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On the actuating forces of controllable pitch propellers

Blade control by ventilation

Summary

The costs and the engineering problems of the mechanism of any controll-
able pitch propeller are strongly dependent on the magnitude of the blade

spindle torque. The blade spindle torque can be split into three parts:
hydrodynamic torque, a friction torque and an inertia torque due to the

centrifugal force.

The paper discusses the possibility of minimizing the hydrodynamic blade

spindle torque by means of ventilation through holes on the face of the

blade. The influence of the ventilation on the blade spindle torque is

analysed by means of extended computer calculations.

The two dimensional pressure distribution of the ventilated sections is
'calculated with a linearizéd theory for lifting foils at zero cavitation
number (9). Blockage and interference effects in the ventilated condition

are neglected.

The distortion of the mean lines due to pitch setting is token into
account. The induced velocities by the free vortex system are calculated
with a special lifting line theory, which has been adapted to heavy

loadings by means of some empirical factors.

As an example an exigting c.p.p. of a trawler is analysed. It is conc-
luded that:ventilation is a promising tool for the realization of c.p.p.

designs with low blade spindle torque.

Introduction.

Controllable pitch propellers (c.p.p.) are increasing in number and size

at an amazing rote.
We may expect this tendency to continue also in the future, as automation
in ships becomes.more and more common practice.
It 'is therefóre deemed useful to ponder the conception of c.p.p. design'

in its present, stage.

Obviously the engineering effort and the costs needed for the realisation
of o c.p.p. installation are directly dependent on the magnitude of the
actuating forces. These are the forces to be produced by the actuating
mechanism 'for the changing of pitch during operation.
The actuating forces are proportional to the blade spindle torque, that
is the torque with respect to the spindle axis required to change pitch..

In modern large c.p.p. installations, with over 25.000 horse power which

is not exceptional any more, the blade spindle torque can bring the
actuating force(e.g. in the actuating rod) easily over 200 tons. The
immense engineering problems of such heavy loadings put a serious limit
on the realisation of the shipowners wishes concerning the c.p.p. A
drastic decrease of the blade spindle torque, without affecting other
aspects, could therefore mean an important step forward.
How can this be' achieved? '
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The blade spindle torque is madé up of three parts (see (1) ):
.

a torque due to hydrodynamic forces

-
a torque due to mechanical friction

.- an inertia torque due to centrifugal forces.

The inert,ia torque is much smaller than the hydrodynamic and the
frictiorone, although it should be taken into account in quantotive
calcùlations of blade spindle torque.
The friction torque depends directly on the hydrodynamic torque which

itself is roughly half the totalj blade spindlé torque. Significant
gains are thus only to be expected from a reduction in the hydrodynamic
blade spindle torque.

Of course many attempts have been made to reduçe the hydrodynamic
spindle torque, for instance by choosing:

- a pitch distribution which decrease strongly towards the blade root
(flat blades).

- suitable blade sections

- a suitable rake

- a suitable skew (or blade outline and location of spindle axis)

Of these means only the application of skew back has no significant
additional disadvantages. Flat blades spoil the efficiency seriously
in the order of 14%, and rake increases the stresses in the blades
and hub construction due to centrifugal forces, resulting in additional
weight. The selection of two dimensional sections is determined by cavi-
tation requirements.

Ï't is not possible,however, to chose the skew in such a way, that a low
hydrodynarnic spindle torque is obtained over the whole range of operation.
A useful improvement is therefore only to be expected from hydrodynamic
means, which can be temporarily used and do not affect the performance
of the propeller in the design condition.
Such a solùtion may be found in movable flaps, which involves, however,
serious mechanical problems.
A more practical means for the control of the pressure distribution
over the blades may be the inection of Oir (or other gasses) throygh
holes in the blades, the air being supplied throûgh tubes in the shaft
and actuating mechanism.
It is the aim of this paper to investigate and discuss this idea.

Nature of the blade spindle torque.

Let us have a look at an ordinary right handed c.p.p.
In the design condition the eñtrance will be nearly shock free
- that means the stagnation point is located on the nose of the profile -
and consequently the pressure distribution over the chord of a blade
element will have an elliptic character. The resulting lift force of this
pressure distribution acts about mid-chord or slightly forward of it,
as for instance when the N.A.C.A. a = 0.8 mean line is used.
It is logical to select the skew in such a way that the maximum spindle
torque encountered in the whole range of operation is minimized.
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This requirement generally yields o moderate and negative hydrodynamic
spindle torque in the design condition (outwardly directed torque
vectors are defined to be positive).
Thus, thej hydrodynamic loading "tries" to put the blade in the astern
position.
in this way the point where the spindle torque changes direction and
flutter might occur, is kept outside (above) the range of operation.

Decreasing the pitch, so that the effective angle of attack tends to become
negative, we obtain a pressure distribution which can be thought to be
made up of three parts:

- a basic pressure distribution associated with the camber of the section,
this is the design pressure distribution.

- apressure distribution of o non cambered profile(flat plate) under a
negative ongle of attack.

a pressure distribut.ion associated with the distortion of the mean
line due to pitch changing.

These three pressure distributions are schematically indicated in figure 1.

The nature of the distortion of the mean line due to the decrease in
pitch requires explanation. Figure 2 gives the axial projection of the
outliné of a propeller blade, looking from aft in the sailing direction.

Consider the mean line of the section C-T-A on radius XA. For sake of
simplicity we assume this mean line to be flat in the design condition.
By ?P$itch decrease of an anglecç', the section mean line on radius XA
becomes D1-T-B1.
The points B1 and D1 originate from the points B and D. As these points
are situated more inward than the points A and C, their local pitch angles
have tobe larger. Consequently, the local pitch angles at the points
B1 and D1, are also larger than those of the points A and
The resulting mean line is not flat any more, but has a S-shaped form as
indicated in figure 3. A second consequence of this effect is, that the
nose - tail line has turned over a smaller angle than the blade itself,
as will be clear from figure 3.
Especially at large pitch deviations, both the additional pitch angle of
the nose - tail line and the distortion of the mean line have a conside-
rable influence on the pressure distribution. We developed an interative
procedure, which can calculate the shape of the distorted mean line of
a section at a given pitch angle deviation from the design position.
This procedure has been incorporated in all our computer programs concerning
the hydrodynamics of controllable pitch propellers.

It will be clear from figure 1, that both the "flat plate" pressure distri-
bution and the "distortion" pressure distribution have an increasing effect
on the blade spindle torque. Consequently we may expect the hydrodynamic
blade spindle torque to increase the more the angle of attack becomes
negative and the more the pitch is put astern.
In practice, however, the largest actuating forces are not met in the
astern condition, but in the vicinity of the point of zero thrust. This
is caused by the effect of cavitation which considerably affects the
pressure distribution at negative pitch settings. In particular the "flat
plate" pressure distribution is "cut off" by the cavitation number.
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As in the partially cavitating condition the lift is known to be hardly
effected, the cut off "pressure area" at the nose will be compensated
by an approximately equal additional area at the rear of the chord.

The larger the region of cavitation, the more favourable the pressure

distribution will be with regard to the blade spindle torque.

The characteristic curve of the blade spindle torque as a function of

the pitch settingsat constant rotational speed of the propeller is

indicated in figure 4.
Non covitating sections at negative pitch setting can be met in practice

when the blade. area is exeptionally large. In such cases the maximum blade

spindle torque occurs at maximum negative pitch, as is indicated with a

dot-dash line in figure 4.
The favourable effect of cavitation upon the magñitudè of the hydrodynamic

blade s.indl this nfluence artificiali be means of y i ion.

Ut
V 1 az4 '

The, riction blade spindle torque is alJ'ays directed against the movement

itself. Thus, the largest (negative) spindle torques occur putting the
pitch from astern to ahead. The total spindle moment is indcated by a
thick line in figure 4. The friction spindle torque depends on all six

force and torque components exerted by the blade onto the hub; it may
behave discontinuously if one of these components changes sign and the
origin of the friciòn is abruptly changed from one surface in the me-
chanism to another.

We have indicated in figure 4 five characteristic points:

Point of zero thrust
Bollard condition ahead
Bollard condition astern
Free running ahead
Free running astern.

Although more severe situations with regard to blade spindle torque
are imaginable - e.g. the manoeuvre from ahead to astern and immedia-
tely again to ahead -, we feel that these five conditions determine
sufficiently the actual situation. For many còses the picture is even
on the pessimistic side, because mostly there is no need to run through
the zero pitch point at maximum rotational speed of the propeller.
Already a small reduction in r.p.m. at this point considerably lowers
the blade spindle torque.
In ôur analysis of the merits of ventilation with respect to the actuating
forces, we shall calculate these forces for the five conditions defined
above in both the non ventilated and the ventilated condition.

Calculation of actuating forces in non ventilated condition

Figure 5 shows a simple flow chart of the calculation of the actuating
forces in one of the five characteristic operating conditions.
As it is beyond the scope of this paper to present a detailed description
of the applied theories and methods, only the essence of them will be
given.

The distortion of the mean lines (box 2 of figure 5), as described
above, is calculated assuming that the section is f at in the design
condition. The resultiìiT-shaped mean line is simply a ded to the design
mean line and the turning of the nose-tail, line is incorporated in t:he
pitch angle.
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The calculation of the two dimensional section characteristics (box 3 and
box 5 of figure 5) is done by the method described in section 4.5 of
reference (2). In this method the velocity distribution about the wing
section is considered to be composed of three separate and independent
components:

- the distribution corresponding to the velocity distribution over the
basic thickness form at zero angle of attack.

- the distribution corresponding to the load distribution of the mean
line at its ideal angle of attack.

- the distribution corresponding to the additional load distribution
associated with angle of attack0

These three basic velocity distributions have been tabulated in reference
(2) for families of thickness forms and mean lines, the tables being com-
puted by conformal mapping techniques. When proper corrections for viscosity
are applied, the pressure coefficients obtained by this method are considered
to be ve:ry accurate.
In order to be able to use the tables Of reference (2), any mean line is
thought to be made up of several tabulated meanline types.

The effect of cavitation is taken into account as follows, If the under
pressure coefficient atany point of the suction side wouldexceed the ca-
vitation number, the area ôut off by the cavitation number at the etrance
is distributed over the rear of the chord. This additional pressure distri-
bution is assumed to decrease linearly over the rear of the chord towards
zero at the trailing edge.

The iterative lifting line procedure (box 4 of figure 5) is similar to the
method described in reference (3), it differs, however, basically in the
application of correction factors, Basic assumption is, that the sections
can be calculated independently. This is in fact only correct for propellers
with on optimum radial istribution. We got round this difficulty by
introducinïoper correction facfors. S-tarting point is the well known
equation of optimum lifting line propellers (see reference (4) section 41):

sì(3L.kur. (Ç&-(3) (i)

where:

CL = lift coefficient of the section

D = propeller diameter

X = dimensionless radius

Z number of blades

C = chord length

= pitch angle of undisturbed inflow direction.

f3 = pitch angle of inflow direction corrected for velocities
I indüced by the free vortex system.
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= Goldstein factar, allowing for the effect of finite number of
blades.

Usually an additional correction - for instance that of Ludwieg und
Ginzel - on camber is applied, allowing for stream curvature (lifting
line-lifting surface correction).
In our method neither Goldstein, nor Ludwieg und Ginzel corrections
are applied. Instead a correction on the induced velocity is used,
which includes:

- effect of number of blades

- effect of aspect ratio (lifting line-lifting surface correction)

- effect of propeller load (slip stream contraction)

The correction has been found by an extended regression analysis of
systematic propeller series. Bringing the lift gradient to the right
side of equation (1), we can write it in form:

oflo) (la)

where:

= angle of attack measured from zero lift direction.
This equation can conveniently be solved by Wegstein's iterative method
(see reference (4) ).

It seems useful to give an impression of the accuracy of the methods
described so far. Figure 6 gives the prticulars of a controllable pitch
propeller of a trawler. We will use this propeller as an example throughout
this paper. Figure 7 presents the open water diagram of this propeller
calculated with the methods described above.
Also the choracteristics of a comparable Troost propeller have been drawn.Not only from the agreement showed in figure 7, but also from experience
with this method in many other cases, it may be concluded that it possesses
sufficient accuracy.

Once the pressure distribution is determined, the hydrodynamic forces and
torques are obtained by chordwise and radial integration (box 8 of figure5). As an example of the expressi9ns involved, we present in appendix 1
the formula for the hydrodynarni° rorque component with respect to the
spindle axis. Expressions for the other five hydrodynamic force torquecoefficients are found in a similar way.
The numerical integration of the centrifugal forces involves no particular
difficulties (box 9 of figure 5).

Once the forces exerted by the blade onto the hub are determined, the
consequent friction forces in the mechanism are calculated and added
(box 10 'of figure 5). Of course, the choice of friction coefficients
involves some ur4ertainty.
This completes the calculation of the actuating forces.

In order to animpression of the accuracy of the procedure described
above, the results of calculations for the propeller of figure 6, as well
as full scale measurements of it are presented in figure 8.
In view of the many approximations involved, we feel that the agreement
is sufficient, in any case for the present analysis.
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The ventilated condition.

It will be obvious, from the considerations of"econd section and our example
presented in the preceeding section, that the severest condition is
putting the pitch from astern to ahead, at about zero - or in some

coses at negative - pitch settings. The most significant contribution
to the negative hydrodynomic blade spindle torque can be expected to
originate from the "flat plate" pressure distribution at negative angle
of attack. See figure 1. We can reduce the strength of this distribution
by ventilating air through the face of the blade, that is the nominal

pressure side, now acting as a suction side. We assume air inlets to be
located on the face at 5% from the leading edge.The air pressure is

òssumed to be equal to the free stream pressure; that means that the
cavitationnumber based on cavity pressure is zero and the cavity, start-
ing from the nose of the section, is infinite in extent. It is known from

the theory of fully cavitating. This means that the reduction in the

effect of the flat plate pressj..ire distribution of figure 1 may be expected

to be of t he same order. ¿4'p /
Based on the finding of reference (6), in whic' the requirement for venti-
lotion inception are investigated, we may expect that this point will not
present any difficulties in practice. A very favourable circumstance in
this respect is that in the considered condition the angle of attack. and

the camber have opposite sign, yielding a pronounced under pressure peak

at the leading edge. In our calculations we shall assume arbitrarily the
ventilation to start, if in the non ventilated condition the under pressure
coefficient at the 5% chord point exceeds 0.05. -.

Another point of practical importance consists of the oir requirements,
because these will determine the oir supply measure.s such as the tubes
in the blades and actuating mechanism.
This problem has been investigated in reference (7).

In vielw of the results of thi.s reference, we may state that also this
point will not present serious problems. In order to get an impression
of the feasibility of the air supply system, we made several designs of

the hub mechanism with such systems built in.

The idea of ventilation being feasoble at a first glance, we now have to
make quantitative calculations of the reduction in blade spindle torque.
This is not so easy, because a three dimensional th.e.oxy for the analysis
of fully cavitating propellers i.s not yetavailable. We therefore shall
proceed as follows.
In the computer program the described test on ventilation inception is
built in. If ventilation occurs, all two dimensional calculations of the
considered section are replaced by procedures for the analysis of venti-
lated lifting foils in two dimensional flow.
This concerns box 3. and 5 of figure 5.
Earlier design methods of supercavitating propellers were based on this
principle, which has led, however, to over - optimistic predictions.
The discrepancy can be explained by two important effects, namely cavity
blockage and cavity - blade interference. See reference (8).

These effects influence the lift of the blade sections. But it is not to
be expected that they will have a strong effect on the distribution of
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pressure along the chord, this being the key point of the present study.
In view of this we shall neglect cavity blockage and blade interference
in our calculations.
We assume that the sections are only ventilated during pitch changing.
Consequently the pitch positions of the five characteristic operating
conditions are identical in both the ventilated and the non ventilated
condition. Calculating with the corresponding pitch settings of the non
ventilated condition, we may therefore omit for the ventilated case the

iteration on horse power (box 6 of figure 5).
Also the procedures concerning partially cavitating conditions are skipped,
because these regions are ventilated now.
The pressure distributions in two dimensional ventilated flow are calcu-
.lated with the linearized theory for fully cavitating foils öt zero cavi-

tation number of Tulin and Burkart (9). In this theory the fully cavi-
tating hydrofoil is reduced to an équiialent aitøfoil, which can be analysed
by classic thin airfoil theory.
The results of referen e (9) used in our study are reviewed in appendix 2.
We analysed the equiva nt airfoil by Glauert's method, taking 30 sinus-
coefficients in the Fourier expansion throughout all calculations.
Test calculations for a flapped hydrofoil, which is obviously not very
suited to Fourier analysis, yielded pressure distributions agreeing within
a few percent with the measurements of Meijer (lo).

We have tó deal with the case of a fully cavitating foil with negative
camber and positive angle of attack. See figure 9.
This has some consequences. Analising this configuration we arrive-at
under pressures at the wetted side. In naturally fully cavitating flow
this would be a physically impossible solution, because cavitation would
occur at such points. In artificially cavitating flow such solutions are
acceptable, provided, of course, that the under pressure coefficient does
not exceed the cavitation number based on vap.r pressure.
The drag characteristics of such negative cambered fully cavitating foils
are very poor. We found indeed in our calculations that by ventilating the
blades, the drag coefficients of the sections will increase considerably.
This may be a useful circumstance. In the ventilated condition the lift

is strongly reduced, so also thé torque on the propeller shaft will de-
crease considerably. This may be unfavourable with regard to the characteris-
tics of the machinery.
The fact that fully cavitating foils are so much more sensible to profile
form than subcavitating foils, works also in aaunfavourable sense.
Test calculations showed that the negative moment coefficient of negatively
cambered sections is in fully wetted flow only about 2/3 of that in fully
cavitating flow. This works out unfavourably with respect to the blade
spindle torque. The effect is stil enlarged by the fact that the negative
camber of the wetted side of the fully cavitating section is half the
blade thickness larger than the camber of the mean line of that section.
Also the effect of the S-shaped form of the section due- to the distortion
is increased in the ventilated condition.
In view of these considerations, we also included the possibility of ven-
tilation on two sides of the blade.
We proceeded as follows. If the considered section is already ventilated
on the face, the pressure coefficient at 70% of the chord from the en-
trance is tested. If the under pressure coefficient exceeds 0.05,. it is
assumed that the back of the section is also ventilated. The free stream
line is assumed to spring off from the 70% chord point, so that the rear
of the section is over 30% of the chordlength entirely within the cavity.
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In order to establish this sitûotion extra air inlets have to be provided
on the back of the blade slightly behind the '$Z chord point. It should
be noted that the conditions for cavitation inception are less favourable
than at the inlets on the face of the blade.
How. serious this problem is, can only be explored bymeans of experiments.

Results.

Having available the tools for the calculation of the actuating forces
both in non ventilated and in ventilated conditions, we are now able to
present the results of the analysis of our example. The propeller is de-
fined in figure 6, the radial wake distribution and the mean inflow velo-
cities for the free running conditions are given in table 1.

The force in the actuating rod as a function of the pitch angle at maximum
rotational speed is presented in figure 10.
Four dimensionless constants K, K1, CRH, CRHI, defining the shaft torque,
the thrust, the hydrodynamic blade spindle torque, the frictionless blade
spindle torque (i.e. hydrodynamic plus intertia. torque) respectively, are
given in table 2 for the five characteristic, operating conditions in ven-
tilated and non ventilated cases. In particular the torque constant KQ
deserves attention, because it affects the working of the main engine.
The corresponding pressure distributions at .7 radius ore presented in
figure 11 up to and 'inclûding 14. At positive pitch settings we find of
course approximately the design pressure distribution, being in our ex-
ample that of the N.A.C.A...9 mean line.

The result indicate a significant reduction in the magnitude of the
actuating force at negative pitch settings in the. ventilated conditions
over the non ventilated ones.
As could be expected, the most advantage is obtained when we ventilate
at two sides. If we ventilate only the face of the blade the reduction
in blade spindle torque is also considerable. This suggests that in the
first place further research could be limited to ventilation at one side.

As can be seen from figure 10 the large.Sé forces in the ventilated condi-
tions are not met at small pitch angles any more., but at positive pitch
settings (bollard and free running ahead). The blade spindle torque at
positive pitch settings can be lowered by decreasing the design skew.
Calculating with half the original skew, we get the results presented
in figure 15 up to and including 19 and table 3.'
As one sided ventilation seemed the most feasible, we limited the cal-
culation th that case. It can be seen from figure 15 that the zero thrust
point again shows the largest spindle torque within the range of operation.
This critical value is less than one half of the corresponding maximum
torque in the non ventilated condition (figure 10).

Cónclusion.

The following conclusions can be made from our investigation.
The calculation of actuating forces of controllable pitch propéllers
with a digital computer seems to be sufficiently accurate, provided
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(1)

(5)
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that proper allowances are made for:

the effect of heavy loading in the three dimensional analysis.

- the distortion of mean lines due to pitch changing.

the effect of cavitation on the chord-wise pressure distribution.

Ventilation through holes on the face of the blade can lower the
actuating forces by more than This seems therefore to be worth
further research. In order to check the promising results of this paper,
model tests should be carried out, including the aspects of ventilation
inception, air requirements and optimum location of air inlets.
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Appendix i

Formula for the hydrodynamic blade spindle torque.

Any point P is located on a chordwise distance a.c forward of mid-chord,

the spindle axis intersection point T on a distance b.c. The pitch angle

of the section iscCx). Then the projection on the propeller plane of

the angle between the radius O-P and the radius O-T is:

)

=

where: c.(x)= chord length
x = dimensionless radius
D = propeller diameter

:The free stream velocity, corrected for velocities induced by free

vortexes, is V(x), its direction is determined by a pitch angle 3(x).
The rotational speed is n; the fluid density is p.

The local pressure coefficient is PR(a,x), the local resistance coefficient

is CD(a,x). We then can write for the dimensionless hydrodynamic blade

spindle torque:

CRH
hydrodynamic blade spindle torque

(2)

__

-

o3: (m)) . ti "r (cc)#(PR ()#:c) (x.) +

ci Qo,)í () Lr (c) (- L(4) JeL

(3)
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and

Appendix 2

Results of linearized theory for flows about' lifting foils at zero
côvitation number.

The authors of reference (9) have been able to prove that the problem
Of a fully cavitating hydrofoil at zero cavitation number (ø o ) 'is
in its linearized version equivalent to an airfoil problem (a= c'o),
whose well known solution can easily be converted into the solution of
the hydrofoil problèrn1

Maintaining the symbole of reference (9), we define.:

Origin of system of coordinates x-y at the .nose of the foil

x axis in undisturbed flow direction

y axis upwards

u,v = x and y components of perturbation velocity'

= uniform velocity at infinity, parallel to the x axis'

Subscript o' indicates quantities determined on t.he body surface..

Unbarred symbols refer to cavity flow.
Barred symbols refer to the nOn cavity flow.

It then can be proved by conformal mapping technique, for which we refer
to (9), that the airfoil equivalent to any given hydrofoil is such that:

From these expressio we obtain the relation between the pressure
coefficients PR and PR:

The identity' (4) defines the equivalent airfoil, whose pressure distribution
is calculated by classical thin airfoil theory.
This pressure distribution is converted into the pressure distribution of
the hydrofoil by means of (5) and (6).

The airfoil pressure distribution can be found by Glauert's method, which
give.s the following.
The linearized boundary conditiop yields:

- I - i i -' - 1' uk ',°+) cL
(7)dL.") X,'-

where *(i,o+) can be imainedas a vortex distribution replacing.the
actual airofoil.
It is assumed that the pressure distribution can be expanded in the series:

Ü(A64& t1 A6 4 ì:j1
Then the relation between the airfoil shape and the Fourier coefficients
fóllows from (7):

- 12 -
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where:
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c14 (i)_0+A3
cL:

3c3

(8)
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TABLE 1.

Inflow velocities.

Ship speed ahead
Ship speed astern
Effective wake fraction

Radial wake distribution

- 14 -

7.0 knots
3.5 knots

w =0.25

- 15 -

radius
X

l-w

1-w

0.95 1.274
0.90 1.218

0.80 1.066
0.70 0.933
0.60 0.839

0.50 0.785
0.40 0.752
Ó.3Ö 0.680
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- 16 -

2 4
n .D

- 17 -

-

non ventilated isideventilated

1 OKQ KT 100. 100. 1 OKQ KT 100. 100.
- , CRH CRHI

-

CRH. C:RHT

0.046 0o023 -0.488 ...0.519 0.017 0.014 ...0.154 -0.174

0.175:0.198 -0.046 0.111 0.155 0.167 -0.046 -0.160

0.170-0.1Ó6 -0.773 -0.515 0.074 _0i057 -0.165 -0.095

0.171 0.160 -0.032 0165 0.168 0158 -0.032 -0.159

0.169 -0.096 -0.793 -0.520 0.099 -0.075 -0.163 -0.086

TABLE 3.

Dimensionless constants..

IQ = shaft torque/n2.D5 KT=thrust

CRH=hydrodynamic blade spindle torque/ n2.D5

ÇRHI=frictionless blade spindle torue/ n2.D5

Skew . 8%

operating
condition

i zero pitch .7R

2 bollard ahead

3 bollard astern

4 free running
ahead

5 free running
astern
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z

2

3

FCorrect P/D7R

5

out of tolerance 6

8

9

lo

Calculate distortion
of mean lines

Calculate zero lift
direction and lift gradient
of distorted sections

Calculate effective angles
of attack by iterative
lifting line procedure

Calculate pressure distribution
over the blade.s

within tolerance

Integrate pressure distribution
yielding six hydrodynamic force!
torque coêfficients

Integrate centrifugal force
distribution yielding six
inertia force / torque cofficients

Add hydrodynamic and inertia loads
and integrate consequent friction
forces in the mechanism, yielding
actuating forces.

Flow chart of the calculation of actuating forces.

Figure 5

i Fix advance ratio J
and assume P/D7R
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