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a b s t r a c t 

The effect of thermophoresis on the impaction of particles on a cylinder is investigated for different 

particle sizes, particle conductivities, temperature gradients and for Reynolds numbers between 100 and 

1600. This is the first such study performed using Direct Numerical Simulations (DNS), where all temporal 

and spatial scales of the fluid are resolved. Simulations are performed using the Pencil Code, a high-order 

finite difference code with an overset-grid method precisely simulating the flow around the cylinder. 

The ratio of particles impacting the cylinder to the number of particles inserted upstream of the 

cylinder is used to calculate an impaction efficiency. It is found that both the particle conductivity and 

the temperature gradient have a close to linear influence on the particle impaction efficiency for small 

particles. Higher Reynolds numbers result in higher impaction efficiency for middle-sized particles, while 

the impaction efficiency is smaller for smaller particles. In general, it is found that thermophoresis only 

has an effect on the small particles, while for larger particles the impaction is dominated by inertial 

impaction. 

An algebraic model is presented that predicts the effect of the thermophoretic force on particle im- 

paction on a cylinder. The model is developed based on fundamental principles and validated against the 

DNS results, which are faithfully reproduced. As such, this model can be used to understand the mech- 

anisms behind particle deposition due to the thermophoretic force, and, more importantly, to identify 

means by which the deposition rate can be reduced. This is relevant for example in order to minimise 

fouling on super-heater tube bundles in thermal power plants. 

© 2021 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Particle impaction on surfaces can be found in a multitude of 

ndustrial systems, such as filters and heat exchangers. The im- 

action and deposition of material on these surfaces can signif- 

cantly alter their performance, necessitating decreased mainte- 

ance intervals or an increased rate of replacement of components. 

n order to improve the design of surfaces exposed to particle 

aden flows, a thorough understanding of the underlying effects is 

eeded. 

In this work, we will focus on how particles are transported to 

he solid surface. For a particle to deposit on the surface, it must 

rst be transported to the surface, before it has to stick to it. The 
∗ Corresponding author at: SINTEF Energy Research, N-7465 Trondheim, Norway. 

E-mail address: nils.e.haugen@sintef.no (N.E.L. Haugen). 
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atter mechanism is outside the scope of this study. In the follow- 

ng, all particles impacting on the surface will therefore be counted 

owards particle deposition. 

The transport of material to the surface is governed by the im- 

action efficiency. The impaction efficiency is defined as the ratio 

f particles that actually come in contact with the cylinder to par- 

icles that would come in contact with the cylinder if they were 

naffected by the change in fluid velocity due to the presence of 

he cylinder. For an overview of the progress and challenges in the 

eld of particle impaction in coal and biomass-fired systems, the 

eader is referred to the review of Kleinhans et al. [1] . 

Due to its simplicity, a cylinder placed in a particle laden flow is 

 widespread test case used to study the impaction of particles on 

olid surfaces or heat exchanger tubes. A sketch of such a case is 

hown in Fig. 1 , where the particles (shown in green) are inserted 

rom a plane (red) that has the same size as the projected area 
nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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Fig. 1. Sketch of particle deposition analysis case. 
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f the cylinder. The initial velocity of the particles is equal to the 

ow velocity at the insertion plane. If the particles followed the 

ow from left to right, without any change in velocity, all particles 

ould hit the cylinder, leading to an impaction efficiency ( η) of 

nity. For all realistic cases η < 1 , as the fluid is flowing around the

ylinder and particles are dragged along with it. A particle’s abil- 

ty to follow the fluid is expressed as the particle’s Stokes number, 

t , which is the ratio of the particle response time and the fluid 

ime scale (details in Section 2.2 ). In general, particles with Stokes 

umbers above unity do not follow the flow very well, while the 

pposite is true for particles with small Stokes numbers. 

Israel and Rosner [2] developed a correlation based on potential 

ow theory, which allows for calculation of impaction efficiency on 

n isothermal cylinder. This correlation is a well established tool 

or predicting the isothermal impaction efficiency of large particles 

n a laminar flow, but it is highly inaccurate for small particles [3] ,

nd it is undefined for Stokes numbers below 0.125. 

The mass accumulation rate on a cylinder is determined by the 

apture efficiency – the product of the impaction efficiency and 

he sticking efficiency. The sticking efficiency is the fraction of the 

mpacting particles that stick to the surface rather than rebound. 

f either the particles or the cylinder surface is at least partially 

elted, the sticking efficiency is close to unity. On the other hand, 

or cold and clean surfaces, particles will most likely bounce off

he surface, and the sticking efficiency is close to zero. 

The experimental study by Kasper et al. [4] , investigated the ef- 

ect of mass accumulation on the capture efficiency and proposed 

n empirical power law for it. Moreover, the authors presented a 

ew fit function for the capture efficiency, which is bounded be- 

ween 0 and 1. The particle Stokes numbers in said study were 

etween 0.3 and 3. Haugen and Kragset [3] investigated the im- 

action efficiency using Direct Numerical Simulation with an im- 

ersed boundary method and found a steep drop in impaction 

fficiency below a certain Stokes number, as particles become 

maller and follow the flow better. Extending this work, Aarnes 

t al. studied the same case using overset grids, obtaining results 

hat are deemed more accurate with significantly less computa- 

ional effort [5,6] . 

The effect of thermophoresis on the capture efficiency is stud- 

ed by several groups, both experimentally and numerically. Beck- 

ann et al. [7] measured deposition of fly ash from a pulverised 

oal jet flame and simulated the deposition rate using Reynolds 

veraged Navier Stokes (RANS) based CFD with the k − ε model. 

hey found that thermophoresis increases the capture efficiency 

or smaller particles, and that the relative increase is higher the 

maller the particles in question are. Experimental data from a 

ilot-scale furnace was compared to numerical results by Yang 

t al. [8] , where the influence of deposition growth on the parti- 

le impaction and sticking efficiency was studied. In this work, the 

ANS approach of Ansys Fluent was used for the numerical simu- 

ations. They reported that the higher surface temperature due to 
2 
eposit growth results in a reduced effect of thermophoresis and 

n increased sticking efficiency. At later times, the rate of shedding 

f material from the surface and deposition of material on the sur- 

ace from the flow balance out, so no net change of the mass of 

he deposit is observed [9] . 

In the work of Kleinhans et al. [10] the effect of the ther- 

ophoretic force was studied both experimentally and numer- 

cally. In the experimental part, the deposition of material on 

ooled and un-cooled probes that are inserted into the particle 

aden flow above the burner section of a combined heat and power 

CHP) plant was studied. Large-Eddy simulations (LES) were used 

o study the influence of the sticking model and thermophoresis 

n deposition rate predictions. The authors present a model that 

an take into account different sticking mechanisms by which large 

nd small particles of different composition deposit. It was re- 

orted that thermophoresis accounts for three quarters of the ob- 

erved deposition rate. García Prez et al. [11] used unsteady RANS 

imulations to study the effect of thermophoresis on particle depo- 

ition and found that the thermophoretic force was the dominating 

eposition mechanism for very small particles. 

The effect that the thermophoretic force has on particle im- 

action on a cylinder in a cross-flow is controlled entirely by 

rocesses occurring in the boundary layer around the cylinder. 

s such, it is essential that the boundary layer is completely re- 

olved in order for simulations of the process to have any predic- 

ive abilities. RANS simulations, and to some extent LES, involve 

rude approximations and cannot guarantee that the high accu- 

acy required to properly resolve the boundary flow is achieved 

o such extent that trajectories of small particles affected by ther- 

ophoretic forces are accurately computed. Direct Numerical Sim- 

lations (DNS) is a highly time-consuming method for flow simula- 

ions, where all spatial and temporal scales are resolved, applicable 

or cases where very high accuracy is paramount. 

To the knowledge of the current authors, DNS have not previ- 

usly been used to perform a parameter study of the effect of the 

hermophoretic force on the particle deposition rate on a cylinder 

n a cross flow. This motivates the authors of the current study to 

nvestigate the influence of different flow conditions, such as flow 

eynolds number, temperature gradient and particle attributes on 

he effect of thermophoresis. Furthermore, no generic analytical 

odel describing the effect that the thermophoretic force has on 

article impaction on a cylinder in a cross flow exist. Such a model 

ill be developed in the following section. The model will later 

e validated against the DNS results. The novelty of the current 

tudy is therefore twofold: 1) the first ever accurate DNS of par- 

icle impaction under a wide range of conditions and 2) an ana- 

ytical model, based on fundamental principles, that predicts and 

xplains the effect that the thermophoretic force has on the im- 

action rate. 

. Theory 

.1. Fluid equations 

The governing fluid equations are the compressible equations 

or continuity, momentum and energy. Pressure is taken into ac- 

ount through the ideal gas law and the Mach number is ≈ 0 . 1 ,

ow enough to consider the flow as essentially incompressible. The 

ontinuity equation is given by 

∂ρ

∂t 
+ u · ∇ρ = −ρ∇ · u , (1) 

ith ρ , t and u being density, time and velocity, respectively. The 

quation governing the conservation of momentum is 

∂ u + ρu · ∇ u = −∇p + ∇ · (2 ρνS) , (2) 

∂t 
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Fig. 2. Comparison of different thermophoretic force terms. 
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here p is the pressure, ν the kinematic viscosity, and 

 = 

1 

2 

(∇ u + (∇ u ) T 
)

− 1 

3 

I∇ · u (3) 

s the rate of strain tensor where I is the identity matrix. The en- 

rgy equation is solved for temperature by 

∂T 

∂t 
+ u · ∇T = 

k f 

ρc v 
∇ 

2 T + 

2 νS 2 

c v 
− ( γ − 1 ) T ∇ · u , (4) 

here γ = c p /c v = 5 / 3 , c v and c p are the heat capacities at con-

tant volume and pressure, respectively, and k f is the thermal con- 

uctivity. The ideal gas law is used to tie pressure and density to- 

ether: 

p = ρr u T , (5) 

here r u = c p − c v is the specific gas constant. To simplify the in-

estigation, the kinematic viscosity, ν , is assumed to be constant 

ince the temperature variations in the fluid are relatively small. In 

his study, the Pencil Code is used to solve the governing equa- 

ions. Since the code is an explicit compressible DNS code, the 

ime step, dt , is limited by the speed of sound through the CFL 

umber, i.e., dt = C CF L × min (�mesh ) / (c s + max (u )) , where �mesh 

s the mesh spacing, C CF L = 0 . 8 is the CFL number, and the speed

f sound is given by c s = 

√ 

γ r u T = 

√ 

c p (γ − 1) T . One can therefore 

se c p as a free parameter in order to artificially lower the speed of 

ound to obtain larger time steps. This is a valid approach as long 

s the Mach number is kept lower than 0.1 and the viscous heat- 

ng of the fluid is negligible. To maintain a constant thermal diffu- 

ivity ( D thermal = k f / (ρc p ) ) of the gas phase, and hence a constant

randtl number ( Pr = ν/D thermal ), the conductivity ( k f ) is changed 

roportionally to the specific heat capacity of the fluid ( c p ). 

.2. Particle equations 

The particles considered here are spherical and have low Biot 

umbers, making them spatially isothermal. Numerically they are 

reated as point particles that are influenced by the fluid, but are 

oo dilute to have any significant back-reaction on the fluid. In 

ther words, they are acted on by the flow but have no effect on 

t. This assumption is applicable for dilute flows, which is the fo- 

us of the current work. The particle size is described by its Stokes 

umber 

t = 

τSt 

τ f 

, (6) 

here τSt = 

S ρd 2 p 

18 ν is the particle Stokes time and τ f = 

D 
u is the flow 

ime scale. Here, S ρ = 

ρp 

ρ is the density ratio between particle and 

uid, d p is the particle diameter and D is the diameter of the cylin-

er. Two forces are acting on the particle: the drag force and the 

hermophoretic force (gravity is neglected for the small particles 

tudied here). The drag force is given by: 

 D = 

m p 

τp 
( u − v p ) , (7) 

here τp , m p and v p are the particle’s response time, mass and 

elocity, respectively. Using the Stokes time with the Schiller- 

aumann correction term [12] to account for low to moderate par- 

icle Reynolds numbers, yields the particle response time 

p = 

τSt 

f 
, (8) 

here 

f = 1 + 0 . 15 Re 0 . 687 
p (9) 

nd Re p = d p | v p − u | /ν is the particle Reynolds number. 

The thermophoretic force pushes particles from regions of high 

emperature to regions of low temperature. As such, it is similar 
3 
o the Soret effect for gases. It was first observed in 1870 by Tyn- 

all [13] , and it has later become widely studied both experimen- 

ally and theoretically. A theoretical analysis of the thermophoretic 

orce can be found in the works of Zheng [14] . Young [15] gives an

verview over the different regimes of thermophoresis, which are 

etermined by the particles Knudsen number Kn = λ/d p , where λ
s the mean free path of the gas. For the present study, all particles 

re in the continuum regime ( Kn � 1 ), hence the thermophoretic 

orce is calculated by 

 th = �
μ2 r p ∇T 

ρT 
, (10) 

here r p = d p / 2 is particle radius, μ = ρν is dynamic viscosity and

is the thermophoretic force term. The expression for � is taken 

rom Epstein [16] : 

= 

−12 πK tc 

2 + 
, (11) 

here the conductivity ratio between the particle and the gas is 

iven by  = k p /k f , while the temperature creep coefficient, K tc , 

sed in this work has a value of 1.1, which is in the middle of the

ange reported by Sharipov [17] . This rather simple model for �

implifies the analysis, while still providing agreeable results when 

ompared with the widely used approach proposed by Talbot et al. 

18] . From Fig. 2 we see that the largest relative difference between 

he simplified � and the one obtained when using the approach of 

albot is less than a factor of two. 

.3. Theory 

Due to their short response times, very small particles will fol- 

ow the fluid almost perfectly, essentially behaving like tracer par- 

icles. For isothermal situations, Haugen and Kragset [3] showed 

hat a small fraction of these particles will nevertheless impact on 

he cylinder surface due to their small but finite radii. 

For the non-isothermal case, where the temperature of the 

ylinder is lower than that of the surrounding gas, the ther- 

ophoretic force will induce a relative velocity between the par- 

icles and the fluid that transport the particles in the direction to- 

ards the cylinder. The effect of this is that a larger fraction of the 

articles impact on the cylinder surface. In the following we will 

ry to quantify this effect. 

For laminar flows, a fluid streamline that starts far upstream of 

he cylinder with a displacement �x from the central line (the line 

arallel to the mean flow, going through the centre of the cylinder) 

ill move in the boundary layer of the cylinder with a radial dis- 

lacement from the cylinder surface of �r f � = �x (see Fig. 3 ). Far

pstream of the cylinder, the mass flow rate between a streamline 

nd the center line of the cylinder is given by 

˙ 
 u = Hu 0 ρ0 �x, (12) 

here �x is the distance between the streamline and the centre 

ine and H is the height of the cylinder. Within the boundary layer 
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Fig. 3. Sketch of a particle track of a particle with a small Stokes number under 

the influence of thermophoresis. 

o

l

m

w

f

t

u

w  

o

g

η

w

s

l  

t

c

i

t

l

w

o

p

f

i

fi

c

t

f

c

t

a

i

S

c

m

v

T  

i

d

W

P

n

δ

T

[

δ

H

c

∇
T

t

t

i

p

�

w

τ

i

a

l

F  

t

b

τ

C  

f

�

w

s

v

l  

t

�

fl

f

�

I  

�

a

(

η

F

p

t

a

f

t  

t

p

m

f the cylinder, however, the mass flow rate between the stream- 

ine and the cylinder surface is given by 

˙ 
 b = 

∫ �r f 

0 

ρH u θ dr cyl = 

ρH u 0 Re 1 / 2 

2 BD 

(�r f ) 
2 , (13) 

here ρ is the average fluid density within the boundary layer. By 

ollowing Haugen and Kragset [3] , we have used the fact that the 

angential fluid velocity within the boundary layer is given by 

 θ (r cyl ) = 

u 0 Re 1 / 2 

BD 

r cyl , (14) 

here u 0 is the far field fluid velocity, B is a constant of the order

f unity and r cyl is the normal distance from the cylinder surface. 

The impaction efficiency for a stationary non-turbulent flow is 

iven by 

= 2�x max /D, (15) 

here �x max is the maximum �x inside which the particles can 

tart out in order to impact on the surface. Since streamlines of 

aminar flows do not cross each other, it is clear that for a given

ype of particles, all particles inside �x max will impact on the 

ylinder surface while none of the particles outside of �x max will 

mpact. From now on, a particle starting out at the limiting dis- 

ance of �x max away from the centre-line will be referred to as the 

ast impacting particle. For Reynolds numbers above ≈ 48 , the flow 

ill become unsteady and von Krmn eddies will occur in the wake 

f the cylinder. The effect of this unsteadiness on the front side im- 

action is minor. Back side impaction may, however, be strongly af- 

ected by the von Krmn eddies. Since the focus of the current work 

s to study front side impaction, the definition of the impaction ef- 

ciency as given by Eq. (15) will also be used for unsteady flows. 

The above equations can be solved to find the impaction effi- 

iency for small particles by calculating the distance, �disp , a par- 

icle will move in the radial direction due to the thermophoretic 

orce during the time it is in the front side boundary layer of the 

ylinder, and setting this distance equal to �r f . In the following, 

he focus will therefore be on finding �disp . Here, small particles 

re defined as particles that are so small that the main cause of 

mpaction is the thermophoretic force. This is typically the case for 

t � 0 . 1 . 

By combining Eq. (7) and Eq. (10) , while setting the radial 

omponent of the gas phase velocity to zero, we find the ther- 

ophoretic velocity of the particles (in the radial direction) as 

 th = 

�ν

6 π f 

∇T 

T 
. (16) 

he correction term to the Stokes time, as given by f (see Eq. (9) ),

s always close to unity if the thermophoretic force is the main 

river of the particle velocity relative to the surrounding fluid. 

e therefore set f = 1 for the remainder of this analysis. From 

randtl’s concept of thin boundary layers, we know that the thick- 
4 
ess of the velocity boundary layer can be approximated by 

vel = 

D 

Re 1 / 2 B 

. (17) 

he thermal boundary layer thickness is then given by Schlichting 

19] 

thermal = δvel Pr −1 / 3 
. (18) 

ence, the average thermal gradient in the boundary layer be- 

omes 

T ≈ �T 

δthermal 

= 

�T 

D 

B Re 1 / 2 Pr 1 / 3 . (19) 

he effect of the thermophoretic force on the position of the par- 

icle can now be considered as the radial displacement of the par- 

icle ( �disp ) from the position ( x stream 

) it would have without the 

nfluence of the thermophoretic force (see Fig. 3 ). This radial dis- 

lacement is given by 

disp = v th τth , (20) 

here 

th = 

D 

u θ (�disp ) 
(21) 

s the time the particle stays within the front side boundary layer 

nd u θ (�disp ) is the tangential velocity of the flow in the boundary 

ayer a distance �disp away from the surface of the cylinder (see 

ig. 3 ). From Eqs. (14) and (21) we can now find the time that

he last impacting particle stays within the cylinder boundary layer 

efore it hits the boundary as 

th = 

BD 

2 

u 0 Re 1 / 2 �disp 

. (22) 

ombining Eq. (22) with Eq. (16) , Eqs. (19) and (20) , and solving

or �disp , then yields 

2 
disp = 

�B 

2 Pr 1 / 3 D 

2 

6 πRe 

�T 

T 
, (23) 

here we use that Re = u 0 D/ν . Since the fluid is not turbulent (i.e., 

treamlines do not cross each other), we know from mass conser- 

ation that the mass flux between the streamline and the central 

ine upstream of the cylinder ( ˙ m u ) is equal to the mass flux be-

ween the streamline and the cylinder surface ( ˙ m b ). Having found 

disp from Eq. (23) , we therefore proceed by setting the two mass 

uxes defined in Eqs. (12) and (13) equal to each other and solve 

or �x max to find 

x max = 

ρ

ρ0 

Re 1 / 2 

2 BD 

�2 
disp . (24) 

n the above we have used the fact that �x = �x max when �r f =
disp . From Eq. (15) , we now find that for a non-negligible temper- 

ture difference, the capture efficiency for small Stokes numbers 

 St � 0 . 1 ) is given by 

= 

2�x max 

D 

= 

�B Pr 1 / 3 

6 πRe 1 / 2 
�T 

T 

ρ

ρ0 

= 

2 K tc B Pr 1 / 3 

Re 1 / 2 (2 + ) 

�T 

T 

ρ

ρ0 

. (25) 

or laminar flows, Haugen and Kragset [3] found that B is inde- 

endent of Reynolds number but varies with angular position on 

he cylinder surface. In particular, they found 1 /B to be very small 

t the front stagnation point while the minimum value of B was 

ound to be 0.45 at a position 60 degrees further downstream. For 

he remainder of this paper we chose B = 1 . 6 , which is a value

hat yields good model predictions. In order to obtain the last 

art of Eq. (25) , we have used the simplified version of the ther- 

ophoretic force term ( �), but any version can be used here. 
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Table 1 

Range of parameters studied. 

Parameter Values 

Reynolds number [-] 100, 400, 1600 

Conductivity ratio [-] 1, 12, 144 

�T [K] 0, 1, 3, 10, 173, 400 
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The above approach, yielding an impaction efficiency due to 

hermophoretic forces for small Stokes numbers, is strictly applica- 

le only when the distance the particle travels within the bound- 

ry layer is less than a fraction α of the thickness of the boundary 

ayer itself, i.e. when 

�disp 

δthermal 

= B 

2 

√ 

2 K tc Pr �T 

(2 + ) T 
< α. (26) 

e shall later see that the critical value of α is somewhere be- 

ween 0.5 and 1. 

. Numerical methods 

The simulations for the present work are performed using the 

encil Code, an open source, highly parallelizable code for com- 

ressible flows with a wide range of implemented methods to 

odel different physical effects [20–22] . 

The effect of thermophoresis on the impaction efficiency is 

tudied by releasing a large number of particles upstream of a 

ylinder in an established quasi-steady flow field. Every time step, 

ew particles are inserted at random positions on the particle in- 

ertion plane (shown as a red line in Fig. 1 ) with a velocity that

s equal to the inlet fluid velocity. The domain is two-dimensional 

nd has a width of 6 D and a length of 12 D , where D is the di-

meter of the cylinder. The flow enters the domain on the left 

nd leaves the domain through the outlet on the right. Navier- 

tokes characteristic boundary conditions are applied at both in- 

et and outlet to ensure that they are non-reflective for acoustic 

aves [23] . All other boundaries are periodic. A cylindrical over- 

et grid is placed around the cylinder to accurately represent the 

ylinder at low computational cost. This cylindrical grid commu- 

icates with the Cartesian background grid via its outer points. 

ummation-by-parts is used for derivatives on the surface of the 

ylinder, and a Padé filter is used to mitigate high frequency oscil- 

ations on the cylindrical grid. For details concerning the cylindri- 

al overset grid, including accuracy assessment and validation, the 

eader is referred to Aarnes et al. [5] , 6 ], 24 ]. 

The background grid uses 288 and 576 cells for the width and 

ength, respectively, except for the cases with Reynolds number 

f 1600, where the resolution is doubled. The cylindrical grid has 

44 cells in the radial and 480 cells in the tangential direction 

or the cases with Reynolds numbers up to 400, and double the 

mount for the case with a Reynolds number of 1600. The resolu- 

ion increase is done to ensure that the boundary layer - scaling 

s 1 / Re 1 / 2 - is accurately resolved at Re = 1600 . Grid stretching in

he radial direction of the overset grid is used to ensure approxi- 

ately matching cell sizes on the outer grid points of the cylindri- 

al cells, where the background and the overset grids communi- 

ate. The code uses a sixth-order finite difference scheme for spa- 

ial discretisation and a third-order Runge-Kutta scheme for tem- 

oral discretisation. Since the cell size close to the cylinder surface 

s much smaller than the general cell size of the background grid, 

he time step of the background grid can be a multiple of the time 

tep of the cylindrical grid, with the cylindrical flow being updated 

ore often. For details of the particle tracking scheme, the reader 

s referred to Haugen and Kragset [3] or Aarnes et al. [6] . 

. Simulations 

The inflow temperature is 873 K and the density is 0.4 kg/m 

3 , 

orresponding to the density of air at this temperature and a pres- 

ure of 1 bar. The particle material density is 400 kg/m 

3 , yielding a

ensity ratio S ρ of 10 0 0 based on the fluid density under inlet con-

itions. These values are chosen based on their relevance for parti- 

le deposition on super-heater tubes in thermal power plants. The 

esults are nevertheless generic since they are given as functions 
5 
f non-dimensional numbers. The cylinder temperature is imple- 

ented as a Dirichlet boundary condition and set to a fixed value. 

he inflow velocity u 0 is set so that the flow Reynolds number 

e = u 0 D/ν is 100 for the reference case. For the cases studying the 

eynolds number effect, the viscosity is changed to obtain differ- 

nt Reynolds numbers. To study the same range of Stokes numbers, 

he particle size is adjusted accordingly, and the thermal diffusiv- 

ty is decreased to achieve a constant Prandtl number. The differ- 

nt aspects of the thermophoretic effect are analysed by changing 

ne critical parameter at the time, while holding the others con- 

tant. These critical parameters are: 1) Reynolds number, 2) Prandtl 

umber, 3) temperature difference between fluid and cylinder and 

) conductivity ratio. The latter is given by 

= 

k p 

k f 
= 

k p 

D thermal c p ρ
= 

k p f 

D thermal 

, (27) 

here k p f = k p / (c p ρ) . Since we keep the thermal diffusivity of the

uid constant when changing the conductivity ratio, the conduc- 

ivity ratio is essentially changed by changing k p f . 

For each of the parameters listed in Table 1 , the impaction effi- 

iencies of particles in the Stokes number range between 0.01 and 

0 are obtained from the DNS simulations. 

For each particle size (Stokes number), a certain number of par- 

icles have to impact the surface to get sufficient statistics in order 

o estimate an accurate impaction efficiency. Since the impaction 

fficiency decreases significantly with Stokes number, we have to 

elease more small than large particles. Therefore, 15,0 0 0 particles 

re released for each particle size for St > 1 , 20 0,0 0 0-40 0,0 0 0 for

articles with 0 . 1 < St < 1 , and 2 million for each particle size for

articles with St < 0 . 1 . The particles are inserted over several vor- 

ex shedding times to mitigate the effect the instantaneous vortex 

hedding could have on the results. 

All simulations can be described by the n = 10 unique and in- 

ependent variables that are listed in Table 2 . From the table we 

ee that all variables involve a total of k = 4 different units (m, s,

g and K). 

From the Buckingham-Pi theorem, we thus know that the sim- 

lations can be described by exactly p = n − k = 6 different di- 

ensionless numbers. These dimensionless numbers are listed in 

able 3 . 

In this work, we study the effect of variations in all of these di- 

ensionless numbers, except for S ρ , which is always kept constant 

t S ρ = 10 0 0 . Changing S ρ means that another dimensionless num- 

er, D/d p = 

√ 

Re S ρ/ (18 St ) , will change. The effect of this is a shift 

n the level of the interception mode. I.e., a shift will occur in the 

ode by which very small particles intercept the cylinder when 

nly pure impaction is accounted for. This is important to account 

or when comparing simulation results with different values of S ρ , 

hich for example is done in Fig. 11 b of Kleinhans et al. [25] . The

arameter variations in our simulations are listed in Table 4 . 

. Results 

In this section we will study the effect of the thermophoretic 

orce on the impaction efficiency. In particular, we will look at how 

he impaction efficiency is affected by changes in the Reynolds 

umber, temperature difference and conductivity ratio. 
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Table 2 

Independent variables describing the simulations. 

Variable value unit Description 

k p f (1.43, 17.2 or 206) ×10 −3 m 

2 /s Norm. therm. diff. of particles 

ρp 400 kg/m 

3 Material density of particles 

d p varies m Diameter of particles 

ρ 0.4 (at inlet) kg/m 

3 Material density of fluid 

D thermal 1 . 43 × 10 −3 m 

2 /s Thermal diffusivity of fluid 

u 1 (at inlet) m/s Velocity of fluid 

ν (6.25, 25 or 100) ×10 −5 m 

2 /s Viscosity of fluid 

D 0.1 m Diameter of cylinder 

T f 873 K Far-field temperature of fluid 

T c 700–873 K Temperature of cylinder 

Table 3 

Dimensionless numbers describing the simulations. 

Dimensionless number Description 

 = k p f /D thermal Conductivity ratio 

Re = Du/ν Reynolds number 

� = T f /T c Temperature ratio between far-field and cylinder 

S ρ = ρp /ρ Density ratio between particle and fluid 

St = S ρd 2 p u/ (18 νD ) Stokes number 

Pr = ν/D thermal Prandtl number 

Table 4 

Overview of the simulated cases. Particles with Stokes number 

ranging from 0.01 to 10 are inserted in all cases. 

Sim. Re Pr �T 

’Base case’ 100 0.7 - - 

0 100 0.7 173 12 

C1 100 0.7 173 1 

C144 100 0.7 173 144 

dT3 100 0.7 3 12 

dT10 100 0.7 10 12 

dT400 100 0.7 400 12 

R400 400 0.7 173 12 

R1600 1600 0.7 173 12 

RPv400 400 0.175 173 12 

RPv1600 1600 0.043 173 12 

Fig. 4. Comparison of η for data from Aarnes et al. [5] with data obtained from an 

isothermal case with and without thermophoretic force. 
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Fig. 5. Front side impaction efficiency as a function of Stokes number. For the non- 

isothermal cases ( �T = 173 K), results with thermophoretic factors as given by Ep- 

stein and Talbot are compared. The red dotted line corresponds to the impaction 

efficiency predicted by the model for small Stokes numbers as given in Eq. (25) . 

(For interpretation of the references to colour in this figure legend, the reader is 

referred to the web version of this article.) 
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Aarnes et al. [5] used DNS to find the efficiency by which par- 

icles embedded in an isothermal cross flow impact on a cylinder. 

n their study they used an overset grid, but they did not consider 

he thermophoretic force nor did they solve the energy equation. 

n the following, we will use their results as a reference case, from 

ow on called the “Base case”. Fig. 4 compares the impaction ef- 

ciency of the “Base case” with what is found for the same con- 

itions in the current work. From the figure, we see that the im- 
6 
action efficiency shows a slight decrease with decreasing Stokes 

umber for Stokes numbers above 1, followed by a steep drop of 

mpaction efficiency in the Stokes number range between 0.1 and 

. For even smaller Stokes numbers, the impaction efficiency de- 

reases linearly with decreasing Stokes number. As expected, our 

imulations of isothermal cases both with (blue line) and with- 

ut (orange line) the thermophoretic force (Eq. (10) ) included yield 

he same impaction efficiency profile as the ’Base case’. A case 

ith Brownian forces on the particles has also been performed, 

nd a weak effect of Brownian forces for the smallest Stokes num- 

ers is visible. This effect is quite weak, and, as we shall see, the 

hermophoretic force will have a much stronger effect on the im- 

action efficiency even for very small temperature gradients. 

In Fig. 5 , the “Base case” (isothermal) is compared to non- 

sothermal cases with thermophoresis. Simulations with a temper- 

ture difference between the inlet gas and the cylinder surface of 

T = 173 K and a particle conductivity ratio of 12 was used for 

he thermophoretic cases. It was shown in § 2.2 that the models 

f Epstein and Talbot gave comparable values of �. The two solid 

ines in Fig. 5 show the corresponding difference in impaction effi- 

iency. For the smaller particles, the impaction efficiency predicted 

y the model of Talbot et al. is only about 10% higher than the one

redicted by Epstein, a difference that disappears for larger parti- 

les. It is clear from our results that the particle impaction is unaf- 

ected by the thermophoretic force for large Stokes numbers, while 

t is dominated by the thermophoretic force for small Stokes num- 

ers. In stark contrast to what is observed for the isothermal case, 

he impaction efficiency becomes independent of the particle size 

or small particles. The theoretical prediction of the impaction effi- 

iency for small Stokes numbers, as presented in Eq. (25) , is repre- 
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Fig. 6. Front side impaction efficiency over Stokes number for different conduc- 

tivity ratios. This corresponds to simulations ’Base case’, 0, C1 and C144 as listed 

in Table 4 . The dotted lines correspond to the impaction efficiency predicted by 

Eq. (25) for small Stokes numbers. 

Fig. 7. For the simulations marked in the grey area, the model from Eq. (25) is 

applicable. From lightest to darkest the grey areas correspond to α = 1 . 0 , 0.5 and 

0.25. For the cases that are in the white area, however, Eq. (26) yields no applicabil- 

ity. The simulations with different Reynolds number and constant Prandtl number 

(“R400” and “R1600”) are positioned at the same place as simulation “0”. 
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ented by the red dotted horizontal line in the figure and one can 

ee that it fits well with the numerical results for St < 0 . 1 . 

The effect of different conductivity ratios on the impaction ef- 

ciency is shown in Fig. 6 . We see that the impaction efficiency 

or small Stokes numbers is higher for lower values of the con- 

uctivity ratio. This is because a small conductivity ratio yields a 

arge thermophoretic force term ( �), which results in a large ther- 

ophoretic force, leading to high impaction efficiency. This effect 

an also be seen directly from Eq. (25) , where the impaction ef- 

ciency for small Stokes numbers scales linearly with �. When 

he simplified expression for � is used, a linear dependence on �
Fig. 8. Front side impaction angle for = 12 (left panel) and 

7 
eans that the impaction efficiency is inversely proportional with 

2 + ) . 

The applicability of our model, which is given as a function of 

in Eq. (26) , is visualised in Fig. 7 for different values of α. From

hese results it is apparent that the model is not strictly applica- 

le for the smallest conductivity ratio (case C1) if α � 0 . 5 . This

s probably the reason why the modelled impaction efficiency at 

mall Stokes numbers for  = 1 (as represented by the horizontal 

lue dotted line in Fig. 6 ) deviates somewhat from the simulated 

esults (blue solid line). It should be noted that a conductivity ratio 

f 1 is quite improbable. Zhang et al. [26] give a value for the con-

uctivity ratio of small char particles of  ≈ 9 . The conductivity 

atio may, however, be different for other solids. In the following 

e use  = 12 as a baseline for our simulations. 

By comparing how well our model reproduces the simulation 

esults, it seems reasonable to assume that α ∼ 0 . 5 − 1 . 0 . Based

n Eq. (26) , we can then find that for char particles (  ≈ 10 ), the

ore stringent value of α ( = 0.5) results in the model being appli- 

able as long as �T is less than ≈ 30 % of the far field temperature

or fluids with Pr = 0 . 7 . For the same conditions and α = 1 . 0 , our

odel is applicable for all values of �T . 

In the left hand panel of Fig. 8 , the impaction efficiency is 

hown as a function of angular position for different Stokes num- 

ers for simulations with a conductivity ratio of  = 12 . (The 

entre-line is at 270 degrees.) For the largest Stokes number ( St = 

 . 9 ), all impaction occurs within an angle, θmax , that is smaller

han 60 degrees from the centre line. This is consistent with 

he findings of Haugen and Kragset [3] without thermophoresis. 

hen thermophoresis is accounted for, however, the particles with 

maller Stokes numbers impact the entire frontal surface of the 

ylinder. By increasing the strength of the thermophoretic force, 

hich is here done by decreasing the conductivity ratio to unity, 

e see from the right hand panel of Fig. 8 that the angular position

f impaction becomes almost uniform for the smaller particles. 

Since the gas is an ideal gas, the cylinder is surrounded by a 

oundary layer of densified gas with a significant temperature gra- 

ient for cases with large temperature differences. A larger tem- 

erature difference yields a stronger thermophoretic force, which 

gain results in a higher impaction efficiency for small particles. 

s can be seen from Fig. 9 , the results computed from our mathe-

atical model (dotted lines) fit the simulation results (solid lines) 

ell for all temperature differences studied here ( 3 K < �T < 400 

). Yet we see from Fig. 7 that �T = 400 K is close to the limit of

he applicability of the mathematical model, so caution is advised 

hen using the model in this upper temperature range. 

Lastly we investigate the effect of Reynolds number on the im- 

action efficiency. In this work, we increase the Reynolds number 

y decreasing the viscosity. While doing this, we also increase the 

esolution in order to properly resolve the boundary layer, which 
= 1 (right panel). Simulations 0 and C1, respectively. 
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Fig. 9. Impaction efficiency over Stokes number for different cylinder temperatures 

(simulations 0, dT3, dT10 and dT400 as listed in Table 4 ). A high temperature differ- 

ence increases η for small particles. The dotted lines correspond to the impaction 

efficiency predicted by Eq. (25) for small Stokes numbers. 

Fig. 10. Front side impaction efficiency over Stokes number for different flow 

Reynolds numbers. Simulations “0”, “R400” and “R1600”. Higher Reynolds numbers 

result in higher η for medium Stokes numbers, while for low Stokes numbers η

is decreased. The dotted lines correspond to the impaction efficiency predicted by 

Eq. (25) for small Stokes numbers. 
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Fig. 11. Front side impaction efficiency over Stokes number for different flow 

Reynolds numbers. The Prandtl number is inversely proportional to the Reynolds 

number, such that it equals 0.7, 0.175 and 0.043 for Re = 10 0, 40 0 and 160 0, respec- 

tively. Simulations “0”, “RPv400” and “RPv1600”. Higher Reynolds numbers result in 

higher η for medium Stokes numbers, while for low Stokes numbers η is decreased. 

The dotted lines correspond to the impaction efficiency predicted by Eq. (25) for 

small Stokes numbers. 
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s thinner for higher Reynolds numbers. If the thermal diffusivity 

s changed linearly with viscosity, the Prandtl number is kept con- 

tant. This is what is done in Fig. 10 , from which we see that in-

reasing the flow Reynolds number results in higher front side im- 

action efficiencies for intermediate Stokes numbers in the range 

 . 2 < St < 1 . This is qualitatively consistent with the findings of

augen and Kragset [3] obtained for isothermal cases. From the 

esults in Fig. 10 we also see that there is a clear but not dra-

atic Reynolds number effect for small Stokes numbers. This is 

upported by the model in Eq. (25) , where the impaction efficiency 

or small Stokes numbers is inversely proportional to the square 

oot of the Reynolds number. The prediction of Eq. (25) is repre- 

ented by the horizontal dotted lines in Fig. 10 , accurately repro- 

ucing the DNS results. We would also like to point out that, since 

igher Reynolds numbers are obtained by decreasing the viscosity, 

he particles for low Stokes numbers become quite small for cases 

ith large Reynolds numbers. Unlike for isothermal cases, particle 

ize does not, however, play any significant role in the impaction 

f particles with small Stokes number when the impaction mech- 

nism is dominated by the thermophoretic force. 

If the thermal conductivity of the fluid is not changed when 

hanging viscosity, the Prandtl number is decreased for increasing 

eynolds numbers, which is the case for the simulations shown 

n Fig. 11 . Here we see that the Reynolds number dependence on 

he difference in impaction efficiency for the smaller Stokes num- 
8 
ers is larger than for the case with constant Prandtl number. This 

s also in agreement with Eq. (25) where lower Prandtl numbers 

ield lower impaction efficiencies, such that both the Prandtl and 

eynolds number effects work in the same direction. By comparing 

he solid and the dotted lines, we see that the DNS results (solid 

ines) follows the model predictions (dotted lines) nicely. 

. Conclusions 

Using high order DNS, the effect of thermophoresis on the im- 

action efficiency of particles on a cylinder is studied for differ- 

nt values of the Reynolds number, conductivity ratio, tempera- 

ure difference and particle Stokes number. It is found that the 

hermophoretic force has an insignificant effect on particles with 

tokes numbers larger than ∼ 0 . 5 , but is often dominating the im- 

action rate for St � 0 . 3 . For small particles ( St � 0 . 2 ) we know

hat the impaction efficiency scales linearly with the Stokes num- 

er for isothermal cases. This is, however, not the case when im- 

action is controlled by the thermophoretic force. For such cases 

he impaction efficiency is independent of Stokes number for St � 

 . 1 . Furthermore, the impaction efficiency is larger for low conduc- 

ivity ratios, high temperature differences and low Reynolds num- 

ers. 

An algebraic model (see Eq. (25) ) that predicts the impaction 

fficiency due to thermophoresis has been developed based on 

undamental principles. The validity of the model for a wide range 

f conditions has been verified against highly accurate DNS. The 

odel can therefore be used for accurate analytical predictions 

f the impaction efficiency. The developed model is valid as long 

s the thermophoretic force is not very strong (see Eq. (26) and 

ig. 7 ). Outside its range of validity, a reliable model does not yet 

xist. This should be the focus of future research. 
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