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Gradient divergence of fluid-dynamic quantities in
rarefied gases on smooth boundaries
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Abstract The behavior of fluid-dynamic (or macroscopic) quantities of rar-
efied gases is studied, with a special interest in its non-analytic feature near
boundaries. It is shown that their gradients normal to the boundary diverge
even if the boundary is smooth, irrespective of the value of the (nonzero)
Knudsen number. The boundary geometry determines the diverging rate. On
a planar or concave boundary, the logarithmic divergence Ins should be ob-
served, where s is the normal distance from the boundary. In other cases, the
diverging rate is enhanced to be the inverse-power s~'/", where n(> 2) is the
degree of the dominant terms of the polynomial which locally represents the
boundary. Some numerical demonstrations are given as well.
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1 Introduction

One of the characteristic features in gases at low pressure circumstances and /or
in micro-scales, which we generically call rarefied gases, is the ballistic aspect
in transport phenomena, which leads to the macroscopic behavior peculiar to
those gases. In the present paper, we are going to clarify that the gradients of
fluid dynamic quantities of rarefied gases, such as those of velocity and temper-
ature in the normal direction, can blow up in approaching the boundary, even
if the boundary and the distribution of physical quantities like temperature on
it are smooth. Such phenomenon is never expected in the usual viscous fluid,
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because the blow up of those gradients implies the infinite viscous force acting
on the body and the infinite heat transfer to the body. The present paper
largely extends our recent results in [13,14]; we are here going to establish a
general view on the above issue, especially the diverging rate and its depen-
dence on the boundary geometry, by a natural extension of the analyses in
[13,14]. The key is the combination of two concepts: the occurrence of discon-
tinuity at the microscopic level (i.e., at the level of the velocity distribution
function) and the local geometry of the boundary. This combination makes
our approach and main interest distinct from recent mathematical works on
the related topics, e.g., [4,3,2]. The present work also gives an insight on the
difference in structure between the S layer [6] and the Knudsen layer at their
bottoms. The former is known to appear, in addition to the latter, around a
convex body in the slip-flow regime, i.e., for small Knudsen numbers.

2 Prototype study of the formation of the gradient singularity

The (dimensionless) original Boltzmann equation can be written as [10]

of  of
E—’—Claxz _J[fvf]a

where x is the spatial coordinates, ¢ is the molecular velocity, f is the velocity
distribution function of gas molecules, and J is the collision operator. Here we
have included the Knudsen number in the definition of .J. The linearized Boltz-
mann equation is obtained by putting f = (1+¢)E with E = 73/2 exp(—(?)
(the absolute Maxwellian at the reference equilibrium state at rest), and then
by retaining only the first order terms of ¢. The result is as follows:

where L[¢] = 2J[E, ¢E|]/E. For finite range or cutoff intermolecular potentials,
L is known to take the form of [10]

Llg] = —v([C))¢ + K[g]. (1)

We are going to study the solution for the steady linearized Boltzmann
equation (possibly with a source)lover a smooth boundary:

Clgf = £[¢] + S7 b.c. ¢($w7c) = ¢w(ww7c), C -n > 07 (2)

where S is a source term, ¢,, represents the imposed data at the position
x,, on the boundary, and n is the unit normal to the boundary, pointing to

1 The source S arises in the equation, if we put f = (1 4+ ¢ + g)E with g being a given
function. Then, S is related to g as S = —Ci% + L[g] and is usually analytic in both @ and
¢. Such a formulation is common in treating, for instance, the Poiseuille and thermal creep
(transpiration) flow problems. See, e.g., Refs [10,13].



the gas region. We suppose that the boundary is smooth enough for the unit
normal n to be defined everywhere and that the boundary data ¢,, is smooth.
Throughout the paper, we use the dimensionless descriptions, unless otherwise
stated.

The macroscopic quantities such as the density p, flow velocity wu;, temper-
ature T, pressure p, stress tensor p;;, and heat flow vector g; are defined as
the moments of f,

p= [ ¢, pu= [aric. p=pr =3 [ wric

pij = 2/(@' —w)(GG =) fd¢, g = /(Ci —u) (G —uy)? fdg,

and, after the linearization, their deviation from the reference equilibrium state
at rest, namely w = p—1, u;, =T -1, P = p— 1, P;j = p;; — 0;5, and
Q; = ¢;, are expressed as the moments of ¢: [10]

iJ

o= [opic, w= [Gora =3 [~ opac
Py =2 [ GGoBde, Qi= [ G(¢ - SoBdc

The central issue to be discussed is the possibility of the gradient of these
quantities to diverge in the direction normal to the boundary, or, a little more
generically, the possibility of

0
T(Cf{f 3'P) — too, (k, £, m: non-negative integers),
Ty,

when approaching the boundary, where z,, = - m and (-) = [ -exp(—|¢[?)d(.
We will discuss the diverging rate as well.

Our strategy is as follows. We first study the occurrence of singularities for
the case

oo

Gmm=—v(lKDg,  bee. d(@w,C) = bu(@w, ), ¢ n >0,

which we call a partial model. Then, we study the case with a source term,
which we call a quasi-full model:

D0+ S, b bl C) = dul@n Q). €m0,

Gi

where S is no longer supposed to be analytic in . Rather its spatial derivative
in the direction normal to the boundary may diverge with the same rate as
the moments of ¢ of the partial model with the same boundary data. We will
show that such a generalized source term S does not influence the structure
of the singularities in the partial model. The property of S supposed above
is motivated by that K[¢] is also a moment of ¢, even though it depends not
only on « but also on ¢. Indeed, we have a strong numerical evidence [13] for



the linearized Boltzmann equation for hard-sphere molecules that K[¢] shares
the same property with the moments of ¢ in z.? Hence, once the assumption
on K[¢] is admitted, the statements to be established for the quasi-full model
apply to the original problem (2), because the property of S covers the key
property of K[¢] in . Our discussions to be developed also apply to the
collisionless limit by setting v = 0 in the partial model. In Sects. 2.1-2.3, we
focus on a couple of simple boundary geometries. More general geometries will
be considered in Sect. 3 on the basis of the results in Sects. 2.1-2.3.

2.1 Partial model
2.1.1 Over a planar boundary

Let us first consider the following slab problem:

0 0
@a*gima% = v, be Plar==£1,22,() = g:(22,¢), 4SO, (3)

where g4 are given functions smooth in their arguments. We are going to solve
(3) and study the half-range moments (-); = f<1>0-exp(—|C\2)dC of ¢. For
later convenience, we introduce the notation

tanazg—z, Xy =x1+1, 77=\/C12+<227 w = (3,
1

and express ¢ as a function of (X1, s, a,n,w), in place of (z1,x2,(1,C2,(3).
Since the specific form of g4 is not given, there is no reference position in xs;
thus, without loss of generality, we may consider ¢ only on the X;-axis (or the
x1-axis). Then, the solution ¢ for ¢; > 0 is written as

Z/X1
7] COS @

#(X1,¢) = g— (Yw, ) exp(— ), Yuw=—Xitana,

where o € (—7/2,7/2) and 0 < X; < 2. Our concern is the behavior of the
Xj-derivative of the following half-range moments:
6™ =(nk cost a sin™ v @) 4

vX,

o0 o /2 ] ]
:/ dw/ dn/ do nk-‘rl COSZ « sin™ ag_ (yw, C) e~ W ~Feosa,
- 0 —m/2

where k, £, m (> 0) are integers. By direct calculation, we have
(IF6my = — JRE=Lmpsin ad g + vg_]
_ 7Jk+1,ffl,m+1[alg_] o ch,éfl,m[yg_]7 (4)

[o%s} e o] 7"'/2 2 2 vXq
JPOT(h] = / dw/ dn/ dan? cos? a sin” e T Twesa by, €),
—o00 0 —7/2

2 The assumption on K[¢] becomes rigorous if we use the model kinetic equations like the
Bhatnagar—Gross—-Krook (BGK) model [1,15].



where / represents the derivative with respect to X (or x1) and 9;¢_ is the
derivative of g_ with respect to its first argument. Remind that g_ is smooth.
It is thus obvious that J**~1™[nsin ag’ +vg_] is bounded for £ > 1, because
the integrand is bounded. Our task is, therefore, to examine its behavior for
¢ = 0. By changing the integration variable « to p = cosa (0 < arccos u < ),
we have

TR R =12 (B + (— 1) TS ],

2" [h / dw/ dn/ Lop(1 - 2y e
Xiyi-p?

I

x h(F , £ arccos p, n, w),

which will be evaluated below.

Case A: v > § >0 (damping case) Although the factor (1 — p2)" =z in
the integrand of I [h] diverges when r = 0 and pu — 1, its diverging rate is
to the power of —1/2, which is integrable. Hence we here consider I?'[1] for
simplicity. Then,

! 1 vXy
fed| / dw/ dnnPe - / dp —e™ m
0 H

I/X1

/ dw/ dnnPe -’ [ v - IH(T)JFFl(i)]a

where Ei(z) = [t 'e~'dt and Fi(z) = v+ In(z) + E1(z). Because 0 <
Fy(z) < 24/2,% the integrals of the first and last terms in the square brackets
are bounded, and we are left with the factor In X; from the second term.

We thus conclude the occurrence of the logarithmic divergence from both
JEHLE=LmHL G g ] and JE 1™ g ] in (4) with £ =0 and v # 0.

Case B: v =0 (collisionless case) By the same reason as the previous
case, we consider 17" [h]:

1
1 X
m / dw/ dnnPe -’ /dufh(:F—lx/l—uQ,:tarccosu,n,w).
o M 2

3 By definition, Fi(z) = y+In(z) +E1(z) = 'y—le t7ldt+ [t e tdt = ’y—le t~1(1
Hdt + f t~le _tdt It is easy to see that  — F1 (z) is a monotonically increasing function
and F1(0) = 0, so that x > Fi(z) > 0 for z > 0. Since 2/z > z for 0 < = < 1, the
desired inequality holds in this interval. For = > 1, consider g(z) = 2v/z — Fi(z). Then, g
is a monotonically increasing function, because g’'(z) = 27 !(v/z — 1+ €7 %) > 0 for z > 1.
Therefore, g(z) > g(1) =2 —v — [Pt~ te”* > 2—~— e~ > 0, which shows the desired
inequality to hold for = > 1 as well.




In contrast to the previous case, here we retain h, because the last integral
diverges if h is a constant. A proper assumption on h is required. Because of
the collisionless case, vg_ vanishes and h is simply 01¢g_, i.e., the variation of
g— along the boundary. We thus adopt the finite range, the decaying, or the
periodic property in a2 as a proper assumption on h (or d1g—) to avoid an
indefinite growth of the boundary data g_.

Data with a finite range  Suppose that there is a positive constant a > 0
such that h(z,{) = 0 for || > a. Then,

[e%e] [e%e) 1
1. X
=1 [ dw [Cdnpe " [T arccos )
[e%} o 1
§/ dw/ dnn”hmax(mw)e‘"Q‘wQ/Z dppt,
—00 0

where

B, w)e™ 7% = max  |h(z,O)|e ¢, Z =1/\/1+ (a/X1)2.

|z|<a, |u|<1

By direct calculation of the last integral, we have
o0 o0 1
< () dw [ e b [ X 4 I ),
—00 0

and the logarithmic singularity manifests itself. Although we have estimated
|12V [R]] from above, the same singularity should occur as far as h does not
vanish as y — Z. We thus conclude the logarithmic singularity in this case.

Decaying data  Suppose that there is a set of a positive constant a > 0
and a function g such that |h(z, )| < g(n,w)/(|z| + a). Then,

e’} 0o R 5 1 dM
12 [R]| S/ dw/ dnnPe T~V g/ :
- —c0 0 0 Xiv/1—p2+ap

Direct calculation of the last integral yields

cos 0df (r/2)X1 +aln(a/X1)

1 d,u w/2
/o leJrau/o asinf + X cosf X2 4 g2 ’

showing the logarithmic singularity again. Although we give the upper esti-
mate here, the same singularity should occur as far as h does not vanish as
1 — 0. We thus conclude the logarithmic singularity in this case.



Periodic data  Suppose that h(z,{) = g(n, w) exp(tkx) (k: a positive inte-
ger). Then,

] o0 1
2 [n] = dw [ dyipge ik 2100
* 0 o H

=/ dw/ dnpPge™ "V (J, Fidy),
—00 0
where

1 1
d X d X
Jy = / aad cos(k—lm% Jp = / - Sin(kfl\/W)'
0o M 12 0o K

I

By direct calculation, we have

Jo = — = [Ci (—ikX1) + Ci (ikX1)] cosh (kX1) — Si (ik X ) sinh (kX1 ) ,

1
2
s
Jp =5 exp(—kX1),

where Ci and Si are defined for all complex z as

Si(z) = /0 ) g Cig) = 4+ In(2) + / cos(t) — 1 .

t 0 t

Obviously, Jp is regular. As to J,, Si is entire, but Ci has a logarithmic singular-
ity at the origin and has a branch cut along the negative real axis.* Therefore,
the singularity in J, is reduced to that in its first term:

1
-5 [Ci(—ikX1) + Ci(4kX1)] cosh (kX71) = — In(kX) cosh(kXy),
namely J, has a logarithmic singularity. Although here g (and h) has been
assumed to be independent of u, the same singularity should occur as far as
h does not vanish as u — 0. We thus conclude the logarithmic singularity in
this case.

Summary In conclusion, the gradient of the moment d7%*™/9X| normal
to the boundary in (4) may diverge only when ¢ = 0, irrespective of whether
v = 0 or not. The diverging rate in approaching the boundary is always loga-
rithmic with respect to the normal distance from the boundary. Its occurrence
is due to J&*~L™[nsinad;g_ +vg_] with £ = 0 in (4). The former term in its
argument represents the effect of spatial variation of the boundary data along
the boundary, while the latter represents the “damping” effect embedded in
the collision dynamics. Thus, the latter does not occur in the collisionless case
v = 0. The results obtained so far are striking in the sense that the singu-
lar behavior is observed even when the smooth data is imposed on the flat
boundary.

4 Here, the value on the negative real axis is taken as the limit from above.
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(a) Convex case (b) Concave case

Fig. 1 Boundary shape and notation. (a) Convex cylindrical boundary, (b) Concave cylin-
drical boundary.

2.1.2 Qver a convex boundary

Consider the problem

3¢ ¢

Gp Ty —=—ve, (5)
b.c. (b: g+(97C)a C’I’l(’l": 130) > 0’
9-(0,¢), ¢-n(r=R,0)>0,
where the spatial domain is 1 < r = /2% + 23 < R and tan = z5/z, with
—7m < 6 < 7. Since the form of g4 is not specified, there is no reference
direction. Hence, without loss of generality, we may restrict ourselves to study
the behavior of the (partial) moments of ¢ when approaching the boundary
along the positive x-axis.
Let us consider the solution of the problem for 25 = 0 in the range |a| <
o, where o, = arcsin(1/z1) and tana = (3/¢ [or o = arcsin(Cz/n) with
=/ + 3] (—7/2 < a < 7/2) [see Fig. 1(a)]. As before we denote (3 by
w and consider the moments of ¢ in the range |a| < a.(< 7/2), because the
VDF has a jump discontinuity, in general, across o = *a,.. Then, the solution
in that range is written as®

v
¢(x1707 Qa, 1], U}) =9+ (ewv Qs 17, U}) eXp(_gsL

5= (22 +1 -2z cos0,)"% = z1 cosa — (1 — 22 sin’ a)1/?,

Ty = €080y, = 21 — scosa = z1sin’ a + (1 — 22 sin® a)'/? cos a,

5 Here x,, is the z1-coordinate of the intersection point of the molecular trajectory with

the boundary. Hence xw is one of the two solutions of J:EJ + (zw — xl)z tan?a = 1 or

3:2 — Qmwml sin? o + 7 25in2 o — cos2a = 0. We adopt the larger of the solutions x,, =

1/2,

x1 sin? @ & cos (1 — 22 sin 2a) which is the one with a positive sign.



Y =8inb,, = —ssinq, au = o — 0y

The partial-range moments to be considered are written as

%) (e’ oM ) )
Ikem :/ dw/ d7777/ dan® cos’ a sin™a e ¥
—00 0 — vy
o S QU b1 ’ m S R SN
= dw dn dan™ " cos” a sin™ a g4 (B, M, w) € "
—0o 0 —ory

where k, ¢, m are non-negative integers. Remind that a., 8,,, @, and s depend
on x1, so that their derivatives listed below occur when taking the derivative
of I Zf\;e’m:

s =cosa+ (zysin? @)(1 — 22sin? ) "V2, o, = —¢'sina,

2!, =1— s cosa =sin® afl — (x1 cos a)(1 — 2 sin? o) ~/2},
1/2 1 sin? a,

. !
sina, o, =— =—
o zy(a? —1)1/2 cosa, |

2

/! !
0, = —a, =

I =—(1—2?sin®a)”

where / represents the partial derivative with respect to 1. Under the prepa-
ration above, we have

li v
(Ick\;e’m) :/ dw/ dn o’ nf*t cos’ a, sin™ ae -’ o

w*,aw*ﬂ% )+(_1) 9+(—9w*7—aw*777aw)]

/ dw/ dn/ dan L cost o sin™ av

x 0, ( alg+—82g+) s

/ dw/ dn/ dovn® cos’ a sin™ as'gy e —ntwi= s
o
_p2_w?_v
*f/ dw/ d1717kJrl cost™ 1 a, sin™t? e P —w?— s,
—o0 0

X g4 (Ouwses Qe My w) + (= 1) g4 (=0, =, 0, W)]
Jk-i-l 2, m+1[31g+ _ 829+] Jk A, m+2[1/$lg+]

/ dw/ dn/ doavn® cos" a sin agy e -

_(m+é+1)( z? — ) 3 Ik:+1 m(xl)

— I digs — n0agy + wivsinagy]

0o 0o Qy R R
- / dw/ dn/ dovn® cos™ a sin™a gy e Y T,
—00 0 —
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where

oo oo
2 _wiov
I&/q(xl) 7/ dw/ dnnPe™ 7 T (g4 (Ous, Qs M, W)
o] 0

+(=1)%g O O‘w*»nv w)]

P cos? o sin” v
JELT R / dw/ dy | da S OS @ —piutotsy
0 . (1 —22sin®a)1/2

and the quantities with the subscript * represent their values at a = ax:

. 2 1/2
r1sina, =1, s*:(acl—l)/, Qs = Oy — Opss

Ty = €08 O = 1/T1,  Yupu = SiNOyu = f(x% - 1)1/2/x1.

It is obvious that the last term of (6) remains finite for any k, ¢, m(> 0) and
that the first term of (6) remains finite for £ > 1.

On the first term of (6) with ¢ = 0  The first term with ¢ = 0 is
—a7™ (@} —1)7V/21EH (), where the integral T8 () remains finite.
Thus, the first term diverge with the rate of (x; — 1)_1/2 as r1 \( 1, as far as
Ikr 1”’”‘(:51) does not vanish in the same limit. It is indeed the case. Suppose
that g4 is a given constant, say C' > 0. Then, the integral is estimated from
below as

) = Ol 0] [ aw [ gt

VS

/2
—aci+ (1] [T doehe? / 48 (cos B)+1 6"~

2Rv1g

/2
> 201+ (~1)"] / d (2 e~ / dB (cos B)+! ¢ ok
0

e—QRVlzlL

_ _ym k+2 ,—¢? —
=2C11 +(-1) |/1 d¢¢ € /1 d“uk+2(uz_1)1/2

2 2

—k— - dp _
> 9-k=101 _1)m / de k2 ¢2/ A 4Rv1s
— | +( ) H 1 Cg € 1 ([1/2_1)1/2]6 bl

where v12 = maxj<¢<2 v(¢). Therefore, the first term with ¢ = 0 diverges with
the rate of (z; — 1)~'/2 as z; \, 1 for the natural setting of the boundary
data, at least for even m.
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On the second term of (6) In order to examine the second term, let us
consider JE4™+1[1]. Then,

—n?—w?—%s
Jk,é,m—i-l </ dw/ d / 77 COS ae
e i g o (1 — 22 sin® a)1/2
¢
cost o
<2 dwew/de"k/ da
/,Oo 0 g 0 (1 — 22 sin® a)1/2

o 2 ! d/.t
—9 —n"pk
ﬁ/ dne " / (1 — pu2)122,[1 — (u/21)2] =072

- 2vm( [y dne” ”n)IlK(m) {=0,
20/ ( [ dne™ " n* mlfo% £>1,

where K is the complete elliptic integral of the first kind:

_ ! dp a2
9= S s s

Because K(a) ~ —(1/2)In(1 — a?) as a 2 1, |JEL™FUL]| < Cln(1/(z; — 1))
for £ = 0 with a certain positive constant C. The diverging rate is, thus, at
most logarithmic,which is much weaker than that of the first term with ¢ = 0.
For ¢ > 1, neither the first nor the second term diverges.

Summary In conclusion, the gradient of the moment (vaveﬁm)/ in (6) can
diverge again when ¢ = 0, irrespective of whether v = 0 or not. The dominant
diverging rate is 1/y/x1 — 1, which is by far stronger than the logarithmic one
in the planar boundary case. This is due to the variation of the tangential di-
rection to the boundary when the spatial point under consideration approaches
the boundary along the xi-axis. Therefore, it is a purely geometric effect [see
the first term on the most right-hand side of (6)]. The result is again strik-
ing, because the singular behavior is induced even when the smooth data are
imposed on the smooth convex boundary.

2.1.8 Qver a concave boundary

Consider the problem

(b ¢

Cl + <2 _V(ba b.c. QI) = g*(ea C)7 C : n(r = 1) 9) > 07 (7)

where the spatial domain is 27 + 23 < 1 and tanf = x5/x; with —7 <
f# < m. By the same reason as before, without loss of generality, we may
restrict ourselves to study the behavior of moments of ¢ when approaching
the boundary along the x;-axis [see Fig. 1(b)].
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Let us introduce a and n by (; = ncosa and (5 = nsin «, denote (3 by w
as before, and consider the moments of ¢ for the entire range of «. Then, the
solution is written as

(;5({,61, 0»0477%10) =9- (0107 Oéwﬂ?vw) exp(_%s)v T <a<m, (8)

s =z cosa+ (1 —z2sin?a)l/?,

Ty = 080, = x1 — scosa = xy sin® o — (1 — 22 sin? a)'/? cos a,

Y =8inb, = —ssina, au = a — Oy,

and the moments to be considered at the position (z1,0) are written as

IEE™ =(nk cos’ o sin™ a ¢)

/ dw/ dnn/ dan® cos’ o sin™ ace” n*—w?

/ dw/ dn/ dan®*t cost a sin™ a g (Gw,aw,n,w)e_”2_w2_%s,

where k, £, m are non-negative integers. Because 0,,, a,, and s depend on x7,

their derivatives listed below occur when taking the derivative of X%

2 \—1/2
)

s' = cosa — (z1sin® a)(1 — 22 sin” a)
z!, =1—s cosa =sin® afl + (z1 cos ) (1 — 22 sin® o) 1/2},

2 \—1/2

0!, = —a!, = (1 —23sin’a) sin a,

where / represents the partial derivative with respect to x;. Under the prepa-
ration above, we have

I’Mm / dw/ dn/ dan**1 cos’ a sin™ a

v

2 2 )
X (O1g— — Oag_ )0, e T~ Tn®
o0 o0 7T 2 2 v
— / dw/ dn davn®cos’ a sin™ag_s' e T T 0®
—o0 0 -

:Jckc’e’erl[??alg— —ndag— + x1vsinag_]

—/ dw/ dn/ dal/nk cos™ o sin™ avg_ e_"2_“’2_%s, (9)
—0o0 0 -

P cosd
costasina 2 2 v
JEO / dw/ dn/ 77 T Tnth,
— — 22 sin a)1/2

It is obvious that the last term of (9) remains finite for any k, ¢, m(> 0).

where
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Estimate of the first term of (9)  The estimate is almost parallel to that
of the second term of (6) in Sect. 2.1.2. Because the integrand diverges when
sina — +1 when z; = 1, it is required to split the range of integration with
respect to « into (—m, —7/2), (—7/2,7/2) and (7/2, 7). The value of s largely
differs between the ranges o € (—n/2,7/2) and a € (—7,—7/2) U (7/2, ),
especially when z7 is close to unity. Thus, the contributions from the two
ranges are not expected to cancel out each other. Keeping this in mind, we
consider only the range o € (—m, —7/2) U (7/2,7), especially its half range
because only the even part of the integrand contributes. Our task is thus
reduced to study the following integral:

m+1
costasin™ a2 2 .
Jee /dw/ dn/ dan® e T T e
(1 — 22 sin® a)1/2

and we have its upper estimate as

| ol </ dw/ dn/ don® |Cos2a| - e v

xrysm- o

00 1
d
_ -n? k H
_\/7?/0 dne~"n /O (1 — 2)-072(1 = 22,2)1/2
VAR dne ™ i) K (), 0=0
>~ oo _n? 1
Va( [y dne= %) [, (1%?%, > 1.

(10)

On one hand, |Je.| < CIn(1— ;) for £ = 0, because K (a) ~ —(1/2) In(1 — a?)
as a 1. On the other hand, because (0 <)z < 1,

1 1
du dys 2 1/2
—— s S R R R -
| mdmm < [ aag = - 0

and thus |jcc| remains finite for ¢ > 1.
The lower estimate for the case ¢ = 0 is obtained as follows:

m+1
nksin™ ™t o B T
|Jcc\—/ dw/ dn/ do (1 - 22sin a)1/26 '
k+1 m+1
=2 " dC/ dﬂ/ oo B0 i
/2 (1 — 2?sin”® a)1/2
/2 1 m+1d
of | deck+ie—¢ / dBe— % / a a
(/1 e )( : Be” e cos® ) o (1— p2)172(1 — a2p2)1/2

/2 1 d
—m kt1—¢? H
> 9 (/dCC )(/ dﬁe w5 cos ) /1/2 O -20)

/2 2vy12
27 facctem ) [ s B cosk K - PG,
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where F' is the incomplete elliptic integral of the first kind

(0<a®<1),

o dt
Ao = | JaI-P-ar)

and behaves regularly in @ as a * 1. Thus, K is dominant and | J,.| is estimated
to diverge with the common rate from both side.

Summary In conclusion, the gradient of the moment (Ifc’e’m)/ in (9) may
diverge again only when ¢ = 0, irrespective of whether v = 0 or not. The
diverging rate is logarithmic, which is weaker than the convex case and is
the same as the planar case. The result is again striking, because the singular
behavior is mostly induced even when smooth data are imposed on the smooth
concave boundary.

2.2 Quasi-full model
2.2.1 Over a planar boundary

We now consider the slab problem for the quasi-full model

fb ¢

Cl CQ = 7V¢+ Sa b.c. d)(xl = il;zQaC) = g:l:(J:QaC)a Cl § 07

(11)

which is obtained by adding the source S to the equation of problem (3). Here,
we suppose that S(z1,22,¢) behaves in the same way as the moments of ¢
for the partial model and thus its derivative with respect to z; may diverge
logarithmically in approaching the boundary. We use the same notation as in
Sect. 2.1.1.

The solution ¢ for ; > 0 is written as

_vX1 Gora 1 v Xy n -
$(X1,0,¢) = g—(Yuw, C)e” oo + A S(z,9,C)dt,
0

where a € (—7/2,7/2) , yp = —X1tana, & = tcosa, and § = y,, + tsina.
The half-range moments at the position (X7, 0) are then given by substitution
as

Ik,Z,m V4

=(n* cos’ a sin™ a @)

0o oo /2 . ; R R VX
:/ dw/ dn/ dan™cos' a sin™ ag_ (yu,C)e " Y “acosa
—71'/2

/ dw/ dn/ dan® cos’ o sin™ ave -
—7/2

X/MG%( ) S (&, 5, C)dt,
0
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where k, £, m (> 0) are integers. The difference from the partial model case is
the second term on the right-hand side. Then, by direct calculation, we have

(Ik,é,m)/ _ Jk,éfl,m[n sin aalg_ + I/g_}

oo 0o /2
—I—/ dw/ dn/ danf cos* L o sinmae_WZ_wQS(Xl,O,C)
— —m/2

71'/2 R R
/ dw/ dn/ “eos'ta sin™ e TV
w/2

y /cosa V(t—m)S(:C,Zja C)dt
0

0o 00 /2 s 9
—/ dw/ dn/ danfcos® Lo sin™tlae ¥
—00 0 —m/2
X1
cose w1y JO
X en\Tesa)995(2, g, €)dt, (12)
0

where 9»S and 015 that will appear soon later denote the derivatives of S
with respect to its second and first arguments, respectively. Since

X1

cosa X vX
[ exedon - T - e
0 14

S(X4,0,¢) is rewritten as
X3

S(XlaOaC) = 67”22(51{1 S(X1707C) + % /COSQ e;(t CUS&)S(leoaC)dt
0

Substituting this into the second line of (12), we further transform (12) as
follows:

(Ik,é}m)/ - _ Jk»fflvm[nsinaalg +vg-]

/ dw/ dn/ danfcos* o sin™a
—7r/2

xe T ’vwwS(XhO,C)

/ dw/ dn/ 1ycos!lasin™ae " v’
—m/2

X/"’ eH == 8(7,,¢) — S(X1,0,¢)dt
0

0o 0o /2 s 9
—/ dw/ d77/ danfcos® Lo sin™tlae " ¥
—o0 0 —m/2

% / °°”ez<t o) 9, S dt
0
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= — JkE M sinadig. +rg. — S(X1,0,¢)]

/ dw/ dn/ dan® cos’ ta sin™ ae -’ —w?
—m/2

X1

% {e= 7575 [S(0, Y, €) — S(X1,0,€)] + /Weﬂ —o5)9,8d1 )}
0

0o 0o w/2
— / dw/ dn/ dan® cos’ !t a sin™t e~ —w?
—00 0 —m/2

X
x/' en (tcona) 9y St
0

_ kae—lvm[n sinadig- +vg— — S(0,yw, ¢)]

0o 0o /2 R
+ / dw/ dn/ dan® cos’ o sin™ e ¥
—00 0 —m/2
X

1
x / B0, St (13)
0

In the above transformation, we have used the integration by part for the sec-
ond equality and the relation 9;5(Z, 7, ¢) = cos 91 S(Z, 7, ¢)+sin ad2 S(, 7, €)
for the last equality. Because the first term on the most right-hand side is the
same integration as that occurring in the partial model, the remaining task
is to study the contribution from the second term with keeping in mind that
015(Z, -, ) may behave like InZ for 0 < & < X; < 1, where & = tcosa. We
thus finally reduce the problem to study the behavior of

w/2 % .
/ dw/ dn/ danf cos’ a sin™ ae -’ 2/ ent= wsla)ln(tcosa)dt.
/2 0

Since X; < 1, we have

X1
Cosa X
|J| < — / dw/ dn/ danke™ / en ("% s) In(t cos o) dt
—m/2 0
/2 )
/ dw/ dn/ danke T v
/2
X3

7’ vXq vy L cos 1 — vXq
X f{[e eosa (1’ — 1) In(t cos a)]§>® 7/ t e ncow( ot —1)dt}
0

/ dw/ dn/ da v ipktle—n’—w*
—m/2

Z/Xl
7] COS @

% [(1— e~ 75 ) In X — e~ 7eots G

)l;
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where G(z) = [ t7!(e! — 1)dt. Because 0 < G(z) < 2y/ze”
0o o0 /2 L ) ) v Xy
|J|§—lnX1/ dw/ dn/ doyinhtle™ W (1 — ¢ neosa)
—00 0 —7/2

+2Xx1/? T aw [ a2k 12 g e d ~1/2
1 v~y e o (cos )
—00 0 —7/2

/2

o0
§—21nX1/ dCV_1Ck+26_<2/
0

—m/2

+ 8\f2X11/2 / dw dnufl/znkﬂﬂe*f*wz
—00 0

1 Iz T

(1 — e Tweosp)

dpB (cos 8 k“/ dy —F————=
(cos 3) ; T

1/2 d'U,

0o VH

For e < 1 and a > 0,

1 —a € _a 1 _a

1—e » 1—e» 1—e»

/d,u72= dpp —+ dpp ———
0

</6d 1 L loet
S Mvi=e T T

—e
Using the above, we have
0o /2 .
|J] §—41nX1/ dszle“e*CQ/ dﬁ(cosﬂ)kﬂ(e—i-l—e_CcosﬁXTl)
0 —m/2

+16X11/2/ dw/ dnl/_l/anH/ze_"?_w?
—00 0
/2

o0 2 X
<—4lnX / d¢ vtk 2e¢ / dB (cos B)F+1(e 4+ —2 21
s Cv=¢ e B (cos )" ( Ceosh ¢ )

1/2 > e 2 2
+ 16X, / dw/ dgu= 1/ 2pkt1/2g=n —w
—00 0
> k+1_—¢2 -1 X1
<—4InX; d¢¢" e S (el + —)
0 €

+16X11/2/ dw/ d771/_1/277k+1/26_"2_w2.
—00 0

By setting € = X11/2, we have |[J]| S Xll/2 In X1, so that the last term of (13)
remains finite.

6 Obviously G(x) > 0 for = > 0. If we introduce Gy (z) = (1/n)z™e® — G(x) (n > 0), then
we have G| = 271 {(z + 22 — 1)e® + 1} = 27 1g1(x). Because g| = (3z + 22)e® > 0 and
g1(0) = 0, g1(z) is non-negative for > 0. Therefore G1 > G1(0) = 0. Now compare G /o
with G1. Because Gy/5 — G1 = (2y/z — x)e®, G1/2 > G1 > 0 holds for z < 1. For = > 1,
G’1/2 =2 (22 + 223/2 — 1)e® + 1} > 0 and thus G2 > G1/2(1) > G1(1) > 0. Thus
we conclude Gy /5(x) > 0, i.e., 0 < G(z) < 2y/ze®, for x > 0.
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We thus conclude that t/he source term does not influence the diverging
rate of the gradient (I%%™)" in (13).

2.2.2 Over a convex surface

Consider the problem

¢> ¢>

C1 +C2 = —vp+ 85,

¢ = g+(9’C)a C'n(r:179)>0,
g-(0,¢), ¢-n(r=R,0)>0

which is obtained by adding the source S to the equation of problem (5). Here,
we suppose that S(x1,xs, ) behaves in the same way as the moments of ¢ for
the partial model. We use the same notation as in Sect. 2.1.2, see Fig. 1(a).

The solution in the range |a| < o, and its moment on the positive z;-axis
are again of our present interest; the former is written as

vs 51 _.
¢('1:170a C) = g+(0w7o¢w,7]7w)677 =+ / H675(87t)s(£’ g7c)dt7
0

where T = x,, + t cosa, § = y, + tsin «, and the partial-range moments to be
considered on the xi-axis are written as

z/ dw/ d7777/ dan® cost a sinmagbefngfw
— 00 0 —ovy
:/ dw/ dn/ danttcos’ a sinmag+(9w,aw,n,w)67”27w27%5
Ca. .
/ dw/ dn/ dan cost o sin™ e /eiﬁ(sft)S(CEQaC)dt
0

The difference from the partlal model case is the second term in the above,
i.e., the partial model case is recovered by the above notation as I[0]. Then,
denoting the derivative in x1 by / , we have

I'[S] =I'[0] +/ dw/ dn ol n* cos’ o, sin™ auy e
—0o0 0

/ (s* f)[S(x*;y*aa*;nv ) + (_1)m5(£*7_g*v—a*,mw)]dt

/ dw/ dn/ dan® cos’ a sin™ ae -’ 'S(xl,O,C)

/dw/ dn dan cosa sin™a e Y 5/77/ 8z, g, ¢)dt
0

—uy

/ dw/ dn/ dan cos’ a sin™ are

X / e G0 (2! 1S +yl 0y S)dt
0
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o0 o0 2 2
=I'[0] + / dw/ dnn® cost a, sin™ a, ol e Y
—oo 0

/ e 1 TS (B, G a1, W) + (—1) ™S (B, s, —vay m, )]t
0

—|—/OO dw/OO dn/a* dank cos® o sinmoze_”z_wzs'S(xl,O,C)

/ dw/ dn/ dan cos’ o sin™ ave - —w?

x { /O oA [e_%(s_t)S(:E, 7, ¢)]dt — /0 Se—%(s—t)(cos ad1S + sin adyS)dt}
Jr/oo dw/ooo dn/a* dan® cost a sin™ e~ W

X /0 e (2! 1S + 1y, 058 dt

=I'[0 / dw/ dnn® cos® o, sin™ v, o, e v

/ OIS @ e ) (1)~ 0, )t
/ dw/ dn/ dan® cos® o sin™ ave -’ 7:SS'S(xw,yw,C)
/ dw/ d77/ dan®cos’ a sin™ ae™ /Ose_;(s_t)&Sdt
=I'[0] f/ dw/o dnnk cos' o, sin™ 2, e Y
x/ e n(s— “[S(gz*,g*,a*,mwwr(—1)’"5(@*,—5*7—04*,77710)}6#
/dw/dn . 0" ;OS(Z;ZE ;)110;2

77 l‘lsln O[S(IUN Yws C)

/ dw/ dn da n* cost™t o sin™ a67”27w27%55(3&w,yw, ¢)

— O

/dw/ dn/ dan cos’ o sin™ e " 2/ e Y9, Sdt,
0

where T, = Ty + tcosa, and ¥. = Yy« + tsina,. Note that all the terms
above, except for the last, are of the same type as those occurring in I'[0].
After a few manipulations, we have the following final form

IS = —a; Y @2 - )T I () 4+ 15 (@)}
+ JEEm (919, — Oagy) + z1sina{—vgy + S(Tw, Yu, ) }]
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/ dw/ dn/ domy cosTla sin™a

X e 77 { Vg++5(xwayw7C)}

/ dw/ dn/ doﬂ) cos’ o sin™ cve ™" _“’2/ e~ 57D 9, Sdt,
_ 0

(14)

where

f(l:e\yn( x1 :/ dw/ dnn e 7] / e*%(s**t)
0
X [S(Z o, Gy ey My w) + (1) ™S (T, =Ty — v,y w)] AL

Because the behavior of the first three terms of (14) is known by the analyses
for the partial model, the remaining task is to estimate the behavior of the
last term of (14) by taking into account that the derivative of S with respect
to the radial direction may diverge with the rate 1/y/r — 1. Because

1005] = |0170,.S + 0100S| = | c0s 00,5 — (sin 0/1)3pS| < \/rc_il

with some positive constant C, we evaluate the behavior of the last term of
(14) by considering the following integral:

e’} o [ s . 1
dw d dan® cos’ o sin™ qre=" % / P S N,
| \/; / 1 /a* ! 0 VT — 1 |

S —K(S—t) / 1
/ dw/ dn/ danfe™ *—w? ¢ Tt dt
e 0 12+ 2tcos(0, — )

—n? s q
<V/ma(R+1 /dn _ e 7
—a, \/2(:05

nhe \/5
=V2r(R+1) | d do 1T _—Y2
(F+ / U/a* @ \/COS Oy

O do

VIicosa — s
e o da
R ke g /
™ x1(/0 ne n) o (1—x%sin2a)1/4
o] 1
k —712 d/J
R e [
o) 1 oo
d
<4 WRacl(/ nke_nzdn) / 7M3/4 =16 7TR.1?1(/ nke_"zdn),
0 o (I—p) 0

which remains finite as x1 \, 1.
Therefore, we conclude that the source term does not change the structure
of the occurrence of diverging gradient.

<4 7rRac1(/ ke=m’ dn)
0
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2.2.8 Qver a concave surface

Consider the problem

5(25 ¢

Cl CQ = _V¢+Sv b~C~ ¢:g*(0aC)7 Cn(rz 1a0) <07 (15)

which is obtained by adding the source S to the equation of (7). Here, we
suppose that S(z1,z2,¢) behaves in the same way as the moments of ¢ for
the partial model. We use the same notation as in Sect. 2.1.3, see Fig. 1(b).

The solution and its moments on the positive xj-axis are again of our
interest; the former is written as

vs 51
¢($170,C):9—(91U,a11)717,w)6_7+/ 0 TCT0S(&, g, ), (16)
0

while the latter are

I[S] =(n* cos’ a sin™ a ¢)

v

/ dw/ dn/ dan® 1 cost a sin™ a g_ (B, o, 1, w) € PP

/ dw/dn/dan cos’ o sin™ e 2/6 A0 8(, 4, ¢)dt,
_ 0

where Z = x,, + tcosa and § = ¥y, + tsina. The difference from the partial
model case is the second term; the first term, which we shall denote by I]0]
below, represents the corresponding moments for the partial model. Denoting
the derivative in ;1 by /, we have

I'S] =I'[0] —|—/ dw/ dn [ danfcos’asin™ae™ """ ¢ S(x1,0,¢)

/dw/ dn/ u/nn cos’ a sin™ v

x e "W 3/ e TSz, 5, ¢)dt

/ dw/ dn/dan cos’ a sin™ are™

/e 7Y (2! 918 + 4/, 8,9 dt

7 —-n’—w?
=I'l0 dw d77 dan cos’ a sin™ ave S

x {e~% s<xw7yw,c>+/ 509,52, . ¢)dt}

0

o0 o0 s 2
—|—/ dw/ dn dan® cos® oo sin™ e %
—o00 0 -

X / e i@l 1S + ! 0aS)dt
0
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=I'[0] + / dw/ dn dan® cos® a sin™ a

—n —w?

s S (@ws Yus €)

/ dw/ dn/ dan cos’ a sin™ace -’ / %(S_t)alSdt
-7 0

(1 — 2?sin 04)1/2

X x1 smaS(Iw,yw,C)

o0 e ™ 2 2 v
+/ dw/ dn dan®cos" L asin™ae™ T TS (T, Yo, €)
o] 0 -

+/ dw/ dn/ dan® cos® a sinmae’”z’wz/ e (799, Sdt.
—o00 0 - 0

Here the second and third terms are of the same type as I’[0] and induce the
same singularity as the partial model case. For later convenience, we rewrite
the result as

I'[S] =Jebm  n(0hg- — ag-) — w1 sina{—vg + S(@w, yu; ¢)}]
/ dw/ dn/ dan® cos* o sin™ a
T g + 8@ Y, €

/dw/ dn dan cos’ o sin™ e / e Y9 Sdt. (17)
0

The remaining task is thus to estimate the behavior of the last term of (17).
By taking into account that the derivative of S(z,y, ) with respect to r =
(2 4y*)Y/? may diverge with the rate In(1 —7) if 7 1. Because 01 S is taken
along the path (z1,22) = (,9), 7 = (2> + §%)'/2 in the present case, we have

|01.S] = [0170,-S + 01009S| = | cos 00,5 — (sin0/r)0yS|
—CIn(1 —7) < —CIn(1 —r?) + Cn2 = —CIn[—t(t + 2 cos o, ) /2].

We thus evaluate the last term by considering the following integral:

|/ dw/ dn/ dant cosla sin™a e 2/ ™ 7T In[—4(t + 2 cos av, )t
_ 0

s
_/ dw/ dn/ dan’“e_”2—w2/ [Int + In(—¢ — 2 cos ay,)]dt
—00 0 - 0

=— \/E/ dn nke_"z do{s(lns —1)
0

—T

+ (8 + 2cos ay)[In(—s — 2cos @) — 1] — 2 cos ay[In(—2 cos ay) — 1]}
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Here we have taken into account that 0 < —t(t +2cosa,,) = 1 — 72 < 1. Since
zlnz is bounded for 0 < z < 2, the integrand is bounded, and the last term
(17) remains finite as z; 1.

We thus conclude that the source term does not influence the structure of
the occurrence of diverging gradient.

2.3 Discussions

From the analyses in Sects. 2.1 and 2.2, it is now clear that the essence of the
singularities has already been embedded in the partial model. They are con-
fined in J5=L7™[] of (13), JEO™H[] and a7™ N(a? — 1)~ V/2{IEH™ (1) +
Ik (21)} of (14), and JEO™+1[] of (17) for the planar, convex and con-
cave boundary, respectively, and are commonly identified as the divergence of
the integrand for the molecular velocity nearly tangential to the boundary.
Among them, the diverging rate of J’s is commonly logarithmic, while that of
e (@2 — 1) V2{IEFLV M (2y) 4 T8 (1)} is the inverse of the square root.
The latter occurs only when the boundary is convex.

In the kinetic description, for instance in (2), the boundary data of the
VDF are prescribed only for the molecules leaving the boundary, while the
VDF is determined by the kinetic equation for the molecules arriving at the
boundary. Consequently, the VDF data are mostly mismatched, making a
jump discontinuity in molecular velocity space in the direction tangential to the
boundary. In the convex boundary case, it propagates into the gas region along
the molecular trajectory (i.e., the characteristics of the equation), which in
turn causes the inverse square root singularity =7 ™! (23 —1) =V 2{IkF1™ (1) +
I%m(21)} by the variation effect of ay, in approaching the boundary. In the
planar boundary case, however, the jump discontinuity does not propagate
into the gas, because its characteristics is never away from the boundary. In
the concave boundary case, as is clear from (16), the VDF itself is continuous
(except for 7 = 0). These explain the reason why the inverse square root
singularity exclusively occurs in the convex boundary case.

In [13], the source of the logarithmic singularity in the planar case was iden-
tified as the jump discontinuity of the VDF on the boundary in the spatially
one-dimensional setting. In the meantime, as is mentioned above, the jump
discontinuity does not exist in the concave case. Nevertheless, the logarithmic
singularity occurs commonly in the planar and concave cases. This seemingly
puzzling situation can be understood if we closely observe the arguments of
JF=tm] of (13) and JEO™HL[] of (17). Let us take the latter for instance,
ie., JEOMH 0 g —ndeg_ — 1 sina(—vg_ +5,)], where Sy, = S(Zus, Yu» €),
and go back to (15). Then, the term (20¢/Jz2 in (15) on the positive z;-axis
can be written in terms of the cylindrical coordinates as

9¢ _ nsinadd  msina d¢

drs  x1 06 1 Oa’

where tan 6 = x5 /21, tan(a+0) = (2/(1, and r has been replaced by z1 because
6 = 0 on the positive zi-axis. If we substitute the expression of ¢(x1,x2, ()
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corresponding to (16) into the right-hand side, we eventually obtain

qb nsina 1 0s
2 (DOw)o(Drg- — dag-) 100

+ sina/( e T 0,8(7, 7, ¢)dt
0

. (—vg— + Su)e

where tan ©,, = [rsinf — ssin(a + 0)]/[r cos § — s cos(a + 6)], which is reduced
Jo =

to tan 6, when 6 = 0, and (D6, (a@ — —) wly_ By direct calculation,
we see that -

(DO)o = z1(71 — scosa) + 1 Sinag—s,
a

and that
99 1 0Os ' )
Cz@x 2 aa{n(algf — Dog_) — z1sina(—vg_ + Sy)le H*

1 v
+ {——2—8(1 —22sin® o) +sina(z; — scosa)}n(drg. — dog_)e °
x? O

+ sina/ e T 0,8(, 7, ¢)dt. (18)
0
Here, it is crucial to note that

0s . " T1COSQ
— = —r1sinwo ,
da ' (1 — z}sin? a)1/2

is continuous if z; is strictly less than unity, but is discontinuous at o = +7/2
in the limit 1 — 1. Due to this fact, the second and third terms on the right-
hand side of (18) is continuous, while the first term has a jump discontinuity at
« = +m/2, i.e., the direction of molecular velocity tangential to the boundary.
The part that actually generates the jump discontinuity in the first term in
(18) is

Cos v sin «

C(1—a?sin’a)l/?

{n(01g- — O29-) — x1sina(—vg_ + Sw)}e_%s,

which is exactly the same, except for the factor cosa, as that occurs in
JEOmAL g — nbag_ — z1sina(—vg_ + Sy))]-

The origin of J*~1™[nsinad g_ + vg_ — Sy], where S, = S(0, 9., ¢), in
(13) for the planar boundary case can be discussed in the same way. Here,
we shall take a short cut to explain it. Let us consider the difference of v¢ +
(20¢/0xo between its left and right limit at @ = 7/2. The limit from the
right is given by vg_ + (20g_/0x2, while the limit from the left is given by
vd + (20¢/0xe = Sy,. These are the consequence of the fact that the former
is determined by the boundary data, while the latter is determined by solving
the equation itself. Thus, their difference is given by

oo—9g-) _
0o

v(d—g-)+G (C L Vo=~ Sw).
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The right-hand side is nothing else than the argument of J*~1™[] at a =
/2, because (20g_/0xy = (2019— = nsinad;g_. Therefore, the singularity
is induced in the present case by both the jump discontinuity of the VDF
itself and of its derivative. In particular, the latter may occur even in the
collisionless case. We shall omit the similar discussion for the convex case,
because JE0™+1].] is not dominant.

In this way, we have now reached a unified view that the singularities of our
interest is the trace of the jump discontinuity of the VDF and/or its derivative
in the direction tangential to the boundary.

3 From prototype to general smooth boundary

In the present section, we shall extend the results for planar and cylindrical
convex/concave boundaries to general smooth boundaries.

The singularities that we have discussed in Sect. 2 are induced by the dis-
tribution of molecules that travel almost tangential to the boundary. Although
the boundary geometry has been limited so far, we can apply the obtained re-
sults to more general geometry of the boundary, as far as it is smooth. This is
because the free flight length of molecules traveling almost tangential to the
boundary is determined by the local geometry of the boundary, when the po-
sition under consideration is close to the boundary. Its global arrangement or
geometry does not affect the discussions developed in Sect. 2. We thus classify
the points on the boundary by following the differential geometry of surfaces
and discuss the singularity which is dominant there.

The local geometry of the surface is classified into four types. They are
represented by the elliptic, hyperbolic, parabolic and flat umbilic points. The
principal curvatures at a surface point are the maximum and minimum of the
normal curvatures there, where the normal curvature is the curvature of the
curve that is the intersection between the surface and the normal plane at
the point. At elliptic points, the principal curvatures have the same sign, and
thus the normal curvature in any tangential direction has the same sign. At
hyperbolic points, the principal curvatures have opposite signs. At parabolic
points, one of the principal curvatures is zero. At flat umbilic points (or level
points), both principal curvatures are zero, so that the normal curvature in any
tangential direction is zero. The key notion is that the surface can be locally
approximated by a circle, or a quadratic polynomial, in the normal plane, if
the normal curvature does not vanish.

(Case 1) at the elliptic point There are two possibilities: the boundary
is convex or concave. If convex, the boundary on any normal plane is circular
and the results for the cylindrical convex case in Sect. 2.2.2 apply. Therefore,
the singularity of 1/1/s manifests itself, where and hereinafter s is the normal
distance from the boundary. If concave, the results for the cylindrical concave
case in Sect. 2.2.3 apply, and the singularity of In s manifests itself.
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(Case 2) at the hyperbolic point  There are two regions for the tangential
directions: one is the region in which the normal curvature is always positive,
another is the region in which the normal curvature is always negative. There
are two tangential directions along which the normal curvature is zero. They
are isolated and thus of measure zero in the tangential direction space. Then in
the region of positive normal curvature the results for the cylindrical convex
case apply, while in the region of negative normal curvature those for the
cylindrical concave case apply. Thus, the singularity of 1/4/s from the positive
normal curvature side dominates.

(Case 3) at the parabolic point The normal curvature in any direction,
except for one direction, is positive or negative. If positive, the results for the
cylindrical convex case apply, and the singularity of 1/4/s manifests itself. If
negative, the results for the cylindrical concave case apply, and the singularity
of In s manifests itself. In fact, all the points on the inner and outer cylinder
surfaces fall into this category. Since the direction of zero normal curvature is
isolated, it does not contribute.

(Case 4) at the flat umbilic point The zero normal curvature in any
direction does not necessarily mean that the surface is plane. For every fixed
point on the smooth surface, we can assign a rectangular coordinates (z,y, 2)
whose origin is located at that point with the z axis normal to the surface; thus
the z and y are the coordinates in the tangential plane. Then, in the vicinity
of the point under consideration, the surface is expressed by the polynomial
of x and y:

z= 020x2 + ciizy + 602y2 + 03013 + czlzzy + Clgl'y2 + cogy3 + -
o0

f§ ptald
- Cig Y,

i+j=2

where ¢;; are constants (i,7 > 0). When at least one of ca, c11, and ¢p2 is
non-zero, the quadratic terms are dominant and the surface along the direction
tan = y/x is given by

2 = (cap cos® O + c11 cos 0sin 6 + cog sin? 0) (22 + y?) = Ca(0) (2* + y?).

When C5(6) is positive or negative for any 6, the point is elliptic. When the
maximum and minimum of Cs(0) have opposite sign, the point is hyperbolic.
When the maximum or minimum of Cy(#) is zero, the point is parabolic.
Clearly, the quadratic terms vanish only at the isolated values of 8, when one
of 99, c11 and cgs is non-zero.

The flat umbilic point is the point where cqg, ¢11 and coo are all zero [or
equivalently C5(0) is identically zero]. Then, the cubic terms become domi-
nant, as far as one of c3g, ¢21, ¢12 and cp3 is non-zero. In the case, C5(6) =
Z?:o Ciz—i cos® 0sin®~" @ can be zero at most at the isolated values of §, and
the case is reduced to the study of the canonical one z = 2% in the z-z plane.
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Fig. 2 Boundary shape and tangential direction.

When C3(0) and C5(0) are identically zero, then the quartic terms are domi-
nant, as far as C4(0) = Z?:o cia—icos' @sin*~* @ is not identically zero. Again,
in this condition, C4(f) can be zero only at the isolated values of 6, and the
case is reduced to the study of the canonical one z = #+z* in the z-z plane.
In this way, the study of the singularity at the flat umbilic point is reduced
to the study of the vicinity of the surface z = (+)"*12", where n > 3 is an
integer.

First consider the case that the surface is expressed by a cubic curve on
a normal plane. There are two parts, one is convex and the other is concave.
The concave side gives rise to the In z singularity, which is concluded from
the same argument as the cylindrical concave case in Sect. 2.2.3. On the other
hand, at the convex side another singularity may arise, which can be estimated
by a similar argument to the cylindrical convex case in Sect. 2.2.2. Here, the
key difference is the contribution arising from the change of integration range,
especially the change of the traveling direction of molecules tangential to the
boundary. In the cylindrical convex case in Sects. 2.1.2 and 2.2.2, the canonical
surface of which is quadratic, i.e., z = (1/2)x?, the slope cot a, of the tangen-
tial line is given by cot o, = v/2s [see Fig. 2(a)]. Thus we have a singularity
proportional to day/ds ~ —1/\/%, which recovers the result in Sect. 2.1.2.
The corresponding direction in the case of a cubic curve z = ca® (¢: a positive
constant) is given by the relation cota, = 3cz? = (s + cx?)/z., where x,
is the x-coordinate of the point of tangency, from which the singularity pro-
portional to da,/ds ~ —(2¢/s)'/? is induced [see Fig. 2(b)]. In general, the
surface locally expressed by n-th polynomial z = cx™ (¢: a positive constant),
the tangential direction is given by cot o, = nca™ ! = (s + cx™)/x, which
induces the singularity proportional to da.,/ds ~ —((n —1)c/s)'/™. Note that
when n is odd, this singularity occurs, but when n is even, the singularity
of the negative fractional power occurs only when the curve is convex. When
n is even and the curve is concave, the singularity Ins manifests itself. As
n — 00, O /ds ~ —((n — 1)c/s)/™ — —1 and the singularity degenerates.
Then the singularity of fractional power, which is related to the propagation
of discontinuity inside a gas, vanishes and the logarithmic singularity revives
to be dominant.
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4 Numerical demonstration

In the present section, we present some numerical results that support our
discussions and conclusions so far. The numerical computations to confirm
our assertion are really challenging, due to the necessity of the high accuracy
near the boundary. We thus restrict ourselves to the case of the BGK model
and/or the collisionless gas in the present paper. Numerical demonstration for
the case of the original Boltzmann equation is left for future work.

Here we demonstrate the singularities on the parabolic and flat umbilic
points. For the study of hyperbolic and elliptic points, spatially three dimen-
sional study is inevitable, which is limited to the collisionless gas here.

4.1 Rarefied gas between coaxial circular cylinders

Consider a rarefied gas between coaxial circular cylinders with radii L and LR
(R > 1). The inner cylinder is at rest and kept at a uniform temperature Ty,
while the outer is rotating with a circumferential velocity (2RTy)" ?u,, and is
kept at a temperature Ty(1 + 7,), where R is the specific gas constant. Under
the assumption that |u,| < 1 and |7,,| < 1, the problem can be linearized and
the behavior of a gas is described by the following linearized BGK equation
and diffuse reflection boundary condition on the cylinder surfaces:

%+<j% %_Fgad) _CTCG%
or r 00 0z r O, r 0

b.c. ¢(r=1,( > 0) = —27r1/2/ GOEdC,

¢r<0

Gr + ¢ = Lpck|[4],

o =RG <0) =202 [ (OBAC+ 2+ (¢~ D
¢r>0

where (L7, 0, Lz) is the spatial cylindrical coordinates, (2RTo)'/?((r, Co, C2) is
the corresponding coordinates for the molecular velocity, po(2RTp) 3/2[1 +
81,0, 2 Cor Co, C))E with B = 7%/ exp(—¢2) and ¢ = (¢ + G + ()2 is
the velocity distribution function of gas molecules, Lpgk[¢] is the linearized
collision operator for the BGK model, the specific form of which in the present
case is given later. Below, we denote the density, temperature, flow velocity,
stress tensor, and heat flow of the gas by po(1 + w), To(1 + 7), (2RTH)Y *uq,
P0(0ap + Pagp), and po(2RTy)Y2Q., respectively, where py = pgRTp, {a, B} =
{r,0,z} and d,p is Kronecker’s delta. They are defined as the moments of ¢
as follows:

w=[oBie, wa= [cordc, r=3 [ -Fepd (%)
Pay =2 [ GBS, Qu = [ Gal6? - )0BdC. (19b)
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By the symmetry of the problem, u,, @,, Py, and P,, are all vanishing and
will not be considered. Lpgk[¢] then takes the following reduced form:

Lpck([¢] = %{ﬂ? + w + 26uy + 2Goue + (¢ — g)T}'

where k = (y/7/2)Kn. Here, Kn is the reference Knudsen number defined by
the mean-free-path ¢, at the resting equilibrium state with temperature Tj and
density pg divided by L, where pg is the average density of the gas between
the cylinders.

Note that all the points on the boundary is the parabolic point in the
present example. The inner cylinder is convex, while the outer cylinder is
concave. In the numerical computations, we set R = 2. Before going further,
keep in mind that, according to our results of discussions, the gradients of u,.,
@, P, and P,y with respect to r never diverge in approaching the boundary,
while those of the others can diverge with the rate depending on whether the
boundary is convex or not.

(Case I) Cylindrical Couette flow Let us set 7, = 0. This is nothing
else than the Couette flow problem, which is axially symmetric, and all the
quantities occurring in (19) are zero, except for ug, P9, and Qg. Their variation
near the inner and outer cylinders for various k are shown in Fig. 3 as a function
of the normal distance s from the boundaries, i.e., s = r — 1 near the inner and
s(= R —r) = 2 — r near the outer cylinder. As is clearly seen, the differences
of ug and Qy from their values at the boundary change in proportion to s/2
near the inner and to slns near the outer cylinder as s — 0, respectively.
In contrast, the corresponding difference of P,y changes in proportion to s as
s — 0.7 These are consistent with our theoretical predictions, not only on the
diverging rate of the gradient (say, for ug and @Qp) but also on the finiteness
of the gradient of the moments which contain the multiplication of (. in its
definition (i.e., P.). Incidentally, in the present problem, @y vanishes in the
collisionless limit, and up in the same limit behaves in the same way as Py
near the outer cylinder as is observed in the figure. The behavior of ug is due
to that the boundary data along the outer cylinder surface is uniform and
the dynamics that induces the logarithmic divergence in the collisionless gas
is absent in the present case. Indeed, ug in the collisionless case is readily

obtained as

Up r 1 o1

— = —(r+ —<Vr?2—1— arcsin —

Uy WR( r2 r ),
where 0 < arcsin(1/r) < w/2. Its gradient with respect to r is obviously finite
asr — R.

7 In order to discriminate s against slns, the quantities near the outer boundary are
shown by the semi-log plot of the difference from the values on the boundary divided by
the distance s. If the profile for small s is horizontal line, the difference grows in proportion
to s near the boundary. If the profile for small s is a straight line with non-zero slope, the
difference grows in proportion to sln s near the boundary.
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Variations near the inner cylinder surface (s = r —1). (b) Variations near the outer cylinder
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used in the computations.

(Case II) Flow induced by the nonuniform surface temperature

Let us set u,, = 0 and 7, = asinf, where a is a small constant. Since the
surface temperature of the outer cylinder varies, the problem is no longer
axially symmetric. However, a similarity solution can be applied, so that w,
Uy T, Prpy Py, P,, and Q,. are proportional to sin 6, while ug, P.¢ and Qg are
proportional to cosf. Here, we show the change of w, u,, 7 and Pyy divided
by sin @ and that of ug, P.¢ and @y divided by cos 6 near the inner and outer
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Xo = d[1 — tanh(X{/d%)]

inflection poi
0 2d X,

Fig. 6 Configuration of the surface with varying normal curvature. The Xj-coordinates
of the surface positions pointed by the arrows (a)-(d) are as follows: (a) Xi/d = 0, (b)
X1/d =0.5994, (c) X1/d =0.8991 and (d) X;/d = 1.1993.

cylinders for various k in Figs. 4 and 5. As is clearly shown, u,., P, and @,
change from their values at the boundary in proportion to s as s — 0 both
near the inner and outer cylinders. In contrast, the others (w, 7, Pyg, ug and
Qg) change from their values at the boundary in proportion to s*/? and sln s
as s — 0 near the inner and outer cylinders, respectively. These are consistent
with our theoretical predictions. Incidentally, in the collisionless case, ug = 0
and the gradients of all the other quantities, except for Qg, are readily seen
to be finite at the outer cylinder. The gradient of @y, however, diverges in
proportion to Ins as s — 0, which is in marked contrast to the behavior of ug
in Case I. This is due to the effect of the boundary data variation along the
outer cylinder surface, which is absent in Case I.

4.2 Thermally induced flow around a surface with varying normal curvature

The concerned surface with varying normal curvature consists of parabolic
points and flat umbilic points (see Fig. 6). In the X;-X5 plane, the flat umbilic
points are represented by three different points, one is (X7, X2) = (0,d), and
the others are the inflection points of the curve Xo = d[1 —tanh(X7/d*)]. The
surface is locally approximated by a quartic curve at the former point, while it
is approximated by a cubic curve at the latter, i.e., the inflection points. Except
for the three flat-umbilic points, the surface is composed of parabolic points;
the surface is convex between the inflection points and is concave elsewhere.
The surface temperature is given by T,, = To(1+67,) with 7, = 2 (1+cos(%t))
and 0 < 1. The outer square surface at X; = £2d and X5 = 2d is kept at the
uniform reference temperature Tp. On the entire surface, the diffuse reflection
is assumed. The quantities are to be made dimensionless in the same way as
in Sect. 4.1 with d being the reference length in place of L and pg being the
average density of the gas. Accordingly, s represents the (dimensional) normal
distance divided by d and the reference Knudsen number in k& = (y/7/2)Kn
is defined by the mean-free-path at the reference equilibrium state divided
by d. The numerical computations have been carried out on the basis of the
linearized BGK model as in Sect. 4.1.
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Fig. 7 Variations of w, 7, un and u¢ near the surface with varying curvature as a function of
the normal distance s from the surface. The curves (a)-(d) in the figure indicate the results
along the arrows (a)-(d) in Fig. 6. Note that the left vertical axis is for (a)-(c), while the
right vertical axis is for (d).

Figure 7 shows the variations of density w, temperature 7, flow velocity
components u,, and u; in the directions normal and tangential to the boundary
near the representative surface points. As is clearly observed in the figure, w,
7 and w; behave differently among the positions (a)-(c), while w, behaves
commonly among those positions. Here, it should be reminded that the left
vertical axis in the figure is for (a)-(c)-plots, while the right vertical axis is
for (d)-plot. The slope of the former for small s is 3/4, 1/2 and 2/3 for (a),
(b) and (c), respectively, which implies the change in proportion to s34, s1/2
and s2/3. Hence, the results are consistent with the theoretical predictions in
Sect. 3. As for (d), the results are plotted against the right axis, and thus the
straight line with non-zero slope implies the change in proportion to slns,
while the straight line with zero-slope implies the change in proportion to s.
The density w, temperature 7, tangential flow velocity u; change commonly
in proportion to sln s for finite Knudsen numbers and tend to be proportional
to s in the collisionless gas limit (k = o), though u; = 0 in the same limit.
In the meantime, u,, tends to change in proportion to s as s becomes smaller.
These observations are again consistent with the theoretical predictions for the
parabolic points in Case 3 of Sect. 3. One may wonder if the regular behavior
of w and 7 conflicts with our prediction. However, it should be noted that our
theory does not exclude the possibility of the occurrence of cancellation of the
singularity sources in the integrand as a result of integration. Actually, the
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Fig. 8 The inner surface z = —z2 + (cy)? with 22 4+ y? < 1 and c = 1.

similar situation does happen in the next example in Sect. 4.3. The numerical
results are thus all consistent with our theory.

4.3 Collisionless gas near the saddle point of a surface

Consider a collisionless gas confined in a right circular cylinder with radius
2L. Let us set the Cartesian space coordinates (Lz, Ly, Lz) in the way that
the cylinder axis is in the z-direction and its surface is given by z? + y? = 22.
Inside the cylinder, there is another surface, which we call the inner surface
hereinafter, z = —2% 4 c?y? with 22 4+ y? < 1, where ¢ > 1 is a dimensionless
constant, see Fig. 8. The cylinder is kept at temperature Tp(1+ S cos ), while
the inner surface is kept at temperature To(1+3r cos ¢). Here 8 < 1,7 = (22 +
y?)1/2 and ¢ (0 < ¢ < 2r) is the polar angle in the 2-y plane (tan ¢ = y/z).
In this example, the origin of the spatial coordinates is the saddle point of
the inner surface, a typical example of the hyperbolic point; see Case 2 in
Sect. 3. Under the diffuse reflection condition on the boundaries, the velocity
distribution function py(2RTy)/2(1 + ¢)E on the positive z-axis, where py is
a reference density, is obtained with the aid of the solution method in [7,8] in
the form

B(C% — 2)ry cos Py, 0< b <0,

20
B(¢? — 2) cos ¢, 0. <0 <, (20)

¢(O,O7Z > 07Ca9Ca§04) = {

where ((z,Cy, () = ({siné¢ cos ¢, (sinb¢ sin ¢, ¢ cos f¢) is the molecular ve-
locity divided by (2RTp)'/?, and 74, ¥w, @e and 6, occurring in (20) are given
as follows:
—cot O + (cot? O + 4C (py,)2) /2

2C(pw) ,
Y =@c+m (mod27), @.=p;+7m (mod 2m),

g [eot8 =202, g € o~ 0 Ulr + o2 — ),
* cotfe = z — Clp¢), otherwise,

Tw =
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Fig. 9 The z-component of heat flow @, contributions to it from the convex part @y and
from the concave part Q. near the saddle point.

where

C(p) = — cos®p + ¢* sin?p,

1 ?—1+422 <1 -1
« = —arccos | —————— —arccos | —— | = ¢y,
L 1+c2 )2 1+e2) =%

and the range of arccos is [0, 7). In the present example, because of no flow
induced and asymmetry of the data in the boundary conditions, some sin-
gularity sources cancel out one another for the first few moments. Hence, we
here focus on the z-component of the heat flow po(2RT,)/2Q, on the positive
z-axis at z = s (pg = poRTy is the reference pressure), which is free from such
cancellations:

5
Qulz =s) = [ (¢ = DoBdC =@+ Qu,
Px 0+ ™
/B =—ax=3/? d 2 dfc sin® 01y, df sin® 0
Qv/B 0 /0 ¢ €os @C(/O ¢ sin® fer +/6t ¢ sin” 6;)

Ph Oe ™
— 4 =3/2 / dip cos® cpg(/o df; sin® Ocry, + /9 df; sin® 0;),

T—=%h

Oc ™
Q./=- 27r_3/2/ dip¢ cos? goC(/ dfc sin® O¢ry, + / df:sin? ;).
Ph 0 be
Here @ is the contribution from the range of azimuth angle corresponding to
the convex part of the inner boundary, Q. is that from the range of azimuth an-
gle corresponding to the concave part of the inner boundary. They are plotted
together with @, in Fig. 9(a). As is clear from Fig. 9(a), the double-log plots
for @, and @y become straight lines with slope 1/2 for small s, which means
that @, and @, change from their values on the boundary in proportion to
s'/2 near the boundary. The semi-log plot for Q. in Fig. 9(a) becomes straight
line with non-zero slope for small s, which means that @. changes from its
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value on the boundary in proportion to slns near the boundary. Therefore,
among the two types of singularity sources, the contribution from the convex
part is dominant, as expected. In order to estimate the magnitude of the sin-
gularity sources from the numerical data, we obtained as well the coefficient
cs of the fitting curve css'/? to |Q.(s) — Q.(0)|/B determined by the least
squares fitting with five sampling points within the distance 1.3 x 10~ from
the boundary. The coefficients ¢; and ¢, of the fitting curve —cyslns + ¢;s to
|Qc(s) — Qc(0)]/5 were also obtained in the same way. The results are plot-
ted with markers in Fig. 9(b), together with the fraction of the convex part
in azimuth angle (the dashed line). As is clear from Fig. 9(b), the fraction
of the convex part decreases with increasing ¢; the s!'/2-dependence of Q, is
weaken accordingly. The sln s-dependence of . grows, on the contrary, in
accordance with the growth of fraction of the concave part, when ¢ increases
up to around 10%. These are consistent with our prediction in (Case 2) in
Sect. 3. Incidentally, if ¢ increases further and beyond around 102, the sln s-
dependence of ). becomes weaker [see the most right two closed circles in
Fig. 9(b)]. This is due to the present setting of surface temperature distribu-
tion. In the present setting, as ¢ grows largely, the variation of temperature
along the surface becomes milder with the fraction of the concave part almost
unchanged, and s1In s-dependence turns to decrease accordingly [see (9) with
v =0 in Sect. 2.1.3].

5 Concluding remarks

We have discussed in detail the blow up of gradients of macroscopic quantities
in approaching the boundary in steady rarefied gas flows, with the aid of
partial and quasi-full models of the linearized Boltzmann equation. The source
term in the quasi-full model mimics the essential spatial property of K[¢)
and thus our discussion applies to the original linearized Boltzmann equation
as well. As to the nonlinear Boltzmann equation, we are lacking evidence
for the spatial property of the nonlinear collision term near the boundary. If
the nonlinear collision term spatially behaves as the linearized one does, our
statements should apply, as they are, to the nonlinear Boltzmann equation as
well. Incidentally, the nonlinearity of the boundary data does not affect our
discussions on the collisionless gases, some examples of which can be found in
[14].

As briefly mentioned in the introduction, our results also give the insight
on the difference in structure between the S layer and the Knudsen layer at
their bottoms. According to [12], the S layer is the region where the disconti-
nuity of VDF remains around a convex body, while the Knudsen-layer is the
kinetic boundary layer which has been formulated as a half-space problem (the
so-called Milne and/or Kramers problems) based on the planar approximation
to the boundary geometry in the stretched scale of spatial coordinates. In-
deed, the structure of the S layer around a circular cylinder in [6] shows the
square-root growing rate in the normal distance from the cylinder surface,
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which agrees with our theoretical conclusions. The same growing rate can be
found in the problem of the thermophoresis around a spherical particle [11],
though the explicit form is not given in [11] (see the Acknowledgements). The
growing rate in these observations is in marked contrast with the structure
of the Knudsen-layer at its bottom. Indeed, the data of the Knudsen-layer
corrections tabulated in, e.g., [10, Table 3.3] and [9, Table 3.3] for the BGK
model, [5, Table 5.2] for the hard sphere molecules, show logarithmic type
(slns) dependence on the normal distance s, which agrees with our results for
the planar boundary case.

Recently, there are several attempts in the literature to extend a classical
approach such as the Navier-Stokes equation with adjustable viscosity, aiming
at the full description of the kinetic boundary layer in the slip-flow regime.
The presence of the kinetic effect discussed here shows a limitation of such an
approach.
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