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As soon as a liquid comes into contact with a solid, physicochemical reactions occur at the solid-liquid
interface to form an electrical double layer. According to the classical theory, it is assumed that the
laminar flow has no impact on the global rate of the physicochemical reactions (Kf ). However, recent
studies have shown that this assumption is not consistent with the experimental results. It seems that Kf
is impacted by the flow velocity of the liquid. The aim of this work is to compare the experimental
behavior with the numerical simulation taking this variation into account.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

The flow electrification phenomenon has been studied for a long
time [1e3]. Basically, in the dielectric liquid, impurities are
assumed to be responsible of the electrical double layer's (EDL)
development at the solid-liquid interface. The interface becomes
polarized with two opposite charge layers: one inside the liquid
and the other within the solid. When a liquid flow is induced, part
of the charge inside the liquid is swept, leading to the flow elec-
trification phenomenon. Indeed, the chemical imbalance caused by
the flow triggers the creation of new electrical charges within the
dielectric liquid (QL) and opposite charges in the solid (QS). How-
ever, the physicochemical reactions at the origin of the EDL are still
poorly understood. Most models proposing a better understanding
of this phenomenon, such as the adsorption model [4], the corro-
sion model [5] or a combination of both [6], assume that the global
rate of this physicochemical reaction Kf is independent of the flow
parameters. However, recent studies [7e9] have shown that this
assumption is not consistent with the experimental results.

Using the finite volume CFD tool Code-Saturne® from EDF
(Electricit�e de France), a module has been developed in order to
simulate an adsorption model. The equations of this model [10] are
coupled to the Navier-Stokes equation. This work presents a nu-
merical analysis between both cases (Kf constant and variable)
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based on the experimental results. The simulation was carried out
using the variation of Kf as a function of themean velocity observed
during the experimental campaign on the flow electrification of
mineral oil through a stainless steel duct [8].
2. Adsorption model

2.1. Scheme of the physicochemical adsorption model

The model assumes that the neutral impurities present within
the liquid are dissociated in two ionic species: positive and nega-
tive. In the case where only one type of impurities reacts at the
solid-liquid interface, the chemical reaction is given as follows:

ALBL ) *
kLd

kLr
Aþ
L þ B�L (1)

where kLd and kLr are the kinetic constants of the dissociation/
recombination reactions. Before the liquid comes into contact with
the solid, the liquid and the solid are electrically neutral. The ionic
species may react according to the adsorption model (Fig. 1).

Close to the interface, the solid medium is composed of many
preferential adsorption sites. Thus, this model assumes that the
negative ionic chemical species B�L are adsorbed at the solid surface
by these sites, called CS, to form the occupied site CSB�L :
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Fig. 1. Scheme of the physicochemical mechanism occurring at the solid-liquid
interface for the adsorption hypothesis.
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CS þ B�L ) *
kfn

krn
CSB

�
L (2)

where kfn and krn represent rates of negative adsorption and
desorption, respectively. As in the majority of situations observed
within experiments, in this model, the liquid is charged positively
and the solid is negatively.
Table 1
Physical constants and initial values of reaction rates.

Constant Symbol Value

Liquid conductivity s �12 �1
2.2. Electric charge transport mechanisms

All the chemical species, positive (P), negative (N) and neutral
(O) are transported within the liquid by three mechanisms: diffu-
sion (Diff.), migration (Mig.) and convection (Conv., when the liquid
flow is induced). The flux density can be expressed with the charge
species ”i” in the liquid (L) as:

GL
i

�!
¼ �DL

iVni
zfflffl}|fflffl{Diff :

±ni
e0ziDL

i
kT

V4

zfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflffl{Mig:

þ ni u
!zffl}|ffl{Conv: Conv:

(3)

where,
The general conservation equation can be expressed as follows:

vni
vt

þ V$ GL
i

�!
¼ Gi � Ri (4)

where Gi and Ri represent the generation and recombination spe-
cies due to the chemical reactions. For example, the chemical re-
actions of B�L within the liquid can be expressed in more explicit
forms:
GL
i

�! Ionic flux density vector (m2$s�1)

DL
i

Diffusion coefficient for each species (m2$s�1)

ni Number density for each species (ALBL;A
þ
L ;…Þ

e0 Elementary charge (C)
Zi Valence of the ion, taken as 1
k Boltzmann's constant
T Absolute temperature (K)
4 Electrical potential (V)

u! Velocity vector (mg$s�1)
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GB�
L
¼ kLdn

L
0 (5)

RB�
L
¼ kLrn

L
Pn

L
N (6)

where nL0, n
L
P , n

L
N are the neutral, positive and negative concentra-

tions within the liquid, respectively. At the interface, a normal ionic
flux density is imposed for the species B�L (G�

wall) to allow the
adsorption and desorption reactions:

G�
wall ¼

2
664kfnnLNnSPzfflfflfflffl}|fflfflfflffl{Adsorption

� krnnSLN

zfflfflffl}|fflfflffl{Desorption
3
775 (7)

where nSP and nSLN are the surface concentrations of the free (CS) and
occupied (CSB�L ) adsorption sites, respectively. Finally, all these
equations are coupled to the Poisson's equation:

V$
�
εL E
!� ¼ e0 �

�
zPn

L
P � zNn

L
N

�
¼ rL (8)

where εL is the permittivity within the liquid, rL is the space charge
density. In the liquid region, the convection of the species are
coupled to the Navier-Stokes equation. The simulation can be
decomposed into two steps:

� Static development of the EDL: without fluid motion ( u!¼ 0),
the system reaches an equilibrium depending on different
chemical kinetics.

� Dynamic development of the EDL: a flow is induced at the
entry of the duct from the static equilibrium. The flow electri-
fication process appears and the impact of the flow is studied.
2.3. Initial values and reaction rates of impurities

The initial concentration n0 for the Aþ
L and B�L species in each

region is estimated from the liquid conductivity as follows:

s0 ¼ e20
kT

�
DL
P

���zP���2 þ DL
N

���zN���2�� n0 (9)

Thus, the different chemical reactions of ionized impurities in
the liquid can be determined considering that the space charge
density is initially zero and the ionization fraction is equal to 0.1.
The initial data values are summarized in Table 1:
0 5� 10 S$m
Liquid permittivity εL 2:2ε0
Vacuum permittivity ε0 8:85� 10�12 F$m�1

Dynamic viscosity n 0:0014 kg$m�1$s�1

Liquid mass density rm 836:9 kg$m�3

Ionic valence z 1
Elementary charge e0 1:6� 10�19 C
Ionic diffusion in liquid region DL

P;N;O 2:5� 10�11 m2$s�1

Initial concentration (Aþ
L , B

�
L ) no 1:58� 1016 m�3

Initial neutral ions concentration noi 1:44� 1018 m�3

Recombination rate in the liquid kLd 1:65� 10�17 m3$s�1

Dissociation rate in the liquid kLr 2:85� 10�3 s�1
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2.4. Evaluation of the adsorption/desorption rate from Kf

In order to calculate the adsorption and desorption chemical
rates, the concentration of the preferential adsorption sites (nS0P )
must be estimated. Cabaleiro [10], based on the Bourgeois work on
a pressboard (dielectric solid) [11], assumed that (as an order of
magnitude) nS0P ¼ 1025sites$m�3. Thus, the inital surface concen-
tration nS0P�surf can be estimated as follows:

nS0P�surf ¼ nS0P � d0 (10)

At the interface, previous work present a macroscopic models
where a current density is given by the following equation [5]:

Jw ¼ Kf � ðrwd � rwÞ (11)

where rw and rwd are respectively the space charge density at the
wall and the space charge density at the wall for a fully developed
electrical double layer. Assuming that, at the equilibrium, all
negative ions have reacted, Cabaleiro estimates the value of
adsorption rate as follows [10]:

kfn ¼ 2Kf

nS0P�surf

(12)

where d0 is the Debye length characterizing the EDL's diffuse layer's
thickness [5]. Finally, after a parametric approach, Cabaleiro as-
sumes that the number of occupied sites nSLN (CSB�L ) increases as the
number of negative ions nLN (B�L ) decreases. From this study, he
determines that the ratio between nLN and nSN is equal to 0.01. The
desorption rate can be expressed as:

krn ¼ kfn
d0

� nS0P�surf � 0:01 (13)

In our study, two cases were considered to calculate the
Adsorption/Desorption rate:

� Kf is kept constant: According to the classical theory, Kf is not
impacted by the mean flow velocity and is equal to K0.

� Kf is variable: The recent experimentations have shown that Kf
might depended on the flow velocity. Thus, the simulation was
carried out using the variation of Kf as a function of the mean
flow velocity observed during an experimental campaign [9]:

Kf ðUmÞ ¼ 1:43� 10�6 � Um þ 1:67� 10�7 (14)

The y-intercept ðK0 ¼ 1:67� 10�7 m$s�1Þ represents the global
rate of the chemical reactions without flow.

3. Geometry, mesh conditions and adimensionnal analysis

The simulation geometry is a rectangular duct of
Fig. 2. Do
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100� 1� 0:0005 mm3 throughwhich the liquid flows according to
a laminar regime (Fig. 2). The mean flow velocity (Um) is varied
from 0:5m$s�1 to 5:5m$s�1. For a symmetric condition in the y-
direction, the calculation is made only on half of the duct.

Considering that, in our case, the characteristic length of the
diffuse layer (d0 ¼ 9:8689 mm) is quite small compared to the duct's
half height (h ¼ 1 mm), the mesh was refined close to the interface
where the gradients are stronger (DZmin ¼ 3:83� 10�7 m and
DZmax ¼ 3:83� 10�5 m). Thus d0 is included in 22 cells and 3d0 in
42 cells.

Fig. 2 shows the different boundary conditions. At the interface
of the solid (surface 4), the electric potential is zero (Dirichlet
condition) and the normal ionic flux density for the species B�L is
imposed by the non-homogeneous Neumann condition (Eq. (7)).
Without a liquid flow, symmetry conditions are assumed on sur-
faces 1 and 3 (Homogeneous Neumann). When a liquid flow is
induced, the entry condition (Poiseuille velocity profile) is imposed
on surface 1 and the exit condition on surface 3 (Neumann ho-
mogeneous). On surface 2 and surfaces normal to the y-direction, a
symmetry condition is applied (Homogeneous Neumann).

Finally all equations of the numerical model were adimension-
alized according to the Vashy-Buckingham theorem. Four charac-
teristic quantities were identified to carry out this non-dimensional
operation. The first is the space charge density at the interface for a
fully developed EDL rrefwd (0:0145 C$m�3) when Kf is equal to K0.
This parameter is considered for different authors as an intrinsic
parameter for one solid-liquid interface. The second one is the
relaxation time constant (tr ¼ εL=s0 ¼ 3:9 s). The third is the initial
concentration of impurities (n0). The fourth is a geometric term. For
a rectangular duct, the half-height of the geometrical domain ”h” is
used. All the non-dimensional values were associated with the ”*”
symbol. This work focuses on the evolution of the space charge
density near the interface (rw) and the charge transported within
the liquid (QL). Their associated non-dimensional parameters is
expressed as follows:

r�w ¼ rw

"
1

rrefwd

#
(15)

Q�
L ¼ QL

"
1

h3rrefwd

#
(16)

4. Results and discussion

The non-dimensional space charge density at the wall (r�w) as a
function of the contact duration (tc ¼ Um=L) for different mean
flow velocities is presented in Fig. 3. Regardless the mean flow
velocity and the evolution of K�

f , the space charge density is equal to
zero at the entrance of the duct and increases progressively as a
main.
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Fig. 3. Space charge density at the wall vs. contact duration. Fig. 4. Charge transported within the liquid vs. contact duration.
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function of the contact duration. Furthermore, other simulations
show that if the contact duration is sufficiently long, r�w reaches a
maximumvalue r�wd ¼ 1 and this regardless the value of Kf and Um.
In this case, the electrical double layer is considered fully devel-
oped.When the global rate of chemical reactions Kf is kept constant
(Fig. 3-A), r�w adopts the same behavior regardless the mean flow
velocity. The temporal dynamics of the EDL development remains
constant and is in agreement with the classical theory.

However, when taking into account the linear variation for Kf
(Fig. 3-B), recently highlighted from experiments, the dynamics of
the EDL's development is impacted according to the mean flow
velocity. Fig. 3 shows that the higher the magnitude of the mean
flow velocity, the faster the development of the EDL. Indeed, the
intensification of the global rate of chemical reactions allows
decreasing the time required for the development of the space
charge density. Concerning the non-dimensional transported
charge Q�

L as a function of the contact duration, the same obser-
vation could be carried out (Fig. 4). In the same way, the amount of
transported charge remains identical whatever the magnitude of
the mean flow velocity when Kf is constant (Fig. 4-A) whereas it
increases in the case where Kf is variable (Fig. 4-B).

Fig. 5 plots the numerical and experimental non-dimensional
transported charge as a function of the mean flow velocity for
three different contact durations. Firstly, it is difficult to compare
themagnitude of Q�

L because the contact durations aremuch higher
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in the experimental case and also the numerical simulation was
performed in a two-dimensional situation. Nonetheless, the trends
can be compared. In both cases, the higher the contact duration, the
higher the amount of transported charge. Regardless of the contact
duration, Q�

L increases progressively as a function of Um. However, a
slight difference can be observed. The variation of Q�

L becomes
faster when the contact duration increases in the experimental case
whereas it remains identical in the numerical case. Even if the
numerical simulation seems to be in rather good agreement, the
model is not yet satisfactory. Clearly, it appears that the flow pa-
rameters has an impact on the EDL's development but it should not
be simply reduced to a simple variation of chemical rate (e.g. kfn,
krn).

In order to explain this behavior some authors [9] suggest that,
increasing the velocity lead to increase the effective contact surface
due to the porous nature of the solid (e.g pressboard). Nevertheless,
this analysis seems to be insufficient in the case of a metallic solid.
Other authors think that the variation of Kf is induced by the
shearing stress [7,8]. Indeed, it is quite possible that the shearing
stress modifies the different concentration of chemical species at
the interface. Alternately, it can be assumed that the friction,
induced at the interface, increases the local temperature. Thus, this
variation suggests two important points:
inar flow on the electrical double layer development, Journal of



Fig. 5. Comparison between the experimental and numerical results of Q�
L vs. Um .

P. Leblanc et al. / Journal of Electrostatics xxx (2016) 1e5 5
� an increase of the local temperature may modify the local ionic
mobility, diffusivity, viscosity; hence amodification of the global
rate of the chemical reaction.
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� this modification is local and depends also on the position in the
duct.

It appears necessary to take into account the local variation of
the temperature and all the parameters (e.g mobility, diffusivity,
viscosity) in a further model. Thus, it would be possible to simulate
the flow electrification to deduce the variation of Kf and compare
with the experimental campaign.
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