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ABSTRACT

Thermophoresis is the motion of particles from the hot to
the cold region of a gas subjected to a thermal gradient. This
phenomenon contributes to the fouling of EGR (Exhaust Gas
Recycling) systems in automotive applications. The aim of this
work is to develop a tri thermal device to study the collect of
soot particles by thermophoresis. In this device soot particles
flow in the annular space between two concentric tubes with
imposed temperatures. We will use the so called penetration
method which is based on the measurement of particle
deposition in the test section. The precision of this method is
often limited by the low deposition rates; the main objective of
this study is then to size an efficient and compact device for
thermophoretic deposition, while respecting mechanical and
thermal constraints. We used CFD (Computational Fluid
Dynamic) numerical simulations and model results to choose
an optimal design of the device, which is composed of hot and
cold tubes with diameter respectively equal to 87 and 85mm
and with 0.5 meter long tubes.

INTRODUCTION

When a particle is suspended in a gas subjected to a thermal
gradient, this particle migrates from the hot to the cold region
of the gas. This phenomenon is called thermophoresis, and the
moving particles will also experience a drag force. The balance
of the thermophoretic and drag forces results in an equilibrium
velocity, the expression of this thermophoretic velocity is
described as:
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Several studies concerning the determination of the
thermophoretic coefficient Ky, for spherical particles can be
found in the literature (Sagot [1]). However there are limited
studies treating the case of non-spherical particles. Recently,
Messerer & al.[2] and Brugiere & al.[3] proposed experimental
devices for the determination of the thermophoretic velocity of
soot aggregates.
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The experimental determination of the thermophoretic
coefficient is usually based on one of the following techniques:
measurement of forces (Li & Davis [4], Zheng & Davis [5]),
thermophoretic velocities (Prodi & al. [6], [7], Toda & al. [8]),
particles selection (Brugiere & al.[3]), or deposition efficiencies
(Stratmann & Fissan [9], Montassier & al. [10], Romay & al.
[11]). For the first technique, it is necessary to determine the
drag force, which is very difficult to obtain with non-spherical
particles such as soot aggregates. For that reason we chose the
so called penetration method, where the deposition rate on a
cold wall is obtained by measurement of the particles
concentrations upstream and downstream of the test section.
Together with a thermophoretic deposition model, those
measurements allow the experimental determination of the
thermophoretic coefficient K. The precision of this method is
often limited by the low particle deposition rates, which is due
to the reduction of the gas to wall temperature difference along
the cold wall pipe flow. To overcome this problem, a tri
thermal (3T) device has been proposed by Sagot & al. [12],
where particles flows through an annular space between two
concentric tubes with imposed temperatures, where the inner
tube is cooled and the outer tube heated.

The aim of this work is then to size an efficient tri thermal
device for thermophoretic deposition: the efficiency increases
with the thermal gradient, and also by reducing the Reynolds
number Re. However, a compromise has to be found, as
convective effects will appear for high values of Gr/Re?, Gr the
Grashof number. We also have to ensure the temperature
uniformity along the test section. For that purpose, we will use
a CFD numerical simulation to analyze the thermal and velocity
profiles, to evaluate the convective effects intensity, and also to
determine the hydrodynamic entrance lengths. We will also use
an analytical model for the evaluation of the deposition
efficiency with a laminar flow and imposed temperatures.
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NOMENCLATURE

C [kg.m?] Particle mass concentration

D [m] Diameter

e [m] Gap

Gr [-] Grashof number

In [kg.m?s™]  Thermophoretic mass flux to the cold wall
Kin [-] Thermophoretic coefficient

L [m] Length

Lc [m] Length scale for the Grashof number evaluation
L [m] Hydrodynamic entrance length

My [kg.s™] Gas mass flow-rate

Qu [ms?] Gas volumetric flow-rate

r [m] Radius

T K] Temperature

Y [m.s™] Velocity

Vi [m.s!] Thermophoretic velocity

z [m] Axial coordinate

Special characters

Yij [K7] Air thermal expansion coefficient
n [-] Deposition efficiency

g [kg.m™.s?]  Gas dynamic viscosity

s [kg.m?] Gas density

vT [K.m™] Temperature gradient

Subscripts

c Cold

g.c Gas, cold wall

g,in Gas inlet

g,mean Gas, mean temperature, Trean=(Tc+Th)/2
gh Gas, hot wall

h Hot

min Minimum

max Maximum

Th Thermophoretic

SIZING OF THE THERMOPHORETIC DEPOSITION
DEVICE

In order to determine the temperature gradient which
produces thermophoresis in turbulent flows (Romay & al. [10];
Sagot & al. [11]), it is necessary to use a Nusselt number
correlation. Then, by equating the conductive and convective
heat flux densities in the boundary layer, an evaluation of the
thermal gradient at the wall is obtained. This introduction of a
model in an experimental determination might introduce
approximation in these measurements. For that reason, we
chose a laminar flow configuration for our thermophoretic
precipitator, where the temperature gradients can be obtained
by analytical resolution of Navier-Stokes and energy equations.
However, convective effects might occur while using a laminar
flow and those effects have to be evaluated for the tri thermal
device. Computational Fluid Dynamic (CFD) has been used for
this analysis, where the variations of the gas density with the
temperature are taken into account. We also chose a vertical
flow (figure 1) in order to avoid tubes bending, and also to
eliminate particles deposition by sedimentation.
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Figure 1 Thermophoretic precipitator (3T).

In a tri thermal device, the gas is cooled by convective
transfer to the cold wall (Diameter D.) and simultaneously
heated by the external hot wall (D). An equilibrium
temperature is thus obtained. In the experimental conditions,
the inlet gas temperature will be adjusted to be equal to this
bulk temperature, to ensure a uniformity of the gas temperature
and temperature gradient.

To determine the particle deposition rate, we express the
mass balance over a tube section taking into account the
particle deposition flux. We obtain the 1D equation for the axial
dependence of the particle masse concentration C(z) for a given
particle size:
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The thermophoretic velocity in equation (1) is expressed as
a function of the local temperature Tq4, which is evaluated here
at the cold wall temperature. This also applies for the gas
properties pg and p,. The temperature gradient VT, =dT/dr

being negative to the wall, J,(z) is then considered positive, and
equation (2) becomes :

dC

H VT,
-Q,—=-C(2EKy—=°
Pgc

dz 7D )

c

In our 3T device, the flow is established and the gas
temperature is constant on a streamline, the term vT /T, can

thus be considered as constant, after the entry length that will
be evaluated. Then we can integrate directly the equation (4)
between z=0 to z, in order to obtain the expression of the axial
particles mass concentration C(z). With the inlet concentration
being noted C(0)= C,, we obtain :



C(2)=C, exp { Hoe Ky Ve T Dcz} (5)
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The deposition efficiency of particles by thermophoresis
within a test section is defined as:

S
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The global efficiency can then be written:
VT,
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With pymean being evaluated at the mean temperature
Trmean=(Tc+Th)/2. 1t should be noted that in the exponential, the
temperature gradient at the wall vT, is negative.

The results presented in figure 2 are obtained by applying
the thermophoretic deposition model (7) with D= 85mm, e=
1.5mm, T,= 278 K, T}, varying from 298 to 508K and Re= 77.
For this study we chose Ky,= 0.5, this value is similar to that
obtained by Brugiére & al. [2] for soot aggregates. Figure 2
presents the influence of tubes length and temperature
difference AT= Ty-T, on the deposition rate, which increases
with the length and temperature gradient.
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Figure 2 Evolution of the deposition efficiency (eq (6)) with
the length L (e= 1.5mm, D= 85mm, T.= 278K, Re= 77 and
variable Ty).

CFD NUMERICAL SIMULATION

We conducted a CFD numerical simulation on a 0.5 meter
length tri thermal device, with D= 85mm, Dy, varying from 87
to 92mm, and Reynolds number varying from 62 to 701. T, , Ty,
and Tg;, are respectively equal to 278 K, 333 K and 305 K. This
simulation provided identification of the hydrodynamic
entrance length, and also evaluation of the convective effects.
An example of a flow subjected to convective effects and an
example of established velocity profile are presented in figure
3.
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Figure 3 (a) Velocity profiles with convective effects. (b)
Establishment of a velocity profile.

As can be seen in figure 3 (a), the convective effects result
in a flow acceleration on the hot wall side, and a flow
deceleration on the cold wall side, which results in a reversed
flow and a strong perturbation of the thermal gradient.
According to CFD simulations, the convective effects can be
considered negligible when the ratio Gr/Re? is lower than 10,
Gr is the Grashof number given by the relation:

Gr= gﬁATLi /ngmean (8)

Where gis the air thermal expansion coefficient and v,,...

the cinematic velocity evaluated at the mean gas temperature.
For an annular flow configuration, the reference length L. is
evaluated by the relation (Incropera [13]) :
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Figure 4 Evolution of the axial velocity with the Reynolds
number for e= 3mm.

The results of the CFD simulation are reported in the table
1. It can be seen that the ratio Gr/Re’ increases with the
increase of the gap “e”. Thereby for an iso value of the



Reynolds number (Re= 62), it can be seen that between the two
cases e= 1mm and e= 3mm, we have a ratio of 100 for the
parameter Gr/Re?, which is due to the strong dependence of the

Grashof number on the length L3 .

Table 1: Comparative table between the different
geometries used in the CFD simulation, with T,= 333K and T,=

278 K
D. e L/e Re Ly/L Gr/Re?
(mm) (mm)
85 1 0.18 62-679 0.4 -7% 9.1910°-7.5510°
85 125 019 62-572 1-6% 2.2110*-2.5910°
85 15 020 62-570 14-10% 456 10*-5.3910°°
85 2 022  62-586 ()" -12% 1.4310°-1.6310°
85 3 025 62-701 ()" -20% 7.1710°-5.60 10°

(*) velocity profiles are not established for low values of Reynolds number

An increase of the gap size causes the apparition of
convective effects; those effects subside when increasing the
Reynolds number (figure 4). For a gap e= 1mm it can be seen
that the longest hydrodynamic entrance length L, is about 5%
of the length L (figure 5), for the highest value of the Reynolds
number. The hydrodynamic entrance length increases with the
gap size “e” (for e= 3mm and Re= 701: L, /L= 20%).

(V'Vmin)f (Vmax'vmm)
1
1
1
1
0.8 1 Re =679
1
1
0.6 !
1
1
1
0.4 !
1
1
< Lh >|
0.2 1
1
1
. 1 L(m
. _ ! (m)
0 0.02 0.04 0.06 0.08 01

Figure 5 Evolution of the axial velocity with the length.

RESULTS OF THE MODEL

We applied our model (equation (7)) for the same gaps
reported in table 1, with L= 0.5m, T,= 278K, Ty= 333K and
with a thermophoretic coefficient Ky,=0.5. The thermal
gradients VT, are obtained by CFD simulation for every mass
flow. The results obtained by applying the efficiency model are
reported in figure 6.
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Figure 6 Thermophoretic deposition efficiency

For a given gap size, the deposition efficiency reduces when
increasing the Reynolds number. For a fixed value of the
Reynolds number, this deposition efficiency decreases when
the gap size increases. It can be seen in figure 6 that the critical
Reynolds number that corresponds to the apparition of
convective effects decreases significantly when reducing the
gap “e”. This corresponds to an increase of the thermophoretic
deposition efficiencies due to higher values of the residence
time. We denote that beyond the limit presented by the dashed
black line (Gr/Re? <10™), the best deposition rates are obtained
with a gap e= 1lmm (for Re= 62, the deposition efficiency is
about 74%).

It should be noted that the particles deposition rate
increases with the length of the deposition area (see figure 2),
for fixed values of the temperature gradient and mass flow rate.

For an imposed value of the deposition efficiency #= 50%,
and a fixed value Gr/Re’= 10, we report in figure 7 the
evolution of necessary deposition length for this target
efficiency, as a function of the gap size e.
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Figure 7 Representative domains used for thermal
modelling

We also report in figure 7 the corresponding thermal power
transferred at the walls. Indeed those thermal powers
(convection+ radiation) should be transferred to the hot wall by
a high flow rate circulation of temperature regulated silicon oil,



and extracted from the cold wall side by another temperature
regulated loop (use of a cryostat).

As can be seen in figure 7, to reach a deposition efficiency
of 50% with e= 3mm and Gr/Re’= 10, a 6.4 meter length is
necessary, with a corresponding transferred power of about
1.4kW. It should be noted that to ensure a temperature
uniformity along the tubes, the power transferred should be as
low as possible. The best compromise can be achieved by a
reduction of the gap size together with the device length, while
avoiding convective effects and ensuring the best deposition
rates. The manufacturing feasibility is then the only limit. With
e= 1mm, a 1% tolerance on the gap value corresponds to 10um
tolerance on the diameter size, that we must ensure over a 0.5
m length. That’s a limit that can be achieved, which justify this
final arrangement for the design of this new device.

CONCLUSION

A tri-thermal device sizing for thermophoresis deposition
measurements is proposed in this study. We built a deposition
model with a laminar flow, where temperature gradients are
obtained by CFD numerical simulation. The results presented in
this study shows that beyond the limit of convective effects
appearances (Gr/Re? <10™), the deposition efficiency tends to
increase when reducing the gap size. The reduction of the gap
size permits to shorten the tubes length for a fixed efficiency,
while reducing the thermal powers transferred. It should be
noted that in term of mechanical design, it’s difficult to have a
gap size less than 1 mm, which represent the limit fixed in this
study.

The selected configuration is the one which combines:
. Compactness (L= 0.5m).
. Limited power transferred.

. Negligible convective effects (Gr/Re’< 10™).

o High deposition rates, which will allow an accurate
determination of the experimental thermophoretic coefficient,
as a function of soot aggregates morphology parameters.
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