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ABSTRACT. In last years a great interest was brought to molecular
transport problems at nanoscales, such as surface diffusion or molec-
ular flows in nano or sub-nano-channels. In a series of papers V. D.
Borman, S. Y. Krylov, A. V. Prosyanov and J. J. M. Beenakker
proposed to use kinetic theory in order to analyze the mechanisms
that determine mobility of molecules in nanoscale channels. This ap-
proach proved to be remarkably useful to give new insight on these
issues, such as density dependence of the diffusion coefficient. In
this paper we revisit these works to derive the kinetic and diffusion
models introduced by V. D. Borman, S. Y. Krylov, A. V. Prosyanov
and J. J. M. Beenakker by using classical tools of kinetic theory
such as scaling and systematic asymptotic analysis. Some results
are extended to less restrictive hypothesis.

to the memory of Carlo Cercignani

1. Introduction. In last years a great interest was brought to micro and nano-
flows, in part driven by applications such as MEMS, micropumps, lab-on-the-chip
systems, carbon nanotubes, molecular sieves, etc. Such flows through micro or nano-
geometries (micro- or nano-channels or micro or nano-porous materials) exhibit
unusual behavior and therefore create the need for new or more precise models for
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numerical simulations.

The gas flows in micro-geometries are often characterized by rather large Knud-
sen number but small Reynolds and Mach number. Moreover some phenomena
which are usually neglected in classical fluid dynamics may take importance, such
as thermal creep flow, thermal stress slip flow or thermal edge flow. The main tool
at this scale is the kinetic theory used either for direct numerical simulations or for
deriving correct fluid limit models able to take into account the main characteristics
of the flow. A survey of this approach and a complete bibliography can be found
in ([17]) and ([18]) and for diffusion models on specific geometries and applications
the reader can refer to ([1]), ([9]) and ([2]). When considering flows through smaller
geometries, down to nanoscale, new issues must be addressed (see [3], [14]). The
first one occurs when the size of the channel is comparable with the range of inter-
action of the gas molecules with the wall, i.e., for a diameter of a few nanometers.
Then surface-dominated effects become predominant, and in the vicinity of the sur-
face, the gas flow loses its three-dimensional character and becomes two- and, in
the limit, one-dimensional, and the mass flux can dramatically exceeds predictions
of the Knudsen diffusion model ([13]). Therefore these effects must be included in
the models. Finally, more complicated effects occur when the size of the pore is
still smaller (around 0.5 nanometer or smaller), and becomes comparable to the de
Broglie wavelength and quantum effects must be considered at this scale.

In this paper we focus on gas flows through geometries with characteristic size of
some nanometers so that the gas molecule-surface interaction is important but the
quantum effects of zero-point energy can be neglected. Traditionally, at this scale,
for the numerical simulation, one uses molecular dynamics ([14]), or for surface
diffusion, lattice gas hopping models. Unfortunately molecular dynamics leads to
expensive computations and is limited to short space and time simulations. A
different approach is proposed in a series of papers ([7],[8],[4],[15],[5],[16],[6]). The
authors proposed to use kinetic theory in order to analyze the mechanisms that
determine mobility of molecules in nanoscale channels. This approach proved to be
remarkably useful to give new insight on these issues and, in particular, it was proved
that this new kinetic theory of surface diffusion is able to explain in a rather natural
way the density dependence of the diffusion coefficient which has been observed for
instance in zeolites. Those articles are not enough known in the community of
applied mathematics and kinetic theory and it seems interesting to revisit them
from a mathematical point of view and to derive the kinetic and diffusion models
by using classical tools of kinetic theory such as scaling and systematic asymptotic
analysis. In particular the rigorous approach for modelling molecules trapped by
surface effects, introduced in ([10]) and ([11]), will be useful in this context. We
consider here the simple case of molecules moving in a 2D plane.

The molecule-surface interaction is located on a narrow layer (typically L =
0.3 nanometers). On microscale geometries, for instance in a pipe with diameter
around some micrometers the flow of molecules inside this layer need not to be
described precisely and can simply be modelled by a classical boundary condition
such as specular or diffuse reflection. For pipes with smaller diameter, about some
nanometers, but rather long (X = some micrometers or more), the effect of the
molecule-surface interaction is too much important to be described by a simple
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boundary condition. So the starting point of our study is a kinetic model including
the molecule-surface interaction through Vlasov terms which takes into account the
potential interaction of the atoms on the surface and through a relaxation term
of molecules by phonons which represents the effect of the thermal fluctuations.
This is a crude representation of the very complex interaction between molecules
and the surface but sufficient to include in the model much more information than
the usual boundary conditions. Nevertheless such a model is still very expensive for
simulation because of the smallness of the surface layer and the stiffness of the effect
of the interaction potential. It is therefore useful to look for other models derived
from this basic kinetic equation by asymptotic analysis. The main influence of the
surface on the flow is the confinement of some molecules in a narrow zone close
to the surface, the "surface layer”. On the scale we consider here it is relevant to
perform an asymptotic analysis when the ratio L/X — 0. This leads to the second
model of the hierarchy, which can be seen as a multi-phase model coupling the
bulk flow of molecules outside the range of surface forces and a two energy group
kinetic model describing the surface molecules, i.e., the molecules within the range
of surface forces (see [7]).

However the kinetic equations for the surface molecules still contain several time
scales that can be quite different and make its solution difficult. The first time
scale is given by tg the ”time of flight” over the potential well, the second one
is given by 7T.,s the molecule-phonon relaxation time and the last one is given by
7., the characteristic time for a molecule to cross the surface layer. These times
must be compared with ¢,,,, the characteristic time of observation of the overall
system. When t;; << tyaa, DUt Tis = tmas, in so far as we are interested in the
mass flow along the surface we do not need to get information on the variation of
the distribution function on a short time scale (= t5;) and it is useful to derive
a kinetic model at a "mesoscopic” time scale comparable to 7,5 and ¢,,4,, by an
asymptotic analysis when tf;/tmqr — 0. If we consider a larger observation time
such that 7,,s << t;maez, the system of surface molecules can be described by a
diffusion model obtained by an asymptotic limit of the "multi-phase” kinetic model
when Tps/tmaz — 0. Thus various diffusion models are derived according to the
respective size of 7,5 and 7,. These successive rescalings and asymptotic limits lead
to a hierarchy of models which is sketched on figure 2.

This paper is organized as follows. The hierarchy of models indicated above is
derived in section 2 to 4 under a simplifying hypothesis on the surface potential and
for low density flows for which intermolecular collisions are negligible. In Section
2 we derive a multiphase kinetic model where the equations for the molecules in
the range of interaction of the surface reduce from two space-dimension to one-
space dimension. Section 3 is devoted to the derivation, when ¢y [tmaz — 0, of a
mesoscopic kinetic model for the flow of molecules inside the surface layer assuming
that the surface potential is rapidly oscillating in the x-direction parallel to the
surface. This homogenized model is derived under the assumption that surface
molecules can be described by a one energy group of molecules trapped in the surface
layer. In section 4 we study the diffusion limit,when 7,5 /tmaz — 0, of the kinetic
model for surface molecules derived in section 2. In a first step we consider that
surface molecules can be described by a one energy group of molecules trapped in the
surface layer and we derive the diffusion limit in the isothermal case and afterwards
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Kinetic model without molecular collision

n

f(t, X, Z,\ Zv)

strong confinment in transverse direction
(section 2)

Multi-phase kinetic model
f(t,x,z,\)/< vZ) g(t.x, %, ez)

fast oscillating potential in tangential directiol
(section 3)

Homogeneized surface kinetic model
large molecule—phonon h(t.x,ex ,€7)
collisions (section 4)

Y

Surface diffusion models:
trapped molecules and narrow channel

N(t,x)

FIGURE 1. hierarchy of models.

in the non-isothermal case. In a second step the diffusion limit is obtained for the
two energy group model in the configuration of a narrow channel with two surface
layers and no bulk flow and we consider several regimes according to the ratio of
Tms and 7.

2. Kinetic model for a gas flow with local interaction with the surface of
a solid.

2.1. Introduction. In this section we address the issue of modeling a flow of
molecules at the vicinity of a solid wall, for instance in a narrow channel. The
influence of the interaction of molecules with the surface induces a change in the
behavior of the gas flow. It has been noticed in previous works ([3], [6]) that the
flow loses its three dimensional character and becomes two- and, in the limit, one-
dimensional and the transport is modified by this phenomenon. The same mech-
anism has been studied in a more rigorous way in ([11]). Here, since we assume
that the molecules are moving in a 2D (z, z) plane, the flow near the surface will
be a one dimensional flow. Following the ideas presented in ([7]) and ([3]), and
the mathematical approach proposed in ([11]), we set up kinetic models that take
into account the effect of the molecule-solid interaction and describe the motion of
molecules within the range of surface forces in lower dimension space.

For the sake of simplicity we consider that the molecules move in a plane (z, z)
(see remark 1 for the case of a 3D-flow near a plane wall) and we consider a solid
occupying the half-space z < 0, and a set of molecules of a gas moving in the
region z > 0. The state of the gas is described by the distribution function F' =
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FIGURE 2. Repulsive-attractive potential (left) and trajectories of
molecules in the phase plane (right)

F(t,z,z,v,:,v,) and its evolution is modeled by the following kinetic equation
1 1
O F + 0,0, F + 0,0, F — Eaxv 3va - Eazv asz = Ipn + Qm, (1)

where ¥V = V(z, z) is the the interaction potential of the molecules with the solid,
Ip,n is the molecule-phonon collision integral describing the interaction of the gas
molecules with the thermal fluctuations of the solid and @),,, describes the interaction
of the gas molecules with each other.
We assume that the potential V satisfies
1. o<V,
2. Va, lim, o V(z, z) = 400,
3. the normal part of the potential is a repulsive-attractive potential, i.e. for
every fixed x the potential z — V(z, z) is repulsive (i.e. 9,V(z,z) < 0) for
0 < z < zp(z) and is attractive (0,V(z) > 0) for zp,(z) < z.
4. The range of the surface forces is finite and thus, the potential satisfies
V(x,z) =V, for 2 > L.

Following ([15]), we assume a simplified form of the collision term describing the
interaction between molecules and phonons. This is a crude approximation but
sufficient to include in the model new physical effects. More precisely we define

1 m n[F)

for z < L, I,,[F] = . (2k7rT
ms

where 7,,s is the molecule-phonon relaxation time, M is the dimensionless equilib-
rium distribution function

M(vm,vz) = €xp (

M —F), (2)

m(v; + v2)
2kT ’
n[F|(t,z,z) = //F(t,x,zmx,vz) dv, dv, .

Let us remark that the right-hand-side in equation (1) satisfies the relation

/(”;];;[?M—F) dv =0,
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which insures the mass conservation.

Let us notice that the range of the surface forces L is small (typically L ~ 0.3nm)
and in most cases much smaller than the mean free path of the molecules in the gas
phase. Finally, since the interaction of molecules with phonons is important only
on a part [0, L*] of the range L of surface forces (0 < z < L*, with L* < L), we can
assume that I, =0, for 2 > L.

Those assumptions imply that in the bulk flow the motion of the gas molecules is
given by the Boltzmann equation

OF +v,0,F +v,0.F = Q,p, (3)

which is consistent with the classical kinetic theory.

The main goal in our modeling is to take into account the confinement of some gas
molecules in the surface layer (0 < z < L) due to the interaction with the surface.
But since the width of this surface layer is very small, as indicated above, it is useful
to derive by asymptotic analysis a model by assuming that the ratio L/X tends
to zero (where X is the characteristic length of observation). The phenomenon of
confinement is mainly transverse to the boundary, but since the interaction potential
works in both = and z-directions the analysis is rather technically complicated. We
suggest to simplify once more the configuration to make easier the analysis while
keeping in the model enough important features to put in evidence new phenomena
near the surface at the nanoscale. So we assume that the motion of the gas molecules
inside the bulk flow is given by (3) and that the motion of the gas molecule inside
the range of the surface forces can be separated into two independent components,
the tangential and the transverse ones. This can be achieved by assuming that

0:V(x,2) = p(x) and 9, V(x, 2) = ¥(2),
which can be obtained by assuming that the interaction potential writes, for z < L
V(z,z) =Ul(z) + W(z), (4)

where W is a repulsive attractive potential with W (z) = W, for z > L. Then if
Wy >> U, the well depth of the tangential component of the potential, then we
can assume that

for z> L, V(x,2z) =U(x) + Wy, = Wi, (5)

which is consistent with the assumption that the range of the surface forces is
smaller than L (see figure (2)).

Another simplification is related to the intermolecular collisions. The study of
the influence of the surface layer on the flow is relevant only in geometries with one
characteristic dimension (for instance the size of the pore in a porous medium or
the diameter of a pipe) about some nanometers. Thus in a first step it is reasonable
to assume that we are working at a scale where the intermolecular collisions can be
neglected so that

Qm =0. (6)

These assumptions (4-5-6) are used to derive a hierarchy of models describing a
gas flow in the vicinity of the surface.
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Remark 1. It should be noted that, under the assumptions (2) and (6), we can
assume that the molecules are moving in the original 3D space (z,y, z)(z > 0). More
specifically, if we assume the 3D version of (2) originally for the molecule-phonon
interaction, then F corresponds to the marginal velocity distribution function, i.e.,
the integral of the original velocity distribution function with respect to v, from
—00 to oo.

2.2. Motion of molecules in a repulsive-attractive potential. Before all we
need to introduce some notations associated with the motion of a molecule in a
one-dimensional repulsive-attractive potential. Let us denote by ¢, the total energy
of the normal motion )

€, = vaf + W(z2),
and let us introduce the ”equivalent velocity”

2
for v, #0, e, = e,(z,v;) = sgn(vy)y/v: + —W(2),
m

so that e, is an odd function of v, and
. 2 .
limy, 0+ €2(2,v,) = %W(z) # limy, 50— ex(z,v,) = — EW(Z)

We define z_(e,) and z1(e,) in the following way:
e fore, #0

0< Z—(ez) <ZzZm < Z+(ez)7

for 0 < \/2W,,,/m < le.|, zy(e,) =L,
)

for 0 < |e.| < \/2W,,/m, Wiz (es)) = —é2,
)

o for e, =0,
2-(0) = zm = 24(0)

We notice that the particles with equivalent velocity |e,| < \/2W,,/m are trapped
(i.e. cannot leave the ”surface layer” 0 < z < L) and move between z_(e,) and
zy4(e;), but the particles with |e,| > /2W,,/m are free and move between z_(e,)
and z4 (e;) = L and can go out the surface layer and go into the gas (see fig 2). The
velocity of a particle with equivalent velocity e, located at position z, z_(e,) < z <
zy(ez), is given by

v.(z,ez) = sgn(e.)y/e2 — %W(z), for z € [z_(e2), z+(€2)], (7)

and

v.(2—(e;),€e,) = v (2-(—e,),—e,) = 0. (8)
Moreover, for trapped molecules we have also

vz (24 (e2), €2) = va(24(—e2), —€:) = 0. 9)

Let us define

0.(z,e.) = (€2 — %V[/(z))_l/2 for le,| > /2W (2)/m,
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so that 0,(z,e,) v,(z,e,) = sgn(e,), and

z(ez) 2y (e2) 9
T.(ez) = / 0.(z,e.)dz = / (65 _ EI/V(Z))—l/QdZ7

z_(ez) z_(ez)
lle,) = ey 72(ez).
Asin ([11]), T.(e) can be interpreted as the time for a trapped molecule to cross the
surface layer and [(e.) is a length. Moreover, for every fixed z €]0, L] the application
v, — e, is a one-to-one application from [0, +oo[ onto [/ 2 W (z),+oc[ and from
(7) we have
dv, = |e;|o.(z,e.)de, for v, >0, e, > 0.
On the same way, for every fixed z €]0, L] the application v, — e, is a one-to-one

application from | — 0o, 0] onto ] — oo, —y/ 2 W (z)] and
dv, = |e;|o.(z,e.)de, for v, <0, e, <O0.

Thus if we denote &£,(2) = {e., |e.| > (2W(2)/m)'/?}, then for a given function
Y(z,v,) we have

/ ZZJ(Z,UZ) dv, = ZZ’(Z,UZ) dv, + "/)(Zavz) d’UZ,
[ v,>0 v, <0
400

- / e Ve (esea) sl e

V= W(z)
o

oo

P(z,v.(2,e.)) lezloz(z,e;)de,

ZZ)(ZvUz(Zv 62)) |eZ|UZ(ZveZ)d627

/52|>\/W
_ / Bz 02(2,02)) leslos (2, e2)des,
E.(z)

and

L
/ Y(z,v.(2,e.))|ezlo:(z,e,) de, dz
0 JE.(2)

24 (ez)
:/ / P(z,v.(2,€2))|ez|o:(2,e,) dz de,.
e, Jz_(ez)

To take into account the molecule-solid interaction we split the flow in two parts,
the surface flow (for 0 < z < L) and the bulk flow (for L < z). Since the intermolec-
ular collisions are neglected, the state of the molecules in the bulk flow is described
by the distribution function

f(f,, T, 2, Vg, 'Uz) = F(f,, T, 2, Vg, 'Uz)a
which satisfies the following equation

Ouf + v20pf + 0.0, f = 0.
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2.3. Kinetic model for the molecules inside the surface layer. We consider
now the population of molecules inside the surface layer and we split it into two
groups. The group of "trapped molecules”, with | e, |< /2W,,,/m and the group
of 7free molecules” with | e, |> /2W,,/m. We introduce for z_(e,) < z < z; (e,),

2W,
F(t,x, 2,05, v.(2,e,)), for | e, |< )/ —,
m

[2W,
F(taxaz7vx51}2(zaez))7 for | €z ‘> 7m’
m

(e=) = 0" (ex)x" (e2) + &' (e2)x! (e2),
where x*(e,) is the characteristic function of the set {e,|e.| < /2W,,/m} and

x7 (e,) is the characteristic function of the set {e., |e.| > \/2W,,/m}. Let us notice
that at the boundary of the surface layer (z = L) we have

¢)t(t’ x’ Z7,UI’ ez)

¢f(t7 x’ Z7’Ux’ ez)

and

(Z)f(t,x,L,vx,ez) = f(t,x,L,vy,v,(L,e,)), for e, <O, (10)
ft,z, Lyvg,v,) = (bf(t,x,L,vw,eZ(L,vz)), for v, > 0. (11)
Then ¢%, a =t, f satisfy
a a 1 ! a a 1 n[(b] a
8t¢ + Uxa:r¢ - —U (‘r)avz¢ + UZ(ZveZ)aZ(b = 7(7M - ¢ )7 (12)
m Tms 70

where 7,,s is the molecule-phonon relaxation time, M is the dimensionless equilib-
rium distribution function

M(vzaez) = €exp < ok T

n[¢] is the expression of n[F] in term of the new variables

n[¢@] :/ / o(t,x, 2,0, e,)|ex|0.(2,e.) de, dvg,
vy JEL(2)

m(vi + 63))

and

’YO(Z) :/ M(Ufcan)|ez|Jz(zaez) dez dvm =
vy JEL(2)

2k7rTe ~W(2)
m_ P kKT )

Multiplying (12) by |e,|o.(z,e.), we get
1
at(|ez|02¢a>+vraz(|62|0z(ba)_EU/(x)avz(leZ|UZ¢a)+ezaz¢a = ‘eZ‘UZIghW]v (13)

where

1 (n[¢]
a (rb — (M _ ¢a .
ph[ ] Tms Yo
Let us notice that, from (8-9), we have
¢t(ta Ty 24, Uy, ez) = ¢t(t7 Ty 24, Uy, _ez) = F(ta Ty 24, Vg, 0) (14)
We introduce the following dimensionless quantities
g t 5~ ~ ~ (Y ~ ~ z
t:*,%ms:Tmaxziyz:iaew/z_ /7Um_vivvz_i (15)
t* Ths T* z* v* v* v
_ f - o o, =~ U - w
= = 2277U:7aW: 16
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where 7*

ms

is a reference relaxation time, t* = 75, v* = /(2kT)/m a reference
velocity, * = v*71}, and z* = L are reference lengths, ¢* = n*/v*2, where n* is a
. 2 .
reference number density, U* = (m/2)v*", * = 1/v*. Moreover we introduce

n (5 ~a~7~ = $£a~a~a Ug, €z)|€:]0:(Z, ;) de. dig,
n[e)(t, T, Z) /ﬁm/gz(g)(a?zv é.)|é:le.(2,¢e,) de, do
(where £.(2) = {é., |é.| > \/W(2)} ) so that Ai[¢] = n[¢]/n*, and

~ ~ ~ ~ 0
M = exp (=07 — &), 70 = 2

= mexp (—W).

Finally we assume that
Z*
e=— <<1,
m*
is a small parameter. Inserting (15-16) in equation (13) for a = ¢, f, we get
1~

- - . 1 . .
8{(|éz|&Z¢“)+quaj(|éz|&z¢“)_ U/(f)aﬁz(|é2|5z¢a)+gézai¢a = ‘éZ‘5ngh[¢]v (17)

2
where 3
i L ()
a a
¢l = = =M — ¢* | .
ph[ ] Tms Y0
To derive a ”surface equation” we look for a solution of (17) in the following form
g)a — a)a,O _|_€¢;a,l + 62¢;a,2 + ..., (18)
where the function ¢® are taken so that (see (14))
OUUE T, Br 00 8:) = V(E T B, T, — ), (19)
o520, 82) = O, 2 T, ). (20)
Inserting (18) in (17), we get
at leading order
€:0:0™" =0,
and thus ¢*° does not depend on Z, i.e.
640 = 6401, 7,0y, 22). (21)

This property together with (19-20) implies that
émo(gﬁ ‘%5 1717 éz) - (ga,O(E:x’ i}a:v _éz) = Oa

i.e. implies that ¢®° is an even function of é,.

at order + 1

a{(|éZ|&z(l;a’0)+7~)zai(|éz|&zq§a’o)_ U/(j)aﬁw(‘ézwz(l;a70)+éz62¢;a7l = |éZ|6zI~gh[§/;O]7

1
2
and since ¢®° (and also |€,|5°$*°) is an even function in €, we can take the even

part and we obtain
1 - -
SU'(2)0s, (2.15.6°°)

F2[0:001(@) — 0:57N ()] = [l T )

Or(17:16-6°) + 0,05 (:5:6") -
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Then we integrate with respect to Z and denoting | = I(é,) = |é,|7.(é;) where
~ s ETD N
Tz(ez) = fg_ Uz(zvez) dz, we get,

04(1(2:)6") + 0,05 (1(2:)5°°) — S0 ()%, (I(2:)5°)
;[/fagé“@,éz)dz— fagqs“(z,—éz)da — Q%)
where
@ = ) (rigmin o),
6 [8°I(F. 7, 2.) = ;Z:+<m¢°]<timwz(zez)/vo(z)) z
But we remark that 7
A R O 8 I A CR SR R

6" (32, 8.) — 6™ (3, —&.))), (22)

Let us first consider the trapped molecules (i.e. a =t). From (19) we can conclude
that this term vanishes. Thus, we obtain the following equation (in dimensionless
form) for the trapped molecules

0;(1(2.)9"") + 8,05 (1(¢.)9"°) — ;U (@) 05, (1(22)9"%) = Qp[d°].
We introduce the dimensionless 1D distribution function g which is a density number
of molecules per z-unit
g'(t 2,
3t 7,
where Y*(€) is the characteristic function of the set {é., [é.| < v Wy} and 7 (€.)

is the characteristic function of the set {é.,|é.| > W,,}. Then the above equation
writes

éz) =

2 €z) =

81
@z

&31
dz

079" + 9,0:5" — %U’(x)a@mgt = Q4.[3°,
where
Al = — (BllitE)T - 3').
O E) = —o [ GPEE 6.0 0l2)

Let us now consider the ”free molecules”. We first remark that (from (18) and

(21))

[(éz)qgﬁo = Z(éz)q;f(la éz) + 0(5)
Moreover the flux term is given by (22), with a = f and Z; = 1 in dimensionless
variables. As previously the term in Z_ vanishes because of (20) but the term in
Z4 = 1 does not vanish and represents the flux of molecules between the surface
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layer and the bulk flow (see figure 2).
Then (22) for free molecules writes

S, - 30, 2]
which can be equivalently written (since ¢/0(1,¢,) — ¢/0(1, —&,)=0)
SIH00,8) + 23111, 8) — (B0, —2.) +2351 (1, -2.)))
But from (18), we have ¢/0 4 ¢! = ¢/ 4+ O(e?), so that the flux term writes
S0 (18— 3 (1,0 + 0(),

and since ¢0 = ¢/ + O(e) we have

0;(1(€:)9" (1,€.)) + 0.0: (1(e.) 7 (1,€.)) — SU'(2)0s, (1(e2)87 (1, €2))

1
2
+216(LE) - (1,-8)) =

") (6ot + 1516 - 3 (1,20)) + O,

Using (10) and denoting (with some abuse of notation),
o1 (,7,0,,8:) = ¢! (,7,1,0,,82),
the equation of the free molecules finally writes

0120 + :05([(6:)87) — 3 0"(@)0%, (I(E))

|ez|[¢f(|ez|)—f(—|’l~)z(1;éz)|)] =

Z; )(9*[¢to t+(;f>~<f]@_(gf)+0(e).

Introducing as previously
gf(fajaf}:méz) = Z(éz)(gf ~;i'7
g(i”j’/ﬁw?éz) = gt(i”j’:7

this equation writes

053" +0:055" ~ ST ()05, 51%2 (37 (1e=) —1(E2) f(—10:(1, &:)])] = @}, 8]+ O(e),

where Qﬁh[é] =zl (C:)[g]i(éz)]\;[ - gf). Let us remark that ©[g°] = ©[j] + O(e),

Tms

so that the equation for trapped molecules writes
b~ oA Lz - <t s
079" + 0,0:9" — §U/(l")3ﬁmgt = Q;h[g] + O(e),

Denoting f*(&.) = f(—|v.(1,&,)|) and neglecting O(e) terms in the above equations
for free and trapped molecules, we finally obtain the following system of coupled
equations (in dimensionless form)

~ ~ -~ 1 g a q
09" +0:0:9" = SU'()00.9" = Quuld],

G (e:) -1 = QM)

- o - 1~ .
05’ + 020557 — SU'(2)06.9" + 5=
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Now we come back to dimensional quantities, noticing that 7} = z*/v* = e7;,, and
we define

gt(t,x,vm,ez) = 3 gt(t,i‘,f}x,éz),
U*
nz* .~
gf(tvxavzvez) = o*2 gf(taxavzvez)a
g(t,z,vp5e,) = gt(t7xavx76z)xt(6z)+9f(tvxvvx,6z)xf(6z)-

We obtain finally the system governing the flow of molecules

Proposition 1. Under hypothesis (4-5-6), in the limit of a small surface layer
(e = IL — 0), the flow of molecules can be described by the following multi-phase
kinetic model

atf"‘vxarf"_vzazf = 0, (23)
1
0vgt + v,0,9" — EU’(m)i’?@Igt = Qb (24)
U'(x) L f*—g%(le]) f
g’ +v,0.97 — Ta%gf I Qpn> (25)
l(ez)f(tvvauvzva)|vz>0 = gf(t7x7v1762(L7UZ))7 (26)
where
1
oh = — Ogl(e.)M —g*), a=t,f
1 zy(ez)
Olul(t.zie) = — [ lg/lt.a )0z ) 0(2))d
TZ(eZ) z_(ez)
fs(t,x,vz,ez) = f(taxaL7Um77‘vZ(L?ez)|)7
lle,) = les| 7=(ez).
Remark 2.

1. This model can be interpreted as a multiphase model. The first phase, con-
stituting of the bulk flow of molecules outside the range of the surface forces,
is described by a usual kinetic equation (23). The molecules within the range
of the surface forces are considered as a separate phase described by a two
energy-group kinetic model, with the low energy ”trapped molecules” (24)
and the high energy ”free molecules” (25). The two groups are coupled by the
collision terms. The two phases are coupled by the relation (26) and the last
term of the left-hand-side of equation (25). Let us notice that equations (24)
and (25) do not give a precise description of the flow of the surface molecules
with respect to the distance z to the surface, but give a relevant information
of the flow parallel to the surface, and therefore will be useful for evaluating
the transport flux in this direction.

2. The distribution function f(¢,x,z,v,,e,) describes the number density of
gas molecules with velocity (vg,v,) in a unit (x,z)-area, but the distribu-
tion functions ¢'(t,z,v,,e.) and g/ (t,x,v,,e.) describe a number density of
surface molecules with velocity (v,, e,) per unit x-length. As a consequence
fOL n[@](t, z, z)dz is the number density of surface molecules per unit x-length.
Moreover we can easily verify that

/ / Qph(vwaez) dv, de, =0,
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which ensures the local conservation of mass for surface molecules.

3. In this multiphase model, the ”surface” of the solid part is identified to the
interface z = L between the surface layer and the bulk flow. Equation (23)
describes the gas flow and equations (24-25) give a simplified description of
what can be interpreted as a motion of molecules on the ”surface”. The
condition (26) can be interpreted as a non local boundary condition for the
bulk flow giving a description of the interaction between the gas molecules and
the wall which is more detailed than usual local boundary conditions. More
precisely, some molecules go from the bulk flow into the surface layer, are
sent back by the repulsive interaction potential and immediately escape from
the surface layer into the bulk flow, giving a specular reflexion. On the other
hand, some molecules can go from the bulk flow into the surface layer, can
have a collision with phonons and lose enough transverse energy so that they
are trapped inside the boundary layer (where they are transported according
to (24)) and, after some time, can gain in a collision with phonons enough
energy to escape from the surface layer. Since 7, is small compared with the
characteristic time of evolution of the bulk flow, this complicated interaction
with the solid surface described by the multiphase model can be interpreted
in a first approximation as a reflexion of the molecule by the boundary.

3. 1D-mesoscopic kinetic equation for surface molecules.

3.1. Introduction. In section 2 we derived a multiphase model describing the
coupling of the bulk flow with the motion of molecules on the surface. This motion
is given by a set of two coupled kinetic equations on variable z, including a Vlasov
term due to the interaction potential parallel to the surface. In many applications
this potential field is periodic with a small period 2§ that could be much smaller than
the characteristic distance x*, but nevertheless, for consistency with the asymptotic
analysis leading to theorem 1, we assume that

L <<d<<a™. (27)

Some of the surface molecules have a small tangential energy so that they are bound
in a potential well where they are oscillating very rapidly. At the scale z* they
can be considered as motionless. On the contrary surface molecules with a high
tangential energy are unbound and can move across the potential wells, but their
velocity strongly oscillate. In so far as we are interested in the mass flow along the
surface over a domain much longer than § we do not need to get information on
the distribution function at the ”microscopic” scale of a potential unit cell. Thus
it is useful to derive a kinetic model at a ”mesoscopic” scale larger than ¢ but
comparable to l,,;, the mean free path between two ”collisions” with phonons. At
this scale a kinetic model describing the motion of the unbound molecules by their
average velocity over the potential cells is relevant. In this section we derive such
a model in a simple configuration where we assume that the free molecules in the
surface layer can be neglected so that all surface molecules are trapped. This is
justified when W,,, >> kT, which is true for some practical situations, and only
very few molecules can escape from the interaction range of the normal interaction
potential W so that n[g* + g7] ~ n[g']. In such situations it is reasonable to assume
that

W,, = +o0, (28)
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so that when a molecule enters the surface layer, it cannot escape. Moreover we
neglect the flux of incoming molecules. This model is derived from the kinetic
equation (24) by an asymptotic analysis when §/z* — 0. For this asymptotic
analysis we consider the hypothesis (4-5-6), as above. Moreover we assume that the
molecule-phonon relaxation time is constant i.e.

Tms = const (29)

and that U (the tangential part of the potential) is periodic with period 2. More
precisely

U(x) = U(x/9), (30)
where U(y) is a periodic potential with period 2 defined on [—1,+1] and such that
0<U(y) <Up and U(%1) = Up,.

Before to derive such a model we need to introduce some notations related to
the motion of a molecule in a periodic potential field. We denote

2
for v, #0, e, = ex(x,v,) = sgn(vy)y/v2 + EU(&:)

For any fixed x the application v, — e, is a one to one application from [0, +oo|
onto [\/2U(zx)/m, +oo|, and also v, — e, is a one to one application from | — oo, 0]

onto | — 0o, —+/2U () /m] so that we have
2
for |e,| > \/2U(z)/m, vi(x,e;) = sgn(ez)1/e2 — EU(x)

The jacobian of the application e, — v, (for e, > 0 for instance) is given by
for v, > 0, dv, = |eg|oz(x, ex)dey,
where
72, e0) = (& = ZU(@)) V2, for lea| > v/20(@) .
and in the same way
for v, < 0, dv, = |eg|oz(z, e,)de,.
Then denoting
Ex(w) = {ex, lea| > (2U(x)/m)'/?},
we have for every integrable function ¥ (v,),
/ P(z,vg)dv, = . )w(x,vw(x,ex))|ex|am(ac,ew) dey.

The trajectories of the molecules in the (z,v,) plane are the level curves of the
the total energy E(z,v,) = me2 /2 (see fig 3). If the energy of a molecule is less than
U, then its trajectory is a closed curve (bound molecule), the molecule is trapped
in a potential well. On the other hand, if its energy is larger than U, its trajectory
is an open curve (unbound molecule) and those unbound molecules generate a flow
in the x-direction.

Since the tangential potential U is periodic with a small period 26, the velocity
Uy (z,€2) = sgn(es)y/e2 — 2U(x) is rapidly oscillating. If we look at the surface
molecules on a space scale x* >> §, the average velocity of the bound molecules is
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FIGURE 3. trajectories in the phase space (z,v,) for U(y) = ky?/2.

equal to zero. On the other hand the average velocity of an unbound molecule can
be obtained as follows. We introduce —1 < y_(e;) < y4(ex) < +1, defined by

. m 2
Olyalee)) = D2, fored < 20y, (31)
2
yilep,) = =1, fore? > =U,, (32)
m

and we define for y € [—1, +1],

~ 2Unm,
'U;#(y7 63?) = Sgn(ex)m, if 6 > 7

S\N

2 . . 2U,,
vF(y.ea) = sgnles) EU( y), ifel < ——andy € [y—(ex), y+(ex)]s
# . 2 2Um
Flye) = 0 i< and y ¢ ly (e il
and
oy, ex) = 20
’ Uf(yvex)

so that o (y,e,) = +oo, for y ¢ [y_(es),y+(es)]. Finally, we introduce ,(e;)
defined by

(e2) 1 /y+(em) #( ) 1 y+(€m)( , 2 A( ) 12
osler) = = o7 (y,ez)dy = 7/ ex——U “Hdy.
2 Jy_(es) 2 Jy-ten m

Let us consider now an unbound molecule moving in the one dimensional periodic
field U(x) = U(%) with an ”equivalent velocity” e,. The position z of the molecule
is a monotonic function of ¢, so that we can consider also ¢ = ¢(x) as a monotonic
function of z. Since

we have
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and the ”time of flight”, necessary for the considered molecule to cross a potential
well (i.e. for going from x = (i — 1)d to x = (i + 1)9) is

(i) 2 25T 1/2 i 2 2 1/2
) = ~2UE) 24y = _ 2 0(y) 2y,
mie) = [ @S0G = [ (- 0wy
+1
20
= 5/ oy, ex)dy = ———,
L, ey = e

where the mean velocity w,(e,) of the molecule is given by

def 2 sgn(ez) 0
Tr(es)

wy(ey)

Let us notice that bound molecules, with an ”equivalent velocity” e, with me2 <
2U,,, are trapped in a potential well, between (i+y_(e;)d) and (i+y4(e;)d). Thus
for such a molecule, the time necessary to cross a potential well can be considered
as infinite and by consequence the average velocity on a large scale z* >> § can be
considered as null, which is consistent with the above definitions of o7 (y, e,) and
of wy.

3.2. Homogenization of the surface kinetic model. To describe the flow in
the z-direction induced by unbound molecules we start from the kinetic equation
(24) for trapped surface molecules, in which we express the distribution functions
in term of the variable e, e,, i.e. we introduce h! given by

Wt @, eares) gt (2, va (2, €2), €2).

Moreover we denote hi(t,x,e.,e,) = hi(t,z, e, e.)xe(ex), ¢ = b,u, where xp(ez)
is the characteristic function of the set {e,, |e,| < 1/2Upn/m} and x.(e;) is the
characteristic function of the set {es, |ez| > 1/2Up/m}. From the definition of
y+(ez) (31-32), it comes for bound molecules

h’i(t7 5yi(e:8)7 €z, 62) = hi(tv 5yi(—€£), —€x, ez) = gt(tv 5yi(€z), 0, ez)' (33)

Let us recall that the evolution of the surface molecules is described by equations
(24) which can be written

1
8tgt + 'U;va:vgt - EUl(x)avwgt = Qpht7

From the definition of ht, we get 9;ht = d,g*, and 9,ht = 0,¢' + ,,g'Orv,, or
Ot = 0,gt — mgi((flw)a% gt, so that

V2 (2, €2)0pht = vy (2, €4)00g" — %U/(ac)avzgt,

and finally the distribution function h'(t,z,e.,e,) satisfies the following kinetic
equation

Ot + v (w,e2)0h = —— (OR]i(es)M — ht), (34)

T’ITL S
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where

1 zy(ez)

@[h] = (o) ( [h/l]az(z,ez)/'yl(x,z))dz,

nlp] = / / o(t, T, ez, e;)|ex|on(x, er)le.]o. (2, e,) dey de,
(2)

M(ex,ez) _ 7m(e +e?) 2kT)
2wkT U(x) +Wi(z
n(z,2) = m exp <_()k’T()> .

To derive a kinetic model at a "mesoscopic scale” (i.e. on a characteristic length
x* >> 0), we introduce the following dimensionless quantities

7 l T o~ €r/z = t ~ ms ~
i' l - /ﬁzt == v ) 6I/Z - / t o T = i ) = E? (35)
and
- Ov*t - ht o ot U . !
] f=— G,=—, 67 ="2L,U= W=— 36
n* ? h*’ g 0*’ Oz * 7 U*’ U*’ ( )

where z* is a reference length, v* = /2kT/m, t* = x*/v* is a reference time,
U* = (m/2)v*?, n* is a reference number density, h* = (n*z*)/v*?, o* = 1/v*, so
that

U (F,84) = sgn(éz)\/ €2 — U(iz* /).
Moreover we assume that the reference length x* >> §, so that the ratio

)
E:T<<1
X

is a small parameter. We now derive an asymptotic model in the limit € — 0, and
we describe the asymptotic expansion for the trapped molecules.

Inserting (35-36) in the kinetic equation (34) we obtain
Tt “ N =2 7t L (e _ it
Op(R") + sgn(@.)y/ e — U(#/€)0(R) = = (BRI — ') .
7
and we look for a solution in the following form

€0, 8.) = hPOE, &, =, 8y, 8.) + ehP (T, &

m\&z

€y €2) + ... (37)

where Bt’i(f,:fc7y, €x,6z), 1 = 0,1,... are periodic functions in y with period 2 and
where, for bound molecules (to be consistent with (33) and the definition of y_ (e,)
and y4 (ez))

he' (E, %,y (60), 60, 62) = hy (8,8, ys (—&5), —Ea, E2). (38)
Then k! satisfies

0u(R) + sgn(@a)\/e2 — U(a/<) 105 + ~0,)(0) = = (ORINT 7). (39)
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where
<y 1 2+(é2)~~t~~ o o B ~
o] = = e (AR )1) 6.(2,8.) /71 (3 /<, 2))dz,
Alg] = / / 5 By B, 62605 (3, 60) 62152 (5, 2) ey d..
E.(2) JEF (v)
E(2) = {&. e > W),

EHy) = (el > T}

(2 = mexn (-Uy) - W),

Moreover since
b0(5,65) = sgn(Es)\/2 — U(3/e) = ﬁf(g,éw), (40)

inserting (37, 40) in (39) and balancing order by order in £ we get at the principal
order,

70, =0,
and thus for molecules with @7 # 0 we conclude that
WOE 2.y, Ear6:) = WO (E T, 60, €2). (41)

Then from this property and from (38) we deduce that ﬁz’o(f,fc, €z,€,) is an even
function of &,.

At the next order we get
- - - 1 fmomone -
Bpht0 + GO R0 + 5O, R = 2 (@[ho]lM - htvO) . (42)

=
We consider now separately bound and unbound molecules.

Let us first consider unbound molecules. Taking into account (41) and multiply-
ing (42) by 97 (% /e,€,)"1 , we get, for unbound molecules
1
0 (/2. 80)
Then averaging with respect to the fast variable over one period and taking into
account that h%! is periodic in y, we get

L0 + Dz R0 + 0, Rl = Faei) (G1ROjinT — L) .

_7,t,0 5c~t’0= t017 N — B0
o sl ~z(em)%<®[h )it - h?)
where
o A N
i) = sanien) (3 [t )
—1
. 1 + 0T
Bt = = [ a0 2) d.
2095(61) —1

Finally, multiplying by w,(€;) we obtain

~ ~ 1 /= ~ ~~ ~
OO 4 i, (2,)0: 050 = = (@[htvO]zM _ htf) : (43)
T
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Let us consider now bound molecules. Since ﬁi’o(f, Z,€y,€,) is an even function
of é, it is equal to its even part and thus the left-hand-side of (42) writes also for
bound molecules

- 1 ~ - 1 /. - ~ -

Opfy” + 5 (58 (e2) + 57 (—e)) Dy + 5 (57 (€)1 (e2) + 5 (—e0)0,h (=)
But 9#(y, e,) is an odd function of e,, so that (0% (e,) + 0% (—e,))dzhy° cancels.
Then multiplying by 6 (¥ /e, €,) and averaging in the fast variable over one period
(between y_(é;) and y4(€;)), we get finally for the bound molecules

~ 1 /= ~ ~ ~ ~
Ophyy” = = (OIRVJINT — hi°) (44)

O[] = L / wew)&#( €.)0[ht0)(E, 2, y,¢.) d
((80) ~v-(@)7(E) Jy e e

Rewriting equation (43-44) in dimension form and omitting the superscript 0, we
get

8th1;(t,l‘,6m,ez) +wm(em)amhtu(taxaemaez) - ! (@[ht]lM - htu) ) (45)
TmS
1 —
Ophh(t,x,ep,e,) = - (O[R')IM — hy) . (46)

Proposition 2. Under the assumptions (4-5-6-27-28-29-30), the solutions of (34)
formally converge as e = §/x* — 0 to a distibution function h(t,z,e.,e,), satisfy-
ing the following "mesoscopic” kinetic model

Ot + wa(es)Ouht = Tl (@hi(e)M — B,
where
wyl(e = e,s) sgn(e 1 +1627 ) mfl/2 -
) = vlen) sonten) (5 (& 206 /m)ay)
o _ 1 y+(ex) # . : .
Ollearez) = (y+(e2) — y—(ex))Tx(ea) ~/y(ez) 72 (b ec)OWW 1y ex) dy,
Oy es) = — /z+(62)(n[h/l](y 2)0 (2 e2)/m(y, 2))da
y Cz Tz(ez) e (e2) ) z\Zy€z)/71\Y, )
Ny, 2) = 27:?T6Xp (—U(g/);TW(z)>
n ,2) = €r,€e)|ex Uf sex)leslo.(z,e,) de, de,,
l9l(y.2) /gz(z)/gf(y)g( Vlealo (4, ex)le-o-(2,e2)
Vi (ea) —\ !
mele) = 5 ( ei—imy)) .
EF(y) = {es, €2 >20U(y)/m}.

Remark 3. 1. The distribution functions h, for ¢ = b,u describe the number
density of gas molecules with velocity (e, e,) per x-unit, obtained by averag-
ing the distribution functions g* over the periods of the tangential potential
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U. Then

y_(ex) L
N(t.z) = / / W[/ (t 2,y 2) dz dy = 2 / / Hlew 7o (ex)des de.
y_(ez) 0 e, Jeg

is the number density of molecules per unit-length, averaged over the periods
of the tangential potential U.

2. We can check that [, [, (©[h]IM — h)|e,[5.(ex)de, de, = 0, which ensures
the local conservation of mass.

3. In this model the unbound surface molecules move in the x-direction at an
average velocity depending on their total tangential energy, or equivalently,
on e;. On the other hand the bound surface molecules are trapped in a well of
the tangential potential U. Their average velocity is null and they relax inside
a potential well toward the equilibrium (see equation (46)). Let us notice that,
contrary to ([15]), we do not need to assume that the bound molecules are at
equilibrium.

4. We have assumed above that L << § << z* (27). It could be interesting
to drop this hypothesis and to consider the case where L and ¢ are compa-
rable. But, in such a case, we cannot uncouple the asymptotic analysis of
propositions 1 and 2 and we have to treat both of them together.

4. Diffusion models for surface molecules. In section 2 we derived a multi-
phase model describing the coupling of the bulk flow with the motion of molecules
on the surface. This motion is given by a set of two coupled kinetic equations on
variable x, including a Vlasov term due to the interaction potential parallel to the
surface. In this section we will consider integration time much greater than the
molecule-substrate relaxation time and thus we derive diffusion models. We con-
sider the case of a smooth interaction potential parallel to the surface. We proceed
in several steps and we begin with simplifying assumptions.

In a first subsection we consider the same simple configuration as in section 3
where we assumed that the free molecules in the surface layer can be neglected so
that all surface molecules are trapped. As before it is reasonable to assume that

so that when a molecule enters the surface layer, it cannot escape and moreover
we neglect the flux of incoming molecules. Thus there are no free molecules inside
the surface layer and it is possible to describe the trapped surface molecules by
the following closed model describing the evolution of the distribution function

9= 9(ve,e2)

U’ 1
g + V30,9 — 7,(;6) 9v,9 = — (O[g]IM —g), (48)
where
M(vg,e;) = exp (_m(vgzc + 63)/2kT) )

and we denote

mu? me?
M, (vy) = exp (— 2kT> , M.(e.) =exp (— %T) ,

vy = /2]€TZT’ v (2) = - M. (e,)|eslo.(z,e.)de, = ,/%TﬂTexp < M;gf)) '
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The diffusion limit is derived, first in the isothermal case and then extended to the
non-isothermal case.

Afterwards, in the second subsection we drop the assumption W,, = +o0o and we
extend the analysis of the diffusion limit to the configuration of a flow in a narrow
channel where the free molecules are not neglected but where there is no bulk flow.

Before deriving the diffusion models we need a technical lemma related to the
collision operator ©[g]IM — g. Let us denote in the following,

o =/ 2 / g de..

Lemma 4.1. Let us consider the following equation for g:
Ogl(z, ex)l(ex) M (vg,€2) — g(x, v, €2) +9(x,v2)l(e2) M (e2) = 0, (49)

where 1 is a given function.
A necessary and sufficient solvability condition for this equation is

/ Y(x,v;) dv, = 0. (50)

Moreover if (50) is satisfied every solution of (49) writes
g = B(x)l(ez)M(vy,e.) + (z,vs)l(e) M, (e.),

where B does not depend on v, and e,

Then we have

Proof. (i) As we have noticed in remarks 1, ((©[g]lM — g)) = 0 which gives the
solvabiliy condition (50).

(ii) It can be easily checked that if 5 = B(x) does not depend on v, and e,, then
O[B8IM] = B. Thus g(z,v,,e.) = B(x)l(e,) M (vs, e,) are solutions of equation (49)
with ¢y = 0. We can prove that they are the only solutions. Indeed if we look for
a solution in the form S(z,v,,e,)l(e.) M (vs, €. ), then 5(z,v,,e,) is solution of an
integral equation

B(z, vz, €5) :/ / k(vg,e,v' 5, el) Blx, vy, el) dv'pdel,, (51)
el Jul,

where the kernel k(v,,e,,v';,€,) = k(e,, vz, €' ,) is defined by

24 (ex,el) ’ / / ’
k(ez,vlm,e/z) _ / o.(z,e.)|e' 2|0 (2, el ) My (V') M, (€)) dz,
z_(ez,el) Yz ’72(2) TZ(eZ)

where

2 (exr€,) = max(z_(e2), 2-(€))), 24 (s €h) = min(z (e2), 74 (€L)),

and this kernel k satisfies

Voe,, / / k(ez,v'y,€e’y) dv'y de’, = 1.
el Juj

Moreover, since the kernel k is independent of v, so is 5 and the integral equation
(51) writes

B(z,e.) = / e €) Bl e') de's (52)
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where the kernel k(e,,e’,) = fv,z k(e vy, € ,)dv', satisfies

Ve, k(es,.)€ L. and / k(e.,€'.) de’, =1.
e,
It is easy to check that functions 8 = S(z) (constant with respect to e,) are
solutions of this equation. Moreover we prove now that they are the only solu-
tions in Lg°. First we prove by contradiction that the only solutions of af(e.) =

Jo E(ez,€l)a(el)de’; are constant functions. If we denote m = ess sup,, a(e’,), since
« is not a constant function of e/,
In >0, ale)) <m—mn, ae. in €, on aset F,, with positive measure in €,

so that

ale,) = / l%(ez,e’z)a(e'z)de;,
S m_n/ ]%(ezyez)dez Sm—ﬂk’m
]:a:,n
where
m 0.(z,ez)
0<ko=/ / Mze’zde’zg/zi’/ e lo.(z, e, )M, (e)de, dz.
0 2]{?7TT }_mm ( ) Tz(ez)’}’z(«z) ]:mm | | ( ) ( )

This last inequality is in contradiction with the definition of m so that we conclude
that necessarily o does not depends on e,. We easily deduce of this property that
the only solutions of (52) are functions S(z,.) which, for almost z, are constant
functions in e. Indeed, for £ given in Cf, let us denote a¢(e.) = [ &(z)B(z, e, )dx.
Then o is solution of the integral equation o (e.) = fe’z k(e., e )ag(el)de ., so that

e is a constant. But & — ag is a linear form that can be written [ ((z)¢(x)dz, so
that almost everywhere in x we have B(z,e,) = ((z). Thus every solution of the
homogeneous equation (49) writes S(x)l(e,) M (vy,ez).

111 el us now considaer t € nonnomogeneous e(]uat 101n. lrSl 5 we remar l al
50 IIIlpheS t}lat

ot = ( | v, ) ( | Z eslon(s, )Mo fex)de. ) =0,

so that ¥IM is a particular solution of (49), and then, from (ii), every solution
writes
9(@, vz, e2) = B(x)l(e2) M (vs, €2) + (w,vz)l(e2) My (ez).
O

4.1. Diffusion model for the trapped surface-molecules. For the sake of sim-
plicity, we assume in a first step that the temperature T is a fixed given constant.

4.1.1. The isothermal case. Under the above assumptions the kinetic model ob-
tained in the previous sections writes

U'(x) 1

Oy, g = OgliM — g). 53

o Oveg=—(Olg] 9) (53)

To obtain a dimensionless form of this equation we introduce the following reference

quantities. z* = L is a reference length in the z-direction, v* = /2kT/m is a

reference velocity, ¢} is a reference diffusion time, 7, is a reference molecule-phonon

? 'ms

atg + 'Uzamg -
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relazation time, TS = z*/v* is a reference time for crossing the surface layer, n* is
. 2 i~ o~
a reference number density and ¢* = (n*z*)/v**, U* = mv* and M (0,,€,) =
—(02+¢é2)). M i d h f i * such th
exp (— (02 4+ €2)). Moreover we introduce another reference time ¢* such that
*

TI << T << tn <<ty

and the small parameter e, and we set

* *
E = Tms = t—c

* B

tc td

Finally we introduce x**, a reference length in the x-direction defined by
™ = vt

We rescale the problem according to

. T z ~ - t . T, . Vg - €y
xTr = x**72 = ;71 = ;,t: E,Tms = 7227’[)1, = ﬁ,em/z = 72123 (54)
and ) )
. gv* ~ U -~ Ov*
= , U= 0= . 55
9= o U+’ n* (55)

With the previous notations and the above assumption, the dimensionless form of
equation (53) writes

N 1 o
£0; + 12059 — U'(2)05,5 = (6131031 - 3) . (56)

ETms
We consider the asymptotic analysis of this problem when ¢ tends to 0. We look
for
i = 99 4eg® 426 L (57)

Inserting (57) in (56) and balancing order by order in € we get
At leading order

g = 0[5 ")in. (58)
From the dimensionless form of Lemma 1 the solutions of (58) write
- NYLE) -~
3 = o(f, 7)IM = %’x)lM7 (59)

where N°(f,%) is defined by
NO(E2) = a(h,7) 7,
and where the constant 4 (depending only on W and T') is defined by
F= / / M (D, 6.)l(E.) digde.,.

Then we get
at order +1

~ 1 ~ -~
G, 0550 = 0'(2)95,50 = — (Bl V)int - 3).
Tms
We notice that the left-hand-side of this relation writes
N Mx xT 7 ~\N~ AT N ~ T/~ = ~
<v} (%N#) + 2U/(x)vaMm(vI)> 1(é,)M.(e.),
Ve
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so that we can use the dimensionless form of Lemma 1 and thus solutions of this
relation write

V= &\ @i : (a NO(, x)) [, M + T’%“ "()(9:NO(F, &))IM (60)
gV = &Y @)IM - Tgs (351\70(5, gz)) (v, — U (&))IM. (61)
at order +2
~(0) W _raan s — L (@@ _ @)
07" + 025V — U'(@)07,5" = — (Blg@ |00 - 3?).

As above and taking into account (61), the left hand side of this relation can be
written in the form (%, . )I(é,)M,(é,), and thus existence of a solution in §(® is
ensured under the solvability condition

/~ / (agg“” + 0, 855 — ﬁ’(i)@ﬁwg(l)) dé.dv, = 0. (62)
Inserting (59-61) into (62) and noting that [ [, U'(2)00,9V dé,dv, = 0, we get
9;N® — DIV o2, N — 7,,.0; ( ) (63)

where the diffusion coefficient D(") is given by

Dl —T’"S/ / Gy M(0y,.)1(e.) diydé.,.

Then we come back to dimension quantities and we denote N (t,z) = n*2*NO(Z, ).
With this definition ¢° = (N/4)IM, where v = ((M)), and

>bLme%

so that the number density of molecules

nlg” /1] = / / ot e, U“€Z)| 2lo.(z,e,) dvugde,
(2)

/OL nl/1) dz = N(ix)/ / M (v, e2)dusder — N(t, ).

Thus N(t,z) can be interpreted as the number density of molecules per unit x-
length in the surface layer, obtained by integrating (with respect to z) over the
width of the layer and from (63) we get

satisfies

!
atN - D(()n)agzN - Tmsaz <U77(11’) N> = Oa

Finally we have obtained the following result

Proposition 3. Under the hypothesis (4-5-6-29-47 ), the solutions of (48) for-
mally converge as (=t /th =1, /t5) — 0 to (N(t,z)/v) l(e) M (vy, e,) where the
function N(t,x) is solution of the following diffusion equation

!
0N — DSV %N — 700, (Uﬂ(f) N) —0,
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where

n T (v te2
Di = (e IM)), 7 = (M), M, ) = 70/,

Remark 4. 1. This diffusion equation describes the gas flow in the limit ¢ — 0
only on a long time scale =~ ty4, or, which is in some sense equivalent, for
an initial distribution of the form (N/v)M (v, e,). It does not give a correct
description of the flow for a general initial condition and on a short time scale.

4.1.2. The non-isothermal case. In this section we assume that the temperature
is a (given) function of x, and we perform the same asymptotic analysis as in the
previous section. We only indicate the modification induced by this assumption. We
first notice that M = exp (—(v2 + €2)/(2kT(z)) and that v = v(T'(z)). Moreover
the derivative of v with respect to the temperature, denoted by ', is given by

1
2kT?

The asymptotic analysis follows the same steps as in the previous section. The
first difference occurs at the identification of the expansion at order +1. Taking

into account the variation of T with respect to z, the first term in the expansion
reads now instead of (61)

(03 + e2)M)).

Y(T) = 0ry =

N e Tl 0 Y (T(z)) = 02+¢é2 -

(1) _ NlM—M ~NO—NO -T 'Y( T z M

g ! 5 \% 9:T(w) 5 T uT()
+Fms U (£)05, 3,

where the effect of the temperature gradient is included. Finally the asymptotic
analysis leads to the diffusion equation

N — 0y(D{M 0, N) — 0,(DS0,T) — Ts0s (U;@ N> ~0, (64)
where
DY = D{NT) =~ ((w2IM)),
AT (@) "
(1) _  p@ _Tms 2 (mztel) y(T()
byt = Do (N’T)‘wT(x))“z( ORT(z)? 72<T<x>>>lM>> o

Of course, this approach can be easily extended to the case where the temperature
field is not given but determined by a conduction equation (for instance).

It is sometimes preferred to write the diffusion equation (64) with the mass flux
defined with respect to 0,p rather than with respect to 9, N. Assuming that the
pressure of the gas is given by the ideal gas law p = ENT, the diffusion equation
(64) writes

0N — 0,(CPa,p) — 0,(C{Pa,T) =0,

where
NG
C” = D
N
o = pi" - =Div.
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FIGURE 4. narrow channel with two surface layers.

4.2. Diffusion model for trapped and free molecules in a narrow channel.
In the previous subsection we derived a diffusion limit of the tangential model under
the assumption that all molecules in the surface layer are trapped. Now we drop
this limitation so that the flow of trapped molecules is coupled with the flow outside
the surface layer by the free molecules. We consider the following configuration: the
gas molecules move in a narrow channel with diameter 2L, with a lower boundary
(denoted 1), located at z = 0 and an upper boundary (denoted 2), located at z = 2L
(see figure 4). In this simple configuration there is no bulk flow and the incoming
free molecules in the lower surface layer are the free molecules going out of the
upper surface layer and conversely. We assume moreover that the two boundaries
are similar (same temperature, same interaction potential) so that

T1 = Tg, U1 (.T) = UQ(J)), Wl(z) = W2(2L — Z) (65)

Using the same approach as in section 2, the flow of molecules in the channel
can be described (in the isothermal case) by the following system of two coupled
monodimensional kinetic equations

"(z e,

00t + 011 — 0.1 = Qualan] + 3 (n(les) ~anlled)) . (66)
"(z e

Ouga + :0un 20,50 = Qulan] + 2 (aa(leal) — a(—lesD) . (67

where ¢, is the distribution function describing the (trapped and free) molecules
inside the lower surface layer and g¢o is the distribution function describing the
(trapped and free) molecules inside the upper surface layer. From hypothesis (65)
the times 7, is the same in the two equations and we have the same property for
Tms, for the length [, for the characteristic function x7, for the operator © and the
distribution M.

We denote g. = g1 + g2, the distribution function of molecules in the channel.
Then if we add equation (66) and equation (67), the sum of the coupling terms
vanishes since the free molecules outgoing from the lower surface layer are the free
molecules incoming into the upper surface layer and conversely. Thus (using that
the operator © is linear in g), we obtain for g, the following closed kinetic equation

U'(x)

1
8759* + Ugg@zg* - 8%9* = Qph[g*] = . (@[Q*NM - g*)’

ms

which is very similar to (53), but includes the free molecules (g; = x*g? + x* gf 4=
1,2). If we rescale this equation as in (54-55), we get the following dimensionless
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equation for g,

. A~ ~ - 1 U
€0iGs + 005G+ — U'(2)05,0. = - (@[g*]lM — g*> ,

and the same asymptotic analysis as in section 4.1 leads to the following diffusion
equation for N, = fOL n[(g1 + g2)/1)dz

/
OcN, — D(()n)ag%ZN* — TinsOz (Uﬂ(lx) N*> =0, (68)

where

Tms —m v2 e2
DV = (0P IM)), = (M), M(vez) = 7R FDIAT,

Let us look now for a diffusion limit of equations (66-67). We need some more
assumptions. We rescale these equations as in (54-55) with, in addition

=T g = ﬁ
T YT ey
where 7} = 2*/v*. We denote
T *
g == = —,
0 (5 x*
and as in 4.1.1 we assume that
et
tr ot

With these notations (66) writes in dimensionless form

o o o~ |
051 + 001 = U/ (@00, = < (8ln)idl — )

n* t* f ~
rle x'(e) ~ U
+ e —lex|) — e ,
LS R X))

and we have a similar formula for (67). The right-hand-side of those two equations
contains a collision term (of order 1) and a coupling term which makes the two
equations relax one towards the other. To go further we must precise the relative
size of the coupling term with respect to the collision term which is determined by

*
nyt, _ "y
n*r¥ n*eg’

the ratio Different regimes can be encountered according to the size

of ny /m* compared with the small quantities ¢ and gy, and we study several ones
in the following.

4.2.1. Strong coupling of the two surface layers. We assume there that

*
n €0
en<e L=2

n* e’

The first assumption means that 77 < 75.. The second assumption means that

the ratio of free molecules is of order =2, so that the number of free molecules can

be (smaller than but) comparable to the total number of molecules (when ¢ = €).

This is a reasonable assumption when W,, ~ k7. Under those assumptions the
n}t*

c

ratio = 1/e so that the coupling term of the two equations is strong and is

* %
n T,
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comparable to the collision term. Then the dimensionless form of the system is
given by
e0i91 + 00591 — U'(2)05,51 = Alg1, 32, (69)

€0:Go + V,05G2 — U/(:E)aﬁx.éZ = Alg2, 31, (70)

A (B3I = 5 ) + 2% (G0~ 1é]) = Galle:]).

Since we have derived a diffusion limit for g. = g1 + g2, in order to get the diffusion
limit of the system of equations modeling the evolution of g; and g it is sufficient
to study the diffusion limit of the equation giving the evolution of g.. = g1 — go
obtained by subtracting (70) from (69). Looking for .. = g%, + &g, + ..., inserting
n (70)-(69) and balancing order by order we obtain

At the leading order

where Alg,, gv] =

TmsX ( z) ~ ~ - -
(192001 = . ) = 52 25 @ (fea]) + 2. (-leD) = 0.
We first remark that this relation implies that g2, is an even function of &, so that
it can be written

~ ~ ~ f(s
(Bl int - 2,) — "X g )
7.(€2)
To solve this equation we proceed as in the proof of Lemma 1 and we look for

Gux = B(&, Dy, &, )IM. Inserting in (71) we find for B the following integral equation

(1+ Tmsx () )> fL' Umaez / / Ux,ez,wx,ez)g(i',ﬁ}z7€2)d11~)xd€27 (72)

T.(€,

where the kernel k ( the dimensionless form of the kernel k& introduced in Lemma
1) is nonnegative and satisfies

/ / k(g ., 0,, €, )dib,dé, = 1. (73)

Thus from (72), we deduce that 8 vanishes or cannot be independent of 7, and &,
and moreover

min B(jvwz762) > (1 + TmSX())> B(Z, Vg, €,) < max B(iawxagz)'

Wy €2 Tz(ez Wy €
~ f ~ ~ ~
Since (1 + %é()%)) > 1 for |é,| > W,,, this relation implies that  reaches its

maximum for a value (&%, &%) such that |¢*| < W,,. Then we have

7 ,’I)? z / / Ux?ez7w-’l?7ez)ﬂ(jawxagz)dwxng'
Wy

But this relation and (73) imply that A is independent of @, and é,, and thus, from
the remark above, that 8 = 0. Consequently we have proved that g%, = 0.

Using this result we check that §l, satisfies the same equation as ¥, so that we
can also conclude that §!, = 0 and so on. Finally, since g%, = 0, we conclude that
N; = Ny = N, /2 and that N7 and N, satisfy the same equation as N, (68). In fact
since the coupling is strong, the distribution functions g; and g relax very fast to
the same limit N, /(27)IM, in a time shorter than the diffusion time.
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4.2.2. Moderate coupling of the two surface layers. We assume now that
n*
7f = €0,

n*

so that the ratio — n*T* = 1. This assumption means that the number of free molecules
is much smaller than the total number of molecules, which is reasonable when
Wy >> kT. Under this assumptions the coupling term is moderate (of order 1)
and smaller the collision term (of order 1/¢).

Then the dimensionless form of the system is given by
01 + 00351 — U'(8)05,51 = AlGn, 5o,
€0:G2 + 020392 — U'(2)05,52 = Alga, 51],

where

~ -~ f
Afgo- o) = —=— (OG0T — ) + 3 (@~ Je:]) ~ (e ).

Tms
We look for §; = g9 +eg} + ..., with N[gF] = fOL n[gF/lldz = 0, for i = 1,2 and
k > 1. The asymptotic analysis leads to i
At the leading order For i = 1,2, O[gY]IM — §? = 0, which implies g = %ZM.
At order +1
TmsX! (€2)

27,(€.)

A necessary condition of solvability is that the integral of the right-hand-side with
respect to ¥, and €, vanishes, which implies that

NQ—NI// T’”SXZ ) Mdi,de, =0,

27,(é,)

O1:]0 — g1 = (39 = 30) + Fims (2030 — U'(@)95,31)

and thus N; = N,. With this condition the hypothesis of Lemma 1 is satisfied
by the right-hand-side and taking into account that N[g}] = 0 , we obtain §i =
0,039 — U’ (%)05,3?. Finally, coming back to dimension variables we conclude that
N; = Ny = N, /2 are solution of a the same diffusion equation as N..

4.2.3. Weak coupling between the two surface layer. We assume now that

n*
— = ee,. (74)

n*

This assumption means that the ratio of free molecules is very small. Under this

hypothesis the ratio — % = ¢, so that the coupling of the two equations is weak

(the coupling term is ofzorder e while the collision term is of order 1/¢) and the
dimensionless form of the system governing the evolution of ¢g; and gs is

€0ig1 + 0,0:51 — U'(2)05,51 = Aldu, Ja), (75)
€0;Go + V,0:Go — U'(2)05,92 = Alge, g1], (76)
where
o e exl(e,) . o
Mo i) = —— (818 = 30) + S5 (o) = dullel).
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To study the diffusion limit of this system we integrate the two equations with
respect to €,. It comes

58;;/31 + 17165;?11 - U/(i‘)ﬁﬁjh = Nl (NlMx — 711) + (F2 - Fl) y (77)

- - - - 1 N> - -
E@ghg + U,0:ho — U/(.f?)8f,$h2 = ( 2Mw — h2> +

€ 7~_ms :Ym

(A-R), ()

| ™

where h; = [, Gidé., N; = Nigi] = N[hi], Fi = [, X)5,(&.)de.. Unfortunately,

this system is not closed because, in general, we cannot write F; as a function of

h;. Nevertheless

f ~ ~ " ~ ~
h; - - - - s e, )le.|M,(e,)de,
if j = —==——1(é.)M,(€,), then F; = ¢ h;, where ¢ = f‘z X )N‘ - [M (%) )

[1M.de. [IM.de,

(79)
But an asymptotic analysis from the dimensionless form of (75-76) proves that
@ = (Ni/3)IM and 3} = (Ni/3)IM — T (aiNiO b1 — 0/(@)3,3157?), so that
GY +eg} satisfies the assumption of (79). Thus we can write (77-78) in the following
form

o IS AU

Ophs + s = U'(E)0p.ln = —— (;M - h1> 56 (ha—hi) + O,
S B2 A U

Ophs + :03hs — U (@)D hr = = <%2M$ - h2> +52 (h1 - hg) +O(?),

where 4, = fﬁ/ M, (0)d0, = v/27. The asymptotic analysis on this system follows
the same ideas as in previous subsections and we get
At the leading order

O

- NO - - -
h) = —LM,, i=1,2, with N?+ N =N, (80)
o
At order +1
- NI VO - - -
hl = LM, — T | 03 =% 9. M, — U'(2)05, h0 (81)
Y Yz
At order +2
8 . . 1 (N[h3] -~ - E (= =
Ophl + 5,050} — U ()05, h = - ( 7[ gy, - hf) + g (hg - h‘f) :
Tms xT

- - - - 1 NIR2] -~ -
OihS + 0,0:hy — U' ()05, hy = —— <[hQ]Mx = h§> +
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With this form of the equations, we can use Lemma 1 and iL% and ﬁ%, can be defined
from those relations if and only if the following solvability conditions holds

/ (atiz? + 5,050} — U'(8)05, b — g (ﬁg - ﬁg)) di, = 0,
Vg

[ (o8 + 008 - 0" @0, iy~ § (3% - i) ) i = o

After inserting (80-81) in the above relations and coming back in dimension variables
we finally obtain the following result

Proposition 4. Under the hypothesis (4-5-6-29-65-7/), the solutions g;, i = 1,2
of (66-67 ) formally converge as e(= t5/th = 7.1, /t%) = 0 to
(Ni(t,x)/v)l(ez) M(vg,e,),i=1,2

where the functions N;(t,x),i = 1,2 are solutions of the following system of diffusion
equations

n U’
0Ny — DSV 0% Ny — TinsOn ( 7:”) Nl) = ¢ (Ny—DNy),
n (o
&Ny — D )852N2—Tmsax< Tf:””)Nz) = ¢ (N~ No),
where
Tms
DY = (),
fey)les| M, (e,)de,
N = <<M>>7 M(vw,ez) _ e—m(vi—&-ei)/QkT, CZC(Wm) _ fer ( )‘ ‘ ( )

J. Uez) M. (e.)de,

Remark 5. From this model, thanks to convenient rescalings, we can recover some
of the diffusion models obtained above

1. In the limit of a large W, the number of free molecules tends to 0 and so does
the coefficient ¢ = c¢(Wp) = ([, x/(ez)]ez|M.(ez)de)/ ([, U(ez) M. (e.)de.).
Thus we recover in this limit the result of proposition 3, where we found a
diffusion equation for the trapped molecules assuming that the free molecules
could be neglected. In the present configuration, we obtain, in the limit of a
large W,,, two independent diffusion equations for Ny and N,.

2. In the limit of a small 7., then N, = Ny, and we recover the diffusion model
of the moderate coupling regime.

5. Conclusion. We have presented the formal derivation of a hierarchy of models
describing a gas flow in the vicinity of a wall, using scaling and systematic as-
ymptotic analysis. Following the ideas introduced in [7],[8],[4], [15],[5],[16],[6], the
influence of the wall is taken into account through Van der Wall forces acting on
the gas molecules and through a relaxation of the gas molecules by the substrate.

In this paper we made some simplifying assumptions: we assumed that the
molecules move in a 2D plane, we considered the case where the intermolecular
collisions can be neglected and we assumed that the interaction potential has a
simplified structure.

With those assumptions we derived a multiphase model involving a classical kinetic
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equation for the bulk flow coupled with two one-dimensional kinetic equations mod-
eling the trapped and free molecules inside the surface layer. This one-dimensional
kinetic model can be interpreted as a non-local boundary condition for the bulk
flow.

Then, assuming that the interaction potential is rapidly oscillating in the direction
parallel to the solid surface, an averaged mesoscopic kinetic model is obtained by
homogeneization.

Finally, in the limit of a small relaxation time, we derived from the multiphase
kinetic model diffusion models for the surface molecules. In a first step we assume
that the free molecules can be neglected and in a second step we consider a narrow
channel constituted by two surface layers. Then we took into account the trapped
and free molecules in the channel and we derived several diffusion models according
to the (strong, moderate or weak) coupling of the two surface layers.

The extension of those models for more general interaction potentials and for colli-
sional flows will be studied in forthcoming papers.
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