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Abstract

In this paper, the scale effect of Kappel tip-rake propellers with different end plate designs was studied using computational fluid dynamics.
Given the base size of the mesh and the appropriate numerical model for the determined simulation, the open-water performance of three
Kappel propellers with different bending degrees of the end plate at different scales was calculated. Comparing the scale effect of these
propellers, the scale effect of the torque coefficient of a Kappel propeller is more intense than that of the conventional propeller. In addition, the
scale effect of the torque coefficient is strong when the bending degree of the end plate increases, dwarfing the scale effect on the thrust
coefficient. Following the research on the scale effect of the wake field for the Kappel propeller, the laws that reveal the influence of the scale
on the wake field were summarized; that is, the high-speed zone in the wake relatively expands with the increase of the scale in company with a
trend of tip cross flow. The research reveals the basic variation trend and rule of the open-water performance and wake distribution for the
Kappel propeller under different scales within the Reynolds number range of 4.665x10°—-8.666x10" considering y transition, as well as the
characteristic differences between the Kappel propellers with different end plate designs, which will be of great significance to its optimization

design and application to marine vehicles of different scales.
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1 Introduction

Given the ultimate pursuit of performance and the in-
creasingly diverse application, some special propellers
have emerged, such as ducted propellers, high-skew pro-
pellers (HSPs), and tip-rake propellers (TRPs). The prog-
ress of the manufacturing industry has solved the manufac-
turing problems of special propellers and promoted their
applicability. In meeting the requirement of vehicles with
different sizes, the scale effect of special propellers must
be studied.

Article Highlights

« In order to assess the scale effect of Kappel propeller and the influ-
ence of the end plate bending degree on the scale effect, three Kap-
pel propellers with different end plate designs were constructed.

* 4-order B-spline scheme was applied to vary the blade tip rake dis-
tribution for the three Kappel propellers.

« y transition model was considered during the simulation analysis
within the Reynolds number range of 4.665x10°-8.666x10".

* The scale effect on the open-water performance, wake distribution,
tip vortex distribution and pressure distribution of each Kappel pro-
peller was studied and compared.
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The research target of this paper is Kappel TRP, whose
blade tip is bent toward the suction side of the blade sur-
face. On the contrary, contracted loaded tip (CLT) propel-
lers bend toward the pressure surface. The bent part of the
blade tip is called the end plate, which can prevent the flu-
id around the pressure surface at the blade tip from flow-
ing back to the suction side, thereby reducing the strength
of the blade tip vortex and improving the efficiency of the
propeller.

At present, research on the scale effect of conventional
ordinary propellers is relatively thorough, and many empir-
ical formulas have emerged to predict the scale effect of
propellers, such as the ITTC1978 method, strip method
(Praelke, 1994), and g, method (Helma, 2015). Among
these methods, the correction method (Kuiper, 1992) pro-
posed by ITTC1978 is the most classic, which recom-
mends geometric parameters at 0.75 of the radius of the
propeller blade section to estimate the effect of Reynolds
number on the open-water performance of the propeller. In
recent years, few studies have been conducted on the scale
effect of conventional propellers. Some scholars tried to
optimize empirical formulas based on different methods
(Yao and Zhang, 2018; Streckwall et al., 2013; Helma et
al., 2018; Helma, 2016).

Computational fluid dynamics (CFD) is a commonly
used tool for studying the scale effect of special propellers.
Bhattacharyya et al. (2016a) applied the CFD method to
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simulate the performance of two ducted propellers and
then predicted and summarized the impact of scale chang-
es on the thrust coefficient and torque coefficient. Further-
more, Bhattacharyya et al. (2016b) considered the transi-
tion phenomenon at the model scale and found that the in-
fluence of the scale effect on the ducted propeller depends
on the pitch and load factor of the propeller, whereas the
influence of the duct on the scale effect is minor. Bhat-
tacharyya et al. (2015) comparatively analyzed the scale
effect of a controllable pitch propeller operating inside dif-
ferent ducts and showed that the scale effect on open-wa-
ter characteristics is in the same range for all types of
ducts. Abdel-Maksoud et al. (2003) analyzed the flow ve-
locity in the nozzle of a real scale, which is comparatively
higher than that of the model scale, leading to a progress
of the nozzle thrust and a reduction of the propeller torque.

Chen et al. (2018) compared two scales of HSP E1619
based on the RANS method, and the open-water perfor-
mance at a given advance speed was obtained on the basis
of experimental data, which showed good agreement.
Krasilnikov (2009) focused on the influence of skew on
the scale effect by changing the skew distribution under
the same disk area ratio and concluded that the scale effect
of a propeller is related not only to the friction resistance
of the blade but also to the pressure distribution on the
blade surface. Liu et al. (2021) applied an unsteady Reyn-
olds-averaged Navier-Stokes (URANS) method coupled
with the dynamic overset grid approach to the open-water
simulation of propeller E1619 and found that the thrust
and torque of the propeller grow with the scale because of
the boost of pressure component. Moreover, the pressure
on the suction side near the trailing edge decreases with
the increase of scale.

With regard to the TRP, Sanchez-Caja et al. (2014) fo-
cused on the relationship between the scale effect of the
CLT propeller and the shape of the end plate, changed the
parameters such as the rake and skew of the end plate, and
analyzed the influence of different end plates on the open-
water performance and the scale effect on the radial distri-
bution of blade circulation through CFD. Sun et al. (2020)
used direct numerical simulation (DNS) method to analyze
the open-water hydrodynamic performance of propeller
P1727 and the variation of propeller wake distribution at
various scales in detail, revealing the relationship between
the load on the blade and the propeller wake. Dong et al.
(2018) assessed the difference of two-dimensional plane
stress at different radii of propeller P1727 and found that
the scale effect of the TRP on the thrust is as important as
that on the torque. Lungu (2019) also adopted DNS meth-
od to analyze the thrust coefficient distribution and vortex
structure of the propeller at model and real scales and of-
fered suggestions on propeller simulation.

Cheng et al. (2010) compared the scale effect of the
Kappel propeller with regard to open-water performance
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with that of a conventional propeller designed using the
same requirements and concluded that the scale effect of
the Kappel propeller is more intense than that of the con-
ventional propeller. Peravali et al. (2016) compared the dif-
ference between the RANS method and the ITTC1978
method to predict the scale effect of the Kappel propeller
and evaluated the applicability of the ITTC1978 method.

The scale effect of the propeller is reflected in the inter-
action between the propeller and the vehicle. Choi et al.
(2014) explored the relationship of the scale effect of the
pod propeller with Reynolds number and load and found
that the interaction between the propeller and the pod is
the key factor. Sun et al. (2018) used RANS and VOF
methods to simulate the self-propulsion point of a container
ship and found that the wake fraction and velocity near the
self-propulsion point are affected by the scale effect. Ueno
et al. (2019) studied the difference between the perfor-
mance of the propeller and the hull at model and real
scales under the condition of a self-propulsion test with ir-
regular waves and winds and found that low- and high-fre-
quency factors can affect the prediction of the scale effect.
Sun et al. (2021) predicted the influence of the scale effect
on the unsteady load of a propeller of a four-screw ship un-
der asymmetric wake distribution and found that the fluc-
tuation values of the real scale are smaller than those of
the model scale. Moreover, the scale effect of the outside
propeller is stronger.

In this paper, the performance of the Kappel propeller
with four different scales and three different end plate
bending degrees was studied using Star CCM+. The influ-
ence of end plate bending on the scale effect was analyzed
on the basis of the open-water performance and wake field
distribution. Furthermore, the influencing rule of end plate
change on the Kappel propeller's scale effect was summa-
rized.

2 Theory and numerical model
2.1 Parametric model of Kappel propeller

The three-dimensional coordinate conversion of the
Kappel propeller is shown as follows (Wu, 2008):
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where X, Y, and Z are the coordinate values of the point on
the blade (Figure 1); C is the chord length; S is the dimen-
sionless length distribution of the two-dimensional airfoil;
@ represents the pitch angle; f represents the camber; 6, is
the skew parameter; X is the rake parameter; t is the thick-
ness; r is the radius of the cylindrical surface; ¢ is the in-
cluded angle between the tangent of the rake distribution
curve and the longitudinal coordinate axis.

Figure 1

Geometric notation of Kappel propeller

2.2 Basic theory of propeller

If the diameter of the propeller is D, the rotation speed
is n, the inlet velocity is V,, the water density is p, the
thrust is T, and the torque is Q, then the advance speed co-
efficient (J), the thrust coefficient (K;), the torque coeffi-
cient (K,), and the open-water propulsion efficiency (1,)
can be expressed as follows (Kerwin, 2010):

T _,.(V, nD? n*D?
KT_pn2D4 - 1(nDl v [l gD (5)
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where V,/nD is equal to J, which represents the motion
similarity. nD?*/v is the Reynolds number, representing the
viscous force similarity. n’D*gD is the square of the
Froude number, which represents gravity similarity.

To make the open performance of the propeller at the
model scale parallel to that at the real scale, the following
conditions are bound to be met.

s = ®)
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where 1 is the scale ratio, the subscript s represents the real
scale, and the subscript m represents the model scale.

2.3 Turbulence model

The RANS-based SST k- model proposed by Menter
was adopted in this paper. The governing equation is
shown as follows (Menter, 1994):
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where k is the turbulent kinetic energy; w is the dissipation
rate of specific turbulent energy; v is the fluid kinematic
viscosity coefficient; v, is the turbulent kinematic viscosi-
ty, and z; is the viscous shear stress.

2.4 Transition model

A transition phenomenon was observed from the lami-
nar flow to the turbulence flow on the blade surface at the
model scale when the Reynolds number is low to a certain
extent. In ensuring the accuracy of the simulation, the tran-
sition must be considered at the model scale but not at the
real scale (Hasuike et al., 2017). Considering the computa-
tional resources, the y transition model was selected in this
paper. The intermittent transmission equation is set as fol-
lows:

a(py)  (pYp) 9 | 9y
a e TRt Jax | Y

i i

Py = Flengthpsy (1 - V) Fonset (15)

where S is the absolute value of the strain rate; g, is the
turbulent vortex viscosity; P, is the production item; E,
is the dissipation term; F_ ., governs the location of tran-
sition, and F,,., governs the length of the transition re-
gion.
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3 Verification of the simulation method of
TRP

Kappel propeller has few published test data, making
the open-water performance test data of TRP P1727 is-
sued by Hamburg Ship Model Basin (HSVA) (Klose et
al., 2017) a good option for the validation of the CFD
simulation method, which is related to the base size of
mesh and turbulence model suitable for Kappel propeller.

3.1 Main scale parameters of P1727 TRP

The diameter of the propeller P1727 at the model scale is
238.6 mm, and that at the real scale is 7500 mm with a
scale ratio of 31.428 compared with the model scale propel-
ler. The main scale parameters of propeller P1727 are
shown in Table 1.

Table 1 Main scale parameters of propeller P1727
Propeller P1727  Scale ratio Diameter Hub dla_meter
(mm) ratio
Model scale 1 238.6 0.154 2
Real scale 31.428 7 500 0.154 2

3.2 Setting of the calculation domain and mesh
strategy

In this paper, the calculation domain was uniformly set
as a cylinder (Figure 2(a)), which is divided into two parts,
namely, the static region and the rotating region. The pro-
peller diameter is set as D. The diameter of the static re-
gion is 4D, and the height is 10D. The diameter of the ro-
tating region is 1.08D, and the height is 0.2D. The velocity
inlet of the static region is 4D away from the propeller
disk, and the pressure outlet is 6D downstream. During
meshing, a tubular wake encryption area was added be-
hind the propeller pressure surface to capture the velocity
distribution of the wake field (Figure 2(b)).
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(a) Calculation domain

(b) Mesh encryption

Figure 2 Setting of the CFD calculation domain and mesh
encryption

3.3 Grid independence and turbulence model
verification of propeller P1727 at the model scale

Here, the influence of the basic mesh size on the simula-
tion results at the model scale was explored. The base size
was set as |,. Six cases with base sizes of 0.004D, 0.005D,
0.006D, 0.008D, 0.01D and 0.012D under the same mesh
strategy were calculated. The rotation speed is set as 12 r/s,
and the advance coefficient J is set as 0.7. Turbulence
model SST k- considering y transition was also adopted
in this study. As shown in Figure 3, the simulation results
are stable when the base size is less than or equal to
0.008D, which is consistent with the test data. Considering
the accuracy and time cost of simulation, this paper uni-
formly determined the base mesh size of 0.008D in the fol-
lowing study.
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Figure 3 Changes in the open-water performance of propeller P1727 with the base size of the mesh (The value of the abscissa represents the

multiple of the length of the base mesh size relative to the diameter)
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Figure 4 Comparison of test and simulation values at the model scale by applying the SST k- turbulence model with y transition

The simulation results of the SST k- w turbulence
model considering y transition are consistent with the
experimental values, in which the propulsion efficien-
cy was calculated on the basis of the values of thrust co-
efficient and torque coefficient (Figure 4). The simu-
lation error is less than 5%, of which the error of effi-
ciency is smaller, and the error of thrust coefficient is greater.

3.4 Verification of the simulation method for
propeller P1727 at the real scale

Then, this paper verified the accuracy of the open-water
performance simulation of a real scale propeller. When the
rotation speed is 2.14 r/s and the advance speed coeffi-
cient J is 0.7, the flow on the blade at the real scale has
been in a turbulent state, thereby ignoring the transition
phenomenon. The turbulence model SST k- w was ap-
plied. The value range of y* at the real scale is 30—90,
with an average of 45, establishing a suitable thickness
of the boundary layer. The total number of mesh cells is
6 million. The results of CFD simulation are consistent
with the simulation data shown in Cheng et al. (2010),
as shown in Figure 5(b).

4 Scale effect analysis of Kappel propellers
with different end plates

Three Kappel propellers with different end plates were
constructed, among which are two propellers, namely, pro-
peller Kap02 and Kap04, with different bending degrees
of the end plate and propeller Kap00 without an end plate.
The open-water performance variation at four scales of
0.025, 1, 4, and 8 m was studied. The influence of the bend-
ing degree of the end plate on the scale effect, as well as
the influence of the scale effect on the open-water perfor-

(a) y* distribution on the blade surface at the real scale

——Krcrp ¥ Krerp

08 —o—10Kp crp *10Kg grp

—*—NcFD “NcFp

0.7f

0.2 04 0.6 0.8
J
(b) Comparison of open-water performance

Figure 5 Open-water performance simulation results of propeller
P1727 at the real scale compared with experimental data

mance, wake distribution, and pressure distribution of the
Kappel propeller with different end plates at different
scales, were explored.
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4.1 Geometric model of Kappel propeller with
different bending degrees

The distribution of other parameters, such as chord
length, skew, and pitch, was not changed when the rake
parameter varied. In quantifying the shape change of the
end plate, the ratio of the curve length of the radial rake
distribution line to the propeller radius was introduced
(Eq. (16)). Figure 6 shows the rake distribution design of
Kappel propellers, including Kap01, Kap02, Kap03,
Kap04, and Kap05, with X/D. values of 0.025, 0.05,
0.075, 0.1, and 0.125, respectively, by 4-order cubic B-
spline scheme (Kim et al., 2007). X, represents the rake
at the designated radius, namely at blade tip, and D,
means propeller diameter.

—— Xg/Dy=0.025
0.151 —— Xg/D;=0.050
sinl —— XgDp=0.075

’ —— Xg/Dg=0.100
0.05+ —— Xg/Dy=0.125
! 4 i
« 0 _
=_0.0s}
-0.10F _
=0.15F
OG04 06 08 10
riR
Figure 6 Rake radial distribution curves within the polygon

composed of B-spline control points (X: rake, X rake at the
designated radius (at blade tip), D.: diameter of the propeller, R:
radius of the propeller)

L
SR = % (16)

The three-dimensional model of three Kappel propellers,

(/\* d \! (_'j:.!

\__:f_.//"'I ’,..m -. \._%_f_,,{" _ ?J =4

including Kap00, Kap02, and Kap04, is shown in Figure 7.
The three-dimensional model of the propeller at different
scales was obtained by scaling up the model propeller to
0.25 m. The corresponding relationship between the bend-
ing degree of the end plate and the series number, together
with the corresponding parameters, is shown in Table 2.

Table 2  Series number and corresponding parameters of Kappel
propellers with different end plates

Series number  Xg/D¢ SIR Immersion area ratio
Kap00 0 1 1
Kap02 0.05 1.059 1.020 2
Kap04 0.1 1.143 1.058 3

4.2 Setting of working conditions

In this paper, the similarity of Froude number was ap-
plied to constrain the propeller speed. Therefore, three con-
ditions of geometric similarity, kinematic similarity, and
Froude similarity were satisfied when designing different
scale working conditions (Table 3).

4.3 Scale effect of the open-water performance

The open-water performance of Kap00, Kap02, and
Kap04 propellers at different scales was obtained. When
the advance coefficients are 0.7 and 0.8, the thrust coeffi-
cient, torque coefficient, and propulsion efficiency vary
with the propeller scale (Figure 8).

As shown in Figure 8, the thrust coefficient and
torque coefficient of the propellers with different end
plates have the same variation trend with the scale. When
the scale increases from 0.25 to 1 m, the thrust coefficient
and efficiency of all propellers decrease, whereas the
torque coefficient increases gradually because of the flow

| 7 4

(a) Local layout of blade tip of Kap00 (b) Local layout of blade tip of Kap02  (c) Local layout of blade tip of Kap04

{'?\’f./a_ ’

(d) 3D perspective view of Kap00
Figure7 3D model of Kap00, Kap02, and Kap04 propellers
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(e) 3D perspecti\;e view of Kap02

() 3D perspective view of Kap04
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Table 3
propeller at different scales

Working conditions and Reynolds number of Kappel

2013), the friction resistance coefficient curve is near
the peak at this condition.
When the scale is larger than 1 m, the surface flow is

Diameter ~ Rotation  Time step v, Re
(m) speed (1/s)  (107%s) (m/s) completely turbulent, and the change trend of propeller
07 21 4.665 x 10° performance with scale is the same as the empirical formu-
0.25 12 0.2 08 24 4723x10° lain ITTC1978. As the scale rises, the thrust coefficient
09 27 4787 x 10° and propulsion efficiency of the propellers increase,
07 42 3732 x10° whereas the torque coefficient decreases. Compared
1 6 0.45 08 48 3.778 x 10° with the model scale (scale of 0.25 m) calculation re-
09 54 3830 x 10° sults with regard to the same propeller type with scales
07 84 298 x 107 o_f 1 4,and 8 m, the_cl_wange ampIiFu.de of the thrust coef-
4 3 0.9 08 96 3023 x 107 ficient, torque coefficient, and efficiency of Kappel pro-
09 108 3.064 x 107 peIIers,_ WhIC|’_] can be gxprt_essed as AK;, AK,, and A_K”,
07 119 845 x 107 respectively, is shown in F_lgures 9-11. The ga!culatlon
g 1 13 08 136 8549 x 107 for_m_ula of the thrust cc_)efflu_ent,_torque coeffluent, ar}d
’ ' ' ' ' , efficiency change amplitude in Figures 9-11 is shown in
09 153 8.666 x 10 Egs. (17)-(19).
AKT - KTs - KTm (17)
state change from laminar flow to turbulence. Based on K
the document (Hasuike et al., 2017), the thrust output AKq = Kos = Kan (18)
could be broken down by the magnification of the flow Kan
separation and boundary layer of the turbulence flow with Ay = Ns = M (19)
increasing Reynolds number in the range of 4.5x10°-2.5x M

10°, which is within the Reynolds number range when
the scale is between 0.25 and 1 m (Table 3). As shown
in Table 3, the propeller Reynolds number at a 0.25 m
scale is 4.8x10° which is in the laminar-turbulence con-
version region. When the scale is 1 m, the Reynolds
number is 3.77x10°, which is completely in a turbulent
state. Compared with previous studies (Streckwall et al.,

As shown in Figure 9, the changes in thrust coeffi-
cient and propulsion efficiency are inconsistent. How-
ever, the torque coefficient shares the same rule at each
advance speed, and the change in the amplitude of Kap-
pel propellers with end plates is greater than that of pro-
peller Kap00, of which propeller Kap02 shows the larg-
est variation.

2 o Kap00 0.036[ — Kap00
021 — ~Kabos 070
: A T e g ; '

0.69
020}
£ 0.032} a2
Mol9p . =
G Aol 0.67
GIBF ~~__ "
L ! 1 i 0028 i i " J 066
025m Im 4m 8m 025mIm 4m 8m
Scale Scale
(@)J=0.7
—— Kap00 -~ Kap00
0.161 _—— - Kap02 0.030r Ka};’gz 0.75
'hq____q__ _‘__‘,‘f" —— T—
" p Kap0d 4
0.15} GOdBL e —
0.73
L 20,026} =0.72
QI e ™ 0.024f = o
e 0.70
2 oasE im an B 2 3sm im Am B 0.6%
Scale Scale
(b)J=0.8

Figure 8 \Variation of the thrust coefficient, torque coefficient, and propulsion efficiency of Kappel propellers with scale change under
different advance speeds
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Figure 9 Changes in the amplitude of the thrust coefficient, torque coefficient, and propulsion efficiency of Kappel propellers with different

end plates under a 1 m scale compared with those under a 0.25 m scale
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Figure 10 Changes in the amplitude of the thrust coefficient, torque coefficient, and propulsion efficiency of Kappel propellers with different

end plates under a 4 m scale compared with those under a 0.25 m scale
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Figure 11

As shown in Figure 10 and Figure 11, when J is equal to
0.7 or 0.8, the change rate of the thrust coefficient decreas-
es with the increase of the bending degree of the end plate,
whereas the change amplitude with different end plates is
not evident. With regard to the torque coefficient, the
change range of the Kappel propeller with an end plate is
significantly greater than that of the propeller without an
end plate. The change rate of the torque coefficient acceler-
ates with the increase of the bending degree of the end
plate. With regard to efficiency, no evident rule and no sig-
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Changes in the amplitude of the thrust coefficient, torque coefficient, and propulsion efficiency of Kappel propellers with different
end plates under an 8 m scale compared with those under a 0.25 m scale

nificant difference in the variation range of the three pro-
pellers were observed when J is equal to 0.7 or 0.8.

The overall rule of the Kappel propeller's scale effect is
consistent with that of the conventional propeller. The
thrust coefficient and propulsion efficiency of the Kappel
propeller increase with the increase of the scale, whereas
the torque coefficient decreases at a scale range between 1
and 8 m. The torque coefficient of the Kappel propeller,
except for the thrust coefficient and propulsion efficiency,
increases with the change of scale, whereas that of an ordi-
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nary propeller increases with the bending degree of the
end plate.

When J = 0.8, the radial distributions of the thrust coef-
ficient and torque coefficient of propellers with different
scales and different end plates are shown in Figure 12 and
Figure 13.
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Figure 12 Radial thrust coefficient distribution of the propellers with
a propeller scale when J=0.8

By comparing the radial distribution of the thrust coeffi-
cient and torque coefficient under different scales of the
same model, the thrust coefficient within each radius
range of the Kappel propeller increases with the increase
of the scale, whereas the torque coefficient decreases with
the scale. The magnitude of the thrust coefficient, which
changes with the scale in different radius ranges, is not
consistent. The point where the thrust coefficient changes
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Figure 13 Radial torque coefficient distribution of the propellers
with a propeller scale when J = 0.8

most violently is found at the region of the maximum radi-
al thrust distribution, and the locations for different Kap-
pel propellers are different. In general, with the increase of
the bending degree of the end plate, the position where the
maximum thrust coefficient occurs moves along the radius
toward the bending point of the end plate.

The torque coefficient of the Kappel propeller varies
with the scale, which is distinguished from that of the
thrust coefficient. The point where the torque coefficient
changes violently with the scale is found between the
point of maximum torque and the blade tip, which is not
symmetrically distributed on both sides as the thrust coeffi-
cient does. Moreover, with the intensification of end plate
bending, the area where the torque coefficient changes sig-
nificantly is closer to the blade tip. The scale does not in-
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fluence the overall radial distribution of the thrust coeffi-
cient and torque coefficient, except for the distribution
near the maximum value. In addition, the thrust coefficient
changes evidently on both sides of the maximum value,
whereas the torque coefficient changes evidently on the
side near the blade tip and the point of the maximum value.
As shown in Figure 13, the influence of the end plate on the
scale effect of propeller torque distribution is reflected in
the position r/R = 0.7, and the greater the bending degree, the
greater the change of torque near the blade tip with scale.

4.4 Scale effect analysis of Kappel propeller flow
field with different end plates

This paper analyzed the axial velocity of the flow field for
three groups of propellers when J is 0.8. For comparison, the
axial velocity is dimensionless, as shown in Eq. (20), where
V, is the advance speed, V, is the velocity along the propeller
axis, and U represents the dimensionless axial velocity.

(20)

4.4.1 Wake field distribution analysis of Kappel propellers

(d) Kap00-8 m

(b) Kap02-1 m

0%5

(¢) Kap02-8 m

with different end plates

The wake fields of propellers Kap00, Kap02, and Kap04
at the scales of 1 and 8 m were obtained (Figure 14). As
shown in the figure, the coverage area of the high-speed re-
gion (dark-red region) changes significantly. With the in-
crease of scale, the high-speed area gradually extends to
the front of the spiral, closer to the propeller blade, with its
growing area. The increase in the high-speed area indi-
cates that the kinetic energy of the wake increases with the
increase of the scale, which is related to a strong propul-
sion ability based on the ideal propeller theory, which may
not be verified clearly by the variation of the tip vortex
contraction (Figure 15). This finding also reflects the law
presented in Section 4.3; that is, the thrust coefficient of
the propeller increases with the scale.

The axial velocity distribution 0.08D downstream the
propeller disk was extracted (Figure 16). The form of axi-
al velocity distribution for the three propellers does not
change with the scale, but the high-speed area has evi-
dent variation. Comparing Figures 16(g)—16(f), the high-
speed area of the Kap04 propeller has grown, and the re-
appearance of the high-speed region near 0.7r/R, which
reflects the amplitude of wake velocity, slightly increases

0%5

(c) Kap04-1 m

0915

(f) Kap04-8 m

Figure 14 Wake flow field of different Kappel propellers at the scales of 1 and 8 m (J = 0.8)
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(d) Kap00-8 m (0 = 15 572)

(e) Kap02-8 m (0 = 15572)

(f) Kap04-8 m (0= 15572)

Figure 15 Tip vortex structures of different Kappel propellers at the scales of 1 and 8 m (J = 0.8)
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Figure 16 \elocity distribution of Kappel propellers 0.08D away from the disk at the scales of 1, 4, and 8 m (J = 0.8)

with the scale. Moreover, the wake high-speed zone of
propeller Kap02, that is, originally dispersed, gradually
merges into a circle with the increase of scale. Therefore,
the fusion trend of the propeller wake will become evi-
dent on a larger scale.

In exploring the velocity distribution in detail, a probe
line was set at the first vortex of the propeller wake when
J is equal to 0.8, of which the position can be converted
considering the scale ratio shown in Figure 17, thereby ob-
taining the radial distribution of axial velocity values in

-0.331 0.58 1.49
I ]

Figure 17 Position of the axial speed detection line

Figure 18.

The change trend of the axial velocity on the three de-
tection lines remains the same with the increase of the
scale. The higher the Reynolds number, the greater the
change of the axial velocity at the vortex, and the stronger
the strength of the tail vortex. The dimensionless axial ve-
locity distribution curves of the three propellers are quite dif-
ferent. The greater the bending degree of the end plate, the
faster the change, and the sharper the display on the image.

4.4.2 Flow field distribution of Kappel propellers near
the blade tips

The principal difference that distinguishes the Kappel propel-
ler from the conventional propeller is the tip geometric struc-
ture, which is worthy of analysis on the flow field near the
blade tip for Kappel propellers at unequal scales (Figure 19).

Figure 19 shows that the form of the flow field distri-
bution in the lateral view generally remains invariable for
the same type of Kappel propeller at the scales of 1 and
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Figure 18 Radial distribution of the axial velocity at the first tip vortex of Kappel propellers at different scales
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Figure 19 Flow field of Kappel propellers near the tips at the scales of 1 and 8 m (J = 0.8)
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Figure 20 Pressure distribution of Kappel propellers at the scales of 1 and 8 m (J = 0.8)

8 m. In the case of a 1 m scale, the low-speed or high-  the increase of scale, the cross flow near the tip occurs
pressure zone is found close to the tip in the pressure side for propeller KapQ0, together with the reverse flow on
for propeller Kap00, which induces disordered flow near  the pressure side surface a little away from the tip for pro-
the tip. By contrast, the flows near the tip of propellers peller Kap02, which is obstructed by the coming flow. On
Kap02 and Kap04 are steady and smooth. In the case of  the contrary, the flow field remains stable without tip cross
an 8 m scale, the flow across the tip starts to affect the flow for propeller Kap04 at the scales of 1 and 8 m. The
field near the tip of propellers Kap00 and Kap02. With abovementioned phenomena indicated that the field near
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the Kappel propeller tip exhibits a cross flow trend with the
increase of scale, which can be delayed by the end plate.

The pressure distribution of propellers Kap00, Kap02,
and Kap04 at the scales of 1 and 8 m from a lateral view is
presented in Figure 20, which might be helpful in analyz-
ing the flow field near the tip (Figure 19) and the velocity
distribution of the overall field (Figure 14). Therefore, the
low-pressure zone in the suction side of different scales
shares a consistent form, whereas the relative area tends to
dwindle slightly as the scale rises, which increases with
the enlargement of the bending degree of the end plate.

5 Conclusions

In this paper, a series of detailed scale effect studies have
been conducted on Kappel TRP. The performance was simu-
lated by CFD, and the scale effect of Kappel propellers with
different bending degrees on the open-water performance
and velocity field distribution were studied. The main conclu-
sions are drawn as follows:

1) The scale effect of Kappel propellers with two types of
different end plate bending degrees and one type without
bending at the scales of 0.25, 1, 4, and 8 m was simulated
(Reynolds number: 4.665x10°-8.666x10"). Therefore, the scale
effect of the torque coefficient is greater than that of the conven-
tional propeller. The greater the bending degree of the end plate,
the greater the scale effect of the torque coefficient. Howev-
er, no evident difference is observed between the scale effect
of thrust coefficient and efficiency. It should be noted that,
due to the fluid state transition from laminar flow to turbulence
flow, the thrust coeffecient and propulsion efficiency cut down
abruptly for the scale of 1 m compared with the other cases.

2) The influence of the scale effect of Kappel propellers
with different end plates on the velocity distribution was ana-
lyzed. With the rise of the scale, the high-speed area of di-
mensionless axial velocity of the propeller wake grows, and
the trend of propeller wake fusion accelerates. The variation
of dimensionless axial velocity at the first vortex of the pro-
peller wake at different scales shows that the increasing scale
will lead to the enhancement of the wake strength. In addi-
tion, the cross flow tends to show its presence near the blade
tip when the scale increases, which could be delayed by the
end plate structure of the blade.
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