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ABSTRACT 

Ferrofluids are stable suspension of ferrimagnetic nanoparticles in hydrocarbon carrier. This flu id is used for 

harvesting energy using energy conversion device which is presented in this work. The device consists of two 

chambers, they are hot and cold chamber in which differential magnetization is linked with an inductor. 

Classically very small value of coupling coefficient |k| has been observed. System configuration shows an emf 

generation rate of about 44.4µV/K. Presented work shows another way of harvesting energy. Ferrofluid  havin g a 

particle size o f 21nm was used in this case. 
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I. INTRODUCTION 

The process of deriving energy from 

various energy sources like wind, solar, temperature,  

vibration, etc with the help of energy harvesting 

devices are well known to us. Energy harvesters 

provide a very small amount of power with low 

degree of efficiency.  Some vibrat ional sources in 

the environment include electric motor-rotation, 

wind motion, wave motion, vehicle motion and 

human movement, all of which vary widely in both 

frequencies as well as amplitude [1]. Vibrational 

energy can be harvested using several methods, such 

as, piezoelectric, electrostatic and electromagnetic 

transduction. Electromagnetic energy harvesters are 

better candidates for low frequency vibrations, but, 

their peak output voltage is relatively low. In  

addition, the design of the applied power electronics 

and electromagnetic systems in the devices are 

crucial in efficiently delivering the harvested power 

to the load. Harvester configuration has been studied 

with the basic concept remain ing the same. The core 

principle is that the vibrations of magnetic field is 

linked as per Faraday’s law to induce  a current 

which can then drive an electrical device [2]. 

Ferrofluids have attracting application in various 

fields like automobiles, electrical engineering 

[28,30,31,32], space technology, computer science, 

medical imaging, biomedical [3,4], targeted drug 

delivery [5,6], optical fiber [27,29] and sensors [7,8] 

etc. The temperature sensitivity issue on ferrofluid  

has already been studied [9,10]. Attempts have been  

 

made for generating energy from ferrofluids 

whereas, micro devices are used for fabrication and 

generation of energy. 

Presented work investigates a magnetic 

flu id based electromagnetic energy harvester as a 

macro device. The generation of energy using 

magnetic field was observed by inducing 

Electromotive Force (emf) in a coil due to oscillat ing 

nature of the magnetic nanoparticles in ferrofluid  

[11]. Ferroflu ids are colloidal liquids made up of 

nanoscale permanent magnetic dipoles, can change 

shape freely and has ability to generate an 

electromotive force (emf) from s mall v ibrations. 

Ferrofluids are often applied to energy harvesting 

devices, because they have fluidity, magnetic 

properties and behaves like soft ferromagnetic 

substance [12]. Study of flow analysis of ferroflu ids, 

magnetic circuit and characteristics of resultant 

magnetic system is carried out classically. An energy 

harvester model based on magnetic field generated 

by a ferroflu id is proposed and developed. 

Thereafter, the feasibility of the proposed method is 

shown and its emf characteristics have been 

discussed with reference to experimental data.  

In consequence, the aim of this work is to 

develop an energy conversion device using a 

differential magnetization of Fe3O4 based Ferrofluid. 

The characterizations of the synthesized 

nanoparticles were carried out with TEM, VSM and 

XRD techniques. Vibrational energy from thermal 
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agitation is used as a main source to generate small 

amount of electrical energy. 

 

II. MATERIALS AND METHOD 
2.1 Materials 

Ferric chloride hexahydrate (FeCl3:6H2O, 

>99%), ferrous chloride tetrahydrate (FeCl2:4H2O, 

>99%), hydrochloric acid  (HCl, >37%), Oleic acid  

C18H34O2 (anionic surfactant) and ammonia were 

obtained from Sigma Aldrich. Milli-Q water was re-

deionized (specific conductance < 0.1 s/cm) and 

deoxygenated by bubbling with N2 gas for 1hr prior 

to use. 

 

2.2 Preparation of Fe3O4 Nanoparticles 

Co-precipitation method was used for the 

preparation of magnetite Fe3O4 nanoparticles . Stock 

solutions of 1.28M FeCl3:6H2O, 0.64M FeCl2:4H2O 

were prepared as a source of iron by dissolving the 

respective chemicals in Milli-Q water under 

vigorous stirring. Stock solution of 1.5M NH4OH 

was prepared. A solution of 0.01M HCl was 

prepared for surface neutralizat ion. 25 ml of iron 

source was added drop-wise into 250 ml of alkali 

source under vigorous mechanical stirring for 30 

minutes at 90
o
C.  N2 gas was passed through the 

reaction medium during synthesis operation in a 

closed system. When ammonium hydroxide reacts 

with solution, then forms ferric hydroxide and 

ferrous hydroxide. Oxidation process has taken place 

immediately giving out FeO and Fe2O3 molecules. 

Ferritisation process has been followed and final 

product of Fe3O4 was prepared. The precipitated 

powder was black in color and this has indicated the 

formation of Fe3O4.   For the preparation of Fe3O4 

nanoparticles, the concentration of Fe
2+

 and Fe
3+

 

ions must be 1:2 respectively. In the same way, 

aqueous dispersion of magnetic nanoparticles were 

prepared by alkalinizing an aqueous mixture of 

ferric and ferrous salts with ammonia at room 

temperature [6], while a solution of 1.5M sodium 

oleate C18H33O2Na(surfactant) at pH = 9.4 was 

prepared. Coating on the nano particles  was carried 

out using Na-oleate under vigorous mechanical 

stirring for further 30 minutes at 90
o
C to acquire 

steric repulsion.  

Fe3O4    + C17H33COONa           [Fe3O4. C17H33COO
-
]          

(Anionic    Na-o leate                  adsorbed particle                                

particle) 

After coating, the surfactant which was 

adsorbed physically on the surface of the particles 

and excess surfactant was removed by washing with 

deoxygenated Milli-Q water. Centrifugation and 

peptizing the solution was carried out three times. 

After washing the powder 4 times, the precipitated 

powder was isolated by applying an mild external 

magnetic field and the supernatant was removed 

from the precipitate by decantation. The color of the 

powder was changed to brown from black after 

coating of surfactant. Deoxygenated Milli-Q water 

was added to wash the powder and the solution was 

decanted after centrifugation at 3500rpm. The excess 

of Cl
-
 ions was detected by addition of Ag

+ 
ions. The 

chemical reaction of Fe3O4 precipitat ion was carried  

out as follows [13,14] -: 

                                   

FeCl2+2[FeCl3]+8[NH4OH] Fe3O4+8[NH4Cl]+ 

4[H2O]      

                                                                  

2[NH4OH] + FeCl2  2[NH4 Cl] + Fe(OH)2 

 

2[3NH4OH] + 2[FeCl3] 2[3NH4Cl]+ 2[Fe(OH)3] 

 

Fe(OH)2 FeO+H2O 

 

2 Fe(OH)3 Fe2O3 + 3 H2O 

 

FeO + Fe2O3 FeO.Fe2O3 = Fe3O4 

 

The princip le reaction was as follow: 

                                   pH 8.5 

Fe
2+

 + 2Fe
3+  

+8OH
-      

Fe3O4 + 4 H2O 

 

When reaction proceeded, pH of the 

reaction was controlled with the help of buffer 

solution. A complete precipitation of Fe3O4 was 

achieved  between pH = 7.5-14, while maintain ing a 

molar ratio of Fe
2+ 

: Fe
3+ 

= 1:2 under a non-oxidizing 

environment.  

Shiny magnetic powder obtained was 

washed with ethanol and dried in the oven at 80
O

C. 

All the characterizations of the sample were done in 

solid phase. 

The size of the single domain particle 

depends on the compound and different anisotropic 

energy terms. The crit ical radius below which a 

particle acts as a single domain particle is given by 

equation-1 [25].  

 

                                   (1) 

 

Where, = Uniaxial Anisotropic Constant 

  = Exchange Constant 

s= Saturation Magnetization 

= Permeability of free space 

 

2.3Fe3O4 based Ferrofluid 

The powder prepared was dispersed in 

kerosene which is a hydrocarbon carrier. Surfactant 

was used for stability of ferrofluid against 

agglomerat ion. Ferroflu id with 2.5% volumetric 
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concentration was prepared. The preparation of 

ferrofluid can also be seen elsewhere [15]. 

 

2.4 Functional Diagram for Electromagnetic 

Energy Harvester using Fe3O4 Ferrofluid 

Fig-1 shows a diagram of the proposed 

energy harvester using a ferroflu id with coil in its 

core. This energy harvester consists of two boxes. 

One box is water cooling chamber and other box is 

divided into two sub chambers called hot chamber 

and cold chamber. The partition of the chambers has 

a semi circular hole at the top as well as at the 

bottom. The water cooling box is attached at the 

upper side of the cold chamber and it acts as a 

cooling reservoir. A cooling reservoir has the 

dimensions of 25mm x 25mm x 75mm. The 

dimension of main box is 25mm x 25mm x 75mm 

with partit ion at 12.5mm from the edge. One side of 

the copper metallic plate is connected at the end of 

the bottom of hot chamber and the other side of 

metallic p late is kept open for heat input. 

 
Figure 1.a) Prototype macro cell used for energy 

generation. 

 

Hot and cold sub chambers were filled up 

with ferrofluid having 2.5% volume concentration.  

Nanoparticles are a ferrimagnetic particle with 

diameters of order 21nm as such particles behaves as 

a single domain magnetic particle. 

The energy generating coil was placed 

exactly at the center of the  main box assembly  

having 25,000 turns of 42 SW G and wounded on 

Bakelite former having 15mm width with diameter 

of 103mm. The entire assembly was housed in a 

vertical static magnetic field of 1Tesla as shown in 

Fig-1 denoting functional block. When heat input is 

given to the copper plate, it conducts and transfers it 

to the bottom of the hot chamber. Ferrofluid liquid  

which is present in hot chamber gets heated up and 

flows in upward direction due to natural convection. 

Further, it moves in to the upper side of the 

cold chamber. The water cooling chamber which is 

connected at the top of cold chamber helps to cool 

the hot ferrofluid entering the cold chamber. The 

ferrofluid enters the cold chamber and flows in the 

downward direction; it reaches at the bottom of the 

partition of the cold chamber. It then gets transferred 

to the hot chamber from bottom opening. Again 

ferrofluid gets heated up and the whole process is 

repeated again and again. 

 

 
Figure 1.b) Functional block diagram for energy 

generation setup, using ferrofluid.  

 

Thus, the natural convection causes the 

ferrofluid to move in the container. This motion of 

the ferrofluid   changes the magnetic flux generated 

by the permanent magnet and creates a time-vary ing 

fluctuations in magnetic field, depending upon the 

temperature. This field induces an EMF in the coil, 

thus generating small electric potential. The output 

of coil was attached to oscilloscope (HAMEG /  

HM407-2) and readings were taken at different 

temperatures from 300K to 318K. Smaller range in  

temperature was selected for the device expected to 

work near room temperature. 

 

III. CHARACTERIZATION  OF  Fe3O4 

NANOPARTICLES 
Prepared Fe3O4 powder was characterized  

by using Phillips PW 1800 powder X-ray  

diffractometer. Scanning range during 

characterizat ion was taken between 6-80
O

. The 

morphology and particle size of these nanoparticles 

was characterized by TEM model H-7650 using 
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accelerating voltage of 120KV. The resultant emf 

generated in induction coil was in the range of few 

mV and discussed later. 

 

IV. RESULTS AND DISCUSSION 
4.1 TEM and XRD of Fe3O4 Nanoparticles 

The TEM of the powder is shown in the 

Fig-2. (JEOL make Model-JEM 2100). Evacuation 

current is required to be below 64 micro a mps for 

TEM to work under safety limits. All images have 

been taken below 32 micro amps in safe limit for the 

filament of TEM. 

 

 
Figure 2.  TEM image of Fe3O4 ferrofluid  

having average particle size of 21nm. 

 

At this limit the beam voltage was set at 

200KV and the peak beam current of 98 micro amps 

was observed. During image ext raction, it is 

observed that 3 to 4 micro amps of beam current 

have been increased. TEM image shows the size of 

nanoparticles around 21nm. 

 

 
Figure 3.  XRD pattern of Fe3O4  powder 

 

Magnetite powder was dried in oven for 

24Hrs at 80
O

C. The structural properties of particles 

were analyzed by XRD (Philips make /X’pert PRO 

model) as shown in Fig-3. The size of the crystal 

cluster was calculated by Scherrer’s formula as in 

equation 2. Wavelength λ of source was taken  

0.15406nm . 

                D = Kλ/(Bcosθ)                     (2) 

B is a full width half maximum (FWHM), K is the 

shape parameter and θ is the bragg’s angle. The 

value of K is 0.89 for magnetite. The largest 

intensity in the graph is at [311] p lane with 2θ of 

35.7
o
. Half maximum intensity width of the peak 

accounted with instrument broadening; particle size 

was calculated to 20.7nm. 

 

4.2 Magnetization of Fe 3O4  Powder 

Magnetization of the magnetite powder is 

as shown in Fig-4. The saturation magnetization of 

21nm magnetite particle was observed as 

80.2emu/cc at 300K and the applied field was 10kG.  

 

 
Figure 4.  Magnetizat ion (emu/cc) vs field (Gauss) 

at 300K performed on 21 nm size Fe3O4 

nanoparticle. 

 

4.3 Thermal effect on Ferrofluid and Induced 

Electromotive Force  

Ferrofluids which are subjected to static 

uniform magnetic field and thermal gradient have 

interesting phenomena, which leads to 

thermomagnetophoretic mobility in ferroflu ids. 

Thermomagnetophoretic mobility is a kind of 

thermo diffusion as well as  self oscillatory 

convection and the effect is called as Soret Effect. 

This is characterized by Soret Coefficient ST. The 

soret coefficient has been introduced in such a way 

that, if the particles tend to concentrate in the hottest 

region, then the soret coefficient is negative ( ST < 

0); this is thermophilic behavior and if the particles 

of ferrofluid tend to go away from the hottest region, 

then the soret coefficient is positive (ST > 0); this is 

thermophobic behavior. In current system, the value 

of Soret coefficient lies in the range from 0.001 /K 

to 1.0 /K.  It is also reported that Soret Coefficient 

ST  is also a function of Volume Fraction[16,17]. The 

Marangoni effect also called as the Gibbs–

Marangoni effect, is the mass transfer along an 

interface between two fluids due to surface tension 
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gradient. In the case of temperature dependence, this 

phenomenon is called as thermo-capillary  

convection or Benard–Marangoni convection. Since 

a liquid with a high surface tension have pull more 

strongly on the surrounding liquid than the one with 

a low surface tension. The presence of a gradient in  

surface tension will naturally cause the liquid to flow 

away from regions of low surface tension. The 

surface tension gradient can be caused by 

concentration gradient or by a temperature gradient 

due to the fact that the surface tension is also a 

function of temperature[18,19]. 

Thus, the temperature gradient causes the 

motion of flowing of ferrofluid in the container. Th is 

motion of the ferrofluid in the container make 

changes in the magnetic flux of  permanent magnet 

and creates a time-varying magnetic flux depending 

upon the temperature fluctuations. This flux induces 

an emf  in a coil. The output of coil has benn shown 

graphically as Fig-5. 

 

 
Figure 5.  Rise in differentially generated  emf (mV)  

vs Temp (K) 

 

 Temperature of copper p late was raised from 300K 

to  318K whereas  voltage observed from 300K  to 

318K was from 2.0 mV to 2.8 mV.. 

 

V.  THEORETICAL ANALYSIS 

5.1 Analysis of coupling coefficient |K| 
Super-paramagnetic iron oxide 

nanoparticles show unique magnetic properties. The 

saturation magnetization,  of individual single 

domain magnetic nanoparticle of specific size 

represents the maximum magnetization (A/m) that a 

particle can experience. 

 

          (3)

  

 

Where, 

 is the mass of the individual particle,  

 Md is the bulk saturation magnetization (A/m/g),  

 r    is the radius of  the particle   

𝜹    is non-magnetic thickness of shell over core of 

the particle. 

Thickness of the shell is about 1nm for 

super-paramagnetic particle sizes (Milliner al. 2007). 

With the help of , it is possible to find 

spontaneous magnetization,  which is 

present in magnetic nanoparticle without applying 

any external magnetic field. This is also an ordered 

magnetization in a particle[20]. 

 (4)

      

T is the temperature of a nanoparticle and 

 is Curie temperature of bulk materials. At 

temperatures above Curie temperature , the 

materials do not have ordered magnetic domain and 

thus shows no spontaneous magnetizat ion. The 

validity of this relationship is observed for 

maghemite [Fe2O3] up to a temperature of 0.5  

[21].   for maghemite is 685 K therefore 

establishing 340K as a maximum valid temperature 

as far as this model is concerned. Other 

dimensionless important quantity to consider is , 

susceptibility of magnetic nanoparticle and it is 

deduced from equation-5. Susceptibility of the 

magnetic nanoparticle depends on the volume of the 

particle  , temperature T as well as spontaneous 

magnetization ,  is Boltzman’s constant,  

is free space permeability. 

  (5)

              

It is the quantity which describes the 

magnetic response to an applied magnetic field. 

Generally, value is complex in nature at low 

temperatures below 150 K as well as complex non-

linear behavior at dynamic magnetic fields[22]. On  

these assumptions, magnetite nanoparticles too are 

subjected to the temperature below 340K such that 

the above model describ ing equations 1-3 are 

applicable. 

Particle in collo idal ferro flu id with its 

magnetic moments m (A-m
2
) are analogous to the 

molecules of paramagnetic gas. In the absence of 

externally applied magnetic field, the particles are 

randomly oriented and colloidal ferrofluid has no net 

magnetization. In ordinary magnetic field strength, 

the tendency of dipole moments to align to an 

external magnetic field is partially overcome by 

thermal ag itation. Part icles align more and more if 
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strength of externally applied magnetic field is 

increased. Under extremely h igh magnetic field  

strength the particles may completely align and the 

magnetization achieved for colloidal ferrofluid is at 

its saturation value. Langevin’s classical theory is 

applied to give a superparamagnetic relationship on 

the assumption that there is a negligible particle-

particle magnetic interaction. Consider a cylindrical 

small volume of magnetically polarized collo idal 

ferrofluid subjected to external magnetic field Ho 

with gradient Ho and poles of density oM (scalar) 

appearing at extreme ends of the cylindrical 

elements of volume . These poles of density  

(poles/m
2
) appear equal in numbers and opposite 

polarity at extreme ends of the cylindrical elements. 

Area Ac is considered as a cross sectional area at 

extreme ends of the cylindrical element and d 

(scalar) is an axial length of the cylindrical element. 

M is a magnetization vector aligned with the 

geometrical axis of a cylindrical elemental volume 

and collinear in the direction of applied magnetic 

field gradient. Whereas Ho is a change in Ho in the 

direction of geometric axis of the subjected 

cylindrical volume element. Applied field Ho may be 

taken as a force on a unit pole and hence the force 

experienced by the volume element is - 

Ho  Ac   +   (Ho +  Ho)  Ac   = Ho  Ac 

Ho = (d. ) Ho whereas, d is axial displacement 

vector. (d. ) Ho  = (d/M)(M. )Ho  and   force 

density, F = o (M . ) Ho with oM represent the 

vector moment per unit volume. Dipole moment for 

volume element is md =  Acd = oM Acd, where  

= oM and Acd is volume V of element, therefore  

md = oM V. Vector d ipole moment md is in the 

direction of d isplacement vector d. 

Now, torque T acting on volume element on 

application of uniform magnetic field is considered 

when Ho = 0, under no magnetic field gradient 

applied to vector dipole moment is given as- 

T = md x Ho= oM V x Ho 

 

Torque per unit volume = T/ V= ( oM V x Ho) 

/ V  =  ( oM x Ho) is a torque density. This 

expression is independent of the choice of origin of 

the co-ordinate system. For soft magnetic solid 

material in colloidal ferroflu id, M is parallel to Ho. 

This saturation magnetization of purely 

ferromagnetic solid material is called domain  

magnetization Md. Generally speaking of hard 

magnetic material shows hysteresis whereas soft 

magnetic material does not show or show very less 

hysteresis. For soft material the force density 

reduces to oM Ho  as vector M has no different 

direction than Ho. Therefore, work per unit volume = 

force density. ds=  oM( Ho).ds =  oMdH/ds   

Rosensweig R. E. has extensively evaluated 

concerned dynamics in 1985. 

 Other important property of colloidal 

ferrofluid is susceptibility and is a standard ratio as 

shown in equation-6. 

                                                         (6)   

Equation (5) has been replaced in equation (4) and 

rewritten as equation (7) 

   (7)     

Since, 

   

                         (8) 

  for particle.  

Replacing above and  and in equation (6) we 

get equation (8) as follows. 

 (9) 

 

Expanding, we get  wb/m
2
 magnetic field density 

at particle. 

 =  is a magnetic flux density (wb/m
2
) of a 

particle. Rep lacing B as well as   from 

equation-4  in to equation-9  and solving for , we 

get equation-10 

 

       (10) 

In ferrofluid for control sample within the core o f a 

coil i.e . a-b-c-d-e-f-a  as per Fig-7, 

 ns =            (11) 

Where  is average magnetic moment per 

particle in A-m
2
 in the direction of applied magnetic 

field and is saturation magnetization of 

ferrofluid  in A/m, ns particles/m
3 

is the particle 

density in control volume sample nc is number of 

particles in cold section i. e. from b-c-d-e-b at the 

center of the coil within control volume Vc.nh is the 

number of part icles in hot section i.e. from a -b-e-f-a  

at the center of the coil within control volume Vh. Bc  

is the maximum usable flux density available at the 

control volume of the center of the coil around the 

cold chamber. Whereas Bh is maximum usable flux 

density available at control volume of center of the 

coil around hot chamber. Bc field is at 45
o
 with the 

axis of coil where as similarly Bh field is also at 45
o
 

with the axis of coil. ns is number of particles in the 

center core of the coil taken together as a cold core 
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and hot core i.e full control volume.  Cross sectional 

Area of control volume is As which contains  Ac and 

Ah cross sectional areas of the control volume sample 

in cold as well as hot chamber spaces at the center 

core of the coil. 

Whereas   Bs(usable)=Bc(usable)+Bh(usable),  

Where Bs(usable) is maximum flux density at the 

center of the coil. While Bh(usable) and Bc(usable) is 

flux densities at hot and cold core in the center of the 

coil after taking most probable states of the particles 

in hot and cold core respectively. Bc(usable) =  Bp  x 

c in cold core and Bh(usable) =  Bp x h   in hot 

core. Whereas, the value is very low due to impact 

of higher temperature on particles. The temperature 

dependencies of magnetization of the ferrofluid are  

given by classical Langevin theory of 

paramagnetism and not much of hysteresis is given 

by such a system. 

c number of particles ( s /2) will be in the 

most probable state in the cold core area of coil 

under very high external magnetizing force. This is 

the source of differential magnetization which will 

be non zero and give rise to fluctuations as 

Bc(usable). 

Bs (usable) = Bc(usable) 

 |∆Φ| maximum usable = Bs (usable) x As/2. 

Particles are under Brownian relaxation[23,24] and 

are governed by equation  (9). 

                                  (12)                         

This  , Brownian relaxat ion time is in the order of 

sec for 21 nm particle. Therefore maximum 

value of induced emf can be shown as equation (13). 

                  (13)

        

                      (14) 

   (15) 

Since, 

/2  (16)       

Where As is full cross sectional area of chamber at 

center of coil. 

/2           (17)    

 

Where   is flux density per particle, nc is number 

of particles in sample at center of coil with cold 

core. 

 
=   Ac                    (18)    

Ac                        (19)                           

Ac                                                  

                                          (20)     

Ac.

                                                                                                                                                           

 (21) 

 

Using equation-13 and rep lacing  

  

                                                   (22) 

Let us define a and b such that, 

a =                                  (23)                                  

b =                                                 (24) 

.V = .  

Where  is the domain magnetization of bulk 

material, N is the number of turns of the coil and and 

 is of the order of 10
-6

 sec. 

a = 3.862 x 10
-18 

  (1/m
2
) 

b = 4.705 x 10
11 

 (Sec-m/A) 

    Volts  (25)           

 

Where, |k| is the coefficient of flux linkage 

with the coil. The measured value of generated emf 

was 800 µV at temperature of 318K. Negative sign 

of emf is only for direction convention. 

Experimentally observed value of |k| was 1.6 x 10
-9

 

at temperature of 318K. Values of |k| at different 

temperatures are depicted in Fig-6. 

Figure 6. Effect of temperature on coefficient of 

coupling |k| 
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5.2 Discussion on transportation of materials 

through channel 

 
Figure 7. Showing control sample in shaded area 

 

Considering control volume a-b-e-f-a in  

Fig-7, whereas the Raynold transportation of mass 

into control volume is analysed and given in 

equation- 26. For the purpose of system analysis on 

control volume, we must apply equations to a 

specific region rather than to individual masses. 

Reynolds transport theorem is applicable here. 

Consider a fixed control volume a-b-e-f-a with an 

arbitrary flow pattern. In general, each differential 

area dA of surface of inflow and out flow may have 

a different velocity V with a different angle θ with 

the normal to dA.  One can find in flow volume of 

 and outflow volume of 

. Whereas the ferrofluid is assumed 

as an incompressible fluid and there is no 

accumulat ion of mass into any of the control 

volume. The flow will get developed slowly due to 

the heat flow at hot chamber and required to reach at 

control volume of hot chamber. For the system 

shown in Fig-7,  an  instantaneous change of  Bsys in 

the system  is sum of the change within control 

volume  plus the outflow and minus the inflow. A in 

and Aout are the cross sectional areas in the control 

volume in hot chamber. Whereas, integral CV and 

CS refer to control volume and control surface 

respectively;  is the density of ferrofluid and  is 

related to unit mass parameter. Volhc control volume 

of hot chamber such that  be the 

intensive value of the amount B per unit mass in any 

small element of the fluid. 

A change within the control volume  in hot chamber 

a-b-e-f-a is given by 

        

Outflow of  β from the  above control volume  side 

a-b is given by 

 
Inflow from same control volume is from side e-f 

 
The Raynold transportation equation for control 

volume a-b-e-f-a in hot chamber is then given by -: 

                                           (26) 

Under certain circumstances, . 

As the fluid is incompressible and there is no 

accumulat ion of mass within control volume under 

question, therefore differential volume is zero.  

                                          (27) 

Similar analysis can be carried out for control 

volume at co ld chamber b-c-d-e-b also. 

The maximum efficiency of such systems 

depends only on the temperature under test. TH is a 

temperature input from copper plate of hot chamber 

and the temperature of the cold chamber is TC.  The 

maximum efficiency is given by 

%100x1 









H

c

T

T
Efficiency .=5.66%         (28)                                        

The actual efficiency is defined as -: 

%100x
HQ

W
Efficiency                      (29)                                                                  

Where, W is the work done by the heat input 

on sample and by the environment and QH is the heat 

extracted from the test cell. At the beginning of the 

cycle, the ferroflu id is held at a constant temperature 

of about 300 K.  Work is done on the ferrofluid  

system and heat is exhausted to the cold reservoir. 

Initially, an internal energy of the system does not 

change since the temperature does not change.  

According to the First Law of Thermodynamics, 

WQU   where Q is the heat added to the 

system and W is the work done by the system. In the 

second part of the cycle, heat is added to the system 

causing the ferrofluid colloidal to push the mass 

material slowly. Under magnetic field the material 

gets magnetically polarized and Brownian motion 

gets restricted giving rise to a differential 

magnetization. This differential magnetizat ion of a 

control volume of hot and cold chamber will 

fluctuate more and more due to temperature rising 

and giving rise to emf generation in the coil.  
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VI. CONCLUSION 
From the final equation of coefficient of 

coupling, |k|   is very low. An unbalanced 

differential magnetic flux densities of these 

chambers taken in combination will give however 

small but non zero value of |k|.  

It is observed that increase in emf with 

temperature shows an average rate of 44.4 µV/K. 

This generated emf is obtained after a certain t ime 

lapse, as it takes a while for heating the ferroflu id at 

the hot chamber for getting differential flux linkage. 

Generated emf will be measurable under the high 

value load impedances only. The order o f load 

impedances required is in Mega Ohms. 
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