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The purpose of this p ^ e r i s to present experimental 
studies on soi l moisture translocation by way of vapor 
diffusion f r o m ground-water to the cold front through 
very large voids upon freez ing . The experiments 
brought out that (a) the amount of water diffused and the 
coefficient of vapor diffusion are functions of porosity 
of the porous medium; (b) the depth of fros t penetration 
i s a function of porosity cf the porous medium, being 
inverse ly proportional to the porosity of the soi l in the 
vapor phase range (porosity f r o m about 60 to 100 p e r 
cent); and (c) upward moisture translocation in the 
vapor phase through freez ing soi l sys tems i s an 
insignificant moisture transfer mechanism as com
pared with other soi l moisture transfer mechanisms. 

T h e s e e ^ e r i m e n t a l studies veri fy the assumptions 
that the upward flow of so i l moisture f r o m the ground
water towards the cold front in a frost-susceptible 
soi l takes place virtually unaccompanied by vapor 
diffusion, and that this finding may serve as the 
bas i s for moisture migration studies in freez ing 
so i l sys tems . 

• T H E P R O C E S S cf freez ing of natural so i l s i s a simultaneous process with both heat 
flow and upward migration cf soi l moisture f r o m the ground-water table towards the 
cold front in the direction of the drop in thermal gradient. 

Whereas the heat transfer in so i l as a single process i s a study cf relat ive ease, 
the heat transfer problems coupled with simultaneous soi l moisture migration processes 
by way of f i l m flow anchor vapor diffusion are of a very complex nature indeed. F o r 
example, in a freez ing soi l sys tem the flow of heat a s one property or potential induces 
a potential difference with respect to another property, such as changes in density of 
water (viscosity) or changes in concentration (induction of secondary or streaming 
potentials). A l so , upon freezing, the cooling process brings about with respect to 
l iquid water a new phase such as vapor or i ce . 

Although i t i s understood that diffusivity decreases with decreasing moisture con
tent, decreasing temperature, increas ing p r e s s u r e , and increasing density of the 
vapor, there are not generally available mathematically formulated express ions for 
conditions of varying diff usivity a s a function of steadily decreasing temperature and 
varying position of coordinates. 

The study becomes even more complex if one observes that in a freez ing so i l 
sys tem the length of the unfrozen part of the so -ca l l ed porous "plug" decreases with 
decrease in the freez ing temperature of the microcl imate , that temperatures at every 
point cf depth below the ground surface are different upon freezing, and that, therefore, 
the properties of the soi l moisture in bulk or in the f i l m phase are different at these 
points too. One usually thinks mainly of the properties such as the density of the water, 
viscosity, surface tension, d ie lectr ic constants of water and ice , and thermal and 
other properties of the soU-water-gas (a ir) sys tem. Bes ides , the structure of l iquid 
water itself i s a matter cf a very complex nature W, and the unsaturated flow processes 
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in a porous medium such as freezing soi l s are even more complex. A l so , the soi l 
moisture transfer problem i s usually further complicated by changes in the moisture 
transfer mechanisms (such as the f i l m mechanism or vapor diffusion, or both) or In 
bulk, a s the porosit ies of the so i l vary . 

The simultaneously coupled complex processes in a moist porous medium (such as 
the freez ing soi l system) induced a thermal gradient are unexcelled by any other 
sys tem of heat transfer . The interrelationships between the multitude of factors 
affecting the translocation of soi l moisture under freezing conditions are too complex 
to be studied analytical ly. It i s for these reasons that the studies on vapor diffusion 
in freezing so i l systems of very large porosit ies were undertaken e;q>erimentally and 
described here . Par t i cu lar ly , i t was the purpose of these studies (a) to elucidate the 
vapor diffusion phenomenon in freez ing so i l sys tems , (b) to study v ^ r diffusion in 
freez ing so i l sys tems as a function of porosity of the soi l packing, and (c) to ver i fy 
that the upward flow of soi l moisture takes place virtually unaccompanied by vapor 
diffusion; i . e . , that vapor diffusion i s an ineffective soi l moisture transfer mechanism 
as compared with f i l m flow. 

D E F D J I T I O M S 

1. Diffusion. — Diffusion i s the distribution of the molecules within a single phase 
brought about by molecular motion of translation and mutual bombardment (water 
vapor i s s t i l l a i r ) . T h u s , diffusion i s the process by which matter i s transported f r o m 
one part of a system to another a s a resul t of random molecular motion towards an 
environment of lower concentration. 

The concept "diffusion" i s used when there takes place a movement of molecules of 
one kind between molecules of another kind; for example, water vapor molecules in 
the a i r . The driving force s of the diffusing molecules of the vapor then a r e tempera
ture gradients, or part ia l pre s sure differences, or density differences or gradients. 
Density gradients may be destroyed by diffusion. 

The res is tance to motion of the water vapor molecules comprises then the col l is ion 
of the molecules in question with the other type of molecules, a s we l l as the col l is ion 
of the molecules with the so i l part ic les , and the change in direction because of the 
i rregu lar paths of trave l through the porous medium. 

F o r unidirectional diffusion through an isotropic medium through an a r e a A (cm') 
in the direction of x (cm), and for C = constant (= concentration of diffusing matter) 
over the a r e a A , F i c k ' s f i r s t ( l inear) law of gaseous diffusion may be ^prox imate ly 
appUed (2): 

d W = - D - A - ^ - dt, (1) 

in which 

dW = mass of substance (in grams) , vapor; for example, diffusing 
in time dt (seconds) through an a r e a A in the direction of x ^ 
when the concentration gradient i s d C / d x (in g • c m • c m ) , 

D = coefficient of proportionality, or coefficient of diffusion, in 
cm* • s e c - ' . 

The negative sign in E q . 1 e:Q>resses the fact that diffusion occurs in the direction 
opposite to that of increas ing concentration. 

2. Soil System. —A system, in general, i s a separated region of space or a finite 
part of matter set apart f r o m i t s surroundings. In the system, changes of state of 
matter and transfer of energy and/or mass can be studied. A s to the so i l , a so i l 
sys tem a s used in this paper i s a vert ical ly supported cy l indr ica l so i l sample with a 
simulated ground-water table at i ts lower end, or e l se pebbles arranged in a c a r d 
board cylinder so that the pebbles may or may not be in contact with each other. In 
these experiments, the sol id phase of the soi l i s f ixed. Such part icular systems 
subjected to freez ing studies and dealt with here are termed in this paper "so i l -
moisture-temperature. " 
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3. Open System. —An open system is one that can exchange matter as well as energy 
(heat) with its surroundings—water can enter the soil system from below from the 
ground-water freely, and heat energy can cross the lower and upper boundaries of the 
vertical, cylindrical soil system. 

4. Freezing Soil System. —The freezmg of an open soil system is brought about by 
removing heat from the system and results in a full or partial transformation of the 
soil moisture into ice at the cold front. 

5. Porous Medium. —A porous medium is a solid body that contains pores. Pores, 
in their turn, are void spaces contained in a porous body; for example, soil. The voids 
may be fully or partially filled with air and/or gas and/or water, or both air and water. 

6. Soil System of Very Large Porosity. —This atady deals with soil systems having 
large voids; i .e. , voids that are interconnected. The particles forming the porous 
medium are not in contact with each other. Hence the term "very large porosity." 
More precisely, by very large porosity is to be understood here as porosity the mag
nitude of which ranges from about n = 60 to 100 percent (no soil particles m the card
board cylinder). 

The very porous soil systems were simulated by packing pebbles screened out from 
Dunellen soil, a glacial outwash material. The particle sizes of this material are 
shown in the particle-size accumulation curves (Fig. 1). The porosities studied range 
from n = 40 to 100 percent. The arrangement of the pebbles (soil particles) for n = 
90 percent porosity is shown in Figure 2. Thus, the porous system of soil is an arti
ficial one. 

If in this artificial porous medium the soil particles are not in contact, then no 
upward flow of soil moisture by way of film or water in bulk takes place along the 
solid particles from ground-water towards the cold front. Hence only vapor diffusion 
is possible. 

It is also assumed that in this system the pebbles themselves are not porous. Other
wise vapor transfer through pebbles would encounter a much greater resistance than 
through the voids of the packing of the pebbles, and would complicate the studies con
siderably. 

The "soil particles" were supported on chairs made of brass wire and coated with 
paraffin. The chairs, at various elevations in the soil system, are independent of 
each other, thus eliminating film flow along the supports from one chair to the other. 

The chairs, in their turn, were placed in 30-cm high waterproofed cardboard 
cylinders, 15 cm in diameter. The wires of the chairs had no contact with the cylinder. 

Figure 2 also shows the helical arrangement of the thermistors m the soil system. 

/ • | M E J | F I N E | : : : . | MEDIUM F I N D 
CLAY ORAVEL S A N D 

III 
IPWpSITY RANOC) DUNELLGN SOIL 

I OS 02 01 005 0 01 000 
0074 rO" 3' 

PARTICLE SIZE IN MILLIMETERS 

0001 OOOOJ 00001 
I- 0 5 > 01 -

000001 
001 • 

r 2' 11/2- iMT 3/8- 4 10 20 40 60 100 200 
••SIZE OPENING ~ U S STANDARD NO 

Figure 1. Soil particle-size accumulation curves. 
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Figure 2. Arrangement of pebbles for 
n = 90 percent porosity. 

PROCEDURES 
Geometry of Pores 

The geometry of the pores of the 
porous medium so prepared is very inde
terminate. The shapes and sizes of the 
solid particles differ among themselves, 
thus influencing considerably the process 
of flow of heat and water vapor. Because 
of the irregular shape of the voids, the 
flow paths of the upward vapor diffusion 
are tortuous. The tortuosity-forming 
voids, in these experiments, connect into 
one another. 

Instrumentation 
The cylindrically shaped system of 

large porosity soil was placed in a freezing 
chamber and immersed with its lower end 
1 cm deep into "ground-water, " with a 
watertight connection. Itwas equippedwith 
thermistors for temperature measure
ments. The thermistors were placed at 
various elevations and helically spaced 
(Fig. 2), and taped for air-tightness. The 
thermistors were connected to temper
ature-recording devices. A round plexiglas plate 3.0 mm thick was placed on top of 
the soil sample, simulating an impervious pavement. 

The soil systems of artifically packed pebbles so prepared, two in each test, were 
laterally insulated with cork and vermiculite to minimize heat flux laterally to provide 
for unidirectional, upward heat flow from the ground-water table to the cold front. 
Relative to lateral insulation, it must be said that in nature there are no absolute 
boundaries; thus, all systems "diffuse" more or less with their surroundings. Because 
no boundary is absolute, a system cannot be isolated and insulated completely. Hence, 
open systems transferring some heat energy laterally are more or less, so to say, 
incomplete, and so are the freezing soil systems as here described. 

The ground-water container was connected with ground-water burettes (Figs. 3 and 
4). These burettes were zeroed so as to maintain a constant ground-water table at the 
lower part of the vertical soil systems and permit observing the absolute amount of 
water evaporated from the ground-water up into the soil system or empty cylinder (at 
n = 100 percent porosity). Figure 4 shows the layout of instrumentation used in these 
studies. 

The soil system so prepared was ready for freezing. The soil samples were frozen 
in a specially designed freezer from their top downwards. Hence the freezing soil 
system simulates in these experiments natural conditions as closely as possible, and 
the processes involved, triggered off by the heat energy (freezing) are natural ones too. 

The ground-water in the freezer was kept at an average temperature of +8 C. 

Freezing Schedule 
After some experimentation and studies of weather report data, a seven-day period 

of freezing was established as being consistent with some of the cold spells during the 
winter months, and short enough not to consume an undue amount of time during these 
freezing experiments. The surface temperature (micro-climate) was lowered as 
follows: 
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Figure 3. Instrumentation used in vapor diffusion studies. 

Elapsed Time After 
Start of Tests (hr) 

Temperature of 
Microclimate 

DT;— 

0 +30 -1.11 
14 +20 -6.67 
38 +10 -12.22 
62 0 -17.78 
86 -10 -23.33 

110-168 -20 -28.89 

(This freezing stepdown schedule is also 
shown in Figure 7.) 

As the microclimate is lowered the rate 
of removal of heat from the ground-water 
through the soil packing is increased, and, 
in its turn, the more rapid is the 0 C -
isotherm. 

In these experiments the following re
lationships were studied: 

1. Amount of moisture diffused from 
the ground-water table upwards to the cold 

front, as a function of porosity of soil packing 
2. Temperature profiles in the very porous soil. 
3. Vapor pressure profiles in the freezing porous soil systems. 
4. Depth of frost penetration into the artificial soil packings as a function of 

porosity. 
5. Coefficients of vapor diffusivlty as a function of porosity. 
The porosities used in these experiments were n = 40, 55, 60, 70, 80, 90 and 100 

percent. 

NATURE OF VAPOR DIFFUSION PROBLEM 
To elucidate some of the processes that take place in the slowly evaporating soil 

system upon freezing the nature of the vapor diffusion problem is examined. 
The rate of soil moisture diffused in the vapor phase depends mainly on the thermal 

gradient imposed on the soil. The thermal gradient induces a vapor pressure gradient, 
causing the vapor to translocate from points of warmer temperature (or from points of 
higher vapor pressure) to points of lower temperature (to points of lower vapor pres
sure) in the freezing soil system. Upon freezing from the top of the system the 0 C-
isotherm is a downward-moving boundary. 

Besides these factors, there exists an obscurity of a number of influencing factors 
in a freezing system of large-sized voids; for example, porosity and the graniilometry 
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Figure h. Arrangement of equipment. 

of the soil packing material forming the voids. The amount of soil moisture trans
ferred upward by vapor diffusion also depends on the distance vapor translocates from 
the ground-water table to the elevation of condensation; viz., freezing. In the freezing 
process, this distance decreases as the 0 C-isotherm moves downward. Besides, the 
amount of soil moisture transferred in the vapor phase depends also on the intensity of 
the freezing temperature gradient. Freezing, in its turn, as has been pointed out 
already, brings about changes in the physical properties of water; viz., water vapor. 
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Physical Process of Vapor Diffusion 
Physically, the vapor diffusion problem in very porous soU upon freezing as studied 

and reported in this paper is a thermal problem associated with simultaneous heat and 
moisture transfer in the vapor phase. Upon lowering the surface temperature at the 
top of the very porous soil system, and keeping the ground-water at a constant temper
ature of +8 C, the porous system is, so to speak, placed in an upward directed thermal 
field. In the laterally insulated porous soil systems the heat flows unidirectionally up
ward from points of higher temperature at the ground-water table to points of lower 
temperature at the cold front (for example, freezing microclimate), and so does the 
aqueous vapor evaporating slowly from the ground-water table (Fig. 5), moisture 
that thus tends to translocate in the direction of the flow of heat. 

A flat surface of water (such as the ground-water table) h ŝ a definite vapor pres
sure at a given temperature. The physical state of the fluid is gas; viz., water vapor. 
Thus water evaporates at the ground-water table because of the thermal gradient and 
because the partial vapor pressure on the warmer side is larger than at the cooler one. 
The thermal energy upon freezing triggers the natural processes in the soil system, 
among them the vapor diffusion process, a process that is in full accordance with 
those that occur in nature. 

In the freezing systems studied, the unidirective diffusion of water vapor from the 
ground-water takes place into gas such as air (evaporation). The air above the ground
water table cannot translocate downwards through the surface of the ground-water table. 
Thus, according to Stefan (3), it may simply be assumed that in the system the air does 
not move, hence the velocity of the air is everywhere zero. 

Voids of Packing 

Obviously, the upward vapor movement in a freezing soil system is affected by the 
porosity of the soil system. It is the voids of the packing that determine the amounts 
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Figure 5. Physical elements of vapor diffusion system of 100 percent porosity after 
168 hr of freezing. 
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of soil moisture transferred; viz., vapor diffused. If the voids are small and the soil 
particles are in contact, vapor diffusion may be reduced to a minimum, and other soil 
moisture transfer mechanisms (such as the film flow) become more effective. The 
coarse-sized soil particles in the large-porosity systems studied are inert in film 
moisture transfer, and provide only an inactive bulk to the soil. 

It is very difficult to specify the geometry of the voids in natural or artificially 
packed soils, because the porous medium soil cannot be represented by an ordered 
system consisting of a bundle of vertical, parallel, circular capillary tubes. On the 
contrary, the model of the experimental soil system under consideration Is a disordered 
one, consisting of twists and constrictions in the water anchor vapor moving channels. 
Thus the nature of the shape of the voids is irregular; the diameters of the voids vary 
along the path of moisture travel, and the tortuosity-forming voids join into one another. 
Hence cross-sectional areas through which vapor translocates cannot be described by 
a capillary diameter. Hence the large-porosity flow paths of the upward-diffusing 
water vapor must be characterized as tortuous. Therefore, vapor diffusion through a 
porous material is not a characteristic of the material of the porous packing but rather 
a function of the porosity of the packing. 

Main Factors Affecting Vapor Diffusion 
The foregoing discussion on the nature of the vapor diffusion problem indicates that 

the vapor diffusion through a large-voided porous medium should be characterized by 
three quantities: porosity, tortuosity, and the system's over-all transmissibility to 
water vapor. Because of the complex nature of the singular factors involved, the 
vapor diffusion studies were made experimentally on a basis of over-all performance 
of the system as a whole. This is because the zigzag paths of vapor diffusion in the 
freezing soil system cannot be simplified by way of the concept of an equivalent 
diameter of the voids and/or granulometry. Such simplications afford approximative 
qualitative and rough quantitative vapor diffusion calculations only, and never render 
a universal substitute for the real porous medium. 

RESULTS 
Amount of Soil Moisture Diffused as a Function of Porosity of Soil Packing 

The experiments brought out that the porosity of the packing affects the amount of 
vapor diffused (Fig. 6). The porosity range for pure vapor diffusion maybe set from a 
porosity of about n = 60 percent to one of n = 100 percent. The more porous the packing, 
the more v^or diffused. The absolute amount of water diffused at n = 60 percentwas 41 g, 
whereas atn = lOOpercent the amountof water transferred by diffusion was observed to 
be 83gduringa 168-hrperiodof freezing. K the amountof water vapor diffused atn = 100 
percent is designated by a relative figure of 1.00, then the relative amount transferred at 
n = 60percentis4l9e/83ioo = 0.494, or about 49 percent of the amount diffused atlOO per
cent. The maximum amount, 83 g, of vapor diffused atn = lOOpercent, however, compared 
with the amountof 445.6 g of soil moisture transferred in the film phase ataboutn = 40per-
cent makes only83.0ioa/445.64o = 0.186 of the maximum film flow, or about 18.6percent 
(Fig. 7). This indicates that soil moisture transfer in the v s ^ r phase is a relatively in
effective soil moisture transfer mechanism upon freezing. 

Temperature Profiles 
The temperature regimen within the soil systems depends greatly on the freezing 

surface temperature, the ground-water temperature (Fig. 7, freezing curves), and the 
porosity of the packing, as reflected in such freezing curve plots. Figure 7 shows 
curves for (a) room temperature, (b) ground-water temperature, (c) temperatures at 
various depths of the freezing systems, (d) temperature of the microclimate (surface 
temperature), a graph that also reflects the freezing stepdown schedule, and (e) the 
cumulative amount of water consumed by vapor diffusion. This figure shows that the 
temperature regimen in the freezing systems at a given surface temperature is 
affected greatly by the temperature of the ground-water—every fluctuation in the 
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Figure 6. Moisture transfer in soil upon freezing as a function of porosity. 

ground-water temperature is reflected by corresponding temperature waves at various 
depths of the freezing soil systems. 

The room temperature indicates its minor effect on the other variables. It does 
affect somewhat, however, the temperature of the circulating water in the cooling bath 
by about ±2 C. In all experiments the room temperature was kept at a range from T = 
20 C to T = 25 C. Figure 8 shows that at about a 23-cm depth all the temperature 
profiles seem to merge, indicating that the effect of the freezing microclimate is bal
anced by the upward-flowing heat from the warmer ground-water. 

Also, the greater the porosity the shallower the depth at which the 0 C-isotherm is 
halted (Fig. 8). 

Vapor Pressure Profiles 

The vapor pressure profiles are shown in Figure 9. The greater the porosity, the 
less the vapor pressure difference in the lower two thirds of the system; therefore, 
the smaller the driving force for vapor movement. The vapor pressure profiles were 
plotted from temperature measurements. 



Figure 7. Temperature regimen. 
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Depth of Frost Penetration into Artificial Packings as a Function of 
Time and Porosity 

Time. —The main purpose of studying this topic was to provide data for ascertaining 
the diffusion lengths, Ly, necessary for the calculation of the vapor diffusion coeffi
cients—in other words, to establish the location of the 0 C-isotherm at any time. The 
change in the 0 C-isotherm (frost penetration) as a function of time for the various 
porosities is shown in Figure 10. The increase of the slopes of the zero-isotherm 
curves shows a general trend of decrease in porosity. Also, this figure shows that to 
attain equal frost penetration depth (say, 8 cm) the small porosities (except n = 40 
percent) take less time than the large porosities. The lower parts of the 0 C-isotherm 
curves illustrate particularly well the effect of the porosity of the packing on the 
increasing rate of frost penetration. All in all, in the upward soil moisture transfer 
by way of vapor diffusion, the smaller voids bring about greater frost penetration in 
a shorter time than the larger ones. However, at a porosity of about n = 55 percent 
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Figure 9. Vapor pressure profiles after 168 hr of freezing. 

and less, this trend ceases. Thereafter, the time required again increases because 
the moisture film transfer mechanism sets in. 

Because of the physical nature of the system and the freezing and diffusion processes, 
the frost penetration curves should not convey the impression that the rate of frost 
penetration increases with time. In these experiments, below a depth of approximately 
14 cm the frost penetration rates decrease with time until they cease entirely. This 
decrease is due to the warming effect of proximate ground-water. Thus, in the porosity 
range of n = 60 to 100 percent it is the latent heat of fusion (80 cal per g) that controls 
the rate of frost penetration. 

When the frost penetration depth curves, as shown in Figure 10, are plotted as a 
function of the square root of elapsed time; i . e., 

4=f(Vt~) (2) 

in which 
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4 = frost penetration depth m centimeters, and 

t = time in hours, 1 

then they plot out as straight lines of 
e = m . ( t V ' ) + b [cm] (3) 

in which m = slope of lines, in centimeters per half hour , 

t*/* = square root of time ordinates, and 
b = cut-off on the ^-axis, in centimeters. 

The values of the m and b parameters in Eq. 3 for porosities between n = 60 and 100 
percent are given in Table 1. Intermediate values of m and b may be sufficiently 
accurately obtained by interpolation from the best fit curves m = f (n), and b = F(n), 
respectively. 

Porosity. —The variation of the frost penetration depth, 4, as a function of porosity 
in the vapor phase for 168 hr of freezing is shown in Figure 11. The function turned 
out to be linear: 

in which 

4 = - (34.0)n +41.6 [cm] (4) 

n = porosity in decimal fractions, 
-34.0 = slope of the 4-line, and 
+41.6 = intercept on the 4-axis. 

E L A P S E D T I M E IN H O U R S 
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Figure 10. Penetration of 0 C-isotherm. 
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Porosity 
n 

(%) m b 
Test 
No. 

60 3.05 -11.75 A-6 
70 2.80 -10.20 A-5 
80 3.28 -12.94 A-3 
90 2.65 -10.72 A-4 

100 2.58 -11.23 A-7 

This equation is good for the porosity TABLE 1 

' T s ^ Ike^frost peneiration depth THE m AND b PARAMETERS 
depends on the proximity (viz., position 
or elevation) of the ground-water table. 
The deeper the ground-water table, the 
deeper the frost penetration below the 
ground surface. 

When the upward-diffusing water vapor 
strikes a chilled surface (there is a plastic 
plate at the top of the vertical cylindrical 
system), the vapor normally condenses 
in a sheet of water, and part of the con
densate, upon freezing, may transform 
into ice. The phenomenon occurring 
when liquid water transforms into ice on 
solid surfaces is termed here icing. 
Massive icing formed only on the under side of the plastic plate. 

Under certain conditions, however, vapor may condense into drops, and part of it 
may roll off the chilled surface by gravity. Such condensation is termed dropwise 
condensation. The phenomenon occurring when the condensate of water vapor trans
forms into a solid, like snow, is termed here frosting. 

Because the frosting does not fall down, it grows as long as there is evaporation 
from the ground-water table, and the freezing gradient continues to prevail across the 
soil system. Upon continuous evaporation the vapor comes into contact with the ice 
needles of the frosting, and the vapor condenses on the moisture films of these needles 
and eventually solidifies to give new needles of ice, thus increasing the thickness of the 
frosting. The mcrease in the thickness of the frosting brings about resistance to the 
upward flow of the heat from the surface of the ground-water table in the direction of 
the cold front. Thus the continued increase in frosting, m its turn, decreases the 
coefficient of the heat transmission. 

Figure 12 shows massive ice drops in the matrix of solid icing on the lower side of 
the plastic plate formed at large porosities. The massive icing is underlain by frost
ing—a very porous needle-like ice (Fig. 13). 

P O R O S I T Y , n 

Figure 11. Variation of frost penetration depth with porosity (vapor phase). 
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Figure 12, Massive ice drops in matrix of 
solid icing on lower side of plastic plate 

formed at large porosities. 

Figure 13. Frosting underneath a 
thick icing. 

Coefficients of Diffusivity 

The values of the coefficients of diffusivity, D, shown in Figure 14 were calculated 
as follows: 

1. The amount of soil moisture transferred for each porosity reported and up to a 
certain elapsed time (e. g., t = 64 hr) was established from the amount of water con
sumed from the "ground-water" burettes during that freezing process. 

2. The diffusion height, Ly, was computed by subtracting the corresponding frost 
penetration depth, 4, from the total effective height, H = 29.0 cm, of the cylindrical 
system of packing. 

3. For each porosity the net horizontal cross-sectional area of the cylindrical 
system of packing was determined. 

4. The vapor pressure difference between those at the ground-water table and at 
the corresponding 0 C-isotherm were calculated based on temperature measurements 
at these elevations. 

5. The appropriate values were then substituted in Fick's first diffusion equation 
and solved for the coefficient of diffusivity. 

Based on the coefficients of diffusivity thus experimentally obtained, the empirical 
equation of coefficient of diffusivity, D, for the packings studied is established as a 
function of porosity n as 

D = (0.6)n - 0.174 [cmVsec] (5) 
and the equation for a dimensionless ration of D/DQ is established as a function of 
porosity n as 

D/DO = (1.425)n - 0.425, (6) 
in which DQ = 0.426 = coefficient of diffusivity at a porosity of n = 100 percent. In 
these equations, however, for the sake of consistent units, n is in decimal fractions. 
Graphs of these equations are shown in Figure 14. 

These equations are good for the experimental porosity interval from n = 60 percent 
(n = 0. 60) to n = 100 percent (n = 1. 00). Thus Eqs. 5 and 6 permit calculation of co
efficients of diffusivities D for any porosity between n = 60 and 100 percent. Below 
porosities of n = 60 percent the equations are not good because other soil moisture 
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Figure IJ^. Coefficients of dlffusivity as a function of porosity. 

transfer mechanisms beside vapor diffusion begin to show their effect, and the plot is 
no longer linear. Eqs. 5 and 6 show clearly that the denser the packing of the soil system 
the less vapor is transferred to the chilled zone; i .e. , the more difficult it is for the 
vapor to move through the packing. 

These experimentally obtained coefficients of water vapor diffusion into air at tem
peratures below freezing agree satisfactorily from n = 60 to 70 percent. From n = 70 
to 100 percent, the experimentally obtained diffusion coefficients are somewhat higher 
than those (about 0 = 0.200) found in the literature; for example, D = 0.203 by Houdaille 
(4) and D = 0.198 as deternuned by Winkelmann (5). This may be brought about partly 
because of the coupled heat potential, and possibly for other reasons. Of course, the 
values of the D-coefficients also depend on the elapsed time of the experiment and the 
temperature gradient used. The temperatures at which these diffusion coefficients 
were calculated were from Ts = -16 C to Ts = -20 C at the top surface of the cylindrical 
system of packings, assumed TQ = 0 C at the 0° (freezing temperature) isotherm, and 
Ti = 8 C of the ground-water. 
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CONCLUSIONS 
1. Very porous real soils, as defined in this paper, are uncommon in nature. 

Artificially prepared highway and airfield base courses and railroad ballast, however, 
have relatively large porosities. In such packings, the vapor transfer mechanism is 
the most effective one. 

2. Although the aqueous vapor diffusion process through a porous medium is in 
itself a very complex process, these experiments, however, elucidate under what con
ditions the vapor transfer mechanism in a freezing soil system prevails. 

3. The pure vapor diffusion mechanism is active within the porosity range of a soil 
packing from about n = 60 percent to n = 100 percent. 

4. The rate of moisture transfer in the vapor phase depends mainly on the intensity 
of the freezmg thermal gradient imposed on the soil system. This gradient gives rise 
to a vapor pressure gradient that is the driving force for the movement of vapor. 

5. The total amount of soil moisture transferred by the vapor diffusion mechanism 
depends on the porosity of the soil. 

6. At porosities from about n = 40 percent to n = 55 percent, the coefficients of 
vapor diffusivity turn out to be relatively large. This fact indicates that next to the 
vapor diffusion mechanism other soil moisture transfer mechanisms start to set in. 
The particles of the packing are in contact with each other. This porosity interval 
therefore indicates the coexistence of the vapor diffusion mechamsm and the film flow 
mechanism, or it indicates a transition from film flow to vapor diffusion of soil moisture. 

7. The experimentally obtained coefficients of vapor diffusivity range from D = 
0. 183 at n = 60 percent porosity to Do = 0- 426 at n = 100 percent porosity of the pack
ings. Generally, the diffusion coefficients increase with increase in porosity of the 
soil packing. 

In general, these experimental studies clearly brought out that the degree of packing 
of soil is very important to know and to report, as this gives a clue as to what kind of 
mechamsm would be most likely to take place in the upward soil moisture transfer in 
the soil system—vapor diffusion, film flow, or both. 

Further, these experimental studies justify the assumption made to serve as a 
basis for soil freezing experiments on soil moisture transfer by way of the film mech
anism, namely, that the upward flow of soil moisture through frost-susceptible pack
ings of soil of ordinary porosities (between about n = 28 percent to n = 40 percent 
porosity), as encountered in soil engineermg practice, takes place virtually unaccom
panied by vapor diffusion. 
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