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ASurface  Panel Method for Ducted
       with  New  Wake  Model  Based

                Velocity Measurements

Propellers
on

by ChiharuKawakita*,Member

                                    Sumrnary

 The  velocity  distribution downstream of  a  ducted propeller was  measured  in a cavitation  tunnel by

the use  of  a 3-component Laser Doppler Velocirneter, A  considerable  amount  of  change  ef  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 ef the  hydrodynamic
                                                                           ductedperformance  fer ducted  propeilers by the surface  panel method.  The flow fields around  the

propeller calculated  by the use  of  this method  were  shown  in good  agreement  with  the measured  data
                                                                    is method                                                                             also
as  expected.  The  open-water  characteristics  ef  ducted propellers calculated  by th

showed  good  agreement  with  the experimental  data.

              1. Introduction

 Ducted propellers have  been used  for ship  and  under-

water  vehicle  prepulsion. The  merits  of  ducted propel-
lers are  both to increase propulsive eMciency  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, beeause it

allows  precise representatiQns  of  the complicated  geom-

etry.  In the  surface  panel methocl,  hydrodynamic rnedel-

ing of  the trailing vortex  wake  behind  the ducted

propeller is one  of the rnost  important factors for irn･

proving the ducted propeller theories. Recently, the

present author')  has developed a  surface  pane] methed

in which  the fiow on  the  impeller and  duct is analyzed

simultaneously.  He also  pointed out  the iinportance ef

the wake  model  behind  ducted propeller for the accu-
racy  of  the calculation.

  In the past, HestiinoZ} constructed  the realistic wake

model  for conventionai  propeller based  on  the flow field
measurements  around  propellers by Laser Doppier

VelociTneter (LDV). In the case  ef  dueted propeller,
there are  some  examples  for the  velocity  rneasurements

by  LDV3)･`'. However, the construction  of  the realistic

wake  model  for the ducted propeller  would  net  have
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been done vet.

  In the p'resent study,  therefore, downstream  ef  a

ducted propeller and  an  impeller without  duct are

precisely measured  for the construction  of useful  wake

medel.  The  measurernents  were  done  in a  uniform  fiew
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 downstrearn of
the ducted propeller cornparing  with  those of  the  impe1-

ler without  duct are  presented.  The variation  of  the
hydrodynamic pitch of the dttcted propeller is clarified

by  cornparison  with  that of the impeller without  duet.

  Based on  the  measurecl  velocity  distribution of the

trailing vortex  wake  of the  ducted propeller, a  new

wake  medel  with  considering  the effect of impeller

loading is preposed,  Then  fiow fields around  the ducted

propeller were  calculated  by  the use  of  the surface  panel
method  with  this wake  mQdel  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
      Veloeities

  We  consider  a  ducted prepeller rotating  clockwise

with  a  constant  angular  velocity  9  in an  inviseid, in-

compressible,  irrotational fiow with  a uniforrn  axial

speed  }h far upstrearn.  The ducted propeller consists  of

an  impeller and  an  axisymmetric  duct set around  it.
The irnpeller con$ists  ef  a  finite number  of  axisym-

metrically  arranged  blades of identical chape and  a hub.

11'!!!
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  We  define a  Cartesian coerdinate  system  O-xgLg with

origjn  O  fixed at  the eenter  of the ducted prepeller,

where  x  direets 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-xre is alse  intreduced,

where  e is angular  coordinate  and  r  is radial  coerdi-

nate. The  velocity  compenents  in the x-,  y-, z-axis

directions are  denoted by v=,  vy, v2, respectively,  and  the

velocity  components  in the r-  and  e-directions by vr,

Ve･

  2.2 Ducted Propeller Model and  Conditions  of

      Velocity Measurernents

  Velocity measurements  downstrearn of  a  ducted pro-

peller by  LDV5) were  carried  out  in a uniform  flow in the

cavitation  tunnel at Nagasaki Experimental  Tank, The

ducted propel]er rnodel  is a  five bladed Kaplan type

impeller in a  combination  with  NSMB's  (now MARIN)

nozzle  no.  19A. Principal particulars  of  the ducted pro-

peller model  is ahown in Table  1. For investigating the

effect of duct on the slipstrearn  of  impeller, velocity

measurements  of the irnpeller without  duct also  carried

out.  
'

  In the LDV  measurement,  rotational  speed  of  impeller

 n  was  kept constant  at  ni=25  rps  and  advance  speed  of

the ducted propeller  IL4 was  changed  to vary  the

 advance  ratio  as

    J-  VCtfnD, 
'(2-1)

 where  D  is the  diameter  of impeller, Measurements

 were  done in the following conditions  as

    J=O.2, O.5, O,8, for ducted propeller,
    f=te,5, O,8, for impeller without  duct.

 The !ecation ef the velocity  measurernents  downstream

 of the ducted propeller by  LDV  are  shown  in Fig. 2,

Fig.1

Table 1

Coordinate systerns

Principal
rnodelparticulars

of ducted prope!ler

of  ducted

y

propeller

DiameterotPropeller(mm) 221.35

PitchRatio O.9741

ExpandedAreaRatie O.6268

BossRatio O.1882

NumberofBlades 5

RakeAngle(deg.) o.o

DuctLength-DiameterRatioO.498

TipCIearance-DiameterRatioo.Bo72

NSMBNouleNo.19A

/

I-!!1!1/

x/ro=O O.55O.75
D.498O.65 1.0 2.0r1ro=121,l51.051.Dg.go,esosO.7

O.5
d

e.2O,1B

-

Fig.2 Location

                       oMeasuring  Point

of velocity  measurements  behind ducted propeller
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where  ko is the raditts  of impeller,
  2.3 Results of  Velocity Measurements  Dewll-

      stream  of  Ducted  Propeller

  As  an  example  of  the results  of the LDV  measure-

ments,  circumferential  variations  of three components

of  the ve]ocities  downstream  ef both the ducted propel-
ler and  the impeller without  duct at the advance  ratio  of

1==O,50 and  at axial  position ef  xfrb=O.65  just behind
the duct are  shown  in Fig.3. It is shown  that each

velecity  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 raclii

(nySrbKO,5) is opposite  to that at outer  radii  (,Vro >-e.8),

This  sihows 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  circutation  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 radiai  cQmponent  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 tho
=e,9e  seern  to be diue to strong  tip vortices.  Therefore,
the tip vortices  are  considered  to be locatedi near  this

radius.  On the other  hand, in the case  of  the ducted

propeller, the variations  of the radial  velocity  eompo-

nent  at 7Vh==1.00  due to tip vortices  are  smaller  than
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that of  the impeller without  duct. It skows  that  the

strength  of the tip vortices  of the impeller of the ducted

propeller  is weaker  than that of the impe]!er 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 ofrb= 1.05 is smaller  than

that of  the impeller witheut  duct due to the viscouswake

of the boundary  layer on  the duct.

 Velocity distributions downstream (axial positions of

xlh=tO.65,1.00,2.00)  of the ducted propeller at the

aclvance  ratio  of f ==e.50  are  shown  in Figs. 4u6 as  the

form of  the equi-velocity  contour  curves  of  axial  com-

ponent  and  the  velocity  vectors  of cross  
companents

 
m

a  plane parallel to the propeller plane. 
Fig. 7 shoiys  an

example  of  the impeller without  duct at  axial  position
                                 ==O.5a. These
of  x17lo =:=e.65  and  at the advance  ratio  of  f

1

(DuctedProp.)

j=o.se,

Fig,4(Velocity

 Contour Curves )

Velocity clistributions

v

x1re=OS5

downstream

     1

     [TipVortexs

ef  ducted

(VelDcityVectors]

propeller(1=O.50,xfro=O,65)

y'

/

11I･

(Ducted Prop.)

z1 i =  ti.50 
,

Fig,5

1
(Veiaeity Conteur Cllrves)

Velocity distributions

xXrg

y

downstream

              C Veloelty Vectors }

ef ductedi propeller (1=O.50,xlrb==1.00)
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(Ducted Prop.)

! s=oso

( Velecity Coniour euFves }

      Fig.6 Velocity

            propeller

y

x1  t

distributions downstream
u=o,se, xfh=-2.oo)

   C without Dilct )

CVeiocityVeators}

of  ducted

x

y

z i=e.so

{VeiocityContottrCttrves)

      Fig.7 Veloeity distrib

            without  duct (1

y

xl ro -- O,G5 zL
lh

utions  downstream
-o.se,  x/th  --oss)

figures are  observed  frorn the downstream side  of  the

ducted propeller and  the impeller without  duct. In both
cases,  since  the impe]ler is right-handed,  the tip vortices

are  rotating  in the counterclockwise  direction as  seen  m

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

anguJar  position is increasing along  the  downstream
direction. This means  that the pitch  of the tip vortex  is

         U
         1
         1

    (Vetoelty Vecters ]

of impeller

y

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 aimost  constant  at  the blade

tip along  the downstrearn 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 eontraction  but that of the dueted

!!
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propeller brings about  the small  contraction.  Compar-

ing between  Fig,4 and  Fig. 7, it is clear  that  the strength

of the tip vorteces  of the impeller without  duct 3s

considerably  $tronger  than that oi the ducted propeller.

  2.4 Hydredynamic Piteh

  Using the circumferentially  averaged  axial  and  tan-

gential  ve!ocities  ex, Oe, hydrodynamic pitch angle  of

the  trailing  vDrtex  wake  of the  ducted propeller can  be

calculated  by

    Bw=tan-i( lts?Ot fi,)･ (2'2)

  An  example  of  radial  distributions of  the

hydrodynamic  pitch angles  at  axial  pesition of xlVb=O.65

just behind  the ducted propeller is shewn  in Fig.8,

comparing  with  the hydrodynamic pitch angles  of  the

impeller without  duct and  the geometrical pitch angle

defined as  iollows ]

    B.= tan-i( 
l;
 
r.)
 ), (2･3)

where  P(r) is the geometrical pitch distribution. As the

advance  ratio  increases, the hydrodynamic pitch angle

also  increases in bDth cases.

  The  hydirodynamic pitch  Pw o{ the trailing vortex

wake  of  the ducted propeller can  be obtained  by

    k(r)=2"r･tanSto, (2･4)

A .uacovL.

 )eqdieq

Fig. 8

l

6

x/ro =  O.65

Hydredynamic Pjtch Angle

 

                rlro

Cemparison ef radial

hydrodynamic  pitch angle

wake  (x!rb==O.65>

distribtttions of

of trailing vortex

//1//

'

 os-.x-

Fig.9

Pw1D

Variations of  hydrodynamic pitch
vortex  wake  Of ducted propeller (Jof

 trailing

-O.5)
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 o"x-

IA

1.2

1.0

O.8

O.6

O.4

O.2

o-%.o
O.5 1.0

PwlD

Fig, 10.Variations  of hydrodynamic pitch of

vortex  wake  of  impeller without  ducttrailing<J-:O,5)

Radial distributions of  the hydrodynamic  pitch down-
stream  of the ducted propeller at the advance  ratio  of

f--O.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 piteh is nearly

constant  in spite  of  increase of  the distance from  the

ducted propeller. The constant  hydTodynamic, pitch of
the ducted propeller  would  be due to the small  contrac-

tion, On  the other  hand, the hydrodynamic  pitch of  the

impelier without  duct increases as  the distance from the

imperler increases, Increase in the hydrodynamic pitch
ef  the impeller without  duet 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  ef  the  tip  vortices,  That  of the impeller without

duct increases as  the distance from the impeller
increases the same  as  the hydredynainic pitch, The
hydrodynamic pitches  ofthe  ducted propeller at various

advance  ratios  are  shown  in Figs, 11 and  12, cemparing
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 r/rb=

g.70 is especially  larger than  that  of the ducted propel-
ler. This rneans  that the effect of the contraction

appears  in the increase of  the hydroclynamic  pitch
downstream in the vicinity  of  the impeller tip partieu-
larly.

3. NimiericalProcedure

  3. 1 Numerical Modeling of  Trailing Vortex  Wake

  Based on  the measured  velocity  distributi6n down-
stream  of the ducted propeller, a  new  wake  model

which  consists  of the helical trailing  vertex  sheet  of

irnpeller ancl the cylindrical  trailing vortex  sheet  of duct
i$ 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  i{ept constant  in the ultimate  wake  region.

The  cylindrical  vertex  sheet  of  the cluct proceeds  down-
stream  in parallel with  the contraction  of tip vortex

from the duct traillng 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 prepeller and  the irnpeller without  duct is
considered  first. The radial  distance from the hub vor-

tex  radius  r==:  rtvh to the tip vortex  radius  r  
=
 rwr  in the

ultimate wake  is divided into N}? small  panel strlps.
Then the radii  of  each  panel strips can  be expressed  as

follows :

   rlv" == J}( rwT  +  ran)Lt(  rwT-  rwh)  cos  evpt, (3. 1)
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.oN.-

1!/

PwfB

Fig.11Comparison  of  hydrodynamic pitch of  trailing

vortex  wake  (x/7ke=O,65)

-ex"

Fig. 12

           Pw/D

Comparison  of hydredynamic pitch of trailing

vortex  wake  (xfrb==1,OO)
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Duct (TransitionWake) CUItimateWake)

VortexSheetDfDuct

d

lmpeller

XTEpt

TipVortex

rpt
HuhVortex

r rwT

rwh

' o
"

XF
-

x

Fig, 13Model  of trailing vertex  wake

propeller

of  ducted

where,

    cv)i-Iim/2"-i)rr  i:i ::ll3,, 
,]vi,+i

Radial  positions of  trailing vortex  sheet  at  the trailing
edge  of  the irnpeller blade must  coincide  with  those of
the panel strips on  the blade surface  expressed  as

    n=$  2lo+n>  
-Sk-h)

 cos  ab,  (3.2)

where  rh  is the hub radius.  Then variations  of  the radial
positions of trailing vortex  panel strips in the transit'ion
wake  region  can  be approximated  by  a  polynomial      i
expresslon  as

    r}"==h-<rp-rwD･fV(4),  

'
 (3.3)

where,

   A(6)=J?+1,O13e-1,92042
         +1.2286S-O.321E4, (3.4)

    4=. 
X-xre,

       xF-a:as

    xTE  
±:x--coordinate

 at trailjng edge  of blade,

   xE==  v-coordinate  of the point where  the ultimate

       wake  region  starbs.

yZ"(E) is the same  expressien  for the conventienal  propei-
ler by Hoshino2).

  On  the basis of the rneasured  results,  the radius  of

the tip vertices  in the ultimate  wake  region  can  be
expressed  as  a  function of  slip ratio as  follows:

   rwTi'b={t82g-,.,6,,  ig;dii:;t,eS,.Prl:l,ehige.rg,.,,,
                                      (3.5)
where,

   s=slipratiokl-1)a),

   P==pitch ratio  at  O.7 radius.

The radius  of  the hub vortex  and  axial  coordinate  of

the  starting  point of  the ultirnate  wake  are kept con-

stant  as

   rwhlrts==O,1,  xF!h:=2.0.  (3.6)
  The  variation  of the radia!  positions of  the center  of

the tip vertices  calculated  by the above  equations  are

shown  in Fig. 14, comparing  with  those obtained  from
the results of the fiow measurements  by LDV,  ln thjs
formula, as  the contraction  of  the trailing vortex  wake

of  the ducted propeller is found to be fairly' small,  the
contraction  is ignored,

 Secendly the variation  Qf  the hydrodynamic pitch is
considered,  The hydrodynamic pitch of the helical trai-
ling vortex  skeet which  fiows from the radial  position r"
,is

 constant  in the ultifnate  wake  region  as  follows :
   Ag=Ab"'ft(o), (3.7)
where,

   R..m,.=-(glg??.-gl2,g;g ig:l stss,pr:l･li,X.i:r{ ,.,,,

JEp(op)=

        o==

   R"==･geometrical pitch at  radial  position
The  above  polynomial  expressions  of  k"tP
based on  ij=O,5

and  are  shown  in Fig. 15
in the ultimate

decreases at  the slip ratio  increases while  the epposite  is
the case  for the impeller without  duct, The

O.594+1076v-O.852rp2+1,351op3-L411rp4

            fer clucted propeller,
O.579+O.387rp+l.073v2+O.3937S-1.435p4

            for impeller witheut  duct,

                          (3.8)
rwpLrwh

rwT  
-

 rwh  
'

                         ru,

                       6pt and  f>(rp)
        .
  approximate  the rneasurement  data,

        . The  hydrodynamic pitch Rvu

  wake  region  of the ducted propeller
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Comparison of  modeled  hydroclynamic  pitch

hydrodynamic pitch of trailing vortex  sheet  in the

transkion  wake  region  changes  smoothly  from the

geometrical pitch ftpt to the hydredynamic pitch Rtp in

the ultimate  wake  region.  The  variation  ef  the

hydrodynamic  pitch Ptp in the transition wake  region

can  be  upproximated  by  a  polynomial  expression  as

   Pt.=t･[A.-<Pa.-PL,pt)･fi(e)]fo(q). {3･9)

  Nextly, let us  consider  more  theoretical  wake  model,

In the case  of  ducted prepellers, it may  be p;actical to

construct  the wake  model  by the use  of the thrust ratio

r as a  parameter  instead of the slip ratio  s in order  to

predict the performance  for several  ducted prepellers. T

is defined as

    T== n!T,  (3.le)
where  7>] is irnpeller 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 resu]ts  is considered  as follows:

  The  ratio  of  the ducted propeller wake  radius  7in at

the infinite downstream to the impeller radius  ilo can  be

obtained  by the momentum  theory6) as  shown  in Fig. 16,

comparing  with  the measured  data. The tip vortex

radius  rwr  in the ultirnate  wake  region  is almost  equal

to the value  obtained  by the rnornentum  theory in the
                                         ,
range  of the thrust ratio  from  O.5 to O.8, The  operating

condition  of the ducted propeller is mostly  in this range.

Therefore, the contraction  of  the trailing  vortex  wake

 of the dueted propeller is obtained  by tPe mornentum

 theory instead of  Eq, {3.5).
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Flg. 17 Hydrodynamic  pitch based on  thrust ratio

  Instead of Eq, (3.8), the hydrodynamic pitch kp  in

the ultimate  wake  region  ef the ducted propeller based
on  the thrust ratio  can  be approximated  by a

polynomial  expressien  as

   AvFIR]"t=e,5+O,420r+O.402r2-O,701r3

           +O.32314-O,049T5, , (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

centinued  until eonvergence  on  the thrust ratio  js

achieved.

  In this paper, two  kinds of  wake  models  are  called

Wake  S and  Wake  r, Wake  S is based on  the slip ratio
amd  Wake  r  is based on  the thrust ratio,

  3, 2 Formulation of  Field Point Velocity

  The  induced velecity  at  field point P  outside  the
bovndary  surface  S, which  is composed  of impeller
blade surface  Se, hub  surface  SH, duct surface  So, impel-
ler wake  surface  S-cB and  duct wake  surface  Smo, can  be
evaluated  by taking  the gradient of  the velocity  poten-
tial di, Using the relative  infiow velocity  V} and  the unit
outward  normal  vector  ne  to the surface S, the field

point velocity  can  be expressed  as

    v(p)=adi(p)

        t  41n IZi. 
+s.

 
.s.

 ip(Q)l oSe ( R(il, Q) )`tS
         + 4irr .6C.,.s..  riip(O')a anOe･ ( R  pi, Q') )alS
         +  4i. f)Cl 

.,.
 
.,.

 ( v} J nQ)a  ( R(pi, Q) )`ts
                                     (3.12)
where  R{P, Q) is the distance from the field point P  to

the bounclary peint Q and  a!One 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 IVb and  M  small  panels respectively.

The  duct wake  surface  between  adjacent  two  blades is
divided into M  wake  strips, And  each  wake  strip  is
divided into L wake  p'anels. Then,  the ;vake  surfaces  of

the impe]ler and  the duct are  divided into (?VkXL)
and  <IVL × L) small  panels respectively.  The potential

ip, the potential jump ndi and  the  normal  component

of  velocity  ( V) .no)  are  assurned  to be constant  within

each  panel and  equal  to the values  ¢ J･, AdiJ･, ( V]'nJ') at

the centroid  of  each  panel,  respectively.  Eq, (3.I2) can

be approximated  by
       N Nt N

   vi;2  ipj% Ci,･ +  2tidiJB PZv- X( va ･ nDfi  Bij,
      j;1                j=1 j=1

                                     (3.13)
   fori==1,2,･･･,N, N=Ai}]+Alo, N}==IVI?+IVL,
Here, vaCfJ･,7pBii and  -eV{w･ are  the influence
coeencients  defined by

   a  c.= £[ 4i,, y()g, i oS, ( Rl,, >ctsJ],
   i  vaii --  x"., S.,[ ,i. .0g, 

ff o2, ( Rl,, )`tSt]･
   -B.=  

,z".
 
,[-

 i OI, a(  Ri.., )ctsji･
where,

   K==number  of  impeller blades.
If the surface  elernent

(3.14)

                  of  the ducted propeller are  ap-

proximated  by a  number  of quadriiateral hyperboloidal
panels, the infiuehce coeMcients  are  evaluated  analyti-

caliy 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 fiow field measureTnent  were  calculate{l  by the

present panel method  with  the new  wake  rnodel. The
panel arrangements  of  the ducted prapeller are shown

in Fig. 18. The  panel arrangements  of trailing vortex
wake  of the ducted propeller at  the advanee  ratio  of

J=trO.50 are  illustrated in Fig. 19, comparing  with  those of
the impelier without  duct, It is clearly  shown that the
deformation of  the trailing vortex  wake  of  the ducted
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Ducted PTepel[er follows:

   K.=T7)
 +  7lo,

 Kb-h Q

Fig. 18

w

Panel arrangement  for clucted propeller used  in

flow measurernents

Ducted Prepeller

impelier (witkout D"ct)

        pn2D`-  pn2D`

   Kv=-p:-Zilk.D, Krn=

where,

   p==density of water,

pn2D`,pn2D5:(4.1)

 The  calculated  results of  the  impeller without  duct are

sliown in Fig,20, comparing  with  the  experirnental

data. The thrust  coeMcient  K7 and  the torque coeMcient

Kb 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 coeMcient  K}p and  the

O.6

e  O.4Xe!;Y

02

e.

Impelter ( with'eut Duct )

Fig, 2e

O,6

           Advaneed Coesucient, S

Comparison of  open-water  characteristics  for

impeller without  duct

t=

Fig, 19

1

Comparison of

ducted propellernew

 wake  models  between
and  impeller without  duct

propeller is smaller  than  {hat of  the impeller without

duct for the effect of srnall contraction.

  Here, the impeller thrust  T>,duct thrust Ib and  total

thrust T  and  torque Q of the ducted propeller can  be

expressecl  in the nondimensional  forms  which  are  the

thrust coeffcient  Kr, torque coeMcient  Kb, impeller

thrust coethcient  KTp and  duct thrust ceethcient  Kip as

xaRizdi-M;=

O.4

e.2

o.o

Ducted Prgpeller

Fig. 21

  a,2 
'e.4

 e.6 o,B

          Advanced Ceesucient, ]

Comparisop of open+water  characteristics  for

ducted propeller
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torque ceeMcient  Kl? are  in good  agreement  with  experi-

mental  data over  a wide  advance  ratio.  But  the duct
thrust coeMcient  Kmo is larger at  low  advance  ratio  and

smal]er  at high advance  ratio  than  experimental  data.
This discrepancy maY  be  partially du'e to neglect  of  the

flow separation  from the cluct.
  4. 2 Velocity at  Field Point

  In order  to evaluate  the accuracy  of  the present
method,  fiow field around  the ducted propeller were

calculated  ancl compared  with  the measurements  by

Mbasured by LDV

z

1=D,50

Fig. 22Comparison  o

LDV,  Comparison of  the velocity  distribution of t.he

ducted propeller at axial  position of  x/n=1.00  and  at

the advance  ratio  of J=O.50 is shown  in Fig,22 in the

form  of  equi-veiocity  contour  curves  ancl  shown  in
Fig. 23 as the velocity  vectors  in a  plane  parallel to the

propeller plane, The  calcuiated  result of the axial

velocity  vx generally agrees  with  the  experimental  one

though  it is s]ightly  smaller  in the vjcinity  of the radjal

position ,Vro=O.70.

 Radial distributions of the circumferential]y  averaged

,
 xl  ro=IAD

Catculetlon

I

f axial  components  of  velocities  downstream of ducted  propeller  (f==

y

O.50, xfro  ==  O.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 irnproved by con-

sidering  a hub vortex  in our  wake  model,  The  radial

velocities  are  nearly  equal  to zero,  This phenomenon

rpay cause  the srnall  contraction  of  the  trai]ing vortex

wake  of the ducted propeller.

          5. Numerical Applications

  5. 1 NSMB  Ka4-55  in nozzle  no.  19

  In order  te evalu'i  te 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  selectedn.  This ducted propeller i]lustrated in

Fig, 25 has four bl ades  with  an  expanded  area  ratio of O.55

and  piteh ratio  at  O.7 radius  ef  1,O. The open-water

characteristics  calcu]ated  by the present method  with

two  kinds of  wake  models  which  are  based en  the slip

ratio  s and  the thrust ratio  r are  shown  in Fig.26,

NSMB Ka4-55 in Nozzle No.19

Fig. 25

w

Panel arrangement  for NSMB  Ka4-55 in

nozzle  ne,  19
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Comparison of open--water  characteristics  for

NSMB  Ka4-55 in nozzle  no.  19

Fig, 24
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xlk

Comparison of circumferentially  averaged

velocities  for ducted propeller

comparing  with  the experiments  and  the calculation  by

van  HoutenS) using  a  lifting surface  theory, The ealcu-

lated rosults by the present method  are  in better agree-

ment  with  the experimental  data  over  a  wide  range  of

aclvance  ratio  than the qalculated results  by van

Houten. The duct thrust  coeMcient  Kro 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 fiow measurements.  The  results

with  r based wake  model  is slightly  close  to the experi-
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NSMBR4--55Riilgpropeller

x'

Fig. 27

iew

Panel arrangement  for NSMB  R4-55
ringpropeller

NSMB  R4-55rungprepelter

Fig, 28
         Advanced Coeffieiefit, J

Comparison of  open-water  characteristics  for
NSMB  R4-55  ringpropeller

mental  data.

  5.2 NSMB  R4-55ringoropeller

  Next  application  was  made  for NSMB  R4T55
ringpropellere)  as  an  example  of extremely  different
duct lengthTirnpeller diameter ratio,  A  ringpropeller  is a
kind ef  a  ducted propeller but the impeller blade tips
attach  to  the  rjng  which  rotates  with  the impeller. This
ring  propeller il]ustrated in Fig. 27 has four blades wjth
an  expanded  area  ratio  of  O,55, pitch ratio  at  e.7 radius
of  1.4 and  duct length-impeller diameter ratio  of  e.l5,
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. ConcludingRemarks

  The  flew field downstream of a clucted propeller and

a impel]er without  duct were  investigated precisely by
the u$e  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 impelier of
   the ducted propeller becomes  weaker  than that of

   the impeller without  duct due to the effect  ef  duct,
( 2 ) The contraction  of  the trailing  vortex  wake  ofthe

   ducted propeller is fairly small  in the range  of the

   thrttst ratio  r from e.5 to O.8 which  is in the  usual

   operating  condition  of  the ducted propeller.
( 3 ) The hydrodynamic pitch of  the clucted propeller

   in the  vicinity  of  the radial  position tirb=O,70
   becomes smaller  than that of  the impeller witheut

   duct due  to small  contraction,

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

(5 ) OpenLwater characteristics  of ducted propellers
   calculated  by the present  method  are  also  in good
   agreetnent  with  experimental  ones,

(6) The iteration method  with  the experimental

   wake  model  based on  the thrust ratio  can  predict

   rnore  precisely than the method  based on  the slip

   ratio.
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