
MOORING LOADS OF A CIRCULAR NET CAGE WITH ELASTICFLOATER IN WAVES AND CURRENTTrygve Kristiansen1,2 and Odd M. Faltinsen1
1 Department of Marine Tehnology and Centre for Ships and Oean Strutures,Norwegian University of Siene and Tehnology (NTNU), Trondheim, Norway

2 MARINTEK, Trondheim, NorwayABSTRACTThis paper desribes a study of an aquaulture net age attahed to a irular, �exible �oater exposed tourrent and waves. Dediated experiments are performed. Current is ahieved by towing against the waves.The net age is moored with four nearly horizontal moorings, and fores are measured in eah mooring.Our reently implemented numerial model applies a sreen type fore model for the net, whih earlierhas been validated in urrent only. It is now applied also in ombined urrent and waves. The ode hasbeen further developed suh that it inorporates an elasti �oater, modelled by a newly developed three-dimensional potential �ow theory. The mean and total fores as well as the fore amplitudes in the mooringsare ompared. Reasonable agreement is demonstrated for the mean and total fores.KEYWORDSAquaulture �sh farm; Net age; Elasti �oater; Sreen model; Truss model; Waves and urrent1 INTRODUCTIONTheoretial models and experiments for assessing both steady and unsteady hydrodynami fores on �shfarms have been presented during the past deades. It is a hydroelasti problem with a large number ofmoving omponents. A number of questions are still open as to what fators are important in modelling �shfarms in waves and urrent. It is our overall intention to provide more knowledge in this diretion. The totalsystem with net age, �oater, mooring lines and bottom weights needs to be onsidered simultaneously. Thisrequires a numerial model whih has to be validated. Sensitivity studies may in turn be made using thismodel. This paper is intented to be a step towards a validated numerial model.We onsider a single, bottomless, irular net age attahed to a �exible �oater exposed to both urrentand regular waves. Similar set-ups have been studied experimentally and numerially by1 and2, who bothdemostrate fair agreement between numerial alulations and experiments for the total mooring line fores.3also onsidered irregular waves.4 studied numerially multiple net ages in waves. More referenes to relevantworks are provided in these papers. Common to previous works is that a sti� �oater is used, and further,there is a rather limitied number of wave/urrent onditions.In the present paper we present a rather extensive and systemati set of wave/urrent onditions, andthe �oater is elasti. Dediated experimental and numerial work are presented. In the numerial model weapply the three-dimensional linear potential theory presented by5 for the �oater, and the sreen model forthe visous fore on the net presented by6.
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TABLE 1:MODEL PARTICULARS. MODEL SCALE 1:25. FROUDE SCALING IS USEDDesription Parameter Model sale Full saleFloater diameter D 1.5m 37.5mNet depth L 1.3m 32.5mCross-setional diameter of �oater 2c 30mm 0.75mFloater bending sti�ness EI 0.136Nm2 1.33× 106 Nm2Net solidity ratios Sn 0.26 and 0.32 0.26 and 0.32Diameter of net twines dw ≃ 0.6− 0.8mm -Mass of bottom weights in air Mbw 16× 75g 16× 1172kgSpring sti�ness (front and aft) ks 44N/m 27.5kN/mThe elasti �oater model was made from a orrugated tube of the standard type used to over eletriables in houses (see the photo in the left part of Fig. 2). This hoie of material was a onsequene ofkeeping a low ost. There were two outer ross-setional diameters: 32mm and 26mm. An average diameterwas estimated to be 30mm. The weight of the 16 sinkers were determined by requiring that the �oater shouldbe semi-submerged in alm onditions. In full sale the bottom weight per meter would be 159kg/m in air.The sinkers were made from lead.Two nets were tested. The solidity ratios were Sn = 0.26 and Sn = 0.32. Both nets were bottomless,with a nominal diameter of 1.5m and depth of 1.3m. The 16 sinkers were attahed diretly to the bottomline of the net by lips. The nets were attahed to the �oater by 32 strips. When the model was in water,the net diameter at the top was measured to be 1.46m and the net depth was 1.27m.2.2 Test matrixThe test matrix is presented in Table 2. The models were tested in three di�erent main onditions: wavesonly, ombined waves and urrent, and urrent only. The majority of the tests were made with the Sn =0.26 net. The Sn = 0.32 net was tested in urrent only.Waves were alibrated in the period range T = 0.6 − 1.6s with a step of 0.05s and with three waveheight-to-wave length ratios: H/λ = 1/60, 1/30 and 1/15. The measured wave height was ahieved within97 - 99% of the desired value. Two-dimensionality of the waves was ahieved (i.e. long-rested waves withouttransverse disturbanes).A seletion of the tests were repeated at the end of the testing ampaign. The repeatability was in generalsatisfatory, as may be seen from the results presented later.Waves over-topping the �oater oured in several tests. This ranged from only gentle over-topping torather massive over-topping. This was found by visual inspetion. A rough desription is as follows. For
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TABLE 2:TEST MATRIX. EXPERIMENTS CONDUCTED IN THE MC-LAB AT NTNU 2011Solidity ratio Sn Current U∞ Wave steepness H/λ[m/s℄ 1/60 1/30 1/150.26 0 0.5 - 1.6s 0.5 - 1.6s 0.6 - 1.6s0.1 - 0.5 - 1.6s 0.6 - 1.6s0.2 - 0.5 - 1.6s 0.6 - 1.6s0.04 - 0.30 - - -0.32 0.04 - 0.30 - - -the 1/60 steepness waves, no over-topping oured. For the 1/30 steepness waves, over-topping oured for
λ/D ? 1. For the 1/15 steepness waves, over-topping oured for all wave periods, with massive over-toppingfor λ/D ? 1.5.3 NUMERICAL METHOD3.1 The netTo represent the net we use the truss model by7, whih was also applied by6. Illustrative snapshots areshown in Fig. 3. The net is represented by a mesh of NH × NV elasti trusses. The mooring lines arealso represented by trusses. The springs in the front and aft mooring lines are modelled by elasti mooringtrusses. The truss model is based on a kinemati onstraint, whih leads to a linear system of equations forthe tensions in all net and mooring trusses. One the tensions are solved for, these and the hydrodynamifores on the net is used to time-step the nodes aording to Newton's seond law.The visous fore on the net is represented by the sreen type fore model developed by6. We reapitulatethe main partiulars of the sreen fore model here. Eah quadrilateral, de�ned by the truss system asillustrated in Fig. 3, is regarded as a �at sreen. Eah sreen is haraterized by its area A, the solidity ratioSn, as well as an angle θ relative to the veloity. Further, the �ow is haraterized by the Reynold's number,Re, based on the physial twine diameter. In the sreen model, the drag and lift oe�ients are funtions ofSn, Re and θ. The drag and lift fores are proportional to the square of the relative veloity, i.e.
FD =

1

2
ρACD(Sn,Re, θ)|Urel|Urel, FL =

1

2
ρACL(Sn,Re, θ)|Urel|Urel, (1)where Urel = (U∞+uw−u) ·n is the relative veloity normal to the net panel. U∞ is the ambient (urrent)veloity vetor, uw is the inident wave veloity vetor and u the node veloity vetor. Added mass loadson the net are seondary, and are simpli�ed. The e�et of the sum of the weight and buoyany of the net issmall and negleted.We want to emphasize the following. (1) A ommon hoie of fore model for net ages in the literatureis Morison type fore models. These over-predit the fores when the net deforms appreiably. The presentsreen model yields more realisti fores. (2) Another fore model that has been reported used is Dary'slaw. One may not use the approximation appliable for porous media given by Dary's law, where the foreis linear in veloity, to represent the visous fores on the net. The net does not represent a porous media,but rather a thin sreen. In reality, the �ow through a net experienes a pressure drop proportional to theveloity squared.3.2 The �oaterThe kinemati onstraint mentioned above involves the aelerations of eah node (the nodes are the on-netions between the trusses). The aelerations of the nodes that represent the �oater are found from theequations of motion for the �oater, presented next. This means that there is a strong oupling between themotion of the �oater and the net; both are solved for simultaneously.The �oater is assumed to be semi-submerged in still water onditions. It is further assumed to beperturbed around a irular shape, and is represented by sinusoidal modes in both the horizontal and thevertial diretions. In addition to elasti motion, it is also allowed to undergo heave, pith and surge. The



position of eah point on the �oater (xf , yf , zf ) is desribed by
xf (β, t) = b1(t) + v(β, t) cos β, yf (β, t) = v(β, t) sinβ, zf (β, t) =

∞
∑

n=0

aj(t) cosnβ, (2)where
v(β, t) =

∞
∑

n=2

bj(t) cosnβ. (3)
a0 represents heave, a1 pith, a2 the �rst vertial elasti mode et., and b1 represents surge, b2 the �rsthorizontal mode (ovalization) et. The radial and vertial strutural response is assumed to obey the followingbeam equations,
m
∂2v

∂t2
+ EI

(

∂4v

∂s4
+

1

R2

∂2v

∂s2

)

= fr(s, t), (4)
m
∂2zf
∂t2

+ 2ρczf + EI
∂4zf
∂s4

= fz(s, t), (5)where m is the �oater mass per unit length, EI the bending sti�ness and ∂/∂s = R−1∂/∂β. β is explained inFig. 1. fr and fz are the radial and vertial fore per unit length of the �oater, respetively, and inlude waveexitation fore, added mass and hydrostati restoring fores, and fores from the net age and moorings.Damping fores (from wave radiation) are negleted.For the wave exitation and added mass loads on the �oater, linear potential �ow theory is assumed.Deep water onditions and time-harmoni motions are onsidered. The added mass and wave exitationfores for the vertial modes (n ≥ 0) are found using the reent zero-frequeny, three-dimensional theoryby5. Strip theory and long wave-length theory are assumed in the horizontal diretions.An error soure in the hydrodynami analysis of the �oater is that frequeny-dependent free-surfaeinterations ours for wavelengths of the order of the �oater diameter, D, aording to potential �owtheory. The onsequene is that the added mass and damping oe�ients vary strongly in our onsideredfrequeny range (8).The equations of motion for radial mode bn and vertial mode an are found as is usual within a modalapproah, by multiplying by cosnβ and integrating. The equation of motion for surge is posed separatelydue to the fat that the beam equation does not properly aount for the inertia fore. The in�nite sums aretrunated to a �nite number of modes, denoted Nmod. The equations of motion then provide expressions forthe aelerations at eah �oater node in the kinemati onstraint for the total net-mooring-�oater system.4 RESULTS AND DISCUSSIONIn this setion, we present and ompare results from the dediated model tests and the present numerialsimulations. We are able to predit the mean and total fores in the mooring lines in ombined waves andurrent reasonably well. We �rst present omparisons in urrent only.PSfrag replaementsmN/mWavesCenter lineFrontAftmTowing speed mmg4.39m30 deg0.25m2.0mAelerometersPulleyFore ring frontFore ring aftElasti �oaterMooring lines[m/s℄

PSfrag replaementsmN/mWavesCenter lineFrontAftmTowing speed mmg4.39m30 deg0.25m2.0mAelerometersPulleyFore ring frontFore ring aftElasti �oaterMooring lines[m/s℄
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U∞[m/s℄U∞[m/s℄Figure 4: The mean fore (drag) deued from the front and aft mooring lines in urrent only. Filled symbols:experimental results. Triangular and irular symbols for Sn = 0.26 denote experiments with and without a springin the front mooring line, respetively (elasti �oater and four mooring lines in both ases). The �lled symbols for Sn= 0.32 denote experiments with an inelasti �oater moored only front and aft. Open symbols: present simulations,where irles represent 32× 12 mesh, diamonds 48× 18 mesh and x-symbols 64× 24 mesh4.1 Current onlyThe mean fores (the sum of the front and aft mooring line fores) are presented in Fig. 4. The �lled symbolsrepresent model tests, while the open symbols represent the numerial results, with three resolutions.The Sn = 0.32 net was tested with a sti� �oater moored only in the front and aft. Thus, all drag on thenet is absorbed in the front and aft moorings, and the presented results represent the total drag. The testswere repeated, and we see that the repeatability was good. The Sn = 0.26 net was tested with the elasti�oater only. The triangular symbols in the left sub-�gure represent tests where the �oater was moored asshown in Fig. 1, i.e. with springs in the front and aft moorings. Thus some horizontal drag fore is absorbedin the side moorings from the o�set aused by the drag. The o�set length is denoted by xo�. The irularsymbols represent tests were the front spring was removed. Thus, xo� = 0, and so, the majority of the dragfore is believed to be absorbed by the front and aft mooring lines.From Fig. 4 it is lear that the total drag is not sensitive to the grid, and that the 32×12 grid is su�ient,with a slight exeption at the highest veloities on the Sn = 0.32 net. This is onsistent with the onvergenestudy in6. In the ase that there is a spring in the front mooring line, the results do depend slightly on theresolution. A plausible explanation to this behaviour is that some fore is absorbed in the side moorings,and we believe that the �oater's ability to bend horizontally when the grid is too oarse is restrited.The trend of the fores with respet to the urrent veloity is aptured satisfatorily. However, thenumerial results in general slightly over-predit. If we onsider the Sn = 0.26 net with the 48× 18 mesh wehave the following: at U = 0.1m/s the mean mooring fore is over-predited by about 15% and 6% in theases with and without spring in the front mooring, respetively. At U = 0.2m/s the numbers are 10% and6%.The di�erenes between the two �nest meshes are small. For the simulations with ombined waves andurrent we hose the 48 × 18 mesh based on this. Due to the amount of simulations, the highest resolution
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For instane, the total fore in the front mooring line is inreased by a fator 2.3, from about 3N to 7N,when the longest wave of 1/15 steepness is added to the lowest urrent. The orresponding fator for thehighest urrent is 1.8, (total fore is inreased from 7N to 12.5N).Despite some over-predition, the total fore in the front mooring line is quite well predited by thenumerial simulations. In partiular, the trend with respet to wave period is aptured satisfatorily. Thetrend is aptured also in the aft mooring line, although there is an appreiable over-predition. The over-predition inreases somewhat with wave periods, but the majority is aused by the stati urrent.There are disrepanies in the fore amplitudes, in partiular in the front mooring line for the asewith the highest urrent veloity (U∞ = 0.2m/s). For the lowest urrent veloity ase (U∞ = 0.1m/s) thedisrepanies are less pronouned, and in partiular for the longest waves (λ/D ? 1.5).4.3 Sensitivity studyWe made a rather extensive sensitivity study using the 32 × 12 mesh (oarse mesh), and a more restritedstudy using the 48×18mesh (�ne mesh). The oarse mesh study was used for sreening, while some seletedparameters were varied in the �ne mesh study. The observations from the �ne mesh study was very similarto those from the oarse mesh study. The parameters that were varied are listed in Table 3, divided in �veategories. TABLE 3:PARAMETERS THAT WERE VARIED IN THE SENSITIVITY STUDIESFloater Net Mooring Environment Numerial
c L Tp ωe vs. ω0 NH ×NV

R Enet ks xo� Nmod
EI Sn
an
33

MnetWe ompared mean fores and fore amplitudes. The main observations were that they were sensitiveto only two parameters: the elastiity of the net, Enet and number of modes, Nmod (both vertial andhorizontal) for the �oater. We give a short disussion on these two and a seletion of the other parameters.In the nominal simulations, the net was treated as inelasti. The fore amplitudes hanged appreiablyin the simulations with the elasti net, and also the mean fores were notiably a�eted. There is a questionof what Enet should be. We applied Enet = 5× 105Nm2, whih is two orders of magnitude smaller than thatfor nylon. Based on inspetion of photos from our and similar experiments, where one sees ar-like shape ofthe bottom part of the net when sinker weighs are applied to it, it seems that the net inhibits a geometrielastiity. The applied value for Enet was hosen based on the similar ar-like stati shape obtained in thenumerial simulation. We are not on�dent that this is a orret modelling. A di�erent strutural elastiitymodelling may be neessary. Therefore, we believe that the observed sensitivity to net elastiity is arti�ial,and further investigation neessary.We applied the same number of modes vertially and horizontally. Simulations with Nmod = 8, 16 and24 yielded pratially idential behaviour. However, in simulations with Nmod = 4, the mooring fores wereappreiably di�erent, both fore amplitudes and mean fores. It seems that Nmod = 8 is su�ient, at leastin the present set-up.Ultimately, it will be desirable to run simulations in irregular waves. However, it is unertain how onemay obtain retardation funtions based on the highly osillatory hydrodynami oe�ients for the vertialmotion (see8). We were therefore in partiular interested in how important the vertial motion is, and ransimulations reduing the vertial added mass, an
33
, for all modes, to only 20% of their theoretial values. Thishad only a very small e�et on the mooring fores. Using di�erent values for the strutural sti�ness of the�oater (2EI and 0.5EI) also gave very little e�et.We determined the o�set, xo�, by �rst running the simulations to steady ondition in urrent only, andthen using the �oater's mean position as origin when starting the waves. This was done in an attempt toobtain as orret as possible phasing between the wave indued fores on the �oater and the wave indued,visous fores on the net. Neither the mean mooring fores nor the fore amplitudes were, however, sensitiveto whether xo� was used or simply set to zero (still water position). The fores were neither sensitive towhether we applied the frequeny of enounter, ωe = ω0 + kU∞ or the basi wave frequeny ω0.



We want to emphasize that we investigated the sensitivity on mooring loads, whih is an integrated e�et.For loal e�ets, suh as e.g. snap loads in support hains, some of the above parameters may be important.5 CONCLUSIONSWe presented results from dediated experiments at NTNU onduted 2011, and a newly developed numerialmodel of a irular aquaulture net age with elasti �oater in both urrent only as well as ombined wavesand urrent. We ompared fores in the mooring lines, and demonstrated reasonable agreement for themean and total fores, while there were notiable disrepanies in the fore amplitudes. In the onsideredonditions, the mean fores dominate over the fore amplitudes.We presented a limited sensitivity study along with disussion on what fators are important in themodelling of irular, aquaulture �sh farms. From 14 varied fators, only two were found to a�et the foresin the mooring line signi�antly; the number of modes, Nmod (both vertial and horizontal) for the �oaterand the elastiity of the net, Enet. Nmod = 8 seemed to be adequate for our set-up. For Nmod = 4 the foreswere appreiably di�erent. The elastiity of the net was modelled in a rude manner (linear elasti with anarti�ially low Enet), and a di�erent strutural elastiity modelling is onsidered to be neessary in order tofurther investigate the e�et of net elastiity.The work is still ongoing. The disrepanies in the fore amplitudes will be further investigated. A moreextensive and detailed numerial sensitivity study will be presented in the future.ACKNOWLEDGEMENTSCREATE, Sintef Fisheries and Aquaulture provided �nanial support of the experiments.REFERENCES[1℄ Y-P. Zhao et al. �A numerial study on dynami properties of the gravity age in ombined wave-urrent�ow�. In: Oean Engng. 34 (2007), pp. 2350�2363.[2℄ C-C. Huang, H-J. Tang, and J-Y. Liu. �E�ets of waves and urrents on gravity-type ages in the opensea�. In: Aquaultural Engng. 38 (2008), pp. 105�116.[3℄ G-H. Dong et al. �Numerial simulation of hydrodynami behavior of gravity age in irregular waves�.In: Aquaultural Engng. 42 (2010), pp. 90�101.[4℄ T-J. Xu et al. �Numerial investigation of the hydrodynami behaviors of multiple net ages in waves�.In: Aquaultural Engng. 48 (2012), pp. 6�18.[5℄ O. M. Faltinsen. �Hydrodynami aspets of a �oating �sh farm with irular ollar�. In: 26th Int.Workshop on Water Waves and Floating Bodies. 2011.[6℄ T. Kristiansen and O. M. Faltinsen. �Modelling of urrent loads on aquaulture net ages�. In: J. Fluidsand Strutures Aepted for publiation (2012).[7℄ D. Marihal. �Cod-end numerial study�. In: 3rd Int. Conf. on Hydroelastiity in Marine Tehnology,Oxford, UK. 2003.[8℄ P. Li and O. M. Faltinsen. �Wave-indued vertial response of an elasti irular ollar of a �oating �shfarm�. In: Int. Conf. on Hydrodynamis (ICHD), St. Petersburg, Russia. 2012.


