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Abstract: Fe3O4 ferrofluid is an effective mean for heat transfer purposes in the presence of an external 

electromagnetic field that controls cluster volume and nanoparticles thermal conductivity coefficient. This 

paper investigates how changing the heating fluid to a special kind of magnetic nanofluid can affect efficiency 

enhancement. Case studies about ferrofluid (Fe3O4) are summarized in the present work and similar results 

have been reviewed. Besides, ferrofluid qualification of being an appropriate locator for other conveyors is 

surveyed. As ferrofluids are controllable in the functional magnetic field, they provide visible effects on heat 

transfer properties. Strictly, the effect of porous media in different geometries and magnetic fields on 

ferrofluid heat transfer amount is investigated and different parameters likeNusselt and Magnetic number are 

evaluated. The previous studies show that ferrofluids can improve heat transfer. Hence thermal efficiency is 

highly dependent on magnetic field strength. Heating fluid is described as laminar Fe3O4 ferrofluid flow in 

constant Reynolds number and temperature information has high accuracy. Heat transfer efficiency of other 

magnetic fluid types like Al2O3 and CuO are briefly reviewed to convince that one of the most suitable 

nanofluids has been studied. 
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1. Introduction 

So far, many measures have been taken to soar the heat transfer rate. One of these measures is fluid substitution. 

In this way fluid having a higher heat transfer capacity is exerted [1]. Among the materials, magnetic fluids 

have suitable heat transfer properties. [2,3] Magnetic fluids are uniform colloidal suspensions of single-

amplitude magnetic nanoparticles in the non-magnetic base fluid. [4] Despite both solid (such as metal oxides 

of copper, aluminum, zinc, or non-metallic materials such as carbon, in dimensions less than 100 nm) and 

liquid (carrier liquid), the magnetic field incapacitates colloidal suspensions accumulation manner.  Among 

the magnetic fluids, we evaluate Fe3O4 ferrofluid in particular. [5] Ferrofluids were first developed as liquid 

fuels to counter gravity in rocket propulsion systems but were never used commercially on a large scale. [6,7] 

Ferrofluids are widely used for other applications including ferrofluid seals, speakers, thermal convection, 

optical mirrors, and microprocessors. Rosensweig instability happens as soon as ferrofluid senses magnetism. 

This instability is sharp peaks forming on the ferrofluid surface. For ionic ferrofluids, it is possible to amplify 
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the electric field at the tip of these peaks. [8] Nano ferrofluids or (magnetic nanofluids) comprise 

superparamagnetic nanoparticles suspended in a nonmagnetic carrier liquid. These liquids are a present-day 

set of nanofluids due to their one of kind behavior characteristics as savvy or utilitarian liquids. [9,10] Their 

conductivity and viscosity can be changed beneath an outside attractive field and their characteristics 

rheological can be precisely controlled. These properties and particularly their capability of heat transfer 

upgrade make this kind of liquids a curious issue for numerous analysts.  

 

  Nomenclature 

B                  Magnetic heat flux 

Cp                     Specific heat (Kj. Kg-1. K-1) 

h                   Local heat transfer coefficient 

k                   Thermal conductivity 

P                   Pressure 

Re                 Reynolds number 

Nu                 Nusselt number 

V                   Velocity 

T                   Temperature 

x,y,z              Directions 

F                    Kelvin body force 

Mn                 Magnetic number  

 

The heat transfer coefficient incensement depends on nanoparticle concentration adoption. [11,12] Wen et al 

[13] demonstrated that volume Concentration and Reynolds number influence heat exploitation. The reduction 

in thermal boundary layer thickness and the random motion due to nanoparticle addition were the essential 

reasons for that augmentation [14]. However, the increase in nanoparticle concentration will lead to an increase 

in heat transfer. As random motion intensifies, interface and collision ratio increase accordingly an increase in 

heat transfer is observed. [15] In the table (1) we can compare some properties which show the Fe3O4 

qualification for heat transfer purpose.  

 

Table 1. Thermal physical properties of Ethylene glycol & Fe3O4 at T=298 [16] 

properties Fe3O4 ferrofluid Ethylene glycol 

density (Kg/m3) 5370 1114 

heat capacity (J/Kg.k) 663 2415 

viscosity (Kg/m.sec) variable 6851E-1 

thermal conductivity (W/m.k) 82.6 0.258 

Greek symbol 
 

β                   Liquid volume 

ρ                   Density 

φ                   Volume fraction 

μ                   Dynamic viscosity 

α                   Langevin equation parameter 

 

Subscripts 

                 

SS                  Stainless steel 

IONP              Iron oxide nano particle 
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More amount of nanoparticles, bring more uniform volume division hence, there are no irregular varieties 

within pressure drop. The heat transfer rate is upgraded within the nearness of the attractive field, particularly 

for the flouted microparticles. Besides, as the strength of the magnetic field (Ha) heightens, the top of the speed 

profile close to the dividers is expanded. In any case, the top of the speed profile at the center locale is 

diminished. [17]  

The suspension is controllable by paramagnet without a mechanical excitation system. [18] The base fluid 

thermal properties are fundamentally different from those of the colloidal suspension [19]. For instance, the 

thermal conductivity of microfluid can be significantly higher than that of water or oil. Colloidal suspension 

systems are multi-component systems and are strongly influenced by the interaction of suspended particles. 

[20,21] Liquid-carrying molecules are considerably useful in thermodynamic models and for defined problems 

ferrofluid is one of the best candidates. [22,23] 

The ferrofluid magnetic property provides a well-regulated current, thereby affecting heat transfer and other 

current physical properties. The nanoparticles are superficially exposed to magnetic fields, which stimulates 

the repulsion (esterification/ionization) between them and stabilizes the colloidal suspension. This method 

prevents the accumulation and deposition of nanoparticles under the action of van der Waals forces and bipolar 

contractions. [24] 

 

Fig 1. Ferrofluid simulations for different parameters of surface tension and magnetic field strength 

Magnetic nanoparticles exhibit unique properties due to the magnetic properties of the single amplitude at 

roughly 25 Cº. The nanoparticles are in random directions when the paramagnet is not activated hence, the net 

ferrofluid magnet is zero. [25] As soon as activation, the Fe3O4 nanoparticles begin to align along the external 

magnetic field direction, resulting in a non-zero pure magnetism [26,27]. In the last decade, new applications 

of ferrofluid and innovative technologies based on magnetic nanoparticles have emerged. Some examples 

include energy harvesting, sensing, and activation of fluid micro magnets, laboratory devices on the chip, and 

special applications in the medical sciences, such as biomolecule sorting, magnetic drug targeting, magnetic 

resonance image contrast enhancement, and magnetic hyperthermia. [28,29] In order to recognize the 

appropriate flowing flow experiment directly specifies but it is not always cheap and fast therefore the best 

way is to refer to previous studies. For his reason we focus on table two to compare characteristics of 5 main 

ferrofluids with different volume concentration. 

Table 2. Thermo-physical properties of materials. [30] 
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Material rðkg=m3Þ CpðJ=kg:KÞ kðW=m:KÞ mðkg=m:sÞ 

Theminol 

66 (base 

fluid) 

899.5 2122 0.107 0.00106 

Fe3O4 

(particle) 

5200 670 6 e 

Ferrofluid 

with 1 vol 

% 

942.5 2107.48 0.110073 0.0010865 

Ferrofluid 

with 2 vol 

% 

985.5 2092.96 0.113206 0.001113 

Ferrofluid 

with 4 vol 

% 

1071.5 2063.92 0.119657 0.001166 

 

Azizian et al [31] deliberated the heat transfer rate of slow-flowing ferrofluid, in which, ferrofluid passed 

through a SS tube influenced by magnetic forces. Permanent magnets are located along the tube length to 

control the current and cause a 40% rise in heat transfer rate for the defined magnetic gradient range (8.8 to32.5 

mm). In figure 2, Bezaatpour et al [32] showed the orientation of nanoparticles affected by the magnetic 

sources.  

 

 

 

Fig 2. Velocity contours and vectors in the symmetry plane of the middle channel along the flow direction 

at φ = 2% and Re = 260 in the absence and presence of a magnetic field. [32] 

 

The uniform magnetic fields generated by the relatively high-strength single magnetic pole had a significant 

impact on the local convective heat transfer coefficient (hx). This is more common at the bipolar location due 

to the large local velocity of the ferrofluid around the magnets [33] and also is dependent on the ferrofluid 

magnetic properties. The effect of non-uniform magnetic fields on fluid flow using a mathematical model in 
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parallel plate configuration illustrates a 13.9%, increase in heat transfer rate which depends on the frequency 

of the alternating magnetic forces. [34]  

Laminar ferrofluid Forced convective considerably enhances by creating an external magnetic field to mix the 

thermal boundary layer. This mixing raises the liquid temperature at the solid boundary hence, the local Nusselt 

increases. Placing multipolar magnetic fields increases the thermal efficiency relative to the bipolar capsule 

location. However, in critical Reynolds, magnetic forces are negligible, which also disjoints the heat transfer 

rate. Accordingly, the use of a magnetic field does not always lead to heat transfer. On the other hand, the 

relation between inertial force and magnetic force can be justified by the Freud number. In the same case, Shah 

et al Considered numerical simulations to be effective in increasing the heat transfer of ferrofluid. [35] The 

main reason for concentrating on the magnetic fluid in heat exchangers is the change in displacement heat 

transfer coefficient and temperature gradient, which facilitates the use of the IRT technique (infrared 

thermography). In the IRT method, infrared waves are used to transfer heat to the material. Inertial force is 

caused by the interaction of the ferrofluid current with microscale particles accumulated on the container’s 

wall. An increase in clusters of nanoparticles' local thermal conductivity also depends on the polar directing. 

By replacing the ferrofluid instead of any other conveyers, the magnetic sensor to diameter ratio decreases. 

[36] 

Following the IRT method, heat transfer of ultraviolet ferrofluid for different temperature gradients in a 

uniform magnetic field was examined by Xua et al. [37] In this experiment, the Latis-Boltzmann method was 

used to study the temperature distribution. It was found that the magnetic gradient in the direction of the 

ferrofluid current can reduce laminar sublayer conduction. 

Goharkhah et al [38] experimented with a constant and alternating magnetic field and the ferrofluid heat 

transfer correlation for fluid flowing through a hot aluminum tube of 9.8 mm diameter having 2680 mm long. 

They estimated the 18.9% increase in heat transfer without magnetic field and roughly 31.4% increase for the 

constant and alternating magnetic field. Furthermore, ferrofluid heat transfer properties in a plate channel in 

the presence of an alternating magnetic field conveying four electromagnetic fields was calculated Ferrofluid 

heat transfer rate grow over 24.9% for Reynolds varying from 400 to 800 and 37.3% for Reynolds between 

800 and 1200. Whereas the reduction of Reynold in regulated current contributes to the accumulation of the 

nanoparticles which strongly affects heat transfer rate. 

Most researchers used thermocouples to measure hot surface temperatures, which provide s temperature 

information with low accuracy. Reynolds changes also reduce the problem data accuracy. The use of the IRT 

helps to increase the laboratory data accuracy to a higher spatial resolution than the use of thermocouples.  

Nessab [39] and Afsar[40] evaluated a numerical study on Fe3O4 microfluid which was influenced by magnets 

separately. The results show that an increase in magnetic number (Mn), improves the heat transfer amount. 

which is due to the creation of rotational zones created by the magnets. Fe3O4 nanoparticles under the dynamic 

effects of the magnetic field, form an inlet vortex. The vortices grow when the magnetic field strengthens and 

decreases jet inlet height. This also disrupts the flow and expands the thermal boundary layers. 

Remarking to the electromagnetic effect, an increase in magnetic numbers directly accretes heat transfer and 

pressure losses. The best-optimized results are gained at Mn = 50 and R = 1/4. Aminfar et al [41] examined 

the hydro-thermal behavior of a ferrofluid (4 vol% Fe3O4/seawater). A two-phase blend was utilized to analyze 

ferrofluid in the vertical position in a rectangular conduit under distinctive magnetic fields effect. Three 

situations have been treated for the magnetic field location to ponder the ferrofluid flow dynamic: uniform 

transverse field, on-uniform pivotal field (positive and negative gradient), and when both areas are connected 

at the same time. The results show that the negative angle pivotal field and uniform transverse field act the 
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same and improve the Nusselt number and the grinding calculates, whereas the positive angle hub field does 

the inverse. It is additionally terminated that beneath the impact of both areas, expanding the concentration of 

the uniform transverse field comes about in diminishing the impact of non-uniform hub areas. Chakrabarty et 

al discussed the effect of porous medium on the ferrofluid thermal properties. Results prove that β has a direct 

correlation with the radial and tangential velocity components and in turn the fluid pressure. This increase for 

different values of β depends on the radial velocity. Ferrofluid flow with a rotating disk has practical use in 

many areas such as liquid seals around the spinning drive shafts in hard disks, semiconductor manufacturing, 

rotating machinery, lubrication, and crystal growth processes. Ferrofluid flow with rotating can also change 

the angular momentum and influence the rotation of the spacecraft and its magnetic resonance can be used for 

cancer detection and magnetic hyperthermia in cancer treatment. [42] Rea et al [43] studied convective heat 

transfer for Laminar flow and viscous pressure losses of two types of nanofluids with different concentrations. 

Results presented that heat transfer increase in both the entrance and in the fully developed regions. 

Duangthongsuk and Wongwises.[44] estimated the nanofluid heat transfer in the main double copper pipe heat 

exchanger with a turbulent regime. Results showed nanofluid heat transfer increment. Liang et al [45] studied 

a nanofluid two-phase blend Brownian movement and thermophoresis diffusivities. The most important point 

in their experiment was the noteworthy slip between solid and fluid phases. 

 

 

2. Numerical study 

The magnetic force density acting on ferrofluid due to the magnetic field is expressed by the Kelvin body force 

term (F) that: 

 

𝐹 =  µ0(𝑀𝛻) 𝐻                                                                                                                                        (1) 

 

While M being the magnetization of the ferrofluid, µ0 the vacuum permeability and H the magnetic field. 

Assuming M = χ(c)H, where χ(c) is the magnetic susceptibility at a given mass concentration of magnetic 

nanoparticles and magnetic field. The linear relationship for the magnetic susceptibility that: 

 

𝜒(𝑐)  =  𝜒0(1 +  𝜒𝑐∆𝑐)                                                                                                                           (2) 

 

Where ∆c = c−c0, c0 is a reference mass concentration, χc = 1/c0 and χ0 is the susceptibility at reference 

parameters, the non-potential part of the force density becomes 

 

𝐹 = 𝐴. 𝛻 [(ℎ +  ∆𝐻/(2𝐻0)) ∆𝐻] (𝐴 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡)                                                                           (3) 

 

with ∆H = H−H0, being a reference magnetic field, H is the unit vector. Thus, the variation of the ferroparticle 

concentration and magnetic field can produce magnetic convection in ferrocolloid. The diffusive dynamics of 

colloidal nanoparticles are very slow and relevant only on sub-millimeter length scales. In turn, the Schmidt 

number Sc = η(ρD) −1 (η and ρ are the viscosity and density of ferrocolloid, D the diffusivity of ferroparticles) 
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expresses the ratio of momentum and mass diffusivities. The magnetosolutal micro convection is creeping 

convection. Introducing characteristic scales for the length L (equal to the radius of the cylindrical inclusion). 

The dynamics of ferrocolloid is described by the dimensionless Stokes equation: 

 

−𝛻𝑝 +  ∆𝑢 +  𝑅𝑚𝑐 𝛻 [(ℎ +  𝑟𝐻𝛿𝐻)𝛿𝐻]  =  0                                                                                  (4) 

and the continuity condition is: 

 

𝛻 · 𝑢 =  0    𝐻𝑒𝑟𝑒 𝑟ℎ =  ∆𝐻/(2𝐻0)                                                                                                      (5) 

 

And the magnetosolutal Rayleigh number is: 

 

𝑅𝑚𝑐 =  [(µ0𝜒0𝜒𝐶 𝐻0𝐿)2(𝜂𝐷)]  − 1∆𝑐∆𝐻                                                                                         (6) 

 

Overbars are used to denote the characteristic scales of the concentration ∆c, magnetic field ∆H, and the 

temperature ∆T to distinguish these definitions from the deviations of the corresponding quantities from the 

reference values or the application of the Laplacian operator. In a non-isothermal ferrocolloid, the linearized 

mass flux due to diffusion and thermophoresis is: 

 

 

𝐽 =  𝑢𝑐 − 𝐷𝛻𝑐 − 𝑐0(1 − 𝑐0)𝐷𝑆𝑇𝛻𝑇                                                                                                     (7) 

 

 where ST is the Soret coefficient. For now, we neglect magnetophoresis contributions. Introducing the 

concentration scale 

 

 

∆𝑐 =  𝑐0(1 −  𝑐0) |𝑆𝑇| ∆𝑇                                                                                                                      (8) 

 yields the normalized concentration dynamics equation. The Lewis number L = αD−1, characterizing the ratio 

of thermal and mass diffusivities, is also very large in ferrofluids. Thus, the temperature dynamics are much 

faster than that of the concentration, and the magnetosolutal micro convection does not influence the 

distribution of temperature. A non-magnetic cylinder immersed in a ferrofluid with the magnetic permeability 

µ = 1+χ0   and exposed to the uniform magnetic field creates around itself a magnetic perturbation δH. In the 

dimensionless form (the radius of the cylinder is assumed as a length scale L), 

 

 

𝛿𝐻 = cos(𝜃) 𝑟2𝑒𝑟 + sin(𝜃) 𝑟2𝑒𝜃                                                                                                        (9) 
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where r and, er and e𝜃  are the cylindrical coordinates and basis vectors. Also, the characteristic scale of the 

magnetic field is  

 

 ∆𝐻 =  |𝐾𝐻|𝐻0 𝑎𝑛𝑑 𝐾𝐻 =  (µ − 1)/ (µ +  1)                                                                               (10) 

 

 Magnetic perturbation is produced by an array of non-magnetic cylinders directly from the Maxwell 

equations, but the result corresponds to a superposition of 2D dipoles (3). For typical ferrofluid parameters (ST 

= 0.1K−1, η = 0.001Pa·s, D = 2 ×10 −11 m/s2, c0 = 0.15, the particle diameter 8nm, the particle spontaneous 

magnetization 5 × 105 A/m), the external field 0.1T and the imposed temperature gradient correspond to a 

temperature difference of 20K applied across a 1-mm thick porous membrane; the Rayleigh number in the 

vicinity of cylindrical inclusion with the radius 2µm reaches Rmc = 50. This is enough to cause a significant 

micro convective particle transfer and Zablotsky [46]and Blums [47] used this value in simulations. 

3. The relation of mass flow and heat transfer rate 

The main factor in the heat transfer coefficient growth is the internal particles force to the magnetic current 

ratio which widely involves the flowing particle mass. The magnetic force depends on them which is usually 

not readily available. Comparison of the base fluid with the magnetic fluid shows a considerable increase in 

heat transfer quality (especially for different ferrofluid). Increased local thermophysical properties of ferrofluid 

are one of the reasons for enhancing heat transfer in the presence of a magnetic field. As with any other 

magnetic suspension, each ferrofluid IONP is an independent super-magnetic particle. [48] To confirm the 

above theory, the ferrofluid current through a magnetic field of 500 microns × 500 micrometers in a magnetic 

field using the light microscope technique is depicted below. 

 

 

Fig 3. (a) (IONPs) in ferrofluid in the presence of a magnetic field(b)IONPs in absence of magnetic field 

[51] 

The length of the IONP cluster, as shown in figure 3, increases with magnetic field strength. The interactions 

between the ferrofluid and the total IONP formed in viscous sub-layer accelerated heating. The accumulation 

of IONP inside the pipe is considered a local barrier to flow and changes the flow, which is transferred from 

one grain to another. The accumulation of IONP in the inner diameter of the steel pipe acts as local barrier to 

flow and in this way, the current accumulates around the pipe. In the current with lower Reynolds, large IONP 

clusters occur on the inner wall of the tube at any magnetic location, resulting in obstruction of the ferrofluid 

flow in the tube. At high velocity, a smaller accumulation of IONPs occurs in the tube wall, which does not 

lead to a sudden blockage inside the tube. Hence, at higher velocities, more heat is transferred from the hot 
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surface of the pipe. [49] At a higher velocity, the ferrofluid passes from one magnet to another. The return 

current convergence will lead to a greater energy transfer. [50] Strek et al computed dimensionless temperature 

and velocity variation by time. 

 

 

 

 

Fig 4. Time evolution of the dimensionless velocity field (surface) and the dimensionless temperature 

(contour) for (a) t = 0.01, (b) t = 0.1 [51] 

 

 

 

Fig 5. Comparison of the dimensionless velocity field (surface) and the dimensionless temperature (contour) 

for the different values of the magnetic number: (a) fluid A, (b) fluid B [51] 

 

The assumed initial conditions for dimensionless variables are motionless fluid, zero pressure, and linear 

temperature variation. The time-dependent flow is considered for a dimensionless time. Tolerance Relatively 

is 0.05 and absolutely 0.005 for whole calculations. Two different values of the magnetic field are imposed 

and named Fluid A and Fluid B. Their characteristics are expressed in the table below. 

 

Table 3. Dimensionless numbers for the four different values of the magnetic field in ferrofluid.[51] 
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It is observed that the maximum value of the velocity field magnitude in the channel under the magnetic dipole 

increases due to the value of the magnetic number. The velocity at the half channel and time t = 0.5 is about 

three times bigger than the velocity profile magnitude at the left end of the rectangular channel (inlet).[51] A 

numerical study has been executed on the stagnation point flow of magneto-ferrofluids attracting nonlinear 

thermal radiation, induced magneticfield, and non-uniform heat source effects. It is concluded from that essay 

that Fe3O4--Kerosene nanofluid effectively enhances the thickness of the velocity boundary layer when 

compared with Fe3O4-water nanofluid and also momentum. It is investigated that the magneticfield parameter 

tends to enhance the heat transfer rate in the presence of induced magneticfield and the non-uniform heat 

generation/absorption parameters help to enhance the temperature profiles. [52] 

Mokhtari et al [53] analyzed the heat transfer of nanofluid of volume concentration of water-based Fe3O4-

ferrofluid flow in tube subjected to magnetic flux. The export information is approved with numerical 

simulations with sensible inconsistency. Parametric thinks are performed to uncover the impact of different 

components such as magnetic field intensity, the concentration of nanoparticles, Reynolds number, and 

geometry. Agreeing to the gotten results, the average Nusselts-number of ferrofluid increments by more than 

200% since it streams interior the tube with bent tapes. Moreover, the attractive field initiated by parallel wire 

upgrades the normal warm exchange of the whirling Ferrofluid (approximately 30%).  

Sha et al [54] concluded that Nusselts-number moreover rises as the concentrations of the nanoparticles are 

expanded worked on an exploratory examination to analyze the impact of the attractive field on heat exchange 

convective of nanofluid (Fe3O4-water) in a turbulent stream administration. It appeared that the heat transfer 

coefficient expanded with the increment of the nanofluids (Fe3O4-water) concentration, magnetic field, and 

temperature intensity. The upgrade expanded beneath the gradient magnetic field than that beneath the uniform 

magnetic field. Without the impact of the magnetic field, the most extreme found the middle value of 

convective heat transfer coefficient of nanofluid (Fe3O4--water) is over that of Distilled Water by 5.2% at a 

volume concentration of 3% and the temperature of 40 °C. The greatest found the middle value of 

improvements of the convective heat transfer coefficient over that of within the nonattendance of the magnetic 

field were 4.2% and 8.1%. The test comes about concurred well with the non-dimensional investigation.  

variable fluid A fluid B 

Hr 3819.71 5092.95 

Pr 1.4 1.4 

Ra 2.5701 × 107  2.5701 × 107 

Ec 2.1810 × 10–12 2.1810 × 

10–12 

Re 0.7142  0.7142 
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Fig 4.Combining magnetic forces for contactless manipulation of fluids in microelectrode-microfluidic 

systems[57] 

In Figure 4-(a) and 4-b Haehnel [55] directly compared experimental and numerical velocities in x and y-

direction. At x = 0, z = 320 µm versus y-coordinate (crossflow direction) the grad B-strip is ignored, velocity 

changes are shown in Fig 4-a (the details of the PIV data processing are described in supplementary 

information) and Zoomed view of the experimental (left) and numerical (right) results near the grad-strip at z 

= 320 µm is shown in Figure 4-c. 

4. The effect of porosity and magnetic field on temperature and heat transfer rate  

Among the different types of magnetic fluids, ferrofluid can improve active or passive two-phase heat transfer 

mostly in porous media [56, 57].The use of porous plates improves heat transfer speed. In this regard, different 

applications of porous media in optimizing thermal phenomena have emerged. [58,59]. Porous media are 

applied in pipes in two general forms: partially filled and fulfilled. Using ducts partially filled with the porous 

medium reduces more pressure drop compared to ducts completely filled porous medium. Heat transfer fluids 

namely oil, water, and ethylene glycol Which have low thermal conductivities resulting in a low heat-transfer 

rate in heat-transfer applications could be refined using a porous medium. [60-63] A method of modifying the 

heat transfer rate is adding nanoparticles to DI-water that have been extensively reported during the last years 

and another procedure is the simultaneous use of porous media which changes the ferrofluid regime with a 

certain concentration of Fe3O4- [64]. Nanofluids affect pure research and practical applications due to their 

potential in heat exchangers. [65-68] Magnetic nanowires are the same as ferrofluid in porous media 

surrounded by a magnetic field. The same as nanoparticles, magnetic nanowires are made of metallic 

nanoparticles to illustrate iron, nickel, cobalt, and their oxides in the base magnetite liquid. [69]  

Mehdi et al [70] studied the magnetic nanowires Considering the main types of boundary conditions separately 

(constant heat flux flow and permanent wall temperature). They reported that the effect of porous thickness 

plate on the value of Nusselt number is not the same and there is a critical thickness. other flow characteristics 

are dependent. [71]  

Heat transfer depends on the porosity radius and the geometry of the porous plate. [72] The three most widely 

used geometries in heat transfer of ferrofluids with porous plates are the geometry of the cylinder placed in the 

https://www.nature.com/articles/s41598-019-41284-0
https://www.nature.com/articles/s41598-019-41284-0
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center of the tube, the porous circumference of the annular matrix inside the tube, and the porous circumference 

of the cylindrical matrix at a distance from the tube inlet. [73,74] The effect of porosity thickness on heat 

transfer rate and pressure drop is possible assuming flow for Darcy values greater than 3-10. Forchheimer's 

effect implies that the inertial effect is effective for Darcy values less than the range of 4-10. [75] In nanowires, 

the intensity of the magnetic field applied to the nanowire current, the shape of the inner tube, and the amount 

of Reynolds have a large effect on the heat transfer rate so that the sinusoidal shape of the inner tube increases 

the Nusselt value. As the magnetic field intensifies, the cold boundary layer expands toward the center of the 

inner tube, which in turn increases the rate of heat transfer. A numerical study of the forced heat transfer of a 

magnetic nanowire in a chamber with sinusoidal and movable walls was studied by Shaykhalslami [76]. The 

effects of Hartmann number, Reynolds amount, and nanoparticle volume percentage on hydrodynamic and 

thermal behavior show that the temperature gradient is a function of velocity and nanoparticle concentration. 

Also, the heat transfer rate increase by Reynolds number growth; However, it decreases Hartmann. [74,77] 

The two-sinus tube heat exchanger was Mousavi et al case study. [78]. The results of this study demonstrate 

that the heat transfer rate increases with a marked increase in the Reynolds value. Heat transfer rate is directly 

related to the intensity of the magnetic field, while there is an optimal value for the frequency of the field. 

Besides, the optimum frequency increases for larger Reynolds values. The effect of magnetic field on heat 

transfer of the ferrofluid in a porous fin heat sink is evaluated by Bezaatpour et al [32] As shown in Figure 5 

temperature contour is drowned for different magnetic field intensities. 

 

 

 

Fig 5. Effect of the magnetic field on the temperature distribution at the middle channel outlet of the solid fin 

heat sink for φ = 2% and Re = 260. [32] 

 

Outlet temperature distribution in the middle channel controlled by the magnetic field is shown in Figure 5. 

The magnetic field tends to alter the bottom surface thermal boundary layer and create circulation hence this 

kind of convection higher the heat transfer.[32] Ghasemian et al [79] modeled Fe3O4-ferrofluid using two-

stage mixed relations and reported  16.48% and 27.72% heat transfer increment using constant and alternating 

magnetic fields at f = 4 Hz in order.  

Zonouzi et al [80] used a two-step method to investigate the heat transfer of a ferrofluid stream in a vertical 

tube. The application of a negative magnetic gradient along the tube enhances the heat transfer rate while the 

positive magnetic field reduces and positive magnetic gradient acts as a pump, while for an applied negative 

gradient, more power is needed. Zonouzi et al surveyed ferrofluid heat transfer in a vertical channel in the 

magnetic field generated by an electric wire using two-step modeling. They observed that direct vortices 
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toward the wall, increase the heat transfer rate furthermore illustrated that the amount of Nusselt number can 

be increased up to 22%. Most of the published researches focused on heat transfer and the effects of the 

magnetic field with the porous medium separately [81]. Fadaei et al [82] Used a simple magnetic field to 

diminish the computational load. In some cases, the intended magnetic field does not satisfy the Maxwell 

equations, while less attention is paid to practical magnetic fields such as the solenoid1-induced field. Solenoid-

induced magnetic fields of the limited length in the presence of a porous medium raise the heat transfer rate in 

various equipment for instance solar collectors and fuel cells. Therefore, it is possible to investigate the 

ferrofluid heat transfer in porous media applied by the solenoid. 

The proposed method to increase the heat transfer speed can be used in various industrial processes. The 

excessive heat must be removed from chemical reactors, solar cells, and power transformers. Of course, as 

heaters are part of a porous environment, the pressure drop is not large, thus increasing the need for energy 

consumption, and this increases costs. The porous medium has less permeability than the free stream. [83] Due 

to the high thermal conductivity in a porous medium, its temperature is higher than in the free flow zone. As 

the electric current increases, the magnetic field created by the electric current amplifies the movement of the 

cold ferrofluid toward the porous medium. the surface of the porous medium is prepared for heat transfer; thus 

the heat transfer rate significantly increases. As the heat transfer rate increases, the temperature distribution 

becomes uniform. A backflow occurs in the solenoid region as the magnetic field intensifies. Since the thermal 

conductivity of a porous medium is much larger than that of a ferrofluid stream in the free flow zone, the 

temperature gradient in this region is smaller. The ferrofluid convection in the free flow region causes a 

parabolic temperature distribution. The temperature distribution in the porous region is almost linear. [84] 

The imbalance of the concentration was created by thermo-phonetic separation induced by a temperature 

gradient. The application of the external magnetic field creates a highly inhomogeneous magnetic force 

distribution within the membrane, which possesses a well-defined macroscopic structure. A pressure difference 

appears across the membrane driving the ferrofluid flow in the temperature gradient direction. It is proved that 

interpretation of pore-scale simulation results of the Darcy theory framework is possible.[85]An increase in 

porosity parameter β affects the radial and tangential velocity components and in turn, the fluid pressure for 

different values of β depends on the radial velocity. 

 

 

 

__________________________________________________________________________________ 
1solenoid is a type of electromagnet, the purpose of which is to generate a controlled magnetic field through a coil 

wound into a tightly packed helix. 
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Fig 6. Temperature Profiles for Different Values of  the Slip Parameter (β) 

Nurdin et al [86] experimentally Investigated the thermal properties enhancement (kinematic viscosity and the 

thermal conductivity) of nano magnetite while volume concentrations are (0.1, 0.2, 0.3, 0.4, 0.5, 0.6) % 

subjected to the external magnetic field in distinctive introductions (perpendicular and parallel).  the nanofluid 

thermal conductivity increments with the magnetic field strength. The results appear that the kinematic 

viscosity improvement of the nanofluids also depends on the magnetic field strength. Moreover, the highest 

kinematic consistency upgrade (about 31.91%) is achieved at the over said exploratory conditions. Raju et al 

[87] studied the effect of radiation on the ferrofluids over a flat plate in presence of a non-uniform heat source 

and slip velocity in charge of a magnetic field. The governing partial differential equations are turned into 

nonlinear ordinary differential equations by using similarity transformation. They concluded that raise in 

inclined angle modifies the friction factor and heat transfer rate. The slip parameter enhances  the momentum 

boundary layer thickness. In this experiment, positive values of non-uniform heat source-sink parameters 

refine the flow temperature profiles. In table 3 results from two experiments are compared in two different 

conditions. [88] 

 

 Table 4. Fe3O4 - water and Fe3O4-Kerosene properties for different volume fraction values [89] 

  M = β= 0 

 

A B R* = * = =0 

 

M = β= 2 A B R* = = 

=*0 

 

 φ Khan et al.  

(2015) 

Raju et al 

(2019) 

 

Khan et al.  

(2015) 

Raju et al 

(2019) 

Fe3O4-Water 0.01 0.34324 0.3432413 

0.4513102 

0.37573 0.3757321 

 0.1 0.45131 0.38832 0.3883210 

 0.2 0.59517 0.5951712 0.40242 0.4024202 

Fe3O4-Kerosene 0.01 0.34557 0.3455732 

0.4733621 

0.37580 0.3758001 

 0.1 0.47336 0.38896 0.3889631 

 0.2 0.63950 0.6395023 0.40356 0.4035641 

 

Hussein et al [89] numerically studied the magneto-hydrodynamic free convection flow of a nanofluid in an 

open enclosure utilizing the lattice Boltzmann method (LBM). Results demonstrate that supreme values of 

stream work are declined altogether by expanding Hartmann numbers whereas these values are raised by 

expanding Rayleigh numbers. Additionally, the strong volume division detailed a noteworthy impact on heat 

transfer and stream work, depending on the esteem of Rayleigh numbers and Hartmann. Gan et al [90] showed 

that ferrofluids have a thermal conductivity higher than their base watery or oil-based liquids due to the strong 

magnetic nanoparticle that makeup the ferrofluids. Stream heat transfer properties are improved with the 

ferrofluid utilization. Results show that ferrofluid convective heat transfer rate increase by expanding the 

strong volume concentration of magnetic particles within the investigated range (0.2–0.4%). Interestingly, 
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increasing magnetic flux decreases heat transfer improvement. [91,92] Shah et al investigated ferrofluids for 

heat transfer augmentation and also studied the magnetic field effect on heat transfer amount for ferrofluid 

flow with Re<100. [35] 

 

 

Fig 7.  temperature profile for ferrofluid flow, with and without the magnetic field for three dipole cases at 

Re=25 and without magnetic field at (b) Re=50 [35] 

 

External regulation of ferrofluid convection is possible in temperature-sensitive carrying fluids and  porous 

medium ensures that stationary convection is the preferred mode consequently the measurements are easy to 

handle. [93,94] Zablotsky et al [95] have performed pore-scale numerical simulations of ferrofluid 

magnetosolutal micro convection in 1D ordered porous membranes composed of cylindrical elements.  

5. Nusselt variation of ferrofluid in an external magnetic field 

As the magnetic gradient increases, the Kelvin force prevails and causes the fluid to move toward the porous 

region. Besides, the boundary layer is disrupted due to the ferrofluid rotation in the high-intensity magnetic 

field. Consequently, the boundary layer is disturbed and thermal conductivity in the porous medium linearly 

changes with the Nusselt number. Increasing the Reynolds number in the absence of the magnetic field leads 

to an increase in the Nusselt number as the inertial force overcomes the larger viscosity. On the other hand, 

with a certain amount of Reynolds value, the use of an external magnetic field leads to an increase in the 

Nusselt number. [96]approve that under the influence of the magnetic field induced by a solenoid with a current 

intensity of 10 A, the average Nusselt number value increases up to 30%. [46] Li and Xuan [97] observed a 

moderate increase in Nusselt number ratio up to 60%. according to their experimental results nanofluid with 

2% nanoparticles was the most appropriate fluid. Fotukian et al [98] experimentally investigated the effect of 

nanofluid on heat transfer rate in horizontal tube and penetrative parameters such as nanoparticles volume 

concentration, Reynolds number, and temperature have been considered. The results indicate that no 

significant increase in heat transfer coefficient enhancement accompanied with the Reynolds number and mass 

flow compared to the conventional fluid. The convective heat transfer of laminar flow with oxide nanoparticles 

under constant heat flux in the circular tube was studied experimentally by Zeinali et al [99] and Results 

showed that the Nusselt number increases. In this situation volume fraction increases for all Reynolds numbers.  

Kayhani et al [100] investigated the convective heat transfer and nanofluid pressure drop. the y observed that 

at nanofluid with 2.0% nanoparticle volume fraction is about 8% of the Nusselt number. Heidary et al [101] 

analyzed fluid flow and heat transfer in a wavy channel, whereas a magnetic field is connected in transverse 

heading to the most stream. It is observed that a wavy channel is more effective than a straight one, while it 

can upgrade warm trade between the center stream and hot dividers. Otherwise, the utilization of magnetic-

field transverse to hot dividers can upgrade heat transfer in a straight channel. They inspected in case the 

nearness of these two strategies at the same time value for the upgrade of warm trade or not. Figure 8 shows 
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the average Nusselt-number variation of the hot walls of channels versus Hartmann-numbers for wave 

amplitude (0, 0.1, 0.2, 0.3).  

 

 

Fig 8. graph of average Nusselt number versus Hartmann numbers for various wave amplitude at Re=250 

[102] 

 

Maouassi et al [102] outlined how commonsense application of using nanoparticles as a working liquid to 

fortify the efficiency of solar collector type flat plate with heat-transfer adjustment properties. A numerical 

study about laminar nanofluid convection, lasting and stationary, is conducted in a sun-powered level plate 

solar collector. The obtained results of pressure drop coefficient, Nusselt number and temperature were 

discussed. Finally, they concluded that warm exchange increments with expanding both nanoparticle 

concentration and Reynolds number. Figures 9 represents the Nusselt-number evolution as a function of 

Reynold number and the volume fraction. 
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Fig 9.Nusselt variation by the increase in Reynolds number [102] 

 

 

Fig 10. Variation of average wall temperature with Re for the different volume fraction of ferrofluid where 

(A) H=44.8, (B) H=62.4 

Servati et al [103] considered the magnetohydrodynamic (MHD) properties of nanofluid in a permeable 

channel. They found that by expanding the nanoparticle concentration, the temperature and average speed at 

the channel outlet expanded drastically. Moreover, the normal Nusselt number increments marginally with the 

magnetic field concentrated. Nessab et al [104] investigated ferrofluid jet flow and convective heat transfer 

under the influence of magnetic sources numerically. They calculated local Nusselt changes for different 

magnetic numbers as is shown in the following. 

 

 

 

Fig 11. Local Nusselt changes for different magnetic numbers at Xi = 10 and R = 1/4 for Fe3O4 [104] 
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Fig 12. Local Nusselt for different Xi at Mn = 30 and R = ¼ [104] 

6.Conclusion 

Different types of ferrofluid have widespread utilization in various industries. They have alternative physical 

properties in the response to a variable intensity of magnetic fields. In the following some of the most 

important results are mentioned: 

 

 The magnetic field effect can make more heat transfer efficiency. The results of numerical studies 

demonstrate that heat transfer rate enhances by the magnetic number increase and the opening ratio 

reduction but this improvement depended on magnetic field strength and flowing path geometry. For 

example, there are small clusters in ferrofluid which are iron oxide nanoparticles(IONPs). While an 

intense magnetic field affects ferrofluid in SS tube, clusters grow and decrease flow speed so heat 

transfer decrease but this problem will be solved in a special magnetic field strength since the 

increase in ferrofluid heat transfer coefficient in a magnetic field depends on the internal interaction 

force to the magnetic current ratio. 

 The heat transfer coefficient raise (in comparison with base fluids) significantly depends on 

nanoparticle concentration adoption. 

 Comparison of the base fluid with the magnetic fluid shows a considerable increase in heat transfer 

quality in convective heat transfer for appropriate magnetic field gradient and sufficient magnetic 

field gradient. 

 Passing along, local Nusselt decrease. For different magnetic numbers, the Nusselt number has a 

concise increase with the Reynolds number provided that the flow regime does not change. 

Numerical studies show ferrofluid can optimize two-phase flow in porous media, for different base 

fluids (water, kerosene). Providing a suitable magnetic field affects magnetic nanoparticles. 
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