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ABSTRACT    
This work presents a numerical investigation of ferrofluid flow in a 
heat exchanger using computational fluid dynamics (CFD) based on 
the finite volume method (FVM) in ANSYS Fluent. Two flow control 
techniques are examined: the vortex generator (VG) and the 
magnetic field (MF) as the Passive and Active flow control methods, 
respectively. The analysis considers the effects of VG, Reynolds 
number (Re), angle of attack (α), and the dimensionless magnetic 
number (Mn), which represents MF intensity. Results indicate that 
employing the vortex generator (VG) as the sole enhancement 
method increases heat transfer by 39%, while the MF applied 
independently achieves a 65% increase. When the two methods are 
combined, however, they act synergistically, delivering an 
enhancement of up to 184%. Moreover, at constant Mn, raising the 
Re reduces the heat transfer rate, and the maximum enhancement of 
215% observed at Re = 500 and Mn = 1010. Changing the α alters the 
thermal behaviour of the vortex structures through enhancing fluid 
mixing and reducing thermal boundary layers, with optimal heat 
transfer achieved at 45° and Mn = 7.5×10⁹. Entropy generation 
analysis confirms that through the dominance of heat transfer over 
the friction factor, irreversibility is minimized, with reductions of up 
to 26%. Overall, the study demonstrates that integrating active and 
passive flow control methods supported by validated CFD 
simulations can simultaneously boost heat transfer and reduce 
entropy, offering an effective strategy for designing compact, high-
performance heat exchangers. 
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1. Introduction 
 

In recent years, various flow control strategies 
[1] such as magnetohydrodynamic (MHD) and 
ferrohydrodynamic (FHD) techniques [2] [2,3] 
as well as the use of vortex generators (VGs) 

[4], have attracted considerable attention for 
enhancing thermal performance in internal 
flows. The application of magnetic fields 
enables active control of the flow structure 
through Lorentz or Kelvin body forces, which 
can suppress or promote vortical motions 
depending on field intensity and configuration. 
Conversely, VGs act as passive control devices 
that generate longitudinal vortices, intensify 
mixing, and delay boundary layer separation. 
These active and passive approaches 
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significantly influence heat transfer 
characteristics, entropy generation, and the 
distribution of irreversibilities, providing 
effective tools for optimizing energy efficiency 
and thermal management in engineering 
systems [5]. 

These methods can be broadly categorized 
into active (AFC) and passive (PFC) flow 
control techniques [6]. Active flow control 
involves the use of external energy to modify 
the flow, such as actuators [7], jets [8], blow and 
suction [9], or magnetic fields (MF) [10]. These 
methods allow for real-time adjustments and 
precise control over flow behaviour, making 
them highly effective but often more complex 
and energy-intensive. Examples include plasma 
actuators, synthetic jets, or MFs in MHD or 
FHD applications. In contrast, AFC methods do 
not require external energy to manipulate the 
flow [11]. Common passive techniques include 
the use of VGs [12], surface roughness [13], and 
ribbed walls [14], which induce turbulence or 
enhance fluid mixing to improve heat transfer or 
aerodynamic performance. Both techniques are 
widely used in engineering applications such as 
heat exchangers [15], combustion systems [16], 
and aerodynamic surfaces [17,18], where the 
choice between active and passive control 
depends on the specific performance goals, 
complexity, and energy considerations of the 
system.  

The application of MFs as an AFC method 
has gained attention in fluid dynamics and heat 
transfer due to their ability to influence 
conductive fluids. This flow control mechanism 
can enhance heat transfer by promoting better 
fluid mixing. In heat exchanger systems, MFs 
can improve the efficiency of heat transfer 
processes, especially in systems dealing with 
conductive fluids. In the following, some of the 
newest research studies are provided about the 
effect of MF on thermal systems.  

Afifi et al. [19] numerically investigated the 
combined effects of thermal radiation, thermal 
conductivity, and variable viscosity on 
ferrofluid flow through a porous medium in the 
presence of an MF. The key findings indicate 
that the presence of the MF suppresses fluid 
flow, leading to a decrease in the velocity of the 
ferrofluid. Parametric analysis reveals that a 

higher MF strength results in a 20-30% 
reduction in flow velocity, while thermal 
radiation and thermal conductivity contribute to 
a 10-15% increase in heat transfer rates. The 
heat flux and heat source/sink effects on heat 
transfer in a ferrofluid (CoFe₂O₄-H₂O) flow 
within a horizontal channel under the influence 
of an induced MF are conducted by Negi et al. 
[20]. They investigated the effects of different 
parameters, such as the Hartmann number (Ha), 
on flow characteristics and heat transfer 
performance. Results indicate that increasing the 
MF strength (Ha) reduces the fluid velocity and 
enhances heat transfer. Magdy et al. [21] 
analyzed the impact of a non-uniform MF on 
unsteady heat transfer. The results reveal that 
the nonuniform MF significantly affects the skin 
friction and heat transfer coefficients. Moreover, 
they showed that with higher Prandtl numbers 
and stronger nonuniform MFs, heat transfer and 
skin friction increase by 12% and decrease by 
15%, respectively. Vortex flow properties and 
enhanced heat transfer analysis in a curved pipe 
under MF force are presented by Wnag et al. 
[22]. The results reveal that applying an MF 
significantly alters the vortex structure and 
enhances heat transfer efficiency, with heat 
transfer rates increasing by up to 25% compared 
to non-magnetic cases. Meiying et al. [23] 
presented an experimental investigation into the 
thermal performance regulation of a composite 
phase change material (PCM) system influenced 
by a non-uniform MF generated by a Helmholtz 
coil. Results demonstrate that applying an MF 
significantly improves the heat transfer rates 
during melting and solidification processes. 
Specifically, the system exhibits up to a 25% 
reduction in melting time and a 20% increase in 
heat flux at the highest field strength. The MF 
enhances the thermal conductivity of the 
composite PCM, effectively regulating its 
thermal performance. The experimental study 
conducted by Ramezani et al. [24] investigates 
the transient pool boiling heat transfer of 
deionized water under the influence of an 
alternating MF (AMF). The effects of different 
MF intensities, frequencies, and heat fluxes on 
the heat transfer coefficient were analyzed, and 
it was shown that the HTC increased by up to 
18% as MF strength. An experimental 
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investigation was conducted by Mansouri et al. 
[25] to assess the effect of rotating magnetic 
turbulators on convective heat transfer and 
pressure drop in a circular tube. The study 
involved varying Reynolds numbers, MF 
strengths, and rotation speeds of the magnetic 
turbulators. Results showed that the rotating 
magnetic turbulators significantly enhanced the 
convective heat transfer coefficient by up to 
40% compared to the smooth tube baseline. 
However, this enhancement came with a penalty 
in pressure drop, which increased by 25% to 
60%, depending on the tabulator's rotation speed 
and MF strength. Benam et al. [26] investigated 
the saturated flow boiling heat transfer of 
deionized water and ferrofluids on structured 
surfaces in an external MF. Experiments were 
conducted across various heat fluxes and MF 
intensities to assess their effects on heat transfer 
performance. The results reveal that ferrofluids 
and an external MF significantly enhance the 
heat transfer coefficient compared to deionized 
water alone. Specifically, the heat transfer 
coefficient increased by up to 30% under the 
influence of an MF at 300 kW/m². 

VGs are PFC elements widely used in 
thermal and fluid systems to enhance 
performance by improving heat transfer and 
controlling flow behavior. In heat exchangers, 
VGs are typically employed to augment 
convective heat transfer by inducing turbulence 
and disrupting the thermal boundary layer [27]. 
The vortices caused by VGs improve fluid 
mixing and promote higher convective heat 
transfer rates. Therefore, the design of VGs 
must balance maximizing heat transfer, 
minimizing pressure drop penalties, and 
reducing entropy generation to optimize system 
performance. 

An experimental and numerical study was 
conducted by Liang et al. [28] to investigate the 
enhanced heat transfer and exergy performance 
of a heat exchanger equipped with VGs. The 
impact of VG configurations, including size, 
shape, and positioning, on the thermal and 
exergy efficiencies. Results showed that 
including VGs improves heat transfer rates by 
15-35%. The exergy destruction was reduced by 
10-25%, and overall exergy efficiency improved 
by up to 20%. Ifraj et al. [29] investigated the 

thermal-hydraulic performance enhancement 
and entropy generation minimization of a heat 
exchanger utilizing fidget spinner-shaped vortex 
generators (FSVGs). Experiments and 
numerical simulations were conducted to 
evaluate the effects of different FSVG 
geometries, Reynolds numbers, and VG 
arrangements on the heat transfer rate and 
pressure drop. Results indicate that using 
FSVGs significantly improves the Nusselt 
number (Nu) and heat transfer coefficient 
(HTC), with Nu increasing by up to 35% 
compared to the baseline. However, the 
associated pressure drop led to a 15% increase 
in the friction factor. The performance 
evaluation criterion (PEC) showed an optimal 
enhancement of 1.2. In another study by Perng 
et al. [30], the thermo-hydraulic performance 
enhancement in a round tube using a twisted-
staggered concave/convex dimples tape as a 
passive heat transfer augmentation technique is 
investigated. Experiments were conducted to 
evaluate the effects of the dimple tape on heat 
transfer and friction factor under different 
Reynolds numbers. The results revealed that 
using the twisted-staggered concave/convex 
dimple tape significantly increased the Nusselt 
number (Nu) and the friction factor (f) 
compared to a smooth tube. The Nusselt number 
enhancement varied between 1.5 and 3.2 times 
that of a smooth tube, depending on the 
Reynolds number, while the friction factor 
increased by a factor of 1.8 to 4.0. A numerical 
investigation was performed to study turbulent 
forced convection in a square duct heat 
exchanger (SDHX) equipped with combined 
vortex turbulators (CVT). The study analyzed 
the effects of CVT configurations on heat 
transfer performance and flow characteristics. It 
revealed that the introduction of CVTs 
significantly enhanced heat transfer, with the 
Nusselt number increasing by up to 60% 
compared to a smooth duct. Pressure drops and 
penalties associated with CVTs were also 
evaluated, showing an increase in friction factor 
by 2.5–4 times relative to the smooth duct [31]. 

In the context of laminar and steady-state 
flow, several gaps remain in the CFD-based 
research of heat transfer enhancement in heat 
exchangers using VGs and magnetic fields. 
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Firstly, most existing studies focus on turbulent 
or unsteady regimes, leaving a limited 
understanding of how these enhancement 
techniques behave in low Reynolds number 
flows, where flow separation and mixing are 
inherently weaker. The interaction mechanisms 
between induced vortices and thermal boundary 
layers in laminar regimes are not fully 
characterized, particularly concerning different 
VG shapes, orientations, and placements. 
Similarly, for magnetic fields, accurate 
modeling of MHD or FHD effects under steady-
state laminar conditions is underexplored. 
Moreover, the combined effects of VGs and 
magnetic fields in laminar flow are rarely 
studied, despite their potential to compensate for 
the naturally lower convective heat transfer. 
Addressing these gaps is important for 
improving heat exchanger performance in 
applications where laminar flow dominates, 
such as in microchannel devices, biomedical 
systems, and compact electronic cooling 
systems, enabling more efficient and tailored 
thermal management solutions. 

The primary innovation of this study lies in 
the synergistic integration of two contrasting 
flow control strategies, magnetic field 
application as an active technique and vortex 
generators as a passive technique, within steady 
laminar ferrofluid flow, a domain that has 
received limited attention in the literature. While 
most prior investigations have focused either on 
magnetic fields under turbulent or transient 
conditions or on vortex generator applications in 
conventional fluids at higher Reynolds regimes, 
this research demonstrates through 
computational fluid dynamics (CFD) modeling 
how the combination of these mechanisms can 
overcome the inherent limitations of laminar 
flows, namely weak mixing and thick thermal 
boundary layers. Moreover, the study 
systematically explores the influence of key 
governing parameters, including Reynolds 
number, vortex generator attack angle, and 
magnetic field intensity (magnetic number), not 
only on heat transfer enhancement but also on 
entropy generation and the mitigation of 
thermodynamic irreversibilities. This dual-
perspective analysis, addressing both first-law 

metrics such as Nusselt number and pressure 
drop, and second-law considerations through 
entropy generation, establishes the novelty of 
the work as extending beyond simple heat 
transfer improvement. Consequently, the 
proposed methodology provides a scientifically 
rigorous and practically viable pathway for the 
design of compact and high-performance heat 
exchangers, electronic cooling systems, and 
biomedical devices, where spatial constraints 
and laminar flow regimes dominate.. 

Nomenclature 

B Magnetic flux (Gauss) 
CP Specific heat (J/Kg. K)  
Dh Hydraulic diameter (m) 
Ec Eckert number (-) 
f Fanning friction factor (-) 
H Magnetic field intensity (A/m)  
Isec Secondary flow intensity (-) 
k Thermal conductivity (W/m. K)  
Mn Magnetic number (-) 
Nu Average Nusselt number (-) 
P* Non-dimensional pressure (-) 
Pe Peclet number (-) 
PEC Thermal performance coefficient (-) 
Pr Prandtl number (-) 
q* Non-dimensional heat flux (-) 
Re Reynolds number (-) 
S* Non-dimensional entropy generation (-) 
T* Non-dimensional temperature (-) 

2. Problem Definition  

A three-dimensional channel with H = 4mm, 
W = 3H, and L = 20H with a pair of concave 
VGs is shown in Fig. 1. The curvature angle of 
VG is set to β = 60°. A magnetic source caused 
by a wire is located (Xw/H = 1.5, Yw/H = -0.25) 
underneath the bottom wall along the Z-axis. 
The magnetic field in this study is assumed to 
be generated by a current-carrying wire, a 
physically feasible configuration based on 
Ampère’s law. Such an arrangement is widely 
used in experimental setups and microfluidic 
systems, providing a controllable and localized 
magnetic field suitable for ferrofluid 
applications. The details regarding the VG 
geometries are listed in Table 1 [32]. 
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Fig.1. The details geometry of the concave VGs and their formation in the channel 

Table 1. Geometrical details of the VG 

l/H t/H a/H b/H 
1 0.1 1 3 

 

3. Governing Equations 

This study considers a laminar, steady-state, 
incompressible, and Newtonian fluid flow. The 
influences of radiation, magnetocaloric effects, 
and gravity are neglected. Given the small 
temperature variations in the ferrofluid flow 
and the fact that the Kelvin force is 
significantly greater than the magnetocaloric 
force in this study, the latter can be reasonably 
neglected. Furthermore, within the investigated 
Reynolds number range, the single-phase 
modeling approach demonstrates excellent 
accuracy and shows strong agreement with the 
corresponding two-phase solutions. In this 
regard, a homogeneous single-phase model is 
employed to investigate the impact of magnetic 
fields on the forced convection of Fe3O4–water 
ferrofluid because of the equilibrium of 
hydrodynamic and thermal effects of the base 
fluid and nanoparticles. The volume fraction of 

the nanoparticles is 2%. The governing 
equations, in their non-dimensional form, 
which are obtained from [33,34], are presented 
as follows: 

 

*
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A uniform MF caused by a current-carrying 
wire influences the ferrofluid flow shown in 
Fig. 2. The fx and fy indicate Kelvin forces in 
the x and y directions. To calculate MF 
intensity (H) and magnetization (M), the 
following equations are [34]: 
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Fig. 2. Distribution of Kelvin forces and MF intensity 
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4. Numerical Method 

The numerical solution of the governing 
equations was carried out using the finite-
volume method (FVM) implemented in 
ANSYS Fluent. To ensure both accuracy and 
stability, the diffusion terms were discretized 
by the central difference scheme, while the 
advection terms were treated using a second-
order upwind scheme. Pressure–velocity 
coupling was achieved through the SIMPLE 
algorithm, which is well-suited for 
incompressible laminar flows [35]. In 
addition, a user-defined function (UDF) was 
developed and integrated into the solver to 
incorporate the Kelvin force arising from the 
interaction between the external magnetic 
field and the ferrofluid magnetization. This 
UDF modifies the momentum and energy 
equations to account for the local distribution 

of magnetic forces, thereby allowing for 
precise evaluation of the influence of 
magnetic field intensity and position (as 
defined in Eqs. 4–5 of this study). The Gauss–
Seidel iterative technique combined with an 
algebraic multigrid (AMG) approach was 
used to accelerate convergence. A strict 
convergence criterion of 10-7 was imposed on 
all governing equations, ensuring numerical 
reliability across the wide range of parameters 
investigated, including Re, Mn, and α. 

5. Ferrofluid Flow Thermal Properties 

The properties of ferrofluid flow are expressed 
using the following equations [36]. 

In the mentioned equations, B [Gauss] 
indicates the magnetic flux, and T [oC] is the 
temperature. Table 2 refers to the thermal 
properties of the base fluid and nanoparticles.

(1 )  ff fp bf      (6) 

( ) ( ) (1 )( )P P fp P bfc c c
ff

       (7) 

    4 2 20.02 273.15 3.5 10 0.31 27886.48 4263.02 316.06exp 1000ff T B B             
 (8) 

   0.6158 2 1.02 0.064231 0.58 (10 ) 1 119.22 ( /20)ff bfB Tk k     (9) 
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Table 2. Thermophysical properties of the base fluid and ferroparticles 

  
Phase 

  
Base fluid 

 
Ferroparticles 

3
 (kg/m ) 

 
997.1 

 
5180 

 (W/m.K)k 
 bfk 

 
80.4 

 (J/kg.K)c 
 

4197 
 

670 
5

10  (Pa.s)  
 

0.855 
 

- 

 

Equation (10) solves the base fluid thermal 
conductivity as a function of temperature: 

6 2
6.58 10 0.0018 0.5694bfk T T


     (10) 

6. Boundary Conditions 

Table 3 indicates non-dimensional boundary 
conditions used for solving the governing 
equations [32]. 

 7. Evaluation Parameters 

The Nusselt number (Nu) and pressure drop 
coefficient, as the fundamental parameters to 
study flow behaviour, are calculated as follows 
[34]: 

 * * * * *
( ) 1 ( ) ( )w bulkNu z T z T z  (11) 

T*
w (z*) and T*

bulk (z*) are 
nondimensionalized wall temperature and bulk 
temperature, where the bulk temperature is: 

   * * * * * * * * *
( )bulk z zT z V T dx dy V dx dy   (12) 

*
* *

*

1
( )

0

L
Nu Nu z dz

L
  (13) 

* * 2
5(Re Pr)in outf P P  (14) 

The thermal performance,  which  is  known 

as performance evaluation criteria (PEC) and 
secondary flow intensity (Isec), is defined below 
[34]: 

   1/3

0 0/ ( / )PEC Nu Nu f f (15) 

 *2 *2

sec  Re.Prx yI V V  (16) 

The nondimensional total entropy 
generation, due to heat transfer (S*

T) and 
friction (S*

f), is computed locally as follows 
[37]: 

  

    

* * * * * 2 * * 2

* * *

| | ( 1 / )

Ec.Pr 1 /

gen T f ff bf

ff bf v

S S S k k T T q

T q  

    

 
 (17) 

8. Size Independence 

Figure 3 presents the structured hexahedral 
computational mesh employed in this study. 
Local refinement was applied near the vortex 
generators and channel walls to accurately 
capture steep gradients, while coarser elements 
were used in uniform flow regions. A grid 
independence test was performed using four 
different grid densities (α=45°, Re = 1000, and 
Mn=1010), with the corresponding results 
summarized in Table 4 for the average Nusselt 
number and pressure drop coefficient.

Table 3. Nondimensional form of boundary conditions. 
Boundary Mathematical expression 

Inlet * * * *
0,  Re . Pr,  T =0x y zV V V   

Outlet * 2 *2* * * * * *
0 , 0V z V z V z T zx y z            

Bottom Wall * * * * *
0,  T y = - k kV V V bf ffx y z     

Upper Wall * * * *
0,  q 0V V Vx y z    

Side Walls * * * * * ** *
ψ x =0 ; ψ , , , T , PV V Vx y z   
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Fig.3. Structured mesh for the channel featuring a concave VG 

Table 4. Changing the average Nusselt number and friction factor for grid independence 

Grid Cells Nu RE% f RE% 
1 900,000 59.76 - 0.546 - 
2 1,150,000 59.03 1.22 0.539 1.28 
3 1,300,000 58.53 0.85 0.537 0.53 
4 1,450,000 58.00 0.90 0.535 0.37 

 

It was observed that refining the mesh from 
1,300,000 to 1,450,000 cells reduced the 
relative error of both parameters to below 1%. 
Therefore, the third grid configuration was 
selected and applied to all subsequent 
simulations. The relative error can be 
calculated as follows: 

1

1 100i

i

X
RE

X 

    
 

 (18) 

9. Validation 

To validate the CFD codes, the current study 
was carefully compared with similar published 
studies in the literature. Initially, the variation 
of the local Nusselt number was compared 
with the experimental data reported by [38], as 
well as with the present numerical results for 
ferrofluid heat transfer in a pipe. As shown in 
Fig. 4-a, the average deviation is around 3%, 
demonstrating a strong correlation between the 
datasets. Subsequently, a second comparison 
was carried out using numerical results related 
to mixed convective heat transfer  of  magnetic 

fluids in a vertical annulus exposed to a linear 
magnetic field. As illustrated in Fig. 4-b, the 
current findings show acceptable consistency 
with the results of [39] and [40]. The third 
validation step involved comparing the present 
numerical results with experimental data 
concerning fluid flow in a channel equipped 
with a pair of rectangular VGs, as presented by 
[41]. Figure 4-c highlights this comparison, 
confirming excellent agreement between the 
two sets of results. Finally, the Nusselt number 
distribution along a channel with rectangular 
VGs was compared to the numerical findings 
of [42]. As depicted in Fig. 4-d, the current 
results align well with the referenced data, 
further validating the accuracy of the numerical 
approach. 

Furthermore, the validity of the numerical 
model is compared by [43], who examined a 
non-Newtonian fluid flow through a 2D 
channel subjected to a current-carrying wire. 
The streamline pattern for Re=250 and 
Mn=315 is illustrated in Fig. 5 and shows good 
consistency and accuracy.  
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a b 

 
 

c d 

Fig. 4. a) Comparison of the local Nusselt number between the present results and experimental data b) 
Comparison of the local Nusselt number between the current study and existing numerical results c) 
Evaluation of the Nusselt number in a channel with a rectangular VG against experimental findings d) 
Validation of the local Nusselt number for channel flow incorporating a rectangular VG 

 

Fig. 5. Streamline comparison for a non-Newtonian fluid subjected to an MF. 
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10. Results 

The results section discusses the effects of the 
concave VG, Re, α, and Mn in two parts, 
including thermal and entropy analysis. This 
study investigates five Magnetic numbers (0 ≤ 
Mn ≤ 1010), three Reynolds numbers (500, 750, 
and 1000), and three α (20o, 30o and 45o). 

10.1. Thermal Analysis 

To investigate the thermal performance of the 
heat exchanger, the effects of the parameters 
mentioned are studied, as well as heat transfer, 
pressure drop, and performance evaluation 
criteria. To this end, the results are presented in 
detail below. 

10.1.1. Magnetic Number Effect (Mn) 

The effect of increasing the Mn as one of the 
parameters affecting the flow structure and 
thermal performance of a heat exchanger with 
a concave VG at Re = 1000 and α = 45° is 
investigated locally in Fig. 6. 

Figure 6a illustrates the variation of 
streamlines at the outlet. In the absence of the 
MF (Mn = 0), two large vortex pairs appear 
across the channel cross-section, formed by the 
VGs. When the MF is applied, the interaction 
between the VG-induced vortices and those 
generated by the MF alters the flow structure, 
causing the large vortex pair near the periodic 
regions to deform into two smaller corner 
vortices (Mn = 2.5×10⁹). As the MF intensity 
increases, these corner vortices become 
stronger and larger, such that at Mn = 10¹⁰, 
both vortex pairs attain nearly identical sizes. 

Figure 6-b illustrates that the corner vortex 
pair is initially much stronger than the central 
one. However, upon applying the MF, the 
interaction between the vortices induced by the 
VG and those generated by the MF enhances 
the strength of the central vortices, making 
them dominant over the corner vortex pair. 
This indicates that the central vortices induced 
by MF play a governing role in the flow, and 
through their synergistic interaction with the 
vortices generated by VG, they suppress the 
influence of the corner vortex pair. 

Figure 6-c shows that at Mn = 0, a high-
velocity region forms at the channel center, 
while the dominant corner vortices reduce the 

axial velocity in their vicinity. With the 
application and intensification of the MF, the 
maximum outlet velocity decreases due to 
enhanced vortex strength, which consequently 
leads to an improvement in heat transfer. 

Figure 6-d demonstrates the beneficial effect 
of the MF on the temperature field. When the 
MF is applied at Mn = 2.5×10⁹, the maximum 
outlet temperature decreases by about 16% 
compared to Mn = 0 because of the vorticities 
generated by MF and its positive interaction 
with VG's vorticities. As the MF intensity 
increases to Mn = 10¹⁰, this reduction reaches 
approximately 52%, indicating a significant 
enhancement in the heat transfer rate. 

Figure 7 shows the effect of increasing the 
Mn on the local Nusselt number changes in the 
x-axis direction at a cross-section of Z*=0.25 at 
Re = 1000 and α = 45 °. Considering the 
location and intensity of the central vortex pair 
as shown in Figures 6-a and b, the changes in 
the local Nusselt number indicate that the 
effect of the central vortex pair and its positive 
interaction with the corner vortices has led to 
an increase in heat transfer. 

10.1.2. Vortex Generator Effect (VG) 

In this section, the effects of different flow 
control strategies on the velocity and temperature 
fields are examined. First, the influence of the 
MF in a plain channel (without the VG) is 
analyzed. Next, the performance of the channel 
equipped with a VG without the MF is compared 
with that of the magnetically actuated channel. 
Finally, the combined impact of both methods on 
the flow field is investigated. 

Figure 8 shows the changing axial velocity 
along the channel at the cross-sections due to 
the MF and VG when Re = 1000 and Mn = 
7.5×109. Figure 8-a shows that in a plain 
channel, the constant MF maintains stable 
high-velocity regions after Z* = 0.25. In a 
channel with VG (Mn = 0), Fig. 8b illustrates 
high-velocity zones forming behind the VGs 
due to vortex generation, which gradually 
weaken toward the outlet as flow inertia 
decreases. When VGs and the MF are 
combined, Fig. 8c shows a synergistic effect: 
the MF reinforces the secondary flow, 
sustaining vortex strength along the channel 
despite the reduction in flow inertia. 
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Fig. 6. Comparison of the effect of Mn on a) Streamline pattern, b) secondary flow intensity, c) Axial velocity, 
and d) Temperature field for Re=1000 at the outlet section. 

 

Fig. 7. Comparison of the effect of increasing MF intensity on local Nusselt number for Re=1000 at Z*=2.5 
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Figure 9 illustrates the temperature field 
evolution along the channel. In a plain channel, 
applying the MF enhances flow mixing and heat 
transfer by creating a temperature gradient (Fig. 
9a). With VGs independently, strong local 
temperature gradients form behind the VGs due 
to intense secondary vortices, boosting local heat 
transfer (Fig. 9b). When VGs and the MF are 
combined, their vortices interact positively, 
producing a more uniform temperature gradient 
along the channel and further enhancing overall 
heat transfer (Fig. 9c). 

Figure 10 illustrates the individual and 
combined effects of the VG and MF on the local 

Nusselt number at Z* = 0.25. When the MF is 
applied to the channel without a VG, heat 
transfer increases near the current-carrying wire 
due to the aligned rotation of induced vortices. 
In the presence of the VG without the MF, a 
stronger enhancement occurs because of 
intensified secondary flows. When both 
methods are applied together, the MF positively 
interacts with the vortices generated by the VG 
and amplifies them, further improving heat 
transfer. Overall, the VG and MF cause about 
140% and 30% enhancement, respectively, 
while their simultaneous application results in a 
160% improvement. 

 

  
a a 

  

b b 

  

c c 

Fig. 8. Comparison of the effect of a) MF when 
Mn=7.5×109 (without VG), b) VG (Mn=0), and c) 
simultaneous use of VG and MF (Mn=7.5×109) on the 
axial Velocity distribution 

Fig. 9. Comparison of the effect of a) MF when 
Mn=7.5×109 (without VG), b) VG (Mn=0), c) 
simultaneous use of VG and MF (Mn=7.5×109) on the 
Temperature field distribution 

 



 Ali Jalayeri et al./ Energy Equip. Sys. / Vol. 14/No. 1/March 2026 69 

 

 

Fig. 10. Comparison of the effect of the MF (without VG), VG (Mn=0), and simultaneous use of VG and MF on 
Local Nusselt Number at Z*=2.5 

Figure 11 illustrates the impact of the 
concave VG and Mn augmentation on Nu/Nu0, 
f/f0, and PEC and compares these results with 
those of the channel without the VG. In 
general, inducing a secondary flow increases 
the heat transfer rate and pressure drop through 
enhanced mixing and increased friction, 
respectively, which vary depending on the 
intensity of the secondary flow, influenced by 
the vortices induced by the vVG and the 
strength of the MF. Accordingly, increasing the 
Mn in both channels increases the Nu/Nu0 and 
f/f0. In the channel with concave VG, by 
strengthening the vortices caused by the VG 

with the magnetic field, the flow mixing rate 
and friction coefficient have increased 
significantly compared to the channel without 
the VG, which has led to increased Nu/Nu0 and 
f/f0. The highest Nu/Nu0 and f/f0 values were 
obtained at Mn=1010, respectively, equal to 
184% and 215%. Furthermore, using concave 
VG independently (Mn=0) resulted in a 
maximum increase of 39% and 57% in Nu/Nu0 
and f/f0, respectively. In addition, the 
comparison of PEC shows that the channel 
with VG and without VG had an optimum 
point at Mn=7.5×109. 

 

 
Fig. 11. The effect of VG and MF on Average Nusselt number, Pressure drop coefficient, and Performance 

evaluation criteria 
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10.1.3. Reynolds Number Effect 

The impact of increasing flow inertia by 
raising the Reynolds number (Re) on the heat 
exchanger's thermal performance was 
investigated using three Re values to analyze 
the velocity field, temperature field, and 
secondary flow intensity, as shown in Fig. 12. 
As shown in Fig. 12-a, increasing the Re at Mn 
= 1010 causes a reduction in the effect of Kelvin 
force on ferrofluid flow and enhances and 
expands the high-speed regions at the outlet, 
increasing the maximum axial velocity from 
4900 to 9000. This rise in inertia weakens the 
MF effects, reducing both heat transfer and 
pressure drop. Figure 12-b shows that the 
temperature gradient intensifies with the 
Reynolds number, further diminishing flow 
mixing due to the dampened MF influence. 
Similarly, Fig. 12-c illustrates a drop in 
secondary flow intensity due to the domination 
of inertia over the MF effect at the outlet, 
decreasing from 0.8 to 0.3. 

Figure 13 illustrates how increasing the Re 
affects the average heat transfer rate, pressure 
drop coefficient, and thermal performance. As 
shown in Fig. 13-a, at a constant Mn, higher Re 
reduces heat transfer due to the suppression of 
MF effects by flow inertia. Conversely, at a 
constant Re, increasing Mn enhances heat 
transfer by strengthening MF-induced 
secondary flows. Notably, when Mn = 0, heat 
transfer improves with rising Re because of an 
augmentation in flow inertia.  

The increase in pressure drop with rising Re 
is mainly attributed to the higher flow velocity, 
which intensifies wall shear stress and 
frictional resistance along the channel. As Re 
increases, the momentum of the fluid grows, 
leading to stronger velocity gradients near the 
wall and consequently greater energy loss due 
to viscous effects. Figure 13-b shows that at 
Mn = 0, the highest pressure drop occurs at Re 
= 1000. However, with the application of the 
MF up to Mn = 5.0×109, pressure drop 
coefficients converge across all three Reynolds 
numbers. At a specific Re, increasing the Mn 
increases the MF effect on the ferrofluid flow, 
counteracting the inertial effects to some 
extent. This makes the MF effect more 
noticeable at lower Re. This is why the 
pressure drop is higher at lower Re for 

Mn>5×109. Overall, the highest heat transfer 
(215%) and pressure drop (236%) occur at Re 
= 500 and Mn = 1010.  

As shown in Fig. 13-c, the performance 
coefficient is highest at Re = 500 due to 
enhanced heat transfer, with Mn = 7.5×109 
identified as the optimal point across all Re 
values. 

10.1.4. Angle of Attack Effect (α) 

The effect of increasing the α of the VG on 
the velocity, temperature, and secondary flow 
intensity fields is investigated in Fig. 14. 
Based on the results of the previous sections, 
the performance coefficient was higher at Re 
= 500. For this reason, Re = 500 was used in 
this section to evaluate the impact of 
increasing the α. 

In a channel with concave vortex 
generators, the application of a magnetic field 
introduces an additional Kelvin force that 
interacts with the ferrofluid flow . 

Increasing the angle of attack, as shown in 
Figure 14-a, intensifies flow separation and 
vortex formation behind the VG, resulting in 
stronger recirculation zones and higher 
velocity gradients near the wall. By increasing 
the angle of attack, the vortices generated by 
VG will be more intensified by the MF through 
stabilizing the rotational motion of the induced 
vortices. 

As a result, the velocity field exhibits 
stronger and more coherent vortical structures, 
particularly near the VG and the regions close 
to the current-carrying wire. The temperature 
field becomes more uniform due to enhanced 
mixing and higher convective transport, 
leading to a thinner thermal boundary layer and 
improved wall heat transfer (Fig. 14-b). 

The secondary flow field also strengthens 
noticeably, since the magnetic field reinforces 
the swirling motion generated by the VG, 
increasing transverse momentum exchange. 
However, at larger attack angles, the combined 
effects of stronger vortices and magnetic forces 
can raise flow resistance and pressure drop, 
even though heat transfer performance 
continues to improve up to an optimal point 
(Fig. 14-c). 

Figure 15-a illustrates that increasing the 
VG's α enhances the Nusselt number across all  
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c c 

Fig. 12. Comparison of the effect of Re on a) Axial 
velocity, b) Temperature field, c) Secondary flow 
intensity for Mn=1010 

Fig. 13. The effect of Re on a) Average Nusselt number, 
b) Pressure drop coefficient, c) Performance evaluation 
criteria for different MF intensity 
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Mn values due to stronger vortex formation. 
Even at Mn = 0, heat transfer rises with angle, 

reaching a 34% increase; at Mn = 1010, it peaks at 
215%. Figure 15-b shows that the pressure drop 
also increases with α, regardless of Mn. The 

maximum pressure drop is 40% at Mn = 0 and 
236% at Mn =1010. As shown in Fig. 15-c, the 
performance coefficient reaches its highest value 
at Mn =7.5×109 across all angles, with the 
optimum occurring at a 45° angle. 

 

 

 
a a 
 

  
b b 
 

  
c c 

Fig. 14. Comparison of the effect of α on a) Axial 
velocity, b) Temperature field, and c) Secondary flow 

intensity for Mn=1010 at the outlet section 

Fig. 15. The effect of α on a) Average Nusselt number, 
b) Pressure drop coefficient, c) Performance evaluation 

criteria for different MF intensity 
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10.2. Entropy Analysis 

Entropy production analysis is essential for 
evaluating thermal system performance based 
on the second law of thermodynamics. Figure 
16 examines total entropy production due to 
heat transfer and friction, considering the 
effects of the VG, Re, Mn, and α. As defined 
by Equation 17, lower entropy production 
indicates improved system performance. While 
increased heat transfer reduces entropy 
production, higher pressure drop raises it, 
making enhanced heat transfer beneficial and 
increased pressure drop undesirable. 

Figure 16-a shows that at Re = 1000 and 
Mn = 0, using the VG reduces total entropy 
production by 14%. In the VG-free channel, 
applying the MF between Mn = 2.5×109 and 
7.5×109 decreases entropy production due to 
dominant heat transfer effects, reaching a 
minimum at Mn = 7.5×109. However, at Mn = 
1010, the rising pressure drops increase entropy 
production. In the presence of the VG, at Mn = 

2.5×109, the entropy generation is reduced by 
26% compared to the channel without VG 
(Mn=0), but further increases in Mn lead to 
higher entropy due to pressure effects, making 
Mn = 2.5×109 the optimal point. 

Figure 16-b illustrates the effect of increasing 
the Re on total entropy production. In the absence 
of an MF, increasing the Re reduces total entropy 
generation by about 10%, as heat transfer 
irreversibilities dominate over frictional effects. 
Moreover, for all Re, total entropy generation 
reaches a minimum at a specific Mn before rising 
again. This increase indicates that, after this 
point, more energy is dissipated to overcome 
frictional resistance, making pressure drop the 
main contributor to irreversibility. Consequently, 
as flow inertia increases, the minimum total 
entropy generation occurs at lower Mn. Overall, 
the lowest total entropy production for Re = 500 
at Mn = 7.5×109  is 2.44×10-5, which is a 44% 
decrease compared to the base model (Mn = 0 
and No-VG). 

  
a b 

 
c 

Fig. 16. Comparison of the effect of a) VG, b) Re number, and 
c) α on Total Entropy Generation for different Mn 
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In the Mn range of 0 to 5×109, increasing 
the α consistently reduces total entropy 
generation, indicating that heat transfer 
irreversibilities dominate over frictional 
effects. At Mn = 7.5×109, the total entropy 
generation values at 20° and 30° are nearly 
identical, while at 45°, the stronger secondary 
flow induced in the ferrofluid maintains the 
dominance of heat transfer irreversibilities over 
pressure drop. Under this condition, the 
minimum total entropy generation of 2.45×10-5 
is achieved. Overall, increasing the α to 45° at 
Mn = 7.5×109 results in a 43% reduction in 
total entropy generation compared to the base 
model. 

The changes in the total entropy production 
field at the channel's outlet are based on the 
increase in Re, Mn, and α, which are shown in 
Fig. 17. These changes show that applying the 
MF at a given Re increases the total entropy 
production gradient in the areas close to the 
current-carrying wire. Also, increasing the MF 
intensity at certain α leads to a similar result. In 
addition, it is clear that at Mn = 0, the total 
entropy production rate at the channel outlet 
has decreased with increasing Re and α. 
However, when Mn ≠ 0, it cannot be accurately 
determined by increasing the Reynolds number 
and α whether the entropy production is less or 
more than in the other case. 

 

a 

 

b 

Fig. 17. The effect of increasing a) Re and Mn numbers, b) α and Mn number on Total Entropy distribution at the 
outlet section 
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11. Conclusion 

This study numerically investigated the flow 
control methods on thermal performance, flow 
structure, and entropy generation in a 3D plate 
heat exchanger. The analysis focused on the 
simultaneous application of a concave VG as a 
passive flow control method and an MF as an 
active technique to enhance thermal 
performance and reduce entropy generation. 
The novelty lies in exploring their combined 
influence in steady laminar ferrofluid flow, an 
area rarely addressed in previous studies. Key 
parameters, including Re (500, 750,1000), Mn 
(0-1010), and VG's α (20, 30, 45), were 
systematically varied to evaluate their effects 
on flow structure, Nusselt number, pressure 
drop, performance evaluation criteria (PEC), 
and entropy generation. The comprehensive 
CFD-based assessment provides valuable 
insights into synergistic heat transfer 
enhancement and irreversibility minimization 
in compact heat exchangers. In this regard, in 
the following, the main results of this research 
are provided: 
 The combined application of the VG and 

MF demonstrates a positive synergistic 
effect, where the vortices induced by the 
VG are enhanced under the MF, leading 
to an intensified secondary flow. 

 Local Nusselt number variations near the 
VG reveal that the combined effect of the 
VG and MF is primarily governed by the 
intensity of the vortices induced by the 
VG. 

 Analysis of the flow structure reveals that 
applying the MF to a channel with a VG 
intensifies the secondary flow primarily in 
the central regions. This occurs because 
the vortex pairs formed in the middle of 
the channel are stronger than those near 
the corners, leading to an increased 
temperature gradient. 

 Since the MF is constant along the 
channel length, the inertial effects reduce 
as the fluid flow approaches the outlet, 
leading to decreased temperature 
gradients and lower heat transfer rates. 

 Thermal performance analysis shows that 
the individual effect of the VG with α = 
45° at Mn = 0 has the highest heat transfer 
rate and pressure drops of 39% and 57%.  

 The use of VG and MF at the same time 
has increased the Nu/Nu0 and f/f0 by about 
184% and 215%, respectively. 

 In general, at constant (non-zero) Mn, 
increasing the Re weakens the influence 
of the MF and suppresses the vortices it 
generates, resulting in a reduced heat 
transfer rate. In this regard, the highest 
heat transfer, 215% occurs at Re = 500 
and Mn = 1010.  

 Furthermore, at a constant Mn, increasing 
the Reynolds number reduces the 
intensity of the secondary flow, as the 
flow inertia dampens the effects of the 
magnetic field. 

 Comparison of PEC under varying VG 
attack angles and vortex strength indicates 
that, at a constant Re, the channel 
achieves its maximum PEC at Mn= 5×109 
and α=45°. 

 The combined influence of the VG and 
MF resulted in a maximum 26% reduction 
in total entropy production. Given that 
entropy generation arises from both heat 
transfer and pressure drop, it can be 
inferred that at a Mn = 2.5×109, the heat 
transfer effect dominated over the 
pressure drop. 

 Within 5×109  < Mn < 1010, the lowest 
entropy generation occurs at Re = 500. 
For each Reynolds number, entropy 
generation reaches its minimum at Mn = 
7.5 × 109, 5.0 × 109, and 2.5 × 109 for Re = 
500, 750, and 1000, respectively. 
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