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Abstract-4 new process is introduced for saturated steam generation in porous media. The process 
consists of applying an electrical potential between two electrodes in contact with a porous medium 
(rockwool) impregnated with an ionic solution (water and mineral salts) resulting in a Joule-effect heating. 
Tap water is fed into the system, introducing soluble salts which increase the conductivity and insoluble 
salts which modify the porosity. The coupled partial differential equations, derived from the simplified 
balance equations of energy, motion and diffusion, have been written and solved using a centered finite 
difference method and are compared favorably to experimental results. The movement of the liquid is 

modeled using a capillary diffusion of the liquid phase. 0 1997 Elsevier Science Ltd. 

‘I. INTRODUCTION 

Continuous vaporization of water by ohmic heating 
in a hydrophilic porous medium has the advantages 
of volumetric heating, thus causing no fouling of heat 
exchange surfaces as well as rapid heating rates. Cur- 
rent applications are found in everyday small appli- 
ances such as irons, presses and wallpaper strippers, 
while future applications may include steam boilers 
and steam generators. 

The process consists of applying an alternating elec- 
trical potential between two electrodes in contact with 
a porous medium (rockwool) impregnated with a 
saline solution. The electrical current passes through 
the saline solution, heating the water to boiling point 
and evaporates the solution. Tap water introduces 
ions which change the system’s properties in two 
ways: the soluble salts add to the electrical con- 
ductivity of the liquid, while insoluble salts precipitate, 
reducing the porosity. 
1 Studies in boiling [I], enhanced heat transfer [2], 
nuclear waste disposal [3] and methods for enhanced 
oil recovery contain different elements required for 
the description of the phenomena. Natural convection 
in porous media with internal heat sources has been 
investigated [4] with application to liquid-metal fast 
breeder reactors. The authors considered a porous bed 
situated beneath a cooling liquid pool. For the boiling 
regime, modified Darcy’s equations were used to 
model the vapor and liquid flows. The Joule effect was 
not considered to vary spatially, rather it was taken 
as a homogeneous volumetric source term. 

A recent review article on statistical and continuum 
models of fluid-solid reactions in porous media [5] 
considers the continuous alteration of the pore struc- 
ture as a result of chemical reactions. This is similar 

to the precipitation of CaCO, from hard waters in 
the process considered here. The classical transport 
properties in ordered and disordered porous media 
have been reviewed [6] with emphasis on volume aver- 
aging by representing the media as spatially periodic. 

The electrical equations involving the Joule effect 
for heating an ionic fluid flowing in a vertical channel 
have been derived previously [7]. These authors do 
not consider phase change nor flow in porous media. 

Boiling heat transfer from porous surface layers has 
been investigated [ 1,2] with the desire to enhance the 
boiling heat transfer using the heat pipe effect; the 
enhancement due to capillary action has been con- 
sidered in [8-lo], among others. 

Steady boiling occurs within the upper section of 
the porous medium as a result of a dissipation of 
energy by the Joule effect within the electrical field. 
Since the porous medium is composed of rigid fibers, 
no fluidization can occur and no distinctive vapor 
channels are developed. The steady boiling heat trans- 
fer is governed by the nucleate boiling regime, the 
fibers serving as nucleation sites throughout the 
volume. 

The key phenomena involved in the process are 
electrical dissipation of energy, phase change, capil- 
larity, permeability, two-phase flow and the diffusion 
of salts. The salt concentration, saturation, porosity 
and energy dissipated vary in time. The movement of 
the liquid phase is modeled with a capillary diffusion 
coefficient (experimentally determined) and the gradi- 
ent of the saturation. In this paper a new process for 
steam generation is described, along with the exper- 
imental apparatus used in the investigation and the 
mathematical model of the coupled transport vari- 
ables involved. 
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NOMENCLATURE 

A non-dimensional length X horizontal coordinate [m] 
c concentration [kg m-‘1 Y vertical coordinate [ml. 
CP concentration in the vertical projection 

[kg me31 
DC capillary diffusion coefficient [m’ s-‘1 Greek symbols 

4 salt diffusion coefficient [m’ s-i] P non-dimensional coefficient 

E electric field p m-‘1 
& porosity 

g gravitational constant [m se21 rp salt flux [kg mm2 s-l] 

h height [m] p viscosity [kg m-i s-i] 

H enthalpy [kJ kg-‘] P density [kg m-‘1 

.i current density [A mu21 
ff conductivity [S m-‘1. 

K permeability [m-‘1 
I length of porous media [m] Superscripts 
ti mass flux [kg me3 s-‘1 b boiling 

; 
index in equation (20) C capillary 
pressure [Pa] eff effective 

4 energy flux [w mp3] is insoluble 
S saturation 1 liquid 
t time [s] 0 initial 
T temperature [K] P pore 
u electrical potential M S soluble 
0 velocity [m s-l] V vapor 
V volume [m’] vap vaporization. 

2. EXPERIMENTAL Condenser @ _ 

Materials 
The porous medium employed here was hydrophilic 

rockwool, a highly porous medium consisting of long, 
parallel fibers. Rockwool was chosen for its physical 
characteristics : inflammability, rigidity and relative 
inertness to attack by chemicals. The porous medium 
can be characterized by the following parameters: 
porosity 0.96 &- 0.01, permeability 1 .O x lo-l2 m2, fiber 
density 2700 kg mm3 and apparent density 110 kg 
m-3*0.2. 

The porous medium is cut in the form of a ‘tee’ 
from a monoblock of rockwool. The upper section is 
placed entirely within the electrical field while the 
lower section is immersed in a water tank (Fig. 1). 
Capillary wicking from the lower saturated-section 
feeds water to the steam generation zone where the 
liquid is vaporized. 

The construction material for the containment of 
the porous media was 0.005 m thick polypropylene. 
It is rigid, inert, electrically insulating and heat resist- 
ant up to the temperatures required for the system. 

Graphite electrodes (thickness 0.002 m) were 
chosen to provide the electrical contact along two 
surfaces of the porous media. The use of graphite 
avoided oxidation which may occur with metal elec- 
trodes such as copper. To avoid hydrolysis an alter- 
nating electrical potential (55 V, 50 Hz) was used. The 
power input to the electrodes determines the overall 
heat flux to the system. 

1 Tap water entrance 
2 Porous media 
3 Porous projection 
4 Feedtank 
5 Graphite electrode 
6 Vapor outlet 

Fig. 1. Scheme of the apparatus. 

The porous medium was generally impregnated 
with a NaCl solution, although any dissociating salt 
may be used. The salt solution provides a highly con- 
ductive electrolyte whose conductivity is minimally 
changed by the continuous addition of tap water ; its 
composition is given in Table 1. 

The feed water contains ions of calcium (Ca’+) and 
bicarbonate (HCO,-), which, due to their low solu- 
bility product, rapidly form CaCO,(s). The pre- 
cipitation reduces the porosity, which in turn lowers 
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Table 1. Tap water composition and properties 

Ionic species 

Calcium 
Magnesium 
Sodium 
Potassium 

Co:ncentration 
(mg 1-l) Property Value 

112 PH 1.6 
6.5 

20.0 Conductivity 528 
1.5 @S cm-‘) 

at 25°C 
Hydrogen 

carbonate 
320 

Chloride 
Sulfates 

28 
15.7 

the effective conductivity of the system. Other numer- 
ous ions remain soluble during the lifetime of the 
process, increasing the electrical conductivity of the 
solution. 

Apparatus 
The experimental apparatus designed and con- 

structed is shown in Fig. 1. The conduction zone was 
0.2 m long, 0.03 m high and 0.08 m wide. The two 
vertical electrodes at both ends have the same surface 
area as the porous media (0.03 x 0.08 m). Water pre- 
heated to 363.1 K was fed to the center of the con- 
duction zone through a vertical projection of the same 
width and a height and length of 0.04 m. The porous 
media was cut from a single block of rockwool, avo- 
iding an interface between the conduction zone and 
the projection. A constant water level in the reservoir 
containing this projection ensured a uniform water 
supply to the conduction zone. 

Experiments were conducted under varying initial 
conditions for a s;tandard duration of 50 h. For each 
experiment an imtial charge of a concentrated salt 
solution was added to the porous medium to provide 
the salinity requ:ired for the desired power output. 
Electrical current, voltage and temperature (ther- 
mocouple type K.) were measured every 15 s during 
the first hour and then every 15 min for the following 
49 h. The system rested on a balance to measure the 
mass at all times. The steam formed was condensed 
and collected to determine the production rate. All 
data except for the rate of condensate production were 
recorded using a data acquisition system. After each 
experiment, concentration of soluble salts was deter- 
mined by measuring the conductivity. 

3. FORMULATION OF THE MODEL 

In the descript:ion of the equations which model the 
system, we have made some assumptions to reduce 
the complexity of the problem. The porous media was 
assumed to be nondeformable, inert and homo- 
geneous. The vapor was assumed to escape the porous 
media directly ajfter its formation. In using an alter- 
nating electrical current, we neglected the possibility 
of a net migration of ions as well as reactions at 
the electrodes. We assume the electrical current to be 

continuous by using the root mean square of the volt- 
age (55 V). 

For tap water, we lump the soluble salts together 
into an equivalent concentration (C,) of NaCl equal 
to 0.10 g 1-l and similarly the insoluble salts (CiJ, into 
an effective CaCO, concentration of 0.27 g 1-l. The 
small sensible heat change required to raise the tem- 
perature to 373.1 K has been neglected before the 
latent heat requirements. 

System dejinition 
The term ‘system’ is used throughout this paper to 

describe the ensemble of porous medium, salts, water 
and steam. The system was modeled as a continuous, 
vertical medium with steam generation only within 
the conduction zone. Concentration, velocity, electric 
field and saturation were considered to evolve in time 
and position (x, y) and to be constant with respect to 
the width of the conduction zone. 

Initial measurements of the system mass and under 
steady operating conditions as well as knowledge of 
the volume of the porous medium allows to determine 
the liquid saturation when boiling first occurs 
(s = 0.8). This value is used in the expression descri- 
bing the initial saturation condition. 

Operating conditions 
Except during the transient stage, the operating 

temperature within the porous medium is constant 
and equal to the boiling point of the solution. The 
operating pressure was constant at 1 atm, the voltage 
applied was 55 V and the initial concentration of NaCl 
was 80 g 1-l. At this concentration, the boiling point 
elevation is 1 .l K, thus the temperature can be 
assumed constant at 374.1 K. The vapor-liquid equi- 
librium condition is sustained in all experiments ensur- 
ing no superheating of the vapor or porous medium. 
Neglecting energy losses, the overall energy balance 
can be written as : 

q, = tiAH vap . (1) 

ElectricaI dissipation 
The electrical conductivity is a function of the con- 

centration of soluble salts, the temperature and the 
saturation of water. As shown previously [ 1 l] 

b,ff = U,&S2.5 (2) 

represents the effective conductivity for a two-phase 
media. To account for the changing porosity, we have 
added the porosity in Ickowski’s expression (2). The 
conductivity and the conductance are related by the 
ratio of the distance between the electrodes to the 
surface area. 

The presence of the vapor, a non-conducting dis- 
persed phase, lowers the overall electrical conduc- 
tivity. For example, at a saline concentration of 80 g 
l-‘, unit porosity and a voltage of 55 V, the presence 
of steam lowers the liquid saturation from 1 .O to 0.8, 
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lowering the effective conductivity from nearly 120 to 
60 mS cm-‘. 

An empirical correlation [12] accurately gives the 
conductivity S m-’ 

0 1 = 2.303~‘.‘~ (3) 
at 298 K for a concentration of NaCl between 2 and 
100 g 1-l. To complete the description of the con- 
ductivity, a temperature correction is introduced in 
which we use a reference temperature of 250 K, cor- 
responding to zero conductivity. 

Thus, given the concentration of NaCl we can cal- 
culate the liquid phase conductivity at 298 K using 
equation (3), correct the liquid phase conductivity for 
the operating temperature (T,,) and finally account for 
the porosity and saturation effects (equation (2)) to 
determine oeP 

Water: equations of motion and conservation of mass 
The saturation (s) of the porous media is detined as 

the ratio of the volume of the pores occupied by liquid 
to the volume of pores in a given representative 
elemental volume : 

V, 
s=--. 

VP 
(5) 

The velocity of the liquid phase can be expressed by a 
representation of Darcy’s law using a capillary and a 
gravitational force term. The former is composed of 
the product of a capillary diffusion coefficient (exper- 
imentally determined) and the gradient of the satu- 
ration [12, 131. 

v = - D,Vs+ ;,,,. (6) 

The partial differential equation which expresses the 
principle of mass conservation for the liquid phase is : 

-cl = p, y +v.(p,v). (7) 

Salts : equations of motion and conservation of mass 
The soluble salts are transported by the bulk move- 

ment of the liquid (convection) and by the forces of 
diffusion. We write the standard convection/diffusion 
equation for the flux and the equation expressing the 
conservation of mass : 

rp = cv-D,Vc (8) 

$+v.q =o. (9) 

The porosity of the system is assumed to decrease with 
the precipitation of insoluble salts, principally CaCO,. 
In this model, a simplified expression (10) for the 
change in porosity neglecting pore blockage has been 
taken into account, considered to be locally pro- 
portional to the mass of water evaporated. 

Ci,m 
E=l--t. 

ASP1 

The change in the porosity is considered only in 
the equation for the effective conductivity (2). In this 
expression, the drop in porosity counterbalances the 
increase in soluble salts, resulting in a relative elec- 
trical equilibrium in the system. Since the change in 
porosity is relatively small (1%) over 50 h of steam 
vaporization, the porosity is assumed constant and 
equal to unity in all other equations. This assumption 
simplifies the equation of motion without introducing 
excessive uncertainty if the porosity remains greater 
than 0.9. 

Dimensionless equations 
We now consider the i and j components (x, y) of 

the previous equations and we introduce the dimen- 
sionless variables listed in Table 2. The three dimen- 
sionless groups (fi,, /I=, /Is) are the result of the adim- 
ensionalization of the equations [12]. These 
parameters will be explained thoroughly in Section 4. 
The equation describing the variation of the voltage 
and those describing the dissipation of energy 
becomes : 

(13) 

@=d[($)i+($r] (14) 

m’ = 4”. (15) 

Table 2. Dimensionless variables 
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The conservation equations for the liquid and the 
salt concentration are given by : 

(16) 

(17) 

(18) 

In the process under investigation, the walls form 
impermeable boundaries to the liquid and salt motion 
which are also electrically isolating. The saturation is 
constant at the inl,et for the liquid and the normalized 
voltage is constant at the electrodes. The initial con- 
dition for the saturation follows from an initial zero 
velocity condition. The concentration is normalized 
to the initial concentration throughout the porous 
medium. 

The concentration in the vertical projection (Q is 
determined by treating its volume like a continuous 
stirred tank reactor with an initial concentration 
&, = 0.33. This concentration was determined by 
allowing the process to reach the boiling point and 
immediately cutting all the power, removing the pro- 
jection and measuring the conductivity of the liquid 
contained in the volume. This concentration serves 
as a boundary condition at the interface defined by 
p = 0.0 and 0.4 <: 2 c 0.6. The boundary and initial 
conditions are shown in Fig. 2. 

Initial Conditions 

‘E(z,yj = 1.0 

s7%3 = 0.8 PpT 

Al-J---- 1 

2-0 a -- -=0 
FQws Media : condllcnolI zone aii 

as-0 R- 
-- Z-O 

L-l L-0 
Tq- 

I- I a-o I _ . . _ 

zy- 

Fig. 2. Boundary and initial conditions for the dimensionless 
system in the X-Y plane. 

Solution method 
An implicit predictor/corrector centered finite 

difference method was employed to solve the system of 
coupled differential equations subject to the boundary 
and initial conditions given above and shown in Fig. 
2. The implicit method ensures stability for the system 
of equations. A rectangular grid size of 41 points in the 
f-direction and 11 in the f-direction was implemented. 
The horizontal (s?) coordinate is privileged by using 
more gridpoints due to the difference between the 
length (0.2 m) and the height (0.03 m) of the con- 
duction zone. 

The initial values for the saturation, porosity and 
NaCl concentration are considered at the boiling 
point of the fluid [equation (2)] to determine the effec- 
tive conductivity. The system of equations is solved in 
two steps, then first being the resolution of the elec- 
trical equations (1 l)-(15) and the second being the 
equations of motion and conservation (16)-( 19). 

Step one uses the initial conditions to find a steady- 
state solution to the second-order equation in the volt- 
age (11) and evaluates the energy flux. For every step 
in time t; a steady-state solution is found by iterating 
upon an index (n). A flowsheet for the solution 
method is given in Fig. 3. 

The step size for the adimensional time (i) was 
chosen to be 5.0 x 10m4, a compromise which is large 
enough to limit round-off error and also sufficiently 
small for convergence of the small grid size. Equation 
(11) is iterated upon until a criteria of convergence is 
met, given by : 

where UFj is the voltage at point (i,j) and at an iter- 
ation time (n). 

The mass of water evaporated is, thus, calculated 
at each node and assumed constant within each cor- 
responding volume defined by the grid size (AX x A). 
An equivalent volume to the total water evaporated 
in Ai is added to the vertical projection volume and 
the resulting concentration (5) is recalculated. 

With the energy flux resolved at time i, the second 
step is to solve the equations of motion (16)-( 18) and 
the salt flux (19) using the same implicit method. For 
every time ?, the results of the second step are used as 
the new conditions for the concentration, porosity and 
saturation to resolve equation (11). 

4. RESULTS 

Model validation 
Using the parameters for the experimental com- 

parison in Table 3, a simulation of 50 h of continuous 
operation was made and compared with experimental 
results. We compare the model predictions to the 
measurements for three different quality feed waters, 
deionized, tap water and a 1.0 g 1-l NaCl solution. 
Measurements of the electrical current at a voltage of 
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Resolution of the electrical field j ( 11) 

J1 
I , I 

K \ I 

Energy flux and evaporation rate 
I 1 i (12-15) 

I I 

I J( 
I 

1 Equation of motion for the liquid phase 
1 i (16-18) 

: 

Step 2 

~,,,,,_,,,_____~,,,,.-__~~~~~____~~~~__~~_~ 

V 
Conductivity (2 & 10) 

t=t+At 

V 
Results 

Fig. 3. Solution flowsheet for equations (lo)-(19). 

55 V and for an initial salt concentration of 80 g 1-l 
were taken during 50 h. 

The model accurately predicts (Fig. 4) the electrical 
current during this period. Using tap water, the inten- 
sity is seen to slowly rise due to the accumulation of 
soluble salts in the water being more influential on the 
conductivity than the reduction of the porosity due to 
precipitation. 

To further show the effect of salts on the system, 
pure water and a 1 g 1-l NaCl solution were used as 
feed water. As expected, the model and experimental 
results show no change in the intensity for the case of 
a pure water feed, showing that the system is invariant 
if deionized water is used. In using a feed of 1 g 1-i 
NaCl, the model predicts an increase in intensity from 

8 to 13.5 A during the same time period, due to the 
strong increase in salinity. The prediction is slightly 
higher than the experimental results due to heat losses 
which occur at higher power levels. The loss of heat 
from the apparatus renders it less efficient, therefore 
less water is vaporized and the concentration of salts 
is lower for all times greater than zero. 

The model correctly predicts the concentration of 
NaCl over time as a function of position. Comparison 
to experimental results for the case of a tap water feed 
are presented in Fig. 5. The porous media was cut in 
two along the vertical axis and then into five pieces 
each measuring 4 cm in length, 8 in width and 1.5 in 
height. The concentration reported in Fig. 5 is the 
average concentration in each sample. The uncer- 
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Table 3. Model parameters used in parametric studies except 
as indicated 

Parameter Value 

Distance between electrodes 0.200 m 
Height 0.030 m 
Width 0.080 m 
Width of porous prqjection 0.040 m 
Initial concentration in conducting zone 80.0 g I-’ 
Feed concentration of soluble salts 0.10 g 1-’ 
Feed concentration of insoluble salts 0.27 g 1-l 
Initial saturation at porous projection interface 0.80 
Voltage 5s v 

2 
0.457 
0.650 

/I. : for experimental comparison 0.0665 
fi. : for parametric analysis 0.0152 

13 

12 

11 

Ekeical 
lntcmity (A) 

10 

9 

/ 
. 

. . 
_.: 

.= 
.’ 

/ 

. 

i 

I 
0 IO 20 30 40 50 

Time UIOUIS) 

Fig. 4. Comparison of model predictions with experimental 
results for differing feed waters : initial NaCl concentration 

80 g I-‘, voltage 55 V. 

tainty in the measurements is due to liquid movement 
during the sectioning process. The average standard 
deviation for the: concentration was determined to be 
10% in a series of six experiments designed to test the 
repeatability of the experiment. 

In the development of the model, we have formed 
three dimensionless groups (Table 2) : &, fi, and fiS 
[ 121. These parameters have significant effects on the 
relative contributions of capillarity, gravity, per- 
meability and diffusion. Using the finite difference 
model, we show the effects of these three groups on the 
mass of water evaporated, the saturation distribution 
and the concentration of soluble salts. The model 
parameters given in Table 3 are used as a basis for 
comparison and the results depicted in Figs. 6-10 are 
given for the plane defined by 0 < 2 < 1 and jj = A/2. 

The ‘V’ shape to the curve is due to the net con- 
vective movement in the porous media. Feed water 
enters from the projection and rises while moving 
laterally towards the electrodes. The movement con- 
vects the salt, forming the gradient. 

/I, represents the product of the permeability and 
gravity with respect to the effect of the capillary 
diffusion (Table 2). This parameter directly influences 
the initial saturation distribution. 

&, has little effect on the saturation in the horizontal 
direction but a change in &, from 0.001 to 1 .O changes 
the saturation gradient in the vertical plane (2 = 0.5, 
0 < y’ < A) as can be seen by equation (18). 

The model does not agree with the experimental In lowering the saturation, the electrical dissipation 
measurements near the electrodes. This discrepancy is and the mass of evaporated water is reduced. Figure 
believed to be due to a density effect of the fluid, as a 6 shows the change in the evaporation rate as a func- 
matter of fact, not considered in the model. Near the tion of position (2) to be symmetric along the central 
electrodes, the model predicts a concentration inde- axis, 2 = 0.5. This is expected, considering the bound- 
pendent of height. We interpret this as an average ary condition for the saturation, s = 0.8 for y^ = 0 and 

1.5 

1.2 

63 
0.9 

0.6 

0.3 

r 

0 0.2 0.4 0.6 0.8 1 

FYdilm 6) 

__ model 6= 0.0 5) . Experience (jG 0.0 ,?) 

Fig. 5. Experimental results and model predictions of the 
dimensionless concentration for the middle (y = 1 .S cm) and 
bottom (y = 0.0 cm) planes in the porous medium. Initial 

NaCl concentration 80 g ll’, voltage 55 V. 

concentration, falling between the experimental con- 
centration at J = 0 and J = A/2. 

Parametric study 
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0 0.2 0,4 0.6 098 1 

Position 0 

-&,=O,lyJl ------pp=o*l ---&,=0,457 -~p=l,o 

Fig. 6. Parametric study of the permeability parameter & on 
the quantity of water evaporated after 50 h of simulation. 
Initial NaCl concentration 80 g l-‘, feedwater NaCl con- 
centration (C,) 0.10 g I-‘, feedwater CaC03 concentration 

(C,,) 0.27 g l-‘, voltage 55 V, /3c = 0.65, A = 0.0152. 

0.85 

0.8 

0.75 

Liquid 
Saturation 

(S) 
0.7 

0.65 

0.6 

0.0 0.2 0.4 0.6 0.8 1.0 
Position (3 

- &=0.65 --@c=OSO --IQ =0.30 -&=O.lO 

Fig. 7. Parametric study of the adimensional diffusion 
coefficient /Ye on the saturation after 50 h of simulation. Initial 
NaCl concentration 80 g I-‘, C, = 0.10 g I-‘, Ci, = 0.27 

g l-‘, voltage 55 V, /J, = 0.457, /I, = 0.0152. 

0.4 < f < 0.6, representing the symmetric feed water 
zone. 

It can be seen that, as j$, is increasingly reduced, 
capillary forces dominate the gravitational contri- 

bution, and the curves approach limiting value. This 
is the case for a very large flat porous media whose 
capillary forces control the liquid movement, and 
gravity can be most likely ignored. This parameter has 
a minimal effect on the NaCl concentration ; however, 
since the precipitation is assumed proportional to the 
vaporization of water, changing &, also influences the 
porosity distribution in an analogous way to the mass 
flux of evaporated water. 

PC fixes the contribution of the capillary diffusion 
coefficient in the equations of motion (19) (20). The 
velocity of the liquid phase is modeled using a capil- 
lary diffusion coefficient and a driving force, the gradi- 
ent of the saturation. Figure 7 shows that a lowering 
of PC results in a dryout of the porous media. 

For #$ = 0.1 the saturation is insufficient for the 
electrical continuity, a ‘dryout’ occurs after 10 h at 
the two sides of the porous medium at f = 0 and 
2 = 1. The liquid dryout is caused by the reduced 
capacity of the capillary forces. The rate of evap- 
oration is higher than the rate of liquid replenishment 
by liquid diffusion and capillary forces, thus the dry- 
out occurs at the ends. 

The electrical current density decreases as well due 
to the diminution of the liquid saturation, thus the 
effective electrical conductivity. Since the effective 
electrical conductivity is proportional to the satu- 
ration raised to the 2.5 power [equation (2)], a small 
change in the saturation leads to a large change in the 
electrical current. Thus, we find that our system is 
very sensitive to this parameter. 

The last parameter defined is /$ which is pro- 
portional to the salt liquid phase diffusion coefficient. 
In changing /$, the relative contribution to the motion 
of the salts is changed between the convective and 
diffusive terms in the flux equation (19). Figure 8 
shows that the effect of increasing this coefficient is to 
reduce the concentration gradient, resulting in a more 
homogeneous evaporation. Large values for /I, result 
in a fast diffusion of salts. 

When the diffusion is limited (small /?J, the con- 
centration is very low near the entrance due to the 
arrival of feed water at a lower concentration. This 
causes a nonuniformity of the electrical field, the elec- 
trical resistance being relatively strong in the center 
and weak near the electrodes. 

The saturation distribution as a function of x’ at the 
same conditions as in Fig. 8 is shown in Fig. 9. The 
saturation decreases towards an asymptotic limit with 
an increase in j?$ as a secondary result of the change 
in the concentration distribution. We find no differ- 
ence in the saturation gradient for /Is larger than 0.152. 
The concentration distribution influences the elec- 
trical conductivity and, therefore, the electrical field 
(4 and the local rate of evaporation. 

The net effect on E due to the saturation and con- 
centration influences is quite interesting. In Fig. 10, 
we show the a-dimensional electric field using the pre- 
vious conditions and j$ = 0.015, 0.066, 0.15 and 1.0. 
The results show a decrease in the electrical field at 
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Fig. 9. Parametric study of the adimensional parameter p. 
on the saturation after 50 h of simulation. Initial NaCl con- 
centration 80 g l-‘, 1, = 0.10 g ll’, C,, = 0.27 g I-‘, voltage 

55 V, 8, = 0.457, /3c = 0.65. 

the center and the:n a reversal of E” due to changes in 
the concentration distribution and the saturation. 

The electrical field is proportional to the inverse 
of the effective conductivity (8). For fiS = 0.015 the 
concentration is very strong near electrodes and low 

0 0.2 0.4 0.6 0.8 

Position (?I 

-_Bs = 0.0152 -- - fis=0.066 --- & =0.152 - f3s = 1.0 

Fig. 10. Parametric study of the adimensional parameter fi. 
on the electric field strength after 50 h of simulation. Initial 
NaCl concentration 80 g l-‘, C, = 0.10 g I-‘, C,, = 0.27 g 

l-‘, voltage 55 V, /?, = 0.457, j& = 0.65. 

at the center while the saturation varies inversely. The 
strong change in the concentration dominates the con- 
ductivity and thus the electrical field resembles the 
concentration. 

As pS increases (0.15) the concentration gradient is 
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reduced and the saturation gradient is increased. 
These changes have an overall effect of cancelation, 
the effective conductivity and, thus, the electrical field 
are found to be relatively constant (Fig. 10). 

As & is increased further (bs = l.O), the electrical 
field reverses upon itself. At this point the con- 
centration is nearly constant and the saturation gradi- 
ent is identical to the case of ps = 0.15. The overall 
effect on E” is, therefore, determined by the saturation 
distribution. Under these conditions, the production 
of steam is found to be greater near the electrodes 
than at the center of the porous medium. 

5. CONCLUSIONS 

In this paper, we have described the ohmic heating 9. 
of a saline solution in a porous media (hydrophilic 
rockwool) for steam generation. The equations of 
energy, of motion and of salt diffusion have been 10. 
written and solved using a centered finite difference 
method. The movement of the liquid is modeled using 
a capillary diffusion of the liquid phase. 

The model is favorably compared to experimental 
results for 50 h of operation using tap-water, purified 
water and a 1 g 1-l saline solution. The relative con- 
tribution of the permeability, gravity, capillarity and 
diffusion forces are considered in a parametric study 
of three dimensionless groups. The conditions for dry- 
out of the porous bed are determined as a limiting 
case for the validity of the model. 

The saturation diffusion coefficient (BJ has been 
shown to influence the saturation and salt con- 
centration distributions and, thus, the electrical field. 
It has been shown that for large /$, a reversal of 
the electrical field can occur resulting in a stronger 
dissipation of energy in the vicinity of the electrodes. 
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APPENDIX 

In the following, we develop the Maxwell’s equations 
describing ohmic heating. The system was modeled as a 
continuous conducting media with an effective conductivity 
(Q), defined by equation (2). 

V-j=0 (Al) 
[VxE]=O 642) 
j = cr,E (A3) 

q=fi:E]. (A4) 
We see from equation (A4) that the energy dissipated (q) 

is equal to the scalar product of the courant density (j) and 
the electric field (E). The electric field is equal to the negative 
gradient of the electrical potential. The following equations 
result. 

E= -VU (A5) 
V.(&fiVU) = 0 (Ah) 

q = l@2u. (A7) 


