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1 Summary

This document contains the generic validation for the RANS and LES CFD approaches to predict the par-
ticle transport and deposition. Detailed literature review is performed to collect and evaluate the available
experimental and DNS data pertaining to the particle deposition validation. In case of RANS modelling,
several uncertainties regarding the near-wall modeling are addressed. A robust and well validated RANS
model coupled with a specific near-wall correlation is proposed for the accurate particle transport and depo-
sition predictions. On the other hand, the capability of a more advanced model such as the LES is validated

by performing two test cases.
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2 Introduction

A very high temperature (VHTR) or high temperature gas cooled reactor (HTGR) is under consideration
as a fourth generation advanced nuclear reactor. The reactor uses graphite as a moderator and helium gas
as a coolant. Because of high core outlet temperature, high thermal efficiency is achieved in these types of
reactors. Moreover, there is no need for active safety systems to cool the reactor core as it is designed to lose
heat by itself from natural circulation. A number of experimental and prototype reactors have been built and
operated in the past. Examples of high temperature reactors are the Dragon reactor (United Kingdom), the
Peach Bottom reactor (United States of America), AVR and THTR 300 (Germany) and the reactor at Fort
St. Vrain (United States of America). At present, there are experimental reactors under operation in Japan
(HTTR) and China (HTR-10). Apart from this, two full scaled HTGRs, the two-module plat HTR-PM, are

under construction in China.

The core design in these types of reactors is generally based on prismatic or pebble bed arrangement. In a
typical pebble bed reactor, the reactor core consists of randomly stacked pebbles. Typically there are several
hundred thousands of them in the core. These pebbles are primarily made of graphite and contain uranium
dispersed in sand-size grains throughout the pebble. One of the main sources of dust production is due to
the abrasion of randomly stacked graphite pebbles. The generated dust is essentially composed of carbona-
ceous compounds, fission and activation products. In a 400 MW thermal pebble-bed HTR, abraded dust is
anticipated to be in the range of 30-100 kg/yr [1]. The dust is eventually carried by helium gas through the
primary circuit and gets deposited in its main components such as the main pipes systems, the heat exchang-
ers (steam, generators, intermediate heat exchangers or recuperators) and turbo-machinery if applicable.
Remobilisation of dust deposited in the primary system is identified as one of the foremost concerns during
a potential accident [2]. Hence, accurate prediction of dust transport and deposition is an important step in

the design of this type of reactors.

2.1 Dust size distribution in (V)HTR

The main knowledge base comes from a small number of test reactors which were mostly built, operated and
decommissioned between 1960s and 1990s [2]. While studying the nature of the dust from these sources,
Kissane et al. [2] and [1] suggest that the information might well be misleading with respect to the modern
designs and should be interpreted wisely. The authors have reported many sources related to the dust size

distribution:

e Dust size measured at the end of life cycle of the pebble-bed AVR was found to be largely sub-micron
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with a geometric mean diameter of 0.6pm [3].

e The above information can be influenced by the oil ingress incident in 1982. Measurements in early

life of AVR indicated an average dust particle size of Spm [2].

e Recent experiments for HTR-10 generating dust by pebble abrasion indicate a geometric-mean diameter

of about 2.2um [4]. In terms of number of particles, 90% of them were <6pum in diameter.

o Kissane et al. [2] and [1] finally conclude that the dust generated in a V(HTR) will be approximately
<10pm.

Referring to the dust particles found in the AVR test reactor, Komen [5] reports that the particle range was

between 0.4pm and 4pm, with most of the dust located between 0.5um and 1.5um.

For the present study, particles in range of 0.1um to 10um are considered to cover all the ranges of particle

sizes observed in the literature.

2.2 Flow characteristics in (V)HTR

The dust accumulation within the primary system of an HTR can be broadly divided in regions such as main
piping systems and heat conversion components. The following considerations are based on the regions
identified by Komen [5] in the direct cycle PBMR 400, i.e. the main pipe systems, the turbo-machinery, and
the recuperators. The characteristic geometry and flow parameters in these three regions are summarized in

Table. 1
Helium is taken to be the working fluid. For conditions of 5SMPa and 700K, the following gas properties are
considered:

e The gas density p,=3.4 kg/m?>.

e The dynamic viscosity j1,=3.6 1075 Pa.s

Based on Baumer et al. [6], the volume fraction of the dust is estimated to be between 2.9 -10712-
12 to 2.9-1071°. The corresponding dust number density is estimated to be between 5.5-10% to 5.5-10%
particles/m3.

Based on the region of interest in the flow domain, we can define two flow time-scales.

e Time scale of large turbulent eddies (7r,)

e Average time scale of near-wall eddies (7,cqr—wall)

NRG-2.2902/14.125436/S&P/STJ/NP 7



Table 1 Tentative estimates of the characteristic geometry and flow parameters.

Geometric Main Flow Time scale of Time scale of average
Length Velocity Reynolds large eddies near-wall eddies
Scale Scale number 1,=0.1L/0.1U (s) Tnear-wali=(V/UL2) (S)
L (m) U (m/s) uL/v
Main pipe
system 0.7 65 4.3e6 1.08e-2 3.85e-6
Turbo-
machinery 0.1 175 1.65e6 5.71e-4 4.19e-7
Recuperators 0.00066 10 623 6.6e-5 1.79e-5
The time scale of large turbulent eddies (77,) can be estimated as
0.1 L
T = s 1
L= o1y (1)

0.1 Ly is the length scale of the large eddy which is taken to be 10% of the characteristic geometry length.
0.1 = U is the velocity scale of the large eddy which is taken to be 10% of the mean velocity.

The average time-scale of the near-wall eddies (7,,cqr—waiz) can be estimated as [5]:

1%
Tnear—wall = — [S] (2)

v is the kinematic viscosity of the fluid. The friction velocity ., can be estimated based on the skin friction

coefficient which is [7]:

Tw UT2

Cy = = 3
e T )0 ©
Based on 1/7 power law with experimental calibration given by Schlichting [8], C'y is given by:
0.0592
f = Rev25 )

Even though the formulation is derived for a flat plate, it can be used as a first approximation for a turbulent

boundary layer.
2.3 Particle response time
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The particle momentum response time is defined as the time required for a particle released from rest, to
achieve 63% of the velocity of the carrier fluid. For spherical particles at low particle Reynolds numbers
(< 0.3), the response time can be estimated as:

— ppdp2 [S}

o 5)

Tp

For a particle density p, of 1250 kg/ m3, the following particle response times are obtained for different

particle diameters:

(0.1gm) = 2-107% [s] (6)
mp(lpm) = 2-107° [s] (7
mp(5um) = 5107 [s] (®)
7(10pm) = 2-107" [s] ©)

2.4 Stokes number

The Stokes number defines the relationship between the particle response time and the fluid time scale. It is

defined as:

Particle response time

Stk = (10)

fluid time scale

As defined before, the fluid time scale can be defined in two different scales based on the region of interest.
If we are interested in the bulk flow, then the fluid time scale will be 7. If we are interested in the average

near wall region, then 7,,¢q—wq becomes important.

For the sake of interpretation, lets consider the bulk as the region of interest. If the particle response time
Tp is much smaller than the time scale of the large eddies in the flow 77, then the particles will have enough
time to respond to the changes in the large(mean) flow structures. 7, < 77, (Stkjgrge—eddy << 1) implies
that the particles will easily adapt to the changes in the mean flow and will have local velocities similar to
that of the fluid. On the other hand, if 7, > 77, (Stkjarge—eddy > 1) , particles will not feel all the changes

happening in the mean flow structures.

If we consider a 90 degree bent pipe flow, the particles which satisfy Stkjurge—cddy << 1 will follow the
changes in the flow direction and reach the outlet. On the other hand, the particles with Stkjq,ge—cddy > 1
will not be able to follow the flow curvature at the 90 degree bend region and hence tend to impact on the

wall due to higher particle inertia.

NRG-2.2902/14.125436/S&P/STJ/NP 9



Table 2 Tentative estimates of the Stokes numbers.

Time scale StKiarge-eddy StKnear-wall
(response time) of
particles T/ Tp/ Tnear-wall
T = Pp dpz/lsl-’-f (s)
1.79e-6 5e-3
Main pipe 1.79e-4 0.5
system 4.48e-3 12.5
1.79e-2 50
1.93e-8(d,=0.1um)
Turbo- 1.93e-6(d,=1pm) 3.38e-5 0.0461
machinery 3.38e-3 461
4.82e-5(dp=5um) 0.0844 115
0.338 461
1.93e-4(d,=10um)
2.92e-4 1.08e-3
Recuperators 0.029 0.108
0.731 2.7
2.92 10.8

Table 2 summarizes all typical Stokes number estimates for the present application. As seen, Stkiq;ge—eddy
is less than 1 for most of the particle diameters in all three regions. This means, most particles will have
enough time to respond to the changes in the large flow structures. On the other hand, Stk cqr—wai ShOws
a wide range of Stokes number ranging form very small to big, meaning that the behavior of the particle

depends on the particle size under consideration.

2.5 Deposition mechanisms

Deposition mechanisms can be best understood by taking an example of deposition in a smooth pipe flow.
Fig. 1 shows the typical characteristic regimes of dimensionless deposition velocity as a function of di-
mensionless particle relaxation time which is adapted from [9]. Please note that the dimensionless particle
relaxation time is nothing but Stk eqr—wqii- Since the particle deposition is directly related to the interac-
tion of particles with the near-wall eddies, Stk,ecqr—waqu 1S generally used in literature to characterize the

different deposition regimes.
As shown in the figure, the most common classification of deposition in a smooth pipe is divided into three

regimes, namely the diffusional deposition regime, the diffusion-impaction regime, and the inertia-impaction

regime.
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Figure 1 Characteristic regimes of dimensionless deposition velocity as a function of dimensionless parti-

cle relaxation time [9].

If 7 (Stkpear—wan) is smaller than about 0.25, the particles are small enough to respond to the changes in
the near-wall turbulent flow motions. As a result, Brownian motion becomes an important mechanism for

the particle deposition. This regime is indicated as the diffusional deposition regime.

If 77 is bigger than about 20, then the particles have practically no time to respond to the changes in the
near-wall flow motions. Instead, their motion might only be affected by the larger eddies in the bulk of the
flow. Consequently, these large particles deposit on the walls through momentum given to them by the large

eddies. This regime is indicated as the inertia-impaction regime or the inertia-moderated regime.

If 7 is in the approximate range between 0.25 and 20, the particles are expected to only partly follow
the near-wall eddies. Such particles either shoot ahead or lag behind the near-wall eddies. Hence, these
particles may get deposited either due to Brownian motion or by impaction. This regime is indicated a the

diffusion-impaction regime or the turbulent eddy impaction regime.

Komen [5] has performed extensive literature review on different models which are used in the literature
for particle transport and deposition in the main coolant pipes, turbo-machinery and the recuperators. Using
these models, Komen [5] has performed first hand calculations to estimate the probable deposition mecha-

nisms based on relevant flow and dust parameters. The same is summarized in Fig. 2.

NRG-2.2902/14.125436/S&P/STJ/NP 11



Deposition mechanism

Main pipe system

Turbulent eddy impaction — most important

Gravity — important (atleast 1 ord of magnitude less than turb eddy
impaction)

Brownian diffusion — can be neglected

Turbo-machinery

Turbulent eddy impaction — most important for d, <~1.5 pm
Inertial Impaction — most important for d, >~1.5 pm

Gravity and Brownian diffusion — can be neglected

Recuperators

Thermophoresis — most important
Gravity — Important

Brownian diffusion — can be neglected

Figure 2 Estimated deposition mechanisms in the main coolant pipes, turbo-machinery and the recupera-

12

tors based on Komen [5].
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3 Validation database

There are several Direct-Numerical-Simulation (DNS) and experimental data of particle transport and depo-
sition available in the literature which can be used for code development and validation purpose. The DNS

and the experimental database are discussed in the next sections.

3.1 DNS database

The study of particle transport and deposition in wall-bounded flows has received considerable attention
due to its practical relevance to numerous industrial applications. Several experimental and numerical ef-
forts have been made to better understand the complex phenomena of fluid-particle interaction. Even though
experimental data prove to be very useful in the interpretation and understanding of the physical phenomena,
generating data which are of benchmarking quality is often tedious and expensive. On the other hand, DNS
for simple test-cases like channel and pipe flows has proven to be an effective tool to generate benchmark
quality data which can be used towards further model development. Despite the large number of published
works, it is extremely difficult to gather a uniform and complete source of data that can be used to perform
a phenomenological study [10]. The reason for this is attributed to lack of uniformity and of completeness
in available numerical data. In the present work, few very relevant and recent DNS simulations which can

be used for the validation/model-development of particle transport and deposition are described.

Zhang & Ahmadi [11] studied the aerosol transport and deposition in vertical and horizontal turbulent chan-
nel flows in presence of different gravity directions. Navier Stokes equations are solved using DNS in a
pseudo-spectral solver. The Reynolds number based on the friction velocity was Re,=125. The studied par-
ticle diameters were in the range between 0.01m to 50um. This corresponds to a non-dimensional particle
relaxation time between about 0.01 to 100. The particle forces included were the Stokes drag, Brownian
diffusion, lift and gravitational acceleration. The particle deposition rate as a function of time is available

for various particle sizes. The deposition velocities under various conditions are also available for validation

purpose.

Narayanan et al. [12] has studied the particle dispersion and deposition in the near-wall region of a turbulent
channel flow. The Reynolds number based on the friction velocity was Re.=85.5. The range of particles
studied had non-dimensional relaxation times between 5 and 15. The Stokes drag and basset forces are
taken into account while the effect of gravity is neglected. The particle deposition rate as a function of time
is available for various particle relaxation times. The mean and RMS velocities for both fluid and particle

phase are available for comparison.

NRG-2.2902/14.125436/S&P/STJ/NP 13



Marchioli et al. [13] performed DNS and lagrangian tracking to study the turbulent transfer and deposition
of intertial particles in a vertical upward circular pipe flow. The Reynolds number based on the friction ve-
locity was RRe-=337. The range of particles studied had non-dimensional relaxation times between 3.2 and
111.6. The Stokes drag, buoyancy and Saffman lift forces are taken into account. The particle deposition
rate with respect to time is available. The particle number density distribution along the radial direction is

also provided at a given time instance.

You et al. [14] studied the motion of micro-particles in a channel flow. The mean flow Reynolds number
was Re,;,=3300. The particles studied had the Stokes number in range 0.001 to 11. Stokes drag was the
only considered force acting on the particle. The particle number density profiles for different particle sizes
are available for comparison. In addition to DNS, the authors also tested the performance of a two-equation

k — ¢ turbulence model, especially for a low Stokes number particle.

Vreman [15] performed DNS of a vertical pipe flow with Lagrangian approach for the particles. The
Reynolds number based on the friction velocity was Re=140. Two particles with Stokes numbers of 20 and
46 are studied. The effect of different particle mass loadings (0.11 to 30) and its influence on the interaction
between the two phases is also studied. The Stokes drag force and the force due to particle-particle collision
and the influence of gravity are taken into account. Mean and RMS velocities for both fluid and particle

phase are available for validation purpose.

Noting the lack of uniformity and completeness in the literature, Marchioli et al. [10] set up an international
collaborative benchmark test case for DNS and Lagrangian particle tracking database for turbulent particle
dispersion in channel flow at low Reynolds number. The Reynolds number based on the friction velocity
was Re,=150. The particles studied had the Stokes number in range 1 to 25. In order to minimize the
number of degrees of freedom by keeping the simulation settings as simplified as possible, only the Stokes
drag force is considered. The particle concentration profiles and deposition rates are available for validation
purpose. The results available are reliable and accurate for model testing/development as they come from

five independent simulations performed through a collaborative benchmark.

Marchioli et al. [16] further performed DNS simulations for Re 150 and 300. The particles studied had the
Stokes number in range 0.2 to 125. Stokes drag is the only considered particle force. Mean and RMS veloci-
ties for both fluid and particle phase are available for validation purpose. The particle number concentrations
along the channel height are also provided. In the same paper, Large Eddy Simulations are also performed
to assess the effect of filtering and SGS modeling of fluid phase on the particle velocity and concentration

statistics.
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Recently, Zamansky et al. [17] have performed DNS of a channel flow at a relatively high Reynolds number
of Re, 587. The particles studied had the Stokes number in range 1 to 125. Mean and RMS particle veloci-

ties along the channel are available for comparison.
The above discussed literature is summarized in Table 3.

3.2 Experimental database

Apart from the DNS data, there are several useful experimental data available in literature for simple flow

configurations. The most widely used experimental data are discussed below.

One of the most widely used experimental data is of Liu and Agarwal [18] who measured the deposition
rate of aerosol particles in a turbulent vertical pipe flow. The mean flow Reynolds numbers were 10,000
and 50,000. The particle diameters were in the range of 1.4 to 21pm. The corresponding particle relaxation

times were in the range 0.21 to 774.

McCoy and Hanratty [19] compiled the various available experimental data of deposition rates in a vertical
pipe. The particle diameters were ranging from sub-micron to several hundred microns. Based on the com-
piled data, McCoy and Hanratty proposed a piecewise best-fitting correlation. This correlation can be used

to predict/improve the CFD model predictions.

Pui et al. [20] performed experimental study of particle deposition in bends of circular cross-section. The
flow Reynolds numbers studied were 100, 1000, 6000, and 10,000. The particle considered had the Stokes
numbers in the range 0.03 to 1.46.

McFarland et al. [21] studied aerosol deposition in 90 degree bends for the mean flow Reynolds numbers in
approximate range of 3000 to 20,000. The particles considered have Stokes number in range 0.1 to 0.7. The

main objective of this work was to study the effect of curvature ratio on the aerosol penetration.

Peters et al. [22] studied particle deposition in industrial duct bends with varying angles of 45, 90 and 180
degree. The mean flow Reynolds numbers considered were 100, 1000, 6000 and 10,000. The particle Stokes
numbers covered were in the range 0.08 to 16. Particular attention was given to the case with tube bend of

90 degrees.

Sippola et al. [23] also studied aerosol deposition in 90 degree bends. The particle diameters were in the

NRG-2.2902/14.125436/S&P/STJ/NP 15



range 1-16pm and the air speeds in the range 2.2-9m/s. In terms of particle Stokes number, the range was
between 4.2-1073 to 4.2.

Recently, Jiang et al. [24] has also looked into the aerosol penetration and deposition in 90 degree bends.

The particle Stokes numbers considered were in the range of 1-107% to 1.

16 NRG-2.2902/14.125436/S&P/STJ/NP



Table 3 Summary table of the recent and relevant DNS data in the literature.

D,=0.01 to 50pum (t,"=0.01 to 100)

Drag, Brownian diffusion, lift and
gravity force considered.

Author Type of domain Flow & particle characteristics Available data
Zhang et al. Vertical and Re.=125 - Wall deposition rate vs. time
2000 horizontal duct flow

- Depsition velocity vs. Particle relaxation
time (t,)

Narayanan et
al. 2003

Open channel flow

Re.=85.5
1,'=5 to 15

Drag, basset force considered.

- Wall deposition rate vs. time

- Mean and RMS velocities for both fluid
and particle phase.

Marchioli et al.
2003

Vertical upward
circular pipe-flow

Re=337
1,'=3.2t0 111.6

Drag, buoyancy and Saffman lift
force are considered.

- Deposition rate vs. time

- Particle number density distribution in
radial direction at a given time instance.

You et al. 2004 | Open channel flow

Ren=3300
Stk=0.001to 11

Drag force is the only force
considered.

- Particle number density distribution wrt
to the channel height.

Vreman 2007 Vertical pipe flow

Re.=140
Stk=20 to 46
Mass loading: 0.11 to 30

Drag, particle-particle collision,
gravity.

- Mean and RMS velocities for both fluid
and particle phase.

Marchioli et al. | Channel flow

2008

Re,=150
Stk=1, 5 and 25

Drag force is the only force
considered.

- Mean & RMS velocities for both fluid and
the particle phase

- Wall deposition rate vs. time.

Marchioli et al. | Channel flow

2008b

Re=150 & 300
Stk=0.2 to 125

Drag force is the only force
considered.

- Mean & RMS velocities for both fluid and
the particle phase

- Particle number density distribution wrt
to the channel height.

Zamansky et al. | Channel flow

2011

Re=587
Stk=1to 125

Drag force is the only force
considered.

- Mean & RMS velocities for the particle
phase

NRG-2.2902/14.125436/S&P/STJ/NP
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4  Numerical modeling

The numerical modeling of particle transport and deposition onto the walls of turbulent flows are generally

handled by the Eulerian approach or the Lagrangian approach.

In the Eulerian approach, the particles are treated as a second fluid which behaves like a continuum and
the equations are developed for the average properties of the particles. For example, the particle velocity
is the average velocity over a control volume. This approach is most suitable when one requires a macro-
scopic field description of the dispersed phase properties such as pressure, mass flux, concentration, velocity
and temperature. The Eulerian approach is more suitable for simulating large-scale particle flow processes.
However, this approach requires sophisticated modeling of the closure terms that result from the averaging

process. These terms describe the key effects and phenomena found in industrial processes [25].

A Lagrangian approach is useful when the particle phase is so dilute that the description of particle behavior
by continuum models is not feasible. The motion of a particle is expressed by ordinary differential equations
in Lagrangian coordinates and are directly integrated to obtain individual tracks of particles. Since the dust

in V(HTR) is expected to be dilute, we follow the lagrangian approach.

4.1 Governing equations

Based on the physical properties of dust measured in AVR, their estimated behavior in different regions of
an HTR, and on the mathematical modeling effort required, there are certain reasonable assumptions made
to describe the dust aerosol transport and deposition in a HTR. The major assumptions for the present work

are as follows.

The dust particle is taken to be spherical: The HTR dust sizes reported in the literature are generally in

terms of geometric-mean-diameter. As a first approximation, the dust particles are taken to be spherical.

The ratio of particle to fluid density is very large: The density of dust particles are generally much higher
when compared to the fluid medium which is helium. Typically, the density of dust particles is of the order

of ~ 103 kg/m? as opposed to ~ 3kg/m? for the helium fluid.
The aerosol phase is dilute: A quantitative way of assessing a dilute versus dense flow is by taking the

ratio of particle relaxation time (¢,) to the particle collision time (¢.). The particle relaxation time is defined

as the time required by the particle to loose 63% of its initial velocity. If ¢, > ¢,, the particle has enough
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Figure 3 Map for particle-turbulence modulation [26].

time to respond to the local fluid dynamic forces before collision occurs. Hence, a dilute flow is one in
which the particle motion is controlled by fluid forces such as the drag force. The estimation of collision
time requires the information of relative velocity of a particle with respect to the other. It is generally hard

to estimate this relative velocity. In the present work, as a first approximation, the flow is taken to be dilute.

One-way coupling: The phenomenon of mutual mass, momentum and energy transfer between the phases is
termed as coupling. Elghobashi [26] proposed a map of regimes of interactions between particles and fluid

turbulence which is given by Fig.3.

For values of the dispersed-phase volume fraction less than 10, particles have negligible effects on the
flow turbulence. This situation is termed as the one-way coupling. In the second regime, with dispersed-
phase volume fractions between 10~%—1073, the existence of the particles can augment the turbulence if the
ratio of the particle response time to the turnover time of a large eddy is greater than unity, or can attenuate
turbulence if the ratio is less than unity. This interaction is called two-way coupling. In the third regime
where the volume fractions are greater than 1073, in addition to two-way coupling between particles and

the flow turbulence, inter-particle collisions take place. Hence this regime is termed as four-way coupling.

Based on the estimates in HTR by Komen [5], the largest volume fraction is of the order 2.9 x 10710,

Hence, only one-way coupling is considered in the present work.
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Taking the above assumptions into consideration, the Lagrangian equations [27] governing the particle mo-

tion can be written as:

az,
d—tp = i) (11)
and
diiy,
—F 12
7 (12)

where, ), is the particle position, and i, is the velocity of the particle. F’ represents all the body forces and
the surface forces acting on the particle. Example of body force acting on the mass of the particle is gravity,
while the surface forces are due to drag, which represents a momentum coupling between the two phases
[28]. The forces, which are relevant for the present work, are the the drag, gravity and Brownian diffusion

which are described below:

F = Fdrag + Fgravity + Eift + Fbrownian (13)

4.1.1 Drag force

Generally, the particle moves with a different velocity than the fluid at any given point. The difference in
fluid velocity (#) and the particle velocity (), is termed as the slip velocity (i — 1i,), which leads to an
unbalanced pressure distribution as well as viscous stresses on the particle surface. This yields a resulting
force called a drag force. For a rigid sphere, the drag force for unit particle mass is given by Fy(ud — w)).
F)y is defined as [29]:
1 CqRe,
T, 24

Here, the drag coefficient C; is a function of particle Reynolds number, Re,. Various experimental based

d=

(14)

empirical correlations for the drag coefficient as a function of Re, are available in the literature [29]. The

Reynolds number Re,, of the particle is defined as:

Re, = pd, [ ;“p|. (15)
Tp in Eq. 14 is the particle relaxation time which is defined as:
Ceppd?
Tp = ?Mp for  Re, <1 (16)
4 pp Ccdzz
== fi Re, > 1 17
TR Ci—w, (17)

where, d,, is the particle diameter, p,, is the particle density and C.. is the Cunnigham slip correction factor
given by:
2A (1.1d,/2))
CC:1+d—<1.257+0.4e Ady ) (18)
P
where, ) is the gas molecular mean free path.
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4.1.2 Gravity force

A particle when subjected to a gravitational field experiences a force in the direction of the gravitational
acceleration. The particle also experiences a buoyancy force opposite to the direction of gravity. This force
is equal to the weight of the displaced fluid according to Archimedes principle. The net force due to gravity
is given by:

M (19)

Foravity =

gravity Jx
Pp

where, g, is the gravitational acceleration in x direction, p and p,, are the density of the fluid and the particle,

respectively.

4.1.3 Lift force

A particle entrained in a shear flow field may experience a shear induced lift force perpendicular to the main
flow direction. For a positive fluid velocity gradient du s /dy as shown in Fig.4, the lift force is in the positive
y-direction, given that the fluid velocity wu  in streamwise direction is greater than the particle velocity u,, in
the streamwise direction. Lift force becomes important close to the walls as the fluid velocity gradients as

well as the difference between particle and fluid velocity are the largest here.

The lift force is given by Saffman [30], [31] as follows:

dur/dy
Fsaffman = 161dp2(ufr - u]h)(ﬂfﬂf)o.g)fi/(m N} (20)
|duy/dyl|
Within FLUENT, the Saffman lift force is modeled as:
5.18819%p ¢ d; ;
P (uy — up) @1

F =
saf fman ppdp(dlkdkl)0'25

This formulation is mainly intended for small particle Reynolds numbers and typically sub-micron particles.
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4.1.4 Brownian diffusion

Any given fluid at the molecular level is associated with random molecular movements and collisions.
When the particle response time becomes less than the time required for the molecular impacts in a fluid,
the particles have enough time to respond to these molecular changes in the fluid. Brownian diffusion is
characterized by random motion of particles where the particles generally tend to move from higher particle
concentration region towards the lower particle concentration region.

Within [29], the Brownian force per unit mass is modeled as:

S
Fbrownian - 57, % [N/kg] (22)

where, Sy is the spectral intensity

216vkpT f
S = L [m?/s). (23)

72pd,,’ (%”) C.

Here, &; is a Gaussian random number with zero mean and unit variance, kg is the Boltzmann constant and

T is the temperature. This formulation of Brownian diffusion is important for submicron particles.
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4.2 Lagrangian modeling

To solve the Lagrangian-equation for a particular moving particle, the dynamic behavior of the gas phase
(generally obtained by an Eulerian approach) and other particles surrounding this moving particle should
be pre-determined. Since the particle velocity and the corresponding particle trajectory are calculated for
each particle, this approach is more suitable to obtain the discrete nature of motion of particles. However, to
obtain statistical averages with reasonable accuracy, a large number of particles will have to be tracked. An
advantage of using the Lagrangian approach is the ability to easily vary the physical properties associated
with individual particles such as diameter, density etc. More-over, local physical phenomena related to the
particle flow behavior can be easily probed. Hence, the Lagrangian models can also be used for validation,

testing, and development of continuum models [25].

The Lagrangian approach is classified into two types namely, Deterministic trajectory methods and Stochas-
tic trajectory methods based on the effect of turbulence. In a deterministic method, all the turbulent transport
processes of the particle phase are neglected whereas the stochastic method takes into account the effect of
fluid turbulence on the particle motion by considering instantaneous fluid velocity in the formulation of the

equation of particle motion.

4 in Eq. 15 is the instantaneous fluid velocity. In a DNS approach, # is directly available as the instanta-
neous Navier-stokes equations are solved and the particles are tracked in the instantaneous velocity field. In
a LES approach, the large energy containing scales are directly resolved by solving the filtered Navier-stokes
equations. In all state-of-the-art commercial CFD solvers, the particles are tracked in the filtered velocity

field and the effect of sub-grid-scales on the particle motion are neglected.

In a RANS approach, the time-averaged Navier-stokes equations are solved to obtain the time averaged
mean flow velocity. The particles are tracked by constructing an instantaneous velocity filed by adding a
velocity fluctuations to the mean velocity field. The velocity fluctuations are modeled through a stochastic
approach. Stochastic modeling involves direct simulation of particle motion through a random turbulent flow
field. There are several approaches in developing stochastic models. Few examples in literature includes
the Discrete-Random-Walk (DRW) model, the Continuous-Random-Walk model (CRW), models based on
random Fourier modes [32] and the pdf models [33]. In the present work, two modeling approaches are

explored, namely the DRW model and the CRW model.

4.2.1 Discrete Random Walk model

One of the most frequently used model is the eddy interaction model (EIM) first introduced by Hutchinson
et al. [34] and further developed by Gosman and Ioannides [35]. The EIM is also referred to as the Discrete-
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Random-Walk (DRW) model.

4 in Eq. 15 is the instantaneous fluid velocity represented as the sum of the mean and fluctuating velocity

as follows:
u=tu+u [m/s (24)
v=T4+v [m/s] (25)
w=w+w [m/s] (26)

where u, v and w are the time-averaged mean velocity components computed from a RANS simulation. u,
v and w’ are the fluid fluctuating velocities defined as V w2, Vv'2 and V w'2. In most commercial CFD

solvers, the fluid fluctuating velocity components are modeled assuming isotropic turbulence.

The chosen fluctuation is referred to a turbulent eddy whose size (length scale) and life-time(time scale) is

known. Sommerfeld et al. [28] proposed the following relations for the eddy parameters:

te = 27, = clgE 227)
€

2
le =t/ =k 28
\'3 (28)

where, ¢; = 0.3, t. is the eddy time scale, [, is the eddy length scale and 7, is the Lagrangian time scale. It

and

represents the time over which the velocity of a particle is self-correlated.

It is accepted that the fluctuation remains constant within a turbulent eddy for a certain interaction time,
while the respective mean velocity component (U) is varied according to particle position. The interaction
time is the minimum of two time scales, one being the turbulent eddy lifetime and the other is the crossing-

time of the particle located within the eddy [35].
tint = min(te,t.) [s] (29)
The crossing-time is defined as

le

where 7, is the particle relaxation time, /. the eddy length scale and |u — u,| the magnitude of slip velocity.

In circumstances where . /(7,|u — up|) > 1, Equation 30 has no solution. This can be interpreted as the
particle trapped by an eddy, in which case t;,+ = te [35]. This procedure may be repeated for as many
interaction times as required for the particle to traverse the required distance. If a statistically significant
number of particles are tracked in this way, the ensemble averaged behavior should represent the turbulent

dispersion induced by the prevailing fluid field [35].
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4.2.2 Continuous Random Walk model

Recently, [36, 37, 38, 39] presented in detail CRW model for the prediction of particle deposition in wall

bounded flows. The main equations used in the modeling are presented here.

Within this approach, the particle deposition modeling is divided into two regions namely, the boundary
layer region with strong anisotropic turbulence and bulk flow region with isotropic turbulence. The model
is based on a Langevin equation. The Langevin equation takes different forms depending on the particle
location which could be in the boundary layer or in the bulk region. In the boundary layer region, the

normalized Langevin equation for streamwise, wall-normal and spanwise directions are given by:

d<“ ):—(“ ).N+,/2.d§x 31)
Urms Urms TL TL
v v At 2 OVpms AL
d _ 22 . 3
<'U7"ms> <'U7"ms> TL * TL éy * dy 1+ Stk (32)
d(“’ ):—(w ).At+,/2.dgz (33)
Wyrms Wrms TL L

’ / ’ . . . . . .
where, u , v and w are the fluid fluctuating velocity components in streamwise, wall-normal and spanwise

directions. Upms, Urms and wy;,s are the corresponding RMS velocity components. x, y and z are the
coordinates in x, y and z directions. &, &, and £, are the Gaussian random numbers with zero mean and

variance dt.

In the above equation, Stk is a particle Stokes number, which is the ratio of particle relaxation time to the

Lagrangian time scale and is given by:

Sth = ;Z (34)

The last term in RHS of Eq. 32 is the mean drift correction term, which is added to avoid the un-physical
migration of small inertial particles towards the boundary layer. [40] indicated that neglecting this term lead

to overestimation of the particle deposition.

In the bulk flow region, the following equations for the normalized Langevin equations are solved for

streamwise, wall-normal and spanwise directions:

u u At 2 1 0k dt
d =— — 4 —d& — 35
<urm5> <urms> TL + TL 5 + 3Urms Ox 1+ Stk (35)

v v At /2 1 0k dt
d = — — —.d — 36
<'U7"ms> <'U7"ms> TL + TL éy * 3Vrms ay 1+ Stk (36)
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w w' At 2 1 ok dt
d = — — ) —dE — 7
(wrms) (wrms> TL + TL &+ 3Wrms 0z 1+ Stk (37)

where, k is the turbulent kinetic energy.

4.2.3 Eulerian statistics and time scales

In case of DRW, the Eulerian statistics of fluid fluctuating velocities «’, v and w’ appearing in Eqs. 24, 25
and 26 needs to be specified. In most of the state-of-the-art commercial CFD solvers, the fluid fluctuating
velocities are specified assuming isotropic turbulence. Most stochastic isotropic models in practical use are

derived from Gosman and Ioannides [35] which is given by:

u/:vl:w/:\/?*c [m/s] (38)

where £ is the turbulent kinetic energy which may be determined from any typical two-equation turbulence
closure model such as the £ — € model or the k¥ — w model. ( is a random number drawn from a normal

probability distribution with zero mean and unit standard deviation.

In the CRW approach, the fluid fluctuating velocities are defined from the Langevin equations. Depending
on the region of interest, two sets of Langevin equations are solved. In the bulk flow region, Egs. 35, 36 and
37 are solved to obtain the fluid fluctuating velocities u', v and w'. Assuming isotropic turbulence in the

bulk fluid flow, the RMS velocities in Egs. 35, 36 and 37 are given by:

/2
Urms = Urms = Wrms = gk [m/S} (39)

where, k is the turbulent kinetic energy.

In the near-wall region, Eqs. 31, 32 and 33 are solved to obtain the fluid fluctuating velocities v, v" and w’.
The RMS velocities in these equations needs to be prescribed based on anisotropic near-wall behavior of the
RMS velocities. There are several correlations proposed in the literature to model the near-wall anisotropy.

These correlations are discussed in detail in the next section.

To close the Langevin equations, the Lagrangian time scale 77, must be specified. The Lagrangian time scale
correlation approximated by the fits provided by [41] is used in the present work. In the boundary layer, the

Lagrangian time scale is given as follows
7'2' ~ 10 for yt <5 (40)

T =712240.5731y" — 0.00129y**  for 5 <y' <200 (41)
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where, TEL is defined as

*2
= (42)
v
Here, y™ is the normalized wall distance, which is given by:
u*
yt = 3)

v

where, u* is the friction velocity given by

wt= (44)
p

where, 7, is the wall shear stress.

In the bulk flow, the Lagrangian time scale is given by:
2k

T Coe

where, C,, is constant with a value of 14 [42, 43].

T (45)

4.2.4 Correlations for RMS velocities

In many applications, turbulence can be approximated as being isotropic in the bulk region when high
swirls and rapid changes in the strain rate are not present. However, in the near-wall region, the turbulent
velocity fluctuations are certainly strongly anisotropic. In fact, the RMS of the wall-normal component of
velocity can be orders of magnitude smaller than the streamwise or the spanwise component (for example,
see the DNS data of [10]). In order to consider this near wall anisotropic effect, there are several near-wall

modifications proposed in the literature. The relevant modifications are summarized below.

Tian and Ahmadi

Based on the experimental measurements and the DNS data of [44, 45], it is well-known that continuity
requires the wall-normal RMS turbulence velocity fluctuation to follow a quadratic variation [46]. Tian and

Ahmadi [47] proposed the following correlation:
Vpms = Ay T2 for yT <4 (46)

where, Vpms = V QT?/ u*. A value of A is suggested to be 0.008 using the DNS data of [45].

Kallio and Reeks

Based on several experimental data, [41] proposed to use the following near-wall correction to the wall-
normal velocity fluctuation:

0.005y ">
) = 47
" 14 0.002923y+ 2128 @7

It was indicated that these correlations are valid in the near wall region where y+ <200.
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Matida et al.

Considering that the wall normal fluctuating component plays a major role in the particle deposition, [48]
suggested to apply the wall-normal function proposed by [49] for all three fluctuating components as fol-
lows:

2k
Urms = Vpms = Wrms = |1 — exp(—0.02y™1)] 3 (48)

The above formulation was applied for different ™ ranges based on the flow-rate.

Wang and James

[49] introduced three functions f,,, f,, and f,, to specify the local RMS velocities close to the wall. These
functions are derived from the DNS data of a channel flow [44, 50]. The RMS velocities were defined as:

12k
12k

Urms = f’uC ? (50)
12k

Wrms = wa ? (51)

¢ is a random number drawn from a Gaussian PDF with zero mean and unit variance. Functions f,, f, and

fw are given by:

fu = 140.285(y" + 6)exp[—0.455(y™ + 6)%-53] (52)
fo = 1—exp(—0.02y") (53)
fw = (S_fg_fg) (54)

It is pointed out that these functions are valid in the near-wall region where y* <80 and are Reynolds
number dependent.
Dreeben and Pope

Based on the DNS fits of a channel flow (Re=13000), [51] proposed to use the following near-wall correc-

tions velocity fluctuations in streamwise, wall-normal and spanwise directions as follows:

2 0.4y
+ u Yy
- — 55
trms wt 14 0.0239(y*)LA% o)
2 +)2
ot = ve 0.116(y™) (56)
w' 1+ 0.0203(y*) + 0.0014(y+)2421
2 +
w:—ms _ we 0.19y 57)
w1+ 0.0361(yT)22
(58)

It was indicated that these correlations are valid in the near wall region where 3y <100.
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5 RANS modeling of particle
transport and deposition

It is a known fact that accounting for near-wall anisotropy improves the particle deposition predictions. Re-
garding the near-wall anisotropy modeling, there are several uncertainties which need to be addressed such
as: Which model is more accurate?; Is the DNS data near-wall Reynolds number dependent?; Is the DNS
data near-wall geometry specific?; Different authors use different y™ cut-off values below which anisotropy
is considered. Which y™ cut-off should be used?; In the viscous sub-layer (y*;5), different values of La-
grangian time scales are used. Which value of Lagrangian time scale yields best results?. The present
chapter addresses all these uncertainties that exist in the RANS modeling of particle transport and deposi-
tion. By doing so, one would be able to come up with a robustly validated RANS model which can be used

for nuclear applications.

5.1 DNS data for near-wall anisotropy
In the present section, it is discussed how near-wall DNS data from channel flows are used for near-wall
anisotropic RANS modeling. Important questions addressed are: which near-wall model best fits the DNS

data?; Is the DNS data Reynolds number dependent?; Is the DNS data geometry specific?.

5.1.1 Which near-wall correlation is accurate?

As seen in the previous chapter, there exist several correlations for the RMS velocities that can be used to
account for the near-wall anisotropy. The not so trivial question is to understand which model is most accu-
rate to be used for RANS modeling. The common factor among all the correlations is the fact that they are
derived by fitting a correlation function to the existing experimental and/or DNS data in channel flows. In
order to understand the differences, all the aforementioned correlations are plotted together and compared

with the DNS data of Kim et al. [44].

Figure 5 shows the streamwise, wall-normal and spanwise RMS velocity distributions as a function of the
non-dimensional wall distance. While the correlation of Matida et al. fits the wall-normal RMS velocity
well, it severely underestimates the streamwise and the spanwise RMS velocity. The correlation of Kallio
and Reeks for the wall-normal RMS velocity is far from the reference DNS data as this model was essen-
tially derived in the 80’s by curve-fitting to the then existing experimental data. All other correlations are

consistent compared to the DNS data. The main outcome of this comparison is:

e Carefully choose a correlation which is accurately representing the DNS data. In the present compari-
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son, both the Drebeen et al and the Wang and James correlations are showing best fit to the DNS data.

Hence, either of these models can be used.
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5.1.2 Is the near-wall DNS data Reynolds number dependent?

It is known that the RMS velocities are slightly dependent on the turbulent Reynolds number [52]. To
investigate how sensitive the near-wall RMS velocities are to the change in Reynolds number, the existing
DNS data in the literature are collected and plotted for a wide range of Re.. The DNS data are obtained
from [44] and [53]. Fig. 6 shows the DNS data of RMS velocities for Re; ranging from 180 to 2000. It is
observed that all three RMS velocity components are very much similar to each other up to 4y ~ 30. Above

y™ 30, the DNS data starts to show visible Re, dependency. The main outcome of this comparison is:

e For y* <30, the DNS data shows no considerable sensitivity for a range of Re,. Hence, near-wall

corrections can be applied up to y* of 30.
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5.1.3 Is the near-wall DNS data geometry specific?

Figure 7 shows the streamwise, wall-normal and spanwise RMS velocity distributions as a function of the
non-dimensional wall-distance for two different flow configurations; a channel and a pipe. The streamwise
and the spanwise RMS velocities show very similar profiles for the two different configurations. For the
wall-normal RMS velocity, small deviations are observed below y™ 30. The main outcome of this compari-

son is:

e The RMS velocity profiles are very similar for the channel flow and the pipe flow configurations at Re,

180 and 395.

So far, we have concluded that both the Drebeen et al. and the Wang and James correlations are showing best
fit to the DNS data. For the present work, we chose to work with the Drebeen et al. correlation. It was also
seen that the near-wall correlation can be applied upto y* 30 for a wide range of Reynolds numbers. Also,
the near-wall correlation showed less sensitivity to the varying geometry configuration. Hence, it could be

applied for different geometric configurations with fair degree of confidence.
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5.2 Test Case

Now that a near-wall correlation to account for anisotropy is chosen in the previous section, there exist sev-
eral uncertainties how to apply this near-wall correlation in a robust way. These uncertainties are addressed
by performing sensitivity studies on a chosen test case. The test case chosen for the sensitivity analysis is

described next.

The computational domain considered for the simulation corresponds to a 3D channel with a length, width
and height of 0.4 m, 0.0628 m and 0.02 m, respectively. The computational domain is meshed using the
ANSYS GAMBIT [54] meshing tool. A structural hexahedral grid is created with a cell dimension of 0.5
mm in all directions. A higher mesh resolution in the boundary layer is used with the first grid point at a
distance of 0.05 mm away from the wall. A growth factor of 1.2 is used, which makes sure that cell sizes
grow uniformly from the boundary layer to the bulk. It is worth mentioning that these cell dimensions are

also used by [47]. The total number of cells in the mesh is about 6 million.

The initial air temperature and pressure is assumed to be 288 K and 1 bar. The air density and viscosity
are taken to be 1.2 kg/m? and 1.84-10~° ns/m?. The Reynolds number based on the channel width is 6667,
which means the flow is turbulent. To model turbulence, a standard k£ — ¢ turbulence model with enhanced
wall treatment is used. Further details of the model can be found in [29]. A fully developed profile for the
velocity, k and ¢ are applied at the inlet. The values of k and ¢ are assumed to be zero at the wall while,
no-slip boundary condition for velocity is applied. At the outlet, a static atmospheric pressure is assumed.

A periodic boundary condition in the spanwise direction is used for the 3D simulation.

The effect of different particle sizes on the deposition velocity are evaluated. For this purpose, different
particle sizes ranging from 0.01 ym to 50 pm are considered. The particle density is assumed to be 2400
kg/m3. The particles are injected at z = 0.2m where a fully developed flow is observed. The particles
are uniformly distributed at the bottom of the wall, between y™ 0 and 30. The particles are injected with
a velocity equal to the local air velocity. At the inlet and outlet, “escape” boundary is applied. It implies
that the particles leave the computational domain when it touches these boundaries. At the walls, “trap”
boundary condition is imposed. It implies that the particles stick to the wall as soon as they come in contact

with the wall.

Since the simulation of a 3D channel is expensive for sensitivity studies, as a first step, a simulation is
performed to assess whether the computational domain can be represented by a 2D channel. The results of
the comparison in Fig. 8 shows that the 3D channel can be represented by a 2D channel with no considerable

effects on the deposition velocity. Hence, for all further sensitivity simulations, a 2D channel is used as the
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Figure 8 Comparison of deposition velocity between a 3D and a 2D channel.

computational domain.

5.2.1 Postprocessing method

The particle deposition is commonly characterized by non-dimensional deposition velocity:

J
Cou*

-] (59)

+
Ug =

The deposition velocity is given as a function of the normalized particle relaxation time 7. The above
expression is valid for particles released with a uniform concentration Cy near a surface. Here, J is the
particle mass flux to the wall per unit time. The particle relaxation time is defined as:

Tu*? Sdp2u*2

+: p—
v 1812

Cel-] (60)

T

where, S is the ratio of particle to fluid density. In our simulations, we obtained the particle deposition

velocity [47] as follows:

Ny/th
ut = a/ d ] (61)
NO/?JO
where
Yyou™
i (62)
and
t 2
th = ‘”Ij* -] (63)
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Figure 9 Comparison of deposition velocity between a 3D and a 2D channel.

Here, Ny is the number of deposited particles in the time duration of t;f and N is the initial number of

particles uniformly distributed in a region within a distance of yar from the wall.
A value of 30 for yar is used, while Ny is taken to be 3000. These values are also recommended by [47].

To investigate the influence of the initial number of particles Ny on the deposition velocity statistics, addi-
tional simulations are performed with higher initial number of particles. The results in Fig. 9 shows that

3000 particles are sufficient to obtain particle number independent results.

5.2.2 Applied numerical schemes

The spatial discretization of the conservation equations are performed with a second-order upwind scheme.
The pressure-velocity coupling is performed with the SIMPLE method and the discretized equations are

solved using a segregated solver in an iterative manner.

There are several numerical schemes available within Fluent for the time integration of the particle mo-
tion, namely analytic, implicit, trapezoidal and the Runge-Kutta scheme. The performance of each of these
schemes is assessed by simulating the horizontal channel with each of these schemes. The results in Fig. 10
show that there is no considerable difference between the four available methods. In the present work, the

trapezoidal scheme is used for all the simulations.
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5.3  Fluid results

The mean streamwise velocity and the turbulent kinetic energy predictions by the standard £ — & model
are as shown in Fig. 11. While the mean streamwise velocity is predicted well in the near-wall region, the
turbulent kinetic energy is underestimated. However, if one compares the turbulent kinetic energy to the
three fluctuating components of velocity, it is apparent that the kinetic energy in the wall-normal and the
spanwise directions are severely overestimated. As seen in the work of [47], this isotropic modeling of the

turbulent kinetic energy in the near-wall leads to unreliable particle deposition predictions.

40 NRG-2.2902/14.125436/S&P/STJ/NP



20 ‘
——DNS Kim et al
181 O standard k—¢ d
16+
14+
12+
+3 10+
8,
6,
4,
2,
107 107
3 ‘ ‘
. - - -DNSKim et al: u*
2N rms
’ ~ . Lo
2.5- ! \\ * DNSKimetal:v H
1 Sso mm DNS Kim et al: w"
" 1 Sel rms
+;§ 2 :' ~1 O Standard k—¢: u:mszv:mszw:mS:\/ZkVé
%) e T
+>§15*,' OOOOOOO o -
[4) : () e T m— O"'O‘“G -0
S e TOTHT A - -
*5= l’:Q/\ Ob @) [e
|
Lt
0.56 . |
o

20 40 60 80 100 120 140
+

y

Figure 11  Comparison of flow predictions by the standard k£ — e model. (Above): Non-dimensional stream-

wise mean velocity component; (Below): Non-dimensional turbulent kinetic energy.
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Figure 12 Comparison of the particle deposition velocity by the isotropic near-wall modeling vs. the

anisotropic near-wall modeling.

5.4 Particle Results

5.4.1 Effect of near-wall correction

As seen before, there exist several correlations for the RMS velocities which can be used to account for the
near-wall anisotropy. Based on careful evaluation, the correlation of Drebeen et al. is chosen for the present
work. The importance of taking the near-wall anisotropy into account is addressed in here. Fig. 12 shows
the comparison of the particle deposition velocity by the isotropic near-wall modeling vs. the anisotropic
near-wall modeling. Clearly, accounting for the near-wall anisotropy has resulted in a better match of de-
position velocities, especially for the non-dimensional relaxation times between 10~2 and 10. Below 1072,
the results for both the isotropic and the anisotropic models are over-predicted. The particles in this range
are predominantly deposited by the Brownian motion. Hence, the main reason for the over-prediction is the

deficiency in the Brownian diffusion modeling.

The main outcome of this comparison is:

e Near-wall anisotropy is important and needs to be taken into account to obtain realistic deposition

velocity predictions.
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Figure 13 Particle deposition velocity predictions for different y™ cut-off values.

5.4.2 Effect of y* cutoff

A lot of variability is seen in the literature with respect to the y* cut-off value below which the near-wall
anisotropy is taken into account. For example, Tian and Ahmadi [47] propose to use their correlation below
yT 4; Kallio and Reeks [41] propose to apply their correlation below y™ 200; Wang and James [49] suggest
to use their correlation below y™ 80; Dreeben and Pope [51] suggest to use their correlation below ™ 100.
Considering that all these correlations are basically DNS fits, there is no clear reason for different 4y cut-off
values. Recognizing these differences, it becomes important to test the effect of the y™ cut-off value on
the deposition predictions. Fig. 13 shows the deposition velocity predictions for various y ™ cut-off values.
Most of the sensitivity is observed for the particle relaxation times in the range 1 to 10. It is clear that a
cut-off value of y* 30 and above is required to get a better deposition velocity prediction. Considering that
the DNS data in the near-wall showed Reynolds number dependency after y* of 30, it is recommended to

use y+ of 30 as a cut-off.

The main outcome of this comparison is:

e Ay value of 30 is recommended as a cut-off value below which the near-wall anisotropy effects should
be considered. Applying anisotropy below y* 30 leads to overestimation of the particle deposition

velocity in a certain range of particle relaxation times.
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Figure 14 Particle deposition velocity predictions for different 7'2_ cut-off values.

5.4.3 Effect of 7 value in the viscous sub-layer

The Lagrangian integral time scale 7'2— appearing in the Langevin equations is used to reproduce the turbulent
dispersion of the particle phase. It represents the time over which the velocity of a particle is self correlated.
Tzr can generally be rigorously defined for homogeneous turbulence. For inhomogeneous turbulence, it is
derived from either the Eulerian spectra of fluctuating velocities or from the Lagrangian calculations by eval-
uating the Lagrangian autocorrelations. In the present work, we use the fits provided by Kallio and Reeks
[41]. For the viscous sub-layer (y™ < 5), a constant value of 10 is recommended for TZ_. The Lagrangian
DNS simulations of Bocksell and Loth [55] have estimated the wall normal component of the Lagrangian
time scale to be between 2 and 6. The work of Luo et al. [56] have worked out an average value of the
wall normal Lagrangian time scale to be between 3 and 5. Since a range of 7‘2’ are reported in the litera-
ture, the effect of it on the particle deposition velocity is tested here. Fig. 14 shows the deposition velocity

predictions for Tg_ values of 2, 6 and 10. As seen, there is no considerable influence of this constant on the

deposition velocity predictions.

The main outcome of this comparison is:

e The values of 2, 6 and 10 for ’7'2_ in the region below y* of 5 have no considerable effect on the

deposition velocity predictions.
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5.4.4 Effect of Reynolds number

It has been shown that the near-wall DNS statistics up to y* 30 are relatively universal for a wide range
of Re, values ranging from 180 to 2000. The simulations so far were performed at a Reynolds number of
6667. In order to verify if one can apply the near-wall correlations at different Reynolds numbers, a channel
flow simulation at 5 times higher Reynolds number is performed. Fig. 15 shows the deposition velocity
predictions at two different Reynolds numbers. It is seen that the deposition velocity predictions at a higher

Reynolds number are also consistent with the comparison data.

The main outcome of this comparison is:

e The present near-wall correlations can be applied to a wide range of Reynolds numbers.
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Figure 15 Particle deposition velocity predictions at different Reynolds numbers.
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6 LES modeling of particle transport
and deposition

The present chapter aims at presenting the generic validation simulations performed to assess the applica-
bility of LES. Section 6.1 deals with results of deposition in a 90 ° bend pipe. Results of deposition in a

square channel are given in Section 6.2.

6.1 Large Eddy Simulation of a 90° bend pipe
In this section, results of simulations of a bend pipe are discussed. In these simulations, particles with
diameters ranging from 0.62 pm through 26.66 pm are released and the results on deposition given. First,

the numerical setup is discussed, followed by the deposition results.

6.1.1 Geometry and mesh

The computational domain of the bend pipe is given in Fig. 16a. The diameter D of the pipe is 0.02m.
The inlet is 1D long and the outlet is 2D long. The radius of the curvature of the bend is 0.056m, such
that the curvature ratio Ry is 5.6. In order to validate the numerical method, the mesh is made according to
what is reported by Breuer [57]. The cross section contains 1.08 x 10* cells whereas Breuer uses 8.9 x 103
cells. Each cross section is composed of a part with hexahedral cells and a part with a pave mesh, see also
Fig. 16b. The region near the wall is meshed with hexahedral cells. The nearest wall cell has its center at
yT = 0.35 off the wall, similar to Breuer. The cells are stretched with a stretching ratio of 1.05 until the cell
height equals y™ = 10. The remaining inner part is meshed with a pave mesh in which a conformal mesh in
radial direction is established. The mesh contains 195 evenly spaced cells in circumferential direction and

257 evenly spaced cells in streamwise direction.

6.1.2 Fluid dynamics model

The flow is simulated using Large Eddy Simulations (LES). Kolmogorovs theory of self similarity states that
the large eddies of the flow are dependent on the geometry while the smaller scales are more universal. This
is what LES is based on. Therefore, the large three-dimensional eddies which are dictated by the geometry
and boundary conditions of the flow involved are directly resolved by the method whereas the small eddies
which tend to be more isotropic are modeled via a subgrid-scale model. This has the advantage that the

models are independent of the specific problem at hand. For the LES approach, the equations modeling the
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Figure 16 Geometry and mesh of 90° bend pipe.

flow are filtered. The resulting filtered incompressible unsteady Navier-Stokes equations read:

aﬂj
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where the overbar indicates the resolved scales. The Reynolds number is the characteristic flow Reynolds

number.

The flow is assumed to be Newtonian. The physical properties of the fluid and particles are given in Table

4.

Density 1.3 kg/m?
Viscosity 15.7 x 1076 m? /s

Density particles | 895 kg/m3

Reynolds number | 10,000
Table 4 Physical properties of LES of bend pipe.

6.1.3 Boundary conditions

For the inflow conditions, the instantaneous flow field of a fully developed pipe flow is used. The outlet is

modeled as a pressure outlet. At the wall, a no-slip boundary condition is used, because the grid resolution
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Figure 17 Time-averaged flow results of velocity (left) and static pressure (right).
near the wall is sufficient to resolve the viscous sublayer (Breuer [57]).

6.1.4 Main flow result

After 5 through flows (7 = 3034), the flow is found to be statistically stable. At this time, the particles are
injected into the domain. Figure 17 shows the time-averaged velocity (left) and static pressure (right). The
pressure is low at the inner radius of the bend and high at the outer radius. Fig. 18 shows the instantaneous
flow field of the symmetry plane and the cross-section immediately after the bend. Turbulent structures can
be seen here. Figure 19 shows the streamlines of the averaged turbulent flow at a cross-section at 90 degrees.

The secondary flow structures are clearly visible here.

It is expected for a flow with a high Dean number (De = Re/+/ Ry =~ 4225) that secondary boundary layers
develop on the wall with fluid entering these boundary layers near the outer bend and leaving near the inner
bend [58].

6.1.5 Particulate phase

The particles are spherical with a range in diameter of 0.62 — 26.66,4m. The particles have a density p,
such that p,/ps > 1. This allows us, according to Breuer [57], to take only drag, gravity and buoyancy
into account. Furthermore, the concentration of particles is low enough to apply one-way coupling. The
particles are injected at the inlet of the pipe. They are uniformly distributed with a distance of 1 mm. The

particles are injected during 100 time steps (0.09TF, t* = 61) and tracked for 2.5 TF (t* = 1668). After
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Figure 18 Instantaneous flow field of the midplane (left) and the cross-section immediately after the bend.

this amount of time more than 99% of the particles have either deposited on the wall or left the flow domain

at the outlet.

The deposition efficiency is obtained via:

N, dep

“tdep (67)
Nout + N, dep

17:

where Ny, is the number of deposited particles and Ny, is the number of particles that have left the pipe
at the exit, which is also used by Berrouk [58].

6.1.6 Deposition result

The result for St = 0.005...1.53 is given in Figure 20 in which the fraction of deposited particles (1) is plot-
ted against the Stokes number. From the figure it follows that for small Stokes numbers, the comparison with
both experimental and numerical data is very good. For mediate Stokes numbers the deposition efficiency

is largely overpredicted and for the large Stokes numbers the deposition efficiency is slightly overpredicted.

Fig. 21 shows the fraction of deposited particles along the running coordinate s of the bend with respect to
the total number of particles in the flow with the same Stokes number. The line s is the dashed line in the
figure of the geometry Fig. 16a and is the centerline of the pipe. The figure shows that there is a higher
fraction of deposited particles with large inertia. This is in agreement with the result shown in Fig. 20. It

is also clear that the particles deposit mainly in the bend of the pipe. In the inlet (0 < x < 0.02) very few
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Figure 19 Streamlines of time-averaged flow immediately after the bend.

particles deposit. It is interesting to note that the used method predicts no deposition just before the bend for
the smaller Stokes numbers. This is contrary to the result of Breuer, in which a small number of particles

deposited in the whole inlet.

In Fig. 21 the fraction of deposited particles along the perimeter of the bend with respect to the total number
of particles in the flow with the same Stokes number is plotted. The outer bend is at 90°. The figure shows
that at majority of the particles deposit at the outer bend. At the inner bend, particles tend to deposit too,
according to the used numerical method. It is, however interesting to see that Breuer [57] has a dent in
the curves at the position of the inner bend. We explain our result by noting that at the inner bend the two

counter rotating vortices are present which influence the deposition of the particles.
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In Figure 22 the deposition of three different particle sizes on the bend is shown. In the left figure it is clear
that the smaller particles do follow the main stream pattern after the bend. For the medium sized particles,
14.7 um, the deposition is larger in the bend compared to the 4.77 um particles and after the bend the
particles seem to follow the secondary flow structures. For the largest particles, 25.30 pum, most deposit on

the wall. A few will exit the pipe and they do that by following the main stream pattern.
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6.2 Deposition in a channel
The deposition of particles with a small diameter (3 - 30 pm) in a channel has been simulated using LES ap-
plying two different turbulent Reynolds numbers. In this section the set-up and the results of the simulations

are given. The result of the deposition is compared with the experimental result of Barth [59].

6.2.1 Geometry and mesh

The geometry of the channel resembles that of the channel in which experiments were conducted. For the
computational domain, the channel consists of a square inlet of 0.1 x 0.1 m. The channel is 1 m long, equal
to the test section of the experimental channel, see Barth [59].

The grid is uniform in streamwise direction. In spanwise and normal direction the cells are stretched from

yT = 0.7 to y* = 10. This results in about 0.5 million cells (Re, = 267).

6.2.2 Fluid dynamics model

The same LES model as for the bend pipe case is used here. Additionally, a RANS simulation is performed
to compare to the results of the LES simulation for the case with Re, = 267. For the RANS simulation, a

unsteady SST k — € model is used. The time step is 1 x 10™%s.

The turbulent Reynolds number is based on the friction velocity of u, = 0.08m/s (Re; = 267) and
ur = 0.21m/s (Re; = 700). The flow is assumed to be Newtonian. The physical properties of the fluid

and particles are given in Table 5.

6.2.3 Boundary conditions

The inlet and outlet have a periodic boundary condition. This makes it possible to apply a fully developed
velocity profile at the inlet when the flow in the channel is developed, which happens at approximately 5
trough flows. The top, bottom and side walls are modeled with a no-slip boundary condition in order to

simulate the experimental conditions.

6.2.4 Particulate phase

The spherical, rigid particles are injected according to the method in Lecrivain [60]. At the inlet of the
channel 40,000 particles for each diameter are released in a virtual square area of y™ = 30 at the centerline
on the bottom. The particles are tracked for one trough flow of the bulk flow.

The deposition velocity is obtained via:

N, 75av
Vigep = —ep-av [_] (68)
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where Ny, is the number of deposited particles, t,,, the average time a particle needs to deposit, Ny the
total number of injected particles and h the maximum height at which the particles are released, which
equals to y© = 30. This equation is an estimation of the ratio of the surface particle mass flux and the
aerosol particle concentration [60].

Particles with a diameter ranging from 3.2um to 33m are injected. This covers the range of the diameters

that were used in the experiment [59].

6.2.5 Flow result

Figures 23 shows the streamwise velocity component of the LES simulation at Re, = 267.

6.2.6 Deposition result

In Fig. 24 the deposition velocity at Re, = 267 is plotted against the dimensionless particle response time
7. Itis given by:
2,2
+ _ M& — 69
™ 1811y [—] (69)

u?

where 7';“ has been made dimensionless by multiplication with —~.
From the figure it follows that the result of the LES simulation is significantly closer to the experiment than
the result of the RANS simulation. Also, the numerical results differ in trend on log-log scale: a linear one

for the LES results and an exponential one for the RANS results.
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Figure 20 Deposition efficiency vs Stokes number for a 90° bend pipe with Re = 10, 000.

Density 1.3 kg/m3
Viscosity 15.7 x 1076 m? /s
Density particles 895 kg/m3
Turbulent Reynolds number | 267, 700

Table 5 Physical properties of LES of square channel.
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Figure 21
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Figure 22 Side view of deposition in the bend for three different particles sizes.
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Figure 23 Velocity components in streamwise direction and three cross-sections.
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Figure 24 Deposition results of a square channel with u, = 0.08.
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7 Conclusions

The main conclusions from this work are as follows:

58

Several correlations exist in the literature to model the near-wall anisotropy in the particle phase. Care-
fully choose a correlation which is accurately representing the DNS data. In the present work, both the
Drebeen et al. and the Wang and James correlations are showing good fits to the DNS data. Hence,

either of these models can be used.

For y™ <30, the DNS data showed no considerable sensitivity for a range of Re,. Hence, near-wall

corrections can be applied up to y™ of 30.

The RMS velocity profiles are very similar for the duct flow and the pipe flow configurations at Re,

180 and 395 implying negligible sensitivity to changing geometry.

From the fluid flow results, it is apparent that the kinetic energy in the wall-normal and the spanwise
directions is severely over-estimated. Hence, there is the need for anisotropic correlations close to the

wall.

There were no considerable differences in the particle deposition patterns predicted by the CRW model
and the DRW model.

Particle deposition predictions show that the near-wall anisotropy is important and needs to be taken

care of in order to obtain realistic deposition velocity predictions.

A y™T value of 30 is recommended as a cut-off below which the near-wall anisotropy effects should be
considered. Applying anisotropy below 3™ 30 leads to over-estimation of particle deposition velocity

in a certain range of particle relaxation times.

The values of 2, 6 and 10 for TZ_ in the region below 3™ of 5 have no considerable effect on the

deposition velocity predictions.
The present near-wall correlations can be applied to a wide range of Reynolds numbers.

LES shows improvements in results, especially for small Stokes number particles where RANS needs

anisotropic modeling.
Even though LES is more accurate, the applicability is limited to low Re.

It is a good tool to use in the regions where the flow is in transitional regime, like the coolers.
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