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Introductory Remarks by the Chairman 

In his excellent symposium paper on the Physics of Water Move
ment in Porous Solids, Dr. Philip has traced with sure hand the 
architecture of the theoretical structure that provides room and 
general accommodations to all those that are interested in water 
movement through systems in which physico-chemical interaction 
between the different phases is small enough to be justifiably ne
glected. However, all structures of scientific theory must be based 
on facts and these facts must be obtained by careful observationand 
experimentation. It is new facts that force modification or abandon
ment of even well established theories, but the facts on which an old 
theory was based remain and must fit into the new theoretical struc
ture. To provide such facts in as complex a field as ours requires 
painstaking, patient and devoted experimental work. By such work, 
Dr. Kuzmak and Mr. Sereda have produced important facts that in
crease our understanding of a well defined area within our totalfield 
of interest. · 

e THE MOVEMENT of moisture from the hot to the cold side of a porous material has 
been observed by many workers, however, the mechanism by which this movement takes 
place has not yet been definitely established ( 1, 4, 6, 8, 9). The moisture may move in 
the vapor phase, the driving potential being the vapor pressure difference which corre
sponds to the temperature difference across the material. The observed rate of flow 
through the material, however, is about ten times the rate calculated using the above 
vapor pressure difference (!, ,!) . To account for the difference, it has been suggested 
that the water also moves in the liquid (film) phase. 

There has been no direct experimental evidence to show that the discrepancy between 
the experimental and calculated rates is due to flow in the liquid phase. Attempts to ob
tain such evidence of flow in the liquid phase from the hot to the cold side are described 
in this paper. 

THE VAPOR GAP EXPERIMENT 

Apparatus and Procedure 

The theoretical relationships involved and the practical aspects of the construction 
of the apparatus have been described by others (3, 5). The main principle involved is 
that, under isothermal conditions, the moisture content of a porous material in contact 
with a saturated porous plate is determined by the difference in pressure across the 
plate. The moisture content decreases as the difference in pressure increases. The 
maximum pressure difference that can be used is less than the pressure required to 
empty the pores of the plate. 

The apparatus used in the present investigation was a modification of that developed 
by Swenson and Sereda CD to maintain a fixed moisture content in a sample at the same 
time that the movement of moisture due to a temperature gradient is taking place. The 
apparatus is shown in half section in Figure 1. A cylindrical sample, A, was confined 
by two identical ceramic porous plates, B, which were sealed into cylindrical lucite 
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Figure 1. Moisture trans.fer apparatus. 

sections, C, by rubber "0" rings, D, and fibre rings, E. The other side of the porous 
plates was kept in contact with water at atmospheric pressure. The grooved reservoir 
holding this water was connected to horizontal measuring pipettes by glass tubing, F. 
The space surrounding the sample was confined by a lucite ring, G, and rubber seals, 
H. This arrangement permitted the two porous plates to come into alignment with the 
two faces of the sample and to remain so throughout the experiment. To prevent con
densation on the ring, G, heated wafer from a constant temperature bath was circulated 
through the circumferential groove, I. This groove was confined by a tightly fitted lu
cite ring, J. 

Air at any given pressure, controlled by a pressure regulator, was introduced into 
the space around the sample through a tube, K. The pressure was read from a mercury 
manometer. Pressures larger than those which could be read on the manometer were 
read on the gauge of the pressure regulator. Since the pressure on the other side of the 
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porous plate was atmospheric, the manometer pressure gave the pressure difference or 
suction to which the sample was subjected. By varying this pressure, the moisture con
tent of the sample was varied. 

The cylindrical spaces, 0, were confined by the lucite plugs, L, which were retained 
by brass rings, M, and sealed by rubber rings, N. To produce a temperature difference 
across the sample, the spaces, 0, were connected by tubing, P, to sources of water con
trolled al two d.iiferent constant temperatures. During the movement of moisture due 
to this difference, the porous plate at the higher temperature acted as a source of water 
while the other acted as a sink. 

The outer lucite cylinders, R, permitted parts C and their assembly to function as 
pistons. The seals, S, allowed the parts to slide freely. 

Firm contact of the porous plates against the faces of the sample was achieved by an 
airpressure in the spaces, Q, largerthan that in the space surroundingthe sample. The 
difference in pressure between these two spaces was kept constant at 135 cm of water to 
maintain a constant contact pressure between the sample and the porous plates. The air 
was admitted into the space, Q, through metal tubing, U. 

To measure temperatures inside the apparatus, copper-constantan thermocouples, T, 
were brought out through small holes in the body of part C. The holes were sealed up 
with wax. The entire assembly was held together by six tie bolts, V. 

In the present experiment, the apparatus was used without a sample between the por
ous plates. The faces of the two porous plates were brought in contact with one another. 
Because the faces were planar, there were numerous points of contact. This produced 
a definite pore system at the interface. It was the effect of the gap composed of these 
pores as well as the effect of the gap between the separated plates that was studied. 

The gap was varied as follows: The pore system at the interface was varied by alter
ing the texture of the surface of the faces by grinding them with carborundum powder, No. 
80 to produce a coarse surface and No. 600 to produce afine surface. Figures 2 and 3 show 

Figure 2. (x21) Surface of porous plate ground with carborundum powder No. 80. 
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Figure J. (x21) Surface of porous plate ground with carborundum powder No. 600. 

the texture of these surfaces. A rotating automatic polishing machine was used to en
sure that the faces were planar. Next the fine surfaces were separated by four shims, 
equally spaced around the perimeter, between the two porous plates. Shims0.0025and 
0.119 cm thick were used; each shim was 0.4 cm square. 

A temperature gradient across the two porous plates was imposed, as described, by 
circulating water at 0. 6 deg C th.rough one side of the apparatus and water at 49.0 deg C 
through the other. When the 0.119 cm shims were used, an attempt was made to get a 
rough idea of the temperature of the surfaces across the gap by placing No. 30 B and S 
gauge copper-constantan thermocouples on these surfaces. It was realized that thetem
peratures obtained in this manner would probably be in error since the size of the actual 
junction of the thermocouple wires is relatively large when compared with the distance 
between the plates. No attempt was made to obtain this temperature when the thinner 
shims were used or for the experiments with no shims. To ascertain whether the tem
perature across the plates varied during an experiment, thermocouples were placed in 
contact with the outside surfaces of the plates. 

The amount of water in the gap was varied by varying the air pressure in the chamber 
supplied through tube, K. Contact between the plates was maintained by an opposing pres
sure as described. 

The rate of flow of the water was obtained by observing the rate of movement of the 
menisci in the two horizontal pipettes. Two pipettes were used, one to measure the flow 
into the system, the other to measure the flow out. A steady-state condition was in
dicated when these rates were equal. 

The rate of flow through the porous plates due to a hydraulic head was measured. 
The porous plates were 7. 6 cm in diameter and about 0. 76 cm in thickness. The 

pressure required to empty the pores was experimentally determined as 5000 cm of 
water. 
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Results 

For the four gaps used, Figures 4, 5, 6, and 7 show the relationship between the rate 
of flow due to the temperature gradient and the pressure used to unsaturate the gap. 
Each curve is the average of three runs which were in good agreement. A curve show
ing the relationship between the rate of flow through the porous plates and hydraulic 
head is also shown in these figures. 

In each figure, as the pressure increases, the rate of flow increases, passes through 
a maximum, and then decreases. The maximum flow is smallest for the gap between 
the fine surfaces in direct contact, larger for the gap between the coarse surfaces, and 
largest for the gap between the fine surfaces separated by the 0.0025 cm shims. 

The maximum for the gap formed by the 0.119 cm shims is smaller than that for the 
0.0025 cm gap. The pressure at which the maximum flow occurs is highest under the 
conditions illustrated in Figure 4 and decreases for conditions illustrated in Figure 4 
through Figure 7. Figures 4, 5, and 6 exhibit a hysteresis. 

Discussion of Results · 

Since the width of the gap formed by the shims was known, the pressure required to 
empty the gap could be calculated. 
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Figure 4. Flow due to the temperature gradient when the fine-textured surfaces are in 
contact vs the pressure used to unsaturate the pore system at the interface. 
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Figure 5. Flow due to the temperature gradient when the coarse-textured surfaces are 
in contact vs the pressure used to unsaturate the pore system at the interface. 

The equation used was: 

where 

(1) 

r is the radius of curvature of meniscus, cm; 
Y is the surface tension, dynes/cm; and 
P is the pressure, dynes/cm2

• 

The distance between the plates is 2r. Table I gives the relationship between the pres
sure and the space between parallelplatesthatthepressurewillempty. From this table, 
it may be noted that the gap produced by 0.0025 cm shims will not empty until. a pres
sure of about 56 cm of water is applied. Likewise, the lowest pressure used, a pres
sure of 10 cm of water, is more than enough to empty the gap produced by the 0.119 cm 
shims. 

Considering Figure 7, if there was no temperature gradient across the 0.119 cm gap, 
it would empty when a pressure of 10 cm of water was applied. If now the temperature 
gradient is applied, vapor distills across the gap and condenses on the surface of the cold 
plate. Once the vapor has condensed on the cold plate, the pressure of 10 cm of water, 
acting as a hydraulic head, causes the liquid to flow through the plate. Two rates are 
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therefore involved: the rate of distillation across the gap and the rate of liquid flow 
through the plate due to the pressure acting as a hydraulic head. 
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Figure 6. Flow due to the temperature gradient when the fine-textured surfaces are 
separated by 0.0025-cm shims vs the pressure used to 1lnsaturate this gap. 
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Figure 7. Flow due to the temperature gradient loilen the fine-textured surfaces are 
separated by 0.119-cm shims vs the pressure used to unsaturate this gap. 

The curve showing the rate of flow through the porous plate due to a hydraulic head 
equal to the air pressures used is shown in Figure 7. The rate of flow at a pressure of 
10 cm of water is seen to be 1.2 x to-e gm /cm 1 sec. By extrapolation, the rate of 
distillation across the gap at this pressure is about 8x10-s gm /cm 1 sec. Because of 
the difference in the two rates, water must have accumulated on the surface of the cold 
plate. This accumulation would continue until the gap filled to the point where the water 
probably bridged the gap over a certain area. This reduced the area of the vapor phase 
and hence reduced the total flow of vapor to the point where the two rates were equal. 
Experimentally, the two rates were always equal at the steady state, and it is this rate 
which is plotted in the figures. At this pressure, therefore, the observed rate is gov
erned by the rate of flow of liquid through the porous plate. 

As the pressure is increased to a pressure of. about 70 cm of water, the observed 
rate of flow intreases, corresponding to the increase in the rate of flowthrough. the po
rous plates. In the meantime, the rate of distil.Ution decreases in agreement with the 
known fact that the rate of distillation varies inrersely as the pressure in the space 
above the liquid. At a pressure of about 70 cm ci water, the two rates of flow are equal. 
Therefore, at this pressure the gap becomes empcy. 

As the pressureincreasesbeyond this value, the gap remains empty and theobserved 
rate of flow decreases, corresponding to the decrease in the rate of distillation, which is 
now the rate controlling process. Therefore, the ftrlation in the observed rate of flow 
over the entire range of pressure used is accounted for. 
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Theoretically, the portion of the curve to the left of the maximum for the experiment 
with the temperature gradient across the gap, should coincide with the curve showing the 
flow due to a hydraulic head. The reason for their failure to do so is not known. This 
peculiar behavior requires further study. 

According to calculation, the 0.0025 cm gap remains saturated as the pressure in
creases to a value of about 56 cm of water. At this pressure the gap empties. 

If the transfer of moisture takes place in the vapor phase, there should be no flow at 
the pressures at which the gap is saturated and maximum flow at the pressure at which 
it empties. In agreement with the prediction, Figure 6 shows that there is virtually no 
flow ·at pressures below 56 cm of water and a large flow at 56 cm. Thatthe rate of flow 
at 56 cm is not the maximum is again accounted for by the rate of flow through the po
rous plate being the slower, and therefore the controlling rate at this pressure. The 
further rise, and then fall in the observed rate of flow as the pressure increases is ac
counted for in the same way as for Figure 7. 

Because of hysteresis, the moisture content of a given porous sample at any given 
suction, over a certain range, is higher when the suction is approached from zero suc
tion than when app1·oached from lhe uppu.!:!ile direction ( 2, 3). This same hysteresis in 
the moisture content is shown by the 0.0025 cm gap, and is reflected by the hysteresis 
in the rate of flow. Figure 7 shows no hysteresis because the gap is too large to show 
this effect in this range of pressures. 

In Figures 4 and 5, the rate of flow through the porous plates does not enter as a fac
tor influencing the observed rate of flow. The observed rate of flow due to the temper
ature gradient is much lower at each pressure than the flow through the porous plates. 

In Figure 4, for the fine surfaces in contact, the space between the plates is saturated 
below a pressure of 200 cm. of water and the flow is therefore zero. As the pressure 
is increased beyond this value, the space is progressively emptied and the rate of flow 
increases, corresponding to the increase in the area of the vapor phase. At a pressure 
of 1,000 cm of water, the space is completely empty and the flow is at a maximum. A 
further increase in pressure produces no further increases in effective area but does 
reduce the rate of distillation for the reason already mentioned. In Figure 5 the much 
larger gap between the coarse surfaces begins to empty at a pressure of 30 cm of water. 
Again, the hysteresis shown in Figures 4 and 5 is due to the hysteresis in moisture con
tent. 

When the gap between the plates separated by the shims is emptied, no film flow is 
possible. On the other hand, when the pore system at the interface of the two plates is 
emptied, film flow is possible at the points of contact. The curves in Figures 4 and 5, 
however, show no characteristic which would indicate appreciable film flow. For in
stance, if film flow occurs, one might expect that the maximum rate of flow would be 
highest when the surfaces were in contact since under this condition film flow becomes 
possible. 

Comparing Figures 4, 5, 6, and 7, the shift of the maxi.mum toward lower pressures 
occurs because the pressure required to empty a gap decreases as the width of the gap 
increases. The height of the maximum increases as the texture of the surface becomes 
coarser because of the increase in area for vapor flow brought about by a reduction in 
the area of the bearing surface. The maximum is highest when shims are used in agree
ment with the fact that the area of the ·bearing surface is at its smallest at this time. 
That the maximum for the 0.119 cm. gap is less than that for the 0.0025 cm. gap is in 
agreement with the requirement that, with other factors constant, the rate of distillation 
decreases with increasing distance between the plates. 

By thermocouples placed on the plate surfaces, the temperature difference across 
the 0.119 cm gap was found to be 25 -24= 1 deg. C. Hence, the rate of distillation across 
this gap may be calculated using the equation: 

w = MDP 
R Tx 

(2) 
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in which 

w = the rate of distillation, gm. I cm 2 sec ; 
M = the molecular weight of water, gm /mole; 
D = the coefficient of diffusion, cm 3/sec ; 
R = the gas constant, ergs/deg. C mole; 
T = the absolute temperature of the evaporating 

liquid, deg A· , 
x = the distance between the evaporating liquid 

surface and the condensing surface, cm ; 
p = the pressure in the space above the liquid, 

dynes/cm.3
; 

p = the saturation vapor pressure of the evapo-
0 rating liquid, dynes/cm 2

; and 
p = the saturation vapor pressure at the condens-c ing surface, dynes/cm. 2 

Substituting the appropriate values in Eq. 2, for a pressure of 100 cm. of water, gives 

W= 
18 x 0. 22 x 83 x 13. 5 x 980 2. 375 - 2. 238 x------
8. 31 x 107 x 298 x 0. 119 83 

= 2. 43 x 10-6 gm /cm 2 sec . 

This value is about one-third the experimental value of 8 x 10-11 gm /cm 2 sec at this 
pressure. This is probably good agreement in view of the uncertainty about the tem
perature difference. The actual temperature difference was probably la:rger, in which 
case the agreement between the calculated and experimental rate would improve. 

Conclusion 

In this system of two porous plates and the gap between them, there was no flowdue 
to the temperature gradiel)t as long as the gap remained saturated. Flow began when 
the gap began to unsaturate. The flow attained its maximum when the gap was complete
ly unsaturated. These results are in agreement with the theory that moisture move
ment due to a temperature gradient across a porous material takes place in the vapor 
phase. 

THE SALT TRACER EXPERIMENT 

Water flowing in the liquid phase may be expected to carry along dissolved salt. This 
experiment was carried out to detect flow in the liquid phase using a salt tracer. 

Materials 

The materials used were as follows: 

1. Sand passing a 48-mesh screen, but retained on a 115-mesh screen; 
2. Calcium chloride of commercial grade; and 
3. Distilled water. 

Procedure 

The sand which passed a 48..:mesh screen and was retained on 115 was cleaned in 
aqua regia and then washed in distilled water. Washing was continued until successive 
analyses indicated no chloride ion. The sand was then placed in the apparatus. It was 
held between the porous plates by a rubber ring and formed a cylinder 6.4 cm in diam
eter and 1.3 cm in length. A solution of calcium chloride ( 0.043 gm /ml ) was placed 
in one side of the apparat~s and distilled water in the other. To speed the adsorption 
equilibrium of the salt ions on the sand, the sand was saturated with the calcium chlo
ride solution when it was placed in the apparatus. 
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The amount of water (or solution) in the sand was regulated in the usual manner by 
applying a controlled positive air pressure in the chamber containing the sand. Like
wise the temperature gradient was applied as already described. In applying the tem
perature gradient, the side with the salt solution was made the hot side. Flow from the 
hot to the cold side was observed and measured. 

The amount of calcium chloride passing through the sand and into the distilled water 
in a given time was calculated from a determination of the chloride ion content of the 
distilled water, by the Mohr method. The rate and total volume of movement of water 
were noted so that it was possible to calculate the quantity of salt that should have ap
peared in the distilled water if the total flow had taken place in the liquid phase. 

Next, a constant temperature of 27 deg C was placed across the bed of sand. The 
rate of transfer of salt under the~e conditions was determined. 

To observe the transfer of salt when the water moves due to suction, a suction gra
dient at a constant temperature of 27 deg C was placed across the bed of sand. A given 
air pressure applied in the chamber containing the sand produces the same pressure 
difference across each of the porous plates when the pressure of the water on the other 
side of the plates is atmospheric. By increasing the pressure on the other side of one 
of the plates, the pressure difference across that plate is lowered, and hence so is the 
suction. The two plates then exert different suctions and so create a suction gradient 
across the sample. In the present investigation, the suction gradients were applied to 
draw the water toward the side with the distilled water. 

Results and Discussion • 
Two pressures, one of 1,050, the other of 20 cm of water, were used to partially un

saturate the sand during the temperature gradient experiments. The data obtained are 
given in Table 2. 

From this table it can be seen that the experimentally measured rate of transfer of 
salt is much smaller than the calculated rate. The calculated rate is the rate at which 
the salt should have passed through the bed of Sfl.nd if the observed flow of water had 
occurred entirely in the liquid phase. 

The table also shows that the experimental rate of transfer of salt at constant tem
perature is the same as that in the experiment with the temperature gradient. The salt 
passes through the bed of sand at constant temperature by diffusing through the liquid 
films and lenses of the pores. During this diffusion process, no flow of water from the 
formerly hot to cold side was observed in the measuring system. Rather, there was 
osmotic flow in the opposite direction, that is, into the salt solution. 

TABLE 2 

TRANSFER OF SALT THROUGH PARTIALLY UNSATURATED SAND 
WHEN WATER MOVES DUE TO A TEMPERATURE GRADIENT 

Temperature Constant 

Gradient Temperature Transfer (27 deg C) of Salt 
Suction f 

(cm of water) Calculated Experimental Experimental 
Due to 

Rate of Temperature 
Flow of 

Rate of Rate of Rate of Gradient 
Water Transfer Transfer Transfer (gm /hr ) 

of Salt of Salt of Salt 
{ml /hr ) {gm /hr ) (gm /hr) (gm /hr ) 

1,050 o. 2 o. 01 0.0001 p.0001 0 

20 0.2 o. 01 0.0001 0.0001 0 
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TABLE 3 

TRANSFER OF SALT THROUGH PARTIALLY UNSATURATED SAND 
WHEN WATER MOVES DUE TO A SUCTION GRADIENT 

Rate of Calculated Experimental 
Suction of the Flow of Rate of Rate of Transfer 

Two Plates Transfer Transfer of Salt 
(cm of water) Water of Salt of Salt (%) (ml / lir 

(gm /hr ) (gm /hr ) 

454 and 10 0.12 0.0058 0.0056 97 

597 and 10 0.15 0.0072 0.0066 92 

800 and 10 0.19 0.0091 0.0093 102 

1,000 and 10 0.21 0.0101 0.0106 105 

The diffusion described occurs even when the temperature gradient is applied. 
Therefore, the flow due to diffusion must be subtracted from the flow observed in the 
temperature gradient experiment. The result, as shown in the last column of Table 2, 
indicates that there is no transfer of salt by water moving in the liquid phase during the 
experiment with the temperature gradient. It may therefore be concluded that the water 
passed through the bed of sand in the vapor phase. 

As a further check, the increase in the concentration of the salt solution was calcu
lated for the observed transfer of a given volume of water from the hot to the cold side. 
The concentration was also determined experimentally. The agreement between ex
perimental and calculated values was within 2 percent. 

In view of the small amount of salt transferred during the temperature gradient ex
periment, it seemed desirable to check the amount transferred during flow caused by 
suction gradients. The suction of the plate on the salt solution side was kept constant 
at 10 cm of water while the suction of the other plate was increased from 454 to 1,000 
cm of water. The temperature was constant at 27 deg C. The concentration of the 
calcium chloride solution used was 0.048 gm /ml. The data obtained are given in 
Table 3. 

The last column which gives the ratio, expressed as percent, of the experimental 
rate of transfer of salt to the calculated rate shows a scatter around the value 100 per
cent. The 100 percent transfer of salt indicates that the movement of water due to the 
suction gradients takes place in the liquid phase. 

THE STREAMING POTENTIAL EXPERIMENT 

These experiments were carried out in an attempt to detect flow in the liquid phase 
by measuring the streaming potential. To obtain more surface area per unit volume, 
sand passing a 250-mesh screen and retained on 325 was used. The sand was held be
tween the porous plates of the apparatus as described for the salt tracer experiment. 
Platinum wire electrodes, 0.082 cm in diameter and 3.8 cm in length were placed at 
the ends of the bed of sand. The voltage was measured with a Rubicon potentiometer. 
Distilled water was used. 

To observe the effect of temperature on the voltage between the electrodes when 
there was no flow through the bed of sand, the sand was saturated before the tempera
ture gradient was applied. The steady menisci in the pipettes indicated no flow of water. 
The voltage was then measured and found to vary erratically between 0.01 and 0.1 volt. 
The polarity also was not consistent with the direction of the temperature gradient. 

The sand was then partially unsaturated by applying various pressures, and the usual 
flow from the hot to the cold side was observed. The voltage was measured and found 
to vary over the same range as it did in the previous experiment when there was no 
flow. Therefore, flow in the liquid phase was not detected. 
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Conclusions 

The results of these experiments indicate that there is no flow in the liquid phase 
when water moves, due to a temperature gradient, from the hot to the cold side of a 
partially unsaturated porous material. 

Therefore, it appears that the flow occurs in the vapor phase. On the other hand, 
when water moves due to a suction gradient, the flow occurs entirely in the liquid phase. 
These conclusions are in agreement with those of Gurr, Marshall, and Hutton (.~.) who 
used the salt migration method to study moisture movement in soils. 

This investigation presupposes flow in a continuous film. If the flow in the liquid 
phase is not continuous but involves multiple evaporation condensation steps in series 
as suggested by Smith ( 6), then it cannot be detected either by salt tracer or by the 
measurement of streaming potentials in the manner attempted in the present investi
gation. Experiments devised to investigate this particular mechanism are planned. 
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