The Society of Naval Architects of Japan

187

A Surface Panel Method for Ducted Propellers
with New Wake Model Based on

Velocity Measurements

by Chiharu Kawakita®, Member

Summary

The velocity distribution downstream of a ducted propeller was measured in a cavitation tunnel by
the use of a 3-component Laser Doppler Velocimeter. A considerable amount of change of the
hydrodynamic pitch of the ducted propeller was observed in comparison with that of the impeller
without duct. Based on these velocity measurements around the ducted propeller, a new wake model
considering the effect of impeller loading was proposed to improve the prediction of the hydrodynamic
performance for ducted propellers by the surface panel method. The flow fields around the ducted
propeller calculated by the use of this method were shown in good agreement with the measured data
as expected. The open-water characteristics of ducted propellers calculated by this method also
showed good agreement with the experimental data.

1. Introduction

Ducted propellers have been used for ship and under-
water vehicle propulsion. The merits of ducted propel-
lers are both to increase propulsive efficiency at heavily
loaded condition and to protect the impeller from dam-
age.

Analysis methods for ducted propellers have been
developed by many researchers. Surface panel method
is one of the most advanced methods for the prediction
of the performance for ducted propellers, because it
allows precise representations of the complicated geom-
etry. In the surface panel method, hydrodynamic model-
ing of the trailing vortex wake behind the ducted
propeller is one of the most important factors for im-
proving the ducted propeller theories. Recently, the
present author? has developed a surface panel method
in which the flow on the impeller and duct is analyzed
simultaneously. He also pointed out the importance of
the wake model behind ducted propeller for the accu-
racy of the calculation.

In the past, Hoshino® constructed the realistic wake
model for conventional propeller based on the flow field
measurements around propellers by Laser Doppler
Velocimeter (LDV). In the case of ducted propeller,
there are some examples for the velocity measurements
by LDV®#%. However, the construction of the realistic
wake model for the ducted propeller would not have
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been done yet.

In the present study, therefore, downstream of a
ducted propeller and an impeller without duct are
precisely measured for the construction of useful wake
model. The measurements were done in a uniform flow
in a cavitation tunnel by the use of a 3-component LDV.
Three components of the velocities fluctuating periodi-
cally at various radii and axial positions downstream of
the ducted propeller comparing with those of the impel-
ler without duct are presented. The variation of the
hydrodynamic pitch of the ducted propeller is clarified
by comparison with that of the impeller without duct.

Based on the measured velocity distribution of the
trailing vortex wake of the ducted propeller, a new
wake model with considering the effect of impeller
loading is proposed. Then flow fields around the ducted
propeller were calculated by the use of the surface panel
method with this wake model and compared with the
measured data. And the applicability of the present
method is also investigated by comparing with experi-
mental data for two kinds of ducted propellers.

2. Velocity Measurements Downstream of a
Ducted Propeller ‘

2.1 Definitions of Coordinate Systems and Flow
Velocities
We consider a ducted propeller rotating clockwise
with a constant angular velocity £ in an inviscid, in-
compressible, irrotational flow with a uniform axial
speed Vy far upstream. The ducted propeller consists of
an impeller and an axisymmetric duct set around it.
The impeller consists of a finite number of axisym-
metrically arranged blades of identical shape and a hub.
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We define a Cartesian coordinate system O-zyz with 7 1
origin O fixed at the center of the ducted propeller,
where x directs downstream of the ducted propeller as
shown in Fig. 1. The z-axis points upward and the y-
axis completes a right-handed coordinate system. A
cylindrical coordinate system O-x78 is also introduced,
where 6 is angular coordinate and # is radial coordi-
nate. The velocity components in the x-, ¥-, z-axis
directions are denoted by vz, vy, Uz, respectively, and the
velocity components in the 7~ and f-directions by vr,
Vo

2.2 Ducted Propeller Model and Conditions of
Velocity Measurements

Velocity measurements downstream of a ducted pro-
peller by LDV® were carried outina uniform flow in the
cavitation tunnel at Nagasaki Experimental Tank. The

ducted propeller model is a five bladed Kaplan type X
impeller in a combination with NSMB’s (now MARIN)

nozzle no. 19A. Principal particulars of the ducted pro- Fig.1 Coordinate systems of ducted propeller
peller model is shown in Table 1. For investigating the
effect of duct on the slipstream of impeller, velocity

Tablel Principal particulars of ducted propeller

measurements of the impeller without duct also carried model
out. - Di
jameter of Propeller (mm .
In the LDV measurement, rotational speed of impeller - - p ( ) 221.35
n was kept constant at #=25 rps and advance speed of Pitch Ratio 0.9741
the ducted propeller Vi was changed to vary the Expanded Area Ratio 0.6268
advance ratio as -

J=Va/nD, (2.1 Boss Ratio 0.1882
where D is the diameter of impeller. Measurements Number of Blades 5
were done in the following conditions as R | ( ] )

7—=02, 05,08, for ducted propeller, ake Angle (deg. 0.0

J=05,08, for impeller without duct. Duct Length - Diameter Ratio 0.498
The location of the velocity measurements downstream " . .
of the ducted propeller by LDV are shown in Fig. 2, Tip Clearance Diameter Ratio 0.0072
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Fig.2 Location of velocity measurements behind ducted propeller
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where 7o is the radius of impeller.

2.3 Results of Velocity Measurements Down-

stream of Ducted Propeller

As an example of the results of the LDV measure-
ments, circumferential variations of three components
of the velocities downstream of both the ducted propel-
ler and the impeller without duct at the advance ratio of
J=0.50 and at axial position of x/7=0.65 just behind
the duct are shown in Fig.3. It is shown that each
velocity component is periodically fluctuating with the
blade frequency. In both cases, the remarkable change
of the radial velocity component shows the velocity
jump across the trailing vortex sheet. The slope of the
velocity jump of the radial component at inner radii
(#/r<0.5) is opposite to that at outer radii (#/r=0.8).
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This shows that the strength of the trailing vortex
changes its sign between the inner and outer radii.
Further, this corresponds to the opposite slope of the
radial circulation distribution at inner and outer radii.
The velocity defects in the axial and tangential velocity
components observed at the position where the velocity
jump of radial component occurred correspond to the
viscous wake of the boundary layer on the impeller
blades. In the case of the impeller without duct, the
great variations of the radial velocity component at #/7o
=(.90 seem to be due to strong tip vortices. Therefore,
the tip vortices are considered to be located near this
radius. On the other hand, in the case of the ducted
propeller, the variations of the radial velocity compo-
nent at 7/»=1.00 due to tip vortices are smaller than
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Fig.3 Circumferential variations of velocities down-
stream of ducted propeller and impeller without
duct (J=0.50, x/7,=0.65)
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that of the impeller without duct. It shows that the
strength of the tip vortices of the impeller of the ducted
propeller is weaker than that of the impeller without
duct. It is considered that the reason would be that the
circulation of the impeller of the ducted propeller
decreases for the effect of duct which produces the
positive circulation by itself. The axial velocity compo-
nent of the ducted propeller at 7/7=1.05 is smaller than
that of the impeller without duct due to the viscous wake

of the boundary layer on the duct.

Velocity distributions downstream (axial positions of
x/7=0.65,1.00, 2.00) of the ducted propeller at the
advance ratio of J=0.50 are shown in Figs. 4-6 as the
form of the equi-velocity contour curves of axial com-
ponent and the velocity vectors of cross components in
a plane parallel to the propeller plane. Fig. 7 shows an
example of the impeller without duct at axial position
of z/»=0.65 and at the advance ratio of J=0.50. These

{ Ducted Prop.)

4 §=050, X/t =085 "

Trailing Vortex Sheet

{ Velocity Contour Curves )

{ Velocity Vectors)

Fig.4 Velocity distributions downstream of ducted propeller (J =050, x/7=0.65)

( Ducted Prop.)

== = 7
z } =050, X/ o= 100 W
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Trailing Vortex Sheet

( Velocity Vectors)

Fig.5 Velocity distributions downstream of ducted propeller (J =050, z/*0=1.00)
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Fig.6 Velocity distributions downstream of ducted
propeller (J=0.50, z/7=2.00)
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( Velocity Vectors)

Fig.7 Velocity distributions downstream of impeller
without duct (J==0.50, 2/%=0.65)

figures are observed from the downstream side of the
ducted propeller and the impeller without duct. In both
cases, since the impeller is right-handed, the tip vortices
are rotating in the counterclockwise direction as seen in
Figs. 4-7. Trailing vortex sheets are observed in these
figures. Angular position of tip vortex is larger than
that of the trailing vortex sheet and the difference of the
angular position is increasing along the downstream
direction. This means that the pitch of the tip vortex is

smaller than that of the trailing vortex sheet. In the
case of the ducted propeller, radial position of the
center of the tip vortices is almost constant at the blade
tip along the downstream direction. But in the case of
the impleller without duct, radial position of the center
of the tip vortices moves from the blade tip to the inner
radii along the downstream direction. This means that
the trailing vortex wake of the impeller without duct
brings about the large contraction but that of the ducted
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propeller brings about the small contraction. Compar- X/t = 0.65
ing between Fig. 4 and Fig. 7, it is clear that the strength Hydrodynamic Pitch Angle
of the tip vorteces of the impeller without duct is without with
considerably stronger than that of the ducted propeller. 101 Duct Duct J
2.4 Hydrodynamic Pitch -=-O--- ---0--- 08
Using the circumferentially averaged axial and tan- 60 ——s—— ——a—— 05
gential velocities Uz, Us, hydrodynamic pitch angle of ——fi—— 0.2
the trailing vortex wake of the ducted propeller can be 50l Geometrical Pitch Angle
calculated by -
fu=tan™ (). 2.2) g ol
An example of radial distributions of the :
hydrodynamic pitch angles at axial position of z/re=0.65 Q:; 30k
just behind the ducted propeller is shown in Fig. §, «a
comparing with the hydrodynamic pitch angles of the
impeller without duct and the geometrical pitch angle 20
defined as follows:
po=tan™ (L)), (2.3) 10}
where P(7) is the geometrical pitch distribution. As the
advaflce ratio %ncreases, the hydrodynamic pitch angle " 0i2 014 0:6 0f8 IfD ‘1f2
also increases in both cases.
The hydrodynamic pitch P» of the trailing vortex r/fo
wake of the ducted propeller can be obtained by Fig.8 Comparison of radial distributions of
P(»)=2mr-tan Bw. (2.4) hydrodynamic pitch angle of trailing vortex

wake (2/7=0.65)

1.4
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10 <~_ !mpeller Tip
08k =105 o
= Hydrodynamic Pitch
- ——V—-— X/le=0.55
0.6 —O— X/1h=0.65
——O—ei= X/To=0.75
——=A=-= X/t=1.0
0.4
" ——O—— X/hh=20
0.2}
|
0'00.0 0.5 1.0

Pw/D

Fig.9 Variations of hydrodynamic pitch of trailing
vortex wake of ducted propeller (/=0.5)
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Fig. 10 Variations of hydrodynamic pitch of trailing

vortex wake of impeller without duct (J=0.5)

Radial distributions of the hydrodynamic pitch down-
stream of the ducted propelier at the advance ratio of
J=0.50 are shown in Fig. 9, and those of the impeller
without duct are shown in Fig. 10. In the case of the
ducted propeller, the hydrodynamic pitch is nearly
constant in spite of increase of the distance from the
ducted propeller. The constant hydrodynamic pitch of
the ducted propeller would be due to the small contrac-
tion. On the other hand, the hydrodynamic pitch of the
impeller without duct increases as the distance from the
impeller increases. Increase in the hydrodynamic pitch
of the impeller without duct would be due to the con-
traction of the trailing vortex wake along the down-
stream direction. Pitch of the tip vortices is obtained
from the axial variations of the angular positions of the
center of the tip vortices. That of the impeller without
duct increases as the distance from the impeller
increases the same as the hydrodynamic pitch. The
hydrodynamic pitches of the ducted propeller at various
advance ratios are shown in Figs. 11 and 12, comparing
with those of the impeller without duct. In both cases,
the hydrodynamic pitch becomes large as the advance
ratio increases. The hydrodynamic pitch of impeller
without duct in the vicinity of the radial position #/ro=
0.70 is especially larger than that of the ducted propel-
ler. This means that the effect of the contraction
appears in the increase of the hydrodynamic pitch
downstream in the vicinity of the impeller tip particu-
larly.

3. Numerical Procedure

3.1 Numerical Modeling of Trailing Vortex Wake
‘Based on the measured velocity distribution down-

stream of the ducted propeller, a new wake model
which consists of the helical trailing vortex sheet of
impeller and the cylindrical trailing vortex sheet of duct
is considered. In this study, the trailing vortex wake is
divided into two parts, transition wake region and
ultimate wake region as shown in Fig. 13. The contrac-
tion and the variation of hydrodynamic pitch of the
helical trailing vortex sheet of the impeller are consid-
ered in the transition wake region. On the other hand,
radial positions and pitch of the helical trailing vortex
sheet are kept constant in the ultimate wake region.
The cylindrical vortex sheet of the duct proceeds down-
stream in parallel with the contraction of tip vortex
from the duct trailing edge. Further, we also construct
a wake model of the Kaplan type impeller without duct
for investigating the effect of duct.

The contraction of the helical trailing vortex sheet of
the ducted propeller and the impeller without duct is
considered first. The radial distance from the hub vor-
tex radius 7= 7w to the tip vortex radius »=7#,r in the
ultimate wake is divided into N; small panel strips.
Then the radii of each panel strips can be expressed as
follows:

Ywr :%‘(7’wT+7wh)_‘;-(7’wT—7’wh> COS Q, (3.1)

NI | -El ectronic Library Service



The Society of Naval Architects of Japan

194 Journal of The Society of Naval Architects of Japan, Vol.172
1.4
1.2+ E\
~n & 4 Impeller Tip
1.0 b P
o8 X/To = 0.65
- without with ]
0.6t Duct Duct
O o— 0.8
——=A--= -—-A=-- 05
04 ~—m—— 0.2
0.2|-
‘o
| |
0'00.0 0.5 _ 1.0
Pw/D
Fig. 11 Comparison of hydrodynamic pitch of trailing
vortex wake (x/#=0.65)
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Fig.12 Comparison of hydrodynamic pitch of trailing
vortex wake (x/r=1.00)
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Fig. 13 Model of trailing vortex wake of ducted

propeller

where,
{O for p=1,
au= (2,&“1)% o
AN F1 for p=2,3, -, Ne+1..
Radial positions of trailing vortex sheet at the trailing
edge of the impeller blade must coincide with those of

the panel strips on the blade surface expressed as
(3.2)

where #5 is the hub radius. Then variations of the radial
positions of trailing vortex panel strips in the transition
wake region can be approximated by a polynomial
expression as

r,,=%( o+ 7u) —%( Yo— 1) COS Qy,

7’m=7’n_‘(7’ﬂ—7’w#)‘fr(5), (3.3)
where,
Fr(&)=VE+1.0136-1.920£
+1.228£%—0.321&4, (3.4)
52 X —X1E
Xr—ZXrg’

Zzre=x-coordinate at trailing edge of blade,
zr=xz-coordinate of the point where the ultimate
wake region starts.
/(&) is the same expression for the conventional propel-
ler by Hoshino?.

On the basis of the measured results, the radius of
the tip vortices in the ultimate wake region can be
expressed as a function of slip ratio as follows :

(1.0 for ducted propeller,
VwT/VO—{ . .
0.929—0.162s for impeller without duct,
(3.5)
where,
s=slip ratio=1-J/p,
p=pitch ratio at 0.7 radius.

The radius of the hub vortex and axial coordinate of
the starting point of the ultimate wake are kept con-

‘stant as

Twh/?’o:().l, .Z‘F/7’0=2.0. (3 . 6)

The variation of the radial positions of the center of
the tip vortices calculated by the above equations are
shown in Fig. 14, comparing with those obtained from
the results of the flow measurements by LDV. In this
formula, as the contraction of the trailing vortex wake
of the ducted propeller is found to be fairly small, the
contraction is ignored.

Secondly the variation of the hydrodynamic pitch is
considered. The hydrodynamic pitch of the helical trai-
ling vortex sheet which flows from the radial position 7.
is constant in the ultimate wake region as follows :

Pu#:Pw#'fP(”), (3.7
where,
Pa/Pon= {0.993—0.2513 for ducted propeller,
HHITET10.87440.067s  for impeller without duct,
0.594+1.0767—0.8527°+1.3517°—1.4117*
for ducted propeller,
0.579+4-0.3877 +1.0737%+0.3937°—1.4357*
for impeller without duct,
(3.8)

fln)=

_ Ywe " Vwh
n= —_ »
Yt = Ywn

Ps.=geometrical pitch at radial position 7.
The above polynomial expressions of Pux/Pe: and f2(7)
based on 7=0.5 approximate the measurement data,
and are shown in Fig. 15. The hydrodynamic pitch P
in the ultimate wake region of the ducted propelier
decreases at the slip ratio increases while the opposite is
the case for the impeller without duct. The

NI | -El ectronic Library Service



The Society of Naval Architects of Japan

196 Journal of The Society of Naval Architects of Japan, Vol.172
1.4
1.2t
impeller Tip
1.0F — —— o
TR N
0.1 T el O~
S i
S
0.8}
07k { without Duct ) ( with Duct )
’ J  Measured Fitted Measured Fitted
0.8 O e ® _—
0.6+ 05 A ———- A —_—
0.2 B —
L. i ] {
0.0 0.5 1.0 1.5 2.0
X/l

Fig.14 Comparison of contraction of trailing vortex

wake

Pws/ Por

0.5-

Measured  Fitted

Ducted Propeller
A e Impeller  without Duct)

1 [ 1 1 Il

02 0.4 0.6 0.8 1.0

0.8+
08}
04
0.2

0.0t

Fig.15 Comparison of modeled hydrodynamic pitch

______ impelier (without Buct)

Ducted Propeller

(%)

hydrodynamic pitch of trailing vortex sheet in the
transition wake region changes smoothly from the
geometrical pitch Po. to the hydrodynamic pitch Puu in
the ultimate wake region. The variation of the
hydrodynamic pitch P in the transition wake region
can be approximated by a polynomial expression as
Pi/»‘:[PG#—(PGF—Pwﬂ)'f"(é)]fp(”)' (3.9)

Nextly, let us consider more theoretical wake model.
In the case of ducted propellers, it may be practical to
construct the wake model by the use of the thrust ratio
¢ as a parameter instead of the slip ratio s in order to
predict the performance for several ducted propellers.
is defined as

r=Tp/T, (3.10)

where Tr is impeller thrust and T is total thrust. Then,
the relation between the contraction, the hydrodynamic
pitch of the ducted propeller and the thrust ratio based
on the open-water test results is considered as follows:

The ratio of the ducted propeller wake radius 7. at
the infinite downstream to the impeller radius 7, can be
obtained by the momentum theory® as shown in Fig. 16,
comparing with the measured data. The tip vortex
radius 7wr in the ultimate wake region is almost equal
to-the value obtained by the momentum theory in the
range of the thrust ratio from 0.5 to 0.8. The operating
condition of the ducted propeller is mostly in this range.
Therefore, the contraction of the trailing vortex wake
of the ducted propeller is obtained by the momentum
theory instead of Eq. (3.5).
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Fig.17 Hydrodynamic pitch based on thrust ratio

Instead of Eq. (3.8), the hydrodynamic pitch Pux in
the ultimate wake region of the ducted propeller based
on the thrust ratio can be approximated by a
polynomial expression as

Puu/Peu=0.5+0.4207+0.4027°~0.701 °
+0.32374—0.0497°, (3.11)
and are shown in Fig. 17, together with the measured
data.

In the present calculation based on the thrust ratio,
the thrust ratio is determined by the iterative procedure.
The first solution is obtained by the use of the wake
model based on the slip ratio. The iterations are
continued until convergence on the thrust ratio is
achieved.

In this paper, two kinds of wake models are called
Wake S and Wake r. Wake S is based on the slip ratio
and Wake r is based on the thrust ratio.

3.2 Formulation of Field Point Velocity

The induced velocity at field point P outside the
boundary surface S, which is composed of impeller
blade surface Ss, hub surface Sy, duct surface Sp, impel-
ler wake surface Sws and duct wake surface Swo, can be
evaluated by taking the gradient of the velocity poten-
tial ¢. Using the relative inflow velocity V; and the unit
outward normal vector n¢ to the surface S, the field

point velocity can be expressed as
v(P)=0%¢(P)

25 S X O (T )4
T S Q5o p )

1 1
27 M s, Vi (g s
) (3.12)
where R(P, Q) is the distance from the field point P to
the boundary peint @ and 9/0#, is the normal derivative
to the boundary surface S.

Here, the blade, hub and duct surfaces are divided
into N small panels S;. Thus, the impeller and the duct
are divided into Np and N, small panels respectively.
The duct wake surface between adjacent two blades is
divided into N, wake strips. And each wake strip is
divided into L wake panels. Then, the wake surfaces of
the impeller and the duct are divided into (NeXL)
and (N.X L) small panels respectively. The potential
¢, the potential jump 4¢ and the normal component
of velocity (V;+ng) are assumed to be constant within
each panel and equal to the values ¢;, 4é,, (Vi-n,) at
the centroid of each panel, respectively. Eq. (3.12) can
be approximated by

N Nt N
v,-=j§ ;b Cz‘j+j2=ld¢jVP VV;‘;‘"E( V:-n;)% By,

(3.13)
for Z'=1, 2,"‘,N, N=NP+ND, zzNR+NL.
Here, 3 C.;,VrBy; and [RW;; are the influence

coefficients defined by

’Z’C*f:é[fz? l Z 8?1,- (le,-k )dsf]’
K L

-3 0 ) o0
K

7 Bo= 2] 1 [, 7 () as.

where,
K=number of impeller blades.

If the surface element of the ducted propeller are ap-
proximated by a number of quadrilateral hyperboloidal
panels, the influence coefficients are evaluated analyti-
cally in near field. On the other hand, they are approx-
imated by a Taylor series expansion in the far field in
order to save computation time.

4. Comparison with Experimental Data

4.1 Open-Water Characteristics

The open-water characteristics of both the ducted
propeller and the impeller without duct which were used
in the flow field measurement were calculated by the
present panel method with the new wake model. The
panel arrangements of the ducted propeller are shown
in Fig.18. The panel arrangements of trailing vortex
wake of the ducted propeller at the advance ratio of
J=0.50 are illustrated in Fig. 19, comparing with those of
the impeller without duct. It is clearly shown that the
deformation of the trailing vortex wake of the ducted
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Ducted Propeller follows :
K — T _ TP+ TD K — Q
T pnzDA anD“ 3 Q "pn'ZDs, (4 ‘1)

KTP="“"—“—pnYz‘PD4, KTD:_TTpZ?) s
where,

o=density of water.
| The calculated results of the impeller without duct are
shown in Fig. 20, comparing with the experimental
data. The thrust coefficient Kr and the torque coefficient
K, are in good agreement with experimental data. On
the other hand, the comparison between the calcula-
tions and experiments of the ducted propeller are shown
in Fig.21. The impeller thrust coefficient Kr» and the

Impeller ( without Duct)

———— Calculation
0.6f -~-O--~ Experiment
Upstream View
Fig.18 Panel arrangement for ducted propeller used in oal
flow measurements s
=
Ducted Propeller ool
——
T
i1
Hi— 17
u e 1 1 L 1
- 0.2 04 06 0.8

Advanced Coefficient, |

Fig. 20 Comparison of open-water characteristics for
impeller without duct

Ducted Propeller

impelier ( without Duct)

0.6
Calculation (wake S)
---O--- Experiment
041
£
E
Fig.19 Comparison of new wake models between Cal
ducted propelier and impeller without duct =
propeller is smaller than that of the impeller without ook
duct for the effect of small contraction.
Here, the impeller thrust 7%, duct thrust 7p and total N X L X
0.2 0.4 06 08

thrust 7 and torque @ of the ducted propeller can be

expressed in the nondimensional forms which are the
thrust coefficient Kr, torque coefficient Ko, impeller  Fig.21 Comparison of open-water characteristics for

thrust coefficient Kr» and duct thrust coefficient Krp as ducted propeller

Advanced Coefficient, )
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torque coefficient Ky are in good agreement with experi- -

mental data over a wide advance ratio. But the duct
thrust coefficient Krp is larger at low advance ratio and
smaller at high advance ratio than experimental data.
This discrepancy may be partially due to neglect of the
flow separation from the duct.

4.2 Velocity at Field Point

In order to evaluate the accuracy of the present
method, flow field around the ducted propeller were
calculated and compared with the measurements by

LDV. Comparison of the velocity distribution of the
ducted propeller at axial position of x/#=1.00 and at
the advance ratio of J=0.50 is shown in Fig. 22 in the
form of equi-velocity contour curves and shown in
Fig. 23 as the velocity vectors in a plane parallel to the
propeller plane. The calculated result of the axial
velocity v» generally agrees with the experimental one
though it is slightly smaller in the vicinity of the radial
position #/7=0.70.

Radial distributions of the circumferentially averaged

}=1050, x/f=1.00

Measured by LDV

Calculation

Fig. 22 Comparison of axial components of velocities downstream of ducted propeller (J=0.50, z/7=0.65)

J=1050, x/T=1.00

Measured by LDV

Calculation

Fig. 23 Comparison of cross components of velocities downstream of ducted propeller (J=0.50, z/7=0.65)
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velocities calculated by the present method are compar-
ed with the measurements as shown in Fig. 24. The
agreement between the calculations and the measure-
ments is generally good. However, there are disagree-
ments in the tangential velocities at the small radial
positions. This discrepancy may be improved by con-
sidering a hub vortex in our wake model. The radial
velocities are nearly equal to zero. This phenomenon
may cause the small contraction of the trailing vortex
wake of the ducted propeller.

5. Numerical Applications

5.1 NSMB Ka4-55 in nozzle ne. 19

In order to evaluate the applicability of the present
wake model for ducted propellers, comparative calcula-
tions were conducted for ducted propellers with pub-
lished experimental open-water characteristics. Firstly,
NSMB (now MARIN) Ka4-55 screw in nozzle no. 19
was selected”. This ducted propeller illustrated in
Fig. 25 has four blades with an expanded area ratio of 0.55
and pitch ratio at 0.7 radius of 1.0. The open-water
characteristics calculated by the present method with
two kinds of wake models which are based on the slip
ratio s and the thrust ratio r are shown in Fig. 26,

O Measured
J=05 @ Calcuiation
vx/VA
0018 20 0 49
00 10 20
12 g g
10
Yty
SRy I I ]
y (@
02 | 07| o7 ai
L= 2.00
X/t
T/
0 10 20 '
00 10 280 10 20 00 10 20
1.2 ) . .
10
_ 08
E 06
04
02
0.65 100 - 2.00
X/t
~Tp/ Ny
00 10 20,4 19 20 60 10 20
12 T
10
_ 08
St |5 o o
04
02 gf’ .90. 08:
0.65 1w 200
X/l

Fig.24 Comparison of circumferentially averaged
velocities for ducted propeller

NSMB Ka4-55 in Nozzle No.19

22 XA
NG

==

& 2
7

L 7772
[ ] I L4
1

72
=

7
7
/l;‘/;’:

7

Upstream View

Fig. 25 Panel arrangement for NSMB Ka4-55 in
nozzle no. 19

NSMB Ka4-55 in Nozzle No.19

0.6

Calculation ( wake S)
s s T Calculation (Wake T)
~-~O~--- Experiment (7)
& Van Houten(8)
04}
=
e
£
o 0.2+
=
0.0t
Advanced Cuefﬁcieﬁt, J
Fig. 26 Comparison of open-water characteristics for

NSMB Ka4-55 in nozzle no. 19

comparing with the experiments and the calculation by
van Houten® using a lifting surface theory. The calcu-
lated results by the present method are in better agree-
ment with the experimental data over a wide range of
advance ratio than the calculated results by wvan
Houten. The duct thrust coefficient K1 is larger at low
advance ratio and smaller at high advance ratio than
experimental data. This tendency is the same as the
ducted propeller used in flow measurements. The results
with 7 based wake model is slightly close to the experi-
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NSMB R4-55 Ringpropeller

Upstream View

Fig. 27 Panel arrangement for NSMB R4-55
ringpropeller

NSMB R4-55 Ringpropeller

1.0 _
Calculation (wake S)

0.8?\ ————— Calculation (Wake T)
o ---O--- Experiment (3]

0.6

=

0.4}

0.2+

0-0 1 J i

ol 1 1
0.0 0.2 04 0.6 0.8 1.0 1.2 1.4
Advanced Coefficient, }

Fig. 28 Comparison of open-water characteristics for
NSMB R4-55 ringpropeller

mental data.

5.2 NSMB R4-55 ringpropeller

Next application was made for NSMB R4-55
ringpropeller” as an example of extremely different
duct length-impeller diameter ratio. A ringpropeller is a
kind of a ducted propeller but the impeller blade tips
attach to the ring which rotates with the impeller. This
ring propeller illustrated in Fig. 27 has four blades with
an expanded area ratio of .55, pitch ratio at 0.7 radius
of 1.4 and duct length-impeller diameter ratio of 0.15.
The open-water characteristics calculated by the pres-

ent method with two kinds of wake models are shown
in Fig. 28. The calculated results are in good agreement
with the experimental data, and the results with the
thrust ratio based wake model are in better agreement
with the experimental data than the results with the slip
ratio based wake model.

6. Concluding Remarks

The flow field downstream of a ducted propeiler and

a impeller without duct were investigated precisely by
the use of a 3-component LDV. Comparison of velocity
measurements clearly shows the effect of duct. Based on
the measured velocity distributions downstream of the
ducted propeller, new wake models of the trailing
vortex wake based on both the slip ratio and the thrust
ratio were proposed. Calculations by the present
method and the measurements led to the following
conclusions :

(1) The strength of the tip vortices of the impeller of
the ducted propeller becomes weaker than that of
the impeller without duct due to the effect of duct.

(2) The contraction of the trailing vortex wake of the
ducted propeller is fairly small in the range of the
thrust ratio r from 0.5 to 0.8 which is in the usual
operating condition of the ducted propeller.

(3) The hydrodynamic pitch of the ducted propeller
in the vicinity of the radial position #/#%=0.70
becomes smaller than that of the impeller without
duct due to small contraction.

(4) Flow field around a ducted propeller can be
predicted fairly well by the present panel method.

(5) Open-water characteristics of ducted propellers
calculated by the present method are also in good
agreement with experimental ones.

(6) The iteration method with the experimental
wake model based on the thrust ratio can predict
more precisely than the method based on the slip
ratio.
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