstal=clstall/2/pitalfaov

alfa06=18. 435'p)/180

c WRITE(2,

€ vr)tl(i .) ! INSIDE TRULIFT, ALFA=', alfa

g write(2,*) ' alfstal=’, altstal,' alanG" ,alfa06

C ...for angles upto stall at max. cl=1.2

<

if (alfa.lt alfstal)

c write(2,%) ' CLT=1. 2 calr.. loop’
CLT(1,J) =dcldas (alfa+alfaov)

nd if

...in stall region upto max angle 18,435 degrees

if (alfa.ge.alfstal) then

c write(2,) ' CLT between 10.94 and 18.435 deg.’
slope=-(alfstal-alfa)/ (alf06-alfstal)

c write(2,%) ' slope=’,slope

clt(x,))-clscalh(clutull 0.6) *slope

und if

nooen

198



C

it (aifa, ge.alfa06) t

: write(2,*) ' clt FGR ANGLE BEYOND 18 DEG. calc. loop’
clt(x,J)-2.0tsm(a.lfa)‘cua(alfa)

c

gnd if

c write(2,*) !

¢ write(2,*) ! true lift coefficient’

c write(2,%*) '

rrE(z,n) * CLT?,4,j,' =',CLT(i,j)
ﬁTL'RH

oo o
S

¢ subroutine for determining the 1ift curve characteristics for
¢ different section types

sllbro\xtue STNTYP(alfaov,dclda,cli,sec,me,i,pi,k)
c

real alfaov,dclda,sec(8) ,mc(8),pi,cli,mu(8),mcmax,alfai,lm
integer i,

c

¢ wrive(2,%) ’ inside STNTYP.’

c write(2,*) ' sec(’,1,’)=',sec(i),’ mc=’,mc(i)

¢ write(2,%) ' pi=’,pi,’ k=',k

c

¢ for sections with NACA a=1.0 mean lines:

if (uc(i) eq.1.) then

Bi¢1)50.74

mcmax-ﬂ 05515

ln=:1 /
alfaovqm(l)*(nlfanlnm:(x)-lmnc(x)I(2-p1))'px/180
dclda=2#pi

und if

c for sections with NACA a=0.8 mean lines:

:f (sac(x) eq.2.) then

nu(: -1 o

mcmax=0.0679

Ilfnﬂl 54‘}7)/150

lm=cli/mc

al7a0vems (1) (alfaislnome (i) -1memc(3) / (2¢pi) ) pi/180
dclda=2¢pi

end if

H for sections with circular profiles, rounded at leading edge
c and sharp trailing edge similar to the Gottingen Go xx K series.

1f (uc(x) cq 3.) then

n
is tacti ROCH 055? then
c1i=9.75424nc(i)+0.0077
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¢ for thick sections
e,
c1i=5 . 6046+mc (1)+0.2292

d 3
alfaov=(-115 .66220mc (1)40.0636) +pi /180
dclda=1.58+pi

end if
return
gend

€ SUBROUTINE ATTACK CALCULATES THE ANGLE OF ATTACK AND THE
§ CORRESPONDING LIFT COEFFICI
SUBROUTINE ATTACK(CLTA,C,alphal,K,L,

*phi,tanb,nb,cd,x pl,wnkefn mc,sec,i,jj)

real clta(8),c(8),alphat,wakefn(8)

real c1(8,60), clc(a 60) ,phi (8) ,tanb(8),cd (8) ,x(8),pi,mc(8)
real sec(8),clli,cll?,cltt,cltt2,alfl,alf2,step

mtegar k,1,nb,i,j,3jj

write(2,*) ’ inside ATTACK.’,’ alphal=’, alphai,i,jj
write(2,*) ' cd=’,cd(i),’ 1t‘,p1,' mc=’ ,nc(:),' sec=’,sec(i)
vrite(2,%) ’ phi=’,phi(i),’ tanb=',tanb(i),’ nb=’,nb
write(2,4) ' vakefns’,wakefn(i),’ x=’,x(i)

Starting vith al hal. step up anglo of attack in steps of 0.05,
calculate cl and clt, again find the intersection angle, then
the lift coafﬂcuft for
that section at angle of attack c.

H
c
<
<
<
c
c
c
c

alpha1'&1phal*(ltap'p1/150)

vrite(2,*) ’ alphai=’,alphai,’ i=’,i

vnrrs§z,i) 'NB=?,NB,’ BEFORE NUMLFT’,’ x=’,x(i)
write(2,#) ' vezefn(i)=’, vakefn (i)

urite(2,*) ' phi=’,phi(i),' tanb=’,tanb(i)

vrite(2,*) ' k,1,’,k,1,’ pi=’,pi,’ cd=’,cd(i)
write(2,*) '’

call numlft(cl,phi,tanb,nb,cd,x,pi,k,1,alphal,wakefn,i,j)
¢ WRITE(2,) 'ma=' 2NB, ! before TRULFT!

c write(2,*) ' phi hi(i),’ tanb=', tanb(i)

c write(2,*) ’ nlphai-',alphi ' deg. and alpha=’, alpha,’ rad.’
¢ write(2, )

gnll trulft (clt,mc,pi,k,1,alphat, sec,i,j)

c urxtuE? %) !
c write(2 -) ! truelift rn!ult. outside truelfit’
c write(2,*) ' cl’

¢ write(2, t) i, J.cl(l,))

Evnn(z *) !

enannoa
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write(2, t) y truemc results outside cnmlfn'
write(2,* clt
write(2,%) 1,3 clt(i, ))

write(2,%) '

ananaan

re-evaluate crossing point, calculate corresponding lift coeff.

delcl=cl(i, j)- m(;,;)

if (delcl.1t.0) tl

alfi=alphai- (step‘pl/lﬂo)
alfave=(alfi+alphal)/2.

call Trulft(clt,mc,pi,k,l,alfave,sec,i,j)
clta(i)=c1t(i,j)

c(l) alfave

goto

5?% continue

99 write(5,») ' *

rxto(l ‘; ’XXXX‘XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX’

<

c WRITI RESULTS INSIDE ATTACK!!

c wntelz t) ¢ 1 (1)‘
c I'E(Z *) i, clta(x). (i)

c WRITE(2,%) ' FINISH SUBROUTINE a

c

vnte(i t) ’XXXXXXXXX)(XXXXXXXXXXXXXXXXXKXXXXXXXXXXXXXXXXXX'
END

sectiol

ubrn\wme DMG(:dt,ufu,mc,tc.d,px,n,apnm.cﬂ,bettn,x,EAR,NB,
*K,sec,i,clta,vakefn)

feal cdt(8) ,alfa(8),nc(8),tc(8) ,d,pi,n,aprin(8),cd(8)
real betta(s) x(8), eu',lliltll 2 vr(B ,re(8) ,sec(8)
real cf(8),t1, alfuov nlfOS,cll.dang,cltn(B) vnkafn(B)
1ntegnr nb,ik

c WRITE(2,*) ' NOW INSIDE SUBROUTINE CD’
c WRITE(2,%) I,’ALFA=’,ALFA(I), ’MC=’ ,HC(I), 'TC",TC(
c WRITE(2,*) ’APRIH-' APRIH(I) »CD=!,CD(I),’ BETTA=" ,BETTA(I) ,X(I)

<
call SﬂlTYP(alfaov dclda,cli,sec,nc,i,pi,k)

c
g
€
< subraucxnn to calculate the drag coefficient at each
€
s

alfstll!clsfall/?/px -alfaov
alf06=18.435+pi/180
c relative velocity at section

=2-sqrt(1 O+tan(betta(i))s2)
vr(l) (1. cupnn(:))-Pl-ntx(x)-d-n/vuafu(n)/so.

: WRITE(2,%) ' VR’,I,’ =’ VR(I)
g Reynold’s number
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Ra(x)-vr(x)ccd(x)cn/o 000001141

3 RE(I)=0.572+EAR#1000000/NB

c flat plate friction coefficient

c

C CF(1)=0. o75/(LDGiO(RE(I%) -2. o)uz

c£(1)=0.4585/(1 ogl (Re(1)))*

¢ WRITE(2,%) I,” Re=' ,RE(D),’ Cf-’ J,CF(1)

c pre-stall drag :cefficient up to angle of attack alfstal

¢ for round - back sections

if (sec(i).eq.3) then

cdt(1)=0.0028x (1,028, 57utc (1)) 40,0786+
#(clta(i)~cli)**2+0.0162% (clta(i) ~cli)

€.

:dt?;)-z 01 (451,011 201C(32470. 0% (i) +24)40.0115(
*cli-clta(i))*s

end if

c stall region drag between angles of attack alfi2 and 18.435

c degrees.

§t (arga(n). gt.alfstal) t

cdnall-Z o-ct(:)'(l 0+1. 2«t:(x)+70 Oxtc(i)**4)+0.011%(

clst: 11) %%
dan, -((alfa(:)-nlmu)/(ufos alfstal))
cdt (i) =cdstall+(0.2-cdstall) *dang
fr EALFA(I) .Gt .al1f06) THEN
cm‘ xl).-z 0+ {SIN(ALFA(1))) %2
mo IF
: NEite@(2,4) ! sasmmsmhhkibmhsbbhbaks)
¢ WRITE(2,#) * Drag RESULTS INSIDE drag'
c WRITE(2,#) * CDT’,I,’ =’,CDT(I)
¢ WRITE(2,+) * FINISH SUBRT. Drag’
c vrite(Z,O)’ P e e e

R

END

<

&

c single variable goldstein coefficient
c

% SUBROUTINE GOLST1(KAP,LI,NB,i)

4

[ GOLDSTEIN FACTOR CURVES, EXPONENTIAL CURVE FIT FROM
g T.M.B. PAPER CHARTS.

é

REAL KAP(8) ,LI(8)
EGER

i
HRITE (2, ’) ¥ IIDH INSIDE GOLSTN1’
HRITE(Z,')

TE(2,*) ’ NB NB,’ i=’,i
WRITE(2, .) % 6 SEETR £ 16 o)

anaao

202



c FDR 3-] %LADE PR[)!PELLER

fra. €q.1) then
KAP (3)=1,729272-0. 25471/LIE gwo .022196/LI(i)**2
write (2,%) ! kapl’, ki
b (1 eq.2) then
KAP())-I 161454-0. osrsT/LI(;;«a -00900/LI(i)++2
te (2,) ' kap2' ,kap(
i (1 €q.3) then
KAP (1)=0.854727+0.029462/LT (i)-0.00143/1i (i) *+2
c vrite (2,+) ’ kap3’ ,kap(i)
S w
if (ileq. en
KAP())-D 63060640, 112772/!.1(:) =0.00924/LI(i)*#2
(2,+) ’ kapd’ ,kap

xf (: eq.5) then
KAP (1)=0.451454+0.173416/LI (i)-0.01462/LI(i)**2
c vrite (2,*#) ' kap5’ ,kap(i)
end if
1f (i.eq.6) then
KAP())‘O 32809040, 199939/(.1(1) 0.01636/LI(i)*2
35 vrite (2,%) ' kap6’ ki p (1)
i (1 .eq.7) the
KAP(';)-O 322181+40.125204/LI (1)-0.00280/LI(i) #+2
- write (2,*) ' kap?’ ,kap(i)
¥ (x .eq.8) then
KAP (i)=0,120909+0. 170560/LI(})-0 <01196/LI(i)%*2

<y VEER(39) 7 kapet &
:“d * mo ¥
4 FUI\ 4 BLADE PRUPELLER

F (NB.EQ.4) THEN

c
if (i.eq.1) the
AP(!)'\ 636535 0. 22760/‘.1())*0 020303/LI(i)#**2
j¢ WRID E (2,*) ' KAP41’ ,KAP(i)
i (1 €q.2) then
KAP(I)'I 23500-0,09904/LI () +0.009545/LI ()2
T (2 *) ' KAP42' ,KAP(i)
fal .eg.3) then
KAP(!)-O 935018'0 01158/[.1(1)‘0 001621/LI(i)**2
WRITE (2,*) ' KAP43' ,KAP(i
i (: .eq.4) the
KAP(X)'O 783254‘0 072421/LIE g 0.00657/LI(i)##2
WRITE (2,*) ' KAP44’ ,KAP
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i eq.5) then
kAP(1)20, 59654540 153530/1.121) -0.01590/LI (i) **2
WRITE (2,*) ' KAP45’ ,KAP(i)

end if
1f (i.eq.6) then
KAP(i)=0,464145+0, 1EOZG€/LIE)) 0.01507/LI (1) **2
WRITE (2,+) ' KAP46’ ,KAP(i)
end if
1f (i.eq.7) th
KAP(x)=0 3400040, 19159/1.1(:) o 01507/LI(i)*%2
ITE (2,*) * KAP4T’ ,KAP(i)

end i
1f (1.eq.8) then
KAP(J)’O 193363+0. 176346/LIE ; -0.01287/LI(i)**2
E (2,%) ' KAP48’ K
end if
¢ END IF
c FOR_S§-BLADE PROPELLER
IF (NB.EQ.5) THEN

c
if (i.eq.1) th
KAP(:)=1 515454 ~0. 19037/LI(1)00 017424/LI(i)#*2
E (2,%) ' KAPS1’ ,KAP(3)
end if
if (i.eq.2) the
KAP(:)-l 226909-0 OSBQOILI(I)‘O 010075/LI(i)**2
E (2,%) ' KAP52' ,kAP(i)
end if
if (i.eq.3) the
KAP())li 052709-0.. oszooo/LIE g¢o.ooa727/u(i)u2
E (2,%) ' KAPS3’ ,K
end if
if (i.eq.4) the
KA%))-D ;87445440 045765/1.

; 0.00446/L (1) #%2
TE (2,%) ’ KAP54’

G

end if

if (i.eq.5) th
KAP(:)EO ;72409040 107507,

/LT
(2,%) * KAPSS' ,KAP

; 0.01068/LI(1)**2

#tleq0)
if (i.eq. en
KAP(i)=0, 560635‘0 177227/1- é ; 0,01803/LI (1) **2
WRITE (2,*) ’ KAP56’ ,KAP
end if
if (i.eq.T) th
KAP(X)'O 4258£B+0 183272/[. s
WRITE (2,%) '

;-0.0!575/1.1(1).;2
KAPS7

end if

if (i.eq.8) th

m(;)so 261454+0.175242/LI (3
ITE (2,%) ' KAPS8' ,KAP

END IF

¢ ; 0.05330/LI (i)**2
end if
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c FOR_6-BLADE PRDPELLE}\

af (v

end if
if (4,

i (x
3
it (x

end i
if (i

if
iF (1

i
b3 (1

end i
b (.

end if

IF (NB.EQ.6

eq.1) then
KAF()) 1.408727-0. 15297/LI(:>+0 014166/L1 (1) s#2
ITE (2,%) ' KAP61' ,KAP(i)

eq.2) ¢
KAP(:)-l 223818-0. ossiz/u(:)w 010227/L1 (i) %2
E (2,%) ' KAP62 AP (1)
eq.3) then
KAP(x)at 070363-0. 03751/LI(:)*0 004166/LI(1)**2
WRITE (2,*) * KAP63' ,KAP(i)
eq.4) then
KAP(1)=0,952527+0.008606/L1 (i)~0.00032/L1 (i) *s2
WRITE (2,*) ' KAP84' ,KAP(i)
.eq.5) then
KAP(i)=0,82800+0. 064037/LI(1) -0.00628/LI(i)ws2
WRITE (2,%) ’ KAPE5’ ,KAP(i)
eq.6) th
KAP(:)-O 68554540, 119545/1.12 g 0.01174/LI(3)*¥2
E (2,%) ' KAP66'
q.7) then

KAP(i)=0, 49951840 175553/LI
WRITE (2,*) ' KAP67' ,KAP

E g-o.mszso/u(i)“z
€q.8) then E

KAF()) -0 30045440 182454/L1(i

;-0401030/“ (i)**2
(2 *) ' KAP68' ,KAP!

END IF

SDD 27 I=6,7

WRITE(2,%) * KaP’, 1,7 = KAP(I)

c 27 CONTINUE

C

WRITE(2 t) ? FINISH SUBROUTINE GOLSTN1’
WRITe(2
ETURN

END
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Appendix D

Stub shaft drawings
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Appendix E

Description of vessels
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Table E.1: Principal particulars of MV SUGAR

Property Description
Tength overall 351.375"
lenght waterline 33.33'
moulded bredth 10.92°
moulded draught 3.5
displacment volume 200.53 ft*
midship area 18.96"
waterplane area 150.76 ft*
draught forward 3.25'
draught aft 3.25'

half angle of inflow 45 degrees

Powering:

main engine

KUBOTA 52800-B

no. of cylinders 6 inline
four stroke
horse power 45.5
RPM 2600 max.
reduction gear ratio 1.96:1
shaft rpm 1326.5
Propeller:
no. of blades 3
diameter 22 in
¢ pitch 10 in
ded blade area ratio 0.55
Afterbody details:
height of shaft above baseline 1,917
angle of shaft inclination 1.5 deg
skeg thickness 8in
head of water above shaft centreline 17.5 in
Hull details:
wetted surface area 272.22 ft
rudder area 10.0 ft?
block coefficient 0.1571
prismatic coefficient 0.3171
midship area coefficient 0.4953
waterplane area coeffici 0.4141
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Table E.2: Principal particulars of MV BECKY A.

Property Description

Tength overall i

moulded bredth 1207

moulded draught 4'6"

cargo capacity 25,000 Ibs

draught forward 40"

draught aft 50"

material wood

builder Henry Vokey, Trinity, Newfoundland
Powering;

main engine
no. of cylinders
four stroke

Ford Senator model 254
4 inline

horse power 80 hp

PM 2500 max.
reduction gear ratio 21
shaft rpm 1250
Propeller:
no. of blades 3
diameter 20in
¢ pitch 16 in
expanded blade area ratio n/a

218




Appendix F

Existing propeller data
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Table F.1: Exlslmg propeller section characteristics: MV SUGAR.

c/D__t/D_mjc__ P/D
‘o_.a 0.0060 0.108 0.0510 0.624
0.4 00850 0.073 0.0430 0570
0.5 00738 0051 C.0340 0.495
0.6 00628 0.038 0.0300 0.470
0.7 00518 0.020 0.0276 0447
0.8 0.0407 0022 0.025 0443
0.9 00285 0016 0.0280 0410

The following pages contain the blade section outlines drawn from measurements

of the existing propeller.
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Q3R (D =165)

pich angle (©): 33.5°
chord length (C): 158,5
max. thickness (T): 17
camber (Mi: 85

Q4R (D=220)
pitch angle (@)1 244°
chord length (C): 187
maxthickness (T):16
camber (M):8

P/D = Q50
TE O/D = 0850
D = 0073
M = 0043
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TE

222

QSR (D=275)

pitchangle B 17.5°
chord length (Cx 203
max hmxm:ss (Tr14
camber (M) 7

QBR (=330

max. thickness (T): 125
camber (M 6.25

P/D=0470
4

LE



TE

TE

223

7R (D-385)

pitch angle (©):115°
chord length (C)11995
max thickness (T): 11
camber (M) 55

P/D=0447
C/D=0518
T/0=0029
M/C=0028

O8R (D440

pitch angle (©): 10°
chord length (C): 179
max thickness _$T)| a5
camber (M): 475

P/D= 0443
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R_(D=495)
pich angle (©): 825°
chord kength (C): 141
max_ thidkness (T) 8
camber (M 4



Appendix G

Assembly drawing strickle gear
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Appendix H

B-series propeller analysis results

B-series
“““ =" PPT2 corrected
——— PPT2

e MIT-PSF-2

9
N
5



Kt, 10X Kq

Kt, 10X Kq

Propelier perfarmance curves: B-3.50, P/D = 0.8

07

0.5

0.4

03

02

0.1

o

01 0.2 03 0.4 0.5 0.6 07 0.8 0.9 1

advance coefficient J

Propeller performance curves: B-3.50, P/D = 1.0

07

0.6

0.5
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03

0.2
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advance coefficient J
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Kt, 10X Kq

Kt, 10X Kq

Propeller performance curves: B-5.60, P/D = 0.8

°

0.1 0.2 03 0.4 0S5 0.6 0.7 0.8 0.9
advance coeflicient J
Propeller performance curves: B-5.60, P/D = 1.0
07 "y
0.6
0S5
0.4}
031
0.2
01r
30 0.1 02 03 04 05 06 0.7 08 09

advance coefficient J
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Kt, 10X Kq

K¢, 10X Kq

0.7

0.6

0.5

0.4

03

0.2

01

Propeller performance curves: B-4.40, P/D = 0.8

01

02 03 04 05 0.6 0.7 08 09 1

advance coefficient J

Propeller performance curves: B-4.40, P/D = 1.0
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