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Transition Gas Flow Between Two Parallel Plates with a Slit-Type Obstacle
of Various Geometry by Event-Driven Molecular Dynamics Simulation

Mustafa KOC*!, [lyas KANDEMIR?, Volkan Ramazan AKKAYA?
Abstract

In this study, pressure-driven flow through a slit-type obstacle with various lengths (L) and
heights (H) placed in between two parallel plates was investigated by Event-Driven
Molecular Dynamics (EDMD) simulation. Mach number, temperature and pressure
distributions were obtained along the channel in the transition regime. The change in these
macroscopic properties and flow rate were examined for different cases created by changing
Knudsen number (Kn) of the flow, the geometry of the slit and the outlet/inlet pressure ratio
of the flow. Collision of gas molecules with plates and the obstacle were modeled with
diffusive reflection boundary condition. The flow rate showed a sudden change in the
transition regime and significant differences in the molecular regime depending on the
pressure ratio. Except for the Kn, H and L dimensions were found to be effective in Mach
disc formation. Pressure drops at the exit of the slit were shaped differently in normalized
pressure profiles depending on Kn, H and L dimensions. In addition, the structure of the
vortices formed at the entrance and exit of the slit varies depending on Kn. Some of the
results obtained were confirmed to be consistent with similar studies in the literature.

Keywords: Event-Driven Molecular Dynamic Simulation, Knudsen Number, Slit Flow,
Mach Discs, Transition Regime, Vorticity.

1. INTRODUCTION
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Gas flow due to pressure difference through a slit
is one of the major problems in rarefied gas
dynamics. Flow through a slit between parallel
plates occurs in different  technological
applications such as spacecraft, micro-propulsion
systems, micro nozzle flows, electronic
microscopy, MEMS or measurement of sudden
and rapid pressure change in vacuum gauges [1-3].

* Corresponding author: phd.mustafakoc@gmail.com

To understand and solve such problems, flow
through a narrow section of a channel should be
studied. Even small or large pressure differences
have significant importance in the design and
optimization of various industrial equipment types
[4]. Even the rarefied gas flow between two
parallel plates of finite length is of practical
importance in membrane applications [5].
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Rarefied gas flow observed in different
technological areas including high altitude and
space dynamics [6]. Examination of such flows is
characterized by Knudsen number which is a
dimensionless parameter defined as ratio of
molecular mean free path to the scale of physical
domain.

The numerical calculation of high Kn number flow
regimes cannot be modeled with the Navier-
Stokes equations (N-S), which approach the fluids
as a bulk mass movement. For this, the equations
based on the Kinetic Theory, which considers the
fluid as the motion of the molecular, need to be
solved numerically. Molecular simulation models
such as Direct Simulation Monte Carlo (DSMC),

Lattice Boltzmann (LBM) and Molecular
Dynamics (MD) are available for such
simulations.

Unlike CFD studies, which rely on solving
Navier-Stokes equations, a molecular dynamics
(MD) simulation does not require solving a set of
differential equations. Instead, it detects and
determines the type of each intermolecular
interaction, and from these interactions it reveals
the entire macroscopic behavior of the flow.

The DSMC method [7] uses several representative
molecules to simulate a larger number of real
molecules. The movements of the molecules are
certain, but the determination of collisions is
probabilistic. On the other hand, MD simulations
are much more realistic and accurate because each
particle represents a real molecule and its position
and velocity are known exactly. Due to its time-
oriented nature, it contains algorithms suitable for
the integration of Newton's equation of motion for
many time steps for multi-particle systems. The
main disadvantages of standard MD simulations
based on the continuous interaction potential (the
most widely used being the Lennard-Jones
potential) are the limitations in simulation time
and size. The computation becomes more difficult
as the number of molecules increases, because the
interacting particles and their positions must be
calculated for each interaction. The integration
time step is so small that during a simulation of
ten microseconds, even ten thousand molecules
representing a very small volume require too many
time steps and a collision test at each step.
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Thanks to the hard-sphere assumption, where the
interaction potential is considered to be discrete
(zero except for the moment of contact), collision
times can be predicted analytically, allowing the
simulation to be treated as asynchronous
sequences of events. This is called Event Driven
Molecular Dynamics (EDMD) simulations and
allows simulation of larger systems for longer
periods of time than time-based simulations. It has
been shown that this approach produces consistent
results in the calculation of transport coefficients
for rare gases [8-10]. Unlike in DSMC, molecular
trajectories, determination of collision pairs and
post-collision velocities are calculated
deterministically in EDMD. Also, all collisions are
real and predictable, no collision is neglected.
Since the first introduction of EDMD simulations
[11], the development of more efficient algorithms
has further improved the performance of EDMD
[8, 12, 13]. With the computing power of a
desktop computer, simulation of millions of
particles is possible for longer periods [14].
Another advantage of the EDMD method is that it
is as deterministic as other classical MD methods
and allows working with as many molecules as the
DSMC method. Rather than relying on data from a
very small number of molecules simulated as in
DSMC, it treats all molecules in this physical
space as real molecules and all interactions as real
interactions, using the entire simulation space as
physical space. Thanks to these assumptions and
improvements in EDMD, computing performance
can compete with DSMC.

LBM, which is a class of CFD, models the liquid
as fictitious particles and such particles perform
sequential propagation and collision operations on
a separate lattice network. LBM solves a
simplified version of kinetic equation and does not
track each particle as in classical MD. It uses the
equation with single particle velocity to simulate
fluid flows. Unlike EDMD, the velocity, position
and momentum states of the system are calculated
probabilistically in the phase space. LBM
simulates  behavior of fluid flows with
macroscopic fluid dynamics of an imaginary
ensemble of particles whose motion and
interactions are confined to a regular space-time
lattice. Particle velocities are constrained by
assuming that particles at each location can only
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move along a finite number of directions. In
addition, slip boundary conditions need to be
added to simulate rarefied flow range in LBM.
Unlike LBM, all particles are real, and motion and
collision detection is calculated by analytical
Newton's laws, also it can simulate high Knudsen
number rarefied flows without any boundary
conditions in EDMD.

Flow properties in a slit connecting reservoirs with
two different pressures are studied with DSMC
method [15] in the literature. This connection is
sometimes a very short pipe and sometimes an
infinitely thin border. Since these reservoirs are
assumed to be infinitely large, their pressure does
not change during the flow. The calculation is
made by dividing the slit and the regions close to
the slit into small domains. In common results,
velocity, number density and temperature undergo
a sudden change only in the slit region. These
parameters of the molecules that cross the slit
come to their states in the upstream region after a
certain distance. Briefly reviewing the literature:
In the studies of Danilatos [16], Sharipov [17] and
[18], Wang and Li [19], Varoutis et al.[5], Argon,
Helium and Nitrogen gases were used in a wide
range of Kn-related flow regimes, especially in the
transition regime, studied the flow through an
orifice or slit channel. They investigated the
distribution of number and density, velocity,
temperature, pressure and flow rates along the
flow axis and their variations according to
pressure ratios, L/H ratios or only L or H
dimensions. Sharipov and Strapasson [20], on the
other hand, investigated the same problem with
the DSMC method based on ab-initio potential and
added krypton to the monoatomic gases. In
addition to macroscopic distributions and flow
rates, Graur et al. [21] also obtained the velocity
profile in the orifice cross-section. But none of
them changed the H height. Rahmati and Ehsani
[22] obtained streamwise velocity profiles by
using LBM method [23] in slip condition.
Misdanitis et al. [24] conducted a similar study
using the BGK. Pantazis and Valougeorgis [4],
who conducted the same flow study, used the
BGK model [25] that conforms to the Maxwell
specular-diffuse boundary condition. Comparing
DSMC simulations with their experimental
studies, Gimelshein [26] and Lilly [27] also
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examined the effect of L geometry and surface
interaction on impulse and propulsion. Lindstrém
et al. [28] analyzed the mass flow rate of flow at
various pressure ratios and different orifice
geometries using a solver based on Navier-Stokes
equations. Sharipov [29] calculated mass flow
rate, temperature and velocity distributions based
on time in transition and steady regime and also
evaluated the times when the flow became steady
in various regimes. Similarly, Polikarpov and
Graur [2] and Ho and Graur [30], who made time-
dependent calculations, investigated dependence
of time to steady on various parameters in the
entire Kn regime. In the study of Varoutis et al.
[5], the flow rate between two parallel plates was
examined depending on the L/H ratio. However,
they did not place any obstacles in the channel. In
the literature, molecule-wall interactions are
generally modeled as specular or diffuse.

Flow between two parallel plates is in the
literature, but the flow through an obstacle
between the plates has not been studied yet. Also,
the effect of H on the flow together with Kn and
outlet/inlet pressure ratio is missing in the
literature. Therefore, the macroscopic flow
properties of these problems were investigated in
this study. EDMD method has been applied for the
first time to model such a flow considering all its
advantages.

In 2" section, the calculations and assumptions
used for modeling the EDMD simulation will be
explained. In 3" section, the problem of present
study will be defined and the setup of the
simulation will be mentioned. In 4" section,
simulation results will be given together with the
validations and the results will be interpreted.
Conclusion part and a detailed summary will be
given in 5" section.

2. COMPUTATIONAL METHODS OF
EDMD SIMULATION

The classical MD method needs a large
computational power due to the continuous
potential. Monoatomic molecules are modeled as
hard-spheres in EDMD. For hard-sphere model,
interaction potential between molecules is discrete
and only exists in case of contact. Only binary
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collisions are considered. No external force field
exists, hence the resulting trajectories are linear
and molecular velocity between the two collisions
is constant. Thus, unlike conventional MD, there
iIs a discrete potential approach instead of a
continuous  potential.  Therefore, molecular
trajectories, determination of collision pairs and
post-collision velocities can be calculated
deterministically in EDMD. Also, all collisions are
real and predictable, no collision is neglected.

For the two molecules moving along their
trajectories to collide, the contact condition must
be met:

3 2

Ay i + Ao
> G —xin)” = Ly 7 ) (1)
k=1

Here i and j denote the pair of the molecules to
collide, x;, position component, d is diameter of
the molecules. The positions of the molecules
when the collision occurs are calculated from the
following formula:

Xk = Xig + cip(t —t;)
(2

x;jk = xj,k + Cj,k(t — t])

where ¢, is velocity component, ¢; and ¢; are

separate time variable held for each molecule. If
Eq. (1) is substituted in Eqg. (2), the following is
obtained.

3
z (xi,k + it —t) — xjk
=1 3)

2
—gult—1)) =d

To get a simpler form of Eq. (3), 4x;, and Ac; are
defined:

Axk = Cj,kAti,j + xj,k - xi,k

(4)

Ack = Cj,k - Ci,k
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Hence, Eqg. (4) would be as follows:

;(Ack) (t —t;)* + 24x,Ac, (t — t;) )

+ (Axk)z = d2

For a simpler representation A = Zizl(zlck)z,

B=3}_,Axdc, and C= Y. (4x)?—d?
are defined. So, the collision time becomes the
following quadratic form:

At —t)?+2B(t—t)+C=0 (6)

In case of no real roots, the trajectories do not
intersect. If positive real roots exist, the smallest
one gives the collision time. This allows one to
estimate the collision times deterministically.
Thus, the simulation consists of a series of
asynchronous events. Due to its event-driven
nature, time can advance discretely from one event
to subsequent one in simulation.

On the initialization, thermal equilibrium is
assured for for entire domain after a certain
amount of time. Since monoatomic molecules
have only translation energy mode, relationship
between the kinetic temperatures and the average
translational kinetic energies of molecules in
thermal equilibrium is given as:

3 1
Eka =§m(cz) (7)

Here (c?) is the average of thermal velocity
squares of molecules. According to Kinetic
Theory, the velocities of molecules in a system at
thermal equilibrium are sampled from the
Boltzmann distribution. The most probable speed
according to this distribution is as follows.

Crmp = E(cz) (8)

Thus, the thermal velocity components sampled
from the distribution are as follows.
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Uty = Cmpy —In(Ry) sin(2mR;)
Ven = Cmpy/ —In(R3) sin(2nR,) 9)
Wip = Cmpy/ —In(Rs) sin(2mRy)

When a collision occurs, post-collision velocities
are determined analytically by conservation of
energy and momentum. The type of molecule pair
that participates in the collision determines the
collision characteristic. Since intermolecular
collisions are elastic, mass, translational energy,
and momentum are conserved.

my + mg = my + my
MyCq + MpCp = Mycy + mycp (10)
mylcal® + mpleg|?* = mylcy|* + mylcpl?

4

Here ' indicates post-collision state. m and ¢
indicate mass and velocity vector of the molecule,
respectively.  Accordingly, the post-collision
velocities of the molecule pair are expressed as
follows.

Chp=¢C —Z'UABE(E €4 — Cg)
A A my » LA B
(11)
. 2Upp
Cp =Cp— €€, cq — Ccp)
A
Here the inner product is shown as(:,-). pusp is

reduced mass and e is the unit vector passing
through the molecule centers when two molecules
are in contact.

mympg
Uap = m, + mpg
%, — Xg (12)
€E=——
|x4 — x35]

Generally, three types of computational domain
boundary models are considered sufficient to
model a flow in micro- and nano-channels. These
are periodicity, wall interaction and flow boundary
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conditions. In the presence of periodic boundaries
simulation domain is modelled as an infinite
lattice by repeating the calculation region along
the boundary direction. When a molecule
physically crosses a periodic boundary, it leaves
the computational domain and enters the opposite
boundary at the same velocity components. As a
result of specular reflection of a molecule, the
tangential velocity components remain the same
while the normal velocity component, which
conserves the tangential momentum, is reversed.
In real life, the wall surface is rough, and
molecules are projected at random angles from the
wall. Diffuse reflection is the most common model
representing these surfaces. The post-collision
velocity of the molecule is largely independent of
the incoming velocity and is stochastically
determined from a distribution based on wall
temperature (Ty,).

Molecules reaching both ends of the system
(upstream or downstream) leave the computational
domain permanently. New molecules are inserted
into the computational domain according to local
domain properties. For both flow boundaries, the
molecular flux entering the calculation domain is
determined by the Maxwell distribution function:

—s2 cos?
n; e~ Sj cos ¢>+

Fy = 2,/np; |Vms; cos ¢ (1 +erf(s; cos ¢))

(13)

where Sj = U]ﬁ], ﬁ] = 1/Cmp,j = 1/,/2kb’1} /m
Here, U, T, n; and c,,, are streamwise velocity,
local temperature, number density of molecules in
the cell and the most probable speed, respectively.
This molecular flux should be calculated for each
cell surface of each flow boundary cell j. The
value of ¢ is O for upstream and = for
downstream. The number of molecules entering
the calculation domain from the cross-sectional
area (A) of the boundary surface per unit time (4t)
gives the following relation:

Ninj = FjAt4; (14)

The tangential velocity components (v and w) of
the incoming molecules that are independent of
streamwise are produced as follows:
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v=V+ Cmp\/_%
(15)

!

W=W+Cmp—n
V2

Here, V and W are mean tangential velocity
components, and R, and R, are randomly
generated numbers from a normal distribution
with zero mean and unit variance.

When the streamwise velocity (U) is zero, normal
component is expressed as:

U = Cppy/ —lOgRy, (16)

Here, R, is random number generated from
uniform distribution of interval [0,1). For U # 0,
Garcia and Wagner [31] introduce several efficient
acceptance-rejection methods with the general
form:

U
u=U—f< >cmp a7

Crmp

Here, f(U/cmp) is a randomly selected number
from the acceptance-rejection method. In this
study, recommended method for low-speed flows
(—0.4¢pp < U < 1.3¢py) Was used.

The inlet pressure (p;,) and temperature (T;;,) are
known for the upstream boundary. V;,, and W;,, are
set to zero. The molecular number density is
calculated from the ideal gas equation:

o Pin
" kain

(18)

Streamwise velocity perpendicular to the surface
is expressed as a function of the mean flow
velocity (U;), pressure (p;), density (p;) and sound
velocity (a;) of the computational domain:

Pin — Dj

Pja;j

WUin); =U; + (19)
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Only the outlet pressure (p.) is known at the
downstream boundary. Other flow properties are
calculated by extrapolating from neighboring cell:

Pe — Dj
(ne); = nj + ——
(¢)
Dj — Pe
U.); =U; + (20)
T py
Pe
T.): = —
( E)] (ne)jkb

The tangential components of the average flow
velocity components are calculated similarly for
the upstream:

V)=V

2
W) =W, &1

No macroscopic information, except for the initial
conditions and boundary conditions, is imposed on
the system in EDMD simulations. Defining the
fluid as an ensemble of molecules allows all
macroscopic features of the system to be
calculated from the instantaneous velocity,
position and energy information of each molecule.
The number of molecules inserted into the
calculation domain from the flow boundary and
their respective velocities are calculated by means
of local flow properties such as temperature,
pressure, molecular density and average velocity.

In the pioneering work of this study [10], Event-
Driven Molecular Dynamic Simulation (EDMD)
model to simulate rarefied gas flow was developed
with Object-Oriented C# programming in Visual
Studio. In order to reduce computational
complexity of EDMD simulation, a cell division
method [8] was used. In this method, each
molecule is placed in a cell according to its
position and a cell has 27 neighbor cells in 3D. For
an intermolecular collision, the distance between
two molecules must be less than the width of the
cell. So they have to cross the cell border before
they collide. So that only molecules of the same or
neighboring cells are possible collision candidates
at a given time, and it is unnecessary to check
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whole computational domain. No collision is
missed thanks to this multi-cell method. The
simulation aims to find the earliest event and to
process it. For this, the priority queue method [32],
[33] is implemented in EDMD by Akkaya and
Kandemir [10] and reduces the computational
complexity to O(logN). For data reduction, the
calculation domain was divided into small sub-
domains (bins) and the average of the snapshots of
these bins at a certain time intervals were taken.
The implicit treatment method (IBT) for flow
boundary is first introduced for DSMC
simulations by Liou and Fang [34] and adapted for
present EDMD simulations by Akkaya and
Kandemir [10]. After implementing the necessary
boundary conditions, shear-driven and pressure-
driven flow were simulated. In the next
development, flow through the porous media
modeled with spherical particles and at various
porosities was simulated in the transition flow
regime [35]. In this study, the problem mentioned
in 3" section was investigated and the simulation
was modeled for different cases.

3. PROBLEM DEFINITION AND SETUP OF
EDMD SIMULATION

This study focuses on rarefied gas flow through a
slit-type obstacle between two parallel plates. The
effect of various slit size and inlet/outlet pressure
ratio on flow properties are examined in numerous
cases. The lower and upper plates and the slit
between them, slit gap H and slit length L are
shown in Figure 1. L/H has been taken into
account while creating different cases for the slit
geometry. L/H = 0 means L is zero regardless of
H. L/H = 2 means that L is 2 times H regardless
of H. In addition, the effect of separate dimensions
of L and H were examined. Entire channel volume
is computational domain. The gas pressure p;,, and
temperature T;, at the channel inlet and the
pressure p,,: and temperature T,,, at the outlet
are assigned when the simulation is initialized.
The temperature of the lower and upper plates and
the temperature inside the channel is 300K
initially. Wall temperature is constant throughout
the simulation, but the temperature of the channel
is developed due to expansion throughout the
simulation. Monatomic Argon gas has been
selected as the working fluid. Total number of

Sakarya University Journal of Science 26(4), 720-744, 2022

simulated molecules is 200000. All molecule-wall
collisions were modeled as diffuse reflection.

o

,_
I
Downstream

Upstream
\ 7
o (@)
(@]
(@)

T
}7
O
(@)

(@]
(@)
(@]

4
Lx 4)(

Figure 1. Geometry of computation domain slit and
location of slit

While calculating the distribution of macroscopic
properties, the channel was divided into 51 regions
(bins) in the x —y plane. All 1D distributions are
obtained along the channel mid-line in the x-axis
by averaging the y and z axes. The properties
within each bin were averaged along the z-axis for
2D data. In order to minimize numerical error,
non-dimensionalization have been applied by
scaling magnitudes with Boltzmann constant
kp=1.38x102%  reference mass m = 1.5Xx
1072’kg and diameter d = 0.5x 1071%m.
Therefore, length of plates is L, = 10000 x d and
distance between them is L, =5000x d. Since the
z-axis is periodic, the width of the plates is
infinite. The local Mach number is calculated with
the local root mean square velocity (c,,,s) and the
temperature (T). The macroscopic properties have
been calculated for each bin. For the purpose of
qualitative comparison, Mach number (M),
velocity (u,), temperature (T), pressure (p) and
density (n) distributions in all simulations have
been nondimensionalized by normalizing with
25M, 540m/s, 330K, 8x10°Pa  and
2.26x10%m~3, respectively. Different pressure
ratios and Kn are selected for different simulation
setups. The slit is placed at position 0.16 L, to
take into account the fluid behavior at the slit
entrance and also to follow the behavior at the slit
exit to a certain distance.

Pressures at the inlet and inside the channel are
initially same. In order to prevent molecule
accumulation at the inlet and to obtain a steady
flow rapidly, flow is created by applying low
pressure only at the channel outlet.
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At the initialization, the molecules have been
randomly distributed into the channel according to
the given pressure and number density. Their

velocities are randomly assigned from a
distribution function with respect to initial
temperature.  Specular  reflection  boundary

condition has been valid for channel walls and no
slit has been present. Thus, molecules have been
allowed to collide enough to reach thermal
equilibrium. Then a slit of the desired geometry
has been created at the specified location of the
channel and the corresponding reflection boundary
conditions have been applied to the channel walls
(diffusive in the y-axis and periodic in the z-axis).
Finally, the pressure boundary condition has been
applied to the downstream flows along the x-axis.

To calculate the flow rate (m), the number of
molecules entering (N;,) and leaving (N,,;) the
slit of width L are counted in a certain time period
(4t) and my,,,; is the mass of a single molecule.

Nyye + N;
m = %tmmmol (22)
Flow rate and macroscopic properties were
obtained at different Knudsen numbers (Kn)
which can be described as the ratio of molecule's
mean free path (4) to the characteristic length (L,).

(23)

Since the H height is a control parameter in this
study, it will not be appropriate to use it in Kn
calculation. Therefore, Kn was calculated through
L,, (channel length). In this way, the effect of the
height H on the flow could be examined
independently of Kn.

Sakarya University Journal of Science 26(4), 720-744, 2022

For each simulation, the pressure and density
distributions are normalized to their values at the
channel inlet. Hence, qualitative comparison of the
results has been possible in different Kn, in other
words, in density.

4. RESULTS AND DISCUSSION

In the flow rates were obtained according to Kn of
transition regime at pressure ratios (p,/p;)=0.1
and 0.5 for L/H=0 (L=0) - H=500 and L/H=2
(L=1000) - H=500. As Kn is changing from 0.04
to 10, flow rate decreases. As Kn increases, the
flow rate is almost constant until the transition
regime. After that, a sudden decrease is observed
in mass flow rate. This behaviour remains
throughout the transition regime. In the molecular
flow regime, it is almost constant. When the
pressure ratio (p,/p;) increases from 0.1 to 0.5,
the flow rate also decreases. This difference in
flow rate due to pressure rate is not constant over
the entire Kn range. It increases towards the
molecular regime and decreases towards the
continuum regime. L/H ratio also affects the flow
rate. Increasing L creates a thin channel in the slit.
This not only causes a decrease in the flow rate for
the entire transition regime, but also changes Kn
of the transition regime. As L increases, this range
shifts towards smaller Kn values. Similar results at
low Kn were observed in some DSMC studies
[36] with a fixed H height and without top and
bottom plates. The effect that creates the
difference in high Kn is the increase of
momentum transfer between individual molecules
and upper and lower plate walls.
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Figure 2 Kn vs. Non-Dimensional Flow Rate. po/pi = 0.1 and 0.5 were compared for L/H=0(top) and 2(below).

In Figure 3, Mach number (M), temperature (T)
and pressure (p) distribution along x/L, were
obtained under flow conditions p,/p;=0.1 and
0.5, H=500 and L=0 at Kn in transition regime. As
Kn approaches to the continuous regime, the
velocity at the slit outlet increases. While the
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temperature approaches to the initial value
towards the channel outlet in low Kn, it decreases
further (lower than the initial value) in high Kn. In
steady-state flows, a sudden pressure drop is
expected at the slit outlet due to the increase in
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cross-sectional area. But as the Kn increases, this
behavior disappears.

Mach number (M), temperature (T), pressure (p),
density (n) contour plots and streamlines of the
flow case in Figure 3 are shown in Figure 4 and 5,
respectively. At low Kn, more pronounced vortex
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formations are noticeable at the slit outlet. There
are even backflow vortex at the inlet of the slit due
to the slit wall obstacle. As Kn increases, the
vortex decreases at the slit outlet and begins to
form at the slit inlet. For the case of H=500, Mach
disk structure did not occur due to the maximum
critical M being 0.7 at the outlet of the slit.
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Po/pi=0.5(right), H=500 and L=0.

Po/pi=0.1 - Kn=0.04

o .

y/L

02 03 04

02 03 04

0 0.1

02 03 04

Mach Number
y/L

05 06 07 08 09 1 0

Temperature (x100 K)

0.5
x/L
X

06 07 08 09 1

()

s &
©
o
4 X >
b )
(] =
3 2
173
()
2
P
05 06 07 08 09 1 0
x/Lx

Sakarya University Journal of Science 26(4), 720-744, 2022

0.1

Po/pi=0.1 - Kn=10

02 03 04 05 06 07 08 09
x/L
X
04 05 06 07
x/LX

0.2

0.3

0.4

0.5
x/L,
X

0.6

0.7

0.8

0.9

Mach Number

Temperature (x100 K)

0.025

=4
o
)

0.015

0.01

0.005

Pressure (x106Pa)

730



KOC et al.

Transition Gas Flow Between Two Parallel Plates with a Slit-Type Obstacle of Various Geometry by Even...

Density (x10"kg/m®)
Density (x10"kg/m®)

Streamline
Streamline

Figure 4 Contour plots of mach number, temperature, pressure, density and streamline. For H=500 - L=0: p./pi=0.1
- Kn=0.04(Left Column), po/pi=0.1 - Kn=10(Right Column).
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In Figure 6, Mach number (M), temperature (T)
and pressure (p) distributions are presented along
x/L, of the channel at Kn in transition regime for
Po/pr;=0.1 and 0.5, H=1000 and L=0. When the
pressure ratio increases 5 times, Mach number
doubles at the slit exit for Kn=0.04. Mach number
is nearly 1 at the slit outlet. The midline
distribution of Mach, temperature and pressure
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shows more dramatic changes than H=500 at
outlet of the slit. Pressure drop at outlet of the slit
in case of at H=1000 and p,/p;=0.5 for Kn =0.04
iIs more than H=500 but not valid for p,/p;=0.1.
In addition, vortices size at outlet of slit in the case
of H=500 is smaller than H=1000 especially for
lower pressure ratio p, /p;=0.5.
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Figure 6 M, T and p distributions along Lx depending on Kn. Flow conditions are p./pi=0.1(left) and
po/pi=0.5(right), H=1000 and L=0.

Mach number (M), temperature (T), pressure (p),
density (n) contour plots and streamlines of the
flow case in Figure 6 are shown in Figure 7 and 8,
respectively. Mach discs started to be seen around
x=0.75-0.8 at Kn=0.04. Mach disks are
characterized by sudden fluctuations in Mach
number, velocity, pressure, temperature and
density distributions. At the outlet of the slit, a
zone of silence is formed, where there is a sudden
decrease in pressure and temperature, and a
sudden increase in velocity. Then a normal shock
occurs by decreasing the velocity. With this, there
IS a sudden increase in pressure and temperature.
The silence zone and normal shock are delimited
by the barrel shock. The flow re-thermalizes and is
of relatively high density. It has a slightly

Sakarya University Journal of Science 26(4), 720-744, 2022

supersonic flow rate. Flow slows down after barrel
shock [21, 37]. Only enlargement of the H
dimension caused this. This effect can also be seen
in the changes in the x-axis in Figure 6. In the
literature, the main factors in the formation of
these discs are given as pressure ratio and Kn. Due
to the effect of the simulation on the calculation
power, only one Mach disc could be seen, since
the length of the channel after the slit could not be
extended too much and the Kn could not be
further reduced. According to the pressure
distribution along the channel, the sudden pressure
drop at the slot outlet was smaller and farther than
the H=500. Thus, it has been revealed that a
certain distance is required for the formation of
barrel shocks.
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In Figure 9, Mach number (M), temperature (T)
and pressure (p) changes along x/L, for different
Kn and p,/p;=0.1 and 0.5, H=500 and L=1000.
Increasing L decreases Mach number at the slit
exit. However, it causes vortex formation after the

Sakarya University Journal of Science 26(4), 720-744, 2022

slit to spread longer along the x-axis. The pressure
drop at the slit exit was smaller than that of L=0
for the same H. Mach number (M), temperature
(T), pressure (p), density (n) contour plots and
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streamlines of the flow case in Figure 9 are shown
in Figure 10 and 11, respectively.
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Figure 9 M, T and p distributions along Ly depending on Kn. Flow conditions are po/p;i=0.1(left) and
Po/pi=0.5(right), H=500 and L=1000.
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For Kn=0.04, H=1000 and L=0, pressure ratio
Po/p; = 0.01-0.1-0.5 was applied in Figure 12.
Increasing the pressure ratio by 100 times did not
cause a big change in flow properties and Mach

Sakarya University Journal of Science 26(4), 720-744, 2022

disc structure due to chocked flow. The most
notable change in the contour plot is a slight
increase in the length of the barrel shock along the
channel. Changing the pressure ratio from p, /p; =
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doubled at the same Kn.
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Figure 12 M, T and p distributions and contour plots depending on po/pi for Kn=0.04, H=1000 and L=0. Top
contour and bottom contour plots are po/pi =0.01 and 0.1, respectively.

The enlargement of L reduced the pressure drop at
the slit outlet. For H=250-500-1000, M, T and p
distributions are given along the channel at
Kn=0.04-10 in Figure 13. Fluctuation in the
property distributions at the slit outlet is less at
H=250. Thus, the settling of the flow properties
was shorter at given Kn compared to high H. The
positions of the Mach disc on the x-axis of the

However, the presence of plates and the difference
in Kn caused sudden property changes at the slit
outlet to be softer in EDMD.

In the distributions for some cases in this paper,
the continuous decrease of the properties
especially pressure and density from slit outlet to
the channel outlet is because of low-pressure ratio
is applied only to channel outlet.

channel were similar to the study in Kn=0.01 [37]
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po/pi=0.1 for H=250, H=500 and H=1000 (L=0).

5. CONCLUSION

Effects of Kn and pressure ratio as well as H and L
on the flow rate and flow property distributions
along the channel have been investigated in the
flow through a slit-type obstacle placed between
two parallel plates. Simulations have been carried
out for different cases, considering various L and
H dimensions. The flow rate according to L/H
ratio was examined in the transition regime and
compared qualitatively with the literature.

Until the Kn number reaches the transition regime,
the flow rate does not change significantly, but it
decreases rapidly from the transition to the
molecular regime. The flow rate typically
increases as the pressure ratio increases for the
same Kn. The difference between pressure ratios
decreases as it approaches the steady state. While
increasing the H increases the flow rate for high
Kn, it has been observed that this difference
decreases towards the continuous regime. While
the increase in L/H ratio decreases the flow rate
regardless of the pressure ratio and Kn, it has also
been observed that it shifts the transition regime
towards smaller Kn. In a case of different Kn,
increasing of Kn results in increasing flow
velocity. Because as Kn decreases, the inlet and
outlet pressure difference (Ap) increases even if
the pressure ratio remains constant.

Sakarya University Journal of Science 26(4), 720-744, 2022

Regardless of the pressure ratio, the formation of
Mach discs is not observed as the flow regime
passes from the continuous regime to the transition
regime. For the same Kn in continuum regime,
increasing the pressure ratio triggers the disc
formation, but increasing the pressure ratio
excessively will cause the flow to be chocked, and
since the flow rate will no longer increase, there
will be no serious change in the shape of the disc.
Although the formation of Mach discs is directly
dependent to Kn and the pressure ratio, H and L
dimensions also play an important role for this
phenomenon. For the same simulation case, an
increase in H triggers disc formation, while an
increase inL prevents disc formation as it
decreases Mach and flow rate.

The characteristic of the vortices formed behind
and in front of the slit is determined for different
Kn, pressure ratio, H and L. Accordingly, it has
been observed that increasing Kn decreases the
size of the vortices and even almost loses and
changes its position from the back of the slit
(downstream direction) to the front (upstream
direction). Although the H values given in the
literature are not quantitatively specified, similar
results were obtained at H=1000 according to the
distribution data in the x-direction obtained for
different H based on the L, / H ratio. Thus, the
effects of H and L variation on flow properties,
streamlines and Mach disk structure are revealed
independently of Kn and pressure ratio.
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This study is important to understand vortices
formation and shapes at inlet and outlet of the slit
depending on Kn, pressure ratio and the slit gap
geometry and showed that Mach disc, which is
known to depend only on pressure ratio and Kn,
can actually be controlled by H and L dimensions.
It can also be important for controlling or
measuring sudden pressure changes in similar
applications.
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