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A first view ...
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L. Prandtl: boundary layer theory

S = Ar B A H B FAA S S KA E SRR
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L. Prandtl (1875-1953) HHREER (FE]L,2)

Ludwig Prandtl and his Kaiser-Wilhelm-Institute, Annual Review of Fluid
Mechanics, 1987, Vol. 19
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T. von Karman: Karman vortex street

Karmaniz £

T. von Karman
(1881-1963)
The Karman Years at GALCIT, Annual Review of Fluid Mechanics, 1979, 11
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G. |. Taylor: Taylor pump & Taylor vortex

N.. Y B

Taylor R IAER

G.LTaylor (1886-1975) Taylor 5 (ZjEH1, 2)

G. L. Taylor in His Later Years, Annual Review of Fluid Mechanics, 1997, 29
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Viscosity, Newton’s law, and NS equations
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Microscopic mechanism of viscosity
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What if viscosity disappears?

He4 —I( _EE’J,%L’ yﬁi{zli;l‘ﬁ ) H€4 —JI( iﬁyﬁi*ﬁ ) Statistical Hydrodynamics. (*)

L. ONSAGER

[superﬂuids flow with no resistance I New Haven. Conn

It is a familiar fact of hydrodynamies, than when the « Reynolds number »
exceeds a certain critical value, which depends on the type of flow, no steady
flow is stable. The unsteady flow which occurs under these conditions calls
for statistical analysis; but early attempts in this direction encountered for-
midable difficulties. Within the last few years, however, the most important

vi———»

V,—Pp Vo—p remaining questions concerning the stability of laminar flow were settled by

normal fluid superfluid C. C. L1y [1], and a promising start towards a quantitative theory of turbu-

lence was achieved by KoLmMoGOROFF [2]. For good measure, KOLMOGOROFF's

a normal fluid flows with some velocity V, — but if resistance is main result was rediscovered at least twice [3], [4]. The theories involved deal

placed in its way it moves with velocity Vywhere Vo<V, (ie. slower) with the mechanism of turbulent dissipation. We shall return to this subjeet;

a superfluid moves at the same rate regardless of the resistance it seems logical to discuss first a different, new application of statisties to
that is Vo= V| at all times hydrodynamics.

It is of some interest to note that in principle,

BT R RETHE, ENEEBENFH AR —, HXEBRNT turbulent dissipation as described could take

Foe . P \ i, place just as readily without the final
#£1962. 1978, 1996 120038585 MUK TURYHE L. ERXE, BF assistance by viscosity. In the absence of

RREL R BB FE . viscosity, the standard proof of the

conservation of energy does not apply,
Henderson, K. L. & Barenghi, C. F. Transition from Ekman flow to Taylor because the velocity field does not remain
vortex flow in superfluid helium, Journal of Fluid Mechanics 2004, 508, differentiable! In fact it is possible to show
319-331. that the wvelocity field in such ‘ideal’

turbulence cannot obey any LIPSCHITZ

. . } condition of the form
Henderson, K. L. & Barenghi, C. F. The anomalous motion of superfluid

helium in a rotating cavity. J. Fluid Mech. 2000 , 406, 199-219, |v(r’ +r)—v(r) | < (const.) ks

-

~ Superfluid (Onsager) Ideal turbulence (Onsager)

N [1] Andronikashvili, E.L. and Y.G. Mamaladze, Quantization of Macroscopic Motions and Hydrodynamics of
y e Rotating Helium II. Reviews of Modern Physics, 1966. 38(4): 567-625. 10
A ™ [2] Onsager, L., Statistical hydrodynamics. Il Nuovo Cimento (1943-1954), 1949, 6(Suppl 2): 279-287. BeE
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Viscosity emerges from the electron transport

Low temperature & low -« Metal, Si|Ga[Al]As, Doped-S|BLG, Pt|PdCoO,
dimension & ultrapure « SLG, semi-metal (MoP, WP.,), topo-insulator

Vi(y) |

. |

|
/ ¥ dimension
e - * "

Room/ultralow temperature

- | e boundary plate
[ (2D, moving) | velocity, u
’ / . shear siress, T
| ; -
X C
).? l (a)
' bourdary plate (2D, stationary)
Nearly Free electron model Viscous electron model Viscous fluid model
Electron<—> Lattice* Electron<—Electron** ¢ | 5 Molecular<—Molecular
Lattice-induced resistance Boundary-induced resistance
(Ohmic flow) (Hydrodynamic flow)
31 "v,%. *Refersto phonons and defects. Electron hydrodynamics!
3 i 3 ** Direct scattering or mediated by phonons pagel2
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What about phonons?

—> Low temperature

Room temperature
LJ-Process M-Process A /

k
-
I
k.- .-\__.--\-. _‘—l_l_l_l_‘. _y'::liITIEI'ISiDn
T k. boundary plate
i S b (20, moving) | velocity, u
K, e

boundary plate (2D, stationary)

Viscous fluid model

Hydrodynamic model
—>» Molecular<—Molecular

Classical model
Phonon <—> Phonon (N) <

Phonon<—> Phonon (U)

Umklapp-induced resistance Boundary-induced resistance
(Fourier law) (Hydrodynamic flow)

X Phonon hydrodynamics!
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Hydrodynamic transport: Parallel treatment

collective

Boltzmann transport equation (BTE) — semi-classical description
moving
velocity

Resistive scattering fo(r,ep) /
O\ <k

df|_of ~Of F Of _
E = E +v- a + E | 5 =€) Conservative scattering fo(r, Er—u -p)
Different (quasi-)

Particle Different
:: equilibrium states

Change of :
particle state scattering mechanisms

f: the non-equilibrium distribution function of the particle cluster around (r, v)

Solving BTE: Deterministic | Stochastic (particle nature)

Upscaling BTE: Hydrodynamic description (macroscopic)

Beyond BTE: wave nature, strong correlation, scattering rate
Coherence: Quantum transport in low-D system
Localization: Strong disordered/correlated system

Super/Magneto/Topo: Strong (spin/Coulomb) correlated system

i

~ \\

R o, S Chen G. Nanoscale Energy Transport and Conversion. Tsinghua University Press. 2014
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Knudsen effect in gas transport at microscale

o

L]
-
. o
v~ul.. QO .
D e
2 L
leff ~ d /lmm ) .,G.
L
Hydrodynamic regime Transition regime Ballistic regime
(a) (b} (c)
|
O- f— Q/Ap L L] L | I -' T k3
MINIMUM OF RESISTANCE IN IMPURITY - —~ l ¢ |
FREE CONDUCTORS eff = I - o
- Knudsen minimum
R. N. GURZHI |
Submitted to JETP editor December 21, 1962 |
J .Exptl. Theoret. Phys. (U.8.8.R.) 44, 771-772 I x-
(February, 1963)
= '*H._.Jj&-ﬂ"“——_- -
the first paper on _ I
electron hydrodynamics collective . . A ua| 'Freemolecular’
continuum flow g go1 : /. 100 flow
Kn = %

[1] Gurzhi R N. Sov. Phys. JETP., 1963, 17: 521.

[2] De Jong M.J.M, Molenkamp W. Phys. Rev. B, 1995, 51: 13389-13402.
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DOM to solve the Boltzmann transport equation

Discrete Ordinate Method (DOM)

Used to solve phonon BTE in history

Simple and clear for directly discretizing the BTE (upwind scheme)

Appropriate to simple geometry (mechanism research)

Similar to Lattice Boltzmann Method

Protocols of DOM

Initialize the displaced
distribution function )
and internal E

Calculate the

Iterate and update the

\ 4

displaced distribution

macroscopic quantities

function

)

Calculate and output the
transport properties

guantities and their deviation ¢ to the

Calculate the new macroscopic

A

old ones

[1] De Jong M.J.M, Molenkamp W. Phys. Rev. B, 1995, 51: 13389-13402.
[2] Huang, Y. and M. Wang. Physical Review B, 2021. 104(15): 155408.
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Knudsen-Gurzhi effect in electrons and phonons

Knudsen-Gurzhi minimum

A

N

—— DOM W=1pm
—8— DOM W=10ym

—&— DOM W=50pm
—+— DOM W=100pm

T [ I !
T2 R R
i F/ | ) \
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- a e
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2 53] /55
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1k ou:lm P 1W 100 | ::' '4 |
0 . | | ' i 3, 1" 1_|:|‘ g
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y / W DD 55 i oa = i o a1 0.z 03 0.4 [\Il.rﬁ 0.8 o7 08 0.8
y/W
Theoretical results (eBTE) DOM results of (eBTE) DOM results of (phBTE)
Main figure: velocity profile  Knudsen: size effect of gas transport
Subfigure: conductivity * Gurzhi: electron hydrodynamics
\lkk.,. [1] De Jong M.J.M, Molenkamp W. Phys. Rev. B, 1995, 51: 13389-13402.
b | VN [2] Huang, Y. and M. Wang. Physical Review B, 2021. 104(15): 155408. 15
h i Li [3]1 Guo Y (EB;¥4). Doctor Dissertation. Tsinghua University, 2018. page
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Hydrodynamic transport: Characteristics

Resistance Equations

Particle Scattering
Molecules m-m . NFe
(quasi-) boundary- equations
Phonons ph-ph (N) VSIS I induced ?
conservative
Electrons e-e (N) ?

« Characteristics
v" “Non-local’: collective motion rather than individuals (conservative quantity)

v' Emergent Phenomena: bulk viscosity emerges from the conservative scattering

v' Source of resistance: boundary scattering makes the major resistance

Requirements for phonons and electrons
v" Quasi-classical regime: particle view holds under certain circumstance

v Low temperature and pure: momentum-conserving scattering dominates

v' Micro/nanoscale (low-dim): boundary/impurity/dislocation plays essential roles

B
R $ o Chen G. Nanoscale Energy Transport and Conversion. Tsinghua University Press. 2014
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Upscaling of Boltzmann transport equation

Boltzmann transport equation (BTE) — Chapman-Enskog expansion

df_af af F f_C(f)

F=1O0 fefl) 4 25

dr ()z‘ Or v
« Classical N-S equation T e —
DP B N |
——|—V c=pg o-zlpl!—l,u< (V- u)I—l—Vu—l—(Vu)T})
 Phonon N-S equation | | I |
3 1 |
Alv.g=-1 0= kel —|zviea (V- )1+ Vg + (V) ™)
Ot [5:3 3 . I ) I
« Electron N-S equation I : : |
P
oP P | |
—I_VT:_T——l_m Fmacro T iPI_I,Ue((V u)1+vu_|_(vu> )I
MR
T\"\‘ [1] GuoY (?Bii%_’ﬁ‘). Doctor Dissertation. Tsinghua University, 2018
3 ! ‘ T\ [2] Huang Y (2 &M). Undergraduate Thesis. Tsinghua University, 2019 page21



Applications of general Navier-Stokes equations

Transient phonon transport

normal to the thin film Magneto-hydrodynamic transport of electron

|
5, -1 - A
. L F Toff 1w B
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Kn,=0.01" Typical Setup
02 30 i
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Experiment result in GaAs/GaAlAs Theoretical result
o oV e vV
o i o = AV (0, AV +w V) Xe] +(BE+VXB) ——
¥ ‘ S [1] Guo Y (EB;EHR). Doctor Dissertation. Tsinghua University, 2018.

s 2] Huang Y (B2 =1M). Undergraduate Thesis. Tsinghua University, 2019.
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Conclusions
Electron and phonon hydrodynamics are possible under certain
circumstances, besides molecular hydrodynamics (fluid dynamics).
Parallel treatment of the hydrodynamic transport is feasible and will
help predict and study the novel phenomena, i.e. Knudsen-Gurzhi effect.
Applications in scientific research and industry are expected based

on those hydrodynamic phenomena equipped with the theoretical

framework.
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Thank you! Yunfan Huang

Any comments are Department of Engineering Mechanics
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