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A theory for the separation of liquid mixtures under the action of electromagnetic waves is developed. The
theory considers physical specifications that take place during the separation. It is shown that at certain
extreme value of the radiation intensity the maximum of mixture separation could be observed. This extreme
value depends on the parameters of falling waves and medium studied. The effect of the liquid convection on
the mixture separation is investigated. It is established that convection reduces the separation. Thus, laminar
flow is much more preferable for the mixture separation than turbulent one.
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1. INTRODUCTION

The possibility of separation of multi-phase mixtures by means of various physical
fields is a very interesting problem from both theoretical and practical stand points.
Some consideration has been given in recent paper [1], for example, it was noted in
[2] that this external agent was proposed for determining the resin content in oils.
Also, electromagnetic waves can be used to extract information about mixture frac-
tions. As it has been established in [3], the form of the opto-acoustic signals in liquids
depends strongly on the physical and rheological properties of the liquid (heat conduc-
tivity, heat capacity, viscosity, etc.). According to this fact, the application of electro-
magnetic waves (the laser radiation) may be used as precise and operative method
for the fraction identification in mixtures. In addition to a brief review, one variant of
the two-phase mixture separation by electromagnetic waves was also considered in [1].
In this article I shall develop further the ideas proposed in [1], in order to create the
theory of liquid separation by means of high-frequency electromagnetic waves (laser
radiation).

It is well accepted that the mechanism of separation is thermal. It is well known
that under the action of laser radiation on any liquid some part of the beam energy
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transforms of the internal energy of the liquid [4]. This leads to intensive heating of the
liquid and all thermophysical properties of the liquid, including heat capacity, change
sharply. It has been shown recently by Hassanov [5] that two jumps in the dependence
of the heat capacity on the radiation intensity for a two-phase liquid, which correspond
to appropriate phases, can be observed. It is proposed that this phenomenon means the
separation of liquid mixture. One can evaluate the threshold value of the intensity Ithr
under which the separation can be realized. It follows from the formulae in [5] that the
value of Ithr is estimated to be � 1012W/m2.

2. PROBLEM OF MIXTURE SEPARATION BY THE LASER RADIATION

It is well known that the action of electromagnetic waves on liquid leads to the genera-
tion of opto-acoustic signals in the liquid [4]. The opto-acoustic mechanism of flow gen-
eration in liquid mixtures was first discussed in [6], and the separation was connected to
periodic changes of pressure P in the equation of state �¼�(c,P,T ), where � is the
chemical potential, c is the concentration and T is the temperature.

However, when considering the action of the electromagnetic waves on a liquid it is
necessary to take into account the value of the vector of the alternating electric field,
so that the equation of state could be represented as �¼�(c,P,T,E). Moreover, as
distinguished from the results of [6], a regime can be realized in which the electric
field undergoes periodic changes. In other words, it is assumed that in liquid there is
the electric wave:

E ¼ E0 þ ~EEðzÞei!t ð1Þ

where E0 is the mean value of the medium electrification, ! is the frequency of the
waves and ~EEðzÞ is the amplitude of the vibrations of the electric field, which depends
on the coordinate.

Since most real liquids have magnetic permeability close to unity, the effect of
the alternating magnetic field H on the separation process will not be investigated
here. Such a problem, but under the action of the temperature field, has been already
considered in [7,8].

Then, let us insert the expression for diffusion flow [7]:

j ¼ ��r�� �rT

into the continuity equation and follow the method developed in [9] (� and � are the
kinetic coefficients that describe the diffusion properties of the medium [7]). As a
result, after averaging by the period of the electric field vibration [1], one obtains an
equation for the mean concentration change hci (value of hci represents the difference
between the concentration of the initial liquid mixture and that of the newly separated
phase):

@hci

@t
¼ D

@2hci

@z2
þ

�

2�D

@2�

@E2

@2h ~EE2i

@z2

 !
ð2Þ
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where D ¼ ð�=�Þð@�=@cÞP,T is the coefficient of the drift diffusion in the electric field
and � is the density of the liquid. Equation (2) shows that in the stationary regime,
in a closed volume, the flow stimulated by the electric field will be compensated by
the flow caused by ‘usual’ concentration diffusion (due to Fick’s law). The solution
of Eq. (2) gives a distributions hci(z, t); in other words, dependence of the change
of the mixture concentration by coordinate z as a function of the intensity of the electric
field. From a physics point of view, this magnitude represents the degree of mixture
separation; the greater value of hci, the lower the separation of the mixture.

First, it is worthwhile to note that the value h ~EE2i is the intensity of the falling
electromagnetic wave. In connection with this circumstance, Eq. (2) can be rewritten:

@hci

@t
¼ D

@2hci

@z2
þ K

ð0Þ
E e��z

� �
ð3Þ

in which, as a result of the absorption by the Bouger’s law, the reduction of the electro-
magnetic wave intensity within the liquid was realized, has already been taken into
account.

IðzÞ ¼ I0e
��z

where � is the coefficient of studied medium absorption and K
ð0Þ
E is a constant equal to:

K
ð0Þ
E ¼

��2

2�D

@2�

@E2
I0

Equation (3) should be solved under the following initial and boundary conditions

hciðz, t ¼ 0Þ ¼ 0

hciðz ¼ 0, tÞ ¼ c1ð1� e��tÞ,
@hciðz ¼ 0, tÞ

@z
¼ �

ð4Þ

In order to solve the problem of Eqs. (1)–(4) let us the Laplace transformation by time.
After realizing the transformation, one has the following problem in the imaginary
plane (z, s):

sc� ¼ D
d2c�

dz2
þ
K

ð0Þ
E

s
e��z, c� ¼ c�ðz, sÞ ¼

Z 1

0

hciðz, tÞe�st dt ð5Þ

with boundary conditions:

c�ðz ¼ 0, sÞ ¼ c1
�

sðsþ �Þ
,

dc�ðz ¼ 0, sÞ

dz
¼ � ð6Þ

where � is a negative permanent magnitude describing the diffusion properties of the
liquid at the point z¼ 0.
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The required function should be represented as:

c�ðz, sÞ ¼ Fðz, sÞe��z ð7Þ

where F(z, s) is a function, which must be determined.
Such an approach gives an opportunity to avoid the exponential factor. After

realizing all mathematical calculations one gets the following equation relative to the
function F(z, s):

d2Fðz, sÞ

dz2
� 2�

dFðz, sÞ

dz
þ �2 �

s

D

� �
Fðz, sÞ ¼ �

K
ð0Þ
E

sD
ð8Þ

Equation (8) represents the forced vibration, its solution depends on the parameter s
of the Laplace transformation [1].

Using the results obtained in [1], for the stationary regime of the mixture separation,
one can write:

c�ðz, sÞ ¼ C1zþ C2 þ
K

ð0Þ
E

sðsþD�2Þ
e��z ð9Þ

where constants C1 and C2 must be determined from Eq. (6).
After solving the system consisting of two equations relative to the unknown

parameters C1 and C2, one obtains

C1 ¼
�

s
þ

K
ð0Þ
E �

sðsþD�2Þ
, C2 ¼

1

s
c1

�

sþ �
�

K
ð0Þ
E

sþD�2

( )
ð10Þ

We can now finally write the function c*(z, s) as

c�ðz, sÞ ¼
1

s
�þ

K
ð0Þ
E �

ðsþD�2Þ

( )
zþ

1

s
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�
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�
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E
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( )
þ

K
ð0Þ
E �
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e��z ð11Þ

Having returned to the real plane (z, t) by the basic formulae of the operational
calculus, one obtains:

hciðz, tÞ ¼ �þ K
ð0Þ
E

1� e�D�t

D�

� �� �
z� c1�

e��t � 1

�
þ K

ð0Þ
E

e�D�2t � 1

D�2
ð1� e��zÞ ð12Þ

We are interested in the stationary regime at t ! 1, so one can neglect all summands
with the exponential factor exp(� �it), where all �i are positive permanent magnitudes
(see Eq. (12)). In this case the solution of Eq. (12) can be essentially simplified to the
following form:

hciðz, tÞ ¼ A1 þ A2zþ A3e
��z ð13Þ
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Correctly speaking, Eq. (13) describes the dependence of the mixture separation along
the coordinate z under the laser radiation with intensity I0. The following abbreviations
have been introduced in Eq. (13):

A1 ¼ c1 �
K

ð0Þ
E

D�2
, A2 ¼ �þ

K
ð0Þ
E

D�
, A3 ¼

K
ð0Þ
E

D�2

It is clear from Eq. (13) that the mixture separation monotonically decreases with z.
Nevertheless, special cases can be possible, in which the separation has to undergo the
extremum. If the following inequality can be applied:

� �
K

ð0Þ
E

D�
¼

��

2�D2

@2�

@E2
I0 ð14Þ

then one can observe maximum of the mixture separation at a distance zcrit, defined by

zcrit ¼
1

�
ln

K
ð0Þ
E

K
ð0Þ
E � �D�

" #
ð15Þ

Analysis of Eq. (13) shows that such an opportunity may be realized if parameters
of the process are connected by the next formula:

K
ð0Þ
E

K
ð0Þ
E � �D�

� 1

The last formula means that there is an extreme value of the intensity Iext of the falling
electromagnetic waves, starting from which above mentioned maximum would be
possible.

The calculations show that this value is defined by a relationship:

Iext �
2��D2

�ð@2�=@E2Þ

and depends on physical and chemical properties of the liquid. In all other cases when
there is a condition I� Iext, one can observe only monotonous decrease in the mixture
separation.

Some results of this theoretical investigation are shown on Fig. 1. For visualization
the following parameters of the process of liquid separation have been used [5]:
K

ð0Þ
E =D�2 � 5� 1020 m�3, c1 � 2� 1020 m�3, � � 5m�1 (a typical value for transparent

liquids) and three values of the concentration gradient � � �ð10, 15, 20Þ � 1020 m�3.
In Fig. 1 Eq. (13) has been used for calculations. Curve 1 corresponds

to � � �10� 1020 m�3, curve 2 corresponds to � � �15� 1020 m�3, curve 3� � �

�20� 1020 m�3. The curves has been calculated by the formulas: hciðzÞ ¼ �3þ 15zþ
5e�5z, hciðzÞ ¼ �3þ 10zþ 5e�5z, hciðzÞ ¼ �3þ 5zþ 5e�5z, respectively.
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It can be concluded from the analysis of Fig. 1, that at the values of the concentration
gradient � � �ð10, 15Þ � 1020 m�3 the partial separation of the liquid mixture will be
observed for the entire interval of the coordinate z, with appropriate maxima. The par-
tial separation takes place because the value of hci does not reach zero, as can be seen in
Fig. 1. However, for � � �20� 1020 m�3 there is an area in which full separation of the
liquid mixture can be observed. Negative values of hciðzÞ mean that the newly created
phase concentration exceed that of the initial liquid. This interval of the values z runs
between 0.17� z� 0.53m; this interval may be considered as the separation scale for
the problem involved (a typical tube length of 1m has been used in experiments by
opto-acoustic signals propagation in liquids [2]).

3. EFFECT OF VARIOUS FACTORS ON SEPARATION

The process of mixture separation is sensitive to the external conditions of the process,
for example, to various physical fields, liquid convection, etc. It has been shown in [10]
how an applied magnetic field can change displacement of the phases boundary.
Furthermore, in [1] the author determined the influence of the form of chemical poten-
tial on mixture separation. In this section the problem of the effects of mixture convec-
tion on the separation process will be addressed.

It was shown by Galich [11] that for certain values of the laser radiation intensity
I*¼ �g/�*Rcp the convective laminar flow is stimulated in liquids (herein �* is the coef-
ficient of optical absorption, R is the half-width of the falling laser beam while all other
magnitudes are well defined [11]). With the increasing radiation intensity the laminar
flow can be transformed into a turbulent one, and this transition can be realized at

Dependence of concentration change on coordinate
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FIGURE 1 Dependence of concentration change on coordinate. Note: curves 1, 2, 3 correspond to various
values of parameter �; curve 1: � � �10� 1020m�3, curve 2: � � �15� 1020 m�3, curve 3: � � �20� 1020 m�3.
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small values of the Reynolds number Re	 25
 30. Theoretical interpretation of this
phenomenon is given in [11,12] while the experiments confirming the early turbulence
were described in [13]. My purpose is to find how the mixture convection affects the
separation.

For this variant of problem, the equation of the diffusion, after averaging the con-
centration change, can be written as:

@hci

@t
þ v

@hci

@z
¼ D

@2hci

@z2
þ

�

2�D

@2�

@E2

@2h ~EE2i

@z2

 !
ð16Þ

this equation must be solved under the same initial and boundary conditions given by
Eq. (4). The algorithm of the solution for the problem is identical to that described in
Section 2. After realizing the Laplace transformation, an equation in images is
obtained:

d2Fðz, sÞ

dz2
� 2�þ

v

D

� � dFðz, sÞ
dz

þ �2 �
s

D
þ
v�

D

� �
Fðz, sÞ ¼ �

K
ð0Þ
E

sD
ð17Þ

The form of the solution of Eq. (17) depends on parameter 	, which is determined
by [14]:

	 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v

D

� �2
þ4

s

D

r
ð18Þ

I again consider a stationary regime of separation, that is t ! 1 (in images, this
approximation corresponds to s ! 0). Then, from Eq. (17) it can be written:

Fðz, sÞ ¼ C1e
�z þ C2e

ð�þðv=DÞÞz

and the required solution [14]:

c�ðz, sÞ ¼ C1 þ C2e
ðv=DÞz þ

K
ð0Þ
E

sðsþD�2Þ
e��z ð19Þ

By determining the constant C1 and C2 from the boundary conditions of Eq. (6), the
functions c*(z, s) and hciðz, tÞ can thus be determined.

However, preliminary analysis of Eq. (19) gives an opportunity to conclude that
the mixture convection reduces the separation. In the first approximation of Eq. (19)
one can expand the exponential factor exp((v/D)z) into the series and take into
consideration the first two summands:

exp
v

D
z

� �
	 1þ

v

D
z
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Then, after some mathematical calculations one obtains:

hciðz, tÞ ¼ A1 þ A�
2zþ A3e

��z ð20Þ

in which A�
2 ¼ ðD=vÞA2, that is the function hciðz, tÞ, is inversely proportional to the

convection speed v (compare this relation with Eq. (13)). Hence, during the mixture
convection with speed v, the function hciðz, tÞ will be lower under otherwise equal
conditions. The last aspect means that the mixture separation without convection
will be more efficient than for moving liquid.

4. CONCLUSION

This article has established some specifications relevant to mixture separation by laser
radiation. Distribution of the concentration change hciðz, tÞ, which describes the
mixture separation under the radiation, is defined as a result of two conflicting
summands:

hciðz, tÞ ¼ A1 þ A2zþ A3e
��z

The first term, (A2z) represents separation due to the diffusion by the Fick’s law while
the second term (A3e

��z) describes the absorption by the Bouger’s law. In accordance
with these terms the mixture separation exhibits a maximum, position of which depends
on the radiation characteristics and thermophysical properties of the liquid.
Furthermore, in practice two variants of separation can take place: full and partial.
If the value of hci can reach zero, then it can be concluded that full separation was rea-
lized. This variant is possible under a certain combination of the liquid thermophysical
properties and the radiation characteristics (this deduction follows from the analysis of
Eq. (13)).

However, if the values of hci cannot reach zero, then the partial separation takes
place in the liquid. It is worthwhile to mention that the separation will be realized up
such values z, unless due to the Bouger’s law, the radiation intensity reduces
to threshold value Ithr, as has been discussed in Section 1.

As has been noted above, separation of multi-component liquids (mixtures,
solutions, emulsions, etc.) by means of electromagnetic waves can be used for practical
purposes. However, the use of high-frequency electromagnetic waves is not limited to
mixture separation. As has been theoretically analysed in [5], laser radiation can be
applied for remote mixing of two different phases. This new method is based on the
fact that two different liquid phases have different surface tension profiles.
Furthermore, at some threshold value of the radiation intensity I�thr [5] these two
phases begin to mix with each other, the value of which is connected with mutual
permeation of their profiles.

Thus, it can be concluded that in practice high-frequency electromagnetic waves can
be used for both the mixture separation, and two different phases mixing. It is obvious,
that the laser radiation intensity is the basic characteristics controlling both processes.
By means of the last parameter one can vary the speed and character of any relevant
technological processes in which separation (and/or mixing) is important.
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