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A wide scope of numerical simulations was performed to predict model—ship resistances by using STAR-CCM+ and OpenFOAM, The

numerical results were compared with experimental measurements in towing tank to analyze statistical reliability of the present

simulations, Based on the normal distribution of resistance errors in 113 cases of container carriers, tankers and very large crude—oil

carriers, the confidence intervals of numerical error were estimated as [—2.64%,+2.32%)] and [—1.82%, +1.87%] with 95% confidence in

STAR-CCM+ and OpenFOAM, respectively. The resistance errors of liquefied natural gas carriers with single— and twin—skeg were

confident in the ranges of [—2.51%,42.64%] and [—2.29%, +1.46%), respectively. The grid uncertainty of resistance coefficients for KCS
was also quantitatively analyzed by using a grid verification procedure, The grid uncertainty of OpenFOAM (5.1%) was larger than 4.4%
uncertainty of STAR-CCM+ although OpenFOAM provided statistically more confident results than those of STAR-CCM+, It means that a

grid system verified under a specific condition does not automatically lead to statistical reliability in general cases,

Keywords : Ship resistance(MA| X&), STAR-CCMH, OpenFOAM, Uncertainty(E2HalA), Reliability(AZ2] =)
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Table 1 Test results for normality of CTM errors in C/C,
TKR and VLCC

STAR-CCM+ OpenFOAM
A-D p=0.317 p=0.089
R-J p>0.1 p>0.1
K-S p>0.15 p>0.15
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Table 2 Mean and standard deviation of CTM errors

STAR-CCM+ OpenFOAM
m -0.157 0.020
o 1.266 0.941

Table 3 Estimation of confidence interval

Reliability | STAR-CCM+ OpenFOAM
-1.42%~1.10% |-0.92%~0.96%
—2.64%~2.32% |-1.82%~1.87%
—0.39%~0.08% [-0.17%~0.22%

confidence| 68%
interval 95%

Mean Value| 95%
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Fig. 6 Probability plot of CTM errors in single— and twin—
skeg LNGC

Table 4 Test results for normality of CTM errors in LNGC

STAR-CCM+
Single—skeg Twin—-skeg
A-D p<0.005 p=0.265
R-J p<0.01 p>0.1
K-S p<0.01 p>0.15
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Table 5 Estimation of confidence interval
STAR-CCM+
Single—skeg Twin—skeg
-1.67%~0.41% | =1.36%~0.54%

Reliability

confidence 68%

interval | 95% | —2.51%~2.64% | —2.29%~1.46%
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Value

30
(a) Single-skeg (LNGC)
I 1 Zi=l
(p —3 05( o
_ / oV2n
§ 20 =Y
|
5 |
=
g =
£ 10
B 0
Error (%)
30
(b) Twin-skeg (LNGC) )
i 1 05(XE)
! p=——e
/ oV2n
§ 20
[y
=
L
=
g
£ 10
R 0 1 2 3 4
Error (%)
Fig. 8 Histograms and normal distributions of CTM errors

and Z in LNGC with (a) single- and (b) twin—skeg
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Table 6 Grid systems for uncertainty analysis
Solver Grid Reference P fism y+ No. of
level thickness cells
GS1 0.212 0.00716 | 20 | 710,711
STAR-CCM+| GS2 0.150 0.00506 | 14 (1,366,419
GS3 0.106 0.00358 | 10 (2,932,140
GS1 0.212 0.02864 | 80 | 699,312
OpenFOAM | GS2 0.150 | 0.02023 | 55 (1,344,486
GS3 0.106 | 0.01431 | 40 |2,885,092

Table 7 Verification of grid systems

Solver EL’S CTM | RG | pG | CG | 6+RE
GS1 | 3.821

STAR-CCM+| GS2 |3.687 [0.575|1.599|0.740|-0.104
GS3 |3.610
GS1 | 3.841

OpenFOAM | GS2 | 3.672|0.568|1.632(0.760(-0.126
GS3 |3.576
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