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Abstract 
Innovative definitions of the electric and magnetic diffusivities through con-
ducting mediums and innovative diffusion equations of the electric charges 
and magnetic flux are verified in this article. Such innovations depend on the 
analogy of the governing laws of diffusion of the thermal, electrical, and 
magnetic energies and newly defined natures of the electric charges and 
magnetic flux as energy, or as electromagnetic waves, that have electric and 
magnetic potentials. The introduced diffusion equations of the electric 
charges and magnetic flux involve Laplacian operator and the introduced 
diffusivities. Both equations are applied to determine the electric and mag-
netic fields in conductors as the heat diffusion equation which is applied to 
determine the thermal field in steady and unsteady heat diffusion conditions. 
The use of electric networks for experimental modeling of thermal networks 
represents sufficient proof of similarity of the diffusion equations of both 
fields. By analysis of the diffusion phenomena of the three considered modes 
of energy transfer; the rates of flow of these energies are found to be directly 
proportional to the gradient of their volumetric concentration, or density, 
and the proportionality constants in such relations are the diffusivity of each 
energy. Such analysis leads also to find proportionality relations between the 
potentials of such energies and their volumetric concentrations. Validity of 
the introduced diffusion equations is verified by correspondence their solu-
tions to the measurement results of the electric and magnetic fields in micro-
wave ovens. 
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1. Introduction 

Recent studies found the electric charge and magnetic flux as electromagnetic 
waves which have electric or magnetic potentials, like the heat radiation which is 
defined as electromagnetic waves that have a thermal potential [1]. However, the 
electric current was defined in literature as flow of electrons and its diffusion was 
wrongly defined as diffusion of electrons [2]. Recognizing the proper nature of 
flow of the electric charges as flow of energy, or electromagnetic waves, suggests 
an analogical definition of the electric diffusivity as an energy diffusivity, like the 
heat diffusivity, whose units are m2/s [3]. Additionally, the use of electric net-
works for experimental modeling of thermal networks, in case of unsteady heat 
confusion processes, represents a sufficient proof of similarity of the equations 
that should govern the diffusion of heat and the electric charges [4]. The tradi-
tional definition of the magnetic flux, as a static region around a magnet in 
which the magnetic force exists, also led to a wrong definition of the magnetic 
diffusion as motion of magnetic fields [5]. According to Faraday’s induction ex-
periment that found analogical natures of the electric charge and magnetic flux 
in his induction coil, and the recent definition of the magnetic flux as flow of 
energy, the definition of the magnetic diffusivity should be also defined as elec-
tric diffusivity whose units are m2/s [6].  

In this study, it will be analytically investigated the impact of such concluded 
diffusivities of the electric charge and magnetic flux as energy diffusivities. 
Starting by defining the volumetric concentration of each energy in transfer, as 
the thermal, electric, or magnetic energies, it will be found proportional relations 
between the potentials of the three considered modes of energy transfer and 
their volumetric concentration. Then, it will also be investigated the role of the 
electric and magnetic diffusivities as the coefficient of the proportionality be-
tween the rates of transfer of the electric charge and magnetic flux and the gra-
dient of their volumetric concentrations. 

Accordingly, it will be derived differential equations that characterize the dif-
fusions of the electric charges and magnetic flux that involves their properly de-
fined diffusivities. The heat diffusion equation involves the Laplacian operator 
for determination of the temperature field in steady or unsteady conduction [7]. 
So, it is followed analogical procedures to derive similar diffusion equations that 
characterize the electric and magnetic fields and involve the Laplacian operator 
in addition to their energy diffusivities. The newly derived diffusion equations 
may represent a solution that deletes redundancies in determination of the elec-
tric and magnetic fields in previous electromagnetic applications [8]. The validi-
ty of the innovative diffusion equations of the electric charges and magnetic flux 
is realized by comparing their solutions by the measurement results of separate 
magnetic and electric fields in some applications [9]. 

2. The Thermal Diffusion 

Consider a thin conducting slab of thickness “dx”, area “A”, and a thermal con-
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ductivity “ thermk ”, with a temperature difference “dT” between the opposite faces 
of such slab, as shown in Figure 1. The rate of heat flow across this thin slab is  

denoted as “ d
d

thermQ
τ

”. This flow is driven by a temperature gradient of magni-

tude “ d
d
T
x

”, found according to the Fourier’s law of heat conduction as follows 

[10]:  

 d d
d d

therm
therm

Q Tk A
xτ

=  Watt  (1) 

By dividing and multiplying the R.H.S. of Equation (1) by the product “ρc”, 
where ρ is the density and “c” is the specific heat of the slab material, we get the 
following equation: 

 d d
d d

therm thermQ k cTA
c x

ρ
τ ρ

=  Watt (2) 

The term “ k
cρ

” in Equation (2) represent the thermal diffusivity of the con-

ductor denoted as [10]: 

 
2m

sec
therm

thermal
k

c
α

ρ
=  (3) 

The thermal diffusivity, αthermal, is defined as the ability of the material of the 
conductor to conduct heat energy relative to its ability to store heat energy ac-
cording to the following relation [11], 

 Ability of heat conduction per unit area per unit time
Ability to store heat per unit mass per unit degree

therm
therm

k
c

α
ρ

= =   (4) 

 

 

Figure 1. Heat transfer rate, .condQ , in a plane wall due to a temperature gradient, dT/dx 
[10]. 
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Investigating the product “ρc” in Equation (4), it has the units “Joule/K/m3” 
which measures the heat capacity of unit volume of the conductor due to in-
crease, or decrease, of its temperature by 1 degree Kelvin. So, it is possible to call 
such product as the volumetric specific heat, denoted as “ ,therm volc ” or as the ca-
pacity of unit volume of the substance to store heat per unit rise of its tempera-
ture and to have the following units: 

 
3

, 3
kg Joule Joule m
m kg K Ktherm volc c cρ ρ= × =

⋅
 (5) 

So, it is also possible to rewrite an alternative definition of the thermal diffu-
sivity as follows:  

 

( )

,

Ability of heat conduction per unit area per unit time
Heat capacity per unit volume per unit degree volumetric specific heat

therm
therm

therm volum

k
c

α =

=
 (6) 

Substituting the units of the terms in Equation (5) into Equation (6), the units 
of the thermal diffusivity can be found as follows: 

 
2

3
J 1 m

s m K J m K sec
therm therm

therm
k k

c c
α

ρ ρ
 

= ⋅ = ⋅ ⋅ ⋅ 
 (7) 

Investigating the product “ρcT” in Equation (2), it has the following units: 

 3 3 3
kg Joule Joule JouleK K
m kg K m K m

cT cT cT cTρ ρ ρ ρ= ⋅ ⋅ = ⋅ =
⋅ ⋅

  (8) 

The found units of this product as “Joule/m3 ” represent the thermal energy 
“ thermQ ” in “Joule” per unit volume “v” in “m3” [J/m3]. So, the term “ρcT” can be 
interpreted as the volumetric concentration, or density, of the thermal energy in 
conductors according to the following equation: 

 thermQcT
v

ρ =   (9) 

By substituting the product “ρcT” according to (9) in (2) and the ratio “ thermk
cρ

”  

according to (6) in (2)); we get a modified form of Fourier’s aw of heat transfer 
by conduction as follows: 

 
( )dd

d d
thermtherm

therm
Q vQ

x
α

τ
=  (10) 

The term “
( )d

d
thermQ v

x
” in Equation (10) represents the gradient of the  

volumetric concentration of the thermal energy inside the conductor. According 
to Equation (9), the rate of heat transfer in a conductor is directly proportional 
to the gradient of the volumetric concentration of the thermal energy in such a 
conductor. As seen in Equation (9), the proportionality constant in such equa-
tion is the thermal diffusivity “ thermalα ”.  

According to Equation (9), it is possible to conclude the relation between the 
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thermal potential “T” and the volumetric density or concentration of the ther-
mal energy in a conductor is according to the following equation: 

 ( )
,

1
therm

therm volum

T Q v
c

=   (11) 

Equation (10) indicates the thermal potential is directly proportional to the 
volumetric concentration of the thermal energy in conductors and the constant 
of proportionality is the reciprocal of the volumetric specific heat “ ,therm volc .”  

Reviewing the heat conduction equation for determining the temperature field 
in transient conditions, it reads [11]: 

 
2 2 2

2 2 2
1

thermal

T T T T
x y z α τ

∂ ∂ ∂ ∂
+ + =

∂ ∂ ∂ ∂
 (12) 

In case of steady state conditions, we get the known Laplace equation involv-
ing the known Laplacian operator “ 2∇ ” [12]: 

 
2 2 2

2
2 2 2 0T T T T

x y z
∂ ∂ ∂

+ + = ∇ =
∂ ∂ ∂

 (13) 

Replacing “T” in Equation (11) by the volumetric density of heat according to 
Equation (9), we get: 

 
( ) ( )2

2
1therm therm

therm

Q v Q v
x α τ

∂ ∂
=

∂ ∂
 (14) 

Equation (13) represents an innovative differential equation for determination 
of one dimensional, volumetric concentration of thermal energy through a con-
ductor. For three-dimensional heat diffusion, we can write the following diffu-
sion equation [12]. 

 
( ) ( ) ( ) ( )2 2 2

2 2 2
1therm therm therm therm

thermal

Q v Q v Q v Q v
x y z α τ

∂ ∂ ∂ ∂
+ + =

∂ ∂ ∂ ∂
 (15) 

According to the field theory, Equation (14) can be applied to determine the 
concentration field of thermal energy in conductors [12]. 

3. The Electric Diffusion 

Ohm’s law states that the current density in an ohmic conductor is proportional  

to the electric field. So, the rate of charge flow “ d
d

electQ
τ

” across a thin slab of  

thickness “dX” due to the action of potential difference “dV,” as shown in Fig-
ure 2 can be expressed as follows [10]: 

 d d
d d

elect
elect

Q Vk A
Xτ

=  Watt (16) 

where electk  and A are the electrical conductivity and the surface area of the slab. 
Comparing Equation (1) and Equation (16), it is seen the analogy between the 
laws that govern the flow of thermal energy or heat flow “ thermQ ” and the flow of 
electrical energy or of charge “ electQ ” in a conductor [13]. Both energies are de-
fined as forms of electromagnetic waves which have either thermal or  
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Figure 2. Charge transfer rate in a plane conductor due to a potential gradient “ d
d

V
X

” [14]. 

 
electrical potential. As a proof of the similarity of thermal and electric field is the 
experimental simulation of thermal field by electric field in different applications 
[14]. So, we may expect the charge diffusion is characterized by analogical diffu-
sion equations, as Equation (11) and Equation (14), that characterize the heat 
diffusion. 

The electric capacitance “ electC ” is defined in literature as the capability of 
material object or device to store electric energy or charge in Joules [15]. Ac-
cording to this definition, it is possible to introduce a definition of the volume-
tric electric capacity, like the volumetric thermal capacity, as the capability of a 
unit volume “v” of a conductor to store electric energy that increases its poten-
tial by 1 Volt as follows: 

 
3

,
Joule m

Volt
elect

elect vol
Q vc

V
=  (17) 

Multiplying and dividing the R.H.S. of Equation (16) by ,elect volc   

 ,

,

dd
d d

elect volelect elect

elect vol

V cQ k A
c xτ

⋅ 
=  

 
 (18) 

Substituting “ ,elect volc ” from (17) into (18), we get: 

 ( )
,

dd
d d

electelect elect

elect vol

Q vQ k A
c xτ

 
=  

 
 (19) 

By the analogy between the laws governing the flows of thermal and electrical 
energies and the similarity of their natures, it is possible to define the electric  
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quotient “
,

elect

elect vol

k
c

” as electrical diffusivity like the definition of a similar thermal 

quotient “
,

therm

therm vol

k
c

” as thermal diffusivity since both has also the same compo-

nents and units as follows: 

 
2

,

m
sec

elect
elect

elect vol

k
c

α =  (20) 

Then, it is possible to rewrite the electric conduction Equation (18) as follows: 

 ( )dd
d d

electelect
elect

Q vQ A
x

α
τ

 
=  

 
 (21) 

where “
( )d

d
electQ v
x

” is the gradient of the volumetric concentration of the electric  

energy or charge inside the conductor. According to Equation (21), the rate of 
charge transfer in a conductor is directly proportional to the gradient of the vo-
lumetric concentration of the electrical energy or charge in such conductor. The 
proportionality constant in the Equation (21) is the electrical diffusivity 
“ electricα ”.  

According to Equation (17), it is possible to conclude that the electrical poten-
tial “V” is directly proportional to the volumetric density or concentration of the 
electrical energy in a medium according to the following equation: 

 ( )
,

1
elect

elect vol

V Q v
c

=  Volt (22) 

Considering the balance of flow of the electric energy, as shown in Figure 2, 
according to the principle of conservation of energy, during an infinitesimal 
time ∆t interval as follows [15]: 

 element
x x x

QQ Q
τ+∆

∆
− =

∆
   (23) 

According to the definition of the volumetric electric capacity “ ,elect volc ”, the 
change in the charge content of the element can be expressed as: 

 ( ),element elect volQ Q Q c A x V Vτ τ τ τ τ τ+∆ +∆∆ = − = ⋅ ∆ ⋅ −  (24) 

According to Ohm’s law, the L.H.S. of Equation (22) can be also expressed: 

 ,x x x elect elect vol
V VVQ Q k A c A x

x
τ τ τ

τ
+∆

+∆
−∆

− = − ⋅ = ⋅ ∆ ⋅
∆ ∆

   (25) 

Dividing the sides of Equation (24) by “ ,elect volc A x⋅ ∆ ” and taking the limits of 
the equation when the time and coordinate intervals ∆τ and ∆x tends to zero, we 
get: 

 
2

2
,

elect

elect vol

k V V
c x τ

∂ ∂
=

∂ ∂
 (26) 

Replacing the quotient 
,

elect

elect vol

k
c

 by the electric diffusivity according to Equation  
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(20), we get the following charge diffusion equation for determining the electric 
field in transient diffusion conditions as follows: 

 
2

2
1

elect

V V
x α τ

∂ ∂
=

∂ ∂
 (27) 

According to the similarity of the natures of the thermal and electrical energy 
as electromagnetic waves of thermal or electric potentials, it is found the analogy 
between the equations characterizing the thermal and electric fields as expressed 
by Equation (10) and Equation (27). So, Equation (27) can be also extended to 
the three-dimension coordinates as follows [12]: 

 
2 2 2

2 2 2
1

elect

V V V V
x y z α τ

∂ ∂ ∂ ∂
+ + =

∂ ∂ ∂ ∂
 (28) 

Equation (27) represents an innovative differential equation for determination 
of the electric fields in case of transient electric diffusion in analogy to Equation 
(11) that is traditionally used for determination of the thermal field. The analogy 
of the diffusion equations of the electric fields and magnetic fields is a must for 
the applied experimental simulation of thermal field by electric field as a tool for 
complicated thermal fields [14]. The identity of the values of the measurement 
results in both fields is proof of the analogy of the equations that govern both 
fields, Equation (11) and Equation (28), and the similarity of the natures of flow 
of heat and of electric charges [16] [17]. 

In case of steady state condition, we get the known Laplace equation for elec-

tric field, by substituting 0V
τ

∂
=

∂
 in Equation (28), as follows: 

 
2 2 2

2 2 2 0V V V
x y z

∂ ∂ ∂
+ + =

∂ ∂ ∂
 (29) 

Substituting Equation (21) in Equation (28); we get: 

 
( ) ( ) ( ) ( )2 2 2

2 2 2
1elect elect elect elect

elect

Q v Q v Q v Q v
x y z α τ

∂ ∂ ∂ ∂
+ + =

∂ ∂ ∂ ∂
 (30) 

Equation (30) represents an innovative differential equation for determination 
of volumetric concentration of electric charges through a conductor during a 
transient charge-transfer process that fits for electro-magneto hydrodynamic 
applications [18]. 

4. The Magnetic Diffusion 

Analysis of the magnetic diffusivity in this article depends on a proper definition 
of the magnetic flux, like the electric charge, as energy whose unit is “Joule” and 
whose magnetic potential is also measured by “Volt” [1]. Such definitions also 
depend on the results of Faraday’s experiments that found the changeability be-
tween the electric charge and magnetic flux where the magnetic flux may induce 
electric potential, hence generate a flow of electric charge, and the flow of elec-
tric charges may also induce magnetic potential or generate magnetic flux [19]. 
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Results of these experiments assure the similarity of the natures of the electric 
charge and magnetic flux as flow of electromagnetic waves of either electric po-
tential or magnetic potential [19]. Hence, the magnetic conductivity is defined 
by an analogous equation as (21) and (22) for electric conductivity as follows [1]: 

 d d
d dmagn
B Hk A

xτ
=  (31) 

So, the magnetic permeability or conductivity can be defined as follows [20]: 

 rate of flow of magnetic flux Watt
magnetic potential m Voltmagk

l
=

× ⋅
  (32) 

In analogy to the definition of the volumetric electric capacity “ ,elect volc ”, it is 
possible to define the volumetric magnetic as the capacity of a magnetic medium 
to store magnetic energy that increases its magnetic potential by a unit magnetic 
potential of 1 Volt according to the following equation: 

 ,mag vol
B vc
H

=  (33) 

According to Equation (32), it is to find the following proportionality between 
the magnetic potential “H” and the volumetric concentration of magnetic energy 
in a conductor according to the following equation: 

 ( )
,

1

mag vol

H B v
c

=  (34) 

Multiplying and dividing the R.H.S. of Equation (16) by ,magn volc   

 ,

,

dd
d d

mag magn vol

elect vol

k H cB A
c xτ

⋅ 
=  

 
 (35) 

Substituting ,magn volc  from Equation (17) into Equation (18), we get: 

 ( )
,

dd
d d

magn

magn vol

k B vB A
c xτ

 
=  

 
 (36) 

Regarding the analogy between the magnetic and electric fields, it is also 

possible to define the ratio “
,

magn

magn vol

k
c

” as the magnetic diffusivity as follows: 

 
,

mag
magn

mag vol

k
c

α =  (37) 

Substituting Equation (37) in Equation (36) we get the following equation:  

 ( )dd
d dmagn

B vB A
x

α
τ

 
=  

 
 (38) 

It is possible, by considering the magnetic flux as energy and starting by the 
principles of energy conservation during transfer of magnetic energy during a 
transient process, to derive for the magnetic field an equation like (26), that was 
derived for the electric field, for transient diffusion of magnetic energy which 
reads [21]: 
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2

2
1

magn

H H
x α τ

∂ ∂
=

∂ ∂
 (39) 

Equation (35) can be also extended for here dimensions as follows: 

 
2 2 2

2 2 2
1

magn

H H H H
x y z α τ

∂ ∂ ∂ ∂
+ + =

∂ ∂ ∂ ∂
 (40) 

Equation (40) represents an innovative differential equation for determination 
the magnetic field in case of transient diffusion conditions. In case of steady state, 
we get a new application of the Laplacian operator for determination of the 
magnetic field “H” as follows: 

 
2 2 2

2 2 2 0H H H
x y z

∂ ∂ ∂
+ + =

∂ ∂ ∂
 (41) 

Such conclusion is necessary for proper analysis of the electrohydrodynamic 
flow and microwave analysis and can be inserted to solve found redundancies in 
such field [22] [23].  

Replacing the magnetic potential in Equation (36) by the volumetric concen-
tration of the magnetic flux according to Equation (34), we get an innovative 
diffusion equation of magnetic-energy concentration:  

 ( ) ( ) ( ) ( )2 2 2

2 2 2
1

magn

B v B v B v B v
x y z α τ

∂ ∂ ∂ ∂
+ + =

∂ ∂ ∂ ∂
 (42) 

According to the field theory, Equation (38) can be applied to determine the 
concentration field of magnetic energy in conductors [12].  

5. Experimental Verification 

To verify the validity of the innovative diffusion Equations (26) and (35) as a 
tool for predicting the electric and magnetic fields, it is investigated the mea-
surement results of microwave heating with separate magnetic and electric fields 
which was carried out by using scanning electron microscopy and energy dis-
persive X-ray spectroscopy [24]. Figure 3 and Figure 4 show the distributions of 
the strengths of the magnetic and electric fields produced by a microwave reso-
nator, which was used to compare magnetic and electric field heating. These fig-
ures show the similarity of the characteristics and contours of both fields which 
can be concluded from the similarity of the diffusion equations (28) and Equa-
tion (36). 

The mathematical solutions of the innovative differential equations, (26) and 
(35), are normally done by separation of variables as a product of an exponential 
function of time and a sinusoidal function that determine the pulsating flow of 
electric and magnetic energies along the coordinates of energy propagations [25]. 
Such characteristics of solution can be seen in the measurement results of the 
electric and magnetic fields produced by microwave ovens under different cir-
cumstances. Figure 5 and Figure 6 show the sinusoidal waveform of the mag-
netic field and electric field lines measured from the microwave oven. Such  
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Figure 3. The distributions of the strengths of the electric field produced by a microwave 
resonator [24]. 
 

 
Figure 4. The distributions of the strengths of the magnetic field produced by a micro-
wave resonator [24]. 
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Figure 5. Profile of the incident magnetic field H sampled during 60ms at a distance from 
a microwave oven [26]. 
 

 
Figure 6. Profile of the electric field (V) measured between the HV capacitor of the mi-
crowave oven [26]. 
 
measured sinusoidal wave forms represent solutions that can be found by solv-
ing the electric and magnetic diffusion Equations (28) and (36), [26].  

Figure 7 shows the exponential rise of the temperature of the oven during the 
time of operation of a microwave oven due to the integrated influence of the ex-
ponential rise of the electric and magnetic potentials or fields of the incident  
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Figure 7. Temperature Profile during Microwave heating of samples in a Microwave 
Oven [27]. 
 
energy. Such exponential can also be predicted from the mathematical solutions 
of the innovative diffusion Equations, (28) and (36) [27]. 

6. Conclusions 

Depending on the similarity of natures of the thermal, electric, and magnetic 
energies, as electromagnetic waves of corresponding potentials, it is found an 
analogy of the equations that characterize their transfer by diffusion. The validi-
ty of the innovative diffusion equations, to predict the electric and magnetic 
fields, is realized by reviewing the measurement results of separate magnetic and 
electric fields in microwave ovens. 

According to this article, it is achieved the following innovations: 
1) An innovative definition of the electric diffusivity that is expressed in terms 

of the conductor’s magnetic conductivity and a defined conductor’s specific vo-
lumetric capacity of electric charges whose units are “m2/sec.” 

2) An innovative definition of the magnetic diffusivity that is expressed in 
terms of the conductor’s magnetic conductivity, or permeability, and a de-
fined conductor’s specific volumetric capacity of magnetic flux whose units are 
“m2/sec.” 

3) An innovative diffusion equation of the electric charges that involves the 
Laplacian operator and the defined electric diffusivity. 

4) An innovative diffusion equation of the magnetic flux that involves the 
Laplacian operator and the defined electric diffusivity. 

5) Innovative proportionality relation between the potentials of the three consi-
dered energies in transfer, i.e. thermal, electrical, or magnetic manergies, to their 
volumetric concentration where the reciprocals of the specific volumetric concen-
tration of each energy represents the proportionality constant in each relation. 

6) Innovative proportionality relation between the rate of energy transfer by 
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the three considered mechanisms and the gradient of their volumetric concen-
tration where the diffusivity of each energy represents the proportionality con-
stant in each relation. 

7) Innovative plausible explanations of the measurement results of the electric 
and magnetic fields produced by microwave ovens under different circums-
tances. 
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