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Approximate Prediction of Flow Field around Ship Stern
by Asymptotic Expansion Method

by Kazuhiro Mori, Member* and Yasuaki Doi, Member*

Summary

The separated ship stern flow field is divided into five subregions according to the
flow characteristics; potential flow region, boundary layer region, vorticity diffusion
region, separated retarding region and viscous sublayer. This is because experimental
studies suggest no single approximation of Navier-Stokes equation is valid for the
whole flow field. ,

The asymptotic expansions of velocity or vorticity for each region are assumed by
using a small parameter R, /%, where R is the Reynolds number.

Governing equations for each region are obtained by substituting the asymptotic
expansions and picking up the leading terms; vorticity diffusion equation, elliptic
type equation including the Reynolds stress terms and laminar boundary layer equa-
tion are obtained for the vorticity diffusion region, the separated retarding region
and the viscous sublayer respectively.

Numerical calculations are carried out for a flat plate with zero attack angle and
a tanker ship model with a simple stern form and compared with experimental data.
Promissing results are obtained.

sible way to make effective approximations is to
follow the characteristics of flow field.

2. Subdivision of Flow Field

In order to get the flow characteristics, exXperi-
mental studies of stern flow are carried out using
3 m model of MS-02 (the body plan is shown in
Fig. 7)». TFigs. 1 and 2 are the typical results
of them. "

Fig. 1 shows the streamwise velocity profiles
on the horizontal plane of 6. cm beneath the free

1. Introduction

It is one of the most important problems of
ship hydrodynamics to estimate the flow field
around ship stern including the affects of separa-
tion. Especially it is very urgent, from the
practical point of view, to get the wake distribu-
tion on propeller disk.

In previous papers?»®, the velocity distribution
is estimated by solving the vorticity diffusion
equation. There well agreements with measure-
ments are obtained except near ship
hull, especially at the deep draft.

Usually propellers being equipped % (mm) . .

100

i

there, the previous results are not
satisfactory for the above mentioned

INTENSIVE

FLUCTUATION
®

important purpose. It can be pointed
out that the vorticity diffusion ap-
proximation is not valid near ship
hull; more precise prediction is re-
quired there.

Navier-Stokes equation (abbrévia-
ting N-S eq. hereafter) is solely the
governing equation for this field.
However, it is necessary to simplify
it as possible in order to make sure
the practical calculations. The pos-
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Fig. 1 Velocity profiles near the separation position
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Fig. 2 Free-surface flow near the stern

surface which are measured by a hot anemometer.
¢ in Fig. 1 is the normal distance from the hull
surface. Although the probe is fixed in uniform
flow direction always, flow characteristics can be
guessed. The bars mean the velocity is varying
between them. There can be supposed a border
line outside and inside of which flow character-
istics much differ; inside of it flow is very slow
and the turbulence is very intensive.

The above situation can be examined more
clearly in Fig. 2 which is a free-surface flow
picture obtained by the aluminum powder meth-
od. Clear differences are observed inside and
outside of the border line which may be a kind
of dividing streamline. Recirculating flow is
existing inside, on the other hand, outside of the
dividing streamline, ﬁow is much simpler and
almost convective.

It can be mentioned from the above discus-
sions that the flow of separated wake seems to
have at least two signifficantly different regions
and that no single approximation of N-S eq.
seems to be uniformly valid for the whole field.

It is proposed to divide the wake flow field into
five subregions, as shown in Fig. 3, potential
flow region, boundary layer region, vorticity
diffusion region, separated retarding region and
viscous sublayer region, and it is also proposed

to find out the most suitable approximate equa- S

tions for each subregion.

The characteristics of the subregions are as
follows; potential flow region: the region where
the viscous terms can be safely neglected and only
the displacement effects should be taken into
account; boundary layer region: the region where
the boundary layer assumption is valid enough
and the backward influence of the separation can
be neglected; vorticity diffusion region: the
region where  the vorticity, which has been
generated in the boundary layer, is diffused con-
vectively and viscously into the downstream and
new vorticity is not generated any more in this
region; separated retarding region: the region

: POTENTIAL FLOM REGION

: BOUNDARY LAYER

¢ VORTICITY DIFFUSION REGION
: SEPARATED RETARDING REGION
: VISCOUS SUBLAYER

Moo w >

SEPARATION
POSITION

1
, SHIP HULL
1

Xs x Xr
Fig. 3 Subdivision of separated flow near the
stern

where the velocity i$ very small and the turbul-
ence is intensive, because there can be observed
arecirculating flow, the governing equation should
be elliptic type; viscous sublayer region: the very
thin region which just adheres to the hull surface,
the molecular viscosity is predominant and the
velocity profile should satisfy the no-slip condi-
tion on the hull surface.

3. Approximation of N-S Equatmn by Local
Asymptotic Expansion

3.1 Basic Equation

The right-hand Cartesian coordinate, O-xyz,
and the curvilinear coordinate, x:1%.2s, are adopt-
ed to predict the flow field. The ship is fixed
and the uniform flow, whose velocity is U, is
oncoming to z-direction. The origine of O-zyz
is at the midship and on the waterplane of the
fixed ship. @ coincides with the potential flow
streamlines and @5 is normal to the hull surface

(Fig. 4). The convergences of the curvilinear
coordinate, K1 and K. are written by
1 ok _ L 1 o

K== Ath: Oxy . . = hlhz LD (1)
using the metric coefficients %: which are defined
by

: . 0-17 2 62/ >2 <62>2
hl"<0$i>+(a$z + 0z ) (2)

If s coordinate can be assumed to be linear,
» hs being equal to unity, the continuity con-
are written as

dition and Reynolds equations
follows;

Fig. 4 Coordinate systems
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where ¢; and ¢:” are time-averaged velocity com-
ponents and fluctuating parts respectively and
v is the molecular kinematic viscosity, p is the
pressure. w: is the components of vorticity given

by

1= 6@ _ aQ2
T heOxs  Oxs’
_ 091 0gs
- 633‘3 1216-271 ’ ( 3 )
0{[2 691
= - ~-K
w3 oz Tredn +Keqi—Kage,

and satisfying

6(1)1 50)2 (9
— K otpe=
h10xy + hzaxz 0xs — Ko ww:=0. (6)

In the reduction of Egs. (3) and (4) from N-S
eq., conventional predictions for turbulent com-
ponents are used; the velocity is assumed to
consist of time-averaged terms and fluctuating
terms.

On the other hand, if the constant eddy vis-
cosity hypothesis can be assumed, following
vorticity diffusion equations are derived from N-S

eq.;
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h2022
where

1 0 1 0k
Ku——hlz ox:1’ K

B 0w (8

and ve is the eddy viscosity.

3.2 Local Asymptotic Expansions

In order to get appropriate approximations of
the basic equations for the five subregions, the
local asymptotic expansions of related quantities
are made using small parameter ¢ defined by

e=Rs1°, (9)

where R. is the Reynolds number related to the
streamwise full length.

The quantity e is first introduced by Stewart-
son? and can be a small parameter in case of
large Reynolds number.

(a) Vorticity diffusion region (C-region)

For the vorticity diffusion region, the constant
eddy viscosity is assumed; Eq. (7) is used as the
basic equation.

Introducing non-dimensional curvilinear small
line segments 8¢, 47, Of, we represent the differ-
entiations with respect to @1, &2, x3 as follows;
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9 1 a a _ 1 9 (17), for three unknowns, #, @, and @y, but it
mdry  Le 05’  hedwe Le 07 ° 10 can be easily examined one of them is not in-

p) 1 8 { (10) dependent.
dzs  Le* OF ] Changing the variables back into the original

Here we assume the derivatives by the new
variables are all 0(1), i.e.,
- 9 _ 9 _
E=0.  Ho=01),  z=0(1). (11)
The origin of new variables coincides with that of
#1725 but £=0 corresponds to the position of
separation.
We assume that the velocity and the vorticity

of the present region can be expanded asymptotl—

cally as follows;

91/ Uo=ao(€,5,0)+ etr(€,7,0)+ 2o £,5,8)+ ---
72/ Uo=e0:(€,7,0)+ €20 € 5,E) + -,
s/ Uo=€%0:(€,5,0)+ o€ ,5,E)+ -,

(12)
w1
Uo/L . w51<§,7),@+(0£2($ 7,0+
w2 1 & 5)+_1_~ (&,5,0)+ -
Uo/L ~ & % &, ¢ &AL ’
w3 Loz o 2.z
7]()—/;:—6_“)(1(5:77: C)’}'C‘)CZ@,% C)+ e
(13)

All the quantities appearing in Eqs. (12) and (13)
are assumed to be 0(1).

Moreover we introduce non-dimensional vari-
ables %1, k2, ki, ke: defined by

k1=L'K1, k2=L‘ffz, ku:L'Kn, k=LK
(14)
Whose orders are 0O(l) for all the regions; L is
the body length.
Substituting Egs. (1
(3) and (6), we get
)

0), (12) and (13) into Egs.

=0, (15)
6(51,1 60):1 —
57 oL o (1%

as leading terms. Substituting them again into Eq.
(7), we get

(%1%0)+ 7 (Gado)=0, (17a)
1 Ve 625),71

o UL 9B (a)muo) 0, (17b)
.

ili@g—i@'»clﬁo)—o , (17¢)

et Ul 052 0¢

as the leading-terms-governing equations. In
order to exist for the viscous diffusion terms, ve/
UoL should be 0(e®) at least.

We have obtained four equations, Egs. (16) and

ones, we get the following equations as the
governing equations for C-region as far as the
1eading terms are concerned‘

h ax (wqu)-%- (wsql) 0 (18a)
62(1)2 .

S s —m(wqu)—o , (18Db)
0w

veaja% " ax = (wsq)=0. (18c)

The terms of order 0(1/e?) are neglected in Eq.
(18). Eq. (18) is almost the same as the equation
of ref. 1).

Once the vorticity distributions are obtained
throughout the boundary layer and the wake,
say V, the viscous component of velocity, g,
can be calculated as induced velocity of vorticity
by invoking Biot-Savart’s law;

— .L _‘2’ wl ’ 7
a5 [ (&2 vy,
V- .

(19)

where @ is the mirror image of the vorticity

vector @’ whose components are wz’, wy’, —w,’ in

z, ¥ and z directions and ’
r=(@ =@ P Y=y P+ (=2, } (20)
vE=(2—2" P+ (y—y P+(z+2).

Adding the potential component to g», we
can obtain the wvelocity distributions of C-
region.

(b) Separated retarding region (D-region)

Introducing non-dimensional variables, £, 7, £
for the present region in the same manner as C-
region, the orders of differentiations with respect
to &, 7, { are assumed

o 1.0 _o 10 a0 1.9
mdwy L €08’ hedw: L €07’ 0ms L €%0C°

) 0 0
22 =00, 57=00), ¢ =0

(21)
Velocity and pressure are assumed to be
expanded asymptotically, -
g1/ Uo=e(d1+481")+ ¥ d o+ ds") 4,
g2/ Uo=e(d1+01")+ (Dot D2")+ -+, (22)
g3/ Uo=e(s1+d01") + eX(ebe+ibs" )+
(j)—poo)/pU02=€p1+€2P2+"' s (23)
where @1, @2, ... are all time-averaged variables
and 44, @', ... are fluctuating. Here the fluctuat-

ing terms of pressure are omitted because they do
not appear in the basic equations.
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The vorticity can be also expanded asymptoti-
cally,
w1 00 1 b
UL~ & ot ¢ ot TN,
we 1 04y 1 0ds
UL ¢ ot + e ot +0(1), (24)
_ws 01 041

Uyl ~ 02 o5 100

Under these assumptions, the leading terms of
the continuity equation are written,

0d1 | 9y i Oy

0 " o7 o

=0, ' (25)
and the governing equations are

41 aaﬁ —l—vl 0y +u1 6521

0 0 0 0
—i—( 6‘ =4z 0( >u2+<vz o7 +dgr 5C>

_kzﬁlﬁl‘}"klﬁlz} =
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—_—— e 7,72
e 0& { OE (Pt
+_%_ )+ (,f (i iby")— e{%(pﬁ%ﬂﬁz’)
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_1_ 14 0%

| 2
T Tl ot +0(e?) , (26a)
n (9231 a avl s 661 _i A A
/) oz + o4 > +w; 05 +€{0f](0102)
(7«41 9E + 0y 0 >132+ (122 ;&. +UA22"6%>131

+ Ratl 12—
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10 9
klmfn}=—— P —-{~_— ay'91")

A

(pz+v1'2)+

A1/>
—6{7{?(@?1'232'%- 2Dy ')+“—(j73+2131'52/)

+—a%<zs1'w2'+ By dr" )+ B 12— $7%)

. sy 1 v 0%
—2k141"Dy }—{-—‘e_g‘"‘ﬁi aé; +0(e?), (26Db)
ajh Op2 .
58 +e oF +0(6) (26¢)
The leading terms of Eq. (26) yield,
piE,5,8)=const. . 27)

Eq. (27) means that the pressure is almost con-
stant throughout the present region as far as
O(e) is concerned. This is very natural because
D-region is a kind of the dead flow region.

Now the second terms of Eq. (26) yield,

A_ai/:i LA 6221 aul _@_ ~ 1o

25 9z TU1_’**07_] + aC aé(pz+ux )
'—% 121/731 )—"T(ﬁlllbl/) (28&)

” 6731 A 02)1 02)1

U1z U1 Uy U1

pF TGy o= as(" )
e b— Loy

8{72
o

In Eq. (28), the molecular viscosity disappears
but its affects are still existing indirectly through
the turbulence.

Eq. (28¢) is the so-called boundary layer ap-
proximation.  However, because there exist
cross terms of turbulent componentsin Eqgs. (28a)
and (28b), Eq. (28) does not always yield the
same type as the boundary layer equations which
can not predict such a recirculating flow as
observed.

“(c) Viscous sublayer (E-region)

In the present region, the no-slip condition
should be satisfied on the hull surface. Here
the intensity of turbulence is quite small and all
the turbulent terms in the Reynolds equations
vanish infinitesimally small.

After the Blasius solution, following asym-
ptotic expansions are assumed,

(28b)

(28c)

g1/ Uo=eur*+e*us*+---
g2/ Uo=evy*+eus*+ - (29)
g3/ Uo=ce'wr*+eowst+ -, |
where orders of each term are all 0(1).
The derivatives are represented by

0 1 9 0 1 9
Il L 665 ’ 702 L €07 30
5 1 o (30)
oxs L edf*’
and their orders are
0 0 i)
=0, 5 =00, 5E=0). (1)

Substituting the above assumptions into Eq.
(4), the leading terms are obtained as follows in
original variables;

2 h?g;l 1 }jg;z s g.ils
:_% hifxl +v gz; , (32a)
9
h?gjcl “/zfg; s afs
- }%hf@iﬁ chg:Z' (32b)
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9 _qy (32¢) 5:(5,7,0)=1im vs(£,7,{%), (39b)

dxs

The continuity equation is
g1 0g» 0gs
—Eﬂ Zza\ro 03

Here the quantities of 0(¢?) are omitted.

q. (32) is the boundary layer equation itself
and it can be matched to the outer flow, the
solution of D-region, in the quite same manner
as the conventional method of the boundary
layer calculation.

3.3 Boundary Conditions and Matching Con-
ditions

The boundary conditions are

w¥(€,7,0=0, v*E7,0)=0,

=0. (33)

w¥(£,7,0)=0
(34)
on the hull surface which are imposed to the
solution of E-region; and in the wake,
v(2,0,2)=0 (35)
where v is the y-direction component, Because
the governing equation of E-region is the boun-
dary layer equation itself, the governing equa-
tions of D-region should be solved under the
condition
q-n=0, (36)
where n is the unit normal vector of hull surface.
Far downstream, the perturbation velocity
must die away.
The matching conditions are as follows.
(i) for upstream;

Fer—co Fr—oo
lim @:(&,7,0)=ws

£——00

lim 7o(€,7,0)=us, lim#(é50)=vs,
B & (37)

where us, vs and ws are the velocity components
in boundary layer as to xi,%:%s directions re-
spectively.

(ii) far departing from the hull surface; the
solutions should be matched with the solution
of A-region, potential flow.

(ii1) between C- and D-region;

@(£,7,0)=0,

_ oz . Lz 2 0 -
(8, 5,0)=tim {8 5,0~ 5 67,0l a]
B ¢
(38a)
8:(8,7,0)=1lim 8:(£,7,0) (38b)

oo

@1(£,5,0)=0, 1
20 ooz z )
(8 7,0)=lim i 7.0~ £S5 45,7, D7 L

- oc
(38c)
(iv) between D- and E-region;
2(8,7,0)=lim uE,7,8) (39)

@1(&,7%,0)=0,
A(E = ( f E e -<aA~~‘ Zk
W £,%,0)= hm wi*(£,7,8%)~ E¥* =7 wi(€,7,0)] t0 f
o oC )
(39¢)
3.4 Auxiliary Equations for Turbulence
The governing equation for the separated
retarding region, Eq. (28), includes the time-
fluctuating parts in it. Some auxiliary equations
are required.
Representing them by the Reynolds stress
tensor,
01 Tiz T2
Tiz Oz Te3
Tis T2 O3
€A Pet+."2) ed1' Dy’
=—pUg a0 €Xp2+01"2) etd/ iy’ ,
' €D+ eBiby 2
(40)
the orders of each component should be equal
to those of fluctuating terms;

71:=0(€?)

T3, T2a=0(¢*)

64121,Z2/1’

et ey

g1, O,
(41)

Now let’s assume, analogically to the case of
laminar flow, each element of the stress tensor
is related to the gradients of the averaged velo-
city, namely,

_ 01 2 6” 2
pU2 P+ 2Kk1—= 98 DU epz+2m a
Tiz < 09, _%1_)
pUe 02 " 07 )’
T13 1 04y 010,
pUs < ot €' oE )
Tz 1 © <501+ awx)
onz— €* ot 0/’
(42)

where «1 and k: are the constants which can be
supposed to be the components of eddy viscosity
vector. They should be x1=0(¢e?) and «2=0(€’)
in orders in D-region. The fact that the order
of k2 is less than that of ki means the fluctua-
tion of normal direction is less than tangential,
which is compatible with the Klebanoff’s experi-
ments®.
Substituting Eq. (42) into Eqgs. (28a) and
we get
. 0 04 o
i+ au,1 =
Jp: ((?”ul 0% 0215'1> 0%,
a;;_ +k 652 + 6;72 65813 + K2 aéz s
(43a)

(28b),
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L 00y . 0Dy, OBy 30-times molecular viscosity is used as the
By + 0tz . .
0¢ 07 o eddy viscosity. The boundary values of w. at

0p2 < 0%, 0%y
K1

. &y 029,
T 08 " o «mé)

+ &2 652 .
(43b)

Because Eq. (43) is closure and elliptic type, it
can represent the separated retarding flow
observed in D-region.

4. Numerical Calculations and Discussions

‘When the yielded equations are solved numeri-
cally, the matching conditions are not auto-
matically satisfied. However, if the surface con-
sisting of dividing streamlines (DSL) where
matching conditions between C- and D-regions
are imposed, are given a priori, the difficulties
can be removed.

Here attempts are made to obtain the velocity
distribution in wake for two cases; a flat plate
with zero attack angle and C-region flow of a tank-
er model.

By invoking Eq. (15), Egs. (18b) and (18c¢)
are transformed into tridiagonal linear equations
for k>2; ‘

02(3,§,k—1)~2C (5,5, k) we (3, §, )

toni,fh+1)=A2(i,5,k), (44a)
(i, j,k—1)—2C (3,5, k) (6,4, )
twnli,jh+1)=4s(i,j k), (44b)

where w: (4,7,k) etc. denote those values at #1=
X3, P2==25 and Ts= T3 and

As(6, 5, By =—wa(i—1,7, b—1)
+2ws(i—1 'k){l——‘-]ﬁ — 1,7,k
W2 » I VeAgQI(z 2 s )}

—wa(i—1,7, k+1),
Asli, §, k)=—ws(i—1,7, k—1)
2

A
+2ws(i—1, 7, k){l— Vejg q:(2—1,7, k)}
—ws(i—1,7, k+1),

(45a)
. 48
C@,4,B)=1+ vodZ
and 4§, 4{ are short segments in @, 23 directions.
Eq. (44) can be solved by the forward marching
procedure if the velocity profile of ¢: is given at
the separation position.
(a) Flat plate with zero attack angle
In this case, D- and E-regions being not exist-
ing, the wake flow can be definitely determined
by Eq. (18b), ie., by Eq. (44a), where x1, s
correspond to 2, ¥ and w: can be written ..
The origine is chosen at the trailing edge of
plate. All quantities are made dimensionless by
the flat plate length and U..

q:(t, 7, %) (45D)

y=0, i.e., the values of w: for =1 in Eq. (44a),
are made zero for x#>0. Because the vorticity
obtained from the boundary layer calculation
gets infinite at y=0, the value of ¥y=0.0001 is
used instead as the initial value at the separation
position. 4§ is 0.002 and 4¢ is 0.0005 for 0<y<
0.0045 and 0.0015 for ¥>0.0045.

The boundary layer calculation is carried out
by the integral method where Ludwieg-Tillman’s
formula for the skin friction is used and the shape
factor is made constant which is equal to 1.4,

In case of v./q, is constant, the solution of Eq.
(18b) is given in integral form,

l o0
wz(x, y)z‘z"\/ Vq.IZ’ S (1)2(0; y/)
(4 1]

91
X {EXP <_ 4vex

(y—y’)2>

-—exp(*é}zx (y-{—y’)z)}dy'. (46)

In order to check the present numerical scheme,
the calculated results by Eq. (44) for ¢;=1 are
compared with the results of Eq. (46). Com-
parisons are shown in Fig. 5. Both results agree
well with each other, which guarantees the
present numerical scheme.

In Fig. 5 calculated results, representing the
initial profile of ¢; by a quadratic function of ¥
which is equal to the uniform flow at the outer
edge of boundary layer and 2/3 at y=0, are com-
pared with experimental results of Chevray and
Kovasznay®.  Differences due to the initial
velocity profiles are not so significant. The
quadratic expression seems to yield the final
result by less repetitions of iteration.

It may be possible to use the velocity profile
at the separation position. However, because
such a velocity profile which is equal to zero at

CALCULATED FOR QUADRATIC VELOCITY PROFILE
----- DO. FOR UNIFORM VELOCITY PROFILE
A DO. BY EQ.(46)

O & MEASURED BY CHEVRAY AND KOVASZNAY (1969}

B S
Ry 7 6.5 x 10

0.0 0.005 0.01 0.015 0.02

Fig. 5 Comparison of vorticity distributions
of flat plate
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CALCULATED BY FIRST ITERATION
DO. BY SECOND ITERATION

©  MEASURED BY CHEVRAY o
AND KOVASZNAY (1969).

Re ¥ 6.5 x 105

H 5

REASRYE F145

Fig. 6 Comparison of wvelocity

wake of flat plate

in

y=0 yields infinite conductive coefficient and
vorticity is diffused at once there, it is hopeless to
get reasonable results even if many iterations
are repeated.

In Fig. 6, calculated velocity profiles of z-direc-
tion are compared with Chevray-Kovasznay’s ex-
perimental data. The calculation of second itera-
tion is also carried out; the quadratic expression
of the velocity profile is used for the first itera-
tion and the velocity field obtained by the first
iteration is used for the second iteration. The
integral region, V in Eq. (19), is covering #’'=
£4-0.2. The integral intervals are 0.02 inz-direc-
tion and the same value as 4¢ in y-direction.

The results of the second iteration are slightly
improved compared with those of the first itera-
tion especially near the center plane. However,

Fig. 7 Body plan of MS-02 and potential flow streamlines

Potential Flow Streamline
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Fig. 8 Perturbation velocity distributions in
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wake at 1/80 L aft from A.P.
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because the differences between them are not so
signifficant, the first iteration seems to be enough
for our purpose.

(b) C-region flow of MS-02

C-region flow of MS-02 is calculated by the
same manner as the previous case. MS-02 is
a tanker model with a simple stern form whose
body plan and potential flow streamlines, along
which boundary layer calculations are carried
out, are shown in Fig. 7. In this case length
scales are made dimensionless by the half ship
length, £/2=15m and u, v, w are the perturba-
tion components in X, y, z-directions.

DSL is determined a priori for the first itera-
tion; it is comsisting of line segments departing
from S$.5.1/2 and reattaching at 1/20-L aft from
AP. veis chosen 300-times molecular kinematic
viscosity according to the experimental studies®.
The boundary layer calculation is carried out by
the integral method as Ref. 7). As to the
boundary values of vorticity, values at =1 in
Eq. (44) are made equal to those at k=2, 4§ is
almost equal to 0.005 and 4¢ is 0.0025 for 0<zs<
0.04 and 0.005 for »:>0.04. Potential velocity
components are calculated by the surface-source
method and added to the induced velocity, go.
No attentions are paid to the flow of D- and E-
regions and they are excluded from the integral
region, V, which is covering from x=0.8 to 1.2
for the present calculation. The integral intervals
are 0.025 for 0.9<x<1.1 and 0.05 otherwise
in z-direction and 0.01 in y- and z-directions.

Calculations are carried out at Fr=0.1525,
where F» is the Froude number based on the
ship length. Calculated results are shown in Figs.
8 and 9; in Fig. 8 perturbation velocity distribu-
tions are compared with measured and in Fig. 9
the wake contuor is shown. As far as C-region
is concerned, satisfactory results are obtained.
v components are always underestimated; this
is because the hull surface condition, Eq. (36),
is not satisfied in the present calculations.

It is expected further improvements can be

Fn=0.1525

005
0.05 { Re?2.17x105 )
— e

~~-— CALCULATED
- MEASURED

-0.30
HIDSHIP SECTION

Fig. 9 Wake distribution at 1/80 L aft from A.P,

attained by taking into account for the D- and
E-regions which are leit for the future works.

5. Concluding Remarks

An attempt is made to predict the separated
ship stern flow by the local asymptotic expansion
method following the experimental studies. This
is because the flow field is consisting of, at least,
two regions and it is not effective to predict the
flow of such regions by a single governing equa-
tion. Numerical calculations are carried out for
the yielded equations and satisfactory results
are obtained.

Some important assumptions are made in order
to approximate the Navier-Stokes equation;
the orders of relevant quantities and derivatives,
the relations between the Reynolds’ stress and
average velocity and so on. However, as far as
their treatments are consistent and the yielded
equations can predict the existing phenomena,
no one can say they are not correct. Of course
they must be examined by more precise experi-
ments not only for simple hull forms but for
practical ships.

From the practical point of view, the most
important problem to predict the D-region flow
is left for the future task. However, because the
governing equations for it are much simpler than
the original Navier-Stokes equation, the total
prediction of the wake flow will appear soon.
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Professor 5. Hatano of Hiroshima University for
his discussions on the present work. They also
wish to express their cordial thanks to Professor
L. Kovasznay of The John Hopkins University
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