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Abstract

One of typical bases for floating offshore wind turbines is the barge platform that h&s meri
of simple structure andower coss, but disadvantageof significant responsan waves.In
order to improve théydrodynamigerformance othe bargeplatforns, in this paper a novel

Air cushion Barge Platform (ACBP) iproposé, into which multiple air chamberare
incorporated to mitigate the wave loads and reducedyimamic motions due to waves
However, there is a lack of analytical tools that can evaluatsttbility of the ACBRwith
multi-air cushions at large angléi address this issyan analytical method is developed for
evaluating the stability of the ACBIR the whole range of trim angles, includingry large
angles with possible emergence of tpiatform bottom and swith air leakage from a few
chambers beforeapsized. The newly proposed analytical methisdcalibrated by the CFD
results, and then is employed for investigating the static and dynamic stability of the ACBP
for atypical design

Keywords: OffshoreWind Turbine (OWT); Air cushion Barge Platform (ACBPGtability

performance; Large angle

1. Introduction

There are two main types of offshore wind turbines (OWT): the fixed OWT and the
floating one. In general, the fixed one workssimllow water or moderate deep water (e.g.
less than 50m), but its cost increases very quickly with the water depth. The floating one is
generally employed in the deep water. Because the floating one can be built and assembled in
the shipyard, and then bewed to the working sea, its cost istrery sensitive to the water
depth.

The wind energ in deep seas is more plentiful and steady than at near shore seas.
Moreover,in deep seas the wind turbines have less impact on human activities. So it can be
predcted that the wind energy exploitation will gradually moves to the deep seas, where the
floating supporting platformsire more suitable for the OWT. There arainly four types of

supporing platforms for floating OWT (FOWT): spabuoy, tensiodeg platfam (TLP),



semisubmersible platform and bargd.[It is considered that the water depth for spaoy
platform should be more than 100&) and 70m for TLP. The sersubmersible platform and
barge do not have special requirement for water depththiliargeis more adaptable to
relatively shallower water deptlBesidesthe barge hassimpler structurewhich makes it
possible to be builising lowcostconcrete However, theseakeeping motioof the kargein
large wavesis more significant than the seisuibmersible one3]. Nonetheless, it can be
improved by the high cosffective passive damping systems.

There ae mairly four types of passive damping systeriisined Liquid Column Damper
(TLCD), Tuned Mass Daper (TMD), Openrbottom Tank(OBT) and Heave Bttom Plate
(HBP) [4]. It was found that the TLCD and TMD ca&onsiderablyreduce the pitch motion
[5-9], and the OBT and HBP caifectivelyreduce the pitch but also the heave madifi0].

The OBT is more suitable, because it is more remoically attractive and the air cushion
trapped in the OBT can redeithe wave loads as well as the bending moment actindnole
structures Pinkster et al. experimentally and numerically studied kieaviorof a large
air-supported mobile offshore & which shows that the midship bending moment can be
reduced by air cushiori]]. Kessel studied the effect of air cushion division on the structural
load of large floating offshore structures, and a significant reduction of bending moment was
obtained 12].

Besides, the air cushion can providreadyancyto reduce the draft, which is very beneficial
for the transportation of the FOWT through shallow wdtenas been known for a long time
that the air cushion was used to increase the buoyancy of bfutorded structures, which
can reduce the draft of structure to allow transportation over a shallow watel aféh [

The OBT has internaliaterfree surfaceand trapped air above it, and so the structures with
OBT are also calledir cushionor air suppoted floating structures (ASFS)he water inside
the structure is connected to the water outside. The internal free surface and trapped air
difficulties to stability analysiglthough it is similar to damaged ships in the sense that the
internal andexternal water is connected, the air above the internal free surface is assumed to
be open to theatmosphere 1[6] for stability analysis of damaged ships. Therefore, the
well-developed methods for analyzing damaged stability of ships cannot be used for the
stability analysis of th&SFS

Nonetheless, some efforts have been devotedviuating the stability of the ASFS
literature Bie atal. studied the static stability of air floated structuessisting of three small
buoys and an aifloating force reduction factor is put forward to embody the differences



between the air floated structures and ordinary floating structures in buoyancy variations
[17][18]. They assumed that the buoys are axis\etric and small in diameter with thin walls,
and that the solid parts of the structure always submerge in water without air leakage,
implying that the trim or heeling angle are limitdding et al.considered the case with
multiple air cushions in onedating body andtudied the towing motion characteristics of
composite bucket foundation for OWTIY. They gave some idea about how to calculate the
stability but did not giveenoughdetails. Their focus was the motions of CBF which just
needs initial staility properties.Liu et al. [20-21] studieda similar air cushion structure to

that in [17], and gave only the properties of initial stabilidyenu at al[22] presented their
experimental investigations on initial stability of a structure with two ciambers,
complementing to that studied Bynkster et aJ11]. Thiagarajari23] dedicated their study on

the stability of a multchamber air cushion structure with a thin wall at the small trim and
heeling angles by linearizing the pressure expressi@ir icushionKesse]24] presentedhe

air cushion supported structures numerically and experimentaltiiehvork, they described

the principle for analyzing large angle on stability in termaiofcushion reduction factdyut

gave only its expression for small angle or displacement, without the resultgfong
moment at large angles. Their theory did not congidssibleair escapg from underneath

the structurat large trim or heeling angle like if7].

In summary most publications for the air cushion supported structures with multi air
chambers studied only their initial stability (i.e., small trim or mgekangles), a few gave
some idea about analyzing the stability without results at large angles, but none has
considered the stability at very large angles with a possibility of emergence of structural
bottom and so leakage of air. In practice, one shoaatdider the static and dynamic stability
of the structures during design. For analyzing the dynamic stability, one does need the
righting moment in the whole range of trim or heeling angles capkizd.

In this paper we will present a method and corpesding equations for analyzing the
stability of a structure with muHair cushions, the ACBP, in the whole range of trim or
heeling angles, including the air leakage from a few air chambers before capsized.The
principle may also be applied to other tyésir cushion structures.For ease of discussions
the concept of the ACBP wasesentedirstly. Thenan analytical method was developed for
evaluating the stability of the ACBWith validation by CFD calculating resultginally the
stability propertiesof the ACBP werénvestigated.

2. Concept of ACBP



Many researchers have investigated the concepts or stabilities of OBT and ASFS. Typical
works are as followdMa and Patehave incorporated 8 OBTs into a spar platform, in which
the water columns can flow in and out through open bottoms and the trapped\a water
columns acts as a springy. Bie et al. 6], Chenu at al.42] and Kessel24] found that if
the platform is completely supported by a large single air cushion, the stabilitieteitiorate
due to the fact that the relative center of yamy is not shifted when the platform heels. It
can be improved by increasing the thickness of vertical walls around the air cushion or
subdividing the air cushion into multiple compartments.

In this paper, a new structure named Air cushion Barge Plat®@BP) was presentedr
offshore wind turbingswhich is formed by incorporating the subdivided air chambers and a
ballast tank onto a barge, as shown in Figure 1. The barge platform and the ballast tank are
connected by a truss (see Figure 1a), whickinsilar to the structure of the TruSpar
platform. The barge platform consistsadbuoyancy tank, internal air chambers anzkatral
moon pool (Figure 1b). The air chambersformly distribute around the central moon pool
(Figure 1c). Moreover, thbottom of the buoyancy tank was equipped with a damping plate

to increase the heave damping and reduce the heave response.
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Figure 1. The sketch of Air cushion Barge Platfo(sCBP)



The buoyancy tank is the main part of the barge platform, which provides the main
buoyancy for the system. The air in the chambers plays the role of air springs to mitigate the
wave loads and reduce the motion response. Obviously, the air chambers @& positive
buoyancy if the water level in air chambers is lower thanetkternalone. Inversely, the
buoyancy is negative if the water level in air chambers is higher théattere

The ballast tank carhelp loweringthe center of gravity (COG) ansb increasng the
stability performance. Besides, the ballast tank can also play the function of damping plate to
increase the heave damping and reduce the heave response

The barge platform can climb up and down along the truss with the help of hoisting
equipment As a result, the drought of the ballast tank can be adjusted to adapt to the water
depth, which makethe ACBP bepossibleto be transportedhrough theshallow water as
whole after built and assembled in shipyateelping reducing installation time on site and

costs The conceptional design parameters are shown in Table 1.

Table 1 The principalparametersf the ACBP

Internalradius ofair cushionR: 5.6m Installeddraft 200m
Externalradius ofair cushionR. 14.0 nf Buoyancy tanidraft d 6.18 I
Externalradius ofbuoyancytank Rs 18.0m{ Numberof ar chambers 8
Radius ofballas®s 20.0 | Ballastmass 2,000,000 k¢
Radius ofdamping skirt 20.0nl Totalmass 2,704000 kc
Deckclearancezo 4.0n] COG ofACBP (0.0, 0.0-14.65)
Free Surface iair cushiorgzxo 0.0n COG ofACBP-OWT (0.0, 0.0, 1.468) I

*COG is the center of gravity

Table 2 The principabarametersf the NREL-5MW Offshore WindTurbine(OWT)

Rotor orientation, configuration Upwind, 3 Bladg Rotor diameteDrotor 126m
Rated tip speetlipr 80m/{ Hub diameteDnub 3m
Hub heightHhub 90 n] Cutin wind speed/in 3m/s
Rotor massnotor 110,000 k{ Rated wind spe€eWrated 11.4m/s
Nacelle masshacelle 240,000 k§ Cut-out wind spee®out 25m/s
Tower mas$nower 347,460 k§ Cutin rotor & 6.9rpir
Overall COG locatioiGcos (-0.2,0.0,64.0) | Rated rotor&ated 12.1rp

For this conceptional design, the NREMW Offshore Wind Turbine (OWT) is selected.
For simplicity, the combinedsystem of the NREISMW OWT and ACBP is called
ACBP-OWT. The main parameters of the NRBEMW OWT is shown in Table 327-29].



Other turbines may be employed with differpatameters.

Obviously, the stability performance of tRe&CBP-OWT is vital and must be evaluated
carefully. However, he air cushion makes th@oblem very mmplex and different from
conventional ones due to the following facts.

1) Therighting moment is povided by the buoyancy of structure and air cushion, which
might affect each other.

2) The compressibility of the air cushion makes their displacevwaent

3) The shape of immersion voluncanbe very complicated at large heeling/trim angles
due to the pssibility thatthe wet deck ofreeboardis immersed intavater.

4) Some air chambers might open to atmospheres atlaagi@g/trim angles, and suddenly
completely lose thbuoyancy but others still submerge in water

The stability of ACBPOWT is similar to the second and third type of damage stability in
ships, but there exist some significant differences. In Jdg®age stability, the air above the
internal free surface is assumed to be open to the atmosphere, so ilewskelped theories
of damage stability in ships cannot work for analyzing the stability of ACBVT.

There are some stability theories of-aushion supported floating structures, but they
cannot analyze the stability performance of AGBW/T adequately. Firstly, the existing
methods aims to analyzing the initial stability at little trim angles, which may be invalid at
large trim angles due to the strong nonlinear effects. Secondly, the intercoupling between
structure and aicushion is not appropriately taken into account, érsthould be analyzed
appropriately when ACB®WT locates at large trim angles. Thirdly, tighting moment in
the whole range of trim until capsized will be studied, and the structural bottom will emerge at
very large angles and the air leakage cannagihered, which is not considered in previous
studies. Lastly, the shape of-aushion in ACBPOWT is very complicated, which make it
difficult calculate the center of gravity and buoyancy. Thereby, the existing stability methods
cannot be directly usetor analyzingthe stability of ACBPOWT, and anew stability

analysis method will be developéat thisnovelsystem
3. Theoretical analysis of stability

According to the aboveliscussions the existing stability methods cannot be directly
applied tothe ACBP-OWT, so we need to develop reew stability analysis method. The
righting moment ofthe systentan be divided into two partsr any given trim anglethat is

M, M, M, (1)

whereMa is the contribution of air cushioiMs the contributiondue to the displacement and



weight of structures,whicls made up byhe contribution of buoyancy tank, ballast tank and
gravity, that is
M 2)

M, M, M, .
Where Mst and Mval are the moment of buoyancy providedspectivelyby the buoyancy
tank andheballast tankandMg is the moment of gravity.

On the other hand, theghting moment can be written as
M. F 1 3)
whereFr is therighting force andLr is the arm ofr. It is noted that the wetted volume and
shape of structures may be different at different trimihgehngles and so the above

components of moments are dependent on each other, which cannot be estimated separately.

(Xg Ve Z)
S
F ol—‘x —
Ve

barge

damping skirt f::"‘ "

\ “.“"j‘ I \dmnping skirt

truss—— L
truss

ballast tank

(Xpats Voars Zpat)
;

o R
Cpar’s Vbar's Zar’) —

_1::,‘&—(”‘5‘7”‘7“ tank

(a) (b)

Figure 2 Definition of thecoordinate system

Since the ACBP is symmetric about the horizontal axes, only trim and sinkage are
investigated in this papethough the method can be extended to consider more general cases
As shown in Figure 2dhe ACBP-OWT floats vertically atundisturbedloating statewithout
any angld. is its center lineandintersects witHree surface (FSt PointO. Let O-xyzbe the
body-fixed coordinate systemAt the undisturbedloating state x-axisis the horizontal axis
pointing to theright direction andz-axisis the vertical axipointing upwardly. Let O- [\ 7] 1
be the accompanietbordinate systepwhich is parallel tdD-xyzat theundisturbedloating
state andalways shares the same originfasO-xyzbut does not rotate with it as indicated in
Figure 2b

If an external momenv¥ie is applied to thesystem,the ACBP-OWT will move to a new
floating state,n which the righting momentMr can balance the externle, as shown in
Figure 2bat an angleln the O-xyz coordinate systemlet (xg, Yg, Zg) be the COG of the
ACBP-OWT and oal, Yoal, Zba) be the centroid of ballast tanka the defined coordinate



system Xg=yg=xba=Yba=0, let be the trim angle of theystemat the newequilibrium state

under action of the external momemnhenMsa andMg can be obtained directly by
My mgy,
M bal Lgvbal )%al ' gvbal %al Sin (5)

where Xg land xval fare thex-coordinateof the COG and the centroid of ballast tankthe

mggzsin 7 (4)

O- [ 1\ Tdobrdinate systemespectivelyandVba the volume of ballast tank.
At the new equilibrium state the positions ofexternaland internal free surfaseare

unknown.The details below will be gen for finding them.

3.1 Equations for the relative positions of internal and external water surface at new
equilibrium state

At the new equilibrium statghe system has an angle and also a sinkage relative to the
undisturbed state, leading to different positions of internal and external water surfaces relative
to the coordinate systems. At this stdteo conditions should be satisfie@ne is that the
totd buoyancy is constanthe other is that the ideal gas state equation is satisfied in every air
chamber. There are three compression models for gas in air chamber, which are the
isothermalprocessjsochoricprocess and adiabatic processidnchoricprocess model, the
air is considered incompressible that is used in the third type of damage stability. In this paper,
the three compression models for gas in air chamber are all studied for the comparison

purpose.

(a) (b)

Figure 3.Sketch ofith air chamber inindisturbedloating state and new equilibrium state

Let Voi andPoi be the volumeand pressure respectively,of the ith air chamberat

undisturbedloating state (shown in Figure 3&JandPi be those at the neequilibrium state



(shown in Figure 3b), respectively. Then if no air leaks fromtthair chambey one obtains

RV, PV ®)
in which
Voo STz Za) (")
R Rodlz,) (8)

Wherexoi and zx0i are thez-coordinates othe centroid of the top surface ibh air chamber
and the internal free surface iit, respectivelyiis the horizontal sectiorarea ofith air
chamberPathe standard atmospheric pressure.

Let t and zi fbe thez-coordinatesof externaland internal free surface in th®-[ T\ 7] 1
coordinate systeprespectively, andi be thez-coordinateof internal free surface centroid in
the O-xyzcoordinate systenThenVi andPi can be written as

Vi &1z z) )

R Pa (g(-zail t) (10)
whereS is thearea of internal free surface thie new equilibrium statand Eq. 9 will be
proved later in Eq. 21.

Providing that the ballast tank is always under water, the sum of buoyancy from air

chambersand buoyancy tank keeps constant, i.e.

n

R 7 VA (11)
where VBT is the increase of the displacement volume of the buoyancy i&nks the

increase of buoyancy frorth air chamberand can be obtained from
'F (R PRS (R RS 6572 SZ2'SY) (12
Combining Egs. 4.2, one can solvae; andt, and thughe new equilibriumstate isobtained

now.

3.2Righting moment ofthe air cushion

At the undisturbed floating statdhet sketch othe ith air chamberis shown inFigure 4,
whereABCD s theinternalfree surface an@i its centroid li the centre linghatconnects the
centroid ofthe wetted surfacandinternal freesurface.The horizontal crossection of the
internal free surface is shown in Figure 4b, wheFeis the symmetric line oABCD, 3 the
angle fromOxto OE, .1 and .2 the angles fronE to OB andOA, respectively

Assuning that the internal and external radius of the ith air chamberis R1 and Ry,

respectively, the area 88BCDcan be calculated by



SOi SCOD SAOB ( q q)(RZZ R12) / 2 (13)
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Figure 4. Sketch oftheith air chamber

If O1i, O2i are the centroid aireaAOB, COD, respectivelythe distance fron®i to L is

R Oq OOZI SCOD Ooll SAOB 4(R12 RZ2 RIRZ)SIn[(q Q)/Z] (14)
S 3R RXZ B)

in which, OGzi=2Rx/3, O01i=2R1/3.
At the new equilibrium statehe internal free surface moweto $ 1 % T & §s $hown in

Figure 5, in whichthe centroidis Oi § For the convenience of analysis, the internal free
surfaceABCD and A 8 T P fwere enforced to movalongthe center lind. untilzai = 0 and
zi fF O, as shown in Figure 6, which does fadsify the conclusion. It is assumed tiaand
P fare points orAB andA B {respectivelyandPP is a line on surfacABB f\ that parallels

to AAY

Figure 5.The sketch othe internalfree surfaceta Figure 6. The sketch of the intern&iee surfacehat

the new equilibrium state move tozyi = 0andzy £ O

In the O-xyzcoordinate system, lexd, yp, zp) be the coordinate d?, 3 bethe angle from
Oxto OP, .1p and .zrbethe angles fron®P to OB andOA, respectivelyand then we have



X, RcosM., y, RsinM, z 0, B O 0O R
Analogously, in theD-x § € fcoordinate system, lex§sy iy z 9 be the coordinate d@?
3 fthe angle fronDx fto OP fland then according to the geometrical relationship we get
X, X, /cosT RcosM/cosy, Yy, RsinM, zZ, O
M arctanf/'.. /X, ) arctan(tanl/ cos )
from which we obtain

X'p-2 y.P: 1 (15)
(Ricos T’ R

This is the equation of an ellipsg A B fis asegmenbf an ellipse. Let Ug"and Usg"be
the angles fron®P fto 2 %dhd 2 $,frespectivelythe area oA B fis

A e d 1y R 1R (B R)
S, ég 2 OoP?—d —éﬂ —1 d —_1r=Zp IR/ 16
ROB N 2 M 2 ¥ 2 cosT M 2  cosT (16)
cosT

in which, OP? x.* y.?, d M

cos M sin® M tos Td A4

Thereby,

EARQZ RZAQP L) EARZZ RleQl ) S,/cos7 (17)
2 cosT 2 cos7T '

Eq. 17 shows that the area ABCD is the projection oA 8 € P § which is the same to

S SC ‘oD SA'O B'

regularshapes.

According to the geometrical similari, must be ori and OiGi fis parallel toPP fand
AAT So OO fis parallel toli andOi fshould also be oh, which means that the centroid of
internal free surface alwayson the centre line of théh air chamber

In Figure 6, lelK andK fbe the points on surfadedBCDandA 8 € P TandKK s parallel
to li. If OK = Rk, the angle fronDxto OKis %, the volume of the bulRBCD-A 8 € P fcan
be obtained by the integral

Voo neco. 3BK'AS  F 3 PR tan TosH/ R d M UR
ABCD RV A (18)
W3R’ R)tanTlsin(¥ B) sin(4 Q)]
in which,KK fER«-tan -cos3, dS=Rk-d &-dR«
On the other handgcaording tothe geometricalelationship

S 100 S RcosMman 7T (2/3)(R° R’) tan7sin[(2 R)/2]cosk  (19)
It can beproved by algebraic simplification that

2sin[(3 Q)/2)cosM sin(M ) sin(M R)



One obtains
V/—\BCD AB'C'D' So TOiC)i'| So ~(20, Zo,) (20)
It means the volume of this irregular shape with vertical side walls is equal to the area of

vertical bottom surface multiply thdistance of centroids between the bottom and top

surfaceSo the volume of theh air chambeiat the new equilibrium state

\/i S0i ’(ZfO Zai) (21)
Besides, ecordingto the geometricalelationship
z /cosT z, RcosMtan7 (22)

The buoyancy fronthei-th air chamber is
F (PR P)S ©@STz't) 45Tz tosT ReosHsinT 1)  (29)

In the O-xyzcoordinate system, thmioyancycenter ofFi is
X Rcosk, y. Rsink, z. [z, RcosiManT t/cosT/2
which can be expressed in tkex § € fcoordinate system as
X
Thereforetherighting moment provided by thieth air chambelis
M FL F %' (24)

Xe COST z-SiN7, Ye' Ve, Zz' Z-COST X.Sin7

Ai

And the overalltighting moment from aichamberss

M, T"Fx" (25)

A Iili \F

3.3 Righting moment of the buoyancy tank
Let Rs, d bethe externalradius draft ofthe buoyancy tak at theundisturbed floating state,
respectively. Tie area of horizontarosssectionS canbe written as

S SR R) (26)
And the initial displacemendf the buoyancy tanWso is
Vo, § d (27)

In theO-xyzcoordinate systemhebuoyancycenter otthe buoyancy tanis
Xero 01 Yero 0’ Zg10 d/2 (28)

Figure 7 portrays the transverse cresstion of the buoyancy tank. The water line moves
to WiW: at the new equilibrium state, whiahtersects withcenter linel at the point W and
intersects with the external edge of buoyancy tank at p@insndW-. W1 | 2 fjoes through
W and is vertical td.. W1 2 fintersects with the external edge of the buoyancy tank at points



Wi fandW: f[Let J1, J2 be the external, internal corner point, respectively, at the upper surface
of the transverse crosection of the buancy tank. Analogously, lek, J4 be the external,

internal corner point at the bottom surface, respectively.
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Figure 7. Transverse crossection of the buoyancy tank
At the undisturbed floating state, the poidisJz stay in the air ands, Jssubmergen the
water. With the increasing of the external momnidat the floating state of the buoyancy tank
will experience the following 5 stages.
Stagea: The trim angle is small, and poinds, Jz still stay in the air andls, Ja still
submergen the water, as shown in Figure 7a.
Stageb: A small part of the deckubmergsin the water, i.eJz still stays in theair andJs,
Js still submergen the water, whilels submergein the water, as shown in Figure 7b.
Stagec: A significant part of the deck immersed into water, JsgJs still submergen the
water, while both o081, J2 submergein the water, as shown in Figure 7c.
Staged: A small part of the bottom surfaces out of water, Jsestill submergs in the
water, whileJs surfaces out of water add, J> submergen thewater, as shown in Figure 7d.
Stagee: A significant part of the bottom surfaces out of water, sgeJs surfaces out of
water andli, J2 submergen the water, as shown in Figure 7e.
Let J, J flbe the intersection points of the water IM&W. and the deck, bottom of the
buoyancy tank, respectively.
At the Stages, the geometryof the buoyancy tank under water is shown in Figure 8.



Obviously, the increase of displacement is

Figure 8. Sketch of the buoyancy tank under wat Figure 9. Sketch of oblique truncation @ cylinder
at the Staga

'V Vo, Vi, S 1/cos7 (29

In the O-xyz coordinate system, lekdr, O, zst) be the buoyancy center of the buoyancy
tank. In order to getst andzst, the geometrical characteristics of a spesialctureEGFHE
should be determined firstly, as shown in Figure 9. It is an oblique cut fromnaezylthe
anglebetween the bottom surfaB#HE and the slope surfad&=GEis . Let Robethe radius
of cylinder, h the z-coordinate of the surfadeFHE, s the half length ofeF. According to

geomdrical relationshipone gets

s JR’ W (h/sin (30)
The volume of the structutleGFHE is the function oRo, h ands, i.e. Vecrre=fv(Ro, h, ),

which can be calculated by

f.(R,hs) 3dV sR’tanT %s%an T shyR’ & hRfarcsin% sh cot 7(31)

where dV %[(R2 r?) tan 7 2hvR?* r? h’cot T7dr.

Let (fx(Ro, h, 9), fy(Ro, h, 9), fARo, h, s)) be the buoyancy centre BGFHE, which is also the

function ofRo, h ands, and can be expressed as

3xdV  gR hs9

HRNSTT T RN
: 3y.dv 32
d@,R.ng —— 0 (32)
: 324V 4R hy
R T R



where &R,,h,s) and <R h,s) are the function oRo, h ands, and

4 .S
tan 7arcsin—
sTBR’ 25°){R’ s'tanT R R, ShR? sh shcot’ 7

4R.h.9) 12 4 3

R, 2sh’cot7

AR, 1.9) 8 2 3

.S .S
SR 2R s 7 R s RTS HR arsing
24

Let (X1, Vo1, Zg1) and (Xg2, Va2, Zg2) be the centroid of the triangl&®WiWi fand WWaW. fin
the O-xyzcoordinate system, respectiveccording to Eqs 3:B2, oneobtainstheir volume
and centroid
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And the buoyancy center of buoyancy tank in@Reyzcoordinate system should be
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Figure 10.Sketch of the buoyancy tank under water at the Stgge andStagec (b)

At the Stageb, the shape of the buoyancy tank under water is shown in Figure 10a. The
increase of displacement can be written as



(36)
where ,

Let (Xg3, Vg3, Zg3) be the centroid of the triangMiJd in the O-xyz coordinate system.
According to Eq83-34, one gets

, (37)

Analogously, at the Stage(see Figure 10b) one obtaitige increase of displacement and
the centroid of the triangAJJ in the O-xyzcoordinate system
(39)

(39)

where

In Stageb and Stage, the buoyancy center of buoyancy tank in @&yzcoordinate system
should be

(40)

€Y (b)
Figure 11.Sketch of the buoyancy tank under water at the Siggg andStagee (b)

At the Staged (see Figure 11ajhe increase of displacement can be written as



(41)

where ,
Let (Xg4, Vo4, Zga) be the centroid of the triang~J 93 in the O-xyz coordinate system.
According to Eqs 334, the coordinate is
, (42)
Analogously, at the Stage(see Figure 11b) one h#®e increase of displacement and the

centroid of the triangl&\2J 93 in the O-xyzcoordinate system
(43

(44)

where

In Staged and Stage, the buoyancy center of buoyancy tank in @&yzcoordinate system
should be

(45)

Let (xsT fysT f1z87 § be the buoyancy center of theoyancy tankri the O-x § % fcoordinate
system. The total contribution of the buoyancy tankdbting moment is
(46)
At the Stagee, however air could leak from the air chamber adjacent to pdintwhich
makes the air chamber lose buoyancy. Assuming thdithhair chamber leaks out, then we

get , and an extra condition should ibgposedon Eq 6. The modified Eq 6 is
(47)
4. Numerical results

4.1 Verification of the new analytical method
To verify the analytical method presented in the last section, the commercial CFD software
StarCCM+ [29] was employed for comparison. The numerical resultsfaon in Figure 12,



where the solid line is the result from the analytical method and the black points are the
results from StaCCM+. One can observe that the solid line agrees very well with black
points when the trim angle is less tharf.38ne can alsmote that when the trim angle is
larger than 38 discrepancybetween two results appears and gradually increases. This is
because the wetted surface in@iambersubmergein water under very large trim angles,
which is not considered in the analytical model in this paper. Nevertheless, under very large
trim angles, the ACB®OWT system nearly completely loseghting moment and thus it
makes no sense to precisely prediet stability under such situation. Therefore, the presented
analytical method is appropriate for the stability analysis of the AOBFT system.

In Figure 125( 1=12.6), S( 2=16.09), Ss( 3=19.2), Su( 4=25.0) are the 4 critical states,
at which the upper corner poidi or Jz starts tosubmergeanto water, or the bottom corner
point Js or Js starts to surface out of water. In other wolls S, S, St are the critical states
between each pair of adjaceradting stages (Stage-Stagee). From the figure one notices
that therighting moment linearly increases before critical st&e and then smoothly
increases with a gradually decreasing growth rate when passing th&uff S until
reaches its maximum ain=23. After that, the righting moment gradually decreases until
state&s, at which the aichamberadjacent tals starts to leak out and itsuoyancysuddenly
completely loses. As a result, thghting moment falls sharply. After stat®, therighting
moment almostinearly decreases with the trim angle and the stability completely loses at
=46°. One might also observe that there is a slightly jump omidgihéing moment at =44°,
which suggests thahore airchamberdeak out. It is worth mentioning that the altambers
that leak out at=44° do not contribute much to theghting moment due to the fact that the

arm ofrighting force is very short.



Figure 12.Righting momentMr against the trim angle

Figure 13. Righting momentMR against the trim angli@ different compression model

Figure 13 shows theghting moment of ACBPOWT in different compression models.
The red, green and blue lines are the resultsahermalprocess,isochoric process and
adiabatic process. As shown above, the resulisadfiermalprocess agree well with CFD
results, which meansghcompression model is reasonable and the compressible of gas in air
chamber cannot be ignored. If the internal gas is considered incompressible, the results will be
the green line that is larger than the CFD results. By this way, the safety factorility stab
assessment will be larger, which is dangerous in practical applica@tienadiabatic process

model has slightly different results as compared toighthermalor CFD simulation ones,



which might be more appropriate for the dynamic stability amalglae toinsufficient heat
exchangeln a word, the gas in ACBRWT system must be considered compressible, which
is different to the third type of damage stability, and the compression mwdéek considered
as isothermal process in the static stabditalysis

According to Table 2, the ratednd speedf the NREL-5MW Offshore Wind Turbines
114m/s,and the resulting maximum wirldad thrust is80kN thatacts on the wind turbine

huld28]. So the maximum external moment from the wind load is
(48)
It is speculated that theind turbine will lose substantial efficiency whé#re trimangle is
beyond 10[27]. In this case, theighting moment of the ACBROWT system i&.61x10N.m
at =1, which is sufficient to balance the maximum wind |ldd@max It is also worth

mentioning that the ACB®WT system isabout 1800 toslighter than theMIT/NREL SDB
[27], which can greatly redudbe material costf the system

Figure 14. The contribution from air cushid¥la, the displacement and weight of structudsto the

righting momentMR

4.2 Contribution from structures and air cushion to therighting moment

The totalrighting moment of the ACBFROWT system is contributed by tlsructures and
air cushion, which are shown in Figutd. In the figure, the solid, dashed, dadbtted line
are the totalrighting moment, air cushiomighting moment, righting momentdue to the
displacement and weight of structuresspectivelyS, S, Ss, & are the 4 critical states that

are the same as those in Figure 12. It can be seen that the dashed line is always beyond the



horizontal axis, which suggests that the air cushion always makes positive contribution to
righting moment. In contrast, thdashdotted line is below the horizontal axis when trim
angle >4, which reveals that the structures can contrimégativerighting moment at
large trim angles. One can find that the air cushighting moment almost linearly increases
with the trim angle until air leaks out, after which the air cushighting moment slowly
decreases with the trim angle. In contrast, theting momentdue to the displacement and
weight of structuresmoothly increases with a gradually decreasing growth rate when passing
throughS, &, Ss until =19.%, and then quickly decreases with the trim angle. One can also
notice that there are two jumpscurringon therighting momentdue to the displacement and
weight of structuresvhen air leaks out from chambers, which is due to the change of the
buoyancyfrom structures when the internal free surface falls to the external one.

The sinkage of the ACBPBWT system is shown in FigurEs. Obviously, the sinkage is
very small and can be ignored before the critical SSatéfter that, the ACBPOWT system
sinks down approximately linearly with the trim angle. Then the sinkage has a significant
jump at the ctical stateS, which means that the ashambersirom which air leaks out
provide negative buoyancyirtultaneously the sinkage jump makes the center of buoyancy

move to a new position and causes a jumpen

Figure 15. The sinkage of the ACBPWT system



Figure 16. The proportion of thair cushion displacemehia to theACBP-OWT displacemening

Figure 16 depicts theroportionof the air cushiordisplacementa to the ACBP-OWT
displacemening. The initialdisplacement odir cushion is zero, which is given by setting the
altitude of the free surface in air cushionzas0 (see Table 1)When the trim angle is small
( <12.8), the proportion Fa/mg is extremely small and increases very slowAfter the
critical stateS,, the proportionFa/mg increases quickly with the trim angle, which suggests
the displacement from striures is decreasing. At the critical st&g air leaks out from a
chamber and its negative buoyancy suddenly changes to zero, which makes the proportion
Fa/mg jump from 3.8% to a significant valuEl%. After that, the proportion Fa/mg still
slowly increaes withthe trim angle and gets another jump when air leaks out from more

chambers.

Figure 17. Rightingmoment of ACBPOWT and TBPOWT against trim angle

4.3 Comparison ofrighting moment between ACBPOWT and TBP-OWT



According to the above analysis, the newly presented AOBHA shows good stability
performance, in which the air cushion plays an important role. To demonstrate it, the function
of the air cushion is disabled by removing the top surface of air chambens ti®
ACBP-OWT system. For simplicity, the ACBBWT system without air cushion is called the
TBP-OWT (Traditional Barge Platform Offshore Wind Turbine) system. Since the
displacement of the air cushion in the ACBRVT system is zero, the total displacemeit
the TBROWT system is the same as the AGCBWT one (the mass of the top surface of air
chambers wasegleced). Figurel7 showsthe righting moment of the TBROWT system
(blue line) against trim angle, as compared with that of the AOBPT system (redine). It
IS obviously that theighting moment of the ACBROWT system is significantly larger than
the TBROWT system, and the latter is much earlier to lose stability. It is interesting that the
critical statesSY, S¥ for the TBROWT system arrive a littleearlier than &, & for the
ACBP-OWT system, whileS¥, S arrive significantly later thatts, &. The discrepancies
betweenS andS{[(i=1~4) are due to the influence of air cushion.

Besides, the maximumighting moment of the TBROWT system is 6.5810’N.m at

=17.8, which is smaller than the maximum wind lobtEmax In order to obtain larger
righting moment, thephysicaldimension of the TBP should be upscaled, which inevitably
makes its displacement andanufacturingcost increase. Therefore, the air cushion can
greatly increase theghting moment of the ACBP, as well as the stability of the AGBR'T

system.

4.4 Dynamicstability of ACBP-OWT

The above is the preliminary static design of AGBWT, in which the principal
dimensions are referred to tMdT/NREL SDB [27] and the performance of static stability is
studied. In order to obtain good dynamic performance, the A&l to be upscaled. For
floating wind turbine, the mean and maximum trim angle in operating state should be less
than 5 and 10 degref@s According to the law of similarity, the upscale factor is about 1.125

and the principal parameters of upscaled ACBshown inTable3.

Table 3. The principalparametersf theupscaledACBP

Internalradius ofair cushionRy 6.3m| Installeddraft 22.5m
Externalradius ofair cushionR. 15.75m| Buoyancy tanidraft d 6.953m
Externalradius ofbuoyancytank Rs 20.25m Numberof ar chambers 8
Radius ofhallasRs4 22.5m Ballastmass 2,847,656Kkg
Radius ofdamping skirt 22.5m Totalmass 4,146,000 kc




COG ofACBP-OWT (0.0, 0.0/4.323 m

Deckclearancezo 45 COG of ACBP (0.0,0.0-16.489 m
Free Surface iair cushiorzao 0.0

*COG is the center of gravity

The work done by righting moment or external one, which can be depicted by the curve of
dynamic stability, is obtained by the integral of static stability curve over the trim angle
[16][30].

If the wind load is considered solely and the effect of wave is ignored, the -@QBP
will pitch from zero anglend theworks done by righting moment arnlind heeling moment
are shown in Figure 18.

The red solid line is the work of righting moment, whicblained by
(49)

It is worth noting that, since the piteh fastand heat exchange igsufficient, the adiabatic
law is employed in dynamic stability analysis, whialould be more appropriate thahet
isothermalone.

The blue solid line is the work of wind heeling moment at rated wind speeardang to
[28], at whichthe maximum wind load thrust of NREEMW Offshore Wind Turbine is
obtained Assuming that the trim angle of ACBPWT is zero, the tlust can be obtained by

(50)
whereViated is the rated wind spee8y is windward area of wind turbine ai@t is the thrust

coefficient of wind turbine atrated.
If the ACBROWT has a trim angle, the wind lo#@tust of wind turbine will be

(51)
In which, Sis the windward area of wind turbine at this moment.
The wind load thrust acts on the hub of wind turbine, its arm and wind heeling moment in
theO- [ T\ fddbrdinate systemwill be
(52)
(53)
Then the work done by wind load thrust at rated wind speed can be obtained by integrating

the wind heeling moment with respectiion angle

(54)



Figure 18.Dynamic stability curve of ACBROWT against trim anglwithout effect of wave

The blue solid line intersects with the red one at8.63, which is solved by
WR( )=Wir( ). According to [16][30], it meanthat the works done by them are the same,
and the angular velocity of trim at that point is zékthen the trim angle is 8.63he angular
velocity of trim is zero andhe righting moment of ACB®WT is larger than the moment of
wind load at this state&Consequently the ACB®WT will have surplus righting moment to
help itself return to the equilibrium positiorr4.33, which is solved byMgr( )=Mw-r( ). It
means that the ACBRWT is in stable dynamic equilibrium staed the maximum dynamic
trim angle inrated wind speed is 8.93vhich meets the requirements of floating wind turbine

in operating state.

Figure 19. Dynamic stability curve of ACBROWT against trim anglan weather criterion
If the effect of wave is taken into consideratiancording to the weather criterion of [31],

the ACBROWT will have an angle of pitch to windward due to wave action, and the angle



should not exceed 16In this casethe worst cases considered, i.e. thpitch angle| wi| due
to wave action is 1%at the rated wind speed amlde ACBROWT makes pitch motion from
the negative angle= w<0 rather than zerdAs shown in Figure 19, the red and green solid

lines are the works done by righting moment and wind heeling moment, which are obtained

by

(59)

(60)

The two lines begin frommi=-16° and intersect with each other at.= 25.87, which is
solved byWkw( )=Ww-w( ). Therighting momentdoes the negative work when trim angle is
less than zero and the total work becomes positive after the trim angle is largenth@he
righting momentdoesthe same work to wind heeling moment when 2, meanwhile the
ACBP-OWT is in stable dynamicauilibrium state and can return to the equilibrium position.

For the upscaled ACBRWT, the air escaping will occur after the trim angle is more than
27.1° which is larger thanw2 and the upscaled ACBBWT can meet the requirements of

the weather criterion of [31].
5. Conclusions and Discussions

The concept ofAir cushion Barge Platforn{ACBP) is proposed which incorporats
multiple air chambersused for supportingn Offshore Wind TurbindOWT). To evaluate the
stability of the system, a new analytical meth®gresented in this papevhich can analyze
the stability of a multair cushion structureThe methods validated by the CFD results.
Then the characteristics of the static and dynamic stabilitth@ACBP-OWT systemis
investigated using this method, ahe following observations are demonstrated

1) For analyzing thestatic stability of the ACBP-OWT structureat large trim angleshe
isothermalair model achievedesirableresults as compared to the CFD oriescontrast, the
adiabatic laws more appropriate in the dynansi@bility analysis.

2) The air cushion always makes considerable positiveibatin to therighting moment,
but it will suffer great loss if the air leaks from cushions at very large trim angles. In contrast,
the structure can provide negativighting moment at large trim angles.

3) Therighting moment provided by atushionsgdecreases much more slowly than the one

due to the displacement and weight of structatdarge trim angles.



4) Although the displacememnlue toair chambersan be set ateroin the undisturbed
floating statethe air chamberprovide significantighting moment withincreasen the trim
angle making the system to be more stable at the whole range of angles compared with the
designs without the air chambers

5) The dynamic trim angle at rated wind load is much less than the trim angle of maximum
righting moment, which suggests the ABGBWT is stable under the working conditions.

It is noted that the principle of the method for stability analysis can be applied to other type

of air cushion structures, thought the specific equations may be different
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