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GENERAL INTRODUCTION 

Fluid flow has been measured through almost every 

type of porous material. A considerable portion of these 

permeability studies has been directed towards the flow of 

gases through a bed of charcoal grains. The interest in 

gas flow through charcoal arises from the ability of char­

coal to separate one gas from another, and this property 

has been widely applied both in chemical warfare and 

industry. 

It is of fundamental importance to the knowledge 

of gas flow through a bed of charcoal grains to understand 

the process by which the sorbable gas is carried into the 

interior of the charcoal grain. It is usually conceded 

that a grain of charcoal, which has no visible cracks or 

fissures, is permeated by a network of micropores in which 

the adsorption occurs. The object of this research has 

been to determine the effect of adsorption on the flow of 

gases and vapours through the micropores of a solid charcoal 

rod. 

Although the importance of gas flow in solid char­

coal has long been realized, it is only in recent years that 

suitable forms of charcoal have been available for determin­

ing the flow through the ultimate charcoal particle. The 

theory of flow phenomena associated with the fine grained 



structure of the charcoal is therefore very limited. One 

might expect that, in the case of a porous material having 

micropores capable of being filled with adsorbable vapours, 

the permeability of the material to sorbable gas would be 

much less than its permeability to non-sorbable gas. This 

theory, however, has not previously been checked by experi­

ment* 

The lack of information on the flow of gases through 

charcoal has made it necessary to resort to fundamental theory 

applicable to porous systems where the effect of adsorption 

is negligible. The theory of flow through porous diaphragms 

is very complicated, and the complications are accentuated by 

the inexact knowledge of the shape, size and structure of the 

pores. Equations relating to the flow through porous materials 

must of necessity be empirical and involve many assumptions. 

Many of these equations have been collected and correlated in 

the Historical Introduction. 

At the outset it was difficult to estimate which 

flow mechanism, in the absence of strong adsorption, would 

determine the gas flow through a charcoal rod. However, 

early in the experimental work it was found that the flow 

through charcoal exhibits certain characteristics which 

definitely preclude certain types of flow. For this reason 

flow of gases through metals, zeolites etc., as well as tur­

bulent flow, have been dealt with in a very superficial 



manner in the Historical Introduction. 

It was anticipated that when a gas flows into a 

porous medium on which it is strongly adsorbed, a time inter­

val would be required between the instant the experimental 

conditions of temperature and pressure are fixed, and the 

time when the steady state of flow is established. At the 

outset this time lag was considered only as an experimental 

obstacle to the determination of the steady state flow, but 

it became apparent that a knowledge of conditions obtained 

during the non-stationary flow would supplement and give fur­

ther proof of the conclusions drawn from the steady state flow 

measurements. Theoretical analysis of the non-stationary flow 

has been possible only for very special experimental conditions 

and the data obtained are not complete. Conclusions based 

solely on the non-stationary flow would therefore be subject 

to criticism, but in conjunction with more complete data on 

stationary flow, tend to confirm the theories necessary to 

explain the phenomena involved. 

The theory of non-stationary diffusion has been lar­

gely obtained by a mathematical analogy with heat flow. There 

are however, systems where the analogy is not apparent. Ex­

cept where specifically useful equations dealing exclusively 

with diffusion have already been developed, the mathematics 

of the non-stationary state flow has been reserved for discus­

sion with the experimental results. Vdth these mathematical 



derivations reference has been made where possible to similar 

solutions that have been obtained in connection with other 

problems. 

The experimental difficulties in measuring flow 

through the charcoal rods are not only complicated by the 

very low flow rates, but also by two other factors: 

(1) The difficulty of attainment of a steady 

state of flow due to adsorption phenomena. 

(2) The necessity of providing a flexible type 

of gas-tight seal to the wall of the charcoal 

rod. 

It is a criterion of steady state flow, that the 

quantity of gas flowing in and out of every element of length 

in the path of the flow be identical. From this it is ap­

parent that no pressure decay-rate apparatus can be used to 

measure the flow rate, since it involves continuously changing 

adsorption - desorption conditions within the charcoal. The 

necessity of the flexible seal for holding the charcoal rod 

is accounted for by the volume changes in the charcoal rod 

that accompany adsorption and desorption. 

If the flow rate is to be in any sense characteristic 

of the fine structure of a porous material, it is, of course, 

essential that this material be free from adventitious cracks, 

holes and other mechanical faults not characteristic of the 

porous substance. It is obvious that any relatively large 



hole or crack would make such a large contribution to the 

total flow rate, that it would completely mask the flow 

phenomena associated with the inherent structure. Many 

types of charcoal activation cause the formation of visible 

faults, and it is therefore difficult to obtain a suitable 

material for the present investigation. It is possible, 

however, to obtain a very uniform type of charcoal from wood 

meal that has been carbonized with zinc chloride. Most of 

the experimental work in this research has been conducted 

on a commercial zinc chloride charcoal. 

It was desirable to know as much as possible about 

the physical characteristics of the charcoal in order to un­

derstand and interpret the flow data. For this reason the 

adsorption isotherms of the strongly adsorbed gases, the 

helium and mercury densities, and the nitrogen surface area 

have been determined for the zinc chloride charcoal. 

A charcoal of even more uniform appearance than the 

zinc chloride charcoal has been prepared from Saran plastic. 

Activated Saran charcoal may be prepared in any size or shape 

without introducing any apparent defects in its structure. 

Only preliminary experiments have been conducted with the 

Saran charcoal, but it offers interesting possibilities for 

future investigation. 



HISTORICAL INTRODUCTION 

A. Steady State Flow Through Systems 
Other Than Charcoal 

(a) Capillary flow (single capillary) 

The mechanism of the flow through porous systems 

is more clearly understood with a thorough knowledge of gas 

flow phenomena in a single capillary. The first significant 

work on the flow of fluids through a single capillary was 

conducted by Poiseuille (1) who established the empirical 

relation that 

v = K'A ? R4 (1) 

where V is the flow per unit time, 

A P is the hydraulic head, 

L is the length of capillary, 

KT is a constant 

and R is the radius of capillary. 

This empirical relation was placed on a theoretical basis 

by Wiedemann (2) who considered the forces acting on a unit 

cylindrical element of fluid within the capillary. Subse­

quent integration of the forces acting on this element necessi­

tated assumptions regarding the boundary conditions. When it 

is assumed that the velocity of the gas in contact with the 

wall is zero, the Poiseuille relation is obtained in the form: 



V = TT R4 A P (2) 
8L̂ >) 

where /\ is a constant for any fluid at a 
given temperature and is known 
as the viscosity coefficient. 

Other terms as previously defined, ff 

More accurate determinations showed that the Poi­

seuille relation did not exactly describe the flow rate of 

gases, and it was assumed that the discrepancies were due to 

"slippage" at the wall of the capillary. Maxwell (3) has 

shown on a purely theoretical basis that if there is slip at 

the wall of the capillary, the Poiseuille equation can be 

stated more accurately in the form: 

= TT R4APP JJL)Z/Z ^ P A j ^ / a - f ) . . . . ( 3 ) 
8LAjP \ 2 / L P 7 M \ f / 

where V is the volume per unit time 

measured at pressure P, 

M is the molecular weight of the gas, 

R0 is the gas constant, 

T is the absolute temperature, 
f is the fraction of molecules giving 

non-specular reflections from the 
surface of the capillary, 

# Uniform symbols are used throughout regardless of 
form shown in original literature reference. A 
glossary of symbols appears immediately preceding 
the Bibliography. 
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P i s tiie s a s mean pressure defined by 

— — — y 

o. \ is the influent gas pressure, 

and Pg is the effluent gas pressure. 

All factors in equation (!3) are easily measurable except 

the quantity f. Direct measurements of f have been made 

by Taylor (4) by impinging beams of lithium, potassium and 

caesium atoms on the cleavage plane of sodium chloride 

crystals. Taylor records that under these conditions f 

equals 1.000. Blankenstein (5) has determined f by the 

rotating cylinder viscometer. This method is indirect, as 

f is evaluated by the solution of equation (53). Blanken­

stein found that air and oxygen gave only Z% and Vp specular 

reflections respectively from a surface of burnished silver 

oxide (i.e. f equals 0.98 and 0.99 respectively); helium 

and hydrogen on the other hand gave no measurable specular 

reflections at all. Other measurements of f indicate 

larger variations in its value. Millikan (6) calculated 

values of f equals 0.9 in connection with his oil drop ex­

periments. 

Examination of equation (3j indicates that only 

under very special conditions can both parts of the equation 

contribute significantly to the total flow rate. It may be 

seen that if R (the radius) is large, then, in order that 

the term due to "slip" contribute to the flow rate, P must 

be small. It may also be inferred from equation (!3) that if 



R is very small, the term due to "slip" might become an import­

ant function even at relatively high pressures. That is, when 

R or P are sufficiently small, the Maxwell "slip term" gov­

erns the significant contribution to the total flow rate. 

Knudsen (7) has derived an equation to describe the 

flow rate when the mean free path of the gas molecule is of 

the same order of magnitude as the diameter of the capillary. 

This regime of flow should therefore correspond to the flow 

governed by the Maxwell "slip term" of equation (3j. Knudsen 

developed his equation by consideration of the mathematical 

chance of a molecule passing through a capillary. Knudsen1s 

equation may be expressed in the form: 

4 
3 An , 1 Ho T 

' M 
R3A P 

L P 

It is notable that equation [3) when only the "slip term" is 

effective, and equation (4), which describes the flow for 

similar conditions, are identical in form although they were 

derived by completely different considerations. 

Knudsen (8) found experimentally that equation (4.) 

described the flow rate accurately only under the limiting 

condition that the mean free path of the molecule was greatly 

in excess of the pore radius. Semi-empirically, Knudsen ob­

tained an equation which best fits the experimental results 

for all possible values of given variables, provided that 

the capillary has sufficient length that the kinetic energy 
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correction introduced by Brillouin (9) may be neglected, and 

that the linear flow rate does not exceed the value that would 

cause the flow to become turbulent.^ The complete Knudsen 

empirical equation for the flow through a capillary may be 

stated in the form: 

V = 
TTR^APP 4 f—; / RQ T R3A P / 1 + . 8 1 5 H / X 

/ a " 
5R 8L nj P 3 v y M L P \ 1+ °*/ \ 

where X is the mean free path of the gas 
molecules. 

Equation (j5) is often expressed in other forms. 

Knudsen (8), and Adzumi (11), use the form: 

T = K = 

(5) 

V P 

A P 

n R4 P 4 / — 
= + Z TT / 

8L r* 3 * 7 

/ Ro T 
M 

R3 / 1 + . 8 1 5R/ \ \ 

L \ 1+ 5R/ x / 

(6) 

where T is used by Knudsen, and K by Adzumi. 

jt Turbulence occurs when: 

Re = m w ( ^ 580 (c.g.s. units) 
°) 

where Re is Reynold1 s number (10), 
m is the hydraulic radius defined by 

the ratio of pore cross sectional 
area to periphery, 

f> is the density of the fluid, 
O) is the viscosity coefficient, 

and W is the limiting mass velocity. 
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Both the T and K functions are expressed in units of volume 

times pressure per unit pressure gradient per unit time. The 

utility of this form of the flow equation is apparent from the 

fact that a plot of T or K vs. P will give a straight 

line over a wide pressure range for a given gas and capillary, 

if the temperature is maintained constant. 

Another common form of equation (̂5) for the flow 

rate of gases is: 

VPM TT R4A PPM 4 / / M R 3AP n v „ VPM TT R*A PPM 4 /~~ 
& = V/* = — — — = — + — / a n , 

'g R0 T 8 L ^ R Q T 3 ^ / R0 T 

1 + .81 5R/ X 
1 + 5R/ X 

(7) 

where G is the mass flow per unit time, 

/? is the density of the gas at the pressure 
8 at which the volume was measured;^7 

Is defined by the gas law, g 

B£ - ., , 
for an ideal gas. R0 T 

(b) Capillary flow in porous solids. 

Corresponding to the Poiseuille equation (2j for the 

flow rate in a single capillary, Kozeny (12) has derived an 

equation for the flow through a porous diaphragm. Kozeny 

assumed that a porous system could be considered as an agglo­

meration of uniformly packed particles with a uniform net work 

of pores between them. If there are n" similar channels in 

which Poiseuille type flow occurs, the total flow of gas through 
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a porous system will be given by the equation: 

Vf = 
2 n" n m4 A P 

L z °) 

where Vf is the volume per unit time measured 
at the pressure P, 

L is the thickness of the porous 
material, 

z is the tortuosity factor such that 
Lz equals pore length, 

and m is the hydraulic radius which is de­
fined by the relation 

capillary cross section 
capillary periphery 

That is for circular capillaries 
m equals R/2. 

But nn nm 2K is the total cross section area of the 
capillaries if K is a shape factor 
which depends on the shape of the 
capillaries. 

Also, AQ£ is the total cross sectional area of 
the capillaries if AQ is the cross 
sectional area of porous material, 
and £ is the fraction of voids 

_ volume of voids 
volume of voids and solids 

That is VT _ 2 AQ £ m
2 A P 

K Lz °) 
But m = pore cross section = pore volume = S 

pore periphery pore surface Sv (1 - z ) 
if Sv is the surface area per unit volume of 

porous material. 
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Hence 

y = 2 (7) 
K0 Ln, s| \ (1 - £ ) 3 / 

where KQ is a factor including both the shape 
factor and the tortuosity factor. 
Carman (13) has shown that for a 
wide range of porosities and par­
ticle shapes KQ equals 5. 

The Kozeny equation (£) is based on the assumption 

that Poiseuille type flow occurs in the pores, and therefore 

it can only apply to systems where the pores are sufficiently 

large that surface slippage may be neglected. 

By the same methods as were used by Kozeny, Holmes 

(14) has developed an equation for the flow through porous 

systems which corresponds to the Knudsen equation (̂ ) for a 

single capillary. 

8 / 2 / RpT A Q A P / _ _ £ £ _ _ , (a) 
7 - 3 / TT / M PLSV \ (1 - I) ' K~' 

Since equation (8) was derived from the Knudsen 

equation (4) it can be valid only if the radii of the pores 

are less than the mean free path of the gas molecules. Un­

like the Kozeny equation (£), the Holmes equation makes no 

allowance for the shape or tortuosity of the pores, although 

it appears to this reviewer that at least a tortuosity factor 

must be required. 

During the course of this investigation, several 
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equations have been developed which correspond to the "general" 

flow equation (5.) of Knudsen. Such equations are: 

1) the Rigden equation (15), 

2) the Arnell equation (16), 

3) the Lea and Nurse equation (17). 

It has recently been shown by Arnell (18) that these 

equations are essentially equivalent in form but differ slight­

ly in numerical constants. These differences are accounted for 

by the various assumptions regarding shape factors and effective 

porosity that the authors included in their derivations. At 

this point it will therefore be sufficient to consider the 

equation of Arnell: 

yt = 
An A P £ 

5 L/-kS| (1- £ ) Z 
^ v 

8 

3 

2 R0 T A P k0pL 

TT M P L S_ (1-t) 

(i) 

where P is the effective fraction of void area, 

S is a factor depending on the coefficient 
of slip and is approximately equal 
0.9. 

It may be seen that equation (£) reduces to the Kozeny equa­

tion (7) when the surface area is small and the pressure 

large. When the surface area is large and the pressure small 

the Arnell equation reduces to the Holmes equation (&). In­

termediate between these conditions, both terms of the Arnell 

equation must be considered. 
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Previously Adzumi (11) had shown that the flow 

through a number of capillaries in series and in parallel 

is approximately given by the equation: 

K = 

rf' 
17 P yi 
8 n. Z-J 

1 
m" 

where 

and 

2 TT 
Rn T 

n 
II r 

& 

M z m 
TT 

£l'/r3 

.... (10) 

lf 

r 

n" 

m tt 

is the length of individual pore, 

is the radius of individual pore, 

is the number of capillaries in 
parallel 

is the number of capillaries in 
series. 

For a porous system the solution of equation (X£i) is only 

possible if all the n" paths in parallel are identical, and 

may be considered as having a radius r and length L, where 

L is the thickness of the porous sample. With these approxi­

mations equation (ljD) takes the form: 

TT P n"r4 

K = 8 
") 

+ S — JTn 
R0 T 

t, 3 
n r 

The Adzumi equation in the form of equation (11) 

is directly comparable to the flow equation (6j for a single 

capillary. 

Arnell (19) has shown that equations (9j and (11) 

are essentially similar, but the differences in their form 

(11) 
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give each equation a specific use. From the Arnell equation 

(9j it is possible to calculate the surface area per unit 

volume of porous material, whereas from the Adzumi equation 

(11.) it is possible to calculate both the number and mean 

radius of the channels through the porous material. The 

surface areas calculated with the aid of equation (£) have 

been shown to compare well with the values obtained by other 

methods (19). The pore radius calculated from the Adzumi 

equation (11) is not a fundamental constant of the porous sys­

tem. Inspection of equation (11) reveals that r represents 

the radius of a capillary in an idealized system of straight 

and uniform pores that would give the same flow rate as the 

porous material. 

Both Adzumi (11) and Arnell (16) suggest the use of 

a constant equal 0.9 for the term S which is dependent on 

the coefficient of slip, whereas it is apparent from Knudsen1s 

equation (6j that this quantity has a pressure variable value. 

It is therefore not to be expected that either equation (£) 

or equation (11) can exactly fit experimental results over a 

wide range of pressures. 

The Adzumi equation (11) may be expressed in the 

form: 

K = JLJL = AP+ B (12) 
A P 
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where 

A = n ?4 = -AL- (13) 
8 ̂  L O) 

B = % JL. /^/-J°JL = B< /^L (14) 
3 ^ y M y M — 

where A1 and B1 are constants of the porous 
system. 

Equation (12) indicates that if the experimental 

flow rates for a given porous system are expressed in K 

units, a plot of K vs. the mean pressure P will give a 

straight line. The slope of this straight line plot re­

presents A (as defined above) and the intercept on the K 

axis represents B. The constants A and B may therefore 

be evaluated if the flow rate of any gas through a given 

porous system has been measured at two or more mean pressures. 

From equations (13) and (14) it may be seen that 

for a given porous system the value of A varies inversely 

as the viscosity of the gas, and the value of B directly 

as the square root of the temperature and inversely as the 

square root of the molecular weight of the gas. If the 

values of A and B have been determined experimentally 

for a given gas it is therefore possible to evaluate A and 

B for any other gas, provided that the molecular weight and 

viscosity of the gas are known at the required temperature. 

The flow rate of any gas through a capillary system may there-
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fore be calculated with the aid of the Adzumi equation for 

any conditions of temperature and pressure, if the flow rate 

of one gas through the system is first established as a func­

tion of the mean pressure. 

B. Gas Flow Through Metals 
. and Zeolites 

When the holes in a porous system are of molecular 

dimensions, only gas molecules of exceptional energy are 

capable of forcing an entry into the pores. From Kinetic 

Theory it was known {20) that the fraction of gas molecules 

having energies exceeding a given value increases rapidly 

with temperature, and it is therefore to be expected that the 

rate of diffusion of gas molecules into solids permeated by 

very small pores will be highly temperature-dependent. 

Hey (21) has shown that the diffusion constant for 

the diffusion of water vapour into heulandite contains a term 

e-E/RoT 9 where E is considered to be the energy that a 

molecule must attain in order to diffuse between two points 

of equilibrium in the heulandite lattice. Richardson, Nicol 

and Parnell (22) have shown that the gas flow into metals is 

governed by a similar exponential law. Such diffusion processes 

are known as activated diffusions and are easily recognized ex­

perimentally by their high temperature coefficients. 
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£. The Steady State of Flow Through 
Charcoal 

(a) Damkohler's theory of diffusion 
in a small capillary 

The first theoretical discussion of gas flow 

through porous solids in which significance is attached to 

the effect of adsorption has been given by Damkohler (23). 

Damkohler predicts that in small pores diffusion will be 

controlled not only by Knudsen molecular streaming (equa­

tion (4) ) but also by surface diffusion, providing the 

adsorption is large. 

The first indication of the phenomenon known as 

surface diffusion was provided by Volmer and Estermann (24), 

who observed a remarkably rapid growth of mercury crystals, 

when the crystals were formed at -63° C. from mercury vapour 

at -10° C. The rate of growth under these conditions was 

over 1000 times greater than could be explained by the 

Kinetic Theory. Volmer and Adhikari (25) have observed the 

diffusion of benzophenone on the surface of glass and found 

as might be expected, that its rate of transfer was propor­

tional to the concentration gradient. This surface diffusion 

was found to be quite analogous to the volume diffusion which 

occurs in gases and solutions with the exception that it is 

restricted to two dimensions. This experiment of Volmer and 

Adhikari has provided the first experimental proof of surface 

diffusion. 

Bangham and Fakoury (26) provide indirect evidence 
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of the mobility of adsorbed gases on charcoal. They have 

shown that the adsorbed films investigated behave as two-

dimensional gases whose expansive pressure is directly 

proportional to the linear expansion of the charcoal block. 

Evans (27) has extended the treatment of Bangham to show 

that the adsorbed layer does not behave as an ideal gas. 

The deviation from ideality is attributed to the mutual co­

hesion between the adsorbed molecules, which becomes signi­

ficant at high surface concentrations. 

Assuming that a surface diffusion as well as a 

volume diffusion occurs in the pore of an adsorbent, Dam­

kohler considers the diffusion into a pore would be gov­

erned by the differential equation: 

T — (Ng+ Ha) = Dg ^ - £ - • D. _ _ j (15) 

where Ns is the number of molecules in the gas 
s phase per cm* pore length, 

Na is the number of molecules in the ad­
sorbed phase per cm. of pore length, 

D„ = 2/3 R S is the volume diffusion 
constant, 

D Q = 1/2 A.^ <*> is the surface diffusion 
constant, 'a 

R is the pore radius, 

"5 is the root mean square velocity 

and A,, is the mean free path of adsorbed 
molecule. 
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Damkohler has also shown that equation (15) may be represented 

in the form: 

where 

and 

and 

TT 

D = 

N« = D 
^ 2N g 

Dg + A"Da 
1 + Af f 

A' f = N, 
N, 

s .a. e 
Q/RT 

s is the pore circumference, 

q is the pore cross sectional area, 

Q, is the adsorption potential 

a is a constant. 

(16) 

(17) 

Damkohler assumes that where a high degree adsorption 

occurs, the ratio of the number of molecules in the adsorbed 

phase to the number in the gas phase equals 10+3equals Aff. 

From this value of Af f together with equation (17) and the 

definitions of Dg and Da, Damkohler has shown that, as the 

value of the pore radius approaches 10 cm., D equals Da 

and the rate of diffusion becomes largely dependent on the 

surface diffusion. Unfortunately, Damkohler did not check 

his theories with experiment. 

(b) G-as flow through respirator charcoal 

The flow of gases through a bed of charcoal grains 

has received considerable attention in connection with gas 

separation by devices such as the respirator. Outstanding 
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among the more recent publications on this subject are the 

papers of Wicke (29) (30) (31). Wicke (30) developed both 

theoretical and empirical equations relating to the dynamic 

sorption of an adsorbable gas from a carrier gas. Develop­

ment of the theory of the flow through a bed of charcoal grains 

required a knowledge of the rate of diffusion of the adsorbed 

gas into the interior of the charcoal grain. The importance 

of this diffusion process is pointed out by Wicke (32), who 

states that in a dynamic gas separation, where an adsorbable 

gas is carried into a bed of charcoal grains by a gas that 

is not adsorbed, the diffusion of the gas from the surface 

of the charcoal grain into the fine structure of the charcoal 

is the rate-determining process. 

(c) Gas diffusion in a charcoal pellet 

The rate of diffusion in a grain of charcoal has 

been measured by Wicke (32). Wicke expected that the surface 

diffusion predicted by Damkohler would play an important part 

in this experiment. The theory of Damkohler considered only 

the diffusion in a single pore, so that it was necessary for 

Wicke to make further assumptions regarding the pore structure. 

Wicke observed that the "medicinal charcoal" which he used 

had a foamlike nature with microscopically visible pores of a 

-4 
magnitude of 10 cm. From capillary condensation theory 

Wicke concluded that there were also numerous pores of the 

order of 10~7 cm. To fulfill these conditions Wicke made 

the following assumptions: 
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1) The charcoal is composed of ball-like particles. 

Between these particles there is a continuous net­

work of macropores whose radii are of the order of 

10"4 cm. 

2) The individual ball-like particles are per­

meated with fine pores in a "fjord-like manner". 

These micropores have radii of the order of 10~7 

cm. It is in these pores that most of the adsorp­

tion takes place. 

3) The diffusion rate into the micropores is 

rapid compared to the volume diffusion in the macro-

pores. 

From these assumptions Mcke developed an equation 

for the rate of diffusion into a round charcoal pellet suffi­

ciently large that it would be made up of a large number of 

the ball-like particles. 

OO n2
 TT

 2 D t 

Kit) = 1--V E -V *~ 4 A (IB) 
n n = 1 n 

where Y (t) = jf^j for adsorption, 

Y(t) = n ^ Q ) 7 Q ^
t ) for desorption, 

Jf (t) is the ratio of flow at time t to 
flow at t^ , 

A is the fraction of void space in a 
charcoal grain occupied by the ad­
sorbed gas, 

R, is the radius of the charcoal pellet, 
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and D is the effective diffusion constant 
of gas into the grain. 

Wicke exposed evacuated pellets of charcoal to a 

1 mm. pressure of carbon dioxide and observed the rate of 

pressure drop. This rate of pressure drop was in accordance 

with the rate expected from equation (18) and therefore Wicke 

was able to calculate the effective diffusion constant. The 

normal diffusion constant of the charcoal was obtained by ob­

serving the half life for the decay of pressure of a known 

volume of gas through a single grain of charcoal glued into 

a glass tube. The values of the two diffusion constants were 

found to be identical within the experimental error of the 

methods, and therefore Wicke was led to the following conclu­

sions: 

1) The rate of transport of gas through the 

charcoal is determined solely by the macropores, 

and the surface diffusion does not contribute 

significantly to the total flow. 

2) The assumptions regarding the structure of 

the charcoal are consistent with the data obtained, 

for the effective diffusion constant calculated 

from these assumptions compared favourably with the 

diffusion constant measured in the normal manner. 

Wicke explains that the fast diffusion process 

that might have been expected on the basis of Damkohler1s 

theory was not observable in the system used by him because: 
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1) the macropores were so large that the volume 

diffusion through them was large compared to the 

surface diffusion occurring in the micropores, 

2) the fine structure was not continuous but 

separated by the surfaces of the macropores. 

These experiments of Wicke were all conducted with 

carbon dioxide at a pressure of 1 mm., so that there was no 

attempt to give a Kinetic Theory interpretation of the 

results, or to show how the diffusion constant would vary 

with temperature, pressure or the properties of the gas. 

The lack of reproducibility of the results suggests the ne­

cessity of experimental refinements. 

(d) Experimental proof of surface 
diffusion on charcoal 

By a different approach Y/icke (33) has demonstrated 

that surface diffusion does take place on activated charcoal. 

Experimentally he observed this phenomenon by sweeping one end 

of a charcoal plug with a mixture of carbon dioxide and ni­

trogen at constant partial pressures. The other end of the 

charcoal plug was swept at the same total pressure with ni­

trogen, and the carbon dioxide diffusing into the pure nitro­

gen stream was quantitatively analysed by means of a sensitive 

heat conductivity apparatus. Wicke has shown that at 0°C. and 

760 mm. pressure, half of the total carbon dioxide is trans­

ported through German technical charcoal by a surface diffusion 

process. The total transport of the carbon dioxide is made up 
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of three components: 

1) Normal diffusion of the adsorbable gas through 

the carrier gas occurring in pores whose diameter 

is large relative to the mean free path of the 

molecules. 

2) Knudsen molecular streaming in pores whose 

diameters are small compared to the mean free 

path. 

3) Surface diffusion of the adsorbed molecules 

on the pore walls. 

Wicke conducted these experiments at partial pres­

sures varying from 0 to 760 mm. and temperatures from 0° C. 

to 300°C, but it was not possible to differentiate between 

the temperature - pressure dependence of each of the three 

types of diffusion. With sintered glass plugs it was found 

that volume diffusion predominates except at low pressures. 

With clay plugs, on the other hand, Knudsen flow prevails. 

Medicinal charcoal is intermediate in behaviour, showing 

predominant volume diffusion at a pressure of one atmosphere, 

but allowing increasing proportions of Knudsen flow at low 

pressures. With the technical charcoals of the German Activated 

Charcoal Company, referred to as "KA" and "KS", surface dif­

fusion accounts for an appreciable part of the total transport. 

The surface diffusion was shown to be partly continuous, i.e., 

moving parallel to, but independently of, the volume diffusion, 

and partly discontinuous, i.e., at constrictions in the pores, 
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gas molecules being transported by volume diffusion may con­

dense on the surface and move by surface diffusion. 

The glues that Wicke found to be most suitable for 

sealing the charcoal to the diffusion cell were Bakelite 

paste "P", a resorcinol formaldehyde resin of the Bakelite 

Company for low temperatures, and magnesia cement for higher 

temperatures. Wicke found however that the unequal expansion 

of the glue and charcoal caused the formation of cracks. 

This difficulty was not overcome" and Wicke found it impossible 

to obtain reproducible results. For example, if the rate of 

diffusion were measured at a low temperature and the sample 

subsequently heated, Wicke found that a repeated diffusion 

at the low temperature gave a larger rate than that previously 

observed. This lack of reproducibility made the analysis 

of the data extremely difficult. 

D. The Non-Stationary State 
of Flow 

The non-stationary state of flow has been treated 

frequently as a diffusion problem. The fundamental law of 

# Whereas resorcinol formaldehyde resins were found to be 
only partially successful by Wicke for sealing charcoal 
into glass tubing for flow measurements, it is of inter­
est to note that the candidate has found that this bake­
lite type plastic makes an excellent base wax for skis. 



88 

diffusion was established by Ficic (34) and may be stated in 

the mathematical form 

where C is the concentration at time t at 
a point x, y, z, 

D is the diffusion constant, whose 
dimensions are 

l 2 t-1 . 

For linear or one-dimensional diffusion Pick's law reduces 

to the form: 

= D ^ E ° 0 (19) 
h t ^ x£ 

In the case of gas flow into solids the diffusion constant 

is intimately connected with the solubility or adsorbability 

of the gas in the solid, as well as the kinetics of the gas 

in the system. Some of the numerous interpretations of the 

diffusion constant have been summarized by Barrer (35). 

The diffusion equation (H) is similar in mathema­

tical form to the differential equation for the flow of heat. 

Solutions to the non-stationary heat flow equation have been 

compiled by Carslaw (36) for a large number of the possible 

boundary conditions. As long as the diffusion constant re­

mains independent of the concentration, the solutions to 

Fickfs law should correspond to the solutions of the heat 

flow equation. 
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In many diffusion systems, the diffusion constant 

Has been found to be strongly dependent on the concentration. 

Boltzman (37) has shown that, when the diffusion constant is 

dependent on the concentration, general solutions to the dif­

fusion equation are not possible unless the concentration can 

be expressed by a function of x/ft . 

Barrer (38) has collected numerous useful solutions 

to Fick's law for the boundary conditions most commonly met 

in diffusing systems. 

(a) Non-stationarv diffusion in zeolite 

One of the most extensive studies of non-stationary 

diffusion has been carried out by Tiselius (29). Tiselius 

observed the diffusion of water into the heulandite lattice. 

The boundary conditions for this diffusion were: 

C = Cx at x = 0 for all t 

C = CQ at x > 0 at t = 0 

C = CQ at x = oo for all t. 

For these conditions the solution of Fickfs equation (19) is: 

Cn _ Cv x 
1 z ~ erf = - (20) 

cl " °o ZJDt 

By sectioning the heulandite block Tiselius was 

able to determine the concentration at any point along the 

length of the block at any time t. From equation (20) 

Tiselius was able to determine the diffusion constant of 

water in heulandite. 



30 

(b) Non-stationary flow in capillaries 

Clausing (40) has measured the non-stationary state 

of gas flow in a glass capillary. Working at gas pressures 

where Knudsen molecular streaming occurred, he observed a 

time lag between the instant the flow conditions were esta­

blished and the time when steady state flow occurred in the 

capillary. This phenomenon was observed experimentally by 

maintaining a gas pressure virtually constant at the influent 

end of a capillary and a pressure approximately equal to zero 

at the effluent end of the capillary. This effluent pressure 

was measured by means of an ionization gauge, and from the 

rate of change of pressure, and from the volume of the system, 

Clausing was able to calculate the total number of molecules 

that had entered the low pressure vessel at any time. 

From Kinetic Theory Clausing deduced that, if sur­

face diffusion could be neglected, the diffusion constant 

could be calculated from the equation: 

»- -i-'bs^r) <*> 
where H is the capillary radius, 

u> is the root mean square velocity 
of the gas molecules, 

and T is the mean life of an adsorbed 
e molecule. 

Clausing considers the flow in a capillary to take place ac­

cording to the diffusion equation in the form: 
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? N„ m D ^ 2 N (22) 
S t * x2 ~ 

where N = Na + N is the total number of 
molecules per unit length of capillary 
including those adsorbed on the wall. 

The boundary conditions for Clausing1s experiment were: 

N = Nx at x = 0 for all t 

N = O a t x > 0 at t = 0 

N ± 0 at x = L for all t, 

where L is the length of the capillary. 

For which conditions it may be shown that the concentration 

gradient at the effluent end of the capillary is given by 

the equation: 

^ x / x = L 

where n2 n 2^ 

(1 + 2 ? ^ N \ NT /. _ > - <* t 
e cos n TT 

L 2 

Hence the total number of molecules that have passed through 

the effluent end of the capillary in time t is given by the 

relation: 

N t = 
j ' »(-H|.-L « 

That is 
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Nt = 
D NX ft n 

t + 3 
^ o 

2^ e~ *** cos n TT dt 

which may be expressed in the form of the infinit e series: 

N+ = 
D Ni 

t -
2 IT 

mmmm^mmmmmmmm 

TT 2D 
- TT *Dt 

( 1 - e L2 ) 
1 /-, - 4 TT 8 D t 
4 ( 1 " e ^ ^ ~ ) 

1 # - 9 TT^Dt 
± (1 - e —&- ) ... 
9 (aa) 

where Nj_ i s the number of molecules per cc . 
a t the in f luent end of the cap i l l a ry . 

From experimental values of Nt, Clausing was able 

to solve equation (23). From the value of the diffusion 

cons tant (D) obtained Clausing was a lso able to ca l cu la t e the 

mean l i f e of the adsorbed molecule from equation (21)» 

Frenkel (41) has shown that the mean l i f e of an ad­

sorbed molecule may be estimated from the equation 

T, - Tn e A H / R T 

where T0 is the vibration period of the adsorbed 
molecule, 

and A H is the heat of adsorption. 

By evaluating Te at various temperatures Clausing was able to 

calculate the heat of adsorption and the vibration period of 

the adsorbed molecule. 

It has already been shown (see page 19) that Dam-

kohler considers that, where adsorption occurs in a pore, dif-
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fusion into the pore will take place in accordance with the 

differential equation (lj3) 

o t ^ - J B 
Hm. = J) £ _ . . . . . . . ( 1 6 ) 

where 

D e + Af f D a Nfl 

1 + A1 f w 

When the adsorption is slight, the value of Af T is small and 

the Damkohler diffusion constant D = D„. That is: 

It g 3 x2 

in which form the Damkohler equation is similar to equation 

(22) used by Clausing. In the charcoal pore however, where 

the adsorption is considerable, it is to be expected that 

the more general equation (16) of Damkohler is more applicable. 

Damkohler considers that the charcoal pore is bounded 

on one end, and therefore the approach to equilibrium adsorp­

tion in that pore would be in accordance with the solution of 

equation (16) f°r the boundary conditions: 

Ng = N0 at x = 0 for all t 

H = 0 at x > 0 at t = 0 
& 

^ — £ = 0 at x = Lf 

where V is the pore length. 
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These conditions lead to the equation: 

S (t) = 

ri 
j 

Ng dz 

N0L« 
= 1 - 8 

TT 

OO 

Z e 

TT2(2m'±. l)Dt 
mm Til i » ^ — ^ * — — * — • 

4Lf2 

(2m! + l ) 2 

where S (t) 

(24) 

is the ratio of the number of 
molecules adsorbed at time t 
to the number adsorbed at equili­
brium. 

No data are available for the calculation of char-

coal pore lengths by means of equation (%&), but Damkohler 

estimates that zeolite pores are of the order of 0.3 cm. 

Whereas the subject of gas flow has been dealt with 

superficially in one or more chapters of many texts on Physical 

Chemistry, relatively few treatises have been written dealing 

exclusively with this subject. Of the more complete text books 

dealing with the flow of gases through porous solids, "Dif­

fusion in and through Solids" (42) and "Flow of Homogeneous 

Fluids" (43) have been found most useful. 



EXPERIMENTAL 

A. The Charcoal 

The most important consideration in choosing the 

charcoal for this research was its uniformity. It is quite 

apparent that, where flow rates through a solid block of 

charcoal are being measured, any cracks or holes would make 

such a large contribution to the total flow that the flow 

phenomena associated with the fine structure would be masked. 

A zinc chloride activated charcoal, prepared by the National 

Carbons Company appeared to be the most uniform of the com­

mercial products. 

(a) Zinc chloride activated charcoal 

The zinc chloride charcoal obtained from the Na­

tional Carbons Company was in the form of cylindrical rods 

about 10 cm. long and 0.380 cm. in diameter. The surface of 

the rods was slightly rough and the occasional crack was also 

visible. One-centimeter lengths of the charcoal rods could 

be obtained, however, that were free from such faults as 

would be visible with a low-power microscope. A cleavage 

surface of this charcoal was sufficiently smooth to allow 

specular reflection of 90° incident light. 

In order to interpret the flow data it was necessary 

to know some of the physical characteristics of the zinc 

chloride charcoal. 
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(i) Helium density of the zinc 
chloride activated charcoal. 

The apparatus used to determine the helium density 

of the zinc chloride charcoal is shown in Fig. 1. The li­

miting factor in the design of this apparatus was the small 

quantity of available charcoal. Although there was an 

adequate supply of the zinc chloride charcoal for all other 

purposes required in this research, the total supply was 

not sufficient for determination of the helium density by 

usual methods which require relatively large amounts of 

charcoal. In principle the apparatus (Fig. 1) is similar 

to the apparatus of Howard and Hulett (44), but in order 

to make their methods applicable to small volumes of char­

coal, all manifold space has been reduced to a minimum in 

the apparatus represented in Fig. 1. 

In order to maintain the system at constant volume, 

the manometer A was arranged so that the mercury in the pres­

sure arm was always at a constant height indicated by the 

glass pointer B. To allow for variations in pressure while 

maintaining constant mercury height at B, mercury was re­

moved or added to the manometer from the reservoir C. 

In order to keep the volume small, the manifold F and the 

pressure arm of the manometer above the glass pointer B were 

made from 1 mm. capillary. The volumes of the bulbs 0 and H 

were obtained before they were set into the apparatus. 
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The volume and evacuated weight of the empty pyc-

nometer L were obtained prior to filling with the charcoal 

rods. During the helium density determinations the pycno-

meter was connected to the manifold F by means of the standard 

joint K. For outgassing the charcoal however, the pycnometer 

was connected to the standard joint M. The charcoal was 

considered free from adsorbed gases after 36 hours evacuation 

at 150°C. 

The helium density of the zinc chloride charcoal was 

obtained in the following manner. Helium gas at known tempera­

ture and pressure was expanded from the bulb H into the 

evacuated manifold system F (including the pressure arm of 

the manometer A and that part of the pycnometer which extends 

into the standard joint K). From the pressure observed on 

the manometer A, the volume of the manifold system was cal­

culated. A further expansion into the evacuated pycnometer 

L was accomplished by opening the stopcock 4. From the ob­

served pressure, the void volume of the pycnometer was evalua­

ted. The difference between the void volume of the pycnometer 

when filled with charcoal and the volume of the empty pycno­

meter gives the volume of the charcoal. The ratio of the 

weight of the charcoal to the volume the charcoal displaces 

in helium is the helium density. The helium density is also 

the density of the solid material in the charcoal if it is 

assumed that the helium penetrates into all the pores but is 

not adsorbed. 
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Although the apparatus was designed to measure 

the helium density of a small quantity of charcoal, there 

was sufficient charcoal available for only one complete deter-

mination. a . error involved, however, in the determination 

of the weight of the charcoal was relatively smaller than 

the error in the determination of the volume, so that two 

volume determinations on the same sample were, effectively, 

almost equivalent to two completely separate measurements. 

Weight of pycnometer plus degassed charcoal 58.808 gm. 

weight of evacuated pycnometer 49.474 

Therefore, Weight of Charcoal 9.334 

Volume of empty pycnometer (calculated 
from weight of water it contained at 25°C.) 33.054 cc. 

Void volume of pycnometer when filled 
with charcoal (calculated from helium 
expansions into the pycnometer. Two 
determinations 28.82, 28.87 

Therefore, Helium volume of charcoal 4.23 4.18 cc. 

But 

TT , . , „„.^„ _ Weight of charcoal _ 
Helium density - Heliurn volume of charcoal " 

9*554 _ 2.21 gm./cc. (first determination) 
4. 23 

9*554 = 9.23 gm./cc. (second determination) 
4.18 B 

The accuracy of this helicua density determination 

was limited by the small available quantity of charcoal. A 

mean value of 2.22 gm. per cc. is considered sufficiently ac-
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curate for the required purposes. 

(ii) Nitrogen surface area of the zinc 
• chloride activated charcoal 

The nitrogen surface area was determined by the 

method of Brunauer, Bnmett and Teller (45). These authors 

have shown theoretically that adsorption should occur in ac­

cordance with the isotherm equation: 

P_J = 1 J<L-L_). _L_ ... (25) 
Vo \ Po - P / Vmc \ Vmc 

where V 0 is the volume of gas adsorbed in cc. 
at S.T.P. per gm. of charcoal at 
the pressure P, 

P 0 is the vapour saturation pressure at 
the temperature of the isotherm, 

V m is the volume in cc. of gas at S.T.P. 
adsorbed on one gram of charcoal that 
just completes the formation of a 
monolayer on the adsorbing surface, 

and c is a dimensionless constant that is de­
pendent on the heat of adsorption 
and the heat of liquifaction of the 
gas. 

It may be seen from equation (2.5) that a plot of 

P against 1 / P \ gives a straight line whose 
T^ — [ P 0 - P / 
slope is o - l and whose intercept is 1 . Thus 

from the experimental values of the slope and the intercept, 

the two constants Vm and c may be evaluated. 

The surface area per gram of charcoal may be estimated 

from the value of Vm if it is assumed that each molecule of 
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The apparatus used to determine the nitrogen adsorp­

tion isotherm at 90.1° K is shown diagrammatically in Fig. 1. 

(The same apparatus was used to determine the helium density.) 

The pycnometer L containing the degassed charcoal was cooled 

in liquid oxygen (90.1° K) and exposed to nitrogen until ad­

sorption equilibrium was reached. The approach to equilibrium 

could be observed by the change in the pressure of the system 

with time. After about two hours the pressure became constant 

and the adsorption was considered complete. The adsorption 

pressure was then recorded, the stopcock Q, closed and the sys­

tem evacuated. The adsorbed gas and the gas held in the pyc­

nometer at the adsorption pressure was then expanded into the 

manifold and the calibrated flask G. The pycnometer was warmed 

to 25°C. in a constant temperature bath, thus causing the ni­

trogen held on the charcoal to desorb. Since the amount of 

nitrogen adsorbed on charcoal at room temperature is small in 

relation to that held at 90.1° K, the desorption may be consi­

dered complete (47). The amount of desorbed nitrogen is 

equal to the total amount of gas in the system less the amount 

that was held in the void volume of the pycnometer at 90.1° K 

and the adsorption pressure. 

The experimental data for the adsorption of nitrogen 

on the zinc chloride activated charcoal are given in Table 1 and 

shown graphically by means of the Brunauer, Emmett and Teller 

plot in Fig. 2. 
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TABLE I 

Adsorption of nitrogen on zinc chloride 

Pressure 
mm. Bte. 

467.0 

345.4 

252.1 

83.3 

Vol ume adsorbed 
cc./^m. 

304 

234 

267 

224 

P 

*o 

0.187 

0.137 

0.101 

0.033 

l P 
V P0 - P 

0.752 x 10~3 

0.560 x 10"3 

0.418 x 10"3 

0.153 x 10~3 

( ?0 = 2680 mm. (48) ) 

From Fig . 2 the experimental values of the slope 

and i n t e r c e p t a r e ob ta ined . 

Slope = 3.90 x 10 -3 . c - 1 
vmc 

I n t e r c e p t = 0.03 x 10 -3 _ 
Vmc 

whence Vm = 250 cc . n i t r o g e n a t S.T.P./gm. 
charcoa l . 

The s u r f a c e a r ea covered by a s i n g l e molecule of n i t r o g e n a t 

9 0 . 1 ° K was eva lua ted from equat ion ( 2 7 ) . 

Ayn = 4 x .866 
•m 

28 .01 

4 / 2 X 6.06 x 102 , 5 x .751 

2/3 20 
= 17 .0 x 10 

sq . nu 
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Substituting this vain* n-r A ~ * ^^ 
6 us value of A^ and the value of Vm calculated 

above in equation (26); 

250 
*« = 22400 x 6 - 0 6 x l 0 2 3 x 17.0 xlO- 2 0

 = 1140 sq.m./gm. 

To obtain this value it was assumed that the amount of nitro­

gen held on the charcoal at room temperature was small com­

pared to the amount held at the temperature of the liquid 

oxygen. In view, however, of the theoretical assumptions in­

volved in the calculation of the nitrogen surface area such 

experimental errors appear insignificant. The nitrogen sur­

face area is therefore recorded as 1.1 x 103 sq.m./gm. 

(iii) Mercury density and void fraction 
of the zinc chloride activated 
charcoal 

Fig. 3 shows the apparatus used for the determination 

of the mercury density of the zinc chloride activated charcoal. 

The pycnometer A contained the same charcoal that was used for 

the helium density and nitrogen surface area. The pycnometer 

was evacuated and connected to the flask B as shown in Fig. 3(aJ. 

The flask B was filled with mercury and the stopcock C opened 

to allow the mercury to flow into the pycnometer. The pycno­

meter was brought to a known temperature in a water bath and 

the stopcock C closed. The flask B was then detached and the 

excess mercury removed from the pycnometer connection. The 

difference between the weight of the pycnometer filled with 

charcoal and mercury, and the weight of the pycnometer contain­

ing the charcoal alone, gives the weight of the contained mer-
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(a) (b) 

*' ig . 3 

Apoara'iis for i e t e r u i n i n £ mercury l ena i ty 
of charcoal 
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cury. From the weight of the mercury and its known density 

the volume of the mercury may be calculated. The difference 

between the volume of the empty pycnometer and the calculated 

volume of mercury gives the apparent volume of the charcoal. 

The ratio of the weight of the charcoal to the apparent 

volume in mercury is the mercury density. 

Weight of charcoal 9.334 gm. (page 39) 

Volume of pycnometer 33.054 cc. (page 39) 

Volume of mercury used to fill the void space 
in the pycnometer 19.862 cc. 

But volume of pycnometer less the volume of 
mercury is the apparent volume of the charcoal 

13.192 cc. 

M^-^^M-^rr AA„a*+rT - weight of charcoal _ 
Mercury density - apparent volume of charcoal " 

The void fraction of the charcoal, which is defined 

by the ratio of the volume of the voids to the total volume 

of the voids and solids, may be calculated from the experi­

mentally obtained values of the helium and mercury densities. 

The helium density of the zinc chloride charcoal 

is 2.22 gm./cc. (see page 39) and therefore 0.707 gm. of 

solid charcoal would fill 0.707 = 0 # 3 20 cc. 

But 0.707 gm. of charcoal (including voids) fill 1 cc. (from 

the mercury density). 

Therefore 0.680 cc. (1 - 0.320) of the charcoal must be void. 
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That is the void fraction n-p ^ 
a C t l O U o f thQ charcoal is 0.680 or in 

other words the charcoal is 68.0% void. 

0 1 6 calciil^ion of the void fraction from the 

helium and mercury densities is valid only if the helium 

density is the true density of the solid material in the 

charcoal, and the mercury density is the average density 

of the solids and voids. That is it is necessary to assume 

that the helium penetrates all the pores without being ad­

sorbed, whereas the mercury does not penetrate the pores at 

all. 

The mercury was removed from the pycnometer by 

means of the apparatus shown in Fig. 3(b). 

(iv) Adsorption of diethyl ether and 
ethyl chloride on zinc chloride 
activated charcoal 

The pycnometer and sample of charcoal that were used 

for the determination of the helium density, mercury density 

and nitrogen surface area, were again used for the determina­

tion of the diethyl ether and ethyl chloride isotherms at 35.0°C. 

The evacuated pycnometer was maintained in a thermostated bath 

at 35.0°C. and the charcoal exposed to the adsorbable gases 

until pressure equilibrium was reached. The pycnometer was 

then weighed and the increase in weight less the calculated 

weight of the free gas in the pycnometer, represented the 

weight of the gas adsorbed. 

It was necessary to have an empirical relation between 
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the mass of gas adsorbed per unit mass of charcoal and the 

pressure. One of the simplest adsorption equations is the 

Freundlich relation (49) which may be stated in the form: 

m 

where 
m 

is the mass adsorbed per gram of 
adsorbent, 

P is the adsorption pressure, 

and K' and 1/n' are constants. 

If experimental data conform with the Freundlich 

equation it may be seen that a plot of log (x/m) against 

log P should give a straight line of slope 1/n' and inter­

cept K'. 

The experimentally determined values for ethyl 

chloride and diethyl ether are presented in Table II and 

represented graphically in Figs. 4 and 5. 

The values of the Freundlich constants K' and 1/n' 

were obtained from the slope and intercept values of Fig. 4. 

niethvl ether Ethyl chloride 

K. = 0.165 K' = 0' 0 8 7 6 

1/n' =0.163 V n - 0.E74 

( x / m) = 0.165P
0'162 U/nD = 0.0876P ' 

(It is to be noted from Fig. 4 that the experimental results 

d o not give a straight line Freundlich plot over the whole 

pressure range. The Freundlich constants have therefore been 
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obtained to give the best correlation with experimental data 

for the pressure range up to loo im.) 

TABLE II 

Adsorption of diethyl ether and ethyl chloride on 
zinc chlor ide act ivated charcoal a t 55.0°C. 

Diethyl Ether 

Mass adsorbed 
(gm./gm.) 

Pressure 
(mm. Hg.) 

Ethyl Chloride 

Ilass adsorbed Pressure 
(mm. Hg. ) 

0.2398 
0.3107 
0.348 
0.378 

0 .395 
0.405 
0.410 

10.1 
48.8 

102.8 
166.6 

280.3 
352.4 
376.0 

0.0316 
0.0864 
0.1507 
0.234 

0.290 
0.332 
0.375 
0.414 

0.447 
0.478 
0.490 

0.45 
2.85 

10.55 
36.15 

75.35 
129.9 
214.1 
313.9 

417.4 
558.3 
715.5 

(b) H«-ran charcoal 

Daring the course of the research on the flow of 

gases through zinc chloride charcoal, it was brought to the 

attention of the candidate# that charcoal even more uniform 

tr 
• ~ tlI«th nft-r»dnnnel of the Chemical .*ar-

^ ^ f - f i f ^ ^ S ^ h r S t f S S J ^ S e S o h Council, Ottawa. fare Division of the Nat 
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in appearance than the zinc chloride charcoal could be prepared. 

This uniform type of charcoal is prepared from moulded Saran 

plastic, a copolymer of vinyl chloride and vinylidene chloride 

(50). 

While there is no published literature on the forma­

tion of Saran charcoal it is apparent that the properties of 

the charcoal formed from Saran would depend to a large extent 

on the method of preparation. The uniformity was the limiting 

requirement of the charcoal, and it was therefore necessary 

to determine what conditions would yield an active charcoal 

free from cracks and holes. No attempt has been made in this 

investigation to determine the variation in the activity of 

Saran charcoal with varying methods of preparation. 

(i) Preparation of Saran charcoal 

Saran moulding powder (S-548) was moulded in a com­

pression type mould under a wide variety of pressure and tem­

perature conditions. When the moulding was conducted at pres­

sures over 4000 lb. per sq. inch, it was found that the Saran 

tended to blow itself apart in the subsequent activation pro­

cess. It was also found that unless the steel mould were 

thoroughly clean and the heating cycle completed in less than 

one hour, the Saran tenaed to undergo a catalytic decomposition 

in the mould (51). Allowing for these conditions, a satis­

factory Saran moulding could be obtained between moulding 

pressures of 3000 - 4000 It. per sq. inch at a temperature of 

1 4 0o C. The density of the Saran produced in this way was 
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about 1.74 gm. per cc. 

The preparation of charcoal from Saran depends on 

the fact that Saran, when heated, decomposes into carbon and 

gaseous hydrochloric acid. Experimentally the decomposition 

process was accomplished in two stages. In the first stage 

the Saran was heated at 150° C. in a vacuum oven until it 

lost about 30% of its total weight. This process required 

between 24 and 36 hours. A further decomposition and activa­

tion was carried out in an atmosphere of nitrogen. The tempera-

ture of the Saran during the activation was gradually raised 

over a 6 - 8 hour period from 150°C. to 500°C., and was then 

maintained at 500°C. for about 3 hours. 

Using the method described above, Saran charcoal 

was prepared both in the form of rods and discs. Saran rods 

7.6 mm. in diameter and about 15 mm. in length had sufficient 

rigidity to undergo the conversion into charcoal without 

warping in any way. The discs, however, which were 50.8 mm. 

in diameter and 1 mm. thicic required support in order to be 

maintained flat. This support was accomplished by holding 

the disc between two pieces of plate glass during the complete 

process of converting the Saran into charcoal. 

The final activation of the charcoal rods was carried 

out in a combustion tube through which a stream of nitrogen 

was flowing. The Saran discs were activated in the apparatus 

illustrated in Fig. 6. The disc is represented by A, and the 
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Fig. 6 

Apparatus for Activation of Saran discs 

supporting pieces of glass plate are represented by B and C. 

Nitrogen enters the activating cell through inlet D and glass 

wool was packed in the annular space E to prevent convection 

currents of air from attacking the hot charcoal. 

(il) The properties of Saran charcoal 

The charcoal prepared by the method described above 

weighs approximately 24$ of the weight of Saran used. The 

76% loss in weight represents a quantitative loss of hydro­

chloric acid from the original Saran. A shrinkage occurs as 

the hydrochloric acid is given off, so that the final charcoal 

product including voids fills only about 37> of the volume of 

the moulded Saran. The density of the Saran charcoal obtained 

in this way is about 1.1 gm./cc. (as estimated from the physical 

dimensions and weight). 
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A detailed study of the flow through Saran charcoal 

would certainly require a more complete knowledge of the 

charcoal properties. However, no fundamental conclusions have 

been drawn from the work carried out with the Saran charcoal, 

and therefore information relative to Saran charcoal is to 

be considered only as supplemental to the main research, which 

was conducted with the zinc chloride charcoal. 

B. The Flow Hate Apparatus 

The quantity of gas adsorbed on charcoal is dependent 

on the gas pressure, and therefore any method of measuring the 

gas flow through charcoal which is based on continuously chan­

ging pressure conditions can not yield a steady state of flow. 

The limiting factor in designing an apparatus for measuring 

the gaseous flow rates through a charcoal rod is therefore the 

maintainance of constant influent and effluent pressure condi­

tions. 

The apparatus which was used for measuring the gas 

flow rate through a charcoal rod is illustrated in Fig. 7. 

This apparatus consists of five main parts: 

1) The cell H in which the charcoal is mounted. 

2) The manometer J which indicates the pressure 

differential which is driving the gas through 

the charcoal rod. 

3) The burette K in which the mercury rise in­

dicates the gas flow through the charcoal. 
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4) The control M which 7»Pxmin+~« +v,̂  
m vviixua regulates the r i s e of mercury 

in bu re t t e K. 

5) The bulb C whose volume is sufficiently large that 

small quantities of gas flowing into it cause little 

change in the gas pressure within the bulb. 

To measure the gas flow rate through a charcoal 

sample mounted in cell H, the pure gas is allowed to enter 

the whole system through the manifold Q, until the desired 

pressure for the low pressure end of the sample is gauged 

on the manometer A. Stopcock D is then closed and further 

gas is admitted to the apparatus connected to burette K until 

the manometer J shows the desired pressure gradient. The 

amount of mercury in manometer J is then adjusted from reser­

voir 8 until the contact I just touches the meniscus of the 

mercury. The mercury cut-off N is then closed and the rate 

of mercury rise in the burette K that is required to maintain 

constant pressure on the manometer J" is observed. 

The rise of mercury that maintains the constant ̂ res-

sure on the manometer J is controlled automatically in the 

following manner: when the rate of mercury rise in lurette :: 

is more rapid than the disappearance of gas into the charcoal, 

the gas pressure in the burette K increases. When the pres­

sure in burette E increases, the mercury in manometer J breaks 

contact with the wire contact I. An electronic relay 0 is ar­

ranged so that when the mercury in the manometer J is not 

touching the contact I, the solenoid f closes the pinch c c , .:. 
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When the pinch cock M is closed the flow of mercury into the 

burette K is stopped until sufficient gas has disappeared in­

to the charcoal to reduce the gas pressure, and thus close the 

contact I. when the mercury in manometer J touches the contact 

I, the pinch cock M is released and hence the mercury may flow 

once again into the burette K. The rise of mercury in burette 

K is therefore a measure of the gas flow rate into the char­

coal rod. The use of the pinch cock and solenoid for control­

ling mercury flow into a burette was originated by Hodgins, 

Flood and Dacey (52). 

The contact I was made of tungsten filament wire to 

ensure a sensitive make and break with the mercury in the mano­

meter J. Tungsten was found suitable because it is less easily 

wetted by mercury than other possible metallic contacts. To 

further increase the sensitivity of the flow measurement from 

the rise of mercury in the burette K, the volume of the mani­

fold between the burette and the inlet side of the charcoal 

plug was kept to a minimum. It was found that when the appara­

tus was constructed in this way, as little as 0.1 ml. change 

in the mercury volume in burette K was sufficient to make or 

break contact of the mercury in manometer J with the contact 

L For the highly sorbable vapours as much as six or eight 

Hours were required before the flow rate into the charcoal 

became constant. For steady state flow, the recorded data 

h a Ve been observed for at least two hours or for a measured 

volume change of 50 ml. 
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The gas passing through the charcoal tended to change 

the pressure in the bulb C. This pressure was maintained 

constant during a run by small manual adjustments of the mer­

cury in the burette B. The pressure in bulb C was obtained 

from manometer A which was observed by means of a cathetome-

ter. The pressure of the gas flowing into the charcoal is ob­

tained by the addition of the pressure of the gas in manometer 

A and the pressure obtained from the differential manometer J. 

It is to be noted that all stopcocks have been eli­

minated from the section of the apparatus where the gas flow 

rates are observed. In this way it is assured that disappear­

ance of gas from the burette K could only represent flow into 

the charcoal rather than such extraneous effects as gas sorp­

tion by stop cock grease. 

(a) The plug holder for the 
zinc chloride charcoal 

Various methods for mounting the charcoal have been 

tried. In the original system the charcoal plug was sealed 

into a glass tube with Wood's metal. This method of holding 

the charcoal rod did not give reproducible results. In Fig. 8 

curve 1 represents a series of consecutive observations of 

the flow rate of nitrogen through plug No. 5 at various mean 

pressures. Curve 2 represents another series of consecutive 

observations of the flow rate of nitrogen through plug No. 5 

after it had been exposed to diethyl ether. Curve 3 represents 

a third series of nitrogen flow rate measurements after a 
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second exposure of the charcoal to the diethyl ether. The 

charcoal was carefully outgassed before each set of nitrogen 

flow measurements. It was concluded that the lack of repro­

ducibility was caused by the formation of an annular channel 

between the charcoal and the Wood's metal. This crack was 

considered to result from a deformation of the charcoal as 

it attempted to expand on adsorption, followed by a shrinkage 

of the charcoal from the Wood's metal on desorption. 

Wicke (33) has not reported any difficulty arising 

from adsorptive expansion of the charcoal, but he did observe 

an analogous lack of reproducibility caused by the thermal 

expansion of the charcoal (page 27). It is notable, however, 

that Wicke confined all his experiments with adsorbable gases 

to carbon dioxide, although it is clearly indicated that in 

his research the more strongly adsorbed gases would have given 

more positive results. Wicke may have avoided the use of the 

strongly adsorbed gases in order to avoid the further lack of 

reproducibility encountered in the present research. It is 

apparent that Wicke's conclusions regarding surface mobility 

would have been quite untenable had it been necessary to allow 

for a lack of reproducibility caused by adsorptive expansion 

as well as thermal expansion. 

An attempt was made to allow for the expansion and 

contraction of the charcoal by placing a thin rubber coating 

between the charcoal and the Wood's metal seal. Lack of re­

producibility was again observed, and it therefore appeared 
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that the rubber, although displaceable, is not sufficiently 

compressible to take up the expansion of the charcoal. 

Special rubber tubing was made which fitted tightly 

to the wall of the charcoal and joined it to glass tubing 

through which the gas could be brought up to the ends of the 

charcoal rod. To prevent gas from by-passing the charcoal by 

diffusing through the wall of the tubing, the whole exterior 

was surrounded by mercury. This system allowed a gas flow 

almost ten times that expected from measurements made using 

a Wood's metal holder. It was concluded that the flow between 

the rubber and the wall of the charcoal rod was greater than 

through the charcoal itself. 

To prevent gas from by-passing the charcoal, a mer­

cury seal was utilized. This was accomplished by leading the 

gas to and from the ends of the charcoal plug by means of 

flanged glass tubes lined with a thin film of rubber. These 

flanges grasped the rim of the charcoal rod and prevented the 

mercury surrounding the charcoal from leaking into the gas 

leads. Using the mercury seal it was found that the flow 

varied greatly from sample to sample until it was observed 

that the flow was reduced on increasing the pressure of the 

mercury surrounding the charcoal. 

Fig. 9 shows the variation in the flow rate of ni­

trogen through plugs Nos. 9, 10 and 11 with increasing mercury 

pressure on the walls of the charcoal plugs. Plug No. 9 

(curve 3) was subjected to a high mercury pressure at the 
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start and there was no incraac.* * n +u *•> 

increase in the flow rate as the pres­

sure was reduced, with plug No. 10 (curve 1] and .lug No. 11 

(curve 2) the pressure was increased by increments, and the 

flow was observed to decrease as the mercury pressure was in­

creased. Above 35 cm. mercury pressure there was very little 

reduction in the flow rate with further increase in mercury 

pressure and it was concluded that the contribution of the 

flow between the charcoal and the mercury was eliminated. All 

subsequent flow measurements were obtained using a minimum of 

40 cm. mercury pressure on the wall of the charcoal. It was 

also concluded from the fact that the flow rate did not increase 

as the mercury pressure was reduced that the mercury did not 

readily pull away from the irregularities of the charcoal sur­

face once it had penetrated them. Examination of a charcoal 

rod after subjection to mercury pressure shows traces of mer­

cury held on its surface, which fact tends to uphold this 

theory. 

Considerable difficulty was caused by the tendency 

of the mercury surrounding the charcoal to force an entry 

into the glass tubing which leads the gas to and from the 

ends of the charcoal rod. This problem was further complic­

ated by the longitudinal expansion and contraction of the 

charcoal rod. The cell, Fig. 7 H, whose detail is shown 

in Fig. 10, has been found satisfactory for holding a char­

coal rod for flow measurements. 

The cha rcoa l rod, F ig . 10 A, i s held between the 
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Fig . 10 
Apparatus for holding zinc chloride 

charcoal rods 
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t » Sas ieads B and „ w U c . ha,e fttnnel s h ^ ^ ^ ^ 

a thin coat of »,,„„ ,about 3/1000 ^ ^ ^ ^ ^ ^ 

minimum contact and a tix?ht ô oi u * 
a a tlgllt seal between the glass and the 

charcoal rod. Compartment D is filled with mercury. The 

mercury in compartment D is under pressure which is apolied 

through the pressure arm (Fig. 10 E, Fig. 7 G) so that there 

is always a minimum of 40 cm. of mercury pressure surrounding 

the wall of the charcoal rod. Since the pressure arm is con­

nected to the system (Fig. 7 G), the 40 cm. mercury pressure 

on the charcoal wall is always in excess of the pressure of 

the gas in the system. The mercury in compartment D is con­

fined by Wood's metal F (Fig. 10), metal washer G and hollow-

stemmed mushroom-shaped rubber washer H. This method of re­

taining the mercury in compartment D allows for a short gas 

lead B, for otherwise the mercury would seek the level of the 

mercury in the pressure arm (Fig. 7 G). The wood's metal is 

sealed to the wall of compartment D but not to that of the 

gas lead B. In this way the gas lead B is free to move up 

and down through the metal washer G. The rubber washer H 

forms a tighter seal with both the wall of compartment D 

and the gas lead B as the mercury pressure is increased. The 

gas lead B is therefore allowed freedom of motion, and at 

the same time the rubber washer prevents the mercury from at­

tacking the Wood's metal. A steel spring I thrusts down on 

lug J attached to the gas lead B ensuring a tight fit between 

the gas lead B and the end of the charcoal rod. 
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(b) Cells used for holding 
Saran charcoal 

Another type of cell that has been found satisfactory 

for holding a charcoal rod is shown in Fig. 11. I n t h i s t y p e 

of cell the volume of the gas leading to the charcoal plug is 

reduced, and therefore the manometer J (Fig. 8) has a greater 

sensitivity to mercury volume changes in burette K. This 

cell has been found useful in measuring the flow rate through 

Saran charcoal where the gas flow rate was found to be about 

1/50 the flow rate through the zinc chloride activated char­

coal, with the increased sensitivity allowed by the use of 

this cell (Fig. 11) and the use of a microburette in place 

of burette K (Fig. 7), it is possible to obtain a flow rate 

accurately (within 1>») when the total measured volume is only 

0.5 ml. 
• 

Mechanically the ce l l shown in Fig. 11 i s similar 

to t h a t shown in Fig. 10 with the exception that the food's 

metal backing to the rubber washer (Fig. 10) has been elimina­

ted from the c e l l (Fig, 11), and a stronger type of hollow-

stemmed mushroom-shaped rubber washer has been used (Fig- 11). 

The f ree space in the ce l l (Fig. 11) i s f i l l e d with mercury 

from a r e s e r v o i r A and the gas enters the ce l l through a 

c a p i l l a r y B. 

A th i rd type of c e l l (Fig. 12) has a lso been found 

useful for measuring the flow r a t e s through Saran charcoal . 

The charcoal disc A (about 3.75 cm. i n diameter) i s held be-

tween two g l a s s cups B and C. To prevent mercury from en-



Fig. 11 
Apparatus for holding baran charcoal 

rods 



6̂ a 

Appara 
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tus for holding saran cnarcoa^ 
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tering into the cups B and C from compartment D, soft rubber 

washers F (about .75 mm. thick) are placed between the glass 

cups and the charcoal. Cup B is held tightly in place by 

steel wire stays G, which are kept taut by steel spring H. 

Cup B is connected to the gas outlet of the cell by means of 

rubber connection J. In order to keep the inlet volume of 

the cell to a minimum, cup C is filled with mercury and the 

gas inlet is through tube K. The compartment D is filled 

with mercury through pressure arm L. The supports N prevent 

the standard joint M from opening under the mercury pressure 

in compartment D. Thick sponge rubber 0 protects the glass 

from the strain of supports IT. 

It may be seen that the charcoal cells, Figs. 10, 

11 and 13, not only allow for the longitudinal and radial ex­

pansion of the charcoal, but ensure that the gas flow can not 

by-pass the charcoal. 
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The variation in the permeability from sample to 

sample cannot be entirely accountea for by errors in experi­

mental measurement. Some of this variation may, however, be 

ascribed to slight variations in the contact between the char­

coal and the rubber gaskets which seal it to the glass flanges 

(see Fig. 10). Plug No. 13 was considered to have had a real 

fissure or hole in it, but no such defect was visible to the 

eye or low power lens. 

The data appear to give satisfactory evidence that, 

with the exception of plug No. 13, the charcoal is quite uni­

form and therefore the experimental flow data are characteris­

tic of the zinc chloride charcoal. 

B. Mechanism of Non-Sorbable Gas/A Flow 
through Zinc Chloride Charcoal 

(a) Variation in flow rate with 
temperature and mean pressure 

Flow rates of nitrogen were measured through plug 

No. 1 2 ^ at the temperatures 2.5° C., 35.0 C. , and ob.O 

0. at various mean pressures. The experimental data obtained 

are represented graphically in Fig- 14 by means of the ..dzû ii 

plot (see page 17). Die equations of best fit relating the flow 

,n},ln n.«Qpq» will refer to those gases 
# S a y ' S ^ S T S i S S l S " " t S i U d .itb saoh gases as 

diethyl ether. 

fit 
cross sectional area 0.115 sq. cm.; length J.99 c*. 
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(in the K u n i t s of Adzumi) with +>, 
m j vvxth the mean pressure (ma. mercury) 

a r e p r e s e n t e d i n Table IV. 

m,-. TABLE IV 

Flow of n i t r o g e n through nln^ Nn io n i 
«Q Q £ Z- P g Uo# 1<3 a t v e n o u s temperatures a s a funct ion of the mean pressure 

Temperature 
Flow in K un i t s 

(experimental) 

Flow in iC units 
(calculated relative to 
nitrogen at o5.0QC^ ) 

2.5°C. 
35.0°C. 
55.0°C. 

.00131 P + .44 

.00121 P + .45 

.00117 P + .45 

.00131 P + .43 

.00116 P + .46 

Flow measured in K units V P , V= cc. per min. 
A P 

The mean pressure P is expressed In mm. mercury 

Where Adzumi type flow occurs (page 17) the slope of 

the flow-pressure plot should be inversely proportional to the 

# The viscosities of nitrogen were taken from the 
Chemical Rubber Handbook. 

Temperature 

2.5°C. 
35.0°C. 
55.0°C. 

Viscosity (poise) 

,-6 167.0 x 10 
131.5 x 10 
190.3 x 10 

-6 
-6 
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viscosity of the gas, and the intercept of the flow - pressure 

plot on the flow axis should be directly proportional to the 

square root of the absolute temperature (see page 17). The 

equations of flow at 2.5°C. and 55.0°C. were calculated from 

the experimental equation of nitrogen flow at 35.0°C. These 

calculated equations are presented with the experimental equa­

tions in Table IV. 

The calculated and experimental values of the slopes 

of the flow-pressure equations in Table IV, show a satisfactory 

agreement. There is no indication, however, that the experi­

mental values of the intercepts of the flow equations are direct­

ly proportional to the square root of the absolute temperature. 

On the other hand the relative contribution of the intercept 

to the total flow rate (at the pressures where the observations 

were obtained) is so small that no conclusions may be drawn 

from the discrepancies. 

It may therefore be concluded that, within the tem­

perature range used, the flow rates are consistent with the 

Adzumi equation. 

tv>\ Dalflti»P flow rates of the non-sorbable 

At 35.0°C. the flow rates of the gases nitrogen, 

hydrogen, helium and carbon dioxide were measured through 

plug Ho. 12 at various mean pressures. The experimental 

results are presented in Table V and sho„n graphically by 

means of the Adzumi plot in Fig. 15. 
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T/J3LE V 

Blow r a t e s of n o n - s o r b a b l e ga se s through plug Ho. 12 

Flow r a t e Mean p r e s s u r e 
( i n K u n i t s ) (mm. mercury) 

Ni t r og en 

Flow r a t e luean p r e s s u r e 

1.29 
1 .23 
1 .03 
0 . 9 0 5 

0 . 7 3 3 
0 . 6 4 2 
0 . 6 1 3 
0 . 5 0 4 

0.476 
0.440 
0.420 

685.2 
632.4 
466.9 
360.4 

226.9 
153.3 
117.3 
63.7 

43.2 
34.0., 
11.9# 

Carbon 

1.30 
1.08 
0.93 
0.79 

0.65 
0.58 
0.53 
0.44 

dioxide 

679.0 
515.6 
412.0 
306.5 

202.0 
154.7 
114.0 
66.4 

Helium Hydrogen 

1.94 
1.81 
1.72 
1.58 

1.47 
1.33 
1.22 
1.10 

706.0 
588.4 
487.8 
372.5 

279.8 
182.0 
109.6 
25.0 

3.30 
3.02 
2.76 
2.54 

2.26 
2.00 
1.82 
1.57 

636.0 
530.2 
476.5 
376.8 

263.7 
160.0 
103.0 
25.0 

(AP = 50 mm. mercury except where indicated, 
Flow rate measured in K units 

V P 
A P 

where V = cc. per min. ) 

f A P = 23.8 mm. 
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where Adzumi type flow occurs, (see page 17), the 

slope of the now - pressure plot should be inversely propor­

tional to the viscosity of the gas, and the intercept of the 

flow - pressure plot on the flow axis should be inversely pro­

portional to the square root of the molecular weight of the 

gas. From the statistical straight line of best fit drawn 

through the nitrogen points (curve 5, Fig. 15), the flow rates 

of hydrogen, helium and carbon dioxide were calculated by means 

of the Adzumi equation (11) using the best available data for 

viscosity and molecular weight (Table VI). 

TABLE VI 

Viscosities and molecular weights of the 
non-sorbable gases 

Viscosity at 35.0°C 
Gas Molecular weight (micropoises) 

Nitrogen 28.0 181.5 
Hydrogen 2.02 90.3 
Helium 4.0 202.5 
Carbon dioxide 44.0 lo6.0 

Viscosities taicen from Chemical Rubber Handbook 

In Fig. 15 the broken lines are drawn to give 

the best fit to the experimental data, and unbroken lines 

are calculated from the nitrogen curve 5 by means of the 

Adzumi equation. It is apparent that the straight line 

plot expected from the Adzumi equation when II is plotted 
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against P does not hold SY^-M ,r *.u 
aoia exactly throughout the whole pressure 

range observed, m the cases of nitrogen (curve 5) and helium, 

(curve 3), the flow at low mean pressures is less than would 

be expected if it considered that the flow at higher pressure, 

is on the straight line plot. In the case o" hydrogen (curve 2) 

the flow is less than that predicted (curve l ) throughout the 

whole pressure range where flow measurements were observed, but 

at higher pressures the deviation is not great. 

The low pressure divergence of the experimental data 

from the Adzumi plot has not been observed with other porous 

substances, and it would therefore appear likely that the 

phenomenon might result from either: 

1) the activity of the charcoal, 

2) the pore structure of the charcoal. 

However, since the variation from the Adzumi straight line plot 

is greatest with the gases that are least adsorbed (hydrogen 

and helium), it is concluded that this particular phenomenon 

bears no relation to the sorbability of the gases. Furthermore, 

although little is known about the pore structure of the char­

coal, the form of the Adzumi equation is such that the actual 

shape of the flow vs. mean pressure plot is in no way dependent 

on the pore structure. It would therefore appear that the lo-v 

pressure deviation of the experimental flow rates from the Ad­

zumi plot does not result from specific properties of the char­

coal. 
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It would therefore appear desirable to consider the 

derivation of the Adzumi equation with reference to the present 

results. Various assumptions were included in the derivation 

of the Adzumi equation from the semi-empirical Knudsen equation 

(6.). Only one of these assumptions however, could alter the 

form of the flow vs. mean pressure plot. Adzumi introduced a 

constant term 8 to replace the pressure dependent term 

1 + 0.81 / A I used by Knudsen. It may be seen however, 

i + 5 R / A / 

that the Knudsen expression attains the limiting value of 1.0 

at low pressures and 0.81 at high pressures (since A varies 

inversely as the pressure). In other words the introduction 

of a pressure dependent term in the Adzumi equation (corre­

sponding to the Knudsen expression) would cause the flow vs. 

mean pressure plot to curve in the opposite direction from 

that required by the experimental results. The low-pressure 

failure of the Adzumi equation does not therefore result 

from the assumptions required in applying the equation of flow 

for a single capillary to a porous system. 

To describe the flow of gases through a capillary, 

Knudsen did not consider the kinetic energy correction* of 

41 wv^o vinous flow of a gas occurs in a capillary, the ̂ as 
# S J SrliSSfoSrklnetlS energy in addition to its thermal 

has wansiawua isothermal, the kinetic energy is 
e n ? n T * t the expense of the potential energy (i.e. the 
gained at the expense k £ n e t i c e n e r g y 0f the gas be-
pressure gradient;. ii through a system is 

l°Sf thaf ioild be expetted from the measured pressure 

gradient. 
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of B r i l l o u i n (9) rm_ . , 
v*J. The Adzumi eauation m i , u- u 

- d U o n 111) which was der ived 
from t h e Knudsen eaua t ion (6) h»«. + h + 

[-}' has t h e r e f o r e , a l s o in t roduced 
t h e assumpt ion t h a t the k i r m t i „ 

k l n e t l C e n e ^ co r r ec t i on i s n e g l i g i b l e 
I t has no t y e t been p o s s i b l e tn nh t o • 

„ . u
 6 t 0 ° b t a i n a u s ^ l flow eauat ion 

which would a l low fo r th» n „ 0 f 
w t o r the k i n e t i c energy co r rec t ion in a porous 

s u b s t a n c e , bu t examination of the B r i l l o u i n equation for the 

flow through a s i n g l e c a p i l l a r y g ives an i n d i c a t i o n of what 

f a c t o r s make the k i n e t i c energy co r r ec t i on s i g n i f i c a n t . The 

B r i l l o u i n equa t ion was o r i g i n a l l y s t a t e d in the form: 
P 2 - Pf = L _ / 16 ^ L G U ? 1 

1 2 ^ g l T r R 4 ( 1 + 4 r / H ) TT2R4 j (28) 

where r i s the c o e f f i c i e n t of " s l i p " . 

S u b s t i t u t i n g i n equat ion (£8) the Maxwell value for the c o e f f i ­

c i e n t of " s l i p " (as in equation (3) ) the following r e l a t i o n 

f o r t h e flow i n K u n i t s may be ob ta ined:^ 

K = " R 4 ?
 + L n . ) 3 / a R3 / Ro T / 2 - f 

Q L ^ \ 2 / L 7 M - ) 

G 2 R0T 1 /TTH0T \ 3 ^ 2 / £ - f 

L 
8 ^ L M A P TT 2L RAPP I 2M (39) 

# The equa t ion obta ined i s not a t rue so lu t ion to the flow in 
K u n i t s , s i n c e Or i s a flow term. When G^ i s expressed in K 
u n i t s , the r e s u l t i n g quad ra t i c may be solved, but the equation 
o b t a i n e d i s d i f f i c u l t to handle . Since the terms in G^ a re 
c o n s i d e r e d t o be r e l a t i v e l y smal l , i t i s convenient for the 
purpose of the p r e s e n t d i s cus s ion to leave the equation in t he 
s t a t e d form. 
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The Brillouin equation in th« *> 
4 on l n the form of ecuation (29) 

corresponds to the Knudsen eauatinn (*\ ~~ 
equation (6), except that the total 

flow is reduced by two terms in p2 , . . u 

o terms m G which correct the Knudsen 
equation for the ras k!„atf„ 

^ne gas kinetic energy. Without a knowledge of 
the mass flow rate Id) in a QI-„„I 

™ 1<*J in a single capillary of the charcoal, 

and a knowledge of the pore radius (R), it is difficult to 

state what conditions would make the terms in G2 become sig­

nificant. However, examination of the Knudsen equation in the 

form given on page 11 shows that in the low pressure region, 

the value of G is independent of the pressure (i.e. it depends 

primarily on the term in R3) and therefore the second term of 

the kinetic energy correction in equation (£9) would vary in­

versely as the pressure in this low pressure region. In other 

words the contribution of the second kinetic energy correction 

term would be greatest at low mean pressures. Furthermore, in 

this low pressure region, the value of this second kinetic ener­

gy correction term would be greatest for gases with low molecu­

lar weights (since the kinetic energy term varies inversely as 
2 

the molecular weight to the three halves power and G varies 
only as the first power of the molecular weight). 

From these superficial considerations it would 

appear that the experimental deviation of the flow rates 

of the non-sorbable gases from the Adzumi plot are consist­

ent with the deviations that would be expected if the 

transactional kinetic energy of the gas were to become large. 

The magnitude of the kinetic energy correction is small 
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however, and i t appears to become negl ig ib le with a l l gases ex-

cept those having very small molecular weights. 

In s p i t e of the deviat ion observed, the foregoing ex­

per imental r e s u l t s ind ica te tha t the Adzumi eauation adequately 

accounts for the pressure and temperature dependence of gas 

flow through charcoal , as well as the r e l a t i v e flow of the non-

sorbable gases through charcoal . I t may therefore be concluded 

t h a t the non-sorbable gases pass through the zinc chloride char­

coal by a mechanism tha t involves both viscous flow and molecular 

streaming ( i . e . P o i s e u i l l e flow with " s l i p " ) . 

0. Mechanism of Sorbable Gas Flow through 
"" Zinc Chloride Champ"1 

At 35.0°C. the flow ra t e s of ni trogen, diethyl ether 

and e thy l ch lo r ide were measured through charcoal plug No. 14* 

a t var ious mean pressures . The experimental r e s u l t s are 

p resen ted i n ^ b l e VII and shown graphical ly by means of the 

Adzumi p l o t i n Fig. 16. From the Adzumi equation (11), the 

r cross sect ional area 0 113 j» . « . 
l eng th 
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TABLE VI I 

Flow r a t e s of v a r i o u s g a s e s th rough plug No. 14 
a t 35 .0°C . 

Flow r a t e Mean p r e s s u r e Flow r a t e Mean p r e s s u r e 
( i n K u n i t s ) (mm. mercury ) ( i n K u n i t s ) (mm. mercury) 

N i t r o g e n "Ethyl c h l o r i d e 

1 . 
1 . 
1 . 
1 . 

1 . 
0 . 
0. 
0 . 

0. 
0, 
0. 
0. 

0, 

29 
25 
18 

,09 

,03 
,980 
,930 
,915 

.750 

.607 
,543 
. 475 

.427 

7 1 1 . 
689 . 
615 . 
549. 

502. 
448 . 
405 . 
394. 

255. 
147. 
103 . 

49. 

1 
0 
0 

,2 

9 
7 

,4 
,4 

,4 
. 5 * 
.0 
,9 

2 5 . 0 a 

D i e t h y l e t h e r 

1.91 
1.80 
1.78 
1.62 

1.63 
1.58 
1.56 
1.45 

1.42 
1.40 
1.33 
1.30 

1.27 
1.17 
1.14 
1.09 

724.0 
665.0 
656 .1 
680 .5 

578.4* 
559 .5 
554.8 
449.0 

480.6 
480.4 
446.7 
432.7 

405.3 
355.0 
340.0 

a 

1 . 
1 . 

1 . 
0 . 
0 . 
0. 

0 . 
0. 
0. 
0. 

,57 
,35 

23 
995 

,755 
,658 

,645 
,630 
,673 
,665 

4 2 1 . 2 
3 5 9 . 7 a 

306.6 
225 .4 
134 .6 

7 1 . 5 

50 .0 , 
2 5 . o; 
25.0< 
12 . 51 

a 
a 
a 
a 

1.08 
1.07 
1.04 
0.970 

0.899 
0.866 
0.889 
0 .815 

0.747 
0.724 
0.723 
0.720 

308.4 
305.7a 

280.6 
251.0 

214.2a 

213.0a 

204.0 
171.0 

125.6 
117.2a 

114.8a 

101.5 
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TABLE VII (Con t ' d . ) 

Flow r a t e s of v a r i o u s gases through plug No. 14 
a t 35 .0 U C. 

Flow r a t e Mean p r e s s u r e Flow r a t e Mean pressure 
( i n K u n i t s ) (mm. mercury) ( i n K u n i t s ) (mm^jaemur^) 

D i e t h y l e t h e r Ethyl ch lor ide 

. • . . 

« . . . 

. . . . 

• . . . 

. • . • 

. . • . 

. . • • 

0.633 
0.651 
0.625 
0.591 

58.0 
58. 2a 

51.0 
25.0a 

P 100 mm. mercury except where indicated with a 
superscript ' a ' where P = 50 mm. mercury. 

Flow rates measured in K units 
V = cc. per min. 

25 mm. gradient 

V P , where 
A P 

flow rates of diethyl ether and ethyl chloride were calculated 

from the nitrogen data using the viscosities and molecular 

weights shown in Table VIII. Curve 5 in Fig. 16 shows the data 

for nitrogen, the broken line indicating the range in which the 

experimental values deviate from the straight line. 

in Fig. 16 the unbroken lines (curves 2 and 4) show 

the Predicted flow rates, and the broken lines (curves 1 and 3) 

„,„ n t a l flow rates of diethyl ether and ethyl 
show the experimental now 

,.vplv At low mean pressures the flow of the chloride respectively. ^ J-"" 



g^iun 3i u i AOI^T 
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vapours diethyl ether and ethyl chloride are approximately twice 

as great as the predicted flow, and in the case of the diethyl 

ether, the flow appears to increase as the mean pressure is re­

duced. At higher mean pressures the flow of ethyl chloride and 

diethyl ether are greater, by a small and almost constant amount, 

than that predicted. It is notable that if the experimental 

curves for the adsorbable gases are extrapolated to the flow 

axis, the intercepts of both the diethyl ether and the ethyl 

chloride are much greater than that of nitrogen. Obviously 

the intercepts of the highly sorbable gases are not even ap­

proximately related by the inverse square root of the molecular 

weight as predicted by the Adzumi equation. 

TABLE VIII 

Gas viscosities and molecular weights 

Viscosity at 35.0° C. 
Gas Molecular weight (micropoises) 

Nitrogen 28.0 181.5 
Diethyl ether 74.1 77.4 
Ethyl chloride 64.5 105. 

Viscosities taken from Chemical Rubber Hand­
book. 

The increased flow rate of the sorbable gases in 

even more surprising when it is realized that, in the process 

of adsorption, the amount of vapour held within the charcoal, 
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o 
i f considered as beine in tho i,-™,,-^ , 

S l n the l l ( ^ P ^ s e , i s suff ic ient t 

f i l l most of the space ava i lab le for flow. F o r example, the 

charcoal i s 68^ voids as calculated from the helium and mer­

cury d e n s i t i e s (see page 47). i f i t i s considered that the 

d ie thy l e the r i s in the l i q u i d s t a t e when i t i s adsorbed, 

only 24% of the void space remains avai lable for flow a t satu­

r a t i o n (calculated from Vffl, page 44, and the l iquid dens i ty) . 

At p ressures below the sa tu ra t ion however, a greater fraction 

of the void space would be ava i l ab le . 

Because the flow of adsorbable gas at the higher pres­

sures used i s not g r ea t l y d i f ferent from that predicted from the 

flow of a gas t ha t i s not highly adsorbed, i t would seem tha t , 

i n t h i s p re s su re region, the mechanism of flow of the sorbable 

gas i s e s s e n t i a l l y s imi la r to tha t prevail ing for the non-

sorbable gases . Provided tha t the charcoal s t ructure i s unchanged 

by adsorp t ion , i t i s therefore necessary to assume that the 

g r e a t e r p a r t of the adsorbed gas i s condensed into a void region 

of the charcoal t ha t does not mater ia l ly contribute to the flow 

pa th . While in the high pressure region i t might be considered 

t h a t most of the gas i s transported through the charcoal by 

r e l a t i v e l y l a r g e pores, such an explanation would obviously f a i l 

t o account for the very considerable increase in flow ra te at 

the lower p re s su res . I t i s to be emphasized that most of the 

f a c t o r s r e a d i l y v i sua l ized , such as blocking of cap i l l a r i es e t c . , 

should make the devia t ion from the predicted flow less at the 

lower p r e s s u r e s . 
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Since the increased flow rate is apparent only with 

the adsorbed gases, it would seam reasonable to conclude that 

this increase is the result of a surface phenomenon. If the 

Maxwell picture of the flow through a capillary is accepted 

(see page 7), the relatively high flow rates of the adsorbed 

gases might be considered as being due to an increase in "slip". 

It is reasonable to suppose that, if for some reason the density 

of a fluid flowing through a capillary were very much greater 

in the immediate neighborhood of the capillary wall, the contri­

bution of the "slip" term would become more important than in 

the case of a gas whose density does not vary in this manner. 

If "surface flow" or flow of adsorbed material con­

tributes appreciably to the total flow, it is to be expected 

that there must be some relation between the adsorption isotherm 

and the surface flow. For a constant pressure difference the 

value of the mean pressure will determine the quantity of 

material adsorbed as well as the difference in the quantities 

adsorbed at the two ends of the charcoal rod. The isotherms 

of diethyl ether and ethyl chloride (Fig. 5) show that, for a 

constant pressure difference, the difference between the quanti­

ties adsorbed at the two ends of a charcoal rod is much more 

marked at low mean pressures than is the difference at high mean 

oressures (of. slope of the isotherm). Ihe marked surface con­

centration gradients that must exist when adsorbable gases are 

flowing through a charcoal rod at low mean pressures suggest 

that a rapid surface diffusion process would provide the most 



90 

probab le e x p l a n a t i o n of t he experimental r e s u l t s . This explana. 

t i o n of t h e r e l a t i v e magnitude of the surface di f fus ion a t va r ­

i o u s mean p r e s s u r e s i s more c l e a r l y understood from the follow-

ing mathemat ica l c o n s i d e r a t i o n s : 

I f t h e s u r f a c e flow in the adsorbed l aye r i s a dif fu­

s i o n p r o c e s s governed by F i c k ' s law (page 28), then the c o n t r i ­

bu t ion of s u r f a c e flow a t equi l ibr ium would be given by the rela-

t i o n : 

G = e dc 
dx 

where 9 is a constant which depends on the shape 
and size of the available surface as 
well as the mobility of the adsorbed 
gas on the surface. 

If the concentration at any pressure can be represented by a 

Freundlich equation (see page 49), then: 

G = 
Q d(K'P1//n') 

dx 
e K 
n 

1-n' 
F1P~ 

dP 
dx 

Tliat is: 

K = 
G R0 T 

MAP 

9 K'R0 T 
n'MAP 

1-n dP 

dx 
(30) 

Unless the exact relation between x and P is known, 

the solution of equation (30) is not possible. For small pres­

sure gradients, however, it may be assumed that, as a first or­

der approximation, the pressure gradient is linear and hence 
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dP _ A p 
dx L 

That i s e q u a t i o n (30) becomes: 

K = 
9 K'R0 T l - n « 

n ' ML P~bT" (31) 

Equation (31) represents the approximate contribu­

tion of the surface flow (in E units) to the total flow through 

an adsorbent at equilibrium conditions. For the highly sorbable 

gases diethyl ether and ethyl chloride, n' is greater than 1 

(see page 49), so that the contribution of the surface diffusion 

to the total gas flow through charcoal decreases as the pressure 

is increased (provided that the pressure gradient is approximately 

linear). It may be seen from Fig. 16 that this evaluation of 

the contribution of the surface diffusion would qualitatively 

account for the difference between the experimental flow rates 

and those calculated by means of the Adzumi equation. 

The mobility of adsorbed gases on the surface of char­

coal has already been considered by other observers, but only 

Wicke (see page 25) has provided direct evidence of surface 

diffusion. From Wicke's experiments however, it was difficult 

to estimate the relative contribution of the surface flow, not 

only because of a lack of reproducibility of the results, but 

because the surface flow was masked by other diffusion effects. 

The experiments described in this research have not only pro­

vided further and independent proof of the phenomenon established 
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by Wicke, but also allow a quantitative estimate of the surface 

diffusion for given experimental conditions. 

£• Gas Flow through Saran Charcoal 

The phenomenon of surface flow was considered of such 

interest that various methods of increasing the relative contri­

bution of the surface flow to the total flow were considered. 

It is apparent that the larger the surface area of the charcoal, 

the greater would be the contribution of the surface flow. Fur­

thermore, it is to be expected that surface flow would be more 

significant in a charcoal of small pore size, where the contri­

bution of gaseous state flow would be at a minimum. 

From these considerations it appeared probable that 

the contribution of surface flow would be greater in Saran char­

coal than in the zinc chloride charcoal. Although Saran char­

coal appears to have promising possibilities for demonstrating 

surface flow, no fundamental conclusions can be drawn from the 

limited data available. This section is therefore to be consi­

dered only as a supplement to the worlc conducted with the zinc 

chloride charcoal, and is offered as the basis for further re-

search in this field. 

At 35.0° C. the flow rates of nitrogen were measured 

Ql nln„ TNTQ 16^ at various mean pressures. 
through Saran charcoal plag No. io 

u.' ~oi «r>Pfl 0.219 sq. cm. # Cross sectional area u.^ ^ 
Length _ _ - - - - - - -
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The experimental results are shown graphically by means of the 

Adzumi plot in Fig. 17 (curve 1). one measurement of the flow 

rate of diethyl ether was obtained at a mean pressure of 50 

mm. (point 1 Fig. 17) and then a further nitrogen point was 

obtained at a mean pressure of 200 mm. (point 2 Fig. 17). 

The flow rate of diethyl ether calculated from the nitrogen 

data by means of the Adzumi equation (11) is represented by 

curve 2 Fig. 17. 

It may be seen (Fig. 17) that the nitrogen flow rate 

was increased as a result of the exposure of the Saran charcoal 

to the ether, and it must be concluded that the charcoal was 

permanently changed or damaged as a result of this exposure. 

In view of the changes that occurred within the charcoal, it is 

difficult to draw conclusions from the relative flow rates of 

the nitrogen and the ether. It would appear however, that the 

ether flow rate is very considerably greater than could be ex­

pected on the basis of the Adzumi equation. 

It is of interest to note that the nitrogen flow rate 

through the Saran plug No. 16 is about 1/50 the flow rate ob­

served through the zinc chloride charcoal plug No. 14 (after 

allowance has been made for the dimensional differences between 

these two samples). This would indicate that the Saran charcoal 

has a smaller pore size than the zinc chloride charcoal. 

At 35.0° C. the nitrogen flow rates at various mean 
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pressures were measured through Saran charcoal disc No. 17*. 

The experimental data are shown graphically by means of the 

Adzumi plot in Fig. 18. In order to measure the flow of an 

adsorbable vapour through the charcoal disc, one face of the 

sample was exposed to a one centimeter pressure of diethyl 

ether. Within five minutes the charcoal disc shattered. Since 

the disc had been shown capable of withstanding much greater 

pressure differentials with nitrogen, it must be concluded that 

the stresses set up in the charcoal by the adsorption of the 

diethyl ether caused the Saran charcoal to fracture. 

From these experiments it is indicated that great 

caution must be exercised in equilibrating the Saran charcoal 

to sorbable vapours. It may be that flow measurements through 

Saran charcoal are possible only for gases less highly adsorbed 

than diethyl ether. 

E. The Non-Stationary State of Flow 
"" in Charcoal 

From steady state flow data it has been concluded that 

gas adsorbed on charcoal, under the influence of a concentration 

gradient, tends to move along the surface in the direction of 

decreasing concentration. Analysis of the non-stationary state 

of flow for the highly adsorbed gases has provided an independent 

# Cross sectional area ^ ^ l ^ £ 4 5 cm. 
Thickness _ _ _ _ 
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method f o r e s t a b l i s h i n g th* v, 
w a n i n g the phenomenon of surface flow. During 

t h e c o u r s e of t h e experimental work the p o s s i b i l i t i e s of 

ma themat i ca l a n a l y s i s of non- s t a t iona ry flow were not c l e a r l y 

r e a l i z e d , and no s p e c i f i c at tempt was made to ob ta in non-

s t a t i o n a r y flow d a t a . Furthermore, the non-s t a t iona ry flow 

e q u a t i o n s de r ived can only be j u s t i f i e d for very spec i a l i zed 

e x p e r i m e n t a l c o n d i t i o n s . In s p i t e of these l i m i t a t i o n s a d i s ­

c u s s i o n of the n o n - s t a t i o n a r y s t a t e of flow has been included 

i n t h i s t h e s i s not only because i t provides supplementary 

ev idence of su r f ace d i f fus ion , but a l so because, by i t s own 

m e r i t , i t c o n t r i b u t e s to the knowledge of flow phenomenon in 

c h a r c o a l . 

Many of the equations used in t h i s Sect ion a r e o r i g i n a l 

i n form, but s i n c e t h e i r de r i va t i ons are both lengthy and com­

p l e x they have been t r e a t e d sepa ra t e ly in the Appendix "Theo­

r e t i c a l Flow Equat ions" . 

Mathematical t rea tment of the non-s t a t iona ry s t a t e of 

flow has been p o s s i b l e only for the condi t ions : 

1) That t h e r e i s no gas adsorbed on the charcoal 

a t t h e s t a r t * 

2) That the influent pressure is maintained 

constant and small• 

3) That the effluent pressure is maintained at 

approximately zero. 

For these conditions the following flow rate equations have 

been obtained (see Appendix, section Ao ). 
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m 

t /X s O 
p2=o 

- ) 
t / x . L 

P2=o 
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m 
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p2=o 

A0(B + c » ) P i 

/ TT D ' t 

B 

D 

o i s a constant of molecular effusion, 
i s a constant of surface mobility 
i s a diffusion constant defined in 

terms of the gas permeability and 
adsorbab i l i ty . 

(53) 

Equation (£1) gives the isothermal flow ra te of a 

gas i n t o a charcoal rod of length L a t any time t . If the 

rod i s of i n f i n i t e length, equation (5]J reduces to equation 

(5J3)« Equation (5&) i s the r e l a t i o n for the effluent flow 

r a t e from a rod of f i n i t e length Lo These ecuations are only 

v a l i d i f the following conditions a re f u l f i l l e d : 

1) The inf luent pressure Pi i s suf f ic ien t ly 

small tha t the contr ibut ion of viscous flow i s 

n e g l i g i b l e . 

2) The adsorpt ion isotherm i s l i nea r between 

the p ressures I)
1 and ze ro . 

The mass of gas adsorbed on a charcoal rod a t equil i ­

brium flow condi t ions i s given by the following r e l a t i o n s (see 

Appendix, Sect ion fi. )• 
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M , =
 A o <fa K*L P i 1/n 

(56) 

M t — = 2A0 fs K'L 

n 
1 + 2 n ' 

1 + 2n» 
1 

i 0 

n , • o I i ' , 

A / n + 1 

*1 + 2 P l ( f £ 

1 + n ' 
n 

P l ' 

(SJ2) 

Equation (5j5) was obtained from equations (.51) and (£&) for the 

i n f l u e n t and eff luent flow r a t e s , and i s therefore l imited in 

i t s a p p l i c a t i o n by the conditions required by the flow equations. 

Equation (6.0) i s an exact re la t ion for the mass adsorbed on a 

charcoal rod a t equil ibrium flow conditions provided that : 

1) There i s no contribution to the t o t a l flow 

from surface flow, and therefore that : 

2) The amount adsorbed on the charcoal rod a t 

any point i s in equilibrium with the pressure at 

t h a t point when steady s t a t e flow conditions are 

reached. 

Both equation (5&) and equation UQ) are l imited in accuracy 

by the v a l i d i t y of the Freundlich isotherm re l a t i on in the r e ­

qu i red p ressure range # . 

~4i Tf thP Freundlich isotherm equation is not valid, equations 
#(56) and (S) Say be obtained in similar forms usrng other 
e~irical isotherm relations. 
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e re-
Experimentally, conditions approximating thos 

quired by the flow equations (51), (53) a n d ^ w e r e o b t a i n e d 

in the following manner: the charcoal was evacuated for approxi­

mately two days. At t . 0, the gas burette K (Fig. 7, page 58) 

was fi l led with gas to a pressure Px from a gas reservoir, and 

the mercury seal N was closed. As soon as possible the rate 

of mercury rise in burette K (while maintaining constant pres­

sure in manometer J) was recorded. At the start the flow rate 

was changing rapidly with time, so that measurements represented 

only an average flow rate over the period of the observation. 

This average flow rate was recorded as occurring at the mean 

time of the observation. The rapidly changing flow rates made 

i t necessary to measure both small volume changes and small 

time intervals at the start . The accuracy at the start there­

fore, was not as good as at equilibrium flow conditions. The 

effluent end of the charcoal rod was maintained at the lowest 

pressure possible by means of a diffusion pump, and this ef­

fluent pressure was measured by means of a McLeod gauge. An 

attempt was made to correlate the McLeod gauge pressure at 

any given time, to the capacity of the diffusion pump at any 

given pressure, in order to evaluate the effluent flow rate. 

I t is apparent however that, in a system which is continuously 

evacuated by means of a diffusion pump, mercury will be distilled 

from the McLeod gauge. This efflux of mercury vapour from the 

McLeod gauge prevents the influx of other vapours into the 

gauge until the partial pressure of the gases other than mercury 
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approaches i n magnitude the vapour pressure nf t h 

* ^J- piessure of the mercury a t 
the temperature of the gauge TH* am 

Kiuge. ihe effluent flow ra te there­
fore , was not measured. 

The experimental data for the non-stationary flow of 

d i e thy l e the r and ethyl chloride in to zinc chloride charcoal 

a re given in Tables IX, X and XI. The experimental data from 

Table IX a re shown graphical ly in Fig. 19 (curve 1 ) . Included 

in Tables IX, X and XI are the theoret ica l flow ra t e s based 

on the equat ions indica ted in the Tables. In the case of d i ­

e thy l e the r a t 50 mm. influent pressure, the calculated in­

f l u e n t and ef f luent flow ra tes are represented graphical ly in 

F ig . 19 (curves 2 and 3 respec t ive ly) . 

Column 3 in Tables IX, X and XI gives the product of 

the experimental flow ra te s and the square root of the times 

a t which the flow r a t e s occurred. I t was the observation of 

the cons tant flow r a t e - root time product that led to the en­

t i r e t h e o r e t i c a l ana lys i s of the non-stationary flow. I t may 

be seen from equation (53) that the flow ra te - root time prod­

uc t should be constant as long as the charcoal behaves as though 

i t were i n f i n i t e l y long ( i . e . un t i l appreciable quant i t i es of 

gas a r e passing through the effluent end). I t i s to be noted 

t h a t the flow r a t e - root time product in Tables IX, X and XI 

i s constant for about f i f t y minutes, and therefore 1 cm. 

l eng ths of zinc chlor ide charcoal behave as rods of i n f i n i t e 

l e n g t h to the gases diethyl ether and ethyl chloride for about 

f i f t y minutes (for the condit ions indica ted) . 
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TABLE IX 

Non-stationary flow of diethyl ether into plug 
No. 14 at 3R.n° c. 

Time 
( m i n . ) 

3 
4 
7 

10 

14 
17 
23 
29 

36 
50 
77 
93 

660 - <*> 

I n f l u e n t 
r a t e 

g m . / m i n . 
x 1 0 " 4 

6 . 8 
6 . 0 
4 . 4 
3 . 6 

3 . 4 
3 . 0 
2 . 6 
2 . 2 

2 . 0 
1 .75 
1.49 
1 .43 
1 .31 

Flow r a t e 
x/T 

x 1 0 ' 4 

1 2 . 3 
1 2 . 6 
1 2 . 2 
1 2 . 0 

1 3 . 4 
1 3 . 1 
1 2 . 9 
1 2 . 4 

1 2 . 6 
1 3 . 1 
1 3 . 8 
1 4 . 6 

3 5 . 5 - oo 

C a l c . a 

i n f l u e n t 
r a t e 

x 1 0 " 4 

5 . 9 , 
5 . 1 d 

3.9 
3 .2 

2 .7 
2 .5 
2 .2 
1.9 

1.7 
1.5 
1.2 
1.1 

0 .45 - 0 

C a l c . b 

i n f l u e n t 
r a t e 

x 1 0 " 4 

5 . 9 , 
5 . 1 d 

3.9 
3 .2 

2.7 
2 .5 
2 .2 
1.9 

1.71 
1.50 
1.36 
1.33 
1.31 

C a l c . 0 

e f f l u e n t 
r a t e 

x 10" 4 

0 . 0 0 , 
0 . 0 0 a 

0.00 
0 .05 

0.18 
0.32 
0.53 
0.73 

0 .91 
1.12 
1.26 
1.29 
1.31 

Influent pressure P-, = 50 mm. for all values of t 
Effluent pressure P£ = 0 * for all values of t 
No gas adsorbed on charcoal at start. 

a) From equation (53) (see Appendix Section A.) 
D FroS equation (51) (see Appendix Section A. 

o) From equation (52) ^ Q \ k 3 ^ l 
Calculated in Appendix Section C. 

Note. 
a.- „o ooanmp the existence of surface flow. 

,-n^f LrconiSbutiorof Sis'surface flow can not be 
Since the °°^^D

tlcally the calculations require a 
i l ^ f e T i l e r y state f!.. for th. given oondx-
knowledge 
tionSo 
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TABLE X 

Non-stationary flow of diethyl ether into plug 
M" 14 at 35. no p. y s No. 

m • 

Time 
( m i n . ) 

1 .3 
2 
3 
5 

21 
33 
46 
59 

74 
95 

160 - oo 

I n f l u e n t 
r a t e 

g m . / m m . 
x l O 4 

1 5 . 8 
1 4 . 2 
1 1 . 0 

8 .7 

4 . 3 
3 . 3 
2 . 9 
2 . 7 

2 . 6 0 
2 .56 
2 . 4 8 

Flow r a t e 
X / t 

x 10"* 

18 
20 
19 
19 

20 
19 
20 
21 

22 
25 

3 1 - o o 

C a l c . a 

i n f l u e n t 
r a t e 

x 10~ 4 

13 .0 
10 .5 

8.6 
6.6 

3 .2 
2.6 
2 .2 
1.9 

1.7 
1.5 

1.2 - 0 

C a l c . b 

i n f l u e n t 
r a t e 

x 10~ 4 

13 .0 
10 .5 

8.6 
6.6 

3 .2 
2 .75 
2 .58 
2 .51 

2.49 
2.48 
2.48 

C a l c . C 

e f f l u e n t 
r a t e 

x 10~ 4 

0.00 
0.00 
0.02 
0.04 

1.70 
2 .21 
2.38 
2 .45 

2.47 
2 .48 
2 .48 

Influent pressure Pj_ = 100 mm. for all values of t 
Effluent pressure P2 = 0 mm. for all values of t 
No ffas adsorbed on charcoal at start. 

a) From equation (.53) 
b) From equation (51) 
c) From equation (52) 

(see Appendix Section A.) 
(see Appendix Section A. ) 
(see Appendix Section A.) 

Note. These equations assume the existence of surface flow. 
Since the contr ibut ion of th is surface flow can not be 
evaluated t h e o r e t i c a l l y , the calculat ions require a 
evdiuaoeu ^ % h o QtPfldv s t a t e flow for the given condi-
t i S i ! ^ S a S 5 l S o e a f S ? S i o S % p e a r in Appendix Section C, 
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TABLE XI 

Non-stationary flow of ethyl chloride into plug 
No. 14 at 3R.no c< 

Time 
(min . ) 

2 
4 . 5 
9 

11 

12 
2 1 . 5 
25 
29 

33 
37 
44 
52 

73 9 ^mm9 

150 - °o 

I n f l u e n t 
r a t e 

g m . / m i n . 
x 1 0 ~ 4 

9 . 5 
7 .7 
6 . 3 
4 . 9 

4 . 6 
3 . 3 
3 . 2 
2 . 9 

2 . 7 
2 . 6 
2 . 4 
2 . 3 

2 . 2 5 
2 . 1 4 

Flow r a t e 
x/t 
r a t e 

x 1 0 ~ 4 

1 3 . 5 
1 6 . 3 
1 5 . 8 
1 6 . 2 

15 .9 
1 5 . 3 
16 .0 
1 5 . 6 

1 5 . 5 
1 5 . 8 
15 .9 
1 6 . 6 

1 9 . 2 
2 6 . 3 - co 

C a l c . a 

i n f l u e n t 
r a t e 

x 1 0 " 4 

9.2 
6 .1 
4 . 3 
3.9 

3 .8 
2 .8 
2.7 
2 . 5 

2 .3 
2 .2 
2 .0 
1.8 

1.5 
1.1 - o 

C a l c . b 

i n f l u e n t 
r a t e 

x 10~ 4 

9.2 
6 .1 
4 .3 
3.9 

3 .8 
2 .8 
2.7 
2 .5 

2 .4 
2.32 
2 .24 
2.19 

2 .15 
2 .14 

C a l c . C 

e f f l u e n t 
r a t e 

x 1 0 " 4 

0.00 
0.02 
0 .35 
0.56 

0.67 
1.45 
1.63 
1.78 

1.88 
1.96 
2.04 
2.09 

2.13 
2.14 

inf luent pressure Pi = 102 m . for a l l values of t . 
S f S r l d P s ^ f d ^ n P § h a r - c o a l ° a r s t a ? L 

a) From equation (53) (see Appendix Section A..) a.) nuiu oyw /^T\ tapp AnDendix Section A« I 
l\ £ £ N a t i o n i l i i - e i J S U x Section A. . 

Note. ^ a s e e q u a t i o n e a s s ^ e tneex ia te .ee o^aurrace^lo , , . 
Since the contributions ol tn i s u recmire a 
evaluated theoret ical ly , the calcuiat i 
knowledge of the steady s ta te flow fo ^ ^ ^ S S s f d S l a « l e calcala'tions appear in A.pendi, 

be 

C. 

http://3R.no
http://tneexiate.ee
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THe c a l c u l a t e d flow r a t e s given in Tables IX, X and 

XI a r e based on t h e o r e t i c a l equations that are exact only i f 

t he fo l lowing cond i t ions are f u l f i l l e d : 

1) The i n f l u e n t pressure i s s u f f i c i e n t l y small 

t h a t t he con t r i bu t ion of viscous flow i s 

n e g l i g i b l e o 

2) The adsorp t ion isotherm i s l i n e a r between the 

p r e s s u r e s Pj_ and zero . 

N e i t h e r of these condi t ions have been exact ly f u l f i l l e d i n 

t he exper iments recorded in Tables IX, X and XI. The e r r o r , 

however, t h a t r e s u l t s from a f a i l u r e of the experimental condi­

t i o n s to conform wi th condi t ion 1) i s r e l a t i v e l y smal l . (In 

F i g . 16, i t may be seen tha t for mean pressures up to 50 mm. 

the c o n t r i b u t i o n of the pressure dependent or viscous flow i s 

s m a l l . ) The main source of the di f ference between the c a l ­

c u l a t e d and experimental flow r a t e s in Tables IX, X and XI 

would appear to be accounted for by a f a i l u r e of the exper i ­

menta l c o n d i t i o n s to be cons i s t en t with condi t ion 2 ) . Examina­

t i o n of t he adso rp t i on isotherms for d i e thy l e ther and e thyl 

c h l o r i d e (F ig . 5 page 51) show tha t between the l i m i t s of 0 -

50 mm. or 0 - 100 mm. the. adsorp t ion isotherms a r e not l i n e a r . 

The assumpt ion of the l i n e a r isotherm i s more near ly c o r r e c t , 

, ^ .,,„ i4mit=! of 0 - 50 mm. than 0 - 100 mm. I t 
however, between the l i m i t s or u ^ »*"• 
i s n o t a b l e t h e r e f o r e t h a t the c o r r e l a t i o n between the t h e o r e t i c a l 

and exper imenta l flow r a t e s i s b e t t e r for the in f luen t p re s su re 

of 50 mm. (Table IX) than for the i n f l u e n t p ressure of 100 mm. 
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(Table X). Examination of Fig . 5 shows tha t the adsorpt ion i s o ­

therm of e t h y l c h l o r i d e i s more nearly l i n e a r than tha t of d i ­

e t h y l e t h e r between the pressure l i m i t s of 0 - 100 mm. I t i s 

t h e r e f o r e n o t a b l e t h a t the c o r r e l a t i o n between the experimental 

and t h e o r e t i c a l flow r a t e s in Table XI (columns 2 and 5 r e ­

s p e c t i v e l y ) fo r e t hy l ch lo r ide i s b e t t e r than the c o r r e l a t i o n 

i n t h e case of d i e t h y l e t he r (Table X). 

From the se cons idera t ions i t would appear t ha t the 

smal l d e v i a t i o n s of the t h e o r e t i c a l values from the experimental 

v a l u e s a r e caused by the f a i l u r e of the experimental condi t ions 

t o conform t o t h e boundary condi t ions for which the t h e o r e t i c a l 

e q u a t i o n s a r e v a l i d . I f the flow r a t e s had been measured for 

g a s e s showing l i n e a r adsorp t ion isotherms, or i f the gas flow 

r a t e s i n t o the charcoal had been measured a t lower mean p r e s ­

s u r e s , t he t h e o r e t i c a l flow r a t e s would probably have shown even 

b e t t e r agreement wi th experimental flow r a t e s than i s shown by 

t h e da t a r e p r e s e n t e d in Tables IX, X and XI. 

U n f o r t u n a t e l y , a s explained above, the ef f luent flow 

r a t e has not been measured. I t would appear however, tha t the 

e f f l u e n t flow r a t e may be est imated with a f a i r degree of ce r ­

t a i n t y . The form of the i n f l u e n t and ef f luent flow r a t e equa­

t i o n s ( (51) and (SS) r e s p e c t i v e l y ) a re such t h a t , a f t e r a ce r ­

t a i n t ime , t h e y tend to g ive "mirror image" flow r a t e values 

about the l i n e of equ i l ib r ium flow (Fig. 19 curve 5) on the f l o , 

r a t e v s . t ime p l o t . ( i . e . the flow i n t o the charcoal i s as 
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much g r e a t e r than e a u i i i h ^ n m *>i 
equi l ibr ium flow as the ef f luent flow i s l e s s 

than the e q u i l i b r i u m vs in^ i mu 
4 xunum va lue ) . The t h e o r e t i c a l equations (£1) 

and (52) show t h a t "mirror image" flow r a t e s occur a f t e r t h i r t y 

m i n u t e s , f o r t h e flow of e ther into charcoal a t 50 mm. p res su re 
(compare columns 5 and 6 in Tahia TT ^-uh -t-v̂  • i • u • i 

"11U u XIi J-̂ Dj.e IA with the eaui l ibr ium va lue 
-4 

of 1.31 x 10 gm./min.). By analogy, the actual effluent flow 

must correspond to the experimental influent flow rate in a 

similar manner. If, corresponding to the experimental influent 

flow rate (curve 1), a "mirror image" be drawn about the line 

of equilibrium flow for times greater than forty minutes (curve 

4), very little extrapolation is required to complete the ef­

fluent flow rate curve. This extrapolation (dotted section curve 

4) has been carried out by analogy with the theoretical effluent 

flow rate curve 3. 

In Fig, 19, the area between the influent flow rate 

curve 1 and the effluent flow rate curve 4 represents the 

mass of gas adsorbed on the charcoal rod at equilibrium flow 

conditions. By graphical integration methods the mass adsorbed 

was evaluated as: 
Mf = 0.018 gm. 

This va lue r e p r e s e n t s the experimental mass of e ther adsorbed 

on c h a r c o a l plug No. 14 a t equ i l ib r ium flow cond i t ions , when 

t he i n f l u e n t p r e s s u r e i s 50 mm. (The accuracy of t h i s value 

i s of c o u r s e , l i m i t e d by t h e accuracy of t he e x t r a p o l a t i o n 

i n curve 4 Fig- 19 )• 
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as the flowing eas nri<5rtT.r,4-< 
S gas , adsorption would be continuously occurring 

a t the i n f l u e n t end of the charcoal and desorption continuously 

occurr ing a t the eff luent end of the charcoal, even a t equ i l i ­

brium flow condi t ions . That i s , a t equilibrium flow, the mass 

adsorbed a t any point along the length of the charcoal rod would 

not be in equil ibrium with the gas pressure at each point. 

From these considerations i t may be seen that surface 

flow might account for the difference between the experimental 

and t h e o r e t i c a l values of the mass adsorbed at equilibrium flow 

cond i t i ons . The conditions involved however, are complex, and 

fu r t he r experimentation must be carried out before defini te 

conclusions may be drawn. 

Before an adequate analysis of the non-stationary 

flow may be car r ied out, i t i s necessary to measure the effluent 

flow r a t e . This could be accomplished by the method used by 

Clausing (page 30) . I t would be to further advantage to use 

gases showing a l i n e a r isotherm within the working pressure 

ranges , and to use smaller pressure gradients across the char­

coal sample. 

F. Proper t ies and Structure of Charcoal 
from Flow Considerations 

When a porous substance i s composed of p a r t i c l e s , 

an es t ima te of the pore s ize and surface area may be obtained 

from a knowledge of the s i ze and packing of the p a r t i c l e s . 

Arne l l (19) has shown tha t for such agglomerations of p a r t i c l e s 

the sur face area and pore s i ze obtained by d i r ec t measurement 
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compare favourably with the values of these properties calculated 

from flow data. The solid charcoal rods, however are not ag­

glomerations of particles in the same sense as the porous sub­

stances used by Arnell, so that there is no evidence that the Ad­

zumi equation (11) or the Arnell equation (£) are directly ap­

plicable to the calculation of pore size and surface area of 

charcoal. Since however, the Adzumi equation (and hence the 

Arnell equation) have been found adequate for relating the flow-

rates of the non-sorbable gases through charcoal (page 73 - 83), 

it would appear reasonable to use these equations to calculate 

the pore size and surface area of charcoal. 

Using the method of Arnell (16), it may be seen that 

the surface area of the charcoal may be calculated from equa­

tion (9). When K (i.e. VjjL = VP ) is plotted against P 
V- A P AP 

the value of the intercept on the flow axis is given by the 

relation: 

r 8 / 2 RQT A Q <p£ (£2) 
Intercept - b - J n M L s^ (1 . £ ) 

For the flow of nitrogen through plug No. 14 at 

35.0° C. (see page 83). 

M = 28.0 
A o = 0.113 sq- cm. 
1 = 0.995 cm0 
t = 0.68 (see page 48) 

Also £ _ o.9 (see page 16) 
(p - £ Assuming ^ 
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Whence from equation (32): 

Sv = -1.055 x in4 
Intercept 

If the volume flow i-si-a n+ +u 
now rate of the nitrogen is measured in cc. 

per min. 

Sv = i'OSS x 104 T fin 
Intercept 

The value of the intercept for the flow of nitrogen through 

Plug No. 14 at 35.0° C . (taken from (Fig. 16 curve 5) is 

0.45. Whence Sv equals 141 sq. m. per cc. of solid char­

coal. That is the surface area per unit mass of charcoal 

equals 141 equals 64 sq. m. per gm. (2.22 is the density 

of the solids in the zinc chloride charcoal, taken from page 

39). 

It is of interest to compare the surface area of the 

zinc chloride charcoal calculated from the nitrogen flow data 

(64 sq.m. per gm. ) with the nitrogen surface area (page 45) 

calculated from nitrogen adsorption data (1100 sq, m. per gm. ). 

In view of the assumptions involved in the calculation of 

either of these two surface areas however, conclusions based 

on their comparison are to be treated with caution. 

The surface area of the Saran charcoal can not be 

evaluated from the Arnell equation without a knowledge of the 

void fraction. It is worthy of note however, that assuming a 

void fraction of 0.5, the surface area calculated for the Saran 
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charcoal plug would be 2000 sq. m. per cc. of solids. 

Using the method of Adzumi (11) the pore radius may 

be calculated for both the zinc chloride charcoal and the Saran 

charcoal. It may be seen from equations (ii.) and (12.), that: 

A _ n n"r 4 3L / M 
B 8 L -7, X 4 b n" r̂> / 2 n R0 T 

Whence _ A 32 "? S / 2 IT R0 T 

B 3 n / M 

For nitrogen at 35.0° C. 

°) = 181.5 x 10"6 (see Table VI) 
M = 28.0 
C = 0.9 (see page 16) 

Whence r = 42 
A 
B 

If the pressure is measured in mm. mercury. 

42 , A (33) 
r 1.33 X 103 B 

For t he z inc ch lo r ide charcoa l , the values of the 

s l o p e A and i n t e r c e p t B for the flow of n i t rogen through plug 

No. 14 may be taken from Fig . 16 (curve 5 ) . 

42 v 0.00120 = 8.4 x 1 0 - 5 cm. 
That l s : "r = T^TTo^To^r 

F o r t he Saran charcoa l rod , the values of A and B 

„-nrm ( ^ ) mav be taken from F i g . 17 
f o r t h e s o l u t i o n of equa t ion (33) may 

curve ! • 
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f = 42 x 0.0000214. 

1.33 x 103 x 0.0165 

The pore radius in the Saran charcoal disc may be 

evaluated by substi tn-H nn -̂p +-u -, 
y auosLi-cution of the values of A and B obtained 

from Fig. 18 in equation (33) 

r = 42 x 0.0816 _ a n __ n/N-5 

1-33 x 103 x 41 
= 6.3 x 10"5 cm, 

e 

e 

From these calculations it is indicated that th 

pore radius of either the Saran charcoal or the zinc chlorid 

charcoal is of the order of 10"5 cm. Although this value is 

considerably larger than the pore size usually attributed to 

activated charcoals, it is to be emphasized that a value of 

the pore radius-, calculated from flow measurements, would 

tend to favour the large pores in the event that there was a 

distribution in the pore size. This is clearly realized when 

it is considered that capillary flow occurs according to the 

third and fourth power of the capillary radius, (see equation 

(11) )• 

On page 87 it was pointed out that a considerable 

portion of the space available for flow could be filled with 

adsorbable material without restricting the rate of flow. To 

explain this it was necessary to consider that the adsorption 

occurred in a region within the charcoal, where it did not block 

the flow path, in view of the uniformity of the charcoal (see 

page 72) and the calculated value of the pore size (10~5 cm.), 

it would appear reasonable to exclude the possibility of material 
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faults in the zinc chloride charcoal, it is therefore necessary 

to consider that the gas flow through charcoal occurs in a con­

tinuous macropore system, whereas the adsorption occurs else­

where within the charcoal. This conclusion supports the essen­

tial points of Wicke's theory on the structure of charcoal 

(see page 23), but in itself is not sufficient evidence to 

establish Wicke1 s concept of the "ball-like particles". It 

is apparent that any theory for the structure of charcoal, 

that included both a continuous and independent macropore sys­

tem and a micropore system, would be consistent with the present 

data* 

It is difficult to state from the information avail­

able whether or not the macropore system is essential to the 

structure of charcoal. This problem can be answered only after 

further research, and it appears that a study of Saran charcoal 

would provide the most fruitful approach. 



gJMMAHY AND CONCLUSIONS 

An apparatus has been devised and constructed for 

measuring the flow rates of gases and vapours through solid 

charcoal. This apparatus is capable of measuring the gas 

flow rates into a charcoal sample while maintaining constant 

pressure conditions throughout the system. 

Various cells have been devised for holding the 

charcoal specimens. These holders make allowance for the 

small volume changes that the charcoal undergoes during ad­

sorption and desorption, while at the same time they ensure 

that no gas can by-pass the charcoal. 

Gas flow rates have been measured through two types 

of charcoal: 

1) A commercial zinc chloride activated charcoal. 

2) A charcoal obtained from Saran plastic. 

The results obtained indicate that the zinc chloride 

charcoal is highly uniform, and that the flow data are charac­

teristic of its structure. In order to interpret the flow 

data for the zinc chloride charcoal, the following properties 

have been measured: 

D The adsorption isotherms at 35.0° C. for 

t h e gases diethyl ether and ethyl chloride. 

2) The nitrogen surface area. 
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3) The charcoal density to displaced heliun. 

4) The charcoal density to displaced mercury. 

In an effort to obtain a charcoal even more uniform 

than the zinc chloride charcoal, the potentialities of a new 

type of charcoal prepared from Saran plastic have been in­

vestigated. It has been found that charcoal may be prepared 

from Saran in any size and shape, and this Saran charcoal 

has a pore size smaller than that of the zinc chloride char­

coal. It is indicated that further work might be carried out 

to advantage with the Saran charcoal. 

It has been shown that the Adzumi type equation ad­

equately accounts for the relative flow rates, as well as 

the variation in flow rate with temperature and pressure, of 

the non-sorbable gases. It is therefore concluded that both 

molecular streaming and viscous flow contribute to the total 

flow of non-sorbable gases through zinc chloride charcoal 

(i.e. Poiseuille flow with "slip"). The permanent gases, how­

ever, show small deviations from the Adzumi type flow par­

ticularly at low pressures. It has been shown that these small 

deviations may be accounted for in a qualitative manner, if a 

kinetic energy correction term is introduced into the Adzumi 

type equation. 

Non-stationary flow equations have been derived which 

adequately account for the time-dependent flow of the sorbable 

gases into the zinc chloride charcoal under the following condi­

tions: 
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1) That no gas i s adsorbed on the charcoal a t 
s t a r t . 

2) That the inf luent pressure i s small and 

cons tan t . 

3) That the effluent pressure i s approximately 
ze ro . 

Equations for ca lcula t ing the mass of gas adsorbed 

on charcoal a t equil ibrium flow conditions have also been 

deduced. The values calculated with these equations do not 

accu ra t e ly check with experimental values, but the deviations 

are considered reasonable when the assumptions involved in 

the t h e o r e t i c a l equations are considered. The only assumption 

involved in one of these equations i s that surface flow does 

not con t r ibu te to the t o t a l flow, and therefore the fa i lure 

of t h i s equation ind ica tes that surface flow may ex is t . These 

t h e o r i e s a re not subs tan t ia ted with suff ic ient experimental 

evidence, and therefore fur ther work must be conducted before 

d e f i n i t e conclusions can be drawn. 

The pore s i ze and surface area of the charcoals have 

been ca lcu la ted from flow data. The surface area calculated 

from flow data i s only about 1/17 the value obtained from 

adsorp t ion data. The pore s ize (10~5 cm.) calculated from 

the flow data i s l a r g e r than the value that might be expected 

fo r an ac t iva t ed charcoal , but i t i s suff ic ient ly small that 

the pores can not be considered as fau l t s or cracks in the 

usual sense . 



119 

The flow r a t e s of the sorbable gases a t high pres­

sures i n d i c a t e t h a t the flow paths are in no way blocked by 

the adsorbed gases , m view of the uniformity of the char­

coal and the small ca lcula ted pore s i ze , i t i s necessary to 

consider t h a t t he adsorpt ion occurs in a micropore system, 

whereas the gas flow occurs in an independent and continuous 

macropore system. 

At low pressures , the flow ra te s of the sorbable gases 

a re about twice as l a rge as would be expected from the normal 

a p p l i c a t i o n of Kinet ic Theory to flow through porous diaphragms. 

From normal considerat ions i t would be expected that , a t low 

pressures (where the contr ibut ion of viscous flow i s small), 

the flow r a t e s of gases through a porous diaphragm would be 

r e l a t e d by the inverse square roots of the i r molecular weights. 

The experimental r e s u l t s show that the flow ra tes of the highly 

adsorbed gases through zinc chloride charcoal are not related 

i n t h i s manner. For example, the flow r a t e of diethyl e ther 

(M.W. 74) i s g rea t e r than the flow ra t e of nitrogen (M.W. 28) 

in t h i s low pressure region. To explain the experimental 

r e s u l t s i t has been necessary to consider that surface flow 

of the adsorbed gases contr ibute to the t o t a l apparent flow, 

and i n a q u a l i t a t i v e manner i t has been shown that such a con­

cept would explain the data obtained. 



CLAIMS TO ORIGINAL RESEARCH 

1# Original methods have been developed by which it 

is possible to measure accurately the flow rates of gases 

through solid charcoal. 

2- It has been established that the zinc chloride 

activated charcoal used in this research is highly uniform. 

Consequently, the experimental flow data are not only char­

acteristic of the individual samples, but are also charac­

teristic of the structure of this type of charcoal. 

3. A new and highly uniform charcoal has been prepared 

from Saran plastic« 

4. It has been shown for the first time that, in the 

pressure ranges investigated, both viscous flow and molecular 

streaming contribute to the gas flow through zinc chloride 

activated charcoal. 

5# A gas flow phenomenon, not observed in other porous 

systems, has been shown to exist in zinc chloride activated 

charcoal. This phenomenon does not appear to result from ei­

ther the structure or activity of the charcoal. It is sug­

gested that the gas translational kinetic energy which is 

usually considered negligible, does influence the gas flow 

rates through charcoal. 
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6. Equations for the non-stationary state of flow have 

been derived which quantitatively account for the time de­

pendent flow rates of the highly sorbable gases into zinc 

chloride charcoal. 

7o New methods, both theoretical and experimental, have 

been used for estimating the quantity of gas adsorbed on a 

charcoal rod at equilibrium flow conditions. 

8 0 T h e Pore size and surface area of the zinc chloride 

activated charcoal have been calculated by means of established 

flow equations. The values obtained are the first estimates 

of pore size and surface area of any charcoal ever obtained 

from flow data. 

9. The experimental data are consistent with the theory 

that a continuous macropore system occurs within charcoal. 

'This macropore system has been found to be independent of the 

system in which adsorption occurs. 

10. New methods for establishing the existence of sur­

face diffusion have been developed. For the first time a 

quantitative estimate of the surface flow on charcoal for 

given conditions has been obtained experimentally. 



APPENDIX 

Theoretical Flow Equations 

A. Derivation of Non-Stationary Flow Equations 

Observation of the steady state flow of nitrogen, 

helium, hydrogen and carbon dioxide through charcoal have 

established the validity of the Adzumi, Arnell, or similar 

types of equations for estimating relative flow rates 

through charcoal. That is the gas flow through charcoal 

may be represented by the Arnell equation (£) 

Vf = A, 
5 ^ S (l - O P 8, 

<p £ 

(1 - € ) 

A P 

whence 

A, 
5 ^ sv 

where 

and 

m 
t 

= V 

(1 - £ ) 

g = 

P M 

RoT 

8 2 M s 
rr R 0 T 

P e 

(l - * ) 

m 
t 

e g 

is the mass flow per unit time 

is the gas density. At the pressure P, 

r g R0 T 

A P 

That is: _m_ 
t 

= A0 A0 P + B1 (34) 
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where Ao _ M £ 3 

5 Ro T ̂  s| (1 - £ )2 

B° = _§_ / 2 M _&_ fP £ 
3 J " Ro T S v (1 - e ) 

Equation (34) may be expressed in the differential 

form: 

m = - A0 (A
0 P + B°) -*£- (35, t dx 

where x is the distance into the charcoal rod. 

The equation (35) has considered only the contribution 

of the gas flow through the charcoal pores. If in addition 

to the gas flow there is a surface flow of an adsorbed phase, 

then the steady state flow equation (35) may be represented 

in the form: 

m = -A0(A°P+B°) -H--A 0C" W m ) (36) 
dx u dx 

where (x/m) is the concentration of the adsorbed 
material in grams of gas per gram 
of charcoal, 

and c" is a constant depending on the kinetics 
of surface flow. 

The value of (x/m) is usually dependent on the 

pressure in some non linear form. The Freundlich relation 

is one of the simplest relations between the mass adsorbed 

on unit mass of charcoal and the pressure. 

That is: 
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(x/m) = K» p 1 / n f 

where Kf and n* a r e c o n s t a n t s . 

The i n t r o d u c t i o n of a F r e u n d l i c h f u n c t i o n f o r 

(x/m) i n t o e q u a t i o n (36.) l e a d s t o a d i f f e r e n t i a l e q u a t i o n 

f o r which a s o l u t i o n has no t been found p o s s i b l e . I f how­

eve r , w i t h i n t h e e x p e r i m e n t a l l i m i t s of p r e s s u r e , (x/m) i s 

a l i n e a r f u n c t i o n of t h e p r e s s u r e . That i s : 

(x/m) = K" P 

e q u a t i o n (36) becomes: 

t 
= - A0 (A0 P + B°+ CM dP 

dx 
• • • « « . • (o / ) 

where G« = K" C» 

I f e q u a t i o n (3JZ.) r e p r e s e n t s t h e mass flow r a t e 

a t e q u i l i b r i u m , t h e n t h e mass s t o r e d p e r u n i t t ime i n an 

e l e m e n t of a r e a A0 and t h i c k n e s s dx i s g iven by t h e equa-

t i o n : 

*'t Ao A1 d2P 

dx 2 

dP 

dx 

21 
+ (B° + 0 ' ) 

d2P 

dx2 

•̂p a PhATcoal e lement of a r e a But t h e mass dm of a charcoax 

*^r ic? ffiven i n t h e r e l a t i o n : A and t h i c k n e s s dx i s g i v e n 

dm = A0 d x ^ s 

* is the bulk density of the charcoal 
where f3 ( m e r c u ry density). 

dx 

(38) 
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(x/m) = Kt pVn
f 

where K' and nf are constants. 

The introduction of a Freundlich function for 

(x/m) into equation (36) leads to a differential equation 

for which a solution has not been found possible. If how­

ever, within the experimental limits of pressure, (x/m) is 

a linear function of the pressure. That is: 

(x/m) = K" P 

equation (36) becomes: 

m = - A0 (A°P+ B°+ Cf) dP 
dx (37) 

where t — = K" C" 

If equation (3£) represents the mass flow rate 

at equilibrium, then the mass stored per unit time in an 

element of area AQ and thickness dx is given by the equa­

tion: 

d ' l Ao A ' [ 
d2P P ^ + 
dx^ 

dP 
dx 

+ (B° + CM 
d3P 
dx2 

But the mass dm of a charcoal element of area 

AQ and thickness dx is given in the relation: 

dm = A0 dx^? 

where f is the bulk density of the charcoal 
r s (mercury density). 

dx 

(38) 
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Also if Q is the mass adsorbed on unit mass of the charcoal 

for unit increase in pressure, then: 

d'"i - A0 dx f* <* 

Equating equations (38) and (3_&) 

A 0d X^ sq|^ = A o A' P ——— + 
"̂  x2 

dP 
dt 

}?\ 2 

(39) 

+ (B°+0'» 1 5 dx 
Whence 

^ P 

a t 
A" 

/°s5 
P -2 P_ £. 

x 
& £_1 Z 21 

(°s^ ^ X' 

(40) 

Equation (.40) represents, in the general differen­

tial form, the relation between the pressure P, at any point x, 

at any time t. The general solution of equation (4Q) has not 

been established, but it is possible to obtain solutions for 

particular experimental conditions. It may be seen that when 

the pressure is low, equation (3J7) reduces to the form: 

m = - A0(B° + C
f ) dP dx (41) 

Thus if terms arising from A0 are neglected, equation (40) 

becomes: 

P _ 
d t 

(B°+ C?) ^ 2 = D» 
^ ; (42J 

x' 
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Where: 

D» = (B°H- C M (43) 

Equation (43) defines a diffusion constant D» in terms of 

the adsorptive capacity, permeability and density of the 

charcoal.77^ By dimensional analysis it may be seen that Df 

has the units cm.2 x min.1 when 

B° gm./min./cm.2/cm./mm. mercury pressure 

Cf gm./min./cm.2/cm./mm. mercury pressure 

f s gm./cm.3 

Q gm./gm./mm. mercury pressure. 

An entirely theoretical evaluation of the diffusion 

constant Df from equation (43) is not possible until the 

# The diffusion constant Df is analogous to the "diffu-
sivity constant" used in heat flow equations. The "diffusi-
vity constant" is defined in terms of the heat capacity, heat 
conductivity and density of the material. Barrer (5j3) has 
also defined a diffusion constant in terms of the solubility 
and permeability of a gas in a solid. Barrer has shown that 

Pfo L 
D = S A P 

2 -1 
where D is the diffusion constant in cm. x sec. , 

P is the permeability in cc./sec./cm.^/mm./atm. 
pressure, 

3 is the solubility in cc./cc./atm. pressure 
and A P/L is the pressure gradient in mm. mercury/cm. 
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kinetics of surface diffusion are established. If however, 

the steady state permeability of the gas is known (that is 

B° and C1 in equation (43) ), the value of the diffusion 

constant may be evaluated (see this Appendix, Section £. ) 

Equation (42) is similar in mathematical form to 

the Damkohler equation (16) (see page 21), except that equa­

tion (4jM uses pressure where the Damkholer equation uses 

concentration. Damkohler, however, only considers the dif­

fusion into a single pore, whereas equation (4j2) represents 

the flow into a porous system. The Damkohler diffusion 

constant has moreover, neglected the fact that during the 

approach to equilibrium adsorption, considerable quantities 

of the gas diffusing into the capillary are adsorbed and 

thereby permanently removed from the gas phase system. It 

is only when adsorption equilibrium is reached that the num­

ber of molecules striking the surface of the pore is equal 

to the number leaving the wall of the pore. The Damkohler 

diffusion constant Dg (see page 21) has therefore no 

theoretical significance until equilibrium adsorption is 

reached. 

To obtain equation (42), the following assumptions 

were made: 

1) The flow occurring in the gaseous state 

may be represented by an Arnell type equation. 

2) The rate of surface diffusion is propor­

tional to the concentration gradient. 
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3) The adsorption isotherm i s l inear within 

the experimental pressure l imi t s . 

4) The contribution of viscous flow may be 

neglected (terms ar i s ing from A0) . 

The va l id i ty of assumption (1) has been established in th i s 

thes i s (provided tha t the s t ruc ture of the charcoal i s not 

material ly changed by the sorbable gases) . Although the 

mechanism of surface diffusion has not been determined, the 

concept introduced by assumption (2) should receive general 

recognit ion. Since adsorption isotherms are generally non­

l inea r , an error i s introduced by assumption (3). If how­

ever, the pressure l imi t s applied to the solution of equation 

(42) are small, the error caused by assumption (3) should also 

be small. The extent of the contribution of viscous flow at 

any pressure may be estimated from the flow-pressure plot . 

For example, in Fig. 16, the r e l a t ive contribution of viscous 

flow a t any pressure may be evaluated by subtracting the value 

of the in tercept from the to ta l flow at that pressure. I t may 

be seen that i f the pressure i s suff icient ly small, the error 

introduced by assumption (4) becomes negl igible . 

Experimentally i t i s possible to approach the condi­

t ions which would allow the applicat ion of equation (££). 

Agreement between experiment and equation (12) should occur 

for the following boundary conditions. 
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p = Px i s smal l a t x = 0 f o r a l l t 

P = P2 = 0 a t x = L f o r a l l t 

P = O a t x > O a t t = 0 

Where the flow occurs into a rod of finite length L. 

The solution to equation (42) for these boundary 

conditions may be obtained thus: 

Let P = x • T 

where X = f (x) and T = ft (t) 

then dT , d2x 
X -iii- = T D1 A 

dt dx' 

That is d2A , o-r dr o t 
+ CK ** = 0 and -!±±- = - o<2nf ^— -r c*> -A = u ana * = - O<^D T 

dx^ dt 

Whence 2 t. 
X = Yf sin c* x + Z 1 cos c< x, and T = Fe~ ** z 

Therefore 
2 f +. 

P = (Y sin <* x + Z cos <x x) e~ °^ D t (M) 

Equation (H) is a solution to the differential equation (42)f 

but the sum of any number of solutions is also a solution, 

and therefore a more general form of equation (44) is: 

P = J1 (Y^ sin o< x + Z ^ cos <* x) e~ <*
2Dft ... (AS) 

o 
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But P = P- when x = 0 and t = 0 

In o r d e r t h a t t h e summation of equa t ion (46j equal zero a t 

x = 0 and t = 0, t h e c o e f f i c i e n t s of cos <*. x must a l s o 

equal z e r o . Equat ion (4<5) t h e r e f o r e becomes: 

P.x o o 

p = Pi - + V (Y^ s i n ex x) e - ~Vt (47) 

But P = 0 a t x = L fo r a l l t . 

There fore s i n <*. L = 0 or =< L = n TT 

Whence 

P = Pi -

© o 

P x x + z (Y« s i n 
n n x - n 2 TT 2D' t 

) e 

Yo< a r e t h e F o u r i e r c o e f f i c i e n t s , and may be evaluated by 

t h e g e n e r a l equa t i on : 

2 f L 
L 

j 

P x* 
f U M - { P i - " T " 

n n x 
s i n i X 

so t h a t 

oo 

p = p-l -
P 1 x 

IT Ei" in —-
n 1« 

n r rx _ n
2 n 2 D f t 

a 
I z nTTX - n 3 T T 3 D ' t 

i n —=— e _ p 

CL 

sin 
f (x ' ) s i n —JT 

nTTX-^ dx ' 
J 

But a t t - 0, 
s 0 a t x > 0 t h e r e f o r e : 
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P = PX -

oo 

!liE 3 y pl . nnx _ ̂ n ^n' 
-z — /, — sin e -—'' u • 
L " ^ n L L£ 

(48) 

Differentiating the equation (48) with respect to x, the value 

of the pressure gradient is obtained for any time t and at 

any distance x along the length of the rod* 

dP 

dx 

£l 
L 

2 PX 

o o 

z n T T x - n 2 T T 3 D ' t cos e ——' " 
L L 2 . . . . . (la) 

But t h e s t e a d y s t a t e f low i s g i v e n by t h e e q u a t i o n (41) a s ­

suming a l i n e a r i s o t h e r m and t h a t t h e c o n t r i b u t i o n of v i s c o u s 

f low i s n e g l i g i b l e . That i s : 

m - A 0 ( B ° + C f ) dP 
dx 

(41) 

S u b s t i t u t i n g t h e v a l u e of t h e p r e s s u r e g r a d i e n t from e q u a t i o n 

(49) i n e q u a t i o n (41) 

m 

t /P2 = ° 
= A 0 ( B ° + C f) 

o o 

p l , w l 
+ -

L L 
2_, cos -

TTX 

e 
- n 2 n 2D f t 

(50) 

The f l o w i n t o t h e c h a r c o a l a t x = 0 i s t h e n g i v e n by: 

m 

p2=o 
U.r AolB^o ' . 

2 _ 2 . p l &! V -11 TT p ' 
7^ + T1" L e L2 (51) 

Also from equation (50) by putting x = L the equation for 

the effluent flow is obtained. 
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U . L - A°<B°*°'> 
p2.o 

O O 

P l
 +

 2 P 1 V _n2rr2D«t 
r ~ L c ° s nrr e 72 (52) 

From equation (51) i t i s poss ib le to obtain the flow r a t e 

i n t o a rod of i n f i n i t e length : 

*M « 2 p l (~ n 2 r r 2 n ' t A n ( B ° + c ' ) P i 

L 2 . « / n D«t 

(53) 

Equation (51) therefore gives the isothermal flow 

rate of an adsorbable gas into a charcoal rod of length L 

at any time t. Equation (51) is only valid if P^ is small 

and the adsorption isotherm is linear between the pressures 

P, and 0. Equation (5.2) gives the effluent flow rate for 

the same conditions as equation (51). Equation (,53) is equi­

valent to equation (51) as long as the charcoal rod behaves 

as though it were infinitely long. The charcoal rod is con­

sidered to behave as though it were infinitely long until ap­

preciable quantities of gas flowing out of the low pressure 

end. 

Equation (52j is comparable to the equation used by 

Clausing for the effluent flow from a single capillary (see 

page 32). Equation (53) is mathematically similar to that 

used by Tiselius for the gas flow into zeolites (see page 29). 

The equation used by Tiselius reduces to the form of equation 

(53) when the flow is considered only at the influent end. 
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B. The Mass Adsorbed on a Charcoal Rod when 
the Flow Rate has reached Equilibrium 

If there is no gas adsorbed on the charcoal at the 

start, the mass adsorbed at equilibrium flow rate may be 

evaluated experimentally by a graphical integration method. 

When the influent and effluent flow rates are plotted against 

time, the area between the curves so formed represents the 

total mass adsorbed. The value obtained in this manner will 

be called the experimental mass adsorbed on the charcoal rod. 

Theoretically the mass adsorbed on the charcoal rod 

may be obtained from equations (51) and (52j. It may be seen 

that the mass adsorbed must equal the difference between the 

influent and effluent flow rates integrated between the limits 

of t = 0 and t = — . This method corresponds to the ex­

perimental method for obtaining the mass adsorbed. 

From equations (51) and (52) the mass adsorbed is 

therefore given by the relation: 

M' = A0(B° + C ) 
2 Pl 

n=l 

oo 

t=0 

-n2TT2D't 
5 L3"" 

dt 

o-o 

- z cos nn _n3TT2D't dt 
t=o 

n=l 

where M' 
is the total mass adsorbed at equilibrium. 

That is: 
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M« = A 0 (B°+ c')
 2 P l L 

TT 2 D ' 

oo 

Z ; YI
 0QS 

n2 L, n 
cos n TT 

2 
L n=l n=l 

A0 (B°+ c') | ^ x 2 f -A-
11 ̂  ^ (2n-l 

n=l 

A0 (B° + c') PXL 

2. DT 

But for the experimental boundary conditions: 

D - (B° + CM 
(see equation (42) ) 

Therefore 

Mf = 
Ao ^ s L PX Q 

(54) 

where Q, has been defined as the mass adsorbed 
per unit mass charcoal per unit 
pressure difference. 

That is, if the mass adsorbed at any pressure may be represented 

by a Freundlich relation: 

(x/m) = Kf P1//nf 

then the value of Q between the limits Pĵ  and 0 is given 

by the relation 

0, = 
Kf P 

1/n' 

*1 
(55) 
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When t h i s value of Q i s suhq t? tn f^ *~ a.. / 
^ i b suos t i t u t ed m equation (54) the mass 

adsorbed a t equi l ibr ium flow condit ions (P = ?± a t x = 0, 

P = 0 a t x = L) i s given by the r e l a t i o n 

II* = AQ fs K' L p 1 / n t 

2 ( M ) 

Equation (56) embodies the assumptions included in 

the derivation of equations (51) and (£2). That is equation 

(56) assumes that the adsorption isotherm is linear between 

the pressures Ĵ  and 0. From this same assumption the 

value of M? in the same form as equation (5,6) may be written 

by inspection. It is of interest, however, that the mathema­

tical analysis leading to equation (£6) provides a check on 

the form of the equations (51) and (52). 

The mass adsorbed on a charcoal rod at equilibrium 

flow conditions may be calculated by an exact method, if it is 

assumed that surface mobility does not occur. The equilibrium 

flow rate for gases not adsorbed to a great extent is given 

by equation (55). 

ffl = - Ao (A° P + B°) g 

Solving this equation for P when the boundary conditions are 

p = Pj at x = 0 

p = P2 at x = L 
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A°P' 
+ B UP + 

0-2 

(Pl " P§) A° 
+ B° (Px -

* " ! 

Whence 

A-PJ 
— A + B° PX 

P = 

= 0 

-B° ± / ( B 0 ) 2 - 2A° 
(pf-pf)AO 

B U(P!-P 2) - -
X 

L 
/ A° P1 n 

A( 

That is 

P = R' + / S» - T'x (5Z) 

where 

R* = -
B u 

P and S1 = p) * l * ^ 
and 

a 
T» = 

A°L 

(Pf - P|) A° 
+ B° (Pi - P2) 

If the mass of gas adsorbed for each gram of char­

coal can be represented by an empirical equation such as the 

Freundlich equation: 

That is 
1/n' 

(x/m) = K«P 

Then the mass dm adsorbed on an element of charcoal of cross 

sectional area A0, thickness dx, and density f>s at a distance 
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x along the length of the charcoal rod will be given by the 

relation: 

dm = AQ f dx K» p1/11' (sa) 

Substituting the value of P from equation (5JZ.) in equation (58) 

dm = A 0 fQ dx K* (R» ± /s» - T'x)1/11' 

which when integrated between the limits of x = 0 and 

x = L, gives the total mass adsorbed on a rod of length L. 

M* = A 0 ^ a K» J (R» t Js* - T»x)1/n' dx 

That is: 

M» = 
a y 8 K' n' , / 1 + 2n' 

rr^nT(R' i / s« - T-D-ip— -

Dint , + / 1 + ny 

-S-S— (Rt I / sf - TfL) 57 
1 + nf si 

n 
2n 

(R SM 
1 + 2ny 

nf 

tn f R'n 
1 + nf 

(R 
. / — 1 + nf 

- y SM~IP— (59) 

where Rf, Sf and Tf were defined below equation (57) 

Equation (,59) is therefore an exact equation for 

estimating the total mass adsorbed on a charcoal rod of cross 

sectional area A0, density f s and length L when the in­

fluent pressure is P-j_ and the effluent pressure is P2. The 
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only theoretical assumption involved in equation (̂ 9) is that 

there is no contribution from surface flow (and therefore at 

equilibrium flow the amount adsorbed at any point above the cha 

coal rod is in equilibrium with the pressure at that point). 

Substitution of the values of RT, Sf and Tf in 

equation (59) for the boundary condition that P2 = 0, gives 

the solution. 

M 2LQP;K«L 

n' o,1 + ?*' + I B° 1 n' 
1 + 2n 7 -T. n1 + 

1 + n t n 

A^ ln< + 1 1 n 

2 P-, B 
>2 + i _ 

o 

A' 

(&Q) 

G. Calculations 

(a) Non-stationary flow in zinc chloride charcoal 

The following are sample calculations of the data 

appearing in Table IX columns (4), (5) and (6). For illus­

trative purposes the time t = 4 has been chosen. 

x/m = 

^ s = 

L 

m/t = 

0ol65 P 

0,707 gm./cc 

0.162 (page 49) 

(page 47) 

= 0.113 sq. cm. 

= 0.995 cm. 
- 4 

1 31 x 10 gm./min. a t equ i l ib r ium 
(Table IX) 
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From equation (41)^: 

.-4 
< B ° + CM = 1 , : 5 1 ^ }t X ° - " 5 = 2 .32x10-5 

0.113 x 50 

And from equation (55) 

Q = 
Kf P 

1/n 
x/m 0.165 x 50 0 # 1 6 2 

1 50 

Substituting the values of (B° + Cf ), f? , and Q in equation 

(43) 
s 

Df = 2.32 x 10~5 x 50 0 - 8 5 8 

0.707 x 0.165 
0.00522 cm?/min, 

Substituting the values of the required constants into equa­

tion (J51.) for t = 4 min. gives the following ser ies . 

^ = 0.113 x 2.32 x 10~5 50 + 100 / ^-0.206 ^ ^-0.824 
0.995 0.995 + e 

± - I - 8 5 , -3.30 , -5.15 ^ -7.42 + e + © + % + e 

That i s : 

# Unti l the kinet ics of surface flow are known, the value 
of Cf can not be evaluated theoretically. The value of 
(B° + C* ) is therefore evaluated from the experimental 
steady s ta te flow by means of equation (41). 
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t = (1 .31 x 10~4) + 2.62 x 10~4(0.814 + 0.439 + 0.157 

+ 0.037 + 0 . 0 0 6 + 0 . 0 0 1 ) 

= (1.31 x 10~4) + (2.62 x 10~4 x 1.45) 

5.1 x 10~4 gm./min. 

which is the solution to equation (51) for the given condi­

tions at t = 4 min. 

The terra cos nu in equation (J52) has the effect 

of changing the sign of the odd terms of the series in equa­

tion (51). That is equation (52) leads to the series: 

tt = 1.31 x 10~4 + 2.62 x 10~4 (-0.813 + 0.439 -0.157 
"G 

-r 0.037 - 0.006 + 0.001 . . . ) 

= 1.31 x 1 0 " 4 + (2 .62 x 10~ 4 x - 0.500) 

= 0.00 gm./min. 

That i s a t t = 4 min. t h e e f f l u e n t flow r a t e i s l e s s than 

0.00 gm./min. 

S u b s t i t u t i o n of t h e r e q u i r e d cons tan t s in equat ion (53) 

y i e l d s t h e s o l u t i o n : 

m _ (0.113 x g-32 x 10" 5 ) x 50 _ 5 t l x 1 0 ~ 4 gm./min. 
*t ~ x 0.00522 x 4.0 

I t i s t o be noted t h a t t h e s o l u t i o n to equa t ion (53) i s t he 

same as the s o l u t i o n to e q u a t i o n (51) a t t = 4 min. That i s 
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at t = 4 min., diethyl ether flows into a 1 cm. length of 

zinc chloride charcoal (for the given conditions) as though 

i t were a rod of infinite length. 

b) The mass adsorbed on zinc chloride charcoal 
at equilibrium flow conditions 

The following are sample calculations to show the 

use of equations (56.) and (6j)): 

Calculation of the mass of diethyl ether adsorbed on plug 

No. 14 at equilibrium flow conditions. (Pi = 50 mm., 

P2 = 0 mm. and temperature 35.0° C. ) 

Kt pl/n1
 = 0 . 165 p 0 - 1 6 2 (page 49) 

A0 = 0 .113 s q . cm. 

L = 0 . 9 9 5 cm. 

^ s = 0 .707 g m . / c c . (page 47) 

S u b s t i t u t i n g t h e r e q u i r e d v a l u e s i n e q u a t i o n (56) f o r t h e 

p r e s s u r e Pn = 50 mm.: 

-. ~ r- K A O . 1 6 2 
0 . 1 1 3 X 0 .707 X 0 . 9 9 5 X 0 .165 X 50 

M« = • " 3 

= 0.0124 gm. 

• A numerical values in equation (60) 
Substituting the required numerical 
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M T -= 2 x 0 .113 x 0 .707 x 0 .165 x 0 . 9 9 5 

X 

6^L8 x 5 0 2 . 1 6 2 + 6 ^ 5 Q 1 . 1 6 2 / B^ 
3 . 3 A n T O AO 1 3 . 3 6 7 .18 

2500 + 100 
A0 

A 

0 .0262 / 2 1 6 0 + 8 1 . 1 0 B°/A° 
2500 + 100 B°/A° (61) 

It may be seen that the bracketted function of equation (61) 

has the limiting values 0.872 and 0.811 for the limiting 

values of the ratio B0/ A0 (i.e. zero and infinity respect­

ively). It is therefore apparent that the value of the ratio 

B°/A° is not critical to the solution of equation (60,). The 

ratio B°/A° may be evaluated however, in the following manner 

The nitrogen permeability of plug No. 14 at 35,0° C. is given 

by the relation: 

1.54 x 10-8 P + 5.81 x 10~6 (Table III) 

That is the diethyl ether permeability at 35.0° C. is given 

by the relation: (assuming the slope of the flow pressure 

plot is inversely proportional to the viscosity, and the 

intercept is inversely proportional to the square root of 

the molecular weight) 

1.54xifi^*10- 8P + 5.81 / 74.x 

28.0 1Q-6 

.j. „~A mniopnia? weights for converting the Where the viscosities and molecular wej-guo ^ 

nitrogen permeability were o btained from Table VIII,that is 
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the express ion: 

3 .61 x 10~ 8 P + 3.56 x 10" 6 

which may be s t a t e d i n t he form: 

£ = A0(H. 3 .61 x 1 0 " 8 P + H. 3.56 x 10~6) | | (fiJSj 

where H is a constant which need not be evaluated since 

it is the ratio B°/A° that is required. 

Comparison of equation (6j2) with equation (41.) shows that 

E£ - 3.56 x IP'S = 99 
A0 3.61 x 10""° 

Substitution of this value of B°/A° in equation (61) gives 

the value of the mass adsorbed at equilibrium.) 

Mf = 0o0262 x 0.860 

= 0.0226 gm. 



GLOSSARY OF SYMBOLS 

(Only those symbols which occur repeatedly throughout 
the text are included. Other symbols are defined where 
they occur.) 

A is a constant of the Adzumi equation (page 16). 

A1 * is a constant of the DamkShler equation (page 21). 

AQ is the cross sectional area. 

A is a constant of viscous flow (page 123). 

B is a constant of the Adzumi equation (page 16). 

B° is a constant of molecular streaming (page 123). 

C is the concentration. 

C1 is a constant of surface diffusion (page 124). 

D is the diffusion constant. 

Df is a diffusion constant defined by BQ + C! (page 125). 

e& 
f is the fraction of molecules giving non specular 

reflections from a surface. 

G is the mass flow per unit time. 

K is the flow rate in Adzumifs units (page 10). 

K 
•o 

\ 

Nt 

is a composite shape and tortuosity factor which is 
numerically equal 5.0 (page 13 ). 

is the length of a flow system. 

is the number of molecules in the adsorbed phase per 

cm. of pore length. 

N is the number of molecules in the gas phase per cm. 
s of pore length. 

is the number of molecules that have diffused out of a 
capillary after a time t. 
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n is an integer. 

m/t is the mass flow per unit time. 

M is the molecular weight. 

P is the pressure. 

P-L is the gas pressure at the influent end of a capillary. 

P2 is the gas pressure at the effluent end of a capillary. 

P is the mean pressure defined by P-, + Pp 

2 
A P is the pressure differential defined by P^ - Pg 

Q, is the mass of gas adsorbed per unit mass of charcoal 
per unit pressure difference. 

f is the Adzumi radius (page 15). 

R is the capillary radius. 

R0 is the gas constant. 

Sv is the surface area per unit volume of solids (page 12 ). 

t is the time. 

V is the volume flow per unit time measured at the pressure 
Pl* 

Vf is the volume flow per unit time measured at the pressure 
P. 

x is the distance along the length of a flow path. 

x/m is the mass adsorbed per unit mass of charcoal. 

% is a constant resulting from the coefficient of "slip" 
and is numerically equal to 0.9 (page 16J. 

f g is the density of a gas. 

tf s is the density of a solid (the mercury density of charcoal) 

£ is the void fraction (page 47). 

f is the effective fraction of void area (page 14). 

is infinity. oo 
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