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Abstraci—Several experimenters have observed moisture flow rates through porous mate-
rials under a temperature gradient, which are many times the calculated rates based on
vapor diffusion. To investigate this discrepancy, a temperature gradient was applied across an
enlarged model of a particular, high-quartz wet sand, and the temperature distribution within
the pore spaces was measured. For the ‘air-dry condition’ of the model, the average tempera-
ture gradient in the pore spaces was six times the over-all applied gradient. Approximately
this same  ratio-exists, therefore, between the respective vapor pressure gradients.

It is proposed that the flow mechanism consists of multiple vapor diffusion and liquid flow
steps in series, the resistance to flow in the liquid phase being negligible, so that the flow rate
is determined by the vapor pressure gradients in the pore spaces. The fact that these gradients
are of the order of six times the over-all gradient previously used to calculate the flow rate at

least partially explains the discrepancy.

Introduction—The mechanism by which water
moves through a porous material when subjected
to a temperature gradient has not yet been defi-
nitely established [Bouyoucos, 1915; Smith, 1943;
Winterkorn, 1947; Gurr and others, 1952; Taylor
and Cavazza, 1954]. The experimentally observed
rate of flow from the hot to the cold side is found
to be about ten times the calculated rate based on
vapor diffusion [Bowyoucos, 1915; Winterkorn,
1947; Taylor and Cavazza, 1954]. It has been sug-
gested that this lack of agreement between the
experimental and calculated rate occurs because
some of the water flows in the liquid (ilm) phase
(Winterkorn, 1947].

Experiments designed to detect this flow in the
liquid phase have been carried out in this labora-
tory. Flow in the liquid phase was not detected
[Kuzmak and Sereda, 1957]. It therefore appears
that the flow takes place in the vapor phase. If the
flow does take place in the vapor phase, a possible
reason for the discrepancy between the observed
and calculated rates may be a discrepancy between
the true vapor pressure gradient within the pores
of the material and the vapor pressure gradient
used in making the calculations.

This paper describes an experiment in which
the temperature distribution in a model of a porous
material was measured. From these measurements,
temperature gradients were calculated. The corre-
sponding vapor pressure gradients can also be
calculated.

Experimental—The following considerations lead
to the design of the model. The moisture in wet
sand is presumed to be distributed as thin Alms on
the surfaces of the solid particles, but mainly con-
centrated in wedge-shaped rings around the
points of contact between adjacent particles.
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Referring to Figure 1, vapor flow may be assumed
to occur under a temperature gradient by a process
of evaporation in region A, diffusion across the
air space, and condensation in region B. In an
open system this does not result in a moisture
gradient if equal suctions are maintained at the
open boundaries. Assuming that the resistance to
liquid flow from one side of the water ring A’A to
the other is negligible, then the quantity that
determines the rate of moisture flow under a
temperature gradient is the average vapor pressure
gradient in the pore space AB.

One method by which the vapor-pressure gradi-
ents in the pore space may be investigated is to
determine the temperature distribution in the pore
space and on its bounding surfaces since the tem-
perature conditions are the cause of the vapor
pressure conditions. A rigorous mathematical
approach to the determination of the temperature
distribution in such a system appears to be intrac-
table unless simplifying approximations are made.
The alternative is to construct an enlarged model
of the grain-pore system, impose a temperature
gradient upon the model, and measure tempera-
tures at selected locations within the system after
establishing thermal equilibriumn.

The two extreme packing arrangements of a
granular material composed of uniform spherical
particles are the open and close packing arrange-
ments. The open packing arrangement, wherein
the spheres form a cubic lattice as in Figure 2, was
selected for reasons of simplicity. By symmetry
the planes through the horizontal full lines per-
pendicular to the plane of the figure, are all iso-
thermal planes. Similarly the orthogonal planes
through the vertical dashed lines are heat flow
planes. Thus the temperature distribution in the

N.R.C. 4748
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F16. 1-Representation of moisture distribution
within the pore spaces of a granular material

space enclosed by the heavy full lines is represent-
ative of the distribution throughout the material.
The model which was constructed is shown in
Figure 3, and consisted of four marble hemispheres
six inches in diameter, contained in a box, the top
and bottom of which was ¢ inch aluminum and
edges % inch lucite.

The temperature distribution in such a system
under a temperature gradient will depend upon
the relative thermal conductivities of the three
constituents, air, water, and solid, as well as upon
the configuration or geometry of the system. Let
ka, kw, and kg represent the thermal conductiv-
ities of the air, water, and solid respectively. In
the model the materials must be selected so that
the ratios k. /kq and k,/kq are similar to the corre-
sponding ratios for an actual sand.

The following thermal conductivity values
apply to a wet sand of high quartz content at 20°C:

ks = thermal conductivity of quartz = 20.7
X 1072 cal/em sec®C

k., = thermal conductivity of water = 142
X 1073 cal/cm sec°C

kqs = effective thermal conductivity of saturated

air [after Krischer, 1941] = 0.238 X 1073
cal/em sec®C

The value for %, is not the thermal conductivity
of dry air alone, which at this temperature is
0.0615 X 1072 cal/cm sec®C, but includes a term
which accounts for the latent heat carried by
evaporation, diffusion, and condensation of water
vapor. By simulating this value of k4 in the model,
the effect of evaporation and condensation upon
the temperature distribution is taken into account.
Thus for a wet sand, ky/k, = 5.96, and k./k,
= 870.
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Fic. 2-Two-dimensional representation of the
open-packing arrangement simulated

in the model

AL. PLATE

F16. 3 - The model; A, marble hemispheres; B, silica
aerogel; C, bitumen rings

The following materials were used in the model:

(1) Marble was used to represent the solid
particles in the model. The four six-inch diameter
white marble hemispheres were made spherical to
better than & inch. Two 8- by 8- by 1-inch slabs
of marble were obtained from the same source, so
that the thermal conductivity of the marble could
be measured in an 8- by 8-inch guarded hot plate
apparatus.

(2) Bitumen was chosen to represent the water
in the model, since it could be shaped, without too
much difficulty, into the wedge-shaped water
rings around the points of contact between the
solid hemispheres. The thin water films on the
particle surfaces were not simulated in the model,
since it was thought that they would play a minor
role in determining the temperature distribution.

(3) Silica aerogel, rather than air itself, was
selected to represent the air in the model to prevent
convection.

The f{following thermal conductivity values
apply to the sand model constituents at 20°C:

ks = thermal conductivity of marble = 4.60

X 1073 cal/cm sec°C

i

thermal conductivity of bitumen = 0.379
X 1072 cal/cm sec®°C

fw

ke = thermal conductivity of silica aerogel =
0.0576 X 1073 cal/cm sec®C
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Thus in the model k,/k, = 79.6, and ky/ky =
6.59 compared with 87.0 and 5.96 respectively in
sand. The ratios are therefore the same in sand
and model to within 8 and 10 per cent respectively.

Instrumentation and measuremenis—To deter-
mine the temperature distribution in the model
36-gage butt-welded chromel-constantan thermo-
couples which had previously been calibrated,
were installed at selected points in the model. The
thermocouples were placed in fine grooves in the
marble or bitumen surfaces and held by a thin
coat of adhesive. The thermocouples’ leads were
brought out along the lines of latitude of the
hemispheres. Since the lines of latitude are close to
being isothermal lines, this method minimizes
thermocouple errors caused by heat conduction
along the leads.

A temperature gradient was applied across the
shorter dimension of the model by installing the
model in an 18- by 18-inch guarded hot-plate
apparatus. This consists of an electrically heated
hot plate and two identical hollow plates (cold
plates) cooled by the circulation of constant
temperature liquid, and situated one on each side
of the hot plate. All plates are 18 inches square.
The hot plate is made in two sections, a central
12-inch square test area and an outer 3-inch wide
guard ring, which are heated independently and
maintained at the same temperature to minimize
edge effects. A slab of 18- by 18- by l-inch fiber-
board was placed on one side of the hot plate and

F16. 4-Diagram of model showing location of
thermocouples; x, on marble surface; @, on bitumen
surface; 1, 2, 3, 4, 6 = 30, 45, 60, 75° respectively (on
spheres); 5, 6, 7, 8 = 30, 60, and 90° respectively (on
rings); 0 = angle of latitude
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the model on the other. The model was installed
so that it fitted exactly over the test area of the
hot plate. The guard ring section was filled with
fiberglass insulating material. With this arrange-
ment, edge effects are negligible, and in addition,
measurements on the effective thermal conductiv-
ity of the model could be made concurrently.

The cool face of the model was kept at 55°F by
circulating liquid; the hot face was maintained
approximately 40°F warmer. Thermal emf’s were
measured relative to an ice junction with a high-
precision potentiometer.

Measurements were made for two simulated
‘moisture’ conditions of the model. The first
represented an air-dry condition, that is, water
films on the particle surfaces, but no water rings
at the points of contact. Thus for this condition in
the model, the entire space not occupied by the
marble hemispheres was filled with silica aerogel.
The locations of the thermocouples are shown in
Figure 4. Measured temperatures at similar
positions on the two hemispheres agreed to within
one per cent. At the completion of this test, the
model was removed from the apparatus, re-in-
stalled and the test repeated. Reproducibility was
within two per cent.

The second ‘moisture’ condition simulated in
the model represented a moisture content of 26.6
pct by volume of saturation moisture content, or
a moisture content of 12.7 pct by volume assuming
the porosity to be 0.4764 (actual measured porosity
of the model = 0.4711). This ‘moisture content’
corresponded to bitumen ‘water’ rings of two-inch
radius at the points of contact between hemi-
spheres. No attempt was made to simulate the
meniscus curvature of the ‘water’ rings. The loca-
tions of the thermocouples are shown in Figure 4.

Results—From the emf developed by each
thermocouple, a temperature corresponding to
each thermocouple position was determined.
Taking into account the symmetry, the tempera-
ture differences between mirror image points
separated by the air gap were calculated. The
average temperature gradient between any two
such points was assumed to be that obtained by
dividing the temperature difference by the distance
between the points.

The temperature difference between the two
isothermal metal plates divided by the distance
between them is equal to the over-all gradient.
For the different angles of latitude the ratio F of
the gradient between mirror image points on the
surface of the solid to the over-all gradient was
calculated. These are shown in Figure 5a for the
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FiG. 5- Values of the ratio F for (a) the system solid and air; (b) the system solid, air, and water

system solid and air, and in Figure 5b for the
system solid, air, and water.

Since the magnitude of F changes with angle of
latitude, an average value of F is desirable. Figure
5a shows the value of the factor F at angles of
latitude of 8 = 30, 45, 60, and 75° for the system
solid and air. The value of Fat 8 = 15° was inter-
polated from a graph of F vs 8 (F = 1 at § = 0).
The average value of F, between 6 = 7.5° and
82.5°, taking account of the slope of spherical
surface, and assuming linear flow of heat in the
pore spaces, was calculated as

5
LEF,; cos 8; sin 9;
- 12
F=—1rzm

f cos fsin 8d8
/24

= 6.02

where 8; = 15, 30, 45, 60, and 75°, and F; are the
corresponding values of F. No suitable averaging
method could be found for determining F for the
system solid, air, and water.

Discussion—For the system solid and air, the
average value of F is 6, that is, the average tem-
perature gradient across the pore space is six
times the over-all gradient. It follows therefore
that approximately this same ratio exists between
the respective vapor pressure gradients. For the
system solid, air, and water, the average value of F
was not calculated, but a consideration of the
values of F in Figure 5b indicates that the average
would be less than six. As the moisture content of
the system decreases from 26 pct toward zero, the
average value of I will approach 6.

It is therefore proposed that the mechanism of
movement involves multiple vapor diffusion and
liquid flow steps in series. The resistance to flow in
the liquid phase is considered negligible (at least
at high relative humidities) so that the rate of
moisture transfer is determined by the rate of

vapor diffusion. Consequently, if the correct vapor
pressure gradient is used in calculating the rate of
flow, much better agreement between observed
and calculated rates may be expected.

After the completion of the work reported in
this paper, a paper by Philip and DeVries [1957]
was brought to the attention of the present authors
in which, from theoretical considerations, they
arrived at the same general conclusion as reported
in this paper regarding the mechanism of moisture
flow through a porous material subjected to a
temperature gradient. Theoretical values of F
(denoted by {) were tabulated for different poros-
ities and moisture contents. These values ranged
between 1.3 and 3.2. If the Philip and DeVries
method [DeVries, 1952] for calculating F is used, a
value of 2.04 is obtained for the air-dry condition
of the model, compared with the above measured
value of 6.02. The Maxwell-Burger-Eucken theory,
on which the Philip and DeVries method is based,
assumes that the distances between particles are
large compared with the particle size. Now, if one
makes the approximation that the granular mate-
rial may be represented by an air layer and a solid
layer in series, F is found to be 2.09 for the porosity
and conductivity ratio used in the model. The fact
that the value obtained making this very rough
approximation is similar to that calculated by the
Philip and DeVries method indicates that the
Maxwell-Burger-Ilucken theory, because of the
assumption concerning the distances between
particles, is not applicable to most granular mate-
rials.
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