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Abstract
The present paper is conducted to develop a new structure of an electromagnetic pump capable of controlling the magnetic 
field in a rectangular channel. Common electromagnetic pumps do not create uniform velocity profiles in the cross-section 
of the channel. In these pumps, an M-shape profile is created since the fluid velocity in the vicinity of the walls is higher 
than that in its center. Herein, the arbitrary velocity profiles in the electromagnetic pump are generated by introducing an 
arrayed structure of the coils in the electromagnetic pump and implementing 3D numerical simulation in the finite element 
software COMSOL. The dimensions of the rectangular channel are 5.5 × 150 mm2. Moreover, the magnetic field is provided 
using a core with an arrayed structure made of low-carbon iron, as well as five couples of coils. 20% NaoH solution is utilized 
as the fluid (conductivity: 40 S/m). The arrayed pump is fabricated and experimentally created an arbitrary velocity profile. 
The pressure of the pump in every single array is 12 Pa and the flow rate is equal to 3375 mm3/s. According to the results, 
there is a good agreement between the experimental test carried out herein and the simulated models.

Article highlights

•	 This is the first time that the idea of arrayed electro-
magnetic pump is presented. This pump uses a special 
arrayed core with coils; by controlling the current of 
each coil and the direction of the currents, the mag-
netic field under the core could be adjusted. By chang-
ing the magnetic field at any position in the width of 
the channel, the Lorentz force alters, which leads to 
different velocity and pressure profiles.

•	 Using COMSOL multiphysics software, the electromag-
netic pump was simulated in real size compared to the 

experimental model. Subsequently, the simulation 
model was verified and different velocity profiles were 
generated by activation and deactivation of different 
coils. The pressure and velocity curves and contours 
were extracted.

•	 The experimental setup was manufactured and assem-
bled. NaOH solution was utilized as the fluid. After-
wards, different modes of coil activations were inves-
tigated and the pressure and velocity profiles of the 
pump were calculated.

Keywords  Arrayed magnetic pump · Velocity profile · Numerical solution

List of symbols
Je	� External current density, A∕m2

N	� Number of windings
I	� Current, A

A	� Cross section area of the coil, m2

H	� Magnetic field strength, A∕m
J⃗	� Current density vector, A∕m2

σ	� Electrical conductivity, S∕m
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ρ	� Fluid density, kg∕m3

B⃗	� Magnetic flux density vector, T
E⃗	� Electric field vector, V∕m
u⃗	� Fluid velocity vector, m∕s

p	� Pressure, pa
F⃗L	� Volumetric Lorentz force density vector, N

/

m3

g	� Earth gravity, m∕s2

V	� Fluid volume, mm3

Q	� Volumetric flow rate, mm3∕s

t	� Time, s

1  Introduction

The fluid flow plays an enormous role in most industrial 
processes. Numerous pumps have been employed in 
industry, among which electromagnetic pumps have a 
long life and less leakage owing to their non-contact and 
absence of moving components [1]. In electromagnetic 
pumps, a Lorentz force in the direction perpendicular to 
the current and the magnetic field is created by passing 
an electric current through a conductive fluid, such as salt-
water, and by concurrently applying a high-intensity mag-
netic field perpendicular to the electric current. The idea of 
using an electromagnetic pump for the cooling system of 
the nuclear reactor in order to move molten sodium fluid 
was established in 1960. This idea was developed in 1970 
and different types of electromagnetic pumps were uti-
lized in foundry industries and melt pumping of electricity-
conductor metals [2]. The alternating current (AC) pumps 
have higher efficiency in comparison with the direct cur-
rent (DC) ones; however, their manufacturing cost and 
maintenance are higher [3]. Common electromagnetic 
pumps do not make uniform velocity profiles; the fluid 
velocity in the vicinity of the walls is higher than that in its 
center. Accordingly, they create an M-shape velocity pro-
file in the cross-section of the channel. Several numerical 
solution approaches were developed over the 20 recent 
years; for example, in 1991, Ramos et al. [4] used a numeri-
cal method to study the fluid flow in the electromagnetic 
pump. In their research, the fluid flow was a function of 
the Reynolds number, electrode length, and conductiv-
ity of the walls. The fluid velocity profile was obtained in 
the form of an M-shape velocity profile, which got more 
intense with the increase in the Reynolds number and 
electrode length. Furthermore, Hughes investigated the 
fluid flow in microscopic dimensions [5]. Andreev et al. 
studied fluid flow under the influence of a heterogene-
ous magnetic field two-dimensionally; in their research, 
the Hartmann number was 400 and the Reynolds num-
ber was considered between 500 and 16,000. Eventually, 
they identified three turbulent areas, namely a turbulence 

suppression region, a vertical region, and a wall jet region 
[6]. Additionally, a 3D simulation of planar flow was carried 
out by Votyakov and his result was compared to the exper-
imental ones [7]. Daoud et al. also presented a 3D simu-
lation of a DC electromagnetic pump for aluminum melt 
with a high Reynolds number and non-uniform magnetic 
field. They used two permanent magnets at the upper and 
lower parts of the rectangular channel to create the mag-
netic field. Moreover, they simulated an electromagnetic 
pump which acted as a pump and a brake. In the brake 
status, the magnetic direction and applying fluid flow are 
in a way that the Lorentz force is applied on the opposite 
direction of the fluid movement [8]. Aoka et al. in 2013, 
experimentally and numerically studied the electromag-
netic pump with permanent magnet and electrolyte fluid. 
They used COMSOL for solving the Navier–Stokes equa-
tions coupled with the Maxwell equations [9, 10]. Jamal-
abadi et al. analytically investigated the effect of magnetic 
and electrical angular frequency on the velocity distribu-
tion in a magneto-hydro-dynamic pump as a ship propul-
sion system [11]. Dong et al. developed electromagnetic 
transport (EMT) process with plane induction electromag-
netic pump (EMP) for transporting liquid aluminum alloy 
during casting. They employed the numerical model for 
analyzing the parameter of the rectangular EMP on EMT 
performance and showed that the irregular outflow is 
unfavorable to the precise control of EMT process and that 
the air entrapment would cause oxidation and is harmful 
to the quality of casting [12–14]. In 2015, Abdullina et al. 
simulated the liquid metal flow in an electromagnetic field. 
They used ANSYS for numerical calculations [15]. In 2016, 
Derakhshan et al. examined the relationships governing 
electromagnetic micropumps. In microdimensions, they 
studied the effect of different parameters, including chan-
nel height, magnetic field size, and electrode current on 
the pump performance. Their investigation was carried out 
experimentally and numerically; the experimental results 
and simulation were then compared [16]. The majority 
of the recent research in the field of the electromagnetic 
pump are related to the cooling cycle of the nuclear power 
plants. Sodium molten metal has been utilized in the cool-
ing cycle owing to its features. Due to its high tempera-
ture and special conditions, molten sodium is displaced by 
employing an electromagnetic pump. Geza et al. numeri-
cally simulated a large electromagnetic pump used in a 
power plant with sodium, as the coolant liquid [17]. Kim 
et al. successfully moved molten sodium in a 64 cm diam-
eter channel with an electromagnetic pump having a flow 
rate of 0.86 m3/s and optimized its hydraulic parameters. 
Their pump was of the circular linear arrangement, which 
was stimulated by an alternating current source [18]. In 
another work, they numerically and experimentally scru-
tinized a DC electromagnetic pump with permanent 
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magnets in a rectangular channel. Their fluid was molten 
lithium. To achieve the maximum pressure (1.5 MPa), they 
optimized electric parameters and pump dimensions at 
200 °C using a numerical method [19]. Wang et al. experi-
mentally created a closed cycle by the means of perma-
nent magnets; these magnets applied force to the fluid in 
two stages. The thickness of the channel was 4 mm. The 
instantaneous temperature of the fluid was also measured 
via a thermocouple. They simulated the effect of the two-
stage force applied to the fluid on the metal temperature 
in COMSOL and studied its performance in the cooling of 
electronic components. Their results indicated that the 
applied two-stage force contributed to improving the 
cooling performance [20]. Zakeri et al. in 2019, used finite 
volume method and numerically studied the effect of geo-
metrical parameters, such as depth, width, and length of 
the side electrodes, on micro pump performances with a 
rectangular channel. They showed that a wider channel 
with long electrodes could be used in favor of high per-
formance for high flow rates, high pressure, and energy-
efficient demands [21]. In 2020, Lee et al. numerically 
investigated the effect of flow velocity, applied voltage, 
magnetic flux density, Hartman number, and so forth on 
MHD pump performance in microchannel cooling system 
for heat dissipating element with different nanofluids 
[22]. Klüber et al. also presented a 3D simulation model 
to investigate the transition of turbulent hydrodynamic 
liquid metal flow towards a steady-state laminar MHD flow 
in a circular section. They reported the velocity profiles in 
different positions under a strong magnetic field [23]. In 
2020, Zhang et al. introduced a novel layered structure of 
an electromagnetic pump in order to displace the molten 
metal. They achieved an optimal structure of the layered 
pump by simulating it in COMSOL. They utilized a DC 
pump and their optimal channel structure consisted of five 
electromagnets and a continuous iron yoke. To increase 
the pressure of the pump, the channel height was consid-
ered 1.4 mm. In their research, the working temperature 
was lower than 120 °C [24].

In all the investigations conducted to date, the mag-
netic field across the channel in the electromagnetic 
pump has been considered to be uniform; as mentioned 
previously, one of the most common problems of elec-
tromagnetic pumps is the lack of uniform distribution of 
the velocity profile, particularly in liquid metal castings 
in which irregular outflow would cause serious problems 
in the quality of the casting pieces. The current paper 
aimed to investigate the feasibility of using a different 
magnetic fields in various areas in order to control the 
velocity profile. In Sect. 3 of this paper, the structure 
of the arrayed pump is introduced and the assembled 
experimental setup is shown. A DC electromagnetic 
pump with an arrayed magnetic field consisting of five 

couples of coils was designed and manufactured. Sec-
tion 4 explains how NaOH solution was used as the fluid 
and simulation of the pump and fluid was addressed in 
the finite element software COMSOL. In Sects. 5 and 6, 
the possibility of creating an arbitrary velocity profile in 
the arrayed electromagnetic pump is evaluated experi-
mentally and with a simulation approach by activating 
and deactivating the coils.

2 � Principles and equations 
of electromagnetic pumps

The performance principles of the electromagnetic 
pumps follow the Faraday induction law: if an electric 
conductor is placed in a flow field and has an electric 
current perpendicular to the magnetic field, a force is 
imposed to the conductor whose direction is perpen-
dicular to the field and current. Figure 1 depicts the sche-
matic of the electromagnetic pump.

The formulation of the steady state magneto hydro-
dynamic 3D model has been derived from the Maxwell 
equations (electromagnetic part) and the Ohm’s law for 
moving medium coupled with the Navier–Stokes equa-
tion and Continuity equation (fluid dynamics part). The 
governing equations solved by COMSOL in the numeri-
cal simulation could be summarized as follows:

Electromagnetic part:
The current density of coils is calculated as follows:

Ampere law is used to calculate magnetic field:

(1)Je =
NIcoil

A

(2)∇ × H = J

Fig. 1   The structure of the electromagnetic pump
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Ohm’s law is used to modify the current density:

Fluid dynamics part (Laminar flow model):
Navier–Stokes equation is employed to calculate the 

velocity of the fluid:

Incompressibility conditions of the fluid is used to solve 
the equation:

Volumetric Lorentz force is calculated as follows:

where σ , ρ , μ , B, J, E, u, and P are electrical conductivity, 
fluid density, dynamic viscosity, magnetic flux density vec-
tor, current density vector, electric field vector, fluid veloc-
ity vector, and pressure, respectively. The vectors of the 
magnetic flow density and current density are considered 
as follows:

According to Relation (6), the volumetric force compo-
nents are equal to:

(3)J⃗ = σ
(

E⃗ + u⃗ × B⃗
)

(4)ρ
(

u⃗ ⋅ ∇
)

u⃗ = ∇ ⋅

[

−pI + μ
(

∇u⃗ +
(

∇u⃗
)T
)]

+ ��⃗FL

(5)ρ∇ ⋅

(

u⃗
)

= 0

(6)F⃗L = J⃗ × B⃗

(7)B⃗ = Bxî + Byĵ + Bzk̂

(8)J⃗ = Jxî + Jyĵ + Jzk̂

(9)Fx = JyBz − ByJz

(10)Fy = JzBx − BzJx

The volumetric force components drive the fluid in the 
channel. In the simulation by COMSOL, these relations 
are defined in the laminar flow physic. By coupling the 
three different physics in COMSOL (Electromagnetic, DC 
conductive media, and laminar flow), the simulation can 
be carried out. The problem is solved using a stationary 
segregated solver.

3 � The structure of the arrayed 
electromagnetic pump

In the electromagnetic pump, the magnetic field is uni-
formly distributed across the fluid channel using the coil. 
Moreover, there is a slight difference in the density of the 
magnetic field. Meanwhile, in the current paper, the goal 
is to apply different magnetic fields in the direction of the 
channel width and the capability of controlling the density 
of the magnetic field in different sections. For this purpose, 
an arrayed structure was designed which creates a vari-
able and controllable magnetic field. Figure 2 represents 
the schematic of the core of the arrayed coil. The arrayed 
magnetic core consisted of five partitions which could 
apply different magnetic field from B1 to B5. By applying 
the magnetic field (the blue highlighted arrows) in the  − Y 
direction and the current (the green highlighted arrows) 
in + X direction, the movement of the fluid (the red high-
lighted arrows) would be toward the inside of the plane.

Based on Fig. 2, by activating each couple of the coils, 
the magnetic field is centrally created in that area of the 
channel. It should be mentioned that a different field was 
created by applying various currents in every single coil. 
If the directions of the magnetic and electric fields are 
from top to bottom and right to left, respectively, given 
the right-hand rule according to Eq. 6, the movement 

(11)Fz = JxBy − BxJy

Fig. 2   The schematic and 
dimension (in mm) of the core 
and the channel of a magnetic 
arrayed pump
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direction of the fluid and the applying of the Lorentz 
force will be perpendicular and inwards to the plane. The 
dimensions of the core were determined considering the 
bobbin dimensions of the coils. The width and height of 
the channel were 150 mm and 5.5 mm, respectively; the 
number of the coils was five couples. Therefore, according 
to the channel thickness, the final dimensions of the core 
were based on Fig. 2. As shown, the pump channel is in 
the form of separated channels and to make sure that the 
current circuit is closed, it is embedded as grooves under 
the electromagnets. Figure 3 shows the assembled view 
of the arrayed pump.

The electrodes were made of copper. The character-
istics of the NaOH saltwater defined in the software are 
presented in Table 1. Conductivity changes with the altera-
tions in the concentration of solution and in this research, 
20% NaOH solution was used, which had the highest con-
ductivity in water NaOH solution [25]. The pump channel 
was made with a 2.8 mm thick Plexiglas; the core material 
was low-carbon iron as well. The coils consisted of 130 
rounds of 0.5 mm diameter copper wire. A DC power sup-
ply was employed for coils activation; in addition, the elec-
tric field was provided by a 180-amp DC inverter device.

Figure 4 illustrates the assembled view of the pump and 
reservoir. As shown, the experimental setup is mounted in 
an inclined surface to guarantee a constant feed of fluid 
under the pump. The reservoir is filled with saltwater up to 
a height where the fluid is below the magnets.

4 � Numerical simulation of arrayed 
electromagnetic pump

According to the multiphysics nature of the rules gov-
erning the pump, the electricity, magnetic, and fluid 
flow phenomena should be combined to simulate func-
tion of the electromagnetic pump. For this purpose, the 
multiphysics software COMSOL, which is able to solve 
different physics and their combinations, was employed. 
The schematic of the pump modeled in COMSOL is illus-
trated in Fig. 5. The domain of the flow is given by a tank 
attached to arrays of rectangular flat channels. For the 
laminar fluid model, the inlet and outlet boundary con-
ditions of the rectangular channel were determined by 
the inlet pressure Pinlet = 0 and the end of the channels 
were closed. Incompressible flow was assumed and “No-
slip” velocity conditions were considered on the sides, 
top, and bottom walls of the channels and the tank. The 
end of each channel is defined as the walls to identify 
the blocking end. The arrayed core, coils, the number of 
turns in the coils, wire diameters, and current passing 
through them were defined in magnetic fields physics. In 
the experimental and simulation conditions, there were 
130 turns of 0.5 mm diameter wire in the coils and the 

Fig. 3   The assembled view of the pump

Table 1   NaOH characteristics

Parameter Value Unit

Relative permittivity (ɛr) 10 –
Electric conductivity 4 S/m
Density 1000 kg/m3

Dynamic viscosity 1.2 e−3 Pa.s
Relative permeability 1 –
Temperature 25 °C

Fig. 4   The assembled view of the electromagnetic pump test track

Fig. 5   The schematic of the pump modeled in COMSOL software
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passing current was also equal to 3 amp. Afterwards, by 
enabling and disabling the coils domains in this physic, 
the effect of activation and deactivation of the coils in 
the pump was investigated.

The current passing through a pump was defined 
in electricity physics. In this case, one electrode was 
defined as the terminal (the current is defined in this 
electrode) and the other one played the role of the 
ground. Initially, the magnetic physics and electricity 
were activated and afterwards, the Lorentz force was 
applied in the form of a volumetric force in the fluid 
physics after applying the magnetic field and current. 
The mesh convergence analysis was performed to ensure 
that the results are converged solutions. To do so, the 
pressure of the pump was considered as the output to 
compare the results in different mesh sizes. Four meshes 

were compared to different refinements. Table 2 shows 
mesh types and the number of used elements.

All the boundary conditions, like activated coils, coils 
current, and electrode currents, in the simulation were 
kept constant and only the mesh size changed. The mesh 
convergence could be seen in Fig. 6.

As could be seen in Fig. 6, the pressure of the pump 
increases with the rise in the mesh resolution and its con-
stant in Mesh3. Therefore, Mesh3 was considered to be 
refined enough to resolve the operations of the pump suf-
ficiently; this mesh was used for the rest of the simulations. 
Figure 7 shows the meshing view of the model. Another 
way to analyze the mesh is considering the minimum ele-
ment quality of the mesh in Statistic tab in COMSOL, which 
should be greater than 0.1 [26]. The meshing minimum 
quality was 0.15 with the elements number of 2,938,569.

5 � Numerical results

In this section, the effect of activating and deactivating the 
electromagnets on the output velocity (in the form of the 
velocity contour), pressure, and the fluid velocity diagram 
along the axial line of the electrodes are explained. Fig-
ure 8 exhibits the axial line passing through the electrodes, 
which is the evaluation location of the velocity. Because of 
the low conductivity of the saltwater, the Reynolds num-
ber in this simulation was below 500 and was simulated in 
a laminar flow physic in COMSOL.

Figure 9 demonstrates the magnetic field variations in 
the direction of the channel width once the middle elec-
tromagnet (number 3) is active. As could be seen, the mag-
netic field increased only in the middle part. The dashed 
vertical lines on the graph illustrate the wall of each single 
core. The magnetic field passed merely through the active 
electromagnet and the pump channel and traveled the 
path along the core.

In the simulation, the maximum pressure produced by 
the pump was identified through blocking the end of the 

Table 2   The number of elements for the four different meshes used 
to study mesh convergence

Mesh1 Mesh2 Mesh3 Mesh4

Resolution Normal Fine Finer EXTRA fine
Elements 34,915 70,262 293,859 655,477
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Fig. 6   Mesh convergence plot of the pressure

Fig. 7   The meshing view of the 
model and number and the 
type of the elements
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channel. As shown in Fig. 10, the maximum pressure was 
equal to 12 Pa at the front part of the pump. It suggested 
that adjacent channels are slightly affected by the acti-
vated coil. It is worthy to note that the low pressure of the 
pump was because of the low conductivity of the saltwater 
solution.

Figure 11 shows the profile of the pressure variations in 
the longitudinal direction. The pressure changes after and 
before the pump. The red line area in Fig. 11 is the affected 
zone under the pump. As shown in Figs. 10 and 11, the 
pressure gradient changes by the pump, indicating the 
correct performance of the simulated model.

In Fig. 12, the velocity variations underneath the coils 
are shown three-dimensionally. As can be seen, the maxi-
mum velocity was underneath the middle coil. This indi-
cated the concentration of the Lorentz force applied in 

Fig. 8   The axial line of the electrodes (the evaluation location of 
the fluid velocity)

Fig. 9   The magnetic field profiles and lines once the middle coil 
was active

Fig. 10   The contour of the pressure variations in the middle array 
active mode and the closed channel end

Fig. 11   The profile of the pressure variations in the simulation in 
longitudinal direction

Fig. 12   The 3D contour of the velocity variations
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this area and confirmed the accuracy of the performance 
of the arrayed electromagnetic pump.

Figure 13 depicts the pressure variations in activating 
mode of the coils number 2 and 4. Based on this figure, 
channels 2 and 4 are independent of each other; therefore, 
the pressure is separately imposed to each of these chan-
nels. As can be seen, the magnetic flux slightly affected 
channel number 3, in which the pressure was nearly 3 Pa. 
The pressure in both channels number 2 and 4 was equal 
to 12 Pa.

Based on Fig. 14, the electromagnets number 2 and 
4 are active, but the current directions of the coils are 
in opposite directions. In this case, the direction of the 

magnetic fields in the channels had a 180° difference. Due 
to this, the Lorentz force was applied in the opposite direc-
tion as well.

Figure 15 exhibits the pressure variations in this mode. 
As shown, the pressure changes in the two modes have 
a converse relationship. It shows the difference between 
the suction and head of the pump when two coils are acti-
vated in opposite directions.

Figure 16 represents the 3D variations of longitudinal 
component of the velocity underneath the electromag-
nets. The magnitudes of the velocity are equal, but in 
opposite directions, demonstrating that driving Lorentz 
forces can be generated in each subchannel, individually 
or separately.

In the last mode, all the arrays were activated simulta-
neously. Figure 17 illustrates the magnetic field lines and 

Fig.13   The pressure variations of the active electromagnets num-
ber 2 and 4

Fig. 14   The variations of contour and magnetic field lines of the 
active arrays number 2 and 4 in opposite directions

Fig. 15   The pressure variations of the active arrays number 2 and 4 
in the opposite directions

Fig. 16   The 3D contour of the velocity variations in the longitudi-
nal direction of the active array pumps number 2 and 4 in opposite 
directions
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its profile of variations in the transverse direction below 
the coils. As can be seen, an equal magnetic field is distrib-
uted under each coil across the channel.

According to Fig. 18, similar to regular electromagnetic 
pumps, the velocity variations on the sides are higher than 
those in the center; thus, the velocity profile is in the form 
of M-Shape.

6 � Experimental results

To verify the simulation results, the arrayed electromag-
netic pump was manufactured and tested experimentally. 
The experimental tests are presented in Fig. 19. It should 
be mentioned that the current of the coil was 3 amp dur-
ing the experimental tests. Due to the low conductivity of 
water solutions, the pressure level of the pump was not 

sufficient to use any pressure gages. In order for the fluid 
to be constantly present under the electromagnets, the 
reservoir and the pump had an angle of 5° with the hori-
zon; this angle was also used for calculating the pressure 
of the pump. Figure 19 shows different combinations of 
coils activation during the experimental tests. The direc-
tion of the flow is indicated with black arrows. As shown in 
Fig. 19a, coil number 2 is activated and the water is pushed 
in this area and in other lines, the water line is constant. 
The bubbles around the electrodes are formed on account 
of the Electrochemical effect on the solution. Based on 
Fig. 19b, coil number 2 and 4 are activated and the water 
is pushed equally in these areas. As could be seen in 
Fig. 19d, when coils number 1, 2, and 3 are activated, the 
water could move only under these coils; this indicates 
that the velocity profile was created as desired. The effect 
of magnetic field direction is represented in Fig. 19e; as 
shown, coils number 2 and 4 are activated, but in coil num-
ber 2, the polarity of magnetic excitation is reversed, which 
pushes the water backwards. The simulation of this state is 
shown in Fig. 16. It is noteworthy that the flow circuit was 
not closed and the flow did not come back to the channel 
from the head of the pump. Once the pump is working in 
the reverse direction, the pump pushes the flow back to 
the thank.

In order to calculate the pressure of the pump, the fluid 
pressure available in front of the pump was calculated. Fig-
ure 20 shows the angle of the reservoir with the horizon. 
In this case, the fluid was moved 1.5 cm forward thanks to 
the pump force.

The pump force was calculated considering the amount 
of the fluid displaced in front of the pump as follows:

When the arrays number 2 and 4 were active (Fig. 13), 
the pressure magnitude acquired in the simulation was 
12 MPa. Therefore, the error of the simulation and the 

P = �gh sin
(

5
◦
)

= 1000 × 9.8 × 1.5 × 10−2 × sin
(

5
◦
)

= 12.8pa

Fig. 17   The magnetic field lines and graph when all the arrays were 
active

Fig. 18   The 3D contour of the pressure variations and velocity once all the arrays were active
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c  number 4 is activatedb  number 2 and 4 are activateda  number 2 is activated

e number 2 (reverse) and
4 are activated

d number 1,3 and 5 are activated

Fig. 19   The experimental test results
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experimental test equaled 6%. To measure the fluid veloc-
ity, one of the arrays was first activated and the output 
fluid was separately collected in a container in the final 
part of the path. Subsequently, the fluid flow rate was 
obtained by measuring the gathered fluid and turning on 
the time of the pump. The linear velocity of the fluid was 
calculated through dividing the flow rate by the area of 
the channel cross-section. The fluid volume gathered at 
20 s was equal to 12 × 125 × 45 = 67,500. Hence, the volu-
metric flow rate equaled Q =

V

t
= 33751exmm3−1exs . The 

cross-section of the channel in the output path of the fluid 
was 2.5 × 20 mm2. Consequently, the fluid linear velocity 
was equal to u =

Q

A
= 67.5

mm
/

s
= 0.067

m
/

s
 . According 

to the fluid velocity calculated by the simulation (0.08 m/s), 
a 16% error was observed. One of the sources of this error 
was the friction between the fluid and the wall, which was 
ignored in the simulation.

7 � Discussion

As mentioned in the result sections, the novel arrayed 
electromagnetic pump structure could create any type of 
velocity and pressure profile, which is necessary in various 
applications. In other works, velocity profiles are not con-
trollable and are highly influenced by the fluid and pump 
parameters [10, 18, 21–23]. Figure 21a shows the velocity 
profile in different Hartman numbers (different fluids). As 
could be seen, the velocity was higher in the vicinity of 

the electrodes and had the minimum value in the center 
area of the channel. The magnitude of the velocity also 
changed with Hartman number. Not only did it change 
in width, but also it was not uniform in axial direction, 
as shown in Fig. 21b. Under the magnet area (x = 0 and 
x = − 1.54), the biggest turbulence of velocity was found 
where the pump made Lorentz force move the fluid. Fig-
ure 21c demonstrates one of the arrayed electromagnetic 
pump modes. The velocity was positive in 40 mm of the 
channel width and was reversed in 110 mm of it. This fea-
ture could be employed in electromagnetic pump appli-
cations; for instance, it could be employed in EMT process 
in Die casting procedures and based on the shape of the 
sample, the velocity and pressure of the molten metal 
could be adjusted; therefore, all the parts of the mold 
would be filled.

8 � Conclusion

In this research, an arrayed electromagnetic pump with 
the capability of controlling the magnetic field in the trans-
verse direction of a rectangular channel was designed and 
manufactured. The designed arrayed pump was simulated 
in COMSOL and its different modes of excitations were 
investigated. The fluid used was 20% NaOH solution. The 
magnetic field in each area was controllable utilizing coils. 
in addition, controlling the amount of the input current 
to them was conducive to taking control of the magnetic 
field. Hence, the pressure amount created in each part of 
the channel was under control; in fact, creating any arbi-
trary velocity profile in the channel width was possible. In 
the experimental test, different velocity profiles could be 
created by activating various electromagnets. On account 
of the low conductivity of the fluid, the pump pressure 
was 12 Pa equivalent to 1.5 cm of fluid at an angle of 5°. By 
measuring the fluid pumped per unit time, the flow rate 
and velocity of the fluid were calculated. Different velocity 
profiles were investigated in various conditions through 
simulation. Once all the arrays were active, the arrayed 
pump would be equivalent to the regular pumps and cre-
ate an M-shape profile. Finally, it could be recommended 

Fig. 20   The angle of the reservoir and pump with the horizon
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to test the array electromagnetic pump with molten met-
als which have high electrical conductivity.
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