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SURFACE-FLUCTUATIONS ON CLATHRATE HYDRATESTRUCTURE I AND II SLABS IN SELECTEDENVIRONMENTSBjørn Steen Sæthre*, Alex C. Ho�mannDept. of Physis and TehnologyUniversity of BergenAllegaten 55, 5007 BergenNORWAYABSTRACTHydrates in some rude oils have a smaller tendeny to form plugs than in others, andlately this is beoming a fous of researh. To study this and the ation of hydrateantiagglomerants in general, hydrate surfae properties must be known. To help inharaterizing the surfae properties by simulation, the apillary waves of lathratehydrate surfaes in vauum are examined in all unique rystal faes by MoleularDynamis, and an attempt is made to estimate the surfae energies in the respetiverystal faes from the wave �utuations [1℄. We also attempt to estimate solid/liquidsurfae energies of hydrate/oil and hydrate/water for a spei� fae, for omparison.The fore�eld OPLS_AA is used for the organi ompounds, while TIP4P/ie is usedfor the water framework. The anisotropy of the surfae energy is then estimated andthe result ompared to the initial growth rate of di�erent rystal faes as found inexperiment. [2℄Keywords: gas hydrates, plug prevention, surfae energy, moleular dynamisLIST OF SYMBOLSSymbol De�nition

a Capillary length [m℄
A Interfaial area [nm2℄
c1 c2 Cubi harmoni exp. oe�. [-℄
g Gravitational aeleration [m/s2℄
H[z] Hamiltonian of z[r] [kJ/mol℄
kB Boltzmann onstant [J/K℄
k, ki wavenumber [nm−1℄
l Min. surfae wavelength [nm℄
L Max. surfae wavelength [nm℄
p Pressure [Bar℄
P Probability [-℄
R2 Sample orrelation oe�.[-℄
sij (Surfae) stress tensor [mN/m℄
dS Element of surfae [nm2℄
T Temperature [K℄
V Volume [nm3℄
r = (x, y) surfae oordinates

〈X〉 Average of X
z(x, y) Model for real interfae
α Fourier expansion oe�ient
γ Surfae free energy
κ Interfaial sti�ness [mN/m℄
ǫ (Surfae) Strain tensor
µ Chemial potential [kJ/mol℄
ρ Density [kg/m3℄
θ Angle
(xyz) Normal to 1D-strip
[uvw] Tangent to 1D-stripINTRODUCTIONHydrates formed by water and light hydroar-bon moleules are inreasingly beoming thefous of researh in the energy industries andaademia.One reason for this is that the energy in-*Corresponding author: Phone: +47 55 582869 Fax: +47 55 589440 E-mail: bjorn.sathre�ift.uib.no



dustry is beoming aware of the potentialenergy resoure that naturally ourring hy-drate reservoirs onstitute, and methods forextrating methane from suh reservoirs arebeing sought [3�9℄.Another reason, whih is the fous of thispaper, is that plugging of pipelines, partiu-larly subsea pipelines, by hydrates is beom-ing an inreasingly ostly problem. As oiland gas exploration is expanding into the ar-ti regions, onditions in subsea pipelines aregetting further into the hydrate-stable region,giving rise to extra osts in hydrate preven-tion.While natural hydrate reservoirs often on-tain almost pure methane, and thereforemainly are struture I, hydrates in pipelinesform in the presene of a variety of lighthydroarbons, and are therefore often stru-ture II, sine this is the thermodynamiallyfavored on�guration in all but the purestmethane gas environments [10℄.At present, thermodynami inhibitors areadded, often in large amounts [11℄, to avoidplugging by pipeline hydrates. In the HYPE-RION projet, of whih this study is a part,the fous is on managing the risk of plug for-mation in the presene of hydrate partiles,rather than on suppressing hydrate partileformation in the �rst plae. This is a rela-tively new fous in hydrate researh [12℄. Inthis �eld of study, quanti�ation of the plug-ging tendeny of hydrate partiles in variouspipeline-liquid environments is important, asis the identi�ation of anti-agglomerants forhydrates and the issue of why some oils tendto form plugs under hydrate-stable onditionsand others not [13�17℄. This latter is thoughtto be related to the ourrene in some oils ofnatural inhibiting omponents (NICs).In this approah to hydrate management,the ohesivity of hydrate partiles, and there-fore their surfae energy, in the presene ofvarious pipe-line liquids and also in the pres-ene of a variety of trae omponents, poten-tially ating as anti-agglomerants, is ruial.The surfae energy of hydrates is alsoneeded to predit the rate of growth of hy-drate partiles, and knowing the di�erene be-

tween the surfae energies on the rystal faesaids in prediting the shape of the partilesformed, whih may again impat the forma-tion of hydrate plugs.In this paper, surfae energies of hydratesare studied using lassial Moleular Dynam-is.THEORYIt is well known that the surfae free-energy ofinterfaes with elasti solids is not in generalequal to the interfaial stress (or the measuredsurfae tension of ontating �uids). This isdue to the fat that the surfae of solids, inontrast to that of liquids, an deform, e.g.expand, by elasti deformation, aumulatingshear stress but without exposing more par-tiles (atoms, ions or moleules) from bulk tothe surfae.Mathematially this is embodied in theShuttleworth relation [18℄.
sij = γδi
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(1)This neessitates another route to the surfae-free energy of solid-�uid interfaes than theonventional method used for �uids, i.e. al-ulating the di�erene between the normaland tangential omponents of the stress ten-sor, whih only works for solids in the abseneof elasti stresses in the surfae. This latterondition is near impossible to ahieve in thesmall timespans and spatial sales of moleu-lar modelling.Capillary wave �utuations and their rela-tion to interfaial sti�nessWe an overome the di�ulties presented bypossible elasti stress by modelling the inter-fae as a �utuating membrane aording tothe theory of apillary waves [19,20℄. We on-sider the interfae as a mathematial 2D sur-fae z = z(r) = z(x, y). The Hamiltonian is:
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The Hamiltonian funtional ontains twoterms, the �rst omes from the work of reat-ing surfae by extending the membrane, andthe seond term omes from the work againstgravity. This seond term is only needed forobtaining an analyti solution to the problem,and will be removed by a limiting proedurein our ase of zero gravity. κ is the interfaialsti�ness, and ∆ρ is the density di�erene be-tween the phases separated by the interfae.We an linearize Eq. (2) into:
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) (3)This is to be examined under the periodiboundary onditions in the simulation box:
z(0, y) = z(L, y) z(x, 0) = z(x,L) (4)Now we perform a spetral analysis of theenergy funtional. To that end we onsiderthe possible disrete osillation modes of theperiodi surfae:

z[k] =
∑

k

α(k)eik·r (5)By substituting Eq. (5) in Eq. (3) and us-ing the known relation for the Fourier trans-form of the derivative, we obtain:
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) (6)Where a is a generalized apillary length,
a2 = 2κ/(∆ρg)Imposing the boundary onditions, Eqs.(4), kx and ky have the allowed values
2πn/L, n ∈ Z. With the above bound-ary onditions, the funtional vanishes for all
kx,ky unless kx = −ky. This gives the follow-ing energy spetrum upon integration:
H[z[k]] = κA(1 +
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where k is the absolute value of kx and ky.The mean square �utuations of the inter-fae position for a given set of modes are:
〈z2〉 = A−1

∫ ∫

A

z2(r)dS =
∑

k>0

α(k)α(−k)(8)where the last equality omes from the well-known Parseval's relation.Now, the probability of �nding a mode withenergy E[k] in the anonial ensemble is
P ∝ e

−

H[z[k]]
kBTIn our linear approximation it means that thespetrum of modes has a Normal distribution.>From the properties of the Normal distribu-tion we know that the expetation value ofa squared Normal variable (in our ase z2)is equal to the Variane of the Normal dis-tribution. The variane an be easily reado� the Normal probability density funtion asthe quadrati part of P[H[k]]. That is, theexpeted �utuations in our linearized modelbeome:
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(9)Obviously the dominant ontribution tothe expetation value omes from the low-wavenumber ripples, whih the boundary on-ditions ditate to be kmin = 2π/L. Themaximum wavenumber is more hallenging toonnet to a measurable quantity, but it hasto be an integer multiple of kmin, let us say

kmax = 2π/l where l is a length of moleulardimensions.Transferring to a irular ut-o� in 2Dwave-vetor spae, and using the ontin-uum approximation we have: ∑kmax

k=kmin
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. where l orresponds to the minimum, and
L to the maximum lengthsale of apillarywaves respetively. Now letting gravity: g →
0, the apillary length goes to in�nity, and theexpression above beomes:
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. (10)In ase of a 1D strip, the derivation is sim-ilar, and the result is [20℄:
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κ
L(1 − O[l/L]). (11)As an be seen the �utuation sales linearlywith the linear size of the system in this ase,as opposed to logarithmially whih wouldlead to larger signal-to-noise ratio. This, andthe singling out of a preferred diretion on thesurfae (see next setion), is the main reasonfor adopting this geometry.On interfaial sti�ness and surfae free en-ergy and a means to deouple themAs noted above, both surfae sti�ness andsurfae free energy in elasti materials are di-retion dependent. The �utuation spetrumtherefore depends not only on the magnitudeof γ. but also on the energy required for loalorientation-�utuations. [21℄ The anisotropyan be quanti�ed with the help of the param-eter θ, de�ned to be the angle between theinstantaneous fae normal, and the normal ofa rystallographi referene fae. The surfaesti�ness κ(θ) is then related to the surfae freeenergy γ(θ) through

κ(θ) = γ(θ) +
d2γ

dθ2
(12)To deouple the interfaial free energy γfrom the surfae sti�ness κ we have to mea-sure the sti�ness in several di�erent interfa-ial orientations, and the free energy an thenbe determined indiretly if we an �t γ(θ)to a suitable funtion desribing the �utu-ation anisotropy. Suh a funtion must on-form to the symmetries of the rystal. As hy-drates have ubi symmetry, a natural hoiewould be ubi harmonis. Like Davidhak

et. al. [22℄ we start with the produt expan-sion [23℄:
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) (13)where c1 and c2 are expansion oe�ients ap-turing the anisotropy.We see that we have 3 undetermined pa-rameters, γ, c1, and c2. To �x these we needto measure the surfae �utuations in at leastthe 3 unique faes: (001), (110) and (111) ofthe rystal, preferably we should overdeter-mine the system by measuring �utuations inmore than one diretion on eah fae.We obtain the following formulas for the di-retional interfaial free energy and sti�nessin terms of the averaged interfaial free en-ergy and the anisotropy parameters c1 and
c2 [22℄ (Observe that we di�er by using thetangent-vetor and not the binormal-vetorfor the surfae strip as referene):(Fae)[t℄ γ

γ
κ
γ(001)[100℄,[010℄ 1 + 2

5c1 + 4
7c2 1 − 18

5 c1 − 80
7 c2

(110)[110] 1 − 1
10c1 − 13

14c2 1 + 39
10c1 + 155

14 c2

(110[001] 1 − 1
10c1 − 13

14c2 1 − 21
10c1 + 365

14 c2

(111)[112] 1 − 4
15c1 + 64

63c2 1 + 12
5 c1 − 1280

63 c2METHODWe perform a series of Moleular Dynamissimulations over O(106) steps with a systemsize of O(10000) atoms. Construting thelathrate hydrates struture I and II, we fol-low the proedure outlined in our previouswork [24℄ employing the spae groups Pm3nand Fd3m for respetively struture I and IIhydrate.Our setup onforms essentially to that ofDavidhak et. al [22℄. However, we em-ploy a slightly di�erent analysis�measuringdensity-pro�les and diret �utuations in realspae (Eq. 10) and furthermore we also om-pare with measurements using the full 2Dmodel. Sine we do not have a truly 1D sys-tem, we found it suitable to employ a purely



2D analysis, even when our pseudo-1D geome-try were adopted to enhane the surfae-wave�utuations over the bulk �utuations. Todeouple the free energy from the measuredsurfae sti�ness we perform vauum simula-tions of the hydrate slabs. We then use thevauum simulations to alibrate the geomet-ri diretion-dependent fators of the ubiharmoni expansion for our partiular geom-etry. Having obtained the ubi harmoni ex-pansion, we an then diretly onvert the hy-drate/�uid interfaial sti�nesses to surfae en-ergy values. Sine we are only able to do thisrigorously for the pseudo-1D surfae geome-try at present. We an only give interfaialsti�nesses for the 2D simulations.

Figure 1: Constrution (110)-fae - hydrate IIThe protool is as follows:Geometri onstrution We repliate andstak the unit ell to a large ube, thenrotate the rystal, so that eah of theplanes (100) (110) and (111) are sues-sively brought into alignment with thexy-plane of the simulation box to makethree separate starting on�gurations.

Figure 2: Constrution (111) - fae - hydrateIIClipping - 2D We rop the start-up on-�gurations prepared above by planaruts to make an elongated retangularprism with square ross setion in the Z-diretion of the simulation box. The utsare not sharp, no moleules are split up.Clipping - 1D We rop the start-up on�g-urations in a preferred diretion, makinga strip of surfaeEnergy minimization A brief steepest de-sent minimization was used to orretfor edge-e�etsEquilibration We equilibrate the systemsusing the Berendsen thermostat andbarostat [25℄. The pressure saling isdone with independent box saling in the3 orthogonal oordinate diretions.Vauum or �uid addition - We expandthe box in the z-diretion to reateroughly 1/3 of total volume to be �lledwith vauum, or one of the proess �uidsto be investigated.Prodution simulations The produtionruns are performed in the NVT-ensemble



using the Noose-Hoover thermostat. [26℄Analysis We �t the interfaial density-pro�le of waters averaged over the wholetrajetory to the expeted Gaussian formin apillary wave-theory [27℄:
ρ(z) = 1/2 × (ρ1 + ρ2)−

1/2×(ρ1−ρ2)×erf
(

(z − h0)/
√

2〈z2〉
)We extrat the thikness from the aver-age of our two equivalent interfaes.The details of the general MD tehnialities(treatment of ut-o�s, neighbourlists, eletro-statis and onstraints) are given in table 4Parameters used in the energy minimiza-tion and equilibration are given in tables 2and 3 respetively.Table 1: General MD parametersNeighboursearh & PBCAlgorithm Verlet list [28℄Verlet list ut-o� 0.9 nmUpdate freq. 5 stepsPBC all diretionsEletrostatis & vdWEletrostatis PME [29℄PME interpol. order 5FFT-grid spaing ∼ 0.1nmEwald sum dir./reip. 10−5vdW. fore Twin range ut-o�neigbourlist-uto� 0.9 nmvdW ut-o� upper 1.4 nmBond onstraintsConstraints All bond lengthsAlgorithm - Waters SETTLE [30℄SETTLE parameters (TIP4P/ie model)Algorithm - Others LINCS [31℄LINCS order 4LINCS Iter. - SIM. 1LINCS Iter. - EM 6ANALYSIS AND RESULTSThe setups of the surfae �utuation simula-tions are given in tables 5 and 6.

Table 2: Energy minimization parametersAlgorithm Steepest-desentSteps 300Maximum step-size 0.1 nmTolerane 25 kJ (mol nm)−1Table 3: Equilibration parametersMoleular SimulationAlgorithm Leap-frog(Vel. Verlet)EQ steps 50000Stepsize 2 fsCenter of mass motion removalType Trans'l momentumFrequeny Every stepReording periodsCoordinate 500 steps (1 ps)Veloity 5000 steps (10 ps)Fore 5000steps (10 ps)Energy 10 steps ( 0.02 ps)ThermostatAlgorithm BerendsenCoupling time 0.1 psRange All moleulesBarostatAlgorithm BerendsenCoupling time 0.5 psInit. ompressibility 4×10−5 Bar−1The �utuations obtained by �tting to den-sity pro�les are given in tables 7 and 8 and thepro�les for struture II are graphed in �gure4 for the pseudo-1D geometry. The pro�leswere obtained by dividing the box, normallyof length ≈10nm, into 1000 bins to obtain abinwidth of 0.01 nm.We see that our present simulations areplagued by quite large unertainties with thismethodology, showing the urgent need for arigorous, more preise way to de�ne the ex-tent and position of the interfae, or alterna-tively for studying the pro�le's developmentin time. We are still able to make some qual-itative inferenes from the pseudo-1D simu-



Table 4: Simulation parametersMoleular SimulationAlgorithm Leap-frog (Vel. Verlet)EQ steps 5×106Stepsize 2 fsReording periodsCoordinate 1000 steps (2 ps)Veloity 10000 steps (20 ps)Fore 105 steps (200 ps)Energy 500 steps (1 ps)ThermostatAlgorithm Nose-Hoover [26℄Coupling time 0.1 psRange All moleulesTable 5: Simulation matrix�Pseudo 1Dgeom., hydrate/vauumHyd. (Fae)[s℄ Box [nm℄ No.HI (001)[010℄ 2.88×7.27×10.8 19224HI (110)[-110℄ 5.99×3.10×9.00 12233HI (111)[11-2℄ 6.98×3.10×10.5 14116HII (001)[100℄ 6.92×3.45×10.3 15168HII (110)[001℄ 3.11×6.08×9.50 14751HII (110)[-110℄ 6.97×3.15×10.0 18289HII (111)[11-2℄ 3.22×6.05×12.1 14675lations. Expanding the sti�nesses in ubialharmonis we estimate the surfae energies inthe pseudo 1D geometry, shown along withthe surfae stress in table 9.Having obtained the expansion parametersof the ubi-harmoni expansion from thepseudo-1D �t, we now utilize it to rudely es-timate the surfae energies of the struture IIhydrate (001)-fae with the �uid phases fromthe sti�nesses obtained in the the 2D simula-tion results in table 10.DISCUSSIONFirst we note that in all our simulations thereis not an obvious relation between the sur-fae stresses, obtained from the �uid-�uid ap-proximation, and the surfae energies as in-ferred via surfae-sti�ness measurements us-

Table 6: Simulation matrix�2D geom, hy-drate/vauum.System (Fae) Box [nm℄ No.HII/va (001) 3.40×3.40×10.0 10112HII/va (110) 3.54×3.45×10.2 9783HII/va (111) 3.56×3.49×10.5 10923HII/wat (001) 3.42×3.45×6.34 9854HII/oil (001) 3.37×3.37×8.22 10672HI/va (001) 3.60×3.61×10.7 12096HI/va (110) 3.68×3.57×10.9 12390HI/va (111) 3.68×3.71×10.9 12824a)
b)
)
Figure 3: Hydrate II/vauum strip on�gura-tion - a) (001)[100℄, b) (110)[001℄, ) (111)[-110℄ing apillary wave theory. By onstrutionwe do not see negative values for the sur-fae energy, as we do with stresses. It is seenthat the values of surfae tension for strutureII hydrate onforms qualitatively to the ex-perimentally determined relation between thegrowth rate of faes in the struture II rystal[2℄: (100)>(110)>(111), however our resultsare mostly fored by the �t to the ubi har-monis and therefore not well established yet,sine the unertainties are substantial. Fur-thermore, only the relative values an be saidto have importane sine we have employed anad-ho assumption of minimum wavelength-



Table 7: Surfae �utuations from densitypro�les�pseudo-1D stripInterfae T p. Flut. κ[K℄ [Bar℄ [10−3nm2℄ [mN/m℄Hydrate I / vauum(001)[010℄ 254 10 7.6(1.8) 155(40)(110)[-110℄ 254 10 8(1.5) 140(30)(111)[11-2℄ 254 10 11(2) 103(17)Hydrate II / vauum(100)[001℄ 254 3 4.9(5) 253(8)(110)[001℄ 254 3 8.2(3) 127(4)(110)[-110℄ 254 3 8.1(1) 138(2)(111)[11-2℄ 254 3 37(13) 28(10)
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(111)[-110]Figure 4: Density pro�les - Hydrate IIstrips/vauum (Water framework only)uto� being of the order of the largest-agediameter in our hydrate struture. (We haveas yet not been able to estimate the bulk-orrelation length in hydrates from our simu-lations.) In the both ases the results are nu-merially somewhat large, and for struture Iup to now all too unertain to make any infer-enes of ordering. As seen from the above theresults for struture I do not at all onformto the results of Smelik et. al: [2℄ whih on-�rms our reservations as to the unertaintiesinherent in the present method of analysis.Although our method shows a greater a�nityfor hydrate to the water phase than to the oilphase. The magnitude of the interation withwater is quite hard to asertain due to thesmooth transition to the water phase seen indensity pro�les. Espeially after long simula-tion times the hydrate water-struture is on-

Table 8: Surfae �utuations from densitypro�les�2D geometry(Fae) T. p. Flut. κ[K℄ [Bar℄ [10−3nm2℄ [mN/m℄Hydrate I / vauum(001) 254 10 5(4) 160(150)(110) 254 10 11(4) 80(30)(111) 254 10 13(2) 61(9)Hydrate II / vauum(001) 254 3 5.8(0.5) 124(12)(110) 254 3 8(1) 93(13)(111) 254 3 7.4(0.3) 103(4)Hydrate II(001)/oil 253 2 7.7(0.2) 92(18)(001)/wat 253 2 2.9(1.7) 24(12)
Table 9: Surfae energies�hydrates�pseudo1D stripsSystem Fae T γ Stress(Index) [K℄ [mN/m℄ [mN/m℄HI/va (001) 254 147 56.3(4)HI/va (110) 254 148 -43.2(4)HI/va (111) 254 152 42.1(4)
γavg 149HII/va (001) 254 133 92(1)HII/va (110) 254 141 101.4(5)HII/va (111) 254 144 66(1)
γavg 140(60)
Table 10: Surfae energies�hydrate/�uids�2D slabsSystem T γ Stress[K℄ [mN/m℄ [mN/m℄HII/vauum 254 139(60) -443(2)HII/oil 254 65(13) -198(2)HII/water 254 17(8) -17(1)



tinued in ordered water-lusters, and a learidenti�ation of the pro�le thus beomes di�-ult. Surfae energy for the hydrate/water in-terfae in our simulation is therefore near neg-ligible, due to the smoothness of the densitytransition. Implementing an order parameterfor solid phases of water, to more preiselydetermine the position and extent of the in-terfae, would be of great help in reduing themain soure of unertainty in the method.REFERENCES[1℄ J. J. Hoyt, M. Asta, and A. Karma.Method for omputing the anisotropyof the solid-liquid interfaial freeenergy. Physial Review Letters2001;86(24):5530�5533.[2℄ E. A. Smelik and H. E. King. Crystal-growth studies of natural gas lathratehydrates using a pressurized optial ell.Amerian Mineralogist 1997;82(1-2):88�98.[3℄ B. Kvamme, A. Graue, E. Aspenes,T. Kuznetsova, L. Granasy, G. Toth,T. Pusztai, and G. Tegze. Kinetis ofsolid hydrate formation by arbon diox-ide: Phase �eld theory of hydrate nu-leation and magneti resonane imaging.Physial Chemistry Chemial Physis2004;6:2327�2334.[4℄ A. V. Milkov. Global estimates of hydrate-bound gas in marine sediments: how muhis really out there? Earth-Siene Re-views 2004;66:183�197.[5℄ R. Boswell. Resoure potential of methanehydrate oming into fous. Journalof Petroleum Siene and Engineering2007;56:9�13.[6℄ M. J. Castaldi, Y. Zhou, and T. M.Yegulalp. Down-hole ombustion methodfor gas prodution from methane hydrates.Journal of Petroleum Siene and Engi-neering 2007;56:176�185.[7℄ R. A. Dawe and S. Thomas. A large po-tential methane soure - natural gas hy-drates. Energy Soures Part A-Reovery
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