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In the present work, the impact that the longitudinal shape of channels has on the current 
produced in the flow of a magneto-hydrodynamic microgenerator (MHDMG) is studied. The 
goal is to find the micro-channel geometry via modeling to maximize the current output for 
low Reynolds and Mach regimes. To carry out this study, a 3D dynamic numerical tool relying on 
the finite volume method was handled with the open-source software OpenFOAM. It is the base 
model to study the impact of intricate geometries on the ability to produce energy. An additional 
steady-state 2D analytical model was also developed to check some basic modeling assumptions. 
Both models have been experimentally validated on the simplest flow system having a constant 
square cross-section throughout. The results produced by both models cross-check very well and 
compare favorably with respect to experimental data. Hence, using the validated numerical tool, 
three shapes have been further investigated, namely, progressive (linear decrease of the cross-

section), arc (parabolic decrease of the cross-section), and wavy (sinusoidal shape). It was found 
that the arc channel provides the greatest current output for the same volumetric flow. It is 
therefore the preferred choice for developing high current gain and more efficient MHDMG used 
in micro-scaled actuators and sensors.

Nomenclature

𝜂 Dynamic viscosity [Pa.s]

𝜆𝑥∕𝑦∕𝑧,𝑛 Eigenvalues along 𝑥, 𝑦 and 𝑧 coordinates [Rad/m]

𝐁𝑎 External magnetic flux density [T]

𝐣 Current density [A/m2]

𝐮 Velocity of the fluid [m/s]

𝜇0 Permeability of vacuum [kg.m/s.A]

𝜈 Kinematic viscosity [m2/s]

𝜌 Mass density of the fluid [kg/m3]

𝜎 Electrical conductivity of the fluid [S/m]

𝐴𝐿 Surface of the conducting wall [m2]
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𝑑 Length of one edge of the micro-channel square cross-section [m]

𝐼 Current [A]

𝐿 Length of the micro-channel [m]

𝑝 Pressure [Pa]

𝑆 Cross-sectional area of the constant channel [m2]

𝑡 Time [s]
𝑢𝑠 Slip velocity [m/s]

𝑤 Wetted perimeter of the micro-channel [m]

Ha Hartmann number [-]
N Stuart number [-]
R𝑒𝑚 Magnetic Reynolds number [-]
Re Reynolds number [-]

1. Introduction

In the present work, the currents produced in Magneto-hydrodynamic microgenerators (MHDMG) with specific geometrical 
configurations are analyzed. Indeed, the effects introduced by the conduit’s shape on the currents induced in the fluid have practical 
relevancy in the development of specialized micro-devices as discussed in [1]. Therefore, understanding how the geometry can impact 
the current output has a positive outcome when designing more efficient and cheaper MHDMG devices for mass production [2]. It is 
worth noticing that the subject is scarcely treated in the open literature in the context of energy production at the micro-scale, but 
widely treated in heat transfer phenomena [3,4].

Research conducted along these lines is further justified, in view of the fact that lab-on-a-chip (LOC) devices, as well as point-

of-care devices, designed for health diagnostics, have distinctive design constraints in developing countries. These constraints differ 
from those designed for similar applications in more developed regions of the World. Among other relevant considerations, the 
proposed design must consider the absence of ground electricity, the cost of fixed instrumentation, the lack of equipped ‘end-use’ 
facilities, and the portability of the device [5,6]. For instance, according to the World Health Organization (WHO), nearly one billion 
people worldwide receive healthcare attention in facilities with limited access to electricity [7]. In this regard, our miniaturized 
MHD generator design represents a convenient way to boost the harvested current by occupying a small footprint and substituting 
mesoscopic batteries. These features allow the development of portable diagnostic platforms to serve regions with underdeveloped 
medical infrastructure. Another ad hoc application of MHDMG is in an autonomous and compact electrophysiology LOC device 
to characterize the electrical activity of individual neurons. A case of particular interest is based on the current-clamp technique. 
Overall, miniaturizing certain components in biomedical devices offers a wide range of experimentation possibilities, as described in 
the Review Neuroscience Goes on a Chip [8].

The elementary principle behind the MHDMG operation involves a conductive fluid that moved through a static background 
magnetic field, thereby producing an electric current in the bulk of the fluid [9]. Some interesting possibilities may then arise as 
a result of the steady operation of an MHDMG: a) the current can be harnessed to feed external electronic circuits (e.g. sensors), 
b) the current may serve to control the flow itself (e.g. slowing the flow through Hartmann breaking), and c) the current may be 
tailored to facilitate certain interactions in the fluid (e.g. surface treatments). Based on these possibilities, lab-on-a-chip devices can be 
engineered to exploit the electrophoretic properties of human blood cells [10] in segregation, selection, and drug delivery operations. 
Already in the micro-pump variant of the MHD process, the capability of fine-tuning the currents instead of the potentials for precise 
fluid control has demonstrated its virtues in millimetric devices [11]. Modifying the flows and currents through morphological 
variations of the conduit’s cross-section along the channel’s length provides additional freedom to the designer. C. Murray et al. 
(2013) [12] changed the flow by actively controlling the geometry with external potentials acting on electro-active polymer layers. 
The implication that length-wise peristaltic variations of the micro-channel has on the velocity and Joule heating of biofluids was 
analyzed in the context of an electrokinetic process [13]. In this case, the motion of the biofluids was found to depend largely on the 
zeta potentials, as well as the electroosmotic parameter and the applied magnetic field. Combined electromagnetic-hydrodynamic 
processes were computed theoretically in [14] for rectangular microchannels. An optimal orientation between the channel and the 
applied fields was noted to favor efficiency. Further modification of the fields and currents at particular locations in the flow system 
could lead to interesting sensor designs for actuators [15], mixers [16], and wetting devices [17]. Interesting possibilities are also 
furnished by local variations of the surface charge densities induced by bacteria in biosensors [18]. Since the arrangement of the 
sensing probes on the functional surface is key to the sensor’s operation, one may contend that local manipulation of currents 
through geometric variations of the MHD process could potentially be exploited to selectively functionalize the sensing surfaces. One 
attractive advantage of the microgenerator is its apparent lack of bubble formation at the conducting walls.

More in line with the objective of the present paper, M. I. Hasan et al. (2017) numerically explored the effects introduced by cross-

sections with different shapes in the pumping action of a microchannel [19]. Simple geometries such as rectangular, circular, and 
trapezoidal cross-sections were investigated. These sections, however, were constant along the axial direction (i.e. in the direction 
of the flow). Losses were found to be large in sharply cornered geometries due to secondary flows. As a matter of fact, trapezoidal 
sections produced the lowest flow rates for the applied conditions. It is clear that the shape of the cross-section is key to modifying the 
flow properties. In this sense, Parvin et al. recently analyzed the effect of a wavy patterned cavity on the MHD-driven heat transfer 
process involving an enclosed elliptical cylinder [20]. The authors found that the wavy cavity appears to favor the convective 
2

transfer of heat from the heated cylinder to the surrounding nanofluid (water laden with Al2O3 nano-particles), particularly at 



Heliyon 9 (2023) e22305F. Trillaud, J.E.V. Guzmán, M.A. Ramírez-Trocherie et al.

higher Rayleigh numbers and nano-particle concentrations. Several parameters were modified to establish their respective effect on 
the thermal process, but the wavy geometry remain constant. The squeezing effect on a micro-cantilever sensor contained in an MHD 
channel is theoretically explored in [21]. An investigation with a biomedical orientation led C. G. Njingang Ketchate et al. to analyze 
the hydromagnetic and thermal effects on a fluid model (Casson’s fluid) representing blood flowing through a rigid artery with a 
constant cross-section [22].

Hence, in spite of the number of articles concerned with MHD flows in micro-devices, certain aspects related to the conduit’s shape 
remain to be explored. In particular, the impact of the evolution of the cross-section of the micro-channel in the direction of the flow 
remains to be deepened. To conduct such a study, a numerical tool was developed in the present work and experimentally validate 
against a simple case scenario, an MHDMG with a constant squared micro-channel. This simple case is of interest since it can be 
modeled analytically thereby providing an alternative mean to cross-check the numerical model and additionally giving some insights 
on the physics of the current generation in a MHDMG. Thus, the analytical solution for the steady-state operation of the squared 
baseline geometry, as well as the numerical simulations for the full 3D transient analysis, have been cross-checked and compared to 
experimental data. The Finite-Volume Method (FVM) solver is the free CFD software OpenFOAM V1712 [23,24]. The measurements 
were obtained from a physical test model of the microgenerator to produce micro-ampére currents into a resistive external electrical 
circuit. The size of the MHD generator under consideration belongs to the sub-millimeter class. To model the system, a classic MHD 
approach is employed [25]. Accordingly, some micro-scale effects that include heating, changes in the material properties, or the 
formation of Helmholtz layers [26] are not considered. However, in view of the fact that the no-slip condition is not satisfied on 
the polymer walls, the related effect is taken into account in the analytical and numerical model. Most of the existing models have 
been developed for micro-pumps [27] and can be easily adapted to describe the operation of a microgenerator. The literature reports 
analytical models for one- and two-dimensional (2D) problems [28,29], while three-dimensional numerical solutions are reported 
based on Finite Difference Methods (FDM) [30,31], Finite Element Methods (FEM) [32], and Finite Volume Methods (FVM) [33–35]. 
We chose the FVM as it is the most common approach to dealing with fluids in motion. And for the present work, the basic MHD 
model provided by OpenFOAM was adapted to process electromagnetic physics.

Having validated the numerical model, a parametric study was then carried out to find the geometry that boosts the generation 
of current (in a similar way to [19]). For this analysis, the shape of the micro-channel was altered so that the fluid could be naturally 
accelerated while fixing the magnetic flux density and volumetric flow constant. As the current is related to the velocity, a greater 
velocity would generate a larger current output. Hence, in addition to the baseline geometry, three shapes have been studied: 
progressive, arched, and wavy. All three shapes have the same basic square cross-section, the difference resides in the evolution of 
the shape of the channel over its length, i.e. in the longitudinal (axial) direction of the channel or, in other words, in the direction 
of the flow. For the progressive channel, the cross-section decreases linearly from the inlet to the outlet. For the arc channel, the 
longitudinal shape of the channel follows a parabolic curve. The inlet and outlet cross-sections are identical. For the sinusoidal shape, 
the longitudinal shape of the channel follows a sinusoidal pattern. Here too, the inlet and outlet are identical. It is found that the arc 
channel yields the largest amount of current for a given flow benefiting from a Venturi effect due to the constriction of the channel. 
Such simple geometries can increase the energy gain of MHDMG augmenting their efficiency and leading to the manufacture of 
cheap microsensors and actuators.

2. Description of the microgenerator’s operation

The operation of the present microgenerator relies on the motion of an electrolyte, which is forced to flow inside a conduit 
completely immersed in an externally applied, static, magnetic flux density 𝐁a. The interaction of the charged fluid with the magnetic 
field induces an electromotive force (or e.m.f.). In turn, the e.m.f. establishes an effective current within the bulk of the fluid [9]. The 
electrolyte is set in motion by an imposed external pressure gradient. By virtue of the interaction between the induced current and 
the magnetic flux density, a Lorentz force arises and acts in opposition to the fluid’s motion causing, thereby, the so-called Hartmann 
breaking effect on the flow [36].

The baseline flow system consists of a micro-channel with a constant cross-section (hereafter referred to as the constant channel), 
a precision piston that supplies a finely tuned volume flow rate, and two permanent (neodymium) magnets that produce a constant 
magnetic flux across the bulk of the fluid [37]. The electrolyte itself is a saturated solution of sodium chloride (NaCl) diluted in triple-

distilled water at a molar concentration of 1.6 × 103 mol/m3. The constant channel consists of a laser-cut plate made of hydrophobic 
Polydimethylsiloxane (PDMS). Two transparent pieces of glass, coated with indium-tin-oxide (ITO), constitute the upper and lower 
walls of the channel. ITO-coated plates ensure an adequate electrical continuity between the fluid and the walls. Moreover, these 
walls collect the electrical current produced in the fluid and transfer it to an external electrical circuit. Tables 1 and 2 summarize the 
fluid properties and the relevant characteristics of the micro-channel. Fig. 1 illustrates its basic configuration.

3. Methods

3.1. Baseline analytical model

A simplified model that takes into account the hydrodynamic characteristics introduced by the PDMS walls is considered for 
the classical Hartmann problem. General assumptions are presented for the baseline model in the low magnetic Reynolds limit (i.e. 
Rem = 𝜎𝜂𝑢𝐿 ≪ 1). In this case, the electrolyte is an incompressible Newtonian fluid that circulates through a channel defined by 4 
3

walls. Mechanical and electrical interactions between the fluid and the solid walls are not modeled. In particular, the electric double 
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Table 1

Physical properties of the NaCl solution at a molar concentration of 
1.6 × 103 mol/m3 (Note: permeability taken from [1], other properties 
measured in the laboratory [38]).

Parameter Symbol Value Unit

Electrical conductivity 𝜎 12.54±0.13 S/m

Magnetic permeability 𝜇0 4𝜋 × 10−7 kg.m/s2.A2

Mass density 𝜌 1050±12.6 kg/m3

Dynamic viscosity 𝜂 2.3±0.035 × 10−3 Pa.s

Kinematic viscosity 𝜈 2.19 × 10−6 m2/s

Table 2

Geometric dimensions of the channel (see Fig. 2).

Parameter Symbol Value Unit

Channel length 𝐿 24±0.5 × 10−3 m

Edge length 𝑑 1.2±0.5 × 10−3 m

Wetted perimeter 𝑤 = 4𝑑 4.8 × 10−3 m

Cross-sectional area 𝑆 = 𝑑2 1.44 × 10−6 m2

Fig. 1. Microgenerator with a square cross-sectional channel and two permanent magnets. To generate current, an electrolyte is forced to flow into the channel at the 
velocity 𝐮 under a constant applied magnetic flux density 𝐁a. (a) shows a side view of the microgenerator. (b) shows a top view with details of the channel (2 thin 
flat pieces of glass coated with ITO and 2 PDMS walls).

layers are ignored in this approximation, since the electric potential measured in the actual experimental device is of the order of 
10−5 V [38], which is inversely proportional to the time-scale for electric screening [39]. On the other hand, the magnetic flux 
density is constant and homogeneous in the entire flow field. Even though surface tension effects are present at the measuring port, 
they imply a nearly constant-pressure offset in the steady-state regime.

Hydro-electrical interactions in the fluid are accounted for by the Lorentz force term introduced in the Navier-Stokes equations. 
In view of these considerations, the balance equations for the conservation of mass and linear momentum read (e.g. [9,40])

∇ ⋅ 𝐮 = 0, (1)

D𝐮
D𝑡

= −
1
𝜌
∇𝑝+ 𝜈∇2𝐮+

1
𝜌
𝐣 ×𝐁a (2)

The fluid’s mass density, 𝜌, and kinematic viscosity, 𝜈 = 𝜂∕𝜌, are constant properties, while 𝐮 and 𝑝 represent the local values 
of the velocity and pressure fields, respectively. The Lorentz force per unit volume is determined by the current density 𝐣 [A/m2] 
(induced in the fluid by virtue of its motion) and the applied magnetic flux density, 𝐁a = 𝐵a�̂�y, such that

𝐣 = 𝜎
(
𝐮 ×𝐁a

)
(3)

where 𝜎 is the electrical conductivity of the electrolyte.

Conservation of the electrical charge in the steady-state regime implies ∇ ⋅ 𝐣 = 0 and, consequently, the total current 𝐼 [A] 
generated by the microgenerator is given by

𝐼 = ∫
𝐴L

𝐣 ⋅ 𝐝𝐚 (4)
4

Note that 𝐴L = 𝐿𝑑 [m2] represents the area of the conducting wall taken along the channel’s length 𝐿 [m], as illustrated in Fig. 2.
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Fig. 2. Baseline geometry. The micro-channel of length 𝐿 has a constant square cross-section (𝑑 ×𝑑). This geometry was chosen for its simplicity to model analytically 
and to implement experimentally.

The analytical solution is obtained in Cartesian coordinates for the steady-state operation of a constant cross-section device. 
These conditions are satisfied by making D𝐮∕D𝑡 = 𝜕𝐮∕𝜕𝑡 + 𝐮 ⋅ ∇𝐮 = 0 in eq. (2). Two cases are subsequently considered: a) a flow 
that satisfies the no-slip condition (𝑢x = 0) on all four walls of the channel, and b) a flow that satisfies a finite slip-velocity condition 
(𝑢x = 𝑢s) on all four walls. The latter is expected to be sufficiently adequate for the case study at hand because two of the channel’s 
walls are made of a hydrophobic dense polymer (PDMS). Consequently, the normal velocity components vanish on the impermeable 
walls, and 𝑢y(±𝑑∕2, 𝑧) = 𝑢z(𝑦, ±𝑑∕2) = 0 [m/s]. Therefore, the fully developed flow is completely defined by the two-dimensional 
velocity field 𝐮 = 𝑢x(𝑦, 𝑧)�̂�x. Under similar considerations to those discussed by G. Ibañez et al. [40], equation (2) may be developed 
into

𝜕2𝑢x

𝜕2𝑦
+

𝜕2𝑢x

𝜕2𝑧
− Ha2

𝐿2 𝑢x =
1
𝜂

d𝑝

d𝑥
(5)

where the quantity Ha = 𝐵a𝐿
√

𝜎∕𝜂 defines the Hartmann number (a measure of the ratio between Lorentz and viscous forces); 𝜂
represents the dynamic viscosity, 𝜎 the electrical conductivity, 𝐵𝑎 the magnetic flux density, and 𝐿 the length of the channel. On 
average, the pressure gradient is constant and can thus be expressed as d𝑝∕d𝑥 ≈Δ𝑝∕𝐿, with Δ𝑝 = 𝑝in − 𝑝out accounting for the total 
pressure drop across the channel. Although diffusion effects dominate over advection effects of the magnetic flux density (since 
Rem ∼ 10−10) the flow is assumed to remain in thermal equilibrium with the environment in this relatively slow incompressible 
flow regime. Furthermore, the smallness of Rem also implies that the induced field is extremely weak with respect to the externally 
applied field, and so its effects may be ignored [9]. Such approximations greatly simplify the model because the electric field can 
also be conveniently decoupled from the magnetic field [40].

In view of the preceding arguments, equation (5) is integrated with the method of separation of variables (e.g. [41]). The 
separation procedure is straightforward in Cartesian coordinates and yields the solution

𝑢x (𝑦, 𝑧) = 𝑢s +
+∞∑
𝑛=1

𝑎𝑛

[
1 −

cosh
(
𝜆z,𝑛 𝑧

)
cosh

(
𝜆z,𝑛 𝑑∕2

)] cos
(
𝜆y,𝑛 𝑦

)
(6)

whose coefficients

𝑎𝑛 = (−1)𝑛
(

4
𝜋𝜂𝜆2

z,𝑛
(2𝑛− 1)

)(
Δ𝑝

𝐿
+ Ha2

𝐿2 𝜂𝑢s

)
, 𝑛 ∈ ℕ (7)

are determined by applying the boundary conditions defined in this case. The eigenvalues along the 𝑦− and 𝑧-directions are accord-

ingly given by

𝜆z,𝑛 =
√

Ha2∕𝐿2 + 𝜆2
y,𝑛

(8)

and

𝜆y,𝑛 = (2𝑛− 1)𝜋∕𝑑 (9)

Clearly, the slip-velocity term in eq. (6) becomes 𝑢s = 0 for no-slip condition and 𝑢s ≠ 0 for finite-slip condition. An accurate 
estimate of the finite-slip velocity can be obtained from the actual experimental data (refined solutions explicitly derived in terms of 
the slip lengths can be found in [42]). Based on the flow rates and the pressure drop measured in the laboratory (see section 3.3), the 
average velocity is computed as 𝑢= 𝑞∕𝑆 and then compared with the value given by eq. (6). Knowing the expression of the average 
velocity 𝑢 over the cross-section of the channel from eq. (6) and its relation with the volumetric flow rate, it is possible to infer the 
slip velocity whose expression is given below

𝑢𝑠 =
𝑞 −

Δ𝑝

𝐿

+∞∑
𝑛=1

𝑐𝑛

[
𝑑 − 2

𝜆z,𝑛

tanh
(

𝜆z,𝑛

𝑑

2

)]
2

Ha2𝜂 +∞∑ [ 2 (
𝑑
)] , (10)
5

𝑑 +
𝐿2

𝑛=1
𝑐𝑛 𝑑 −

𝜆z,𝑛

tanh 𝜆z,𝑛 2
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with coefficients

𝑐𝑛 = −
8

𝜋𝜂𝜆2
z,𝑛

𝜆y,𝑛(2𝑛− 1)
, 𝑛 ∈ ℕ (11)

This expression gives the relation of the slip velocity with the characteristics of the channel and the properties of the fluid. This 
expression can be then used in the numerical model if required to get the proper boundary conditions. Here, the estimated values 
indicate that this velocity represents only 2% to 5% of the average velocity, �̃�, for the volume flow-rates of interest, 𝑞, which vary 
in the interval from 10 𝜇 L/s to 40 𝜇 L/s. Consequently, the slip velocity was disregarded to simplify the subsequent analysis. The 
impact of this choice was further assessed by estimating the induced currents for different slip velocities. It was found that the finite 
slip velocity had, indeed, a negligible effect on the pressure and the induced currents. Overall, the relative change was less than 
4% for the pressure and 2% for the current (at 𝐵a = 0.3 T for the prescribed volume flow rates). These values are well within the 
experimental errors (see section 3.3 for details).

Theoretical estimates of the volume flow rates for the cases of interest can be obtained through direct integration by using the 
expression for the velocity

𝑞 = ∫
𝐴

𝐮 ⋅ 𝐝𝐚 = 𝑑2𝑢s + 𝑑2
+∞∑
𝑛=1

𝑏𝑛

[
1 − 2

𝜆z,𝑛𝑑
tanh

(
𝜆z,𝑛

𝑑

2

)]
(12)

where 𝐴 represents the channel’s cross-section. The expansion coefficients are

𝑏𝑛 = −
8

𝜋𝜂𝜆2
z,𝑛

𝜆y,𝑛 (2𝑛− 1)

(
Δ𝑝

𝐿
+ Ha2

𝐿2 𝜂𝑢s

)
, 𝑛 ∈ℕ (13)

In turn, the current generated in the channel is computed from (3)

𝐼 = 𝜎𝐵a ∫
𝐴L

𝑢x d𝑎 = 𝜎𝐵a𝐿𝑑

[
𝑢s +

+∞∑
𝑛=1

𝑏𝑛

(
1 − 1

cosh
(
𝜆z,𝑛 𝑑∕2

))]
(14)

Equations (6), (12) and (14) were solved with an in-house code (programmed in Python 3.6) in which up to 50 terms of the series 
were considered.

3.2. Numerical model

New geometrical configurations of the channel were investigated by performing numerical simulations with the MHD solver 
contained in the open-source software OpenFOAM [43]. In this solver, the divergence-free magnetic flux density was ensured by 
means of the same approach as of the Pressure-Implicit with Splitting of Operators (or PISO) algorithm that is used to compute the 
pressure-velocity coupling in the Navier-Stokes equation (2) [44]. The derived algorithm is referred to as B-PISO, 𝐵 for the magnetic 
flux density [45]. It should be noted that the PISO algorithm is a well-established numerical scheme. It is part of the classic algorithms 
to treat incompressible flows alongside the SIMPLE algorithm. It was proposed in the 1980s demonstrating robustness and stability 
at a fast computational time compared to the latter [46]. By introducing a fictitious magnetic-pressure gradient, −∇ 

(
𝑝m

)
, on the 

left-hand side of eq. (3), the PISO algorithm could be adapted to tackle MHD problems. The details of the implementation of the 
algorithm can be found in the manual of the MHD solver (mhdFoam) of the OpenFOAM [47].

The magnetic pressure together with the Maxwell-Faraday equation, ∇ × 𝐣 = −𝜎𝜕𝐁∕𝜕𝑡, this yields the following set of (coupled) 
equations [48]

∇ ⋅ 𝐮 = 0 (15)

𝜕𝐮
𝜕𝑡

+ (𝐮 ⋅∇)𝐮− 𝜈∇2𝐮− 2𝛾m

(
𝐁a ⋅∇

)
𝐁a + 𝛾m∇2|||𝐁a

|||2 = −
1
𝜌
∇(𝑝) (16)

𝜕𝐁a

𝜕𝑡
− 𝛼m∇2𝐁a +∇ ⋅

(
𝐮𝐁a

)
−
(
𝐁a ⋅∇

)
𝐮 = −∇

(
𝑝m

)
(17)

in which

𝐣 ×𝐁a =
1
𝜇0

(
𝐁a ⋅∇

)
𝐁a −

1
2𝜇0

∇2|||𝐁a
|||2 (18)

and

∇×
(
𝐮 ×𝐁a

)
=
(
𝐁a ⋅∇

)
𝐮−∇ ⋅

(
𝐮𝐁a

)
(19)

were used. Also, note that 𝛾m = 1∕ 
(
2𝜌𝜇0

)
and 𝛼m = 1∕ 

(
𝜎𝜇0

)
.

The spatial discretization of equations (15), (16) and (17) was realized within the framework of the Finite Volume Method, 
6

and the time integration was handled with an Implicit Euler Method. Stability and convergence were ensured since the Courant-
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Fig. 3. Boundary conditions of the baseline geometry for the numerical model. These boundary conditions are the same for the other geometries studied here.

Fig. 4. Schematic drawing of the apparatus used in the experimental setup. The micro-channel is found between the two permanent magnets.

Friedrichs-Lewy number was below 0.4 for the smallest time-step (Δ𝑡 ≈ 5 ms). The overall simulation time was set to 2 s, well within 
the steady-state regime. Finally, Fig. 3 illustrates the boundary conditions under consideration for the baseline model and other 
geometries.

3.3. Experiments

Experiments were carried out to validate the predictions of the analytical and the numerical baseline models. Fig. 4 shows a 
diagram of the experimental setup. A Keysight B2987A Electrometer (with a minimum current resolution of 10−17 A) was connected 
to the electrically conducting walls of the channel, thereby effectively closing the electrical circuit.

A Honeywell High Accuracy Silicon Ceramic Differential Pressure Sensor (model HSCDRRN001NDA-A5) was installed to measure 
the pressure drop across the channel. In addition, a high-accuracy KD-Scientific picoliter pump (model Legato 185) was connected 
to the inlet. A finely tuned volume-flow rate of electrolyte was supplied within the interval ranging from 10 to 40 𝜇 L/s (i.e. 1.0 to 
4.0 ×10−8 m3). A Hall effect probe was placed on top of the channel to measure the magnetic flux density; on average, the registered 
value was 0.3±0.3 T. A Brookfield DV2T viscometer was used to verify the actual viscosity value in each test.

The electrolyte was created by saturating triple-distilled water with sodium chloride to a concentration that maximized its electri-

cal conductivity. Its electrical conductivity was subsequently determined with an Oakton PC2700 series instrument (with a resolution 
of 0.01/0.1 Ω and accuracy of 1% across the full scale). Relevant physical properties of the electrolyte are summarized in Table 1. 
7

Further details on the laboratory procedures may be consulted in [38].
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Fig. 5. Numerical results of the velocity profiles for 𝐵a = 0.3 T. (a) Computed velocity profiles over a line crossing the cross-section of the channel in the 𝑂𝑦 direction 
at mid-length into the channel. (b) Contours of the velocity over the cross -section of the channel at the same position for 𝑞 = 40 𝜇 L/s (4 × 10−8 m3/s).

Fig. 6. Numerical and experimental results of the pressure for 𝐵a = 0.3 T. (a) Measured and computed relative pressures over the channel (Δ𝑝 = 𝑃in − 𝑃out). (b) 
Simulated pressure 𝑝 along the length of the channel for 𝑞 = 40 𝜇 L/s. The dashed line in the inserted figure represents the line over which the pressure is plotted. 
The inserted figure shows the map of the pressure over the surface 𝐴L.

4. Results

The total pressure drop Δ𝑝 and the current 𝐼 predicted by the analytical and numerical models were contrasted with the exper-

imental measurements obtained for the previously stated volume flow rates. In addition, the velocities predicted by both types of 
models were also compared. Fig. 5a shows the (numerically) computed velocity profile at a cross-section located midway between 
the inlet and outlet of the channel. The velocity contours shown in Fig. 5b are in full agreement with those produced by the analyt-

ical solution. No Hartmann breaking effects are discernible in these profiles [49]. This was anticipated in view of the fact that the 
Hartmann number is quite low, i.e. Ha ≈ 4.4 × 10−2 (see Table 3).

In accordance with previously reported investigations, the values of all relevant dimensionless parameters are consistent with the 
experimental ranges for this kind of device [1]. Besides the Hartmann number, the Magnetic Reynolds and the Stuart numbers also 
indicate that the electromagnetic forces are negligible with respect to the viscous and inertial forces. Therefore, the motion of the fluid 
is essentially governed by viscous and inertial forces rather than electromagnetic forces. This explains why the Hartmann-breaking 
effect is hardly noticeable in the present case.

To check the consistency of the results, three different ways of calculating the pressure over the length of the channel (Δ𝑝 =
𝑃in − 𝑃out) are compared to the experimental measurements so that Fig. 6a shows: 1) the experimentally measured pressure Δ𝑝ex, 
2) the pressure computed with the (OpenFOAM) numerical model, 3) the pressure obtained with the analytical formula and 4) the 
pressure calculated with a simplified analytical model that assumes laminar flow with a friction coefficient given by 𝜆 = 64∕Re, but 
without the Hartmann effect. A good agreement is observed between the models and the experimental measurements. Similarly, 
Fig. 6b shows the position-dependent development of the pressure, 𝑝(𝑥), along the channel for 𝑞 = 40 𝜇 L/s. Except for the slight 
entrance effect caused by the development of the flow at the inlet of the channel, the remaining part of the pressure profile is 
8

quasi-linear. The respective entrance length is 𝑙𝑒 < 2 mm, that is 𝑙𝑒∕𝐿 ≈ 0.08.
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Table 3

Relevant magnetic and fluid numbers for 𝐵a = 0.3 T and 𝑞 = 40 𝜇 L/s [1].

Parameter Expression Value Comment

Reynolds number Re =
𝑢𝐿

𝜈
15.1 Laminar flow

Magnetic Reynolds number Rem = 𝜇𝜎𝑢𝐿 1.3 × 10−10 magnetic diffusivity >> advection

Hartmann number Ha =𝐵a𝐿

√
𝜎

𝜂
4.4 × 10−2 Lorentz force << viscous force

Stuart number N =
𝐿𝜎𝐵a

2

𝜌𝑢
5.1 × 10−4 Lorentz force << inertial force

The currents produced with an external field 𝐵a = 0.3 T are compared in Fig. 7a. The plots correspond to the computed cur-

rents as well as the experimental measurements for different flow rates. Error bars are provided for both the experimental data 
and the analytical predictions. In the former case, the deviations from the mean behavior were determined via the statistical 
treatment of the data, with the mean and the (unbiased) standard deviation estimates respectively given by 𝐼 = 1∕𝑁

∑𝑁

𝑛=1 𝐼𝑛 and 

𝜎𝐼 =
√

1∕(𝑁 − 1)
∑𝑁

𝑛=1(𝐼𝑛 − 𝐼)2 (e.g. [50]). For the latter case, however, a Monte Carlo process was implemented to compute the 
average value and the standard deviation of the results fed into the model; the input parameters were assumed to follow normal 
distributions. The corresponding average and standard deviation values of the input parameters are collected in Tables 1 and 2. 
Both models provide similar results in the micro-ampere interval from 1.5 to 4 𝜇A. Nevertheless, the predicted values diverge from 
the experimental measurements for volume flow rates above 20 𝜇 L/s. While the computed current 𝐼 evolves linearly with 𝑞 (as 
expected, since 𝐼 = �̃�x𝐵a𝐴 on average), the experimental current appears to flatten with increasing flow rates.

Various factors may lead to variations in the measured currents. Presently, the possible, albeit less studied, effects introduced 
by wall deformations of the channel are quantified. It is recalled that the channel is made of a flexible plastic material susceptible 
to mechanical deformation. It should be noted that the assumptions of our basic modeling approach do not account for chemical 
interactions between the electrolyte and the walls, the polarization of the fluid (capacitor effect), and coupling effects with the 
external electrical circuit. Furthermore, the static deformation of the walls is considered to be small because the electric potential 
is low (∼ 10−5 V) and the related force is 𝐹 ∝ 𝑉 2 (where 𝑉 is the voltage) [51]. Instead, we focus on the analysis of the two cases 
illustrated in Fig. 8: 1) the narrowing of the channel’s cross-section caused by slight material dilatation and contraction effects in 
the low flow rate regime, and 2) a channel’s cross-section expansion caused by the mechanical action of the pressures produced 
with sufficiently high flow rates. The percentages shown in the figure indicate the degree of deformation measured at the channel’s 
midsection.

The simulations indicate that the deformation of the walls can play a major role in the current output. This can be observed in 
the plots of Fig. 7b, where the improved agreement between results is notable. Note that the lowest deformation corresponds to a 
25% reduction of the mid-section at 𝑞 = 10 𝜇 L/s, while the highest deformation corresponds to a 75% expansion at 𝑞 = 40 𝜇 L/s. The 
obtained results suggest that (soft) PDMS walls may undergo significant deformations during the operation of the microgenerator at 
high volume flow rates. Nevertheless, other previously mentioned effects must be subjected to further investigations [26]. Indeed, 
it is expected that a non-negligible part of the discrepancy in the current may be not solely due to the mechanical deformation 
providing a clearer picture of the saturation of the current at increasing flow. Hence, in a future continuation of the present work, 
the mechanical and electrical (capacitive) effects impacting the magnitude of the generated current will be explored by changing 
the properties of the material and the fluid (e.g. by replacing the electrolyte with a liquid metal to determine the extent to which 
ionic charges affect the nature of the process) alongside a numerical model including more refinements such as the electrostatic field 
developed between the conductive walls of the channel.

4.1. Impact of the channel’s geometry on the generated current

In view of the impact that the variations of the cross-section have on the generated current, it is relevant to study the effects 
produced by specific shapes of the channel. Three distinct geometries which may boost the current output for the same volume flow 
rate of the baseline model were tested. Thus, in addition to the constant channel (a), the progressive channel (b), the arched channel 
(c), and the wavy channel (d) illustrated in Fig. 9 are analyzed. The progressive channel is characterized by a constant decrease of 
the cross-section in the 𝑂𝑧 direction (i.e. along the length of the channel). The arched channel resembles a de Laval nozzle with a 
symmetrical contraction-expansion design about the throat section. The wavy channel has a sinusoidal development of all its walls 
in the 𝑂𝑧 direction. Note that the 𝑂𝑧 direction was chosen to maintain the surface area over which the current is computed, 𝐴L, 
equal in every case.

Fig. 10 shows the currents produced by each geometry. For cases (a) and (c), the velocity profile in the longitudinal mid-plane 
(shown as a colored map) is not fully symmetrical with respect to the center of the channel. This slight asymmetry is due to the 
non-linear development of the pressure near the inlet 6b. The entrance effect is amplified by the geometry and terminates in the fully 
developed flow region.

In comparison with the baseline case (a), the best option to boost the current output is the arched channel (c). On the other hand, 
the progressive channel (b) leads to a substantial decrease in the current. For a constant surface 𝐴L and a constant applied magnetic 
9

flux density 𝐵a, the current depends essentially on the local velocity 𝑢x, as indicated by (14). Clearly, the maximum acceleration of 
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Fig. 7. Measured and computed currents at 𝐵a ≃ 0.3 T. (a) experimental data compared to results obtained from the OpenFOAM software and the analytical formula. 
(b) adjustment of the numerical results by deforming the shape of the channel.

Fig. 8. (a) deflated channel by -25% at mid section over 𝑂𝑦 and 𝑂𝑧 direction. (b) inflated channel by +50% and +75% at mid section over 𝑂𝑦 and 𝑂𝑧 direction.

Table 4

Average velocities 𝑢x = Σ𝑢𝑥,𝑛∕𝑁 across the plane (𝑂𝑥𝑦) for 𝐵a = 0.3 T and 𝑞 =
40 𝜇L/s. The relative value is referred to the case (a). “-” and “+” indicate loss and 
gain, respectively.

Case study Value [cm/s] Relative value =

(
𝑢x − 𝑢x,ref

𝑢x,ref

)
[%]

Constant channel (a) 3.89 Reference, �̃�x,ref

Progressive channel (b) 3.10 -20

Arc channel (c) 6.25 +61

Wavy channel (d) 1.14 -71

the fluid is attained at the throat of the arched channel in view of the Venturi effect (see Fig. 11c). In the case of the progressive 
channel (Fig. 11b) the average velocity is significantly lower than the one produced by all other geometries for the same volume 
flow rate (e.g. 1.85 cm/s against 2.77 cm/s for the constant channel). Note that the acceleration towards the outlet is not enough 
to compensate for the reduced average velocity. With the wavy channel (d) the Venturi effect emerges at the contracted sections 
which are periodically located along the channel (Fig. 11d). Even though the current produced by this geometry is not as high as in 
the case of the arched channel, the fact that the electric field can be enhanced in certain controllable parts of the flow system offers 
interesting possibilities for potential applications in micro-devices [19].

Table 4 summarizes the average velocities in each case for the prescribed applied magnetic field and flow rate (𝐵a = 0.3 T and 
𝑞 = 40 𝜇 L/s). It is noteworthy that the maximum velocity gain of +61% is attained with the arched channel (c), while the largest 
percent velocity reduction of -71% is attained with the progressive channel (d). Clearly, the current’s gain and loss are proportional 
10

to these velocities’ gain and losses.
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Fig. 9. Geometries of interest: (a) constant channel (baseline case), (b) progressive channel, (c) arc channel, and (d) wavy channel. The wavy shapes lie in the (3, 7, 
6, 2) and (0, 1, 5, 4) planes with a wave amplitude representing 50% of the channel edge 𝑑.

Fig. 10. Comparison of currents obtained for the three geometries investigated (𝐵a = 0.3 T).

5. Discussion

A microgenerator was built to determine the main parameters affecting the current output to an external circuit. The flow 
system involved a square cross-section channel made with two PDMS (soft) walls and two (electrically conducting) ITO walls. This 
microgenerator was fully embedded in the homogeneous region of an externally applied magnetic induction field generated by 
neodymium magnets.

Analytical and numerical models (developed in OpenFOAM) were validated with the experimental data collected under controlled 
11

conditions in the laboratory. A channel with a constant cross-section served as a baseline case. The currents measured in this baseline 
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Fig. 11. Velocity magnitude in the plane (𝑂𝑥𝑦). The images were re-scaled in the 𝑂𝑥 direction by a factor of 0.3 to fit into the frame of the figure.

experimental model were found to be slightly above 2.5 × 10−6 A for volume-flow rates of 4.0 × 10−8 m3∕s (𝑞 = 40 𝜇 L/s) and 
magnetic field of 𝐵a = 0.3 T.

The observed discrepancies between the currents predicted by the model and the experimental data require further investigation. 
The pressure-driven expansion of the PDMS walls could account for the decrease of the current with significant deformations of the 
channel but it is certainly not the only factor here. The complex effects related to the motions of ionic charges in the bulk of the fluid 
could have a strong effect on the current output as well. Future works should involve a refined model that includes factors, such as 
the capacitance effect via the generation of an electrostatic field between the conductive walls of the channel. Experiments combined 
with modeling should provide the means to pinpoint the origin of the nonlinear dependence of the current on the volume flow rate.

Beyond the naturally occurring mechanical deformation, it was shown that the shape of the channel can be used to control the 
current generation. In particular, it is possible to boost, or decrease, the current output by means of simple geometrical variations of 
the cross-section. Maximum current output was achieved with an arched channel, whereas the progressive channel lead to a current 
reduction. It appears that Venturi-shaped channels would be the best option to produce significant current gains. On the other hand, 
wavy channels produce an increased current output in specific places inside the flow system. In this sense, one could profit from such 
manipulations of the electric field and the associated electrical current in specific applications by sectioning the electrodes of the 
channel thereby providing different currents arising from different local geometries, for instance. Clearly, the geometrical variations 
of the cross-section represent a simple and practical way to control the internal electric field and power output of the microgenerator 
in applications. Interestingly, the behavior found here can be also applied to the most common micro-pumps as they rely on the same 
physics.

6. Conclusion

The present work dealt with the impact of the longitudinal/axial geometry of the channel on the current output of a micro-

generator for low Reynolds and Mach regimes in the sub-millimetric scale. A numerical model based on the finite volume method 
was solved with the open-source software OpenFOAM and validated to study different geometries and find the best one to maxi-

mize the current gain of the device. Experimental data were obtained from a microgenerator made of a constant squared-shaped 
cross-sectional micro-channel. A 2-D analytical solution for the steady state was obtained to gain further insight into the underlying 
physics, as well as to provide some checks on the fundamental assumptions of the numerical model.

It was observed that the models agree reasonably well with experimental data if one accounts for the mechanical deformation 
of the micro-channel under the pressure of the fluid. Having validated the numerical model, different shapes have been studied, 
progressive (the cross-section decreases linearly over the length of the channel), arc (parabolic shape), and wavy (sinusoidal pattern). 
We found that the arched channel supplies the largest amount of current for a given flow benefiting from the Venturi effect provided 
by the natural concave shape of the channel. This is, therefore, the preferred geometry, as it is simple enough for easy manufacturing 
while maximizing the current gain and, consequently, the overall efficiency.

Future spin-off works can encompass experimental and numerical tasks. The numerical model can be further improved by adding 
the electrical potential and by providing the basis for the capacitor effect found in the microgenerator. Different fluids and geometries 
can be studied experimentally providing further data to find the best combination between material properties and geometries.
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