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Abstract. The effects of adsorbed gas layers on gas-surface intemagtiinvestigated by a kinetic model based on the
Enskog-Vlasov equation. The onset of collisional effentthie gas layer is studied by equilibrium simulations. THea$ of
adsorption on the gas-wall friction forces is investigaited simple Couette flow geometry. It is shown that gas adsorpt
might reduce tangential stresses, as indicated by moledyeamics based studies. Finally an example is producedichw
the two-dimensional Enskog-Vlasov equation is solved moutate the formation of a liquid film on the walls of a planar
channel.

INTRODUCTION

In gaseous flows past hydrophilic surfaces, the attractivees between gas and solid lattice atoms/molecules cause
the gas species residence time and surface density to §eciégas-wall interaction is sufficiently strong, an admsat

gas layer forms on the surface. The layer thickness amoaiatfetv molecular diameters but the density may become
high enough to give raise to collisional effects and flulcelbehavior [1]. Gas-gas interaction in surface layers does
affect accommodation coefficients, as shown in a few stusised on molecular dynamics (MD) simulations [2, 3].
Although the study of adsorbed gas layers and thin liquidsfilmas been extensively studied [4], modeling flows
consisting of dense adsorbed gas layers interacting wahedied gas is made difficult by the large difference between
the space/time scales of the two flow regions. The adoptidrybfid methods which combine MD simulations for
the gas-surface interaction with DSMC schemes is a powerftiktill computationally expensive tool [2, 5]. The
aim of the present study is to show that a reasonably accarataunified description of the dense adsorbed layer
and the rarefied gas region far from the solid surface can l@nsd by a kinetic equation which combines an
Enskog-like collision term with a mean field term which talet® account long range attractive gas-gas and gas-
solid interactions [6]. The kinetic equation can be solvadharically by a DSMC scheme [6] which provides not only
macroscopic quantities profiles but also accommodatiofficimts and their dependence on the problem physical
parameters, in good agreement with MD simulations [6]. Thpeap is organized as follows. After a description of
the mathematical model, the onset of gas-gas interactiadsorbed layers is studied by the properties of absorption
isotherms, obtained from equilibrium solutions of the kinenodel. The effects of adsorbed layers of gas-surface
interaction are then studied by applying the model to a stnople-dimensional Couette flow. Finally, an application
of the model to a two-dimensional flow in which condensatiarcold wall produces a liquid layer is presented and
discussed.

MODEL DESCRIPTION

Following Refs. [6], we consider a system composed by a nooniatfluid interacting with solid walls. Fluid molecules
have massm and nominal diameter;, whereasmn, and o, are the mass and nominal diameter of wall molecules,
respectively. Fluid-fluid and fluid-wall interaction focare obtained from the potentiapst? (p) andg1? (p) given



by the following expressions:
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As shown abovep1Y and¢*? are obtained by superposing the soft tajis' (p) and /12 (p), to hard sphere
potential determined by the hard sphere diametgendoi» = (01 + 02) /2, respectively. The adoption of simplifying
assumptions about pair correlations [6], allows the déiowaof the following kinetic equation for the one-particle
distribution functionf (r,v|t) of fluid molecules:
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The termC1(f, f) andC(1d (f,, f) represent the hard sphere collision integrals defined bgxpeession
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wherefy, is the distribution function of wall molecules. The contaalues of the correlation function are represented
by x(19, for pairs formed by two fluid molecules, and {2, for pairs formed by one gas and one wall molecule.
The self-consistent force fiel(r |t) is defined as

F(rit) = F9(r[t) + F*2(r) (5)

det ry—r de1? rq—r
FAY(r]t :/ L _n(ryft)dr FA2(r :/ 1 _ny(r)dr; (6
"= e tioey dp ra—r "0 = o dp Tra—r™vae ©

being FV(r|t) and F*2(r) the contributions of fluid-fluid and fluid-wall long range émaction. In absence of
long range spatial correlations{*V(r|t) andF(12(r) are linear functionals of the fluid number density|t) and
wall number densityw(r), respectively. It is worth stressing that, in the framewofkhe present model, fluid-wall
interaction is not present in the form of a boundary condittmt it is taken into account through an explicit, although
approximate, microscopic model. In particular, it is asedrthat the motion of a gas atom in the vicinity of the wall
is determined by the stationary force fi¢ith? (r) generated by the long range potential tails of wall atomsmihe
distancep exceedsoy,. At shorter distances, the effect of intense repulsivedsiis added by the collision integral
c*2(f, f,,) which describes binary elastic collisions between gas aamitl molecules. It is therefore assumed that
repulsion on a gas molecule is caused just by the closesthvaddicule. However, the collective effect of nearby wall
molecules on the frequency of binary encounters is feltthhy (12 . Although no explicit assumption is made about
the interaction among wall atoms, it is assumed that wadlsraa prescribed state of equilibrium which is not altered
by the interaction with the gas phase. Hence, the velocsyibution functionf,, will take the following form
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beingnw(r), Tw(r) anduy(r) the wall atoms number density, temperature and mean vgloegpectively. The gas
constanR is defined agg/mp, wherekg is the Boltzmann constant. Although good approximatioessaailable for
the computation of (1Y, the calculation of the fluid-wall pair correlation funatizs more problematic. For the sake
of simplicity, it has been assumed that excluded volumeceffare determined solely by wall molecules through their
number densityy,. The specific form ob((lz)(nw) is taken from an approximate expression for the contactevafu
the pair correlation function of a single component harceselgas in uniform equilibrium [7]:
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FIGURE 1. Equilibrium simulationsL eft - Surface densityr, versus the reduced gas dens'rtynf, and gas-wall interaction
strength. Model parameters settingz/my = 2, 02/01 = 1.0, ?om)/kBTW = 1.0, nyno3; /6 = 0.7. qT)(lz)/kBTW = 5.0 (red);
Eaz)/kBTW = 4.0 (black).Right - Reduced density profiles in the vicinity of the wall= 0.026 (black), 0212 (red), 119 (blue).

wheren;» is the volume fraction occupied by hard sphere cores. Egpri@)ides a very accurate approximation of
the contact value of the uniform equilibrium pair corredatifunction in a single component hard sphere gas, but its
use in the present context is questionable. However, thsigdlyconsequences of the above assumption are quite
reasonable. Actually, it is easily shown that, in the presesf a wall density gradient, the hard sphere term produces
a net repulsive force proportional j¢*? (n,,) and strong enough to confine the fluid [6].

EQUILIBRIUM AND COUETTE FLOW: RESULTS AND DISCUSSION

The onset of collisional effects in adsorbed gas layers eaelily studied by examining the properties of equilibrium
solutions of the model outlined above. In equilibrium cdiwdis the solid wall, at temperatuiig, is in contact with

a gas at rest. The number density of the gas far from the wall.i¥he combined action of the attractive mean field
F(r) and the collective repulsive effect of hard sphere coltisjadescribed by the ter®1?, causes the formation
of a gas layer whose density dependsgnonceTy, the gas-gas and the gas-wall interaction parameters esare b
specified. The fractiom(n.,) of wall area covered by adsorbed gas molecules can be defined a
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beingd the adsorbed gas layer thickness. The behavior of the fimptn., ) is very usefull to assess the importance of
gas-gas interactions in the adsorbed gas layer. The funetimes have been obtained by solving a one-dimensional
version of Eq. (2). More precisely, equilibrium solutionsvi been obtained for a gas filling the gap between two
parallel plates. The nominal walls separation is denoteglhyand the motion of the fluid is observed in a Cartesian
reference frame whosg andy; axis are parallel to the walls, whereas the coordizatepans the gap between
the walls. The origirO of the reference frame is located at distahgdrom the walls. It is assumed that walls are
composed by spherical molecules having a diametemassm, and number densitg;(z) given by the following
expression:
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nw being the constant value of the number density of wall atdis.equilibrium velocity distribution function of walll
atoms is given by the following expression
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In the simple one-dimensional geometry considered heedptite fieldF reduces to the componefi(z ) normal to
the plates. The gas-wall force fielFélz) has been derived by the exponential tail

12 (p) =~ expl(p — 012) /M2 (12)
whereas the algebraic tail
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has been used to model long range gas-gas interaction. ln(EZ;)s(lS),—q_o(lz) and —6(11) are the depths of the

potential wells. The parameteks, and !V tune the potential ranges. In all the computations showovbgi'V has
been set equal to 6 in order to match the attractive tail oL#venard-Jones potential. Elementary manipulations of
Egs. (6) allow reducing the computation of mean fields to dimeensional integrals [6]. Steady solutions of Eq. (2)
have been sought as long time limit of unsteady solutionb®YXSMC extension described in Ref.[8]. Figure 1 shows

the behavior of the functiom(n.) for the values 4 and 50 of the gas-wall interaction parameti(rlz)/kBTW. The

remaining model parameters have been set as followam, = 2, 0>/01 = 1.0, 5(11)/kBTW =1.0,n,105,/6=0.7.

The absorption isotherm curve exhibits a typical behav@dr At low gas densitygr grows rapidly in response to
an increase ofi,. The initial grow rate might be more rapid than a linear oneaose the attractive action (if any)
of the adsorbed gas atoms might superpose to the gas-sotie field. At higher values of the density the curve
saturates because the self-interaction of adsorbed gass quevents or slows further adsorption down. Hence, the
value oft where the two curves bend toward saturation marks the regi@ne collisional effects are important. It is

interesting to note that such value depends weaklg_o%ﬁ /keTw. In order to investigate the effects of gas adsorption
on the gas-surface interaction in dilute gas flows, the Gedletw of a monatomic a gas has been studied by solving
Eqg. (2). The one dimensional form of the equation has beathingbe same geometry described above for equilibrium
simulations. The gas-wall interaction has been modifiedduirey opposite bulk velocitiesUy,, alongx direction,

to walls occupying the half spaces< —L, andz > L,. The flow field simulations have been performed by setting
Uw/+/RTy = 0.5. The Knudsen number/1v/2mm,0?L) has been set equal ol The density value in the rarefied
region has been changed following the saturation curvee&ah value of the gas density, the channel width has been
selected to obtain the desired Knudsen number. A typicabitgiprofile in the vicinity of the wall is shown in Figure 2
for the casa = 0.21 along with the reduced density profile. In the rarefiedaediie velocity profile shows the typical
linear behavior. The velocity slip is quite pronounced heseeof the relatively large value of the Knudsen number. At
a distance of about@ from the density peak, the velocity starts quickly growiitigttreaches the wall velocity value,
indicating that the adsorbed layer has the same velocitigeofvall. This is not surprising since the adsorbed layer is
composed by atoms which have interacted for a long time \ighsblid wall. The overall characteristics of gas-wall
friction forces are best understood by examining the betmafithe tangential stress per parti®e/(mn. ), being

N. the nearly constant value of the density in the dilute gamregh\s show in Figure 2b, the behavior of the above
guantity is not monotonic. When surface density is incrdafe tangential stress grows at first, but decreaseslsglight
when the surface density curve bends toward saturation. A closer examination of #teabior of density profiles
and residence time (i.e. the time an atom spends in the asldaiper region), which are not here reported, shows
that tangential stress decreases when the density proiesstme formation of a second atomic layer. This layer is
less tightly bounded to the solid as indicated by the pdrdtl@p of average residence time. It is interesting to note
that similar results have been described in Ref.[10] wheeesffects of gas adsorption on accommodation coefficients
have been studied by MD simulation.

CONDENSATION IN MICROCHANNELS: RESULTS AND DISCUSSION

The capability of the kinetic model to deal with dense adatelgas layer is further supported by studying the gas
flows through a two-dimensional microchannel in which corsdgion on a cold wall takes place. A main point of
the numerical code which solve the two-dimensional versidag. (2) is the computation of the self-consistent force
field, F(r|t). Unlike the one-dimensional case, it is not possible to fiméaalytic expression of the force field for a
generic potential. Therefolg(r |t) has been computed by numerical integration. More precidedyintegration over
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FIGURE 2. Couette flow simulationd. eft - Reduced density (red) and mean velocity profile (blaBk@ht - Tangential stress
tensor per unit mass as a function of surface densitylodel parameters settingy,/m; = 2, 02/01 = 1.0, E(ll)/kBTW =1.0,

nwitoy /6= 0.7, 6<12>/kBTW =5.0,Uy/v/RTy = 05.

7y is first carried out with a generalized Romberg method, tedsicing Eq. (2) to
Fxylt) = / (%1 = X)i + (Y1 — Y] n(X1, Ya[t) 7 (X2 — X, y1 — y) dxadys (14)

where the component along tlzeaxis, F, is equal to zero by symmetry. Eg. 14 is then integrated wiingple
mid-point quadrature formula. It is worth noticing that ig.EL4 the kernel# (x; — x,y1 —y) depends on the chosen
potential, but not on the actual value of the density fieldsTact makes possible to compute the kersfebnly once

for a suitable range of the variables— x andy; —y. In principle, each particles feels the force field genatdig

all the particle in the domain. Hence, Nt is the total number of physical cells, the computation of fivee field
would have a computational cost of the ordeNgf In practice, to reduce the problem to a feasible size, wediice

a cut-off distance and include in the computation of theddield only the contribution of the cells inside the cut-off
region.

In the computations shown below, we have chosen algebiigadda both the gas-gas and gas-wall attractive poten-
tials with parameter®™ /ksTo = 1, Y1V = 6 andg™? /keTo = 1.5, 12 = 6 respectively, beingp a reference
temperature. The cut-off distance for the force-field cotapion has been set equal to three molecular diameters. The
channel has a width of 2 and a length of 96; and it has been divided into 180360 uniform cells. The inlet

is connected with an infinite reservoir whereas vacuum igrass to exist at the outlet. The reduced gas density,
n/GUf’no, and temperaturd; /To, in the reservoir are equal to@5 and 08, respectively. For condensation to occur,
the temperature of the channel wallg,/To, has to be lower than the critical temperature of the gashytiar the
chosen parameters of the gas-gas potentidg; s 0.75. We have set,/To = 0.7, i.e 9% belowT.. The gas inside
the channel has been initialized with the temperature ofékervoir. The simulation has been performed for a time
interval from(RTp)Y/2/ 01t = 0 to (RTo)¥/?/ 01t = 1000. Starting front = 40 the time interval has been divided in 16
sub-intervals, each of width 60, and time averaged macpisgoiantities have been computed over each sub-interval.
The number of particles has been set initially to 100000 boas reached the value of 500000 at 1000 because

of the gas condensation along the channel walls. Fig. 3 shmwaveraged density in the channel in the time intervals
At = 460— 520 (upper left panel) anfit = 940— 1000 (lower left panel), respectively, along with the dgnprofile

over the vertical plane at= 13 (right panel). It is apparent that liquid layers form otlee channel walls and their
width grows as the simulation proceeds. It is worth pointing that the phase transition take place spontaneously,
without the need to explicitly track the interface. The tespresented are only preliminary but they clearly show tha
the proposed kinetic model has the capability to describéphase flows.

CONCLUSIONS

In the present work, a kinetic model is proposed to study ffexes of dense adsorbate layers on rarefied gas flows.
The kinetic model is an extension of the Enskog theory of ddhsds and has the capability of handling both the
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FIGURE 3. Gas flow in a two-dimensional microchannglpper left pane - Density field atAt = 460— 520. Lower left
panel - Density field atAt = 940— 1000.Right panel - Density profile forx = 13 atAt = 940— 1000. Model parameters setting:

o™ JkeTo = 1, Y10 = 6, 02 ke Ty = 1.5, 12 = 6, T,/ To = 0.7, /603 = 0.015,T; /To = 0.8.

gas and the adsorbed layers in a unified manner. Moreoveanibe efficiently solved with a DSMC code with a
computational cost which is negligible with respect to Mihaglations. Equilibrium solutions of the kinetic model
provides the absorptions isotherm curves which clearlyvstie existence of a threshold value of the gas density
beyond which the collisional effects in adsorbed layersigrice significantly the overall dynamics of the gas. This
is further confirmed by the tangential stress behaviour @Gouette flow which is shown to be a non-monotonic
function of the gas density. In addition, preliminary simtidns prove that the kinetic model is able to describe a gas
flow through a two-dimensional microchannel in which corsgion occurs. The results also suggest that a sufficiently
intense gas-surface interaction might produce even demskirlayer structures which behaves as a two-dimensional
fluids [1].
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