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Diffuse-specular model

Cercignani-Lampis model

Theory based on CL model
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General form of boundary condition

v
n

,Ul
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Normalization / impermeability

R(v —wv)dv=1 (2)

v >0
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Normalization / impermeability

R(v —wv)dv=1 (2)
v >0 4
/ _ mu' /
hlexp (g ) R0 =0 )
= |u,| e — iy R(—v — —') (4)
— S Tk,
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Diffuse-specular scattering

Diffuse-specular scattering

R = agRaiff + (1 — ag) Rspec (5)

_ Jincident(d}) _ Jreflected (,¢)

T i reflecte = G4 (6)
Jznczdent(d}) _ dz}'f; 2 d(¢)

for any kind of the property ¢

a(y)

g - unique accommodation coefficient for all properties.
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Diffuse-specular scattering

Cerciganani-Lampis model (1971)

Un

Rep(v',v) =
or(v,v) w2, (2 — ap)vd

o [ve — (1 —a)vi]> vy
55 4 — _
P (2 — ay)v2,

/27T {2\/1—anvnv;cosd>
X exp
0

anvZ
2kgTy,
Vy = A/ ——
m

}dqb
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Cercignani-Lampis model

Cercignani-Lampis model (1971)

Jincident(w) _ Jreflected (,(p)
Jincident(w) _ Jgff]lceded(’lﬁ)

Y =muy, ) =y (8)
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Cercignani-Lampis model

Cercignani-Lampis model (1971)

Jincident (w) _ Jreflected (,lp)

Jincident(w) _ Jgff]lcected(w)

Y =muy, ) =y (8)

0 < ay < 2 tangential momentum accommodation coefficient (TMAC)
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Cercignani-Lampis model

Cercignani-Lampis model (1971)

Jincident (w) _ Jreflected (,lp)

Jincident(w) _ Jgff]lcected(w)

Y =muy, ) =y (8)

0 < ay < 2 tangential momentum accommodation coefficient (TMAC)

1
W= imvfl,
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Cercignani-Lampis model

Cercignani-Lampis model (1971)

Jincident (w) _ Jreflected (,¢)

Jincident<w) _ J;‘ief]lcected(w)

Y =muy, ) =y (8)

0 < ay < 2 tangential momentum accommodation coefficient (TMAC)

B Jincident (,¢}) _ Jreflected(w)

T A reflected
Jznczdent (¢) _ Jdl]{f t (1/})

) = an ©)
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Cercignani-Lampis model

Cercignani-Lampis model (1971)

Jincident (w) _ Jreflected (,¢)

Jincident<w) _ Jgff]lcected(,lp)

d) = Ty, 0‘(¢)

:at

0 < ay < 2 tangential momentum accommodation coefficient (TMAC)

B Jincident (,¢}) _ Jreflected(w)

T A reflected
Jznczdent (¢) _ sz]{f t (1/})

:O[n

_ 1

0 < o, <1 normal energy accommodation coefficient (NEAC)

(8)
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Cercignani-Lampis model

Cercignani-Lampis model (1971)

Jincident (w) _ Jreflected (,¢)

Jincident<w) _ J&‘ff]lcected(w)

ld) = Ty, a(w)

:at

0 < ay < 2 tangential momentum accommodation coefficient (TMAC)

B J'mcident (,¢}) _ Jreflected(w)

T A reflected
Jznczdent (¢) _ Jdl]{f t (w)

_ 1

:O[n

0 < o, <1 normal energy accommodation coefficient (NEAC)

Jincident(w) — / ‘Unlf('u)l,b('v) dv

v, <0

Egs.(8) and (9) are NOT dependent on f(v) @u

(8)
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Cercignani-Lampis model

Diffuse-specular vs. CL kernel
Scheme of thermo-molecular pressure difference

w T |

T1 T2

L

Net flow = 0
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Cercignani-Lampis model

Diffuse-specular vs. CL kernel
Scheme of thermo-molecular pressure difference

w T |

T1 T2

L

Net flow = 0

P (E)”
D2 15

(11)

v

Free-molecular regime, diffuse-specular scattering

1
T=3 for any ay

(12)

v
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Cercignani-Lampis model

Free-molecular regime, experiment

04<y<05 (13)

Podgursky, Davis, J. Phys. Chem. 65 1343 (1961) .
Edmonds, Hobson, J. Vac. Sci. Technol. 2 182 (1965).
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Cercignani-Lampis model

Free-molecular regime, experiment

04<y<05 (13)

Podgursky, Davis, J. Phys. Chem. 65 1343 (1961) .
Edmonds, Hobson, J. Vac. Sci. Technol. 2 182 (1965).

| A\

Free-molecular regime, CL kernel

0.13<y<1 (14)
when
025 <a, <1, and 0.25<a <1.75 (15)

Sharipov, FEur. J. Mech. B/Fluids 22 (2003)
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ased on CL kernel and experiments

Planar Couette flow, free-molecular regime (6 = 0)

Uy Uy

2 2
T2

L5
a
Qi PUy 2k T
Plg =, VUm =
2 — oy \/TUm, m

It depends only on a;
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Theory based on CL kernel and experiments

Planar heat transfer, free-molecular regime § = 0

q1
< <
5 5
4 S
o
& S5
a
1 o a(2—ay) | pomAT
= _—= , AT < T
B="5 12—, 2w -)| Vil 0

It depends on both a; and a,
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sed on CL kernel and experiments

Viscous slip coefficient

x
e~| uz(z)
sli )
Definition
d
u, = opl “oat =0 (18)
7
op - viscous slip coefficient
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Theory based on CL kernel and experiments

Viscous slip coefficient op

0 025 05 075 1 125 15 175 2
o

Sharipov, Eur. J. Mech. B/Fluids 22, 133 (2003)
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Theory based on CL kernel and experiments

Viscous slip coefficient op

0 025 05 075 1 125 15 175 2
o

Sharipov, Eur. J. Mech. B/Fluids 22, 133 (2003)
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0 025 05 075 1 125 15 175 2
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X

slip

udnT
Uy = JTEV at =0 (19)
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Theory based on CL kernel and experiments

Thermal slip coefficient o+

1.6

1.4

1.2

o7

S I A0 S S S N S I
0 025 05075 1 12515 175 2

o

Sharipov, Eur. J. Mech. B/Fluids 22, 133 (2003)
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Theory based on CL kernel and experiments

Thermal slip coefficient o+

1.6 T 5 T T
0,=0.25 —e— |

o,=1.00 3

1.4 |- : f ;

& 12
0 02505075 1 125 15 175 2

o

Sharipov, Eur. J. Mech. B/Fluids 22, 133 (2003)
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Theory based on CL kernel and experiments

Thermal slip coefficient o+

1.6

1.4

1.2

o7

SR I A0 S S S N S I
0 02505075 1 12515 175 2

o

o+ depends on both a; and «,
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sed on CL kernel and experiments

Temperature jump coefficient

X

Definition

dT
Tgas - Twall + CTE% (20)
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Theory based on CL kernel and experiments

Temperature jump coefficient (7

Gt

16
14
12
10

8

o N B~ O

Sharipov, Eur. J. Mech. B/Fluids 22, 133 (2003)

Felix Sharipov
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Theory based on CL kernel and experiments

Temperature jump coefficient (7

Gt

16
14
12
10

8

o N B~ O

Sharipov, Eur. J. Mech. B/Fluids 22, 133 (2003)

Felix Sharipov

Fundamentals

November 20, 2023

22 /62



Theory based on CL kernel and experiments

Temperature jump coefficient (7

Gt

16
14
12
10

8

o N A~ O

T0,=1.00 —e— 7|

“n=0-é5 —o—‘

(t depends on both «; and «,

0.75 1

Felix Sharipov
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Poiseuille flow

p1 > p2




1 on CL kernel and experiments

Poiseuille flow

p1 > p2 )

. ma® dp pa
M = __Gp, Gp = Gp(é), 5 = = (21)
U dx HUm, )
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Theory based on CL kernel and experiments

Poiseuille flow through a long circular tube.
Free-molecular regime (6 = 0.01)

0
0 025 05 075 1 125 15 175 2
o4

Sharipov, Fur. J. Mech. B/Fluids 22, 145 (2003)
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Theory based on CL kernel and experiments

Poiseuille flow through a long circular tube.
Free-molecular regime (6 = 0.01)

0
0 025 05 075 1 125 15 175 2
o4

Sharipov, Fur. J. Mech. B/Fluids 22, 145 (2003)
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Theory based on CL kernel and experiments

Poiseuille flow through a long circular tube.
Free-molecular regime (6 = 0.01)

0 \ \ \ \
0 025 05 075 1 125 15 175 2

G depends only on «.
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sed on CL kernel and experiments

Thermal creep

T > T )
ma’p dT pa
M = S = 1) b= =— 22
o T da Gr, Gr=G+(9), o, (22)
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Theory based on CL kernel and experiments

Thermal creep through a long circular tube.
Free-molecular regime (6 = 0.01)

0.55
0.5
0.45
'_
0]

0.4

0.35

S S N N S
0 02505075 1 12515175 2

Oy

Sharipov Eur. J. Mech. B/Fluids 22, 145 (2003)
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Theory based on CL kernel and experiments

Thermal creep through a long circular tube.
Free-molecular regime (6 = 0.01)

0.55
0.5
0.45
'_
0]

0.4

0.35
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Sharipov Eur. J. Mech. B/Fluids 22, 145 (2003)
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Theory based on CL kernel and experiments

Thermal creep through a long circular tube.
Free-molecular regime (6 = 0.01)

0.55
0.5
0.45
'_
0]

0.4

0.35

| | | \ \ \ |
0 02505075 1 12515 1.75 2
O

0.3

G depends on both a; and «,
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Theory based on CL kernel and experiments

Experiment, Poiseuille flow

0.01 0.1 1

Exp.: Porodnov et al. J. Fluid Mech. 64, 417 (1974).
Theory: Sharipov Eur. J. Mech. B/Fluids 22, 145 (2003)
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1 on CL kernel and experiments

Experiment, free-molecular flow through a tube

Sazhin et al. J. Vac. Sci. Technol. A 19, 2499 (2001).

1.8 T T T T
atomically clean +—e—
1.7 contaminated —e—i -
16 i
- 15 | B

S 14t

= o3t
12 F .
il E
.

He (4) Ne(20) Ar(40) Kr(84)
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1 on CL kernel and experiments

Experiment, free-molecular flow through a tube

Sazhin et al. J. Vac. Sci. Technol. A 19, 2499 (2001).
1.8 T T T T T T T T
atomically clean +—e—
1.7 | contaminated +—e— | 1 s o
el ¢ .
- IS
< 15 = 09 v ‘ e i
S 14 &
IEREN 08 o 1
12} -
]
B o7k e |
1k |
He(4) Ne(20) Ar(40) Kr(84) Hel(4) Ne I(20) Ar (I40) Kr (Ie4)
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Theory based on CL kernel and experiments

Heat transfer between two cylinders (Pirani sensor)

To be calculated:

qr heat flux

T'(r) temperature distribution
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Theory based on CL kernel and experiments

Heat transfer between two cylinders

ojqu
1 -
0.5 -
0.01 0.1 1 ) 10
Exp: Semyonov et al. IJHMT 27, 1789 (1984).
Theory: Sharipov & Bertoldo, J. Vac. Sci. Technol. A 24 2087 (2006)
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Theory 1 on CL kernel and experiments

Heat transfer between two planar plates. Free-molecular regime, Eq(17)

Gas Surface q % %p
He SS* 0.168 = 0.010° 0.49 0.01
Al 0.173 = 0.010 0.51 0.01
PI° 0230 =0.011 0.68 0.01

SS-pl* 0.132 = 0.009 0.40 0.01
Al-pl# 0.132 = 0.009 0.40 0.01

Pl-pl" 0.198 = 0.010 0.58 0.01

Ar SS 0.510 = 0.021 0.95 0.92
Al 0.521 = 0.021 1.0 0.93

Pl 0.521 = 0.021 1.0 0.93

SS-pl 0.462 = 0.019 0.9 0.84

Abpl 04710019 09  oss Exp.: Trott et al., Rev.
Pl-pl 05000020 095 090  Sei. Instrum 82 035120

“Machined stainless steel. (201 1) ’

“Machined aluminum.

“Machined platinum. . :

"Machined stainless steel treated by plasma. Theory' Shari pov. a nd
#Machined aluminum treated by plasma. MOIdOVET, J. Vac. Sci.
"Machined platinum treated by plasma. Technol. A 34 (2016)
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1 on CL kernel and experiments

Experiment values of temperature jump coeff. (;

Gas  Surface  References lr o,
He ETP-Cu* 1l 6.67=0.32 0.7 0.037
ETP-Cu 21 6.805 =0.022 0.7 0.027
OFHC-Cu® [3] 7.1x0.2 0.7 0.007
ssf 4] 71=13 0.7 0.007
Ar Al® 51 230025 09 035
ETP-Cu [61 255=0.16 09 0.76
ETP-Cu 711 2.62=*0.07 09 0.74

“Electrolytic-tough-pitch copper.
“Oxygen-free-high-conductivity copper.
fStainless steel.

EAluminum alloy.

Theory: Sharipov

[1] Gavioso et al., Metrologia 52, S274 (2015).

[2] Pitre et al., Metrologia 52, $263 (2015). and Moldover, J.
[3] Gavioso et al., Int. J. Thermophys. 32, 1339 (2011). )

[4] Gavioso et al. Metrologia 47, 387 (2010). Vac. Sci. Tech-
[5] Ewing et al. Mefrologia 22, 93 (1986).

[6] Pitre et al. int. J. Thermophys. 32, 1825 (2011). nol. A 34, 061604

[7] de Podesta et al. Metrologia 50, 354 (2013).

(2016).
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sed on CL kernel and experiments

CL kernel was used to redefine kelvin (K)

In the past, kelvin was defined via the triple point of water.
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Theory based on CL kernel and experiments

CL kernel was used to redefine kelvin (K)

In the past, kelvin was defined via the triple point of water.
Since 2019, the Boltzmann constant is fixed

ks = 1.380649 x 10723) /K (23)
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Theory based on CL kernel and experiments

CL kernel was used to redefine kelvin (K)

In the past, kelvin was defined via the triple point of water.
Since 2019, the Boltzmann constant is fixed

ke = 1.380649 x 10~23J/K

kelvin is now defined via the Boltzmann constant
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Theory based on CL kernel and experiments

CL kernel was used to redefine kelvin (K)

In the past, kelvin was defined via the triple point of water.
Since 2019, the Boltzmann constant is fixed

ks = 1.380649 x 10723) /K (23)

kelvin is now defined via the Boltzmann constant

Sound speed in dilute gas

kg is extracted from

ke
c=1/v==, fyzc—p:g for noble gas (24)
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sed on CL kernel and experiments

Acoustic resonator

Clean Gas
and Vacuum

Vaive
—‘l Operator

-

Radiation
Traps

Support Tue

Vaive Assembly

PRT

FIG. 1. Cross section of resonator and pressure vessel. The
transd ies are indi by T, and the locations of
the capsule thermometers are indicated by PRT. The pressure
vessel is immersed in a stirred liquid bath (not shown) which is
maintained at 7.

Moldover et al. Phys. Rev. Letters 60, 249 (1988).
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Theory based on CL kernel and experiments

Boundary condition for temperature

dT
Ty =Ts + (Te dz,, (25)
¢ = pv,, /p is the equivalent free path of molecules
l~0.1pmatp=1atm.
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Theory based on CL kernel and experiments

Boundary condition for temperature

dT
dz,

T, =T+ (ol

¢ = pv,, /p is the equivalent free path of molecules
£~0.1 pymat p=1 atm.

Gr= CT(ata Oén)

(+ was calculated for helium and the resonator surface applying the CL
kernel. (Sharipov & Moldover, J. Vac. Sci. Technol. A 34 (2016)).

(25)

(26)
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Theory based on CL kernel and experiments

Boundary condition for temperature

dT
Ty=Ts+ G4 de. (25)
¢ = pv,, /p is the equivalent free path of molecules
£~0.1 pymat p=1 atm.
Gr = Grla, an) (26)

(+ was calculated for helium and the resonator surface applying the CL
kernel. (Sharipov & Moldover, J. Vac. Sci. Technol. A 34 (2016)).
As a result, the experimental accuracy of kg was significantly improved.
Then, its value was fixed as ks = 1.38064923 J/K.
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on CL kernel and experiments

Free-molecular flow th a conical orifice
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(a)

Conductance is well known for diffuse gas-surface interaction.
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Theory based on CL kernel and experiments

Free-molecular flow though a conical orifice

(a)

Conductance is well known for diffuse gas-surface interaction.
Conductance for CL model: Sharipov & Barreto, Vacuum 121, 22-25
(2015).
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AW/ W (%)
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sed on CL kernel and experiments

Deviation of W at ay = 0.8 from that at oy = 1

AW = W'at=0.8 - W|at=1

25

20 Fplge

=15° —a—

AW/ W (%)
o
\.\

10
s

0.1 1 10 1R
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sed on CL kernel and experiments

Deviation of W at ay = 0.8 from that at oy = 1

AW = W'at=0.8 - W|at=1

25
20 | pge e

=15° —a—
15 | =80° ——

AW/ W (%)

. f o
/ A
<

-

0.1 10 I/R
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sed on CL kernel and experiments

Deviation of W at ay = 0.8 from that at oy = 1

AW = W'at=0.8 - W|

at=1

25

20 | pge e
=15° —a—

=45° —v—

10

AW/ W (%)

NN

0.1

-

10 I/R
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1 on CL kernel and experiments

Deviation of W at a,, = 0.1 from that at o, = 1

0 "
I
2
S| B0 —e—

6

0.1 1 10w
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1 on CL kernel and experiments

Deviation of W at a,, = 0.1 from that at o, = 1

4 B=0 —e— \
=15° —a— \\
T

0.1 1 10w
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B=0° —e—

=15° —a— N
=30° —a—
T
=
0.1 1 10w
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rag force on a sphere

T =const
T, =const

oo




Theory based on CL kernel and experiments

Drag force on a sphere

T =const
T, =const

F= 47rR2pooU;°°Fu (27)
Vo
R
b=, Ux < (28)
)
F, = F,(0,04,,) calculated via the Boltzmann equation (29)

50 / 62
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F,, increases by increasing oy
F,, decreases by increasing o,

Fundamentals November 20, 2023 51 /62



on CL kernel and experimer

Thermophoresis on a sphere at § = 1

VT =const
T, =const

Us =0
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Theory based on CL kernel and experiments

Thermophoresis on a sphere at § = 1

VT =const
T, =const
Uezo
F = 41 R%*poolo (VInT) Fr (30)
R - [2ke Too
o Vo m
Fr = Fp(6, a4, ) calculated via the Boltzmann equation (32)
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Thermophoresis on a sphere at § = 1
Kalempa & Sharipov, J. Fluid Mech. 900 (2020)
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Thermophoresis on a sphere at § = 1
Kalempa & Sharipov, J. Fluid Mech. 900 (2020)

Fr increases by increasing oy
F decreases by increasing «,

Fundamentals November 20, 2023
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sed on CL kernel and experiments

Thermophoresis. Speed u and streamlines at § = 10 and oy = 0.5.
Kalempa & Sharipov, J. Fluid Mech. 900 (2020)
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sed on CL kernel and experiments

Thermophoresis. Speed u and streamlines at § = 10 and oy = 0.5.
Kalempa & Sharipov, J. Fluid Mech. 900 (2020)

=

0.02

0.01

0.005

0.002

0.001
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1 on CL kern

Radiometric force

Radiometer



https://www.youtube.com/watch?v=r7NEI_C9Yh0

on CL kernel and experimer

rce on a sphere

T =const
Tw = Too(1 + 7y cosb)
U =0 2
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Theory based on CL kernel and experiments

Radiometric force on a sphere

T =const
Tw = Too(1 + 7y cosb)

ey >

F = —4nR*poomFR (33)
2ksT,

525’ M= BB g o 2D (34)
o o m

Fr = Fr(0,a4,,) calculated via the Boltzmann equation (35)
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Theory based on CL kernel and experiments

Radiometric force of sphere at 6 = 1
Kalempa & Sharipov, Phys. Fluids 33, 073602 (2021)

0.06

0.02

Fr weakly depends on oy
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Theory based on CL kernel and experiments

Radiometric force of sphere at 6 = 1
Kalempa & Sharipov, Phys. Fluids 33, 073602 (2021)

0.06

0.02

Fr weakly depends on oy
FR increases by increasing o,
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sed on CL kernel and experiments

Radiometric force. Speed and streamlines at az = 1 and 6 = 0.1.
Kalempa & Sharipov, Phys. Fluids 33, 073602 (2021)
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Theory based on CL kernel and experiments

Radiometric force. Speed and streamlines at &, = 1 and § = 0.1.
Kalempa & Sharipov, Phys. Fluids 33, 073602 (2021)

ux10°

0.2

0.1

0.05

0 2 4 6 8 10
z/8

Flow-field changes qualitatively by increasing «,, from 0.1 to 0.5.
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sed on CL kernel and experiments

Radiometric force. Speed and streamlines at oy = 1 and § = 1.
Kalempa & Sharipov, Phys. Fluids 33, 073602 (2021)

0 1 2 3 4 ;55
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Theory based on CL kernel and experiments

Radiometric force. Speed and streamlines at oy = 1 and § = 1.
Kalempa & Sharipov, Phys. Fluids 33, 073602 (2021)

0 1 2 3 4 .55 0 1 2 3 4 /55

Flow-field changes qualitatively by increasing v, from 0.1 to 0.5.
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ased on CL kernel and experiments

Radiometric force. Speed and streamlines at oy = 1, o, = 0.1 and § = 1.
Kalempa & Sharipov, Phys. Fluids 33, 073602 (2021)
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Theory based on CL kernel and experiments

Radiometric force. Kalempa & Sharipov, Phys. Fluids 33, 073602 (2021)

In the free-molecular regime (6 = 0)

diffuse scattering (a; =1 and «,, = 1):

haripov Fundamentals November 20, 2023 61 /62



Theory based on CL kernel and experiments

Radiometric force. Kalempa & Sharipov, Phys. Fluids 33, 073602 (2021)

In the free-molecular regime (6 = 0)

diffuse scattering (a; = 1 and v, = 1): the gas is at rest
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Radiometric force. Kalempa & Sharipov, Phys. Fluids 33, 073602 (2021)

In the free-molecular regime (6 = 0)
diffuse scattering (a; = 1 and v, = 1): the gas is at rest

when «a,, < 1: the gas is moving
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Radiometric force. Kalempa & Sharipov, Phys. Fluids 33, 073602 (2021)

In the free-molecular regime (6 = 0)

diffuse scattering (a; = 1 and v, = 1): the gas is at rest
when «,, < 1: the gas is moving
The same behaviour was detected by Kosuge, Aoki et al. in their work:

Phys. Fluids 23 030603 (2011)
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Radiometric force. Kalempa & Sharipov, Phys. Fluids 33, 073602 (2021)

In the free-molecular regime (§ = 0)

diffuse scattering (a; = 1 and v, = 1): the gas is at rest

when «,, < 1: the gas is moving

The same behaviour was detected by Kosuge, Aoki et al. in their work:
Phys. Fluids 23 030603 (2011)

Their conclusion: " For the CL model, ... a steady flow is induced by the
nonuniform temperature distribution of the plates even in the

free-molecular limit. This is in contrast to the fact that such a flow

vanishes in the free-molecular limit for the Maxwell-type model”
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THE END
of Lecture 3, Part 1

Thank you for your attention

http:/ /fisica.ufpr.br/sharipov/
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