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ABSTRACT 

Artificial sandstone cores were constructed in which the porosity, 

cement content, and grain size were controlled. Except for the two ends, 

the cores were sealed in lucite. 

The relation between the permeability n (millidarcys) and the 

fractional porosity of artificial cores, in which only the poros-

ity varied, was found to be of the form k= a e'° (where C( and 

e are factors dependent on the grain size and cement content). The 

relation between the permeability n (millidarcys) and the mean grain 

size 9 (cm) of cores in which only the grain size varied was found to 

be of the form /' = 75' (where and 7' are factors dependent on 
the porosity and cement content). 

A diffusion system, consisting of two ionization chambers connected 

by a section of tygon tubing containing an artificial core, was developed 

to measure the apparent diffusion coefficient of radon in an argon-

saturated core. Emperical methods were developed to correct the observed 

diffusion coefficients for the effect of the length of the tubing con-

necting the two chambers and for the effect of non equilibrium between rador 

and the decay products in the chambers. 

The apparent diffusion coefficients of cores, in which the porosity 

and grain size were constant, were found to increase with decreasing 

cement content. For cores in which only the porosity varied, the apparent 

diffusion coefficients increased with increasing porosity. No clear rela-

tionship could be established between the apparent diffusion coefficient 

and the mean grain size of cores in which only the grain size varied al-

though the general trend indicated that the apparent diffusion coefficient 

increased with increasing grain size. 
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INTRODUCTION 

Diffusion in porous media 

The migration of a substance under the action of a difference 

in chemical potential (in response to a concentration gradient or partial 

pressure gradient) is called diffusion. When a steady state condition 

exists, the quantity of diffusing material crossing a unit area per 

unit time is proportional to the gradient of concentration. The pro-

portionality factor is called the diffusion coefficient and is normally 

2
expressed in cm /sec. Thus, the diffusion coefficient is analogous 

to the specific electrical conductance. Diffusion of a solute in water 

or of a gas in air is called free diffusion, and the diffusion coef-

ficient obtained under these conditions is normally referred to as the 

true diffusion coefficient. 

When diffusion takes place in the water or air contained in the 

pore space of a porous medium, the rate of transfer of material is 

reduced by the tortuous diffusion path through the pores. In this case 

the observed diffusion coefficient is referred to as the apparent diffusion 

coefficient. 

The diffusion of a gas through a porous medium is influenced by 

the presence of moisture, by the molecular weight of the diffusing 

substance, and, in extreme cases, by the size of the pore spaces through 

which the gas diffuses, Regardless of the medium through which a gas 

diffuses, the observed diffusion coefficient is dependent on the tem-

perature and pressure conditions existing when diffusion occurs (Schwertz 

and Brow, 1951). 
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Because of its relatively long half-life (3.825 days), the radio-

cRa222_active gas radon ), generated by a source of parent material 

(Ra226) in the ground, can migrate through several meters of porous 

rock and soil under favorable conditions. The quantity of radon 

diffusing through a layer of rock or soil is dependent on the 

moisture content and physical properties of the layer through which 

diffusion occurs and on existing meteorological conditions. 

The ability of radon to migrate allows it to be used in trac-

ing geologic features and detecting radioactive ore deposits by 

soil gas sampling methods. The results of these soil gas surveys 

can be more easily interpreted when the influence of rock and soil 

structure on the migration of radon by diffusion is known. 
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Purpose and scope of present investigation 

Although it is known that radon migrates through porous rock, 

little is known of the relative importance of diffusion phenomenon in 

the process. It is the purpose of the present study to attempt to 

establish some of the properties of the diffusion process by experimental 

techniques so that its importance can be better understood and evaluated 

quantitatively. 

Laboratory and field determinations of the diffusion coefficient 

of various gases in soils and other porous materials have been carried 

out not only to aid in understanding the factors influencing gaseous 

diffusion in porous media, but to investigate the possibility of measuring 

radioactive gas in soil air for the purpose of locating deposits of 

radioactive materials. Because of the difficulty in isolating the 

effect of individual factors such as porosity, cement content, and grain 

size, the influence of each of these factors on the diffusion of radio-

active gases through consolidated rocks has been only partially investi-

gated. 

The investigation reported here constitutes an attempt to determine 

experimentally the effect of porosity, cement content, and grain size 

on the diffusion of radon through consolidated argon-filled porous media. 

In order to evaluate the effect of these factors individually, artificial 

sandstone cores were constructed in which the porosity, cement content, 

and grain size were controlled. The permeability and porosity of these 

cores were determined, and measurements of the apparent diffusion coef-

ficient of radon in about 20 of the cores were carried out. The results 

were then related, as far as possible, by plots of the data obtained. 
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The purpose of this investigation was not to obtain absolute 

measurements of either diffusion coefficients or permeability, but 

to show the variation of apparent diffusion coefficient and per-

meability with core characteristics. 
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Previous investigations 

Since the early investigations concerned with determining the 

quantity of radon in soil air (Bumstead and Wheeler, 1904; Satterly, 

1912), a number of researchers have attempted to relate diffusion of 

the radioactive gases, radon and thoron, through porous media to such 

factors as porosity, moisture content, and particle size. 

The laboratory apparatus commonly employed to determine the 

coefficient of diffusion of radioactive gases through soils or rocks 

consists of a closed system containing a gas source and an ionization 

chamber (with attached electrometer)separated by a layer of soil or 

rock. The measured change in concentration on one or both sides of the 

layer of material can be related to the diffusion coefficient by obtain-

ing, with the appropriate boundary conditions, a solution of the 

diffusion equation. The diffusion equation, which is designated Fick's 

Second Law of Diffusion, for a substance decaying by radioactive emission 

is 

DPI( - A Cat 
where C is the concentration of the diffusion material in curies/liter 

is the decay constant in sec, 

~ - a + 

„D is the diffusion coefficient (independent of concentration) in 

cm2/sec and v1C/fit` is the rate of change of concentration 

(curies/liter/sec). 

Using the apparatus and method described above, Grammakov (1936) 

determined the effect of moisture content on the diffusion of Thoron 
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(Ra220, half-life 52 sec) in the air (with moisture present) of layers 

of quartz sand and loam. The porosity of both types of sand was about 

40 percent when dry. The reduction in diffusion coefficient with increas-

ing moisture content of the sand is illustrated in figure 1 for both types 

of sand. The effect of the two types of sand in reducing the diffusion 

coefficient was essentially the same for a particular moisture content. 

The diffusion coefficient was determined by relating the flux of 

radioactive gas into the ionization chamber to the flux of radioactive 

gas from the source material as follows: 

ge ash ir Vpa. (1) 

Q
where 

c flux from the source layer (curies/cm2 sec). 

Qe=flux into the ionization chamber (curies/cm2 sec). 
h thickness of the sand layer (cm). 

c decay constant of thoron = 1.33 X 10-2 sec-1. 

D , apparent diffusion coefficient in the sand layer (cm2/sec).a. 

Using essentially the same apparatus and technique, Gracheva (1938) 

measured the diffusion coefficient of thoron diffusing through layers 

of quartz sand. The individual layers were composed of quartz grains 

representing a narrow range of grain diameters (0.2 mm to 5.0 mm), and 

the porosity of each layer was between 42 percent and 45 percent. 

Gracheva concluded that the diffusion coefficient was independent of the 

grain diameter in the range 0.2 mm to 5.0 mm. Figure 2 shows a plot of 

percentage ratio of the emanation flux through a layer of thickness 

h to the flux through a layer one cm thick (for four grain sizes) 
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for layers of various thicknesses. Figure 2 also shows the theoretical 

curve for this percentage ratio, as obtained by Gracheva, assuming a 

steady state and taking as 0.045 cm2/sec; the curve was plotted
C)-

from the equation 

12 _ cs~ 4 
(2) 

4 
where 

Ie = flux (curies/cm2) at a distance h (cm) from the source. 

I =flux through a layer one cm thick (curies/cm2). 

= decay constant of the emanation = 1.33 x 10'2/sec'1. 

and 

Dr= the apparent diffusion coefficient in the layer (cm2/sec). 

In order to determine the effect of porosity on the diffusion of 

radioactive gas, Gracheva measured the diffusion of thoron through 

plates of unglazed porcelain having porosities of 12.5 percent, 7.4 per-

cent, and 6.2 percent; the apparent diffusion coefficients obtained were 

0.005 cm2/sec, 0.0027 cm2/sec, and 0.002 cm2/sec, respectively. On the 

basis of these measurements and of earlier investigations concerning the 

diffusion of CO2 through soils (Buckingham, 1904), the diffusion coef-

ficient was found to be proportional to the square of the porosity. 

In contrast to the results of Gracheva, experiments by Penman (1940) 

using CS2 diffusing through artifically packed columns of soil indicate 

that the diffusion coefficient is proportional to the porosity. In 

addition, measurements of the diffusion coefficient of radon in columns 
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of moist sands (Budde, 1958) indicate that the diffusion coefficient decreases 

as the predominate grain size decreases. According to Budde the diffusion 

coefficient was less than 10"5 cm2/sec for a grain size of 0.02 mm and 

12 X 10"3 cm2/sec for a grain size of about 0.3 mm. The diffusion coefficient 

found by Budde for the different soils in a dry state was approximately that 

of radon in air, namely about 10-1 cm2/sec. 

Garrels and others (1945) measured the diffusion of potassium perman-

ganate and KCl solutions through limestone cores 1 to 2 mm thick and 2 cm 

in diameter, which were saturated with water. They found that the amount 

of material moving through the rock was independent of the pore size except 

for pores approaching the diameter of ions. They concluded from these 

measurements that the rate of penetration of the ionic materials through 

intergranular openings in water-saturated rocks is independent of the 

porosity or permeability of the rock but dependent on a parameter designated 

by them as the "effective directional porosity". The effective directional 

porosity was defined by them as the product of the ratio of the effective 

area of a core to the effective length and the ratio of the true length 

to the true area, or 

where the primes denote the effective values. In general, the effective 

area and length of a core differed from the true area and length. The 

value of A L.' is obtained from the equation for steady state diffusion 

assuming the diffusion coefficient to be that of the material diffusing in 

water. This equation is given by 

' .Do t Q Ct 
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where 

\/ is the volume of the compartment containing solution on either 

side of the core (cm3), 

t is the time of diffusion (sec), 

Q Co is the difference in concentration(equivalents/liter) of the 

diffusing substance between the compartments at the beginning 

of the run, 

is the difference in concentration (equivalents/liter) betweenLC 
the two compartments at time t, and 

~o is the true diffusion coefficient (cm2/sec) of the material 

diffusing in water. 

The ratio of the measured porosity to the effective directional 

porosity is designated by Garrels and others (1945) as the "lithologic 

factor" and is convenient in describing the influence of rock structure 

on the transport of materials through the rock by diffusion. For uncon-

solidated sands, the lithologic factor varies between 1.4 and 2.0. 

For consolidated sandstones, the lithologic factor is increased by the 

presence of cementing material and may vary from 2 to 5 or higher. 

Klinkenberg (1951) confirmed the work of Garrels and others (1945) 

and showed that the effective directional porosity and the lithologic 

factor of rocks is the same for either electrical conduction or diffusion 

and can be easily obtained by measuring the electrical conductivity 

of a rock saturated with a solution of known conductivity. 

Baranov and Novitskaya (1949) obtained a value of 0.72 X 10-5 cm2/sec 

for the diffusion coefficient of radon in organic muds and 1.6 X 105 cm2/sec 

in mineral muds at the same temperature (460 C). Since the moisture 
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content of the two muds was essentially the same, the smaller diffusion 

coefficient in the organic mud could result either from adsorption of 

the radon on the organic matter or from a reduction of continuous pore 

space available to the diffusing radioactive gas. 

Reports of investigations concerning the diffusion of radioactive 

gas in rocks and the influence of rock characteristics on the quantity 

of radioactive gas transferred by diffusion could not be found in the 

literature. A brief list of the diffusion coefficients of radioactive 

gases obtained under various conditions is presented in table 1. 
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Table 1 

Diffusion coefficients of radioactive gases 

in various media 

Measured 
Radioactive diffusion coef-

Source gas Medium of diffusion ficient cm2(sec 

Baranov and Novitskaya radon quartz sand, dry 6.75 X 10'2 
1949 

thoron quartz sand, dry 6.75 X 10"2 

thoron quartz sand, 
10.47 moisture 

-
3.75 X l0 2 

thoron quartz sand, 
15.27 moisture 1.00 X 102 

thoron powdered clay, air 
dry 5.00 X 10" 2 

radon water, 18° C 1.15 X 10"5 * 

radon air 0.1 * 

Aliverti and Lovera radon air 0.1 * 
1949 

soil 0.013 

Hirst and Harrison radon argon at 760mm 0.092 * 
1938 and 1939 and 15° C 

air at 760mm 0.120 * 
and 15° C 

Israel and Becker radon soil air 0.05 
1935 

Mortari, 1933 radon air 0.11 * 

Eckmann, 1913 radon air 0.07 * 

Chaumont, 1910 radon air 0.1014 * 

radon air 0.1017 * 

* True diffusion coefficients. 



14 

Table 1 (continued) 

Diffusion coefficients of radioactive gases 

in various media 

Measured 
Radioactive diffusion ~oef" 

Source gas Medium of diffusion ficient cm /sec 

Leslie, 1912 thoron air 0.085 * 

actinon air 0,098 * 

Bagnall, 1957 radon water 7,6 X 10'5 * 

* True diffusion coefficients, 



IS 

EXPERIMENTAL PROCEDURE 

Construction of artificial cores 

The process of constructing artificial cores simulating natural 

porous sandstone was essentially that employed by Mandel and others 

(1957) and by Murphy and others (1957). Most of the cores were com-

posed of Ottawa sand grains cemented with commercial Grefco cement or 

a GrefcoWclay (kaolin) mixture, but in order to increase particle 

size, a few cores were composed of plastic beads. Sand was screened 

to the desired particle sizes mixed with the cementing material in 

various amounts by percentage by weight, and wetted with 0.1 ml to 

0.5 ml of water. The wet cement-sand mixture was then thoroughly 

stirred, placed in a 3/4~inch diameter steel core barrel, and comW 

pressed at pressures ranging from about 300 psi to about 50,000 psi. 

After pressing, the cores were alternated between a warm humid 

atmosphere and a drying oven until the cement had completely reacted 

and the cores had reached a constant dry weight. The cores were then 

flooded in an evacuated jar and weighed wet. The ratio of the differ-

ence between wet and dry weight and the total computed core volume 

was considered to he the effective porosity. Figure 3 shows the effect 

of construction pressure on porosity for cores of the same mean grain 

size (0.043 cm) with cement contents of 25 percent and 40 percent, reW 

spec tively. 

The permeability of about 150 cores was determined although it was 

necessary to construct approximately 230 cores to obtain the desired 

core characteristics. 
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Several sets of cores were constructed which include a suite of cores 

having a range of porosities (with grain size constant) for six different 

cement contents, a suite of cores (grain size and porosity constant) for 

six different cement contents, a suite of cores (cement content and 

porosity constant) for four different grain sizes, and one suite of cores 

(cement content and grain size constant but having a range of porosities) 

in which half of the cementing material was kaolin. 

Four average grain sizes were used in core construction which are 

designated as small, medium, large, and beads. Each grain size consists 

of the average grain diameter obtained by screening between certain 

limits. The relation between the grain size reported hare and their 

particle range is listed in table 2.* 

Table 2 

Mean particle diameter and corresponding particle range 

Grain Size Particle range Particle type Approximate mean 
(cm) particle diameter 

for a particle 
range (cm) 

Small 0.010 0.025 Ottawa sand 0.019 

Medium 0.025 - 0.059 Ottawa sand 0.043 

Large 0.059 - 0.084 Ottawa sand 0.069 

Beads 0.084 - 0.141 Plastic beads 0.107 

* All tables following table 2 appear in appendix II. 
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Sealing artificial cores 

It was necessary to seal the cores for laboratory use to eliminate 

gas loss to the atmosphere. A number of methods of sealing cores were 

tried, but the most satisfactory method was that of mounting the cores 

in lucite. The cores were placed, along with powdered lucite, in a 

steel heating jacket, containing a movable steel cylinder in one end to 

provide pressure on the lucite during the heating process.. The lucite 

was heated to 1500 C and pressed at about 4000 psi to drive out any 

water vapor and to solidify the lucite. 

After cooling, the ends of the cores were cut off and smoothed to 

insure free gas passage during permeability determinations. The average 

diameter of the final cores was about 3/4 inch and the final length was 

between 1/4 inch and 1 inch. 
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Permeability determinations 

Core permeabilities were determined by a method outlined by Wyckoff 

and others (1934). The technique requires measurements of the gas pres-

sures on the inflow and outflow side of the core, the barometric pressure, 

the gas volume flowing through the core per unit time, and the core 

dimensions. If is the flow rate of the gas (cm3/sec) at the average 

pressure (atm) between the ends of the core, Fi and Iz are the 

pressures (atm) at the ends of the core, and A and L are the area 

(cm2) and length (cm) of the core, then 

k p _ _ Permeability
Viscosity 

or 

n 1 L Permeability in darcys 
CP — r2/ 

A plot of versus (P — P~)/L for each flow rate results in a 

straight line (for viscous flow). The slope of this straight line is 

and from Jr/i1 the permeability can be found for any gas. 

Figure 4 is a typical example of a plot of the values of Q versus 

(F1-P2)/L measured for a particular core to obtain the permeability. 

In practice, the lucite sealed core was clamped in a short piece of 

tygon tubing and connected between two mercury manometers. Argon gas 

under pressure was then forced through one end of the core. The flow 

time was measured with a stop watch, and the flow volume determined by 

water displacement in a calibrated vessel. Flow rates at various pres-

sures were measured for each core so that l' n could be determined. 

The permeability of each core was obtained by multiplying the 4'/77 ratio 

by the viscosity of argon (221.7 micropoise at 200 C). 
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Diffusion coefficient determinations 

Method of measuring radon 

Radon is a radioactive gas that is a disintegration product of radium, 

and by virtue of its relatively long half-life (3.825 days), is especially 

useful in investigations where a gaseous tracer is required. Since radon 

emits alpha particles in disintegrating, it can readily be detected by 

measuring the ionization produced by the alpha particles moving through 

a gas such as argon, for example. In order to observe the effects of 

ionization, a voltage is applied to the ionization chamber. The applied 

electric field sweeps out the ion products so that a current is produced 

that is proportional to the alpha activity. The ion current produced in 

the argon-filled ionization chamber is amplified in a vibrating reed 

electrometer and the integrated current recorded on a strip-chart re-

corder. In the present work an Applied Physics electrometer and a con-

tinuously recording strip chart Esterline Angus recorder were used to 

measure and record the current produced by the disintegration of radon 

in the ionization chamber. 

Because the amount of radioactivity in the ionization chamber was 

recorded in terms of current or voltage, it was necessary to calibrate the 

chambers in terms of the ion current produced by a known amount of radon 

in equilibrium with its decay products. Radon concentrations are gener-

ally expressed in micro-micro curies/liter (/1LC/() where a curie is 

defined as the amount of radon in equilibrium with a gram of radium and 

is equivalent to 3.7 x 1010 disintegrations per second. Calibration 

coefficients, determined for each chamber and electrometer, are expressed 

in/i/,(C per millivolt so that recorder readings can be readily converted 

to /I/IC 
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The "background` consists of the residual current present in an argon-

filled ionization chamber due to radioactive impurities in the chamber 

material, cosmic rays, electronic noise, and other sources of current 

not associated with the radioactive decay of a sample in the ion chamber. 

The background must be subtracted from any sample determination before 

calibration and decay corrections are applied. 

Standard radium chloride solutions obtained from the National Bureau 

of Standards served as the source of radon. These radium solutions (103 

and 105/.i,L(0 samples) were stored in reflux condensers and boiled peri-

odically to obtain the radon produced by the radium disintegration. The 

radium solutions were boiled for approximately 20 minutes to insure com-

plete de-emanation of the sample and, during the de-emanation period, 

argon was bubbled through the solution to aid in transporting the radon 

into the ionization chamber. The gas handling system is essentially the 

same as the system described by Rogers (1958). 
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Diffusion system 

In order to determine the diffusion coefficient of radon moving 

through an argon-saturated porous core, an experimental system similar 

to that previously described by Baranov and Gracheva (1937) and Budde 

(1958) was used. However, an ionization chamber containing radon was 

used in place of a source layer or solution. A sketch of the essential 

features of the diffusion system is shown in figure 5. 
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Original diffusion system 

Fore the earlier measurements, a ball-type valve (Chemtrol Co.) with 

an effective open diameter of 1 1/4 inches was attached to chamber A 

(fig. 5) with tygon tubing of 1 1/4-inch inside diameter. A lucite-sealed 

core was placed in a section of tygon about 2 inches long and clamped in 

place so that no diffusion could occur between the lucite cylinder and the 

tubing wall. One end of the tygon tubing containing the core was then 

attached to the valve and the other end was attached to chamber B. With 

the valve in place, the two chambers were isolated and either chamber could 

be evacuated or filled independently. After all connections were made, 

the separation between the chambers was about 8 inches. 

The experimental procedure was as follows: First, each of the ioni-

zation chambers was flushed with dry argon to remove any radon and sus-

pended decay products remaining in the chambers. After flushing, it was 

necessary to allow the radon decay products attached to the chamber walls 

to decay until the background in each chamber reached a steady value. 

Both chambers were then evacuated and the valve was closed to isolate the 

two chambers. With the valve closed, chamber B (the receiving chamber) 

was then filled separately with argon; and radon was next boiled into 

chamber A separately from a radium chloride solution (10-7 gm of radium 

in 200 ml of distilled water) using argon to transport the radon into 

chamber A. Both chambers were filled to atmospheric pressure. It was 

then necessary to wait about four hours to allow the radon in chamber A 

to reach equilibrium with its daughter products, and at this time, the 

concentration of radon was ordinarily about 70,000 ggC: to 90,000 /11LLC . 

At the end of the four-hour period the valve was opened, and the 

radon was allowed to diffuse from chamber A through the core into chamber 
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B for a period of 12 hours to 20 hours in most of the measurements. As 

the radon diffused through the core, the radon concentrations in the two 

chambers was continuously charted as a function of time by the corre-

sponding recorders. The chart speed was about three inches per hour. 

Since the volume of radon in either chamber (a maximum of about 

8 x 10-8 cc) was always negligible compared with the volume of the argon 

in either chamber (4 x 103 cc), the concentration of argon in each 

chamber remained constant, and, during the diffusion run, both chambers 

remained at atmospheric pressure. 

In .a few of the measurements, the valve was turned off after diffusion 

had taken place for four hours, and the system was again allowed to reach 

equilibrium. These equilibrium concentrations in the two chambers were 

then compared with the recorded concentrations (nonequilibrium) in order 

to determine the degree of nonequilibrium existing at the end of the 

first four hours of a 12-hour to 20Whour run. 

To terminate the diffusion run, the valve was closed, a new core was 

clamped in the tygon tube, and the connection between the valve and 

chamber B was reestablished. Normally, a sufficient concentration of 

radon remained in chamber A so that 6 to 8 separate runs could be carried 

out, in an equivalent number of days, before it was necessary to re:oil 

the radium chloride solution to refill chamber A. 

In order to minimize the error in measuring the radon concentration, 

no runs were conducted when the radon concentration in chamber A was less 

than about 10, OLEO /j4JC. In chamber B, the radon concentration did not 

exceed 5,000/1/.LC(at the end of four hours) when the radon concentration 

in chamber A was a maximum. When the radon concentration in chamber A had 

decreased to about 10,000 ,1,LI C , the radon concentration in chamber B 

normally would not exceed a few hundred/ 1LLC after four hours. 
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Modified diffusion system 

For the later measurements, the separation between the ionization 

chambers was reduced to about 6 cm. In this series of runs, the valve was 

replaced by a thin glass disc about 34 mm in diameter. The glass disc was 

inserted into the tygon tubing between the core and chamber A and clamped 

in place to isolate the two chambers. Using the modified system, the pro-

cedure for runs was the same as that described for the original system ex-

cept that the glass disc was crushed to allow the radon to diffuse from 

chamber A through the core to chamber B. This technique was used to 

eliminate the diffusion time associated with the valve and connecting tubing 

so that the effect of the tubing (now only about 6 cm long) on the diffusion 

coefficient was minimized. 
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Evaluation of diffusion measurements 

Theoretical development 

Considering the system shown in figure 5, let V and V be the 

volumes (cm3) of ionization chambers A and B, respectively; , and /Ca 

be the radon concentrations (kituc) in the chambers A and B, respectively, 

at time t (sec), let L and A be the length (cm) and area (cm2) of the 

porous core between the two chambers, let _Da_ be the apparent diffusion 

coefficient (cm2/sec) of radon moving through the core and A be the decay 

constant of radon (sec-1). Since the change in the amount of radon in the 

chamber at time t must equal the quantity that has diffused into or out of 

the chamber, assuming steady state, in chamber A, 

vd + (J),_ A/L)(c,--/c,),d.t-f- A,c, 0 (3a) 
and in chamber B, 

;k1". di" ==_ . (3h)c ,c (D, AA_)(C/ 

The term containing A is the decrease in material resulting from 

radioactive decay. Combining (3a) and (3b) gives: 

6c, [(D A/L)(j1 1/1/.R)--/-- 2] dt . (4) 

(c.) 
Let c= /GI and 4/L (/* //t ) 

then aft . 
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If b) which is designated the cell factor, remains constant through-

out the diffusion experiment, equation (4) can be integrated as follows: 

=If—66 _,_ . ,c 
/Lc° 0 

Where A/C, is the initial concentration difference between the two 

chambers, and Ax:t. is the concentration difference at time t, the final 

equation is: 

JA /co = aD,J_ . (5)LJ,ct 

Except for the term, this is the equation commonly used to eval-

uate the diffusion coefficient (Gordon, 1945; Andrew, 1955). 

If Lko and 6 ) are known, the concentration difference 

at any time t is given by:
66D,4t-

A/ct = A'co e (6) 

When the radon concentrations in the two chambers are corrected for 

radioactive decay, equations (3a) and (3b) can be reduced to the corre-

sponding equations for a nonradioactive gas by the substitution 

(C=C and /C. C 
• 

Thus, equation (3a) would be 

„ 

t 

However, d (6; c/C,. so that 

dt 

equation (3a) reduces to: 

(7a) 
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Similarly, equation (3b) can be reduced to: 

c~Ca 
V~ t — (D4 A/L)(C, - Ca) = O (7b) 

ap 

If QCo is the initial difference in concentration between the two 

chambers A and Band Ct is the difference in concentration between 

the same chambers at time t, the integrated equation equivalent to (5) 

would be 

// Z1( 
C~ = L71/ L (8) 

Providing the ratio of the concentration differences LJ L /QLt-

and b are known, equation (5) or (8) can be used to evaluate the apparent 

diffusion coefficient. 

When steady state cannot be assumed, it is necessary to obtain a 

solution of the diffusion equation ( C c/~ x — C 

for diffusion in the x direction) with the appropriate boundary con-

ditions at the ends of the core (see Appendix I). 

Some difficulties exist in the use of the diffusion system (fig. 5). 

The cell factor b (equation (5)) contains the term This term canL/4 
be considered to represent the ratio of the effective diffusion length 

to the effective area through which diffusion occurs. Thus, L/4 
differs from the ratio of the measured core length to the measured core 

area by a factor dependent on the tortuosity of the diffusion path in the 

core and on the length and area of the tygon holding the core and providing 

a connection between the two chambers. 

In view of the fact that the apparent diffusion coefficients obtained 

using equation (8) appeared to be dependent on the length of the core in 

cores of similar composition, a relatively homogeneous sandstone core 1.96 

cm in length was cut to different lengths (0.91 cm, and 0.36 cm) and 
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the apparent diffusion coefficient of each section was determined. The 

permeability and porosity of Each section was determined and for sections 

of core approximately 0.36 cm, 0.91 cm, and 1.96 cm in length the per-

meabilities and porosities sere essentially identical. However, using 

the measured lengths and areas and equation (8), the apparent diffusion 

coefficients were larger for the longer cores. The apparent diffusion 

coefficients for the three lengths of sandstone core are shown in figure 

6. Since the permeability and porosity of the three sections was the 

same in each case, the difference in the apparent diffusion coefficient 

of these sections was assumed to be related to the diffusion in the 

connecting tygon tubing and the valve. 

In order to determine the effect of diffusion in the connecting 

tygon tubing and valve on the apparent diffusion coefficient, runs were 

made using two of the sandstone cores (0.36 cm and 0.91 cm), in a modi-

fied version of the diffusion system shown in figure 5. In the modified 

system the valve was replaced by a thin glass disc designed to shatter 

under radial pressure, and the ionization chambers were connected with a 

short (6 cm) length of tygon tubing. Crushing the disc was Equivalent to 

opening the valve to initiate the diffusion process. The use of a glass 

disc allowed the chamber separation to be reduced to about 20 percent of 

that necessary when the valve was used (8 inches). 

This reduction in chamber separation resulted in about the same 

apparent diffusion coefficient for the two shorter sections of sandstone 

core (0.36 cm and 0.91 cm) as that obtained for the longer section (1.96 

cm) using the system containing a valve. Since sections of a homogeneous 

medium should yield the same apparent diffusion coefficient regardless of 
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their length, it was reasonable to assume that the influence of the tygon 

tubing and valve on apparent diffusion coefficients determined in the 

system of figure 5 was negligible providing the cores were approximately 

2 cm in length. 

Correction of the observed apparent diffusion coefficient for the 

effect of the tubing was necessary for three series of artificial cores. 

The correction was obtained by measuring the apparent diffusion co-

efficient of four cores representative of the range of lengths in each 

series using the modified diffusion system. The apparent diffusion co-

efficients for cores measured in the modified diffusion system were 

then plotted as a function of the core length and a straight line (least 

mean square curve) was drawn through the data points. The apparent 

diffusion coefficients of the remaining cores in the series were adjusted 

to this curve. The magnitude of the correction was proportional to the 

length of the core, and as a result of the correction for the longer 

tygon tubing the apparent diffusion coefficient of each core was increased. 

Because preparation for a diffusion run required approximately twice 

as long as in the system containing a valve, and because shattering the 

glass disc was a difficult and uncertain process, this system was used in 

only a few runs to provide a means of correcting the apparent diffusion 

coefficients for the effect of the tubing and valve. 
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Equilibrium considerations 

A second difficulty arises in the use of a flow system when the quan-

tity of radon is to be measured in an ionization chamber calibrated in 

terms of a quantity of radon in equilibrium with its decay products. When 

a quantity of pure radon is introduced into a chamber, the radon does 

not reach equilibrium with its decay products for approximately four hours. 

The fraction of the equilibrium activity as a function of time is shown 

in figure 7 for radon and the two short-lived decay products RaA 0,0218) 

P0214).and RaC' ( RaA and RaC', like radon, are alpha emitters and are` 

the only short-lived radon daughters of interest in ionization chamber 

measurements. In the diffusion system, radon flows into the chamber con-

tinuously so that complete radioactive equilibrium requires three to four 

times the normal four-hour period. 

Experimentally, the equilibrium concentrations in the two chambers 

at any time during the diffusion process can be determined by closing 

the valve and waiting four hours for the mixture of radon and daughters 

to reach equilibrium. Frequently, this method was employed to determine 

radon concentrations. 

It was often desirable to allow the diffusion process to continue 

for a period of several hours or days in order to obtain a continuous 

record of the change in radon concentration in the two chambers (figure 

8). In this case, equilibrium concentrations could not be measured dur-

ing the early part of the run and it was necessary to correct the recorded 

concentrations, either empirically or mathematically, to the equilibrium 

values existing at any particular time during the diffusion process. Non-

equilibrium in chamber B resulted in recorded concentrations 10 to 30 
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percent less than the equilibrium concentrations, depending on the core 

used in the run. In chamber A, and recorded concentrations exceeded the 

equilibrium concentrations by a maximum of about four percent. 

To compensate for nonequilibrium conditions in the chambers, an 

equilibrium factor (f) was determined empirically such that the product 

of the recorded concentration and the equilibrium factor would yield the 

equilibrium concentration. The factor f was obtained by plotting the 

ratio of the activity of R n + RaA + RaC' at time t to the equilibrium 

activity for a unit activity of pure radon introduced into a chamber at 

t . o. The resulting curve is shown in figure 9. 

The curve of figure 9 can be divided into time intervals 1lt and 

the average fraction of equilibrium for these intervals can be determined 

from the curve. Assuming that the quantity of radon entering chamber B 

during the time Llt is constant, the equilibrium fractions corresponding 

to each d interval can be summed to give the fraction of equilibrium 

existing at any time t. Thus, if q is the quantity of radon entering 

chamber B during the time interval Q t, and F (t + df/a) is the average 

equilibrium fraction at time t, 

t ~ t 
a att N _~ qat F (tL ± 
a or NL =-~ F (t~ t a ) , (9)

L- o i =o 

If the recorded quantity of radon entering chamber B during an interval 
t 

Lat is p, the quantity in the chamber at time t would be 

The recorded quantity and the equilibrium quantity are related by 

= pt Qt (lOa) 

so that = rp r (lOb) 
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For an interval Q t" = 60 seethe equilibrium fraction at the end of two 

minutes (from fig. 9) is H2 W 0.320 * 0.377 0.697 and : 

2.87 p In this case f :. 2.87. Equation (3a) shows that assuming 

q to be constant is not strictly valid, but the curve representing the 

changes in radon content in chamber B (fig. 8) indicates that during 

the first four hours the deviation from linearity is not excessive. 

In most diffusion runs, the change in radon content in chamber B was 

essentially constant during the first eight hours of the run. 

The initial concentration difference between the two chambers 

is known absolutely and the equilibrium concentration in chamber B at 

time t can be obtained from equation (lob). It was determined experi. 

mentally that the difference in radon concentration between the two 

chambers at time t could be obtained, with an average error of less 

than one percent, from the expression 

CoeT tfC4Ct =(Co — rct) 
at 

1Ct J(ll) 

where C is the initial concentration in chamber A, Ct is the recorded 
0 

concentration in chamber B at time t, f is the equilibrium factor at 

time t, and /~ is the decay constant of radon (2.08 X 10-6 sec-1). 

Since the initial concentration in chamber B is always zero, 

the difference in concentration between the two chambers at t W 0 

is just the initial concentration in chamber A, or Co 

From the relations developed in this section, the apparent 

diffusion coefficient for any diffusion run can be evaluated by sub-

St itutingZlC, Ctthe length and area of a particular core, the 

volumes of the two chambers, and the diffusion time in equation (8). 
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EXPERIMENTAL RESULTS 

Factors influencing the permeability of artificial sandstone cores 

Because mathematical equations relating permeability to such factors 

as cemetit content, grain size, and porosity are not easily obtained, 

the experimental results are presented in the form of curves. 

In order to relate porosity and permeability, a series of cores 

were constructed using sand of medium grain size and Grefco cement. 

A range of porosities were obtained for cores containing 10, 15, 20, 

25, 32.5, and 40 percent cement. Figures 10, 11, 12, and 13, are 

plots of the permeability of these cores as a function of porosity. 

The least square curves of the form ►< = oc C 
are plotted with the experimental data. In these equations, 

is the fractional porosity, K is the permeability in millidarcys, and 

cc (cm2) and /6' (non-dimensional) are parameters that are functions 

of the cement content and the grain size of the cores. A similar 

relation between permeability and porosity has been obtained for samples 

of natural sandstone (Paine, 1956). The slopes of these curves tend 

to increase between 40 percent cement content and 20 percent cement content, 

but decrease rapidly between 20 percent and 10 percent cement content. 

Apparently, a cement content of 20 percent is very nearly the transition 

point between "floating" grains and grain to grain contacts. The grains 

in cores containing less than 20 percent attain an increasing number of 

grain contacts as the cement content decreases and fracturing of the grains 

during the construction process probably results in a larger number of 

blocked passages. The higher pressures required to obtain porosities of 
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the same range as those found in higher cement contents tend to compact 

the small amount of cement that is present more firmly between the grains 

so that the permeability is decreased. In natural unfractured sandstones, 

high permeabilities are normally associated with large pore space (Faucher, 

1933) . 

The curves for 40 percent cement and 32.5 percent (figure 12 and 

figure 13) are not widely divergent, and, in fact, have essentially the same 

slope indicating that in this cement range the sand grains have little 

effect on the effective pore space of the core. Although the permeability 

of cores containing relatively large quantities of cement is due, effectively, 

to the permeability of the cement, it is largely the degree of compaction 

that determines the slope of the curve. Slightly greater construction 

pressures are required to obtain a given_ porosity for a core. containing 

32.5 percent cement than are necessary to produce the same porosity in a 

core of 40 percent cement content. All curves converge for low values 

of porosity, and for porosities below about 13 percent the permeability 

does not vary widely except in the 15 percent and 10 percent cement 

curves. 

Data for cores composed of 10 percent cement were difficult to 

obtain using the available equipment. It was not possible to construct 

such cores with porosities less than about 19 percent. The cores of 

higher porosity were easily constructed, but cores of porosity greater than 

about 21 percent were not rigid enough to withstand the sealing process. 

During the heating process, the liquid lucite, under pressure, readily 

moved into the pore spaces of the more porous cores, and due to contraction 

on cooling, carried the encroached portion of the core away from the center 
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of the core, As a result of this movement a small cylinder of core remained 

unsupported and the core would tend to disintegrate. 

A comparison of permeability-porosity curves for the cores of 15 

percent cement content (all Grefco), and for cores containing 15 percent 

cementing material composed of half Grefco and half kaolin is shown in 

figure 10. The effect of the clay is to decrease the permeability at a 

particular porosity. It appears that the clay absorbs and holds more 

moisture from the air resulting in a larger percentage of blocked pore 

spaces and a reduction in permeability, However, the cores containing 

clay fit the same type of curve as the Grefco cores. 

Although the composition of the cores was controlled in construction, 

considerable scatter of points occurred in the permeability-porosity curves. 

Undoubtedly, the use of a grain range rather than a uniform grain size 

contributed to the scatter. It is probable that the ratio of large to 

small grains varied in samples that were considered to be of the same grain 

size, and the sand taken from the supply, even though sieved, would not contain 

the same ratio of large to small grains each time. 

In addition, permeability determinations are especially sensitive to 

small changes in core area and length. Often it~aas difficult to measure 

accurately the core diameter due to encroachment of the lucite, and determin-

ation of core length was hindered by the uneven nature of the core face. 

In order to minimize errors, core dimensions used in determining the 

permeability were the average of 12 to 15 readings. 

Although difficult to evaluate, a third source of error occurs in 

mixing the sand and cement before pressing. Obviously, the packing of 

the smaller grains could have an influence on the permeability. Even 
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carefully mixed cement-sand mixtures showed some evidence of aggregation, 

and in some instances the cement content was greater at one end of a 

core due to settling. Whenever possible such cores were discarded, or 

cut so that the area of accumulation was eliminated. 

Finally, errors due to porosity determinations contribute to the 

scatter. The method of determining effective core porosity by water 

flooding is far from satisfactory. Evaporation occurs when the core is 

weighed wet, and absorption of moisture from the air causes variations 

in the dry weight. Three to four porosity determinations were carried 

out for each core, and an average value selected as the effective porosity. 

Changes of porosity of 1/2 to 1 1/2 percent porosity were noted for some 

cores between the first and the last porosity determination. Errors in 

core diameter and length also enter into porosity computations. 

The effect of compaction is clearly indicated in figure 14 in 

which core permeability is plotted as a function of cement content. 

The porosity of each core is approximately 20 percent and all cores are 

composed of the same grain size (medium). The transition point between 

cores with a large number of grain to grain contacts and cores in which 

the grains are largely "floating" occurs at approximately 20 percent 

cement content. The increased compaction of the cement and the increased 

number of grain contacts, sharply reduces the permeability of cores 

containing less than 20 percent cement. A plot of construction pressure 

versus cement content for the set of cores in figure 14 aids in pointing 

out the influence of compaction on both permeability and porosity. An 

attempt was made to fit a polynomial of least order to the points in 

figure 14, but the data were too few to provide an equation. The results 
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indicate that such a polynomial would be of order greater than 4. 

Figure 15 shows the increase in construction pressure necessary to 

produce cores of the same porosity as the cement content is decreased. 

The higher construction pressures required for the core=s of low cement con-

tent probably contribute greatly to the observed reduction in permeability. 

The relationship obtained between permeability and mean grain size 

for each grain size range is shown in figure 16. The porosity of each 

core is about 20 percent and the cement content of each core is 15 per-

cent. 

A least square fit of an equation of the form k_ è'7° (g is the 

mean grain diameter in cm, k is the permeability in millidarcys, and 

and c' are functions of the core porosity and cement content) yields a 

value of C of 2.08 for the cores of 15 percent: cement cor.r,ent. This 

value of v' is in good agreement with the predicted value oL 2 a 

uniform grain size (Wyckoff and others, 1934). 
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Relation between apparent diffusion coefficient 

and core characteristics 

The apparent diffusion coefficients were measured for three series 

of artificial sandstone cores that varied in porosity, grain size, and 

cement content. For the first series (the cores of fig. 14), each core 

had the same porosity and grain size but different cement contents. For 

the second series (the cores of 15 percent cement of fig. 10), each core 

had the same grain size and cement content but different porosity. For 

the third series (the cores of fig. 16), each core had the same porosity 

and cement content but a different mean grain size. 

Figure 17 is an example of the method used to correct the apparent 

diffusion coefficients obtained using the original diffusion system to 

the apparent diffusion coefficients for four cores meei,ured in the modi-

fied diffusion system. The porosity and the grain size of each of these 

cores is the same but the cement content is different (the cores of fig. 

14) containing 15 percent, 20 percent, 25 percent, and 40 percent cement). 

In figure 17a, the apparent diffusion coefficients of these four 

cores, measured in both the original and the modified diffusion systems, 

were plotted as a function of the core length. A least mean square curve 

(assuming a straight line) was drawn through each of the two sets of data 

points. The apparent diffusion coefficient of all the cores of this series 

measured in the original diffusion system were then plotted as a function 

of core length as shown in figure 17b. The difference between the two 

least mean square curves at a particular core length was then added to 

the apparent diffusion coefficient of the cores which were measured only 

in the original diffusion system in order to obtain an apparent diffusion 

coefficient corresponding to a measurement in the modified system. 
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The final curve of the corrected apparent diffusion coefficients measured 

in the modified system is shown in figure 17c. In this series, it was 

necessary to correct only two additional cores. The apparent diffusion 

coefficients of the cores of each of the three core series measured 

only in the original diffusion system were corrected as described above. 

The effect of cement content on the apparent diffusion coefficient 

of radon (for cores of the same porosity and grain size), is shown in 

figure 18. The apparent diffusion coefficients plotted in figure 18 were 

obtained for the modified diffusion system by the method described above 

(fig. 17c), and, for comparison, the apparent diffusion coefficients 

measured in the original diffusion system are also shown. For the modi-

fied system, a gradual, almost linear, increase in apparent diffusion co-

efficient occurs with decreasing cement between 32.5 percent cement and 

20 percent cement. For cement contents less than 20 percent, the apparent 

diffusion coefficient increases sharply to a maximum value at the lowest 

cement content available (10 percent). The apparent diffusion coefficient 

decreases sharply for cement contents greater than 32.5 percent and the 

minimum apparent diffusion coefficient occurs at a cement content of 40 

percent. 

Although it is probable that some radon is adsorbed on the cement of 

the core, adsorption alone should result in a linear change in apparent 

diffusion coefficient as a function of cement content because the amount 

of adsorption is proportional to the surface area of the cement. If ad-

sorption is negligible, the larger apparent diffusion coefficients corre-

sponding o cores of cement contents less than 20 percent is probably 

due to a greater number of pore spaces available to the diffusing gas. 
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The apparent diffusion coefficients for the original diffusion system 

follow about the same trend as those determined in the modified system 

except that in the original diffusion system the apparent diffusion co-

efficients for 15 percent cement and 20 percent cement are slightly 1ow~=.r 

relative to the apparent diffusion coefficients for cores of 25 percent 

and 32.5 percent cement. Although a straight line (least mean square) was 

drawn through the data of figure 18, it is obvious that no simple relation 

exists between the apparent diffusion coefficient and the cement content. 

A comparison of the apparent diffusion coefficients for the modified 

system (fig. 18)and the permeabilities of the same cores (fig. 14)illus-

trates that the apparent diffusion coefficient is independent of permea-

bility for cores of different cement contents. 

Assuming that in the absence of a core in the diffusion system the 

true diffusion coefficient of radon in argon (D0) would be measured 

(Garrels and others, 1949), equation (8) can be used to obtain the effec-

tive area (,4'), the ratio of the effective length to the effective area 

), the effective directional porosity (AL/AL' ), or the 

lithologic factor ( /(iL 'L/A L') ). In these terms A and L_ 

are the area and length and is the porosity of the core. The ratio 

is obtained by substituting the ratio of the measured concentra-

tion differences ( L1C0/Q C ) and the true diffusion coefficient of radon 

in argon in equation (8) so that for a particular core 

A' _ (12)
L 

where Do is taken as 0.115 cm2/sec at a temperature of 260 C and a pressure 

of 650 mm (Hirst and Harrison, 1938-1939). 
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Then, asr.::c i - , trai: he maasuz ed length of the core ( L ) and t.hc 

effective lers;t_, f: ( ,.- .~ are rc:~:~~ the effective area ( A ) can he c,h-

tamped frc the p. ,duct of the ,y r s t i o and L or 

A' 
L A~. (13) 

The effective df.r: c.rcjc;aal porosity and the lithologic factor ca.ri be oh 

tair_ed easily when is known. 

The litholouic factor, plotted as a ft action of core cement content, 

is shown in figure 19 for the cores of figure 14. The lithologic factors 

are essentially c:ou3tant for cement contents between 10 percent and 32.5 

percent, but for 40 percent cement the lithologic factor increases 

sharply. he values of the lithologic factor plotted in figure 19 are in 

excellent agreement with those reported by K1inkenberg (ifl"Si) for con-

solidated sandstones. 

The apparent diffusion coefficients of the cores of figure 10 

(medium grain size and 15 percent cement content, but having a range of 

porosities) are shown in figure 20 as a function of the core porosity. 

Except for the cores of 19.7 percent, 23.3 percent, and 24.3 percent 

porosity, the apparent diffusion coefficient increases almost linearly with 

increasing porosity. Pc is difficult to account for the deviation of those 

three cores from he general trend since the maximum variation in the 

apparent diffusion coefficient determined from three separate diffusion 

run, with each of these cores was about three 1aerccnt. 

Neglecting the core mentioned above, the general trend of the plot 

of Apparent diffusion coefficient versus porosity indicates a rion-linear 

increase In the apparent diffusion coefficient with. an increase in core 

porosity. The scatter ;:f data in figure 20 is s?zch that P quantitative 
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relation between the apparent diffusion and the core porosity cannot be 

established. However, from the trend of the data it appears that the 

apparent diffusion coefficient ( ,Da, ) is related to the porosity ( ) 
E 

by an equation of the form ,~~ ~/ ( . / 

where ~/ (cm2/sec) and E (dimensionless) are factors dependent on 

grain size and cement content. 

The least square curve of figure 20, when extrapolated to zero 

apparent diffusion coefficient, yields a porosity of about six percent. 

Similar values of intercept porosity have been reported for the diffusion 

of CS2 in soil (Blake and Page, 1948). 

Figure 21 is a plot of the effective area versus the porosity for the 

cores of figure 20. The effective areas were obtained from equation (12). 

The effective area is proportional to the product of the apparent diffusion 

coefficient and the measured core area so that figure 21 can be obtained 

directly from figure 20 by multiplying the values for the apparent diffusion 

coefficient by the measured area of the corresponding core. Figure 21 

illustrates that in the cores of 19.7 percent 23.3 percent, and 24.3 per-

cent, the apparent diffusion coefficients (fig. 20) are low because the 

effective area available to the diffusing gas is low. The effective 

directional porosities (which are not shown) of the cores of figure 20 in-

crease with increasing porosity in the same manner as the apparent diffusion 

coefficients of the same cores. In general, the values of the effective 

directional porosity and the ratio are lower for cores yieldingA/L' 
smaller diffusion coefficients. 

The apparent diffusion coefficients for six cores (the cores of 

figure 16 with 20 percent porosity and 15 percent cement and three 
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additional cores of 15 percent cement and about 21 percent 

porosity) containing sand (with average mean diameter of .019 cm, 

.043 cm, and .069 cm) and two cores containing plastic beads 

(averaging 0.107 cm in diameter) are plotted in figure 22 as 

a function of the mean grain diameter. Although the apparent 

diffusion coefficients plotted for any pair of cores having the same 

mean grain diameter were not identical, the porosities of these 

cores were sufficiently close to show the difference in apparent 

diffusion coefficient for cores constructed to be nearly identical. 

Because the apparent diffusion coefficient of a particular core 

was essentially constant in as many as four separate diffusion runs, the 

difference in apparent diffusion coefficient for each pair of cores 

representing a particular grain size in figure 22 cannot be attributed 

to experimental error. The scatter of the data in figure 22 for each 

pair of cores representing a particular grain diameter probably results 

from variations in packing of the smaller grains in the individual 

cores. 

The general trend of the data (figure 22) indicates a possible 

increase in apparent diffusion coefficient with increasing grain size. 

However, data were not sufficient to establish any clear relationship 

between the apparent diffusion coefficient and the mean grain size, but 

it is probable that some relationship could be determined if a larger 

number of cores of different grain size were available for diffusion 

measurements. 
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SUMMARY 

In order to obtain porous media in which any desired combination 

of porosity, grain size, and cement content was readily available, 

three series of artificial sandstone cores were constructed by com-

pressing a mixture of Ottawa sand grains (or plastic beads) and moist 

Grefeo cement in a steel core barrel. The desired porosity or per-

meability was obtained by controlling the construction pressure. For 

the permeability and diffusion measurements the cores were sealed is 

lucite and the ends were cut off. 

A plot of permeability versus porosity for cores having a range 

of porosities (with grain size constant)resulted in a relation be-

tween the permeability in millidarcys ( ) and the fractional 

porosity ( ) of the form A = a e where is a non-

dimensional factor depending on the cement content and p( (cm2) is 

apparently related to the grain size. A maximum value of ~Q occurred 

for cores containing 20 percent cement and the factor ,6 decreased for 
, 

cores containing cement contents either greater or less than 20 percent. 

A plot of the permeability in millidarcys (k ) versus the grain size 

in em (5 ) for cores with cement content and porosity constant resulted 

in a curve of the form k. where O~ and 2( are factors 

depending on the cement content and porosity. 

A diffusion system was designed so that the apparent diffusion 

coefficient of radon diffusing through argon'saturated cores could be 

measured. The diffusion system consisted of two ionization chambers, 

one containing radon is argon and one containing argon only, connected 
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by a section of tygon tubing in which a core was clamped, two electro-

meters to measure the ionization current in the two chambers and two 

recorders to chart the change in radon concentration in the two chambers 

as a function of time. Two diffusion systems were used in measuring 

the apparent diffusion coefficients. In the original diffusion system 

a valve was used to isolate a chamber containing radon and argon from 

a chamber containing argon only. The diffusion of radon through a core 

was initiated by opening the valve. In the modified diffusion system, 

the valve was replaced by a small glass disc so that the separation 

between the chambers was reduced from about 20 cm to about 6 cm. In 

this system, the glass disc was shattered to initiate the diffusion of 

radon through the core. The radon was obtained by boiling standard 

radium chloride solutions containing either 10'9 gm or 10-7 gm of radium. 

T h e apparent diffusion coefficients of three series of cores 

measured in the original diffusion system were corrected for the effect 

of the longer diffusion path in the connecting tygon tubing and valve 

by measuring the apparent diffusion coefficients of four cores of each 

series in the modified system and adjusting the apparent diffusion coef-

ficients of the remainder of the cores in each series to values corres-

ponding to measurements in the modified system by an amount dependent 

on the length of the core. 

T h e apparent diffusion coefficients of cores having a constant 

grain size and porosity but different cement contents were larger for 

coxes of lower cement content. The apparent diffusion coefficients of 

cores containing cement contents between 32.5 percent and 15 percent 

increased gradually for decreasing cement content, and the apparent 
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diffusion coefficient of the core containing 10 percent cement was 

considerably higher t;wn that of the core containing 15 percent cement. 

The apparent diffiisi i coefficient of the core containing 40 percent 

cement was consi~ieru'b Lj lower than that of the core containing 32.5 

percent cement. 

The apparent diffusion coefficients of cores having a constant 

cement content and grain size but a range of porosities, increased with 

increasing porosity. The relation between the apparent diffusion coef-

ficient D0., (cm2/sec) and the porosity (70) of these cores appears 

to be of the form I) = ' where (cm2/sec) and 

(dimensionless) are factors dependent on the grain size and cement 

content. The present data are insufficient to assign a value to the 

factor C 

The apparent diffusion coefficient of eight cores containing the 

same cement content and having approximately the same porosity (four of 

20 percent porosity and four of 21 percent porosity) but representing 

four different grain sizes (.019cm, .043 cm, .069 cm, and 0.107 cm), 

appear to increase with increasing grain size. However, the apparent 

diffusion coefficients for any two cores representing a particular 

grain size were far from identical and no clear relation between a 

parent diffusion coefficient and grain size could be established using 

the available data. 

In general, plots of the A/L.ratio, and the effective directional 

porosity did not contribute significantly to the determination of 

relationships between the apparent diffusion coefficient and other 

core characteristics. 
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APPENDIX I 

Solutions of diffusion equation for non"stationary 

state of flow 

For the system of figure 5, the boundary conditions are, using the 

substitution = C e. 

DA aX = o pit z= O foralL t, 

DA ~x =0 cL ,z= L for all t ) 

C=C,0 4t Z= o ) t= o,C= o Qt Z= L, t =o, av~c C=o) o<z<L t=o 

In this case, Z = o corresponds to the end of the core near chamber 

A and t = L. corresponds to the end of the core near chamber B. 

A solution of the diffusion equation~~~~t =D ',/tea AC) is of 

the form C ( ) t) = C,0(/- t e-{~ D)t F Cos 0.X + G s i n az (14) 

in which CL, F , and 6, must be evaluated. Imposing the boundary 

conditions on the transient part of the equation leads to the transcen-

dental equation 

tan aL- Aa.(v, +V,) 
(15)

A' -- o \";i 

where U and Va are the volumes of the chambers, A is the area of the 

core and L is the length of the core. The coefficients F and G are 

partially determined by the boundary conditions so that F/6 =a--

Substituting Q L, in (10) gives 

t _ ~ 
A L - L V V01 



�

 

 

The roots of (Ll ) -.t . t'.e oLtai_-ced graphically from the i.ntersectior.. O t 

the curves 

-A (V, va ) 
A L--~l~V ~ 

For each value cl i.., 'r~:poading Value of Q. c& be found 

c. -- /1... r n ._. n L (since there are i.rtfinite i 

many roots). A grzpLtca1. solution of this type is necessary for e:ic_h 

core unless the lenjth and area of all cores are the same. 

When the Os have been determined for a particular core, equriti.on 

(14) becomes 
~ 

l / ) _(D)t[AVan - 1. 
C () 5 Qn ~ Sl ( ~ )= ~l D ~~ Q 

where n is an It is necessary to determine values of Cj suchn 

that C x, f.) reduc.o to zero when t = D . This requires that 

Cos cI r, c -+ sin Q.n z)= oC► o(i z/L~* -~(A~i (l8) 

The conmplec3 s4:1ution, with Gn known, is difficult to obtain 

although solutions under simplifying assumptions F~ave been presented 

by Baranov and Grac st:va (1937), Gordon (1945) , and B3rrex (1951) . 

A solution of is J diffusion equation was obtained by Baranov and 

Gr,.cheva (1937) fo , :.• a 1Lcacti.ve gas source ( at X — h) and a t ct'' 

ing chamber (at -X=J) cs,1rarated by a rock layer of thickness h . me 

boundary condit [t ,~:: e a Q~ .z = D CC) Q hQ Q t X I? 
,) 

=DC/z. 

https://1Lcacti.ve
https://equriti.on
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Their solution vra: z - v3/Dix
e

C q6 
h h ,77" tan 61 /D 1,0 

(19)-/ --(D(h -217Y)-2 .5-)+)lit
'(-1) /2 sin 23(2 

7-7
77 h 

where C is the concentration (curies/liter), is the flux of0 
radioactive gas issuing from the source per unit time (curies/cm2 sec), 

j) is the diffusion coefficient (cm2/sec), h is the layer thickness 

(cm), n is an integer, and A is the decay constant of the radio-

active gas. 

Where the diffusion time is sufficiently short, the change in 

concentration of the radioactive gas in chamber A can be neglected, 

and the concentration in chamber A does not differ appreciably from 

zero. In this case, a solution of the diffusion equation is less 

difficult to obtain. If :4L=0 corresponds to the end of the core near 

chamber A and z =L corresponds to the end of the core near chamber B, 

the boundary conditions are 

c: == C/ 0 )t == 0 

z = L, C: == c) t: == . 

Assuming the solution of C.)(7/4:1 J) (c) ;C- (1 is of the form,) 

U (X)+tr(X)t ),, separating variables inC 

(tp.f)-C, and applying these boundary conditions 

gives 

(x) Rio — /L_) (20) 

and 
z 

U- (X) t) e F cos az- + G sin ax) (20 
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then 

C(x,t)-c,, (t _ 'A)+ e-(4-Q-'1)t(
F C65 C1X + 6 son ax)22) 

where CLis a constant, D is the diffusion coefficient, and ;\ is the 

decay constant of the radioactive gas. 

Since a solution of the diffusion equation exists for t="--- 0 

tr(0)07--"Oand Lr(L)t)=0. Applying these conditions to equation 

(21) gives F:=0, sin (21._'=-=0, and sa_=- nITA (flan integer). 

Then 

/727( )t) n S e (23) 

The E; Is are coefficients in the half range sine expansion of the 

function— CI (1- X/L) and are given by 

L 
t) 17-z dxGfr, c, l/L)l 5/17 (24)L L 

or 
C,c, 

•••••••1Gr.) (25)
TT 

so that 
CD _(qIt o)t

77ZC ex,f)= CIO (1 Y4)+Z(-nC1695/19 (26)77. L-
/7=/ 

When solutions of the diffusion equation are known, the diffusion 

coefficient can be evaluated from the geometry of the diffusion system 

and the measured concentrations in the two chambers. 
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APPENDIX II 

cr ,ctifi.ci.al sandstone characteristics 

Table 3a 

Construction pressure and porosity for cores 

of 25 percent cement 

and medium grain size (see fig. 3) 

Core Construction pressure Porosity 
(psi) (7) 

R 28,400 12.0 

C 26,700 12.2 

4 12,400 14.5 

L 10,700 15.0 

H 11,600 15.0 

95 5,300 16.7 

52 3,600 17.2 

94 3,600 18.8 

123 3,400 19.9 

60 2,600 20.3 

8 2,200 20.6 

96 2,600 21.0 

109 2,300 21.2 

53 2,200 22.2 

110 1,600 23.7 

104 2,100 23.9 

2 1,300 24.2 



Core 

2 

155 

117 

118 

73 

72 

Table 3b 

Construction pressure and porosity for cores 

of 40 percent cement 

and medium grain size (see fig. 3) 

Construction pressure Porosity 
(psi) (7) 

7, 100 10.0 

3,600 13.0 

1,800 15.7 

1,200 18.2 

1,100 20.1 

710 23.0 



/3 

Table 4 

Flow rate per unit area and pressure gradient for a 

typical core (see fig. 4) 

Porosity 
(7.) 

Cement 
content 

(7) 

Grain 
size 
(cm) . 

Flow Rate per 
unit area 

Pressure gradient 

P — PZ 
(atm 

L ~ cm 

19.4 20 0.043 .515 

.882 

1.08 

1.42 

1.78 

2.12 

2.44 

2.75 

3.21 

3.90 

.016 

.027 

.034 

.044 

.055 

.067 

.077 

.036 

.102 

.123 
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Table 5a 

Apparent diffusion coefficient of sections of a natural sandstone 

for the original diffusion system (see fig. 6) 

Core Porosity Length Apparent diffusion 
(cm) coefficient 

(cm2/sec x 10-2) 

S 16.6 1.96 0.56 

16.6 0.93 0.37
S1 

S 16.6 0.93 0.39 
2 

16.6 0.36 0.27
S21 

S 16.6 0.36 0.29 
22 

Table 5b 

Apparent diffusion coefficient of sections of a natural sandstone 

for the modified diffusion system (see fig. 6) 

Core Porosity Length Apparent diffusion 
(cm) coefficient 

(cm2/sec x 10-2) 

0.56Si 16.6 0.93 

0.58S22 16.6 0.36 
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Table 6 

Radon roncer;tration in ionisation chambers A and B 

and time after diffusion begins (see fig. 8) 

Time Chamber A radon Chamber B radon 
(minute.) concentration concentration 

(44 C ) (4/ iG ) 

0 9860 0.00 

15 5.00 

30 9720 15.0 

60 9650 50.0 

90 80.0 

120 9510 120. 

150 160. 

180 9360 200. 

210 240. 

240 9210 280. 
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Table 7a 

Permeability and porosity for cores of 15 percent cement 

and medium grain size (see fig. 10) 

Core Permeability Porosity 
(millidarcys) (7) 

46 48.8 16.0 

169 50.3 16.3 

43 65.2 17.5 

50 79.8 18.1 

100 171. 18.9 

9 127. 19.0 

148 161. 19.7 

147 167. 20.3 

131 166. 20.4 

22 375. 21.0 

129 379. 22.1 

130 408. 22.9 

84 1020. 23.3 

83 1590. 24.3 
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Table 7b 

Permeability and porosity for cores of 10 percent cement 

and medium grain size (see fig. 10) 

Core Permeability Porosity 
(millidarcys) (7) 

112 54.1 19.1 

111 66.5 19.1 

140 70.1 20.0 

138 73.2 20.2 

139 77.8 20.4 

Table 7c 

Permeability and porosity for cores of 15 percent cement 

(half Grefcq, half clay) and medium grain size (see fig. 10) 

Core Permeability Porosity 
(millidarcys) (7.) 

15 102. 19.6 

26 170. 21.9 

24 210. 22.3 

27 340. 24.0 
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Table 8 

Permeability and porosity for cores of 20 percent cement 

and medium grain size (see fig. 11) 

Core Permeability Porosity 
(millidarcys) 

115 13.0 13.5 

116 13.2 14.2 

114 23.1 14.5 

162 43.9 15.5 

160 70.3 16.5 

146 54.1 17.5 

144 85.1 18.0 

145 90.0 18.3 

92 172. 19.4 

72 306. 20.1 

70 552. 20.2 

165 187. 20.4 

71 619. 20.7 

127 709. 21.4 

126 1080. 21.9 

164 448. 21.5 

149 776. 21.8 

128 1040. 22.0 

149 1410. 22.0 

101 1250. 22.2 

150 1380.. 22.2 

102 1710. 23.6 
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Table 9a 

Permeability and porosity for cores of 32.5 percent cement 

and medium grain size (see fig. 12) 

Core Permeability Porosity 
(millidarcys) (7.) 

64 10.4 14.8 

105 14.3 15.4 

66 14.2 15.2 

134 24.2 16.1 

106 30.6 16.4 

56 35.9 17.3 

55 63.0 19.8 

62 68.1 20.1 

63 77.4 20.1 

122 53.9 20.5 

68 124. 21.4 

91 102. 21.8 

69 176. 24.7 

120 328. 24.7 

67 242. 26.7 

121 827. 32.7 
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Table 9b 

Permeability and porosity for cores of 25 percent cement 

and medium grain size (see fig. 12) 

Core Permeability Porosity 
(mi11idarcys) (7) 

R 10.2 12.0 

C 10.0 12.2 

4 40.6 14.7 

H 42.1 15.0 

L 33.0 15.0 

95 86.0 16.7 

52 121.. 17.2 

94 159. 18.8 

123 221. 19.9 

60 251. 20.3 

8 246. 20.6 

96 306. 21.0 

109 344. 21.2 

53 417. 22.2 

110 838. 23.7 

104 878. 23.9 
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Table 10 

Permeability and porosity for cores of 40 percent cement 

and medium grain size (see fig. 13) 

Core Permeability Porosity 
(millidarcys) CO 

G 9.00 13.2 

7 11.0 15.4 

155 10.1 15.6 

156 9.27 16.4 

132 15.8 17.6 

133 21.5 18.6 

75 37.5 19.8 

118 22.4 20.1 

119 30.4 20.9 

173 62.1 22.4 

107 52.5 22.5 

172 96.9 25.1 

108 216. 28.3 

74 226. 29.2 
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Table 11 

Permeability and cement content for cores of 20 percent 

porosity and medium grain size (see fig. 14) 

Core Cement content Permeability 
(7) (millidarcys) 

140 10.0 73.2 

147 15.0 167. 

72 20.0 306. 

60 25.0 251. 

62 32.5 68.1 

118 40.0 22.4 

Table 12 

Construction pressure and cement content for cores of 20 percent porosity 

and medium grain size (see fig. 15) 

Core Construction Cement 
pressure content 
(Psi) (7) 

140 41,000 10.0 

147 9,100 15.0 

72 6,200 20.0 

60 2,600 25.0 

62 1,400 32.5 

118 1,100 40.0 
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Table 13 

Permeability and grain size for cores of 20 percent porosity 

and 15 percent cement (see fig. 16) 

Core Permeability Grain 
(millidarcys) size 

(cm) 

158 42,3 .019 

147 166. .043 

36 539. .069 

38 1490. .107 
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Table 14 

Correction data for apparent diffusion coefficients of original 

and modified diffusion systems(see figs. 17a, 17b, 17c) 

Core Cement content Core length Apparent diffusion Apparent diffusion 
(7.) (cm) coefficient oefficient 

(cm2/sec x 10-2) (cmh/sec x 10-2) 
(original diffusion (modified diffusion 

system) system) 

(a) 

147 15 1.95 0.78 0.99 

72 20 1.53 0.73 0.95 

60 25 1.75 0.73 0.93 

118 40 1.31 0.40 0.48 

(b) 

140 10 2.09 0.93 1.17 

147 15 1.95 0.78 0.99 

72 20 1.53 0.73 0.95 

60 25 1.75 0.73 0.93 

62 32.5 2.06 0.68 0.91 

118 40 1.31 0.40 0.48 
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Table 15 

Apparent diffusion coefficients in original 

and modified diffusion systems and cement contents for cores 

of 20 percent porosity and medium grain size (see fig. 18) 

Core Cement content Apparent diffusion Apparent diffusion 
(7.) coefficient coefficient 

(cm2/sec x 10-2) (cm2/sec x 10-2) 
(original diffusion (modified diffusion 

system) system) 

140 10 0.93 1.17 

147 15 0.78 0.99 

72 20 0.73 0.95 

60 25 0.73 0.93 

62 32.5 0.68 0.91 

118 40 0.40 0.40 

Table 16 

Lithologic factor aria cement content for cores of 20 percent 

porosity and medium grain size (see fig. 19) 

Core Cement content Lithologic factor, 

(7.) (dimensionless) 

140 10 1.99 

147 15 2.36 

72 20 2.43 

60 25 2.51 

62 32.5 2.54 

118 40 4.82 
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Table 17 

Apparent diffusion coefficient and porosity for cores 

of 15 percent cement and medium grain size (see fig. 20) 

Core Porosity Apparent diffusion 
(7.) coefficient 

(cm2/sec x 10-2) 

46 16.0 0.72 

43 17.5 0.77 

9 19.0 0.87 

148 19.7 0.68 

147 20.3 0.99 

131 20.4 0.95 

22 21.0 1.05 

129 22.1 1.19 

84 23.3 1.00 

83 24.3 1.02 
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Table 18 

Effective area and porosity for cores of 15 percent cement and 

medium grain size (see fig. 21) 

Core Porosity Effective area, A 
(cm2) 

46 16.0 0.178 

43 17.5 0.170 

9 19.0 0.212 

148 19.7 0.140 

147 20.3 0.209 

131 20.4 0.201 

22 21.0 0.253 

129 22.1 0.235 

84 23.3 0.197 

83 24.3 0.194 

Table 19 

Apparent liffusion coefficient and mean grain diameter for cores 

of 20 percent and 21 percent porosity and 15 percent cement (see fig. 22) 

Core Apparent diffusion Mean grain Core Apparent diffusion 
coefficient diameter coefficient 

(cm2/sec x 10-2) (cm) (cm2/sec x 10-2) 
(20 percent (20 percent 

porosity) porosity) 

13 0.81 0.019 158 0.62 

131 0.92 0.043 147 0.99 

37 1.14 0.069 36 0.79 

40 0.96 0.107 38 0.71 
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Symbol 

k 

D, 

D, 

V 
C 

1 
L 

I 

A' 

V 

t 

LC, 

LCt 
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APPENDIX III 

Table of symbols 

Units 

millidarcys 

percent or fractional 

cm 

cm2/sec 

cm2/sec 

curies/liter or 
equivalents/liter 

-1 sec -

curies/cm2 sec 

cm 

cm2 

CM 

curies/cm2 sec 

cm2 

cm 

cm3 

sec 

curies/liter or 
equivalents/liter 

curies/liter or 
equivalents/liter 

gm/cm sec 

Description 

Permeability 

Porosity 

Mean grain diameter 

True diffusion coefficient 

Apparent diffusion coefficient 

Laplacian operator 

Concentration (general equation) 

Decay constant 

Flux 

Length of core 

Area of core 

Thickness of layer 

Flux through layer of particular 
thickness 

Effective core area 

Effective core length 

Volume of chamber 

Time 

Initial concentration difference 
between two chambers or compartments 

Concentration difference between 
two chambers or compartments at 
time t 

Viscosity 
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Symbol 

/ P -
41 C 

b 

At 

F(W-t) 

-f 

of CI 

Ct _ 

cr-

Yei 

FAG 

Q 
oc 

_D 

Units 

cm3/sec 

atmospheres 

disintegrations/sec 
x 10-12 

-cm2 

sec 

/111 C /sec 

kt/iC /sec 

fractional 

sec 

dimensionless 

curieVliter or 
0 equivalents/liter 

curies/liter or 
equivalents/liter 

cm2 

dimensionless 

dimensionless 

cm2/sec 

dimensionless 

dimensionless 

dimensionless 

degree centigrade 

cm2/sec 

Description 

Flow rate at average pressure 
across core 

Pressure at end of core 

Activity or concentration 

Cell factor 

Time interval 

Quantity of radon entering 
chamber in interval 

Recorded quantity of radon entering 
chamber in time interval 

Average equilibrium fraction 

L = 0 
Equilibrium correction 

Initial concentration 

Concentration at time t 

Proportionality factor 

Exponent 

Proportionality factor 

Exponent 

Proportionality factor 

Exponent 

Proportionality factors 

Constant 

Temperature 

Diffusion coefficient (general 
equations) 
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