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Application of CFD to Estimation of Ship’s Viscous Resistance
— A Series of Full Hull Forms —

by Satoru ISHIKAWA?*, Member

Summary

This paper discribes the capabilities of the Computational Fluid Dynamics (CFD)
method to predict ship’s viscous resistance and the nominal wake fraction. A grid sensitiv-
ity study is first performed to determine the appropriate number of grids and minimum grid
spacing. The method is then applied to a series of full hull forms with the same foreboy and
different aftbodies. It is confirmed that the CFD method employed here can fairly estimate
the difference of the resistance and wake fractions due to the difference of the hull forms,
as was found in the experiments.

1. Introduction

A prediction of the flow around a ship or ship’s viscous resistance is an important subject in ship design.
Boundary layer theory has been applied to this problem, but stern and wake flows can not be adequately
predicted by that method [1].

Recently, Computational Fluid Dynamics (CFD) based on numerical solution of the Reynolds-Averaged
Navier-Stokes equations has experienced great advances due to improvements in both computational
algorithms and computer hardware. The conclusion of the 1990 SSPA-CTH-ITHR Workshop indicates that
the CFD method for ship viscous flow have succeeded in predicting the gross features of the wake flow,
although the bilge vortex has been predicted weaker [2]. In the previous study of the present author, almost
similar conclusions have been obtained [3].

In order to overcome the difficulty of predicting the viscous resistance accurately by numerical computa-
tion, Kodama have developed a CFD method that satisfy the global conservation, and showed that the
predicted resistance of Series 60 (Cb=0.6) ship model agrees well with measured values [4].

In the initial design stage of hull forms, it is required to find the best hull form satisfying the design
condition as quickly as possible. If the CFD method is to be used in that stage, it must be able to rank the
hulls, even if the absolute value of the predicted quantities is not correct.

This paper deals with the capability of the CFD method to the estimation of the viscous resistance and
nominal wake fractions in such a design stage. A grid sensitivity study is first performed and accuracy of
the predictions is discussed. The method is then applied to a series of full hull forms. From these results,
the capability of the CFD method to rank the hull form from the viewpoint of viscous resistance and nominal

wake fraction, is discussed.

*Nagasaki Experimental Tank, Mitsubishi Heavy Industries, Ltd.
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2. Outline of the Calculation Method and its Application

The numerical method employed here has been developed by Kodama (at the Ship Research Institute)[4].
It solves the equation of continuity that include pseudo-compressibility term with a positive constant 3, and
the three momentum equations for three-dimensional incompressible turbulent flows. These equations are
discretized in space using a cell-centered finite volume formulation and in time using the Euler implicit
method. The inviscid fluxes are evaluated using 3rd-order upwind scheme (MUSCL) with the flux difference-
splitting method, and the viscous flux are determined in a central differencing manner. The algebraic
turbulence model of Baldwin and Lomax [5] is employed.

Applying the above method for the computation of viscous flow around full hull forms, free surface is
assumed to be flat. Therefore, we may calculate the flow around the double model. The flow is also
assumed to be symmetrical with respect to the hull center plane, only the port side of the hull is considered.

In the calculations and results to be presented, a right-hand coordinates system (X, y, z), that is normalized
by the ship length L, is adopted in which x-, y-, z-axes are in the direction of uniform flow, starboard side
of the hull, and upward, respectively. The origin of the coordinates system is fixed at midships on the
undisturbed water plane. The velocity components (u, v, w) in (X, y, z) directions, respectively, are nondimen-
sionalized by the ship speed U,. The pressure (p) is normalized by the ship speed and fluid density. The
resistance coefficients are defined in the conventional form, using wetted-surface area of the hull as a

reference area.

3. Grid Generation and CFD Validation
The grid sensitivity study is performed to determine the appropriate number of grid points and minimum
grid spacing. The practical hull form, the ore carrier SR107, is chosen for this study. Fig. 1 shows the body
plan and bow and stern profiles of SR107. The measurements of resistance and flow field near the stern of
SR107 have been carried out by Nagamatsu [6] using a scaled model at the Nagasaki Experimental Tank,
Mitsubisi Heavy Industries, Ltd. The length, breadth and draught of the ship model are 8.0m, 1.17m and 0.
45m, respectively, and the block coefficient is 0.826. The flow measurements have been carried out at
Reynolds number (Re) of 1.2 x107.
As shown in Fig. 2, the H-O type grid system is
generated using the implicit geometrical method [7].

Grid lines are clustered toward bow and stern profiles
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Fig. 1 Body plan and bow and stern profiles of Fig. 2 Grid distribution and computational
SR107 domain
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in streamwise direction, and toward hull surface in the radial direction. Figs. 3 (a) and (b) show the grid near
the bow and stern. As shown in these figures, bow and stern profiles have been followed by the vertical grid
lines. The horizontal grid lines are approximately orthogonal to the vertical grid lines, and also to both the
bow and stern profiles.

Before examining the grid dependency, the convergence property of the calculation have been investigat-
ed. Fig. 4 shows the typical convergence history of residual and resistance components. It is seen that rms
of residuals (Aq_ave/At) exhibit a little cyclic behavior after it has dropped down about the order of 10~*
around at non-dimensional time of 5. This behavior is attributed to unsteadiness in the region of wake flow
with longitudinal vortex. Since this unsteadiness have no effect on the resistance coefficient, as shown in
Fig. 4 (b), the solution are considered to be converged from an practical point of view. In Fig. 4 (b), frictional
(Cf), viscous pressure (Cp) and total viscous resistance (Cv_bottom) are obtained by integrating the flux at ship
hull. The resistance is also obtained by integrating the flux at outer boundary (Cv_top). In Fig. 4(b),
resistance by inner integration converge fast, while the value by outer integration converge slowly, even when
the residual dropped to the small value. But at around non-dimensional time of 10, Cv_top almost converge
and agreement with the Cv_bottom is excellent. This means that the obtained results satisfy the conserva-
tion property in the computed domain (i. e. global conservation).

In the study on grid sensitivity, the number of

grid points in radial direction (KM) and minimum
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Fig. 3 Grids near the bow and stern Fig. 4 Convergence history
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Table 1 Summary of grid sensitivity study
Parameters: IM=81, JM =25,
Router‘_—'l.(), Xup= —0.5, Xdown=1.5

Re=1.2X%X107

Case KM Amin a Cv x10? Cfx10? Cp X102
1 31 1.4Xx10°® 0.005 0.3782 0.2913 0.0869
2 41  1.4x10°° 0.005 0.3726 0.2908 0.0818
3 51  1.4X10°° 0.005 0.3693 0.2890 0.0803
4 61 1.4X10°° 0.005 0.3682 0.2885 0.0798
5 41 2.8x10°¢ 0.010 0.3732 0.2919 0.0813
6 41 5.6x10-® 0.020 0.3760 0.2948 0.0812
7 41 1.4Xx10°° 0.050 0.3957 0.3126 0.0830

Exp. - - - 0.3562 - -

grid spacing adjacent to the hull surface (Amn)have been changed, because it is considered that these factors
greatly affect the degree of the resolution of the boundary layer near the hull, and then the results of the
predicted viscous resistance. Table 1 shows the variation of number of grid points, minumum grid spacing
and the results of calculations. The number of grid points in radial direction have been varied from 31 to
61, and minimum grid spacing from 1.4x107® to 1.4x107%. All the calculations have been performed with
Reynolds number (Re) of 1.2x 107, corresponding to the condition of the flow measurements. Therefore, the
parameter (@) for the minimum grid spacing, which is defined by the following equation, have been varied

from 0.005 to 0.05.

Amin= (1)

a
VRe
On the other hand, the number of the grid points in the streamwise direction (IM) and in the circumferential
direction (JM) are fixed to be 81 and 25, respectively, in all the case of calculations. The location of
boundaries are also fixed as follows. The upstream boundary is located at x,,= —0.5 (i. e. half ship length
ahead of bow), and downstream boundary at Xgwn=1.5 (i. e. one ship length behind the stern). The radial
outer boundary is at Royter=1.0.

Fig. 5 shows the influence of the KM on the resistance components. In these calculations, Am, is fixed
to be 1.4 x 1078 (i. e. @=0.005). The experimental value of viscous resistance (Cv), which has been estimated
from the towing-tank tests by using form factor method with Scheonherr’s friction line (i. e. wave resistance
components has been excluded), is also shown in Fig. 5. Both curves of Cp and Cf converge with increase of
the number of the grid points. The predicted viscous resistance Cv (=Cf+Cp), therefore, shows convergent
behavior, and fine grid solutions of Cv (KM =51, or 61) are only about 3-49 greater than experimental value.

The influence of the minimum grid spacing is shown in Fig. 6, while the number of the grid points KM
is fixed to be 41. The calculated resistance coefficients also show the convergence behavior with decrease
of the minimum grid spacing, and it is recognized that « should be taken less than 0.01.

Fig. 7 show the comparisons of the velocity distribution between experiments and computational results
at the S. S. 1, 1/2, and the propeller position. In the cases of S. S. 1 and 1/2, predicted velocity distribution

agree well with the experimental results, especially the initiation of vortex at midgirth is captured. But at
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[KM : number of the grid points in the [e@: parameter defined by Eq. (1)]

radial direction]

the propeller position, the strength of the calculated vortex seems to be weaker than that in the experiment,
and the low axial velocity region near the center of the vortex could not be captured. These trend have been
also seen in our previous study [3]. There are two possible explanation for these difference between
calculations and experiments. The one is that the grid configration adopted here does not resolve the local
geometry in sufficiently fine detail to predict the secondary motions. A more refined treatment for the grid
configration, especially more grid points in circunferencial direction, may be necessary to improve the
predictions. The second and much more likely possible is inaccuracy of turbulence modelling as described
by Deng et al [8]. They have already shown that a local deduction of eddy viscosity in the core of the
longitudinal vortex improve the solution of wake distribution. Therefore, some improvement or modifica-

tion of turbulence modelling may be also necessary.

4. Numerical Calculations for a Series of Hull Forms

The CFD method described above is applied to a series of full hull forms to investigate that such a method
is able to estimate the difference of viscous resistance due to the small modification of hull form. 5 full hull
forms selected have the same forebody but different aftbodies. Feature of the frame lines of these aftbodies
are shown in Fig. 8. The Ship M is moderate one, the Ship U trends to be more U-shaped, and the Ship V
is more V-shaped, as shown in Fig. 8 (a). The other variation is aftbody fullness, as shown in Fig. 8 (b). In
these cases, the tendency of the frame lines is the same, while the fullness of the aftbody increase in the order,
Ship S, M, F.

For these hull forms, the measurements of resistance and wake distribution at the propeller plane have
been also carried out at the Nagasaki Experimental Tank, Mitsubishi Heavy Industries, Ltd. The 7.0m
length scaled models with plate stud mounted at S. S. 9 1/2 as turbulence stimulator have been used for the
measurements. The flow measurement have been carried out at the Reynold number of 7.2 8.9 x 10°.

The calculations are carried out with the Reynolds number of 7.8 X 108, that is the average value of flow
measurements. The minimum grid spacing is determined by eq. (1) with ¢=0.01, and KM is 41. The values

of the other parameters are taken to be the same ones as shown in Table 1.
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Fig. 9 Resistance of a series of full hull forms

(1) Resistance

Fig. 9 shows the comparison of resistance coeffi-

cients between the calculations and experiments. As

\ is generally known, the measured values of Cv show

\ Ship F the tendency to increase as the frame lines change

\\‘

—— — Ship M form V-shaped to U-shaped or as the fullness of the
T SN s aftbody increase. This ranking is predicted correct-
ly by the CFD method, and the values of the computed
Cv is only a few percentage greater than those of
measurements. It is also observed that the differ-

ences of the predicted viscous resistance due to the

changing of the aftbody shape are mainly caused by

(b) Variation of aftbody fullmess the differences of viscous pressure resistance compo-
Fig. 8 Comparison of aftbody geometry nent and frictional resistance component is insensi-
tive to the aftbody shape. It is concluded from the
results described above that, the CFD method employed here can estimate the difference of resistance due to
the changing of aftbody shape and the predicted viscous resistance seems to be accurate sufficiently from the
practical point of view.
(2) Pressure distribution on the hull
In this section, pressure distributions on each hull surface will be compared each other to investigate the
reason of the difference of viscous pressure resistance among such a series of full hull forms. It has been
firstly confirmed that the all of the calculated pressure distributions on each forebodies, not shown in figures,
are almost the same, therefore the comparison on aftbody surface will be made in the followings.
Fig. 10 (a) shows the comparison of predicted pressure distribution on the hull between Ship U and Ship
V. It is observed that the feature of the pressure contours correspond to the éhape of frame lines, i. e. Ship
U has the U-shaped pressure contours and Ship V has V-shaped ones. In the bilge region ahead of the stern
line, negative pressure region, that may be relate to the strength of longitudinal vortex, is observed and it is
stronger for Ship U. On the other hand, in the region of aftshoulder at the end of the parallel part of

midbody, Ship V has the lower pressure near the load waterline. Among these properties, Ship V shows the
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more rapid pressure recovery near the water plane
and weaker negative pressure at bilge region, and it is
considered that these properties greatly contribute to
make Cp smaller.

In the case of the fullness variation, gross feature
of the contour lines are almost similar, as shown in

Fig. 10 (b), because both hull have the similar trend of

frame lines. And it is also observed that the pressure
of Ship F near the aft-shoulder is lower (i. e. negative

pressure is stronger), but at near the stern is greater

than those of Ship S. The former contributes to
increase Cp, while the latter to decrease Cp, and it is (a) Comparison between Ship V and Ship U
Solid lines : Ship V

considered that the former contribution is greater, Broken lines : Ship U
and then the Cp of Ship U is larger than that of Ship
S.
(3) Wake distribution

The velocity distributions at the plane of propel-

ler position are shown in Figs. 11 and 12, and the

contours of the longitudinal component of the calcu-
lated vorticity (wx) at the same plane are shown in
Fig. 13. From Fig. 11 (a), the contours of the axial
velocity change from V-shaped to U-shaped, accord-

ing to the change of frame line. Therefore, in the

propeller disk, the position of conter lines of Ship U

——_—

are locaterd outer than those of Ship V. This trend
is also observed in the results of experiments. In Fig.

. . (b) Comparison between Ship F and Ship S
11 (b), it is observed that the strength of the longitudi- Solid lines . Ship F P

nal vortex in the case of Ship U is greater than that Broken lines : Ship S

of Ship V, in both calculated and experimental Fig. 10 Pressure distribution (Ap=0.02)
results. It is also observed that the position of the

core of the vortex in the case of Ship U is outer than that of ship V. This tendency is also observed clearly
in comparison of wy, as shown in Fig. 13 (a).

In the case of the fullness variation, the position of the contours of the axial velocity are only shifted
outer, with increase of aftbody fullness, as shown in Fig. 12 (a). This trend is also observed in both the results
of computation and measurements. In this case, difference of vortex strength is a little, and the position of
the vortex core of Ship F is a little outer than that of Ship S [Figs. 12 (b) and 13 (b)].

Fig. 14 shows the comparison of the nominal wake fractions. The results obtained from the calculations

are 10-209% smaller than those of experiment. The reason of these differences may be caused by the

inaccuracy of the prediction of the longitudinal vortex and then axial velocity distribution, as mentioned
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earlier. But the tendency of the change of nominal wakes due to the difference of aftbody shapes is captured

correctly.

5. Concluding Remarks

The results of the viscous flow calculation about a series of full hull forms with different aftbodies by

using CFD method have been presented.

From the comparisons between computational and experimental results, it is confirmed that the CFD
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Fig. 11 Velocity distribution [Ship V and Ship U]
[Left : Calculations, Right : Experiments]
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method employed here is possible to predict ship’s viscous resistance with enough accuracy for practical use.
And the difference of viscous resistance due to the change of hull shape is also predicted well. The results
of calculations also suggest that the difference of viscous resistance among these hull forms is mainly caused
by the difference of viscous pressure resistance component, and frictional resistance component is insensitive
to the hull shape. It is concluded that the CFD method employed here is possible to use for the comparative
assessment of different hull forms from the viewpoint of the viscous resistance.

It is also confirmed that the trend of the change in the nominal wake fractions can be predicted rightly.
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Fig. 12 Velocity distribution [Ship F and Ship.S]
[Left : Calculations, Right : Experiments]

NI | -El ectronic Library Service



The Japan Society of Naval Architects and Ccean Engi neers

Application of CFD to Estimation of Ship’s Viscous Resistance 91
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But predicted values are 10-209% less than experi-
ments. The method employed here requires further 0.60| o Exp.
grid refinement or improvement of the turbulence © Gl
model to improve the quafity of nominal wake predic-

050} ¢——0—°

tions.

0.40

Nomianl Wake Fraction

Acknowledgement

The calculations were carried out by using the

CFD method developed by Dr. Kodama of Ship

0.30

) ! I L ] ]
ShipVv  Ship M ShipU  ShipS ShipM Ship F

Research Institute of Japan. Here, the author would Fig. 14 Nominal wake fractions

like to express his appreciation to Dr. Kodama for his

helpful guidance and advice. The author also wishes to thanks Dr. Nagamatsu of the Ship and Ocean
Engineering Laboratory of Nagasaki Research and Development Center, Mitsubishi Heavy Industries, Ltd for

his helpful suggestions and discussions.

References

[ 1] Patel, V. C.,: Ship Stern and Wake Flows: Status of Experiment and Theory, Proc. 17th ONR Sym.
Naval Hydrodyn., (1988).

[ 2] Larsson, L., Patel, V. C. and Dyne, G. (editors), : Ship Viscous Flow, Proceeding of 1990 SSPA-CTH-
ITHR Workshop, (1991), Flowtech International AB. '

[ 3] Ishikawa, S., Patel, V. C,,: Numerical Simulation of Stern and Wake Flow of a Full Ship at High
Reynolds Number, J. West Japan Soc. Nav. Arch., No. 79, (1990).

[ 4] Kodama, Y.,: Computation of Ship’s Resistance Using a NS Solver with Global Conservation-Flat

NI | -El ectronic Library Service



The Japan Society of Naval Architects and Ccean Engi neers

92 EHERERS KK BYE

Plate and Series 60 (Cb=0.6) Hull-, J. of the Soc. Naval Architects of Japan, Vol. 172, (1992).

[ 5] Baldwin, B. S. and Lomax, H.,: Thin Layer Approximation and Algebraic Model for Separated
Turbulent Flows, AIAA Paper No. 78-257, (1978).

[ 6] Nagamatsu, T.,: Measurements of Flow Field near the Stern of a Ship Model with High Block
Coefficient, J. West Japan Soc. Nav. Arch., No. 61, (1981).

[ 7] Kodama, Y.,: Grid Generation around a Practical Ship Hull Form Using the Implicit Geometrical
Method, J. of Society of Naval Architects of Japan, Vol. 169, (1991).

[ 8] Deng, G. B., Queutey, P., and Visonneeau M.,: Navier-Stokes Computations of Ship Stern Flows: A
Detailed Comparative Study of Turbulence Models and Discretization Schemes, Proc. 6th Int. Conf. on
Numerical Ship Hydrodynamics, (1993).

&1 -]
w|rE KEFY (O BBEETHEH)
ME7V—A54 v UBDs VBIZEZ LT 10 P
35 T, PR nominal wake DA+ B IZ & { A i — ShipM
5, FHROERTHEROBRITEINTHOE T, [ —-— Ship $

AHEa— Pz k358K X > CRAKOERZ RS
JLEHEERLET, FSHBEI-F TR @WRET NV
B—ELTV3 LBV E T HESERLVFLOT,
nominal wake D/h& W VEOHOBHE L O—BH R
WIRTEEZ TR LR, FELEREO—BER
wake DR EVWUBOABROVDIFEARBHRHICE S
bOTLE D, THRFEW, N

r

0.5}

i Il i i

1
0.0 0.5 1.0

r/R

(a) Experiments

m %
Fig. Al, 2 &7 07 LEGECOMRE w, (FIF
HATHE) OAERLET, MEBEXELEZ % 10

Ship S, M, F 04, MEEIC L2 w.oOERIIEE L | ~—=~—— Ship
—— Ship M
—-— Ship S

BBRERTIC—HLTVWET, 20D, IThEEE I
AEcia L TR AHHED Fig. HKTnT &5, .
ZOHEREE XERMNIC IR0 bRBIZCL S -
HEVFHETCHORIEEINRTWE T, Zhid, Fig. 12 05}
WRLI& 312, ShipS,M, F ¥V —X DB, EHHKRK i
A7 MV (REBOES) OFF:#&DH Ship V,M, U vV — i
ARHREEVFEETLVIDEEZTBIET, &8,
FBERTIZr/R=04~05 (R: FYuxF %) fHEIC

WD 7 HESNETH, THRFORT -5 4 27 0 s 1o

Wr

NOMBOBK TER A EMOTMEIMET L T30 T r/rR

To —H, STETIIHMBRBBLFEEINLIDHIDLED (b) Calculations

ZEFFH L 52 5hF, LEss>T, wOAFiicy Fig. Al Mean wake distribution on /R [Ship F,
M, and S]

NI | -El ectronic Library Service



The Japan Society of Naval Architects and Ccean Engi neers

Application of CFD to Estimation of Ship’s Viscous Resistance 93

E—7BBENTEBD $8A,

Zhwextl, Ship V, M, U ¥V —XDFED w: D53
AR, BBRERER 2 EMBIOZEIC L > TAEICHE
BLTWET, T8bL, UBERIICRZZITE wDE—
ZAIBEBARE B> TWwET, ZhidFig. 11«
KU 7z& 912 Ship U OfEHB DL, Z0duifs
BONMUNEBEIL TW5:HTY, L2588, 58T
i3, r/R>0.7 2BV THBRER L IZIZHIET 5 w315
S5NTWVEHDD, r/R<0.7 DEBTIIAER™ S £ {5
BEInh T oEBHER L2 B> fEmE -
TwE 3, BB, Fig 14 127" L 7z Ship U OfEHREK T
BERCBERENCIBEVESISGOATVETH, MBI
DL CHBREREEL RE>TVE T,

HNERE O TR O L B 0 BUROFHEE T IIME O/
BFLEFEINS 0D, HRROHBELHABKRE L DE
B Z—RELBRTIBMBCEIEL TOEWVLEEZT
B ET, MMBOE L 2MHRFOEROESNLMEM
DHEFIWZ DOV T HMEBIEKEEEY Y — XD & 5 il
I THBOBEDEID/NE WG ICEFRIENTD
rrEZohE T8, UVEEXEY Y — ORI E#E
PBRESRZDIBEIFRE2EITLHDEFEZTED
KIS

KME SEEM(NHKI>Y=7Y > 75 R))
BRD CFD a2 — F 2 EHEARMAICEH X h, CFD
I—FORHAEIC OV TERELLZED DL 5 T&»
¥, UT3DDOEMEIETLREEET,
1) 4 ) —XMHBID Ceiz W 6 TTh, LALTNIE
BEZT &V,
2) Fig. 8ix>n»T

10
i ----ShipU
— Ship M
i —_ —-— Ship V
0.5
" [ . L s
0.0 0.5 10
r/R
(a) Experiments
1.0
i --—-~ Ship U
—— Ship M
i —-— Ship V
0.5+
0.0 05 10
r/R

(b) Calculations

Fig. A2 Mean wake distribution on r/R [Ship U,

M, and V]

Nominal wake fraction OEERfE L HEFEOEZEN U BRI D VERMO AL ZOENAZWEREY B
B2 T &, Bk CFD 2— K T3, MBI CHBSEE TR T NFHE L EREIBF A —HERLE T, #
BV IEHOKBEROEE I, UBRIKRZIFIEBLSLILDEHELDBOVLIKRELS 2 ETFEINE T3,

Fig. 8 BWDEER L B> TV E T,

3) 5ENT CFD &R OREE & U TREES, ML IOFNZhoBORTH 5 EHEG, BEEEP 2 LK
HDFESE TH 5 Nominal wake fraction & >3 X 3512, KRB IC BT 5 T DOHH & FREOMESITHNT
WET, IOEIRROBTRRB L OBFREL2ICETZ I EP#H LW EERDbNLE T, 910 CFD HEHEROF)

BOH&EZ EF#HD I pB2ZhEFENTT,

NI | -El ectronic Library Service



The Japan Society of Naval Architects and Ccean Engi neers

94 EEEMRSA®R FTHF

I3

1) Ship V, M, U iZfEXEHE—T Cb=0.83, Ship S i3#70.82, Ship F i3#70.84 T¥,

2) ER T 2EER2TEHET I,

3) #3kD CFD O ERROBE IFHCEN A2 BBRER LB L A8 FEETL 2, L L s, EH#E
H5VIEREREEORIBEFML AP nd S TT, —FH, EBOMMBETORBTCFD 2 HRZ
Tool L LTHEAL T DI 3MBDEC L2 ZDI I ZRABOEROHEEHELVEETHY, Ih*%
FHE T 2 - D AR EERL - RETT,

THEOLBYMB L I oRMAROMBEREET 5 720121k, X0 Fig. 10~13 &R LTz X 3 REH5E,
BEAMEOFTIBOT — & 2FHMC BRI T I L BEHEL 2D T, 2561, RO IMBORBELR
B CFD % BALZWEEXTEBDET,

RmME EAXH (RBKZF)

1) SEEFEBROMHEENR L C—BL T3P, YuXTHEK BT 2HESMN & ARERECBTENR SN
2 O REEEFRBEARCHE T 2EMETNVICEIZEFZTBONETH, ZORBMICOVTBHEZITX
U, .

2) HBRIZEHAEESEDH D, 5HHEIZ double model TY#3, HHXHDO D 25E%2 b LIThko o LicBE, LED
BrA»ENHLDOTL X I0, HDREBELT I,

B *

1) FARTR Yo FBRETVEFEALTEY £ 748, ZOETFNVERIIBNEM L #E 2 RTEAE CORE
BEAAOHABECE SO TROOLNTWVE LI TY, Lo T, MBHOD X O LidEet) EnERBCD
WTRZED: OB THEAT 2ORMESSVEEZONE T, —H, BEREFVEEMT 2 LHER
TEIAMBPARELAZZEVIMBEBELCE T, Licdio> T, HEHNEMTL» b MEOEE LTINS I bHA
AJRERELME TNV ORMBEIEENE T3, T LRI EEBL TBY F¥A FRTHRR/A X 512, Deng [8]
SICE D BROFB TRESHAB L/ NE T2 LHABRBER NS T 2M@SHBEIN 2 Z L& SN TE
D, EEOBLORN THRKRERETIBRBIEOSNTBVET, ThHoRkDVTIEE, RBOZLEH
A TR THRES R TO RSV EELTB EY,

2) KEMGEOFR W IEHRAFELEENI2XTLEHFIONE T, FToRTEARDOTNIX Fig. A3 ZRT
I3 CMEPSENVVEERE EXNIMASERLL>TEY, HHREARERIFLALZVEEZITED &
To

Fig. A3 Strem lines through the propeller disk

NI | -El ectronic Library Service






3-19

Calculations of Incompressible Fluid Flows
for Two Tanker Models

Satoru ISHIKAWA®

SUMMARY

This paper describes the calculations of viscous flow for two tanker models under the
double model flow assumption at Reynolds number of 5 .0x10°. The Computational Fluid
Dynamics(CFD) method used in the present calculations has been originally developed by
Kodama[1]. Two modifications to the turbulence model based on Sung's method[2] are
applied for the improvement of stern flow prediction of the ship. The modified turbulence
models provide the better bilge vortex predictions than that by original Baldwin-Lomax
turbulence model.

1. INTRODUCTION

Recently, Computational Fluid Dynamics(CFD) based on numerical solution of the
Reynolds—Averaged Navier-Stokes equations has experienced great advances due to
improvements of both computational algorithms and computer hardware. The 1990 SSPA-
CTH-IIHR Workshop have concluded that the CFD method for ship viscous flow have
succeeded in predicting the gross features of the wake flow, although the bilge vortex has
been predicted weaker[1]. It have been also difficult to predict viscous resistance
accurately by the CFD method. In order to overcome this difficulty, Kodama have
developed a new CFD method that satisfy the global conservation, and showed that the
predicted resistance of Series 60(Cb=0.6) ship model agrees well with measured ones[2].
So, in order to examine the practical applicability to ship hull form design, the method is
applied to a series of practical full hull forms with the same forebody and different
aftbodies by the author, and it is confirmed that the method can fairly estimate the
difference of viscous resistance due to the diffrernce of hull forms, as was found in the
experiments. It is also indicated that the gross features of the predicted wake distribution
agree well with experimental results, although the strength of the predicted bilge vortex
is weaker than that in the experiments[3].

In order to improve the accuracy of wake flow prediction, a detailed analysis of
several numerical approach and turbulence models has been carmried out by G.B. Deng et
al[4]. Thcy indicated that discretization schemes, grid refinement have a little effect on the

i Nagasaki Experimental Tank, Mitsubishi Heavy Industries, Ltd., Nagasaki, Japan
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quality of the solution in the wake, however hook-shaped isowake contours is captured
by the local reduction of the degree of the eddy viscosity in the core of the longitudinal
vortex. On the other hand, Sung et al. indicated that the correction for the turbulence
length scale based on the experimental data of Huang et al. [5] provide better predictions
of the stern flow for two axisymmetric bodies[6]. These corrections also result in the
reduction of the degree of eddy viscosity near the stern region. In this paper, therefore, two
modified Baldwin-Lomax turbulence models with the Sung's correction factor are applied
to the calculations of stern flow for two tanker models.

2. OUTLINE OF THE CALCULATION METHOD AND ITS APPLICATION

The numerical method employed here has been developed originally by Kodama[1].
It solves the equation of continuity that includes pseudo—compressibility term with a
positive constant B, and the three momentum equations - for three—dimensional
mcompresmble turbulent flows. These equations are discretized in space using a cell—
centered finite volume formulation and in time using the Euler implicit method. The
inviscid fluxes are evaluated using 3rd-order upwind scheme(MUSCL) with the flux
difference-splitting method, and the viscous flux are determined in a central differencing
manner. The algebraic turbulence model of Baldwin and Lomax[7] is employed.

Applying the above method for the computation of viscous flow for two tankers, free
surface is assumed to be flat. Therefore, we may calculate the flow around the double
model. The flow is also assumed to be symmetrical with respect to the hull center plane,
only the port side of the hull is considered.

In the calculations and results to be presented, the right-hand coordinates system
(x,y,2), that is normalized by a ship length L, is adopted, in which x-, y- and z-axes are
in the direction of uniform flow, starboard side of the hull, and upward, respectively. The
origin of the coordinates system is fixed at midships on the undisturbed water plane. The
velocity components(u,v,w) in (x,y,z) directions, respectively, are nondimensionalized by
the ship speed (U).

3. TURBULENCE MODEL MODIFICATIONS

Sung er al. indicate that the original Baldwin-Lomax turbulence model(BL model)
overpredicts the value of turbulent shear stress in the thick boundary layer near the stern
region of axisymmetric bodies[6]. They also show that two modifications to the BL model
based on the experimental data of Huang et al.[5] provide better predictions of the stern
flows for two axisymmetric bodies. In the present calculations, therefore, simple
modifications to the BL model based on the Sung's method is made for the calculation of
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ship's stern flow.
The inner eddy viscosity remain the same with original BL model, and given by

v = 12| @)

. t, inner
where || is the magnitude of vorticity and
I = xy{ 1-exp(-y*/A") }, k=04, A" =26, y* = yu,/v
y : the nominal distance from the wall
u,, : friction velocity, v : kinematic viscosity of the fluid.
The outer eddy viscosity of original BL model is given by

Vt, outer K CcP F wake F, kleb(y) (2)

where K is the Clauser constant(=0.0168) and C,,=1.6. For the attached wall boundary,
F,ue=YmaxFmaw 20d quantities y_ . and F,, are determined from the function

F(y) = ylw|{ 1-exp(-y*/A*) }. The function F,,(y) is the Klebanoff intermittency factor
given by '

Cuep¥ -
Fup() = (1+55(—22= ) 3)
y max
In the present calculations, two modifications to the outer eddy viscosity for the attached

wall boundary are made based on the Sung's correlation factors, as follows.

;2 @

[ Vt, outer ]G = [ Vt‘, outer ]BL G

and
[ Vt,outer ]GP = [ Vt, outer ]BL G.P (5)
where
(Chymax+r0)2 —rg Chy
= for X > 0.2
G 7 11(Chy max)2 r 0 (6)
C
~1.0 for —#max g
Ty
Bo(se2e%0 o
3 3
B - Ymax l(ﬁvp + [aVpl) (8)
T, 2

The modified turbulence model in equations (4) and (5) will be referred to as BL-G, and
BL-GP, respectively. The letters G indicate the modification based on the flow geometry
that is the so—called thick boundary layer on the stern where the cross sectional area of the
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hull approaches zero rapidly. This modification is applied in the stern region where the
- boundary layer thickness (8=C,y .., C,=1.55) is greater than 20% of local radius r;. In
the present calculations, 1;, is defined simply, as follows.

_ | A®) )
. :
where A(X) is the sectional area of the hull. The letters GP indicate the modification based

on the pressure gradient, and in the present calculations, pressure gradient in the

Ty

streamwise direction is considered (here, @ is the unit streamwise mean velocity). This
modification is applied in the stern region where the pressure gradient is positive(adverse).
Further more, the constants are modified to C,,=0.65 and Ccp=1.2 which are the same
values used in Sung's calculations.

Finally, the eddy viscosity is calculated by a blending relation of inner and outer eddy
viscosity, as follows.

LV
Vt = [Vt, outer]G or GP tanh{ L } (10)

[Vt, outerlG or GP

4. NUMERICAL CALCULATIONS FOR TWO TANKER MODELS

The CFD method described above is applied to two tanker models i.e. HSVA tanker
and Mystery hull of the SSPA-CTH-IIHR Workshop. The calculations are carried out with
the Reynolds number of 5.0x10%. As shown in Fig.1, the H-O type grid system is
generated using the implicit geometrical method[8]. The upstream and downstream
boundary is located at x=—0.5(i.e. half ship length ahead of bow), and x=1.5(i.e. one ship
length behind the stern), respectively. The radial outer boundary is placed at R .=1.0.
Grid lines are clustered toward bow and stem profiles in streamwise direction, and toward
hull surface in the radial direction. Figs.2 (a) and (b) show the grid near the bow and
stern. As shown in these figures, bow and stern profiles have been followed by the vertical
grid lines. The horizontal grid lines are approximately orthogonal to the vertical grid lines,
and also to both the bow and stermn profiles. In the previous study of the present author,
the investigation of the grid sensitivity is already performed to determine the appropriate
number of grid points and minimum grid spacing. In this study, therefore, the same
parameters for the grid generation are used as follows. The number of grid points is
81x25x41 in the streamwise, circumferential and radial directions respectively. This gives
a total number of 83,025 grid points. The parameter (o) is a criterion used to determine
the minimum grid spacing adjacent to the hull surface(A ; ), which is defined by the
following equation, and a=0.01 (i.e.Amjn=4.5x10"6) is used in the present calculations.
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Amin - = (11)
[re

The effect of the modification of turbulence model on the solutions are shown in Figs
3-8. Figures 3 and 4 show the results by using original BL model at the propeller plane.
The gross feature of the wake flow is predicted well, although the bilge vortex is predicted
weaker and hook—shaped isowake contour is not captured.

Figures 5 and 6 show the results by BL-G and BL-GP model for HSVA tanker. It is
clearly that the values of the eddy viscosity given by both modified turbulence models are
reduced than those by original BL model, while the results of eddy viscosity given by both
modified models are similar to each other. And the degree of downward velocity near the
center plane becomes greater and the contour line at u=0.3 is expanded.

Figures 7 and 8 show the results by BL-G and BL-GP model for Mystery hull. In
these case, hook—éhaped isowake contour is captured, and is similar to the measured ones.

5. CONCLUDING REMARKS

The finite—volume method that developed for calculating general three—dimensional,
turbulent, incompressible flows with satisfying the global conservation is applied to the
viscous flow around two tankers with double model flow assumption at Reynolds number
of 5.0x10°. Two simple modifications based on the Sung's method to the original Baldwin—
Lomax turbulence model are applied to the stern flow. It is confirmed that the CFD
method with modified turbulence model provides better solutions of wake distributions.
However, the modified turbulence model employed here is an interim, therefore further
examinations about a turbulence model is necessary.
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Study on Scale Effect on Viscous Flow around Hull and on Propulsive
Performance of a Ship by Using CFD

by Satoru ISHIKAWA, Member

Summary

This paper describes the calculation of viscous flow around the tanker (Ryuko-maru)
under the double model flow assumption at model scale and full scale Reynolds Numbers, in
both towing and self-propulsion conditions. The CFD method used here has been originally
developed by Kodama and Hinatu. As a result, difference of wake distribution between
mode! and full scale ships is predicted well. The form factor and the thrust deduction
predicted by CFD method are not depend on the Reynolds number, but effective wake
fraction decreases with increase of Reynolds number. Scale effect predicted by CFD
described above is basically agree with the knowledge that is used in the stage of prediction
of full scale ship performance from tank test results.

1. ¥ -1

Navier-stokes /7B = BEANCHE < T L2 & > THRERE D OB 2 #E T 2 Fik [CFD(Computational
Fluid Dynamics)] O#RBICIE, DEELWLHORD %, I, SAETE, FBOAZS TERD 3 IXEMER
WOWTHHEELABEL K> TET W3, FlziE, Kodama i 70 — NIV RESENFRIE A N-SFEHERZEEL,
BIFEEZHVS LWLy, ABER LR —BT 2HEBHIOMESTRETH S Z L 2 LIz[1], Ishikawa X
BFEOEARETNVEEBIET 5 2 & T, MBOHEK X 38BIi% o> FCERKROZERSER L+o BB CHEE
BETHB L ETRLE (2, 3], %7, HEW, Yu70¥BEL*ERRKN S u~7EH (4] HVLCNML, &
Shic a7 )% RANS FEAOATTEE L THMT 22k, k. 7o - ROTHREE (EHRE
DOFHE) BIWOEZ D LS RFEOHRER -7 [5], ,

EREROTNHBERMHLO VA VWV ABKICB T BB EREML 72 b D208, —7, EMHELDOLV A /v XHIC
DWT Y, TOTWHOHENHAALONTWE[6, 7], EMEBMBM T, TOTEECERT L1/ VXKD
B L o THRERE D OMERBUSELZ YD, IHICHOERE LR TEHPHEENRCENE LS, LrLkas,
AR - EMBABRER B T2 Ltk > THSh s REBECHT 2GRN, @%, MEEIEACE L
TEROHBE R e D 2EEATH 5, Lizdt-> T, HEBROMER Y O EMOMELEE S 258, TOMOER
DT, WL D2PDFENFRLRRE L, BB L EMBBREROLBICE D (ERIRBEFERT 5 2 & TRE
HEEFHEL T3, 22T, FH T, HFEDHEE bei’é%’a‘: &iF7: CFD 2 v, EifE L B O T, K
ML VEAMBERLEEHETRD, TLoOREFEBICOWT, EROHR L BRI 2T, 2Dk, %

* 23 E TERRIBIT T
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2 7HEE M s X | BN

AR B RS DR % 3% (Lpp=300, 30, 7m) ic2\><T, CFD it & 2 Bfi% & Ui EFURED S B *
ERLT2o £77, EMLVNVDEVA NV ABICBI 2HER2ERT 214k b, CFD O EBEORIE:RTTS 72
Bz, 2 RTCERAEOE % fte CTEMBL T2,

2. HAFENHBE

AR TR CFD O EkiE, Za— " 2REEE2MET 5 2 L CREERHEENOMRELAIFEL L/
NICE i 2 FETH D, ZOHEAT — Fit Kodama [1] 12 & DBIFE S i, XMABRRIZ, ED/ 85 A —
7 B 2 ELELERBEEEMNZ 7285 DOR & Reynolds Averaged Navier-Stokes (RANS) FBRTCH 3, 2hd
OHABREHL, EEAEZEAVRLICER R RE L - BRER K, BFHETMI Eular Bk L AV EBILE
WAT %, %7, RANS OFMMEIZ, vVRETOMEY 3 KEED MUSCL &% TFHli L, EFi{bicid Flux
Difference Splitting ¥ T, & & IZkMEIX, Gauss DESEREZHAWVT, 2 W*ﬁﬁ@qjlb%ﬁ}ﬂmlﬁﬁﬁ?‘ 5, 2Z
T, XFEFRHRBOGFTECHERA L., 22T, KEABIUBERLETRAS ETS L UEGHRTH S L
LT, MEERKBOADHEET 7z, R EDOBIERIZIFRL TRV, BFOHL LT, EMOFETHIM
REEKTF% Fig. 1 ©R7, EFEF i3, Baldwin-Lomax [7] €F /v & L1z,

BE#RCREB O EIE, L& NICE %0 RANS ABROSIEIC, SREERE7o7HEH (4] 2AVFHEL A7
URSAEFEBALELTHMNT 2> THMSABBR X VBESAHE (5] 2RV, Z0OBE, BMER
K5 X AMOMENERTE VLY, LE, RHAHBEOBE LR IREESRLLHEETo 2, Fig. 27T
&5 MBI FO M Ra Y —PRESRMRBOBEG L ETRZ S, £/, TuxIOREROEE LS
BT 57D CEARBOBTERAVHER2T >, &8, BHFHETIE, NSOHBEE FuIFHEEUTOFIET
BOIRLUERL CAMSREET 2 FEEAVI,

1) RAREBOFERITY,

2) TuRFHEOHERSMAERD 7O RTIAOFHRARE LT 5,

3) MEBEFIELERN LT 5, L, BEROBER, BHE,SEREEREE LSV ELLERNL

T35,

Fig. 1 Hull surface grid for full scale ship
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CFD 2 L 2 b O Fiis 7z o M HEEMRED RERE BT 2 Bt 3

4) MARE G2 T7uTFHERTH, LEHS
ERET L ST HERE X a7 154
(SIS L BIERIKSY) KD S,

5) 4) TR Tu7 7% NS ABRROAHADEK
BOOEHIZRALTNSFHERITS,

6) MBI ERMOBEIIEREIELHRE) L#
NPV EZTFHEEKT T2, —BLARVHE
X, RS TuRSEBHE FE LTV
LbOEBRAEE L LT3)INRES,

¥, BMEHOBEOEIE T VL, ST [6] L

7z Hv>, {EIE Baldwin-Lomax £ 7V EFH L7z,

[/

3. BFoREOKRE

W
[/
7

BAHE B ERROFHAE £ LB 20013, 7 s$$
SRR E S O OB DV THAMIRL TH B P
==“NN\ i
Bib s, TOFEO—DL LT, BINEEEEL, agts HHHHH
Z DBOHICE X B £ A B RERTF 0 5 asﬁs \Exasmsil
2o EHIL, LIHT SRI0T & b D ORHETLRL EHE< I gsg i
) B BEABOK RS CRICERT 52

BWEHETHL L, o, ZOEKNRIEIHE.:
mL7z [2]e 72720, ThsiEERBv~LvDoLv AL L
A (Re=12X10") TCOBFTH o1z, £ T, EML Fig. 2 Computational grid near the stern
NADVA NI B BEHE R BT 510, Top: for towing condition
Bottom : for self-propulsion condition

Fig. 3 BB 273 & O o8k 2 XU FEREE % FIE
W2, ERROFEET CFD OF B E OREE %2175 72 IR
FREPCRLIZEBD EL, FEAERFROLHZEL
1o st BRI OL 31, FIROKEE #1.02 L THIAK 0.5 —_— N

/ Inflow Outflow
(Xmin=~0.5), B H 2 1.0(Xnax=2.0), BE > & FEH H A
1.0(Ymex=1.0) & L7z, VA /W AE (Re) XLATD 4 v a kel ] T
ML ’t xizl Flat Plate i=1M

Re=5.0%x10°% 5.0x107, 5.0x10% 5.0x10°

Fig. 3 Computational grid for a flat plate
FEE TR, FRAMAOETFIEEEXEEL, B otk

AR DWT, BREOR/IMEFHER (Ann) ZZE
L, FERCEITAORFHER (KM) % Table 1 IZRT & 512 Amn 2 U 5 XX WLEEINS ¥, BB, FHH
MO FE (IM) 3131& L, FIR LICTEOBF A2 EE L 2.

FFETHE S T EBIETUREK (Cf) #H# L C Fig. 4 &Rnd, A—Vv A VAV ABOFETH, BR/IMETHRE
BREVE BTFEBLBLE) BHFRESAEGHEENS, LrL, B/IMETHIBLH 2EUTICRS E, %
N ENE L THEREHERIIBEALEEDb> TV RYL, 20X 31, BEEFEOKTHEBE NS TE2L
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4 HEEMR SRR BINE

XD, BFERERHOIBF LA CEVENEONS, I TR, SV A/ NVABTBWT, Th¥h Tablel O Case
3, 8, I3BIVIBERIBRTIFIEOBREFAT S L LT,

Kz, FEHBRABTOHESERL S, VROAKES L UhRMITICB T 280 5EEHHAOEEIMHE KD T
Fig. 512, JRPTEESERK (cf) OHE % Fig. 6 KRd, ZIT, B2EDOLD, BESMOVTIBREROEE,
cf Iz DWW TIZ Schoenherr R & 2EEHE TR Uz, VA NV XEH5.0x10°5 50x10°, W»WIFhoBHEH, #5{H
FESI3B A3 X Uf Schoenherr R & B { —BL T3, Bk, EEIEHMAH(CH OFHEARZEL O Friction
Line ¥ H# L T Fig. 7 &R ¥, CFD iz & 35+ E#& R 1 Prandtl-Schlichting, ITTC57 ¥ X U Schoenherr Line &
FIR—EHLTWwaZ eigns,

P EomH» o, BFIFErETIcEDNE, v A
Table 1 Summary of grid sensitivity study JNWVAREMEXIP® T TOEVA /NVABOERRY D
mhcowT, HESM, RFERRES L VEREHR

= 1 min=-0. y ax =4, ‘max = 1.0 = >
IM =131, x 5, Xmex = 2.0, ¥ e bR R L — B 2 EREESNEOND T L

Case Re Amin km
1 2.84x10”7 49 LoV ke A
2 7.57x107 46
3 5.0x10¢ 2.84x10% 41
4 7.57x10% 38 4. RERBOHN
5 2.84x10° 33 CFD THhCHEMBEOREREEBORN 2T 2
6 5.05x10* 55 i, EECEBESh, BERROERS N8R
7 1.35x107 52
8 5.0x107 5.05x107 47
9 1.35x10 44
10 5.05x10 39 Re=5. 0%10°
11 8.97x10" 61 % [ T
12 2.39x10° 58 30— ::_‘iz :; ——
13 5.0x10° 8.97x10° 53 5l - on AR
14 2.39x10" 50 oo || —a11 Lax
15 8.97x107 45 .
16 1.60x10* 67 15
17 4.26x10° 64 10
18 5.0x10° 1.60x10* 59 .
19 4.26x108 56 pd;P
20 1.60x107 51 1(.)05-1 1OEH0 1.0EH 1.0E42 1.0E43 1.0E+4 1.0E45 1.0E+6

vt
0. 004 . Re=5. 010"
—eo—Re=5E6 [ 5 !
| —a—Re=5ET oo o o 50 —o—x=-0.47 i

0. 003 Re=5E8 —a—x= 0.02 ] L~
—u—Re= 40 ~o—x= 0. 47 A |
—eo—Re=5E9 —ta —1Vall Law 0000000

& 0.002 *4 30 M‘r

: 20

0. 001
10
0

0. 000 1. 0E-1 1. 0E+1 1. 0E+3 1. 0E+5 1. 0E+7 1. 0E+9

1.0E-10 1.0E-9 1.0E-8 1.0E-T 1.0E-6 1.0E-5 1.0E-4
Minimum grid spacing ' y*t
Fig. 4 Minimum grid spacing and skin friction Fig. 5 Velocity distribution on a flat plate
coefficient (Flat plate) Top: Re=5X%x10% Bottom: Re=5Xx10°
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CFD iz & 2#MAR Y D His s & CHEEMERED REESZE 3 5 85T 5

R 2LEND B, AR TIIE2AHERAERHE (ITTC) » o EMOFSHTHRERS D7 — % 8 CFD Valida-
tion Data & L TIRHEE N TWL ZARB Y > — BN E N RIRB & U CHA L 7z, B, F# (Re=243X10%),
B LU & BAZERCHLUL EB (Re=6.59%107) & & M KIEARBRAEAMN (Re=740%x10° DT, 7
ORI BEH L T HRETOMBERGH AR, 3L UEARKC DLW TRENFERERR EXPARIN TV S
[9], A#EDEEH % Table 2 i<, IEEMEIS & UMERIRIK £ Fig. 8 1R ¥, %7, FiBsHil OFHHIKIE % Fig.
912, ZDBORAERFM% Table 3 2R3,
BAREBOHE D= DR F4RK X, Implicit geometrical method [10] % Av>TIiTvy, KEB & U ET.LE
THRABETB L VEGNHRTHS & LT, EREIDH

0-01 L 1 J L LT L L LTI T LIT
& T —o—Prandtf-Schlichting (1]
Schoenh
Re=5x10° 3?\ i .?Tﬁe" ot
0.010 —[ l h >~ Hughes
0.009 { ] - NN w CFD
0. 008 CFD e \EE
. ‘ & [ %
0. 007 ; ——Schoenherr — '\’t
0. 006
% 0.005 * l .
L T
0. 003 ©9% v L | 0. 001 | I 1l
0. 002 1. 0E+5 1. 0E+6 1. 0E+7 1. 0E+8 1. 0E+9 1. 0E+10
’ ' Reynolds number
0. 001
0. 000 .
0.0 0.2 0.4 0.6 0.8 1.0 Fig. 7 Skin friction coefficients for flat plate
X
Table 2 Principal Particulars of Ships
Re=5x10° P P
0. 003
l ‘ Model Ship |Experimental| Full Scale
o CFD Ship Ship
0. 002 -—Schoenherr Lpp(m) 7.000 30.0 300.0
’ B(m) 1.167 5.0 50.0
5 da(m) 0.443 1912 18.86
WMMMOW”: df(m) 0.443 1.912 18.86
0. 001 dm(m) 0.443 1.912 18.86
Cb 0.830 0.830 0.829
Dp(m) 0.21 0.92 9.20
0. 000 Boss R. 0.18 0.16 0.16
0.0 0.2 0.4 0.6 0.8 1.0
X | f
H 1
— i
Fig. 6 Local skin friction coefficients T :
Top: Re=5Xx10% Bottom: Re=5Xx10° \ §i
|
I
' wn 1
AP FP ( o
\ [ | £l
= = 5!
R e C g !
N 1
AN g
. /j i =
o!
) |
X/L=1.0 X/L=0 |
e =
Ll , .
Body Pian and Profiles AI.P. 1/4 1/2
. . : 4.5% L
Fig. 8 Body plan and stem and stern profiles of ! ee
Ryuko-maru Fig. 9 Measuring section

NI | -El ectronic Library Service



The Japan Society of Naval Architects and Ccean Engi neers

6 AEMENSRE BIS

1/ 4HERO HOBFEER LIz, (x, v, z) BEIMETERT/L, KMEEOMERLER[CED, TH
Bl x &, AR EE Iy B, SAE LRSI z R ERL o, RTFHEERIL & X, MERD S 1/ 2 MRS Bl
(xep=—1.0) %, MBS 1 MBEHCTHEN (Xwowm=15), ES5IEEAAC IR (Ruw=1.0) &L,

¥, BLrA/VABCB D 2 EEEORIERZTTS i, FIROFHHEOBE LER, BTES L UCR/IMET
R %% 2 -3t E%#1To 72, Fig. 10 K¥EBRHFAOBR/IMETFRIREEE L B0 KB B L UEMOREETIREK
(Cv) BXUZDEERS (CH, MEEHENRS (Cp) 2577, kb, FEEHFEZ, BARERTEXT
L7 bDTH 2, FIROBE L ZIZASOR/METERELG LS 2Lk, ThlERIMEFRIBZ/NEL
IBELEDLORVENRENEGONE Z B0 5, T
no R » S, BAFREBOHERFIE Tabled 7T H : Re=6. 50x10

0. 004

OERALL, UFTR, ORBEFOHESRID .

BTRT. B, WOV TRERORREOHE 3 ——s

2B T, ROEFREOHEOM TH~ 5. % S — D
Fig. 11 I-HA, EBALS 5 I RO EHRBKOFH ma

HEER R, B OB Schoenherr D VHERE g

AR (Clo vo), R BEROBHEED 5 3 KT om

B CHESE LT EHEE [(1+K)Cfo, sen] TH Do 35 hE Wi grid s;:é:Ei:g HE

i, CFD TR 1484 TR OBEBHERS (Co, cro) © s

B TRLT, 22T, MEb) LERAY CA—0f %

FANE (BIKTFMRS & CHFHREA—LT2) & 5

RAIL, ChoSHEET 5L, $FHRLNTROBRE 5 " . — —

FLERE (Cfo, crp) 1, HZRDEY Schoenherr Line & 1 Z o R Iﬁ:

B—BLTwa, LinL, L4/ LXMcHts a2k ‘2 oo

EricRITY, Bv 4 / VX T Schoenherr Line £ 9 2 » o T

EFNEL, BREBVA /VIETRERRPRKEWN, ik 1. 0€-9 1. 0E-8 1. 067 1. 0e-6
Minimum grid spacing
Fig. 10 Computed resistance coefficients

Table 3 Test Condition of Wake Measurement Top: Experimental ship (Lpp=30m)

Model Ship |Experimental| Full Scale Bottom : Full scale ship (Lpp=300m)
Ship Ship
Vs(m/s) 1.27 2.63 8.33

(14k)C0, sch

Prop.R. 8.52rps 80rpm

Re No. 7.40x10¢ 6.59x107 2.43x10° ;c: 0.006 ———— ------ Cf0. sch
5 e Cv,CFD
Table 4 Summary of grid points (towing condi- &« . 4  Cf.CFD
. + 0.004 = o  Cf0,CFD
tion) o .
S o
Xup = -1.0, Xdown = 1.5, Rout = 1.0 8 e
Model Ship |Experimental [ Full Scale s 0. 002 00 S
Ship Ship o 8.
M 81 101 131 @
M 25 31 35 o 0. 000
KM 41 47 64 1. OE+5 1. 0E47 1. 0E+9 1. 0E+11
Total grid 83,025 147,157 293,440 ’
A, 3.7x10% 4.1x107 2.7x104 Reynolds Number

IM,JM,KM : Number of grid points in the streamwise, . . .
circumferential and radial directions, respectively Fig. 11 Reynolds Number and Resistance coeffi-

Amin : Minimum grid spacing (in radial direction) cients
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CFD W X AR D OFiH e & N HEAEMEED RERE Y 2 3t 7

FEEEHURE (Cf, cro) 1, FARDE L D ELICKE V, $HEEFAE Cv, oo 13, KEFRBERICHERPRREL
HDD, VA NABEERIZOWTRER»SH SN TWS I XIT/HMEE L BRBRICEAY TR T . < OEMHEIEH
REORBEEICOVT, XS ERHVCTET 22012, BREEEHK 1+K) 2XRXTKD T Fig. 12 KR,

(1+K)=Cv, crp/Cto
=Cf, cen/Cfo+Cp, crn/Cfo
=(1+Kf)+Kp

Z 2T, Kix Form Factor %, Cp, ceo iZMMENEIFRBER T, 72, Cfo 3L FEIROEBIETIFET, 22
TiX CFD i & 25TH#&R (Cfo, crp) & Schoenherr friction line 2> 5K & 72l (Cfo, sen) @ 2 EEZ A WT (1+K)
EHELZ, 2hiE, BIROEBY, Clo,crm & Clo,sen DV A/ VAT 2EESEPCREB1:0TH 5, 12
2L, CFDIC & 25t HER > SRR BEEE T 21, SHDO Clh KDWTbMEb D LR—OBRFIHAEEA
TEHELZ Clo, e #BAL T2 2 L THEMEEMBNINL I L5, HIBEOEEHESLIVRENTHS LFE
ZoN5, AR & % &, Cfo, sen ICHT  FERFERBUII LV 4/ VX EOBIMC L OIS 2 1A %R 3 53, Cfo, cro
WERISREERBEI LY  VARCEKERE TRIZ—ETH S, /2, TORFERD L, Cl, oo CHET L Kp
i3, EMThIrcEmLTws 00, (1+K) OXKFESEED 2 1+ K 3o v A4/ VB EY 71312 —
ETHb, Lics>T, 1+K) Z Kpick biaWwi§ng 525, ZOEMRIENTHE, 2D XSz, CFD TH
FELLREND 1+K) WRREFEBIEILALRoh ol ThIE, KERBRERL S EMOBIEHEE T

SEICHERL Tv 2 M ETGEORERZE CET 5]
EL—HT 2,

Rz, MEREORFTEEGE (cf), BXUPEIREK
(cp) % Fig. 13~Fig. 16 27" ¥, Fig. 13 B X U 14 i1,
KH, F—NVBIUHFTAFRDO cfBL W cp DEFESH
F534i %, Fig. 15, 16 3MERBHADBEORE A 2R L
72bDTHB, B, Fig. 13121x, HYFHRD CFD i
& B JRFTEERAR I (cfo, crp) B HER TR L T2, MEEE D
cf 1, FRAFLD VI B V> THYFRD cfo, cro &
EIE—HT 5, —, MERITREMEDO LV V1S
AREWC T THYFROE LD bRE LD, HicHE
BICII/NEL 22, TD& D h2EWtEmE, EXRMIC
BHEENGE & CERLThIC b IGET 5, 70770, FEM
WHE T 3 &, Bz EMBIRAHE T, BMEMO of 13¥

D £ TCIETT 501 L, EMO cf YO TET

LTk, Zhid, %73 &5 BN CIIRESR
BRSNS D, EMCREESHERLIR AL
EEHIELT WD, L LSS, TDX 5% cf 53D
FEIZRAMTH D, MEREOD cfid, ZOIEEAED
AT clo, cro DV A/ NV ABOME I & B LTS
LTWw3, Z0%®d, 1+KHCREZENR S >
TeEzZond, —F, EREHEEMO cp DA & K

2.0 T —— 14K
note) Cf0:CFD —a— 14K f
—o—Kp
1.5 —
5 P T
o
8 —
w 1.0 ~ —
13
F -
o
-
0.5
o —
0.0
1. 0E+6 1. 0E+7 1. 0E+8 1. 0E+9 1. 0E+10
Reynolds Number
2.0 I ] —— 14K
note) Cf0:Schoenherr line —a— 4Kf
—o—Kp
1.5
— o—— T |
2
8 —a
w 1.0 & =
E
o
L
0.5
° ©
0.0
1. 0E+6 1. 0E+7 1. 0E48 1. 0E49 1. 0E+10

Reynolds Number

Fig. 12 Scale effect on form factors

Top: Based on the Cf0 calculated by using CFD
method

Bottom : Based on the Schoenherr friction line
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8 AXEMRS R E BINS

T3, MBRROENERBER 2BV THERZIZR—BLTWL, 2D I i s, EMROREEIETFRE Cp 23
DTN D/AS O, WERRGEOENAHOMBIC L >THEUS LS L 5,

Bz, Fig. 17 KEM EBBMOREEROBAFROFEERZHKL TR, S.S. 1 fHL % TRM\EH XTI
—HKLTw3, LL, ThiVRBHRAITE, BEHOBES, BRAKENTHE &2 DHBRETKT 248, £

Re=7. 4x10°
0.010 I I
—o—cf(j=1)
0. 008 1 -o—-cf(j=12) | —
—a—cf(j=24)
= cf(, CFD
0. 006
s
0. 004
0. 002 l =
0. 000
-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
X
Re=2. 4x10°
0. 004 T T
—o—cf(j=1)
—o—cf(j=17)
0. 003 —a—cf(j=34)
% 0.002
0. 001
0. 000
-0.6 -0. 4 -0.2 0.0 0.2 0.4 0.6

X
Fig. 13 Longitudinal distribution of local skin
friction (cf)
Top: Model (Re=7.40x10°),
Bottom : Full scale ship (Re=2.43X109)

A cf=0.3x107
A ot=0.2x10°

Fig. 15 Distribution of local skin friction (cf)
Top: Model (Re=17.40 X 10%), Bottom:
Full scale ship (Re=2.43 X109

Re=T. 4x10°

|
—o—cp(j=1)

—o0—-cop(j=12)

—a—cp(j=24)

-0.4 -0.2 0.0 0.2 0.4 0.6
X
Re=2. 4x10°
1
—o—-cp(j=1)
: —o—-cp(j=17)
g —a—cp(j=34)

0.2 0.4 0.6

Fig. 14 Longitudinal distribution of local viscous

pressure resistance (cp)
Top: Model (Re=7.40x10°),
Bottom : Full scale ship (Re=2.43X10%

Fig. 16 Distribution of local viscous pressure
resistance (cp)

Top: Model (Re=7.40 X10%, Bottom:
Full scale ship (Re==2.43X10°%)
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CFD ic X 26 Y O FisH 2 & iR FEEO RERZE M+ 285

TIE 2D & D e HBER D R & 9 TRV GURR I LRI 72
SPIBANFN TS, Thbb, R L EZHOME
EFEOHENBIX, £ OREDOFETIZIZIZHEMUTH 2
53, MBI TIIRE SRR > T3,

5. BHCREOEN

EWEHEC 517 2 SRS TS, AR 1L RAEHE D
B L FERETH L, 7RI IR ERET B0
CRBOIEARERE & & F, Lidio<, AT
FEAVE, S22, FuxTRACHBET 2EOBEM
ERICE L HBEIAZ I L b, REERLLET
&R BT 720 Fig. 2 CHRBRAE O TSR % B 5
U7zo BFER, BARIMA Y — LB I UEMRDOL A /LK
BCHEMEL 72, Table 5 18R L7 FHEAS T O FHUL
YEFT, HEEEORMRE BRI T, 22—
S DEROBF L > EMOFHECRTHAOKFHR
(IM) #0005k Ui,

BERE L ERO oS 8B L Tw 2 RETO

SS 1.1/2

SS 1

$S 1.1/2

SS 1

SS 1/2

Top: Model (Re=7.40X109),
Bottom : Full scale ship (Re=2.43X10°)

condition)

Xup = -1.0, Xdown = 1.5,R.out =1.0

AP

Fig. 17 Comparison of limiting stream lines

Table 5 Summary of grid points (Self-propulsion

EEF4S (AP X 0 4.5%Lpp B /7) % ik L < Fig. 18 i Model Ship Fﬂgfe
Yo FEMTIIBAM & HEARBFRBOEHICEL 2D, ™M 99 99
EF AT () B (T E A K 5 ~ K oy - -
tr, RRAOHEE, PIZIE, ERRBRTEH SN u—08 Totalgrid | 247401 | 295991
’ A min. 3.7x106 2.7x10%

DOFMER IR BB RO u=0.6 DFERONME & 13
EF-HL T3, —F, HETL 2D LS b RERE
L% uDEHEBOWAVBONTED, ZOMAEIZD
WTHHABRERER—BLTWw3, 3512, MADREAN~NZ M ORERZECEL Ty, RBRERTIE, B
%@ﬁﬁ%ﬁﬁ%ﬂ%@géﬁ@um<ﬁﬁ¢é@mﬁb,%%@ﬁ%ﬁﬁ@%@®r<ﬁ%®ﬁmmmgnéﬁ
THRONDY, FETLZOMEANEZ SN T3, B8, MED T EEBICEIT 2 u OSHEELS, KRB riieE
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Fig. 18 Velocity distribution in self-propulsion condition (x=0.455)
Top: Axial velocity, Bottom: Velocity (v, w)
Left : Experiment, Right : Calculation
(Model : Re=7.40%10°, Full scale ship: Re=2.43%X10°)
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Fig. 19 Self-propulsion factors
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Middle : Effective wake fraction
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CFD I 2 RGBT OMM~D LA

Application of Flow Analysis by CFD to Ship Design

wom oA B A

A S-S AL

Xk B B BT

INF TOMBBARBIIAEERR > FTHRICERL TE2y, B, BEWEKNZE (CFD : Computational Fluid Dynamics)
I & AMERE D FRIEM M EL, BREOEFE LYV E LTERENG L)X > TE R, KBTI, LHOMAUER
IZEA LT 5 CFD OB DWW TREAT 2. MREERE~OBEBAF L LT, HE V7L 3 BEIERORBSPIBR K OE
2 & ZHEIERRCEMERNEL2 CFD I L NV BER(HETE LI L 2R, /2, CFD IS VMEBRENHDOFRELTE
2B eNnsZ L &RL, CFDiC & 2 MBI EIMABRRBICERATH 2 2 L 252 L 7.

An outline of various methods for numerical flow analysis around a ship using CFD (Computational Fluid Dynamics)
is described. First, the Rankine source method, a kind of boundary element method, is used to evaluate the effect of the
bulbous bow on the wave-making resistance. Next, a finite volume method as the Navier-Stokes solver, is used to evaluate
the viscous resistance and self-propulsion factors of three different hull forms. As a result, it is shown that these numerical

analysis methods can predict ship resistance and self-propulsion factors very well, and can give us important information
for improving the form of ship’s hull. It can be said, therefore, that these methods are useful tools for developing superior

hull forms.
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Comparison of velocity distribution at propeller position
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Application of Fortified Solution Algorithm to Ship Flow

by Chiharu Kawakita, Member

Souichi Sasaki

Satoru Ishikawa, Member
Hidechito Hayashi

Summary

This paper describes a numerical method to calculate viscous ship flow with the overset composite
grid approach based on fortified solution algorithm concept. Communication among the grids is
achieved by interpolation based on small volume elements. In the present computation, the
composite grid consists of three component grids. The primary grid is constructed with respect to the
ship hull, and the subsidiary grids are generated about propeller and rudder. Propeller effect is
considered using equivalent body force distribution in propeller grid. The individual grids overset
and, once combined, cover the entire computational domain. This feature allows computational grids
to be generated quickly and easily. The hydrodynamic force characteristics on a tanker [ESSO
OSAKA], moving with constant rudder angle, agree well with the model experiments. It is shown
that the present method can be an effective CFD tool for complex body configurations.
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CFD Simulation for Viscous Flow with Free-surface of Ship
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Computational fluid dynamics (CFD) have greatly improved the accuracy of ship performance prediction, and
therefore, CFD is now used in the initial stage of hull design. Among the various CFD method one of the latest
method to simulate free surface viscous flow are taken into account, in the present paper. At first, calculated wave
and flow distribution and ship resistance of a practical container ship were compared with measurements. Next,
the method is applied to two container ships with different forebody shapes. We confirmed that CFD predicts the

flow field and ship resistance very well, and estimates differences in resistance due to differences of hull form, as
was found in experiments. This analysis is thus useful in developing superior hull forms.
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Simulation of free-surface viscous flow around practical hull and rudder with propeller effects

by Noritaka Takada, Member Tetsuji Hoshino, Member
Satoru Ishikawa, Member Shoichi Higaki

Summary

The simulation method of free-surface flow around hull and rudder with propeller ef-
fects on the basis of RANS equations solver has been developed. The problem of complex
geometry is solved by using multi-block grid technique. Propeller effects are included in

RANS equations by the body forces equivalent to mean forces acting on propeller blades
calculated by UQCM on the basis of the lifting surface theory.

The present method is applied to computation of free-surface viscous flow around KCS
container ship for without/with propeller condition and it is confirmed that it can accurately

predict flow fields of stern region through comparison with the experimental results. More-

over, it is applied to calculate the flow around modern full ship hull and rudder without/with

propeller. Consequently, its resistance and self -propulsion factors are accurately estimated.

And, the difference of wake fraction due to that of propeller diameter is discussed through

the analysis of the computed flow fields.
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The Stern Shape Optimization Considering Scale Effect of Stern Waves

Minagawa Daichi and Ishikawa Satoru

Summary
This paper describes the relations of scale effect of stern wave and most suitable stern shape. The
CFD method used here has been originally developed by Hirata,N. and Hino,T. The result of the

CFD calculation of the series 60 showed that a big difference was seen in the stern wave height

between model and a full scale ship. The most suitable displacement distribution of the full scale ship

was found to move the displacement distribution of the model ship a little ahead.
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Fig.1 CFD grid on aft hull.
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Fig.2 Wake distribution at propeller plane.
(left : EFD[NMRI], right : CFD)
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Fig.4 Overset grid around hull with FIN.
(blue : around hull, yellow and red : FIN,
orange : FIN~propeller, white : around stern tube,
green : stern region)
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Fig.6 Wake distribution around hull.
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Fig.7 Wake distribution at propeller plane.
(upper : without FIN, lower : with FIN only on port side)
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Fig.9 Induced velocity at propeller plane.
(induced velocity)
= (velocity with FIN) — (velocity without FIN)
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Fig.15 Pressure difference distribution on rudder surface.
(pressure difference) = (pressure during self-propulsion test)
- (pressure during resistance test)
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Fig.17 Wake distribution at propeller plane.
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Fig.18 Wake distribution around hull.
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Numerical Simulation of the the effect of hull FIN on stern flow and the improvement of propulsion performance

by Satoru Ishikawa, Member

Summary

In this study, the applicability of CFD to the design of the optimal arrangement of hull FIN, which is one of the energy-saving
devices, was investigated. Considering the calculation environment at the design site of a shipyard, CFD with overset grid approach
was applied because it is possible to maintain the accuracy for estimating the energy-saving effect with a small number of grids. The
hull FIN is attached to the JBC hull form, and the effect of the installation position in the front/rear and vertical directions on the
energy-saving effect was investigated. As a result, it was found that the main reason for the performance improvement by the hull FIN
was the wake gain by moving the position of the stern vortex to the outer circumference of the propeller circle. From this, it was also
shown that this method is effective for understanding the performance improvement mechanism of energy-saving devices.
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Fig.1 CFD grid on aft hull.
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Table 1 CFD results. (Naked condition)

EFD(NMRI) 9 CFD Error
1+K 1.314 1.308 -0.5%
Ct 4.29x10-3 4.13x103 | -3.7%
Kr 0.217 0.210 -3.2%
Ko 0.0279 0.0263 -5.7%
1-t 0.804 0.804 0.0%
1-wr 0.552 0.498 -9.8%
0, 1.015 1.012 +0.5%

71T OGRS A BBRAS R & Hei UC Fig.2 12”7,
FHID CFD OFERDOKNITR LTZMIZ 7 1 2T OISR E
ERLUTOD. BRIFA O FEFST FGEHE Vi OB A
LBNDHERERT v 7 BIRBPFHETHLHEEA I TV 5.

002040608 112 VX

002
;F 003
N

004

005~

006

1 1 L 1 1 [ ey
003 -002 -001 0 001 002
Yite
Fig.2 Wake distribution at propeller plane.
(left : EFD[NMRI]? , right : CFD)
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) Fig.4 Overset Grid around hull with FIN.
(Hull Grid with Fin Grid, FIN-Propeller Grid and Stern Grid)
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(upper : SS11/2, middle : SS1, lower : SS 3/8)
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Fig.5 Self-propulsion factor
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Fig.7 Wake distribution at propeller plane.

(upper : without FIN, lower : with FIN only on port side)
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Fig.10 Wake distribution on propeller plane.

(upper : FIN only on port side, lower : FINs on both sides)
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Fig.14 Rudder effect on self-propulsion factor.
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Fig.19 Wake distribution around hull.
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