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ABSTRACT

This study investigates the variation of propulsion factors of a displacement ship
under various ship loading conditions by using model tests and Computational Fluid
Dynamics (CFD) methods. The International Towing Tank Conference (ITTC) suggests
that ship propulsion performance can be evaluated not only by estimating ship efficiency
in full-scale at the self-propulsion point, but also by carrying out load variation tests to
understand the effect of load variation on propulsion efficiency.

The model test selected a tanker model as the research subject, and resistance tests,
open-water tests, and propulsion tests are conducted. The propulsion tests followed the
British method, with the load variation test conducted by adjusting the propeller rotation
rate to determine the relationship between propulsion factors and the rotation rate under
different ship speeds. This allowed the calculation of load variation coefficients.

CFD simulations were performed with the same model as the model tests, using the
software Star-CCM+ to solve the transient free-surface Reynolds-averaged Navier-
Stokes equations. The propeller was simulated using the actuator disk model to save
computation time. One of the ship speeds from the model tests was chosen for simulation,
with load variation tests conducted at higher and lower rotation rates than the self-
propulsion condition. The load variation coefficient then be calculated and compared with
the results of the model tests for further analysis and discussion.

Both the model tests and simulation results show that when hull resistance increases,
propeller speed must increase accordingly to maintain ship speed. As the resistance rises,
hull efficiency and open water efficiency decrease, the relative rotative efficiency also

decreases in the model tests, leading to a reduction in quasi-propulsion efficiency.

Keywords: Displacement Ship, Load Variation, Propulsion Efficiency, Propulsion Test,

Computational Fluid Dynamics, Actuator Disk.
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Top: Velocity inlet

\ Side: Velocity inlet

Back:
Pressure
outlet

non-slip wall

Side: Velocity inlet Front: Velocity inlet

Pressure (Pa)
-44.469 12903, 25851, 38798, 51746. 64694

B 21 nEd
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Surface Elevation {m)
-0.0479 -0.0279 0.00414 0.0307 0.0561 0.08271

B 22 pdkads @

Bl 23 CFD H jpif #|a dse 2 i3
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Thrust (N)

Torque (N.m)
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Wake Fraction (vx/Vvessel)
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Dynamic Pressure Coefficient
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01 BORAS EEasHZ AR+

Ship Scale (A=1) Model Scale (A=40)

Length (m) 177.2 4.43
Beam (m) 322 0.805
Depth (m) 17.2 0.430
Draft (m) 11.56 0.289
Displacement (m?) 52224 0.816
Wet Surface (m?) 8367.36 5.2296
Design Speed 14.594 kn 1.187 m/s

% 2 W#Ez2Z A A

Hub ratio Diameter (m) P/D Z Expanded area ratio Rotation direction

0.18 0.16 0.6 4 0.8 Left-handed
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+
~

3 CFD » i &t

n(rps) J(set) J(CFD) Error (%)

3 2.708 2.709 0.007

4 2.031 2.032 0.013

5 1.625 1.625 0.021

6 1.354 1.355 0.033

7 1.161 1.161 0.048

8 1.016 1.016 0.067

9 0.903 0.904 0.092

10 0.813 0.814 0.123

11 0.739 0.740 0.162

12 0.677 0.678 0.091

13 0.625 0.627 0.255

14 0.580 0.584 0.626

15 0.542 0.548 1.213

16 0.508 0.517 1.822

17 0.478 0.490 2.590

18 0.451 0.467 3.539

19 0.428 0.447 4.550

20 0.406 0.429 5.490

% 4 13rps THEERFKZ e IH

o R CFD %t

V (m/s) 1.30
n (rps) 13

Base size (m) X 0.0957 0.087 0.0791
Mesh (x 109) X 3.0909 3.8065 4.9410
R (N) 22.62 20.99 21.12 21.04
T (N) 12.11 13.80 14.08 13.47
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405 f ML e i

o¥iE%  CFD ##t FZ (%)

n(rps) 14.167 12.867 9.18
Ky 0.1206 0.1264 +4.81

J 0.4117 0.3972 -3.52
1—w 0.7179 0.6290 -12.38
1—t 0.7906 0.7924 +0.23
N 1.1012 1.2599 +14.41
Mo 0.4324 0.4265 -1.36
o 0.4941 0.5374 +8.76
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6 Im4 R EE

V,, (m/s) 0.82 0.99 1.15 1.3
Fr 0.125 0.15 0.175 0.197
Vs (kn)  10.1315  12.1578  14.1842  15.9835
Rrm (N) 78157 112437 149777  19.9921
Ren(x 105)  3.6203 43708  5.0772  5.7395
Crom X 103 3.6089 34827 33871 33117
Com X 10 0.8444 09125 09519  1.2205
Crm X 103 44533 43952 43390  4.5322
307 (R4 RS%iEG D R BE
V. (m/s) 0.82 0.99 1.15 1.3
Ve (kn)  10.1315  12.1578  14.1842  15.9835
Crps X 103 15554 15206  1.4920  1.4704
Crs X103 0.8444 09125 09519  1.2205
ACr x 103  0.0819  0.1090  0.1306  0.1466
Cre X103 24817 25420  2.5745  2.8375
Rys(MN) 02890 04263 05876  0.8224
Fp (N) 34602 47408  6.0908  7.4754
EHP (kW) 14760.885 26126.273 42017.977 66265.996
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8 WREH PR LE RGNS 2 BTG

Vo (M/s) T(N)
0.3 0.0890
05 0.0987
0.7 0.1253
0.9 0.1327

% 9 BIEH piEkd i o ph AR B2 B G

n(rps) Q(N-m)
0 0.0194
1 0.0193
2 0.0199
4 0.0181
6 0.0132
8 0.0114
10 0.0106
12 0.0135
14 0.0189
16 0.0331
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2010 19#HE MY sAA
0.5
] Kt 1OKQ No Kr ]
0 0.2616 0.2907 0.0000 X
0.3 0.1684 0.2187 0.3677 1.3679
0.35 0.1456 0.2043 0.3970 1.0902
0.4 0.1252 0.1861 0.4283 0.8847
0.45 0.1055 0.1695 0.4458 0.7218
0.5 0.0825 0.1533 0.4284 0.5746
0.55 0.0605 0.1331 0.3978 0.4472
0.6 0.0372 0.1115 0.3188 0.3215
0.65 0.0154 0.0914 0.1740 0.1908
0.7 -0.0026 0.0765 -0.0375 X
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11 FERkEE B h AR E2 B

n(rps) Q(N-m)
0 -0.0175
0.5 -0.0178
1 -0.0180
2 -0.0184
3 -0.0189
4 -0.0193
5 -0.0197
6 -0.0202
7 -0.0206
8 -0.0211
9 -0.0215
10 -0.0219
11 -0.0224
12 -0.0228
13 -0.0233
14 -0.0237
15 -0.0241
80

doi:10.6342/NTU202402941



% 12 0.82mfs dpi# T & ki 2§ Pl

n(rps)  F(N) T(N)  Q(N-m)  R(N)
6 6.844 1.695 0.032 8.539
7 5.458 3.025 0.059 8.483
8 4329 4753 0.098 9.083
9 2.65 6.691 0.138 9.341
10 0.72 9.118 0.189 9.837
10.167  0.025 9.455 0.195 9.479

4 13 0.82m/s 4y T & i 2 i TS

n(rps) Kr Koo t
6 0.0720 0.0085 0.0144 0.3896 0.4268
7 0.0944 0.0115 0.0162 0.3554 0.2207
8 0.1135 0.0146 0.0176 0.3326 0.2665
9 0.1263 0.0163 0.0187 0.3055 0.2279
10 0.1394 0.0181 0.0199 0.2908 0.2217
10.167 0.1398 0.0180 0.0199 0.2811 0.1760

% 14 082mfsdyid T & i 2 frie

n(rps) J NH Mo Mr b DHP(W)
6 0.524 0.939 0.414 1.696 0.659 1.203
7 0.474 1.209 0.437 1.4 0.74 2.605
8 0.43 1.099 0.439 1.209 0.583 491
9 0.397 1.112 0.427 1.146 0.544 7.823
10 0.365 1.097 0.407 1.100 0.491 11.886
10.167 0.364 1.146 0.406 1.104 0.514 12.464
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% 15 0.99mfs dp:# T & ki 2§ Pl

n(rps) F(N) T(N) Q(N-m)  R(N)

6 10.8423  0.7106 0.0165 11.5529
7 9.8225 1.9614 0.0441 11.7839
8 8.5715 3.4955 0.0774  12.0670
9 6.9483 5.3413 0.1162  12.2896
10 5.2434 7.4988 0.1624  12.7422
11 3.0452 9.9064 0.2145  12.9517
12 0.7758  12.7858  0.2745  13.5616

12.233 0.0282  13.3971  0.2877  13.4253

# 16 0.99m/s 4, T & ik 2 dgiE F]S

n(rps) Kr Kop Koo w t
6 0.0302 0.0044 0.0105 0.4026 0.4351
7 0.0612 0.0086 0.0134 0.3795 0.2754
8 0.0835 0.0115 0.0154 0.3562 0.2355
9 0.1008 0.0137 0.0166 0.3306 0.1958
10 0.1146 0.0155 0.0177 0.3101 0.1998
11 0.1252 0.0169 0.0186 0.2886 0.1724
12 0.1357 0.0182 0.0195 0.2742 0.1813

12.233 0.1368 0.0184 0.0196 0.2655 0.1628

Z 17 0.99m/s 4y T & i 2 fwiEri

n(rps) J H Mo Mr p DHP(W)
6 0.6161 0.9456 0.2721 2.3980 0.6171 0.6220
7 0.5484 1.1678 0.3988 1.5557 0.7245 1.9393
8 0.4979 1.1875 0.4291 1.3334 0.6795 3.8881
9 0.4602 1.2013 0.4422 1.2128 0.6443 6.5694
10 0.4268 1.1599 0.4377 1.1419 0.5797 10.2051
11 0.4002 1.1633 0.4284 1.0984 0.5474 14.8275
12 0.3742 1.1281 0.4122 1.0734 0.4991 20.6946

12.233 0.3715 1.1398 0.4105 1.0696 0.5005  22.1159
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% 18 1.15mfsdpi# T & ki 2§ Pl
n(rps) F(N) T(N) Q(N-m) R(N)

7 14.3723  0.9497 0.0276 ~ 15.3221
8 13.4126  2.3279 0.0589  15.7405
9 11.9413  4.0337 0.0960  15.9750
10 10.0382  6.1218 0.1410  16.1600
11 8.2908 8.3641 0.1893  16.6549
12 6.0317 10.9934  0.2544  17.0251
13 3.5868 139283  0.3160 17.5151
14 0.5671 17.4358  0.3772  18.0029

14.267 0.0151  18.1617 0.3936  18.1768

# 19 1.15m/s 4y T & fi# 2 f2iE TS

n(rps) Kr Kop Kgo w t
7 0.0296 0.0054 0.0104 0.3987 0.3626
8 0.0556 0.0088 0.0129 0.3761 0.3277
9 0.0761 0.0113 0.0147 0.3557 0.2472
10 0.0936 0.0135 0.0161 0.3378 0.1931
11 0.1057 0.0149 0.0170 0.3120 0.2005
12 0.1167 0.0169 0.0179 0.2961 0.1862
13 0.1260 0.0179 0.0187 0.2799 0.1822
14 0.1360 0.0184 0.0196 0.2723 0.1735

14.267 0.1364 0.0185 0.0196 0.2605 0.1761

20 1.15m/s bk T & EiE 2 4R

n(rps) J NH Mo Mr b DHP(W)
7 0.6174 1.0601 0.2685 1.9396 0.5521 1.2153
8 0.5605 1.0777 0.3812 1.4623 0.6007 2.9603
9 0.5145 1.1683 0.4195 1.3017 0.6380 5.4298
10 0.4759 1.2185 0.4368 1.1961 0.6365 8.8574
11 0.4496 1.1620 0.4456 1.1353 0.5878 13.0803
12 0.4216 1.1561 0.4359 1.0603 0.5343 19.1786
13 0.3981 1.1357 0.4271 1.0458 0.5073  25.8072
14 0.3736 1.1358 0.4118 1.0644 0.4979  33.1785

14.267 0.3726 1.1140 0.4112 1.0611 0.4861  35.2866
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% 21 13mfsdpi T & ik 2 B pl#cdE

n(rps) F(N) T(N) Q(N-m)  R(N)

8 19.1854  1.2122 0.0563  20.3976
9 17.8961  2.8645 0.0924  20.7606
10 16.4819  4.7086 0.1324  21.1905
11 149172  6.8236 0.1787  21.7408
12 12.7862  9.3179 0.2317  22.1041
13 10.5123  12.1063  0.2920  22.6187
14 7.9512  15.2738  0.3576  23.2250
15 5.1018  18.6188  0.4247  23.7206

22 13m/sdpiE T & ik 2 JaiE F)F

n(rps) Kr Kop Koo w t
8 0.0290 0.0084 0.0104 0.3906 0.3345
9 0.0541 0.0109 0.0127 0.3755 0.2683
10 0.0720 0.0126 0.0144 0.3551 0.2545
11 0.0862 0.0141 0.0156 0.3339 0.2563
12 0.0989 0.0154 0.0165 0.3142 0.2267
13 0.1095 0.0165 0.0173 0.2962 0.2170
14 0.1191 0.0174 0.0181 0.2841 0.2117
15 0.1265 0.0180 0.0187 0.2673 0.2003

# 23 1.3m/sdpiE T i 2 JEiE

n(rps) J H Mo Mr p DHP(W)
8 0.6189 1.0921 0.2640 1.2351 0.3561 2.8320
9 0.5638 1.1716 0.3760 1.1661 0.5137 5.2267
10 0.5240 1.1560 0.4138 1.1355 0.5431 8.3187
11 0.4920 1.1165 0.4312 1.1048 0.5319 12.3508
12 0.4643 1.1277 0.4408 1.0726 0.5331 17.4671
13 0.4398 1.1127 0.4422 1.0474 0.5154  23.8474
14 0.4155 1.1012 0.4337 1.0381 0.4958  31.4603
15 0.3969 1.0915 0.4264 1.0382 0.4832  40.0313
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# 24 082m/sdpidfeins I 7407

S FUES R

n(rps)  R(xMN) T,(MN)  w; t;  Ny(rpm)
6 0.0667 0.1163 0.4099 0.4268 56.193
7 0.1577 0.2024 0.2818 0.2207 70.761
8 0.2319 0.3162 0.2965 0.2665 77.804
9 0.3423 0.4433 0.2631 0.2279 87.429
10 0.4691 0.6027 0.2530 0.2217 96.444

10.167 0.5147 0.6247 0.2237 0.1760 98.968

# 24 082m/s ;s I F 4y <

T A 2 RS ()

n(rps) Js NHs Nos NRs nps  EHP(x 10°PS)

6 0.513 0.971 0.420 1.696 0.693 4.632

7 0.496 1.085 0.430 1.400 0.653 10.961

8 0.442 1.043 0.443 1.209 0.558 16.115

9 0.412 1.048 0.432 1.146 0.519 23.784

10 0.378 1.042 0.415 1.100 0.475 32.596
10.167 0.383 1.061 0.418 1.104 0.490 35.769
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% 25 099m/sdpiEde s I 7 4%

S FUES R

n(rps)  R(xMN) T,(MN)  w; t;  Ny(rpm)
6 0.0254 0.0449 0.4199 0.4351 55.406
7 0.0924 0.1275 0.3241 0.2754 70.275
8 0.1746 0.2284 0.2920 0.2355 80.019
9 0.2812 0.3497 0.2589 0.1958 89.847
10 0.3933 0.4915 0.2514 0.1998 98.142
11 0.5377 0.6497 0.2268 0.1724 107.475
12 0.6868 0.8389 0.2248 0.1813 116.276
12.233 0.7359 0.8791 0.2109 0.1628 118.745

% 25 099m/sdsiEdafe 2 At BT &g 2 kS ()

n(rps) Js NHs Nos NRs nps  EHP(x 10°PS)

6 0.614 0.974 0.279 2.398 0.650 2.116

7 0.564 1.072 0.376 1.556 0.627 7.704

8 0.519 1.080 0.417 1.333 0.600 14.558

9 0.484 1.085 0.434 1.213 0.571 23.451

10 0.447 1.069 0.445 1.142 0.543 32.793

11 0.422 1.070 0.436 1.098 0.512 44.836

12 0.391 1.056 0.423 1.073 0.479 57.270
12.233 0.390 1.061 0.422 1.070 0.479 61.366
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% 26 115m/sdpiEde s 3 R 4%

S FUES R

n(rps)  R(xMN) T,(MN)  w; t;  Ny(rpm)
7 0.0435 0.0682 0.3799 0.3626 68.947
8 0.1066 0.1585 0.3509 0.3277 78.629
9 0.2032 0.2700 0.2992 0.2472 90.301
10 0.3283 0.4068 0.2624 0.1931 101.173
11 0.4431 0.5542 0.2539 0.2005 108.946
12 0.5915 0.7269 0.2389 0.1862 117.912
13 0.7522 0.9197 0.2290 0.1822 126.733
14 0.9506 1.1501 0.2208 0.1735 136.232

14.267 0.9868 1.1978 0.2165 0.1761 138.165

+
T~

26 1.15m/sdp:dda iz 3

Fae AT LR ()

n(rps) Js MHs Mos MRs nps  EHP(x 10°PS)
7 0615  1.028 0275 1940  0.548 4231
8 0.565  1.036 0375 1462  0.567 10.366
9 0531  1.074 0410 1302 0573 19.770
10 0499  1.094 0429  1.196  0.561 31.935
11 0468  1.072 0439  1.135  0.534 43.105
12 0442  1.069 0443  1.060  0.502 57.545
13 0416  1.061 0434  1.046 0481 73.173
14 0391  1.061 0423  1.064 0477 92.476
14267 0388  1.052 0421  1.061  0.469 96.004
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% 27 13misdpidigc I R AT L BELFHRE R

n(rps)  R(xMN) T,(MN)  w; t;  Ny(rpm)
8 0.0530 0.0796 0.3619 0.3345 79.007
9 0.1377 0.1882 0.3206 0.2683 90.743
10 0.2306 0.3094 0.3036 0.2545 99.507
11 0.3334 0.4483 0.2942 0.2563 107.845
12 0.4735 0.6122 0.2694 0.2267 117.515
13 0.6229 0.7955 0.2557 0.2170 126.497
14 0.7912 1.0036 0.2471 0.2117 135.251
15 0.9784 1.2234 0.2330 0.2003 144.629

2 27 13mlsdsiddaic 2 9I5BT &

i 2 kS E ()

n(rps) Js NHs Nos NRs nps  EHP(x 10°PS)

8 0.623 1.043 0.254 1.235 0.327 5.811

9 0.577 1.077 0.355 1.166 0.446 15.098
10 0.539 1.071 0.404 1.135 0.491 25.284
11 0.504 1.054 0.426 1.105 0.496 36.554
12 0.479 1.059 0.436 1.073 0.495 51.904
13 0.454 1.052 0.445 1.047 0.490 68.283
14 0.429 1.047 0.438 1.038 0.477 86.731
15 0.409 1.043 0.431 1.038 0.467 107.255
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3 28 0.82m/s 4yt $Hkz % b ¥
N (rpm) 70.761 77.804 87.429 96.444
AR
—_— -0.4542 -0.1976 0.1843 0.6231
RTS
Np_Lv
1.2173 1.0408 0.9684 0.8860
Np_sp
AP
N -0.5517 -0.2290 0.2229 0.8318
D
% -0.1460 -0.0610 0.0551 0.1639
Z 29 0.99m/s ;i HR2 % E AT Sl
N, (rpm) 89.847 98.142 107.478 116.276
AR
S -0.3403 -0.0775 0.2614 0.6112
Rrg
Np_Lv
1.0676 1.0146 0.9577 0.8953
Np_sp
AP
N -0.3820 -0.0907 0.3171 0.7995
D
% -0.1043 -0.0216 0.0714 0.1592
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2 30 1.15m/s 4y $Hkz ¥ b

N, (rpm)  101.174  108.946  117.912  126.733

AR
—_— -0.4414 -0.2460 0.0066 0.2800
RTS
Np_Lv
1.1158 1.0627 0.9980 0.9571
Np_sp
AP,
N -0.4993 -0.2904 0.0086 0.3374
D
% -0.1403 -0.0743 0.0019 0.0769

4031 13misdpiE H2 % f i Sk

Ny(rpm)  117.515 126497 135251  144.629

AR
R -0.4243 -0.24263 -0.03801 0.189639
Ts
Np_Lv
1.041238 1.03121 1.003316 0.983141
Np_sp
APy
— -0.4471 -0.26555 -0.04119 0.21004
D

ﬂ -0.14106  -0.07541  -0.01143  0.057111
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% 32 R RHELR) K

Vm (m/s) Vs (kn)

¢p n

0.82 10.132
0.99 12.158
1.15 14.184
1.3 15.984

-0.3308 0.2401
-0.1858 0.2480
-0.1995 0.2472
-0.1018 0.2801

V, (m/s) v, (kn) N; (rpm)
0.99 12.158 112.114
1.15 14.184 119.287
1.3 15.984 125.380

% 34 i@z () Gk

AV AN
Ve N
-0.143 -0.060
0 0
0.127 0.051
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% 35 CFD itz 1.3m/sdpid ™ & i 2 £ Ry

n(rps) F(N) T(N) Q(N-m) R(N)

11 11.5923  8.7456 0.2200  20.3379
12 9.4452  11.2617  0.2733  20.7069
12.867 7.3707  13.6870  0.3243  21.0577
13 7.0373  14.0802  0.3326  21.1175
14 4.3341 17.2104  0.3983  21.5445
15 1.3452  20.6393  0.4698  21.9845

# 36 CFD ##2z 1.3 m/fsds:# ™ & fi:¢ 2 4418 7|5

n(rps) Ky Ko w t
11 0.1105 0.0174 0.4079 0.2425
12 0.1195 0.0181 0.3880 0.2211
12.867 0.1264 0.0187 0.3710 0.2076
13 0.1274 0.0188 0.3684 0.2060
14 0.1342 0.0194 0.3488 0.1933
15 0.1402 0.0199 0.3295 0.1825

% 37 CFD H32 1.3mfs45id ™ 2 i 2 fo s

n (rps) J NH Mo b DHP (W)
11 0.4374 1.2793 0.4413 0.5646 15.2051
12 0.4144 1.2727 0.4333 0.5515  20.6078

12.867 0.3972 1.2599 0.4265 0.5374  26.2183
13 0.3948 1.2571 0.4250 0.5343  27.1663
14 0.3779 1.2388 0.4145 0.5135  35.0342
15 0.3632 1.2192 0.4053 0.4941 44.2758
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% 38 CFD ##t2. 1.3m/sdpdais 3 745 %

T A g2 R LS

n(ps) Ry (XMN) T, (MN)  w t; N, (rpm)
11 0.5353 0.7066 0.3233 0.2425 122.576
12 0.6763 0.8683 0.3026 0.2211 131.543
12.867 0.8126 1.0255 0.2874 0.2076 139.202
13 0.8346 1.0511 0.2853 0.2060 140.311
14 1.0122 1.2548 0.2693 0.1933 148.952
15 1.2086 1.4784 0.2543 0.1825 158.003

% 38 CFD 2 13mis4ddafe 29402 BT & 2 285% 5% ()

n(ps) Js Ms Mos nps  EHP(x 10° PS)

11 0426 1119 0513 0574 58.679

12 0409 1117 0506  0.565 74.144
12.867 0395 1112 0499 0554 89.087

13 0393 1111  0.497  0.552 91.488

14 0378 1104 0486 0537 110.959

15 0364 1096 0475 0521 132.489
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39 CFD #tz 1.3misdpid 32 84 i ik

N (rpm) 122.576 131.543 140.311 148.952 158.003
AR
R -0.3413 -0.1677 0.0270 0.2455 0.4872
Ts
Np_Lv
1.0359 1.0197 0.9960 0.9680 0.9398
Np_sp
AP,
N -0.3642 -0.1838 0.0310 0.2867 0.5825
D
AN
N -0.1194 -0.0550 0.0080 0.0700 0.1351
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