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Applications ofi Rarefied Gas Dynamics
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Outline

« Exploring low-speed microflows:

» Deterministic methods for rarefied gas flows:
= A-priori accuracy estimate: discrete H-theorem

» FVM + Immersed boundary / cut-cell methods for moving
boundaries

= Discontinuous Galerkin methods

» Example: understanding rarefied gas damping effects in
RF MEMS switches by coupled fluid/structural/electrostatic

analysis
« Exploiting microscale effects for microdevices:
dKnudsen compressor for on-chip vacuum
dKnudsen force actuation/sensing
U Field-emission driven microdischarges




Gas-Based Microdevices

MIT micro-turbine USC micro-burner NASA/UVM micro-thruster

Microscale Challenges:

*Gas-phase extinction limit, min Re~40. Catalyst needed
*Amplified heat transfer losses
*Increased viscous losses: Isp drops for Re<200.

Rarefied flow analysis provides methods for design to
overcome these challenges




Microdevices Exploiting Rarefied Flow

Vargo, Muntz , Shiflett, Tang, “Knudsen Compressor as a Micro/Meso-scale Vacuum
Pump”, JVST A, 1999:

a cascade of multiple, individually heated compressor stages

that exploit the pumping effect of rarefied thermal transpiration.

Vargo and Muntz McNamara&Gianchandani Gupta, Ann, Gianchandani
(USC), 2001 (UMich), 2012
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Numerical Modeling Approach: FVM

Unsteady Boltzmann model kinetic equation for velocity
distribution function:

Leam s -
0t T

*ESBGK collision operator
» H-theorem proved by Andries et al, 2000.
» Conservative discretization by perturbed Gaussian by

Mieussens, JPC, 2000.

FMV Solver:
*Discrete ordinates in velocity space with Gauss-Hermite
*FVM in physical space with 3"-order WENO fluxes.
*2"d and 3" -order time integration with Runge-Kutta TVD
schemes
*domain decomposition in physical space




Properties

Boltzmann's Entropy: S=-k In (Q)

Boltzmann's H-Theorem: S>0

High entropy generation rate as indicator of non-
equilibrium (Naterer & Camberos, JTHT, 2003)

Entropy generation rate as moment of BE:

S atﬁ (kjcf [ ln(h?;( })]dr:)

ey s

Entropy generation rate based on macro-parameters:

S=—




Accuracy Analysis: Discrete H-Theorem

Governing equation: Discrete equation:
fé‘j—fj‘j

1.7
TJ

LY (F*)+ L¥ ()=

Boltzmann's H-Theorem: Discrete analog of H-Theorem:

§oI= (")) + L7 Z - ln(hf )]55)
m
sl {2 e
m

§iI=87>

Ihs col

Chigullapalli, Venkattraman, lvanov, Alexeenko, J. Comp. Phys, 2010




Ap roach to eilibriu: OD3V
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1D3V Riemann Problem

1t order 2nd order minmod 3 order WENO

Gas Dynamic
Kinetic Theory - rhs
Kinetic Theory - Ihs
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* Accuracy of numerical solution manifested in kinetic entropy generation
rate.

* The entropy generation rate displays three peaks corresponding to the
shock, contact discontinuity and the rarefaction wave.

Chigullapalli, Venkattraman, lvanov, Alexeenko, J. Comp. Phys, 2010




1D3V M=1.4 Normal Shock

MNon-Conservative BC _-'
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* The entropy generation rate as indicator of compatibility of BC.

Chigullapalli, Venkattraman, lvanov, Alexeenko, J. Comp. Phys, 2010




IBMsoraMiGreflows: Motivation

dielectric: SiNg

High Frequency Micro Electro __
Mechanical Devices (MEMS) X

RF Signal line
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Raman Group -Fluid structure interaction and nonlinear dynamics 10 10

in RF-MEMS devices (part of the PRISM center for the prediction
of reliability, integrability, and survivability of microsystems) Llfetlme Of SWitCheS teSted at 35 V and 100 Hz

Purdue University

*Czarnecki et.al, 19" IEEE Conference on MEMS, 2006




IBM Eormulations: Interpolation

Step 1: Find f50ing USing 2" order Least

Extrapolation Squares Interpolation. ]

@ = Bo + f1x + P1x? M=1

Minimize |®— MBI
Find B=M"M)"'M" ®

Step 2: Conservation of mass flux at
solid face

“ - C. nfs,out + Nyall
Interpolation

c.n=0 c.n<0

Step 3. Interpolate fj,,ming at 1B face

Step 4: Solve AOf+R=0 for all directions




IBM Eormulations: Relaxation

Step 1: Relax fig for each direction using .
t =—=[Ref. 4,5]

—r

—t =
ﬁs,ﬂut — f y.FCells + ()ﬂ'B,FCEHS — f ]f,FCeHs)Exp (_] c.n

[5¢:]

Step 2: Conservation of mass flux at solid face centroid to find f;,

- " e — (E} T [‘_:;)2
C. nfs,aut + Nyall Z C'HEXPE_T
can=0 c.n<0

Relaxation

Step 3: Relax fg;, for each directions using

—t
ffa.m - f}g!E + (fs,au,t — fr,fﬂ)exp(aj

Relaxation

C.K. Chu Kinetic theoretic description of the formation of shock ware, Phys. Of Fluids, 8(1):12, 1965
Y. Ruan and A. Jameson, Gas-Kinetic BGK schemes for three-dimensional compressible flows, AIAA 2002-0550




IBM Eluxes: Interrelaxation

Step 1: Interpolate macroparameters and f at IB face using only interior
values.

Step 2: Relax fg for each direction using

Interpolation Relaxation

—t _ IB
foout = fyan + (fi.out — fralﬂ)exp(f_) = c.n
IB :

Step 3: Conservation of mass flux at solid face

centroid to find fg

- —3 = — I:.E o r’_}'?}z
Z C. nfs,aut + Nywali Z C. HEXP[_ T } =0 Relaxation

cn=0 c.n<non

Step 4: Interpolate macroparameters at IB face using interior and solid
values

| —t
Step 5: Relax fsj,foreachj  figin = fyus + (Fsout — fy.18)exp(—)

L39:]

A
Error is less than 1% when KHME =—21.9
Ax,,




IBM=ESBGK: 2D Verification

IBM-INTERPOLATION

FVM-CONFORMAL

IBM-RELAXATION

IBM-INTERRELAXATION

ESBGK type collision approximation

ESBGK-IB Methods are compared
with ESBGK-FVM Solver

Material Point Method Procedure is
implemented for marking of
background mesh

Two different meshes having 10,800
and 20,100 elements are used

A quadrature of 14x14x14 is used

E A—: o >1.9
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IBM=ESBGKS Microbeam under 1E6

Temperature Pressure

At=6.25 ns Max Velocity= 5.684 m/s

Width: 5 ym, Width/Gap, = 2.5
Background mesh: 10,920 cells
Ax=0.1 ym, Ay=0.2to 1 ym




IBM=ESBGKS Microbeam under 1E6

Time = 200 ns Time = 400 ns Time = 606 ns
\'/ =1.953 m/s = 3.883 m/s = 5.684 m/s

| IBM - ESBGK Unsteady | FVM - ESBGK Steady

Pressure (atm)

1.022
1.017
1.013
1.008
1.004
0.999
0.994
0.990

o &

Width: 5 ym, Width/Gap, = 2.5
Background mesh: 10,920 cells
Ax=0.1 ym, Ay=0.2to 1 um




3D3V Gas Damping in MEMS switch

Pressure and Streamlines for PRISM Genb Device during Pull-In /"' PR M

/ A Cend otion
of Fea i iy and
Suryhyabii




PRISMEG Online Tool

Geometry of the RF MEMS device under investigation by the MNS& PRISM project. (') gLeliighc!
A woltage applied between the bearn and the cross wire causes the beam to deflect Questions
dowerward.

Result: | Midpoint Deflection and Velocity - &

E wefelpnadnd af bean
; Time (s) n

Height {um)

na
|

Experiment ] Device Genmetry] Cramping

Voltage: 190V

Total Time: 10us

Time Step: D.9ns

surface roughness: 20mm Tirme {us)

Z results  Parameters..

b Simulation = #1
[ LY
LT

atmospheric Pressure = 1atm

http://www.nanohub.org/tools/prismcg




Impulsive; Effiects in Switch Dynamics

c,MPa I | 1T 1

-400 -200 -0 -55 -45 45 55 70 200 400

_ 5.5 us
) L - 510 um R I N N A N N TR T TR EN R R R
*b=122 um 100 200 300 400 500
*t=4um __ Maximum Stress = 388 MPa _
*td =250 nm 5.9 us —
* 1 atm air 00 400

* 150 V

Maximum Stress = 416 MPa
6-2 l‘s ~
T

0 100 200 300 400
Maximum Stress = 158 MPa

Steady- § f
state Lo 1T | I N N B
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* Flexural wave reflection from boundaries lead to stresses which are higher by > 2.5
compared to static.




Impulsive: Dynamics and Switch Lifetime
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High=0rderMethods for Boltzmann-ESBGK

» High-order deterministic methods
- Discretizations of Coordinate Space
» Finite Difference Method & Finite Volume with high-order fluxes (i.e. WENQO)
Review by Luc Mieussens, RGD 2014.
» High-order Finite Element / Discontinuous Galerkin methods
Lesaint & Raviart, 1974
» Spectral methods: work better on globally smooth functions

» Advantages of Runge-Kutta discontinuous Galerkin method

Very suitable for the solution of time-dependent hyperbolic and advection dominated
advection-diffusion equations

naturally obtain fluxes at the boundaries with the same high-order accuracy as in the interior
of the domain

Efficient parallel implementation due to compactness of the scheme

Additional references:

B. Cockburn and C. W. Shu. TVB Runge-Kutta local projection discontinuous Galerkin finite element method
for scalar conservation laws 1V: The multidimensional case. Math. Comp., 54: 545-581,1990.

A. Alexeenko, C. Galitzine, A. M. Alekseenko, AIAA Paper 2008-4256

M. Alekseenko. Numerical properties of high order discrete velocity solutions of the BGK kinetic equation.
Applied Numerical Methermatics, 61(4), 2011. pp 410-427

W. Su, A. Alexeenko, C. Cai, A Runge-Kutta discontinuous Galerkin solver for 2D Boltzmann model
equations: Verification and analysis of computational performance, RGD 2012

W. Su et al, A Stable Runge-Kutta Discontinuous Galerkin Solver for Hypersonic Rarefied Gaseous Flows,
RGD 2014.




RKDG fior Boltzmann-ESBGK

IR A AT Vo Yk Ve P VA VeV VAV VW
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In each triangle, solutions f/ are sought in the finite element space of
discontinuous functions

[ (tx,p) = Z A GUHERY
Basis Functions: supported in each triangle and dependent on the
geometry

2nd order: ¢z‘l(x9y) - a(l) ¥ allx'l' aé)’a [=123
» 3 other: b/ (x, )= ayt qx+ dyy+ aix’ + ayy’ + asxy, 1= 1,2,.,6
Degree of freedom i
Determined by the weak %ormulation of the governing system

Z Mml_Fjl(t)-l-e[;K.[ eK(x »,08 " (x,y)dl - c] Z F]l ml_c 2 Fj,}l ol

v (fL, Y ELe ey (x, y)dxdy m= 1.k
Time dlscretlzatlons I Zl

m |mplicit Runge Kutta method up to 4™ order




RKDG fior Boltzmann-ESBGK

Numerical Flux and Boundary Conditions:
m The values of f/are discontinuous at the edges. Two-point Lipschitz

numerical fluxes are used to replace the real fluxes
He! Dner](znt(K) t), ¢’ n ek, 20
eK (x yat) D
@cf DnerJ(ext(K) 1), ¢’ n, . <0
m The boundary values 7/ (ext(K),t) should be specified at the boundary edges

symmetry boundary

specular-diffuse moving wall with give accommodation coefficient
periodic boundaries,

far pressure inlet/outlet boundaries

supersonic inlet/outlet boundaries

Conservative Discretizations of the Collision Term: v (f{,- 1)

m  Specify the equilibrium distribution equation
« BGK model 7o = expla, - a,(c’ - )+ ay(c! - u)+ a,(c! - v)]
+ ES-BGK model P
In order to be consist rﬁOWIﬁ1l%[1é ééf« forr)nuflé{mn o? thé(ﬁG n%e hd&cana)to r@tfam Hi ch ]
order accuracy
a,(x,y) = As’¢ (%, )

the collision frequency and otfiér macro properties can vary inside the spatial elements

; obtained from the weak formulation of mass, momentum and energy conservation
fdg the collision relaxations




1D Heat Transfer
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RKDG: 1D Heat Transfer

FVM-2 RKDG-3

CPU time, sec  T(y=0.5), K

Case CPU time, sec T(F=03). K
8. 8E-002 1580.532

192.142, 192.487
(.388 187.241

192.476, 192,511
1.62 190.526

191.847

N=232 193.08
192,305

) N—64 784.08

11%

—_———




RKDG: 2D Heat Conduction

2D Conduction problem: Kn=0.0018 (comparison to analytical
solution for heated lid cavity heat conduction)

RKDG-2 N=4x4
L, error =0.67%

Theory #C‘(p,?,::;;gs =D"151 0 Theory Theory

0.04 . z 0.02 0.04 0.06
X/m X/m

m

# of nodes
0.04

01 Temperature/K: 275 280 285 290 285 300 305 310 315 320 325
Al

RKDG-3 N=2x2 > RKDG-3 N=4x4
L, error = 0.42% L;,Perr(_:r 017%
39 CPU time 62 h Theory R Thaoey

Theory # of node:
0.04 . K 0.04 0.06 0.08
X/m

0.02 0.04 E 0.02 0.04
X/m




RKDG: 2D flew around thermal actuator

Sensing
Capacitors

Initial Density  0.012 kg/m3
Domain Width 400 [um]

Domain Height 300 [um]
i et Velocity Mesh ~ 8x8x8
i 1 Gap S [Hm]

C Pressure Far Field - Maxwellian

Temperature (K)

o e

375K 350K

100
Wall T=375K

X um)




RKDG: Autematic Mesh Refinement

Coarse mesh in the lower gap Refined mesh in the lower gap
Max Face Error = 0.002 Max Face Error = 0.0006

1

i
R
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Knudsen TThermal Force

Crookes Radiometer: Transverse

Moleciles on average
2ain Y-MOmentium

Hot Plate

Cold Plate

22104 uaspnuy|

_ Knudsen Compressor. Longitudinal
Crookes’ Radiometer Cold Gas Hot Gas

(Sir William Crookes, 1874) Moleciles onpveraee

gain X-momentum

dT
Ucreep ~ A( . d— — Kn . Thermal creep
X

— .
e ——

Knudsen Force




Kn force actuation

« Consequence of a thermal non-equilibrium
between gas and solid

Can be generated by resistive heating as well
as optically Experimental data Passian et al,
PRL, 2003 measurements using heated AFM
probes

Fy
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Passian et al data: Simulation Results

ESBGK simulations for planar geometry with equivalent front-to-side area ratio

» Velocity Contours and Streamlines:

Speed,

0.020 0.059 0.089 0.138 0.178 0.217 0.256




Experimental Validation
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* Argon and Nitrogen simulations agree with experiments within 10%.
* Deviation for Helium is about 80% at the maximum of Knudsen force.

Nabeth, Chigullapalli, Alexeenko, PRE, 2011




Compact Model for Kn Force

Closed-form model for non-dimensional Knudsen thermal force coefficient
for uniformly heated beam:

T)_ oo DG )+E(
AT WpRAT  AKn® +BKn +CKn

0.025

C,, (Kn,

. c B - == = Argon_Simulations
Argon (Experiments) i — =p= = Helium_Simulations

Helium (Experiments) u - =4¢= = Nitrogen_Simulations
Nitrogen (Experiments)
Argon (Simulations)
Helium (Simulations)
Nitrogen (Simulations)

% 8 10 1020 2050

Force coefficient®? T/AT =10 Force coefﬁ/d:lgnt at Kn=2




Force Enhancement and Reversal
* Uniformly heated beam (Passian et al, 2003)

FK

n

» Thermoelectric heating for bi-directional actuation (this work):

FK

n

+ polarity F - polarity




Modelingithe Knudsen Force

Simulate Knudsen force on suspended heating element using ES-BGK model
« 2D-2V finite volume solver with second-order upwind fluxes
» 8th-order Gauss-Hermite quadrature in velocity space

75

Pressure Inlet

— 20— |

R 3.6 |

T g Wall

Pressure Inlet

298 —
12,522 Pa

25 K
326 K
298 K

Richardson Extrapolation:

All dimensions in mmT

160x160 mesh for force within 2%




Simulation Results

Uniform Heating Thermoelectric: Bottom-Up  Thermoelectric: Top-Down
=T~ 1]

T[K]: 500 310 31

-30 20 -10 0 10 20

0.938% of p, -0.557 % of p,

X8.9 enhancement X5.3 enhancement &
reversal

Topsurface Top surface
Bottom surface ‘ LN\ Bottom surface

§
Topsurface
—— Bottom surface
w




Experimental Setup

Magnetic

. Dampeners
Thermoelectric P

Heater

(@

Torsion Spring

' Reaction Plate

NI — RS68




Experimental Setup

Purdue LEAP MicroNewton Thrust Stand

Force range: 10 to 800 uN
Measurement Uncertainty: 1.0 uN




Measurement Technique

LVDT Calibration
T T T

Calibration performed at the
beginning of each test day

Sweep 0 - 100 V, 30 seconds high,
60 seconds low

J\/“—— * Evaluate force from LVDT
voltage

LVDT Displacement Data (F’a =10 [Pa])

t. (2%)=8.0s

Voltage [V]

§=30m|

Drift Corrected

g=20mm
‘IE)O 2(I30 360 460 _ 560 660 7(I30 860 9(I30 1000 4 ot \
fime [<) g=25mm

g=1.5
* Measure displacement of reaction plate mm
* Sweep 0.5 - 3.0 mm gap size at fixed
pressure
* Hold for 60 seconds to ensure steady
state

* Apply linear drift correction

Displacement [um]

10-

Time [s]




Companrsentoiiedeling and Experiment

Maximum 36% error in C. .. between simulation and experiment
F,Kn

*Difference likely due to 3D effects in experimental measurements
*Errors likely stem from model inputs related to the heating element




Summary

New deterministic and stochastic kinetic approaches
needed to explore and exploit significant new physics
emerging at the micro/nanoscale:

Jd Low-speed
d Moving geometries

d Coupling to structural/thermal/EM solvers

ACKNnowiliedgements

|

DOE NNSA Center for Predicting Reliability, Integrity and Survivability of
Microsystems (PRISM)

NSF “CAREER: Quantifying and Exploiting Knudsen Forces in
Nano/Microsystems”, CBET 1055453.




	       Exploring and Exploiting Rarefied Flows  for Novel Microdevices     Alina Alexeenko School of Aeronautics and Astronautics Purdue University      UToronto – October 17, 2014      
	Applications of Rarefied Gas Dynamics
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	PRISMCG Online Tool 
	Slide 21
	Impulsive Dynamics and Switch Lifetime
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Force Enhancement and Reversal
	Modeling the Knudsen Force
	Slide 39
	Experimental Setup
	Slide 41
	Measurement Technique
	Comparison of Modeling and Experiment
	Slide 44

