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ABSTRACT 

The purpose of this study was to investigate the 
entrapment of air in porous media imbibing liquid and to 
determine both theoretically and experimentally the rate 
at which air goes into solution and diffuses from the sys
tem. 

The samples studied were cylindrical cores 
approximately one inch 1n diameter and of various lengths 
up to two and one haU inches. Three materials were used, 
sandstone, a porous ceramic and sintered glass beads. Two 
liquids, water and a hydrocarbon oil, were used as the liquid 
imbibed. 

Theoretical equations for linear and radial (two 
dimensional) diffusion were developed. These are based 
on the assumptions that: ( 1) the concentration o f dissolved 
air becomes nearly uniform after air is entrapped and (l) the 
point in the medium at which air dissolves moves from the 
exterior toward the interior as a front. 

The results show that a porous medium will eventually 
become completely saturated by imbibition even though no 
liquid is fl owing through and the liquid imbibed is saturated 
with dissolved air at atmospheric pressure. The diffusion 
process by which the entrapped air moves out 1s most rapid 
for fine grained material. This is because the air is entrapped 
in pockets which maintain a higher concentration of dissolved 
air in the liquid due to the greater pressure difference across 
the air-liquid int erface associated with smaller radii of curva
ture. 
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NOTATION AND DEFINITIONS 

A - Area--dimenaions: Ll. 

a - Radius of an air bubble in a liquid--dimensions: 
L. 

B Universal gaa constant--dimensions: FL/moleok. 

C Concentration of dissolved air--dimensions: 
parts pe r million by mass. 

- Assumed uniform concentration of dissolved air 
in a liquid in a porouS medium . Computed 
directly from the bubbUng pressure--di
mensions: part s per million by mass. 

Cs - Concentration of dissolved air at the exterior 
boundary of the core--dimensions: parts 
per million by mass . 

0- Coefficient of diffusion of dissolved air in liquid-
dimensions: LZ/T . 

Os - Diffu sivity coefficient--dlmensions : L' /T. 

F - Flow rate of air by diffusion--dimensions: L)/L~. 

f - Functional symbol--dimensions: none. 

B - Acceleration due to gravity--dimensions: L IT' . 

K - Constant of int egration--dlmensions: none. 

k -

ke 

Saturated Permeability - Permeability of a porous 
medium to a liquid which completely fills 
all pore spaces. Sometimes called intrin
sic permeability--dimensions; L' 

Effective permeability - the permeability of a 
porous medium to a particular fluid phase 
when the medium is occupied by more than 
one fluid phase --dlmenslons: Ll . 

Relative permeability - the effective permeabil
ity divided by the saturated permeability-
dimensions: none. 

L - Length--dimensions; L. 

M - Molecular weight of a gas--diroensions: M/mole. 

m - Mass of air--dimensions: FTtl L . 

P - Pressure--dimensions: FILl. 

P b - Bubbling Pressure - the smallest capillary 
pressu re on the drainage cycle at which 
air permeabilitr Is greater than zero-
dimensions: . F Lt. 

Capillary pressure - pressure in the nonwetting 
fluid minus the pressure in the wetting 
fluid --dimensions: F I Ll. 

Q - Uquid now rate--dimensions: LJ /T . 

q - Liquid volume aux--dimensions: L'/L~ 

R - Radiu s--dlmensions: L . 

r - A radial length variable --dimensions; L. 

S - Wetting fluid saturation, equal to the volume of 
liquid divided by the volume of voids -
dimensions: none . 

S - Initial satu ration - the saturation when ail' be
o comes trapped - -dimensions: none. 

T - Absolute temperature- -dimensions: oK. 

t - Time--dimensions: T . 

V - Volume--dimensions: L). 

Volume of air in a P9r ous medium at any time-
dimensions: L'. 

Initial volume of entrapped air in a porous 
medlum--dimensions: LJ. 

V - Volume of air which has diffused from the porous 
f medium at any time (Vao - Va)--dimen-

v, -
sions: L) . 

Volume of liquid in a porous medium--dimen
siens: L) . 

Volume of voids in a porous medium--dlmen 
sions: L'. 

x - A length variable--dimensions: L'. 

a - Proportionality constant--dimensions: LIT. 

II - Used with any variable to show a small incre-
ment--dimensions: none. 

r) - A pore Size distribution index- - dimensions: 
none. 

/.! - Fluid viscosity --dimensions: FL1 /T . 

~ - Emperico.l constant --dimensions: none. 

p Fluid mass density--dimensions: FT2/L4 . 

Ir - Surface energy of liquid--dimensions: F/ L . 

Many of the above symbols are used with various subscripts which are 
de!ined at the time of introduction. 
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DIFFUSION OF ENTRAPPED AIR FROM POROUS MEDIA.!. ' 

G. L. Bloomsburg and A. T. Corey!! 

INTRODUCTION 

Entrapped air can have an effect on several 
physical properties of porous media containing a 
liquid. Ordinarily when liqu.id pressure is greater 
than atmospheric, media are often thought of as b., . ... g 
saturated. However, if there is entrapped air, the 
permeability of media to liquid may be only hal! that 
in a completely saturated condition. Entrapped air is 
also important in consolidation theory for unsaturated 
soils. 

In the field of irrigation, drainage and 
ground water hydrology, there are many flow prob
lems in which water pressure is equal to or greater 
than atmospheric but in which there is entrapped air. 

There are basically two ways in which air 
may become trapped in the ground. These are by 
water moving into an originally dry soU and entrapping 
air or by air coming out of solution in a saturated 
system and forming bubbles. Some examples of the 
first of these are movement outward from an irriga 
tion furrow, seepage from an irrigation canal when 
water is first turned into a canal, and movement 
downward from a spreading basin In a ground water 
recharge ope ration. An example of the latter is 
seepage from a canal when temperature or pressure 
gradients in the soil are such as t o allow dissolved 

.U Contribution from the Agricultural Engineering 
Department, Colorado State University, Fort 
Collins, Colorado 

1:1 AS8ocia~e ProfeSsor of Agricultural Engineering, 
UniverSIty of Idaho, formerly graduate student 
at Colorado State UniverSity; and Professor, 
Agricultural Engineering, Colorad o State Univer
sity, Fort Collins, Colorado. respectively. 

air to come out of solution. Also in cases of decom 
position of organic deposits, gases other than air 
may be formed and cause air pockets in the system. 

This s tudy deals with the first situation, 
that is, with porous media originally containing air 
imbibing a liquid which entraps air in the system . 

At a relatively lo w liquid saturation, e. g. , 
near the wetting front, there Is a continuous gas 
phase and the flow of air out of media is determined 
by the rate at which air is displaced by liquid. At 
some higher liquid saturation the gas phase becomes 
discontinuous and consists of isolated air bubbles . 
After this condition is reached, the only way air may 
leave the system is by going into solution in the 
liquid and then moving through the liquid by diffusion. 

In re cent year s there have been numerous 
articles written on the a pplication of a diffusion equa 
tion to the problem of water moving into dry soU. 
This equation is called the " diCfusivUy equation" and 
a necessary assumption for its solution is that liq 
u id saturation is a unique funcHon of liqu id pressure 
as long as liqu id pressure is co nstant or continuously 
increaSing. In other words, as long as pressure is 
constant there is no change of liquid saturation with 
time, or conSidering entrapped air, there is little or 
no diffusion out of the system . However, it has been 
noted in the course of expenmental work that this 
assumption is not necessarily valid and that air does 
diffuse out of parous media. 

Previous studies concerning the removal 
of entrapped air have dealt with the removal of air 
by flowing water only. It is the primary purpose of 
this study to determine rates at which air diffuses 
from a system in which the liquid is not flowing and 
to develop an analytical expression for rate of 
diffusion as affe cted by geometry of media pore 
space , external geometry of the sample, and fluid 
properties including surface tension of the liauid and 
solubility and diffuSivity or air in the liqUid. 



REVIEW OF LITERATURE 

Entrapped and Confined Air 

There are few articles in the literature 
dealing with ent rapped air in porous media. Zimmer
man [30J recognized that air was trapped in a column 
imbibing from the bottom. The amount was computed 
by measuring the air which moved out, and sub
tracting this from the total pore volume . The effect 
of particle size and chemical constituents on the total 
capillary rise was also discussed. There was no 
mention, however, of air diffusing out of the system 
and no theoretical analysis of the amount of entrapped 
air. 

Christiansen [6} carried out an extensive 
study on the effect of entrapped air on the permeabil 
ity of soils. He first investigated whether there was 
air trapped when a column was wetted from the bottom 
under a positive pressure and found that it was trapped 
in this case as well as when water was allowed to flow 
from the top into the dry soil. The permeability of 
soil was also investigated as a function of time and 
was found to decrease slightly initially, then to in
crease considerably over several days time and after 
this to decrease gradually. There was no explanation 
for the slight initial dec rease or the gradual decrease 
at the end, but the increase was attributed t o the solu
tion of entrapped air in the flowing Uquid which some
times continued for as long as two months. For soils 
of low permeability the time for air to dissolve was 
much longer than for soils of high permeability, which 
infers that the rate of solution depends on the rate at 
which water moves through the system. This was 
also indicated by permeability increasing at the top of 
the column first and then progressively increasing to
ward the bottom. 

Christiansen made no theoretical analysis 
of the solution process and conducted all permeability 
tests at a positive pressure . The porous materials 
used consisted of agricultural soils, such as clay 
loam, sandy loam, and loam. 

Miller and Miller [ 201 explained the above 
mentioned change of permeability with time as being 
due to first; instability of soil, second; diffusion of 
air out of entrapped air pockets. and third; micro 
organism growth. 

Orlob and Radhakrishna [211 used chloride 
tracer t echniques to investigate the effect of entrapped 
air on various hydraulic properties of media, such as 
effective porosity, permeability, and hydrauliC dis
persion. Their experiment was performed using a 
glass column one meter long with porous materials of 
various particle s izes . All experiments were with 
columns under a positive head of about two inches of 
wate r . Air was e ntrapped during experiments by 
draining the column for various periods of time in 
order to let air into the various sbed pores and then 
by allowing flow to resume. The authors did not con
sider diffusion of air out of ·porous media and were 
unable (conclUSively) to relate the amount of entrapped 
air to properties of porous material. 

Powers [23] discussed the effect of con
fined air in a porous medium on the rate of water 

, 

moveme nt into the medium. By having: 1) the 
column open at the bottom, 2) the bottom closed and 
3) suction applied t o the bottom, it was found that 
confined air did slow the rate o f water movement in
to the soil. 

Wilson and Luthin [28] carried out an ex
tensive study of the effect of air flow ahead of a wet
ting front during infiltration. In this study three de 
grees of obstruction at the outflow end of a column 
were examined. These were: 1) no obstruction, 
2) partial obstruction and 3) complete obstruction. 
These three conditions are similar t o various condi 
tions under which infiltration occurs in field situations 
when the surface may be underlain by impermeable 
layers. A 4.5 c m cylindrical column 31 cm long was 
placed in a horizontal position and the water flowing 
in as well as the air flowing out we re measured. An 
interesting result obtained was that the cumulative 
outflow of air was consistently greater than the inflow 
of water. This was said to be due to a temperature 
rise at the wetting front (due t6 the heat of wetting) 
which caused air to expand. A more probable expla
nation is th at air adsorbed on dry solid surfaces was 
disVlaced by water. Measurements of air pressure 
during infiltration were obtained and were found ini
tially to be as high as 14 cm of water . When the end 
of a column was complet ely obstructed, the pressure 
increased continuously and approached a maximuQ'l 
final value. In thIs case infiltration dec reased until 
zero was approached as a limit. 

Rawlins and Gardner [ 24j evacuated air 
from soil columns before allowing water to e nter and 
found there was slight change in infiltration rates due 
to presence or absence of air. This fact led the 
authors to state that no definite conclusions could be 
drawn as to the effect of air on the process of infiltra
tion. There was no study on the effect of confined 
air. 

Gupta and Swartzendruber [ 13] used a 
permeameter to study water flowing through quartz 
sand in which a pressure change was imposed on the 
enUre system . The volume change resulting from a 
given pressure change was then used to evaluate the 
volume of e ntrapped air in the system. It was found 
that the volume of entrapped air always decreased as 
water flowed through the syst em. The water which 
was used had been deaerated so a significant amount 
of air could be dissolved. 

Two types of sand were used: one with a 
particle size range from O. 2 to 0.3 mm and the other 
from 0.05 to O. 3 mm. There was less air entrapped 
with a more uniform partic le sbe than with a non
uniform sbe when the sample was wetted at atmos
pheriC pressure . Hydraulic conductivity de c reased 
over a period of time as was found by Christianson 
and this was attributed to bacterial activity, slnce 
use of a solution of O. 1% phenol solution to stop bac 
terial activity stopped the decrease . An attempt to 
determine the amount of entrapped air theoretically 
from the ideal gas law and the equation for pressure 
difference across an interface , assuming all air poc
kets spherical and of the same size, proved to be un
satisfactory. 



Peck I Zl l used the same assumptions as 
above to determine theoretically changes in capillary 
pressure with temperature and air pressure. He 
concluded that due to the effect of temperature on 
surface t ension and the volume of entrapped air, 
capillary pressure changes. The concentration of 
dissolved air and the mass of water in soil were 
assumed to be constant while the volume of water 
changed due to temperature changes . The same e qua
tion as used by Gupta and Swartzendnlber was used 
to determine the volume of entrapped air as a func
tion of capillary pressure . This proved to be accur
ate to within 20%. 

Behavior of Bubbles in Liquids 

Dynamics of Bubbles . Entrapped air may 
move t hrough a Uquid in a porous medium in two 
ways: 1) by movement or air pockets or Z) by poc
kets dissolving and air in solution mOving through the 
liquid by diffusion. The first method of movement is 
probably negligible in the experiments carried out in 
this study but might be important in some field cases 
as evidenced by bubbles coming out of soil when irri
gaUon water is introduced. 

Gardescu [12 J discussed the movement of 
bubbles through capillary spaces by consider ing the 
"Jam in effect." That is , resistance to movement for 
a n air bubble is divided into a boundary effect caused 
by hysteresis of the contact angle of the gas-liqUid 
inte r face with the solid surface and a resistance due 
to distortion of gas bubbles when forced through 
small openings. By a theoretical analySiS it was 
found that resistance due to hys teresis is proportion
a l to t he variation of the surface t ension and inverse 
ly proportional to the radius of the capillary tube. 
However, resistance due to a change of radius of 
curvature of the interface when a bubble is forced 
into a small opening was much greater than resis
tance due to hysteresis of the contact angle. ActuallY 
iI;1 the case of air bubbles in water in many porous 
materials , there should be no hystereSiS effect since 
water wets the surface and bubbles are completely 
isolated from the solid surface. 

Wyckoff and Botset [291 in a comprehen
sive study of now of gas-liquid mixtures through un · 
consolidated sands discussed the movement of bubbles 
through constrictions. The authors stated that a ce r 
tain critical force is necessary to force a bubble in
to a constriction whereas any force causes a bubble 
to move through a unUorm tube. Since the pressure 
dUference acroSS an interface is inversely propor
tional to the radius of curvature; the critical force to 
move a bubble depends on the change of radius of 
curvature of the gas-liquid interface. 

Marchessault and Mason [ 19 J considered 
now of bubbles through capillary tubes and also men
tioned the Jamin effect and hystereSiS of the contact 
angle , but stated that when a liquid wets a solid s ur 
face there is no contact angle. as was discussed 
above. The authors eva luated the force required to 
move a bubble by considering the viscous resistance 
of a liquid moving in a film between a bubble and the 
wall of a capillary tube. The effective film thicknes s 
was measured electrically and was correlated with 
the measured hydrodynamic resistance to n ow o f the 
bubble. The experimental data confirmed the resis
tance equations which were developed. 

There have been many papers written con
cerning the dynamics of growth and shrinking of air 
bubbles due to pressure a nd temperature changes . 
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This is o( particular interest in regard to the pheno
menon o( cavitation. Several of these are 
Dergarabedian [9 ), Birkhofr. Margulies and Horning 
( 2]. Ma and Wang [ 171 and Zwick [ 3d. 

Dissolution of Bubbles . In recent years 
there have been several artIcles written considering, 
both theoretically and exper1.mentally. the time fo r a 
single air bubble to dissolve when immersed i n a 
liquid of large extent. 

One of the first of these articles was by 
Epstein and Plesset [12 1. In their development,Fick's 
first law, 

dm ADac 
-at" 8r 

and Fick's second law, 

BC _ ....e1C 
~- - '"Wrr + 1 3C] r rr ' 

(2-1 ) 

(' - ') 

using a spherical coordinate system. were used 
to develop a theoretical equation for rate of dis 
s olution. In the above equations m is the mass 
of air going into solution, A is the c ros s-sectional 
area through which diffu sion occurs, D is the co 
efficient or diffusion of air in the liquid, C is the 
concentration of dissolved air in the liquid, and r is 
the radius measured from the center of the bubble. 
Negle cting surface tension, the equation is 

da • D(Ci-Cs) [1. + ~ (Z-3) 
(ff Pa a (lfDt)I/ZJ 

When surface tension is considered, the equation be
comes 

da D(Ci - Cs ) [I 1 1 
dt" - .. 4Mcr ii 1,( Dt)lliJ 

Pa 3BTa 'II' 

(Z-4) 

where a i8 the bubble radius , Ci is the unUorm 

dissolved air concentration at the bubble boundary, 
P is the air density at atmospheriC pressure and a 
the temperature of the system, M is the molecular 
weight of the gas under stanc·ard conditions of tem
perature and pressure, B is the universal gas con
stant , T is the absolute temperature and cr is the 
surface energy of the liquid. 

In order to solve these two equations, the 
last term in the brackets was assumed to be negli
gible. This is somewh&:t questionable as the term is 
certainly not negligible when time is near zero. 
Epstein and P ies set used the SOSution of equation 
(l-4 ) and values of D - l x 10- cmllsec, 
Pa - O. 00 12grn /cm~ Cs = O. 000014 for a temperature 

of ZZO C. and determined the values in Table 1 for 
the time for a bubble to dissolve in water. 

Liebermann [ 16 J obtained experimental 
data for the rate of dissolution and used this to veri
fy t he solution of equation (2-3). In this experimental 
work the concentration of dissolved air in the water 
was originally about 50'!. to 60" of the saturation 
at atmospheric pressure, therefore the effect of 
surface tension was said to be negligible. Figure ta 
shows the experimental data and a theoretical curve 
which will be discussed below. These data were then 
used by Liebermann to determine the value or D at 
270 C. as 2.9 x 10-5cmz/sec. This seems quite high 



TABLE 1 

Time for Air Bubbles to Dissolve in Water 

Initial Radius 
(cm) 

Time 
(min) 

O. 110 

98 , 

96,600. 

as a more common value is about Z. O x 10 - 5 cmz/sec. 
The fact that the data do not follow the theoretical 
curve was attributed to a skin effect due to contami 
nants on the surface of the bubble. 

In part of Liebermann's study, various 
contaminants such as oleic acid, detergent, mineral 
oil and sea water were used to determine whether or 
not the rate of solution was changed. No significant 
change was observed. 

Manley ( 18] obtained extensive experimen
tal data on the rate of dissolution of bubbles in de~ 
aerated water which are given in Figures la and lb. 
The theoretical line in each case is the solution of 
equation (Z-4) using the following values for the con
s tants. 

-6 C. = n.5 x 10 (.90) for Manley data 

1 ZZ.5Xl0-6 (.40)forLiebermandata 

C
s

=ZZ.5XI0 - 6 

Pa • O.OOIZ gm/cc 

M = Z9 gm I ZZ. 4 liters 

B . 8. 31 x 107 ergs/oK mole 
T=Z990K 
tr .. 71.97 dynes/cm 

0 " Z x 10- 5 cmz/sec 

The agreement with the theoretical curves 
is good except when the bubble becomes quite small 
where (in nearly all cases) the rate of diffusion be 
comes slower. Manley gives four possible explana
tions of this: 1) the effect of solid boundaries and 
saturated layers of dissolved gas around the bubble, 
z) a layer of charged particles on the bubble wall, 
3) dipole moments of the molecules on the bubble 
wall, and 4) the presence of an organic skin material 
surr ounding the bubble. 
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The first three theories were then discard
ed because the change of rate of diffusion was found to 
be independent of the original bubble size, there was 
a slight change of the diffusion rate in water which 
has recently been well deaerated, and the addition of 
a wetting agent Ussapol N eliminated the reduction. 
After accepting the presence of an organic skin, 
Manley theoretically evaluated a diffuSion coefficient 
(having a value of Z. 6 x 10- 6 cmz/sec or about 1 /8 
that of air through clean water) for the layer. 

Both Leibermann and Manley have taken 
photographs of a deposit of contamination left when a 
bubble dissolves and have shown that if the pressure 
is then lowered so that air will come out of solution. 
the contamination usually serves as a nucleus for the 
formation of air bubbles . 

Several other authors have considered 
the organic akin effect. One of these is Brandstaetter 
[3] who discussed H. Mache 's gas bubble method for 
the quick determination of the diffusion coefficient of 
gases in liquids. Brandstaetter showed that the 
apparent dependence of the diffusion coefficient on 
the bubble radius was in reality due to the presence 
of contaminants. 

Levenspiel [ 15] also photographed the 
residue left by the collapse of a bubble and observed 
that the rate of collapse decreased as the bubble be
came small. 

Fox and Herzfeld [11] wrote about the or
ganic skin of gas bubbles as nuclei for cavitation 
bubbles . In a theoretical analySiS, an equation for 
the time of dissolution was developed in a slightly 
different manner than that used by Epstein and Pies set 
but the computed times were comparable. 

In the previously mentioned solutions to 
the diffusion equations, two assumptions were that 
the air diffused into an infinite liquid and the liquid 
at the boundary of the bubble did not move. In the 
case of many bubbles dissolving in a liquid. neither 
one of these conditions is strictly satisfied. There
fore, it would be desirable to develop an equation 
conSidering a moving boundary at bubble walls and 
air diffusing into liquid within some finite radius. 

Vyrodov ( Z7] considered a solid particle 
dissolving and diffUSing into a finite region. The 
moving boundary was considered and the solute dis
solved into a finite region but a rather complex 
numerical solution was obtained. 

Suquet [Z61 solved the diffusion equations 
for an air bubble with several different boundary 
conditions by the use of a Laplace transformation. 
One of these conditions was that of air diffusing into 
a finite volume of liquid; however, air was also 
diffUSing into this volUme from the exterior. 



THEORY 

Surface Energy 

One of the important factors controlling the 
behavior of two or more immiscible fluids in a porous 
medium is surface energy at the interface between the 
two fluids. Excellent discussions of surface energy 
are given by Adams [1 1. Davies and Rideal (8) and 
Rouse {ZS) . BaSically, a distinct interface is pro
duced between immiscible fluIds by the attractive 
forces between molecules of each fluid. A molecule 
in the interior of a fluid is attracted in all directions 
with equal forces. A molecule on the surface, how
ever, is attracted towards the interior more than to
wards the surface because there are more molecules 
in that direction. This causes a maximum number of 
molecules to be at the interior of the fluid for a given 
surface area. The result is that fluid drops assume 
spherical shapes when the surface energy forces are 
predominant unless the solid boundary of the fluid 
container prevent s this. 

A curved interface between two fluids is 
often treated mathematically as possessi.ng tensUe 
forces parallel to the interface . A theoretical treat
ment is also possible by work-energy methods. 

An equation developed by either method is 

(3-1) 

where toP is the pressure difference across the 
interface, ~ is the interfacial energy constant, and 
r 1 and rz are the principal radii of curvature of 

the inte rface. For a spherical surface such as an 
isolated air bubble in a liquid, r 1 " r z '" r or 

toP • Z~ 
r 

(3-2) 

The pressure is greatest on the concave side of the 
surface which means, in the case of an air bubble in 
a liquid, that the pressure is greater inside the 
bubble than in the liquid. 

When the interface between two fluids 
comes in contact with a solid surface, the solid will 
become wet with one fluid in preference to the other. 
Thus, when a two fluid system is considered, one 
fluid 1s termed the wetting and the other the non
wetting fluid. The concave side of the interface is 
always on the side of the non-wettin,\{ fluid and 
therefore, considering equation (3-Z), the pressure 
is always less in the wetting fluid than in the non
wetting. The pressure difference (pressure of the 
non-wetting fluid minus the pressure of the wetting 
fluid) is called capillary pressure Pc 

PhySical Properties of Porous Media 

In the development of theoretical equations 
describing the rate of diffusion of entrapped air 
from a porous medium, it is desirable to use the 
fewest number of properties which adequately 
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describe the particular medium. Brooks and Corey 
t 4] consider that two important parameters or porous 
media are: 1) the bubbling pressure, an index of the 
maximum pore size forming a continuous network of 
flow channels, and Z) the pore-Size distribution index, 
an index of the distribution of sizes of flow channels . 

The bubbling pressure is defined as the 
minimum capillary pressure at which the air perme
ability is greater than zero. The pore-Size distribu
tion index as used by the above authors is the slope 
of the curve of eC!ective saturation versus capillary 
pressure on logarithmiC paper. The slope of the 
curve of relative permeability versus capillary pres
sure on logarithmic paper can also be used for this 
index since there is a unique relationship between the 
two s lopes. The eC!ective saturation and relative 
permeability both refer to the liquid phase . The 
reader is referred to the paper by Brooks and Corey 
[4) for the definit on of "eUective saturation." 

A curve of these variables for an uncon
solidated column of glass beads is shown in Figure Z 
on the following page. In Figure Z the relative per
meability kr is the e!Cective permeability ke at 
any particular capillary pressure divided by the sat 
urated permeability k. Thus a value of kr • 1 is 

for a saturated condition. Both the desired param
ters Pb and J} may be obtained from this curve. 

II should be noted that there is a different 
relationship for drainage than fo r imbibition, a lthough 
the two curves have approximately the same slope. 
The imbibition curve ordinarily becomes nearly level 
at a value of kr approximately equal t o O. 50. This 

part of the imbibition curve is time dependent due to 
diffusion of entrapped air from the medium. This is 
indicated by the rise in k at P / pg ... 40 cm. over a 
period of eleven days . Ttfe cuwis are separated in 
the lower portion because of hysteresis and the "ink 
bottle" effect (as discussed in the review of literature) 
and in the upper section by the e!Cect of entrapped air. 

It is hypothesized that the bubbling pres
sure should be an index of the concentration of dis
solved air since it is an index of the excess pressure 
in the air. The value of J} might affect the amount 
of entrapped air since more air might he trapped 
whe n the pores have a wider range of sizes. In fact, 
this has been ob served experimentally by Gupta and 
Swartzendruber ( 13). 

Theoretical Model 

The system treated theoretically consists 
of a homogeneous, isotropic, porous material with 
easily defined exterior boundaries. A liquid is 
assumed to fill the sample uniformly throughout with 
air trapped in many pores. The air pockets are 
assumed to be completely surrounded by the liquid; 
that is, the surface of all solid particles of the 
sample are "wet" by the liquid. 

The pressure in the liquid is atmospheric 
which gives a pressure within the entrapped air that 



is greater than atmospheric by an amount given by 
e quation (3-Z). 

It is known from Henry's law that the 
equilibrium conce ntration of dissolve d air in a liquid 
is proportional to the partial pressure of air i n con 
tact with the liquid. It i s assum ed that the original 
concentration of dissolved air is uniform and equal to 
the e qui libr ium concentration for atmospheric pres
sure. Since the pressure in the air is g reater than 
atmospheric, air tends t o go into solution. The air 
enclosed by interfaces having the s malles t radii of 
curvature is the first to dissolve Sinc e the pressure 
difference is greatest there . As a ir dissolves, the 
conce ntration of dissolved air increases until it 
reaches some value which is in equilibrium with the 
air in pocket s having the s mallest radii of curvature 
in the medium. It is possible for pockets with larger 
radii of curvature to increase in size during this time 
since the liquid may be super satu rated with air in 
comparison t o these pockets. The m aximum curva 
ture, however, is limited by the maximum pore di
mensions. 

As the liquid becomes super saturated with 
air in comparison to atmospheric pressure, air 
diffuses out of the liquid at the exterior boundary of 
the sample and a concentration gradient occurs through 
the sample. As this occurs, the concentration de
creases which allows more air to dissolve . Eventual
ly t he concentration reaches some value at which all 
of the air dissolves and the sample is completely 
saturated even though all the air has not diffused out 
of the syst em. 

In the case of a flowing liquid phase the 
liquid leaving the medium has a g r eater dissolved 
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ai r cont ent than that entering a nd t he r efore carries 
the dissolved air out of the sample. 

In order t o express t his mat hematically it 
is assumed that the volume of ai r in the sample at 
any time is given by the amount which is originally 
trapped, less that which is in solution in the liquid, 
t hat which has dillused from the exterior boundary and 
t hat which has been carried out by a flowing liqUid. 

Expressed in equation form 

.'l! CfQdt '. o 

(J-3) 

where Va is the volume of air in the sample, Vao 

is the volume of air originally trapped, PI Is the 

mass density of the liquid, 

of the undissolved air, Ct 

Pa is the mass density 

is the dissolved air con -

centration in the volume element dV at a given 
time, VI is the volume of liquid at any time, A is 

the exterior area of the sample, CB is the dissolved 

air concentra tion at the boundary of the sample as a 
function or time, « is a constant of proportionality, 
C f is the dissolved air concentration in the liquid 

flowing out, and Q is volume rate of liquid flow. 
The unit of concentration used is parts per millio n by 
mass; therefor~ to change to a volume basis It is 
necessar y to multiply the concentration by the density 
r atio Pl/ Pa , The proportionality constant Q has t he 

dimensions of velOCit y • 

, 
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Capillary Pressure Head 



Concentration of Dissolved Air 

The greatest difficulty in using equation 
(3-3) is the evaluation of the concentrations Ct , CB, 

and C, . Belore evaluating these terms, it is de
sirabl~ to determine the relative magnitudes of the 
terms and then to neglect any that are small. 

. Co.nsidering the second term on the right 
Side of equatlon (3 - 3) and assuming that Ct is con-

stant throughout the medium , the volume of air, AVa' 

which can be dissolved in the liquid is 

(3 -4 ) 

It was mentioned previously that the bub
bling pressure is used as an index o f the excess 
pressure, and if this is done the value of C

t 
can be 

computed directly. The largest value of Pb/pg for 

any of the cores used in this study is 90 cm of oil. 
The .corresponding value of Ct is 18.0 parts per 

million or Ct • 18 x 10-6 . For this core and oil 
-' PI •. 753gm / cm) and Pa " 1. 01 x 10 gm / cm). 

Putting these values Into equation (3 -4) 

flV = • 
. 753 (18) (10)-6 VI 

(1. 0 1) 10-3 

· 0.0134 VI 

The maximum volume of air which can be 
dissolved in the liquid is t hus of t he order of t,. of 
the liquid volume. The second term in equation 
(3- 3) is, therefore, neglected. 

In order to determine the time distribution 
of concentration at the exterior boundary of the sam
ple, att empts were made to determine the rate at 
which a single bubble would dissolve into a limited 
volume of fluid . Various solutions were obtained 
but none which would satisfy all the boundary condi
tions . However, if the time for a bubble to dissolve 
is rapid compared to the time required for the air to 
diffuse from the sample, the concentration through
out the core will become nearly uniform before 
appreciable air diffuses from the exterior face . 

In order to justify the aSflumption that the 
time of dissolution is rapid, consider the core with 
the largest pore size which was used in this study. 
This core was made ot glass beads and h.ad a ''bypo
thetical pore radius" (this term is explained on 
pagel t) of 0.0061 c m . 

The maximum bubble size should be less 
than O. 01 cm. From Figure I b the time for a bubble 
of this size to diSflolve in an infinite fluid is less than 
five minutes . The time could be greater for an air 
pocket in a porous medium, but even a time of sev
eral hours would be small in comparison to the total 
time ot diffusion which in all instances was several 
h~ndred hours or greater. 

Diffusion of Dissolved Air 

T he experimental study of diffusion was 
made with two different boundary conditions : t) the 

7 

side of the core was sealed s uch that diffusion was 
from the end of the core (one-dimensional) and 2) the 
end of the core was sealed such that diffusion was 
radial (two-dimensional). 

tn the theoretical development for both 
these conditions the following ideas are postulated: 
Soon after air becomes trapped. the liquid in the sam
ple reaches some equilibrium concentration of dis
solved air, C • The dissolved air at the exterior 
boundary or tfl>e sample begins to diffuse out but only 
from some incremental thickness. When the air has 
diffused out. of t his thickness sufficiently to allow all 
the air to dissolve, the air in the next increment dis
solves , etc. Thus , the point at which air dissolves 
moves through the sample as a Sharply defined front. 
Towards the interior from the Cront the same amount 
of air is entrapped as initially while the concentration 
of dissolved air is Co' Towards the exterior from 

the Cront there is a concentration gradient with the 
concentration varying from C at the front to C o B 
at the exterior boundary. In this region all the air 
is dissolved. This assumes that the distribution of 
pore sizes in which air is entrapped is uniform . 

Longitudinal Diffusion. Consider in Fig
ure 3 the flow of air from the exterior face . This is 
proportional to the concentration C

B
' or 

CBPI 
F' a -- where F is the volume flux and a is 

p. 
a constant of proportionality • 

-C.P, 
F: t1~ 

f . 

.. 

-'~ ----l1 
Figure 3. Diagram for Longitudinal 

Diffusion 

It was s hown previuusly that the amount of 
air which is in solution is small; therefore, the 
change of amount of dissolved air to the left of the 
front is negligible with respect to the total amount in 
the core . The flow from the exterior face is there
fore approximately equal to the rate of diffusion 
through the region x and to the rate at which air goes 
into solution at the moving front. The rate at which 
the dissolved air diffuses is 

(3-5) 

where 0 is the coefficient of diffusion of air in the 
liquid and x is the distance shown in Figure 3. The 
rate at which air goes into solution is 

Vao dx 
--v- ilt (3-6) 

where V is the total volume of the core The term 
Vao/V may be written as ' • 



but 

and 

Vy 

V ' • 
where So is the original liquid saturation when air 

becomes trapped. V v is the volume of voids, and 

~ is the porosity. SubstituHnglnto equation (3-6) 

F " -(I - S0)'~ . (3-7) 

Combining equations (3-5) and (3-7) 

Rearranging terms and integrating 

or 

Since C
B 

is an unknown function of time, the inte

gration cannot be completed. The equation may be 
solved forthe integral. or 

(3-8) 

Considering the case of a non -flowing liquid. equa
tion (3 -3) may be written 8S 

V "" V - ~ JV
' CtdV - Aa!!/ CBdt . a ao P Pa a 0 0 

But since the second term on the right side was 
shown to be small, 

or 

(3 - 9) 

where Vr is the volume of air which has diffused 

from the core . Substituting equation (3-8) into (3-9) 

.,[ Pall -So)' xz] 
Vr " Aa- C t - -~T . 

Pa 0 PI 
(3-10) 
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The volume of air which has diffused from the core 
is proportional to x • or 

[=~ 
ao 

Substituting this expression for x into (3-10) and 
rearranging terms 

Dividing by the coefficient of the 
v, ' 
Vao 

term 

ZDVao Vc ZPl DCot (V, )' 
~ • Pa (l-S

o
);LI.- V;;; , ,( I-S )Aa L' o 

but 

so that 

• 0 . 

Sdring this quadratic equation for Vf/Vao 

l 
or 

ZCo PI 

( I -So)(') Pa 
(3 -II ) 

The positive sign is selected for the radical, since 
from physical considerations Vf IVao must be posi

tive. 

Radial Diffusion 

By reasoning analogous to that used for lin 
ear diffuSion, an equation for radial (two-dimenSional) 
diffusion may be obtained. This equation. is: 

~ + in: RR [1 -.:r-]'n [. 
Dt . ao a ao 
w: 4CoPI aR 

(3- I Z) 

(i -So)41 Pa ZD+ aR 

where R is the radius of the c ore . 

.A detailed derivation of this equation is give n by 
George L. Bloomsburg, in a Ph.,D. thesis, Colorado 
State University, 1964. 



EXPERIMENTAL PROCEDURE 

The porous materials used in the experi
mental work were consolidated cores of three types, 
i. e., sandstone, a ceramic material and glass beads . 
The cores were all approximately one inch in diame
ter and varied from three fourths to two and one half 
inches in length . Two different liquids, water and a 
hydrocarbon oil· were used for the wetting fluid in the 
ceramic and glass bead cores. Only SoUrol was used 
in the sandstone cores since most sandstones contain 
some clay which swells and changes the phySical 
properties of t he material being wet with water. 

The experimental work on each core con
sisted of determining the physical properties of the 
core and measuring the rate of diffusion of entrapped 
air under several different boundary conditions. The 
first condition used was that of imbibition from the 
lower end of the core with the upper end sealed such 
that a ll diffusion of air occurred radially from the 
core. The next condition was that of imbibition throug 
the lower end with the sides sealed such that diffusion 
occurred longitudinally from the upper e nd. The last 
condition was that of liqUid flowing from top to bottom 
through the core with the sides exposed such that there 
was radial diffusion of air a nd also air carried out by 
the flowing fluid. 

Determination of Physical P roperties of Cores 

The physical properties of the cores which 
were needed were the porosity, bubbling pressure and 
the pore size distribution index, the significance of 
which were explained in the section dealing with theory. 

The porosity is defined as the ratio of the 
volume of voids in a material to the total volume of 
the material. The volume of voids was determined 
by weighing the oven dried core, then vacuum satura
ting the core with a liquid of known denSity and weigh
ing the saturated core to determine the volume of 
liquid. 

The bubbling pressure and pore size dIs
tribution index were both determined in the same ex
periment. A schematic diagram of the apparatus 
used is shown 1n Figure 4 . 

The tensiometer rings consisted of a plas
tic ring with a groove on the inside connected to the 
manometer tube. The groove wall covered with a 
porouS plastic to act as a capillary barrier. The 
barrier was in contact with the outside of the core. 
The use of these capillary barriers and the barriers 
on the end of the core made it possible to have liquid 
pressures in the core less than atmosphe ric without 
air getting into the manometer, inflow and outflow 
tubes. The core with tensiometer rings and capillary 
barriers in place was initially vacuum saturated. It 
was then placed in a vertical position as shown and 
the inflow, outflow, and manometer tubes were con-

*soltrol liC II core test fluid. Phillips Petroleum Com
paoy, Special Products Div., Bartlesville, Oklahoma. 
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nected. The supply reservoir was at first higher 
than the sample to insure that the core did not become 
desaturated during the period in which the variou s 
tubes were being connected. 

T he first reading was taken with the capil
lary pressure Slightly greater than zero so that the 
liquid would not flow out of t he sample. When the 
level in the manometer tubes reached an equilibr ium 
with a hydraulic gradient of unity, the outflow was 
measured per unit time. Darcy ' s law written in the 
following form was used to compute the effective per
meability 

pg6H/6L (4 -1 ) 

where ke is the effective permeability , "'1 is the 

viscosity of the liquid and q is the volume nux per· 
unit area. 

The capillary prell sure was increased by 
increments with the sample remaining saturated and 
the permeability remaining constant until the capil
lary pressure reached the air entry pressure for the 
particular medium and liquid. The relative perme
ability, kr ' was equal to one through this range . 

After the sample began to desaturate, the effective 
permeability was again computed using equation (4 - 1) 
but since ke was less than k, kr was less than 

one. A typical curve of k versus Pc is IIhown in 

the section dealing with theory. F rom this curve the 
bubbling presllure, Pb , and the pore size distribu

tion index 11 were obtained. 
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Figure 4 . Schematic Diagram of Apparatus 
for Determining P

b 
and 11 



Diffusion of Air From the Cores 

To measure the rate of diffusion of all' 
from the cores, they were placed in a vertical posi
tion with the lower end in the liquid (water or Soltrol) . 
They were kept inside a closed plastic container so 
that there was little evaporation from the exposed 
su rface of the core. Uquid was always on the 
bottom of the container so that the air in the container 
was saturated with the liquid vapor. 

The corea were oven dried, weighed, and 
placed in the container. Shortly after the wetting 
front reached the top ot the cores , they were removed 
and weighed. It was observed that a fairly rapid in
crease of saturation occurred for a short time aiter 
this. Handy (14] also observed this and attributed it 
D entrapped air being compressed from excess pres
sure in the bubble. Part of this increase in satura
tion could also be due to air being dissolved in the 
liquid. The amount of entrapped air was therefore 
somewhat less than the volume of empty voids when 
the wetting front reached the top of the core. When 
the saturation data were plotted versus time, however, 
it was relatively easy to obtain a consistent value for 
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initial saturation by extending a s mooth curve back 
to the ordinate where the abscissa equals zero. 

When each core was removed to be weighed, 
it was placed in an air tia:ht glass bottle to eliminate 
evaporation during weighing. The lower e nd of the 
core, after being removed from the liquid, was 
"blotted" against a hard smooth surface to remove 
the excess liquid before being placed in the weighing 
bottle. 

A plastic adhesive tape was used to seal 
the end or sides of the cores . In some cases there 
was trouble with liquid collecting under the tape on 
the outside of the core . 

In the flowing liquid case the cores were 
placed in a plastic container with liquid dripping on 
the top and flowing out the bottom. This resulted in 
downward flow at a hydraulic gradient of apprOximate
ly one and a capillary pressure of zero. The flow 
rate was measured in some cases so that the total 
flow through the core could be obtained approximate
ly. The same method was used for weighing the 
cores as for the non-flawing case. 



PRESENTATION OF DATA AND RESULTS 

Physical Properties of Cores 

Table Z on the following page gives all 
physical properties which were determined for the 
sixteen cores used in the studl' AU data were ob
tained at a temperature of 26 ± Z,Oo C. 

In this table, the column labeled pore ra
dius lists a hypothetical r adius computed from the 
bubbling pressure by the equation for pressure dif
ference across a spherical interface. This is 

or 

AP " ZIT 
r 

However, the bubbUng pressure is usually determined 
as a height of fluid or 

and 

h • boP 
pg 

where h is the bubbling pressure head 1n cm of the 
liquid. A hypothetical radius has been shown by 
experience to be an index of an important property of 
porous media. 

The column labeled Co gives the concen

tration of dissolved air in parts per million by mass 
which would be in equilibrium with a spherical bubble 
of the same radius as the pore radius given in the 
previous column. 

Figure 5 on the following page gives a 
graphical solution for both Co and P as a function 

of bubble radius with water and Soltr ol being the 
liquids considered. The values of solubility of air in 
water which were used to develop the curve were 
supplied by Dr. Kemper of the Colorado State Univer
sity Agronomy Department. The values of solubility 
of air in Soltrol were determined experimentally as 
described in Appendix A. 

Figures 6 through 9 are the curves of rela
tive permeability versus capillary pressure head for 
all the cores. 
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Diffusion of Entrapped Air 

Curves of saturation versus time for all 
cores are s hown in Figures 10 through 17. In most 
cases there are three curves for each core, but in 
some cases fewer. Cores 360-2, 98-1 and 98-2 
were so slow in becoming saturated that it was not 
possible to use the condition of having the side sealed. 
The data obtained for this condition with cores Z and 3 
were erratic due to liqUid collecting under the tape 
used for sealing. The weight was corrected when the 
tape was removed, but it was not always possible to 
know at what time the correction should be applied. 

For most cores complete saturation was 
obtained fastest with flow and radial diffusIon while 
the slowest was with one-dimensional diffusion only. 
Exceptions to this occurred with core No. 2 where, 
in the flowing case the time to reach complete satura
tion was longer than with radial diffUSion only and 
with core No. 360-2 in which case, for linear diffu
sion this time was essentially the same as with 
radial diffusion only. One factor which might have 
affected the results for No. 2 was a stoppage of 
flow during one night. The discrepancy in the data 
from No. 360-Z could have been caused by a slightly 
greater initial saturation in the linear diffusion case 
than in the radial case. 

With cores S-Z and L- 2 (which consist of 
glass beads) complete saturation with water occurred 
most rapidly in the linear diffusion case, but this 
probably was due to a large difference in the initial 
saturation for the two cases. The data from these 
four cores which appeared to be erratic were not 
used in the analysiS in the following section. 

The saturation when air became trapped 
was quite consistent for each core regardless of the 
exterior boundary conditions except when using water. 
When water was used in the glass bead cores, there 
was a large difference in the initial saturation for 
different experimental runs (See Figures 17 and 18) . 

Only t wo of the cores (No. Z and No. 3) 
were allowed to reach complete saturation during 
linear diffusion. The reason for this was that liquid 
which collected under the sealing tape made it appear 
that complete saturation had been reached .. When the 
tape was removed, however, the cores were found 
to be only about 95 fa saturated. 



TABLE Z 

MATERIAL PROPERTIES 

Dry Saturated Void 
Length Diameter Weight Weight Volum e 

Core No. Material Flu id (em) (em) (Grams) (Gram s ) em' P orosity 

I Alundum SoItrol 5. 07 2.54 55. 9Z 63. , 9 9.80 · 38 1 , Sandstone Solt rol 5. 10 2. 53 55 . 95 58 . 88 3. 89 · 152 
3 Sandstone Soltrol 5. 17 2. 52 53. 22 57 .01 4 .90 · 190 
4 Sandstone Soltrol 5. 52 2. 54 62. 71 65 . 67 3. 93 · 14 I 
5 Sandstone Soltrol 5. 17 2. 48 47.88 52.46 6.09 · Z44 
6 Sandstone SoItrol 5. 11 2.55 53.00 57 . 11 5. 46 · Z09 
7 Sandstone SoItrol 4.54 2.54 52. 71 54. 8 1 2.79 · 121 , Sandstone SoUrol 4 . 75 2. 54 53.36 56 . 04 3.56 · 148 

360 -1 Alundum RA 360 Soltrol 6. 15 2. 7Z 78 . 76 89.92 14.8 1 . 415 
360-2 Alundum RA 36 0 Water 6. 29 2. 72 79 .02 93. 86 14.90 .408 

98-1 Alundum RA 98 SoItr ol 6. 26 2. 7Z 77.88 88 . 34 13.90 · 38l 
98-2 Alundum RA 98 Water 6. 3l 2. 7Z 80.29 94. 36 14. 15 . 385 
L- I Glass Beads Soltrol 4.29 2.65 37.05 42. 99 7.89 .336 
L-' Glass Beads Water 1. 79 2. 65 15. 63 18. 88 3. 26 • 310 
5-1 Glass Beads SoItr ol 4 . 31 2. 51 30. 37 36 . 56 8.21 .385 
5-' Glass Beads Water 4.35 2.50 29.74 37.87 8 . 15 . 382 

TABLE 2 

MATERIAL PROPERTIES (Continued) 

Ph / pg k '. t '. Poco 
Co • 

(em of • Radius (Radial) (Unear) (Flowing) , -, So Core No. nuid) (em x 10 ) (em) (ppm) (hr) (hr) (hr) 

I 49 17.9 1. 99 .00130 9. 5 .65 1052 110 , 80 5. 7 . 0136 .000727 17. I . 78 185 590 300 
3 78 11.4 . 0377 .000745 16.7 .75 "5 600 167 
4 44 3.9 . 0027 .00145 8.0 .48 1000 
5 53 8.4 . 167 .00120 10. 4 . 69 780 265 
6 44 t 3. 9 .429 .00 145 8.0 .66 785 165 
7 48 13. 5 • 155 .00133 9. 4 . 48 785 '87 
8 46 7. 5 .172 .00139 '.0 . 54 1600 4'0 

360 -I 90 15. 2 .631 .00069 18.0 . 75 330 190 
360 -2 180 15. 2 .631 . 0006 9 4. 5 . 73 1360 

98 - 1 46.0 15. 1 I. • . 00139 9.0 . 65 1260 '80 
98-2 91. 15.1 1.9 . 00 139 2. 25 .69 2780 

L -I 10.5 16.6 47.2 . 006 1 2. 00 . 87 7., 111 
L-' " 16.6 47. 2 .0061 0. 5 1 1200 
S-I Z4 16. I 14.8 .00266 4. 7 . 89 m 89 
S-' 48 16. 1 14 . 8 .0026 6 1. 18 107 5 

" 
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ANALYSIS OF RESULTS 

Amount of Entrapped Air 

It was stated in the previous section that 
the amount of entrapped air was inconsistent when 
water was the imbibing liquid in the glass bead cores. 
It is felt that this was due to water not completely 
wetting the surface of the glass beads so that not all 
ot the air in the core (when the wetting tront reached 
the top) was necessarily trapped. It is known that 
very slight contam ination of the surface of glass will 
greatly aiter its wettability to water. The cor es had 
been washed in acetone to r emove contaminants but 
this apparently had little effect. 

This problem was not encountered to as 
great an extent with water in the ceramic cores since 
all contaminants were burned out by heating the 
cores to approximately 1700° F. When these cores 
were allowed to stand in water tor some time there 
was (apparentl)j microbiological gr owth because after 
being dried, water would not enter them immediate ly 
unless they were reheated. The wettability of 011 is 
apparently not affected to a s great an extent by 
commonly occurring contaminants. 

Considering the cores in which the amount 
of entrapped air was consistent , (see Table Z), the 
.glas8 bead cores with Soltrol had the l east entrapped 
air while the sandstone cores had the most. Among 
the cores of similar materials, there appears to be 
less air entrapped in the cores with higher bubbling 
pressure and higher 'l values; however, there are 
exceptions to this . 

It appears that the most significant variable 
affecting the amount of entrapped air may be particle 
shape or smoothness because the glass beads (smooth 
round particles) had the least entrapped air. When 
water is the imbibing fluid, wettability may be equal
ly important. 

TheOretical Analysis 

Linear DiffUSion. Equation (3-11 )' was 
given as the theoretical equation for the linear diffu· 
sion case, i. e. , 

ot 
V 

D 
aL . (3·11) 

If Vf/Vao is plotted versus (~)1 /2 the curve 

approaches a straight line o( slope 

.y(i~iofJp 
o a 

when the time variable becomes large relative to 

(0 /12 L)2. This straight line intersects the time axis 
a t VflVao • -0/12 L. Actually because of two 

factors 

,. 

is only an index of the s lope. The two factors a r e: 
1) the concentration Co itsel! Is only an index ob· 

tained from the bubbling pressure of the medium, and 
Z) the value of 0 used here is affected by the tortuo· 
sity of the liquid paths and the porosity of the porous 
medium . 

Figures 18 and 19 show the r elationship of 
, (ot)' " V t Vao versus V for all the cores used in Ihe 

study . Only a small number of data are shown for 
each core . In most cases the data approach a straight 
line which intersects the time axis at a negative value 
of VfNao ' 

The ~xceptions to this are cores No. Z, 3, 
and 360-1 which have the highest bubbling pressure. 
The data from these three all show a tendency t o form 
curves which are concave downward. This is not 
predicted by the theoretical equation. For this rea· 
son, lines were not drawn through the points and the 
slope was not determined. The data for cores No. Z 
and 3 appear to be somewhat erratic in that there are 
straight line portions and abrupt c urve s . It is thought 
this is partially due to experimental error. As pre
viously mentioned. liquid collected under the tape 
which was used for sealing and the weight was cor
rected after the tape was removed. The correction 
was applied proportionately along the curve but per 
haps, in some cases, this was incorrect. 

The number which appears with each core 
identification number is the value o f 

which is a parameter (appeartng in equation ( 3- 11) 
multiplied by the porosity . There is a tendency for 
the curves with larger values of this parameter to be 
steeper. An exception to this is core No. 4 which 
has a smaller value than any of the sandstone cores 
but a s t eeper slope than No.5, 6, 7, or 8. This 
core has a low value of I') (see Table Z) which would 
indicate a wide range of pore sizes. In this case the 
assumption of a uniform pore size for entrapped air 
may not be valid. 

Radial Diffusion. The equation developed 
for the radial case is 

(3·1 Z) 

This is difficult to work with unless an approximation 
is made for the numerator. Figure ZO shows a plot 
of the numerator versus values of Vf/V for two 

R ao 
values of the parameter Z~ R . It should be noted 

that the value of this parameter is between 0 and t 
depending on t he relative magnitude of G and O . 
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On the same figure are shown curves with 

'I~)·(~ I" ao Va~ J 

fo r two values of ~ . These two fun ctions are not 
identical but arc somewhat simila r. If the numera
tor of e~ation (3-ll) is replaced by 

[v::) t E where ( varies from I to approximately 

t /3, the e quation is 

or 

(6 -1 ) 

A plot of Vf / V ao versus Dt/Rz on logarithmic 

pape r is a straight line of slope ( with the value of 
the term in bra ckets given by the value of Vf/Vao 
at Dt / a i - t, 

Figure 21 shows a plot of Vr fVao versus 

Dt /R2 for the sandstone cores used in the study. In 
mos t cases the data are close to a st raight line but 



curve away a s t he value of Vr / Vao" 1 is approached. 

The slope of the line in most cases is approximately 
1 f Z. which is between the theoretical Umits of 1 /3 
andlforE. 

Figure ZZ shows the same data for the 
ceramic and glass bead cores . For several cores 
the data follow a straiiht line better than in the pre
vious figure but sUll curve as Vr/V ao ~ I Is 

approached. ·T his is probably due to the substitution 

of 1~) 1 /1i for ~ + io.~R(l-~)ln (l_vVr) 
ao ao ao ao 

in e quation (3-1 Z) to obtain e quation (6 -1) . 

Analysis of Flowing Liquid Case 

The com puted average conce ntration of dis 
solved air in the oil which flowed through the various 
cores is shown in Figure 23. The amount of oil was 
either measured or computed by assuming a hydraulic 
gradient of one and estimating the value of relative 
permeability kr . The amount oC air which had been 

removed by the oil was estimated from the difference 
in saturation at a particular time between the radial 
csse and the flowing case . The values of concentr a
tion are not considered to be very accurate; however, 
t he concentration is consistently less than was listed 
1n T able Z. In most cases the concentration appears 
to dec rease with time which would be expected. The 
concentrations in the ceramic and glass bead cores 
appear to be less than in the sandstone cores regard
less of bubbling press ure. 

:1. .2 
v •• 

An improvement in this part of the study 
possibly could be made by having t he sides of the 
cores sealed. By this method nearly all the air 
which left the system would be carried out by the 
moving fluid. 

Considering the slight differences in con 
centration for the different cores , it appears that in 
the flowing liquid case , the most important variable 
affecting the time for complete saturation to be 
reached is the permeability of the sample. The per
meability controls the flow rate of liquid and varies 
by a factor oC Z x 104 in the cores used in this study. 
The concentration given in Table 2 varies by a factor 
of less than 10 in the cores in which Soltrol was used. 

§.ummary 

In general. the experimental results sub
s tantiate the theory which was developed, It was not 
possible to obtain a completely analyt ical solution 
because the exact values of several parameters 
were not determined, These were: 1) the act ual 
concentration of dissolved air. C • Z) the value of 
the proportionality constant a , Rnd 3) the value of 
tortuosity and its effe ct on the coefficient of diffu s ion, 
D. 

The bubbling pressure was used as an 
index of Co but perhaps some value of capillary 

p ressure Cro m the imbibition curve would be a better 
index. This would give a lower value of Co for each 

core which is also indicated by the results f rom the 
flowing liquid experiments . 
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CONCWSlONS AND RECOMMENDATIONS 

The study presented in this paper should 
be regarded as a pilot study on the subject ot diftusion 
ot entrapped air trom porous media. There are 
many aspects ot the problem that need to be studied 
in more detail and under more rigorously controlled 
conditions. 

Among the aspects that need to be studied 
more intensively are the ettect of grain shape and 
smoothness on the amount of entrapped air and also 
the e rtect of wettability. Such studies will require 
experiments in which these variables are controlled 
and characterized more fully than was the case for 
this study. 

An effort should be made to determine by · 
direct measurement the distribution of undissolved 
air in porous media as a function of time. This is 
necessary to establish definitely the validity of the 
assumption made here that the locus of points at 
which air dissolves moves through media as a dis 
tinct front. 

Direct measurements of diffusivity D, 
concentration, Co' and the constant of proportional

ity a would make possible completely analytical 
solutions for both linear and radial diffusion. It 
would then be possible to compare solutions directly 
with experimental results. Perhaps use of a pure 

Z4 

gas rat her than a mixture of gases (air) would 
expedite the necessary measurements. 

Despite the shortcomings of the study pre
sented, the authors feel that the results justify the 
following interesting conclusions: 

1. Porous media imbibing liquid at atmospheric 
pressure eventually become completely sat
urated even though there is no liquid flowing 
through the porous material. 

Z. Entrapped air moves out more rapidly from 
fine grained material than from coarse grained 
material, provided that dissolved air is not 
removed by nowing liquid. 

3. When water is the liquid being imbibed in a 
porous medium, an important factor deter
mining the amount or air initially entrapped 
is the surface condition of the solid particles . 
This causes the wettability to be variable and 
also the amount of entrapped air to be incon 
sistent. 

4. Media which have more uniform pores, 
higher bubbling pressures, and consist 
of smoother particles tend to have less 
air entrappe d. 

, 
e 



BIBUOCRAPKY 

1. Adams, N. K., The physics and chemistry of 
surfaces, 3rd ed., Oxford University Press, 
194 1, 4 36 p. 

Z. Birkhoff, G., R. S. Margulies and W. A. 
Horning, Spherical bubble growth, Physics 
or Fluids, 1(3):201-204, May -June 1958. 

3. Brandstaetter, F ., Remarks on H. Mache ' s 
method for the determination of the diffu
sion coefncient of air in water, Physics 
Abstracts, 56:609, July 1953. 

4. Bro:)ks, R. H. , and A. T. Corey, Hydraulic 
properties of porous media, Hydrology 
Papers No.3, Colorado State Univ . , 
March 1964 . 

5. Camp, F. W., and E. F. J ohnson, Determina 
tion of diffusivity and solubility in twC! 
phase systems, Chern . Engr. Progress, 
58(12):47, 1962. 

6. Christiansen, J. E., Effect of entrapped air 
upon the permeability of soils, Soil Science, 
58(5):355-365, Nov. 1944. 

7. Crank, J . • The mathematics of diffusion, 
Oxford Clarendon Press, 1956. 347 p. 

8. Davies, J . T., and E. K. Rideal, Interfac ial 
phenomena, New York and London, Aca
demic Press, 196 1. 474 p. 

9. Dergarabedian, P., The rate of growth of ·/ap'l>' 
bubbles in superheated water, Jour. of 
Appl. Mech., 20(4):537-545, 1953. 

10. Epstein, P. S. , and M. S. Plesset, On the sta
bility of gas bubbles in liquid-gas solutions , 
Jour. of Chemical Physics, 18(11):1505-
1509, Nov. 1950. 

11. Fox, F. E. and K. F. Herzfeld, Gas bubbles 
with or ganic skin as cavitation nuclei, 
Acoustical Society of Amcrica, Journal , 
26(6) :984-989, Nov. 1954 . 

1 2. Gardescu~ I. 1., Behavior of gas bubbles in 
capillary spaces, Amer. Jnst. of Mining 
Engr. , Transactions, 86: 35 1- 370, 1930. 

13. Gupta, R . P., and D. Swartzendruber, Entrappe:;i 
air content and hydraulic condu ctivity of 
quartz sand during prolonged liquid flow, 
Soil Science Soc. of Amer. Proc., 
28( 1):9-12, Jan. -Feb. 1964 . 

14. Handy, L. L., Determination of effective 
capillary pressureS for porous media from 
imbibition data, Petroleum Transactions, 
219:75-80, 1960. 

15. l..evenspiel, 0 . , Collapse of steam bubbles in 
water, Industrial and Engineering Chem 
istry, 5 1:787-7 90, 1959. 

16. liebermann, Leonard, Air bubbles in water, 
Jour. of Applied Physics , 28(2):205-211, 
Feb. 1957. 

25 

17. Ma, J. T. S., and P . K. C. Wang, Effect of 
initial air content on the dynamics of 
bubbles in liquids, IBM Jour. of Re
search and Development, 6(4):47Z-474 , 
Oct. 1962. 

18. Manley, D. M. J. P., Change of size of air 
bubbles in water containing a small dis 
sol ved air content, British Jour. of 
Applied Physics, 7:38-42, Jan. 1960. 

19. Marchessault, R . N. , and S. G. Mason, Flow 
of entrapped bubbles through a capillary, 
Industrial a nd Engr. Chemistry, 52:79-84 , 
Jan. 1960. 

20. Miller, E. E., and R. D. Miller, Physical 
theory for capillary flow phenomena, 
Jour. of Applied Physics , 27(4):324 - 332, 
April 1956 . 

21. OrIob, G. T., and G. N. Radhakrishna, The 
effects of entrapped gases on the hydraulic 
characteristics of porous media, American 
Geophysical Union, Transactions, 
39(4)648-659, Aug . 1958 . 

22. Peck, A. J., Change of moisture tcnsion with 
temperature and air pressure: theoretical, 
Soil Science, 89:303-310, 1960. 

l3. Powers, W. L., Soil water movement as affected 
by confined air, Jour. of Agricultural Re 
search, 4 9(12):1125- 11 33, 1934. 

24. Rawlings, S. 1..., and W. H. Gardner, a test of 
the validity of the diffusion equation for un
saturated flow of soil water, Soil Science 
Soc. of Amer. Proc., 27(5):507-512, 
Sept -Oct. 1963. 

25 . Rouse, H. , Elementary mechanics of fluids, 
New York, John Wiley and Sons Inc., 1946. 
376 p. 

l6. Suquet , P. Diffusion des gaz au voisinage d'une 
bulle de cavit ation, Le Journal de Physique 
et Ie Radium, 18:676-680, De c. 1957 . 

27 . Vyrodov, I. P. , Diffusion problem with a moving 
boundary , Soviet Physics-Doklady, 7(11}: 
972-973, May 1963. 

28. Wilson, 1... G., and J . N. Luthin, E ffect of air 
flow ahead of the wettinjI front on infi ltra
tion' Soil Science, 96(2): 136- 14 3, 1963. 

29. Wyckoff. R. D. , and H. G. Batset, The flow of 
gaS-liquid mixtures through unconsolidated 
sands, PhysicS, 7:325-345, Sept. 1936 . 

30. Zimmerman, B. G., Determining e ntrapped air 
in capillar;Y soils, Engineering News Rec
ord, 11 7(6):186 -1 87, Aug. 6 , 1936. 

, 
31. Zwick, S. A., Growth of vapor bubbles in a 

rapidly heated liquid, PhySiCS of Fluids, 
3(5):685-692, Sept. -Oct. 1960. 



APPENDIX A 

Determination of Diffusivity and Solubility of Air in Soltro! 

No data were available on the dUfusiv 
ity and solubility of air in soltrol; thus, it was neces
sary to obtain these data experimentally. The sche
matic diagram below shows the equipment used for 
this experiment. 

UOUID 

Volv. A 

I 

AIR 

GRAOUA'ITO 
TUBE 

T A. 

VALVE B 

fJe MERCURY 
SUPPLY 

Figure Z4. Schematic Diagram of Apparatus to 
Determine Solubility and Difiusivity 
of Air in SoItrol 

The method of operation was as follows. 
The container was HUed with liquid (water or Soltrol) 
which had been in contact with air at atmospheric 
pressure for some time. It was assumed that the 
concentration of dissolved air was uniform. The mer
cury in the vertical tubes was initially near the bottom 
or the tubes . Valve A was then closed and valve B 
ope ned slightly. As mercury flowed into the tubes, 
the air in the container was compressed and a pres
sure differe ntial loP was developed. By noting the 
pressure differential, the immediate volume change 
and the atmospheric pressure, the initial quantity of 
air could be computed. 

At any time later the total amount of undis
solved air was computed from the volume change and 
total pressure. The amount which had gone into 
solution was obtained by subtraction. 

In order to obtain the solubility of air in 
the oil, it was necessary to leave the apparatus at a 
given pressure differential until equilibrium was 
reached and no more air went into solution. Several 
values of solubility were obtained at different pres
sures and these were plotted in Figure 5. These 
measurements could be repeated to within 2 % • 

The coefficient of dUfusion was more diffi
cult to obtain. The theoretical relationship for one 
dimensional diffusion of a solute into a solvent is 
given in Figure 25. For this relationship the concen 
tration in the solvent was initially uniform and less 
than C c This was without flow of any type in the 

solvent. 

With the eqUipment used it was impossible 
to eliminate all convective mbdng even when the con 
tainer of the liquid was protected from direct r adia
tion. 

The effect of conve ctive mixing IS s hown 
for water in Figure Z5 with the air going into solution 
much faster than the theory would indicate. This was 
not nearly so pronounced with the SoItrol, perhaps 
because the container was better protected from 

direct radiation. The value of .g for the points -, 
shown was calculated with an assumed D of 15 x 10 
cml!sec . The poInts are from several different ex
periments using different sized containe rs for the oil. -, 

The value for D oft 5x 10 c mZ !secis 
probably a little small, but the correct value is ce r 

tainly not larger than about 18 x 10-5 • If this value 
is used, some of the experimental points a re to the 
right of the the oretical line. It is concluded, t here
fore, that the correct value of D is between 

15 x 10- 5 and 18 x 10-5 cml!sec, and a value of 

16 x 10-5 cmz/sec was used in all calculations in this 
study . 

I, 
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the liqUid Il11bibed. Theoret1eal equat10lU1 tor linear and 
radial. (tvo dilllelllJlona1) dlff'wliOll vere developed. The.e 
are baaed OIl the uaumpticna that: (1) the eoneentration of 
diuolved &11' beeOCll&a Dearly unitorm after air i. entrappe4 
and (2) the point In the medium at whleh alr d1uolvea 
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the liqUid Imblbed. Tbeoretieal. equatiOlUl for linear and 
radial (tvo d1me1llJ1<Xl&l.) dift"u8iOll vere developed. Theae 
are ba.aed on the usumptlons that: (1) the eoneentrat1on o! 
diuolved &1l" becomea nearly unitorm atter air i. entrapped. 
and (2) the point in tbe lIIed1um at Whieb air di .. olve. 
lIXWea frcm the exterior tavard the interior u a troo.t. 
'!'be re.ults ahow that a poroua medi\UII Will event\al.ly be_ 
eome ec.pletely saturated by I111biblticn even though no 
liquid 1. nOVine: through and tbe liquid imblbed 1& aat_ 
urated With d.1.aolved air at at-=-pheric pre .. ure. The 
d1tt'uaiOll proceu b7 vb.1eb the entrapped air lIIOVe. out i a 
ID(Iat rapid for tine gra..1tled _terial. 'l'h1a ia beeause the 
air 1a entrapped 1n poekets wtUc:b IIIl1nta1n a higher COIl
eentratiOll of d1uolved air 1n the liquid due to t he 
gree.ter pre.aure d1tterenee acl'Qll' the air-liquid inter
taee Uloelated Vith lIaller r.41l or eurvature • 
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the liqu1d illibibed. Theoretieal equat100a for linear and 
radlal (tvo dilD!llllJ lonal ) ditt'ualon vere developed. Theae 
are be.aed OIl the usumptionll th&t: (1) the eoneentratioo. o! 
diaao1ved a1.r beCOCll&II nearly unitorm a:rter air i s entrappe4 
and (2) the point in the medium at Whieh air di .. olve& 
lIICIVea tnllll the exterior t oward the interior u a front. 
The reaulta ahow that a porous medi\UII Vill eventually be
c: ome eOlQpletely saturated by Imbibition even t hough no 
liquid 18 nOViIlfl: through and the liquid il!lbibed is aat_ 
urated With di.aabed air at atfllOllpherle preuu:re. The 
d1tf'wlion JIl'oeeaa by vb.1ch the entrapped air lIIOVe. out ia 
IDOIIt rapid tor tine gralned. _terlal. Tb.1& la bee&uae the 
air is entrapped in poeket. wbieh na1ntain a higher con
c:entratlon o! diuo1ved air in the liquid due to t he 
greater pre.aure difference aerc»a the air-liquid Inter
fac:e ulOCia'te4 Vith I -u.er r&dil o! curvature. 

the 11quid 111\h1bed. Theoretieal equatlons tor liraear and 
radial (tva d1melllJioaal.) dift'ualOD. vere deve10~. Theae 
are baaed on the ullumptlon. t hat: (1) the eoncentration o! 
diaso1ved &1l" beeoaee nearly unifona &!tel' air 1a entrapped 
and (2) the point in tile med1U111 at Which air di. lolv .. 
lDOIfea trait the exterior t OllU'd tb.e interlor u a tront. 
The reaulta shOW' that a poroua ID!ldiUII Will eventually be
eome ecmplet.,ly aaturated by illiJibitlon even though no 
liquid ia naVine: throU6h and tile liquid imbibed 18 lIat_ 
IU'lLted with 41alo1ved alr at ataoapherle pre.IU1'e. The 
d1tfua101l proee •• by ¥blc:b t he entrapped &1r IIIOVI!& out 111 
ID(Iat rapid tor tine gralned tlll.ter1a1. Thi. 1. beeauae tbe 
air ia entrapped in poeket. wtUeb tIII.1ntain a higber e oo
eentratlOD. o! di.aolved air in the liquid due to t he 
greater pre •• ure ditterenc:e &creaa tbll alr-liquid inter
tace u.oelated Vith ItIII.ll.er radiI of eurvature. 
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