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ABSTRACT

In order to understand the effect of modifying the traditional form of propeller hub into the
propeller boss cap fins (PBCF) form, a series of tests was conducted to discover the best type.
Analysis was made using the computational fluid dynamic (CFD) approach, together with
ANSYS CFX code. Two types of hub were employed, namely convergent and divergent. Both
types were made using slope angles of 5, 10 and 15 degrees. Comparative analysis of the data
was made, combined with validation by published papers. The overall results indicate that
compared to a normal hub, the traditional convergent type has an increased efficiency of around
1.4%, while the divergent type decreases efficiency by approximately 1.2%. Furthermore, the
PBCF convergent hub results in increased efficiency of around 0.8%, whereas the divergent type
decreases efficiency by about 1.0%. This study is in good agreement with previous papers, with
a discrepancy of approximately 2%.
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1. INTRODUCTION

Propeller boss cap fins (PBCF) have been used since 1988 as an innovative energy saving device
in marine transportation, according to the International Towing Tank Conference (ITTC). The
addition of PBCF can improve the efficiency of a ship's propeller. The other function of PBCF is
to eliminate the vortex phenomenon on the hub part of the rotor. It has been evidenced by Dang
et al. (2011), Kawamura et al. (2012), Cheng and Hao-Eng (2014), Molland et al. (2014), and
Sun et al. (2016) in research based on field studies, lab trials and computational fluid dynamic
(CFD) simulations that PBCF can eliminate the vortex and improve the efficiency of ships’
propellers. Considering design parameters, PBCF will influence propeller efficiency noticeably
(Seo et al., 2016; Mizzi et al., 2017).

In the past few decades, research on PBCF geometry has been conducted to discover which
components of PBCF are highly sensitive to efficiency and the hub vortex phenomenon. Several
papers (Ghassemi et al., 2012; Druckenbrod et al., 2015; Kimura et al., 2018) have found that
variations in PBCF fin position are highly influential on propeller efficiency and added hub
configurations indicate can affecting vortex in the hub cap area. This has led to the indication that
the shape of the hub geometry has an effect on the shape and magnitude of the vortex, as stated
by Katayama et al. (2015). The geometry of the hub propeller is divided into three parts,
convergent, straight and divergent, with each type having a different vortex characteristic.
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In addition, Katayama et al. (2015) undertook research on the addition of updated PBCF using
convergent hub types, and obtained good efficiency. However, this does not apply to the research
on the type of divergent hub conducted by Lim et al. (2014), who found decreased propeller
system efficiency. These two issues are the basis for this research.

CFD simulation focuses on varying the inclined angle of the hub cap (convergent and divergent
types) and then converting it into PBCF. Furthermore, each type of hub cap has varying incline
angles of 5, 10 and 15 degrees. Comparison is made between each type of conventional and
PBCF hub in order to obtain the best results.

2. METHODOLOGY

In the early stages, the propeller data were modelled by CAD software and analyzed by CFD;
those used in this simulation were taken from Prakash and Nath (2012). The main size of the
propeller can be seen in Table 1.

Table 1 Main propeller dimensions

Parameter Dimension
Diameter 2m
Pitch Ratio 0.8
Expanded Area 0.55
Blade Number 4
RPM 257
Va 4.87 m/s

2.1. Meshing, Boundary Condition and Validation

The investigation was conducted using ANSYS CFX code, with the application of an
unstructured grid or mesh. The boundary conditions were adjusted according to the experiment
performed by Chamanara and Ghasemmi (2016), as shown in Figures 1a and 1b. The testing was
conducted under turbulent flow conditions, with the use of k-epsilon turbulence modelling
(Davidson, 2018).

Inlet

Interface

(b)

Figure 1 (a) Boundary conditions; (b) Meshing

A grid independence is the addition of the number of an element to obtain a constant value,so
that the numerical result close to the experiment result., Comparison of errors between numerical
and experiment cannot be more than 2% (Almohammadi et al., 2013; Suastika et al., 2017). Table
2 shows a summary of the thrust coefficient from different numbers of elements. It was
discovered that by using 1,041,759 elements the error was around 1.8% and the simulation time
2 hours 45 minutes. Table 2 shows the mean error percentage between the previous and new grid.
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Table 2 Grid independence

Number of Elements 250,176 501,085 1,041,759 2,107,532 4,192,311

Kt 0.116 0.132 0.143 0.146 0.149
Percentage - 8.4% 6.2% 1.8% 1.5%
Time Simulation 35m 1h 15m 2h 45m 6 h23m 12h 10m

Analysis was performed using a standard k-epsilon turbulence model with a second order (high
resolution) order of accuracy in the calculations. The results for the propeller model without hub
cap variation were compared with previous analysis (Prakash & Nath, 2012), as shown in Table
3. The gap between the previous results and the present CFD appears to be satisfactory, with a
K value gap between the previous and present results of 1.4%, and a Kq gap percentage of around
7%. The difference between the two analyses is below 10 %, so according to CFD standard scan
be considered appropriate.

Table 2 Validation model

KT 10KQ No
Prakash and Nath (2012) 0.142 0.201 0.623
Present CFD 0.144  0.217 0.599

The simulation for the present CFD can be seen in Figure 2. It has been adjusted to the previous
analysis in order to compare the results and validity of the CFD model. It appears that there is a
small vortex slightly to the right side and in front of the propeller hub, therefore hub modification
is needed; the addition of PBCF can reduce or even remove the vortex phenomenon. The results
from the simulation with regard to the thrust coefficient (Kr), torque coefficient (Kg) and Open
Water Efficiency (no) are expressed mathematically as follows:

T
KT = pn2D4’ (1)
Q
KQ = anDS (2)
Va Kt
N0 = 2mmb kg )

where p is the density of water, n is revolutions per second of the propeller, D is the diameter of
the propeller and Va is the velocity of advance.

Velocity
Streamline 1

4.103e+01
3.082e+01
2.061e+01
1.040e+01

1.893¢-01
[ms™1]

Figure 2 CFD simulation without modification
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After validating the 3D model, variations to the propeller rpm were made, with the results shown
in Table 4. These indicate that optimum thrust, torque and efficiency were obtained at 256 rpm.

Table 4 Validation model

Rpm (n) Ky 10Kq Efficiency
1461 1.341 3.333 0.364
974 0.704 1.333 0.503
256 0.144 0.217 0.601
209 0.055 0.102 0.488
146 0.003 0.016 0.202

3. RESULTS AND DISCUSSION

3.1. Calculation of the Performance of a Conventional Variation Cap
Analysis focused on the inclined angle from two types of hub cap propeller. The shape of the
variation can be seen in Figure 4.

(a) divergent (b) convergent
Figure 3 Inclined angle variation

The study selected two types of hub cap, namely convergent and divergent, according to
Katayama et al. (2015); the form of both hub caps can be seen in Figure 3. Figure 3a shows the
divergent type with conical geometry, whilst Figure 3b shows a convergent type hub cap, with
the shape of the geometry extending outwards. Both hub cap types have varying inclined angles
of 5, 10 and 15 degrees. The results are shown in Tables 5 and 6.

Table 5 Results of () convergent cap variation

Parameter Inclined Angle
0° 5° 10° 15°
Kr 0.143 0.144 0.144 0.145
10Kq 0.217 0.212 0.209 0.209

Efficiency 0.599 0.614 0.624 0.625

Table 6 Results of (+) divergent cap variation

Parameter Inclined Angle
0° 5° 10° 15°
Kr 0.143 0.139 0.138 0.138
10Kq 0.217 0.212 0.214 0.214

Efficiency 0.599 0.599 0.584 0.583
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It can be seen from Table 4 that there is an increase in the Kt value of 0.2%, whilst Kq decreases
at a rate of 1.4%. Table 5 shows that the value of Kt decreases by around 1%, while Kq increases
by 1%. It can be concluded from Figure 4 that the convergent cap produces a positive result, with
an increase in K, a decrease in Kq and an increase in efficiency at each degree of variation.
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(a) Kt vs Slope angle (b) Kq vs Slope angle (c) Efficiency vs Slope angle
Figure 4 Graphic Comparison Conventional Hub

The phenomenon of the increment of Kt and decrement of Kq is, according to Islam et al. (2006)
mathematically influenced by the effect of the pressure coefficient, by which the increase in
pressure area will cause the pressure value to decrease. Efficiency is affected by the values of
thrust and torque generated by the propeller. The calculations made from Table 4 show that the
value of efficiency experienced an increase of 1.4%, while those from Table 5 indicate that the
value decreased by approximately 1.2%.

3.2. Calculation of Performance based on PBCF Variation
The conventional hub cap was analyzed, followed by PBCF analysis. The conventionally-shaped
hub cap modified into PBCF can be seen in Figure 5.

(b)

Figure 5 Design of PBCF
Figure 5a shows a convergent-type hub cap modified into a PBCF type, while Figure 5b shows a
hub cap with a divergent-type modification. Both PBCF types have varying inclined angles of 5,
10 and 15 degrees. The results are shown in Tables 7 and 8.

Table 7 Results of PBCF with (=) convergent type modification

Parameter Inclined Angle
Q° 5° 10° 15°
Kr 0.144 0.146 0.147 0.148
10Kq 0.217 0.215 0.213 0.213

Efficiency 0.604 0.617 0.628 0.629
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Table 8 Results of PBCF with (+) divergent type modification

Parameter Inclined Angle
Qe 5° 10° 15°
Kr 0.144 0.144 0.142 0.141
10Kq 0.216 0.217 0.218 0.222
Efficiency 0.604 0.601 0.589 0.575

It can be seen from Tables 7 and 8 that the results for the two types of hub after modification into
PBCF demonstrate the same trend this can be seen in Figure 6, where the value of Kt in the
convergent type increases, whilst in the divergent one it decreases. A similar phenomenon occurs
with the efficiency trend, but not with the Kq one.
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Figure 6 Graphic PBCF Comparison

Although the PBCF results show the same trend as the conventional ones, it has been found that
an increase in efficiency occurred in each type of hub after modification into PBCF. In the case
of the convergent cap on PBCF in Table 8 compared with the conventional cap in Table 6, there
is an increment in efficiency of up to 0.8%. In addition, the divergent cap on PBCF in Table 7
also shows an increment in efficiency of up to 0.8 %, while at an angle of 15° efficiency decreases
by 1%. The phenomenon of increased efficiency after modification into PBCF appears to be due
to the improvement of the stress phenomena occurring in the hub cap region, as described by
Ouchi et al. (1988) and Nojiri et al. (2011); with added PBCF the pressure on the cap area will
be well distributed, hence the negative pressure will change and increase the pressure value. Seo
et al. (2016) explain that after a test on a towing tank, it was shown that the hub vortex on
divergent types caused the performance of the propeller to decline. The occurrence of pressure
drops often cause the phenomenon of cavitation due to the frequent occurrence of friction fluid,
which makes the flow more turbulent. Furthermore, cavitation causes a loss of thrust in marine
propellers due to the reduction in the contact area between the blades and water, and thus
efficiency degradation (Asimakopoulos & Kaklis, 2016).

3.3. Hub Vortex Simulation
The simulation of a hub vortex was performed in two stages: before and after modification with
PBCF. Figure 7 shows the simulation on a conventional hub cap.

@) Con\): cap 50

(b) Con\}-. cap(;lo (c) Conv. Cab 15°
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(b) Div. cap 10° © Di§/. cap'15°

(a) Div. cap 5°
Figure 7 Conventional cap pressure contours and streamlines

Figures 7a—7c show that the pressure increase makes the negative pressure area smaller.
Moreover, Figures 7d—7f show that the pressure value decreases and spreads throughout the area
at the back of the divergent hub cap. In the convergent case, the decrease in negative pressure
causes a reduction in the area of the hub cap.

The pressure concentration on the hub affects the flow, as shown in Figure 7. The convergent cap
forms a focused flow, as can be seen in Figures 7a—7c, whereas the divergent cap forms a wide
flow from the hub cap area, as shown in Figures 7d—7f. The increase in the area of the hub cap
will reduce the pressure that occurs around the hub cap region, hence causing the hub vortex
phenomenon. According to Katayama et al. (2015), the convergent form of cap is most likely to
have negative pressure at its end due to its form being conical. Meanwhile, the divergent cap
with the width of the hub geometry causes uniform pressure on the cap area at the back. This
negative pressure phenomenon indicates the occurrence of vortex hubs and excessive cavitation
bubbles in the hub cap, as found by Ghassemi et al. (2012) and Seo et al. (2016), which are
marked by a change in color in the hub cap area approaching cyan blue. Figure 8 shows the
simulations on the conventional cap modified into PBCF.

(@) Conv. Capvm5° (b) Conv. CapmlO° © Conv. Cap 15°

(b) Div..kmcap 10°

(a) Div. cap 5° © Div. cap 15°

Figure 8 PBCF Pressure Contours and Streamlines

Modification of the conventional cap into PBCF can minimize the existence of hub vortices. This
is indicated by the increase in the pressure contours around the hub cap area. It can be seen in
Figures 7a to 7f that the pressure contour is more colorful around the hub cap area, being an
indication of irregular pressure. Meanwhile, after conversion into PBCF (see Figures 8a to 8f), it
was found that the pressure color spreads more evenly, showing regularly distributed pressure.



Abar & Utama 1063

The absence of fins (see Figures 7a to 7f) shows a lower pressure contour value, which is
increased by adding fins, as shown in Figures 8a to 8f. This is an indication that fins can minimize
negative pressure on the propeller hub and is in line with the work conducted by Ouchi et al.
(1989) and Nojiri et al. (2011). Furthermore, in the convergent cap, the addition of PBCF
successfully reduces the occurrence of vortices and improves the flow quality, as can be seen in
Figure 8a—8c. On the other hand, for the divergent cap, the addition of PBCF does not work
optimally because it does not cover all the parts of the hub cap, as shown in Figure 8d-8f.

4. CONCLUSION

CFD has been fairly successfully used to simulate and demonstrate the use of PBCF on propeller
hub caps. The results are excellent for the convergent hub, whilst the divergent one shows a
disappointing output. The convergent hub increases efficiency by around 1.4% compared to
conventional one, which rises further by approximately 0.8% after being converting into PBCF.
On the other hand, the divergent hub decreases efficiency by around 1.2%, with a further decrease
of approximately 1% after being converting into PBCF.

In addition, the incline angle can influence the increase or decrease in efficiency. The reason for
this is attributed to the decrease in the pressure area on the convergent hub and the increase on
the divergent one. This occurs because in the case of divergent hubs the pressure drops and the
shape of the flow is affected, resulting in the emergence of hub vortices.
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