
REVIEWS 

HYDRODYNMIIC EFFECTS IN WATER HEDIA IN 

ELECTRIC AND MAGNETIC FIELDS 

E. Z. Gak UDC 536.2:538.4:583.692 

l%e appearance of different convection and wave phenomena in media with high (o->105 
~-1.m-~) and low (~--<I0 -6 ~-I.m-I) conductivities in the presence of electric and magnetic 
fields and in the absence of forced convection has been quite well studied. The nature of 
such phenomena in water media (i0-4-<~--<i03 ~-~.m -~) has been studied in less detail. The 
phenomenological treatment of water media as liquids that differ only by their relatively 
low conductivity is inadequate in solving a number of theoretical, experimental, and especial- 
ly applied problems, for which it is necessary to take into account the special rheologi- 
cal, electrical, and thermal properties of water and its solutions in the bulk and near inter- 
phase boundaries. 

Convection and Waves (E J-B). The creation of vortex flows and surface and internal 
waves with a given structure permits studying the different types of mass transfer and 
methods for enhancing them, which is one of the important problems in physical hydrodynamics 
[i] both for Newtonian liquids and for complex rheological systems [2, 3]. 

In contrast to fused metals, water media are optically transparent and permit operating 
at low temperatures and carrying out experimental investigations for a wide range of differ- 
ent magnetohydrodynamic problems [4-9]. 

The dynamics of the motion of a viscous, weakly conducting, incompressible fluid, which 
includes aqueous electrolytic solutions, are described by the Navier--Stokes equations 

p @ (Vv) V = - -  VP -~- Pg -7 ~qAV -~- f ( l a )  

and the equation of continuity 

div V = O  ( l b )  

The relatively low values of ~ and V permit, according to the criterional estimates made in 
[5-6], neglecting the induced currents and magnetics fields. Equations (I) can be solved 
exactly only in certain particular cases, which makes it difficult to interpret and compare 
the theoretical and experimental results. An exact solution for the velocity of a steady 
state flow V in a ring-shaped axisymmetricai channel situated in a homogeneous axial magnet- 
ic field was obtained in [7]: 

Ro d Ro In Ro 
V -  IB l n R o +  o - r p,2 o - - t i n t  . (2) 

4Mzq R ~ - - r ~  ~ , ,o--r~ r .I, 

Taking into account the fact that I is the total current in the system, for the average value 
V over the cross section of the channel r =0.5 (Ro -- ro), we have 

g _  IBro K ~ -  2K 21n z K + l  

16~hn ( K - -  1) 2 (K + 1) (3) 

For  r o t f H H  D =0  and t h e  c a p a b i l i t i e s  o f  t h e  c h a n n e l ,  t h e  o p e r a t i o n  o f  s u c h  a s y s t e m  i s  r e a Z -  
•  i n  t h e  c o n d u c t i o n  pump mode [ 1 0 ] .  

U s i n g  a c o n d u c t i v i t y  i n p u t  c u r r e n t  and c o n s t a n t  m a g n e t i c  f i e l d s ,  i t  i s  p o s s i b l e  t o  c o n -  
t r o l  t h e  s t r u c t u r e  o f  t h e  b o u n d a r y  l a y e r .  The t h e o r e t i c a l  and e x p e r i m e n t a l  p a p e r s  [6 ,  8 ,  l k ,  
12] are of great interest, as well as results obtained in [13, 14]. 
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Fig. I. Experimental dependences of the flow velocity V on 
the surface of a water electrolyte CuS04 at the center of an 
axisymmetrical rlng-shaped channel with r =0.5 (Ro -- ro) 
(dimensions of the channel: Ro =0.03 m, ro =0.005 m; height 
of liquid h =0.012 m; j• VB =0~ copper electrodes): a) 
V =f(U), B =0.36 T, l) Co =I N, 2) 0.2 N, 3) 0.02 N; b) V = 
f(H), H =Ho sin~t, I = losin ~t, co =i N, I =0.6 A, ~=0, i) 
fo =50 Hz, 2) 2 kHz; c) V =f(n), B =0.3 T, Co =i N, i) T =15 
msec, 2) 1.5. V, m/sec; U, V; H, A/m; n, counts/sec. 

For rot f~D #0, ~ere 

ro t  f M I D  = ro t  [j • B] ~ (BV) j - -  (iV) B =J= O, (4)  

a vortex motion of the electrolyte arises when one of the conditions Vj #0 or V~ #0 is satis- 
fied. 

Quantitative measurements of the flow in a water medium as a function of different physi- 
cal and chemical factors were performed in [7, 15-18]. In particular, experiments in ring- 
shaped and rectangular channels showed that according to (3), V increases with I and B (Fig. 
i). ~le characteristic ~ =f(E), outside regions where Wien's law is valid [19], is linear 
for electrolytes. However, under certain conditions, the magnitude of j is bounded in 
aqueous electrolytes by the limiting value of the current density Jlim, determined by the 
electrolyte concentration, geometric dimensions Of the system, coefficients of diffusion, 
and charges of cations and anions (DI, D2, zl, z=), which also limit velocities in electro- 
lytes [7]. Thus, for a flat electrolytic channel with an interelectrode separation d 

i 
] l im ~-- d D'Fzl  (zl + z2) Co, (5)  

a s  i s  e v i d e n t  f r o m  F i g .  l a ,  t h e  d e p e n d e n c e  V = f (U)  i s  n o n l i n e a r  and V i s  d e t e r m i n e d  by  Co. 
The d e p e n d e n c e  V = fMHD(t) was  i n v e s t i g a t e d .  F o r  ~ = 0 ,  j = j o s i n ~ t ,  B = B o s i n ~ t ,  and t a k i n g  
i n t o  a c c o u n t  ( 3 ) ,  f o r  a r i n g - s h a p e d  c h a n n e l ,  

-- [~176176 ~(K) (1 - -  cos 2mr). (6)  
32ah~ 

It follows from [18, 20] that for H = (0.5-1).103 A/m and j = (1-2).102 A/m 2, a pulsating fluid 
flow arises with frequency 2~, and V increases with I and B and decreases with increasingfo 
(Fig. ib). Similar results occur also for pulsed f~D with different duty factor and pulse 
duration T [21, 22] (Fig. ic). 

When periodically varying fMHD are created in the bulk of the fluid, for fMHD~g or 
f~Dilg, capillary-gravitational waves form on the surface of the fluid. The frequency and 
amplitude of the waves that appear are determined by the parameter f~D and the parameters 
of the hydrodynamic system [4, 9, 23-25]. Experimental data for the case j =josin ~t, B = 
const, and fMHD• g are presented in Figs. 2-4. The use of an LG-75 laser permitted increasing 
the accuracy and contrast of the pictures of the wave surface that were recorded. 

When a pulsed exciting mass force is used in the input section of an open channel (Fig. 
5) or when an exciting force is created in the center of the channel, nonlinear traveling 
shock or soliton type waves were obtained [26, 27]. In order to record wave phenomena on 
the surface of the liquid, the resistance of the electrolyte between two electrodes with dif- 
ferent areas was measured. Figs. 6a and b present some traveling surface wave structures 
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Fig. 2. Scheme for generation and optical 
detection of hydrodynamic oscillations in a 
closed rectangular channel: LI and L2 are 
the collimator lenses; i) mirrors; 2) pole 
of a magnet; 3) channel with electrolyte IN 
CuS04, 4) electrodes; 5) deflecting prism; 
6) "Zenit" camera; 7) matched transformer, 
8) low-frequency TU-100 amplifier; 9) ZG-33 
sound frequency generator; i0) nonmagnetic 
spacer. 

observed at different distances from the region of excitation, arising with the decay of 
nonlinear waves. 

Based on the methods proposed for generating wave processes, methods have been developed 
for simulating nonlinear hydrodynamic phenomena in various kinds of dispersive media [28] 
and for measuring the coefficient of surface tension of the liquid [29]. 

The microscopic mechanism for exciting convection in aqueous electrolytes under the 
action of magnetic fields, based on the basic assumptions of Frenkel's kinetic theory of 
liquids [30, 31], was proposed in [32]. It was shown that the macroscopic phenomena that 
appear are based on the change in the momentum of an ion as it moves under the action of the 
Lorentz force 

fL -- z~qe [ViqI,r • H], (7) 
c 

V i q ~ , T  ~T~--~miq ~ 1 0 3 - 1 0  ~ m / s e c .  The c h a n g e  i n  t h e  momentum o f  an i o n  i n  t h e  f i e l d  H, a c c o r d -  
i n g  t o  [ 2 8 ] ,  w i t h  VB =0  i s  d e t e r m i n e d  by  t h e  e x p r e s s i o n  

Apiq  ~ __ Z~q.e [ V i ~ t , r x H ] . t o .  (8) 
c 

However, in spite of the high values of the momenta of separate ions, the momentum of the 
entire mass of liquid can change only in the presence of an additional energy factor, creat- 
ing a nonequilibrium distribution of ions. It should be noted that the energy, introduced 
as a result of this factor, can be much lower than the thermal energy per unit volume of 
liquid. Starting from considerations of the velocity of the center of mass of the system 

Fig. 3. Photograph of standing 
waves on the surface of a 1 Nwater 
solution CuS04, excited by a mag- 
netohydrodynamic method, I =0.4 A, 
fo =20 Hz, H=0.4 T, rectangular 
channel 0.12 x0.08 x0.015 m, VH =0. 
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Fig. 4. Experimentally obtained amplitudes ao (a) and 
lengths of surface waves X (b) as a function of the fre- 
quency of the exciting current. Co = ]NCuSO4~ B =0.4 
T; VB =0; I =0.6 A. ao, X, m; f, Hz. 

of material points, Vs, an expression is obtained for the macroscopic velocity of a unit 
volume under the conditions VB =0 and VE = 0 for a stationary flow 

q f ,.' / 

. ~  APH.~o 
Vs i=I q~1 l=i i=l  1=I 

i q i 

Carrying out the summation, 

N o ~q _ v~ 
~) q=1 

where 

-p~ = zqeVe It.  

(9) 

(lO) 

(11) 
From quantitative calculations, Vs>> V E. 

Such an approach explains the experimentally observed magnitudes of the flow velocities 
of liquids of the order of 0.01-i m/sec in crossed electric and magnetic fields [7, 16-18]. 
The effects examined above are determined by the collective unidirectional motion of cations 
and anions in a direction perpendicular to E and H and by the transmission of the total momen- 
tum to the entire mass of liquid over the time of action of the forces t>>to. We note that 
everything that has been said above is valid only for low-molecular ions, whose dimensions 
are comparable to that of water molecules and whose thermal velocities are quite high. 

Thus, the physical mechanism for the appearance of a macroscopic flow of water is as 
follows: The entire mass of neutral water molecules is "pulled" simultaneously by a large 
number of low molecular cations and anions and, in addition, the source of energy is the 
energy in the electric field, while the magnetic field plays the role of a control system. 
Apparently, this is the mechanism on which the different electromagnetic actions on aqueous 
electrolytes, both in the bulk and near interfaces, are based. 

Physics of Microhydrodynamic Phenomena~ The investigation of the motion of water and 
its solutions in layers with characteristic thickness ~ (0.i-i00) • 10 -6 m can be classified, 
according to Batchelor [33], among microhydrodynamic phenomena. However, due to the necessity 
of studying simultaneously hydrodynamic and surface phenomena, and the structure of the liquid 
in boundary layers, this new area of hydrodynamics, keeping in mind [i, 34], should rightfully 
be called physical microhydrodynamicso The problems considered in this review concern this 
area or~ more precisely~ one of its divisions, namely, electromagnetic microhydrodynamics. 

In order to examine the properties of the physicochemical processes in regions 8, appar- 
ently~ it will be useful to draw upon ideas concerning the three-layer model of the structure 
of moving water in thin layer near interfaces, proposed by Drost-Hansen [35, 36]. In these 
regions [37]~ the microscopic nature of the electric and magnetic interactions and the fact 
that E, VE, B, and VB stem from surface phenomena or the actions of external fields, can 
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Fig. 5. Scheme for recording and exciting 
traveling capillary gravitational waves: 
i) pole of the magnetic system; 2) electrodes 
for exciting waves; 3) organic glass channel; 
4) insulating support; 5) electrode system 
for recording changes in the resistance of 
the liquid; 6) electrolyte. 

exceed by 1 to 2 orders of magnitude their value in the bulk should be taken into account. 
In addition, on such small scales, the irregularity of the interface begins to be important. 
It becomes necessary to take into account the viscoplastic properties of the liquid in the 
boundary phases and the limiting shear stress in them To ~10-15 N/m 2, changing q [34, 38]. 

The analysis and practical utilization of electrohydrodynamic phenomena in aqueous solu- 
tions is customarily limited to electroosmotic processes, whose theory is developed for the 
case E t #0 (E t is the intensity of the electric field parallel to the interface), stationary 
conditions, and laminar flow regimes [35, 39, 40]. As is well known, the magnitude of the 
velocity in a rigid single capillary for ro>>6db 

Vt  - ~__~ Et" (12) 
4~ 

~en the ionic atmospheres overlap, for ro<<@db, the velocity decreases and is determined, 
according to [36], for a gap with width ho [36] by 

th ho 
V-- ~s E t ( l  28db ) 
-- 4~---~I h0/26d b " (13) 

In an electric field oriented perpendicular to the interphase boundary, for E n #0, and VE n # 
O, motion of the liquid can arise. For example, at an air-water boundary, motion will arise 
from the change in the surface tension of the liquid, differences in the dielectric permit- 
tivity, displacement of the liquid into the region of large VE, and induction effects, whose 
magnitude is determined by a [4, 41-45]. Thus, G. I. Taylor [46] observed jets of water 
pulled out of drops and their deformation in inhomogeneous electric fields. Under analogous 
conditions, we observed a stationary flow of liquid out of a capillary, whose velocity varied 
from 0 to 1 m/sec with E varying from 0 to 50 kV/m; for E =0, we did not observe a flow. 

Let us examine the microhydrodynamic nature of the fluid flow that arises in the region 
8db with Et #0 using the results obtained in [32]. Using the general form of the expression 
for the macroscopic velocity V s (9), it may be assumed that in this case V s is also deter- 
mined by the total cooperative effect of the action of the momenta of low-molecular ions on 
the entire liquid mass. For E t #0 fEHD,t =ziqeEt- For a separate ion 

AP~q!, T : ziqeE~, lo. (14) 

The total effect Apq #0, determining V s #0, stems from the fact that in the region 6db the 
cation and anion concentrations are different. The special characteristic of microhydrodyna- 
mic phenomena in layers ~ [33] consists of the fact that electric fields, caused by the elec- 
tric charge on the phase separation surface and the total v~ of ions in the region 

6, begin to play an important role. Under these conditions, ~ ~ Apricot0 , which, apparently, 
i=I /=I 

has a retarding effect on the flow that arises. The well-known increase in the structural 
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Fig. 6. Oscillograms of the evolution of the wave profile 
as it propagates along the channel, excited by an ~xponen- 
tial electric pulse with amplitude i0 A and duration T = 20 
msec, B =0.36 T, h =0.015 m at x=0.05 m (a) and x =0.25 m 
(b). 

Fig. 7. Oscillograms of the function I =f(t) when the 
alternating electric voltage is switched on. Ring-shaped 
channel, Ro =0.03 m, ro =0.005 m, h=0.012 m, Eper =12"i03 
V/m, fo =50 Hz, Co =0.01 N CuSO4, region of diffusion kine- 
tics; at t =0, U=I.5 V and I =0.0018 A. 

order of water under the action of the electric field of a substrate, due to the dipole 
moment of water molecules [35, 36, 38], leads to the appearance of motion outside the station- 
ary layer with Et #0. For PEHD ~To,lim, the flow entrains additional, previously stationary, 
volumes of fluid, carrying a volume charge with density Pvc #0 [36], which must increase the 
"flow current." With Et(t), flow is possible both in stationary and in nonstationary 
regimes. The velocity curve in the presence of electroosmosis is unique [39, 40]: the flow 
velocity is maximum along the periphery and minimum at the center and, in addition, after a 
time t ~0.i-0.6 sec, after an electric field is created, the velocities equalize. 

Let us now examine the characteristics of fluid flows under the conditions B #0, j #0, 
and VB =0 near electrode--electrolyte interphase boundaries. In this case, Apiql,T is 
determined from (8). However, in expression (9) for Vs, in contrast to the case of the bulk 

i/ 
fluid, as for E t 40, ~v~ APH,o~0 . Tangential forces fMHD,t are created directly on the sur- 

i = 1 / ~ 1  

face of tile electrode, where j 40 and B 40 near the solvation and boundary layers of the 
liquid. This leads to considerable differences in the structure of the boundary layers with 
fMHD,t and with forced convection (f~D t =0) [16, 17]. For PMHD~To,lim, the structure 

�9 . ~ . , 

of the llquld In the solvatlon layer breaks down and the velocity curves with electroosmosis 
and magnetohydrodynamic effects are similar. 

A microscopic approach, analagous to that used in [32], was applied to the analysis 
of the nature of the convection phenomena in surface layers 6 with VB #0 in aqueous solutions, 
containing paramagnetic ions or particles [47]. 

Convection and Heterogeneous Transformations. Up to the present time, the possibility 
of an effect of magnetic fields on the flow of those reactions, in the course of which the 
spins of electrons and nuclei change and electrons are emitted into the solution from a phase 
separation surface, has been demonstrated experimentally [48-52]. 

We shall examine the influence of hydrodynamic effects with f~D #0 on the course of a 
typical heterogeneous transformation: the electrode process. The appearance of convection 
with j #0 and B #0 decreases the size of the diffusion layer ~dif, increasing the rate of 
input of reagents [9, 16, 17, 53-58]. As shown in [15-17], the increase in Jlim is deter- 
mined by Coy B, VB, E, and VE. When j and B attain values for which PMHD~ To,lim, in the 
near electrode regions, V becomes so large that the transfer of ions to the electrode from 
the flow slows down and j decreases, i.e., the rate of the reaction decreases. This 
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Fig. 8. Formation of secondary flows from a 
plane-parallel flow under the action of a 
periodic force, excited by the ~D method 
(h =0.003 m, 1 N CuS04): a) j =2-102 A/m 2, 
subcritical regime; b) j =6.102 A/m 2, super- 
critical regime. 

phenomenon can be treated as an increase in the effective resistance of the electrolyte in 
the channel, while in the case of an increase in j, in the region of mixed and diffusion 
kinetics, it can be treated as a decrease in the resistance. These results confirm the 
experimental data in [59-61]. The problems of controlling the magnetoresistance properties 
of capillary electrochemical cells are examined in [62, 63]. 

In the presence of an electrode reaction occuring in the region of the diffusion 
kinetics, near the electrode on which the reaction occurs, a "macroscopic" volume charge 
forms [64, 65]. This charge, or more precisely charged layer, is characterized by a thick- 
ness ~mvc>>~db and volume density Pmvc<<pvc.db, automatically playing the role of an electric 
barrier. Apparently, the appearance of this charged layer is one reason for the appearance 
of limiting current densities in electrochemical cells. 

As is well known, it is impossible to avoid diffusion limitations even with intense 
mixing. Direct application of an alternating electric field Epe r =Eo sin~t on the region 
~mvc leads to its resorption (Fig. 7) due to the creation of a volume mass force fEHD(t) = 
PmvcEosin~t. The increase in Jlim constituted 400-500% and increased with increasing Eper 
and decreasing Co, beginning only at the threshold value Eper(t) ~ (5-10)E. According to our 
experimental estimates, for aqueous electrolytes, the minimum value of Eper(t), at which an 
increase in j was observed constituted 2-10 kV/m. 

~e effects examined above could find application both in experimental physics and elec- 
trochemistry and in enhancing different heterogeneous processes, involving the transfer of 
one or several types of ions through the phase separation boundary with Vco #0. 

Apparently, the formation of a volume charge with considerable extent near charged inter- 
faces, permeable to ions of a single sign, at the boundary ~ith an ionized system containing 
charged carriers with different coefficients of diffusion in the neutral medium, has a uni- 
versal character and is encountered in different natural phenomena. For this reason, the 
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results presented above could be useful in plasma physics [66], geophysics [67], biophysics 
[68], and in other areas of science and technology. 

We note also other phenomena that affect the rate of heterogeneous transformations. The 
formation of reaction products near electrodes with densities different from that of water 
(solution), namely, gases and ions of heavy metals, leads to the creation of convection flows, 
carrying away the reaction products from the electrodes. For small electrodes, these are 
stream flows of "ripples" [41]. The velocity of the ripples and their dimensions are deter- 
mined by the geometry of the electrodes and of the channel, the magnitude of j, co, the mass 
of the ions, and the concentration of the free gas formed. They can be viewed as sources of 
stationary macroscopic charges, if ions of a single sign predominate in them. The change in 
the trajectories of a single type of charged jet in capillary cells with B #0 and the effect 
of these phenomena on the course of the electrode process were examined in [63]. 

~le velocity and kinetics of settling of paramagnetic ions or particles in water media 
will change considerably only with VH of the order of i09-i0 I~ A/m =. Such values of VH are 
observed for boundary effects of magnetic fields [69-71] at distances of the order of ~ ~a 
and ~<< ~o, where a is the linear dimension of the end piece and lo is the distance between 
the poles. The quantity ~, where H and VH are considerable, could constitute a quantity of 
the order of (1-5).10 -3 m for lo ~ (3-10)-10 -2 m as well. For such cases, a change in the 
structure of the settling of iron bacteria [72] and erythrocytes [8] was observed. An exam- 
ple of the influence of VH on the kinetics of heterogeneous reactions in capillary-porous 
media is given in [73]. 

Engineering-Physical Problems. The physical phenomena examined above have numerous 
applications, already mentioned in part. In this section we shall consider only the case 
f~D #0. Apparently, these areas are of greatest interest. This is related both to the 
requirements of physical hydrodynamics, namely, the necessity of developing a nonlinear 
theory of hydrodynamic stability [74], and to the fact that a thin fluid layer represents a 
classical model in applications of this theory to meteorology, geophysics [75], and heat and 
mass transfer and their applications in chemical technology. 

~le magnetohydrodynamic method of exciting convection permits attaining under laboratory 
conditions and in technological practice large values of the Reynolds number Re =pVr/n of the 
order of Recr =2400 and greater up to 104-105 as a result of the small density of the fluid 
and lower surface tension compared to liquid metals. Such values of Re can be obtained with 
easily attainable values of j and B and with the usual geometric channel dimensions, which 
permits operating under isothermal conditions. 

In addition, vortex convection and nonlinear surface waves, by changing the area of the 
free surface, enhance mass transfer in the space between the phases. Convection in the near- 
electrode regions increases the limiting permissible currents, decreases the energy expendi- 
tures, opens up paths for increasing the quality of the electrode deposits [52-58, 76], and 
improves the dissipating capability of the electrolytes [77] and heat transfer [78-80]. At 
the same time, the necessity for applying homogeneous magnetic fields in closed magnetic 
systems, due to their high cost and large dimensions, have precluded widespread use of this 
method in simulation and in technological processes. The use of open magnetic systems with 
unrestricted size has permitted attaining in thin layers of the fluid and in the near-elec- 
trode regions values of B and VB that are sufficient to develop intense convection. Thus, 
e.g., this method can be used in electrometallurgy, electrochemical refining, and regenera- 
tion of spent solutions [58, 57] and is most useful when forced convection cannot be used or 
is ineffective. 

In addition, based on the use of the phenomena examined, automatic small-scale appara- 
tuses of the chemotron type [8, 62, 63] and new methods of electroanalysis can be developed 
[81]. 

The method of modeling different nonlinear hydrodynamic phenomena in thin fluid layers 
examined above [82] was further developed in a series of theoretical and experimental papers 
of interest for geophysical hydrodynamics [75, 83-89]. In particular, the }~D method has 
permitted observing for the first time experimentally a plane-parallel flow caused by the 
action of a sinusoidal force (Kolmogorov flow) in the subcritical and supercritical regimes 
(Figs. 8a and b) [85-88]. The same method was used to investigate the interaction of vorti- 
cal structures. The appearance of an autooscillatory regime, consisting of pairwise recon- 
nection of vortices with a period of 30 to I0 sec, was observed in a closed volume with the 
interaction of four vortices excited by the }~D method [89]. 
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~e generality of the transport equations permits modeling problems of convective diffu- 
sion and gasdynamics and permits examining wave phenomena in different media [28, 8]. 

In our experiments, together with water solutions of low molecular electrolytes, we 
used water soluble polymers, polyelectrolytes, and proteins, i.e., liquids that have signifi- 
cant viscoplastic properties. From our point of view, such investigations could be useful 
for solving various problems in rheophysics, especially for studying phenomena occuring in 
film flows [3]. 

NOTATION 

Here t is the time; p~ ~, ~, u~ ~, ~, density~ electrical conductivity, dielectric and 
magnetic permittivities, and the coefficient of molecular viscosity and surface tension of 
the liquid; To,lim, limiting shear stress of the liquid; Co, Co~, Co,2, concentrations of 
the electrolyte, cations, and anions in the bulk; z~, z2~ D~, D2, valences and coefficients 
of diffusion of cations and anions in the liquid; F, No, Faraday and Avogadro numbers; k, 
Boltzmann's constant; @, 6db, @dif, @mvc, thicknesses of the near-wall, double, and diffusion 
layers and of the layer of macroscopic volume charge; u, mobility of ions in water under the 
action of an electric field; VE, velocity of ions in water, caused by E #0; Viql~T, thermal 
velocity of an ion; i, number of the ion of a single kind in unit volume; q, type of ion; Z, 
transference number of an ion (l~l~j); Vs, macroscopic velocity of a unit volume of liquid; 
miq , mH20, mass of the iq-th ion and of a water molecule; to, time of translational transfer 
of an ion from one equilibrium position to a neighboring position: T, absolute temperature; 
e, electron charge; c, velocity of lightl APiqZ,T , APH20 , changes in the momenta of ions in 
the magnetic field and water molecules; pq, mean value of the momentum of a type q ion per 
unit time; Ro, ro, radii of the walls of an axisymmetrical ring-shaped channel; h, height 
of the fluid in the channel; K =Ro/ro >i, number that characterizes the ratio of the diame- 
ters of the axisymmetrical channel; d, interelectrode distance; V, velocity of the fluid; g, 
acceleration of gravity; f, f~D, fEHD, P, P~D, PEHD, volume densities of the mass forces 
and pressures: total, magnetohydrodynamic, and electrohydrodynamic; fo,MHD, fo,EHD, amplitudes 
of the alternating force of magneto- and electrohydrodynamic origin; Re, Recr , usual and 
critical Reynolds numbers; E, H, intensities of the constant electric and magnetic fields; 
B, magnetic field induction; Ho~ Eo, Bo, amplitudes of the alternating magnetic and electric 
field intensities and of the magnetic field induction; Et, En, tangential and normal compo- 
nents of the electric field intensity vector; Eper, alternating electric field; j, Jlim, 
usual and limiting current densities in a galvanic bath, electrochemical cell; fo, frequency; 
~, circular frequency; ~ =2wfo, T, n, duration and duty factor the electric and magnetic 
pulses; @~ phase difference angle; U, potential difference; U*, potential difference in the 
electrochemical cell for which a change in the limiting current does not occur (U <U* AIcr > 
0 for U >U* AIli m <0); AI, quantity that characterizes the change in current in the electro- 
chemical cell due to magnetohydrodynamic forces; Pvc, 0mvc, volume charge densities of the 
diffusion part of the do~Dle layer and the macroscopic volume charge in the electrolyte; ao, 
l, amplitude and length of the surface waves in the electrolyte excited by the ~D method; 
I, Ilim~ I(Hr i(H=o), magnitudes of the currents in the channel: total and limiting in 
the presence and absence of a magnetic field; Io, amplitude of the alternating current~ 

2. 
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