Lecture X Statistical Mechanics 1

Kinetic theory IV

In this lecture there will be discussed transport phenomena and transport coefficients of heat
conductivity and viscosity. The equations of viscous hydrodynamics will be also derived.

Relaxation time approximation

e A complicated structure of the Boltzmann collision term is a serious obstacle in applica-
tions of the kinetic theory. The collision term is radically simplified in the relaxation time
approximation which is

C(t.r.p) =~ (f9(t..p) ~ f(tx,D)). (1)

where 7 is called the relaxation time discussed later on and f°i(¢,r,p) is the distribution
function of local equilibrium
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e To clarify a physical meaning of the collision term (1), let us consider a system which
is homogeneous. Consequently, the distribution function is position independent and the
equilibrium function is time independent. The kinetic equation then equals

of(t,p) _ f“(p) - f(t,p)
ot T ’

(3)

and its solution is )
f(t,p) = (f(0,p) — f(p))e” " + f“(p). (4)

As seen the system evolves towards equilibrium and f(¢,p) = f(p) after the time ¢ > 7.
The parameter 7 is a characteristic time of equilibration.

Rough estimate of T
To fully specify the collision term (1) the parameter 7 needs to be estimated.

e If 7 is identified as the mean free flight time of a gas particle it is

=t o)

where ¥ is the average velocity of a gas particle and [ is its mean free path.

e The velocity v is estimated equating the particle kinetic energy %mz‘ﬂ to the thermal average
energy %k:BT which gives
3kgT

m

. (6)
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e To get the mean free path [ we consider a test particle which has just experienced a collision
and we ask when the particle will collide again. If the interaction cross section is o the
collision will occur when a gas particle appears in a cylinder of the base area ¢ and the axis
along the test-particle velocity. The cylinder’s height equals the mean-free path [ and the
number of particles in the cylinder equals one. Thus we require lop = 1 which gives

=L (7)
po

e Substituting the formulas (6, 7) into Eq. (5), one gets the following rough estimate of the

relaxation time
1 m

T:E . (8)

3kgT

More accurate estimate of T

e A more accurate estimate of 7 can be obtained comparing the Boltzmann collision term with
that of the relaxation time approximation (1). Let us assume that there is the approximate
equality

“Up) — f(t d?
f(p) f(,I“,p)_/ Pl —
T (2m)3
On both sides of Eq. (9) there are positive and negative terms. So, we require

ferp) _ [ B,

e Assuming that the cross section weakly depends on the initial momentum p + p; and
scattering angle 2, we can perform the angular integral in Eq. (10) and we get

ft,r,p)
T

f(t,r,p') f(t,r,p}) — f(t,x,p) f(t,r,p1)|. (9)

|d
ds?

do
vil SE 5t x,p) f(t.v, D). (10)

-2 [ S b pl fltrp) om0 (1)

e If one divides Eq. (11) by f(t,r,p) the relaxation time 7 is momentum dependent. This is
physically realistic but the relaxation time approximation is no longer simple. We instead
take the momentum integral of both sides of Eq. (11) which gives

1 o o d3p d3p1
T mp/ (2n)? (2mp P~ Pl r ) F{E TP (12)

e Now we substitute the local equilibrium distribution (2) with u = 0 into Eq. (12). To
perform the momentum integrals we introduce the center-of-mass variables: P = %(p +p1)
and q = p — p1. The integrals over P and q factorize from each other and one gets

1 ap( s )3/ P . [ P2 }/ d3q ale [ q? } A kgT (13)
L_or ol _ o l_ _ kel
7 m \mkpT/) | ©@r)E TPl mkpr) ) @n)F VP wkpT) T 0PN T

which finally gives

1 ™n

dpo \| kgT (14)



Lecture X Statistical Mechanics 3

Taking into account that \/ig ~ 0.58 and \/TE ~ 0.44 the estimates (8) and (14) agree with

each other surprisingly well. In our further considerations we will ignore the numerical
factor and we will use the estimate

1 m
= ) —. 1
4 po \ kgT (15)

Nitrogen in normal conditions

To get an idea about magnitudes of parameters, in particular about 7, let us consider nitrogen
in the normal conditions that is at the temperature 0 °C = 273 K and the pressure 1 atm =
760 mmHg. Nitrogen, which makes up about 80% of air, is a gas of diatomic molecules Ny in
normal conditions. There are two stable isotopes “N and °N but the former one is much more
abundant.

The nitrogen mass density is 1.25 - 1073 g cm 3.

The atomic mass of N is 14 atomic mass units u (u = 1.66 - 1072* g) that is 2.32 - 10~ *g.
The mass of the molecule Ny equals m = 4.64 - 10~ %g.

The density of molecules Ny is p = 2.69 - 101 cm 3.
The diameter of a molecule Ny is a ~ 2.5A = 2.5-10"%cm. Since the (classical) cross

section of a collision of two balls of a diameter a is ¢ = 7a®, we get the interaction cross
section 0 = 2.0 - 1071 cm?.

The mean free path is [ = (po)~! = 1.9-107° cm.

At T = 273 K the thermal velocity is v = ,/?”“%T = 49-10* <%, where we have used
kp = 13810716 £,

The relaxation time is finally found as 7 = (97! = 3.9 - 10705,

Solution of kinetic equation

We look for a solution of the equation

(5 v ¥)erm) = L enp) ~ ep) ()

Since we expect that a solution of Eq. (16) evolves towards the local thermodynamical
equilibrium, we look for the solution of the form

ft,r,p) = [t r,p) +0f(L,r,p), (17)

with
fet, v, p) > |0 f(t,r, p)l (18)
Substituting the function (17) into the equation (16) and using the condition (18), we obtain
0f(t,r,p) = =Dy f(t,x, p), (19)

where the substantial derivative equals

0
D, = — - V. 2
v 0t+VV (20)
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e Taking into account that the equilibrium distribution function depends on ¢ and r only
through p,u and T', we compute the left-hand-side of Eq. (19) as

afeq 8feq ) 8feq
D, f¢ = D, — Dyu’ D,T, 21
/ dp Pt ou' v oT (21)
which gives
Dyfev 1 p'—mu' . 1l/(p—mu)® 3
—-D -~ D+ —(—m" —Z)D,T. 22
fea 0 Pt kT vt T( 2mkgT 2) v (22)

e Since the function §f(t,r,p) is assumed to be small, the functions p, u and T are expected
to satisfy the equations of ideal hydrodynamics

Dyp+pV-u=0, (23)
1
l)uu + _Vp - Oa (24)
mp
2
DT + TV -u=0, (25)

which allows one to eliminate the time derivative of p,u and 7' from the right-hand-side of
Eq. (22). Additionally expressing the pressure as p = pkgT and using the particle velocity

v = 2 instead of the momentum p, one obtains

D, fed R (O

feJ; = kBﬂT((UZ —u')(v) — )V — g(vl —u')(v' — uZ)V7u7>
b (e (0 ) ) = ) — )T, (26)

T \2kgT 2
e Substituting the result (26) into Eq. (19) we finally find

_ __geq| M I S N P S VA B

of Tf [kBT<(U u')(v! — )V 3(1} u')(v u)Vu) (27)
;2 (50 (0" — ) (o' = ) = 5) (07 —u) 9.
T \2kgT 2

In this way, we have found the approximate solution f = f*1+ §f of the kinetic equation
(16).

Matching conditions

Since the equations of ideal hydrodynamics (23, 24, 25) are used to derive the function (27),
the function satisfies the matching conditions to be discussed here.

e The equilibrium distribution function (2) is expressed through p, 7" and u. Consequently,

pltr) = [ s ) = ot (28)
P = [ G ) = o) ) (29)
e(t,r) = / (;l;];?) epf(t,r,p) = %mp(t, r)u®(t,r) + gp kgT(t,r). (30)
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e However, the left-hand-sides of the equations (28, 29, 30) should be also reproduced by the
function f(t,r,p). Thus, we arrive to the matching conditions:

/ (;iﬂ];za p et r,p) = / (;iW];za p'f(t.r,p), (32)
/((in]; epf“(t,1,P) /(;ZW];S epf(t, 1, P). (33)

which mean that

d3 B d3p ; . B d3 . .
[ Gsdrern) = [ Gt - [ haiern -0 G

e A direct computation shows that the matching conditions (34) are indeed satisfied by the
function (27).

e Let us prove the first and the simplest condition (34). For this purpose we compute

/ <§;Z>)3 of = =T (%Zcp)m / P exp | - ;ZZ;} (35)
X [k;BﬂT (wiwjvjui — %wiwivjuj) + %(szT wiw' — g)wjva]7

where the local equilibrium distribution function (2) has been used and we have changed
the variables p — w = p/m — u.

e Further on we use the relations

2
/d3w exp [— ;{WT}wi = 0, (36)
B
2
3 _mw i 3/2 kgT\5/2 i
/d wexp[ 2kBT]ww = (2m) ( - ) 6, (37)
d _—mww win® = 0 (38)
w exp | T www® = 0,
- 2
3 _ mw 2,0, _ 3/2 kT ij
/d w exp | QkBT]W w'w 5(2m) ( - ) J (39)
3 __ mw 4 Jj o 3/2 kBT z] 4
/dwexp_ 2kBT] w'w 35(27) ( - ) J (40)

3 _ mw? k, 1 __ 32 (kT ij skl | sik sl | sil sjk
/dwexp[ %BT}wwﬂww — (2n) (m) (596K + 5767 + §57%), (41)

which can be easily derived.
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e Taking into account the equalities (36, 37, 38), the right-hand-side of Eq. (35) vanishes.
e The remaining two matching conditions (34) are proved in the similar way.

e The matching conditions (34) have been obtained because p, T and u satisfy the equations
of ideal hydrodynamics. However, one can invert the reasoning, the matching conditions
are required and consequently p, T' and u satisfy the equations of ideal hydrodynamics.

Macroscopic quantities

When the ideal hydrodynamics was derived the macroscopic quantities were computed with
the distribution function of local equilibrium. Now we are going to discuss what happens when
the correction ¢ f given by Eq. (27) is included.

e We are interested in the particle density p, particle flux j, momentum density P¢, momentum
flux 1%, energy denisty ¢ and energy flux I which are defined as

oer) = [ohswee. = [ S5 P een @

(2m)3 m
P = [Ghitere, W= [ L ), @)
cltr) = / %epf(t,r,p), I(t,r) = / (;Zﬂzggiepf(t,r,p). (44)

e Because of the matching condistions (34), p, j, P’ and & remain as in the ideal hydrody-
namics that is
1

3
j=pu, P =mpu, €= émpu2 + 4 kgT. (45)

e The momentum and energy fluxes II¥ and I are modified as

7 = mpu'v? +6YpkpT + 6117, (46)
1 5
I = 3P u® + P kgT + 61, (47)

where 6I1% and ¢1 are the dissipative corrections coming from J f.

e A dissipation is an irreversible energy transfer associated with the entropy growth. A typical
example is friction. It will be clear soon why §II¥ and ¢I are called dissipative corrections.
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Dissipative energy flux

e Let us compute the dissipative energy flux defined as

_ [ @p p
o1 = / (Qﬂ)gaepaf. (48)

e Using ¢ f given by Eq. (27), one finds
Tpm* mw? ]

_ 3 3 _
ol = 25/2(7rmk:BT)3/2/d w(w+u) exp[ kT

X [ﬂ (w’wjvjuz — §W2V‘7U‘7>

1(m 9 O
kgT

— _ - jva] 7
T\ )
where instead of the momentum p we use the velocity w = p/m — u.

e [gnoring the terms which are odd functions of w and vanish due to integration over w, the
flux (49) is written as

0l = 01, + 01, + 015 + 014, (50)
where

oL, = Tpm /dgww3 ex [ mWQ}( T W 5>ijjT (51)

LT TR (rmkyTYRT P17 2k, kT 2 ’

_ 3rpm’u 3, w2 mw? Ty L2
o, = S R (kT /d w wW* exp [— ZkBT] (ww Viu' — 3w Viu >,(52)
3Tpmiu? mw? m AN
oI, = — & [— } ( 2 _ —) IIT, 53
3 2572 (mmkpT)3/2T / W LT ok, 2k Y T 2)Y (53)
5443 2

= _ Tpm U 3 _mw z‘jjz‘_lzjj>

oy, = e 2 (kg T) 2 /d w exp [ QkBT] <w w V9u 5V Viul).  (54)

e Using the formulas (36-40) we find
)
oL, = —57P k2T VT, 61, = 0I; = 61, = 0, (55)

which finally gives
61 = —gTﬂ k3T VT. (56)

e It appears that only the temperature gradient contributes to the energy flux while the
velocity gradient, which is also present in the expression of § f, does not. A temperature
equalization is an irreversible process, which justifies the use of the term dissipative flux.
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Heat conductivity

e Substituting the expression (56) into Eq. (47) we find the total energy flux as

1 5 5
I= 3P w4+ 5puk:BT — 37 k2T VT. (57)
The first two terms correspond to the energy transport due to the non-vanishing fluid

velocity u.

e The heat flow q is the energy flux caused by the temperature gradient. So, we write
5
a=—57p k3T VT. (58)

Since the coefficient T7p k3T is positive, the heat flows, as expected, in the direction of
temperature decrease.

e The equation (58) agrees with the experimentally established relation known as the Fourier’s
law of thermal conduction

q=—kVT, (59)

where k is the coefficient of heat conductivity.

e Comparing the relations (58) are (59), one finds x as

5
K=57p kLT, (60)

e Taking into account the estimate of relaxation time (15), the heat conductivity coefficient

is

. 5k BV mk BT

R = 5—0_ .

The characteristic features of the formula (61) are that x is independent of gas density and

is proportional to the square root of the temperature. Dilute gases indeed manifest such a
behavior.

(61)

Dissipative momentum flux

e Let us compute the dissipative momentum flux defined as

y d’p p'p’
SV = Sf. 2
/ s o] (62)
e Substituting J f given by Eq. (27) into the formula (62), one finds
4 2
ij o . Tpm 3 i AV j _mw
ot (2mmkpT)3/2 / dw (' +w)(w’ +u )exp[ szT] (63)

Mmook il kL ook k) 1 ( moo2 5) kyrk }
X | —= Vu' — -w*V = — — Jw"V T
(e Vi = gwi )+ (G et - S )utvr
where instead of the momentum p we introduced the velocity w = p/m — u. Ignoring the
terms which are odd functions of w and vanish due to integration over w, the flux (63) is

written as . g y . g
ST = §I1%7 + 115 + 611 4 6117 (64)
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Figure 1: Configuration of fluid velocity used to introduce a viscosity coefficient n

where
g 7/2 2y 1
i Tpm 3 mw i k, Il k 2wk, k
7 = — d _ J —_ = 65
o115 (27r)3/2(kBT)5/2/ w exp[ QkBT]w w (w wV'u 3V Vi ), (65)
iy 5/24,9 2 5\
g TPMTTU 3 mw m 2 i, kx7k
mi — — [——K— _2 T, (66
oL, (2m)372(kpT)3/2T / Cwexp | = o 71 G ¥ 2)“’ WV (66)
5/2,,i 2
o TP M “u 3 [_mW}(m 2—§)jkkT
OIT5 (2#)3/2(kBT)3/2T/d w exp T 2k’BTW 5 ) w'w veT,  (67)
- /20007 2 1
i TPMTTUU 3 mw k, Il k 2k, k
oy = — 2n 2 (kpT) /d w exp [— QkBT] <w wVu" — §W V¥u ) (68)
e Using the formulas (36-41) we find
ST = —rp kBT[V’uJ T v g(kauk}, (69)
OITY = 6115 = 6117 = 0, (70)
which finally provides
STIH = —7p k;BT[V’uJ N vE P §(5”V’“uk] (71)

e As seen, the velocity gradient contributes to the momentum flux but the temperature
gradient, which is also present in the expression of J f, does not. A velocity equalization is
an irreversible process caused by friction. It justifies the use of the term dissipative flux.

e The full momentum flux IT% is

I = mpu'v +06"pkpT —tpkgT |V'W 4+ Vu' — gckauk . (72)
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Viscosity

e Let us consider the scheme of gas flow shown in Fig. 1. The fluid velocity u is along the
axis x that is u = (u,,0,0) with the velocity u, dependent on y and independent of z.

e Studying experimentally the gas flow in such a configuration, it was found that the friction
force F, per unit area A in the xz—plane is proportional to the velocity gradient
F, Ou,

where the proportionality constant 7 is the viscosity coefficient.

e The component II* of the momentum flux tensor equals the momentum along the axis
x transported along the axis y per unit time and unit area in the xz—plane. In other
words, this is the force per unit area in the xz—plane acting along the axis x. Therefore,
1™ = F, /A.

e Since u = (u,,0,0), we find from Eq. (72) that

F, Ouy
0% =2 = —7pkgT 74
A TPRB y (74)
and comparing it with Eq. (73), we obtain
n=rT1pkgT. (75)

e Taking into account the estimate of relaxation time (15), the viscosity coefficient equals

vV mk:BT

g

n= (76)

As seen, it is independent of gas density and proportional to the square root of the tem-
perature.
e Taking the ratio of the coefficients (60) and (75), one finds the relation

K 5

-z 7
s (77)

which is supported experimentally.

Hydrodynamics of viscous fluid

e Equations of viscous hydrodynamics are obtained substituting p, j, P, €, II¥ and I, which
are given as

1 3
j=pu, P =mpu, e =gmpw + pksT, (78)
I = mpu'v! + 6 p kT — n[vluj + Vo' — gé”vkuk , (79)
1 4 5
I=—-mpu’+ —pukgl — VT, (80)

2 2
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into the macroscopic conservation laws

Ip(t,r)

T—FV-J(LF) = 0, (81)
OP'(t,r) + VY (t,r) = 0, (82)

ot

% + V. -I(t,r) = 0. (83)

e The first equation, which expresses the particle number conservation, is not modified when
compared to that of the ideal hydrodynamics because p and j do not have dissipative
contributions. So, we have

0
(a—l—u-V)vapV-u:O. (84)
e Using Eq. (84), the equation (82) provides the famous Navier—Stokes equation
0 1 n n
Sru-V)ut —V(p-1V-u) - L=y, 85
(8t+u u+mp b 3 " mp " (85)
where in case under consideration the pressure p is given by the ideal gas equation of state
p=pkgT. (86)

e The Navier-Stokes equation, which becomes the Fuler equation when n = 0, is a pillar of
fluid mechanics. Our derivation holds for a dilute gas but the equation is applicable to
fluids as well.

e An apparently simple equation (85) is actually very complex and difficult to solve mostly
because of its non-linearity. Even in case of incompressible fluid when V - u = 0, general
solutions are not known. The equation predicts, in particular, that under certain conditions
there occurs a turbulence — chaotic flow of viscous liquid. A secret of the phenomenon, which
is still not well understood, is hidden in the Navier—Stokes equation (85).

e Using Eqs. (84, 85), the continuity equation (83) provides the equation

0 2 2K
S V)T 4 STV u— VAT =0, 87
(at u TyivViuT g (87)

e If u =0, Eq. (87) changes into the equation of heat conductivity
0

= —aV*)T =0 88
(5~ , (88)
where a = g—z. Eq. (88) becomes the diffusion equation if 7" is replaced by the density

of diffusing particles and « by the diffusion constant. In contrast to Eq. (87), the linear
equation (88) can be rather easily solved.

e Five equations (84, 85, 87) constitute the system of equations of viscous hydrodynamics.
Since there are six unknown functions: p,u,p, T, the equation of state (86) must be added
to close the system.

e An analysis of the equations (84, 85, 87) is at the heart of a vast branch of physics and
applied mathematics known as a mechanics of continuous media. The problem is beyond
the scope of the lectures. Our goal was to show how viscous hydrodynamics emerges from
kinetic theory.




