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ABSTRACT

The ever-increasing consumption of limited energy sources has forced researchers and engineers 
to produce more efficient energy systems in order to use energy sources effectively. Among the 
existing energy systems, those which are made of corrugated configurations play an important 
role in heat transfer enhancement in many engineering applications such as heat exchangers, 
microchannel heat sinks, solar collectors, etc. This paper analyses the influence of an electro-
magnetic field on the hydrodynamic and thermodynamic behaviours of Fe3O4-water flow in a 
corrugated channel in order optimize its performance. Such analysis has not been thoroughly 
investigated by other researchers. Three-dimensional numerical modelling was used to conduct 
this study. It consisted in solving the governing equations for continuity, momentum, and energy 
using the finite volume method. The following boundary conditions have been imposed in the 
study: the non-corrugated parts of the channel are thermally insulated, whereas the top and 
bottom corrugated surfaces receive a uniform heat flux. An external and uniform magnetic field 
is applied perpendicular to the flow in the corrugated section. This study examines the effects 
of the magnetic field strength, the Reynolds number (Re), and the nanofluid volume fraction 
on the channel’s heat transfer performance. The analysis of the results reveals that heat transfer 
is significantly affected by the magnetic field at low Re numbers (less than 400). The presence 
of a magnetic field, particularly at B = 300G, prominently features the appearance of eddies at 
Re = 200 and Re = 400. Entropy generation decreases with increasing magnetic field, which is 
more evident in the B = 200G and B = 300G cases. The Nusselt number increases by more than 
80% with B = 300G at a low Reynolds number (Re = 200). Both the thermal and total exergy 
destruction decrease as the Reynolds number and magnetic field strengths increase, especially 
in the cases of Re = 200 and Re = 400 with B = 300G. However, an increase in frictional exergy 
destruction is observed. The minimum total exergy destruction is achieved at Re = 1200, B = 300 
G, and a volume fraction of 2%. The thermal exergy destruction and total exergy destruction in 
the case of B = 300G decrease by 37% compared to water.
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INTRODUCTION 

Recent academic research has increasingly focused 
on innovative methods to increase heat transfer through 
convection phenomena. Techniques such as the applica-
tion of a magnetic field, the incorporation of corrugated 
walls, and the use of nanofluids have been explored. These 
advancements are recognized for their potential to signifi-
cantly improve the efficiency of various systems, including 
solar panels and electronic cooling devices. By optimizing 
heat transfer processes, these methods contribute to more 
effective thermal management, leading to enhanced perfor-
mance, reduced energy consumption, and increased lon-
gevity of technological and industrial applications.

Corrugated channels are extensively used in plate heat 
exchangers which are required in the fields of air-condi-
tioning, chemical reactors, thermal power plants, etc. The 
presence of corrugations in the geometry of these channels 
promotes turbulence and increases the surface area, leading 
to improved thermal performance. Such equipments have 
been extensively studied in recent years. Varol and Oztop 
[1] demonstrated that corrugated geometries can enhance 
heat transfer under free convection in a wavy enclosure 
filled with a single fluid. Additionally, Ahmed [2] reported 
that corrugated surfaces enhance the heat resistance of 
enclosures. According to a study by Nasrin et al. [3], using 
corrugated surfaces instead of flat surfaces results in an 
average Nusselt number that is 14.7% greater. The impact 
of corrugated channels on thermal transfer performance 
was also explored by Ajeel et al. via both numerical and 
experimental methods [4,5]. Zhang et al. [6] demonstrated 
that introducing overall curvature in conventional wavy 
channels improves heat transfer when the wave amplitudes 
are set to 0 mm, 0.40 mm, and 0.80 mm. However, as the 
amplitude increases, the positive effect of the curvature 
on heat transfer diminishes. Tian et al. [7] reported that 
channels with varying wave patterns generally outperform 
those with uniform wave patterns in terms of thermal per-
formance. Liu and Chen performed numerical analyses to 
examine the impact of waveform channels, porous layer 
characteristics, cooling-wall subcooling, and inlet air mass 
fractions on flow and condensation at different inlet veloci-
ties. These findings, supported by experimental data, reveal 
that the vortex distribution and air accumulation play cru-
cial roles in influencing the condensation heat transfer [8].

Sheikholeslami et al. [9] conducted an analysis of a pho-
tovoltaic thermal unit integrated with a Thermoelectric 

Generator (TEG) module and a nanofluid filter. These find-
ings revealed that increasing the velocity of the nanofluid 
filter significantly enhanced the electrical performance of 
the system. With the addition of a reflector, the electrical 
efficiency improved by 37.7%. Sheikholeslami and Khalili 
[10] introduced a cutting-edge design for a photovol-
taic thermal system that features a nanofluid splitter. This 
trailblazing study is the first worldwide study to assess the 
spectral behaviour of a system and employ nanofluids to 
enhance irradiation, ensuring that the bandgap wave-
length effectively reaches the silicon layer. Roy et al. [11] 
conducted a numerical study on laminar flow heat transfer 
using Al3O3/ethylene glycol and Al3O3/water nanofluids 
in a radial flow system. Their research revealed a notable 
increase in the heat transfer rate. They also reported that 
the wall shear stress increased with both the concentration 
of nanoparticles and the Reynolds number. Liang Zhang 
et al. [12] introduced SiO2 nanoparticles with a size of 15 
nm into water. The results demonstrated that the convec-
tive heat transfer coefficient of the nanofluids increased 
by 36.8% compared with that of pure water at the same 
Reynolds number. The literature includes numerous 
numerical studies on nanofluids [13-19]. Sheikholeslami 
et al. [20] reported that the temperature gradient increases 
with the volume fraction of Fe3O4 and the Rayleigh num-
ber. The literature includes numerous numerical studies on 
Fe3O4/water [21-29], which have been employed to increase 
the heat transfer.

Sheikholeslami [30] discussed an innovative numerical 
approach demonstrating nanofluid magnetohydrodynamic 
(MHD) flow through a porous enclosure. Additionally, a 
numerical approach was investigated to analyse the ther-
mal behavior of alumina nanofluids in a duct. A neural 
network was employed to estimate the heat transfer rate. 
Sheikholeslami and Ellahi [31] investigated the presence 
of a magnetic field in a nanofluid flow within a three-di-
mensional coordinate system. Their study revealed that 
the presence of the magnetic field increases the resistive 
(drag) force and reduces the convection current. Lajvardi et 
al. investigated forced convection heat transfer using a 5% 
solid volume concentration of Fe3O4/water ferrofluid flow-
ing over a hot tube under a constant magnetic field. Their 
findings revealed that, in the absence of the magnetic field, 
the use of Fe3O4 nanoparticles as a dispersed phase in water 
does not improve the convective heat tranfer in the lami-
nar flow regime [32]. Qiang et al. [33] reported that as the 
magnetic field is strengthened parallel to the temperature 

The above findings of the present study therefore lead us to draw the inferences that the use of a magnetic field and a ferrofluid can 
allow us to manufacture very compact heat exchangers for use in industries where the miniaturization of equipments is compulsory.
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gradient, the thermal conductivity of magnetic nanofluids 
increases. This phenomenon occurs because particle chains 
form within magnetic nanofluids along the direction of 
the temperature gradient. These chains establish a highly 
efficient, low-resistance pathway for energy transmission 
when the magnetic field aligns with the gradient. Ghufran 
et al. [34] investigated the forced convection heat transfer of 
a Fe3O4/water nanofluid in a circular tube under the influ-
ence of both constant and alternating magnetic fields. The 
static magnetic field negatively impacted the convective 
heat transfer capacity of the magnetic nanofluid, whereas 
the use of an alternating magnetic field increased the heat 
transfer rate by up to 27.6%. In their study, Fadaei et al. [35] 
reported that applying a magnetic field intensifies fluid 
mixing along the pipe length, consequently increasing the 
Nusselt number. This enhancement underscores the effec-
tiveness of magnetic fields in augmenting heat transfer 
characteristics within the fluid. Olayemi et al. [36] reported 
that ferromagnetic Fe3O4 nanofluids demonstrate better 
thermal conductivity than ferromagnetic Mn-ZnFe2O4 
nanoparticles do. Petrini et al. showed through numerical 
simulations that the convective heat transfer rate signifi-
cantly varies depending on the position and orientation of 
the magnets. They reported that with an optimal magnet 
configuration, the average Nusselt number increases by 
more than 51% compared with that under calm flow condi-
tions [37]. Many other studies exist in the literature on the 
effects of magnetic fields on flow structure and heat trans-
fer [38-41]. All these studies have been published recently 
and report heat transfer enhancement when the magnetic 
field is properly oriented.

The effect of a magnetic field on nanofluid entropy 
and exergy has also been reported in many recently pub-
lished works. Sheikholeslami [42] conducted a comprehen-
sive study on the entropy and exergy analysis of nanofluid 

flow through a porous medium under the influence of the 
Lorentz force. He incorporated the non-Darcy model to 
simulate the flow dynamics. The results revealed that the 
Bejan number decreases as the permeability of the porous 
medium decreases.Tabarhoseini and Sheikholeslami [43] 
connected the concepts of entropy generation and ther-
mal analysis by developing a mathematical model to study 
nanofluid flow within the geometry of an evacuated tube. 
Similar research [44–48] has been conducted on various 
multiphysics issues.

One can conclude from the above review that magnetic 
fields play a crucial role in many scientific and engineering 
fields, yet, to the best of our knowledge, the impact of a uni-
form magnetic field on convective heat transfer in a three-di-
mensional, triangle-shaped, corrugated channel filled with 
ferrofluid Fe3O4-water has not been thoroughly studied. 
In our research, we chose this specific channel geometry 
to address this gap and to understand the influence of the 
magnetic field on the thermodynamic and hydrodynamic 
behaviours of a ferrofluid. This study therefore explores the 
effects of variations in magnetic field strength (B), particle 
volume fraction (ϕ), and Reynolds number (Re) on flow 
dynamics, pressure, entropy generation, and heat transfer 
of the ferrofluid Fe3O4-water.

PROBLEM DESCRIPTION

Figure 1 schematically illustrates the channel model 
under examination. The model consists of a three-dimen-
sional channel with a width of 50 mm (L1). It features two 
heights: a maximum of 16 mm and a minimum of 10 mm. 
The channel incorporates both a corrugated wall and a flat 
wall. Each adiabatic flat wall extends 40 mm (L2) before and 
after the corrugated section, with an axial pitch length (e) of 
20 mm. The top and bottom corrugated walls are subjected 

 

Figure 1. Schematic of the problem studied.
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to a constant heat flux of 50 kW/m², whereas the flat walls 
are thermally insulated. A uniform magnetic field is applied 
vertically across the channel. As depicted in Figure 1, this 
constant magnetic field is generated by an electromagnet. 
The channel contains an Fe3O4-water nanofluid, which is 
characterized as incompressible and Newtonian. The flow is 
three-dimensional and laminar. Table 1 provides a summary 
of the physical characteristics of the magnetite nanoparticles.

The governing equations are derived on the basis of the 
following assumptions:
• The flow is three-dimensional.
• The ferrofluid behaves as a laminar and incompressible 

fluid.
• The base fluid and Fe3O4 nanoparticles are treated as a 

single phase.
• The ferrofluid flow follows a Newtonian model.
• The Fe3O4 nanoparticles are assumed to be spherical.
• The magnetic field is applied in the Y direction.
The equations are formulated as follows:

Continuity Equation

  (1)

Momentum Equation

  (2)

Energy Equation

  (3)

Where  is the magnetic volume force, also referred to 
as the Kelvin body force, and is computed via the following 
formula:

  (4)

Maxwell’s equations enable the representation of the 
magnetic field through equations (5) and (6) [50].

  (5)

  (6)

The following relationship connects M and H:

  (7)

With the following definition of the magnetization vec-
tor [51]:

  (8)

The magnetic susceptibility, denoted χm, is expressed as 
follows [51]:

  (9)

Equations 7 and 9 can be used to calculate the magnetic 
force, as follows [52]:

  (10)

The electrical system is located in the electromagnet 
air gap, which only has a magnetic field applied in the Y 
direction [49]. As a consequence,  can be expressed in 
this way:

  (11)

In the current investigation, the characteristics of 
pure water were considered to be temperature dependent. 
Consequently, the models described in reference [53] have 
been employed:

  (12)

  (13)

  (14)

Additionally, the following correlations were found to 
be appropriate for determining the characteristics of the 
ferrofluid [54]:

  (15)

  (16) 

  (17)

  (18)

Formula for Calculating the Flow Nusselt Number
The definition of the local Nusselt number (NuL)is as 

follows [55]: 

Table 1. Properties of Fe3O4 nanoparticles [49]

Material Diameter (mm) k (W/m.K) Cp (J/kg. K) ρ (kg/ m3)
Fe3O4 0.00002 7 640 4950
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  (19)

where  is the local heat transfer coefficient.

Tm and Tw stand for the mean temperature of the fluid 
and the local temperature of the wall, respectively. The 
average Nusselt number (Nuave) can be obtained by calcu-
lating the average value of the local Nusselt numbers in the 
top and bottom corrugated walls.

  (20) 

Where A is the corrugated walls area. 

Formula for Calculating the Entropy Production and 
Exergy Destruction

The local entropy production is calculated using the fol-
lowing formula [56]:

 S = Sht+Sff (21)

Where Sht and Sff represent the entropy produced by 
heat transport and fluid friction, respectively.

   (22)

  

(23)

The exergy destruction was calculated using the follow-
ing formula [57]:

  (24)

Where Sgen is the global entropy production and is 
obtained using the formula:

  (25)

Flow Boundary Conditions

Inlet Conditions
- The ferrofluid enters at a uniform velocity Uin, calcu-

lated from the Reynolds number using the formula: 
 

Where dh is the hydraulic diameter 
Sentry being the inlet section and Pwetted its wetted perimeter.
- The inlet temperature is uniform and equal to 298 K.

Channel (Boundary) Conditions
- A constant heat flux of 50 kW/m² is applied to the upper 

and lower corrugated channels.
- The non-corrugated walls are insulated.

Outlet Conditions
- Pressure outlet conditions were applied at the outlet. 

Numerical Modelling, Grid Independence, and 
Numerical Method Validation

The flow and heat transfer governing equations were 
numerically solved using the ANSYS FLUENT solver, 
which employs a finite volume approach. User-defined 
functions (UDFs) were developed and integrated into 
the program’s code to incorporate magnetic effects. The 
velocity‒pressure relationship was managed using a cou-
pled algorithm, which in ANSYS Fluent, simultaneously 
solves the momentum and continuity equations to ensure 
accurate and efficient calculation of the interdependent 
velocity and pressure fields, whereas the convective term 
was discretized using the second-order upwind method. 
Residual levels less than 10-6 were considered. Six sets 
of grid systems were evaluated to determine the most 
suitable mesh that ensures good accuracy. The results, 
shown in Table 2, depict the Nu variation as a function of 
the Re for pure water. The various cases did not signifi-
cantly differ from each other. Therefore, for this study, 
a grid size of 500,000 was selected. Figure 2 displays the 
generated grid.

The present results have been validated through two 
comparisons. The initial validation involved a comparison 
with earlier research by Ahmed et al. [58], as depicted in 
Figure 3, which displays the average Nusselt number for 

Table 2. The number of elements used for mesh independence

Number of nodes 100,000 200,000 300,000 400,000 500,000 600,000

Re Nu Nu Nu Nu Nu Nu
100 6.51 6.32 6.19 6.16 6.13 6.13
200 8.64 8.25 7.96 7.89 7.82 8.01
400 12.337 11.39 10.65 10.42 10.28 10.22
600 16.083 14.69 13.31 12.95 12.58 12.45
800 19.60 17.99 16.06 15.71 14.92 14.72
1000 22.93 21.199 18.78 18.06 17.31 17.05
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pure water at various Reynolds numbers. For the second 
validation, the experimental data from Ashjaee et al. [59] 
were used for comparison. Figure 4 compares the local heat 
transfer coefficient corresponding to a Reynolds number 
(Re) of 600 at B = 0G and B = 400G.

The comparisons, depicted in Figures 3 and 4, show 
a strong agreement between the current results and the 
benchmark values.

RESULTS AND DISCUSSION

In this study, we examine the effect of a magnetic field 
on the forced convection heat transfer of a ferrofluid in a 
channel with a corrugated geometry. We present the results 
by means of the velocity contours, the temperature con-
tours, the entropy contours, the streamlines, the Nusselt 
number, the pressure drop, and exergy. Additionally, this 

 

 
 

 
    

 
Figure 2. Grid distribution.

Figure 3. Comparison of the Nu number with the results in the literature.
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investigation considers the effects of a 2% volume fraction 
of nanoparticles and of the Reynolds number Re.

Velocity Contours and Axial Velocity Analysis
Figures 5a-d show the velocity contours in multiple 

cross-sections along the flow direction and in the symme-
try plane at φ = 2% and Re = 200 for B = 0G, B = 100G, 
B = 200G, and B = 300G; while figure 5e shows the vari-
ation of the velocity along the centerline of the symmetry 
plane for B = 0G and B = 300G. For a given magnetic field 
and within the entrance region there is formation of the 
dynamic boundary layer with velocities in the core region 
becoming more and more greater than those near the chan-
nel walls. As soon as the fluid reaches the corrugated region 
the magnetic force acts in the opposite direction of the flow 
and therefore the fluid decelerates, it then starts acceler-
ating at the exit of the corrugated region. The boundary 
layer reaches its quasi-developed state at the outlet of the 
channel. 

Figure 5e clearly shows that for a given magnetic field, 
the ferrofluid centerline velocity decreases when it crosses 
the corrugated region. As the magnetic field strength 
increases, the centerline velocity in the corrugated region 
decreases. However, in the region preceding the corrugated 
walls, where there is no magnetic field, the velocity curves 
coincide with each other.

Temperature Contours and Axial Temperature Analysis
The contours of the temperature along the flow direc-

tion and the symmetry plane in various cross-sections at φ 
= 2% and Re = 200 for the different values of the magnetic 
field: B = 0G, B = 100G, B = 200G, and B = 300G, are shown 
in figures 6a-d, while figure 6e shows the variation of the 

temperature along the centerline of the symmetry plane for 
B = 0G and B = 300G. 

As can be noticed in figures 6a-d, for a given mag-
netic field and within the entrance region the tempera-
ture remains constant. In the corrugated channel the fluid 
is heated and therefore there is formation of the thermal 
boundary layer with temperatures in the near wall region 
becoming more and more greater than those in the core 
region. As soon as the fluid reaches the exit of the corru-
gated region the fluid ceases to be heated and therefore con-
serves the same quasi developed profile throughout the exit 
flat region of the channel. 

As for figure 6e, one can observe that an increase of the 
magnetic field from 0G to 300G provokes an increase of the 
transfer of heat by convection and consequently the value of 
the temperature along the centerline of the symmetry plane 
increases. 

Figures 6a-d also show that for a given Reynolds num-
ber, the thermal layer thickening implies an increase in heat 
transfer and therefore in the temperature gradients near the 
corrugated wall. This is particularly noticeable in cases B 
= 200G and B = 300G, where the effect is more significant 
than in cases B = 0G and B = 100G. 

Entropy Contours Analysis
For the different values of the magnetic field: B = 0G, B 

= 100G, B = 200G, and B = 300G, Figures 7 a-d illustrate the 
local entropy generation contours at φ = 2% and Re = 200 in 
various cross-sections along the flow direction and the sym-
metry plane. Close to the corrugated wall, where the tem-
perature gradients and velocity fluctuations are prominent, 
entropy generation (Sg) is concentrated. However, entropy 
creation diminishes when moving towards the channel axis 
from the corrugated walls because of decreased velocity 

Figure 4. Comparison of the local heat transfer coefficient with the results in the literature.
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a) b)

 
c) d)

Figure 5a-d. The behaviour of the ferrofluid with and without the magnetic field for φ = 2% and Re = 200 and for the 
different values of the magnetic field: (a) B = 0G, (b) B = 100G, (c) B = 200G, and (d) B = 300G.

Figure 5e. The velocity distribution along the axis of the channel.
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a) b)

 
c) d)

Figure 6 a-d. Temperature contours at φ = 2% and Re = 200 for the different values of the magnetic field: (a) B = 0G, (b) 
B = 100G, (c) B = 200G, and (d) B = 300G.

Figure 6e. The temperature distribution along the axis of the channel for Re=200.



J Ther Eng, Vol. 11, No. 4, pp. 1075−1093, July, 20251084

and temperature gradients. Furthermore, with an increase 
in the magnetic field, it appears that entropy generation 
decreases. This fact is particularly evident in the B = 200G 
and B = 300G cases, indicating a decrease in energy loss.

Streamlines Contours Analysis
The streamlines comparison in the symmetry plane 

at φ = 2% for the cases: Re = 200, Re = 400, Re = 600, Re 
= 900, and Re = 1200, and for B = 0G and B = 300G, is 
shown in Figures 8 a-e. As can be observed, eddies are more 
pronounced at higher Reynolds numbers, whether in the 
presence or absence of a magnetic field. Furthermore, the 
impact of the magnetic field is more significant at lower Re; 
eddies at Re = 200 and Re = 400 are clearly visible when a 
magnetic field is present.

The streamlines for: B = 0G, B = 100G, B = 200G, and 
B = 300G, are depicted in Figures 9 a-d at φ = 2% and Re 
= 200. These figures show that an increase in the magnetic 
field causes more eddies to appear in the corrugated cavi-
ties. In the case of B = 300G, the eddies are more noticeable 
than in the remaining cases.

The streamlines for cases B = 0G, B = 100G, B = 200G, 
and B = 300G at x = 110 mm, φ = 2%, and Re = 200 are 
shown in Figures 10 a-d. These figures clearly show that 
as the magnetic field increases, its influence on the nano-
fluid becomes more pronounced. The number of eddies 
increases in the nanofluid; case B = 200G shows a high 
number of eddies, and case B = 300G shows an even greater 
number of eddies.

Thermal Analysis 
The average Nusselt number for the pure water case 

(i.e., φ = 0%) and the ferrofluid case (φ = 2%) when B = 
0G, B = 100G, B = 200G, and B = 300G are given in Figure 
11 and Table 3 for various Reynolds numbers. The figure 
shows that as Re increases, the average Nusselt number also 
increases. Furthermore, because Fe3O4 has a greater ther-
mal conductivity than pure water, its use leads to a greater 
value of Nu. Additionally, Nu increases in the corrugated 
channel due to the presence of the magnetic field, which 
indicates that the heat transfer is enhanced. In the case of B 
= 300G, this effect is more noticeable at Re = 200 and Re = 

a) b)

 
c) d)

Figure 7 a-d. Local entropy generation contours at φ = 2% and Re = 200 for the cases: (a) B = 0G, (b) B = 100G, 
(c) B = 200G, and (d) B = 300G.
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a)

       
b)

      
c)

      
d)

      
e)

Figure 8 a-e. Streamlines comparison in the symmetry plane at φ= 2% for B = 0G and B = 300G for the cases: (a) Re = 200, 
(b) Re = 400, (c) Re = 600, (d) Re = 900, and (e) Re = 1200.

B=0G B=300G



J Ther Eng, Vol. 11, No. 4, pp. 1075−1093, July, 20251086

400. It follows that at lower Re, the magnetic field appears to 
have a greater influence on heat transfer. The same behav-
ior of the average Nusselt number (Nuave) as a function of 

Reynolds number (Re) and magnetic field was observed 
by Mehrez and El Cafsi [60] in their study of heat transfer 
in a horizontal channel. They reported an increase of the 

 
a) b)

 
c) d)

Figure 9 a-d. Streamlines for cases (a) B = 0G, (b) B = 100G, (c) B = 200G, and (d) B = 300G in the symmetry plane at 
φ = 2% and Re = 200.

 

a) b)

 

c) d)

Figure 10 a-d. Streamlines for examples (a) B = 0G, (b) B = 100G, (c) B = 200G, and (d) B = 300G at x = 110 mm, φ = 2%, 
and Re = 200.
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average Nusselt number as the magnetic field strength or 
the Reynolds number increase. 

Figure 12 and Table 4 show the variations of the aver-
age temperature of the corrugated wall under different 
Reynolds numbers for both the pure water case and the 
cases B = 0G, B = 100G, B = 200G, and B = 300G at a con-
centration of φ = 2%. The average temperature in the cor-
rugated wall decreases with increasing Reynolds number 
when the Fe3O4-water nanofluid is used. Additionally, as 
the magnetic field strength is increased, the temperature 
further decreased. This explains the rise in Nu in Figure 
11, indicating an improvement in heat transfer. The average 
temperature curves also show that the greatest temperature 
drops occur when the Reynolds number is increased from 
Re = 200 to Re = 400.

Hydrodynamic Analysis
Figure 13 shows the pressure drop for various Reynolds 

numbers in the cases of pure water and B = 0G, B = 100G, B 
= 200G, and B = 300G at φ = 2%. The pressure drop increases 

as Re increases. However, the addition of nanoparticles fur-
ther increased the pressure drop. When a magnetic field is 
present in the corrugated channel, a slight decrease in the 
pressure drop is observed as the strength of the magnetic 
field increases. A similar trend in the evolution of pres-
sure drop (Δp) as a function of the Reynolds number (Re) 
and the magnetic field was observed by Bezaatpour and 
Goharkhah [49] in their study on the effects of a uniform 
external magnetic field and porous fins on convective heat 
transfer and pressure drop.

Exergy Destruction Analysis
Figures 14-16 show the variation of the thermal exergy 

destruction, the frictional exergy destruction, and the total 
exergy destruction with different Reynolds numbers for the 
cases of pure water and B = 0G, B = 100G, B = 200G, and 
B = 300G at φ = 2%. These figures illustrate that the exergy 
destruction decreases as Re increases and when the mag-
netic field in the corrugated channel increases. Accordingly, 
the use of a magnetic field reduces energy losses, and its 

Figure 11. Average Nusselt number for different Re values in the case of pure water (φ = 0%) and ferrofluid (φ = 2%) for 
B = 0G, B = 100G, B = 200G, and B = 300G.

Table 3. Average Nusselt values

Re Pure water B=0G B=100G B=200G B=300G
200 8,268 8,509 9,1877 10,477 14,8417
400 10,509 10,7330 11,5975 12,673 14,71
600 12,263 13,0710 13,742 14,473 16,077
900 14,8232 15,4540 16,217 17,118 18,064
1200 17,5041 18,1380 19,031 20,06 21,229
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Figure 12. The average temperature in the corrugated wall versus Re for the case of pure water and the cases B = 0G, B = 
100G, B = 200G, and B = 300G at φ = 2%.

Table 4. Average Temperature values

Re Pure water B=0G B=100G B=200G B=300G
200 319,222 317,495 316,848 315,479 311,194
400 315,097 314,07 313,499 312,878 311,574
600 312,813 311,326 311,229 311,176 310,534
900 310,307 309,391 309,345 309,184 309,052
1200 308,35 307,75 307,722 307,604 307,422

Figure 13. Variation in the pressure drop with Re for the pure water case and the B = 0G, B = 100G, B = 200G, and 
B = 300G cases at φ = 2%.
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effect becomes more noticeable when the Reynolds number 
is lower than 400. This explains the improved heat trans-
port in the corrugated channel. 

Figure 14 shows that the thermal exergy destruction in 
the corrugated channel decreases as both the Re and mag-
netic field strengths increase, especially in the cases of Re = 
200 and Re = 400 with B = 300G. 

According to Figure 15, as Re increases, the value of fric-
tional exergy destruction also increases. In the presence or 
absence of the magnetic field, the curves are nearly identical. 

Since thermal exergy destruction dominates frictional 
exergy destruction, figure 16 and Table 5 show that the total 
exergy destruction decreases as Re increases in the presence 
of a magnetic field. This finding indicates that applying the 
magnetic field reduces the total energy losses and that the 
influence of the magnetic field becomes more noticeable at 
Reynolds numbers lower than 400. This can be considered 
as a second factor for the enhancement of heat transfer in 
the corrugated channel besides the high thermal conduc-
tivity of the ferrofluid, which is the main factor. 

Figure 14. Thermal exergy destruction with Re for the pure water case and the B = 0G, B = 100G, B = 200G, and B = 300G 
cases at φ = 2%.

Figure 15. Frictional exergy destruction with Re for the case of pure water and the cases B = 0G, B = 100G, B = 200G, and 
B = 300G at φ = 2%.
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CONCLUSION

This research presents an in-depth, original numerical 
investigation of the impact of a uniform magnetic field on 
ferrofluid flow and heat transfer in triangular corrugated 
channels. The channel walls at the top and bottom are sub-
jected to a constant heat flux. The numerical findings lead 
us to several conclusions:
• Owing to the entrainment of ferrofluid in the cavities 

of the base channel, the magnetic field has a more pro-
nounced effect on heat transfer at Reynolds numbers 
less than 400.

• Entropy generation decreases with increasing magnetic 
field, as is more evident in the B = 200G and B = 300G 
cases.

• When a magnetic field is present, eddies become appar-
ent at Re = 200 and Re = 400, particularly when B = 
300G is applied.

• According to our study, at low Reynolds numbers (Re = 
200), the Nusselt number increases by more than 80% 
when B = 300G.

• The corrugated-wall average temperature drop is greater 
for the low Reynolds number values.

• The pressure drop is not significantly impacted by the 
magnetic field compared with when it is absent in the 
triangular corrugated channel.

• The thermal exergy destruction decreases as both the 
Reynolds number and the magnetic field strengths 
increase, especially in the cases of Re = 200 and Re = 
400 with B = 300G.

• The frictional exergy destruction increases as both 
the Reynolds number and the magnetic field strength 
increase.

• The total exergy destruction decreases as both the 
Reynolds number and the magnetic field strengths 
increase, especially in the cases of Re = 200 and Re = 400 
with B = 300 G, despite an increase in frictional exergy 
destruction in the triangular corrugated channel.

• The minimum total exergy destruction is achieved at Re 
= 1200, B = 300G, and φ = 2%.

• The thermal exergy destruction and total exergy 
destruction in the case of B = 300G decrease by 37% 
compared to water.

Figure 16. Total exergy destruction with respect to Re for the pure water case and the B = 0G, B = 100G, B = 200G, and 
B = 300G cases at φ = 2%.

Table 5. Total exergy values

Re Pure water B=0G B=100G B=200G B=300G
200 4,3563 3,9909 3,8710 3,5879 2,7419
400 3,6525 3,4259 3,3108 3,1613 2,811
600 3,179 2,854 2,8286 2,8231 2,6543
900 2,61 2,439 2,4254 2,3886 2,3215
1200 2,131 2,014 1,9999 1,9696 1,9202
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NOMENCLATURE

B  Magnetic flux density (N/A.m)
Cp  Specific heat capacity (J/kg.K)
Fm Body magnetic force (N/ m3)
H Intensity of magnetic field (A/m)
h Local heat transfer coefficient (W/ m2.K)
k Thermal conductivity (W/m.K)
M Magnetization (A/m)
Nu Average Nusselt number
p Pressure (Pa)
Re Reynolds number
S Entropy (J/K)
T Average Temperature (K)
x,y,z Coordinates in Cartesian space (m)
u,v,w  x, y, and z directions’ velocities (m/s)

Greek symbols
μ Dynamic viscosity (kg/m.s)
ρ Density (kg/ m3)
φ Volume fraction of particles
χ0 Reference magnetic susceptibility
χm Magnetic susceptibility
µ0 Free space permeability (N/A2)

Subscripts
f  fluid
nf  nanofluid
np nanoparticle
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