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 In this study, the effect of the presence of a magnetic field (MF) on the 

thermal conductivity of the nanofluid (NF) (𝑘𝑛𝑓) containing spinel 

ferrite nanoparticles (NPs) (MFe2O4, M=Fe, Co) was investigated. 

CoFe2O4 NPs were concentrated by the coprecipitation method. Both 

NPs were characterized by SEM, EDX, XRD, and VSM. The thermal 

conductivity was investigated and compared in the presence and 

absence of an MF. In addition to the intensity of MF (100, 200, 300, and 

400 G), the effect of the concentration of NPs (from 0.25 to 2 Vol%) on 

𝑘𝑛𝑓 at a constant temperature of 25 °C was investigated. According to 

the results, in the absence of MF, the 𝑘𝑛𝑓 of CoFe2O4/water ferrofluid 

(FF) was higher than that of Fe3O4/water FF in different concentrations. 

Furthermore, as the intensity of the MF increased, the 𝑘𝑛𝑓 of both 

Fe3O4/water and CoFe2O4/water FFs increased. This increase was more 

observed for the FFs containing Fe3O4 NPs. At the highest concentration 

(2 Vol%), with the increase of MF up to 400 G, the 𝑘𝑛𝑓 of Fe3O4/water 

has increased by about 3.2%, while this increase was about 1.8% for 

CoFe2O4/water. Increasing the volume percentage of NPs also had a 

positive effect on the thermal conductivity coefficient. Finally, according 

to the obtained results, correlations were presented to predict the 𝑘𝑛𝑓 of 

both FFs according to the intensity of the MF and the concentration of 

NPs. The proposed correlations had a satisfactory accuracy with R2 

values of 0.98 for both FFs. 
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1. Introduction 

The cooling process, encompassing multiple 

branches, is a significant scientific challenge 

within the industrial sector. The primary 

constraint on enhancing the performance and 

the compression of heat transfer systems is the 

low thermal conductivity exhibited by 

traditional heat transfer fluids, including water 

and oil [1]. Consequently, some researchers 

have concentrated on enhancing heat transfer 

by modifying and altering the thermal 

properties of the fluid flow. Nanofluid (NF) 

refers to a specifically designed colloidal 

suspension of nanoparticles (NPs) within a 

base fluid. This innovative material has many 

applications, primarily attributed to its 

superior thermal conductivity and enhanced 

convection heat transfer coefficient relative to 

the base fluid. However, the inherent 

characteristics of NFs impose constraints on 

their efficiency and the enhancement of heat 

transfer. Consequently, recent research efforts 

have focused on developing strategies to 

enhance the thermophysical properties of NFs 

[1]. 

The suspensions of magnetic NPs, known as 

ferrofluids (FFs), and their use in the presence 

of a magnetic field (MF) as an external force, 

are the subjects of many research projects with 

significant applications across various fields, 

including enhanced heat transfer [2-5]. Since 

the presence of an MF is associated with a 

change in the physical properties of these NFs, 

it is necessary to study and investigate the 

effect of MF on these properties, such as 

thermal conductivity [1]. On the other hand, 

ferrites are a large group of oxides that have a 

set of special properties and are known as 

effective NPs used in FFs. However, the 

investigations conducted on the effect of MF 

on the properties of this category of materials 

and their mixtures are very limited. 

The enhancement of thermal conductivity in 

heat transfer fluids by adding solid NPs has 

been the subject of extensive experimental and 

theoretical research. Of course, Several 

models, including Maxwell's, Bragman's, and 

other common models, have been introduced 

to estimate the effective thermal conductivity 

of NFs (𝑘𝑛𝑓), yet these models do not take into 

account the influence of MF. The models 

developed for predicting 𝑘𝑛𝑓 are generally 

categorized into two distinct groups: the 

enhancement of existing models and the 

formulation of new models. Structural models 

(such as nanolayers), and dynamic models 

(such as the collision of NPs) due to Brownian 

motion, belong to the first category. 

Nanoconvection resulting from Brownian 

motion, however, belongs to the second 

category. Some researchers have presented 

different structural and dynamic models in 

both categories [6]. 

In addition to the studies conducted without an 

MF, some researchers have studied the thermal 

conductivity of NFs in the presence of MFs. In 

2011, Baby and Ramaprabhu [7] conducted a 

study on the Fe3O4/water NF. They assessed 

𝑘𝑛𝑓 by subjecting NF to an MF with intensities 

ranging from 0 to 550 G. The findings 

indicated that the application of MF would 

lead to a marked enhancement in thermal 

conductivity. The researchers attributed this 

enhancement to the alignment of particles 

along the direction of MF. In another work 

done by Shima and Philip [8] in 2011, the NF 

containing Fe3O4/kerosene was investigated. 

In this work, they investigated the thermal 

conductivity of the NF by applying an MF 

perpendicular and parallel to the direction of 

motion. They changed the intensity of the 

applied MF from 0 to 500 G. Their results 

showed that by changing the intensity and 

direction of MF, the value of thermal 

conductivity could be adjusted from low to 

very high. When the direction of MF is aligned 

parallel to the direction of the fluid flow, there 
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is a notable increase in thermal conductivity 

compared to a scenario where MF is oriented 

perpendicularly to the flow. In contrast, a 

perpendicular field orientation exerts minimal 

influence on thermal conductivity. 

In 2012, Gavili et al. [9] conducted a study 

examining how the application of an MF 

influences the 𝑘𝑛𝑓 composed of Fe3O4 and 

water. In this study, they changed the intensity 

of the field from 0 to 1000 G. They reported 

that the application of MF resulted in an 

increase in thermal conductivity exceeding 

200 percent. In 2013, Nkurikiyimfura et al. 

[10] investigated the effect of particle 

clustering on 𝑘𝑛𝑓 in the presence of an MF. In 

their research, they employed an NF 

containing Fe3O4/oil, alongside the MF with an 

intensity ranging from 0 to 0.02 T. They 

indicated that when MF is applied parallel to 

the temperature gradient, there was a notable 

enhancement in thermal conductivity. They 

attributed this increase in the value of 𝑘𝑛𝑓 to 

the chaining of magnetic NPs induced by MF. 

In 2013, Krichler and Odenbach [11] 

investigated the effect of the MF in the 

direction both perpendicular and parallel to the 

heat flux on 𝑘𝑛𝑓. The NF used in their 

investigation was Fe3O4/water. The findings of 

their research indicated that when the MF 

direction was parallel to the flux direction, 

there was an increase in thermal conductivity 

corresponding to the rising intensity of MF. 

Conversely, when the MF direction is 

perpendicular to the flux direction, a negative 

correlation is observed between thermal 

conductivity and the intensity of MF. In 2016, 

Shahsavar et al. [12] conducted a study on 

Fe3O4/water NF, reporting a variation in field 

intensity ranging from 0 to 480 mT. They 

stated that thermal conductivity experienced a 

peak in the presence of an MF .  In another study 

in 2016, Nurdin et al. [13] used ϒ -Fe2O3/water 

NF and investigated the effect of the intensity 

and direction of MF on 𝑘𝑛𝑓. The applied field 

intensity was reported as 0 to 300 G. They 

stated that the two parameters of the intensity 

and direction of MF will have a significant 

increasing effect on 𝑘𝑛𝑓. They also observed 

that when the field is parallel, it is more 

effective than when it is perpendicular. 

A review of the studies examining the 

influence of MF on 𝑘𝑛𝑓 , reveals that nearly all 

investigations indicate an enhancing impact of 

parallelly-directed MF on thermal 

conductivity. The MF which is oriented 

perpendicularly may have a slight positive 

influence, no influence, or potentially a 

negative influence on thermal conductivity. 

Also, it can be seen that in most of the previous 

studies, Fe3O4/water NFs have been used, 

whereas other NPs have not been investigated 

and tested much. Among the conducted 

studies, Amani et al. [5] investigated the 

thermal conductivity of the NF containing 

MnFe2O4 NPs in the presence of an MF. In 

their work, they investigated different 

concentrations of NF (0.25-3 Vol%) and 

different temperatures (20-60 °C) in different 

MF intensities. The findings indicated that 𝑘𝑛𝑓 

rose as the volume concentration of NPs and 

the MF intensity increased. Based on these 

results, they proposed a correlation to 

determine 𝑘𝑛𝑓 when it was subjected to an MF. 

Studies on thermal conductivity resulted in 

obtaining various findings regarding the 

alterations in thermal conductivity in the 

presence of an MF. Conversely, there is no 

definitive correlation that can accurately 

predict thermal conductivity under the 

influence of an MF, highlighting the continued 

need for experimental investigations to 

ascertain this parameter. The novelty of the 

present work is that it investigates the effect of 

the type and concentration of NPs and on the 

thermal conductivity of FFs in the presence of 

MFs with different intensities, and provides 
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unique relationships to predict this property. 

Therefore, according to few studies on 

CoFe2O4 spinel ferrite NPs, in this study and in 

the continuation of the authors' previous 

studies [14-19], an attempt is made to 

investigate the thermal conductivity of the FF 

containing CoFe2O4 NPs in the presence and 

absence of an MF, and to compare the results 

with those obtained by Fe3O4 NPs. Also, the 

main goal is to achieve a relationship for 

predicting the thermal conductivity of both 

FFs according to the intensity of MF and the 

concentration of NPs.  

 

2. Methodology 

2.1. Preparation of ferrofluids 

The NPs used in this article are Fe3O4 and 

CoFe2O4 spinel ferrite NPs. Fe3O4 NPs were 

acquired from the Iranian Pishgaman 

Nanomaterials Company, with sizes ranging 

from 20 to 30 nm. (Scanning electron 

microscopy (SEM) analysis was carried out to 

confirm the particle size). The preparation of 

cobalt ferrite NPs was accomplished through 

the co-precipitation technique [20, 21]. To 

achieve this objective, cobalt nitrate 

(Co(NO₃)₂ .6 H₂O, Merck) and iron nitrate 

(Fe(NO₃)₃ .9 H₂O, Merck) salts were utilized 

in the molar ratios of 1:2, while the pH of the 

solution was adjusted using sodium hydroxide 

(NaOH, Merck) at a concentration of 3 M. 

After alkalizing the solution (pH = 12-13), 

filtering, drying in ambient temperature for 

one day, and calcining the formed precipitate 

in the oven with a heating rate of 10 °C/min at 

450 °C for six hours, CoFe2O4 NPs were 

obtained, which can be absorbed by MF. The 

steps and the obtained result are briefly shown 

in Figure 1. Finally, since the cobalt ferrite NPs 

prepared this way were agglomerated and non-

homogeneous, a ball mill with a rotating rate 

of 350 rpm was used for 30 minutes to 

homogenize the particles. In the ball mill, eight 

balls with the size of 1 cm were used. Then, the 

material characterization tests of both Fe3O4 

and CoFe2O4 particles were done and they 

were analyzed. 

In this research, a two-step method was 

employed to prepare NFs with varying 

concentrations. To achieve this, a 

predetermined quantity of NPs was initially 

measured and then gradually added to a 

defined volume of distilled water, as the base 

fluid. After that, the sample was mechanically 

stirred for 30 minutes and subsequently 

exposed to ultrasonic waves for 30 min using 

an ultrasonic homogenizer operating at a 

power of 300 W. 

 

 
Figure 1. Synthesis  steps of cobalt ferrite NPs. 

 

2.2.Stability of NFs 

As the stability of NFs was important during 

the experiments, it was necessary to check the 

stability of NF and the deposition time of NPs. 

For this purpose, the intuitive observation was 

used. So, different methods such as changing 

the ultrasound irradiation time, changing the 

pH value, and addition of surfactant 

cetyltrimethylammonium bromide (or CTAB, 

C19H42BrN, Merck) were tried and 

investigated to help the better dispersion and 
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stability of NPs. The results of this study are 

given in the results section. 

 

2.3.Thermal conductivity measurement 

The thermal conductivity of Fe3O4/water and 

CoFe2O4/water FFs was investigated by a 

thermal properties analysis device (KD2 pro 

device, American Dickon company). To 

measure the thermal conductivity, a 25 ml 

Falcon was used, on its lid, a very small 

opening was created for the entrance of the 

conductivity sensor. First, the investigated 

fluid was poured into the falcon, and after that, 

the measurement sensor was placed vertically 

into the fluid and fixed by glue. To prevent the 

studied fluid from exchanging heat with the 

environment, the Falcon was completely 

insulated by polyethylene foam. Then, to 

ensure that the measuring sensor is completely 

in contact with the fluid and there are no 

possible air bubbles around it, the insulated 

falcon was turned upside down with the sensor 

inside. The image of the thermal conductivity 

measurement device is shown in Figure 2. 

Before starting each experiment, the 

measuring sensor was placed in the 

investigated fluid for 15 minutes to reach 

temperature equilibrium. Moreover, according 

to Figure 2, to create an MF, two neodymium 

magnets were closed by a frame around the 

chamber, so that the opposite poles of the two 

magnets were facing each other and a uniform 

MF was created between the two magnets 

where the fluid was located. The intensity of 

MF was regulated by adjusting the distance 

between the magnets. Each experiment was 

repeated 10 times, and the average results were 

calculated. 

 
Figure 2. Image of the thermal conductivity 

measurement device. 

2.3.1. Calibration 

To ensure the accuracy of the performance of 

the thermal properties analyzer, and also to 

check the effect of the absence and presence of 

an MF on the measurement accuracy of the 

device, the thermal conductivity of Glycerol 

and distilled water at a temperature of 25 °C in 

the presence and absence of MF was measured, 

and the results were compared with the values 

in Perry's Handbook [22]. According to the 

results reported in Table 1, an error of less than 

2% was calculated for measuring thermal 

conductivity. 

Table 1. 

Calibration results and comparison of the measured thermal conductivity of water and Glycerol with the 

values found in Perry's Handbook [22]. 

Sample at 25 °C 

Thermal 

conductivity 

measured without 

the presence of an 

MF (W/m.K) 

Thermal 

conductivity 

measured in the 

presence of an MF 

(400 G) (W/m.K) 

Thermal 

conductivity 

reported in Perry's 

Handbook [22] 

percentage error 

Glycerol 0.2872 0.2864 0.2845 0.7-0.9 

Water 0.6121 0.6162 0.6073 0.8-1.5 
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3. Results and discussion 

3.1.Characterization of NPs 

As mentioned earlier, the NPs used in this 

study are two types of spinel ferrite NPs. Fe3O4 

NPs were purchased and CoFe2O4 NPs were 

synthesized by the co-precipitation method. 

The characterization tests were performed to 

identify and examine both particles. The X-ray 

diffraction (XRD) analysis (by Philips 

PW1800) for both NPs was performed [19]. 

The XRD analysis results are shown in Figure 

3. 

  

(a)  (b) 

[19]. NPs 4O2CoFeand (b)  4O3of (a) Fe sXRD pattern .Figure 3 

. 

According to the peaks appearing in the two 

samples and comparing them with the 

identification peaks, it can be found that the 

Fe3O4 sample matches the identification code, 

and the CoFe2O4 sample is synthesized 

correctly [19].  

Debye Scherrer’s formula was utilized to 

estimate the average crystallite size of Fe3O4 

and CoFe2O4 samples [23, 24]. 

D =
kλ

β cos θ
 

 

Here D, λ, k, β, and θ correspond to the 

crystallite size, X-ray wavelength, Scherer’s 

constant (0.90), full width at half maximum 

(FWHM) of the diffraction peak, and Bragg’s 

diffraction angle respectively [23, 24]. The 

estimated sizes of Fe3O4 and CoFe2O4 

crystallites were found to be 28.3 nm and 7 nm 

respectively. 

The vibrating-sample magnetometer (VSM) 

test results (by Rikan BHV 55) are also shown 

in Figure 4. According to the results, Fe3O4 

NPs have superparamagnetic properties and 

display a fully closed hysteresis loop. The 

CoFe2O4 sample has demonstrated excellent 

magnetic characteristics, and a hysteresis loop 

that closely resembles superparamagnetism. 

Additionally, the saturation magnetization of 

CoFe2O4 NPs is lower than that of Fe3O4 [16, 

19]. 

 
Figure 4. Hysteresis diagram of Fe3O4 and 

CoFe2O4 NPs [16, 19]. 

To better identify the synthesized NPs, an 

SEM test and energy dispersive X-ray (EDX) 
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analysis (by ZEISS-Sigma 300 machine) were 

also performed [16, 19]. The obtained results 

for Fe3O4 and CoFe2O4 NPs are shown in 

Figure 5. 

 
 

(a) 

  

(b) 

Figure 5. (a) EDX and (b) SEM [16, 19] analyses of Fe3O4 and CoFe2O4 NPs.  

 

According to the EDX analysis, the constituent 

elements of NPs have been determined and are 

shown as atomic percentages in Table 2. 

 

 

 

 

Table 2. 

Atomic percentages of the constituent elements of 

Fe3O4 and CoFe2O4 NPs by the EDX analysis . 

Atomic percentage 

4O2CoFe 4O3Fe Elements 

67.10 60.84 O 

21.62 39.16 Fe 

11.28 - Co 

100 100 Total 

 

4O3Fe 
4O2CoFe 

4O3Fe 4O2CoFe 
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According to the results of the material 

identification analysis and comparison of the 

atomic percentages of the NP elements in 

Table 2, it can be seen that in CoFe2O4 NPs, 

the cobalt element has correctly replaced some 

iron elements, so that in the structure of the 

synthesized CoFe2O4 NPs, the atomic ratio of 

the iron element to cobalt is almost 2. The size 

of both NPs is reported to be 20-30 nm. 

 

3.2. NF stability 

As mentioned in the previous section, to 

perform various experiments using NFs, it was 

necessary for NF to remain stable for a while 

and to maintain the dispersion of NPs .  For this 

purpose, FFs were placed inside the test tube 

and intuitive observation and photography at 

different times were used. By changing the 

duration of ultrasonication, changing the pH, 

and the use of CTAB, suitable conditions for 

the better stability of both FFs were 

investigated. 

By using the surfactant, better stability was 

observed for both FFs. To optimize the value 

of CTAB, the weight ratio of surfactant to NPs 

in different ratios of 1/2, 1/4, 1/8, 1/16, 1/32 

were considered. The best stability was 

observed for both FFs at the weight ratio of 

1/16 of the surfactant to NP. The FF containing 

Fe3O4 NPs reached an acceptable stability for 

subsequent experiments using 30 minutes of 

ultrasonication with a power of 300 W and a 

weight ratio of 1/16 of the surfactant to NPs. 

The behavior of FF in the cases without and 

with the addition of surfactant is shown in 

Figure 6.

 

1200 120 60 40 20 10 5 
0 

time (min) 

        

Without 

using 

surfactant 

        

using 

surfactant 

Figure 6. Investigation of the stability of water/Fe3O4 FF with a concentration of 0.5 Vol% without and 

with the use of the CTAB surfactant . 
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According to Figure 6, it can be seen that, in 

the case without the use of surfactant, the FF 

containing Fe3O4 NPs begins to settle after 10 

min, so that after 20 min, the accumulation of 

NPs can be seen at the bottom of the test tube .  

After adding CTAB, FF reaches high stability 

so that even after 20 h, sedimentation is not 

observed in the test tube. The FF containing 

CoFe2O4 NPs also reached an acceptable 

stability using the sonication duration of 30 

min with a power of 300 W, and the use of 

surfactant with a weight ratio of 1/16 of the 

surfactant to NP, as well as adjusting the pH at 

3, using sulfuric acid (H₂SO₄, Merck). The 

behavior of FF without and with the use of 

surfactant and pH adjustment is shown in 

Figure 7. 

 

1200 120 60 40 20 10 5 
0 

Time (min) 

        

Without 

using 

surfactant 

and pH 

adjustment 

        

Using 

surfactant 

and pH 

adjustment 

Figure 7. Investigation of the stability of CoFe2O4/water FF with a concentration of 0.5 Vol.% without and 

with the use of CTAB surfactant . 

 

As it can be seen from Figure 7, the FF 

containing CoFe2O4 NPs also, without the use 

of surfactant, starts to settle from the very 

beginning, so that after about 20 h, all the NPs 

are separated from the FF and settled at the 

bottom of the test tube . However, after using 

the surfactant and adjusting the pH of the FF, 

this stability increases and the FF remains 

stable for more than 2 h. Of course, after a long 

time, around 20 h, it is observed that a two-

phase state is created in the FF and NPs begin 

to settle. Since all the tests with FF are 

performed in less than 2 h, it is ensured that FF 

is stable during the test. 
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3.3.Investigating the thermal conductivity 

of FFs 

The 𝑘𝑛𝑓s of Fe3O4/water and CoFe2O4/water 

were measured at the concentrations of 0.25, 

0.5, 1, and 2 vol.%, MF intensity of 100, 200, 

300, and 400 G, and temperature of 25°C. The 

results are reported as follows. 

3.3.1. Effect of the concentration of NPs on 

𝒌𝒏𝒇 without MF 

Figure 8 illustrates the variations in the 𝑘𝑛𝑓 of 

NFs by increasing the concentration of NPs at 

a temperature of 25°C, in the absence of MF. 

 

 

Figure 8. The changes in thermal conductivity in terms of the volume percentage of NP for the FFs 

containing Fe3O4 and CoFe2O4 without the presence of an MF . 

 

As it can be seen in this figure, the thermal 

conductivity obtained for both FFs is higher 

than the thermal conductivity of the base fluid 

(𝑘𝑏𝑓) (0.607 W/mK) due to the presence of 

metal oxide NPs in them. It has also been noted 

that the 𝑘𝑛𝑓 for both FFs enhances as the 

concentration of NPs increases. This can be 

justified, considering that the thermal 

conductivity of solid metal oxide NPs exceeds 

that of the liquid base fluid. As the 

concentration of NPs rises, the thermal 

conductivity of the resulting emulsion also 

increases. Although, the figure indicates that 

the 𝑘𝑛𝑓 values for both FFs are similar; 

however, it is clear that the 𝑘𝑛𝑓 of 

CoFe2O4/water exceeds that of Fe3O4/water. 

This may be attributed to the superior thermal 

conductivity of cobalt in comparison to that of 

iron. According to the thermal conductivity 

values available in Perry's Handbook at a 

temperature of 27°C for these two elements, it 

is observed that the thermal conductivity for 

cobalt is 100 W/m.K and for iron is 80 W/m.K 

[22]. Also, according to the SEM image shown 

in Figure 5, the dispersion of CoFe2O4 NPs 

with a smaller size than that of Fe3O4 NPs can 

be considered as another reason for this 

difference. By comparing two FFs in which the 

concentration of NPs is constant, the FF 

containing NPs with smaller size will have a 

smaller distance between particles and also 

better heat transfer. 

 

3.3.2.  Effect of MF on 𝒌𝒏𝒇 

Figure 9 illustrates the impact of MF on the 

𝑘𝑛𝑓 of NFs at various concentrations, 

measured at a temperature of 25 °C. 
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(b) (a) 

Figure 9. Effect of increasing the MF intensity on the thermal conductivity of FFs (a) Fe3O4/water and (b) 

CoFe2O4/water at different concentrations and the constant temperature of 25 °C. 

 

In Figure 9, the 𝑘𝑛𝑓 of Fe3O4/water and 

CoFe2O4/water FFs are compared in the presence 

and absence of an MF. The intensity of the MF has 

been increased from 100 G to 400 G and its effect 

on the thermal conductivity has been investigated .  

As it can be seen in Figure 9, with the increase in 

the intensity of the MF, the 𝑘𝑛𝑓 of both 

Fe3O4/water and CoFe2O4/water FFs has increased. 

The presence of an MF causes the particles to be 

oriented along each other and creates chains of 

NPs, which leads to an increase in thermal 

conductivity. Also, according to Figure 9, it can be 

seen that with the increase in the intensity of the 

MF, despite the higher thermal conductivity of the 

FF containing CoFe2O4 NPs compared to Fe3O4 

(which was seen in Figure 8), the 𝑘𝑛𝑓 of 

Fe3O4/water FF compared to that of  

CoFe2O4/water FF, has increased more, which can 

be attributed to the different behavior of Fe3O4 NPs 

compared to CoFe2O4 NPs in the presence of the 

MF. In other words, according to Figure 4 and the 

different magnetization of two NPs, it can be seen 

that when FFs are exposed to an MF, Fe3O4 NPs 

are affected by MF more than CoFe2O4 in FF. 

Probably, the formation of more and more coherent 

clusters of Fe3O4 NPs inside the FF increases 𝑘𝑛𝑓 

compared to the FF containing CoFe2O4 NPs. For 

a better comparison, the thermal conductivity of 

both FFs due to increasing the MF intensity is 

shown in Figure 10. 

 
Figure 10. Comparison of the thermal conductivity of Fe3O4/water and CoFe2O4/water FFs by increasing 

the MF intensity. 
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Figure 10 illustrates that initially, in the 

absence of the MF, the thermal conductivity of 

CoFe2O4/water is greater than that of 

Fe3O4/water. However, as MF is applied and 

its intensity increases, the 𝑘𝑛𝑓 of Fe3O4/water 

surpasses that of CoFe2O4/water. For example, 

at the concentration of 2 Vol%, with the 

increase of MF up to 400 G, the thermal 

conductivity of Fe3O4/water has increased by 

about 3.2%, while this increase was about 

1.8% for CoFe2O4/water. As previously 

discussed, this phenomenon can be linked to 

the superior magnetization of Fe3O4 NPs in 

comparison with that of CoFe2O4 NPs. When 

MF is applied, Fe3O4 NPs exhibit more 

pronounced responses due to their enhanced 

magnetization, resulting in the formation of 

more extensive and elongated chains. 

 

3.3.3. Investigating the data obtained with 

existing models and introducing a new 

correlation 

To evaluate the results for the 𝑘𝑛𝑓 of the 

studied FFs with the existing models, the ratio 

of the effective 𝑘𝑛𝑓 to the thermal conductivity 

of the base fluid (𝑘𝑏𝑓) was first determined 

across various MF intensities at a temperature 

of 25 °C, as illustrated in Figure 11. 

 

(b) (a) 

Figure 11. Thermal conductivity ratio of FF to the base fluid in different concentrations and MFs, (a) 

Fe3O4/water, (b) CoFe2O4/water . 

 

Figure 11 illustrates that the thermal 

conductivity ratio (𝑘𝑛𝑓 𝑘𝑏𝑓⁄ ) for both FFs has 

enhanced by increasing the concentration of 

NPs and the intensity of MF. 

In general, various effective models for 

predicting 𝑘𝑛𝑓 have been proposed by different 

researchers since 1873. To use each of the 

models, special conditions have been 

considered and in most of the models, the 

effect of MF has not been considered. Since, in 

the present work, 𝑘𝑛𝑓 was investigated in the 

presence of MF, the obtained results were 

compared with the work of Amani et al. [5], 

which was presented in the presence and 

absence of MF. The present study is very 

similar to theirs, but done with a different NP. 

The model presented by Amani et al. [5], under 

the conditions without and with MF, is 

provided by equations (1) and (2) respectively. 

This model was obtained to calculate the 𝑘𝑛𝑓 

of MnFe2O4/water FF [5]. 

(1) 𝑘𝑛𝑓

𝑘𝑏𝑓

= 0 ∙ 887(1 + 𝜑)3∙603𝑇0∙042 
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(2) 𝑘𝑛𝑓

𝑘𝑏𝑓

= 1

∙ 276(1 + 𝜑)3∙483𝑇0∙125𝐵0∙055 

In these equations, 𝜑, 𝑇, and 𝐵 are the NF 

volume fraction, temperature (K), and MF 

intensity (G) respectively [5]. In Figure 12, the 

experimental data obtained for the 𝑘𝑛𝑓 of both 

Fe3O4/water and CoFe2O4/water FFs are 

compared with the results of the model 

proposed by Amani et al. [5] without and with 

the application of MF. To check the results in 

the presence of MF, the values obtained at 

specific MF intensities (for example, 400 G) 

were examined. 

 

 

 

Figure 12. Comparing the experimental results of the thermal conductivity of Fe3O4/water and 

CoFe2O4/water FFs with the values obtained from the model proposed by Amani et al. [5]. 

 

As it can be seen in Figure 12, the experimental 

values obtained from the present study for the 

𝑘𝑛𝑓 of both FFs and the values obtained from 

the model of Amani et al. [5] in the absence of 

MF are close to each other, although at low 

concentrations more differences are observed .  

Also, by applying the MF of 400 G, there is a 

huge difference between the experimental 

results of the present work and the results of 

Amani et al. [5] in all concentrations . 

Undoubtedly, different experimental 

conditions, NPs and MFs (MF created by the 

magnet in the present work and by an 

electromagnet in Amani et al.’s [5] work) can 

be the reason for this difference. On the other 

hand, according to Table 1, the values obtained 

in the present work for the thermal 

conductivity of water are in acceptable 

agreement with the values in Perry's Handbook 

[22], so it can be a confirmation of the existing 

measurement method and the accuracy of the 

obtained results . So, the model obtained in the 

work of Amani et al. [5] can’t be used to 

predict the 𝑘𝑛𝑓 of both Fe3O4/water and 

CoFe2O4/water FFs. Therefore, a model 

similar to the model of Amani et al. [5] was 

considered but its coefficients were modified 

for both FFs. The present modified model and 

the obtained constants for both FFs are shown 

in Table 3.
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Table 3. 

 Proposed model for estimating the 𝑘𝑛𝑓 of Fe3O4/water and CoFe2O4/water FFs, and their constants . 

/ water4O2CoFe /water4O3Fe Constants Model 

0.9348 0.8975 a 

𝑘𝑛𝑓

𝑘𝑏𝑓
= a(1 + 𝜑)𝑏𝐵𝑐 0.0906 0.0878 b 

0.0126 0.0214 c 

The model outlined in Table 3 is considered for 

the 𝑘𝑛𝑓 of both investigated FFs at a 

temperature of 25 °C, with concentrations 

ranging from 0.25 to 2 Vol% and MF 

intensities between 100 and 400 G. Figure 13 

(a) and (b) illustrate the comparison between 

the experimental data and the values derived 

from the proposed model for both Fe3O4/water 

and CoFe2O4/water FFs. 

 

 

 

(a) (b) 

Figure 13. Comparison of experimental data with values predicted by the proposed model in the prence 

of MF for the FFs containing (a) Fe3O4, and (b) CoFe2O4 NPs. 

4. Conclusion 

This study involved the measurement of 

thermal conductivity in the presence of MF for 

two FFs containing Fe3O4 and CoFe2O4 spinel 

ferrite NPs. For this purpose, CoFe2O4 NPs 

were synthesized by the coprecipitation 

method. Both FFs containing Fe3O4 and 

CoFe2O4 NPs were prepared in concentrations 

of 0.25, 0.5, 1, and 2 Vol%. The 𝑘𝑛𝑓 of FFs 

was investigated and compared in the MF 

intensities of 100, 200, 300, and 400 G . The 

findings indicated that in the absence of MF, 

the 𝑘𝑛𝑓 of CoFe2O4/water was greater than that 

of Fe3O4/water. However, when MF was 

applied and its intensity was increased, the 

enhancement of the 𝑘𝑛𝑓 for the Fe3O4/water FF 

surpassed that of the CoFe2O4/water. Also, 

increasing the volume percentage of NPs had a 

positive effect on the thermal conductivity 

coefficient. Using the obtained results, new 

correlations were proposed to predict the 𝑘𝑛𝑓 

of both FFs (CoFe2O4/water and Fe3O4/water), 
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in the presence and absence of an MF and in 

different concentrations of NPs. Finally, a 

good agreement was observed between 

experimental data and the results obtained 

from the proposed models. 

List of Symbols  

a Constant of the thermal 

conductivity equation 

B Magnetic field intensity [G] 

b Constant of the thermal 

conductivity equation 

c Constant of the thermal 

conductivity equation 

𝑘 Thermal conductivity 

[W/M.K] 

T Temperature [K]  

Greek symbols  

φ Volume fraction [-]  

Subscripts  

bf Base fluid 

ff Ferrofluid 

nf Nanofluid 

Abbreviations  

EDX Energy dispersive X-ray  

FF Ferrofluid 

MF Magnetic field 

NF Nanofluid 

NP Nanoparticle 

SEM Scanning electron 

microscopy 

Vol Volume 

VSM Vibrating-sample 

magnetometer 

XRD X-ray diffraction 
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