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Abstract

A theoretical and experimental study was made on cycloidal propellers.

Experiments were done on a model trochoidal propeller with a pitch ratio of
2.924x in a cavitation tunnel in the Institute for Marine Dynamics (NRC). Prob-
lems which caused unreliable test results from a previous experimental study of the

model propeller were ined. A mal-functioned torque d was replaced.

Problems in the of hy ic torque and in calibration tests were

analysed and effective ways to solve those problems were used in the present ex-
perimental study. Reliable test results for this model were obtained for propeller
revolution speeds of 100,150,200 RPM.

Mendenhall and Spangler’s discrete vortex method of studying cycloidal pro-
peller performance was modified so that (a) an angle of attack method was used to
calculate effects of wake and other blades; (b) the modeling of dynamic stall effects
were included; (c) three-dimensional effects of the blades were included. The theo-
retical results were compared with the experimental data from the present tests and
from published results for cycloidal propellers with different pitch ratios and number

of blade. It was found that the three di ional ion method imp: d the

predicted propeller performance at pitch ratios greater than #. The two dimensional
model using the angle of attack method gave better prediction of propeller perfor-
mance than other models at pitch ratios smaller than 7. The effectiveness of these

models is discussed.
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Chapter 1

Introduction
1.1 Description of Cycloidal Propellers

A cycloidal propeller consists of a rotating drum and several blades. The blades
are mounted near the outer edge of the face of the drum and can be controlled to
rotate about their own axes (see Figure 1.1). When a free streat.. (lows through a
cycloidal propeller, with drum and blades rotating about their own axes respectively,
the trajectory of a single blade is as illustrated in Figure 1.2. Thrust and torque are
produced due to the load on each blade. A description and review of the work done

on such propellers is given by Lewis (1988).
1.2 History of Cycloidal Propellers
The cycloidal propeller, also called * vertical axis propeller”, was first described

by Hunter in 1874 (U.S. Patent 150, 956). Its effectiveness was not accepted until

Kirsten established the requirements for such a propeller to become competitive
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with the conventional screw propeller. Taylor’s model tests in 1922 (Kirsten 1928)
yielded extremely encouraging results and Kirsten and Boeing built and success-
fully demonstrated a small boat with this propeller. However, interest subsided
completely in the U.S. and did not revive until the close of World War IL.

A variable pitch type cycloidal propeller was invented in 1925 in Germany by
an Austrian engincer named Schneider. Up to the close of the World War, the
J.M. Voith Company had built and installed about 500 propellers with a total of
400,000 hp in commercial vessels and in boats of the German armed forces. The
U.S. army and navy became interested in the cycloidal propeller again and restarted
the development in 1944,

The first mathematically derived cycloidal propeller was developed in 1920 by
I°.K. Kirsten. The first comprehensive paper on cycloidal propulsion appeared in
1928 when Kirsten introduced “A New Type of Propeller” to the Society of Auto-

motive Engineer (Kirsten 1928).

1.3 Advantages of Cycloidal Propellers

Although the conventional propeller has a very high degree of effectiveness which
has often prevented the development of other types of unconventional propellers
with favorable properties, cycloidal propellers are a propeller type with outstand-
ing maneuvering capabilities. The system is best suited for maneuverability, safety,
reliability and durability aboard tugs, double ended ferries, buoy tenders, mine
hunters/sweepers, occanographic vessels and other harbor and offshore vessels re-

q iring precise and frequent maneuverability in adverse sea conditions and areas



difficult, for navigation.

Ship control in the conventional sensc is achieved by a combination of devices
consisting principally of those which give control in one degree of freedom (fore
and aft) and rudders which provide side forces to generate turning movements.
Where sufficient sea room exits, this combination provides adequate control for
most underway maneuvers. At low speeds and when the ship is dead in the water,
rudders lose their effectiveness.

The advantage of cycloidal propellers lies in the fact that the propeller thrust
can be used for steering and stopping the ship without stopping and changing the
direction of rotation of the main engine. This makes them eminently suitable for the
propulsion of ships that operate in crowded and restricted waters, requiring large
stecring power at low speeds. The cycloidal propeller is a valuable propulsion device
due to its unique maneuvering capability. The direction of the resultant force can
be controlled and changed to any desired direction normal to the axis of propeller

rotation.

1.4 Why Study Cycloidal Propellers ?

There are three types of cycloidal propellers. Each of them is characterized by
its particular blade orbital path in the no-slip condition. These orbital paths are

called epicycloidal or curtate cycloidal; cycloidal; trochoidal or prolate cycloid (see

Tigure 1.2).
The commercial version of the epicycloidal propeller is known as the Voith-

Schneider propeller and these have been fitted to many tugs, and vessels where



bility is i Cycloidal propellers, developed as the Kirsten-Boeing
propeller, have been used on some vessels in the United States. Little work has

been done on trochoidal propellers and to date the available theoretical methods are

for accurate

“Trochoidal” llers belong to a d area that special-

ists in ship ion are i d with especially owing to their high

efficiency at very high velocities. There is a lack of systematic experimental data
about trochoidal propellers especially for lightly loaded propellers with high aspect

ratio blades. This is the main reason why the study of trochoidal propellers has

been revived at the Memorial University of N

d to provide
at light loading on vessels over a wide speed range. However in the application, a
disadvantage is that they may have to be mounted with their axis in a horizontal

plane. If this happens, maneuverability characteristics are lost.

1.5 Geometrical Characteristics of Cycloidal Pro-
pellers

‘The blade angle linkage system is designed so that the blade center of rotation
traces a cycloidal path. The blade paths for zero slip are shown in Figure 1.2 for
three types of cycloidal motion. The cycloid is generated by a circle of radius r
rolling with an angular velocity w along a surface, where the point of contact is
noted S (see Figure 1.1). The cycloidal path is such that a normal to the path at
any point passes through the point S. The point S is called the steering center of

a cycloidal propeller. In Figure 1.1, the blade is shown perpendicular to the line



connecting the blade rotation axis to the steering center. The pitch ratio of the

cycloidal propeller is determined by the radial location of the steering center; thus,

(L.1)
The blade angle is given by

Fsind

tand = T Tem

(1.2)

The blade motion at a given instant can be considered the sum of a velocity
due to propeller translation and a velocity due to propeller rotation. Consider the
propeller to be rotating at a constant angular ratew in a uniform flow V. The blade
translation velocity is then & x R. Relative to the blade, a velocity W occurs which
is the vector sum of & x & and V. This velocity makes an angle a with the blade

chordline.
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Chapter 2

Literature Review

2.1 Experimental Studies

2.1.1 Tests on Cycloidal Propellers at the Netherlands Ship
Model Basin

Some research was done towards the expansion of knowledge regarding uncon-
ventional propeller models in the Netherlands Ship Model Basin (now MARIN) in
1963. Manen (Manen 1963) reported a systematic series of tests done with cy-
cloidal propellers. These tests of low pitch ratio (0.40x, 0.507, 0.60r, 0.71x, 0.80%)
propellers were mainly to investigate (a) the effect of the type of blade movement
upon the propeller efficiency; (b) the optimal position of the axis of the blade move-
ment; (c) the effect of blade number and the blade chord length; and (d) cavitation
phenomena.

Results show that for the range of propeller pitch ratios smaller than 7: (a) in

the range of propeller loads that are of significance for existing ships, the optimal

8



efficiencies of cycloidal propellers are low. around 0% lower than the comparable

bladed

cfficiency values for conventional screw propellers: (b) the six propeller open
water efficiency is superior to the four-bladed one; (c) the blade on a four-bladed
propeller with a chord length/blade length ratio ¢/l = 0.1 leads to higher efficiencies
than do the blades with a chord length/blade length ratio ¢/l = 0.3; and (d) higher
blade motion velocities cause serious cavitation.

Some tests were also conducted for a four-bladed trochoidal propeller with pitch

ratios of 1.257, 1.50w, 2.007, 2.257. From the test results, it can be inforred that for

pitch ratios ranging from 1.507 to L.75x, a maximum efficiency occurs from 0.69 to
0.70. However this maximum is valid only for the specific propeller geometry tested.
Manen als-+ pointed out that the extent to which these propeller efficiencies are

for the future of this propeller type in the area of high ship

speeds, cannot yet be inferred from the results of this first series of tests. An

extended investigation is needed of trochoidal propellers, so as to make possible
comparisons with other propulsive means for higher velocities in respect both to
cavitation and to propeller efficiency. The lack of systematic data for the trochoidal

case did not allow one to infer general conclusions from this test.

2.1.2 Tests at the David Taylor Research Center

Tests in Open Water

Ficken and Dickerson(1969) conducted model tests for a series of cycloidal pro-
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pellers with pitch ratios ranging from 0.47 to 0.97 to investigate the performance
and stecring characteristics of these propellers. The major part of the test program
was run with six rectangular blades. Each of the six sets of cams, representing the
six pitch ratios (0.47, 0.57, 0.6, 0.7, 0.8r and 0.97) was tested over a wide range
of steering angles and speed coefficient. Test were also run with two and three blades
at zero steering angle. Comparative results were obtained for 0.7r and 0.87 pitch
ratios.

"They found that efficiency is low since the angle of attack of the cycloidal pro-
peller blades varies throughout the cycle between relatively large positive and neg-
alive values. Although the blade produces a positive thrust component at negative
as well as positive angles of attack, the lift-drag ratios suffer at very high angles
of attack. This effect is complicated by the fact that in the downstream quadrants
of the orbit, the blades pass through the wake of the blades in the upstream quad-
rants. The results suggest that this blade interference is considerable since the effect
of changing number of blades is much more pronounced than for a screw propeller.
With two blades, the peak efficiency with 0.87 pitch ratio was 0.79; this compares
favorably with screw propellers.

The effect of blade number was similar to the effect of changing the number
of blades of a screw propeller, but it was more pronounced. Specifically, the peak
elficiency of the cycloidal propeller with six blades was 10 to 5 points lower than
the Troost six-bladed B series (Ficken and Dickerson 1969); with two blades, the
cycloidal propeller was very nearly as efficient as the two-bladed B series propeller.

The cycloidal propeller models were found to develop maneuvering and backing

forces that are much larger than those available from a screw propeller.



Tests in Water Tunnel

Dobay and Dickerson (1969) conducted tests to investigate cycloidal propeller

performance at low cavitation numbers. Their test resuits show the effects of ca

tation on a 9-inch orbital diameter cycloidal propeller in a 2-inch variable-pressure
water tunnel. Six blades were used and the blade motion was epicycloidal with pitch
ratios of 0.77 and 0.97.

The effect of cavitation on the force coefficients of a cycloidal propeller is not

unlike that for conventional propellers; however, there are differenc

ALO.TT pitch
ratio a decrease in tunnel cavitation number causes an increase in torque and a
decrease in thrust and in side force. This is not the case for the 0.97 pitch ratio.
Here, over the significant advance ratio range, efficiency increases with decreasing
cavitation number due primarily to the decrcase in torque required. The change in
forces is minimal.

The conclusions from their tests are as follows. The change in performance

of cycloidal

due to cavitation is qui milar to that of

conventional screw propellers. In general, the available thrust decreases and the
required torque increases with decreasing cavitation number. There is a striking
improvement in performance of the 0.97 pitch propeller to that of the 0.77 pitch
propeller at the same loading and cavitation number. Dobay and Dickerson sug-
gested that further cavitation tests should explore this trend further, using higher
than  pitch ratios. Trochoidal propellers operate at optimum cfficiency at high

advance ratio values. Thus, they can be thought of as high-speed propulsion de-
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. If cavitation tests prove them useful at low cavitation numbers, they would

be competitive candidates for the propulsion of novel high-speed craft along with

the water jet and supercavitating propellers.
The type of cavitation on the propeller blades changes continuously throughout
cach cycle of revolution. This cyclic loading could cause blade [atigue problems.
Dobay and Dickerson pointed out that blade force and fluctuating torque measure-
ments should be made under cavitating conditions.
In the usage of cycloidal propulsion, the propellers may operate in a cavitating

environment. Since there was a iderable p degradation of the low

pitch propeller model, Dobay and Dickeson strongly recommended that cavitation
tests be conducted of future designs for the better prediction of full-scale perfor-
mance.

From this first series of tests, the actual test facility appears to have had a strong
influence on the test data. It was recommended that the effect of the tunnel facility
on propelles performance be further explored, by representing some of these tests in

a larger water tunnel or by comparison with open water tests.

Tests in a Towing Tank

The results of towing tank tests of cycloidal propellers of higher than  pitch
ratios were reported by Dickerson and Dobay (1975). The test results from Ficken
and Dickerson (1969) and from Dickerson and Dobay (1975) represented a systematic
(but incomplete) propeller series with cycloidal blade motion. These test data had

been obtained through a six year effort, beginning in the year 1964 and continuing
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through to 1970. The pitch ratio ranges were from 0.47 to 0.97 for low pitch ratio,
and 1.4297, 1.6677, 2.0007 and 3 3337 for high pitch ratio.

The peak torque values at positive advance ratios increase with pitch ratio quite
consistently, up to the 2.000r pitch ratio. There is a large jump in the torque
coefficient magnitude when the pitch ratio is increased to 3.3337. This large increase
was not expected.

It is noted that thrust coefficient at zero advance ratio decreases with increasing
pitch ratio when the pitch ratio is greater than r; there is a wide range of advance
ratio values at which high thrust values can be obtained with the high pitch pro-
pellers. This relatively flat portion of the thrust coefficient curve enables the high

pitch propeller to satisfy a wide range of operating conditions. Also, at close to op-

timum propeller efficiency the high pitch propellers develop roughly twice the thrust
of the low pitch propellers.

The torque coefficients show a trend similar to that of the thrust cocflicients.
Much higher torque is required to drive a high pitch propeller than to drive a low
pitch propeller.

In general, the high pitch propellers behaved in a similar manner to the low
pitch propellers. They have excellent maneuvering capabilities and large thrusts
are available. Even so, efficiencies proved to be lower than that of the conventional

propeller due to the high torque i to hanical friction.

These test results indicated that high pitch cycloidal propellers may offer an
alternative propulsion for high speed surface craft. They provide an effective way
to control ship-motion in the horizontal plane, at very high advance cocfficicnts.

The feasibility for high speed applications could not be completely established from
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the results of this report, since they were obtained at low forward speeds. The

performance of high-pitch propellers at low cavitation numbers should be evaluated.

2.1.3 Tests at Glasgow University

In 1987, a model of a three-bladed trochoidal propeller was designed and built.
Tests were done on this propeller model in the Hydrodynamics Laboratory of the

University of Glasgow ( Lai and Bose 1988a, 1988b). The object of the experiment

was to assess the characteristics and performance of the propelter. A sliding mecha-
nism in the retary drum conteolled the pitch angle of the blades such that the pitch
angle followed the slope of a trochoidal curve. The maximum pitching angle of the
blades was 20°,

During the experiment, the actual driving torque was much greater tnan the

predicted values, This was because the mechanical friction of the model was high.

The net | | torque was the diffe between the driving torque and
the frictional torque. The torque to overcome friction was very high in percentage
terms. It was very hard to measure the additional torque due to the hydrodynam-
ical action of the blade accurately, which is one of the main values required in an
experiment of this type. Therefore the test results of the magnitude of the torque
expended on the hydrodynamical effect is open to question.

Later in the same year, Lai and Bose(1988b) did a second set of experimental
tests on the performance of the cycloidal propeller. The results included an increase
in the overall efficiency values and in the thrust values at low speed. These differ-

ences were due to improvements in the measurement of the forces on the propeller,
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in particular the torque values, and to the reduction of vibration of the model. I'he
driving torque to overcome the [riction obtained from these experiments is approxi-
mately 35% less than that which was presented in the results of the first experiment.
This reduction of friction was mainly a result of the removal of a supporting bearing.

The propulsive efficiency estimated by using the thrust and torque coefficients
data has an unrealistic high peak in the range of advance ratios between 5.5 and
6.0. This peak corresponds to the scatter of the torque coefficient data. In order
to eliminate the influence of the torque coefficients on the efficiency, curve-fitted
values of torque were used to estimate the efficiency. Although the frictional loss
was lowered by removing the supporting bearing, the larger part of the driving
torque was still spent to overcome the mechanical friction and this led to difficulty
in recording accurate hydrodynamic torque values.

Hydrodynamic propulsive efficiency at forward speed was found to be about 0.8.
This is high compared to the normal range of propulsive cfficiency of conventional
propellers which seldom exceed 0.6 to 0.7. The propulsive efficiency of the cycloidal
propeller is much lower when the torque spent to overcome the mechanical friction
is included in the analysis. Therefore, effort should be concentrated on lowering the

mechanical friction between the moving parts in a commercial design.
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2.1.4 Previous Tests at Memorial University of Newfound-
land

A trochoidal propeller model was designed by Veitch and Bose (Veitch 1990)
specially to fit into the cavitation tunnel at the Institute for Marine Dynamics
(IMD - NRC). One of the objectives in the design of the propeller model was to
avoid measuring large mechanical friction losses. The results of the friction tests
conducted by Veitch did indicate that frictional losses were low throughout the
operating range of the propeller compared with the friction losses reported by Lai
and Bose (1988a, 1988b) in their experiments.

A preliminary set of tests was done with the model to evaluate its performance in
the cavitation tunnel in IMD. Steady state thrust, torque, and side force coefficients
were determined for a range of advance ratios for forward operation. A smaller
number of tests were done for reverse operations, and a single zero forward speed,
or bollard pull test was done. Most of the tests were done under approximately
atmospheric conditions, but the propeller was also tested in a cavitating environment

al reduced pressure.

Several problems were d during these i At the b

of a test, the three strain gauge transducer channels were zeroed by using their

pective bridge balanci i . It was found that the zero drift was

iderable in certain ci and the cause of this drift was not clear. It

was noticed that at a propeller speed of 275 rpm, the propeller rubbed the casing
at higher water speeds. A possible cause of this rubbing was due to the deviation

of the model from the center of the casing.



Veitch(1990) also encountered noise in the signals from the trausducers. The
wires from the transducers were not shielded within the propeller casing. Imume-
diately outside of the casing, the wires were connected to a shielded cable which
connected to the analog to digital converter and was approximately 6 meters long.
Regardless of the influence of the external noise, there was a voltage drop across
this cable.

Four cavitation tests were done by Veitch (1990), but air leakage into the tunnel
caused the pressure to slowly increase during the 20 seconds it took for data acqui-
sition at a given propeller speed. The vacuum pump was used briefly between speed
steps to reset the test section pressure to its original value. The leakage resulted in
a change of test section pressure over the 20 scconds test period of approximately
0.7,0.5 and 0.1 kPa respectively for the test section pressure of 73.1, 82.5, 91.9 kPa.

Another feature of these test results is that for the thrust coefficient, as the pro-
peller speed increases, the magnitude of the results shift downwards. For example,
for the tests at 100, 175, 250 RPM, the average thrust cocfficients are approximately
0.265, 0.164, and 0.126.

Also the two tests at each constant propeller speed were done in succession, and
as is clear in a number of plots, the repeatability of the test results was not good.
The results of each of the two tests, when considered separately, are smooth and
show a similar form. However, the two tests are shifted apart by as much as 50%
of thrust coefficient at low advance ratio. A possible explanation given by Veitch
(1990) for these results is that they are due to drift in the signals from the strain
gauge amplifiers.

The results of torque measurement for the forward operation Lests showed con-
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siderably more scatter than either the thrust or side force measurements. Also, the
difference between the two test sets at the same propeller speed were greater than
fouad in either the thrust or side force measurements.

Veitch(1990) indicated that the first 175 RPM test exhibits more scatter than the
sccond, and the two sets of results are separated by large margins. Veitch considered
the main reason for the relatively poor torque measurement was due in large part

to the noise in the torque transducer signal.

I dations for improving the i I set up for future experiments
were given by Veitch. These recommendations are concerned mainly with the col-
lection of data.

It was recommended that the 60 and 120 Hz noise in the torque measurements
be eliminated. This noise was caused by the manner in which the motor control
unit maintained a constant torque on the motor. In effect, the DC supply voltage
was interrupted at a frequency of 120 Hz. In order to eliminate the noise, the motor
cannot be operated with the constant torque feature provided by the feedback loop
in the motor controller.

It was also recommended that in order to elimi: ther noise in the

signals, strain gauge transducer signal amplification should be done with amplifiers
located nearer to the propeller model and separate from the analog to digital con-
verter. Separate amplifiers would not be influenced by noise from the digital to
analog converter, and the signals transmitted from the propeller to the converter

would be at a higher voltage.
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2.2 Theoretical Studies

2.2.1 Theoretical Study of Cycloidal Propellers

If one knows the blade hydrodynamical characteristics and the flow field around
a blade at any instant, then the force experienced by a blade can be obtained. Then
the thrust and torque of a cycloidal propeller can be obtained through the sum of
the blade forces.

Up till now what is known about hydrodynamic characteristics of sections is

confined to certain types of hydrofoil. Even for these only hydrodynamic character-

istics in steady flow is known; very little hyd

1 data exists for hyd
in unsteady flow. As for the unsteady flow, especially such flow that the hydrofoil
experiences large angles of attack, the so called dynamic stall phenomena is still a
problem that needs more understanding. The most developed theory for the hydro-
dynamic characteristics of foils is steady linear theory for a thin foil with a small
angle of attack.

The analytical study of the flow field around each blade of a cycloidal propeller is
complicated. Firstly, the blade is in a non-steady movement. Secondly, the uniform
incoming flow from infinity is disturbed by the blade in the first and sccond quarter
of the blade trajectory. Blades on the third and fourth quarter of their trajectory
are immersed in a disturbed flow field. Analytical simulation of such a flow field is

not easily done.
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Some work has been done in the analytical study of the cycloidal propeller.
Usually the experimental data of the hydrodynamical characteristics of the hydrofoil
are used. As for the analytical simulation of the flow field, there are mainly two
types of methods. One is the momentum method (Bose 1987). Another is the vortex
imethod (Mendenhall and Spangler 1975).

A brief review of theoretical study of cycloidal propellers is given below.

2.2.2 Taniguchi’s Method

Taniguchi developed a method for icall luating the perfc char-

acteristics of cycloidal propellers (Taniguchi 1962). This method is based on the
assumption that quasi-steady state motion exists at each instant of time at the
blade. The total thrust and torque of the propeller is evaluated by integrating the
quasi-steady lift and drag forces on each blade section. For this purpose numerical
values of lift and drag coefficients of the blade sections are required. In addition,
an cstimate of the magnitude and direction of the induced velocity at every blade
section must be made. Taniguchi assumed (1) that only the longitudinal velocities
induced by the trailing vortex system (i.e., those in the direction of propeller ad-
vance) contribute to the thrust and torque of the propeller; (2) that they are of
constant magnitude over the length of the blade; (3) that the induced velocity is not
a function of the orbital position of the blade. The value of the induced velocity is

obtained from iderations with modifications based on exp 1

performance of  six-bladed cycloidal propeller.

Taniguchi (1962) used a momentum relation to obtain an estimate of the induced



d bladed

velocity. After periments on a siy propeller, and obtaining a

large di between d and experimental values of advance coefficient

at zero thrust, Taniguchi modified the correction factor in his momentum relation
(Taniguchi 1962).
As for the blade section lift force and drag force, Taniguchi used the following

values assuming that the angle of attack is small:

Ci =534 (1)

Cyq =0.10 + 6o’ (2.2)
where a is in radians.

Good agreement was obtained between the computed and experimental values of
propeller performance (Taniguchi 1962). Of particular interest is the good prediction
of the effect of changing the number of blades on the propeller.

However the difference between Tanigichi’s analytical results and experimental
results is large fo: high pitch ratio cycloidal propellers (Taniguchi 1962).

Taniguchi’s method is adequate for evaluating the h eristics of

cycloidal propellers with cycloidal blade motion and semi-clliptic blades. For this

type of propeller, the pi dure gives sati 'y iction of the effect of number

of blades on propeller performance. For each blade motion other than cycloidal
motion, experimental results are required to obtain new values of the correction
factor for calculating induced velocity. In addition, large changes in aspect ratio of

the blade will affect the magnitude of the correction factor.
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‘The most serious limitation of this method lies in the way the induced velocities

TR i

are esti d; in the ion that only the I
Lo propeller performance; in the assumption that the induced velocity is constant
over the entire length of the blade; and finally because the induced velocity can niot

he computed without resorting to determination by experiment.

2.2.3 Zhu’s Method

A theoretical computational method to evaluate the performance characteristics
of cycloidal propellers was presented by Zhu (1981). Starting from Taniguchi's
method (Taniguchi 1962), improvements were made to make it applicable for various
pitch ratios in the whole advance ratio region.

Comparing the results calculated by Taniguchi’s method with the results of the
experiments, some differences were found. In the high pitch ratio region these dif-
ferences are quite large. Taniguchi’s method is adequate only for medium advance
ratios (about 0.4 to 0.5).

In order to improve Taniguchi's method, Zhu modified the drag and lift coefficient
by considering effects of low Reynolds number and stalling of blades. Zhu considered
that it is important to include the effect of curved orbit and blade rotation. Zhu
argued that the relative flow velocity on each point of the blade is not constant.
So he considered the effect of variation in speed over the blade and also the effect
of rotation. Zhu considered the effect of variation in speed over the blade and the
effect of blade rotation as to add an induced camber to blade section. Zhu used

“Taniguchi's relation to obtain the induced velocity factor.

|
i

i
i
!
?
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Zhu obtained numerical results for the thrust coefficient, torque coefficient and
efficiency by using both his improved method and Taniguchi's method. Comparison
belween experimental results and computational results of theoretical methods show

that better agreement was obtained by using the improved method.

2.2.4 Bose’s Multiple Stream Tube Method

A multiple stream tube theoretical model was developed by Bose (Bose 1987)
for application to the rotary foil propeller.
The theory assumes that there are two “actuator discs” in tandem at upstream

and downstream of a stream tube. This theory is based on momentum consid

tions. The lift and drag coefficient for the blade is used to calculate the blade forces.
The experimental data for the NACA0012 section in the range from 0° Lo 180° were
used in the calculation. Results were obtained for a range of parameter variations
and for two types of blade motion: a pure sinusoidal variation of the blade pitch
angle relative to the undisturbed flow and a trochoidal motion. A three dimensional
correction was added into the theory by assuming an elliptical variation of lift with
blade span.

The result showed that higher cfficiency was obtained with a trochoidal blade

angle variation than with a sinusoidal blade variation. Finite span was found to

@

reduce y and thrust coefficient. A drop of imately 7% in efficiency
and 9% in thrust was estimated for a propeller with blades of aspect ratio 10; 14.5%
in efficiency and 16% in thrust respectively for a propeller with blades of aspect ratio

5. The effect of unsteady flow acting around the propeller blades was neglected.



2.2.5 Mendenhall and Spangler’s Vortex Model

Description of Mendenhall and Spangler’s Model

Mendenhall and Spangler (1973) developed an unsteady discrete vortex model to
calculate the performance characteristics of cycloidal propellers. In their approach,
the propeller is considered to be iniially stationary in uniform onset flow and is
brought instantaneously up Lo speed. The blade loading changes with time, vorticity
is shed, and a wake develops for each blade. The wake is characterized by discrete

vorlex filaments which i the real, conti vorticity distributions shed

from the blades. Since the wake vortex filaments move with the local velocity, the
wake from each blade can be followed and the wake distortion due to all the vorticity
in the flow field can be obtained. The calculation is done for sufficient time such
that the initially shed wake vortices are far enough downstream not to affect the
flow at the blades, and a periodic solution is obtained. The detailed variation of the
blade loading around their orbit is obtained. With this method the average propeller
thrust, side force and torque can be obtained from the time averaged values over an
orbit.

Mendenhall and Spangler developed their method for two-dimensional flow and
programmed it for a digital computer. They reported the results of calculations
ditions. S

made over a range of propeller jons and flow ic vari-

ditions were investj to establish trends in

ations in ions and flow
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2 e and behaviour. C isons were made with three-dimensional data

ohtained on model propellers at the David Taylor Rescarch Center (Dickerson and
Dobay 1969). The comparisons indicate that the two-dimeunsional theory generally
predicts the correct trends and magnitudes of the average proy« iler forces.

Blade stall, blade frictional drag and wake diffusion were included in the method.
Mendenhall and Spangler compared the predicted and measured thrust and torque
coefficients for two-, three-, and six-bladed cycloidal propellers.

Some comparisons between theory and experiment for a six-bladed cycloidal
propeller are shown in their results for two high pitch ratios 14297 and 3.333r.
For 1.4297 pitch, the thrust and torque are in reasonable agrcement with the data,
whereas the side force is not. At the higher pitch, both thrust and side force are
considerably higher than the experimental data, while the torque agrees reasonably
well.

Mendenhall and Spangler’s method was used to calculate the performance of a
three-bladed and a six-bladed cycloidal propeller. The results were compared by
Mendenhall and Spangler with the corresponding experimental data, which shows
that Mendenhall and Spangler’s method does give resonable results in predicting the

trends and of the propeller But the method consistently

gives much higher predicted values for thrust coefficient.

In Mendenhall and Spangler’s model, the distributed bound and wake vorticity
are replaced by discrete vortex filaments. The bound vorticity on the blade is
concentrated at the quarter chord point of the blade. The wake vorticity consists
of a number of free vortices which are shed at different positions of the blade. The

strength of each wake vortex is given by the change in the bound vorticity occurring



Limitati of denhall and ler’s Method

The Kutta condition comes from the observation that when the blade angle
of attack is small, the flow does not separate from the trailing edge of the blade.
However, the blades of a cycloidal propeller go through a large variation of angle
of attack in one revolution and usually the occurrence of blade stall is inevitable,
During the blade stall, the flow separates near the blade trailing edge. Sometimes the
separation can extended up to the leading cdge. The Kutta condition is obviously
irrelevant when stall occurs, so the use of the Kutta condition can not give a goos!
prediction of the flow field around the blades at some positions on their orbit.

Another limitation of the method used by Mendenhall and Spangler is the neglec-
tion of dynamic stall phenomena. Dynamic stall is a complex series of events that
results in the dynamic delay of the stall, on airfoils and wings experiencing unsteady
motion, to angles significantly beyond the static stall angle. In deep dynamic stall,
the formation and shedding of a “dynamic stall vortex” from the leading edge region
is believed to play a crucial role. Flow near the surface of an airfoil oscillating in
pitch has been observed to remain “attached” during the airfoil upstroke to a point
well beyond the static stall incidence angle. This delay in incipient separation is
followed by the formation of an energetic vortex structure near the airfoil leading
edge which grows with time and convects downstream over the suction surface as
the airfoil motion proceeds. A strong suction peak in the instantancous pressure dis-

tribution has been observed to remain i ly i with the chordwi:

location of the vortex.
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over some lime interval At. The strengths of these shed vortices remain constant
and each moves with the flow.

A time stepping approach was used by Mendenhall and Spangler to solve this
problem. At cach time step, the flow field and the blade bound vorticities are
computed and the motion of all shed vorticity is calculated. Between successive
Lime steps, a shed vortex is generated at each blade trailing edge and is added to

the wake vortex system. The calculati ti until steady-state propeller forces

are achieved.

The total bound vorticity on a blade is the sum of five components. The first
four are due to the kinematics of the blade motion. The fifth component is an
induced vorticity due to the presence of the other blades and the wake. Mendenhall
and Spangler used the method described by von Kirman and Burgers (1935) to
calculate this induced vorticity by computing the circulation on a flat plate due to
the interference of an isolated vortex. The total circulation induced on the blade is
the sum of the individual circulation components induced by each bound and shed
vorlex in the flow field. The boundary condition used to determine the induced
vorticity on the blade is the specification that the Kutta condition be satisfied at
the blade trailing edge at each time step.
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Most. dynamic stall research has focused on the flow over an aitfoil oscillating in
pitch. When there are several blades in the flow, interactions between the blades
are found to significantly affect the dynamic stall characteristics of each blade and
the overall flow field (Sparlart 1985). Studies on rotation stall in a compressor have
found that stall is not limited to within a restricted range of angles of attack; the
wake vortices from one stalling blade can trigger separated flow over other blades
(Sparlart 1985). Although the above mentioned flow phenomena has been observed
in the flow through a compressor in an engine (Sparlart 1985), a similar mechanism
could exist in the flow through a cycloidal propeller.

Neglection of dynamic stall phenomena in Mendenhall and Spangler’s method

affects its of propeller in two respects. Firstly, dynamic

stall can change the flow ficld around the blade. Secondly, the lift/drag coefficient
of the blade under dynamic stall is usually unavailable.

Mendenhall and Spangler’s method was developed for a two-dimension cycloidal
propeller. The effect of tip vortices are not modeled in their method. The effect of
tip vortices on the flow over the blade is not clear under dynamic stall conditions.
"Three dimensionality in unsteady flow about a finite wing was studied by use of
flow visualization by Alder and Luttges (1985). Their results show that far inboard,
towards the root of the wing, the flow field was dominated by a leading edge vortex
similar in phase of initiation, size, and convection velocity to vortices observed in
studies modeling a two-dimensional wing. Flow near the tip is dominated by the
induced velocity effect of the wing tip vortex and observation suggests that the wing
tip vorticity is fed in part by the increased circulation present in the leading edge

vortex. Vi also showed a ition from flows domi d by the wing tip




vortex to those dominated by the leading edge vortex.



Chapter 3
Theoretical Study

3.1 Description of the Theoretical Models

‘The theoretical models used in the present study of cycloidal propeller perfor-
mance were based on Mendenhall and Spangler’s method (Mendenhall and Spangler
1973). They are described below.

3.1.1 Modification of Mendenhall and Spangler’s Method

Modifications in Calculating Wake and Effects of Other Blades

Mendenhall and Spangler’s method (Mendenhall and Spangler 1973) and some
of its limitations have been introduced briefly in the previous chapter.

Mendenhall and Spangler used linear potential flow theory with the Kutta con-
dition to evaluate additional forces induced by the wake and the other blades. Since

during each propeller revolution, the blades experience large changes of angle of

30



31

attack that far exceed the the small angle of attack limitation for potential flow
theory, the Kutta condition is no longer a valid description of the real flow around
the blade trailing edge since flow separation occurs and friction becomes important.

In order to see how much the wake and other blade eflects calculated by the po-
tential flow theory with the Kutta condition contributed to the total flow, Menden-
hall and Spangler’s model was modified so that the wake and other blade effects
were totally cut off. Then the results from this modified model was compared with
Mendenhall and Spangler’s model results and with the corresponding experimental
results. In another modified model, the potential flow theory and the Kutta con-
dition was not used to calculate the wake and the effects of other blades. Instead,
the induced velocity due to the wake and the other blades was calculated first. This
induced velocity charged the angle of attack of the blade under consideration, which

in turn changed the blade forces. This method is called the angle of attack method.

Gormont’s Method for Dynamic Stall Calculation

Mendenhall and Spangler’s model was also modified to include the dynamic stall
effect by using NACA-0012 section characteristic data and Gormont’s dynamic stall
correction method.

Gormont (1973) developed a method to calculate the dynamic stall effect based
on steady airfoil section data in his study of unsteady flow over helicopter rotors. The
idea of Gormont’s was that a steady state flow nceds time to build up, so dynamic
stall can be modelled as if there is a time lag in the acrodynamic characteristics

of the blade at a certain angle from its steady characteristics at ne same angle.
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lle proposed a formula for calculation of lift and drag of a general type of airfoil
oscillating about a mean angle near its static stall angle based on the experimental
study of four types of airfoil. As the same flow delay argument holds for the flow
through a cycloidal propeller, where the blades oscillate about a zero mean angle
with very large amplitude at small advance ratios, Gormont’s method was used with
Mendenhall and Spangler’s theory (1973) to account for dynamic stall. Since the

lift coeficient of a foil is not a function of fluid density, Gormont’s method can be

nsed for the caleul. of forces i d by hydrofoils during dynamic stall.

Method for Three Dimensional Correction

A three dimensional correction method valid for wings in steady flow with an
clliptical distribution of lift was used by Bose (1987) in the calculation of the force
characteristics of a cycloidal propeller by multiple stream tube theory. In this
method, an estimation of the effect of finite blade span was obtained by assuming
that the distribution of circulation along the blade varies elliptically. Bose found
that the effect of aspect ratio was to reduce the maximum peak efficiency of the
propeller by approximately 7% for propellers with blades aspect ratio 10 and 14.5%
for aspect ratio 5 from the two dimensional results. Obviously this method cannot
estimate unsteady three dimensional effects.

All the theoretical models described above included the option of including three-

dimensional calculation of the blade force.




3.1.2 Formulation of the Theoretical Models

Propeller characteristics

The geometrical characteristics of a cycloidal propeller are given in Figure 1.1.
The origin of the coordinate system is chosen at the center of the propeller drum.
The angle between the y axis and the radius connecting the pitching point of the
blade under consideration and the center of the propeller disc is 0, positive clockwise.
The angle between the y axis and the line connecting the pitching point of the blade
and the steering center is i, measured positive clockwise. The angle between the
blade and the tangent to the blade orbit is #, m' sured positive counterclockwise. A
uniform free stream velocity V is in the negative z dircction. The constant angular
velocity of the propeller is w. The blade is replaced by a point vortex I' at the %
chord point from the leading edge in the calculation. The total flow velocity relative
to the blade at the % chord point due to the free stream and the rotation of the
propeller drum is W. The angle between I and the blade chord line is a, which is
called the angle of attack. The pitching point of a blade is at zq from the leading
edge; the chord length of the blade is ¢; the radius of the propeller disk is /2; the

distance between the center of the cycloidal propeller and the steering center is r.

The pitch ratio of a cycloidal propeller is defined as

P=7 (3.1)
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The blade angle is given by

3:2)

Fig 1.2 gives the different blade positions with pitch ratio greater than 7 and less

than .

Flow model

(a) Mendenhall and Spangler’s Formulation

The formulation started from Mendenhall and Spangler’s model (Mendenhall
and spangler 1973). The propeller was initially stationary. It was brought up to
a constant speed abruptly. The lift and drag produced by each blade changed
with time. Vortices were shed from each blade into the flow and were convected
downstream. Circulation about each blade due to angle of attack and blade camber,
the rotation of the blade, the circulation induced by the wake and other blades
were calculated by vortex theory and linear potential thin wing theory. Drag was
calculated through experimental section data. Stall was modelled by cutting off the
lift coefficient at -1.5 and +1.5 . Diffusion of the discrete vortices in the wake was
modeled approximately (Mendenhall and Spangler 1973).

The bound vortex I at each blade was placed at the quarter chord point. The
wake of each blade was discretised into a number of free vortices I'. The strength of
the blade bound circulation induced by the wake and the other blades was obtained
by first mapping the blade into a circle and then calculating the bound vorticity

required to impose the Kutta condition on the circle.



The bound vorticity I" on each blade consisted of 6 parts.

=T +T4+ T3+ T+ Tw+lp (3.3)
[y = reWa (3.1)
Iy = ncWag (3.5)
2,
Ty =-22 (3.6)
PR e 3.7
s = Ee(=n - 5] (3.7)
p=0-p (3.8)

where Iy was the circulation on a flat-plate at an angle of attack of a; and I'; was
due to the geometrical camber of the blade. This assumed that a flat-plate must
be put at an angle of attack ap to produce the same lift as the cambered blade
section at zero degrees angle of attack. I's and I'y were due to angular rotation of
the blade about its pivot point, located a distance zo from the leading edge. I',
and I'p were the circulation induced by wake vortices and other blades respectively.
The method used in calculating ', and 's was that of von Kdrman and Burgers
(1935) in computing the circulation on a flat-plate induced by an isolated vortex.

W was the relative velocity approaching the blade due to the free incoming flow and
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rotation of the propeller (the induced velocity was not included here), which was

given by

1=Il+t;‘%)“+2(

x L yeas(0— e, 39

w

“This velocity was broken into norinal and axial components Wy and Wy.

Wy _ Vo . v :

b (ﬁsmo, + sinf)coa) — (u—Rcasu,, + cosl)siny (3.10)
Wa_ V. _— v

SR (w—nszna, + sinf)sin + (w——Rcustx, + cosf)cosyh (3.11)

‘The local blade angle of attack was defined as

W,
T LR
a=tan™ (3.12)

where o, was the angle between the free stream and the z axis. In the models used
in this study a, was zero.

The method of calculating the induced circulation I, and s was as follows.
[irst the blade in its physical plane was mapped into a citcle in the {-plane by the

transformation

F=C+ T (3.13)

with the location of the vortex in the (-plane being r,¢. The Kutta condition
satisficd at the blade trailing edge in the physical plane corresponds to the condition

in the ¢-plane that the velocity be everywhere tangential to the circie on the circle
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and zero at the mapped trailing edge on the circle. The circulation on the blade

induced by the isolated vortex [’ (von Karman and Burgers 1935) was

Tind = r(%) (3.14)
The induced circulation was assumed to act at the quarter chord of the blade.

The circulation on the blade induced by all the discrete wake vortices I, is the
sum of the induced circulation due to each vortex. The circulation on the blade
induced by all the other blades I's was the sum of the circulation induced by each
blade. The total force on a blade consisted of the hydrodynamic force due to the

blade circulation, a normal force on the blade due to the acceleration of the blade

normal to itself (apparent mass effect) and the viscous drag of the blade.

(b) Mendenhall and Spangler’s Model without Wake and the Effects of Other
Blades
For some calculations, Mendenhall and Spangler’s Model was modified so that

the terms [, and [’z were not included in the calculation of T'.

(c) Mendenhall and Spangler’s Model with Wake and Other Blade's Effects Mod-
eled as a Change of Angle of Attack

In this model, ', and I'p were not included in the calculation of I'. But velocity
induced by wake and other blades were calculated at each blade center point. Then

the angle of attack was calculated as:
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Wy + Wyin
Wa + Wain

(3.15)

where Wy and W; are the velocities vertical and parallel to the blade chord line
due to the free incoming flow and the rotation of the propeller, Wi, and Wain were
the velocities vertical and parallel to the blade chord line due to the wake and other
blades.

The influence of T' located at the point (zr, yr) on another point (z,,yp) is

computed from the velocity induced by T'. Thus,

F..
v, =21 (3.16)
Fos
o= F (3.17)
where the influence functions were defined as

Yp— U
Fo= W 3.8
T (e =yl + (zp — o) )
et Do (3.19)

T A EE

As written, the above influence functions are for the velocities induced in the z and
y directions.

Assume v, and v, are the induced velocities at a blade center point. Then the

induced velocities vertical and parallel to the blade chord line due to the presence

of a discrete vortex located in (z¢, yr) are:
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Wy = vesin® + vycos¥ (3.20)

Wi = —v.cos¥ + vysint¥ (3:21)

Definition of W is shown in Figure 1.1.

(d) Modification to Include Dynamic Stall Effect

Gormont (1973) used a method of imating the observed | is loops in

lift and drag section data by using two-dimensional static wind tunnel data and an
empirically derived stall delay representation developed by Gross and Hatvis (1969).
The accumulated section data for oscillating airfoil tests of four types of airfoil
(V23010-1.58,NACA-0012 MOD,V13006-.7 and NACA-0906) were used to obtain a

generalized formula for the dynamic stall delay angle:

= Qyaticstall + (3.22)
t
=0.06 + 1.5(0.06 — - 3.23
2V break ( ) (3.:23)
Eor v I?%l S I%'bmk'
Acuanicuat = 1|57 )signé) (3:21)

For \% |;—5| > lﬂ-"%lnmk’

Aadynnminmll=7l]“%|b k+‘rz[\ !;%\ -\ lW‘b k](signdr) (3.25)
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where the sign function is defined as follows:
if 2> 0, then sign(z) = +1;

if z <0, then sign(z) = -1.

ey = @ — K1 Atdynamicatatt (3.26)
Cine
C=(—"L—)a (3.27)
Qref = QC=0
Cu=Cup,y (3.28)

where 71,72 are calculated as follows

7 = 144 6(0.06 — %) (3.29)

1 =057 (3.30)
Ky is chosen as 1.0 in the calculation. Definition of break point is given in Gormont's
paper (1973).
Gormont’s method was obtained from experimental data for airfoil oscillating
sinusoidally about a mean angle of attack ag (0° ~ 15°) with a relatively low oscil-
latory pitch amplitude Aa (0° ~ 5°)

a = ap+ Aasinwt (3.31)

The range of angle of attack of a blade on a cycloidal propeller can vary from

~180° to 180° at certain advance ratios and the oscillating motion is not sinusoidal.



Strickland and Graham (1986) tested a NACA-0015 airfoil undergoing a constant
pitching rate motion up to 82° of angle of attack. Their results show that Gormont's
correlation of dynamic stall delay angle can fit their test data reasonably well. How
well Gormont's method can fit the experimental data of an airfoil undergoing a

similar oscillating motion as that of a cycloidal propeller blade isstill to be examined.

(e) Modification to Include Three Dimensional Effects

Three dimensional effects on a blade of finite aspect ratio were obtained by
assuming that the distribution of circulation along the blade varied clliptically (Bose
1987). The finite aspect ratio effect based on this method was to reduce the lift due
to an assumed elliptical distribution of lift and to increase the total drag by adding
an induced drag.

The three dimensional lift slope was

G, _.G A i
(Gha =Pl T7) (3.32)
and the three dimensional drag coefficient was
{7 2
(Cp)sa = (Cp)au + (,—D/IE (3.33)

where the aspect ratio A = & (b is blade span; S is blade area).

This method was based on stcady flow theory and was not exactly the same as
that in unsteady flow over a blade on the cycloidal propeller considered here. In an
unsteady flow, it takes time to build up the wake vortex system. Also, this wake

vortex system changes with time due to the variation of blade forces after it has



been built up. This can lead to some difference in calculating of three dimensional
effects.
() Blade and propeller forces
The blade axial and normal forces were
K= =pibeina - C‘w’m(a) (3.34)
Hdv 4C.
K, = —pbl'cosar +r"f [d” cw(ic‘i— q)]+"c 2 ina (3.35)

where @ was along the blade chord line, positive towards the trailing edge, y was
normal to the blade chord line in the blade coordinate system; b was blade span;
'y was the section data of viscous drag coefficient; and p was the density of the
fluid. After conversion into the propeller coordinate system, K, K, of each blade
were summed for all the blades to obtain the total propeller thrust T, torque Q and
side force S.

‘The thrust, torque and side force coefficients were defined differently in order
to compare the predicted results with the experimental results. Torque and thrust

coefficient were defined as follows in Bose and Lai’s (1989) experimental results

T
©r = emD fade)
Co= Q (3.37)

P RDb
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where b was blade span; D was the propeller diameter. In Dickerson and Dobay's

experiments, the thrust and Lorque coefficients were defined as

Ci= ,T,.;rbﬁ (330)
Com s (3.40)
Co= ,T:iﬁ" (3:41)
g %«_TJ; (342)
J= % (3.43)

Both sets of the force coefficients were included as options in the computer programs

for the theoretical models above.

3.2 Implementation of the Theoretical Models

A puter program for impl ion of Mendenhall and Spangler’s theoreti-

cal method was given by Mendenhall and Spangler in their report (Mendenhall and

Spangler 1973). The impl ion of the modified th ical models is based on
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Mendenhall and Spangler's program. In the programs for modified theoretical mod-
els, the logic of calculation remains the same as that in Mendenhall and Spanglers

program. But the structure of the programs for modified theoretical models have

been changed substencially from that of Mendenhall and Spangler’s program.

For more detailed description of the computer programs, see Appendix B.



Chapter 4

Experimental Study
4.1 Description of the Experimental Set Up

A cycloidal propeller model was designed by Bose and Veitch(Veitch 1990) spe-

cially to fit into the cavitation tunnel in the Institute for Marine Dynamics and con-

structed by Memorial University of Newfoundland Technical Services. The detailed
assembly drawing of the model is given by Veitch (1990). The model is comprised of
a casing, a motor and motor seat, three propeller blades, and propeller machinery
and transducers. The casing was connected to the top window of the Lest section.
The model propeller was hung inside the casing so that the surface of the propeller
drum was flush with the bottom of the top window of the test section. A 2 hp, 175
rpm, 180 volt DC electric motor was seated on top of the model (Sce Figure 4.1).
A motor controller was used to provide variable speed and reversing capabilities.
There were three blades mounted on the rotating disc. The blade sections were
NACA 16 series symmetrical scctions tapered linearly from root to tip (Veitch 1990

Figure 8). The root section were NACA 16-021, and the tip sections NACA 16-012
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basic thickness forms. The rotation axis of the blades were at the quarter-chord
length of the sections. The maximum and minimum angles were £20°. Detailed
description of the model propeller was given by Veitch (Veitch 1990).

The strain gauges for thrust measurement was attached on one of two plates on
the upper part of the model which were perpendizular to the flow in the test section
of the tunnel. The strain gauge for side force measurement was positioned similarly
Lo the thrust gauge, but on one of the two plates which were parallel to the flow
in the tunnel. The torque gauge was attached on the surface of a cylindrical part
which connected the cam box with the gear box.

The cavitation tunnel at IMD is of the closed circuit type (Veitch and Bose
1989). An impeller circulates the water along a horizontal diffuser which is a 6:1
contraction nozzle. After the nozzle, the water flows through the test section which
is fitted with observation windows. The impeller is driven by a 51.5 kW, 1500 RPM
motor and can produce water speeds between 0 and approximately 10.5 m/s in the
test section.

A multi-channel 2100 system strain gauge conditioner, a 386 SX Unisys micro-
computer and a Keithley 570 analog to digital converter were used to transfer and
record the signal data from the thrust, side force, and torque transducers on the
model propeller.

The flow speed in the tunnel test section was measured by a mercury manometer
which measured the pressure drop across the contraction nozzle of the tunnel. An
expression for water speed in the test section in terms of pressure was given by Veitch
and Bose (1989). The rotation speed of the motor was measured by a tachometer.

A vacuum pump was used to lower the pressure in the cavitation tunnel.
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4.2 Work Done to Improve the Experimental Tech-
nique

The present experimental study of the cycloidal propeller follows the previous
work done by Veitch(1990) at Memorial University. Some of the problems which
were encountered previously with the model propeller and the cavitation tunnel
were alleviaied.

(a) The model was recentered inside the casing to avoid rubbing the casing when
the hydrodynamic forces were large during tests.

(b) Strain gauge wires were replaced by new ones and sealed by special rubber
tape.

(c) Connections between each part of the casing were redone to improve sealing
to avoid water coming out of the tunnel and air leakage into the tunnel during low
pressure tests.

(d) Tunnel valves were replaced by new ones to avoid air leakages.

4.3 Problems and Their Treatment

(a) Signal Noise Reduction by R: ing Experi Set Up
It was found in the previous experimental study (Veitch 1990) that the noise

levels on the strain gauge signals were high during the tests. To avoid electromag-

lti-ch 1

netic interference due to the close of the equi a

2100 system strain gauge conditioner was used to amplify the signal from the strain
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gauges instead of using the internal amplifier card inside the Keithley 570 A/D)
converter.
(b) Torque Transducer
During preliminary tests, it was found that the torque gauge used in the previous

experimental study was defective. New strain gauges to measure lorque were fitted

to the ducer element by Int Inc; heat setting adhesives were nsed.
(c) Choosing a Zero for Torque Measurement

When testing with the torque gauge, it was cxpected that every time before
turning on the motor and after turning off the motor, the torque reading should he
the same. In fact, the torque readings shifted randomly between two considerably
different values. In other words, there were two quite different readings from the
torque transducer when the model was at rest. This caused a difficulty in choosing
a zero for torque measurement. An explanation for this is that cach time when the
model was stopped after motion, there was still some residual torque applied on the
transducer probably caused by friction in bearings and the cams which controlled
the blade motion.

To avoid the difficulty in measuring the torque caused by this problem, each time
before the test began, the amplifiers were warmed up for approximately 2 hours so
that the readings corresponding to the rest state became steady. A friction Lest was
then done. Then the torque channel zero setting on the amplifier was not changed
during the entire process of the tests that same day. The friction torque was used
as the zero torque reading. All the torque readings collected during the tests on the
same day were obtained after subtraction of the friction torque reading, thus the

torque caused by hydrodynamic forces was obtained. (Notice that in this way the




real value of the friction torque is never known.)

‘The above procedure of measuring torque was justified by comparing two sets
of data under similar flow conditions and propeller RPM. If the friction torque was
used as Lhe torque zero, then the torque coefficients obtained from these two sets of
data falls on one curve (allowing for experimental scatter). (See Figure 4.2).

If the torque transducer readings before each of the two tests were used as the
corresponding zero torque readings, then the hydrodynamic torque coefficients ob-

lained from those Lwo sets of data were far apart. An example is given in Figure

(d) Friction Torque Measurement
Each day before .ue normal tests, the friction torque at different RPM was
measured. After the normal tests, before the end of that day's work, the friction
Lorque was measured again. It was noticed that the friction torque measured at the
beginning of the day's work was usually higher than the friction torque measured at
the end of the day’s work. It implied that a day's tests reduced the friction torque
somewhat. This change could also be an actual zero shift throughout the whole day.
So the mean of the two friction torques corresponding to different RPM was used
as the zero Lorque in order to get a more reliable torque measurement.
(e) Zero's for Thrust and Side Force Measurement
When comparing the thrust and side force coefficients from two sets of test data
under similar flow conditions and propeller revolutions, there were some systematic
differences between the two coefficients, especially at lower advance ratios. It was
noticed that the zero’s of the thrust and side force channels change before and after

cach test, so during each test, two zero thrust readings were recorded consecutively
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before and after each test. Then the zero used in calculating the thrust coellicients
was the mean of the four recorded zero’s. The same method was applied to side
force measurement.
(f) Torque Gauge Calibration
When doing the torque gauge calibration, the model propeller was clamped so
that the shaft of the model could not turn when torque were applied to the llades
of the model propeller. During the calibration, it was found that the torque gauge

calibration results were related to the order of the calibration

. For example,
after reverse the applied torque direction, a refatively smaller slope for the torque
gauge was obtained from the first test than that from the second test. That means
that a relatively larger torque was needed in the first test to twist the shaft to a
certain degree than that in the second test.

An explanation for this phenomenon was that when reversing the direction of the
applied torque on the model propeller, part of the applied torque was to rearrange
the relative position of cams inside the blade control mechanism. After a certain
time with the applied torque on the model propeller, the cams which are hathed in
oil slide slowly into place. Then all the applied torque was used to rotate the shaft
of the model propeller. That is why when torque was applied at the beginning, only
a small slope was obtained from the calibration test. After a while, a larger slope
was obtained although the applied torque remained the same.

During a normal test of the model propeller, the model propeller was rotating in
the water tunnel. The hydrodynamic torque on the model propeller oscillate about
zero with time. So the torque measured during a normal test is not the same as the

torque applied to the model propeller when doing the calibration test, especially not
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the same as the static torque after applying torque for a certain time until the cams
inside the blade control mechanism slide into place.

"T'o justify the above explanation, two different slopes for the same amplifier gain
from torque calibration tests were used to calculate the torque coefficients from test
data. For a single test, when using the slope obtained from the first calibration
test after reversing the applied torque direction, the efficiency of the model varies
from 0.5 to 0.8. When the slope obtained during the second calibration test after
reversing the applied torque direction is used, the efficiency of the model propeller
exceeds 1.0, which is not realistic (see Figure 4.4).

(g) Effect of the Water Level in the Tunnel

In the early tests of this experimental study, in order to avoid the wires connect-
ing three gauges and the amplifier to be soaked by the water inside the casing, the
water level in the tunnel was only raised just above the top of the diffuser. During
the test, it was observed that a lot of air bubbles entrained from the top of the
diffuser came into the test section which made the flow in the test section very tur-
bulent. To avoid this problem, in the later tests, the water level in the tunnel was
raised approximately 0.2 meters above the top of the diffuser. The observed flow in
the test section became uniform and clear.

(h) Increase the Signal Resolution

As the magnitude of the hydrodynamic forces on the propetler model differ sig-
nificantly during tests at different revolution speeds, two sets of amplifier gains were
used to transfer and record the test data. One for tests of propeller RPM less than
200, another for tests of RPM equal to or greater than 200. Still, the torque was so

large for a reverse test with propeller RPM equal to 150 that the set of the gain for
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high RPM was still not appropriate and the signal was out of range at high advance
ratio.
(i) Vertical Force on the Model Propeller
Although the vertical force on the model propeller (force that is along the model
shaft) was not measured during tests, it was large enough to move the gear box
upwards which caused the electric brushes to fall off the slip ring track and stopped
the torque signal transfer. The gear box was therefore reassembled to avoid ‘iding
up and down due to the vertical forces during tests.
(j) Reduce the Noise from Motor
The problem of noise from the motor was discussed by Veitch (1990). The motor
control feed back feature was not used in this experimental study. The ‘orque applied
by the motor might change with time, so it was necessary to check and record motor

RPM from time to time during each test.

4.4 Test Procedure

Test procedure for this experimental study was as follows.

(1) Turn on the strain gauge conditioner. Wait for approximately 2 hours for the
signal from the transducers to become steady. Set zero’s for each channel. Never
change the torque zero during the entire test that day.

(2) Do the friction tests at given propeller revolution speeds.

(3) Raise the water level to approximately 0.2 meter above the diffuser.

(4) Record zero force readings for thrust and side force channels twice.

(5) Turn on the motor and set the propeller at a given propeller RPM.



(6)

(a) Turn on the water speed slowly.

(b) Wait until the flow became steady and observe the flow conditions at the
model propeller.

(c) Record the manometer reading (for calculating water speed).

(d) Run SOFT500 program to record data.

(€) Check and take the propeller RPM using the tachometer.

(f) Restart from step (a)

(7) At end of the day, redo friction tests as in step (2).

4.5 Note about the Problems and Their Treat-
ment

Some problems and their treatment are not self-explaining and may cause con-

fusion. The following are some more explanation about those problems.

4.5.1 Choosing the Zero Point for Torque Measurement

In this specific experimental set up and measurement, choosing a zcro for torgue

measurement is only choosing a mark for a certain physical state of the strain gauge.

Then measuring the friction is to give another mark for the strain gauge physical
state corresponding to the given friction torque. Then measuring the torque when
the propeller is rotating in the water is to give a third mark for the strain gauge
physical state. Then the difference between the third mark and the second mark

is the measure of the hydrodynamic torque on the propeller. The marks can vary
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when different zeros are chosen. But the difference between the third and the second
mark does not vary with the chosen zeros. That is the whole idea how I solve the
problem in measurement of torque when the no strain state of the propeller can not

be achieved.
4.5.2 Friction Test Procedure

Detailed procedure for a single friztion test is as follws.
(a) Set up all the equipments, wait for them to become stable.
(b) The tunnel test section is empty. So the propeller will be rotating in the air.
(¢) Set a zero when the propeller model is at rest.
() Turn on the propeller at a given rotation speed.

(¢) Wait until the torque reading becomes stable. Take down the reading.
4.5.3 About the Torque Calibration

‘Theoretically, there is differerce betwecn static torque measurement and non-static
torque measurement. Since the propeller model is rotating under water, the hydro-
dynamic torque on the propeller model is changing with time periodically. With the
present means of torque measurement,, there is certainly a limit of how accurate one
can measure the non-static torque on the propeller model. But by carefully examine
the observation during the calibration test, one can choose a calibration factor that
gives better accuracy of the measuremext than other factors.

In the calibration test, it is observed that the static torque calibration factors
are different from factors obtained otherwise. Using this static torque calibration

factor in the test data processing lead to higher than 1.0 propeller efficiency, which is
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not. possible physically. Although the torque calibration factors used in the present
experimental study may not be the best one, it can give much more realistic results
than the static calibration factors. Better factors are to be obtained in the future

in order to get more accurate torque measurement.



Chapter 5

Results and Discussion

5.1 Experimental Results and Discussion

5.1.1 Description of the Experimental Results

Forward tests were conducted for propeller rotational speeds (RPM) equal to
100, 150 and 200. Reverse tests were conducted for 150 RPM. Bollard pull tests
were conducted over the RPM range from 100 to 200, Tests for the same RPM were

repealed in order Lo check the repeatability of the experiments.

side force coefficit thrust coeffici and effici were

Torque c

plotted against advance ratio for each test and are shown in Appendix D.
5.1.2 Repeatability of the Experimental Results

Results for Tests at 100 RPM

Four tests were done at 100 RPM. The torque coefficient, side force coefficient,

thrust coeflicient and efficiency are plotted against advance ratio (see Figures D-1

60
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through D-4).

For the torque coefficient, there is some scatter in the advance ratio range from
2.5 to 6.0. The biggest difference between different test data is about 20% of the
averaged test data magnitude (see Figure D-1).

For the side force coefficient, the scatter of the data is more uniform for the
entire advance ratio range. The magnitude of the difference between the tests is
about 18% of that of the averaged data magnitude (sce Figure D-2).

For the thrust coefficient, it is obvious that the first test result is far away from the
rest. The scatter of the data between the 2nd, 3rd, and dth test results are uniform
in the entire advance ratio range. The magnitude of that scatter is about 20% that
of the data magnitude. The first tests were done in a slightly different way and in
different flow conditions from that of the other three tests. When conducting the
first test, due to lack of experience, the propeller RPM was not checked and recorded
constantly. The water level in the tunuel were only at the top of the diffuser. Air
bubbles entrained from the top of the diffuser changed the flow conditions in the
test section. The differences between the first and later tests is a result of these
changes in test procedure.

As the thrust coefficient of the first test is higher than that of the other Lests, it
is obvious that the efficiency for the propeller from the first test is also higher than

that of the other tests. The efficiencics obtained from the other three t

s (range
from 0.2 to 0.6) are more realistic than from the first test (range from 0.6 to 0.85)

(see Figure D-4).



Results for Tests of 150 RPM

‘Three tests for 150 RPM were conducted and test repeatability is much better
than for test results at 100 RPM (see Figures D-5 through D-8).

For the torque coefficient. the three test data almost all fall on one curve. For
the side force coefficient, there is some scatter in the advance ratio range of 1.5 to

2.5. For the thrust coefficient, the magnitude of scatter in the low advance ratio

range from 1.5 o 4.5 is about 18% that of the test data. The scatter magnitude in

the efficiency is only about 12% that of the test data.

Results for Tests at 200 RPM

Two Lests were done at 200 RPM (see Figures D-9 through D-12).

For the torque coeflicient, the magnitude of scatter is about 11% that of the test
data and the scatter is distributed over the entire advance ratio range. For the side
force coefficient, the scatter of the data is so small that it can be neglected. For the
thrust coefficient, the scatter occurs mainly in the low advance ratio range from 1.0
to 3.0. This scatter can be as high as 17% that of the test data. The scatter in the

efficiency is about 13% that of the test data.

Comparison of Test Results for Different RPM

"Test results for different RPM are plotted all in one plot for torque coefficient,

fficient, thrust coefficient and efficiency respectively so that the differ-

side force
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ence between them can be compared (see Figure D-13 through Figure D-16). More

disscusion of this difference will be given later.

Results for Reverse Tests at 150 RPM

Two reverse tests were done for 150 RPM(see Figure D-17 through D-20). ‘The
test repeatability is good for torque, thrust, side force, and efficiency. The scattor
is so small that it can be discounted. Another reverse test for 150 RPM was done

several days later after a signal transmission failure and a computer dis

ailure were
fixed. The results were in good agreement with that from the previous two tests.
In these reverse tests there was no sign of thrust coefficient dropping as the

advance ratio increased.

Higher RPM Tests and Low Pressure Tests

During the forward tests at 200 RPM and tests at 150 RPM under low pressure,
a model failure occured due to the disconnection of the wiring of the slip ring and
the torque transducer. It was observed that the flow during these tests was more
turbulent than that of other tests. A lot of bubbles were observed during the low

pressure test.

Results for Bollard Pull Tests
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‘I'wo bollard pull tests were done for the RPM range from 100 to 200. The two
results agree well with each other except at 100 RPM (See Figure D-21 through

. The thrust cocfficient changes little with RPM. The side force coefficient

decreases as RPM increases. The torque coefficient increases as RPM increases.
Bollard pull tests at higher RPM were not done to avoid the disconnection of the

wires to the slip rings that was likely to happen at higher RPM.

5.1.3 Differences Between Test Results for Different RPM

"Test results for different RPM are plotted all in one plot for torque coefficient, side

force cocfficient, thrust ient and efficiency respectively so that the difference
between them can be compared (see Figure D-13 through Figure D-16). It is noticed
that as RPM increases, force coefficients decrease. Veitch also observed such trends
in his tests (Veitch 1990). Veitch's explanation of this phenomena is that it is due
to Reynolds number effects. The tests covered a range of Reynolds number, as
defined in Veitch's thesis (1990 equation 10), from 4.0 x 10* to 2.2 x 10°. For all the
tests, al an advance ratio of 1.0, the Reynolds number was less than 10°. At these
Reynolds numbers, the boundary layer is in either a laminar regime, or making the
transition from laminar to turbulent flow. The change of the Reynolds number not
only changes the lift slope of the blade section, but also changes the maximum lift
coefficient.

Another explanation for this difference is because of the tunnel wall effect on the
llow around the propeller. When the propeller is rotating, it is an obstacle for the free

incoming flow. Without the wall, the free incoming flow would deflect and go around




:
i

65

the propeller. With the wall. the incoming flow has to pass the propeller without
much room to adjust itself. So the resultant relative flow around the propeller would
not be the same for the flow with propeller rotating under different RPM. The higher
the rotation speed, the greater the wall effect on the propeller performance. The
wall effect is discussed in Pankhurst and Holder's book “Wind tunnel technique”
(Pankhurst and Holder 1965). The presence of the wall changes two things in flow
field in test section. Firstly, since the test section has rigid boundaries the velocity
component normal to the walls must be zero. The imposition of the rigid boundaries

in the test section causes the flow around a body placed in the test section to differ

from that around the same body placed in an unlimited stream.

ccondly, since the
lateral expansion of the streamlines in the region of the model will be restricted, the
influence of the wall constraint implies that the model is being tested at a higher
velocity than the tunnel speed. Quantitative correction tmethods are also given by
Pankhurst and Holder (1965). However, these corrections were not made to the

results presented.

5.1.4 Comparison of the Cavitation Tunnel Test Results
with the Open Water Results

When comparing the tunnel test results with the open water test results by Bose
and Lai (Bose and Lai 1989), it was found that the trends for torque and thrust
coefficient from both tests are similar (see Figure D-24 through D-26). The torque
and thrust coefficient from open water tests are lower than that from tunnel test

results.
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‘The thrust and torque coefficients are both lower for the open water tests than
for the tunnel tests, so the efficiency of the both tests are close except near the
advance ratio of 6.0 where the open water test result has a higher peak than that of
the tunnel ‘est result.

Bose developed a multiple stream tube theoretical model for application to cy-
cloidal propellers (Bose 1987). With this model he studied the effect of changing
propeller solidity (o = Ne/R) on the calculated thrust coefficient, torque coefficient
and efficiency for a propeller with varied solidity (from 0.3 to 1.8) and for a max-
imum pitch angle of 20 degrees. He found that variation in solidity causes only a
small variation in efficiency at the peak of the efficiency curve. However, his theoret-
icai results show tha the thrust and torque coefficient increase more or less linearly
with solidity at any given value of advance ratio (Bose 1987 Figure 9).

The above comparison of the test results in the open water (¢ = 1.2) and in the

cavitation tunnel (¢ = 1.6) showed a similar trend to that predicted by Bose (1987).

5.1.5 Conclusion

Problems encountered in a previous set of experiments with a trochoidal propeller
model were addressed here before a set of experiments on this model were done.
Reliable results for a propeller RPM range from 100 to 200 were obtained. At higher
RPM'’s, it was found that the transducer wires to the slip rings became disconnected
and this stopped tests at these speeds. Replacement of these connections involved

strip down of the model.



5.2 Theoretical Results and Discussion

5.2.1 Description of the Theoretical Results

There are two groups of computational models used in the present theoretical
study. The first group included three computational models which are Mendenhall
and Spangler’s model, the modificd M&S'’s model without considering wake and
other blade effects, and the modified M&S's model using an angle of attack method
to account for the wake and other blade effects. In this first group of models,

the method of modelling the induced flow field was of major concern. The second

group of computational models included three madificd M&S's models where the
blade force characteristics were calculated by using NACA-0012 section data and
Gormont's dynamic stall correction method. In this group of computational mod-

els, the modelling of blade force characteristics was of major concern. In all the

c tational models the three-di ional correction method was included as an

option.

The thrust coefficients, torque coefficients and the effici

are plotted against

advance ratio for data from each theoretical method (sce Figure E-1 though [-

33). The th ical results are d with experi | data by Dickerson and
Dobay (1969, 1970) and by Bose and Lai (1989).

In the following sections, theoretical results are compared with experimental
results. In Part I, results from the two dimensional Mendenhall and Spangler’s
model, results from the two dimensional model using the angle of attack mecthod

and results from the two dimensional model without wake and other blade cffects
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are compared with experimental results by Dickerson and Dobay (1969, 1970) and
by Bosc and Lai (1989). In Part II, results from the three dimensional model using
the angle of attack method and results from the two dimensional model using the

angle of attack method are d with i | results by Dick and

Dobay (1969, 1970) and by Bose and Lai (1989). In part I11, results from the two
dimensional Mendenhall and Spangler's model with dynamic stall correction, results
from the two dimensional model the using angle of attack method and dynamic stall
correction, and results from the two dimensional model with dynamic stall correction
but without wake and other blade effects are compared with experimental results

by Dickerson and Dobay (1969,1970) and by Bose and Lai (1989).

5.2.2 Naming of the Data Files from Theoretical Models

Naming of the data files from Mendenhall and Spangler’s model and its modified

models is explained in following examples.

m2lla.dat is a data file containing data obtained from Mendenhall and Span-
gler's model. The potential flow theory and the Kutta condition was used to

calculate the wake effect and blade-blade interaction.

m211b.dat is a data file containing data obtained from a modified M&S model.
Wake effect and the effect of other blades are NOT included. Change of angle
of attack due to wake and effects of other blades is NOT included.

m211cd.dat is a data file containing data obtained from a modified M&S model.

The potential flow theory and the Kutta condition is NOT used to calculate
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the wake and effects of other blade. Such effects are calculated by the change
of the angle of attack caused by the induced velocity around the blade due to

the presence uf the wake and other blades.

d211a.dat is a data file containing data obtained from a modified M&S model.
Dynamic stall effects are included. The potential flow theory and the Kutta

condition is used to calculate the wake effect and blade-blade interaction.

d211b.dat is a data file containing data obtained from a modified M&S model.
Dynamic stall effects are included. Wake effect and effects of other blades are
NOT included. Change of angle of atlack duc to wake and effects of other
blades are NOT included.

d211cd.dat is a data file containing data obtained from a modified M&S model.
Dynamic stall effects are included. The potential flow theory and the Kutta
condition is NOT used to calculate the wake and effects of other blades. Such
effects are calculated by the change of the angle of attack caused by the induced

velocity around the blades due to the presence of the wake and other blades.

The first integer 2 in a filename indicate that this is a data file from a two-
dimensional model (3 for a three dimensional model). The second integer | indicates
that the geometry characteristics are that of the propeller used by Bose and Lai
(Bose and Lai 1989) in their tests (2 for that by Dickerson and Dobay, 3 for that
by Veitch). The third integer 1 indicates the pitch ratio of the propeller (sec table
below).
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5.2.3 Comparison of the Theoretical Results with Experi-
mental Data - Part I

The theoretical results from the iwo dimensional Mendenhall and Spangler’s
model, results from the two dimensional model using the angle of attack method
and results from the two dimensional model without wake and other blade effects
are compared with experimental results by Dickerson and Dobay (1969, 1970) and
by Bose and Lai (1939).

Before paring th ical results with experi | results, it is helpful to

indicate the difference between the angle of attack method and the method used by

Mendenhall and Spangler to calculate wake and effects of other blades.

Difference Between the Angle of Attack Method and M&S’s Method in
Calculating Wake and Effects of Other Blades

Mendenhall and Spangler used a linear potential flow theory to calculate effects
of wake and other blades. First the blade was mapped into a transformed plane
where the blade contour becoiaes a circle. The discrete vortices and other blades
(represented by point vortices) were mapped into the transformed plane outside the
circle. It was assumed that the flow is not separated along the surface of the blade
in the physical plane. So in the transformed plane, the circle should be one of the
streamlines. In order to make the circle a streamline, for every point vortex, there is
aimage vortex inside the circle at some point on the line connecting the origin of the

circle and the point vortex outside the circle. Since a point vortex of any strength
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can be added at the origin of the circle which does not violate the condition that
the circle should be a streamline. the solution that can make the circle a streamline
is not unique. In order to make the solution unique. another assumption is made
that the trailing edge of the blade in the physical plane is a stagnation point. (the

Kutta condition). So for every point vortex in the transformed plane outside the

circle, there is an image vortex inside the circle and a point vortex at the origin of
the circle to make the circle not only a streamline, but also the trailing edge of the
blade in the physical plane a stagnation point. These two assumptions are strict,
In many of the flows. the blade contour is not a streamline. The flow can become
separated along some portion of the blade surface. The Lrailing cdge is not always
a stagnation point.

In order to avoid these strict assumptions. an angle of attack method was used. In
this method there were no assumptions about the flow condition. As in Mendenhall
and Spangler’s method, wake was represented by discrete vortices and other blades
as point vortices. These vortices produce an induced velocity around the blade under
cousideration. This induced velocity changes the angle of attack calculated by the

free incoming flow and the propeller rotation.

Comparison of Thrust Coefficient

For pitch ratios of 0.4x, 0.5, 0.6, 0.7r, 0.87, and 097, the thrust cocfficients
oblained from the model using the angle of attack method agree not only with
the trend of Dickerson and Dobay’s experimental data, but also are close to the

experimental data in magnitude (see Figurc E-12 through E-17).
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“I'he thrust cocfficients obtained from Mendenhall and Spangler’s model and the
modified M&S's model without wake and other blade cffects are far away from the
experimental data both in trends and in magnitude (see Figure E-12 through E-17).

For pitch ratios of 1.43x, 1.667x and 2.000, the results from the model using
the angle of attack method are still in better agreement with the experimental data
than that from the other two models (see Figure F-18 through E-20), but for a
pitch ratio of 3.333x, the model with the angle of attack method and Mendenhall
and Spangler’s method gives similar results while the model without wake and other
blade effects gives a higher peak value % an advance ratio of about 5 than the other
Lwo models (see Figure E-21). The angle of attack method has lost its advantage in
modelling the induced flow field at high pitch ratio numbers for six-bladed cycloidal
propellers.

Wiien comparing the theoretical results with Bose and Lai’s 3-bladed cycloidal
propeller test data, it was found that all three models give higher predicted thrust
coefficient than the experimental data (see Figure E-22). The model without wake
and other blade effects gives higher peak values at an advance ratio of about 5.0.
The difference between the results from Mendenhall and Spangler’ model and the
model using the angle of attack method is small, especially at high idvance ratios
above-1.5. The model using the angle of attack method gives a little larger prediction
of thrust coefficient than that from Mendenhall and Spangler's model at advance
ratios below 4.5. This implies that for this pitch ratio, the difference between the
two methods of modelling the wake and other blade effects is not significant. That
is probably because flow remains attached for these high pitch ratio, high aspect

ratio propellers.
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Comparison of Torque Coefficient

For pitch ratios of 0.4z,

0.77, 0.37, and 0.97. the torque coellicients
obtained from the model using the angle of attack method agrees more than the
other two methods both in trends and in magnitude with Dickerson and Dobay's
cxperimental data, especially for low advance ratio range (s

E-6).

Figre -1 through

For pitch ratios of 1.43#., 1.67x, and 2.00x, the angle of attack method does not
give better predictions in magnitude than the other two methods, but Coes give a
better shape than the other two methods when compared with the experimental
data (sce Figure E-T through £-9).

For a pitch ratio of 3.3

, the modified model without wake and other blade
elfects gives worse predicted results compared with the other two methods (se F-
10). At this pitch ratio. the difference between the results from Mendenhall and
Spangler’s model and the model using the angle of attack method is very small.

When compared with the predicted torque results from Bose and Lai’s 3-bladed

cycloidal propeller test results (pitch ratio = 2.92i7), it was also found that the
modified model without wake and other blade effects gave a larger prediction of
torque in the advance ratio range from 4.5 to 6, while Mendenhall and Spangler’s
model and the model using the angle of attack method gave better prediction at
this pitch ratio range (see Figure E-11). The difference between Mendenhall and

Spangler’s model and the model using the angle of attack method was small. All

three models predicted lower torque coefficients than the experimental data in the
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low advance ratio range from 0.5 to 4.0. The model using the angle of attack method
predicts higher torque coelficient than that of Mendenhall and Spangler’s method.

The above comparison for a 6-bladed propeller of 3.333x pitch ratio and a 3-
bladed propeller of 2.921x pitch ratio implies that the method of calculating wake
and other blade effects used in Mendenhall and Spangler’s method differs little from
the angle of attack method when torque coefficiet is considered for pitch ratios of

29217 and 3

Comparison of Efficiency

Ior pitch ratios of 0.4, 0.57, 0.6, 0.7x, 0.87, and 0.9, a higher prediction

of thrust

and lower prediction of torque from the model using
the angle of autack method gave higher predicted efficiency when compared with
the experimental data (see Figure E-23 through E-28). The other two models gave
much higher efficiency than the model using the angle of attack method.

For pitch ratios of 1.429x, 1.667=, 2.000x, and 3.333x and for the 3-bladed
propeller of pitch ratio 2.924x, the model using the angle of attack method still
gives better predicted efficiency than the other two, but the difference between the

predicted efficiency from all three models was smaller than that at lower pitch ratios

(see Figure E-29 through E-33).

Conclusion

From the above comparisons, it is seen that the angle of attack method gives



better prediction of blade forces induced by the wake and other blade effects than

that by the method used in Mendenhall and Spangler's model when piteh ra

05 are
less than @, At higher pitch ratios (greater than #), the difference hetween the two
methods is not significant. At high pitch ratios. the flow condition is more close 1o
that of a linear potential flow which allows the Kutta condition to describe the flow
condition near the blade trailing edge more accurately.

The wake and other blade effects always decrease the predicted thrust and torque
coefficients no matter which method is used.

5.2.4 Comparison of the Theoretical Results with Experi-
mental Data - Part IT

Results from the three dimensional model using the angle of attack method
and results from the two dimensional model using the angle of attack method are
compared with experimental results by Dickerson and Dobay (1969, 1970) and by

Bose and Lai (1989).

Comparison of Thrust Coefficient

For pitch ratios of 0.4, 0.57, 0.67, 0.7x, 0.87 and 0.97, the three dimensional
correction made the predicted results of thrust coefficient move further away from
the experimental data than the predicted results from the model without a three
dimensional correction (see Figure F-12 through F-17).

Por pitch ratios of 14297 and 1667, the discrepancies between the predicted
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results and the experimental results are of the same order for both the models
with and without three dimensional correction, but the predicted results from the
model with three dimensional correction are in a better agreement with trends of
the experimental results (See Figures F-18 and F-19).

For pitch ratios of 2.000, 2.9247 and 3.3337, the predicted results from the
model with three dimensional correction are not only in good agreement with trends,
but also in magnitude with the experimental results, while the predicted results
from the model without three dimensional correction are much higher than the
experimental results throughout most of the advance ratio range (see Figure F-20

through F-22).

Ci i of Torque Coeffici:

For pitch ratios of 0.4x and 0.57, the three dimensional correction method made

the predicted results move further away from the experimental results than the

model without a three dimensional correctiow (see Figure F-1 1nd F-2
For pitch ratios of 0.6x, 0.7, 0.8, 0.97, 1.4297, 1.667r, 2.0007, 2.9247, and

337, the results from the models with and without the three dimensional correc-

tion differ little from each other in the itude of the i 1

data, but for large pitch ratios such as 2.000m, 2.9247 and 3.3337, the predicted
results from the model with three dimensional correction give better trends than

that without the three dimensional correction (see Figure F-3 through F-11).



Comparison of Efficiency

Since the model with the three dimensional correction gives much higher torque

predictions and lower thrust predi for pitch ratios of 0.4, 0.5%, 0.67, 0.7 and

0.8, the predicted ~fficiencics from the model with the three dimensional correction
are much lower than the experimental data (see Figure F-23 through F-27).

For pitch ratios of 0.97, 14207, 1.667x, 2.000x, 2.924r and 3.333r, the model
with three dimensional correction gives much better prediction of the efficiency than
the model without the three dimensional correction when compared with the exper-

imental data (see Figure F-28 through F-33).

Conclusion

From the above comparisons, it is seen that the model with the three dimensional
correction gives better prediction of propeller characteristics than the model without

a three dimensional correction for high pitch ratios (1.667r, 2.000x, 2,921, 3.3337).

For low pitch ratios, the model without three dimensional correction gives better
prediction of the propeller characteristics. This implies that for low pitch ratios,

the elliptical assumption used in the three dimensional correction method is not

appropriate. For high pitch ratios, the flow is more steady (lower frequencies of

), so the three dimensional correction method based on a steady elliptical

lift distribution is a good imation of the blade lift force.
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5.2.5 Comparison of the Theoretical Results with Experi-
mental Data - Part III

‘The predicted results analyzed in this section are from three models which use
NACA-0012 sectional characteristics data and Gormont's method to include the
dynamic stall effect. They differ only in the way they model the change of the flow

field around a blade caused by the wake and other blades.

Comparison of Thrust Coeffici

For pitch ratios of 0.4m, 0.57, and 0.67, the three models did not give good
prediction of the thrust coefficient either in trend or in magnitude (see Figure G-12
through G-14).

For pitch ratios of 0.7, 0.8, and 0.97, the model using Mendenhall and Span-
gler's original method to calculate the wake and the effect of other blades and the
tmodel without calculating the wake and the effects of other blades gave better pre-
dicted thrust coefficients compared with the model using the angle of attack method
(sce Figure G-15 through G-17).

Vor pitch ratios of 1429, 1.667r, 2.000m, 2.9247, and 3.333r, the three models
did ot give good prediction of the trend of the thrust coefficient versus advance
ratio (see Figure G-18 through G-22). All three models predicted too high thrust

coefficicnts at high advance ratios.
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Comparison of Torque Coefficient

For pitch ratios of 0.4m, 0.57 and 0.6x, the three models did not give good
prediction either in magnitude or in trend (see Figure G-1 through G-3). The
predicted values were too high compared with the experimental results especially at
low advance ratios.

For pitch ratios of 0.7, 0.87 nd 0.9, the models with Mendenhall and Spangler’s
method to calculate wake and effect of other blades and the model without wake
and other blade effects gave a better prediction both in trend and in magnitude
compared with the results from the model using the angle of attack method and
with the predicted results at other pitch ratios (see Figure G-4 through G-6).

For pitch ratios of 14297, 1.667x, 2.0007, 2.9247 and 3.333x, the three models
did not give good prediction of torque coelfficients. The model results are Loo low in
the low advance ratio range (around 1.0 to 3.0) and too high at high advance ratios
compared with the experimental data (rom Dobay and Dickerson(1973). For the
three-bladed propeller with pitch ratio of 2.924r, the predicted results are in good
agreement with Bose and Lai's (1989) experimental results at advance ratios above

5.0 (see Figure G-7 through G-11).

Comparison of Efficiency

As the predictability of the thrust and torque coefficients is poor by the three

models with dynamic stall correction, the predicted efficiencies are not in good
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agreement with the experimental results cither (see Figure G-23 through G-33).

5.2.6 Conclusion

It is seen that the three models using Gormont’s dynamic stall correction method

were not. sful in predicting the propeller ck istics. The possible reasons

for this are as follows.

(1) Gormont's method uses the steady force characteristics of a blade to predict
its unsteady force characteristics when the blade is in oscillating motion in and out
of the stall region. During the oscillation, vortices are generated on the blade and
are carried away by the flow. So the force characteristics predicted by Gormont’s
method already includes the blade’s own wake effects. Therefore, it is not surprising
that the model with the angle of attack method gives the worst predicted results.
‘This computational model adds an additional angle of attack by calculating the
wake and the effect of other blades to the original angle of attack obtained from the
rotational speed of the blade and the free incoming flow. Then this resultant angle
of attack is used in Gormont's method. This way of calculating the dynamic stall

effect is not consistent with the requirement by Gormont’s method.

darts

The tational model using M 1l and Spangler's original method with

the dynamic stall correction included gave better prediction of all propeller charac-
teristics than the other two models with dynamic stall correction. This model uses
the rotation speed of the propeller and the free incoming flow to obtain the angle of
attack, then uses Gormont's method to obtain the blade characteristics, and then
use the Kutta conditivu to determine the wake and the effect of other blades. So

there is less inconsistency between the original method and Gormont’s method ex-
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cept that the blade’s own wake effects should not be calculated and included in the
same way as the other blades, since it is already included in Gormont's method.

The computational model with dynamic stall correction but without wake and
other blade effects gives predicted results similar to Mendenhall and Spangler's
model with dynamic stall correction except that. the former gives larger predicted
forces as the wake and blade effect is always to reduce the forces on the blade, The
computational model with dynamic stall correction but without wake and other
blade effects is not inconsistent with Gormont’s dynamic stall correction method,
but it does not include the effect of the other blades and the wake from the other
blades.

(2) Another possible reason for the poor predictability of the three dynamic stall
models lies in the use of NACA-0012 section data instead of the force characteristic
data for this specific type of blade. The experimental data for the NACA 16 seriers

blades used in the propeller was not available.

5.2.7 Conclusion for Theoretical Study

In the above discussion, results from theoretical methods were compared with

I results. These ional models were, the two dimensional mod-
els, one without wake and other blade effects, one with Mendenhall and Spangler’s
original method to calculate wake and other blade effects, and one with an angle of
attack method to calculate the wake and other blade effects. Then the results from
models using the angle of attack method with three dimensional corrections were

discussed. Finally, the results from two dimensional computational models using
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5.2.8 Notes about the Stability of the Computational Method

Instability problem was not encountered by Mendenhall and Spangler. 1t was
not a problem when I was doing the computation. That is due to the nature of this
simplified computational method. The vortices are shed from blades at cach time
step. They are carried away from the blades by the incomming flow at a constant
speed. The strength of each vortex decays with time due to turbulent diffusion. The
interractions between vortices are neglected in this method. The neglection of this
interraction was justified by Mendenhall and Spangler through their computational
test (Mendenhall and Spangler 1973). Their computational test results showed that
the contribution of the interraction between the vortices to the propeller forces are
small and can be neglected. So there is no deformation of the vortex sheet or
combination of several vortices into a single vortex with a larger vortex strength.
The induced velocity due to a single vortex near each blade is finite unless the
distance between the vortex and the blade becomes too small. This distance is
checked at every time step. If any vortex happens to be too close to a blade, the
induced velocity on the blade by the vortex is set to zero. ‘This is to say that the
interraction between the blade and the vortex wnen they collide with cach other is
neglected. Also the number of wake vortices behind each blade is limited to 200.
When a vortex is too far behind the blade it shed fromn, its induced velocities on
all the blades are so small that can be neglected. This was justified by Mendenhall
and Spangler's computational tests. When I was testing the programs for modified

theoretical methods, I got the same conclusion as Mendenhall and Spangler got in



Gormont’s dynamic stall correction method were discussed.

The ful nature of the ional models with dynamic stall cor-

rections was mainly due to the inconsistency of using the method in conjunction
with the calculation for wake and other blade effects. Improvement of the predicted
resulls is expected if this inconsistency is removed.

The good predictability of the computational model using the angle of attack
method with a three dimensional correction at high pitch ratios (greater than 7) and
of the two dimensional computational model with the angle of attack method at low
pitch ratios (smaller than ) is very likely related to the geometrical characteristics
of the blade trajectory (see Figure 2). At high pitch ratios (greater than ), the blade
trajectory is of wavy shape. When the advance ratio is large, this wavy trajectory
becomes flat (see Figure 2), so the blade angle of attack does not change abruptly.
Linear potential flow theory is a good approximation of such a flow. Since the three
dimensional method used here is also based on linear steady potential flow theory,
it is not surprising that the model using the angle of attack method with a three
dimensional correction gave good predicted results.

At low pitch ratios (smaller than ), the blade trajectory is quite different from
that at high pitch ratios (see Figure 2). The blade angle of attack goes through
abrupt changes, especially at low advance ratios. So the Kutta condition and the
three dimensional correction method based on linear steady potential flow theory is
not a good approximation of the flow around a blade anymore. That explains why
the two dimensional computational model with the angle of attack method gives

better prediction than other models when pitch ratios are smaller than 7.
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their computetional tests that after four propeller rotation cycles, the forces on the
propeller becomes stable and converge to a periodical solution.

The flow image at each time step is not given here because in this simplified

1 method, the calculation of the propeller forces are not directly related
to the flow field. Usually in a numerical method, the flow ficld is calculated first.
Then the pressure field is obtzined. By integrating the pressure field, the total forces
on the immersed body is obtained. But in this simplified method, a quite different,
approach is used. This model is a combination of a theoretical model of calculating

velocity induced by a single vortex and the lifting line theory of an airfoil section or

experimental results of the section’s dynamic characteristics. The velocity induced
by the vortex sheet at each blade is calculate by the theoretical method. Then the
angle of attack or the induced blade vortex is calculated. From here, the blade forces
are obtained. So there is no need to calculate the flow field at every point. Also, the
blade is modeled as a point vortex, the physical boundary condition is not imposed
on the blade. So, the flow field obtained from this simplificd method can not give a

detailed and accurate description of the flow field around the blade.
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29247
3.333x
2.0007
1.667m
1.4297
0.97
0.87
0.7m
0.6m
0.57
0.4
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Table 5.1: Pitch Ratios Used in the Calculation
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Chapter 6

Conclusions

Theoretical and experimental studies have heen done on cycloidal propellers.

Conclusions from the tk ical and imental studies are as follows.

6.1 Experimental Study of the Trochoidal Pro-
peller

A trochoidal |...peller model was tested in a cavitation tunnel in the Institute
for Marine Dynamics (NRC).

Some work was done to obtain more reliable results than obtained in a previous
set of tests (Veitch 1990). A mal-functioning torque transducer was replaced on
the model propeller, and the zero drift problem was solved. A multi-channel strain
gauge conditioner was used to replace the internal amplifier inside the Keithley 570
A/D converter in order to reduce electromagnetic interference. This strain gauge

conditioner was placed near the model propeller to avoid voltage drops through the

wires before the signal was lified. A new test dure was developed in order

86
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to avoid the uncertainty of the zero torque reading due to the presence of the residue
torque when the model propeller was at rest. The friction tests w ere done before and
after cach day’s tests, and the hydrodynamic torque was obtiined by subtracting
the friction torque of that day from the measured total torque of ihe same day. The
torque calibration results were analysed carefully to choose the proper calibration
data to be used in the test data manipulation.

‘The model propeller parts were reconnected and the cavitation tunnel was re-
paired to avoid air and water leakage.

Tests in forward motion under heric pressure were d 4 for 100,

150, and 200 RPM. Reverse tests for 150 RPM under atmospheric pressure and
bollard pull tests were done. The test repeatability was good in most cases and the
reliability of the test results was very much improved. The torque coefficients, side

force ients, thrust ients and efficiencies of all tests at the same propeller

RPM were compared with each other. The maximum scatter of the test results
never exceeded 20% of the test data magnitude. In most cases, the scatter was
about 11-18%. This is a much better repeatability compared with more than 50%
scatter in the previous experimental results (Veitch 1990). The force coefficients
and efficiencies of tests at different propeller RPM’s were compared with each other.
It was found that all force coefficients decreased as propeller RPM increased. This
trend is similar to that obtained in the previous experimental study (Veitch 1990).
The Reynolds number effect and the blockage effect are believed to be responsible
for the difference between results at different propeller RPM'’s.

The test results were also compared with Bose and Lai’s open water test results

on a trochoidal propeller model with a smaller solidity (Bose and Lai 1989). The
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torque coefficients and the thrust cocflicients from this tests are both higher that

that from Bose and Lai’s tests. This di is i with the prediction by

Bose (1987) about the effect of propeller solidity on propeller force coefficients hased

on a multiple stream tube theory.

6.2 Theoretical Study

Mendenhall and Spangler developed a discrete vortex theory for predicting cy-

cloidal propeller perf The limitations of Mendenhall and Spangler’s method
were analysed. Modified models were developed based on Mendenhall and Spangler’s
method to improve the calculation for the effecis of wake and other blades, to include
three dimensional correction and to include dynamic stall correction.

The results from the modified models show the following.

(1) The angle of attack method used in modelling the wake and the effects of

other blades imp d the prediction from Mendenhall and Spangler’s method for

low pitch ratio (smaller than r) propeller performance.

(2) For high pitch ratio (greater than =) propellers, the Kutta condition used
in Mendenhall and Spangler’s original method is still a good approximation of the
flow.

(3) The three dimensional method improved the prediction from Mendenhall and
Spangler’s method for high pitch ratio (greater than ) propeller performance. For
low pitch ratio (smaller than r) propellers, this method is not a good approximation
for the three dimensional effects of the blades in the flow.

(4) The modified models with a dynamic stall correction did not give improve-
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iments in predicting the propeller performance. This is thought to be due to the in-
consistency of the original method and Gormont’s dynamic stall correction method.

faval

| from the ison of i | results of

Gorment’s method were
blade characteristics when the blade was in steady motion and when in unsteady
oscillation. So the wake effect is already included in this method. The calculation of
the wake effect in the theoretical models using Gormont's dynamic stall correction

method made the effect of each blade’s own wake to be considered twice.

6.3 Author’s contribution to the study of cy-
cloidal propellers

6.3.1 Experimental Study

Problems in the previous experimental work have been examined carefully. Major
problems that affected the reliability and repeatibility of test results in equipments,
experimental set up, and test procedures have been solved and the test results

36 s

are very much improved in ity and d with the previous

experimental work (Veitch 1990).
6.3.2 Theoretical Study

Limitations of Mendenhall and Spangler's method have been examined. Modified

tational models were developed based on Mendenhall

and Spangler’s method.
Improved agreement between the experimental results and the results from the mod-

ified computational models has been achieved.




Chapter 7

Recommendations

7.1 Experimental Study of the Trochoidal Pro-
peller

Further work to improve the experimental study of the model propeller charac-
teristics is suggested as follows.

(1) Make the connection point in the torque signal transmission line at the slip
rings more flexible to avoid break down due to the model oscillation at high RPM
and during turbulent flow conditions.

(2) A wall effect or blockage correction method should be developed to get more
accurate test data.

(3) A more accurate water speed measurement method should be adopted in the
low speed range (0-2.0m/s) as the mercury manometer for measuring water speed
has a very low resolution when the water speed is below 2.0m/s.

(4) Reverse tests of 150 RPM should be repcated to eliminate the problem of

90
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unrealistically high efficiency values at high advance ratios.
(5) Detter accuracy of torque measurement may be obtained if a new way of
Lorque calibration test is invented and more accurate torque calibratic: “ctors for

non-static torque measurement is obtained.

7.2 Theoretical Study

More work could be done to improve the predictability of the modified models
with a dynamic stall correction method.

(1) In order to elimi the i i di d in Chapter 6, the cffect

of the blade’s own wake should not be calculated in models with a dynamic stall
correction included, since Gormont’s method has already included the effect of the
blade's own wake to some extent.

(2) Interractions between the vortices can be added into the computational meth-
ods to include the effect of deformation of the vortex sheets.

(3) Interraction between the wake and the blades when the blades cut through
the wake vortex sheets can be included into the computational methods.

(1) Reynolds number can be changed in the present computational methods to
examine its effect on the vortex diffusion and the effect on propeller forces.

(5) If the section data of the specific blade type used in experimental study can
be obtained,, it can be used in the present computational methods to predict the
propeller performance.

(6) Variations of angle of attack along a blade chord line can be calculated

instead of only calculating the angle of attack at one point on the blade to improve



the accuracy of the blade forces calculation.
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Appendix A

FORTRAN Programs for
Theoretical Models

g A G,
I G et L T

NCLUDE » MENDENHALL, INC-

charactersl obname

character*3 1

character*4 2

characterx4 ob

integer
write(6,*) ’restart? yes(1),no(0)’
read(5,%) krst ! 0_th parameter

if(krst.eq.0) write(6,*) ’new start’
if(krst.eq.1) write(6,*) ’restart’

write(6,*) ’3-D(3) or 2-D(2)?’

read(5,*) k3 \first parameter

write(6,*) 'k3’,k3

write(6,*) ’count for the wake and blade effects?’
read(s,) kvake

write(6,*) 'kake’,kwake

write(6,*) ’count for induced velocity effects?’
read(5,%)  kinduc

write(6,+) ’kmdnce‘ kinduce

write(6,%) ’'Reduce the drag coefficient?’
read(5,*)  kdrag

write(6,%) ’'kdrag’, kdrag

write(6,%) 'Enter the drag reduce coefficient?’
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read(5,%)  dragcoef
write(6,%) ’dragcoef’,dragcoef
write(6,%) 'INPUT DATA---BOSE(1)’
write(6,*) 'INPUT DATA---DICKSON(2)’
write(6,*) 'IHPUT DATA---VEITCH(3)’
READ(S ,*) KINPUT
-rnta(ﬁ ~) ’kinput=',kinput
IF (KINPUT ) WRITE(6,*) ’INPUT DATA---BOSE.
IF (KINPUT. Eu 2) WRITE(6,#) ’INPUT DATA -DICKERSCIN’
IF(KINPUT.EQ.3) WRITE(6,*) ’INPUT DATA---VEITCH’

write(6,*) ’enter Pitch ratio number’

read(s,+) kpitch

if (kpitch.eq.1) pitch=2.924

if (kpitch.eq.2) pitch=3.333

if (kpitch.eq.3) pitch=2.000

if (kpitch.eq.4) pitch=1.667

if (kpitch.eq.5) pitch=1.429

if (kpitch.eq.6) pitch=0.9

if (kpitch.eq.7) pitch=0.8

if (kpitch.eq.8) pitch=0.7

if (kpitch.eq.9) pitch=0.6

if (kpitch.eq.10) pitch=0.5

if (kpitch.eq.11) pitch=0.4

write(6,*) 'kpitch=',kpitch

write(6,*) ’'pitch’,pitch

if (kpitch.le.9) then
jobnumber=k3*100+kinput*10+kpitch
write(6,%) ’jobnumer=",jobnumber
urice(jl.’(ia)’) jobnumber

job
ums(s -) ? jobnuner=", job

1f(kp1tch .ge.10) then
Jobnumber-ksk10004kxnput~100+kpxtch
write(6,*) 'jobnuner=', jobnumber
unte(JZ ’(i4)’) jobnumber
job=j
write(6,*) ’jobnumer=’,job

end if

jobname="m’

write(6,*) ’jobname=’,jobname

if (kvake.eq.1) then

open(17,file=jobname//job//’a’ ,status="new’)

end if

if (kwake.eq.0.and.kinduce.eq.0) then
open(17,file=jobname//job//’b’ ,status="new’)
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end if
if (kwake.eq.0.and .kinduce.eq.1) then
if (kdrag.eq.0) then
open(17,file=jobname//job//’c’ ,status *’new’)
if (kdrag.eq.1) thei
open(17,file=jobname//job//’cd’ ,status='new’)

end if

d
end L4 ir

DO MI=1,50

Hnte(s %) 'ENTER ADVJ’
read(5,*) a
HRITE(S *) ’ADVJ=’,ADVJ
IF(AD\CIJALT.O.) GOTO 123

gﬁEE
AL
SA é K !calculte starting vortex
Dﬂclﬂlyl-;il,ﬁl ALCT !calculate 4 revolutions
E& h§=1,NCYCLE
CALL NEWSTEP !calculate circulation at newstep
CALL BFORCE. !calculate blade forces
IF(NI.EQ.4) CALL AFORCE fcalculate averaged force

ND_D!
EAEL gUTAVGJ toutput CTG,CQG,ETA---ADVJ
END DO

CLUSEE 17)

[,
SUBROUTINE ~ CONST
G kAR AR A AR

SMCLUDE 'MENDENHALL. INC*

24
HHAX-ZOO ! m; numbe{ gf wake vorticities.
ades

gﬁgﬂ“ =6 "max number of b.

FRR AR
SUBROUTINE = INPUT
C kKRR AR AR RRK

YNCLUDE ’MENDENHALL. INC’



CMRAGTERIS, HMEOTESHS
directory="disk$user06: [grad.jinli.data]’

IF(KINPUT.EQ.1) INPUTFILE=’INPUT1’
IF(KINPUT.EQ.2) INPUTFILE=’INPUT2’
IF(KINPUT.EQ.3) INPUTFILE=’INPUT3’

C

open(20,file=directory//INPUTFILE,
* status=’old’)

read (20, ') nbld

read

read (20, l) bbld

read(20,*) alpz

rsnd(20 ‘; xzc

read

READ(ZO *) KCUEF !FLAG FOR CHOICE OF COEFFICIENT OF FORCES

close (20

Write(21,%) ! Hmnkakhnak’

write(21,*%) ’INPUT DATA’

WRITE(21,%) 2 %xkeksnsss)

IF(KINPUT.EQ.1) WRITE(21,*) ’BOSE’

IF(KINPUT.EQ.2) WRITE(21,*) ’DICKERSON’

IF(KINPUT.EG. 3) HRITE(Zi *) 'VEITCH’

write(21,%) ’advj’,advj

vrite(21,%) ’nbld’ nbld

vrite(21,%) pltch',pltch

write(21,%) ’c’

write(21,%) 'bbld’ bbld

w.ite(21,%) ’alpz’,alpz

write(21,%) ’xzc’,xzc

write(21,%) *

write(21,%) 'k:!’ k3

write(21,%) 'kccei’ kcoef

p for the bl
[
AC4=C/4.0
RgBkE=NBED
ASPT=2. OtﬂﬂLD/Cl aspect ratio. (not used except for output)
AZTST=10.0 ! (alpha)i----- induced camber limit(due to the

! rotatlon of blnds abmn: their orbit)
| cfmax 2 zero camber airfoilCLMAX=1.5
max a¥aa Zero cambex air:

s

—————— paramstars T the propel.er----=
R=D/2.0
ALPHAP=0.0 ! flow angle
DTHP=10, 'delta(th:tn) ————— increment of theta
HebTio8.  iTEmeR.phee
THPI=0.0 tonly for restart r\m---theta(xmt)al)
[T parameters for the fluid-------
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RENL=1.074E+05 ! Reynold’s number

ENU=6.30E+04 ! effective eddy viscosity (for diffusion
! of we'. vortex)

C or choices:

MBETA=0 1 0---blade motion is :y:loxdal

¢ mdrag=1----1nclud1ng

il Bt 1 e gty
e interaction
interaction are only accounted if thsy o
! near(MINFL).
MINFL=0 t radius(in C)of a circle of influence
| centred at mid-chord(to get the influence
! g{fect of blade on wake)
ﬁwﬂ( Hs" ' Hhell wake vortex is more than MDWAKE disk
i diameters away from the propeller,they move
! only with free stream
MRWAKE=0 ! tud)us(ln C) of a circle of influence centred

102

ach wake vortex(to account for wake-wake

! interaction)

~SPECIFY BLADE MOTION---
IF(MBETA‘LE 1) GOTO 4

IF (MBETA,EQ.1) BETAMX=ATAN(PITCH/SQRT(1.-PITCH*%2))
 comes fron ‘tan(BETA) =PITCH*sin (THETA) / (1.+PITCH*cos(THETA))

ET ---check the the type of interaction---
IF (MWAKE. GT 0.AND.MINFL.EQ.0) MINFL=1
IF(ENU.EQ

.0) ENU=1.0
IF(MEA% ED 1.AND.MRWAKE.LE.0) MRWAKE=2

WAK]

RWAKE=(RHAKE‘C)"2 !vhy do this?
~==SPECIFY CLMAX,CLMIN---

CLCAM-2 *PI*ALPZ/RAD

Eﬁﬁwem
éiﬁgu GT.0.) GOTO 6
Lonrr

*ontput aram ters:
IF(AZTST LE.90. AZTST'SIN(AZTST/RAD) !why?
IF(MBETA.LE.1) GOTO 3 !cycloidal blade motion

3 RENL=RENL/ENU leffective Reynolds number
DRENL=RENL*PI/(4.0%R#C*ADV])  !see eq(27) in M&S’s paper
DELTH=360.0/RNBLD !DELTH is angle between two consecutive blades
gég!éEESSO /DTHP + 0.05

>

bECtHkFE-NCYCLE  INCYCLE is number of steps in a cycle.

NCY=0 INCY---counting number of steps
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langle of the total force

CONTINUE
ALPZ!ALPZ/RAD
DTHP=DTHP/RAD !change into radians
THPF-THPF/RAD + DTHP/4.0
THDUT-THDUT/RAD + DTHP/4.0
[PRT=THOUT

ALPHAR'ALPHAF/RAD

CSALPH'CDSEALPHAR%

SNALPH=SIN (ALPI

DXI=ADVJ/PI¥Rx P/2. {DXI=V*delta(T)/2

DVJ/PDR‘CSALPH*DTHP/Z 0 'DXG-V‘delcaEB*:OSEALPHA;5%
*

c oeffici i
TF (KCOEF - £Q. ?) HAEN " TFOR DICKSON'S COEFFICIENT
BBLD*R
cx-'Fq:PI*PI/Ez.tBBLDvﬂ /2.

CFFE=1./2. 'coeffu:lent to convert T s,Q to
ELSE ickson’s CT,CS,CQ
CFFT=X.0/§2.*BBLD*R3 1COEFF FOR BOSES CASE
c;Fa=}.g/ 2. *BBLD*R
Eug b=t
BN

ROUTINE INITIAL
ORI 4.8
SNCLUDE *MENDENHALL. INC’

J=1,NMAX

IBLADE(J)'O 'nl.\mber of the blade

.0 ial force the blade

.0 'noznal fotca of the blade

0 Itorque of the blade

.0 !POSITION OF THE BLADES

.0

0 1total velocity approaching a blade made
vca(J)=0.0 lup of W and induced velocities
GAMC4(J,1)=0.0 !GAMA at c/4 at last time step
GAMC4(J,2)=0.0 !GAMA at c/4 at present
DO 11 K=1,MMAX

GAMB(J,K)=0.0 !GAMA of the wake vortex
XGAMB(J,K)=0.0 !position of the wake vortex

YGAMB(J,K)=0.0
DXGAMB(J,K)=0.0  !displacement of the wake vortex during
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DYGAMB(J,K)=0.0  !a time st
(J,K)=1.0 Ierx=-r

VT
RET&E{N CONTINUE
D

R R AR K

UBROUTINE START
THARARRRAAKRRRAK

NCLUDE ’MENDENHALL. INC’

#%* SET UP STARTING CONDITIONS (T=0) #*»

@0 agaaung;

=1
et :
XCNTR: !position of centre of prropeller.
YCNTR:
THP(1)=0.0 !theta
DO 14 N=2,NBLD Istarting angle Pogition of each blade
14 THP(N)‘THF(“- 1)+DELTH
DO 15 N=1,NBLD
IBLADE(N)=N
THETAP'THP(N)/RAD !change into radians from degrees

—————— calculate beta,d(beta)/dt,d2(beta) /dt2-------
CALL BLADE (THETAP, PITCH 1.0,B, DBDT DB2DT)
PSIDT()=L.0-DBDT
ETA(N)=B
¢ COMPUTE STRENTH AND LOCATION OF STARTING VORTIES

DO 16 N=1,NBLD
IBLADE(N)=N
THP (N)=THP (N) /RAD
XTE(N -R«smETHPEN))w:Exzc- o)tcusémp(ng-magn);
YTEQ)=Rac0S THP (N) ) ~C* (XZC-1.0) #SIN(THP(N) ~BETA (N)
e=Rtsin(theta’ ; c*(x0/c-1)*cos(theta’-beta)
Recos(theta’)-c*(x0/c-1) *sin(theta’-beta)
xcms(u M)—XTE(N) Istarting vortex is at the trailing edge
YGAHB(H M) =YTE(N)
---calculation of alpha(eq.5,6,7 in the paper)---
SNTH sm('mpéugg
CSTH=COS (THP(N
PSI=THP(N) -BETA(N)
SNPSI=SIN(PSI)
CSPSI=COS(PSI)
W=~ (ADVI/PLYCSALPH + CSTH)
WY=ADVJ/PI*SNALPH + SNTH

o N

TA=
ALPHACHy=ATAN (TA) 1local blade angle of attack
W(N)=SQRT(WX**2+WY#%2)  !local vel approaching blade

GALOULKTE BLADE ALPHASDOT AND EFFECTIVE BLADE ALPHA
(definition of e blade ang e part3 of the
MES’s paper,p. b alphae {s erfecrive viide angle at which

aaoa
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C  a flat-plate must be placed to have the same circulation
c as the blade.)

DWN=-WA*PSIDT (N) *CSTH*CSPSI*SIITH*SNPSI

DHA=W"‘PSIDT N) +CSTH*SNPSI-SNTHxC!
ALPDTéN) 1.4 TA‘*Z)’(HA*DHN*D‘A)/( *2)
GAMC4(N 2)=PI!C'( (N)*( C/R*(XZC-. 5)'PS DT

N))
1 PI c*(uén)am:z + C/R/4.0+PSIDT(N))
cv.(n)-z Ot(GnnCQ(N 2))/C/H N)
1) stall C b0
IF CLSN; .GT.CLM| AX; SFLerink )G E"
IE(GLAN) LT, CLHIN) SF= CLMIN/CL N)
IF(SF,GE.1.0) GOTO 2
GAKCacH, z)-cnm(u 2)‘SF

CONTINUE
ALPHAE(N)=GAHCA(N Z)I(PItC‘H(N)) 'effective blade angle

GAMB(N,M)= -GAMC4(N,2) Istarting vortex

ALPE(N) =ALPHAE (N)#RAD leffective blade angle in
CL(N)=CL(N) *SF tdegrees

THPD(N)=THP (N) *RAD Ttheta in degrees
ALP=ALPHA(N) *RAD

CALL_DRAG(N,ALP, DUM)

CD(N)=DUM*dragcoef

BETAD(N)=BETA (N) *RAD

b

IMé=1 ? ransfar control in GOTO statement
CTSAV(1.

C ok R AR
SUBRDUTINE NEWSTEP
HRR AR RAAR

NCLUDE ’MENDENHALL.INC’
devide NEWSTEP into 4 steps in order to calculate deformation
S of wake vortices due to mutual interference
C CALCULATE CONDITIONS AT TIME=DT/4 *#x
g CALCULATE LOCATION OF BOUND VORTICITY AT C/4
DO 18 N=1,NBLD
F(N)=1.0
THP (N) =THP! Ng*IYI‘HPM.O
THETAP=THP (N,
gé%L BLADE(THETAP,PITCH,1.0,B,DBDT,DB2DT)
XCZ%N;‘R‘SIII THETAP;+EXZC*C-CI2.;*CﬂSsTHETAP-Bg
YCleél =RE(DJUS %gETAP =(XZC*C~C/2.) *SIN(THETAP-B|
27  IF(MWAKE.EQ.0) GOTO 128 !wake moves at free stream velocity
327  IF(MWAKE.GT.1) GOTO 319 !only blade-vortex interaction is
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tcounted
————— calculate new locations of shed vorticity------

127 CALL INTRWY tealculate displacement dus to
t t
319 CALL INTRBV 'calcula{g ﬁé‘g:&ggﬁ’:gﬁ’x Fitad
12:33ns
0 522 ti AL el

XGAMB(N, I)-XGAMB(N I) + DXGAMB(N,I) +DXG*FVTX(N,I)
YGAMB(N,I)=YGAMB(N,I) + DYGAMB(N,I) +DYG*FVTX(N,I)
322 FVTX(N,I)HL

1 U]
38 CONFH

#%%  CALCULATE CONDITIONS AT TIME=DT/2 *#*
MM=] !number of vorticities already shed off blades

HP (N) = ( ) + DTHP/4.
THETAP=THPEN
CALL BLADE(THETAP,PITCH,1.0,B,DBDT,DB2DT)
N THETAPg + C*(XZC- 0)*CDS(THETAP B) !blade tail
E(N) =] - C*(XZC-1.0)*SIN(THETAP-B) !position
XGAMB (N, M)=XTE(N) !assume that at t/2 the new wake vorticities
have moved to the trailing edges of each

YGAMB(N,M)=YTE(N) !blade.
22 CONTINUE

#%% CALCULATE CONDITIONS AT TIME=3*DT/4 ***
COMPUTE LOCATIONS OF BOUND VORTICITY AT C/4

c
4
4
zsao 23 N=1 HBLD
N)+DTHP/4.

THP
CALL BLADE(THETAP PITC1,1.0,B,DBDT,DB2DT)

xcz(n)=msm§msnp) + (XZC+C-C/2.0)*COS (THETAP-B)
YCO(N)=ReCOS (THETAP) - (XZC+C-C/2.0) #STNCTHETAP-B)

¥F(MHAKE) 327,29,327 !calculate new locations of shed
lvoti

§ ——-calculate locations of shed vorticity assuming no
mutual interference---

—————— calculate displacement of wake vorticities---
29  XGAM=-ADVJ/PI*R*CSALPH*DTHP !XGAM=Vdelta(T)+*cos(ALPHA)
YGAM=ADVJ/PI*R*SNALPH*DTHP_ !YGAM=V*delta(T)*sin(ALPHA)
C -----calculate position of the already-shed wake vorticities------
DO 229 N=1,NBLD

DO 129 I=1,HH
XGAMB(N,I)=XGAMB(N,I) + XGAM
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YoAHBQN, 1)-vcms(u I) + YGAM
c SN on of new-born wake vorticity positions-
-assune they only zove during last half of delta(T)---

Y
XGAHB(N H)=XG AMB(N,M) + XGAM/2.0
229 AHB(N H)'YGAHB(II M) + YGAM/2.0

c

c

§ #xx  CALCULATE CONDITION AT TIME=DT *#x

c COMPUTE LOCATIONS OF BOUND VORTICITY AT C/4
§0 25 N=1,NBLD

P N +DTHP/4.
CALL(BI).ADE THETAP PITCH,1.0,B,DBDT,DB2DT)
N)=B
XC?EN;=R*SIN€THETAP§ + §XZC*C-C/2 O)tCUSETHETAP—B)

YC2(N)=R*COS(THETAP) - (XZC*C-C/2.0)*SIN(THETAP-B)
25" CONTINUE

€ ———-———calenlate angle of attack

Do

,NBLD
.0

IF(KINDUCE.EQ.1) THEN
CALL VELCAL ! calculate induced velocity.
END IF

CALL ALPHACAL !calculate alpha(n),fk(n)

CALL STEADYCL  !MENDENHALL’s method of calculating steady cl(n)

c- -calculate drag coefficient(no dynamic stall correction)--------
,NBLD

ALPDZALPHA1 (N) *RAD

CALL DRAG (N, ALPD,DUM)

CD(N)=DUM*dragcoef

ND DO

gALL FWCAL  !calcul; t f i 't £
calenlaty %2:}.‘:‘;“cﬁsg°ﬁﬁ§§e€o Zatcahete vake positions

transfor

CALL F CAL cylate t

Susd vorgc‘&; usé“ﬂnﬁﬂf":?gﬁ 122% 2o positions

!in transformed plane.
CALL COEFCAL !calculate coefficient matrix Q
53  CALL INV(Q,QA,QC,NBLD,NBLD) !solve for unknown circulation

DO N=1,NBLD

GAMC4(N, 2)=QC (N) ! new blade bound vortex strength
EgsHsﬂ(H,H)-GAHCQ(N,Z)-GAMCAKN,1)
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e R s o

! CALL CPCALC !calculate CPU,CPL for cavitition #
CALL OUTRAN !transform radians into degrees for
C  loutput

ECIETURN

END

é

(S:UERDUTIHE BLADE (THETAP ,RRAT ,OMEGA, FBETA, FDBDT, FDB2DT)
gncwna *MENDENHALL. INC’

C  CALCULATION OF BLADE ANGLE(FBETA) ,ANGULAR VELOCITY(FDBDT),
T AND ANGULAR ACCELERATION(FDB2DT)
SNTF=SIN(THETAP)

CSTP=COS

(THETAP)
IF (MBETA.GT. o) GOTO 10
g CYCLOIDAL BLADE MOTION
C COMPUTE BETA(RADIANS)
ST
FBETA=ATAN2(CB, DB)
COMPUTE DBDT

EN=RRAT##2+2. *RRAT*CSTP+1.0
FDBDT=0MEGA*RRAT* (RRAT+CSTP) /DEN

g COMPUTE DB2DT

gEBZDT=(BMEGAt$2) #RRAT* (RRAT**2-1.) xSNTP/ (DEN*%2)
10 IF(MBETA.GT.1) GOTO 20

Y SINUSOIDAL BLADE MOTION

S

g TABULAR SPECIFICATION OF BLADE MOTION

20  T=ATAN2(SNTP,CSTP)
IF (T.LT.0.) T=T+6.28318531
DO 21 J=1,MBETA

%F(;Im'l'(i})) 25,26,21
E%S DELTA= (TTHT(JJ)-T)/ (TTHT(JJ) -TTHT(1J-1))

et e AT

i
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FDBZDT-THDZ(JJ) DELTA*(TBD2(JJ) ~TBD2(JJ-1))

2s FBETA=TBTA(JJ)
FDBDT=TBID(JJ)
FDB2DT=TBD2(11)
FURN

C AHRERRKERRARE R AR KRR KR ARRR
SUBROUTINE DRAG(N, ALPHA, CD)
Fr T
CALCULATE UNCAMBERED AIRFOIL DRAG GOEFFICIENT

IFSALPHA .GT.180.) ALP=360.-ALPHA
IF(ALPHA.LE.180.) ALP=ALPHA
ALP=ABS(ALP)
P.LE.14.0) GOTQ 20
.GT.14.0.AND.ALP.LE. 16. 0; GOTO 30
ALP.GT.16.0.AND.ALP.LT.30.0.
E.30.0.AND.ALP.LE.150.0) GOTO 50

CD=(ALP#¥2)/17071.4 + 0.006
CD=0.08+ALP - 1.1
CD=(ALP#%2) /1406.2

60
ALP=ALP-(90. -ALP;/S.
OBtSIN(ALP/57 29578

i
gt

L —
subroutine outavgl
P

nclude ’mendenhall . inc’
! outpnt CTAVG,CSAVG,CQAVG-ADV] for plotting

Hhiches B'EE“"ESEEES’E“

Hnta(ﬂ ’(4E12.5)’) ADVJ,CTG,CQG,ETAG
re

[ e

ubroutine outwake

EERTM

nclude ’mendenhall.inc’
T output positions of all the wake vortices
open(14,file='vake’ ,status="nev’)
vrite(14,’(i3)") m




1o

do

Vr1t8(14 (4E12.5)°)
XGAMB(1,1),YGAMB(1,I),XGAMB(2,I),YGAMB(2,1)

end do

return

n

§ OO
USRDUTINE INTRVV
PrtERTR Y

¢ C C (1) CONSIDER VORTEX-VORTEX INTERACTIONS (MWAKE=1)
E“?%‘I"f BEEQ?EHEQHWEE“'
XP=]

XGAMB(N, T)
IF(XP.LT, num:) GOTO 21
YP=YGAMB(N,

gﬁ“?s NG=1,NBLD
DU 19 16=1,MM
IF(NG.EQ.N,AND.IG.EQ.I) GOTO 19  !no interaction on itself
] XGAM=XGAMB(NG, IG)
YGAMHYGAHB(NG 16)

EXP-XGM)&‘Z + (YP'YGAM)*Q

IF R2.GT.RWAKE) GOTO 19 !no intercation if too far apart
FX—E‘{P-YGAM /R2

F}’ XI

DIFF=1.0
IF(RENLGLE .0.0) GOTO 219

DUM= (DUM+0..75) *DTHP

IF (IME.EQ.2) DUH-DUM-DTHP/Z. tine=2-----t=dt*3/4

DUM=~R2*DRENL UM

DIFF=1 .~EXP (DUM
219 SUMU=SUMU+FX/TPT*GAMB(NG , IG)+DIFF

SUMY=SUMY+FY/TPI*GANB(NG , 1G) *DIFF

1 UE
DXGAMB(N,I)=-SUMU*R+DTHP/2.
DYGAMB(N,I)= SUMV*R*DTHP/2.

€ warrrreanrssann
SUBRDUTINE INTRBV
AR KRR AR AR KK AR
cf‘NCLUDE 'MENDENHALL. I}
C  (2) CONSIDER BLADE—VORTEX INTERACTIONS

DO 20 N=1,NBLD
XP=XC2(N)
YP=YC2(¥)
PSI=THP(N)-BETA(N)




1
CSPSI=COS(PSI)

xclm:xcm(nc m)

YGAM=YGAMB (NG, IG)

xa=$xp-xam +CSPST + Evcm-wgoSNPSI
¥G=(XGAM-XP) *SNPSI + (YGAM-YP)#CSPSI
RG=SQRT(XG**2 + YG##2)/C
PHI=ATAN2(YG,XG)

IF(RG.GT.RINFL) GOTO 320

xc-xc/c

YG/C
CALL TRIOlSF(XG YG,SR,TH)

SR=SR*C
DEL=(GAMC4(N,2)+GAMB (NG, IG)) /SR-GAMB(NG, IG)/(SR-A2/SR)
DEL DEL'I\/TPI‘DTHP*O 5/5

TH*DEL
!F(FVT (NG,IG) .LT.1. 0) Gn'rn 321
ALPV-ALPHAR;BET@(%?‘ )

P(N
XI=SR*COS(TH) + DXI*(COS(ALPV)-A2/ snasn)-costm)g
ETA-SR*SIN(TH) i DXI*(SIN(ALPV) A2/ (SR*SR) *SIN(AMT) )

=0.

"Xg= (SR*A?/SR *COS (TH)
VG“(SR*AZ/SR) N(TH
XGAMB (NG, IG)'XCZ(II) + XG*#CSPSI + YG#*SNPSI
YGQNB(NG ,1G)=YC2(N) + XG*SNPSI + YG*CSPSI

g AEREEEREEEESERERE

T
COMP

UTE VELOCITY INDUCED AT BLADE C/4 BY SHED VORTICITY
Y)ICLUDE “MENDENHALL.INC’

DO 31 ll=1 NBLD
XP=XC2(N
YP=YC2 II

PSI= THP(“)-B}.TA(H)
CSPSI COS E
ENPSIHSIN PSI

1,0
D0 33 Joat M~
XGAM=XGAMB(NG , 1G)
YGAM=YGAMB(NG, IG)
R2=(XP-XGAM)*#%2 + (YP-YGAM)#*2



FY; EX —XGAH; /R2

FDIFF(NG 16)=1.
XS(RENL {E.0. 0) GUTU 232

DUM+0.5)*DTHP
DUM=-R2*DRENL/DUN
DIFF=1.0~EXP (DUM)
FDIFF (NG, IG%;DIFF

IFF
i S—
SUMV=SUMV + FN*GAMB(NG,IG)/TPI

SUMU=SUMU + FA*GAMB(NG,IG)/TPI
32  CONTINUE

C UC4 AND VC4 ARE VELOCITIES INDUCED AT BLADE C/4 BY SHED
VORTICITY

VeSS ¢ VELG)

0 30 N‘l NBLD

PSI=THP(N)-BETA(N)
CSPSI= CDSéPSI
SNPSI=STN(PSI
3 kN=1,NB

IF(kN EQ.N) Gum 33
XGAM=XC2 kN)
YGAN=YC2 (kN

m-(xp XGAM) ¥%2 + (YP-YGAM) %2
FX-é‘{P-YGAH)/

¥t

c3st + FhispS
SUMV=SUMV + FN*GAMC4(kN,2)/TPI
SUMU-SUMU + FA*GAMCA4 (kN,2)/TPI
33 CONTINUE

UC‘}EN3=SUM’U + UC4EN;
VC4(N)=SUMV + VC4(N.
30 CONTINUE
C UC4 AND VC4 ARE VELOCITIES INDUCED AT BLADE C/4 BY SHED
VORTICITY AND BLADE BOUND VORTICITY
BUP-N

ook RO KRRk
UBROUTINE ALPHACAL
(o e e e

12



3

C calculate angle of attack
C calculate leading edge and trailing edge positions
BHC&KD& ‘n ENHALL . INC”

THP (N)=T! HP(N) * DTHP/4 [

THPD (N)=THP (N) *R.

THETAP=TH] P?J)

CALL B%ADE ‘THETAP,PITCH,1.0,B,DBDT,DB2DT)

DT(N) =D
PSIDT(N)-i 0 DBDT
PSIDT?(N)=-DB?DT
————— alculate angle of attack due to free stream and rotation
of the propeller(alpha)
CSTH-CDS sTHPEN;;

x-—(ADVJ PICSALPH + CSTH)

Y ADVI/PLISNALPH +

*SNPSI + wv‘cspsx + VC4(N)

HA=-HX*CSPSI + WY*SNPST + UC4(N)

WN1=HK+SNPSI + WY#CSPSI + xzc*cpsidt(n)/r + VC4(N)

TA=WN/WA
W(N)=SQRT (WA**2 + WN¥*2)
ALSHA‘gN)=ATAN(TA

IFEALPH .LT.0. 0; ALPHMEN
IF(ALPH.GE.0.0) ALPHAL(N)=

C ----calculate L.E and T.E positions-----
¢

5= msmg‘rﬂﬁmpg
RC=R*COS ( THETAP'
TB=CDS§THETAP B)
TB=SIN(THETAP-B)
N)=RS+XZC*C+CTB
N)=RC-XZC*C*STB
N)=RS+ xzcac—cg‘m'a
N)=RC- (XZC*C~C)*STB
N)=RS+(XZC*C-C/4.0) *CTB
(3 g =RC-(XZC+C-C/4.0) *STB
N
0

LPH+2.%3.14159265
LPH

213

=RS+(XZC+C-C/2.0) *CTB
=RC- (XZC*C-C/2.0) *STB
INTINUE

AR AR KK
UBRDUTINE FWCAL
RRRRAA AR RARAK

COMPUTE INFLUENCE COEFFICIENTS FOR SHED VORTICITY
INCLUDE ’MENDENHALL.INC’




1t

A=C/4.
DO 33 N=1,NBLD
XP=XC2(N)

YP=YC2(N)
PSI=THP(N2;BE§A(N)

DD 34 llG 1 IIBLD
0 34 I

XGAH=XGAHB(IIG 16)

YGAM=YGAMB (NG, IG)
xc;ssxp-xsm;:cspsx»émm YP) *SNPST
YG=(XGAM-XP)*SNPST+(YGAM-YP) +CSPST
RG=SQRT(XG**2+YG**2) /C
PHI=ATAN2(YG, 16

XG=XG/C

Tl T
IF(ng.LTA.o) CALL TRANSF (XG,YG,SR,TH)
=SRx
CSP= CDS(THg
FH(N NG, IG)=(2.*RG*A*CSP-2. *MA)/(RG*RG 2. tRGtAtCSP+A*A)
l\ béidg O? hlck R g e vortex was shed
e iom allcc t! eeuake vortex yas

SekSaTortox Yas thed
3 CSWWE
i £

FRA KA AR AR AR AR
UBRDUTINE FBCAL
FRRARHA A AR AK
COMPUTE INFLUENCE COEFFICIENT FOR BOUND VORTICITY

INCLUDE * MENDENHALL..INC®
Do 35 N'I.NBLD

Le=x

PSI-THP(N) BEA‘A(N)
CSPSI=COS s g
SNPSI=SIN(PSI

DO 36 NG=1,NBLD
IF(NG.EQ.N) GOTO 45

XGAM=XC4 (NG)
YGAM=YC4 (NG)
40 RZ"(XF-XGAM)“Z + (YP-YGAM)*%2
YP—YG
P-XGAM /
eCB T FRaspST !for the completion of calculation of
FA=FX*CSPSI+FY+SNPSI tinduced velocity at blade c/4 after
FBN(N,NG) =] tsolve for unknown vorticity

,NG)=FA
XG=! EXP XGAM; *CSPSI+(YGAM-YP) *SNPST
*! +(YGAM-YP) *CSPSI
XGAM-XP) *SNPSI+(YG. )
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RG=SQRT (XG**2 + YG**2)/C
PHI=ATAN2(YG,XG)
XG=XG/C

YG=YG/C
CALLRTRANSF(XG ,YG,SR,TH)
x
CSP=COS (TH)
FB(N,NG)=(2. #RG*A*CSP-2.*A*A)/ (RG*RG~2 . ¥RG*AXCSP+A*A)
GOTg_36 (N iiayais

i

UBREIUTIHE STEADYCL
R AR AR AR KKK

NChUDE EEIIDENHALL IIIC’

AXTST=PSIDT (N)*C/ (4. *R*H(N)) /AZTST !AZTST=(ALPHA) i---put
!limit on rotation effect.(see p.10 in M&S’spaper 2)
IF(AXTST GT.1.) EE%DE(N)!PSIDT(N)MXTST

§ Rk AR KRRk

DT(N)=1,0-PS. lused in BFORCE
GAM1=PItCt (N) *ALPHA (N) angle of attack effect
GAMq:PItCtCt(xzc- 5)’PSIDT(N)/R lre:anan effect (translation)
GAM2=PI+C#+W(N) *Al ber effect.(ALPZ=(ALPHA)0.)
GAH3=-PI*C*C~PSIDT(N)/4 /R " rotation effect(rotation)

ccl1(N)=2.*gami/u(n)/c
ccl2(N)=2.*gam2/w(n)/c
ccl3(N)=2. ngamalw(n)/c
ccl4(N)=2.*gand/u(n)/c
cLi(ll)=2 *(gam1+gam2+gam3+gand) /w(n) /c

URN
AR AR AR
BRDUTINE COEFCAL
AR KA RR AR K

G
Cc
C  CALCULATE THE COEFFICIENT MATRIX Q(N,I) AND
E THE CORRESPONDING RIGHT HAND SIDE RHS(N)

HCEgDE 'HEgEENHALL JINC?
GAHC4(N 15'“%%82‘“ 2)

0 DO 60 N=1,NBLD
GAMC4(N,2)=0. ithis is to be solved unknown

0 57 I=1,NBLD
Q(N,1)=0.0
IF(N.EQ.I) Q(N,I)=1.0
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¢ 57 CONTINUE
if (kvake.eq.0) goto 58

0 55 I=1,NBLD
Q(N,I)=FW(N,I,M)-FB(N,I)
55 CONTINUE

58 RHS(N)=CL1(N)*C*W(N)/2. ! RHS(N)=GAM1+GAM2+GAM3+GAM4
)f(kwake eq.0) goto 59 ! don’t count for the wake and other
DO 56 ladﬁ effect

RHS(N);RHS&)#GAHCQ(I J1)*FW(N,I,M) ‘lother blade’s effect

KHSég)—RHS(H)*FH(N I,J)*GAMB(I,J)*FDIFF(I,J) !wake effect
59 QA(N)=RHS(N)

o 60  CONTINUE
EHEURN

G kR
UBROUTINE STALLCR
KRR H R

§ T ot S EEIRATHITE ST SRRRECTIOU IR BhRR Ao
gcggbﬁ ’MﬁgEENHALL Ine’

IBLADE (N)=N
M=1 F(N) is a scale factor
LN 2. *GAHM(N z)/(c:u(n))

IF CL(N).GTACLMAX) SF= CLHAX/CLEN)
IF(CL(N). LT CLMIN) SF=CLMIN/CL(N)
IF(SF.GE,1.) Gl

IBLADE(N) IBLADE(N)+1O

DUH'

Sht+
00 00 nCOTAIEE
GAMC4 (N, 2)=GAMC4 (N, 2) *F () Inew blade bound vortex
Istrength
CL (N) =CL (N) *F ()
ALPHAE(N)'GAHC4(N 2) / (PI*CHH (N))
263 GAMB(N,M)GAMCA4(N,1)~GANC4(N,2) !new shed wake vortex strength
Eﬁ URN

KoK AR
%UBRDUTINE GAMWB

AR AR
calculate vorticity induced by wake and other blades
EgChUDE ' NDENHALL . INC’

¥ calculate induced voticity due to old wakes



=1,NBLD

DO JG=1,M-1
Ei=51*GAHB(IG ,JG)*FW(N,IG, JG)*FDIFF (IG, JG) !due to wakes
IF(IG.EQ.N) FB(N,IG)=0.0 !no effect on it’s self
SZ‘SZ‘GAMC‘I(IG 2)‘1'8(" 16)

EA tinduced vortivity due to wakes
GAMBB=S linduced vorticity due to other blades
cwé g 2 *SI/HE g c

CLB(N)=2.#S2/W(N)/C

ﬂ"(n%l‘_m 4) THEN
15l ERBY TAKKEBRe soLve THE LIngar Eqn.

BRURN 16EH=-8k Bl E 18 SR mLaves

AR AARAAATA AR

UBROUTINE. GRCALC
BROVLINE, SihkC,

HChUDE DENHALL INC?

Z=GAMC4 (N, 2)*2.0/ (C#PT)
DUM=1. ZtU g)tCﬂS(ALPHAD(N)) 'WHY?

BE=BiH*3: 883
e e

CPU(“)!—CPU(N)‘DUM fonly calculate CPU,CP at one point for
CPL(N)=-CPL(N)*DUM  !test of cavitition.

KRR AR KRR AARK
SUBROUTINE TRANSF(XQ,YQ,RB,TH)

G FEERERR AR AR R R KARRK

integer

parameter (ndeg=2)

real rb,th,xq,y

complex  coeff(ndeg+1),zero(ndeg)
external zpocc

coeff(1)=(0.0625,0.0)

coeff (2)=cmplx(-xq,-yq)
coeff(3)=(1.0,0.0)

call zpccc(ndeg,coeft zero)

do i=1,ndeg
rr-(real(zero(:)))"2+(umag(zsra(1)))nz
rr=rr*

if(rr. lt 10.25) goto 1



rx=real(zero(i))
ry=ainag(zero(i))
tn=atan2(ry,rx)

AR AR KRR AR AR AR
SUBHDUTINE INV(A,B,X,LDA,N)
C PRI )

REaL A(LDA,LDA) ,B(N) ,X(N)
CALL LSLRG(N,A,LDA,B,IPATH,X)

EEEURN

8 R AR AR
iUBRUUTINE INITIALCT

UGLRDE HEWEARL.BCL. oo mber of stops

&4
CEG §

stk AR RO
UBRUUTINE BFORCE

R AR

COMPUTE FORCES ON INDIVIDUAL BLADES
C U§E *MENDENHALL. INC’




CQL=0.0

-d_correction or not-:
0.3) THEN

=1,NBLD

GAMC4 (N, 3) =GAMC4 (N,2)*P1/4.
P(i'g(gg:CD(N)*'CL(N)’4'2/I’I/BBLDtc:

End 1f
if(k3.eq.2) then
DO N=1,NBLD
GAHCA N, 3) =GANCA (N, 2)

?; 70 N=1,NBLD

SRR DS

CSTB=CDSETHP EH; ggﬁ%;

CSETA"CUSEBI‘.TA )

SNBTA=SIN(BETA(N))

¢ -==-(1), calculate force due to circulation---=-

c 1lift is pependicular to the commg flow
XBC4(N)——GAHC4(N 3)*HW(N)*SNA*BBLD !along the blade chord
YBC4 (N)= GAMC4 (N,3)*W(N)+CSA*BBLD !perpendicular to chord
c

C “ (2). calculate force due to apparent mass effect------
32 in M&S’s paper) -----

see eq.30,31, s paj
SUH”BETADT(N) ‘CSBTA*AD‘)/J/PI" (BETADT (ll) 1.0)* (S“A&gHtSNTB
It

""""" dv,
BEN;—-PI*C*C*SUH/@ #R)=PT: tPsmTz(N)n(xzc—.5)/(4.aatn)
=ZB(N)*BBLD  !eq.(30) apparent mass effect
-----(3).calculate force due to viscous drag----

C (along the commg nou)
IF(HDRA .LE.0) G

BD(N)=. StCtBBLDt(H(H)HZ)*CD(N)*CSA talong the blade chord
YBD(N) .5%C*BBLD* (W (N)**2) *CD(N)*SNA  !perpendicular to chord

TB (H)- ((VBC4§N¥+YBD (N)+ZB(N) )*SNTB -
(XBCA (N)+XED (N) ) #CSTB) *CFFT

peller co-ordinate
SB(ll) ((YBCA(N)+YBD(N)+ZB(N))*CSTB
(XBC4 (N)+XBD(N) ) #SNTB)*CFFT

Valong x-dit'in

'alang y-dir in
!propeller co-ordinate
UB(N) ((xsc4(ll)+xsn(N))~csar
C4 (N)+YBD(N)+ZB(N) ) *SNBTA) *CFFQ
TL=(YBC4(|I)‘SNTB-XBC4(“)'CSTB)*CFFT

119
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TH=(ZB(N)*

QL=(XBC4 (N) *CSBTA+YBC4 (N) *SNBTA) *CFFQ

QD=(XBD(N)*SBTA+YBD (N) *SNBTA) *CFFQ

Q=ZB(N)*SNBTA*CFFQ

€ -=-CALCULKTE FORCE ON THE PROPELLER
48

+SB N
1+QB(N.
+

m-gvsn(n)*sm‘x)a XBD(N)‘CSTB)*CFFT

+1
70 CONTINUE .
ETA=CT/CQ*ADVJ/PI*CFFE tefficiency
URN

e —
SUBROUTINE, AFORCE

pHrTtE Rk e
g COMPUTE AVERAGE THRUST, SIDEFORCE,TORQUE,EFFICIENCY
c definition of AVERAGE---see part2 of the paper,p.15)
INCLUDE ’MENDENHALL.INC’
IF(NCYCLE.GT.91) GOTO 73 !ncycle is number of steps in a cycle.

§§§V§:§E§ &:SI u;A‘ég;;-‘s:?lé\I;f the force calculated before
CaAVG=CaAVGsCO
CALAVEsERERVaIGTE
apAvE= %%VE:%E
SE AVa=GaAva:
IF(NCY.LT.NCYCLE) GOTO 73
CTG=CTAVG/CYCLE  !calculate average force coefficient after
csc-csnvc/cvcr.a tcomplete a cycle(ncy=ncycle).
CQG=CQAVG/CYCLE
ETAG=CTG/CQGADVJ/PI+CFFE
CTLG=CTLAVG/CYCLE

CQLG=CQLAVG/ CYCLE
CTDG=CTDAVG/CYCLE

CRG=SQRT(CTG**2+CSG#*2) !average resultant force coefficient

gﬁBZRN CONTINUE



Ty ciol LR EA AR e ot

NCLUDE ’MENDENHALL.INC’

character*i jobname
character*3 i1
character*4 32
character*4 job
integar jobnumber

write(6,*) ‘restart? yes(1),no(0)’

read(5,%) krst

if(krst.eq.1) urite(6,*) ’restart’

if(krst.eq.0) write(6,*) ’nev start’

write(6,%) ‘S-D(a) or 2-D(2)?’

read(5,*

vrite(6,*) ’k3’ k3

vrite(6,*) ’include wake effect? no(0),yes(1)’
Tead(5,*) kwake

vrite(6,*) ’include induced velocity effect? no(0),yes(1)’

read(5,*) kinduce
write(6,*) ’INPUT DATA---BOSE(I)‘
write(6,%) *INPUT DATA---DICKSON(2)’
ta(6, w) ’INPUT DATA-~-MENDENHALL (3) *

writ
READ(S, t)

write :) ’kinput=' kinput
IF(KINPUT EQ.1) WRITE(6,%) ’INPUT DATA-
IF(KINPUT.EQ.2) WRITE(6,+) ’INPUT DATA---DICKERSON’
(I:F(KINPUT Q.3) WRITE(6,*) *INPUT DATA---MENDENHALL®

write(6,%) 'anter Pitch ratio number’
read(5,*)

1f(kp1tch .eq. 1) p:t:h— .
if (kpitch.eq.2) pitch=3.333
if(kpitch.eq.3) pitch=2.000
if (kpitch.eq.4) pitch=1.667
if (kpitch.eq.5) pitch=1. 429
if (kpitch.eq.6) pitch=0.

~BOSE’

if (kpitch.eq.8) pitc
if (kpitch.eq.9) pitch=0.
if (kpitch.eq.10) pitch=0.5

if (kpitch.eq.11) pitch=0.4

write(6,*) ’kpitch=’, kpitch
write(6,*) ’pitch’,pitch



if (kpitch.le.9) then
Jobnumber-kBHOOJkxnp\lt*10+kpxtch
write(6,*) ’jobnumer=’,jobnumber
write(j1,’(i3)’) jobnumber
job=j1
Hrlte(G *) Jobm-\mer”,_]ob

i
kp)tch 10) ti
jol bnumber=k301000¢k1nput!100+kp1tch
write(6,*) ’jobnumer=',jobnunber
wr;te(ﬂ »7(i4)’) jobnumber
Job=,
write(6,*) ’jobnumer=’,job
d if

-
o
o8

en
jobname="d’
write(6,*) ’jobname=’,jobnane

if (kwake.eq.1) then
open(17,file=jobname//job//’a’ ,status="nev")

¢ end if
if (kwake.eq.0.and.kinduce.eq.0) th
npen(17 file=jobname//job//'b’, status ’'new’)
end if
c
if (kvake.eq.0.and .kinduce.eq.1) then
open(17 fue—Jobname//Job// ', status='new’)
SU MI=1, 50
write(s, ‘) ’ENTER ADVJ’
read(5,*)

advj
HRITE(S *) 'ADVJ=’,ADVJ
IF(AD J.LT.0.) GOTO 123

o
CAl S AL Icalculte starung vortex
CALL DUTDATA ‘outpllt data of t

oocty S‘xévéﬁk“

!calculate 4 revolutions

CALL NEHSTEP !calculate circulation at newstep
FORCE !calculate blade forces
IF(NI. EQ 4) CALL AFORCE fcalculate averaged force

HELDBUTAVGJ loutput CTG,CQG,ETA---ADVJ
END DO

C
CLOSE(17)
STOP



C

Aca=c/4.0

AokBa¥eiP )

ASPT=2,0+BBLD/C! aspect ratio.(not used except for output)
AZTST=10.0 ! (alpha)i-----induced camber hmit(due to the
! rotatxon o{ blade about their orbit)

CLMAX=1.5 oF 2 ZgIo camber aiffoil
G e parameters or the propeller----=
R=D/2.0
c ADVJ=2.0 ladvance ratio. if PITCH>1. then ADVI>1.
! if PITCH<1.,then ADVJ<1
ALPHAP=0.0 ! flow angle
DTHP=10. !delta(theta)----- increment of theta
THBE=1809 |paxmus, thota
0UT=1800. ifor output
THPI 0.0 tonly for restart run--«checa(xmmal)

----- parameters for the e sty

REHL 1.074E+05 ! Reynold’s number

ENU=6.30E+04 ! effective eddy viscosity (for diffusion
! of wake vorte

c choi
MBETA=0 i) 0———blada avtion is cyelofidl
I R o e R e lnug0idal

MDRAG=1 P ag-i----m:ludxng drag
MHAKE=0 0-~; pke-wake § teracg;en is not inclyded
| pont L5spLL kinds of interacticn 1s dccounta

i Interaction ave only scecunted 1f shey sre
! near(MINFL)

1 "radius(in C)of a circle of influence

! centred at mid-chord(to get the influence
! effect of blade on wake)

ﬁka ALvEL ' Hhen wake vortex is mgre than, ?DHAKE disk
| diameters away from the propeller,they move
! only with free stream
MRWAKE=0 ! radms(m C) of a circle of influence centred
t each wake vortex(to account for wake-wake

MINFL=(

! interaction)

--=SPECIFY BLADE MOTION
SeTamx=o”
IF(MBETA,LE.1) GOTO 4
4 IF(HMBETA,EQ.1) BETAMX=ATAN(PITCH/SQRT(1.-PITCH#¥2))
! comes from tan(BETA)=PITCH*sin(THETA)/(1.+PITCH#cos(THETA))
§T=BETAHX*RA
=--check the the type of interaction---

IF(MHAKE GT.0,AND. HINFL EQ.0) MINFL=1

IF(ENU.EQ.0.0) ENU=1
IF(MVAKE EQ.1.AND. HRHAKE LE.0) MRWAKE=2

RWAKE=MRWAKE
RHAKE-(RHAKE*C)“Z

~SPECIFY CLMAX,CLMIN---
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éZC‘l END

AR AR
SUBROUTINE = CONST

AR AR
éHCLUDE ?MENDENHALL . INC’

80./PI .
MMAX=200 ! \uflbef of wake vorticities.
ar of blades

EE&“&“-G ! max num

[ r—
UTINE _ INPUT

FRARAEAR R KRR

gﬁikﬁ%ﬁé’iﬁﬂ”ﬂé’;ﬁsé@?

directory=’disk$user06: [grad.jinli.data]’

IF(KINPUT.EQ.1) INPUTFILE=’INPUT1’
IF(KINPUT.EQ.2) INPUTFILE=’INPUT2’
IF(KINPUT.EQ.3) INPUTFILE=’INPUT3’

open(20,file=directory//INPUTFILE,
* status=’old’)

read(20,*) nbld

read(20,*) c

read(20,*) bbld

read(20,*) alpz

read(20,*) xzc

read(20,%) d

READ(20,*) KCOEF !FLAG FOR CHOICE OF COEFFICIENT OF FORCES

close(20)

write(21,%) ’kkrkkkinnk’

WRITE(21,%) *INPUT DATA’

write(21,%) 7 rkkmkkknnk’

if (KINPUT.eq.1) write(21,%) 'INPUT DATA___BOSE’

if (KINPUT.eq.2) write(21,%*) ’INPUT DATA___Dickerson’

if (KINPUT.eq.3) write(21,*) ’'INPUT DATA___VEITCH’

vrite(21,+) ’advj’,advj

vrite(21,*) ’'nbld’,nbld

write(21,%) pxtch' pitch

write(21,%) ’c’

write(21,%) ’bbld’ bbld

write(21,%) ’alpz’,alpz

write(21,%) \xzc! ,xze

write(21,*) *

write(21,%) 'k3’, k3

vrite(21,*) 'kcoef' kcoef




CLCAM=2. *PI*ALPZ/RAD

i,

H GT.O0. GCITU 6

put parame
n-gm-sr “LE 905 AZTST-SIN(AZTST/B.AD)
F(MBETA.LE.1) GOTO icycloidal blade motion
3 RENL=RENL/ENU leffective Reynolds number
=RENL*PI/(4.0+R¥C*ADV])  !see eq(27) in the paper
360, OIRNBLD IDELTH is angle between two comsecutive blades

GYCLE=360 . /DTHP + 0.05
y X%EE NCYCLE !NCYCLE is number of steps in a cycle.
NCY=0 INCY---counting number of steps

tangle of the total force

5  CONTINUE
ALPZ=ALPZ/RAD
DTHP=DTHP/RAD !chagu into radians
THPF=THPF/RAD + DTHP/4.0
THUUT-THDUT/ 'RAD + DTHP/4.0

‘THOUT
ALPHAR'ALPHAP/RAD
CSALPH=COS (ALPHAR,

ALPHAR
XI=ADVJ/PI*R*DTHP/2.0 IDXI=V*delta(T)/2
DXG=-ADVJ/PI+R*CSALPH*DTHP/2.0 !DXG-V»deltaéT *cosEALPHA)/Q
DYe= ADVJ/PI*R*SNALPH*DTHPM OoniDYS=ysdelta(T¥sin ALPHA) /2

------ fficient used in BFORCE and AFORCE----
IF(KCDEF £Q.0) THEN  IFOR | DECRON’ 3 CORFPICTENT
CFFTSPI‘PI/? *+BBLD*R)
CFFQ=PI+°1/(2.*BBLD*R)/2.  !coefficient to convert T,S,Q to
CFFE=1./2. Icoefficient to convert T,S,Q to
S| iDickson’s CT,CS,EQ
CFFT=1.0/(2.*BBLD*R)  !COEFF FOR BOSE’CASE
CFFQ=1.0/(2.*BBLD*R)  !coefficient to convert T,S,Q to
FE=1.0 Icoefficient to convert T,S)q to
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C SRR KK
SUBRQUTINE INITIAL
PRRURR Lo £ 61

{I:IICLUDE ’MENDENHALL . INC”

0 11 J=1,NMAX

IBLADE(D =0 {nunber of the blade
BD(J iaxial force the blade

YBDE =5 9 tnormal force of the blade

QBD(J)= Itorque of the blade

uca(3)=0. o ttotal velocity approaching a blade made
VC4(J)=0.0 tup of W and induced velocities
GAMC4(J,1)=0.0 1GAMA at c/4 at last time step
GANC4(J,2)=0.0 1GAMA at c/4 at present
DO 11 K=1,MMAX

GAMB(J,K)=0.0 1GAMA of the wake vortex
XGAMB(J,K)=0.0 iposition of the wake vortex

YGAMB(J,K)=0.0
DXGAMB(J,K)=0.0 tdisplacement of the wake vortex during
DYGAMB(J,K)=0.0  !a time step
X(J.K)=1.0 IFVTX=7

5586&“ CgNTINU"

g P———
SUBROUTINE START
[ R A AR RR
NCLUDE *MENDENHALL . INC®
¢ *#% SET UP STARTING CONDITIONS  (T=0) *x
fr:
XCNTR=0.0 Iposition of centre of prropeller.
THP(1) =0.0 Itheta’=0.0
DO 14 N=2,NBLD istarting angle position of each blade
14 THP(N)=THP(N 1)+DELTH
P(N)/RAD Ichange into radians from degrees

alculate beta,d(beta)/dt,d2(beta)/dt2:
CAlfL %L?DE(THETAP PITCH 1.0,B,DBDT,DB2DT)
DT (N

TA(N)=B
[
4 COMPUTE STRENTH AND LOCATION OF STARTING VORTIES
DO 16 N=1,NBLD
IBLADE(N)=N
THP (N)=THP (N) /RAl
XTE N;=R*SINETHP§N)§+C*2XZC-1 ;4CUS§THP§N)-BETA§N;§
YTE(N)=R*COS(THP(N) ) -C*(XZC-1.0) *SIN(THP(N) -BETA(N.
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C Xte‘R*sxngtheta';ﬂ:*gxo/:»lgtccsstheta’-betn
e=Rxcos(theta’)-c*(x0/c-1)*sin(theta’-beta,
XGAHB(N M)=XTE(N) !starting vortex is at the trailing edge
mma(n M)=YTE(N)
---calculation of alpha(eq.5,6,7 in the paper)---
SNTH SIN?THPE“;;
CSTH=COS (THP!
PSI=THP(N)-BETA(N)
SNPSI=SIN(PSI)

CSPSI=COS(PSI)
HX--(ADVJ/PI'CSALPH + CSTH)
Y=ADVI/PL+SNALPH + STH
ﬁ%-‘ x.8§§§1 i
Ame(n)-ATANz(wu WA) tlocal blade angle of attack
W(N) =SQRT(WX**2+WY+*2)  !local vel approaching blade
GALCULATE BLADE ALPHA¥DOT, AND EFFECTIVE BLADE ALPHA
(definition of effective blade angle---see part3 of M&S's
14----;1{}\;& is effective blade angle at which
a flat-p{ate nust be placed to have the same circulation
as the blade.)

DHN-—HA*PSIDT(N)4CSTH*CSPSX*SNTH*SNPSI
DiA umpsmrgn)ws‘mtswsx SNTH*
LPDT EN) 1./(1 +TA**2)*(HMDHN*D*A)/( 2)  lseems no use
GAM(M N,2)=] PI*C*( (N)*(N) - C/R¥(XzC-. 5)*PSIDT(N))
+ PI¥CH (H(N)*ALPZ + C/R/4.0#PSIDT(N))
c The above eq should be compared with eq(20) in M&S’s paper.
CL(N)=2 0*(GAHC4(N 2))/C/H(N)
all correct facter
u-'gct,(u) .1 Chiikx) SFE cumx/cr.(n;

aaaacaaa

IF(CL(N) .LT.CLMIN) SF=CLMIN/CL (N
IF(SF,GE.1.0) GOTQ 215

GAMC4 (N, 2) =GAMCA (N, 2) *SF

215 CONTINUE

ALPHAE(N)=GAMC4(N,2)/ (PI*C*H(N)) !effective blade angle
GAMB(N,M)= -GAMC4(N,2) !starting vortex

ALPE (N) =ALPHAE(N) *RAD leffective blade angle in
CL(N)=CL(N)*SF !degrees
THPD (N) =THP (N) *RAD Itheta in degrees

ALP=ALPHA! E“) RAD

CALL DRAG N,ALP,DUM) !dum is output
D(N)=D

BETAD(N)=BETA(N)~RAD

DA e

IMésl hransfsr :ontrul in GOTO statement

CTSAV(1)::CT
css,wEu-cs

COSAV(1)=CR
BRg



UBROUTINE NEWSTEP
FRRRAHRAARRAAA AR
éNCLUDE ?MENDENHALL . INC’
C devide NEWSTEP into 4 steps in order to calculate deformation
C of wake vortices due to mutual interference
*%  CALCULATE CONDITIONS AT TIME=DT/4 ***
CALCULATE LOCATION OF BOUND VORTICITY AT C/4

DO 18 N=1,NBLD

F(N)=1.

THP (N) =THP (N) +DTHP/4 .0
IF (MWAKE.EQ.0) GOTO 18 !wake moves at free stream velocity
THETAP=' THPé )

L CALL BLADE(THETAP,PITCH,1.0,B,DBDT,DB2DT)

Xc2 EN;=R*SINETHETAP)+§XZCtC -C/2. g*CDS (THETAP—B;
‘{C21g =R*COS (THETAP) - (XZC*C-C/2. ) *SIN(THETAP-B

27  IF(MWAKE.EQ.0) GOTO 128 !wake moves at free stream velocity
327  IF(MWAKE.GT.1) GOTO 319 ‘'only blade-vortex interaction is
!counted

% P

ancaa

C
----- calculate new locations of shed vorticity-
: 127 CALL INTRVV tcalculate displacement due to
ortex= T Lt ti
319 CALL INTRBV acam}gte Srvprier lotgrackions
1adeSVortex interactions

DO 3%2 N'i NBLD

XGAHB(H I)-XGAM'B(N 1) + DXGAMB(N,I) +DXG*FVTX(N,I)
YGAMB(N 1)=YGAMB(N,I) + DYGAMB(N,I) *+DYG*FVTX(N,I)

FVTX(N,I)=1.
m GOTO (38,24), IME
¢ 28 CONTINUE
¢ wkx  CALCULATE CONDITIONS AT TIME=DT/2 #**
MM=M  !number of vorticities already shed off blades
B5"24 w=

THP(N) 'THP§§Jl 0 DTHP/4.

THETAP=TH]
CALL BLADE(THETAP,PITCH,1.0,B,DBDT,DB2DT)
xTEéN;-RtSINETHErAP; + CH(XZC-1.0)4C SETHEFAP—B) Iblade tail
] YTE(N)=R*COS(THETAP) - C*(XZC-1.0)*SIN(THETAP-B) !position
! XGAMB(N,M)=XTE(N)  !assume that at t/2 the new wake vorticities
have moved to the trailing edges of each

: YGAMB(N,M)=YTE(N) !blade.
¢ 22 CONTINUE

L



129

#%* CALCULATE CONDITIONS AT TIME=3*DT/4 #*
COMPUTE LOCATIONS OF BOUND VORTICITY AT C/4

Zaaaaaa

0 23 N=1,NBLD
THP(N)-THP(N) DTHP/4. .

(HHAKE EQ.0) GOTO 23 !wake moves with free stream velocity
THET P=THP (N)
CALL BLADE(THETAP ,PITCH,1.0,B,DEDT,DB2DT)

BETA(N)=I
XC2EH§=R*SIN§THETAP; + (X2G*C-C/2. O;tCUSéTHETAP-B;
YC2(N. “R(‘:g]ﬁ THETAP) - (XZC*C-C/2.0)*SIN(THETAP-B.

IME=:
JlIF(HWAKE) 327,29,327 !calculate new locations of shed
votic:

& ---calculate locations of shed vorticity assuming no
mutual interference---
------calculate displacement of wake vorticities-----
29 XGAM=-ADVJ/PT*RXCSALPH*DTHP !XGAM=V+delta(T)*cos(ALPHA)
YGAM=ADVJ/PT+R+SNALPHXDTHP_ ! YGAM=Vdelta(T)*sin(ALPHA
C --=-- calculate position of the already-shed wake vorticities------
D3 229 K=t NELD

XGAMB(N I) XGAHB(N I) + XGAM
YGAMB(N I) YGQHB(N ,1) + YGAM

-assume they onl; move dur)ng last half of delta(T)---
XGAMB(N, H) XGAMB(N M) + 2.0
2%4 MB(N M)=YGAMB(N H) + YGAM/2.0

#%%  CALCULATE CONDITION AT TIME=DT #okx

[
G -------calculate angle of attack and reduced frequency
DO N=1,NBLI
chéu)=o.o
UC4(N)=0.0
END DO
IF(KINDUCE EQ.1) THEN
' calcnlate induced velocity
BN TF

CALL ALPHACAL  !calculate alpha(n),fk(n)

CALL ALPHAREF tcalculate alpha(ref)---for dynamic stall
Cﬁl‘fe
CALE LIFT(ALPREF(N) CLO) talpref in degrees
CLL= CLREF*(ALPHAN(N)tHAD)/(ALPREF(N) -0.0)
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CL1(N)=CLL

€ ==mmmmm calculate drag coefficient(with dynamic stall correction)=---=-=-

IF(KCD.EQ.1) ALPD=ALPREF(N) !'REMEMBER:ALPREF IS IN DEGREE!
IF(KCD.EQ.0) ALPD=ALPHA(N)*RAD

CMZL)DBAG(N ,ALPD,DUM)

CD (N’

L FWCAL  !cali £ 1 fficient ©
78 CAL Hretaley M TR ERoE CATe1a28 208 positions
n transformed plane
Ici t £
o ‘fggﬁﬁd vorti el e ?ﬂﬁ’s‘?etﬁ"‘éf. 51888 2k positions
transformed plan
CALL CUEFCAL !calculate caeffxcxent matrix Q
s “ N NALL INV(Q,QA,QC, NBLD,NBLD) !solve for unknmown circulation
GAHCQ(N,2)=DC(N) ! new blade bound vortex strength
GAME(N ,M)=GAMC4 (N, 2)-GAMC4 (N, 1)

cn E staLc jaccound for stall correction

e m&uced

gﬁgunu

UBROUTINE BLADE(THETAP,RRAT,OMEGA,FBETA, FDBDT,FDB2DT)

S
§

NCLUDE ’MENDENHALL.INC’

CALCULATION OF BLADE ANGLE(FBETA),ANGULaA VELOCITY(FDBDT),
AND ANGULAR ACCELERATION(FDB2DT)

51=a 14159265

suTP-sm(nm-rAp

CSTP=COS (THI

IF(MBETA.GT. o) GUTO 10

CYCLOIDAL BLADE MOTION
¢ COMPUTE BETA(RADIANS)
=RRAT

Ew Sestp

.0+4]
FBETA'ATAHZ (CB DB)
IF(FBETA.LT.O. .and rrat.1t.1.) FBETA=FBETA+2.*PI

COMPUTE DBDT

EN=RRAT*%2+2 . *RRAT*CSTP+1.0
FDBDT=0MEGA*RRAT* (RRAT+CSTP) /DEN

COMPUTE DB2DT
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FDBZDT'(UHEGA“Z)*RRAT'(RRAT“Z 1.)*SNTP/ (DEN**2)
10 IF(MBETA.GT.1) GOTO 20
SINUSOIDAL BLADE MOTION

e

TABULAR SPECIFICATION OF BLADE MOTION

20  T=ATAN2(SNTP,CSTP)
IF (T LT O ) T T*G 28318531
D0 21 J=1
JJ=J
IF(;XTTHT(J)) 25,26,21

25 -(TTHT(JJ) T)/(TI'HT(JJ)-TTHT(JJ -1))
FBETA—TBTAEJJ;-DELTAVETBTAE.YJ) TETAzJ 1;
FDBDT=TBTD(JJ)-DELTA*(TBD2(JJ) ~TBD2(JJ-1 g
FDB2DT=TBD2(JJ)-DELTA*(TBD2(JJ)-TBD2(JJ-1))

26 _ FBETA=TBTA(JJ)
FDBDT=TBTD(JJ)
Fﬁam =TBD2(JJ)

g b i bt b
SUBHDUTINE LIFT(ALPHA CL)
F AR AR AR
calculata cl for NACAOOiZ airfoil
IE%AL"HA .GT.180.AND.ALPHA.LE.360.) THEN

CALL ACAOOIZ(BETA CLA)

IF(ALPHA.LE. 180. . AND.ALPHA.GT.0.0) THEN
c:u.é NACAC012(ALPHA , CLA)

‘I!F ALPHA LT.0.0.AND.ALPHA.GT.-180.) THEN
CALL NACAOOI?(BETA CLA)

IF(ALPHA.LT.-180. .AND.ALPHA.GT.-360.) THEN
BETA=ALPH, .
CALE NACA0012(BETA, CLA)

b

HSURN

HRRR AR AR KRR AR

i
|
§
]
!
]
i
i
1
]
{
1
i



SUBROUTINE NACA0012(ALPHA,CL)
uuun”u.unmnunu"
approximate formular for cl data of naca0012
IF(ALPHA.LE. ) 2 THEN
CL=1.35/13. *ALP]

IF(ALPHA.GT.13. . AND.ALPHA.LE.20.) THEN
L I7»(1 135-0.7)/(13.-20.)# {(ALPHA-20.)

IF(ALPHA GT.20..AND.ALPHA.LE.70.)
CL=0.7+40.4+(1.-(ALPHA-45. )nz/(zstzs))

IF(ALPHA GT,70..AND. ALPHA LE 115.) THEN
CL=1.4/45. ‘(115 -ALPHA)

ND I
IF(ALPHA GT.115..AND.ALPHA.LE.160.)
CL=-0.7-0.4% (1.~ (ALPHA-137. 5)“2/(22 5‘22 5))

END
IF(ALPHA.GT.160. .AND.ALPHA.LE.173.) THEN
Ch;-o .8+(0.8-0.7)/(160.-173.)*(ALPHA-173.)

IF(ALPHA,GT.173. .AND ALPHA.LE.180.) THEN
L o s/( 73.-180.)*(ALPHA~180.)

ﬁEURN

[T ——
SUBROUTINE DRAG(N,ALPHA,CD)
e B

CALCULATE UNCAMBERED AIRFOIL DRAG COEFFICIENT

ALPHA1=ABS (ALPHA)
i IF(ALPHAL.GT.360.) GOTO 2

GDTDQTALPHM-ALPHAI 360.

5 IF(ALPHA1.GT.180.) ALP=360.-ALPHA1
IF(ALPHM LE. 180. ) ALP=ALPHAL
! ALP=ABS (ALP.

11 IF(ALP LE.14.0) GOTO 20

ALP.G

F 0.AND.ALP.LE.16.0) GOTO 30
IF(ALP AND.ALP.LT.30.0) GOTO 40
IF(ALP.GE.30.0.AND.ALP.LE.150.0) GOTO 50
éb ai? .~ALP

20 CD=(ALP*%2)/17071.4 + 0.006
ao 6 CD=0.08*ALP - 1.1
GOTI 60

405 CD=(ALP**2)/1406.25

50 ALP=ALP-(90,-ALP;/54
CD=2. OB‘géﬁl_‘(_ﬁLls{:S’( 29578,
REngN



ND

SRR RO
UBRBUTINE VELCAL
AR AR AR
c COMPUTE VELOCITY INDUCED AT BLADE C/4 BY SHED VORTICITY

ENCLUDE "MENDENHALL. INC*

32 =1,M
XGAM=XGAMB(NG, IG)
YGAH-YGAHB(NG 16)

R2=(XP-XGAM) #¥2 + (YP-YGAM)**2
FX= (YP'YGAHg/RZ
FY=(XP-XGAM) /R2
DIFF= } .0
FDIFF(NG,IG)=1
IS’SRENL LE 0. 0) GOTO 232
DUM=M-1G
DUHﬂ(Dll'H+0 5)“DTHP
DUM=-R2%DREI
DIFF=1.0-EXP ( UH)
FDIFF(NG 1G)=DIFF
=FX*DIFF

E*-E %é 3 g

SUHV=SUHV * FPI*GAHB(NG 16)/TPL
SUMU=SUMU + FA*GAMB(NG,IG)/TPI
GOTO_32
132 UC4(N)=FA*GAMB(NG,M) /TPI
VC4(N) F)I*GAHB(NG M) /TPI
!vorticity.

C
C UC4 AND VC4 ARE VELOCITIES INDUCED AT BLADE /4 BY SHED
VORTICITY AND BLADE INDUCED VELOCITY

UC4(N)=SUMU + UCA4(N
VC4§ ;=SUHV + VC4EN;
CONTINUE

e AR KRR RO
gUBHUUTINE DIFFUSE

AR AR AR RAOR
C CALCULATE DIFFUSION COEFFICIENT FDIFF(N,M)

133



INCLUDE ’MENDENHALL . INC’
0 32 NG=1,NBLD
DO 32 1G=1,M
DIFF=1.0
FDIFF (NG, 1G)=1 .0
IF(RENL,LE.0.0) GOTO 32
U=H-1G
= (DUM#0.5) *DTHP
DIFF=1

FDIFF(NG IG)'DIFF
iﬁm CONTINUE

¢ TR

¢ calculate a.ngle of "attack and reduced frequency
lculate ﬁ and trailing edge positions
o

§E§uoﬁ NEESE.NHALL -1
THP(N)-THP(H) + n'mp/4 0
THPD(N)=THP (N) *R/

THETAP=

CALL BLADEETHETAP PITCH,1.0,B,DBDT,DB2DT)

----- culate angle of attack due to free stream and rotation
the propeller(alpha)

cs‘m cns(mpg;l))
PSI=THP(N)-BE§A(N)
SNPSI=SIN

SI)
WX=-(ADVJ FI*CSALPH * CSTH)

WY=ADVJ/PI*SNAI

UN-HRSHPST » WYACSPOT & veam)
WA=-WX*CSPSI + WY*SNPSIL + UC4(N)
WN1=WX*SNPSI + WY*CSPSI + xzcc*psidt(n)/r

TA-HN/HA
=SQRT(WA**2 + WN*¥2)

WO,
AL-ATAM( ,WA) latan can give angle only in (-90,90)
latan? can g:.vs angle in (-180,180)

if(pitch.gt.1) ©

IF ALfLT .0.0. AND ADVJ LT.PI) AL=AL+2.*PI

end i
ALPHA(N) =AL
tai=wni/wa
al=atan2(wn1,wa)

if(pitch.gt.1) tl

IF(AL.LT.O. 00000001 AND.ADVJ.LT.PI) AL=AL+2.%PI

! nose angle of attack(including
! pithing effect of blade at nose)

134
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ALPHAII(H) =AL

DWN=-WA*PSIDT (N) +CSTH#CSPSI+SNTH*SNPST
DuA-woPsmTEu)+cs‘rmsn1=51 SNTH¥CSPST
ALPDT(N)=1./ (1. +TA*#2) * (WADWN-WN*DWA) / (WA*%2)

PSIDS(N)= (1 +PITCH¥CSTH) /(1.42. *PITCH‘CSTH+PI1V:H»*2)
DRN: DS(N) +CSTH*CSPSI+SNTH:

IDS N)+CSTH*SNPSI-SNTH* C

ALPDS(N)=1./(1. +TA~:2):(wA~vun-Hn:nuA)§5wA».2)
ALPDS2=ALPDS (N) ! d(alpha)/d(theta;
FK(N)=ALPDS2*C/(W(N)*R*2.) ! [d(alpht)/dt]*c/(2 *W)
! reduced frequency

calculate L.E and T.E positions-----

‘SINETHETAP)
#COS (THETAP)
ETHETAP B;
TB=SIN THETAP-B,
LE! N =RS+XZC*C*CTB
E(N)=RC-X

c -

ZC*C-C/4. 0; *CTB

ZC*C-C/ZAOE*CTB
ZC*C-C/2.0)*STB
INUE

FERREARRREARA AR
UBROUTINE FWCAL
REEARCRARRT AR K

COMPUTE INFLUENCE COEFFICIENTS FOR SHED VORTICITY
{!CLUDE MENDENHALL . INC’

DO 33 N=1,NBLD

XGAM=XGAMB(NG, IG)
YGAM=YGAMB(NG, IG)
XG=EXP-XGAH;tCSPSI#EYGAH-YPgtSNPSI
YG=(XGAM-XP) *SNPSI+(YGAM-YP)*CSPST
RG‘SURT(XG*:Z#YG*«Q)/
PHI=ATAN2(YG,XG)
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XG=XG/C
YG=YG/C

i

IF(RG.LT.4.0) CALL TRANSF(XG,YG,SR,TH)

RG=SR#C

CSP=COS (TH)

w-(z tRG‘AtCSP § *A*A)/(RG*RG-2 , ¥RG*A*CSP+A*A)
W(N,NG, IG

)tlﬁ b&g ee¥ hien. tke ake vortex uas shed

g from u whicl he uaks vortex w
1 Al

od
UeIRESER (EC S

AR AR K
ﬁUBROUTINE FBCAL
KA AR AR
COMPUTE INFLUENCE COEFFICIENT FOR BOUND VORTICITY
INCLUDE ?MENDENHALL . INC’

DD 35 N=1,NBLD
X 2 N)

¥

PSI—THP(N)'BETA(N)

CSPSI’CDSEPSI

SNPSI=SIN(PSL
0 36 NG=1,NBLD

IF(“G EQ. Ns GOTO 45  !'no effect on itself
38 XGAM=XC4(NG)

YGAM=YC4 (NG)

40, R2=(KP-XGAM)wx2 + (YP-YGAK)wx2
FX= YP-‘{GAH /R2
FY=(XP-XGAM) /R2 . .
e ifor the completion of calculation of
FA=FX*CSPSI+FY*SNPST linduced velocity at blade c/4 after
FBN(N,NG)=FN isolve for unknown vorticity

FBA(N,NG)=FA

XG= xp-xamgtcspsngmn YP) *SNPST
YG=(XGAM-XP) *SNPST+(YGAH-YP) *CSPST
RG=SQRT(XGX¥2 + YG#%2)/C
PHI=ATAN2(YG,XG)

XG=XG/C

cunénms;(xc YG,SR, TH)

CSP=COS(TH)

FB](.N ,NG)=(2. *RG*A*CSP-2. ¥A*A) / (RG¥RG-2 . ¥RG*AXCSP+A*A)
45" FB(N,NG)=-1.  !no effect on itself

FBN(“,NG)-0.0
FBA(N,NG)=0.0

CRIFHIGE
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END

SRR KK
UBROUTINE COEFCAL
et e

¢ CALCULATE THE COEFFICIENT MATRIX Q(N, I) MID
c THE CORRESPONDING RIGHT HAND SIDE RHS (N,

ey, g 1

GAHC4 (N, i ) -GAHC4 (N,2)
NG=

0 60 N=1,NBLD

GAMC4(H 2)=0.  !this is to be solved unknown
do 57 I=1,nbld
Q(N,1)=0.0

57 if(N.eq.I) Q(N,I)=t.

if (kwake. eq o) goto 58

DO 55 I=
(N I)HFH(N I M) -FB(N,I)

58 RHS(N)=CL1(N)*C*H(H)/2. ! for dynamic stall case
if (kwake. aq o) goto 59
D0 56 I=1
ggs(u)-nﬂs(w)»amm(x J1)*FW(N,I,M) ! other blade effect

nus(g)mﬂs(w)gw(n I,J)4GAMB(I,J)#FDIFF(I,J)  !wake effect
59 QA(N)=RHS(N)
CONTINUE
gum«
P
uannunm-: GAMHB
D i b
Calculate vorbicity induced by w
BHCkH?E“é NDENHALL . INC*

! calculate induced voticity due to old wakes

and other blades

.

DO JG=1,
Ngl;gl#GAHB(IG,JG)'FH(II,IG,JG)‘FDIFF(IG,JG) !due to wakes

IF(IG.EQ.N) FB(N,IG)=0.0 !'no effect on it’s self
$2=52+GAMC4(1IG, Z)tFB(N.IG
GAMW=S1 tinduced vortivity due to wakes
GAMBB=52 'u\duced vorticity due to other blades



clw-z tSl/H(lI)/C
&aanzs”
CLBY=2. Y2/ /c
§e§§§ STALL CORRECT LIFT WITH WAKE EFFECT AND OTHER

i STABE CORRECT LIFT WITHOUT OTHER EFFECT
S R BLADES

Fatt it

cnuﬁﬁkys%KEmlﬂéThﬂ‘Ekaﬁﬂhﬁ%”?ﬂ{ﬂ PhRREch R

S >
IBLADE(N)'N

F(N)=1 is a scale factor
CL(N)02 !GAMM ll 2)/ (CxW(N))

uch limit here--=-----
IF%CLEN; GT CLMAX) SF'CLHAX/CL(N)

IF(CL(N).LT.CLMIN) SF'CLHI“/CL(N)
IF(SF.GE.1.) GOTO

,%L:)ADE(N)=IBLADE(N)+10

D0 gga WY
<';A¥C4(N 2)=Gmu4(u 2)+F (M) !new blade bound vortex
s
CL(N)=C] ( ) ¥F (N)
ALPHAE(N)=GAHC4(I! 2) / (PT*CHH(N))
GAMC4(N,1)-GAMCA(N,2) 'new shed wake vortex strength
263 GAHB(N M)=GAMBB Inev shed wake vortex strength

EBURN

KRR AR KRR R R KRR R K
SUBROUTINE TRANSF(XQ,YQ,RB, TH)
o e e e S
Integer
parameter (ndsg=2)
real rb,th,xq
complex coeff(ndag+1) zero(ndeg)
external zpocc
coef£(1)=(0.0625,0.0)

)
*T*
*D%
*O%
iax
5%
i
i=
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call zpocc(ndeg,coeff,zero)
d

o i=t,
rr=(real(zero(i)))**2+(aimag(zero(i)))**2
rr=rrad0.
if(rr.1t.0.25) goto 1
rx=raal(zero(i)§
ry=aimag(zero(i))
tn=atan2(ry,rx)
£R=tg
1 end do
retum
en

[ T——
SUBRDUTINE INV(A,B,X,LDA,N)
PR

REAL A(LDA,LDA),B(N),X(N)
IPATH=1
CﬁiﬁnlﬁSLRG(ll,A,LDA,B,IPA’I’H,X)

HRRRERREAAE A AR
UBROUTINE ALPHAREF
FRRRRERRRAR R AR
dynuuc stall correctwn
mcwpﬁ HENDENHALL, 1
luce treqnency
ALPO=0.  !alpha(cl=0.)
TOC=0.12 {for naca0012 foil (t/c)
QD=0.06+1.5%(0.06-TOC)
GA2=1.4-6.*(0.06-TOC)
[B+GA2

N=1,NBLD
QQ=FK(N)*RAD ! [d(alpht)/dt]*c/(2.%H)
IF(Du GE.0.) SIN
IF(QQ.LT.0.) SING
uq SDBT(ABS(DD))
IF(QQ.GT.QD) THEN
DTALP= GAltuD+GA2*(Qq QD) *SING
P=GA1*(Q*SING

ALPREF (N) =ALPHAN (N) *RAD-DTALP
ND DO

EURII

kO Rk
UBRDUTINE INITIALCT
R AR AR

ROy
NGLRDE PAEORRRLL e, wunber of steps
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§ warrpprsenrsenree
Subroutine outavg)
C sornsorkioroRkokkioR Kook
gnclude ‘mendenhall. inc’
I output CTAVG,CSAVG,CQAVG-ADVJ for plotting
c
write(17,’(5e12.5)’) ADVJ,CTG,CQG,ETAG
ra&url\
5
.
UBRDUTIHE BFORCE
FLTIS LN L
COMPUTE FORCES ON INDIVIDUAL BLADES
UgE ’MENDENHALL. INC’

G —-=-- 3-4 correction or not------
IF(K3. En 3) TH
DO N=1,NBLD
GAMCA (N, 3)=GAMCA (N, 2) *P1/4.
cg(g')J =CD (N)+CL (N) #%2/P1/BBLD*C
E"gg N=1,NBLD



GAMC4 (N, 3)=GAMC4(N, 2)

DO 70 N=1,NBLD
SNA=SINEALPgﬁgE“;

SNTB‘SIII THPEN;—BETAEN;;
CSBTA=CDS§BETAEN)

(1) jcalculate force due to circulatio
pependlcular 6 the coning flow

C &
i:
IF(ALPHAN(N) LT, PI/

XBC4(N)=- GAMC4(N, a)w(u)ssumaam talong the blade chord
v5c4(n)=amc4(n 3J#W(N) *CSAXBBLD !perpendicular to chord

IF(ALPHAN(") G£,PI/2.AND. ALPHAN(N) .LT.PI) THEN
XBC4(N)=- GAMC4(N 3)#W (N)*SNA*BBLD !along the blade chord
YBCé(N)-*GAMC‘}(N 3)*W(N)*CSA*BBLD 'perpendxc\llar to chord

IF( PHAN(N) GE.PI. AND.ALPHAN(N) .LT.3.%P1/2.) Ti
XBC4(N)= GAMC4(N 3)*H(N)$SNA155LD !along the blade chord
'YBC4(N)=-GAMC4 (N,3) #W (N) *CSA*BBLD !perpendicular to chord

END IF
IF(ALPHAN(N) .LT,2,*PT.AND.ALPHAN) .GT.3.%P1/2.) THEN
XBC4(N)=- GAMC4 (N,3)*W (N) *SNA*BBLD !along the blade chord
vacq(u)=amc4(u 3J%W(N) *CSAXBBLD !porpendicular to chord

(2).calculate force due to apparen': ass effect-
(see eq.30,31,32 in paper,

ZBEN)-—PI*C~C~SUH/(4 ta)—Ph(cna)v?sm‘rz(n)'c(xzc- 5)/(4 *R*R)
ZB(N)=ZB(N)*BBLD 'eq. (30)~----~~; apparent mass effec

————— 3). calculate force due to viscous drag----
c (along the coming flow)
IF(MDRAG.LE.0) GOTO 69
XBD(N)=.5*#C*BBLD* (W(N)*%2)*CD(N)*CSA  !along the blade chord
van(n) 54CBBLD# (W(N) #+2)*CD(N)*SNA  !perpendicular to chord

TB(N) ((YBC4{N)+‘{BD(N)+ZB(II))*SNTB
(XBC4(N)+XBD(N) ) *CSTB) *CFFT
‘alung x-dir in
peller co-ordinate
ss(n) ((‘IBC4(N)+YBD(H)ﬁZB(N))*CSTB
XBM(N)+XBD(N))*SNTB)*CFFT
'along y»du in
er co-ordin:
uB(N) ((KBM(N)oxan(u))*cssu
C4 (N) +YBD (N) +ZB(N) ) #SNBTA) *CFFQ
TL=(YEC4(N)*sms-xac«;(u)tcsm)acb'ﬁ
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TM=(ZB(N) *SNTB) *CFFT

QL=(XBC4 (N) *CSBTA+YBC4 (N) *SNBTA) *CFFQ

QD=(XBD(N)*CSBTA+YBD (N) *SNBTA) *CFFQ

QM“ZB(N) *SNBTA*C!
‘ UL

TD= EYBD(N) *SNTB-XBD(N) *CSTB) *CFFT

FFQ
ATE FORCE ON THE PROPELLER

70

ETA"CT/CQ‘ADVJ/PI'CFFE tefficiency

4

G, ko Ok KKK

SUBROUTINE AFORCE

8 KRR KRR KRRk

Cc COMPUTE AVERAGE THRUST,SIDEFORCE,TORQUE,EFFICIENCY

c (definition of AVERAGE---see part2 of the paper,p.15)
INCLUDE ?MENDENHALL.INC’

N

IFQICYCLE.GT.81) G0T0 73 tneycle is number of steps in a cycle.
VESC 4 It VG-~ 't

i.\ Va=CTAVG+CT |STAVG7--gum, of the force calculated befora

CQAVG=COAVG:C

SEE VG-C%BAVS+%k

C AV ﬁ‘l +C

V +
IF(NCY.LT.NCYCLE) GOTO 73
CTG=CTAVG/CYCLE Icalculate average force coefficient after

CSG=CSAVG/CYCLE  !complete a cycle(ncy=ncycle).
CQG=CQAVG/CYCLE
ETAG-CTG/CQG*ADVJ/PI#CFFE
' TLG=CTLAVG/CYCLE
CIJLG'CQLAVG/C‘{CLE
CTDG=CTDAVG/CYCLE
CQDG=CQDAVG/CYCLE
CTMG=CTMAVG/CYCLE
CQMG=COMAVG/CYCLI

RS

CRG=SURT((TI'G'*2+CSG**2) taverage resultant force coefficient

R ETﬁi CONTINUE



END
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Appendix B

Note About the FORTRAN
Programs

B.1 Program Organization

The original Mendenhall and Spangler's program(Mendenhall and Spangler 1973)
was sectioned and changed into a group of subroutines with each one performing a
specific function. To modify Mendenhall and Spangler’s model il was necessary to
modify some of those subroutines or to add some new ones.

In the main programs, there are several choices to make before starting the
calculation which decide what models to use. After making these choices, there
are several call statements which access the required subroutines to perform the
calculations.

There are two programs given in Appendix A.

The first program in Appendix A performs the calculation for Mendenhall and
Spangler’s modefy the modified M&S’s model without wake and other blade effects,
and the modified M&S’s model with wake and other blade effects accounted for by
the angle of attack method.

The second program in Appendix A performs the calculation for the three mod-
ified M&S’s models with the dynamic stall effect included. The first one uses the
Kutta condition to calculate the wake and effects of tﬁhcr blade, The sccond one
does not account for the wake and effects of other blade. The third one, calculates
the wake and effects of other blade using the angle of attack method. The above
three models use NACA-0012 sectional characteristics and Gormont’s method to
account for the dynamic stall effect.
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Appendix C

Use of A/D Converter and
SOFT500

C.1 FPrograms Used in Data Aquisition

Programs used in the data aquisition were written in BASIC. SOFT500 subroutines
were used in those programs. It was necessary to write these programs to activate
the micro computer based data acquisition system at the cavitation tunnel. The
SOF 500 subroutines were provided with the Keithley 570 A/D system.

C.1.1 Program I

"T'his program was used in each test to record torque, side force and thrust data.

10
19 “Ygur
i3 oyenT"datal dat" for output as #1

22 cl

30 VAI=0:va2=0: va3=0:statf=0

40 call IONAHE’("thr\l".S 0,12,1)
50 call ioname’("side",6,1,12,1)
60 call ioname’("torq",6,2,12,1)
70 'entar parameters
8%

1 ocate 10,1:print"press ay key to start data aquisition"
131 RS“INKEY$ IF R$="" THEN 1,

1

140 cau AIIIII ("array¥",sn! ,"thru side torq",1,"done")
160 rem

170 call INTON’(20,"MIL")

180 call status’("done",stat!)

210 call grlabel’("thrust",i,3,"top","left")
212 call grlabel’("sforce",2,3,"top","1left")
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214 call grlabsl'("!crque" 3,3,"top","left")

215

220 call hgraphrt’("dene" "12 3","fast","0.000","4095.",
',-1.,3, "grid")

240 i stat'/<>0 then 180

280 call intof:

290 ca11 arsave ("array,t

arr. dat")
! stdev!=0:stdevi!= Astdev2!=0
379 call meandev'("array%" 1,mean! stdevi 1. an!,-1)
380 call meandev’("array’",2,meani!, stdavl' 1; ,sn' -1)
381 call meandev’("arra 3, meuZ‘.stdevZ' 1.s801,=1)
ggg EM UPEN "gﬁTA .DAT" FOR OUTPUT AS #1

or_t=
391 call argetval’("arrayl”.t 1,val,-1)
392 call argetval’("arrayi",t,2,va2,-1)
393 call argetval’("arrayl",t,3,vad,-1)
130 print #1,vat,va2,va3

480 locate 20,5: mean thrust

490 locate rint"mean sideforc
500 locate 3,5:print'mean torque

510 locate

520 locate stdevi!
630 locate stdev2!
550 rem

560 R§=INKEY$:if R$="" then 550

=y

C.1.2 Program II

This program was used to monitor the
check if the model transducers and the aqu

0

il ﬂrem
15 namei$="thrust": namezs—"s1ds": name3$="torque"
20 ava—O vai 0: vaZ—- s

peller loads on the screen in order to
on system was working properly.

car1“ToRAME ("thn\".s 0,12,1)
50 call ioname’("side",6,1,12,1)
60 call ioname’ ("tnrq",s 2,12,1)
139 gm0z

140 call ANIN’("array%",sn! ,"thru side torq",1,"done")

Tem
170 call INTON’(20,"MIL")

180 call status’("done",statl)

210 call grlabel’("thrust",1,3,"top","left")
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212 call grlabel’("sforce",2,3,"top","left")
214 call grlabel ("torque",3,3,"top","left")

220 call hgraphrt ("done","1 2 3","fast","0.000","4095.",

- 1" -1.,3,"grid")
it staexoo then 180

280 call int

290  call usava ’(“array}","arr.dat")

378 mean!o0:menn tl-o imean2!=0:stdev!=0:stdevi!=0:stdev2!=0

379 call meandev’("arrayj",1,mean!,stdev!,1.,sn!,

380 call meandev’("array%",2, msanl' stdevi‘ 1.,sn!,-1)

381 call neandev’ ("array)" )3, mean2! ,stdev2! 1. ,sn!,-1)

393 ardel’ (arrayl")

480 locate 20,5:print'mean thrust =
490 locate 10,5:print"mean sideforce:
500 locate 3. rint''mean torq\le =
510 locate 22,5:print'"std ="

stdev!
520 locate 12, rint"std ; stdevi!
530 locate 6:print"std = "; stdev2!

5,
¢ s

C.2 Improvement of Signal Resolution

To improve the s|gn=| rsolution, it was necessary to chan&c the Keithly 570
mother board gain so t! .. the amplifier gain could be adjusted to let the output
signal magmtuﬁe for maximum forces during a test match the digital range of the
AJD converter. When changing the Kethley 570 mother board gain, first turn the
board off, then change the hardware settings to the required gain. Turn on the
board again. Run C(?VFlG on the PC to change the configuration table to match
the hardware gain setting.



Appendix D
Test Results
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Figure F-17: Comparison of theoretical results with test results — thrust coeffi-
cient(pitch ratio=0.9r7)
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