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Fig. 3.14 The drag component of the total wave force vs. particle velocity for 
five samples of different solidities (the legend presents quantitative so lidity) 
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Fig. 3.15 The added mass component of the tota 1 wave force vs. particle ve locity 
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Total wave force and the re ulting drag and added rna s components are 

plotted in Fig. 3.13-15. It can be seen that overall hydrodynamic loads increa e 

sensibly as th nets get less porous and particle velocity or acceleration increases; 

however, drag fore appears more catt red . 
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3.2.2 Drag coefficient in oscillating flow 

As mentioned previously, the drag coefficient for a cylinder in oscillating 

tlow is conventionally considered as a function of the Keulegan-Carpenter (KC) 

and Reynolds numbers [7]. This dependence is also shown in Fig. 3.16. 
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Fig. 3. 16 Drag coefficients for an oscillating vertical cylinder from [7] 

It can be seen from Fig. 3.16 that for Reynolds numbers below 10,000, the 

drag coefficient strongly depends on the Keulegan-Carpenter number in 

comparison to Reynolds numbers over 10,000 for which drag coefficient only 

changes slightly even with significant change in the Keulegan-Carpenter number. 

Due to the relatively small twine diameter of the nets, as illustrated in Fig. 

3. 17, the Keulegan-Carpenter number appears on a much larger scale in 

comparison to cylinders tested by Chakrabati [7]. It can also be observed that the 

drag coefficient for nets changes significantly even with a slight change in the 
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Keulegan-Carpenter number; and for larger twine diameters, the curves appear to 

be close to vertical lines, which might indicate an independence of the drag 

coefficient from the Keulegan-Carpenter number. 

The curves also appear to be unaffected by net porosity. However, this 

does not make physical sense as drag increases as the net gets denser. 

1.40 ,----------·----------------------. 

1.20 ..J------------------.-------------l 

• 
u 1.00 +-----..!!·L--------------- ------l 
0 • c X 
(!) 0.80 +--------~------------------1 ·u 
~ . 
8 0.60 ---------- ·~- -·~ - . .X 

Ol 

~ 
0 0.40 ~---~ ·--~- X ~----

X 

0.20 +-----------...,.....~---------------1 •• X 
0.00 +-----r-----.-----,----.---.------r------1 

0 200 400 600 800 1000 1200 1400 

Keulegan-Carpenter number KC=UT/d 

• 0.077/3 • 0.095/3 .2 0.099/1 X 0.178/0.9 X 0.249/2 

Fig. 3.17 Drag coefficient in oscillating flow vs. the Keulegan-Carpenter number 
(the legend specifies net solidity as a first number and twine diameter in mm as a 

second number for each sample) 
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Fig. 3.18 Drag coefficient in o cillating flow vs. the Keulegan-Carpenter number 
(the legend specifies net solidity as a first number and mesh size in mm as a 

second number for each sample) 

Considering mesh size as a characteristic dim en ion for the Keu legan-

Carpenter number (Fig 3.18) demonstrates the dependence of drag coefficient on 

mesh size. Thus, ince twine diameter and mesh size form net olidity and each 

of them individually impacts drag coefficient, n t solidity should influence drag 

coefficient as welL The independence of drag coefficient from net porosity 

shown on Fig 3. 19 might be caused by effectively accounting for twine diameter 

twice: in the Keulegan-Carpenter number and net solidity. 
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Fig. 3. 19 Drag coefficient in o ci llating flow vs. the ratio of the Keulegan
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Fig. 3.20 Drag coefficient in oscillating flow as a function of particle velocity, 
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Fig. 3.20 also gives weight to this suppo ition. Although the data is a bit 

scattered, it illustrates trends for two groups of nets: with low and high solidity. 

Thus, it appears that drag coefficient might not be able to be expressed 

through a non-dimensional parameter, as both geometrical parameters have to be 

taken into account. As a suggestion, the drag coefficient in oscillating flows may 

be estimated as the ratio of particle velocity, wave period and a square root of net 

porosity (Fig 3.2 1 ). As can be seen, this function collapses two groups of 

solidities together with a reasonab le error; however, further experimenta l work 

should be conducted for validation. 
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Fig. 3.21 Drag coefficient in oscillating flow as a function of particle velocity, 
wave period and modifi d net poro ity 
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3.2.3 Added mass estimation 

The inertia or added mass coefficient is estimated as a function of the 

Keulegan-Carpenter number. Since twine diameter is very small, added mass 

coefficients for nets appear to be on an unusually large scale: in the hundred 

thousands (Fig. 3.22). It can also be seen that added mass coefficient as a 

function of the Keulegan-Carpenter number is independent from twine diameter 

or net solidity. 
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Fig. 3.22 Added mass (inertia) coefficient as a function of the Keulegan
Carpenter number 

In the previous sub-chapter it was shown that the conventional approach 

to estimate added mass through the Keulegan-Carpenter number might be not 
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applicable to nets because more than one geometrical parameter characterize 

hydrodynamic loads. It is also uncertain how to assess the amount of water 

affected by the net due to compliance. Presumably the affected area equals the 

total net projected area. Then from Newton's law of motion, the affected 

thickness (equivalent mass) of water can bee timated as: 

(3.17) 

A,,pu 

where FA is added mass, A" is projected area, U is particl acceleration. 
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Fig. 3.23 Effective thickness vs. wave frequency 
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Since the experiment was conducted with full-scale nets, it is assumed that 

a dimensional parameter, such as the effective thickness, can be used to express 

added mass for nets. Wave frequency is a major determinant for particle 

acceleration, so it seems sensible to consider the dependence of effective 

thickness on frequency (Fig. 3.23). It can be seen that the effective thickness 

increases as wave frequency increases (waves become shorter, and in this 

experiment also less steep). However, after approximately 2rad/sec, the effective 

thickness decreases, especially for less porous nets, which is a common trend for 

bodies in oscillating flows. It also appears that effective thickness depends on net 

solidity. 

Thus, it is suggested that added mass for nets can be estimated as a 

function of wave frequency and net solidity. Expressing the added mass in terms 

of effective thickness over the net area also offers a more intuitive measure of the 

added mass effect than coefficients based on the displacement of the net twine. 
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IV. Conclusions and further work 

Two experiments were conducted to estimate the hydrodynamic loads on 

five plane net samples in steady and oscillating flows. A new empirica l formula 

is suggested as a function of net porosity and drag coefficient for a cylinder (and 

a sphere for knotted nets). The advantage of the formula in comparison to the 

existing ones is that it incorporates the well-established drag coefficient of a 

cylinder and thus it is less limited in R eynolds number. The inclusion of the drag 

coefficient for a cylinder should naturally allow the application of the formula for 

different angles of attack as well; however, it is recommended to verify this 

presumption with another experiment, where net samples are tested over a range 

of angles of attack. 

The interaction effect of net solidity and water velocity was disclosed by 

applying a two-factorial experimental design . This analysis is meant to disclose 

effects by assuming their nature is linear only. However, the Response Surface 

Method (Montgomery 1995) can be applied in the future to establish a 

polynomial fmmula for predicting steady flow drag as a function of net solid ity 

and current velocity. 

It was also found that conventional non-dimensional parameter for drag 

and inertia coefficients in oscillating flow are probably not applicable for nets. lt 

is suggested that drag coefficient is perceived as a function of wave particle 

velocity and net porosity. For further verifLcation it is recommended to 
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experimentally study the individual influence of wave particle velocity and wave 

period on drag. Wave period is a function of wavelength, but particle velocity is 

a function of wave period and amplitude. Thus, the same wavelength can be 

maintained for different velocities if the wave amplitude changes. 

A new parameter was introduced for added mass estimation: effective 

thickness, a width of water notionally affected by the net as a function of particle 

velocity and net porosity. This parameter offers an intuitive improvement over 

conventional concepts of added mass coefficients related to the mass or 

displacement of the physical body, in this case the net twine, but the data set 

collected as part of this study does not provide a definitive proof of the utility of 

the concept. Thus, it is recommended to conduct another experiment for a wider 

range of wave frequencies to establish a formula for added mass estimation 

through effective thickness which ts a function of net porosity and wave 

frequency. 
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Appendix I Steady flow experiment data 

No Net Installed 

Towing 
speed Dir T1 T2 L1 L2 Force 

0,1 F -16,478 -16,24 -16,477 -16,255 -0,014 

0,2 F -16,504 -16,286 -16,511 -16,287 -0,008 

0,5 F -16,551 -16,287 -16,542 -16,206 0,09 

1 F -16,588 -16,297 -16,677 -16,474 -0,266 

2 F -16,586 -16,297 -17,249 -17,059 -1,425 

0,1 R -16,556 -16,281 -16,551 -16,266 0,02 

0,2 R -16,563 -16,281 -16,576 -16,297 -0,029 

0,5 R -16,565 -16,273 -16,527 -16,399 -0,088 

1 R -16,595 -16,315 -16,823 -16,304 -0,217 

Sample 1, Sd=0,077 

Towing 
speed Dir T1 T2 L1 L2 Tare Force 

0 -16,57 -16,112 -16,57 -16,113 0 ,000 0,001 

0,5 F -16,665 -16,188 -8,9796 -8,6922 -0,095 15,277 

0,1 F -16,643 -16,141 -16,302 -15,817 -0,006 0,671 

0,1 R -16,642 -16,123 -16,945 -16,424 -0,006 0,598 

0,2 F -16,632 -16,131 -15,473 -14,989 -0,018 2,319 

0,2 R -16,664 -16,139 -17,775 -17,263 -0,018 2,217 

0 ,5 F -16,667 -16,143 -8,9076 -8,5689 -0,095 15,429 

0,5 R -16,655 -16,138 -24,061 -23,519 -0,095 14,692 

0,749 F -16,679 -16,151 -1 ,3335 -1 ,2298 -0,204 30,471 

0,745 R -16,6 -16,091 -32,422 -31,423 -0,202 30,952 

0,998 F -16,629 -16,099 10,68 10,472 -0,354 54,234 

0,993 R -16,568 -16,075 -44,108 -40,474 -0,351 51 ,588 

1,485 F -16,604 -16,076 40,967 39,852 -0,766 114,265 

1,899 F -16,599 16,086 75,227 72,218 -1,238 149,196 

s ample 2, Sd=0,095 

0 ,1 F -17,17 -16,893 -16,887 -16,714 -0 ,006 0,468 

0,1 R -17,188 -17,196 -17,526 -17,523 -0,006 0,659 

0,2 F -17,127 -17,094 -15,879 -15,865 -0,018 2,495 

0 ,2 R -17 -16,97 -18,319 -18,269 -0,018 2,600 

0,5 F -17,186 -17,169 -9,0123 -8,7446 -0,095 16,694 

0,5 R -16,979 -16,931 -25,335 -25,144 -0,095 16,474 

0,749 F -17,042 -16,985 -1,422 -1 ,1816 -0 ,204 31,628 

0,746 R -16,944 -16,862 -35,408 -35,085 -0,203 36,484 

0,998 F -17,002 -16,911 11 ,257 12,158 -0 ,354 57,682 

0,994 R -16,819 -16,765 -51 ,246 -50,186 -0,352 67,496 

1,494 F -16,929 -16,828 47,167 49,523 -0,775 131,222 

1,992 F -16,82 -16,731 88,001 101 ,8 -1,360 224,712 
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ample . = . S I 3 Sd 0 099 

Towing 
speed Dir T1 T2 L1 L2 Tare Force 

0,1 F -16,424 -16,183 -16,042 -15,871 -0,006 0,700 

0,1 R -16,502 -16,401 -16,95 -16,836 -0 ,006 0,877 

0,2 F -16,433 -16,33 -14,858 -14,76 -0,018 3,163 

0,2 R -16,564 -16,394 -18,222 -18,07 -0,018 3,31 6 

0,5 F -16,522 -16,378 -7,2879 -6,8689 -0,095 18,839 

0,5 R -1 6,578 -16,39 -26,369 -26,34 -0,095 19,646 

0,749 F -16,572 -16,385 2,1256 2,7215 -0,204 38,009 

0,746 R -1 6,597 -16,399 -37,015 -36,774 -0,203 40,590 

0,998 F -16,567 -16,36 16,564 16,629 -0,354 66,474 

0,994 R -16,578 -16,396 -53,526 -53,269 -0 ,352 73,469 

1,494 F -16,579 -16,369 60,542 59,932 -0,775 154,1 97 

1,992 F -16,584 -16,376 95,563 116,39 -1,360 246,273 

amp1e . = . S I 4 Sd 0 178 

0,1 F -16,553 -15,536 -15,749 -14,953 -0,006 1,393 

0,1 R -16,604 -16,38 -17,548 -17,357 -0,006 1,915 

0,2 F -1 6,356 -15,907 -13,447 -13,145 -0,018 5,689 

0,2 R -1 6,573 -16,496 -20,051 -19,864 -0,018 6,828 

0,5 F -16,466 -16,387 1,296 1 ,2151 -0,095 35,460 

0,5 R -16,607 -16,501 -36,677 -35,574 -0,095 39,048 

0,749 F -16,473 -16,377 18,71 3 18,358 -0,204 70,1 25 

0,998 F -16,439 -16,313 44,689 44,272 -0,354 122,067 

0,994 R -1 6,643 -1 6,473 -89,9 -85,862 -0,352 142,294 

1,494 F -1 6,418 -1 6,289 100,83 117,13 -0,775 251 ,442 

1,992 F -16,55 -16,356 180,81 225,75 -1,360 440,826 

am!)le 5, = • 4 S Sd 0 2 9 

0,1 F -16,255 -15,766 -15,145 -14,726 -0,006 2,156 

0,1 R -16,476 -16,187 -18,2 -17,836 -0,006 3,367 

0,2 F -16,305 -15,97 -11 ,898 -11 ,69 -0,018 8,705 

0,2 R -16,626 -16,244 -22,449 -21 ,916 -0,018 11,477 

0,5 F -16,412 -16,036 10,59 10,106 -0,095 53,239 

0,5 R -16,613 -16,142 -45,449 -44,888 -0,095 57,487 

0,749 F -16,578 -16,095 38,164 36,394 -0,204 107,435 

0,745 R -1 6,621 -1 6,129 -75,954 -75,455 -0,202 118,457 

0,997 F -16,565 -16,081 79,366 75,452 -0,354 187,818 

0,994 R -16,569 -16,131 -120,28 -118,74 -0,352 205,968 

1,494 F -16,575 -16,077 195,48 188,54 -0,775 417,447 

1,992 F -16,591 -16,126 351 ,91 391,5 -1,360 777,487 
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Appendix II Oscillating flow experiment data 

experimental 

analytical experimental 
horisontal velocity 

wave wave wave wave particle 
length amplitude steepness number wave wave velocity phase 

frequency frequency 
at depth of 

shift 

1m 

A A AlA k wan wex Uexp <jlu 

m m - - rad/sec rad/sec m/s -
sample1 

10,2 0,18 0,018 0,62 2,26 2,26 0,29 0,08 

Sd=0.077 12,35 0,15 0,012 0,51 1,96 1,96 0,29 6,08 

15,4 0,13 0,009 0,41 1,64 1,64 0,26 5,07 

20,5 0,11 0,006 0,31 1,28 1,28 0,14 0,51 

sample2 
10.2 0.18 O.D18 0.62 2.26 2,26 0.29 6,21 

Sd=0.095 12,35 0,15 0,012 0,51 1,96 1,96 0,29 5,19 

15,4 0,13 0,009 0,41 1,64 1,64 0,27 4,99 

20,5 0,11 0,006 0,31 1,28 1,28 0,16 5,88 

sample3 
10,2 0 ,1 8 0,018 0,62 2,26 2,26 0,29 6,11 

Sd=0.099 12,35 0,1 5 0,012 0,51 1,96 1,96 0,29 0,36 

15,4 0,13 0,009 0,41 1,64 1,64 0,27 5,73 

20,5 0,1 2 0,01 0,310 1,28 1,28 0,1 6 0,33 

sample4 
10,2 0,18 0,018 0,62 2,26 2,26 0,29 1,10 

Sd=0.178 12,35 0,16 0,013 0,51 1,96 1,96 0,28 6,02 

15,4 0,13 0,009 0,41 1,64 1,64 0,24 6,10 

20,5 0,11 0,006 0,31 1,28 1,28 0,12 0,64 

sampleS 
10,2 0,18 0,018 0,62 2,26 2,26 0.29 0,76 

Sd=0.249 12,35 0,15 0,012 0,51 1,96 1,96 0,28 5,60 

15,4 0,13 0,009 0,41 1,64 1,64 0,26 5,81 

20,5 0,11 0,006 0,31 1,28 1,28 0,15 0,29 
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analytical analytica l experimental 
horizontal 

horizontal horizontal 
particle 

analytical 
force particle particle acceleration, acceleration acceleration, total phase 

drag 
velocity velocity, 

differential phase shift integrated force 
shift 

force 
at depth integrated 

of 
average 

of 1m average velocity 

Uan Uan av Uexp 'Pu Uan Ft cpr Fd 

m/s m/s m/s2 - m/s2 N - N 

sample1 0,31 0,32 0,66 1,65 0,72 11 ,39 5,98 4,22 
Sd=0.077 0,28 0,28 0,56 1,37 0.56 10,22 5,87 2,12 

0,26 0,26 0,42 0,36 0,43 6,28 4,81 1,64 

0,24 0,24 0,18 2,09 0 ,30 2,45 0,41 0,26 

sample2 0,31 0,32 0.66 1.50 0.72 10.82 5,74 4,96 
Sd=0.095 0,28 0,29 0,58 0,47 0,56 9,27 4,92 2,48 

0,26 0,26 0,45 0,28 0,43 5,96 4,66 1,94 

0,24 0,24 0,20 1,17 0 ,30 2,26 5,71 0,39 

sample3 0,31 0,32 0,66 1,40 0,72 11,22 5,56 5,86 
Sd=0.099 0,28 0,28 0,57 1,93 0,55 10,12 0,00 3,58 

0,26 0,26 0,45 1,06 0,43 6,75 5,35 2,55 

0,24 0,24 0,20 1,91 0,30 2,77 0,09 0,68 

sample4 0,31 0,32 0,67 2,67 0,71 21 ,09 0,83 5,57 
Sd=0.178 0,29 0,29 0,55 1,31 0 ,57 21 ,44 5,89 2,80 

0,26 0,26 0,40 1,39 0 ,43 15,05 5,98 1,82 

0,23 0,24 0,16 2,21 0,30 6,08 0,69 0,33 

sampleS 0,31 0,32 0,66 2,33 0,72 34,88 0,45 10,65 
Sd=0.249 

0,28 0,28 0,55 0,90 0,56 39,59 5,45 6,09 

0,26 0,26 0,44 4,82 0,43 29,72 5,71 2 ,73 

0,23 0,23 0,20 1,86 0 ,30 12,68 0,39 1,24 
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