k3
=
=
e
%

T EE R LR ERA A3 T e R

AR i# I

Parallel Monte Carlo Simulation of Supersonic Driven Cavity

Flows from Free-molecular to Near-continuum Regime

PERRY LA RS



B
FAAFIend EHEH o2 B RBBRAEY - BRSO E S A4 i
B E TR AR o R B W f 2 5 RFaniisss o L XEF Lo ;}F] W N
R Al BT A E FIA BB o Rl g R BAN RO LAY I
PAETE AR VU ELRHMEHBE L AT ERY TP RS §e
TR F AT g BREHFHRZNF - 2 0 F e R TR
FRAARF - FFTA B CFFESCRTE SRR P BE LY 2

REE g oM R I % oHKFZERE By e LB 2

HF~TAAZEF Ik p o i =hx 5 (Hadley M. Cave) =¥l es » foix i
2P AT RIMIBEFFAEFET AN RY - RSN P )

A AR /FH;L“ Arie s & DX 4E D F e GRIER S s TR enfE "J‘E&& 'R
o M I ST § o SRR S R o
B E R iEE T o ﬁ_i%ﬁﬁgfﬁ%”?%-g%’qPﬁé}-Q@—@F—I[#Airﬁ;?i—

SO R - ARHMI FRERFNERIAAEHATET o F YA 3"»\;&35 EFlFafpE



NI EFMEREREF TR A I RIITRF A NT R
AR I

g4 HA~ iﬂ%ﬁa"’i’ X FE

Rzl - FB1EEk

&

ZRGHFEAAAIDEA ERE AL 5 A REMaET ] o R E A
B AR 2 T R SRR RSk £ T R P R R i 1T
FLE o BN A R Gk BRendRe
A iR Y R P RE RGO PR T R s
B Z RONHe L0 A Ra ARSIT A F 3 4 ALdE 0 E * transient sub-cells [Tesng, et
al.,,2007] eh#t iy > B E R PESE K f F X iR £ o L@ ¥ transient sub-cells

F e € * transientsub-cells # it 2 Wt g & K%BFEL it - g S ko g *

ek

transient sub-cells 7% 5o ¥ r1 i * < XL iap d BT A ] R Ry P TS
FOVE L FY AR TE YR R R e 7 EaRE R A

B A%Ec]. 1 3] 4o Kn #(&2 L 32p d Bt frcavity ~ -] 7 B)d 10 0. 0033

e
n\\:

SR NERFHRAE KN PR ARPRM PR EL PR b

3]

Kn=0.01 {= 0.0033 efistis %, 05 £+ & VIRF = For 5 & Kn=0.0033 % M=4



FRT & 2T AL NIRE = T o B2 Kn=0.01 £ 0.0033 > ¥ 5 Ar#c F pEiE
SELE AT AR A FITE Ko SFS MBS AR S s 2 e B

w oo




Parallel Monte Carlo Simulation of Supersonic Driven-Cavity Flow from
Free-molecular to Near-continuum Regime
Student : Sheng-Fan Hsien Advisor : Dr. Jong-Shinn Wu

Department of Mechanical Engineering
National Chiao-Tung University

Abstract

The driven cavity flow is one of the fundamental fluid flow problems with simple
geometry that was often used as the benchmark test problem in computational fluid dynamics.
Although they have been thoroughly:studied in the literature, most of them were focused on
incompressible or continuum compressible regime: Very few have been done in the rarefied
and near continuum regimes. It.may-serve as the benchmarking problem for extending
numerical scheme into flow in these regimes. Thus, this thesis describes the simulation of a
two-dimensional supersonic driven cavity flow from free-molecular to near-continuum regime
by directly solving the Boltzmann equation using the parallel direct simulation Monte Carlo
method. Transient sub-cells [Tesng, et al., 2007] were implemented on a general unstructured
grid to meet the nearest-neighbor collision requirement, while keeping minimal computational
overhead and memory requirement simultaneously. Accuracy of simulation of transient
sub-cells using larger sampling cell size was verified by comparing the results with that using

much finer sampling cell size. Results show that transient sub-cells can greatly reduce the



computational cost, which is especially important in the near-continuum regime. Flow

structures within a driven cavity flow are then discussed in detail by varying the top plate

speed (Ma=1.1-4) and Knudsen number of cavity (Kn=10-0.0033), in which the

corresponding Reynolds number is in the range of 0.181- 1997.6. Results show that velocity

slips and temperature jumps along the solid walls increase with increasing Knudsen number at

the same Mach number. The additional second vortex occur at the right bottom wall in all

Kn=0.01 and 0.0033 case. The Kn=0.0033 and M=4 has the third vortex at the left bottom

corner. Results show that vortex center move toward left and down as Mach number

increasing at the same Kn=0.01 and-0.0033. But the vortex center move toward the opposite

way for Kn=10, 1 and 0.1.
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Chapter 1

Introduction

1.1. Motivation and Background
1.1.1 Importance of Driven Cavity Flows

The driven cavity flow is one of the fundamental fluid flow problems that was often used
as the benchmark test problem in computational fluid dynamics. The rationale behind this
should be attributed to its simple geometry but having singular points at the corners, which
may cause difficulties in numerical simulations. /Although they have been thoroughly studied
in the literature, most of them were focused-on incompressible or continuum compressible
regime [Karniadakis, 2001]. Very few researches have been done in the rarefied and near
continuum regimes, where the understanding may become important in micro- and nano-scale
gas flows that are often encountered in MEMS and NEMS related devices. Further, it may
serve as the benchmarking problem for extending a numerical scheme into flow in these
regimes, where standard Navier-Stokes equation fails to describe the flow accurately. Thus,
an accurate numerical solution of a driven cavity flow in the rarefied and near-continuum

regime is strongly required.

1.1.2 Classification of Rarefaction



Knudsen number (Kn=A/L) is a standard parameter that is usually used to indicate the
degree of rarefaction. Note that the mean free path A is the average distance traveled by
molecules before collision and L is the flow characteristic length. In general, flows are
divided into four regimes as follows traditionally: Kn <0.01 (continuum), 0.01<Kn<0.1 (slip
flow), 0.1<Kn<3 (Transitional flow) and Kn>3 (Free molecular flow). Fig. 1.1 (KC Tseng’s
thesis) is a sketch adopted from Bird [Bird’s book, 1994] illustrating the various flow regions

and their corresponding solution methods in a dilute gas. In this figure, the local Kn number is

0

defined with L as the scale length of the macroscopic gradient; that is, L = ap/d
p/dx

. Firstly,

the lower bar indicates the continuum formulation. When the local Kn number approaches

zero, the flow reaches inviscid=limit and can be solved by Euler equation. As local Kn

increases, molecular nature of the'gas becomes dominated. Hence, the Navier-Stoke equation

based computational fluid dynamics (CFD) techniques are often used until the Kn approach

0.01. When the Kn larger than 0.01, continuum assumption begins to break down and the

particle-based method is necessary. Secondly, the top bar in this figure indicates the validity

of the molecular modeling. It is well known that Boltzmann equation is more appropriate for

all flow regimes; however it is rarely used to numerically solve the practical problems

because of two major difficulties. They include higher dimensionality (up to seven) of the

Boltzmann equation and the difficulties of correctly modeling the integral collision term. As

the distance between the molecules increases, collisions between the molecules become less



and thus neglected, and the flow can be solved by neglecting the collision term of the

collisionless Boltzmann equation.

1.1.3 Direct Simulation Monto Carlo Method

An alternative method, known as Direct Simulation Monte Carlo (DSMC), was proposed

by Bird to solve the Boltzmann equation using direct simulation of particle collision kinetics,

and the associated monograph was published in 1994 [Bird’s book]. Later on, both Nanbu

[1986] and Wagner [1992] were able to demonstrate mathematically that the DSMC method is

equivalent to solving the Boltzmann:equation asithe simulated number of particles becomes

large. The DSMC method is a‘particle method for the simulation of gas flows. The gas is

modeled at the microscopic level using simulated particles, which each represents a large

number of physical molecules or atoms. The physics of the gas are modeled through the

motion of particles and collisions between them. Mass, momentum and energy transports

between particles are considered at the particle level. The method is statistical in nature and

depends heavily upon pseudo-random number sequences for simulation. Physical events

such as collisions are handled probabilistically using largely phenomenological models, which

are designed to reproduce real fluid behavior when examined at the macroscopic level. This

method has become a widely used computational tool for the simulation of gas flows in the

Low Kn flow regime, in which molecular effects become important.



The DSMC method becomes very time-consuming as the flow approaches continuum

regime since the sampling cell size has to be much smaller than the local mean free path for

the solution to be accurate. Several remedies in speeding up the DSMC computation include:

1) parallel computing [Robinson, 1996-1998]; 2) variable time-step scheme for steady flows

[Kannenberg, 2000], and 3) sub-cells within each sampling cell [Bird’s book, 1994]. Details

of the “parallel computing” and “variable time-step scheme” can be found in those references

cited in the above and are not described here for brevity. Only “sub-cells” concept is

described here since it was rarely discussed in detail in the literature. In Bird’s original

implementation [see Bird’s book, +1994], number of sub-cells in each sample cell is

pre-determined and related sub-cell data are stored-in-the memory throughout the simulation,

which is very costly. This strategy, which enables nearest-neighbor collisions to be enforced,

greatly reduces the computational load by increasing the sampling cell size whilst maintaining

the same accuracy as compared to that using smaller sampling cell size. Unfortunately,

storage of the sub-cell data is memory intensive and inflexible in adjusting the number of

sub-cells in each sampling cell during runtime, which may become important in reducing the

merit of collision (ratio of mean collision distance to characteristic cell size). Recently, Bird

[DS2V code by Bird] has proposed an idea of “transient sub-cells”, which could overcome the

above-mentioned shortcomings. However, this idea has been only implemented on structured

grids. No report could be found on unstructured grids.



1.2. Literature Survey

The driven cavity flow is a fluid flow problem that has been very well studied in the
continuum limit by using different numerical methods. Ghia, et al. [1982] used the
vorticity-stream function of the 2D incompressible Navier-Stoke equation to study the
laminar incompressible flow in a square cavity whose top wall moves with a uniform velocity.
The Reynolds number in their study is varied from Re=100 to Re=10,000. They presented
the velocity along vertical and horizontal line through geometry center of cavity and the
primary vortex position. Erturk, et’al. [2005]} also utilized the 2D steady incompressible
Navier-Stoke equation with a finewgrid. The flow solutions are computed for Re=1000 to
Re=21000 with a maximum absolute residuals of the governing equations that were less than
10%°  until very recently, Stergios, et al. [2005] solved the flow of a rarefied gas in a
rectangular enclosure due to the motion of the upper wall over whose range of the Knudsen
number. Their numerical method is base on the 2D linearized BGK kinetic equation with
Maxwell diffuse-specular boundary conditions. They presented the simulation data over the
whole range of the Knudsen number and various aspect ratio (height/width). However,
simulation results by Stergios, et al. [2005] were only good for low speed rarefied gas flows
since the linearized BGK Boltzmann equation was used. In addition, no data were validated

by comparing with experiments or solution from direct Boltzmann equation, such as DSMC



method.
1.3. Specific Objectives of the Thesis
The objectives of the thesis are briefly summarized as follows:
1. To verify the implementation of transient sub-cell technique in a parallelized DSMC
code (PDSC) [Wu, et al].
2. To simulate driven cavity flows, including M=1.1-4 of the speed of top driven plate,
and Kn=10-0.0033, based on the average number density and wall temperature.
3. Todiscuss the effects of Knudsen Number and Mach number of the driven plate on the
flow fields.
The organization of the thesis issstated as-follows: Chapter 1 describes the Introduction,
Chapter 2 describes the Numerical Method, Chapter 3 describes the verification of
implementation of transient sub-cells, and followed by the Results and Discussion, and

finally Chapter 4 describes the conclusion and recommendation of future work..



Chapter 2

Numerical Method

2.1. The Boltzmann Equation

The Boltzmann equation is one of the most important transport equations in
non-equilibrium statistical mechanics, which deals with systems far from thermodynamics
equilibrium. There are some assumptions made in the derivation of the Boltzmann equation
which defines limits of applicability. They are summarized as follows:

1. Molecular chaos is assumed which is.valid when the intermolecular forces are
short range. It allows the representation of the two particles distribution function
as a product of the two.single particle distribution functions.

2. Distribution functions do not change before particle collision. This implies that the
encounter is of short time duration in comparison to the mean free collision time.

3. All collisions are binary collisions.

4.  Particles are uninfluenced by intermolecular potentials external to an interaction.

According to these assumptions, the Boltzmann equation is derived and shown as Eq. (2.1)

o(nf)  a(nf) _ a(nf) of AN
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Meaning of particle phase-space distribution function f is the number of particles with

center of mass located within a small volume d®r near the pointr, and velocity within a



range d°u, at time t. F is an external force per unit mass and t is the time and u is the
molecular velocity. o is the differential cross section and dQ is an element of solid angle.
The prime denotes the post-collision quantities and the subscript 1 denotes the collision
partner. Meaning of each term in Eq. (2.1) is described in the following;

1. The first term on the left hand side of the equation represents the time variation of
the distribution function of the particles (unsteady term).

2. The second term gives the spatial variation of the distribution function (flux term).

3. The third term describes the effect of a force on the particles (force term).

4. The term at right hand side ‘of the equation is called the collision integral (collision
term). It is the source of most of<the difficulties in obtaining solutions of the
Boltzmann equation.

In general, it is very hard to solve the Boltzmann equation directly using numerical

method because the difficulties of correctly modeling the integral collision term. Instead, the
DSMC method was used to simulated problems involving rarefied gas dynamics, which is the

simulation tool used in the current thesis.

2.2. General Description of the Standard DSMC
According to the expected rarefaction caused by the rarefied gas flows, the direct

simulation Monte Carlo (DSMC) method, which is a particle-based method developed by



Bird during the 1960s, and was widely used as an efficient technique to simulate rarefied gas

regime [Bird, 1976 and Bird, 1994]. In the DSMC method, a large number of particles are

generated in the flow field to represent real physical molecules rather than a mathematical

foundation and it has been proved that the DSMC method is equivalent to solving the

Boltzmann equation [Nanbu, 1986 and Wagner, 1992]. The assumptions of molecular chaos

and a dilute gas are shared by both the Boltzmann equation and the DSMC method [Bird,

1976 and Bird, 1994]. An important feature of DSMC is that the molecular motion and the

intermolecular collisions are uncoupled over the time intervals that are much smaller than the

mean collision time. Both the caollision between molecules and the interaction between

molecules and solid boundaries areicomputed-on a-probabilistic basis and, hence, this method

makes extensive use of random*numbers.In most practical applications, the number of

simulated molecules is extremely small as compared to the number of real molecules. The

general procedures of the DSMC method are described in the next section, and the

consequences of the computational approximations can be found in Bird [Bird, 1976 and Bird,

1994].

In DSMC, there are three popular molecular collision models for real physical behavior

and imitate the real particle collision. They include the Hard Sphere (HS), Variable Hard

Sphere (VHS) and Variable Soft Sphere (VSS) molecular models [Bird, 1994]. No time

counter (NTC) method is often used to determined the probability of collision within a



samping cell based on the acceptance-rejection method. This method can yield the exact

collision rate in both simple gases and gas mixtures, and under either equilibrium or

non-equilibrium conditions.

Fig. 2.2 is a general flowchart of the DSMC method. Important steps of the DSMC

method include setting up the initial conditions, moving all the simulated particles, indexing

(or sorting) all the particles, colliding between particles and sampling the molecules within

cells to determine the macroscopic quantities. The details of each step are described in the

following:

° Initialization

The first step to use the DSMC-method is'to set up the geometry and flow conditions. A

physical space is discredited into"a network of cells'and the boundary conditions at domain

boundaries have to be assigned according to the flow conditions. An important rule of thumb

of selecting the cell size is it should be much smaller than the local mean free path. At the

same time the distance of the molecular movement per time step should be smaller than the

cell dimension, which is similar to the CFL condition in CFD. After the data of geometry and

flow conditions have been read in the code, the number of simulation particles each cell is

calculated according to the initial number density and the cell volume. The initial particle

velocities are normally assigned to each particle based on the Maxwell-Boltzmann

distribution according to the initial velocities and temperature. The position of each particle is
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then randomly allocated within the cell.
e  Molecular Movement

After initialization process, the molecule begins move one by one, and the molecule
moves in a straight line over the time step. If the particle collides with a solid surface, then it
has to reflected back based on the boundary conditions at the surface. If the particle passes
through a inflow/outflow boundary, then it has to be removed from the simulation
immediately. After the particle reaches its final destination, the cell with which the particle
affiliated is recorded.
e Indexing

Relation between particles: and cells are reordered according to the order of the
increasing particle number in each cell, which is'used.for collision step.
® Gas Phase Collision

The other most important phase of the DSMC method is the gas phase collision. The
DSMC method uses the no time counter (NTC) method to determine the correct collision rate
in the collision cell. Number of collision pairs within a cell of volume V. over a time interval
At js calculated by the following equation:

LINNF, (7€) ALY, 2.2)

where N and N are fluctuating and average number of simulated particles, respectively.

Fy is the particle weight, which is the number of real particles that a simulated particle
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represents.  °T and ©r are the cross section and the relative speed, respectively. The

collision probability for each pair of particle chosen can be expressed as

(0:) (076, ) (2.3)
Collision is accepted if the above value for the pair is greater than a random fraction. Each
cell is treated independently and the collision partners for interactions are chosen randomly,
regardless of their positions within the cell. Collision procedures are summarized as

follows:

1. Number of collision pairs is calculated according to the NTC method, Eq. (2.2), in

each cell.

2. The first particle is chasen randomly from the list of particles within a collision cell.

3. The other collision partner is‘also.chosen randomly within the same cell.

4. The collision is accepted if the computed probability, Eq. (2.3), is greater than a

random number.

5. If the collision pair is accepted, then the post-collision velocities are calculated
using the mechanics of elastic collision. If the collision pair is not to collide, then

proceed to choose the next collision pair.

6. If the collision pair is polyatomic gas, the translational and internal energy can be
redistributed by the Larsen-Borgnakke model [1975], which assumes the state is in

equilibrium.
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The collision process will be finished until all the collision pairs are handled for all cells

and then progress to the next step.

e  Sampling

After the particle movement and collision process complete, the particle has updated

positions and velocities. Macroscopic flow properties in each cell are assumed to be

constant over the cell volume and are sampled from the microscopic properties of all the

particles within the cell. Macroscopic properties, including number density, velocities and

temperatures, are calculated following the equations as shown below:

p =Ny (2.42)
o =02, 8 (2.4b)
37, = T vz w?)
2 2 (2.4c)
o =2 (G /41) (2.40)
T, =2(/6) (2.4¢)
Tt = @Ty + &g Tt + élvTv)/(3 + & +6) (2.41)

where n, m are the number density and molecule mass, receptively. c, c,, and ¢’ are the total

velocity, mean velocity, and random velocity, respectively. In addition, Ty, Trot, Ty and Ty are

translational, rotational, vibration and total temperature, respectively. ¢, and ¢, are the

rot

rotational and vibration energy, respectively. ¢, and ¢, are the number of degree of

rot

freedom of rotation and vibration, respectively. If the simulated particle is monatomic gas, the
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translational temperature is regarded simply as the total temperature. Vibration effect can be
neglect if the temperature of the flow is low enough.

The flow will be monitored if steady state is reached. If the flow is still in the transient
phase, then sampling of the properties should be reset until the flow reaches steady state. As
the flow reaches physically steady state, time averaging in each cell is used to obtain
macroscopic properties in each cell. As a rule of thumb, sampling of particles starts when the

number of molecules in the calculation domain becomes approximately constant.

2.3. General Description of'the PDSC

In the past few years, we have 'developed ‘a parallelized direct simulation Monte Carlo
code, named PDSC, which is portable.on distributed memory machines. Important features of
the PDSC code can be found in the references-[Wu et al.’s JCP paper, 2006; JCP paper
submitted in June 2007; JFM paper under preparation, 2007] and only several of them are

briefly described in the following.

1) 2D/2D-axisymmetric/3-D unstructured-grid topology: PDSC can accept either
2D/2D-axisymmetric (triangular, quadrilateral or hybrid triangular-quadrilateral) or
3D (tetrahedral, hexahedral or hybrid tetrahedral-hexahedral) mesh [Wu et al.’s JCP
paper, 2006]. Computational cost of particle tracking for the unstructured mesh is
generally higher than that for the structured mesh. However, the use of the
unstructured mesh, which provides excellent flexibility of handling boundary
conditions with complicated geometry and of parallel computing using dynamic

domain decomposition based on load balancing, is highly justified.
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2)

3)

4)

Parallel computing using dynamic domain decomposition: Load balancing of PDSC
is achieved by repeatedly repartitioning the computational domain using a
multi-level graph-partitioning tool, PMETIS [Wu and Tseng, 2005], by taking
advantage of the unstructured mesh topology employed in the code. A decision
policy for repartition with a concept of Stop-At-Rise (SAR) [Wu and Tseng, 2005] or
constant period of time (fixed number of time steps) can be used to decide when to
repartition the domain. Capability of repartitioning of the domain at constant or
variable time interval is also provided in PDSC. Resulting parallel performance is
excellent if the problem size is comparably large. Details can be found in Wu and

Tseng [Wu and Tseng, 2005].

Spatial variable time-step scheme: PDSC employs a spatial variable time-step
scheme (or equivalently.a variable.cell-weighting scheme), based on particle flux
(mass, momentum, energy) conservation when particles pass interface between cells.
This strategy can greatly. reduce both the number of iterations towards the steady
state, and the required number of simulated particles for an acceptable statistical
uncertainty. Past experience shows this scheme is very effective when coupled with

an adaptive mesh refinement technique [Wu et al.’s CPC paper, 2004].

Unsteady flow simulation: An unsteady sampling routine is implemented in PDSC,
allowing the simulation of time-dependent flow problems in the near continuum
range [JCP paper submitted in June 2007]. A post-processing procedure called
DSMC Rapid Ensemble Averaging Method (DREAM) is developed to improve the
statistical scatter in the results while minimizing both memory and simulation time.
In addition, a temporal variable time-step (TVTS) scheme is also developed to speed
up the unsteady flow simulation using PDSC. More details can be found in [JCP

paper submitted in June 2007].
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5) Transient Sub-cells: Recently, transient sub-cells are implemented in PDSC directly
on the unstructured grid, in which the nearest-neighbor collision can be enforced,
whilst maintaining minimal computational overhead [JFM paper under preparation,
2007]. Details of the idea and implementation are described next.

2.4, Transient Sub-Cells for PDSC [JFM paper under preparation, 2007]

The implementation of sub-cells in DSMC allows the maintenance of good collision
quality within the simulation, even for grids which are “under-resolved” (that is, if the
sampling cells are bigger than the recommended setting of 1/3~ 1/2 times the local mean free
path). Running simulations with under-resolved sampling cells which employ sub-cells
results in a reduction in the computational and memory requirements of the simulation, albeit
at the cost of a reduction in the-possible sampling resolution of the macroscopic properties,
but without sacrificing simulation aceuracy.

In PDSC, unstructured grids are used, requiring an adaptation of the transient sub-cells
scheme, which was originally promoted by Bird [DS2V code by Bird]. In PDSC, the sampling
cells are divided into sub-cells during the collision routine. Because the sub-cells only exist in
one sampling cell at a time, and only during the collision routine, they can be considered
“transient sub-cells” which will have negligible computer memory overhead. In every case,
these sub-cells are quadrilateral in 2D or hexahedral in 3D which reduces the complexity of
sub-dividing the sampling cell and greatly facilitates particle indexing. The size of the

sub-cells is indirectly controlled by the user, who inputs the desired averaged number of
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particles per sub-cell, P. The program then determines the dimensions of the sub-cell array
based on the number of particles with the cell, Nyars. Briefly, the total number of sub-cells are
computed by the rule for the 2-D case

\/N parts/ % \/N parts/
P P (2.21)

Fig. 2.4 shows the way in which both rectangular and triangular sampling cells are

divided into sub-cells. As can be seen, in the unstructured case, there may be sub-cells which

are entirely outside the boundary of the sampling cell, however this has no affect on the

collision routine. In both cases, the concept is easily extended to three-dimensional sampling

cells.

During the collision routing, aparticle ts‘chosen-at random from some point within the

whole sampling cell. The sub-cell.in which the particle lies is then determined and if another

particle is in the same sub-cell then these particles are chosen for collision. If the first

particle is alone within the sub-cell, then adjacent sub-cells are scanned for a collision partner.

These sub-cell routines ensure nearest neighbor collisions, even within under-resolved

sampling cells, with minimal computational and memory overhead.

Bird has also shown that preventing particles from colliding again their last collision

partner, reduces the error in some variables such as heat transfer and shear stress by up to 5%

[ref-Bird manual of DS2V code]. The basis of this is that collisions between particles which

just collided with each other is unphysical, since the particle must be moving away from each
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other after the first collision. A minor modification was made to PDSC to prevent particles

colliding with their last collision partner. This involved the creation of an array in which the

last collision partner for every particle is stored and if the two particles are subsequently

chosen for collision without having collided with any other particle, the collision is rejected.
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Chapter 3

Results and Discussion

3.1 Benchmark of Transient Sub-cell Method

Although this thesis is concerned with supersonic square driven cavity flows in rarefied
regime, a subsonic flow case with M=0.5 and Kn=0.01 is used as the benchmark case. The
rationale is that a subsonic flow represents a more stringent test problem than a supersonic

flow for the DSMC method in terms of statistical uncertainties.

3.1.1 Problem Descriptionand Test Conditions

Flow and simulation conditions“are summarized in Table I. Fig. 3.1 sketches the 2D
square driven cavity flow. PDSC simulations are conducted, respectively, using a coarse mesh
(100%100 cells, 100 particles per cell) with transient sub-cells and a finer mesh (400x400
cells, 25 particles per cell) without transient sub-cells. Results using the finer mesh are
considered to be a benchmark solution since the simulation conditions satisfy all requirements
for a good DSMC computation. Since the overhead of indexing the particles using transient
sub-cells is minimal (at most 15% as compared to that without using transient sub-cells if less
than 100 particles per cell), resulting computational time using transient sub-cells is about

only 1/4 of that without transient sub-cells, considering the similar accuracy of DSMC
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simulations, which is shown next. If 100 particles per cell is used in the case without transient

sub-cells, more benefit of computational time can gained by using transient sub-cells.

3.1.2 Simulation Results of Benchmark

Fig. 3.5 (a)-(d) (a)-(d) present the profiles of various properties ((a) u-velocity, (b)
v-velocity, (c)number density and (d)temperature) along the central vertical line (x/L=0.5). In
these figures, up and L represents the top plate speed and length (also width) of the driven
cavity, respectively. Results show that simulation data with and without transient sub-cells are
in good agreement considering the dinherent statistical uncertainties of the DSMC method.
Statistical uncertainties with transient sub-cells are even lower than those without transient
sub-cells, especially for the v veloeity, which is generally low as compared to the u velocity
along the x/L=0.5 line. It clearly demonstrates that with transient sub-cells accuracy of DSMC
simulation can be well preserved using cell size even close to local mean path. Similar trends
can be found in Fig. 3.6 (a)-(d), in which the profiles of various properties are presented along
the central horizontal line (y/L=0.5). In the simulation, desired averaged number of particles
per sub-cell, P, is set to be 1. Not unexpectedly, the merit of collision (=mean collision
distance/local mean free path), which represents the quality of collisions in a DSMC
simulation, is generally much smaller by using transient sub-cells than that without using

transient sub-cells, as illustrated in Fig. 3.11 and Fig. 3.12. Bird [???] has argued that the
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merit of collision in the range of 0.1~0.2 represents a good DSMC simulation. Result show
that the simulation used coarse mesh with transient sub-cell approximate that used finer mesh
without transient sub-cell. Therefore, the simulation with transient sub-cell keeping minimal
computational overhead and memory requirement simultaneously, but still has simulation

accuracy.

3.2 Simulation Results of Driven Cavity Flows

According to previous section, we have found the transient sub-cell method can greatly
reduce the computational cost and still has good guality of solution. In this section, we have
used this technique in PDSC to“simulate steady supersonic square driven cavity flows in a
systematic way. Thus, we can“.understand maore" about the effects of rarefaction and

compressibility in such conditions.

3.2.1 Problem Description and Test Conditions

Fig. 3.1 shows the sketch of the 2D square (L/H=1) driven cavity flow with moving top
plate. Flow and simulation conditions are summarized in Table Il and Table Ill. Argon is
used as the working gas, while the initial temperatures inside the cavity and wall temperatures
are set as 300K. Mach number and Knudsen number (based on wall temperature and width

of the cavity) is in the range of 1.1-4 and 10-0.0033. Uniform mesh distribution is used

21



throughout the present study for all cases.

3.2.2 Effects of Knudsen Number

In this section, we were observed effects of Knudsen number in the same Mach number

(Ma=1.1-4). We were showed general simulation results include density, velocity in the

x-direction, velocity in the y-direction, temperature, Mach number, and streamline. We were

showed property distributions across cavity centroid for x/L = 0.5, y/L =0to 1 and y/L = 0.5,

x/L = 0 to 1. We showed property distributions near the solid walls. Finally, we were

observed the recirculation center position in different cases.

3.2.2.1 General Simulation Results

Fig. 3.23 shows that number density contour for Ma=4, and Knudsen number 10, 1, 0.1,

0.01 and 0.0033 respectively. Driven plate takes particles to the right-hand upper corner. An

ultra high-density region appears at the very right-hand upper corner due to the high-speed

moving plate at the top of the cavity. Therefore the particles are larger than initial value. In

addition, there are low densities at the left-hand upper corner. In the other series, fixed M=1.1

and M=2 are showed in Fig. 3.13 and Fig. 3.18.

Fig. 3.24 show that temperature contour for Ma=4, and Knudsen number 10, 1, 0.1, 0.01

and 0.0033 respectively. We normalize temperature to divide the initial temperature 300K.
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There are two ultra temperatures region in the cavity. One of them is the right-hand upper

corner which temperature increased as a result of density increased; the other one is left-hand

upper corner which temperature increased due to high vertical speed. Finally, the temperature

increase more seriously as Knudsen number decreased. In the other series, fixed M=1.1 and

M=2 are showed in Fig. 3.14 and Fig. 3.19.

Fig. 3.25 show that Mach contour for Ma=4, and Knudsen number 10, 1, 0.1, 0.01 and

0.0033 respectively. In the other series, fixed M=1.1 and M=2 are showed in Fig. 3.15 and Fig.

3.20.

Fig. 3.26 show that u-velocity econtour for Ma=4, and Knudsen number 10, 1, 0.1, 0.01

and 0.0033 respectively. The maximum u-velocity values are 0.3, 0.35, 0.55, 0.8, and 0.9 with

Knudsen number 10, 1, 0.1, 0.01 and*0.0033, respectively. Because of rarefaction effect

caused slip phenomenon and the slip velocity along the solid walls increase with Knudsen

number at the same Mach number. We normalize u-velocity to divide the upper plate velocity.

The velocity more and more decrease when Knudsen number increase. In the other series,

fixed M=1.1 and M=2 are showed in Fig. 3.16 and Fig. 3.21.

Fig. 3.27 show that v-velocity contour for Ma=4, and Knudsen number 10, 1, 0.1, 0.01

and 0.0033 respectively. We normalize v-velocity to divide the upper plate velocity. An ultra

high-speed region appears at the left-hand and right-hand upper region. In the other series,

fixed M=1.1 and M=2 are showed in Fig. 3.17 and Fig. 3.22.
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As mentioned above, we can be briefly summarized as follows:

1. The slip velocity more and more decrease when Knudsen number increase.

2. Anultra high-density region appears at the very right-hand upper corner due to the high-speed
moving plate at the upper of the cavity

3. There are two ultra temperatures region in the right and left corner in cavity.

3.2.2.2 Property Distributions Across Cavity Centroid

Fig. 3.65 (a)-(d) present the profiles of various properties ((a) u-velocity, (b) v-velocity,
(c)number density and (d)temperature)-along vertical line through geometry center(x/L=0.5)
for Ma=4, and Knudsen number 1054, 0.1, 0.0 and 0.0033 respectively. In the other series,
fixed M=1.1 and M=2 are showedin Fig. 3.53and.Fig. 3.59.

Fig. 3.66 (a)-(d) present the profiles of various properties ((a) u-velocity, (b) v-velocity,
(c)number density and (d)temperature) along horizontal line through geometry center(y/L=0.5)
for Ma=4, and Knudsen number 10, 1, 0.1, 0.01 and 0.0033 respectively. In the other series,

fixed M=1.1 and M=2 are showed in Fig. 3.54 and Fig. 3.60.

3.2.2.3 Property Distributions Near Solid Walls

Usually, the simulation data save in the cell center for DSMC technique. Thus, observation

cell center data properties are average and correct. The positions are show in Table IV. Fig. 3.67
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(@)-(d) present the profiles of various properties ((a) u-velocity, (b) v-velocity, (c)number

density and (d)temperature) along horizontal line near top wall(y/L=1) for Ma=4, and

Knudsen number 10, 1, 0.1, 0.01 and 0.0033 respectively. In the other series, fixed M=1.1 and

M=2 are showed in Fig. 3.55 and Fig. 3.61.

Fig. 3.68 (a)-(d) present the profiles of various properties ((a) u-velocity, (b) v-velocity,

(c)number density and (d)temperature) along horizontal line near bottom wall(y/L=0) for

Ma=4, and Knudsen number 10, 1, 0.1, 0.01 and 0.0033 respectively. In the other series, fixed

M=1.1 and M=2 are showed in Fig. 3.56 and Fig. 3.62.

Fig. 3.69 (a)-(d) present the profiles of various properties ((a) u-velocity, (b) v-velocity,

(c)number density and (d)temperature) along vertical line near left wall(x/L=0) for Ma=4, and

Knudsen number 10, 1, 0.1, 0.01 and 0.0033 respectively. In the other series, fixed M=1.1 and

M=2 are showed in Fig. 3.57 and Fig. 3.63.

Fig. 3.70 (a)-(d) present the profiles of various properties ((a) u-velocity, (b) v-velocity,

(c)number density and (d)temperature) along vertical line near right wall(x/L=1) for Ma=4,

and Knudsen number 10, 1, 0.1, 0.01 and 0.0033 respectively. In the other series, fixed M=1.1

and M=2 are showed in Fig. 3.58 and Fig. 3.64.

3.2.2.4 Recirculation Center Position

Fig. 3.100 shows the streamline of M=1.1 and Knudsen number 10, 1, 0.1, 0.01 and
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0.0033 respectively. There are only one vortex for Kn=10, 1 and 0.1, but it has the additional

second vortex at the right bottom corner for Kn=0.01 and 0.0033. Fig. 3.101 shows the

streamline of M=2 and Knudsen number 10, 1, 0.1, 0.01 and 0.0033 respectively. Identically,

it has the additional second vortex at the right bottom corner. Besides, the second vortex

appear for Kn=10. Fig. 3.102 shows the streamline of M=4 and Knudsen number 10, 1, 0.1,

0.01 and 0.0033 respectively. It has second vortex in all case besides Kn=0.1.

Fig. 3.103 shows the relative horizontal distance (x/L) of the vortex center for various

values of Knudsen number and Mach number. Result show that the vertex center position has

no obvious regular in x-direction. Fig. 3.103 shows the relative vertical distance (y/L) of the

vortex center for various values of Knudsenhumber. and Mach number. It shows that the

vortex center move down as decreasing-Knudsen number for M=2 and 4; but it has no regular

for M=1.1.

3.2.3 Effects of Mach Number of the Driven Plate

In this section, we were observed effects of Mach number in the same Knudsen number

(Kn=10-0.0033). We were showed general simulation results include density, velocity in the

x-direction, velocity in the y-direction, temperature, Mach number, and streamline. We were

showed property distributions across cavity centroid for x =0.5m, y= 0 to 1m and y=0.5m,

x=0 to 1m. We showed property distributions near the solid walls. Finally, we were observed
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the recirculation center position in different cases.

3.2.3.1 General Simulation Results
3.2.3.1.1 High Kn Regime (Kn=10, 1, 0.1)

Fig. 3.28 shows that number density contour for Kn=10, and Mach number 1.1, 2 and 4
respectively. Driven plate takes particles to the right-hand upper corner. An ultra high-density
region appears at the very right-hand upper corner due to the high-speed moving plate at the
top of the cavity. In addition, there is low density at the left-hand upper corner. The max
number density reaches 2.2, 4.2 and 7.5 timeés, the initial value as M = 1.1, 2 and 4
respectively. In the other series; fixed Kn=1-and Kn=0.1 are showed in Fig. 3.33 and Fig.
3.38.

Fig. 3.29 shows that temperature contour for Kn=1, and Mach number 1.1, 2 and 4
respectively. We normalize temperature to divide the initial temperature 300K. Temperature
near the top plate increases with increasing driven plate velocity. Besides, the temperature
increase more seriously as Mach number increased. In the other series, fixed Kn=1 and
Kn=0.1 are showed in Fig. 3.34 and Fig. 3.39.

Fig. 3.30 shows that Mach number contour for Kn=0.1, and Mach number 1.1, 2 and 4
respectively. The velocity near the top plate is lower compared with the top plate velocity; it

is just about 0.3 times the velocity of driven plate. In the other series, fixed Kn=1 and
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Kn=0.1are showed in Fig. 3.35 and Fig. 3.40.

Fig. 3.31 shows that u-velocity contour for Kn=0.01, and Mach number 1.1, 2 and 4
respectively. We normalize temperature to divide the initial driven plate velocity. The
maximum u-velocity values are all about 0.3. Because of rarefaction effect caused slip
phenomenon and the velocity remain the 0.3 times the top plate velocity. In the other series,
fixed Kn=1 and Kn=0.1 are showed in Fig. 3.36 and Fig. 3.41.

Fig. 3.32 shows that v-velocity contour for Kn=0.0033, and Mach number 1.1, 2 and 4
respectively. We normalize v-velocity to divide the upper plate velocity. An ultra high-speed
region appears at the left-hand and.right-hand upper region. In the other series, fixed Kn=1

and Kn=0.1 are showed in Fig. 3:37:and Fig. 3:42.

3.2.3.1.2 Low Kn Regime (Kn=0.01, 0.0033)

Fig. 3.42 shows that number density contour for Kn=0.01, and Mach number 1.1, 2 and 4
respectively. In this regime, the region of influence is about all domain. An ultra high-density
region appears at the very right-hand upper corner. the number density of sides of the cavity is
larger than inside of the cavity, besides it near the top plate. The max number density reaches
3, 7 and 15 times the initial value as M = 1.1, 2 and 4 respectively. When increasing Mach
number, the phenomenon is acuter. In the other series, fixed Kn=0.0033 is showed in Fig.

3.48.
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Fig. 3.43 shows that temperature contour for Kn=0.01, and Mach number 1.1, 2 and 4

respectively. We normalize temperature to divide the initial temperature 300K. Temperature

near the top plate increases with increasing driven plate velocity. Besides, the temperature

increase more seriously as Mach number increased. In the other series, fixed Kn=0.0033 is

showed in Fig. 3.49.

Fig. 3.44 shows that Mach number contour for Kn=0.01, and Mach number 1.1, 2 and 4

respectively. Compare the velocity near the top plate with the top plate is much lower, it is

0.8 times the velocity of driven plate. In the other series, fixed Kn=0.0033 is showed in Fig.

3.50.

Fig. 3.45 shows that u-velocity contour-for Kn=0.01, and Mach number 1.1, 2 and 4

respectively. We normalize temperature to divide' the initial driven plate velocity. The

maximum u-velocity values are all about 0.8. Because of rarefaction effect caused slip

phenomenon and the velocity reduces 20  of the top plate velocity. In the other series, fixed

Kn=0.0033 is showed in Fig. 3.51.

Fig. 3.46 shows that v-velocity contour for Kn=0.01, and Mach number 1.1, 2 and 4

respectively. We normalize v-velocity to divide the upper plate velocity. An ultra high-speed

region appears at the left-hand and right-hand upper region. In the other series, fixed

Kn=0.0033 is showed in Fig. 3.52.
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3.2.3.2 Property Distributions Across Cavity Centroid
3.2.3.2.1 High Kn Regime (Kn=10, 1, 0.1)

Fig. 3.75 (a)-(d) present the profiles of various properties ((a) u-velocity, (b) v-velocity,
(c)number density and (d)temperature) along vertical line through geometry center(x/L=0.5)
for Kn = 10, and Mach number 1.1, 2 and 4 respectively.

Fig. 3.76 (a)-(d) present the profiles of various properties ((a) u-velocity, (b) v-velocity,
(c)number density and (d)temperature) along horizontal line through geometry center(y/L=0.5)

for Kn = 10, and Mach number 1.1, 2 and 4 respectively.

3.2.3.2.2 Low Kn Regime (Kn=0.01, 0:0033)

Fig. 3.88 (a)-(d) present the profiles of various properties ((a) u-velocity, (b) v-velocity,
(c)number density and (d)temperature) along vertical line through geometry center(x/L=0.5)
for Kn = 0.01, and Mach number 1.1, 2 and 4 respectively.

Fig. 3.89 (a)-(d) present the profiles of various properties ((a) u-velocity, (b) v-velocity,
(c)number density and (d)temperature) along horizontal line through geometry center(y/L=0.5)

for Kn = 0.01, and Mach number 1.1, 2 and 4 respectively.
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3.2.3.3 Property Distributions Near Solid Walls

3.2.3.3.1 High Kn Regime (Kn=10, 1, 0.1)

Usually, the simulation data save in the cell center for DSMC technique. Thus, observation
cell center data properties are average and correct. The positions are show in Table IV. Fig. 3.72
(a@)-(d) present the profiles of various properties ((a) u-velocity, (b) v-velocity, (c)number
density and (d)temperature) along horizontal line near top wall (y/L=1) for Kn = 10, and
Mach number 1.1, 2 and 4 respectively. Fig. 3.76 and Fig. 3.82 change the Mach number as 1
and 0.1, respectively.

Fig. 3.73 (a)-(d) present the profiles of various properties ((a) u-velocity, (b) v-velocity,
(c)number density and (d)temperature) along horizental line near bottom plate (y/L=0) for Kn
= 10, and Mach number 1.1, 2 and 4 respectively. Fig. 3.77 and Fig. 3.83 change the Mach
number as 1.1 and 2, respectively.

Fig. 3.74 (a)-(d) present the profiles of various properties ((a) u-velocity, (b) v-velocity,
(c)number density and (d)temperature) along vertical line near left wall(x/L=0) for Kn = 10,
and Mach number 1.1, 2 and 4 respectively. Fig. 3.77 and Fig. 3.83 change the Mach number
as 1.1 and 2, respectively.

Fig. 3.75 (a)-(d) present the profiles of various properties ((a) u-velocity, (b) v-velocity,
(c)number density and (d)temperature) along vertical line near right wall(x/L=1) for Kn = 10,

and Mach number 1.1, 2 and 4 respectively. Fig. 3.77 and Fig. 3.83 change the Mach number
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as 1.1 and 2, respectively.

3.2.3.3.2 Low Kn Regime (Kn=0.01, 0.0033)

Fig. 3.89 (a)-(d) present the profiles of various properties ((a) u-velocity, (b) v-velocity,
(c)number density and (d)temperature) along horizontal line near top wall (y/L=1) for Kn =
0.01, and Mach number 1.1, 2 and 4 respectively. Fig. 3.76 and Fig. 3.82 change the Mach
number as 1 and 0.1, respectively.

Fig. 3.90 (a)-(d) present the profiles of various properties ((a) u-velocity, (b) v-velocity,
(c)number density and (d)temperature) along horizontal line near bottom wall(y/L=0) for Kn
= 0.01, and Mach number 1.1, 2-and4 respectively. Fig. 3.77 and Fig. 3.83 change the Mach
number as 1.1 and 2, respectively:

Fig. 3.91 (a)-(d) present the profiles of various properties ((a) u-velocity, (b) v-velocity,
(c)number density and (d)temperature) along vertical line near left wall(x/L=0) for Kn = 0.01,
and Mach number 1.1, 2 and 4 respectively. Fig. 3.77 and Fig. 3.83 change the Mach number
as 1.1 and 2, respectively.

Fig. 3.92 (a)-(d) present the profiles of various properties ((a) u-velocity, (b) v-velocity,
(c)number density and (d)temperature) along vertical line near right wall(x/L=1) for Kn =
0.01, and Mach number 1.1, 2 and 4 respectively. Fig. 3.77 and Fig. 3.83 change the Mach

number as 1.1 and 2, respectively.
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3.2.3.4 Recirculation Center Position

Fig. 3.105 shows the streamline of Kn=10 and Mach number 1.1, 2 and 4 respectively.

There are second vortex occur as M=2 and 4. Fig. 3.106 shows the streamline of Kn=1 and

Mach number 1.1, 2 and 4 respectively. There is second vortex occur as M=4. Fig. 3.107

shows the streamline of Kn=0. 1 and Mach number 1.1, 2 and 4 respectively. There are no

additional second vortex. Fig. 3.108 shows the streamline of Kn=0.01 and Mach number 1.1,

2 and 4 respectively. There are more and more obvious second vortex as Mach number

increasing. Fig. 3.109 shows the streamline of Kn=0.0033 and Mach number 1.1, 2 and 4

respectively. The second vortex all-oceurs inthis case. The third vortex appear at the left

bottom corner for M=4.

Fig. 3.110 shows the relative horizontal distance (x/L) of vortex center for various value

of Mach number and Knudsen number. Results show that vortex center move toward left as

Mach number increasing for Kn=0.01 and 0.0033. But the vortex center move toward the

opposite way (right) for Kn=10, 1 and 0.1. Fig. 3.110 shows the relative vertical distance (y/L)

of vortex center for various value of Mach number and Knudsen number. It show that vortex

center moves down as Mach number increasing for Kn=0.01 and 0.0033. But the vortex

center move toward the opposite way (toward the top wall) for Kn=10, 1 and 0.1.
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Chapter 4

Conclusions and Recommendation of Future Work

4.1. Summary

The current study carries out the simulations of top driven supersonic (M=1.1-4) cavity
flow at various Knudsen numbers using a parallelized DSMC code (PDSC) with transient
sub-cells. Important conclusions are summarized as follows:

1. Use of transient sub-cells on unstructured grids is very beneficial considering the great
reduction of both the memory and computational speed without losing the solution
accuracy. Overhead of employing transient sub-cells is minimal for particles per cell
less than approximately 100 .based on ourexperience.

2. Velocity slips and temperature jumps increase at the solid walls with increasing
rarefaction at the same Mach number.

3. The additional section vortex occur at the right bottom in Kn=0.01 and 0.0033 with
various moving wall. The third vortex appears at the left bottom corner for Kn=0.0033
and M=4.

4. Results show that vortex center move toward left and down as Mach number increasing
for Kn=0.01 and 0.0033. But the vortex center move toward the opposite way for

Kn=10, 1 and 0.1.
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4.2. Recommendation of Future Work

Based on this study, future work is suggested as follows:

1. Tosimulate the flows in detail by changing the ratio of height to width of the cavity;

2. To simulate the flows in detail by changing the wall temperatures and to focus on the

discussion of heat transfer along the solid walls;

3. To simulate the driven cavity flow in subsonic region;

4. To simulate the driven cavity flow with oscillatory top moving plate.

5. To simulate the driven cavity flows with gas mixture and discuss the effects of moving

plate speed and oscillation to the-mixing of different species within the cavity.
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Tables

Table | The condition of benchmark cases.

Knudsen Mach number Mesh Particle per cell
number
With sub-cell 0.01 0.5 100 x 100 100
Without sub-cell 0.01 0.5 400 x 400 25
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Table Il The mesh information

Knudsen Mach number Mesh Grid size of the | Particles per cell
number each cell

10 4 40 x 40 0.025 25
10 2 40 x 40 0.025 25
10 1.1 40 x 40 0.025 25
1 4 40 x 40 0.025 25
2 40 x 40 0.025 25
1.1 40 x 40 0.025 25
0.1 4 40 x40 0.025 25
0.1 2 40 x 40 0.025 25
0.1 1.1 40 x40 0.025 25
0.01 4 100 x 100 0.01 100
0.01 2 100 x 100 0.01 100
0.01 1.1 100 x100 0.01 100
0.0033 4 300 x 300 3.33e-3 100
0.0033 2 300 x 300 3.33e-3 100
0.0033 1.1 300 x 300 3.33e-3 100
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Table Il Simulation condition

Knudsen Mach Driven plate Initial wall and Number Density
number number velocity gas temperature

10 4 1288 300 1.29438E+17
10 2 644 300 1.29438E+17
10 1.1 354.2 300 1.29438E+17
4 1288 300 1.29438E+18
2 644 300 1.29438E+18
1.1 354.2 300 1.29438E+18
0.1 4 1288 300 1.29438E+19
0.1 2 644 300 1.29438E+19
0.1 1.1 354.2 300 1.29438E+19
0.01 4 1288 300 1.29438E+20
0.01 2 644 300 1.29438E+20
0.01 1.1 354.2 300 1.29438E+20
0.0033 4 1288 300 3.88314E+20
0.0033 2 644 300 3.88314E+20
0.0033 1.1 354.2 300 3.88314E+20
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Table IV Position of properties distribution across

Knudsen Near top wall Near bottom Near left wall Near right wall
number wall
10 y/L=0.9875 y/L=0.0125 x/L=0.0125 x/L=0.9875
1 y/L=0.9875 y/L=0.0125 x/L=0.0125 x/L=0.9875
0.1 y/L=0.9875 y/L=0.0125 x/L=0.0125 x/L=0.9875
0.01 y/L=0.995 y/L=0.005 x/L=0.995 x/L=0.995
0.0033 y/L=0.9967 y/L=0.0033 x/L=0.0033 x/L=0.9967
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Fig. 2.3 The additional schemes in the parallel DSMC code.
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Fig. 3.2 The mesh for Knudsen number 10, 1, 0.1(40x40)
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Fig. 3.3 The mesh for Knudsen number 10, 1, 0.1(100x100).
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Fig. 3.4 The mesh for Knudsen number 0.0033(300%300)
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Fig. 3.71  Effect of M for Kn = 10 along horizontal line through geometry center with

(a) u-velocity; (b) v-velocity; (c) number density (d) temperature
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Fig. 3.73  Effect of M for Kn = 10 along horizontal line near bottom wall(y/L=0) with

(a) u-velocity; (b) v-velocity; (c) number density (d) temperature
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Fig. 3.76  Effect of M for Kn = 1 along vertical line through geometry center with

(a) u-velocity; (b) v-velocity; (c) number density (d) temperature
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Fig. 3.77 Effect of M for Kn = 1 along horizontal line through geometry center with

(a) u-velocity; (b) v-velocity; (c) number density (d) temperature
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Fig. 3.79 Effect of M for Kn = 1 along horizontal line near bottom wall(y/L=0) with

(a) u-velocity; (b) v-velocity; (c) number density (d) temperature
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Fig. 3.82 Effect of M for Kn = 0.1 along vertical line through geometry center with

(a) u-velocity; (b) v-velocity; (c) number density (d) temperature
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Fig. 3.84 Effect of M for Kn = 0.1 along horizontal line near top wall(y/L=1) with

(a) u-velocity; (b) v-velocity; (c) number density (d) temperature
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Fig. 3.85 Effect of M for Kn = 0.1 along horizontal line near bottom wall(y/L=0) with

(a) u-velocity; (b) v-velocity; (c) number density (d) temperature
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Fig. 3.87 Effect of M for Kn = 0.1 along vertical line near right wall(x/L=1) with
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Fig. 3.91 Effect of M for Kn = 0.01 along horizontal line near bottom wall(y/L=0) with

(a) u-velocity; (b) v-velocity; (c) number density (d) temperature
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(a) u-velocity; (b) v-velocity; (c) number density (d) temperature
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Fig. 3.99 Effect of M for Kn = 0.0033 along vertical line near right wall(x/L=1) with

(a) u-velocity; (b) v-velocity; (c) number density (d) temperature
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Fig. 3.100 Streamline for M=1.1 (a) Kn=10; (b) Kn=1; (c) Kn=0.1; (d) Kn=0.01; (e)

Kn=0.0033
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Fig. 3.101 Streamline for M=2 (a) Kn=10; (b) Kn=1; (c) Kn=0.1; (d) Kn=0.01; (e)

Kn=0.0033
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Fig. 3.102 Streamline for M=4 (a) Kn=10; (b) Kn=1; (c) Kn=0.1; (d) Kn=0.01; (e)

Kn=0.0033
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number and Mach number

150



i r -— i r
ozl R - ozl
rd
-
5
ash N 4 asl
L - a4
ozl - azp
Ill\-\-\-
s T 1 L
%3 ¥, T [T (L] 1 %3 ¥,
=L
@
1 T - -
O
osf- .
(213 ~

7
L] o [N
S

(c)
Fig. 3.105 Streamline for Kn=10 (a) M=1.1; (b) M=2; (c) M=4
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Fig. 3.106 Streamline for Kn=1 (a) M=1.1; (b) M=2; (c) M=4
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Fig. 3.107 Streamline for Kn=0.1 (a) M=1.1; (b) M=2; (c) M=4
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Fig. 3.109 Streamline for Kn=0.0033 (a) M=1.1; (b) M=2; (c) M=4
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