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How accurately can resistance be
predicted for bluff hulls?

» 88 fine grid resistance predictions submitted
» Use statistics to answer the question
 Related question 1: How close are we to experimental accuracy?

 Related question 2: Is there any improvement since 2005 and 2010?
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Resistance statistics

Emean / E/ mean o UD No. of

Hull | Year/Case | o %D %D %D | Entries
KVLCC2m 2005/1.4 0.0 6.2 0.7 13
KVLCC2 2010/1.2a -1.7 1.3 1.0 5
JBC 2015/1.1a 1.0 2.1 2.4 1.0 22
2015/1.2a 1.0 1.5 2.0 1.0 20
2015/1.5a -0.1 3.2 4.0 1.0 23
2015/1.6a 0.7 3.1 4.0 1.0 23

Blue: Towing Yellow: Self-propulsion

E: Comparison error, D: Measured data, S: Simulated value, E=D-S
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Resistance change due to ESD

Computed Measured
(mean)
Towing (1.2a-1.1a)% -0.7 -0.6

Self-propulsion (1.6a-1.5a)% -0.2 -1.0
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Conclusions on resistance accuracy

 The systematic error 1s within the experimental accuracy for all T2015
computations. Slightly better than at G2010

* The random error causes a standard deviation around 2% for the towed
hull. Slightly worse than G2010

* The random error for the self-proplelled hull is around 4%
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How dependent is resistance on grid size
6)

* Plot all resistance errors versus grid size!



CHALMERS

UNIVERSITY OF TECHNOLOGY

SHIPPING AND MARINE
TECHNOLOGY

HYDRODYNAMICS

Comparison error vs. grid size
Gothenburg 2010, A/l cases
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Comparison error vs.grid size

Bare hull, Case 1.1
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Comparison error vs.grid size
Hull with ESD, Case 1.2
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Conclusions on grid size

 The scatter is larger than at G 2010

 The limit for 4% accuracy 1s around 10Mcells, as compared to 3M cells
(for all hulls) at G 2010
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How dependent is resistance on grid #ype
()

* Look at grid type in previous plots!
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Bare hull, Case 1.1
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Grid type

Hull with ESD, Case 1.2
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Conclusions on grid type

e Hard to draw conclusions
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How dependent is resistance on
turbulence model

» Compute statistics

* Look at previous plots
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Comparison error, turbulence models, G
2010
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Mean comparison error for turbulence

models

Turbulence model E ean26D [E/neanD | No. of entries

2015 | 2010 | 2015 | 2010 | 2015 | 2010

1.1,1.2 Al 1.1,1.2 Al 1.1,1.2 Al
1-E Spalart Allmaras - 36 3.6 - 1
1-E Menter - 0.1 0.1 - 3
2-E k-¢ 0.8 0.3 1.8 2.1 8 37
2-E k-0 07 | -05 | 1.6 1.8 19 37
EASM 1.6 1.8 2.0 5.9 12 3
RS, ARS -1.3 -8.0 1.3 -8.0 2 2
DES 4.4 0.6 4.4 3.1 1 6
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Conclusion, turbulence model

e Conclusion from 2010 :

"The present material does not indicate any advantage of turbulence
models more complex than two-equation models. The statistical basis for
the more advanced models is small, however.”

* The same conclusion still holds!

 Note that this is for Resistance; Local flow is a completely different
matter!
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Are wall-functions as accurate as wall-
resolved?

* Check statistics!
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Comparison wall functions (WF)/wall

1.1a, WF
1.1a,LRN
1.2a, WF
1.2a,LRN

0.3
1.4
0.3
1.4

resolved (LRN)

Cases 1.1aand 1.2a
Comparison error C:%D

1.2
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1.4
2.7
1.3
2.2

14

12
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Conclusion, wall functions

* There 1s no indication in the results of 1.1a and 1.2a that wall functions
give less accurate resistance predictions than wall resolved, rather the
opposite!
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Verification and Validation (V&V)

» Validation uncertainty U;? = U+ Up?
— Ugy : Simulation uncertainty. U= U+ U
* Upg: Grid uncertainty
« U, : Iterative uncertainty
— Up : Data uncertainty
 Validation achieved at Uy level for |E|<U) (error within “noise” level)
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Iterative uncertainty, U,

» Requested from participants.

* Normally estimated from amplitude of fluctuations in quantity of interest
(resistance) towards the end of the iterations

« Assumption: U; negligiblle for |U/¢;,|<<I.

— — g;,: difference in solution between the two finest grids
* Adopted criterion: U; < 10% |g;,|.
e Criterion not satisfied by 25% of V&V estimates
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Grid uncertainty, U,

 Obtained through grid sequencing (systematically refined grids)
* Assumption: ¢p= ¢;-cth?

— h: step size (known)

— p:achieved order of accuracy

— oz constant

— @ solution extrapolated to zero step size

R ¢,: known solution

* Three unknowns: p, o, ¢,. Can be determined from three solutions ¢; ¢,

s

e Alternatively from more than 3 solutions + least squares fit
e Basic theory: For hin “asymptotic range” p = p,,

— py, :theoretical order of accuracy (No effect of higher order error
terms)
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Grid uncertainty (cont.)

* For h in the asymptotic range Oz =¢;-¢yis the true error

* For h outside the asymptotic range Oy 1s not the true error, but it can be
used as a measure of uncertainty

* Basic approach by Roache: U=FS |5y |

— FS: Factor of safety: 1.25 or 3.0

» Approach by Stern et al (ITTC similar): compute FS based on p/p;;,
Different formulas above and belowl.

» Approach by Eca & Hoekstra: U; determined mainly from Oy based
on p/py,

=> p/p,, used as a measure of the “distance” to the asymptotic range; the
larger the distance the larger the uncertainty.

Empirical relations used to related Ug to Opp
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Number of grids

6 1 1 0 0 2
3) 2 2 1 1 6
£ £ ‘. ‘. /. 16
3 8 6 11 11 36
2 2 0 0 0 2
1 3) I I I 26
Sum 22 20 23 23 88
Sum >2 15 13 16 16

60 out of 88 (68%) provided at least 3 grids!
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How well does grid sequencing work for
industrial applications?

* We have 60 triplets with three or more grids. Best material ever?

* Are the solutions convergent? (/R/=/¢,-¢;/(9s-¢,/<1)

« How large 1s the scatter (due to non-systematic grids, limiters...)

« Empirical relations based on simple test cases. Do they work here?
* p/py relatively close to 1? (< 2 for Stern et al)
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Grid refinement, KVLCC2, Casel.2a
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Grid refinement, KVLCC2,Casel.2b
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Grid refinement, JBC, Bare hull (1.1a)
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Grid refinement, JBC, with ESD(1.2a)
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Conclusions grid refinement

Submissions > 2 grids 42

Total # triplets ?

Structured grids 33
-convergent 32
-divergent 1

Unstructured grids 7
-convergent 3
-divergent 2

28
38
13
10

25
16

* Tendency towards unstructured grids
* Difference in convergence struct/unstruct smaller now
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Conclusions grid refinement (cont.)

# submissions with p/pth 29 27
# plpp>1 18 21
- mean value 2.7 2.3
# plpy<1 11 6
- mean value 0.7 0.5

* Most p larger than p,,

* Very large value of p for these. Uncertainty assessment questionable.
Empirical data base too small!

* Mean value of smaller p reduced

» Values of p smaller than p,, can be explained
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Conclusions validation (1.1a, 1.2a)

28 validations made
— 23 cases with E<Uval (82%)
5 cases with E>Uval
« G2010
—  FS method 60% E<Uval
— LRS method 91% E<Uval

* Total validation:
— Uvalmean = 6.5%D
— /E/mean = 2.0 (for those where Uval was computed)
— The codes validated in a mean sense!
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Sinkage statistics

Hull Case No. EOZ‘E;‘" IEOZ"S""“ s%D 02 [D) ENn(:;'i(e)i
All hulls ;?;bOQéZb’ 2.2, -21.0 11.2 ) 951
K:IIII-:(:CZ 2010/1.2b -33.3 33.3 - 7 1
:\;L(:::;.ZZ 2010/1.2b -18.2 18.2 - 6 1
JBC 2015/1.1a,1.2a -1.9 4.7 5.6 ? 26
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Sinkage, comments

* Only one submission for KVLCC2 at G2010, but comparing with this
and the results for all hulls and Froude numbers there is a significant
improvement at T2015!
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Trim statistics

Hull Case No. EOZ‘E;‘" IEOZ"S""“ s%D 02 [D) ENn(:;'i(e)i
All hulls 2?31b0g22b’2'2b’ 8.9 36.9 6 51
K:IIII_:(:CZ 2010/1.2b 7.4 7.4 - V4 1
:\;L(::ffz 2010/1.2b 3.2 3.2 - / 1
JBC 2015/1.1a,1.2a 0.6 3.1 3.5 ? 26
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Trim, comments

* Only one submission for KVLCC2 at G2010, but comparing with this
and the results for all hulls and Froude numbers there is a significant
improvement at T2015!
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Wave pattern evaluation

« Wave contours not shown since exp wave grid too coarse
* Wave profile along the hull
* Two wave cuts

* Grid density plots
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Wave pattern submissions, 1.3a

Code identifier Free surface Grid type No. of grid
method points [M]
ECN CNRS-ISISCFD-LRN EASM Vv U,hex 9.2
ECN CNRS-ISISCFD-LRN SST V U,hex 5.5
ECN CNRS-ISISCFD-WF EASM V U,hex 2.2
HSVA-FreSCo+ V U,hex 14.67
KRISO-WAVIS LS S 15.5
MARIC-FINEMarine V U, hex 0.7
MARIN-ReFRESCO V U,hex 55
MHI-FLUENTv14 V U,hex 13.9
NMRI-NAGISA LS S 7.8
PNU-FLUENTvV15 V U,hex 4.5
SJTU-naoeFOAM Vv U,hex ?
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Wave protile along the hull
Typical example
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8 0.004 i
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0.000 F

-0.004 |

0008 L
05 0.0 05 XIL. 1.0 15 2.0

All methods predict the wave profile very well!
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G 2010, KVLCC2

Best result

0.005
wave cut at y/Lpp=-0.0964
0.0025
&
=2 0
N
-0.0025 - EFD
ECN-CNRS/ISISCFD
P : ] . . . 1 . . . 1 . . ] . . .
-0.003 0 0.5 ] 5 2
x/L.on
0.005
i wave cut at y/Lpp=-0.1581
0.0025 |
= i
i} 0 F
R r
-0.0025 C o) EFD
L ECN-CNRS/ISISCED
< L 1 1 ! 1 L ! 1 1
-0.005 0 0.5 1 s 2
x/Lpp
0.005
i wave cut at y/Lpp=-0.2993
0.0025 F
e i
= 0 H
B i
-0.0025 r o) EFD
L ECN-CNRS/ISISCED
20.005 — PR T S S S T S R S N L



CHALMERS

SHIPPING AND MARINE
TECHNOLOGY

UNIVERSITY OF TECHNOLOGY

HYDRODYNAMICS

1043

JBC,Y=0.

3

1.5

XL,

0.5

.00z

- (=] [ael
< e =
= = =
< < ]

-0.004 ¢

2.0

15

x/ L, 10

05

0.002

0.000

-0.002 -

dd.

1/z

-0.004,%

<
N
I_,n Ir
- i
=
4 4.
-
I—.n Ir
< ¢
3
R Y
SN
owuwl.mt.o\\
<
1< B
- L o PR _____,,__________r
< ¢
o o o <7 &l - = — o o =
=) S =} =) =1 = = =} =1 =
S S S e & & s & & 3
e e < < < o < < < <
dd ad,
/2 plra
<
o
Ir
- 4w
W -
!
& ] °
‘.forb‘wwﬁﬂ I+~
&M@A&Aﬁ&
5 ;
a
L
=
x
@w .
< 1. 40
Hy E
.,/Ww&
&io,
9 97
S
20 o
I..I.bl{o
o 92
o\lolxoul%\ol\l\
o S =
<& 4 lo
. o
T IR INTEITE WP L ]
¢ o
) b [ i e o =T T
= = = = =) = S 8 S 3
= S e &8 4 9 S S S
o o - o - o o o S 5
; ; ; ;
dd ad
Wz 1/z



SHIPPING AND MARINE
TECHNOLOGY

CHALMERS

HYDRODYNAMICS

JBC,Y=0.1043
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Conclusions, wave pattern

» Some systematic differences are noted in all results
» These differences were not noted in 2010

* Differences between methods smaller than in 2010
* Most methods predict waves well

 Large differences in grid density
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That’s All!

Look forward to an interesting discussion!



CHALMERS

UNIVERSITY OF TECHNOLOGY

SHIPPING AND MARINE
TECHNOLOGY

HYDRODYNAMICS

Wave pattern

0.00
. I
= 025}
23
054 75 0.00 0.25 0.50 0.75 1.25
X/L,,
0
L TN ;\\
L \ '\ \\ -
AY N
=y i \l ~
4 -0.25 |
0575 0 0.75 0.5 n.75
0.50
0.25
o
Foxxs

0
| “\\\%;2,"”"’:‘ - l, - o~ PRI -\ A :
L \:\\\\{:jn’\o\‘\\ i"\ N \‘ ‘\ ‘l : Y Y s -l =
Ve TN N W R .
- F ~_ .77 - i Wt . * . H"
< -0.75 |
>_ L
0825 0 0.25 0.5 0.75 1.25
XL,
0.00
& i
2 o025t J Sy L
> {
054,75 0.00 0.25 0.50 0.75 1.00 1.25

X/,

1.25



CHALMERS

UNIVERSITY OF TECHNOLOGY

Wave pattern

0.00 \()l\%l}?l—NAGISA
Q s
= 025t -
> >
05925 1.00 1.25
0.00
Q/ 0
PR e
&
= 025t
23
058 25 0.00 0.25 0.50 075
£0-8000'9"
POD'D';
]
P00
L0005

2090006}

SHIPPING AND MARINE
TECHNOLOGY

HYDRODYNAMICS

0.00 2
| (VN\\“‘\\j e o /S VA~ e %f
(\\§5L‘»\%\\\ \ \’\\ \ \ N B \r
\\\ ) \\ NS \ \ \ N %
N N\ \ \ N s
S~ 1%} \\'% Y N
N N =
-0.25 N N
KRISO WAVIS A\
_ 1 ) 1 I 1
0.50,5% 0.00 0.25 0.50 0.75 1.00 1.25
X/L,

0.00

= w025}

—

058 55





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


