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Abstract

Direct numerical simulations (DNS) have been performed to study particle
deposition in a turbulent channel flow at a Reynolds number Reτ = 150 based on
the half channel width and the wall shear velocity. The Pencil Code was used for
generating the three-dimensional and time-dependent flow field in the channel.

Particles were implemented in the simulated channel flow after the turbulence
was fully developed. The drag force was considered to be the only force acting on
the particles. An ensemble of 100,000 particles was distributed close to the lower
wall. There were preformed six simulations with six different particle sizes. The
number of deposited particles was registered, and the particle deposition velocity
was estimated each simulation.

The obtained numerical results were compared to the predictions of an empir-
ical equation, earlier simulations and experimental data. A reasonable agreement
was observed, even though the drag force was the only force considered in this
work. It was noticed that the size of the particles influenced the deposition veloc-
ity.
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Preface

Background for project

This project serves as the specialization project required to obtain the degree
Master of Science in Applied Physics and Mathematics at the Norwegian University
of Science and Technology (NTNU). The project was organized as a teamwork with
two students working together and being evaluated on the same basis.

The project was carried out in the 9th semester of the degree under the su-
pervision of Nils Erland L. Haugen from SINTEF Energy Research. SINTEF is
Scandinavia’s largest, independent research organization and is an important col-
laborator to many companies in Norway and abroad. Also, SINTEF has a close
collaboration with NTNU, and every year they offer many different specialization
projects to the students at NTNU.

The specialization project comprises a workload of 15 ECTS which corresponds
to approximately 24 hours a week per student. The workload includes acquiring
completing knowledge through literature studies, setting up project goals and im-
plementing suggested solutions in addition to writing the final report.

This report documents the work done and the results obtained.

Chapter description

The report is organized into seven chapters.

Chapter 1: Introduction covers the background information on the subject
of this project. Earlier works on the subject are discussed, and a brief introduction
to the overall objectives is given.

Chapter 2: Numerical methods describes the numerical methods that are
used to solve the equations of motion for the fluid. The ideas behind the Pencil
Code are introduced.
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Chapter 3: Turbulent flows gives a description of turbulent flows. Char-
acteristics features and are presented and explained. Turbulent duct flow is also
explained.

Chapter 4: Particles in flows presents the equations of the particle motion.
The different forces acting on a particle in a turbulent flow are presented. For-
malisms of particle deposition are introduced.

Chapter 5: Computer simulations describes the turbulent channel flow
used as initial conditions for the simulations with particles. The physical prop-
erties, computational domain and boundary conditions of the channel are given.
The statistics of the turbulent flow obtained are discussed.

Chapter 6: Results presents the results of the simulations with particles in
a channel flow.

Chapter 7: Discussion and conclusion consists of a discussion of the re-
sults before a conclusion is presented. Possible further work is also discussed.

Following the last chapter a list of notations used in this report is given, as well
as a bibliography.
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Chapter 1

Introduction

Particle deposition on walls is a problem in many applications such as combustion
chambers of municipal solid waste incinerators, the interior of computers or the
inside of ventilation systems. To handle and minimize this deposition it is necessary
to acquire detailed knowledge about turbulent channel flows and the mechanisms
for particle deposition.

Before one can start to investigate the different mechanisms for particle de-
position, it is necessary to acquire basic knowledge of turbulent flows. Chapter
2 presents the fluid flow equations and the numerical methods needed to acquire
solutions from these equations. In chapter 3 the physical properties of turbulent
flows are presented.

In the 19th century the Irish mathematician George S. Stokes and the French
engineer Claude Navier independently found that all flow of fluids are governed
by a partial differential equation later named the Navier-Stokes equation [White,
2005]. This equation is seemingly quite simple, but it has solutions that are not
fully understood even to this day. The Navier-Stokes equation express conservation
of momentum for a flow and is a very important equation in fluid dynamics.

Osborne Reynolds did a number of experiments with pipe flows in the late
eighteen hundreds where he studied the transition between laminar and turbulent
flows. A dimensionless parameter which correlates the viscous behavior of fluids
was later named after him [White, 2005]. The Reynolds number is an important
property of the flow and not the fluid. Low Reynolds number indicates a viscous,
smoothly varying, laminar flow whereas high Reynolds number implies a turbulent
flow with fast-varying velocity fluctuations in all three dimensions.

A turbulent flow consists of a large range of scales, both length scales and
time scales. In the nineteen hundreds, Andrey Kolmogorov introduced his ideas
of the smallest scales in a turbulent flow. In his universal equilibrium theory he
argued that the smallest scales in a flow are statistically independent of the large
scales, i.e. the large-scale turbulence and the mean flow, so that the smallest scales
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2 Chapter 1. Introduction

are similar for every turbulent flow [Tennekes and Lumley, 1983]. He found that
the smallest length scale, velocity scale and time scale were all functions of the
dissipation rate and the viscosity. The dissipation, i.e the process where energy
is converted into heat, is due to the viscous forces in the flow. The viscous forces
destroys the smallest eddies and converts their kinetic energy into thermal energy.

Turbulence can occur in all fluids as long as the flow velocity is sufficiently high.
The state of turbulence is unsteady, three-dimensional and extremely complex.
However, all the characteristics of turbulent flows are embodied in the Navier-
Stokes equations for fluid motions. For turbulent flows the solutions to these
equations are complex and must be found numerically. This has just been possible
since the 1980s after the many advances in computer science. Directly solving
the Navier-Stokes equations with numerical methods is called direct numerical
simulations (DNS) and today the data produced by DNS is considered as valid
as data from experiments. DNS use no models or approximations to solve the
Navier-Stokes equations, i.e. the whole range of spatial and temporal scales in the
turbulence is resolved. This puts requirements on the computational mesh which
results in calculations demanding many CPU hours. In engineering it is therefore
usual to make use of turbulence models to keep the computational costs at a
minimum. These computational methods are Reynolds-averaged Navier-Stokes
(RANS) and large eddy simulation (LES). The numerical methods are further
discussed in chapter 2.

The first DNS of a plane channel flow was performed by Kim et al (1987). The
data from this successful simulation is still used as comparison for accomplished
simulation data to see if the simulation produces a realistic flow.

In this work DNS was used to solve the Navier-Stokes equations for a turbulent
channel flow. The simulation code used was the Pencil Code which is further
discussed in chapter 2.3. The Pencil Code was initiated by Axel Brandenburg and
Wolfgang Dobler to study different types of astrophysical flows.

The concept of transport and deposition of particles in a fluid flow has been
studied experimentally for a long time and many theories have been developed
based on the experimental data produced. The theory behind particle motions in
fluid is discussed in chapter 4. In 1984 Papavergos and Hedley collected experi-
mental data from earlier work and compared the different theories that had been
developed regarding particle deposition in turbulent flows. In 1989 McLaughlin
performed the first DNS simulation with particles in a turbulent channel flow and
in 1993 Fan and Ahmadi developed the empirical model for the particle deposition
velocity that is used as comparison for the DNS data produced in this report. In
2000 Zhang and Ahmadi did an investigation on the effect of gravity on particle
transport and deposition in a turbulent channel flow.

In this work the Pencil Code was used to implement particles into the turbulent
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channel flow. The drag force was assumed to be the only force acting on the
particles. The particle location and time were registered if the particle deposited
on one of the walls of the channel. The particle was removed from the simulation
after deposition. The deposition velocity was estimated for different particle sizes
and compared with earlier work. The results from this work are presented in
chapter 6.
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Nomenclature

c Speed of sound
[

m
s

]

Cc Stokes-Cunningham slip correction factor [1]

D Brownian diffusivity
[

m2

s

]

d Particle diameter [m]

d+ Non-dimensional particle diameter [1]

ǫ Dissipation rate
[

m2

s3

]

η Kolmogorov length [m]

F
+

B Non-dimensional Brownian force [1]

F
+

D Non-dimensional drag force [1]

F
+
g Non-dimensional gravitational force [1]

F
+

L Non-dimensional lift force [1]

g+ Non-dimensional gravity [1]

k+ Non-dimensional surface roughness [1]

kB Boltzmann’s constant
[

J
K

]

Li Length of spatial directions in the channel [m]
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L+

1 Saffman’s lift force coefficient [1]

λ Mean free path of molecules in fluid [m]

M Mach number [1]

mp Particle mass [kg]

µ Viscosity
[

kg

s·m

]

N0 Initial number of particles [#]

Nd Number of deposited particles in time duration t+d [#]

ν Kinematic viscosity
[

m2

s

]

P Pressure [Pa]

Rii Two-point correlation function [1]

Re Reynolds number [1]

Rec Reynolds number based on center velocity [1]

Rep Particle Reynolds number [1]

Reτ Reynolds number based on wall shear velocity [1]

ρf Density of the fluid
[

kg

m3

]

ρp Density of the particles
[

kg

m3

]

S Particle-to-fluid density ratio [1]

Sc Schmidt number [1]
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T Temperature [K]

td+ Time duration of number of deposited particles Nd [1]

τ+p Non-dimensional particle relaxation time [1]

U Instantaneous fluid velocity
[

m
s

]

u Fluid mean velocity
[

m
s

]

u Fluid velocity fluctuation
[

m
s

]

u+ Non-dimensional fluid velocity fluctuation [1]

Uc Centerline velocity
[

m
s

]

u+

d Non-dimensional particle deposition velocity [1]

urms Root-mean-square fluid velocity
[

m
s2

]

uτ Wall shear velocity
[

m
s2

]

V Particle velocity
[

m
s2

]

ω Vorticity
[

1
s

]

s+ Non-dimensional distance from the walls [1]

s+0 Distance from the wall where particles are distributed [1]

6



Bibliography

Fa-Gung Fan and Goodarz Ahmadi. A sublayer model for turbulent deposition of
particles in vertical ducts with smooth and rough surfaces. Journal of Aerosol

Science, 24:45–64, 1993.

L. J. Forney and L. A. Spielman. Deposition of coarse aerosols from turbulent
flows. Journal of Aerosol Science, 5:257–271, 1974.

S. K. Friedlander and H. T. Johnstone. Deposition of suspended particles from
turbulent gas streams. Journal of Industrial and Engineering Chemistry, 49:
1151–1156, 1957.

Nils E. L. Haugen. Energy spectra and scaling relations in numerical turbulence

with laboratory and astrophsyical applications. PhD thesis, The Norwegian Uni-
versity of Science and Technology, 2004.

T. A. Ilori. Turbulent deposition of aerosol particles inside pipes. PhD thesis,
University of Minnesota, 1971.

John Kim, Parviz Moin, and Robert Moser. Turbulence statistics in fully developed
channel flow at low reynolds number. Journal of Fluid Mechanics, 177:133 – 166,
1987. ISSN 00221120.

B. Y. Liu and J. K. Agarwal. Experimental observation of aerosol deposition in
turbulent flows. Journal of Aerosol Science, 5:145–155, 1974.

John B. McLaughlin. Aerosol particle deposition in numerically simulated channel
flow. Journal of Physics of Fluids, 1, 1989.

MIT Open Courseware. Basics of Turbulent Flow, 2002.
URL http://dspace.mit.edu/bitstream/handle/1721.1/37147/

1-061Fall-2002/OcwWeb/Civil-and-Environmental-Engineering/

1-061Transport-Processes-in-the-EnvironmentFall2002/LectureNotes/

detail/7-lec.htm.

7



Parviz Moin and Krishnan Mahesh. Direct numerical simulation: A tool in tur-
bulence research. Journal of Fluid Mechanics, 30:539 – 578, 1998.

P. G. Papavergos and A. B. Hedley. Particle deposition behaviour from turbulent
flows. Chemical Engineering Research and Design, 62:275–295, 1984.

Stephen B. Pope. Turbulent Flows. Cambridge University Press, 2000.

L. C. Sehmel and A. K. Postma. Aerosol deposition from turbulent airstreams in
vertical conduits. Technical Report BNWL-578, Batelle Northwest Laboratory,
Richland, Washington, U.S.A., 1968.

H. Tennekes and J. L. Lumley. A First Course in Turbulence. The MIT Press,
ninth edition, 1983.

The Pencil Code Manual. The Pencil Code: A High-Order MPI code for MHD

Turbulence, 2009. URL http://www.nordita.org/software/pencil-code/.

A. C. Wells and A. C. Chamberlain. Transport of small particles to vertical sur-
faces. British Journal of Applied Physics, 18:494–496, 1967.

Frank M. White. Fluid Mechanics. McGraw-Hill, fifth edition, 2005.

Haifeng Zhang and Goodarz Ahmadi. Aerosol particle transport and deposition in
vertical and horizontal turbulent duct flows. Journal of Fluid Mechanics, 406:
55 – 80, 2000.

8


