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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract

A numerical investigation of heat and fluid flow in electro-osmotically driven systems is presented, by considering plain channels
and channels packed with charged solid particles. The results show that the introduction of charged solid particles affects the
internal potential distribution, fluid flow and temperature distribution in the channel. Under the analysed conditions, the effect on
heat transfer is confined to the centre of the channel. This topic needs to be further investigated since it is of interest in practical
applications.

c© 2017 The Authors. Published by Elsevier Ltd.
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1. Introduction

Electro-osmotically driven flow systems are used for many applications in the field of biology and engineering,
such as pumping, cooling, mixing and separation processes, and recently also for dehumidification and regeneration
of desiccant structures [1]. In all these applications, the effect of heat transfer and Joule heating needs to be taken
into account [2]. As an example, the analysis of heat transfer due to electro-osmotic flow can be useful in heat-
dose sensitivity tests, needed to perform appropriately electromagnetic hyperthermia for the treatment of cancers and
tumors [3].
The operation of electro-osmotically driven flow systems depends on the interaction between a solid surface and an
electrolytic solution. In fact, a solid surface in contact with an electrolyte becomes spontaneously charged, usually
negatively. The positive ions of the solution are then attracted and form a high concentration region close to the
charged surface. This high concentration region is called Electric Double Layer (EDL) [4]. Under the application of
an external electric field the ions accumulated in the EDL tend to restore the electro-neutrality of the system, moving
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towards the negative electrode. As a result, the nearby ions are also dragged and Electro-Osmotic Flow (EOF) is
produced. As the distance from the charged surface increases, the ionic concentration reduces and, as a consequence,
EDL effect decreases. For this reason, EOF driven systems are effective at micro- and nano-scale. In plain channels,
only the walls play a role as charged surfaces, while when solid particles are introduced inside channels, their charged
boundaries can also be taken into account. As a consequence, EOF can potentially be enhanced.
As Joule heating increases, the fluid temperature was found to increase [5, 6]. The Joule heating effect was observed
to grow with the capillary size [7, 8], the strength of the applied electrical field [7, 9] and the solution concentration
[7, 10]. Several authors studied the Joule heating effect by considering temperature dependence to determine the
thermo-physical properties of the system [7, 10, 11, 5], while others neglected this dependence [12, 8]. In fact, it was
demonstrated that fluid properties can be assumed to be constant when EDL becomes sufficiently thin [13].
Tang et al. [7] proposed a numerical analysis of Joule heating effect on the electroosmotic flow and mass species
transport. Temperature distribution in the liquid presented a parabolic shape, with the highest temperature occurring
at the capillary centerline. This was due to the heat generated by Joule effect that moves from the central region to the
wall by convection, and then is dissipated through the capillary wall by conduction. The temperature increment due
to Joule effect increased the average EO velocity and, as a consequence, mass transfer and dispersion of the species.
Tang et al. [10] extended the analysis of Joule heating effects on EOF in polydimethylsiloxane microfluidic channels.
The EO velocity profile was found to deviate from the classical plug-like shape, to a concave configuration in the
hydrodynamically developing region and to a convex pattern in the fully developed region, due to the Joule heating.
Also the sample band shape was distorted, broadening its width and reducing its peak.
Perturbations to the EO velocity profile in a homogeneous capillary due to Joule heating effect was also observed by
Xuan et al. [9]. They compared experimental and numerical results founding a good agreement in both the inlet and
the outlet regions of the capillary, with a slight underestimation of numerical simulations for the time needed to make
stable the flow rate when the electrical field was applied. During the first several seconds after the application of the
electric field, a quick increase in the liquid temperature was observed.
Horiuchi and Dutta [12] analysed fluid temperature distribution under different conditions. In case of isothermal
channel surfaces, when the channel surface temperature was higher than the inlet temperature of fluid, an increase of
dimensional fluid temperature was found as the flow progressed. Conversely, in case of channel surface temperature
lower than the inlet temperature of fluid, the local fluid temperature and heat flux decreased along the channel. Under
constant surface heat flux conditions, the fluid temperature increased monotonically along the channel in case of heat
addition to the channel, whereas it decreased in case of heat rejection. However the temperature distribution was
observed to remain constant across the channel after ten characteristic dimensions from the entrance. Finally, it was
found that the contribution of Joule heating needs to be taken into account only for channels larger than 20 µm.
Nithiarasu and Eng [11] proposed a modelling procedure for studying Joule heating due to EOF. The fluid temperature
distribution was found to be different along the channel: a rapid temperature variation was observed in the inlet
region, whereas a constant value was detected in the outlet region, where the heat transferred and heat generated are
approximately equal.
Sánchez et al. [5] observed that the temperature gradients along the capillary make the electric and flow fields non-
uniform along the axial and longitudinal directions due to the dependence of viscosity and electrical conductivity on
temperature.
Vocale et al. [8] compared EOF in elliptical and rectangular geometries in order to optimize thermal performance of
the micro heat sinks. They demonstrated that rectangular cross-sections are more effective in case of small values of
aspect ratio, whereas the elliptical microchannels are preferable as the aspect ratio increases. Misra and Sinha [14]
observed a reduction in fluid temperature as the temperature-jump or the vertical distance between channel walls
increase. Shit et al. [3] derived a mathematical model to analyse EOF and heat transfer of power-law fluids in a
hydrophobic micro-channel by considering a constant heat source at the boundary of the channel.
Due to the small scale of the phenomenon, the collection of experimental data is quite difficult, especially in complex
geometries, such as channels packed with solid particles. Hence numerical modelling is very used to study EOF, but
many simplifying assumptions are considered [15] For this reason, the authors analyse EOF in a channel packed with
charged solid particles, with prescribed geometric characteristics, using a microscopic approach, that provides minute
details of the quantities of interest [16]. To the authors’ knowledge, the effect of introducing solid particles on heat
transfer due to EO is here investigated for the first time. For this reason, a comparative study between micro-channels
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with and without solid charged obstructions is presented. Since EO is commonly used for cooling applications and
recently porous media have been introduced to enhance fluid flow, understanding heat transfer phenomena due to EOF
through flow obstructions is fundamental.
The aim of the work is to analyse fluid flow and heat transfer due to electro-osmosis and to estimate the effect of
introducing charged solid particles. The numerical model proposed and boundary conditions used in this study are
presented in Section 2: it is composed of two sets of equations, one to study the electrical field, and the other, based
on Navier Stokes equations, for fluid flow and heat transfer. The finite element method is used to discretize the sets of
equations and the Characteristic Based Split (CBS) algorithm [17, 16] is used to solve the Navier Stokes equations.
In order to highlight the influence of charged solid particles inside the channel, a comparative study between micro-
channels with and without solid particles is presented in Section 3. Finally, some conclusions are drawn in Section
4.

Nomenclature

A Area (m2)
e Electron charge (C)
E External electric field (V/m)
J Non dimensional parameter in source term of momentum equation
Jo Non dimensional parameter in source term of energy equation
k Thermal conductivity (JK−1m−1)
kB Boltzmann’s constant (JK−1)
L Length (m)
n0 Ionic number concentration in the bulk solution (m−3)
p pressure (Pa)
Pr Prandtl number
Re Reynolds number
T Temperature (K)
u Velocity vector (m/s)
W Width (m)
z Valence of the ions
Greek symbols
β Artificial compressibility parameter
ε Dielectric constant of the electrolyte
ε0 Permittivity of the vacuum (Cm−1V−1)
ζ Zeta potential (V)
κ Debye length (m−1)
µ f Viscosity of the bulk solution (Nsm−2)
φ Applied voltage (V)
ρ Density (kgm−3)
ρe Net charge density in the fluid (Cm−3)
σ Electrical conductivity (S m−1)
ψ Electric potential inside the fluid (V)
Subscripts
re f Reference
f Fluid
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2. Mathematical model and solution procedure

The aim of this work is to numerically model Electro-Osmotic Flow (EOF), heat transfer and Joule heating in
micro-channels filled with an electrolyte, with and without solid charged particles. The numerical model used for the
simulations is based on two sets of equations, one to analyse the electro-kinetic effects, the other for fluid flow and
heat transfer. External electric field, φ, and internal potential, ψ, are determined by solving the Laplace and Poisson-
Boltzmann equations, respectively. Both the equations are shown in their non-dimensional form:

• Laplace equation

σ∗∇2φ∗ = 0 (1)

• Poisson-Boltzmann equation

∇2ψ∗ = −
(
κLre f

)2
sinh (ψ∗) (2)

where σ∗ is the non dimensional electrical conductivity, κ, known as Debye-Hückel parameter, is the reciprocate of
the EDL thickness [18], defined as:

κ =

(
2n0z2e2

kBTre f εε0

)1/2
(3)

in which n0 is the ionic number concentration in the bulk solution, z is the valance of the ions, e is the elementary
charge, kB is the Boltzmanns constant, Tre f is the reference temperature measured in kelvin, ε is the dielectric constant
of the electrolyte, ε0 is the permittivity of vacuum. Lre f is an equivalent reference length introduced to take into account
the effect of the charge of solid particles on EOF and defined as [15]:

Lre f =
Af

L
(4)

in which Af is the area of the channel occupied by the fluid, and L is the length of the channel. In plain channels, Lre f

corresponds to the channel width, consistent with the quantity commonly used in previous works concerning EOF,
while in channels with flow obstructions, its use allows to take into account flow enhancement due to the charge of
solid particles. The dimensionless form for forced flow can be obtained through the following non-dimensional scales.

x∗i =
xi

Lre f
; φ∗ =

φ

φmax
; ψ∗ =

zeψ
kBT

; ρ∗ =
ρ f

ρre f
; u∗i =

ui

ure f
; ure f =

Eεε0ζ
µ f

; p∗ =
p − pre f

ρre f u2
re f

t∗ =
ture f

Lre f
; T ∗ = (T − Tre f )

2k
σφ2

max
; σ∗ =

σ f

σre f
; Re =

ρre f ure f Lre f

µre f
; J =

2n0zeφmax

u2
re fρre f

; Jo =
1

RePr

The effect of the equations governing the electro-kinetic effects is introduced into the Navier-Stokes equations [18] to
simulate fluid flow and heat transfer due to electro-osmosis, through a source term in the momentum and the energy
equations. The non-dimensional Navier-Stokes equations modified to take into account the electro-kinetic effects are
written as:

• Continuity equation

∇ · u∗ = 0 (5)
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• Momentum equation

∂u∗

∂t∗
+ u∗ · ∇u∗ = −∇p∗ +

1
Re
∇2u + J sinh (ψ∗)

(
−∂φ

∗

∂x∗i

)
(6)

• Energy equation

∂T ∗

∂t∗
+ u∗ · ∇T ∗ =

k∗

RePr
+ σ∗Jo

(
−∂φ

∗

∂x∗i

)2
(7)

where Re is the Reynolds number, Pr is the Prandtl number, J and Jo are the non dimensional coefficients for the
source terms of momentum and energy equation, respectively, and k is the thermal conductivity.
The equations are solved using the finite element method combined with the Characteristic-Based Split (CBS) algo-
rithm [17].
With reference to Fig. 1, the walls of the channel and any solid boundary are assumed to be active with a prescribed
non-dimensional zeta potential and to obey no-slip velocity boundary conditions. Channel walls and inlet temperature
are assumed to be constant and equal to the reference temperature, whereas the boundaries of solid particles are as-
sumed to be adiabatic. An applied external potential difference between inlet and outlet is considered and the normal
velocity gradients are assumed to be zero at both inlet and outlet.

Fig. 1. Boundary conditions.

3. Results and discussion

A two-dimensional rectangular channel, 60 µm in width and characterised by an aspect ratio equal to 10, is con-
sidered for the simulations. A plain channel and a channel filled with regular circular obstructions are analysed. The
obstructions are characterized by a diameter equal to 16% of channel width. An electrical field equal to 1 kV/m is
applied and deionized water is used as working fluid. The other parameters used in the present study are reported in
Table 1. A set of 2D unstructured meshes, refined near all solid boundaries to capture the higher gradients of both

Table 1. Parameters used in the numerical simulations.

Parameter Measurement unit Value

Zeta potential, ζ −19.2 V
Dielectric constant of the electrolyte, ε 78.4 -
Ionic concentration in the bulk solution, n0 6.02 · 10+19 m−3

Valence of the ions, z 1 -
Reference temperature, Tre f 298 K
Fluid density, ρ f 1000 kg/m3

Fluid viscosity, µ f 8.91 · 10−4 Pa · s
Electrical conductivity, σre f 0.20 S · m−1
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Fig. 2. Details of the meshes used for fluid and channel with obstructions.

internal potential and velocity, are used. The details of the meshes used for plain channels and channels with obstruc-
tions are shown in Fig. 2. A mesh sensitivity study has been carried out to optimise the elements number used in the
calculations. In Fig. 3, the internal potential and horizontal velocity distribution for plain channel and channel packed
with charged solid particles are shown; only a detail is presented for the sake of clearness. The presence of charged
solid particles enhances the internal potential distribution, making its value different from zero in a larger fraction of
the channel with respect to the case of plain channel, as illustrated in Fig.s 3a and 3b. Since the internal potential
appears in the source term of momentum equation, it positively influences also the velocity field, as highlighted in
Figure 3c and 3d. The local value of horizontal velocity is significantly affected by the charge of solid particles. De-

(a) (b)

(c) (d)

Fig. 3. Internal potential and horizontal velocity distribution in plain channel (a-c) and channel packed with charged solid particles (b-d).

spite this, the outlet average velocity, and therefore flow rate that can be produced, is higher in plain channels. This
is due to the resistant effect opposed by the particles to fluid flow. As shown in Fig. 4, electro-osmosis plays a role
on heat transfer: temperature increases as the distance from the channel wall and the inlet section, that are at ambient
temperature, increases. Introducing charged adiabatic solid particles in the channel affects temperature distribution,
involving a lower increase due to electro-osmosis. This aspect needs to be better investigated since it can be attractive
in electro-osmotically flow driven systems aimed at cooling micro-devices. It is worth noticing that for both configu-
rations, temperature increase is confined to the central region of the channel.
For the sake of clarity, the profiles in the vertical direction of internal potential, velocity and temperature distributions
are shown in Fig.s 5 and 6. These profiles are constant along the channel in case of plain channels, whereas they
change when solid obstructions are introduced. In order to assess the effect of charged solid particles, in this case the
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Fig. 4. Temperature distribution in plain channel and channel packed with charged solid particles.

profiles are shown at different sections of the channels. As previously shown, the internal potential is not equal to
zero in a larger section of the channel when obstructions are introduced and its gradient is steeper close the charged
surface of the particle. As shown in Fig. 6a, the horizontal velocity is significantly influenced by the internal potential:

(a) (b)

Fig. 5. Internal potential profile in plain channel (a) and channel packed with charged solid particles at different sections (b).

the maximum values are obtained in correspondence of the highest gradients of the internal potential. Temperature
shows a parabolic profile, whose magnitude is greater for the plain channel. In the channel with solid obstructions, the
temperature is higher in sections crossing the particles.

4. Conclusions

Electro-osmotic flow through micro-channels with and without charged solid particles has been investigated. The
introduction of solid particles enhances internal potential within the channel and, as a consequence, affects velocity
distribution. Also temperature distribution is slightly influenced by the presence of solid particles. This aspect should
be focused by investigating different operating conditions and micro-channel sizes, since temperature increase plays
a fundamental role in some fields of application of electro-osmotically flow driven systems, such as cooling o micro-
devices.
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(a) (b)

Fig. 6. Horizontal velocity (a) and temperature (b) profiles.
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