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1. Introduction

Discrete particles are very useful for the modeling of pollution dispersal, certain types of
two-phasc flow, the mixing of malerials and tracking selectled regions ol [fuid. In the [ellowing
seclions a briel description of the particle model in Version 6.0 of FLOW-3D” is presented
together with some examples of particle motion,

2. The Main Equation

The motion of a particle is governed by equation
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where u, and p are the particle mcan velocity and density, respectively, g includes gravity and
other body forces, m and 2 arc fluid velocity and pressure, respectively, and a and B are the drag
cocilicients divided by the mass # of the particle. The drag coefficients characterize the
interaction between the particle and surrounding fluid. Note that both o and 3 vary with the mass
of the particle. At present the influence of the particle motion on the fluid is neglected.,

Particle diffusion is described by the diffusion velocity w4, which is calculated by Monte Carlo
technique and added to the mean velocity. Each of the three components of the diffusion veloeity
is computed in terms of the inverse error finction as
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where v is a random number between zerv and one, 2 the particle diffusion coefficient and Ar is
the time-step size in the numerical scheme, The sign of u g is also chosen randomly. In this
form the diffusion velocity is mathematically equivalent to the one given by the Sklarcw
technigque!!/
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with ' denoting the particle concentration, It can be shown that if many particles are placed at a
point, this Monle Carlo technique will produce a Gaussian distribution of mass about the point.
The statistical method employing random numbers proves to be a better approximation of the
particle diffusion process in highly distorted flows and/or coarse meshes when the gradicnt

V{m - C} cannot be resolved accurately.

I the above formulation, diffusion is caused by turbulence in the fluid. 1t there are no forces
acling between a particle and the fluid (o,B=0), then the particle does not diffuse. In terms of
FLOW-3D input paramelers, particle diffusion is specificd by either or both of the two variables:
NUP and RMPART. The first one is a constant particle diffusion coefficient, while the second is
the inverse Schmidt number, If v is the fluid kinematic viscosity, the total particle diffuston
coefficient is

A=NUP+v RMPART
Note that v can vary in space and time due to the presence of turbulence in the fluid.

The influence of the particle mass comes through the values of the drag coefficients. The heavier
a parliclc the smaller are the values of o and B, hence, the smaller the influence of the fluid on
the particle. The mass of the particle is defincd by the two input variables: particle volume,
PVOL, and density, PRHO. If a zero (default) value of PVOL is used, the particle becomes a
simplc marker particle which follows the mean fluid Now plus diffusion, effcctively meaning an
infinite drag cocfficient,

Reflection from a rigid boundary is controlled by a coefficient of restitution, PCRST. When
PCRST=1.0, the reflection is specular, while PCRST=0.0 results in no reflection, i.¢., sticking.
The valuc of PCRST can be set fo any value between 1.0 and 0.0. For example, PCRST=0.3 will
result in a reflected velocity equal to 0.3 times the incident velocity.

At present only one particle species can be described at a time. Those can be introduced either by
specilying a particle point source with a constant rate (particles per unit time) and velocity or by
initializing a brick-shaped block of pariicles at the beginning of simulation, or by a combination
of both.

3. Particlie Mean Motion

The ability of FLOW-3D (o calculate the mean motion of mass particles can be tested by
injecting a single particle into a uniform stream of air. If the particle is small (< 5 microns), then
the flow about the particle can be assumed 1o be Stokes flow, Stokes flow is cncountered when
the Reynolds number based on particle diameter is much less than 1 so that inertia effects can be
neglected. This is true for sand particles whose diameter is less than 0.006cm and water droplets
whose diameter is less than 0.004cm™.



The drag force on a micron-sized spherical particle can be found from Stoke's law for resistance
te a moving sphere™. According to this law, the drag force acting parallel to the particle's
velocity U is

D =omapl/

where the parameter & is the particle's radius and W is the viscosity ol the mean flow. Under the
assumption of Stokes flow, the acceleration of the particle in the x-direction is given by:

o
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where u ig the instantancous velocity of the particle, u, is the x-component of the mean flow
velocity, and K is the drag coefficient on the particle divided by its mass. The coefficient K is
then expressed as
Brap
= Particle VolumeParticle Density

Intcpgrating the rclafion for particle acceleration once gives
In |atg — | = =Kt + 2

Assuming that the particle was injected with only a vertical velocity component, the initial
condition would be u=0 at t=0 s0 we get ¢;=In w, . The relation [or the x-component ol velocity

15 then
u=1uyg (I —e"m) .
Integrating once again and applying the initial condition x=0 at t=0 we get
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which represcnts the x-coordinate of the particle position with time. In the y-direction the
boundary condition 18 v=V al t=0 since the particle is injected into the stream with only a
verlical component V,,. The relation for the y-coordinate of the particle position is then

y= —%(e—"-" - 1) . @)

An cxamplc which can be uscd to test FLOW-3D's ability 1o compule the trajectory of a mass
parlicle could be one in which a 5um particle is injected with a vertical velocity of 2500cm/s into
uniform stream of air moving at 250 ¢em/s (See Figure 1).  The particle is injected into the stream
at the point x=0, y=0. Assume for simplicity that the particle has the density of water, 1 gm/ce.
The viscosily ol air is 0.01 gm/om-s. Computing K from these parameters gives

3



K=72%10°

To simplify the solution, FT.LOW-3T) can be set to skip the computation of the flow field and
instead to use a defined flow field to compute the particle trajectories. This is done by specifying
the puramcter [PONLY=1. The complete input for this filc is shown in Appendix A. Since the
flow field is steady, the pathlines of the particles can be represented by releasing a series ol

+y

V, = initial particle velocity

Figure 1. Single particle with mass injected into a uniform stream of atr,

particles from a source at (0,0) and plotting their positions at some point in time.

The theoretical prediction of the particle trajectory given by equations 1 and 2 can be intcgrated
mumcrically and compared (o the results of FTLOW-3D. The results of this are shown in Figure 2,
The resulls are nearly identical, indicating that FLOW-3D} very accurately computies the mass
particle trajectory.

4, Particle Diffusion

Next, examples are given of particle motion with diffusion in straight and curved (180° turn)
ducts. The influence of the particle mass and the level of turbulence in the fluid (through the {luid
turbulent viscosity) arc shown,

o) Diffusion from a Point Source

In this test simufation 2000 marker particles are initiated at t=0.0 s at a point in a quiescent flow
and diffuse in the x-direction. The diffusion coefficient is 0.1 cnr’/s. In Figure 3, a,h shows the
distribution of the particle concentration, normalized by the total particle number, with distance.
The theorefical Gaussian distribution is also plotied for comparison. It can be seen that the
accuracy of the Monte Carlo technique is sufficient to describe particle diffusion, especially if a
large number of particles is involved.
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Figurc 2. Comparison of theorctical particle trajectory with the results from FLOW-3D. The
izpul Tor this simulalion is shown in Appendix A.



NORMALIZED CONCENTRATION OF PARTICLES AT T=1 SECOND
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Figure 3. Normalized particle distribution in the problem of 1-D diffusion from a point source at
{a) t=1.0 s and (b) t=5.0s as compured to the theoretical curve.



b) Flow in a Straight Duct

In this 2-D simulation, the fluid (water) moves along a straight, 10 ¢m wide channel at a constant,
uniform velocity of ;=2 cm/s. There is ne gravity and the channel length is 20 ¢, A particle
source is located near the right (inlet) mesh boundary. The source rate is 100 particles per second
with the particle velocity at the source equal to the uid velocity. The Schmidt number is
assumed Lo be equal (o 1.0, whiie NUP is set to zero.

The particle volume is 6.55e-11 cm’ corresponding to the spherical radius of 2.5 wm. The
quadratic drag coefficient is f=0 for all sitmulations, The fluid velocity is assumed 1o be constant
and uniform throughout the simulation so that the solution of the flow equations can be skipped
and only the particle dynamics arc solved. This is done by sefting IPONLY=1.
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Figure 4. Particle transport from a point source in a uniform [low.

The three paramelers that are varied are @, p and p. The lincar drag cocfficient varics with the
density according to « oc 1/p. For the three plots shown in Figure 4 these parameters are:

a) light particles, high turbulence: p =100 giem®, o=1.0s7, p=0.1 %
b) light particles, low turbulence:  p =100 glem®, a= 105", p=0.01 5o
¢) heavy particles, high turbulence: p = 1000 giem®, @ =0.157!, p=0.1 o .



For a constant value of the Schmidt number the particle diffusion coefficient is linearly
proportional to v. As can be seen in Figure 4, the fargest particle diffusion occurs in the first case
where the particles are relatively light and the turbulence in the fluid is large. When the fluid
turbulence is decreased by a factor of 10 {case b) or the particle mass increases by the samc
factor (case c), the particle diffusion is reduced.

Since the pressure gradient in the fluid and gravity are zero, cases b and ¢ are equivalent in the
sense of the average particle motion. The actual positions of the corresponding particles in the
two cases are diffcrent since random quantities are involved in the solution.
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Figure 5. Particle separation in a curved duct.



¢) Flow In a Curved Duct

In this 2-D simalation the flow occurs in a constant radius duct which extends 180°in the
azimuthal direction. The inner radius is 10 e and the ouler one 20 ¢m. This or similar designs
are used for dust or other particle separation from air, Since dust particles are usually
significantly heavier than the air, the centrifugal force drives them to the outer wall of the duct
where they can be collected. However, lighter particles are separated less efficiently, and
turbulence in the flow may diffuse the particles preventing their accumulation at the outer wall.

First, a fluid flow simulation is made to obtain a steady state flow in the duct in which the
velocity varies linearly with radius, corresponding to a constant angular velocity of 0.3 rad/s
(Figurc 5, a). Gravity is abscnt for simplicity. Then, a restart calculation is made with a particle

source introduced in the flow near the inlet at the inner radius wall. The fluid flow calculations
can be skipped at this stage.
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Figure 6. Separation of heavy (1) and light () particles in the curved duct.

The same particle input as in the previous casc is uscd cxeept that the particle velocily at the

source is equal to 3 ¢m/s, which is the local [luid velocity, As before, three cases are considered,
shown in figure 3, 6-d, respectively:



a} heavy particles, low turbulence: p = 1000 g."cm3 x=02s"", u=0.1 == m o
b) light particles, low turbulence: = 100 glem?, o =2.0 s'l, p=01 5= 3;
¢) heavy particles, high turbu]en::c: p=1000 glem?, 0= 0251, p=1.0 ==,

As can be seen from plots in Figure 5, ¢ and &, increasing the particle density and decreasing the
fluid viscosity by the same factor are no longer equivalent, The density change affccts the mean
particle motion in such way that lighter particles get carricd away by the fluid faster than they
separate to the cuter wall. The heavier particles separale more cfficiently due to higher inertia,
Figure 6 shows a simple superimposition of these plots to indicate more clearly the difference in
the motion of the two species.

Comparing plots » and  in Figure 5 shows that h13;,her level of turbulence indeed reduces the
cfficiency of the separation process.
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APPENDIX A

> micron Water Particle Injected Vertically at (©,0) w/velocity 2500 cm/s
Media is Uniform Stream of Air Moving at 250 cm/s
$xput
remark="units arc cgs',
icclor=1, epsadj=1.0, twhin=1.0e-5,  prtdt=1000.0, ui=250.0,
Send
$limits
irpr=2, jbkpr=2, kipr=2,
$end
$props
$end
$hedata
wl=6, ubct(1,1)=250.0,
wr=6, ubcl(1,2)=250.0,
$end
$mesh
nxcell=80, px(1)=0.0, px(2)=0.003,
nyeelt=60, py(1)=0.0, py(2)=0.004,
nzeelt=1,  pz(1}=0.0, pz(2)=0.0003,
$end
$obs
$end
i
$end
$br
$end
$remp
$end
$prafic
nvpits=1, contpv(l)="p',
npplts=1,
Send
Sparls
iponly=1,
ippkt=1,
rate(1=1.0e07,
vpp(1)=2500,0,
xpp(1)=0.0,
ypp(1)=0.0,
zpp(1)=0.0,
pvol=0.54498¢-11,
prho=1.0,
pdrg1=7.2e03,
Send



