Dynamics of Fluid Flow Inside Carbon Nanotubes*Robert E. Tuzun, Donald W. Noid, and Bobby G. SumpterChemical and Analytical Sciences DivisionOak Ridge National LaboratoryOak Ridge, TN 37831-6197andRalph C. MerkleXerox PARC3333 Coyote Hill RoadPalo Alto, CA 94303This paper has been submitted to Nanotechnology for publication.It is available in postscript fromhttp://nano.xerox.com/nanotech/nano4/tuzunAbstract.html, alongwith the figures.AbstractThe dynamics of fluid flow through nanomachines is different fromother systems in that the flow is granular (no continuumassumption) and that the "walls" move. We have performedmolecular dynamics simulations of the flow of helium and argonthrough several sizes of carbon (graphite) nanotube. The fluidwas started at some initial velocity; fluid particles were allowedto recycle axially through the tube via minimum image boundaryconditions. Argon slowed down more quickly than helium. Inaddition, the behavior of the fluid strongly depended on therigidity of the tube; a dynamic tube slowed down the fluid farmore quickly than one in which the tube was held frozen. It alsodepended on the fluid density and tube diameter. It did not,however, depend on the tube length, because fluid flow tended toprevent the development of strong longitudinal modes, whosebehavior are length-dependent.*Research sponsored by the Division of Materials Sciences, Officeof Basic Energy Sciences, U.S. Department of Energy under contractDE-AC05-84OR21400 with Lockheed Martin Energy Systems Inc.

I. IntroductionGases or liquids that flow through pipes or are confined tosmall volumes are likely to find a wide variety of applications innanotechnology. For example, they could serve as hydraulic fluidsin mechanical actuators or pistons or carry reactant moleculesinto reaction chambers.The behavior of fluids in nanomachines is expected to befundamentally different from fluid behavior in other systems.Consider, for example, a liquid flowing through a macroscopicpipe. Models of the fluid behavior usually begin with thecontinuum hypothesis, where one ignores the atomic structure ofthe fluid and instead characterizes it by viscosity, density, etc[1]. If the flow is laminar, one can calculate the velocity-radius profile. Problems to be solved in this size regimeinclude, for example, calculating power requirements for pumpingthe fluid through the pipe. The behavior of the pipe itself isusually ignored except to provide boundary conditions. One commonboundary condition is the no-slip condition (zero fluid velocity)at the walls. The fluid velocity isn’t necessarily zero at thewalls; it is simply negligibly small compared to bulk fluidvelocities. Although one can explain the validity of the no-slipcondition in terms of the behavior of the fluid and pipe at theatomic scale, only the no-slip condition itself, and not thephysics behind it, is required for the purpose of engineeringdesign.At smaller size scales, diffusion is an importantconsideration. A common example of this is the design of chemicalprocesses involving catalysts deposited in a porous solid [2].The overall reaction rate depends on (a) the fluid mechanicsoutside the porous catalyst, (b) diffusion of reactant moleculesto the pore surface, (c) reaction kinetics at active catalystsites, and (d) diffusion of product molecules away from the pores.Pores are usually considered to be rigid. Behavior of thecatalyst site at the atomic level (poisoning of these sites, for example) is approximated as kinetic parameters.Modelling fluid behavior inside nanomachines or componentsintroduces another level of complexity: both the "walls" and fluidcan move. Furthermore, the movement of the "walls" is sometimesstrongly size-dependent (through normal modes) [3]. Designconsiderations for nanomachines or components in which fluids flowwill therefore include both fluid and "wall" effects and theirinterplay. Such concepts as viscosity and pressure may sometimeshave a narrow range of application and must be applied carefully.For example, one could calculate a pressure from force and surfacearea. This area may not always be well-defined. For example,buckytubes, which are one atom thick, could develop kinks.Although the overall shapes of diamondoid structures are morerigid, the terminating atoms (hydrogen, for example) have morefreedom of movement. Since the most important interactionsinvolve fluid-terminating atoms, once again the effective surfacearea of interaction may be hard to define. The behavior of fluidsin nanotechnology applications is not a well-developed area ofresearch and is amenable to analysis by molecular dynamics (MD)techniques.To this end, we begin with a very simple system: a fluid,either helium or argon, flowing through a graphite nanotube. Wechoose this system in part because this will be a commonnanotechnological application and in part because we haveextensively studied the dynamics of carbon nanotubes.II. Simulation MethodsSince our MD techniques are well-described elsewhere [4-7],we will only describe the potential energy surface and touch onsimulation details not stressed elsewhere. The expression forpotential energy consists of terms for carbon-carbon bondedinteractions and carbon-fluid and fluid-fluid non-bondedinteractions. The carbon-carbon terms consist of terms for stretch and bend interactions. The stretch interactions are ofthe Morse functional formV(r) = D [ 1 - exp(-a(r - re))]2(1)where D, a, and re are constants and the bend interactions arequadratic in cosqV(cosq) = E (cosq - cosqo)2(2)where E and cosqo are constants. Non-bonded interactions are ofthe Lennard-Jones functional formVLJ(r) = 4e [(s/r)12 - (s/r)6](3)In order to reduce computational effort, we calculate non-bondedforces and energies only if the distance between the two atomsinvolved is less than 20 A. Beyond this distance, theinteractions are negligibly small. The Lennard-Jones functionalform is convenient in that both energies and forces can beevaluated very economically, without the need for evaluatingsquare roots [8]. When calculating Lennard-Jones interactionsbetween two particles at (x1, y1, z1) and (x2, y2, z2), the energycan be writtenVLJ(w) = 4e w3 (w3 - 1)(4)where w = s2/r2. The x force acting on particle 1 isFx,1 = h(w) (x2 - x1)(5)whereh(w) = w4 [(24e/s2) - (48e/s2) w3](6)

Similar expressions hold for y and z, and for particle 2.Potential energy parameters corresponding to bonded interactionsare D = 114.3776 kcal/mol (794.7168 maJ), a = 2.1867 A-1, re =1.418 A, E = 67.1383 kcal/mol (466.4894 maJ), and cosqo = -0.5 [9].Lennard-Jones parameters are sC-He = 3.191 A, eC-He = 0.03835kcal/mol (0.26646 maJ), sHe-He = 2.633 A, eHe-He = 0.0216 kcal/mol(0.15008 maJ), sC-Ar = 3.573 A, eC-Ar = 0.2827 kcal/mol (1.9643 maJ),sAr-Ar = 3.35 A, eAr-Ar = 0.2862 kcal/mol (1.9886 maJ) [10,11].Hamilton’s equations were solved with a fourth-ordersymplectic integrator with alternating q,p, then p,q, propagationand with analytic fifth-order conservation of energy and angularmomentum [12].Figure 1 shows the fluid and tube at the beginning of asimulation. The graphite tube rotational axis is denoted the zaxis. The number of atoms per ring and number of rings for thetube are denoted n and nr, respectively. Bond distances and bendangles are initially approximately at their equilibrium values.The fluid begins in a cubic lattice inside the tube; this initiallattice never passes within 2.5 A of any atom in the tube. Thelattice parameter is set according to the desired fluid density.In some cases it may be necessary to allow the fluid and tube toequilibrate before giving the fluid a velocity because an initiallattice structure would be unrealistic; in this study, this wasunnecessary because the lattice structure was almost always lostwithin 0.2 or 0.4 ps, a small fraction of the simulation times.The liquid densities of He and Ar correspond to cubic latticeparameters of 3.76 A and 3.58 A respectively [13]. We used higherdensities so as to be able to perform enough simulations in areasonable length of time. Simulations at liquid densities orbelow would have taken far longer to perform. The liquid densitysimulations we did perform showed the same trends as we willillustrate in the next section but took longer to develop.Tube and fluid atoms are assigned random momenta. Initial temperatures are shown in Table 1; however, runs with no initialfluid velocity and with frozen tubes built up a temperature of upto about 80 K. In every simulation, the first 10 and last 10rings of the tube (each about 25 A in length) are frozen. Thelength of the rest of the tube is about 100 A for most of thesimulations; others are 50 A longer. The middle rings are eitherfrozen or allowed to move. In addition to random thermal motion,each atom in the fluid is given an initial z velocity. Minimumimage boundary conditions [4] are imposed on the fluid in the zdirection; the fluid does not occupy the space of the first orlast five rings of the tube. Thus, the minimum image boundariesare made to occur in the static end regions of the tube. Thisensures smoother fluid motion. If the minimum image boundariesoccurred in the dynamic region, as an atom passed through theboundary it could appear close to the tube on the other side.This could cause sudden energy jumps that would invalidate thesimulation. Freezing the first and last rings of the tube alsoensures that the fluid does not move the tube in the z direction.Real nanomachine components would necessarily have similarlylimited overall motion.III. Results and DiscussionThe systems studied here consist of dynamic fluid atoms,sometimes dynamic rings in the tube, interacting with each otherand with frozen rings of the tube. Since the interactionpotentials between the dynamic and static atoms are conservative,the total energy should be conserved, subject to changes in theneighbor list (angular momenta should not) and changes indistances upon crossing either mimimum image boundary. Thekinetic energy of ordered motion of the fluid atoms goes intorandom thermal motion of the fluid and dynamic rings of the tube.Since the dynamic rings of the tube, if any, are attached to frozen rings at both ends, no appreciable center of mass orrotational motion is introduced into the tube.All calculations were performed in double precision using themethods discussed in Section II on an IBM SP2. Because of thechanging neighbor list (especially when the minimum imageboundaries were crossed), the total energy was not rigorouslyconserved; each run exhibited a small positive drift. This didnot appear to seriously affect the dynamics.Calculations were performed on tubes containing either heliumor argon atoms, as shown in Table 1. If the middle rings of thetube were dynamic, the initial temperature of the tube isindicated. In every run, careful track was kept of the average zfluid velocity and the number of fluid atoms that crossed z = 0,the middle of the tube. From the second quantity in adjacent timesteps, the flux (number of atoms per ps) was calculated. In manysimulations, fluid atoms crossed the z = 0 boundary several times.It is immediately obvious that a dynamic carbon nanotubeslows down fluids faster than a static one. Figures 2a and 2bcompare runs which are identical (initial velocity 20.4 A/ps)except that one has a static and the other a dynamic tube. Figure2a shows fluid velocities for the first and third entries in thehelium section of Table 1. When the tube is static it takes about42 ps for the fluid to slow down to 2.5% of its initial velocity(0.51 A/ps); for the dynamic tube, by contrast, the time requiredto slow down to this same velocity is 15 ps. When the tube moves,it perturbs the motion of the nearest fluid atoms. This causesthe fluid motion to randomize faster, leading to hard collisionswith the tube. Since the tube, on the average, does not move inthe z direction, tube-fluid collisions tend to slow the fluiddown. The fluid velocities are essentially zero at 40 ps and 80ps, respectively, for the dynamic and static cases.Figure 2b is similar to Figure 2a except that the initialfluid temperatures and velocities (102.2 A/ps) are higher; datacomes from the second and fourth entries in the helium section of

Table 1. From Figure 2b, when the tube is static, the fluid doesnot appreciably slow down until after about 25 ps; after this, itslows down rapidly and essentially stops flowing at around 60 ps.When the tube is dynamic, on the other hand, the fluid slows downsteadily until it essentially stops flowing at around 20 ps. Inruns involving dynamic tubes, the faster the initial velocity, theless time it takes for the fluid to slow down. For the fifth andsixth runs in the helium section, for example, these times are 30and 10 ps, respectively.Similar trends as above hold for simulations involving argon.For argon, however, the trends in velocity damping are even morepronounced. One interesting set of runs is shown in Figure 3a(from the fifth and sixth entries of the argon section of Table1). In both of these runs, the fluid essentially stops flowingwithin 2 ps. Since Ar is 10 times more massive than He, itexcites larger amplitude vibrations in the tube; as a result,fluid motion is randomized faster. At high fluid velocities, thisis true even when the fluid initially has no random thermalenergy, only uniform z motion (Figure 3b).Figure 4 shows several simulations involving Ar in which thetube is static. Despite the fact that the fluid velocities are upto 10 times larger than simulations involving dynamic tubes, ittakes between 10 and 15 ps for the fluid velocity to die down.Since fluid-fluid interactions are stronger for Ar than for He andbecause of the greater mass of Ar, it takes less time for Ar tostop flowing than He.In addition to keeping track of fluxes and fluid velocities,we have made movies of several simulations and obtained detailedvelocity profiles (coordinates and momenta of every atom savedevery 0.1 ps). Although the tube radius was too small and theflow too granular to ever develop nearly constant density-radiusor velocity-radius profiles, we observed that at low fluidvelocities, the density profiles tended to shift toward the tube(individual atoms, however, moved throughout the entire radius of the tube).If two carbon nanotubes are clamped at the ends and thenallowed to vibrate freely, the longer one will develop largeramplitude vibrations (longitudinal modes, for example). One mighttherefore expect that the longer tube, having larger amplitudelongitudinal vibrations, would slow down the fluid faster. Wefound no such effect, however. Figure 5 shows two sets of runsinvolving helium which are identical except for the length of thetube (the number of atoms of fluid are different but the densitiesare the same). In most of our runs, the tube is about 150 A long,including the end static regions which have a total length of 50A. The longer tubes are 200 A long. Figure 5a compares runs withstatic tubes, 5b dynamic. At appreciable fluid velocities, thefluid tends to straighten the tube if longitudinal motion beginsto develop. This would probably not occur at very low fluiddensities.We find that the higher the fluid density, the faster itslows down. Figure 6 shows fluid velocities for simulationsinvolving helium that are identical except for their densities,which differ by a factor of about 1.75. Figure 6a compares runswith static tubes, 6b dynamic. In Figure 6a, we show the first 12ps of simulation. It takes the denser fluid about 12 ps to lose6% of its initial velocity; the less dense fluid takes twice aslong. When the tube is dynamic (Figure 6b), the fluids slow downfaster, but the effect of density is somewhat less pronounced.Having a dynamic tube enhances hard collision fequencies (andconsequent velocity randomization) more than changing the density.In this study, we have concentrated on trends in fluid andwall behavior. We do not calculate viscosities from our data, noris it clear how best to define an effective viscosity. Forexample, to calculate a shear viscosity one might establish asteady state average velocity flow and attempt to find a steadystate radial velocity profile. From such a profile one couldestimate the viscosity. We have found, however, that since the diffusion length scale is of the order of magnitude of thediameter, an appreciable radial velocity gradient may not develop.Other methods for determining viscosity depend on certain types ofperiodic boundary conditions and are not applicable here (in manyof our simulations, the "simulation box" moves and is affected bythe fluid). Any effective viscosity will contain informationabout fluid-wall interactions; any value for effective viscositymust be carefully considered in the context of the system beingstudied.IV. ConclusionsWhen designing nanomachines or components involving gas flow,one must take into account the motion of both the fluid and the"wall". Because of mass effects on fluid-wall collisions, whichfluid flows through a machine or component greatly affects itsperformance.In a fluid/carbon nanotube system, the motion of the carbonnanotube plays a critical role in fluid flow. In our simulations,the fluid slows down because of fluid-carbon nanotube collisions.If the tube is static, the collisions are more elastic than if thetube is dynamic. In addition, as the tube moves, it jostles thefluid atoms nearest it, causing the fluid motion to randomize morequickly.At equivalent volumetric flow rates and number densities(which can be reasonably approximated from initial fluid atomlattice spacing), a He fluid flows through a carbon nanotube moreeasily than Ar. This is because Ar is 10 times more massive thanHe and induces larger amplitude vibrations in the carbon nanotube.The length of the carbon nanotube does not appear toappreciably affect the behavior of the fluid. The longer a carbonnanotube, the larger amplitude some of its vibrations(longitudinal modes, for example) would be. A fluid flowingthrough the tube tends to straighten out the tube as it flexes.

Thus, modes which include longitudinal motion never get a chanceto develop. Since the tube is clamped at both ends, stretch modesdo not develop, either.Whether the tube is static or dynamic, the more dense a fluidis, the faster it slows down. This is a straightforwardconsequence of increased collision frequency. At very lowdensities, the fluid would not interfere with the development oflongitudinal motion in the carbon nanotube, and the length of thetube would likely have some effect on the fluid behavior.The behavior of a fluid inside a nanocomponent stronglydepends on the rigidity of that component. We have found thatboth helium and argon flow far easier through a static carbonnanotube than one which is dynamic. In a real nanosystem, thisbehavior would most likely be approached if, for example, thecarbon nanotube were placed under a stretching tension. We havefound that as longitudinal modes begin to excite, fluid motiontends to straighten the nanotube. Because a nanotube under alarge enough stretching tension would be far stiffer, such modescould not begin to develop. The rigidity of a nanotube undertension and with fluid flow would likely be intermediate betweenthe static and dynamic cases considered here.Many proposed nanomachine components in which fluids wouldflow would likely be diamondoid. Whether fluids would flow moreeasily through diamondoid or graphite tubes depends on at leasttwo factors. On one hand, our simulations of individualdiamondoid tubes show that they are stiffer than carbon nanotubes(have little overall distortion); they would not change in shapeand perturb the fluid. On the other hand, graphite has a smootherpotential energy surface than hydrogen terminated diamondoidstructures. The terminating atoms on the diamondoid structure(hydrogen, for example) would move fairly freely and wouldprobably perturb the fluid more than a static graphite tube.Because the diamondoid structures have little overall distortion,we would expect to be able to find trends in the fluid flow in accordance with the model of a well-defined surface area based onthe non-terminating bond network atoms. Since the surfacedynamics of diamondoid and carbon nanotubes are fundamentallydifferent, we would expect effective viscosities and other fluidmechanical quantities to have different values for these systems.

References[1] M. M. Denn, Process Fluid Mechanics, Prentice-Hall, EnglewoodCliffs, NJ, 1980.[2] J. J. Carberry, Chemical and Catalytic Reaction Engineering,McGraw-Hill, New York, NY, 1976.[3] B. G. Sumpter and D. W. Noid, J. Chem. Phys. 102, 6619 (1995).[4] M. P. Allen and D. J. Tildesley, Computer Simulation ofLiquids, Clarendon Press, Oxford, 1987.[5] M. L. Klein, Ann. Rev. Phys. Chem. 36, 525 (1985).[6] W. G. Hoover, Ann. Rev. Phys. Chem. 34, 103 (1983).[7] D. W. Noid, B. G. Sumpter, B. Wunderlich, and G. A. Pfeffer,J. Comp. Chem. 11, 236 (1990).[8] B. Jung, Makromol. Chem., Theory Simul. 2, 673 (1993).[9] Y. Guo, N. Karasawa, and W. A. Goddard III, Nature 351, 464(1991).[10] M. Rigby, E. B. Smith, W. A. Wakeham, and G. C. Maitland, TheForces Between Molecules, Oxford University Press, NewYork, NY, 1986.[11] J. O. Hirschfelder, C. F. Curtiss, and R. B. Bird, MolecularTheory of Gases and Liquids, John Wiley & Sons, New York,NY, 1964.[12] S. K. Gray, D. W. Noid, and B. G. Sumpter, J. Chem. Phys.101, 4062 (1994).[13] D. R. Lide, ed., CRC Handbook of Chemistry and Physics, CRCPress, Boca Raton, FL, 1994.

Table 1. Carbon nanotube sizes and temperatures and initial fluidtemperatures and velocities.Simulations involving helium n nr Ttu,K Tfl, K vz, A/ps # fluidatoms

40 61 * 11 20.4 533

40 61 * 167 51.1 533

40 61 349 11 20.4 533

40 61 349 167 51.1 533

40 61 349 11 102.2 533

40 61 349 11 51.1 533

40 61 * 11 102.2 533

80 61 * 11 20.4 3649

80 61 351 11 51.1 3649

40 81 * 11 20.4 767

40 81 352 11 20.4 767

40 81 * 10 20.4 441

40 81 * 10 51.1 441

40 81 352 10 20.4 441

40 81 352 10 51.1 441

Simulations involving argon

40 61 * 105 20.4 533

40 61 * 105 51.1 533

40 61 * 1676 20.4 533

40 61 * 1676 51.1 533

40 61 349 1 2.0 533

40 61 349 1 10.2 533

40 61 * 105 102.2 533

40 61 3490.3 10.2 533

40 61 3490.04 10.2 533

40 61 349 0 10.2 533

80 61 351 1 51.1 3649

80 61 * 1 51.1 3649

40 81 * 105 20.4 441

40 81 * 105 51.1 441 n nr Ttu,K Tfl, K vz, A/ps # fluidatoms

40 81 352 105 20.4 441

40 81 352 105 51.1 441

*Frozen graphite tube.

Figure CaptionsFigure 1Schematic of a fluid flowing through a graphite tube.See text for further description of fluid boundaryconditions.Figure 2(a) Fluid velocities from first and third simulationsinvolving helium from Table 1. (b) Same as (a) exceptfor higher initial velocities (second and fourthsimulations involving helium).Figure 3(a) Fluid velocities for simulations of argon flowinginside a dynamic tube (fifth and sixth simulationsinvolving argon). (b) Effects of initial random thermalenergy of fluid (eighth, ninth, and tenth argonsimulations).Figure 4Same as Figure 3a except for static tube (first, second,and seventh argon simulations).Figure 5Effects of length of carbon nanotube: (a) static tube(first and tenth helium simulations) (b) dynamic tube(second and eleventh helium simulations).Figure 6Effects of fluid density: (a) static tube (tenth andtwelfth helium simulations), (b) dynamic tube (eleventhand fourteenth helium simulations).