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ABSTRACT

This paper investigates the effect of the immersion ratio parameter on the hydrodynamic
performance of three surface-piercing propellers with diameters of 0.125, 0.132 and 0.140m at
different advancing speeds. Experimental tests have been carried out in the free surface water
tunnel of the Babol Noshirvani University of Technology. The results showed that the maximum
thrust coefficient of three propellers occurs in the velocity range of 3-3.5 m/s. This interval
represents the transition area of the three propellers. Also, the effect of the blockage ratio on the
hydrodynamic coefficients of three propellers relative to the advance coefficient has been
studied. By increasing the immersion depth raises the propeller's wet surface and increases the
thrust and torque hydrodynamic coefficients. However, growing the propeller's diameter to
0.140m causes the effect of the blockage ratio parameter by increasing the immersion and the
propeller's torque experiences a decreasing trend. Therefore, maximum propeller efficiency
value with diameter 0.140m in immersion ratio 0.60 and 0.70, incresing 38% and 44%,
respectively; relative to other proepllers. Also, the curve of the efficiency gradient of three
propellers in the optimum immersion ratio of 0.40 compared to the advancing coefficient shows

that the maximum efficiency gradient occurs in the range of 0.7 to 0.9.

doi: 10.5829/ijee.2023.14.02.06

INTRODUCTION

Surface-piercing propellers are supercavitation propellers
operating on the free surface of water and air. Due to
features such as high efficiency, replacing the cavitation
phenomenon with ventilation, increasing
maneuverability, reducing the resistance of the
appendage, and reducing the power required for the
propeller rotation, this propeller has been used as the
common propulsion system of a high-speed marine
vehicle. One of the main steps in designing a surface-
piercing propeller is to determine the propeller's thrust,
torque, and efficiency. These values are obtained from
hydrodynamic coefficients with the help of experimental,
analytical, and numerical methods. Despite developing
numerical and analytical methods, experimental methods
are still vital for designing and evaluating surface-
piercing propellers under different conditions. Regardless
of the development of high-speed vessels and surface-
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piercing propulsion systems in this type of vessel, there is
still limited experimental data to investigate the
propeller's performance in different physical conditions.
In 1953, Shiba [1] conducted the first comprehensive
experimental study to investigate the effect of Weber
number and effective parameters on the ventilation of the
semi-submerged propeller in different geometries. The
results showed that Weber number of 180 is the critical
Weber number of the surface piercing propeller to scale
the results from the model to the real prototype and the
effect of this parameter on values greater than 180 on the
hydrodynamic coefficients of the propeller and its
ventilation is insignificant. In 1968, Hadler [2]
investigated two three-bladed propellers and one two-
bladed supercavitation propeller with different diameters
and the same expanded area ratio at different advance
ratios. According to their results, the surface piercing
propeller has two areas: basic ventilation and full
ventilation. Due to the formation of the ventilation
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phenomenon a high lift-to-drag ratio, higher efficiency is
obtained in the basic ventilation area. Alder and Moore
[3] in 1977 studied an 8-blade surface-piercing propeller
to investigate the effect of yaw angle on the performance
of the surface-piercing propeller. In the experimental
tests, the immersion ratio was equal to 33%, and the
inclination shaft angle was 19.5 degrees for all tests. By
studying the hydrodynamic performance of the propeller
in four different yaw angles, they concluded that by
increasing the yaw angle from zero to 19.5 degrees, the
efficiency increases by 15%. In 1996, Olofsson [4]
conducted an experimental investigation of a 4-bladed
surface piercing propeller at different yaw angles and
inclination shaft, as well as the immersion ratio of 0.33,
to determine the effect of Froude number and cavitation
on the hydrodynamic coefficients of the propeller.
According to the results, Froude number equal to 4, the
critical Froude number of the propeller, was introduced to
the scale model results model to the real prototype. In an
experimental study in 2000, Dyson [5] investigated three
four-bladed propellers and one five-bladed propeller at
0.33 and 0.50 immersion ratios and different yaw angles
and inclination shaft angles. Experimental results showed
that an increase in the immersion ratio will increase the
propeller's thrust and torque, but it does not significantly
affect efficiency. In 2002, Fernando et al. [6] investigated
four propellers with different pitch ratios in immersion
ratios of 0.4, 0.5, 0.6, and 0.7 and different inclination
shaft angles. The results showed that the immersion ratio
is also one of the effective parameters of Weber number
of the propeller. Also, the critical advance coefficient of
a surface-piercing propeller is a function of the critical
Weber number and pitch ratio. Ferrando et al. [7] in 2007
investigated the effect of the parameters of pitch ratio,
blade number, and inclination shaft angle in immersion
ratios of 0.4, 0.5, 0.6 and 0.7 on the performance of
surface piercing propellers using a systematic series of
propellers with 4 and 5 blades were investigated in
experimental and semi-empirical relationships were
presented to predict the hydrodynamic coefficients of the
propeller. According to the results, increasing the pitch
ratio in the number of different blades increases the
critical advance coefficient as well as the thrust and
efficiency of the propeller. In 2009, Ghassemi et al. [8]
numerically investigated two surface-piercing propellers
in full and partial submergence conditions. The results
showed that pitch ratio and Weber number are two
effective parameters to distinguish the three ventilation
zones of a surface piercing propeller. Also, increasing the
pitch ratio will increase the critical advance coefficient of
the propeller. In 2012, Misra et al. [9] conducted an
experimental investigation of four surface-piercing
propellers with different cup shapes in different
immersion ratios. According to the results, thrust
coefficients and propeller torque will increase with the
immersion ratio in constant Weber number. Seyyedi et al.
[10] in 2018 investigated a 5-blade surface piercing
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propeller in different immersion ratios and yaw angles.
Their results showed that increasing thrust ratio and
propeller torque increase, but it has slight effect on
efficiency. Also, the propeller's critical advance
coefficient decreases with the immersion ratio increase.
In 2019, Ganji Rad et al. [11] conducted a numerical
study of a five-blade surface piercing propeller to
investigate the effect of immersion ratio on the ventilation
parameter and hydrodynamic coefficients. The results
showed that increased immersion ratio caused growths
the propeller torque and thrust. But the critical advance
coefficient of the propeller decreased. Also, the propeller
experiences higher efficiency in high advance
coefficients and low immersion ratio. Yousefi and
Shafaghat [12] in 2020 numerically investigated the
ventilation parameter of a five-blade surface piercing
propeller at different radial positions of the blade. They
introduced two parameters of ventilation length and
thickness to describe this phenomenon. According to the
results, in constant advance coefficients, the thickness
and length of the ventilation area decreased with an
increase in the radius ratio. In 2020, Seyyedi and
Shafaghat [13] conducted a statistical review of analytical
and numerical experimental studies. In this review,
important geometrical and physical parameters were
introduced in theoretical and experimental studies, and a
comprehensive overview of the future research in the
field of surface- piercing propeller was presented. In
2021, Bushehri and Haghighi [14] conducted an
experimental and numerical investigation of a five-blade
surface-piercing  propeller. In this experimental
investigation, the efficiency of the propeller was
evaluated at different operating conditions of a catamaran
vessel in sea trials. The results show that despite the low
speed of the vessel and the lower efficiency of the
propeller before the planning phase (submerged mode),
the thrust and torque of the propeller are greater than the
first stage of the semi-planning phase (semi-submerged
mode). Past experimental studies show that in designing
and selecting a surface piercing propeller, using the
model test results in open water experimental conditions
is a more appropriate method, despite the higher cost
compared to numerical methods. The model size is
considered one of the important issues in the experimental
investigation process. The free surface water tunnel is a
widely used facility in experimental tests of surface-
piercing propellers. The model size in water tunnel tests
is usually effective on the accuracy of the measuring
equipment and the possibility of better detection of
hydrodynamic phenomena; in such a way that the model
size is considered as large as possible. But increasing the
size of the model due to the limitations of the test section
can lead to adverse effects such as blockage and wall
effects and reduce the accuracy of the results. Therefore,
choosing the optimal size of the model plays an important
role in the possibility of scaling the results from the model
to the real prototype. In the present work, the effects of
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scaling on the hydrodynamic coefficients of a semi-
submerged propeller have been investigated. For this
purpose, three propellers with the same pitch ratio and
different diameters in the range of advance coefficients
(0.4-1.05) and four immersion ratios (0.4-0.7) have been
experimentally investigated.

Effective parameters in the design

The hydrodynamic coefficients of thrust, torque and
efficiency of a propeller depend on various parameters. In
submerged propellers, these coefficients are diameter (D),
pitch (P), number of blades (Z), extended area ratio
(EAR), rake angle (0), skew angle (6s), blade thickness
(t), cross-section profile type (f) and dimensionless
Reynolds numbers (Re), advance coefficient (J), Froude
(Fr) and cavitation (o) are dependent. According to the
functional conditions of the surface piercing propeller and
the splitting of the water surface in each round of rotation,
the four parameters of Weber number (We), immersion
ratio (I), inclination shaft angle (y) and yaw angle (¥) in
addition to the parameters mentioned for propellers.
Common submerged will affect the hydrodynamic
coefficients of this type of propellers [8]. Figure 1 shows
different angular conditions of a surface-piercing
propeller.

The parameters affecting the hydrodynamic
coefficients of thrust and torque of a surface-piercing
propeller can be defined as follows (Equation (1)) [13,
15]:

Kyand K =
f (D,%,Z,EAR,J,HS,H,,t,f ,Re,o-,We,IT,y,‘{‘) @

Dimensionless parameters are defined by Equation (2)
[16]:

Fr— n.D 3 :VA cos(y)
Jg9.D nD
2 3 2
We — n-.D Re — n.D “.EAR (2)
K v.Z
L
D

k and v are the dynamic surface tension and kinematic
capillary of water, hr is the immersion height of the
propeller and n is the rotational speed of the propeller. «
is defined by x=c/p, where p and o are the volume
averaged density and surface tension coefficient

Figure 1. Location of a surface-piercing propeller in
different angular conditions
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respectively. The hydrodynamic coefficients of the
propeller are defined as follows (Equation (3)):

T _0Q 1K

Y 0= s 1T 3)
pn°D pn°D 2z K,

.
T is thrust, Q is torque, and p is water density. Table 1
shows the parameters used in Equations (1), (2) and (3).

Laboratory and calibration equipment

As mentioned, the free surface water tunnel has been used
for the experimental tests (Figure 2). Two views of the
propeller installed in the test section are shown in Figure
3. The flow velocity in the test section and thrust and
propeller torque are the most important parameters
measured in each run. A two-component propeller
dynamometer (Figure 4) measures thrust and torque.
Applying different functional test conditions makes it
possible to change the inclination shaft angle and the
immersion ratio. The general specifications of the free
surface tunnel and the measuring equipments are
presented in Table 2 [17]. LabVIEW software is used for
data acquisition and post-processing of output data
(Figure 5).

Table 1. Parameters used in the equation

Parameter Name

J Advance coefficient
Va Advance velocity

D Diameter

hr Immersion height of the propeller
n Rotational speed of the propeller
Fr Froude number
We Weber number
EAR Expanded area ratio
Y Shaft inclination angle
v Kinematic viscosity
K Kinematic capillary
Re Reynolds number

| Immersion ratio

g Gravity acceleration
z Number of blades
T Thrust

Q Torque

p Density

Kr Thrust coefficient
Ko Torque coefficient

n Efficiency
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Figure 2. A view of the free surface water tunnel of
Noshirvani University of Technology, Babol, Iran [18]

Figure 3. Front and top view of a surface piercing propeller
in the test section

Figure 4. A view of the dynamometer used to measure the
hydrodynamic coefficients of thrust and torque

Before the tests, all measuring equipment’s calibrated.
For the speed calibration of the test section, the results
obtained from the manometric speedometer of an
ultrasonic flow meter (Fluxus ADM 6725, Flexim
Company) were used. Also, uncertainty analysis was
performed by equations reported in literature [19, 20] to
check the reliability of the velocity measurement test
section. According to the defined uncertainty analysis
equations and the existing errors, 6 repetitions were
considered for speed measurement. The standard

Table 2. General specifications of the free surface water tunnel
and the test section [17]

Part Parameter Value
Length(m) 2
Width(m) 0.3
Test section
Height(m) 0.3
Maximum speed in test section(m/s) 5
Nozzle Contraction area ratio 9to 1l
Pump Power(kw) 45
Maximum rotational velocity(rpm) 3600
Dynamometer Maximum thrust(N) 981
Maximum torque(N.m) 67
0 &
.t ] o | —

Figure 5. A view of the software LabVIEW [17]7

deviation and coefficient of variation for the flow velocity
in the test section are given in Table 3 [21]. The standard
deviation is equal to 0.0635.

In the next step, the tests are repeated to calibrate the
thrust and torque sensors of the tunnel dynamometer and
to ensure the accuracy of the extracted results in four
stages of repetition for one of the propellers. Table 4
shows the results of thrust and torque coefficients in two
advance coefficients and a fixed immersion ratio of 0.40
for a propeller with a diameter of 0.125 meters. As can be
seen, the difference for the thrust coefficient and the
torque in the advance coefficient is equal to 0.9,
respectively 0.00139 and 0.0038, which indicates the
acceptable accuracy of the obtained results.

Characteristics of model propellers

The propellers of the model are made of PLA plastic; their
geometric specifications are presented in Table 5. The
scale ratio of the reference propeller (diameter 0.125 m)
with propellers 0.132m and 0.140 m equals 1.056 and

Table 3. Calculation of the standard deviation of the speed data in the test section [21]

Heiaht Test 1 Test2 Test 3 Test4 Test5 Test 6 Average Standard Coefficient of
9 (mf/s) (m/s) (m/s) (mf/s) (m/s) (m/s) 9 deviation variation
19 1.854 1.80 1.836 1.871 1.719 1.723 1.803 0.0635 +0.0259
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Table 4. Calibration of thrust and torgue sensors in two advance coefficients [21]

Adv_ar_me Number Testl Test 2 Test3 Test4 Average Star_]dz_ird Coeffl_mgnt of

coefficient deviation variation
Thrust 0.9 4 0.0369 0.0372 0.0399 0.0375 0.038 0.00139 0.0007
coefficient 0.599 4 0.0467 0.0440 0.0407 0.0498 0.045 0.0038 0.0019
Torque 0.9 4 0.1561 0.1660 0.1261 0.2059 0.1665 0.0329 0.0164
coefficient 0.559 4 0.1324 0.1254 0.1177 0.1997 0.1438 0.0377 0.0188

1.12, respectively. Figure 6 shows a view of the propeller
with a diameter of 0.125 m.

In order to determine the hydrodynamic coefficients
of the propeller, experimental tests were performed in
fourteen advance coefficients [0.4-1.05] and four
immersion ratios [0.4-0.7] (Table 6).

Test conditions

One of the limitations of conducting experimental tests of
surface piercing propellers is the independence of
experimentally results from the effect of Reynolds,

Table 5. Geometric specifications of model propellers

Parameter Symbol Value

Diameter (mm) D 125 132 140
Hub diameter (mm) d 25 26.4 28
Hub diameter ratio d/D 0.2 0.2 0.2
Number of blades z 5 5 5
Pitch ratio in 0.7R P/D 1.46 1.46 1.46
Rotation direction RH RH RH

Figure 6. A view of propeller

Table 6. The range of investigated parameters

Parameter Symbol Value
0.4-0.45-0.5-0.55-0.6-
Advance coefficient J 0.65-0.7-0.75-0.8-0.85-
0.9-0.95-1-1.05
Immersion ratio I 0.4-0.5-0.6-0.7
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Froude and Weber dimensionless numbers. It will be
necessary to satisfy the laws of similarity to generalize the
experimental results of the model to the real prototype in
the tests of the propeller in the free surface water tunnel.
The values of the mentioned dimensionless numbers must
be higher than the defined critical values to satisfy the
similarity rule. In this situation, the effect of these
numbers on the hydrodynamic coefficients and
operational conditions of the propeller can be ignored.
According to the experimental results of Olofsson [4] and
Shiba [1], if Froude number is greater than 4, it will not
affect the hydrodynamic coefficients of the propeller and
its advance coefficient during the different phases of the
propeller ventilation; as the ventilated bubbles approach
their final shape, the results can be considered
independent of Froude number. Also, Shiba [1] declared
the critical Weber number equal to 180 to generalize the
model's results to the real prototype. At values higher than
180, the critical advance coefficient and the propeller
ventilation parameter will be independent of the effect of
Weber number. In 2007, to generalize the results of the
model to the real prototype, Pustoshny et al. [22]
determined the limits of Reynolds, Froude and Weber
numbers (Equation (4)).

_ n.D% (A /A,)
vZ

Fr =n. ’223.5
g
2 3
We = ’& 2180
o

According to the mentioned critical values, for three
propellers with diameters of 0.125m, 0.132 m and
0.140m, the rotational speed has been determined as 34.8,
33 and 31 revolutions per second, respectively.

Re >5x10°

4)

Validation of the results

The experimental results were validated with Seyyedi et
al. [10]. For this purpose, experimental tests were
performed on a five-bladed propeller with a diameter of
0.132 m and an immersion ratio of 0.40. The comparison
of the results related to the hydrodynamic coefficients of
thrust and torque is shown in Figure 7. As can be seen,
the error percentage of the average experimental results
obtained for the torque and thrust coefficients is 4.57%
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Figure 7. Comparison of (a) thrust (b) torque coefficients with the results of Seyyedi et al. [10]

and 8%, respectively; which indicates that the results are
in good agreement with the projected model.

The effects of scaling on the hydrodynamic
coefficient of three propellers with diameters of 0.125m,
0.132 m and 0.140 m were investigated (Figure 8).
According to Beykani et al. [21], with an increase in
propeller immersion and as a result of the blockage ratio,
the amount of thrust of the propeller does not experience
much changes. Figure 8 shows the torque coefficient
curves of three propellers with diameters of 0.125 m,
0.132 m and 0.140 m in different immersion ratios. By
increasing the amount of immersion in different advance
coefficients, the torque of the 0.140 m propeller
experiences a significant decrease compared to the other
two propellers. One of the important issues in an
experimental study is to get a proper insight into the effect
of variable parameters on the outputs corresponding to the
experimental model.

In the following, the effect of changes in the advance
speed on the performance of all three propellers in
different immersion ratios is investigated. Also,
considering the importance of the blockage ratio

A0.125m #0132 m #0.140 m A0.125m +0.132m ®0.140 m
0.35 0.35
0.3 03
0.25 0.25 .
_02 - 0.2 “‘f.:;l
Y $a5% . o Yeg “o 2
5 2@ ; s ‘*0 ®
~a.15 * [ 36 ~0as F'e) e
£5° ", P o
01 Ix ° .6t 45 ¢ A
- L] 0.1 ]
.D [ ]
0.05 0.05
0 + + o
03 05 07 09 1l 03 05 07 09 L1
J J
(®) (b)

parameter and the influence of this parameter on the
hydrodynamic coefficients of the semi-submerged the
propeller, the thrust, and the torque coefficients of all
three propellers in different submersion ratios have been
investigated and analyzed. The gradient efficiency of all
three propellers in the optimal immersion ratio to the
advance coefficients has also been investigated.

RESULTS AND DISCUSSION

One of the essential parameters in the physical conditions
of a surface-piercing propeller is the immersion ratio.
Figure 9 shows the 3D diagram of the trust coefficients of
three propellers with a diameter of 0.125 m,0.132 m and
0.140 m relative to the advance speed in the different
immersion ratios. As it can be seen, the amount of thrust
coefficient of three propellers in different immersion
ratios and forward speeds are in good agreement. Also,
with the immersion ratio increase, the three propellers'
production thrust increases at different advanced speeds;
In such a way that by increasing the immersion ratio from

| 40.125m 40.132m ©0.140m

[40125m +0.132m #0.140m |
4

035 0.
0.35
b Ada, &A‘ﬁ
Teky ;
0.25 ‘}9 0‘:_. 03 ‘J“ %
4 ‘ 0.25 & by
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H ‘ s @ 202 ‘A ® [
T 0as Y [} = ; (] ®
X . ° 015 x o ®
A ]
0.1 d ®
°? i e
0.05 0.08
0 0
0.3 0.5 0.7 0.9 1.1 0.3 0.5 0.7 0.9 L1
J J
(c) (d)

Figure 8. The value of the torque coefficient of three propellers in immersion ratios a) 0.40, b) 0.50, ¢) 0.60, d) 0.70 [20]
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0.40 to 0.70, the maximum amounts of thrust coefficient
for propellers with diameters of 0.125 m, 0.132 m, and
0.140 m are equal to 30.2%, 33.3%, and 39.62%,
respectively. According to the changes in the thrust
coefficient curve, the critical advance vlocity of three
propellers is in the range of 3 to 3.5 m/s. According to the
definition of the ventilation range of a propeller, this
speed range is equivalent to the transmission area of the
propeller. Therefore, the ventilation of the propeller is

0.12
0.11

0.1

0.09

0.08

0.07

0.06

2 25 3 35 4 45
V(m/s)

2 25 3 35 4 45
V(m/s)

2 25 3 35 4 45
V(m/s)

@

(b)

(©)

independent of an increase in the diameter of the model
in an experimental test. The maximum thrust coefficient
of three propellers occurs at the immersion ratio of 0.70.
Hydrodynamic coefficients of torque of the propeller with
a diameter of 0.125m, 0.132m and 0.140 m relative to
different advancing speeds in immersion ratios are shown
in Figure 10. As can be seen, with an increase in
immersion ratio from 0.40 to 0.70, the amount of torque
of three propellers increases. Also, according to the

0.12

0.1

Kt(-)

0.08

0.06

Kt(-)

e
— 4
3 V(m/s)

~
10 08 N\~ _—
0.4 2

Figure 9. Curve thrust coefficients of propellers with diameter a) 0.125 m, b) 0.132 m, c) 0.140 m at advancing speeds and different

immersion ratios
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results, the torque of two propellers with a diameter of
0.125 m and 0.132 m have a good match in different
immersion ratios, propellers. Two propellers with a
diameter of 0.125 m and 0.132 m experience an average
increase in more than 50% for the maximum torque
coefficient by increasing the immersion ratio from 0.40 to
0.70. While an increase in the maximum value of the
propeller torque coefficient with a diameter of 0.140 m is
almost 37%. In other words, the torque of the propeller
with a diameter of 0.140 m increases, unlike the two

10Kq vs. \,l

V(m/s)

10Kq vs. V.I
03

2 0.2

3 35
V(m/s)

@)

(b)

(©

propellers with a lower slope. The influence of the
blockage ratio on the propeller torque causes this decrease
in slope. However, maximum torque coefficient of three
propellers occurs in immersion ratio of 0.70.

Figure 11 shows the effect of the immersion ratio
parameter on the hydrodynamic efficiency coefficient of
the propeller with a diameter of 0.125 m, 0.132 m and
0.140 m. As it can be seen, with an increase in the
immersion ratio, the efficiency coefficient of all three
propellers follows an increasing slope and the amount of

03
035 \\ 0.25
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Figure 10. torque coefficient curve of propellers with diameter a) 0.125 m, b) 0.132 m, ¢) 0.140 m at advancing speeds and different

immersion ratios
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efficiency changes decreases at high forward speeds and
the maximum efficiency of three propellers occurs at the
immersion ratio of 0.40. Also, by increasing the
immersion ratio, the propeller's efficiency with a diameter
of 0.140 m will be different compared to the other two
propellers. With an increase in immersion ratio and as a
result of the effect of wall effects, the amount of torque of
the propeller with a diameter of 0.140 m experiences a
lower increasing slope than the other two propellers.

! l
2 25 3 35 4 45
V(m/s)

0.9

0.6
Zoss
45

2 25 35 4

3
V(m/s)

etta vs. V.I
13

3 35
V(m/s)

@)

(b)

©

Therefore, according to the inverse relationship between
the torque coefficient and the efficiency of open water,
the efficiency of the propeller with a diameter of 0.140 m
will be higher than the other two propellers in immersion
ratio 0.60 and 0.70. Such that by increasing the immersion
ratio from 0.60 to 0.70, the maximum efficiency of the
propeller with a diameter of 0.140 m will experience a
very small increase, while the two propellers will
experience an average decrease of 9%.

0.9

e 0.8

0.6

etta(-)

0.5

B 0.4

sl 0.3

etta(-)
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Figure 11. efficiency coefficient curves of propellers with diameter a) 0.125 m, b) 0.132 m, ¢)0.140 m at advancing speeds and

different immersion ratios
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According to the results, it can be seen that increasing the
immersion ratio generally increases the torque and thrust
of a surface-piercing propeller. By increasing the
immersion ratio, the level of propeller submerged
increases, and due to the pressure nature of the propeller
thrust force and increasing the pressure difference of the
face and back surface of the blade, the amount of thrust
produced by the propeller increases. Also, by increasing
the immersion ratio, the duration of the presence of the
propeller in the air-fluid has decreased, so the propeller
needs more torque to achieve a certain rotational speed.
As mentioned in the curves corresponding to the torque
coefficient of the three propellers by diameter 0.125 m,
0.132 m, and 0.140 m at different advance speeds and
immersion ratios, it is expected that the torque of the three
propellers is equal in different immersion ratios.
However, by increasing the immersion ratio from 0.40 to
0.70, the propeller's torque with a diameter of 0.140 m is
less than the other two propellers. Increasing the
immersion ratio will increase the blockage ratio
parameter, which will affect the experimental results of a
surface-piercing propeller. So, the three-propeller
blockage ratio parameter on hydrodynamic coefficients of

thrust, torque and efficiency was investigated.

One of the limitations of performing the test in a water
tunnel is the phenomenon of blockage and the adverse
effects of the tunnel wall in the test section on the
corresponding outputs of the experimental test. The effect
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of this phenomenon is measured by a concept called
blockage ratio. The ratio of the area of the propeller disc
to the area of the tunnel test cross section is called the
blockage ratio (Equation (5)). Due to the functional
conditions of the surface-piercing propeller and the
possibility of changing the amount of propeller
immersion, this parameter has not had a single value and
varies in different immersion ratios. In Table 7, the
blockage ratio of three propellers models is shown to be
diameter 0.125 m, 0.132 m and 0.140 m in different
immersion ratios. Increasing the immersion ratio

increases the blockage ratio in all three propellers.
B — Ablockage (5)

AsT
In Figure 12, the thrust coefficient curve shows three

propellers with diameters of 0.125m, 0.132 m and 0.140
m relative to the advancing coefficient and blockage ratio.

Table 7. Percentage of blockage ratio of three non-aluminum
propellers in different immersion ratios

Immersion ratio

Diameter(m)

0.40 0.50 0.60 0.70
0.125 7.63 10.22 12.81 15.29
0.132 8.51 11.40 14.28 17.05
0.140 9.58 12.82 16.07 19.18
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Figure 12. The curve of the three-propeller thrust coefficient relative to the advancing coefficient in different immersion ratios

a) 0.40, b) 0.50, ¢) 0.60, d) 0.70
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As can be seen, with the increase in the blockage ratio,
the amount of thrust produced by the three propellers in
different blockage ratios is relatively consistent with each
other. However, the amount of thrust coefficient in the
blockage ratios corresponding to the immersion ratio of
0.60 and 0.70 for the propeller by diameter 0.140 m is
slightly different from the other two propellers.

In Figure 13, the torque coefficient curves of the three
propellers are shown to diameter 0.125 m, 0.132 m and
0.140 m compared to the advancing coefficients and
different blockage ratios. As can be seen, the torque of the
three propellers in the immersion ratios of 0.40 and 0.50
is appropriate, but with increasing the blockage ratio, the
torque of the propeller with diameter 0.140 m decreases
compared to the other two propellers. In a way that in the
19.18 blockage ratio corresponding to the immersion ratio
of 0.70, Maximum torque of the propeller with a diameter
of 0.140 m experiences a 33% reduction to that of the
propeller with a diameter of 0.125 m.

Figure 14 shows the efficiency of three propellers
with diameters of 0.125 m, 0.132 m and 0.140 m in
relation to advance coefficients and different blockage
ratios. As can be seen, with increasing the blockage ratio
to 20, the difference efficiency propeller by diameter
0.140 m increases with the other two propellers. The
efficiency of the propeller is inversely related to its torque
coefficient. Due to the decrease in the torque coefficient
of 0.140 m due to increasing the blockage ratio and its
proximity to 20, the efficiency propeller with diameter

torque coefficient versus J and Blockage — diameter =0.125 m
— diameter =0.132 m

diameter =0.140 m
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blockage(-)
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0.140 m experiences a significant increase with
increasing the blockage ratio. Also, The maximum value
of the propeller with a diameter of 0.140 m in immersion
ratios of 0.60 and 0.70 will experience an increase in 38%
and 44%, respectively, compared to the maximum value
of the other two propellers.

According to Figure 14, the maximum efficiency of
three propellers occurs in an immersion ratio of 0.40.
Therefore, the changes in the efficiency of the three
propellers in the immersion ratio of 0.40 are investigated.
In Figure 15, the efficiency gradient of the propeller with
a diameter of 0.125 m in the ratio of 0.40 is shown. In
order to investigate the gradient efficiency of the
propeller in different advancing coefficients, the unit
value is considered as the basis of intense changes. In this
way, in values equal to or greater than 1, the efficiency
value has experienced a significant increase; in values
less than 1, the increase in the efficiency is less. In the
propeller with Diameter 0.125 m, the rate of efficiency
changes in the range of 0.4 to 0.6 is less than 1 and the
propeller efficiency does not experience significant
growth in this section. In the advancing coefficient of 0.7,
the propeller efficiency increases suddenly, representing
the value of changes greater than 1. The trend of
increasing efficiency in advancing coefficient values
greater than 0.7 is fewer slopes so that it decreases sharply
in the advancing coefficient of 0.85. Then, the efficiency
of a sharp increase occurs in the advancing coefficient
values of 0.95 and 1.
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Figure 13. The curve of the three-propeller torque coefficient relative to the advancing coefficient in different immersion ratios

a) 0.40, b) 0.50, ¢) 0.60, d) 0.70
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Figure 14. The curve of the three-propeller efficiency coefficient relative to the advancing coefficient in different immersion ratios

a) 0.40, b) 0.50, ¢) 0.60, d) 0.70

Figure 16 shows the efficiency curve and its gradient
in different advancing coefficients and an immersion
ratio of 0.40 for the propeller with diameter 0.132 m. As
can be seen, the propeller efficiency curve with a
diameter of 0.132 m experiences three peaks at
advancing values of 0.7, 0.75 and 0.95. In such a way,
in the range of 0.6 to 0.75, the efficiency experiences a
sharp rise to the maximum peak of 0.75 and then
suffers a sharp drop. In this period, the thrust and torque
of the propeller follow the uptrend, but the trend
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Figure 15. Efficiency curve and its gradient relative to the
advancing coefficient for the propeller with a diameter of
0.125 m in the immersion ratio of 0.40
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of trust increase is more severe than the torque. Then, in
the range of 0.8 to 0.95, the efficiency curve again
follows an increasing trend to the maximum peak of 0.95.
In the range of 0.8 to 0.95, the propeller torque has a
downward trend with a steep slope, while in this period
the decrease slope of the propeller thrust is less.
Therefore, the efficiency will have a severe incremental
slope. Also maximum changes in the propeller efficiency
with a diameter of 0.132 m occur in the range of 0.8 to
0.95.
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Figure 16. Efficiency curve and its gradient relative to the
advancing coefficient for the propeller with a diameter of
0.132 m in the immersion ratio of 0.40
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The efficiency curve and its gradient for the propeller
with a diameter of 0.140 m compared to different
advancing coefficients in the immersion ratio of 0.40 in
Figure 17 are shown. As can be seen, the propeller
efficiency in the range of 0.6 to 0.7 follows a severe
incremental trend. As can be seen, the propeller
efficiency in the range of 0.6 to 0.7 follows a severe
incremental trend. Then, from 0.7 to 0.85, the propeller
efficiency has a severe fluctuation and experiences
instantaneous increase and decrease. In the advancing
coefficient of 0.95, the maximum changes in the
efficiency propeller occur. In this advance coefficient
thrust and torque of the propeller both have a downtrend,
but the downtrend of torque is severe and the torque
reduction is more severe than thrust in the advancing
coefficient of 0.85. Therefore, efficiency will maximum
experience its change.
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Figure 17. Efficiency curve and its gradient relative to the
advancing coefficient for the propeller with a diameter of
0.140 m in the immersion ratio of 0.40

CONCLUSION

This paper investigates two parameters of immersion
ratio and wall obstruction ratio in three propellers with
the same pitch ratio, expanded area, and different
diameter. In order to produce geometry of propellers
have been used of 3D printer machine. The material of
the model propellers is made of PLA. Also, in order to
perform the test, the free surface water tunnel of Babol
Noshirvani University of Technology (Babol, Iran) has
been used. Considering the importance of investigating
the speed of the test in an experimental study, the
hydrodynamic coefficients of three propellers of four
immersion ratios to different advancing speeds were
investigated. Also, the importance of the effect of wall
blockage and its effect on the hydrodynamic function of
three propellers to advance speed was investigated.
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Finally, considering the importance of propeller
efficiency as the determinant of its selection, the
efficiency gradient of the three propellers in the optimal
immersion ratio investigated. The obtained results can be
summarized as follows:

a) Investigation of the hydrodynamic coefficients of
three propellers at different advance speeds shows
that three propellers’ maximum coefficient of thrust
occurs in different immersion ratios in the speed
range of 3-3.5 m/s. In fact, in experimental tests, the
transfer area of three propellers occurs in this range.

b) By increasing the immersion rate of the three
propellers and consequently increasing the blockage
ratio, the torque produced by the propeller with a
diameter of 0.140 m decreases compared to the other
two propellers, while the propeller thrust 0.140 m
does not have a significant difference with the other
two propellers. Due to the inverse relationship
between the torque produced by the propellers and its
efficiency, by increasing the blockage ratio, the
efficiency of the propellers with a diameter of 0.140
m is significantly increased compared to the other two
propellers.

¢) By increasing the propeller advancing coefficient, the
rate of change in the propeller's efficiency increases.
The maximum gradient occurs in the range of
advance coefficient 0.7 to 0.9, representing the
transfer zone of the three propellers.

d) According to the definition of the blockage ratio for a
model in experimental conditions and also the
performance conditions of the surface-piercing
propeller, in this type of propeller, the blockage ratio
has a direct relationship with the immersion ratio. By
increasing the blockage ratio to more than 17%, the
influence of this parameter on the torque coefficient
of the surface-piercing propeller increases.
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