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Abstract&A one-dimensional, steady state analysis of the heat and mass transfer in porous media saturated 
with the liquid and vapor phases of a single component fluid was conducted. The effects of capillarity, gravity 
forces, and phase change were included. Theoretical results were compared to experimental data with excellent 
agreement. It was found that the heat transfer was increased several orders of magnitude beyond pure 
conduction due to an evaporation, convection and condensation phenomenon similar to conventional heat 
pipe operation. The dry-out heat flux was predicted and verified for the bottom heating orientation. 
Theoretical temperature, pressure and saturation profiles within the two-phase region were obtained. 
Apparent thermal conductivities were evaluated for various gravitational orientations and medium 

permeabilities 

1. INTRODUCTION 

A WIDE variety of industrial, agricultural and energy 
production processes involve heat and mass transfer in 
porous media saturated with multiple fluid phases. In 
many such systems, the interstitial fluids are subject to 
vaporization, condensation and transport due to 
pressure, temperature, or concentration gradients. 
Examples include the drying of porous solids and soils, 
geothermal energy production, thermally enhanced oil 
recovery, underground high-level nuclear waste 
disposal, heat transfer from buried pipelines and 
electrical cables, heat pipe wicks, and post-accident 
boiling of fluids within nuclear reactor debris. The 
inherent difficulties in the evaluation ofthe heat transfer 
in such systems result from the lack of understanding of 
multiphase interactions which are unique to porous 
media. For the majority of porous materials of interest, 
the pore dimensions are small, which accentuates the 
interfacial tension effects and presents experimental 
difficulties in obtaining data on system variables such as 
individual phase pressures, liquid-vapor interfacial 
geometry, and fluid velocities on the pore level. 
Furthermore, the pore geometry is extremely complex 
requiring macroscopic averaging of microscopic 
phenomena. Nevertheless, the quantitative evaluation 
of the heat and mass transfer characteristics of porous 
media with fluid phase change is possible through the 
theoretical and experimental study of well-defined 
systems. This paper presents such a study. The analysis 
will be restricted to a one-dimensional, steady state 
problem in which a temperature difference is applied 
across a slab of porous material saturated with the 
liquid and vapor phases of a single component fluid. 
Gravity, capillarity, multiphase flow, and phase change 
effects are included. 

Other researchers have studied heat transfer in 
porous media with phase change. Early work has been 
reported by soil science researchers [l-4]. A summary 

of Soviet research in modelling heat and mass transfer 
in capillary-porous media was published by Luikov 
[S]. Theoretical and experimental work was performed 
by Krischer [6] in Germany. Other analytic studies of 
the effects of phase change on energy and mass 
transport have been reported by Sahota and Pagni [7], 
Eckert and Faghri [S], and Ogniewicz and Tien 
[9, lo]. The above list of work is not an extensive review 
of the literature but a selected number of major 
contributions in the modelling of heat and mass 
transfer in unsaturated porous media. 

Experimental studies have also been reported. 
Hansen, Breyer and Riback [11] conducted bottom 
heating experiments with glass and copper beads 
saturated with air and water. Their results showed an 
enhancement of the heat transfer over that of 
conduction in water saturated porous media due to the 
convective contributions of the water and vapor 
phases. Gomaa and Somerton [12] also obtained 
effective thermal conductivity data on steam-water 
saturated porous materials which were several times 
larger than those of the same medium saturated only with 
the liquid phase. They postulated that the dominant 
heat transfer mechanism in their experiments was 
condensation, capillary movement of the liquid, and 
revaporization, which is analogous to the phenomena 
ofa heat pipe. Su [ 133 conducted experiments to isolate 
the two-phase zone from the liquid or vapor saturated 
zones. Other researchers have heated confined water 
saturated porous media from the bottom [14, 151, the 
side [16] and internally [17], all producing a two- 
phase, heat pipe zone which was nearly isothermal and 
convection dominated. Similar experimental studies 
conducted on heat pipe wicks to determine dry-out 
conditions are available in the literature [ 18-201. 

In a recent study by this author [21], water 
saturated sand was heated from above, which 
permitted determination of the significance of 
capillarity. A model was developed to predict the length 

485 



486 KENT S. UDELL 

NOMENCLATURE 

non-dimensional capillary pressure v fluid superficial velocity 

dflds x distance 

9 gravitational constant Xl length of two-phase zone. 
h fg latent heat of evaporation 
k thermal conductivity Greek symbols 
k wp apparent thermal conductivity B liquid/vapor kinematic viscosity ratio 
In mass flux 6 non-dimensional distance 
P non-dimensional pressure 6, non-dimensional length of the 
P pressure two-phase zone 

p, capillary pressure K permeability 
P* saturation pressure in the two-phase kr relative permeability 

zone P fluid dynamic viscosity 

PO saturation pressure at the interface V fluid kinematic viscosity 
between the liquid zone and two-phase P fluid density 
zone vapor-liquid interfacial tension 

4 heat flux Zi fluid potential 
R gas constant 

; 

porosity 
s scaled liquid saturation wick limit 

SI liquid saturation (volume fraction of w non-dimensional convective heat flux 
pore occupied by the liquid phase) Cm/sin el,, critical dry-out heat flux. 

SIP saturation of immobile water 
T temperature Subscripts 

T, saturation temperature corresponding 1 liquid phase 
to PO V vapor phase. 

of this zone as a function of the heat flux, fluid 
properties, and porous medium characteristics. It was 
also shown that for thermodynamic equilibrium to 
exist between phases in such liquid-wetting media, the 
vapor must be slightly superheated as predicted by the 
Kelvin equation and the liquid will be in a stable 
superheated state due to interfacial tension effects. 

As an extension ofthat previous work [211, this study 
evaluates saturation, pressure and temperature profiles 
corresponding to other gravitational orientations, and 
identifies conditions under which gravitational effects 
can be neglected. Criteria for determining the dry-out 
heat flux are established and apparent thermal 
conductivities of the two-phase zone are presented. 

2. A nearly isothermal two-phase convective zone 
dominated by countercurrent flow of liquid to the 
heated end and vapor to the cooled end, and 

3. A conduction dominated, compressed liquid zone at 
the cooled end. 

The quantitative description of the heat transfer 
through these three regions requires knowledge of the 
length of the two-phase transition zone, x1, as a function 
of the heat flux, assuming that the thermal 

2. THEORETICAL FORMULATION 

Consider the one-dimensional, steady-state problem 
of a fluid-filled porous media subjected to a 

4 

temperature difference such that the temperature at the 
heated end is significantly above the saturation 
temperature of the interstitial fluid while the cooled end 
is maintained below the saturation temperature, as T 

k--X,--j 

shown in Fig. 1. For porous media with small pore 
dimensions, it has been shown [21] that three distinct 
regions will appear in this system : E 

1. A conduction dominated zone at the heated end L-x 

with the voids filled with superheated vapor. FIG. 1. System geometry and thermal characteristics. 



conductivities of the liquid and vapor saturated zones the vapor and liquid pressure gradients are obtained. 
are known. Thus, this problem reduces to the one- 
dimensional, steady state analysis of the heat and mass df’v “42 -= 

dx 
- - - pvg sin e 

transfer within the two-phase zone. Several assump- hgKK,v 
tions can be incorporated to simplify the solution 
without unduly restricting the results. These assump- 
tions are listed below. 

dP, 
dx=+ 

“lq - - p,g sin 0. 
hrg% 

(8) 

Temperature gradients within the two-phase zone The subtraction of equation (8) from equation (7) 

are small. results in the capillary pressure gradient 

The flow of both liquid and vapor phases are 
dominated by viscous forces and can be described by +(P,--pJgsin0. (9) 

Darcy’s Law. 
The transport properties of the liquid and vapor are Leverett [22] has shown that capillary pressure versus 

constant in the two-phase zone. saturation data can be cast in the following non- 

The evaporation and condensation processes occur dimensional form 
in narrow regions which bound the two-phase zone. 

The fundamental variables describing the counter- 
f(s) = 2 ; 0 l’*. 

current flow of the vapor and liquid are the pressures in 
each phase. The mass fluxes of the liquid and vapor Expression (10) implies that the characteristic pore 

phases can be related to the pressure gradients through dimension is proportional to (K/$)“‘. Capillary 

Darcy’s equation, modified for two-phase flow : pressures for various low porosity (4 < 0.50) media are 
well correlated by the use of (10) if the saturation is 
scaled by the following relation 

dK’Gv d@, 
s=sl-slp (11) 

h,= --_ 

PLY dx 
(2) 1 -%p 

The variable slP is the saturation of the liquid in a 
where the fluid potential (@J is defined by : pendular ring distribution within the porous medium. 

Q,,” E !?Y + gx sin 0. 

At this saturation, the liquid becomes immobile since 

(3) no interpore connections of the liquid exist. 
PI,” Through the use of (lo), equation (9) can be rewritten 

The variables rc,, and K,, are the relative permeabilities in the following dimensionless form : 

of the liquid and vapor phases, respectively. The 
relative permeabilities are typically obtained experi- (12) 
mentally and account for a decrease in the effective flow 
cross-section due to the presence of the other fluid. where 

Due to the interfacial tension forces, the pressure of 9”” W= 
the vapor phase will be greater than that of the liquid kh&, - p,)g 
pressure for the liquid-wetting porous media con- 
sidered in this analysis. The vapor-liquid pressure 6= 

a,-P&l Jc 1/Z 
difference can be defined as the capillary pressure (P,) : fJ 0 T 

P, = P,-P,. (4) p=:. 

The capillary pressure is directly proportional to the 
“Y 

interfacial tension and inversely proportional to the The variable w is the ratio of the vapor pressure 

effective meniscus radius of the vapor-liquid interface gradient to the hydrostatic pressure gradient and 6 

within a given pore. results from scaling x by the capillary suction height. 

The assumptions of negligible temperature gradients Sincefis a function of s only, equation (12) can be 

and constant properties in the two-phase zone allow written as : 

reduction of the energy equation to the following 
expression : (13) 

q = ril,h,,. (5) 
By setting (13) equal to (14), and solving for the 

At any location, mass conservation requires that the net saturation gradient, the following first order differential 
mass flux be zero for steady-state conditions equation results : 

ti,+ti, = 0. (6) 

By solving for the pressure gradients in (1) and (2) and ds 

incorporating (5) and (6) the following expressions for ds= f’ (14) 
_I 
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Since K~", K,, andf ‘ are functions only of s, equation (14) 
can be integrated directly if IC,,, K,, andf’ are specified. 
Thus, the liquid saturation profile can be obtained and 
the two-phase zone length (6,) can be defined by 
imposing the limits of integration of s = 0 at S = 0 and 
s = 1 at 6 = 6,. 

The thermal characteristics of the two-phase zone 
can be evaluated through the knowledge of the vapor 
and liquid pressure profiles, coupled with thermo- 
dynamic equations of state. The pressures can be 
referenced to the saturation pressure (P,) and scaled by 
the characteristic capillary pressure to obtain the 
following non-dimensional pressures : 

Equations (7) and (8) can be non-dimensionalized and 
rewritten in the following forms, through the use of 
equation (14). 

and 
dP, wf'/K,,-f' sin 0 

ds= 1 B’ sine-w -+- 
( > 

(16) 

K TY %I 

Included in the derivation of (15) and (16) is the 
assumption that pv/p, cc 1. The integration of (15) and 
(16) results in each phase pressure as a function of 
saturation. Thus, the pressure distributions are 
obtained through reference to the saturation profile 
obtained from the integration of (14). 

Temperatures within the two-phase zone can be 
calculated from the vapor and liquid pressures. From 
the Kelvin equation, the local saturation pressure (P*) 
corresponding to the temperature(T) can be expressed 
as a function of capillary pressure and vapor pressure 
by: 

(17) 

The Clapeyron equation, integrated under the 
assumptions of ideal gas behavior of the vapor phase 
and small liquid specific volume, yields the following : 

p* = p, eWTo- l/W/,/R (18) 
The temperature as a function of vapor pressure and 
capillary pressure is derived from the combination of 
(17) and (18) and can be expressed as : 

T = T,(l +P&P,) 

1 - T,R/h,, In + 
cl 

(19) 

The reference saturation pressure(P,) and temperature 
(TO) are arbitrary but are defined in this work as the 
pressure and corresponding saturation temperature at 
6 = S,. At this location the capillary pressure is zero and 
the vapor pressure will equal the reference pressure. 

Apparent thermal conductivities in the two-phase 
zone can be calculated directly by dividing the heat flux 
by the temperature gradient. The temperature gradient 
is obtained by the differentiation of equation (19) with 
respect to x and will be a function of the capillary and 
vapor pressures, as well as their gradients, which have 
been expressed previously. 

Three cases are of interest in this study : horizontal 
heating (Q = 0), top heating (0 > 0 > - n), and bottom 
heating(0 < 0 < 7~). In order to quantify the results, the 
following functional forms off(s), K,,(S) and r&s) are 
assumed : 

f= 1.417(1-s)-2.120(1-s)2+l.263(1-s)3 (20) 

K,, = s 
3 

(21) 

K,, = (1 -S)3. (22) 

Equation (20) results from a correlation of imbibition 
capillary pressure data obtained by Leverett [22]. The 
liquid and vapor relative permeability data reported by 
Fatt and Klikoff [23] are well represented by equations 
(21) and (22), respectively. These forms of the relative 
permeabilities are also suggested by Wyllie [24]. 

2.1. Horizontal heating 
Consideration of equation (14) for the case of 

sin 8 = 0 yields two important results. First, equation 
(14) can be written in the following form : 

ds 
d$= -f’ (23) 

Integrating (23), one obtains : 

s 1 

ws, = (24) 
0 

Since all variables in the integrand are functions of s 
only, the right-hand side of (24) is a constant for a given 
/I. The integration of (18) was performed using a sixth- 
order Runge-Kutta algorithm, resulting in the 
following : 

WIV” 
(K@‘/‘h,o = ‘(‘)’ (25) 

The non-dimensional grouping on the left-hand side of 
(25) is identical to the non-dimensional heat pipe wick 
limit defined by Ogniewicz and Tien [lo]. The function 
I/@) is shown in Fig. 2 for low3 < fl < 1. 

Second, through consideration of equations (23) and 
(24), it follows that the saturation profile, normalized 
with respect to a,, is independent of the heat flux. Thus, 
the saturation is a similarity variable under conditions 
where gravity effects are negligible. 

2.2. Heating from above 
For the case of sin 0 < 0, two limiting conditions can 

be identified from equation (16). For lw/sin 81 >> 1, the 
second term in the numerator of the right-hand side of 
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4 

FIG. 2. Wick limit as a function of liquid/vapor kinematic 
viscosity ratio, 8. 

(16) dominates the first. Therefore, the high heat flux or 
low permeability cases reduce to results of horizontally 
heated media, equation (25). 

Under the condition of lw/sin 61 << 1, the following 
can be written : 

sin 136, = 
s 
' f' ds. 

0 
(26) 

Thus, the two-phase zone length is limited by the 
capillary suction height, f (0), for low heat flux or high 
permeability systems heated from above. 

2.3. Bottom heating 
The case of 0 < 0 < 7~ is of particular interest. For 

small values of w/sin 6, there is at least one value of 
s (0 < s < 1) for which the following results : 

sin&w L+- =O. B 

( > 
(27) 

%” &I 

Under this condition, the sum of the liquid and vapor 
pressure gradients is equal to the hydrostatic pressure 
gradient. Therefore, the potential for fluid movement is 
provided through gravitational forces alone. As defined 
by equation (16) the saturation gradient is also equal to 
zeroat this saturation and thus there is no theoretical 
limit to the length ofthe two-phasezone. Thenecessary, 
but not sufficient condition for a vapor zone to exist at 
the heated end is the absence of real roots of equation 
(27). This condition is met if w/sin 6 is greater than the 
critical heat flux, [w/sin I&,. Using the assumed 
relative permeability relationships, thecritical heat flux 
can be expressed as an explicit function of /I : 

(28) 

This critical heat flux defines the minimum dry-out 
condition. The maximum heat flux which can be 
maintained without dry-out is system dependent. For 
w/sin 6 greater than the critical value, a finite two-phase 
zone length (SJ results from the integration of equation 
(14). If a liquid saturated layer exists above the two- 

phase region, dry-out will occur only if the distance 
from the heated surface to the liquid zone interface 
exceeds 6i. 

3. EXPERIMENTAL STUDIES 

Experiments were conducted using several different 
sand grain sizes contained in a 25.4 cm long, 5.4 cm i.d. 
fiberglass tube as shown in Fig. 3. Ottawa sands were 
chosen because of the spherical grain shape and nearly 
pure silica composition. The sand core was heated from 
the top by a nichrome wire coil imbedded in a copper 
block. An identical copper block heater was used to 
control the bottom temperature and was cooled by heat 
transfer to the environment. The heater temperatures 
were held constant through the use of two variable set 
point temperature controllers. Ten chromel-alumel 
thermocouples were placed along the sand pack 
centerline at 2.54 cm intervals. The core was separated 
from the top and bottom heaters by fired lava thermal 
conductivity standards in order to facilitate heat flux 
measurements. The core holder, standards and heaters 
were placed between two square steel plates, attached 
by four threaded rods at the corners. An axial load was 
applied across the section by tightening nuts on the 
threaded rods to ensure thermal contact between the 
standards and the sand pack. This load also provided a 
seal between the standards and the core holder 
separated by O-rings. 

Four individually controlled heater tapes were 
wrapped around the core holder. Thermocouples were 
placed between each heater tape and the core holder on 
opposite sides. Individual heater tape power levels were 
adjusted periodically during the experiments such that 
the average core holder outside temperature at each of 

CONTROL 
SENSOR 

FIG. 3. Experimental apparatus. 
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Table 1. Summary of horizontal heating experimental results 

Two-phase qx,vv 
Grain size Permeability Heat flux zone length 

Experiment (pm) Porosity (m*) (W/m’) xl (m) 
(I#%,, 

1.1 149-105 0.388 10.3 x lo-‘* 2450 0.175 0.0325 
1.2* 149-105 0.388 10.3 x lo- I2 1975 0.117 0.0171 
2.1 149-105 0.388 9.94 x lo-‘2 1492 0.235 0.030 
2.2 149-105 0.388 9.94 x lo- I2 1676 0.224 0.032 
2.3 149-105 0.388 9.94 x 10-12 2065 0.185 0.033 
2.4* 149-105 0.388 9.94 x lo-‘2 1867 0.176 0.028 

* Conducted under conditions where the two-phase zone was required to invade the vapor zone. 

Deviation from 
theoretical 

prediction VA) 

-12 
-54 
- 19 
-13 
-10 
-24 

the four heater tape locations matched the sand pack 
centerline temperature. This procedure prevented 

radial heat ftux within the sand pack and insured one- 
dimensional heat and mass transfer within the core 

holder. The one-dimensional condition was experi- 
mentally verified by measuring the heat fluxes across 
the top and bottom thermal conductivity standards, 
which matched to within 5.0% for all experiments 

reported. 
During the packing of the core, a pneumatic vibrator 

was pressed to the side of the core holder to obtain a 
minimum porosity. The porosity was determined from 

the core holder volume, the mass of the sand pack and 
the sand grain density. Prior to each experiment, air 
within the core holder was removed using a vacuum 
pump. Distilled water was then allowed to flow into the 
core until the sand pack was completely saturated. 
Before heating, a permeability test was run. The core 
was then brought to saturation temperature using the 

top and bottom heaters as well as the heating tapes. The 
temperatures of the heaters were then set at 
predetermined levels. The fluid pressure was controlled 

during heating by a pressure regulator set slightly 

above atmospheric pressure. As the water evaporated, 
steam was bled off, condensed and collected in a 
graduated cylinder in order to obtain the average sand 
pack water pore volume fraction. Steady-state 
conditions were determined from the stabilization ofall 
temperature and pressure data, as well as the absence of 

flow of steam in the bleed-off line. Cementation 

reported by other researchers [14], was avoided by the 
use of distilled water as the working fluid and by 

conducting all experiments on each sand pack within a 
span oftwo days to reduce the effect ofsilica dissolution. 

No evidence of cementation was observed during 
disassembly of the experiments. 

4. EXPERIMENTAL RESULTS AND 

MODEL VERIFICATION 

Experiments were conducted for the top heating and 

horizontal heating cases. The temperatures within the 
sand packs all exhibited the expected trends of linear 
temperature profiles in the liquid and vapor zones and a 
nearly isothermal transition zone separating the two 
end regions. For each experiment, the length ofthe two- 

phase zone was determined by extrapolating the linear 
temperature profiles of the single phase zones to the 
temperature of the transition zone. The two-phase zone 

length could thus be determined graphically to within 
1 mm. A summary of all the experimental conditions 
and results are listed in Tables 1 and 2. 

The data for the horizontally heated sand packs are 

given in Table 1 and can be compared to the theoretical 
wick limit given by equation (25). In all except two cases 
the wick limits obtained from the experiments were 
within 20% of the theoretical prediction. For the two 
runs which exceeded the 20”/, deviation, the 

Table 2. Summary of top heating experimental results 

Grain size Two-phase 
Dia. range Permeability Heat flux zone length 

Experiment Mesh (pm) Porosity (m’) W/m’) (m) 0 6, 

4.1 2(r28 833-589 0.33 1.39 x lo-‘* 2260 0.077 1.52 0.025 
4.2 2&28 833-589 0.33 1.39 x lo-‘* 1660 0.087 1.12 0.029 
5.1 65-100 208-149 0.38 6.41 x 10m12* 1900 0.128 0.282 0.084 
5.2 65-100 208-149 0.38 6.41 x lo-“* 1510 0.136 0.224 0.089 
5.3 65-100 208-149 0.38 6.41 x lo-“* 1520 0.137 0.226 0.090 

su [13] 65-100 208-149 0.38 6.41 x lo- ‘* 1210 0.201 0.180 0.132 
6.1 lOcL200 149-10s 0.39 9.94 x lo-‘2 1010 0.161 0.097 0.130 
6.2 lW200 149-105 0.39 9.94 x 10-12 1434 0.158 0.138 0.127 
6.3 l&200 149-105 0.39 9.94 x lo- *II 1546 0.160 0.148 0.130 

_ 
*The permeabilities of Su [13] were assumed for identical grain sizes and porosity. 
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experiments were conducted in a manner requiring the 
two-phase zone to lengthen into the vapor zone. 
Instead of the expected lengthening, the interface 
between these two zones remained fixed in the sand 
pack. It is not clear why this phenomenon occurred, 
although one explanation seems plausible. During 
visualization experiments conducted on bottom heated 
confined sand, it was noticed that a crack in the sand 
pack occurred at the interface between the vapor and 
two-phase zones when the confining force was 
decreased. In fact, the entire sand pack from the two- 
phase zone up would behave as a piston being forced 
upward by the vapor pressure when the confining force 
was released. This same phenomena would also occur 
for a horizontally heated porous system if a sufficient 
load across the sand were not maintained. The effect of 
such a crack would be a capillary imbibition barrier to 
the liquid phase. Thus, the interface would remain fixed. 
Since the confining load in these experiments was borne 
by the core holder at the operating temperature due to a 
coefficient ofthe thermal expansion greater than that of 
the sand pack, it is very possible that this was the cause 
of the anomalies of experiments 1.2 and 2.4. This 
phenomenon would not be expected for top heating. 

The experimental two-phase zone lengths of the top 
heated cases listed in Table 2 are compared in Fig. 4 to 
the theoretical lengths resulting from the integration of 
equation (14). As illustrated in this figure, excellent 
agreement between the theory and experiments was 
obtained. Also ofnoteis that experiments 6.1 to 6.3 were 
conducted with a non-condensable gas present in the 
sand pack. The total volume of nitrogen introduced 
into the system was 14% of the pore volume. This 
quantity of non-condensable gas apparently had little 
effect on the system performance. Preliminary theor- 
etical modelling work supports this conclusion. 

Also shown in Fig. 4 is the theoretical prediction of 
the two-phase zone length for bottom heating at 

conditions above dry-out. The non-dimensional length 
becomes very large for small w/sin 0 near the dry-out 
condition, and becomes infinitely large at the dry-out 
condition. For large (o/sin 81, both the bottom and top 
heating cases reduce to wS, = 0.0368, the wick limit. By 
reference to Fig. 4, it can be concluded that 
gravitational effects can be neglected for (w/sin 01 > 10. 

Although the two-phase zone lengths for high flux 
bottom heating could not be obtained due to 
limitations of the present apparatus, it was possible to 
record the dry-out heat flux for the sand pack of 
experiments 2.1-2.4. This was accomplished by 
incremental increases in heat flux, allowing steady state 
conditions to be reached at each increment. At a heat 
flux of 3.250 kW/m2, the temperature of the bottom 
plate began to increase rapidly above the tempera- 
tures characteristic of the two-phase zone. The actual 
dry-out heat flux was between the flux given above 
and the flux measured at the previous increment, or 
0.307 < [o/sin 0],, < 0.313 as compared to the 
theoretical value of 0.303. 

Data from the literature also confirms the dry-out 
correlation given by equation (28). The data of Bau and 
Torrance [14] indicate that the critical heat flux was 
not reached in their experiments. Under those 
conditions, the length of the heat pipe zone would be 
unbounded. Thus the conclusion ofthe authors that the 
two-phase zone lengths were determined by the total 
sand pack length and the thermal conductivity of the 
liquid zone at the top is confirmed. Data for the dry-out 
heat flux has been reported elsewhere [lS, 251. These 
values are compared to equation (28) in Fig. 5. The data 
from [lS] shown in this figure was chosen using the 
criterion of a,, based on the sample length, larger than 
0.1. The data from [25] is restricted to vapor Reynolds 
numbers (based on the mean particle diameter and 
superficial velocity) less than one. As shown in the 
figure,goodagreement between predicted and reported 

IO 
BOTTOM HEATED p=.O146 

Sin 

0 

FIG. 4. Dimensionless two-phase zone lengths for water at atmospheric pressure as a function of dimensionless 
heat flux. 
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. PRESENT STUDY 

01 
10-3 10-Z 10-I IO 

D 

FIG. 5. Comparison of experimental data with the critical dry- 
out heat flux given by equation (28). 

dry-out heat flux is obtained. The data given by [25] is 
expected to be as much as 50% low due to heat losses 
from those experiments. Also, most of that data was 
obtained near a vapor Reynolds number of one. This 
could account for a lower dry-out heat flux due to 
inertia effects. 

5. THEORETICAL RESULTS AND 

DISCUSSION 

Having established the accuracy and generality of 
the theoretical model in predicting the length of the 
two-phase zone and dry-out heat flux, the thermal 
characteristics of the two-phase region are now 
presented. Saturation profiles for water at atmospheric 
pressure are shown in Fig. 6. For the case of heating 
from above, the saturation gradients are larger than the 
horizontal heating or bottom heating cases since these 

$=.40 

1.0 
p=. 0146 

.8 

.6 

S 

.4 

.2 

0 

- - - -RF HEATING 

0 .2 .4 .6 .8 1.0 

FIG. 6. Liquid saturation profiles for water saturated media 
with various gravitational orientations. 

gradients must provide the driving force for the liquid 
movement against the gravitational force. Conversely 
for bottom heating, the gradients are smaller since 
gravity assists the liquid flow. As the value of [w/sin 01 
becomes smaller than those of this figure, deviations 
from the similarity profile are increased. For bottom 
heating, the gradient of the saturation profile 
approaches zero at s = 0.215 as w/sin 0 -+ 0.303. The 
saturation profiles for the two cases with gravity effects 
become identical to the similarity profile as la/sin 01 
becomes large. 

Also of interest are the pressure profiles correspond- 
ing to these three cases. The profiles shown in Fig. 7 
result from the integration of equations (17) and (18) 
and the boundary condition of P, = P, = 0 at s = 1. 
For all cases, it is evident that the largest vapor and 
liquid pressure gradients occur near the liquid zone and 
vapor zone boundaries, respectively. This is due to the 
low relative permeabihties near the endpoints. It is also 
of note that the normalized liquid pressures closely 
follow the hydrostatic pressure gradients for large 
values of 616,. The deviation of the horizontally heated 
liquid pressure from zero is indicative of the deviations 
from the hydrostatic pressures of the other two cases. 

The temperature profiles for several different 
permeabilities and the three gravitational orientations 
are shown in Fig. 8 for a steam-water system with 
T, = 100°C and a porosity of 0.40. The temperatures 
were found to be weakly dependent on the porosity 
for constant permeability. As illustrated in this figure, 
larger permeabilities result in smaller temperature 
variations within the two-phase zone. The largest 
temperature difference across the region occurs for the 
bottom heated condition, whereas the smallest 
temperature change corresponds to the top heating 
orientation. These theoretical predictions of tempera- 
ture match the experimental data within the accuracy of 
the thermocouple readings. 

The apparent thermal conductivities of the two- 
phase zone were calculated from the heat flux and the 
temperature gradients as a function of location. The 
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FIG. 7. Liquid and vapor pressure profiles for fi = 0.0146. 
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FIG. 8. Two-phase zone temperature profiles for water FIG. 9. Apparent thermal conductivities for water saturated 

saturated media. media as a function of location within the two-phase zone. 

results of these calculations for the three gravitational 

orientations are shown in Fig. 9 for several different 
permeabilities. The large temperature gradients near 

the condensing end, apparent in Fig. 8, are translated 
into small apparent thermal conductivities in this 
figure. Since the thermal conductivity of the water 

saturated sand used in the experiments was measured 
to be approximately 3 W/m K, there will be a conductive 

component of the overall heat transfer near the liquid 
zone boundary. Also, for low permeability porous 

media, conduction will become significant throughout 
the two-phase zone. 

Data on the apparent thermal conductivity of 
experiments 2.1-2.4 can be compared to the theoretical 
curves shown in Fig. 9. The permeability of that sand 
was 9.9 x 10-r’ mz and the overall apparent thermal 
conductivity was 708 W/m K&9%. The measured 
conductivity falls near a curve of IC = lo- ‘r mz and is 
expected to be characteristic of the conductivity near 
6/S, = 1 since the temperature variation in that region 
dominates the overall temperature difference. Thus, the 
model’s prediction of the apparent thermal con- 
ductivities are expected to be accurate. 

The extremely high apparent thermal conductivities 
of high permeability porous media are ofmajor interest 
for various engineering applications. As illustrated in 
Fig. 9, these conductivities approach those of 
conventional heat pipes [lo]. One limitation of the 
analysis presented in this work as applied to high 
permeability media which should be noted is the 
restriction of the vapor Reynolds number to values 

I 
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M HEATINGlw/sinBI=O,40 

Id’ 

0 0.2 0.4 0.6 0.8 1.0 

6/6p 

below one, which allows for the use of the Darcy 

equation. High heat fluxes may increase the vapor 
Reynolds number to a value above one. The inertia 
effects will then increase the vapor pressure gradient 

above that predicted by Darcy’s equation, thus 
decreasing the effective conductivity. 

Since the temperatures, pressures, and saturations 

within the two-phase zone are obtained from the 
integration of a first-order differential equation, cases 

where no liquid or vapor zones exist can be evaluated 
by simply modifying the limits of integration of 
equation (14). Such a case was studied by Ogniewicz 
and Tien [lo] in order to evaluate the performance of 

porous heat pipes. Unfortunately, the endpoint 
saturations are seldom known a priori if a liquid or 
vapor zone are not present. Ifaverage liquid saturations 
or actual two-phase zone lengths are specified, the 
integration limits can be deduced through the analysis 
presented in this work. 

Inclosing, it should be noted that the results obtained 

in this study are based on the capillary pressure and 
relative permeability functions specified by equations 
(20)-(22). The uncertainty inherent in these functions is 
the major source of error in this analysis. Data on 
countercurrent, single component, two-phase relative 
permeabilities do not exist to the author’s knowledge. It 
can be postulated, however, that for countercurrent 
flow to occur in top and horizontal heating, both liquid 
and vapor phases must be continuous throughout the 
two-phase zone. Percolation could occur in the bottom 
heated case due to buoyancy forces. 
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CONCLUSIONS 

The theoretical analysis and experimental studies 
conducted in this work have produced several major 
results summarized below. 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

The effect of capillarity in porous media saturated 
with both vapor and liquid phases of a single 
component fluid is the countercurrent flow of the 
two phases. This countercurrent flow allows for an 
extremely efficient heat transfer process similar to 
the operation of conventional heat pipes. 
For one-dimensional steady-state systems, the 
maximum length of the two-phase heat pipe zone 
can be obtained from the integration of the 
saturation gradient, equation (14). The product of 
the heat flux and the two-phase zone length is 
constant for fixed fluid and media properties under 
conditions of high heat fluxes or horizontally 
heated media. This constant is given by equation 
(25). The two-phase zone length will be longer for 
bottom heated systems and shorter if heated from 
above. 
When heated from the bottom, the two-phase zone 
length may be infinitely long for low heat flux. A 
vapor zone will occur at the heated surface only if 
the critical heat flux, defined by equation (28) is 
exceeded. 
The saturation profile scaled with respect to the 
total two-phase zone length is independent of heat 
flux for horizontally heated media or for 
lo/sin 01 > 10. Thus, this profile can be considered 
a similarity profile. 
The temperature difference across the two-phase 
zone increases with decreasing permeability, and is 
greatest for bottom heating and least for top 
heating. Both gravitational orientations reduce to 
the horizontally heated temperature profile for 
high heat flux. 
The effective thermal conductivity ofthe two-phase 
zone is several orders of magnitude greater than the 
single phase conductivity in high permeability 
media. For low permeability media (K < lo- I4 m*), 
conductive heat transfer will be of the same order of 
magnitude as the convective contribution. 
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TRANSFERT THERMIQUE DANS UN MILIEU POREUX EN CONSIDERANT LE 
CHANGEMENT DE PHASE ET L’EFFET DE CAPILLARITE PAR CALODUC 

R&sum&--On considere l’analyse monodimensionnelle, premanente du transfert de chaleur et de masse dans 
des milieux poreux satures par les phases liquide et vapeur dun fluide a composant unique. On inclut les effets 
des forces de capillaritt, de gravitd et le changement de phase. Des resultats thboriques sent compares avec un 
excellent accord aux donnbes experimentales. On trouve que le transfert thermique est augment6 de plusieurs 
ordres de grandeur par rapport a la conduction pure due a l’evaporation, le convection et la condensation, 
phtnomene semblable I l’op&ation conventionnelle dans un caloduc. Le flux thermique d’asdchement est 
estimeet verifit pour l’orientation de chauffage de la base. On obtient des profils de temperature, de pression et 
de saturation dans la region diphasique. Des conductivitts thermiques apparentes sont &al&es pour 

differentes orientations gravitationnelles et permbabilitis. 

WARMEUBERTRAGUNG IN PORGSEN MEDIEN UNTER BERUCKSICHTIGUNG VON 
PHASENANDERUNG UND KAPILLARWIRKUNG-DER ‘HEAT-PIPE-EFFEKT 

ZasammenfasBung-Eine eindimensionale stationare Analyse der W&me- und Stoffubertragung in einem 
poriisen Medium, das mit Fliissigkeit und Dampfeines reinen Fluides geslttigt ist, wurde durchgefiihrt. Dabei 
wurden Kapillar- und Schwerkraft sowie Phasentinderungseffekte beriicksichtigt. Die theoretischen 
Ergebnisse wurden mit Versuchsdaten verglichen, wobei sich vorztigliche &ereinstimmung ergab. Es zeigte 
sich, da6 der Warmetransport infolge von Verdampfung, Konvektion und Kondensation urn einige 
Gr6Benordnungen im Vergleich zur reinen Wiirmeleitung verhessert wird, wie man das such von 
konventionellen Warmerohren her kennt. Die Wiirmestromdichte, hei der ‘dryout’ auftritt, wurde filr den Fall 
berechnet und experimentell bestiitigt, dal3 die Anordnung von unten her beheizt wird. Es ergaben sich die 
theoretischen Profile fur Temperatur, Druck und Ort der S5ttigung im Zweiphasen-Gebiet. Fiir verschiedene 
Orientierungen beztiglich des Schwerkraftvektors und unterschiedliche Permeabilitaten des Mediums 

wurden scheinbare Wiirmeleitfahigkeiten berechnet. 

TEl-IJIOl-lEPEHOC B IIOPMCTbIX CPEJIAX C Y9ETOM @A30BOI-0 fIEPEXOAA 
I4 KAflMJIJI5IPHOCTB. 3@0EKT TEl-IJIOBOfi TPYIjbI 

AIIIB3TaHIiB-DpOBeAeH OAtioMepHbtg CTauwoHapHbrfi aHanH3 Tenno- H MacconepeHoca B nopricrbtx 
Cpe&3X, HaCbItHeHHblX )KHAKOji H napOBOii +a3aMH OAHOKOMnOHeHTHOti YHAKOCTH. PaCCMaTpHBaJiHCb 
3@@KTbt KanHnnnpHocrH, cHn ~114~33~ H @a30Boro npeepameaen. IIonyveHo xopomee coananemie 
TeOpeTHHeCKHX pe3yJIbTaTOB C 3KCnepHMeHTaJIbHbIMH AaHHbIMH. NagaeHO, ‘iTO TenJlOue~HOC BOSpaC- 
TaeT Ha HeCKOJtbKO nOpBAKOB 38 C’teT HCnapeHHa, KOHBeKIUlH H KOHAeHCaLtHH, aHaJtOrH’tH0 TOMy, 
KaK 3T0 llpOtiCXOAHT B 06bt’iHOii TeIUlOBOii rpy6e. PaCCBHTaHa BeJtHHHHa KpHTHHeCKOrO TenJtOBOrO 
noToKa H npoaeneiia ee nposepxa npw narpene c~H3y. TeOpeTHHeCKH nonyqeabt npo@enH Tebmepa- 
TypbI, AaBJleHHR H HaCbtmeHHR BHyTpH nByX(la3HOii o6nacre. &3Ha OUeHKH KO3@@HLtHeHTOB KaXCy- 
meiiCB TenJlOnpOBOaHOCTH npH pa3JtH’iHbtX 3Ha’ieHHRX IIpOHHlJiieMOCTH CpeAbI H OpHCHTaUHH CHJtbl 


