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ABSTRACT  

By a development of the method of Frisch expressions 

have been obtained for the time lags measured at both boundaries 

of a membrane under conditions of sorption, desorption and flow 

reversal. The treatment relates to flow of heat or matter in slabs, 

hollow cylinders and spherical shells under conditions where the 

diffusion coefficient is independent of concentration, positional 

coordinate and time, and where solution of the diffusant is governed 

by Henry's law. Expressions for similar time lags have been 

obtained for a multiple laminate comprising n such laminae (each 

being made of a different material) in terms of the normal time lags 

associated with the individual laminae. Relationships between the 

time-lag differences and the quantity of diffusant in the membrane 

in the steady state have been obtained from both diffusion theory 

and a simple conservation principle, resulting in a suggested means 

of obtaining isotherms from flow measurements alone, even when 

the dependence of the diffusion coefficient upon concentration, 

positional coordinate and time is unknown. 

Using permanent gases measurements were made at a 
number of temperatures of the normal time lag on a laminated hollow 

cylinder comprising two sheaths, the inner being nylon 11 and the 

outer polyethylene. The values obtained agreed well with those 

calculated from the time lags measured on the individual sheaths. 

Desorption time lags measured at the outgoing boundary 

on the individual sheaths were in good agreement with the values 

predicted by theory. 

Using apparatus based on Meares, static solubilities 

have been measured on the individual sheaths The values obtained 

for nylon were in good agreement with the dynamic solubilities • 

obtained from permeation experiments, but for polyethylene the 

static solubilities were approximately 25% larger than the dynamic 

values. Possible reasons for this difference have been discussed. 

The design of a cell is suggested which permits both permeation and 

static solubility experiments to be made alternately on the same sample. 
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Part I  

INTRCDUCTICN AND LITERATURE SURVEY 

1 .1 Introduction 

The mathematical theory of diffusion in an isotropic medium 

is based on the hypothesis that the rate of transfer of the diffusing 

substance through unit area of a section is proportional to the concen-

tration measured normal to that section, i.e. 

= -D a
r   

where T.) is the rate of transfer per unit area of cross section normal 

to the direction of flow, c the concentration of diffusing substance, 

and r the space coordinate measured normal to the section. D is 

called the diffusion coefficient. Tram this expression, by using a 

conservation of diffusant principle, the fundamental differential 

equation of diffusion is obtained 

at = ar
a (as 

ar) 

These two equations are often referred to either as Licks 1  first and 

second laws or as the first and second equations of diffusion. They 

can be expressed in terms of any coordinate system chosen to suit 

the geometry of the sample, andcan sometimes be solved for the part-

icular set of boundary conditions which are determined by the exper-

mental procedure2, 3 

The study of diffusion parameters in polymers has received 

considerable attention4  because, aside from the technical interest of 

resulting data, there exist certain correlations between diffusion 

parameters and the known molecular structure parameters. Two 

experimental arrangements have proved especially convenient in these 

studies and have been used to the virtual exclusion of all others. 

(2) 



2. 

They are diffusion across a membrane and sorption by or desorption 

from regularly shaped particles or from a regularly shaped solid 

such as a plane sheet or cylinder. In discussing the former method 

we consider the membrane being bounded by surfaces at r = 2, 0  and 

r = R i  where r is the radius vector normal to the surface in the 

direction of flow. Most experiments are performed using a membrane 

which is initially evacuated and which at t = 0 has a constant pressure 

of gas applied to the boundary at 13. 0, the pressure on the other 

boundary being kept effectively zero throughout the experiment. 

These boundary conditions are usually written as c(20,t) = c i , 

c(R1 ,t) = 0, c(r,O) = 0, where c i  is the concentration just within 

the boundary at 2 0. Provided D is independent of concentration 

and positional coordinate the first equation of diffusion can be solved 

for these simple boundary conditions to give 

Dc i  

	

J -  	 (3a) 
(n, - R 0) 

where J is the steady-state flux per unit area. If Henry's law holds 

the concentration c 1  will be proportional to the gas pressure p i  at 

the boundary, i.e. c1  = apt  where a is the Henry's law solubility 
(R, -a 0) 

constant. By defining the parameter 1.3  = J 	 equation (3a) 
P 

	

= 	D a 	 (3b) 

P is called the permeability coefficient, One can therefore obtain 

D from measurement of PT and a knowledge of a. An alternative 

method of obtaining D is to measure the time lag, a quantity assoc-

iated with the transient period before steady-state flow is approached. 
By an appropriate treatment of the second equation of diffusion this 

quantity can be related directly to the diffusion coefficient. From 

equation (3b) it can be seen that knowledge of any two of the para-

meters 13 , D, and a will allow the third to be obtained. 

Solubilities of gases in polymers are small and difficult 
to measure and so measurement of the time lag has become 

reduces to 



an accepted means of obtaining diffusion parameters. When D and/or 

o is not constant throughout the membrane but a function of concen-

tration, positional coordinate, or time, or of a combination of these 

variables, these relationships will not be valid, and it is therefore 
important to investigate the relationship between the time lag, steady-

state flux, and overall solubility under these conditions. One means 

of treating the problem when D and/or o has a dependence on the 

positional coordinate alone is to consider a laminate made up of 

laminae each of which forms a simple diffusion system with the 

diffusant, a simple diffusion system being defined as one in which 

solution of the diffusant follows Henry's law and the diffusion coeffic-

ient is independent of concentration, space coordinate, and time. 

Although the literature contains many reports of invest-

igations of both the transient and steady-state flow of gases through 

polymer membranes only a single report of the measurement of time 

lags in a laminate has been published5  , While the relationship 

connecting the permeability and the thickness of a laminated 

slab to the permeability and thickness of the individual laminae is 

quite well known, viz. 

-F., 	2 
= 

P  1 	P 2 n 

where 1„ = 	t,2  +  	and and fi are the thickness 

and permeability respectively of the i-th lamina, corresponding  

relationships betwen time lags have never been discussed. In a 

recent publication Ash, Barrer and Palmer6 derived an expression 

for the time lag for a laminate comprising n laminae, in terms of the 

diffusion coefficients, distribution coefficients and the thicknesses 

of the individual laminae. 

An object of this investigation is to measure time lags and 

steady-state fluxes on a hollow cylindrical laminate comprising two 

concentric sheaths, the outer being polyethylene and the inner nylon 11 , 

3. 



and also on the individual sheaths, and to use these results to test 
the appropriate form of the time-lag expression obtained by Ash, 
-3arrer and Palmer.' When dealing with partially crystalline polymers 

the equating of the diffusion coefficient obtained from the time lag, 
DL, to the normally defined steady-state diffusion coefficient, Ds, 

can be questioned. Eoth polymers being studied are partially 

crystalline and as the theory relating the time lag in the composite 

to the parameters of the individual sheaths relies upon values of D 

and 6 for the individual samples, it is important to know how these 

parameters obtained from time lag and flow measurements agree with 

the static values. Static solubilities have therefore to be measured. 

It was also hoped that the rather complex general expression obtained 

by Ash, Sarrer and Palmer could be simplified and so made easier 
to handle. 

Laminated polymer membranes are becoming of increasing 
importance to the food packaging industry where polyethylene/nylon 

laminated films are being used in the prepackaging of meat and dairy 

produce, An understanding of the transient and steady-state trans-

port properties of laminates is therefore of both practical and academic 

interest. 

1.2 Literature Survey 

1.2.1 Historical development of the time lag 

In a permeation experiment "the rate of passage of a gas 
through a membrane is plotted as a pressure-time curve, whose final 

slope allows IT:,  'to be calculated. There is, however, an interval 

before the steady state can be approached due to the finite diffusion 

velocity of solute within the membrane. The intercept L, between 

t = 0 and the intersection of the line p-t for large t extrapolated back 

to the t axis,. provides an easy way of evaluating D. L may be called 

the time lag:' This definition of the time lag made by Barrer7 in 1 939 

4. 



has proved to be of fundamental importance to the investigation of 

diffusion through membranes. !although studies on the flow of gases 

date back to Graham3  in 1866, the use of varying and often vaguely 

defined parameters caused much confusion in this earlier work. 

The concept of the time lag was first introduced by Daynes9  in 1920 

who suggested that the 'lag' could be used to characterise the trans-

ient state. By using a solution to the second equation of diffusion 

obtained in terms of infinite exponential series he was able to show 

that the 'lag' was equal to t2  /6D where L was the thickness of the 

membrane. It was not, however, until Barrer7  rigorously defined 

the units of permeability, diffusion coefficient and solubility constant, 

and refined Daynes concept that the time lag became adopted as a 

means of measuring the diffusion coefficient. Fie demonstrated that 

by using the now well known results L = 9„ 2/6D and P = Da, the 

diffusion parameters could be obtained from a single experiment. 

In an earlier publication10  it was pointed out that the diffusion 

coefficient obeys the law 

D 	= 	.1), 0e — e/iR T 

and hence L would be strongly temperature dependent 

, 	c/a T L 	Li c e 

Following up this treatment of the slab in 1 940 Earrer dealt with the 

hollow cylinder11 , and in 1944 considered the time lag for a spherical 

shelll 2. In the case of the hollow cylinder the solution for the time 

lag was obtained in terms of vessel functions and did not reduce to 

as simple a relationship as did the slab. For the usual boundary 

conditions c(IZ 0, t) = c i ; c(Ri  ,t) = 0; c(r, 0) = 0, he obtained the 

expression 

5. 

(5 a) 

(5b) 

L 

2-tn. "1 /1R 0 
CO J 0( lanR o) J o(an21) 

  

(6a) 

     

D n= 
2 rT  2, 	,21 

Okan-2-11 	of )1 



where 1  and =3: 0  will be the external and internal radii respectively 
and J o(x) is the 3essel function of the first kind of order zero. an 
is the n-th positive root of 

U 0( anR ) = 

where U 0(r on) 	J 0(r an  )Y 0(121  an) - J 0(721  an)Y 0(r cra  ) and 
is the Eessel function of the second kind of order zero. 

For the spherical shell the time lag reduced to the simple 

6.  

expression 	 (r- - R o)2  
(7 ) 

6D 

which is the same as for a slab of thickness (R1  - R 0). 

The method of solution for these three cases had relied 
upon solving the second equation of diffusion to obtain c(r,t) in terms 

of infinite exponential series, a method we shall refer to as classical. 
In 1 946 Jaegeri 3  introduced a different approach making use of 
Laplace transformations, which had the it  eat advantage of not having 
to deal with infinite series at all. Applying this treatment to the 

timelag for a hollow cylindrical membrane he obtained 

/ 	 R1 "P j+ R ,t,n 	AR. 0- 	2 
 - R o ) 

  

4D g,n 	/P. 0  

a simple relationship, comparable to that for the slab and spherical 

shell, which had proved impossible to obtain from the classical treat-

ment. He further demonstrated the power of this method in solving 
problems with more complicated boundary conditions which were 

impossible to treat on classical lines. By 1 946 therefore the time-

lag expressions for a slab, hollow cylinder, and spherical shell, had 

been obtained and shown to be inversely proportional to the diffusion 
coefficient, the constant of proportionality in each case being related 

to the geometry of the sample. Although the classical treatment has 

now been superseded it should be noted that it can be used to obtain 

the time lag for some cases when D is not a constant. For D(t), 

(6b) 



7. 

i.e. a function of time alone, substitution of ci T = D(t)dt will reduce 

the second equation of diffusion to 

ae 

T 

2c  

2 

which can readily be solved to give for the slab L = ET  in terms 

of amended time T. In some unpublished work Barrer has invest- 

igated solutions for the slab when the diffusion coefficient has 

positional dependence, and outlined the method of solution when D 

has the form D o(1 +ar) and D o(1 +ar+br 2). Solution for the first 

of these involves Bessel functions while the second requires Legendre 

polynomials. Theoretically it is possible to handle these forms by 

a classical approach but actual solutions become extremely complicated. 

Problems involving heat flow in a laminated slab were 

investigated by Jaeger 14 in 1950 and expressions for the time lag 

were obtained using Laplace transformations. IT-Tie first treated a 

single lamina and pointed out the existence of another time lag at the 

ingoing boundary. By the use of Laplace transformations he obtained 

expressions for both these time lags and showed the ingoing one to be 

negative in sign and twice the magnitude of the normal time lag. 

Extending this approach to the laminated slab gave expressions for 

both these time lags 

bn 	 (3a) 

and 

out 
	Dn 	

(MD) 
-- 'n 

where An  and En  are rather complex quantities. The quantity bn  

can be expressed as the time required for a quantity of heat equal to 

the steady-state heat content of the slab with constant and. zero sur-

face temperatures to flow through the wall. This quantity b will be 

recognised later as the 'time-lag difference' , a term which will be 

explained and discussed in Part 2. 



In many cases of the diffusion of organic vapours in 
polymers the diffusion coefficient is found to be dependent upon the 

concentration of penetrant1 5 . An approximate solution for the time 

lag when the diffusion coefficient is of the form D 0(1 + bc) was 
obtained by Aitken and Barrer.' 6  in 1 955 by using a perturbation 

method. In 1 957 while attempting to obtain explicit solutions for 

the time lag when the diffusion coefficient was dependent upon con-

centration -.Trisch17  introduced an entirely new technique to time-lag 

theory. His method consists essentially of expressing the second 

equation of diffusion in integral form, and allows exact solutions 

for L to be obtained when D is a function of concentration, D(c). 

Unlike the classical treatment it is not necessary to solve for 

c(r, t) at all, and by making D constant the technique allows the time 

lags for slabs, hollow cylinders, and spherical shells originally 

obtained by classical means to be derived in a simple straightforward 

manner. Most recent progress in time-lag theory associated with 

variable diffusion coefficients has been made using extensions of this 
7 

method. Because the Frisch technique is used extensively in Part 

2, it will not be discussed in detail in this section. 

Barrie, Levine, Michaels and Wong5  in 1 963 measured 

time lags in taro and three-component laminates of natural and 

silicone rubber. By assuming that each of the laminae formed a 

simple diffusion system with the diffusant they applied Jaeger's 
method using Laplace transformations to obtain expressions for the 

time lag in the laminate. Using propane gas as a diffusant they 

found that the experimental and predicted time lags agreed to within 

the experimental errors. 
1 

By an extension of the method of Frisch,
7  

Ash, Barrer 

and Petropoulosl  in 1 963 calculated the time lag for a laminated 

slab consisting of n pairs of laminae AB. By a further extension 

of this method, Ash, Barrer and Palmer6  in 1 965 have given a 

general treatment applicable to either heat flow or diffusion of matter 



in laminated slabs, hollow cylinders, and spherical shells, under 

conditions where each of the n different laminae forms a simple 
17 	. diffusion system with the diffusant. The Frisch technique is being 

further extended to include time lag solutions where D may be a 

function of either time, concentration, or positional coordinate, or 
of a combination of these variables1 9. 

1.2.2 Measurement of the time laR  

Full experimental details for studying diffusion across a 

membrane have been given by a number of workers?' 20, 21 . Their 
methods differ only in practical respects and not in matters of prin-

ciple. Essentially the apparatus consists of two reservoirs separ-

ated by the membrane. To study permeation this system is first 
evacuated and, at zero experimental time, a constant pressure pi  
is suddenly established in the reservoir on one side of the membrane. 

The increase of pressure p in the second reservoir, whose volume is 

known, is studied as a function of time, care being taken to ensure 
that p is always negligible compared with p i .. From a plot of p vs t 
in this receiving reservoir (or outgoing volume) both L and • _o can be 
obtained. Pressure p is usually measured on a McLeod gauge. 

1.2.3 Diffusion in crystalline polymers  

The transmission of gases and vapours through micro-

crystalline polymers such as polyethylene has been shown by many 

investigators to be influenced in an important way by the degree of 
crystallinity of the polymer22,23,75 The partially crystalline 

polymer is envisaged as a large number of tiny crystalline regions 

dispersed in an amorphous matrix. Of the three diffusion parameters 

D, and a, it appears from investigation that a alone can be directly 
related to the volume fraction of pure amorphous polymer, a, by an 
equation of the form 

a = aaa  

9. 

(9) 



where 6a is the value in completely amorphous polymer. This 

expression was tested rigorously by Michaels and 3ixler23 for 

polyethylene over a wide range of a. It has not proved possible 

to relate D to Da, the value in completely amorphous polymer, by 

a similar expression dependent only upon some function of a . 

While empirical relationships of this type have been obtained in 

some instances26'27, attempts to obtain an expression which will 

apply in general have all failed. For a given membrane we may 

write 

La  

whore cis termed the structure factor. Because the different 

methods of determining the diffusion coefficient usually give differ-

ing results we distinguish between the values of D and o calculated 

from time-lag studies and those obtained from a static determination 

of the solubility by using subscripts L and S. We shall therefore 

require subscripts on the structure factor also, and equation (10) 

will be written 

DL = 1C 7 D-,  
and 

D 	= 	icr,D a 

When other methods such as the early-time procedure are used, 
, structure factors relating to these methods will be requirea28  . 

For molecules which are small compared with the dimensions of 

the amorphous channels ic L  is constant but its magnitude decreases 

when the diffusant molecules become of comparable size to the 

dimensions of these channels29. 

Permeation is a combination of sorption and diffusion 

and therefore it is impossible to express P in terms of a alone. 

The problem of the permeability of a heterogeneous substance 

consisting of discrete bodies dispersed in a continuous medium 

is unsolved. Analogous problems of electrical conductivity and 

dielectric constant have been treated by Maxwell30 and Rayleigh31 

106 

(10) 



who have succeeded in obtaining approximate solutions in special 

cases, 13-y using Maxwell's results, Hlute32 has obtained for the 
permeability of a crystalline polymer the equation 

2a f•-a  

3 - CL 

This equation, and other relationships in a. 33 and 0:2 26
, have met 

with limited success in special cases but cannot be applied in any 
general sense. 

:Recently, in this laboratory, doubt has been cast on the 

form of the second equation of diffusion as applied to transient flow 

in microporous media possessing some blind pore character34. 
The blind pores lead to the apparent diffusion coefficient DL  derived 
from L = 2  /6DT  being larger than the steady-state value, Ds. 

because most determinations of D in crystalline polymers have 

utilised time-lag studies, this behaviour needs to be closely examined 

before much can be said in terms of the structure factor K T  . 

1.2.4 Measurement of the solubilities of gases in polymers  

Gas solubilities in polymers are low, usually in the region 
of 10-2  cm3  expressed at s.t.p. per cm3  of polymer at one atmosphere 

pressure. Measurement of a by conventional volumetric methods 

becomes difficult, if not impossible, under these circumstances35. 

A. more accurate procedure is to establish sorption equilibrium between 

the polymer and the gas at a known temperature and pressure. The 

amount of gas dissolved in the polymer is then measured by allowing 

it to desorb into a large evacuated vessel such as the bulb of a 

McLeod gauge. This method has experimental difficulties associated 

with changing from the equilibrium gas /polymer situation to the 

desorption conditions. Two different experimental procedures have 

been developed to deal with this changeover. 



In 1957 Meares36  pioneered a method which used a hollow 

cylindrical sample mounted vertically inside a larger glass envelope. 

Once the equilibrium between the polymer and the gas had been 

established a column of mercury was raised in the cell which trapped 

the equilibrated gas in the polymer and displaced the equilibrating 

gas. The cell was connected to a McLeod gauge, the mercury 

lowered, and the final equilibrium desorption pressure measured. 

Unfortunately gas bubbles were trapped by the mercury in small 

pockets on both the glass and sample which led to erroneously high 

desorption pressures. To remove these the mercury was rapidly 

lowered to expose the whole sample and then raised again. Luring 

this flushing process gas was lost from the sample making it necessary 

to correct the final pressure measurement. 

Iviichaels and Parker37 in 1 953 developed a method in which 

large quantities of regular shaped polymer particles were introduced 

into a vacuum system and evacuated. The gas whose solubility was 

to be determined was then introduced into the reservoir containing 

the sample. Once equilibrium between this gas and the polymer had 

been established the small void volume surrounding the particles was 

rapidly evacuated to a low pressure by a large mechanical vacuum 

pump. The cell was isolated from this pump and the polymer desorbed 

into an evacuated volume which included a tilting McLeod gauge. 

Final desorption pressures wore high (>1 5 mm of Hg) and correction 

had to be made for gas remaining in the sample. By allowing for the 

gas lost during pump down the solubility could be obtained. Equil-

ibrating pressures were high (-60 cm of Hg) and the individual part-

icles needed to be uniform in size and shape to allow the correction 

for gas lost during pump-down to be calculated accurately. 

Thus both of these techniques require a correction term 

to be calculated for gas lost from the sample during the change over 

from sorption to desorption conditions. 

1 2 . 



Part 2  

THEORETICAL SECTION 

In the followin7 section it is proposed to investigate 

certain time lags which can be associated with a membrane. We 

first consider a membrane in which both the diffusion coefficient 

and solubility constant c are independent of positional coordinate, 

concentration, and time. This treatment will then be extended to a 

membrane consisting of n such laminae. 

The time lags we investigate are 

(a) Sorption time lags associated with the boundary conditions 

c(r,0) 

	

' c(R o, t) 	= 	c1 

	

c(2 1,t) 	0 

The time lags measured at the ingoing and outgoing faces are written 
Ls and Ls  respectively, where the superscript 's' is used to in 	out 
denote sorption conditions. 

(b) Desorption time lags with the boundary conditions 

c(r,O) = c 

c(Rot) = c1 

	

c(R i  ,t) 	= 	0 

din  and  Lout 
 are the ingoing and outgoing time lags under desorption 

conditions. 

These four time lags can be measured with diffusion in the opposite 

direction giving a total of eight time lags in all. While the treat-

ment is such that both diffusion of matter and heat flow solutions can 

be obtained from the results , interpretation and discussion deal 

mainly with diffusion aspects, 	In table (1) the symbols used in 

the text are related to the appropriate quantities for diffusion and 

heat flow. 

1 3 . 



Table (1)  

Relating text symbols to the parameters for diffusion of 
matter or heat flow 

Text Diffusion seat Flow 

Di  

al  

gi  
ci(r) 

diffusion coefficient 

unity 

solubility constant 

concentration 

thermal conductivity 

density x specific heat 

unity 

temperature 

2.1 Derivation of the time lag for a single lamina  

The method of obtaining time lags without having to solve 

the second equation of diffusion originally proposed by Frisch17 

is used. 

Consider diffusion (or heat flow) in a v-dimensional 

medium corresponding in the case v=1 to the slab of unit cross 

section; v=2 to the hollow cylinder of unit length; and v=3 to the 

spherical shell. The medium is bounded by surfaces 'at 	and 
r= 	and the parameters associated with this medium are labelled. 

with 'i as either a subscript or superscript. By using this notation 

we are able to make this medium the i-th lamina in the n-component 

laminate where i=1 ,2, • • -n. Di  is assumed to be independent of con-

centration time and positional coordinate. Solution of the diffusant 
follows g  Henry's law, i.e. c. = .Ci where c. is the concentration g 
just inside a boundary which has a gas-phase concentration Ci  main-

tained against it. For diffusion in the direction of r increasing 

sorption time lags will be associated with the boundary conditions 

14. 



c i  (R..1-1' t) 	= 	ci  
ci(2•1/ t) 	= 	0 

' c.3.(r 0) 	= 	0 

and those for desorption 

c.1(R. 	t) 	= 1-1 ' 	ci 
ci(Ri, t) 	= 	0 

c i(r 0) t 	= 	c• 1 

c 

15. 

3 

r 

C1  . (X, t) 

r•-=X 
	

R. 

Figure 1  

Diffusion through the membrane showing concentration, 
flux and radius notation 

In the transient state it is necessary to distinguish between 
sorption and desorption parameters for concentration and flux and so 

and 'di are 'again usecl. The flux at a general position r at a 
time t is written ,I)Ar '  t) where 

di limit (1, s( r, t) 	= 	(5. 	 rlimit cD. ,t) • 1 t co 	 t M. 

C. 
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i.e. the flux in the transient state will be dependent upon position, 
initial concentration within the membrane, and. time, but independent 

of these once the steady state has been obtained. Similarly the 

concentration at a general position r at a time t is ritten cis  

	

w 	.(r ,t) 

where 

limit s c. k f 	 limit d 
(r t) 	c. r) 	 c r. ‘t) 

L cc 1 	 1(  t 	1 „  

2.1 .1 Steady-state analysis  

Both the steady-state flux, and the concentration, 

rc.( ), are independent of the initial concentration within the mem-

brane.rc.( ) is the solution of the equation 

1 	d 
rv -1 D. 1 

) dci(r) 

dr 
(1 2) 

v-1 dr 

The steady-state flux is given by 

dc.(r) 
4). 	= 	r  v -1 D. 	1 
1v 	1 dr 

where w r \)-1  is the surface area at radius r with w 1  = 1 , 

w 2  E 2 Tr, and w 3  = 4 Tr. For the slab c7)..i.  will be the flux per unit 

area of cross section; for the hollow cylinder the flux per unit 

length; and for the spherical shell the total flux. Ey integrating 

equation(' 3 )with respect to r from 	to R. one obtains 

w C 1 1  _ 
11 	 (72 . 	1Nt .1  ) V 	1-1 I   

where 

 

1 
v -1 dr 

3 ) 

(1 4) 



VT 
dp. -1 

We define a new parameter Y. 
Cr  

and so equation(14) can be rewritten as 

w D. a. v 1  
(i5) 

I (a. 	) v 	3. 

In heat flow Yi  is the reciprocal of what Carslaw and Jaeger call 

the thermal resistance. In the case of diffusion in a slab some 
4,i { ,1 \ authors refer to r_-.-- 	k--) 	as the diffusion impedance of -D. 	Yi.  slam - 3. 

a slab. The quantity Yi  will therefore be termed the conductance 

of a membran.e. The permeability coefficient, Tv  is given by the 

identity 

P. 1 --- 	D. a . 1 1 
I 	/ 6) 

   

We obtain from equations (13) and (14) 

dr 	I (2. v 1-1  dc.( r) 
r v -1 	 c. 	1  

i 

which can be integrated , with respect to r, from r to R. to give 

ci(r) = c. 
• Iv  (r 72.) 

 

(17) 

    

  

I 	( 	.r? ) I v - -1 

 

      

The quantity of diffusant in the memo:-ane in the steady state, Qi  , 
is given by 

L 

-x- 	 v-1 Q. 	 (r) dr W 
V 

 3 
3. 
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Qi 
Vie define Q.  1 

C  
Substitution of ci(r) from equation (1 7) and 

integrating, leads to the expression 

...a i  [ 2i
2 _ `i-12 

I 	2 
- V 

A.. 	) 
- 1-1 	1-1 

(is) 

2.1 .2 Transient state analysis  

The second equation of diffusion is 

3 	res.( ,t) 	1 
a. 	 

at 	= r v-1 

 

r3cs.( ,t) 

ar 

 

r ( 1 9) 

  

Multiplying this equation by w
v r y -1 and integrating with respect 

to r from r to X gives 

t bc?(1- t) 
W v 	

v-1 r 	1ac 	dr 	4,. (x, t) w r v-1 D. 	'  

at r 	 ar 

where 

(20) 

t) =  
(r t) v-1 	- 1  - r D• 

LjV 
3r _._r=1 

Rearranging equation (20) and integrating again with respect to 

r this time from. to R. yields an expression for the flux at (X,t) 
as 

 

_ 	 7 r Iii • 	 1.... 	
acs 1 	 1. 	 i (r, t) 1- 

	77   v-1 	 1 	1 	I 
p.c. J 	 3. at  

3. 1-, -. P -  1 	r 

  

	

(1)  :3 	t 	= 41)  • 

	

1 	I 	1 dr.dr (21) 

   

X ,t1 the quantity of diffusant having passed through the surface at  
r=X by a time t is found by integrating equation.(21) with respect to 
t from 0 to t, 



cl$E."(X,t)dt 
0 

For t sufficiently large Ms t  ,. = ils.i(t-Ls.-, L.) from the definition of the 

time lag. Under these conditions 

	

1 r 
• 	7 / 1 	R3. 	 a ci  kr, t) 

i 	77:  J r 	1 
r 
., 

v-1 

	

a. 	dr.d.r.dt "1"  
0  i-1 	r 

The assumption is now made that the order of integration can be 

changed without affecting the value of L.-, and so we may write 

„ ni 	.1 t. 	 t 	S / 	\ 
1 	 C • ‘r t) , s 	1 	r v -1 	r 	1 ' 	dt.dr.dr 

r  
Li._ = 	 r 	a.1  1 3..,.. 	d 	v-1 i 	, D.c- 	 at 3. i 71. 	r 	0 - 1-1 

The equations so far derived in the transient analysis, i,e. 

equations (1 9), (20), (21) and (22) can be converted directly to 

their desorption counterparts by converting all the superscripts 

to 'd' . We also know that 
t 

limit I bcis(r,t) 

t i 	6 	dt = 	(.c1  r) --> co 	t  

and 

\ "aci 	t) limit 	 dt = 	-c. 1.) - t 	CD 	 t 	 1 ( 	ci 
0 

In the case of sorption, substitution of equation (23) in equation (2-2) 
using the expression for ci(r) from equation (1 7)yields, upon inte- 

gration, 

i-1 	 1 	 )(R. 

	

1 	1-1  ai 
14 	

+ -is. I 
v
‘i -S.. 

	

7 1  2 	 (21•-1 .4  2
J.
) 

19. 

(22)  

(23)  

(24)  

s = 
1-t, 	• 

1 1 at 

(25)  



R 2 + R 2 	1 (R4— V"-  n4— V) G 	9 	9-1  
2 	4-v I (R 	G) v  

R 2 R2 
(;) 	9-1  R 	I (R 	R ) 4-1 v 9-1' G 2 

We define 

A.9 cc 9 

and 

.A (4E9 tz--- 

20. 

Substitution of X = Ri  in equation (25) yields 

A• 3. L• 	= - 7.4 1 L. i• out v Di 

and putting X = Ri_1  gives 

Ai  
.11. [1 	Ed 11.  

lin 	v Di 

The time lag difference, defined as the time lag at the outdoing face 
minus the time lag at the ingoing face, is seen to be 

LLs. 	- s. 1 	3- out 	• in 	1 1 

For desorption conditions in a similar way one obtains 

Lair = 
1 	1 

D.c. 	r
77 7 	rv -1 ai[ci(r) - ci  ] dr.dr 

 i i Eti_i 	r 

(26)  

(27)  

(28)  

     

= Ls — iX 
ai 

 

(2 2 -R? 
as v  I 41R.-1' a.) 	1-1'  

-  2 
(29) 

vDi  

 

     

     

We further define 

A B 	= a, R 	(p 	) 9 	9 v "9-1 ' 

 

(R 2 - R2 
9 9-1'  

2 

  



Substitution of X = R. and X = R. 1-1 into equation (29) yields 

21. 

and 

L. 
out 

= (1 - B.)L. 1 1 

Ai 

(30) 

  

(31)  v Di L• 

The time-lag difference for desorption is 

t L 	 L. . 1 1 (32)  

For future reference we also define 

Reversal of flow 

Using a similar approach the steady-state parameters 

and time lags can be calculated for flow reversal. Under these 

conditions the constant gas-phase concentration is appliecl to, and 

maintained at, r = Ri. Ingoing time lags will therefore be assoc-

iated with the boundary at Ri and outgoing with the boundary at  

All parameters are labelled with an arrow 	to signify reversal 

of flow. The results obtained are included with those already 

derived' for normal direction of flow in table (2). 

Parameter 
Normal Flow Reversed Flow 

sorption or desorption sorption or desorption 

Flux 

Concentration 

Q 

c•(r). 	• 3. 	ci 

Qi 

... c.r.• -3. 
I v(r /R•) 	

- 
3. 	1 

c-(r)- i 1 	-c lI 
- 

Q 

'i = 	(1:•' -  3. 
Iv(ai-1 Yr) 	-1  

I v  (Ri_i  , Ri)1 
i 

- 	 _j 
= E• L.Y. 3. 	3. 

(R.. 	R • ) 
L 

v 	1-1 , 	1  
D. 	= 	•L•Y• 	- 3. 	i 	i 

sorption desorption sorption desorption 

Lout 
Lin  
AL 

Li  

(1 -E.3. )L• 3. 
E.L. 

(1 -Bi)L• 3. 
Li  

-13•L. 

Li 
(1 -B1)L• 1 

B.L. 

(1 -E.)L. 3. 
Li 

-E. L. 

Table (2)  
Steady-state parameters and time lags for sorption and desorption 

with flow reversal 



2.1.3 Discussion of these results  

Of the three parameters associated with the steady state, 

only the flux is independent of the direction of diffusion. From the 
definition of Iv  (x, y) we have that 

,r) + I v(r,:R.i) = 

and hence we obtain 

el(+• r) 	c.(r) 
	

ci  

i.e. the sum of the concentrations at a particular point in the mem-

brane for normal flow and reversed flow is equal to the equilibrium 

concentration provided the gas-phase concentration is the same in 

both cases. We also have the relationship 

Qi + Qi = (E1  Bi)LiYi  = FiLiYi  

( 6 Lis 	A Lddyi  

From the definitions of E and E we have that 

AGF9 = a9 [1 -  29-1 3 	'RG)  

i.e. F9%) 	(R ) - \' 
a v 	9-1 ' 	9-1 

22. 

(33)  

(34)  

and 9 
T 
9

V 
".  

w 
C . v

v 	v ) a 9-1 

a1369 (volume of 9-component) 

Therefore 

Q. + 	= (volume of component) x cfici 

We define 	U1  E (volume of component) x 	. 

.At t=0 a sudden change is made at one boundary of the 

membrane. The time lag measured at the other face is the same  

for 	flow reversal and normal flow and is equal to the time lag 



of Barrer7 'There are two further time lags of magnitude 

(1 -Ei)Li  and (1 -Li) Li. These are associated with time lags at the 
face which is disturbed at t=0. The factors 	 ) a (1-E.a) and (1-B • are 

associated with the boundaries, (1- El)being associated with r=Ri_i  

and (1 -B1) with r=1Ri. For v=1 , the slab, one finds that Ei=Bi=3 

and there are only two separate time lags for the membrane, Li 

and -21.i. This is intuitively correct as it is impossible to dis-
tinguish between one side of the membrane and the other and so the 

factors associated with the boundaries would be expected to be the 

same. For the hollow cylinder this is not the case and these time 

lags are dependent upon the direction of diffusion as are those of 

the spherical shell. If Ei = Bi  then we find Qi  = Qi = Ui/2. 

The quantities Ai, Bp  Ei and Fi  are tabulated for 

v = 1 , 2,3 in table (3). 

Both the ingoing sorption and outgoing desorption curves 

will initially correspond to sorption and desorption into and out of 

a semi-infinite medium, and would be expected therefore to follow a 
t 2 relationship in their early stages. Deviation from the semi-
infinite case will occur when the flax through the other boundary 

becomes appreciable. This relationship could be valuable in the 

measurement of these time lags in determining the position of the 
time axis. For example, at the commencement of an ingoing sorption 

experiment a gas pressure is suddenly applied to the ingoing bound-

ary. In order to obtain the ingoing time lag one requires to know 

the amount of gas which has crossed the boundary into the membrane 

as a function of time. This could be measured by plotting the 

decrease in volume of the ingoing side required to maintain the 

pressure constant. Because uptake will be greatest at the start 
of the experiment and the ingoing pressure will be disturbed by virtue 

of the starting procedure, the exact position of the time axis could 

be in doubt which would greatly effect the time lag obtained. By 
extrapolating a t 2  plot once the system has settled down the value 

23. 



Slab v= 1 Hollow cylinder v= 2 	 Spherical 
i 

shell v = 3 

Iv(Ri_i  , Rd gei.  -Ri....1  ] tn R1  / Ri...i  

	

R.EL 	141 

	

1-1 	1 

cl(Ri  -Ri_i ) 2  (Ri!+ Ri_Dtai R1  Mi_i - (4- Ri_?) ct,i(Ri  - R1_1 ) 2  
Ai 6 

cci 2.tn  Ri/Ri.1  2 

Bi  3 

21_32,_ _ 3Ri2  + RI...12 
24 tn R1  Mi_i - (Re- Ri...1) Ri  Ri-1 

(R?+ Ri..12)tn al /Ri._i - (Ri2- Ri.12) 
tn 	 R. 

(R i - Ri....1 ) 2  

E1  . 3 

_ 2Ri_d 3 	2 	? - 	. Ri 2 	k, Rt 	Ri....12  - 2Ri_itn 	/19.-i R. 
1/R. 

31c_1  +RI.  Ri 

(Rt+ Ri...15421Ri  /Ri...1 - (RI --Ri_i/ 
.... 

1.-•a  1 (Ri.  - Ri...1  )2  

F1- 6 
2(R1-4_1 )(tn  Ri/Ri....1  )2 

Ri-1 
(4+ Ri...12)tn Ri  Mi_i  - (17112  -Ri-1) 

2 {---L-R 	+ - + ii.] 
Ri-1 	Ri 

Table (3)  



of the volume of the reservoir at the ingoing side when t=0 could 

be obtained. It would appear to be a relatively simple task to 

measure a desorption time lag at the outgoing side. With a normal 

time lag apparatus one could equilibrate the sample with gas on both 

sides and then suddenly pump the outgoing side for a short while 

before connecting it into the usual outgoing volume. 	normal 

pressure-time curve could be obtained with a McLeod gauge and the 

tl  relationship used to correct for ,gas lost from the sample during 

pump down. Provided the time lags involved were long enough to 

obtain sufficient points on this initial curve the method should be 

successful and requires only a small modification to existing appar-

atus. The time lag differences could then be obtained by measuring 

the normal outgoing sorption time lag and the outgoing desorption , 

time lags for flow in each direction. 

2.2 Diffusion in Multiple Laminates 

Ash, 7:.':arrer and Palmer derived an expression 

for the outgoing time lag under sorption conditions for a laminated 

membrane in terms of the diffusion coefficients in each lamina and 

the distribution coefficients between laminae. In the following 

analysis a different approach using the actual time lags and conduct-

ances of the individual laminae is developed which leads to consider-

able simplification of the time lag expression. For a laminated 

membrane of n component laminae we investigate the eight time lags 

associated with sorption desorption and flow reversal conditions. 

Consider diffusion (or heat flow) in a v-dimensional medium 

which consists of n component laminae, each laminae being of a differ-

ent material and each forming a simple diffusion system with the 

diffusant. 	Diffusion is in the direction of increasing r and the 

diffusion coefficient Di of the diffusant in the i-th lamina where 

i = 1 , 2,3 	n, will be independent of concentration, time, and 

a copy of this paper is included 05 Appendix V page 154 

25. 
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positional coordinate. Also solution of the diffusant within each 
phase will follow Henry's law, i.e. ci  = oiCi  and hence at a phase 

boundary the distribution of diffusant between the two phases will 

be governed by Henry's law. In the notation of figure (2) 

x(t)2i  X(t)2i+1 	 (35) 
1+1 01 

where X is the concentration immediately inside an interface. 

Xs1-1 (t) 	 l 	X2i(t) Direction of diffusion 

r 

 	41:)S  - 	t) 	 • L / 

t) 

r=21.-1 	 r= • R1 

Figure (2) 
Diffusion through the i-th lamina showing 
concentration, flux, and radius notation. 

A constant gas-phase concentration Cr: is maintained at 37=R 0  with 

zero concentration at r=1R.n. With sorption conditions the concen-

tration within any phase at t=0 will be zero, while in the case of 



w D•1 V  

I  

desorption conditions the i-th component will have a concentration 

c•1 = cY•C o at t=0. In the transient state both the concentration X 
and flux 7? just inside any one interface will be dependent upon time 

and initial concentration within the membrane, r X s(t),.••.:;,s(t)] , but 

independent of both these factors once the steady state is attained, 
i.e. 

limit X5(t) 	 limit xd(t) 
t 	00 	 t 

and 
limit 115(t) 	= ''c = 	limit . d(t) 
- t . co 	 i ar co 

Similarly cis (r, t) is the concentration within the i-th lamina and 
limit r  cs.(r,t) = ci( ) = limit ci•kr,t) . 
t •--, co 	 t .-- 

2.2.1 Steacy-.state analysis  

The cases for sorption and desorption will be identical. 
c•1( r) is the solution of the equation 

1 	frv_iD. dci(r) 

r v-1 	 1 dr dr 

and the steady-state flux through the i-th lamina , and therefore 

through the whole membrane, will be 

= 	r 	D• 
dci(r) 

dr 

~y inte~ratin this equation, with respect to r, from 	to ~vi 1-1 
one obtains 

?s- 2i-1 - X 2i 3 

The conductance of the laminate is defined in the same way as for an 
individual lamina, i.e. Yc 	/c . Equation (38) can therefore -  
be written as 

27. 

(36) 

(37) 

(33) 



o Ye 	x2i-1 	X2i 

1 
	 a1 

	
ai. 

where Yi refers to the conductance of the i-th lamina determined 

by a separate flow experiment on the i-th lamina alone. Ey summing 

this equation over all values of i from i = 1 to n, and by using the 

relationship from equation (35) which leads to many terms cancelling, 
one finds 

i.e. 

n 

L C o y 1  
g 	-Ti 

1=1 

xl 	o 
a1  

Y c 

n 
1 

(40) 

  

1=1 
V 

This is a general form of the well known relationship for a slab 

28. 

(3 9  ) 

n 

 

n 

j6 i 
i=t 

 

where • 

From equation (37) one can obtain 
X /2i-1 

r 1 	 1 
del • ) 	= 	Y C ° 	 c g w D• r v-1 dr 

v •(r) 

Yc  C °  
i.e. rc.( ) 	X _ 	(a) 	r) 

2i-1 

	

	 1-1 ,  w v  D• 

If equation (39) is summed from a=i to n one finds 

n 

X  2i-1 	Y c  C °  a• g 1  

as all other terms cancel. The steady-state concentration in the 

i-th layer is therefore 

1 

(41 ) 



  

29. 

r
n 

c.( ) = Y c  C° Lai 1— yf3  
I (R. 

N.) 	1-1 (42) w D. 

Qi*  the quantity of diffusant in the i-th lamina in the steady state , 
is given by 

Ri  

f wvr 	a.1c.(r)dr 

R1-1 

The total quantity in the laminate in the steady state, Q*, can be 
obtained by summingQi from 1=1 to n. If we define Q = eic 0 
then 

n 

Q = 1- /, —y 	B. Li lj  Y e  
1.=-1 

2.2.2 Calculation of the time lags  

The second equation of diffusion as applied to flow in the 
i-th lamina is 

cis.(r,t) 	1 6c Si 
i ) r t) 

C4 i 	 = 	EV-1D . 	 
at 	r v-1 r 	i Zr 

This equation is multiplied by w vr
v-1 and integrated with respect to 

r from r to Ri giving 

R. i 	a cl(r , 	 v  t) 	 es.  ir, t)  
r v -1 ai 
	d 	 v -1_.0 	i ' -• r = -cr(R.it  t) - w vr 	. i 6 t 	 br 

where dc. (r, t ) 
cPs(R. t) = 	-1 D. 	 V  6r 	r=Ri 

(43)  

(44)  

(45)  



3y rearranging equation (45) and integrating again with respect to 
r, this time from R. to 	one can obtain 

1 1 

r v-1 

 

r v-1 
ai 

ac* t) 
•dr.dr 

D. G. 1 1 r 
at 

1 	
x  s 

1 	61 	61 
11  Y 

This equation is summed over all values of i from 1 to n. .Using 

the relationship from equation (35) many terms cancel leaving 

1 

r v-1 r v -1 ,ac. r t) 

at 
dr.dr 

r 

n 
1 co 	71  

If equation (44) is integrated with respect to r  from R.
1-1  t

o  R.. one 
obtains 

bcsjr t) 
w
v 	a. rv -1 	1 	dr = - •Is 	t) + 	,t) 

at 
i-1 

si which can be summed to yield an expression for Cr.' kRi,t) in terms 
of 	s(Rn, t ), the flux at the outgoing face s  or 4?s(R. 0,0, the flux at 
the hiving boundary. Summing from f3 = i-1-1 to n yields 

fti Q 
  cs(r,t)  

e(Ri,t) n' t) + 	Wv  

	

r 	8  dr 	(48) 
a t =i-Fi R  

30. 

(46)  

(47)  

x5(.0 
I2i 

13-1 
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If instead the summation is carried out from 13 = 1 to i we find 

13 	
-i 	to 	6c 	t) 

e(R cot) - 	r 	a 	 V-1 
 dr 	 (49) 

at 

p-i 

Substitution t  for 'Pskf iRi, ) back into equation (47) gives expressions 
for the flux entering the laminate at 2 0  as a function of time and 
the flux leaving at tin  also as a function of time. 

-,-) ,A. 
0P 
, 

1 	- 
n 	n
, 1 	I

1 	v-1 	a csp(r, t) 
l's(2 t) --- IrcCa°  [1 ---- 7 w 	r 	a. (3 	dr 

C° 	 v 	 at g i=1 1  13=i+1 
-.D -. 

13
-1  

--) '%.i 	21. 

1 	1 	1 

	

n 	I 1 	6cis(r,t) v-1  
_rai 	dr.dr 1 

C o 	Dial)___, 	I 

	

r  v-1 	at 	J 
i=1 i'Ri-1 

41)S  
(x,17   

5=1 

(50) 

r 

1 

Yi 

and 

1 
kit 0, t) = 	C ° \ 

	

C g 	 L., co 
i=1 

act ',t) dr 

13=1 	0_1 	at 

n 5 
WV 	 V -1 r 	a p 

1 

1 	T-1 	1 

-̀'n• i=1 

1 
v-1 

-1 	• c• (r t) 
r a1 v dr . 

at 
(50 

. 1-1 r 

Proceeding now in the same way as for the treatment of a single 

lamina we have that the quantity of diffusant which has passed through 

the outgoing surface at 3.n up to time t is given by 
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t 

43s(Rn, Oat 
tout 

and that which has passed through the surface at R 0  will be 
t 

Ms 
r 4,s(R 0,0d, in  
0 

For t sufficiently long we know that 

MtM5 	= 	to  (.t - Lout) out  

L5 Ms 	= 	tc(t - 	) tin 	 in 

All the equations in the calculation of the time lags so far derived 
can be converted to their desorption counterparts simply by changing 
all 's' superscripts to id' 	The assumption that the order of 
integration can be changed without affecting the value of the integral 
is again made, as for the single lamina, and using the same relation- 
ships as contained in equation (23) and (24), 

aqs(r, t) 
dt 	c.I( r) 0 	at 

and 

limit 
t-> co 

one can obtain 

t r  ac.
1
(r,t) 

	

J 	 dt 	= 	c.(r) - ci  

	

o 	at 

n 	n 	RP 1 
out - 

p 
0 	 tliN) 	r 	a c (r)dr 

CL i=1 Y • 	=i+1 R 8-1 

Ri 	Ri 
P$ 	 1 r v 
J =1v J "± c`ria i'r R.  r 	 (52) 
3.-1 

and 

i.e. 

limit 
t -0 cc 



n 	n 
1 

(56) 

p.=i+i 

n 	n 
d 	1 	-, 

Lout =cuv 	r v-1  a 13 [c (r)-c 

	

C ° 	Yi 

	

g 	 p=i+1 
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7' 

77.  
11 	 .LN.• 

1 	 1 	
1 

C° 
	 D•a• 7.) 

C.; 	i, =1 	1 1 	-i--1 

r \)-1 ai[c r)- ci rd-r ,v-1 
r
i 	1(  (53) 

n 
s 	11 

L. = 	
w  r 

in 	a 	
a r2c or/  a. 

C g 	p=- 1 

C o

1  1 
ry -1 

Ri 
f r v -1 ajc1(r)drdr 
r (54) 
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the required integration we arrive at the results 
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Using equations (53) and (55) the time lag difference for desorption 

is found to he- 
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From these equations it follows that 

= (P.ts  - PIP) 1-r • -c 

Ur is the quantity equilibrated in the membrane (contained in unit 

cross section for \)-=-1 ; in unit length for v=2; and total quantity 

for v=3) divided by the constant gas phase concentration C. 

1reversal of flow 

Using a similar approach the steady-state parameters 

and the time lags can be obtained when the constant gas-phase 

concentration is maintained at r=Rn  causing diffusion to occur in 

the direction of r decreasing. The results so obtained are 

included with those already derived for normal direction of flow 

in table (4), 

2.2.3 Discussion of these results  

The laminate can be considered as a single membrane 

in which both D and o-  vary with distance, and as no restrictions 

have been placed on the way these parameters vary from lamina to 

lamina, the results obtained will apply to any form of dependence. 

It should be noted, however, that the membrane as a whole. Will still 

obey l':enryis law. From the summary in table (4) it can readily:  be 

shown that 

ci r( ) + c•(r) 	= 	c. 

35. 
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and that 
Ats  c - ALa  and A Ld  = 

These relationships together with the time-lag ones are the -same 

as for a single lamina. There are only three separate time lags 
associated with the membrane which reduce to trio when Q = Q = 1/2. 
In the single lamina case putting v=1 was sufficient to make Qi = Qi 

and reduce the number of independent time lags to two, but for the 

laminated slab a further requirement is that both Li  and Sri  are 
symmetrical about the centre. For a single membrane exhibiting 

r dependence both D and e must be symmetrical about the centre 

to satisfy this requirement. For a membrane with general 1^ 

dependence it is possible to obtain the isotherm from flow e:zperi-

ments alone by measuring the three separate time lags. Substit-

ution in the equation 

u = (LLs 

will then give a value for oc , the H=enry's law solubility constant 

for the membrane. When the condition Q = Q is satisfied there 

will only be one time lag difference and the isotherm can be obtained 

by measuring the two time lags involved. Equation (62) is 'a far 

more general equation than for the cases we have considered. 

Provided no hysteresis effects occur a simple conservation of 

diffusant equation will lead to this relationship. From figure (3) 

it can be seen that 
A Ls, Yc  

ct and U-Q = -AL e 
which leads to the equation 

U = ALs ).Y  

These equations are derived without having to make any assumptions 

concerning the nature of D and o and hence the measurement of 

sorption and desorption time lags affords a means of obtaining the 
isotherm from flow experiments even when D is variable. This 
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general equation reduces when J is constant and Henry's law 
holdsto the well known equation P = Da, Just as the intro-

duction of the time lag by :Barrer.7 afforded a means of obtaining 
the solubility constant for 'simple' systems from flow experi-

ments, measurement of these time lags can be used to obtain 

the isotherm even when D is not a constant. 

It should be noted that the equations which have been 

derived for the time lags and the time-lag differences can be 

written in other forms by usingtheidendty.F.n E. + 

For example, equation (56) can be written 

Le  i • 
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iTi 

1 
T qT 

Yi 	5 5 0 p.1+1 	1 _1= 

This was the original form obtained from investigating the result 

obtained by Ash, 3arrer and Palmer6 by extensive manipulation. 

It is useful when considering laminates consisting of only two or 

three laminae as the last term is zero for the first case and has 

but one term in the second. This was the form used when special 

sequences of membranes were investigated. 

2.3 Application of n component results to special sequences  

Ey suitable manipulation it should'be possible to obtain 

expressions for the time lag of a laminate consisting of an m-lamina 

unit repeated n times. This has proved possible in the case of the 

slab, the time lag being given by 
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where Lm(n.i  ) and Ym(n...1  ) are the time lag and conductance 

respectively measured on the single unit. The value of Q was 
also obtained as 

m 

Qmn 	Qra(n=1 ) + 3(n-1) 1 L.Y. 
1=1 

where Qm(n=i  ) applies to the measurement on a single unit of m 

laminae. Ash, 6arrer and Petropoulos1 8 have obtained the time 

lag for a two-lamina unit, AB, repeated n times. By putting m=2 

in the above formula, the expression for the time lag which they 

derived is obtained provided L I , L2, Y1 aired Y 2  are converted into 

terms of thickness, diffusion coefficients, and solubility constants. 

This treatment is possible for the slab as any m lamina unit is 

identical with any other. This is not the case for either the hollow 

cylinder or the spherical shell and a similar treatment is not 

possible. A general investigation .of the m lamina unit repeated 

n times, for the slab, will be published in greater detail'.. 

The normal time lag, i.e. the sorption time lag measured 

at the outgoing face, will in future be referred to simply as the time 

lag. If other time lags are being discussed they will always be 

qualified using the nomenclature introduced in this chapter. 

2.4 Solution of the second equation of diffusion for sorption by and 

desorption from a membrane  

Crank2  gives the solution for desorption by a plane sheet 

into an infinite volume. If the region 0 < r < is initially at uni-

form concentration c i  and the surfaces are at zero concentration for 

t >0, the total amount of diffusing substance lost from the sheet in a 
time t is given by 

(64) 
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n=0 
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where Mt  is the amount lost in time t and M the amount lost in an 
infinite time. The corresponding case for a hollow cylinder of 

internal radius a and external radius b is also given by Crank as 

where J 0  is the 3essel function of the first kind of order zero and 
an  are the positive roots of I.J0(aai,) = 0 where 

Uo(r an) = J 0(r an)Y Aba„) - J 0(b an) Y o(r an) 

o being the Bessel function of the second kind of order zero. 
Short time solutions for both these expressions can readily be 

obtained by treating; the membrane as two semi-infinite media. 

If a semi-infinite medium in which the concentration throughout 
is c1  has the boundary concentration dropped to zero at t=0, the 
amount of diffusing substance which has left the medium up to a 
time t is given by 

t 	2c 

For the slab the quantity lost per unit area of cross section, Mt, 

will be \ 

Mt 	= 4 c — 

 

  

as each unit area of cross section will have two unit areas of 
surface. We may write c1  — where M is the total amount 

contained in unit cross section of membrane and hence 

ivit  
= 4 
	

(67) 
M G, 



In the case of the hollow cylinder we obtain 

	

= 	4c 1  

	

:G1:1 co 

	 \ 	/ 
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which is equivalent to equation (67) when b-a = -',. This point 

is well illustrated in figure (4). 

Solutions applicable to long times can also be obtained. 

In the case of the slab it can be seen that equation (65) rapidly 

converges to a single term 
117 	 0 o 	 2 

1 	 exp - 
Mo, 	T12 	t 2  

It is not so simple to treat the corresponding case for the hollow 

cylinder, but a solution fora particular case can be obtained. if 

we take a = 0.14 cm and b = 0.28 cm, values which are represent-

ative of the experimental samples, one can obtain 

T!0 

- 1 - [0.806 e-498Dt + 0.007 e-200313t + 0.085 e-.4536Dt 
• 

The corresponding expression for the slab of thickness t,= 0.14 era is 

- 1 	 e-4  
!'-c° 

Those two expressions are very similar for the long time case when 

they both reduce to single exponential terms. Eecause of the extra 

term involved in the hollow cylinder case the time required to reduce 

the expression to a single term will be longer than for the slab. 

-2. 
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Part 3 

MATERIALS, APPARATUS AND PROCEDURES  

3.1 Materials  

3.1.1 Membranes 

The laminated hollow cylindrical membrane, consisting of 

an outer sheath of polyethylene and an inner sheath of nylon 11 was 

kindly donated by Professor A . W. Eishop of the Soil Mechanics Lab-

oratory in the Department of Civil Engineering of Imperial College. 

It had been made by Griflex Limited, 3 Mere Street, London, W.1, for 

use in the measurement of pore pressures in earth dams. The 

laminate had been made by a normal extrusion process, the maximum 
temperature involved being 200 °C. taw material suppliers to 

Griflex Limited were: 

Polyethylene: Messrs. Bakelite Limited, 12-18 Grosvenor 
Gardens, London, S.W.1 

Nylon 11: 	Messrs. Aquitaine-Fisons Limited, Willow 
Works, Derby ad . , Loughborough. 

The manufacturers data sheet on polyethylene resin DYNE 3 is 
included as Appendix IV. The laminate could be stripped into its 

component sheaths by holding one end of the inner nylon sheath in 

a vice and gently sliding off the outer polyethylene sheath. 

Density measurements were made on sections of the sample 

using a specific gravity bottle and distilled water. The values 

obtained for the specific volume and the volume per cm length are 

contained in Table (5). 

Sample dimensions were measured with a cathetometer on 

several different cross sections and mean values for the internal and 

external radii were obtained. These are also contained in Table (5). 

The nylon was extremely uniform in thickness but the polyethylene 

varied in thickness, in going around a cross section, by almost 8%. 

The value chosen for the external radius was obtained by assuming 



the internal radius to be accurate and calculating an appropriate 

value from the density determinations . 

The parameters A, 1-7.,  and I', defined in Part 2, section 1 .2, 
are dependent only upon the sample dimensions. These have been 
calculated for both sheaths and are included in Table (5). 

Parameter Nylon 11 
(lamina 1) 

Polyethylene 
(lamina 2) 

Internal radius (cm) 0.13 9 J.23 8 
External radius (cm) 0.23 6 0.33 6  
Specific volume cc /g 0.974  1 .09 2  
Vol /CM 0.11 5 0.17 9 
L./2 (CM2  X 10 2) 0.1580 0.1685 
(i, 	- Ri....1  )2/6 	(cra2x102) 0.1560 0.1667 

L---; 31 	= 3.58 E. 2 	= 	3.25 
-7‘ .:., E l 	= 2.52 22 = 2.65 

D. /Ri_l 
(x10 2) 

-En 

 

8.43 5.58 
2 7  

TA LE (5)  

Sample dimensions and associated geometric constants 

arising from the theoretical section. 

When values are known for va  and ve, the specific volumes 

of the amorphous and crystalline polymer respectively, the volume 

fraction of amorphous polymer in a sample can be estimated by 

measuring its specific volume v and using the equation 
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va  (v- ye) 
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(70) 

where a is the volume fraction of amorphous material present. 

By using the same values as chosen by Michaels and Bixler23 

viz: va  = 1 .171 cc /g and ve  = 1.006 cc /g, the polyethylene 

sheath was estimated to be 56% amorphous. Nylon 11, manufact-
ured under the trade name railsan' , has been used mainly as a 

textile fibre and there is little information in the literature on its 

physical properties. The manufacturers have quoted a value of 

20% for the degree of crystallinity but when further enquiries were 

made about the source of this figure they were unable to furnish any 

further information. Because no figures have been obtained for 
va  and vc for nylon 11 the estimate of a = 30% must at present be 
accepted. 

3.1.2 Gas samples  

Helium, neon, argon, hydrogen, nitrogen and carbon 

dioxide were used for permeation and solution studies. They were 

each supplied in a one-litre glass flask, equipped with a break seal, 

by the British Oxygen Co. Ltd, The inert gases were reported as 

spectrally pure while the permanent gases were reported simply as 
pure. 

3.2 Description of the Apparatus for Permeation Studies 

The apparatus for permeation studies was made up of two 

main sections, namely, the pumpin system and the permeation system. 
All glass equipment was constructed from Pyrex glass and all taps 

were lubricated with Apiezon N high vacuum grease. 



3.2.1 The pumping system  

Details of this system are shown diagrammatically in 

Fig. (5). A conventional high vacuum system consisting of a 

mercury diffusion pump backed by an Edwards 1 Speedivac high 

vacuum rotary oil pump reduced the pressure in the high vacuum 

line to less than 10-6  cm of Hg. A low vacuum line pumped by a 

GERYK vacuum pump made by Alley Compressors Ltd. provided 

a rough vacuum for lowering manometers and McLeod gauges. 

This pump was often used to evacuate initially sections of the 

permeation system which had been opened to air pressure in order 

to add gas bottles or change the samples. This could he readily 

achieved by connecting blowing in taps, incorporated in the con-

struction of the apparatus, to the low vacuum line with rubber 

pressure tubing. In this way the high vacuum line and pumps could 

continue pumping other parts of the system during alterations. The 

oil trap will prevent oil from being sucked back into the system in 

the event of power failure. Although a cold trap was included in 

the construction it was found possible to obtain a good vacuum with-

out using a coolant and hence this trap was seldom used. The buffer 

volume between the oil pump and the mercury diffusion pump enabled 

the latter to operate even when the oil pump was stopped for routine 

maintenance. Pump oil was changed once a year to ensure effic-

ient pumping. 

3.2.2 The permeation system  

This system is outlined in Fig. (6) and the actual con-

struction can be seen in Plate (1). It consisted essentially of three 

basic parts:- a gas line and precision manometer; three diffusion 

cells immersed in a thermcstatted water bath; and a McLeod gauge 

with a set of outgoing volumes. 
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(a) The gas line  

A Toepler pump divided the gas line into two parts, one 

of which contained the gas bottles and a simple mercury manometer, 

and the other which could be opened to the diffusion cells. This 

section contained a manometer, whose limbs were constructed from 

10 mm diameter 'Veridia ' precision-bore tubing, which was used 

to monitor the ingoing pressure during a run. The Toepler pump 

was used to maintain this ingoing pressure at a constant value 

during a run and it also served to recover gas from the ingoing 

reservoir of the diffusion cell on the completion of a run. 

(b) The diffusion cells 

The three separate cells containing the polyethylene and 

nylon sheaths, and the laminate, were identical in construction and 

contained in the same thermostatted water bath. The sheaths were 

self-supporting and a simple type of cell could be used, the design 

of which is shown in Fig, (7). Both ends of the sheath were sealed 

to push fit glass tubing using Araldite. Although this epoxy resin 

is not recommended for polyethylene a good gas tight seal can be 
obtained with this method provided no severe strain is applied to 

the sheath glass joint. Pycene wax was used to seal the B14 

extended cone into the socket. The glass envelope was curved 

through 180° to allow the cell to be immersed in a large Dewar flask 

which served as the container for the water bath. Because of this 

shape the sheath touches the envelope on the curve but the area of 
contact is small and the effect can be ignored. The actual arrange-

ment of the cells can be seen in Plate 1. Each sheath was 110 cm in 
length. 

(c) Thermostatting  

A 150-watt heating element, operated through a valve 

relay, which was controlled by an electrical thermometer, thermo- 
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stetted the bath to within +0.05 °C. Temperatures below ambient 

were obtained by circulating cold water through a cooling coil 

immersed in the bath, and using the controlled heater to bring the 

temperature up to the required value. For runs at 10 °C it was 

necessary to circulate ice water through these coils. A two-

paddle stirrer ensured that temperature variations within the bath 

were negligible, this being confirmed by measuring temperatures 

at various points in the bath with a thermocouple. A constant 

level device kept the distilled water in the bath at a fixed level. 

Bath temperatures were measured on a calibrated mercury in 

glass thermometer No. 49144 over the range 10 °-50 °C, and therm-

ometer No. 51789 for 60 °C. Both these thermometers had 1 /10 °C 

divisions. 

Ambient temperature was controlled by a pair of commerc-

ial fan heaters which were operated through Sunvic relays controlled 

by Sunvic sensing devices. Although temperature gradients did 

exist in the laboratory the temperature at any one point remained 

constant to within +0.25 °C. These thermostats were set at 22.0 °C 

and good temperature control was obtained except in hot weather 

when temperatures rose above this value. J. H. Clint of this labor-

atory was responsible for setting up the control system. During 

investigations of thermal transpiration through porous media he found 

that the normal variations in room temperature caused large scatter 

in his observations and the thermostatting system he devised benefited 

other members of the laboratory. 

(d) The McLeod aaup  

The open and closed limbs were made from Veridia 

precision bore capillary tubing of nominal diameter 2mm. This 

value was assumed to be accurate and no further calibration of the 

bore was made. A simple application of the gas laws will give the 

pressure read by such a gauge as p = Ichih 2  where the gauge 
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constant it = 7  and 

A. is the volume per unit length of capillary 

V is the total volume of the bulb above the cut off 

h i  is the difference in height between the two meniscii 

11 2.  is the distance from the top of the capillary in the 

closed limb to the meniscus of that limb. 

If the volumes are measured in cc and the distances in cm, the 

pressure will be given in cm of Hg. V was determined using 

distilled water from a calibrated glass burette. Several deter-

minations were made with agreement better than 0.2% obtained 

giving V = 255.4 cc. in practice both h i  and h 2  were measured 

in millimetres giving the gauge constant k = 1.23 x 10-6  cm of 
Kg /mm 2. 

(e) The buffer volumes  

The outgoing volume for all three systems was approx-

imately 500 cc which was adequate for most runs. Carbon dioxide, 

because of its large permeability, required additional volumes to 

he added to the normal outgoing volume. Two separate bulbs of 

approximately 350 cc and 1150 cc could be connected in to increase 

the volume from 500 cc to approximately 350 cc, 1600cc, or 2000 cc. 

3.2.3 Operating: procedures 

The apparatus was designed to measure the normal time 

lag at the outgoing face under sorption conditions. This has been 

shown in Part 2 to be independent of the direction of diffusion and 

hence the direction of flow can be chosen to suit best the experi-

mental conditions. Except for a few experiments towards the end 

of the investigation measurements were made with flow from the out-

side to the inside of the sheaths for the following reasons: 
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(a) The high ingoing pressure on the outside of the sheath would 

press the sheath more tightly against the glass tubing at the Araldite 

seal. High pressure on the inside may tend to break the sheath 

away from the glass. 

(b) The high pressure on the outside would ensure good thermal 

contact between the sample and envelope. 

(c) The section of the outgoing volume at the temperature of the 

bath is kept to a minimum. This was advantageous as no correction 

was made for the part of the outgoing volume not at room temperature. 

Some measurements were made with flow in the opposite 

direction when desorption time lags were being investigated. 

Although both sheaths appeared quite rigid the ingoing pressure 

never exceeded 15 cm of Hg, a value at which there was no danger 

of them being distorted. 

3.2.3(1) Frocc-:dure adopted for measuring L and P  

With the waterbath thermostatted to the required value a 

small pressure of gas was introduced to both sides of the sheath and 

left overnight to ensure that the sample was at the same temperature 

as the bath. Both sides were then pumped hard for a suitable period. 

If from other measurements of the time lag at different temperatures, 

an estimate of the time lag at this temperature could be made then 

pumping time was at least 6L. This is discussed in Appendix tn. 

In cases where the time lag was unknown the system was pumped for 

at least a day. Before a run was started the gas pressure in the 

manometer section of the gas line was adjusted to approximately 

1.5 pl , where p1  was the ingoing pressure required for the run. 

With taps T 3 , T4  and T 5  closed, and T 2  open to the outgoing volume, 

T I  was opened to the gas line and the time noted. Readings on the 

McLeod gauge were taken at regular intervals of time using a cathe-

tometor to measure levels in the capillaries. Small flow rates were 
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encountered with many, of the gases and consequently the distances 
h i  and h 2  on the gauge were small. By using a eatheometer, as 

opposed to a mirrored scale behind the capillaries, the scatter of 

points on a p-t plot was considerably reduced. A strip lamp, 

situated a suitable distance behind the capillaries so as not to heat 

them, gave a very clear definition of the meniscii and assisted in 

focussing and aligning the cathetometor. Between readings the 

mercury level was kept approximately 1 cm below the cut off. After 

raising the mercury the capillaries were gently tapped, left for one 

minute, tapped again and the reading taken. There was a tendency 
for the meniscii to fall slightly immediately after being raised and 

this interval of one minute allowed them to settle down to constant 

levels. Tapping ensured that the readings were not being affected 
by mercury sticking to the glass. Each run was continued for a 

time of at least 8L with readings taken regularly after 3L by which 

time it was assumed that the steady state had been reached. The 

interval between readings was chosen so that at least eight points 

were obtained on the steady state portion of the p-t curve. During 

the run the ingoing pressure was adjusted, if necessary, to keep 
pi  constant. 

Both L and b, where b is the slope of the steady state 

portion of the p-t plot, were obtained from the graph in most cases. 

Because of the small time lags found with helium in both polyethylene 

and nylon a least squares calculation was used to obtain both L and 

b for these experiments. From equation (26) and Table (3) in Part 

2 the relationship between the time lag and the diffusion coefficient 

for a hollow cylindrical membrane of internal radius R o  and external 

radius R i  is found to be 

	

A 	(R i2  +R 2o )tn R1  /R 0  - 	-R 20 ) 
DL  

	

2L 	4L 	Ri /R 0  
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If b is in units of, cm of Hg /min then the conductance is given by 
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Y 
o  273 'I b 

60 2734-Ta 7l \pi 

cc at s,t.p, 
(72) 

cm sec atmos 

 

where 

V o  is the outgoing volume in cc 

T is the ambient temperature in oc 

-1-1 is the length of sample in cm 

pi  is the ingoing pressure in cm of Hg . 

The factor 60 appears in the denominator as b/p i  has units of min-i 

whereas Y is quoted in sec-1. The permeability coefficient is 

obtained from the relationship 

Y 	 (73) 
2 Tr 

and has the same units as the conductance. Henry's law solub- 

ility constant aL  is obtained from 

P cc at s.t,p. 
6L 	 (74) 

DL  cc of polymer atmos 

The subscript L is used to denote that the value of diffusion coeffic-

ient and solubility have come from time lag studies. 

3.2.3(2) Procedure adopted for measuring desorption time lags  

Taps T 3  and T 4  were closed and both T i  and T 2  opened 

to the gas line, The pressure of gas on the membrane was adjusted 

to the required value by using the Toepler pump and a time of 'at 

least 6L allowed for the gas /sample equilirbium to be reached. 

Before commencing the run T, was rotated through 90 ° so that the 

outgoing side of the membrane was isolated from both the gas line and 

the main outgoing volume. Tap T 5  was closed so that this latter 

volume was also isolated. At zero experimental time T4  was opened 

_ 



to the pumps and the pressure on the outgoing face of the membrane 

reduced to a low value by pumping for two minutes. Tap T4 was 

then shut, T 2 opened and pressure readings taken as rapidly as 

possible in the initial period to allow a t 2  plot to be used to allow 

for gas lost from the rnemoane during pump down. .After a time of 

3L readings were taken at similar intervals as discussed in the 

procedure to determine the normal time lag. P can also be calcul-

ated from these results. 

3.2.3(3) Calibration of outp:oine: volumes 

The method of expanding gas from the McLeod bulb into 

the outgoing Volume was used. Neon gas was trapped by the mercury 

in the bulb and compressed into the closed capillary, during which 

time the remainin7 outgoing volume was being pumped. Once this had 

boon evacuated the meniscii levels were read, the outgoing volume 

isolated from the pumps, and the mercury lowered to one centimetre 
below the cut off. After five minutes the mercury was again raised 

and the pressure read in the normal manner. If 	and h*2  were 

the original readings and h i  and h 2  the final values, the outgoing 
volume V 0  will be- given by 

h
*
i a 2
, * 

V°   • V 
h1  117  

where V is the volume of the McLeod bulb. All volumetric calibra-

tions were made with bath temperatures set at 30°C and separate 

determinations showed ar!:reement to better than 0.5%. 

3.3 Estimation of ILsxberimental Errors associated with the  

-2crmeation System  

In.-;oinr pressure pi 	By using a cathetorneter this could 

be measured to + 0.01 cm of Hg but the main error would be due to 

the variations in pi  during a run. The total error in the ingoing 

pressure is less than 1 %. 
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Outgoing volume V 0 	The reproducibility of separate 

calibrations was excellent with values agreeing to better than 0,5%. 

Total error involved in V 0  is less than 1%. 

McLeod gauge 	The calibration of the bulb was very 

accurate and the error involved would be negligible. A maximum 

error in the diameter of the capillaries of ±0.001 cm (the value 

quoted by the manufacturers of Veridicv . tubing) would introduce an 

error of 1% into the pressure reading. The actual scatter in the 

pressure measurements was small. 

Temperatures 	Thermostatting was good and errors 

due to temperature variations can be neglected. 

Membrane dimensions 	sheaths were 110 ± 0.3 cm in 

length, this error being negligible. 

Nylon sheath 	Internal and external radii were 

accurate to ± 0.001 cm, This introduces error of ± 2% into the 
thickness (R i  -R 0). 

Polyethylene sheath 	The internal radius was accurate to 

± 0.001 cm, but as mentioned earlier, the external radius varied 

introducing an error of 8% in the actual membrane thickness (22-R1). 

The external radius R 2  is therefore accurate to ± 0.003 cm. 

3.4 The Static Solubility Method for the Measurement of the Henry's 

Law Solubility Constant  

3.4.1 General  

The measurement of static solubilities in polymers has 

already been discussed in Fart 1, s3ct.2.4.0f the two techniques 
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outlined that developed by Meares36 has an advantage in that both 

permeation and solubility experiments can be performed on identical 

samples. Also this method is particularly suited to hollow cylind-

rical membranes such as those used in the permeation studies. For 

these reasons apparatus based on that used by Meares was con-

structed. 

3.4.2 Description of the apparatus  

The two independent solubility systems built were labelled 

according to the polymer they contained. The polyethylene system 

shared the high vacuum line associated with the permeation system, 

while the nylon system was completely independent having its own 
high vacuum line and pumping equipment. This pumping unit was 	• 

identical to the one already described on rizi,;_y_; 4-7 	for the perm-

eation studies. All systems used the same low vacuum pump for 

lowering mercury columns in manometers and McLeod gauges. The 

gas lines were identical in construction to the one described in Part 

3, Section 2.2.(a) for the permeation studies. Details of the 
apparatus are shown in Fig. (8) while the actual construction can 
be seen in Plate (2). 

(a) 	The solubility cell  

The sheath, approximately 15 cm in length, was mounted 

vertically on a section of glass tubing inside a glass envelope as 
shown in Fig. 8. The glass /sample seal was of the same type as 

used in the diffusion cells, the tubing fitting neatly inside the sheath 

with a ring of Araldite completing the seal. A. thin glass spike from 

the outside envelope kept the bottom of the sheath in a central position. 

The cell was supported on a cork ring at the bottom of a jar cylinder 

which served as the container for the water bath. Sideways movement 

of the cell was prevented by a clamp higher up on the envelope. 
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Holes blown through the inner glass supporting tube just below the 

top internal seal allowed all the gas swept up by the mercury being 

raised to be pumped away. Without them the volume between the 

supporting tube and the envelope would be isolated once the mercury 

had been raised passed the lower end of the sheath. 

The cooling coil made from flexible P P.V.C. tubing had 

tap water circulated through it to stop mercury being distilled over 

from the cell into other parts of the apparatus. With both temper-

atures as high as 60°C this proved very necessary. A 300-watt 

Red Rod heating element operating through a Sunvic relay controlled 

by a Sunvic bimetallic sensing device thermostatted the distilled 

water in the bath to +0.1 °C. The water level was maintained by 
a constant level device. A two-paddled stirrer ensured that temper-

ature gradients throughout the bath were negligible. Temperatures 

were read on the same thermometers as used for the permeation 
experiments. 

(b) McLeod gauges  

Polyethylene system 

The gauge had capillaries of 0.85 mm diameter Veridia 

precision bore tubing. By the same method as described in Part 3, sect. 

2.2(d) the volume of the bulb was determined as 313.8 ± 0.2 cc, 

this value being the mean of three separate calibrations. From these 

figures the gauge constant was calculated to be k = 1.81 x 10-7  cm 

of Hgimm2. A comparison between this gauge and the one used on 
the flow system (made possible by the sharing of the hyvac line) 

showed the former to be reading slightly higher than the latter. A.  
check on the quoted precision of Veridia  tubing showed this to be 
± 0.01 mm and so the possible percentage error this represents will 

be greater for the gauge w!th the smaller capillaries. By assuming 

a new gauge constant of kp  =1 .78 x 10-7  cm of Hg/mm 2  good agree- 

ment was found between the two gauges. This represents a bore 



diameter of 0.843 mm which is within the tolerances quoted by the 

manufacturers. In all pressure measurements made on the poly-

ethylene solubility system the gauge constant used was 

k 	= 	1.78 x 10-7  cm of Hg /mm 2. 

Nylon system  

This gauge had capillaries made from 1 mm diameter 

Veridia; tubing. Because there was no connection between this 

system and the other two systems, a comparison between this gauge 

and either of the other two McLeod gauges was impossible. Total 

volume of the bulb was determined as 253.0 ± 0.2 cc which gave a 

value for the gauge constant of lcn  = 3.11 x 10-7  cm of lig/mm 2. 

Both McLeod gauges were road using a cathotometer to measure h 1 

and h 2. 

(c) 	Buffer volumes  

Of the gases used only carbon dioxide had a value of a 

large enough to require the addition of a buffer to the basic desorp-

tion volume. The one included in the polyethylene system increased 

the basic volume by a factor of approximately ten, while the corres-

ponding additlea to the nylon system increased that standard volume 

by a factor of approximately three. 

3.4.3  Operating procedures  

With the water bath thermostatted to the required temper-

ature the mercury in the cell was raised from level 0 to level 1, and 

the two-way tap T1  opened to the gas line. This resulted in an 

immediate lowering of the mercury level in the cell which, had it 

been left at level 0, would have allowed gas to bubble through the 

reservoir into the low vacuum side. The pressure of the gas was 

adjusted to the required value and the system left for the sorption 
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equilibrium between the gas and the polymer to be established. 

From Appendix II the time required for this can be taken as 4L 

where L is the corresponding time lag. In most cases, to ensure 

that equilibrium had been reached, a time of at least 6L was allowed, 

this being reduced to 4L when the time lag was very long. Tap T4 

was closed and the mercury in the cell raised to level 2. The 

shutting of tap T4 prior to this operation was necessary to stop 
gas being blown through the manometer into the hyvac line. Press-

ure above the mercury in the cell was reduced by pumping gas back 

into the gas line with the Toepler pump. When this was less than 
5 cm of Hg, tap T 1  was rotated to connect the cell into the desorption 

volume and high vacuum line. Once the pressure in this section had 

been reduced to — 10-4  cm of Hg the sample was flushed to remove 
stray bubbles of gas trapped in small pockets on both the glass and 
the sheath. 

The flushing process consists of rapidly lowering the 

mercury in the cell to below level 1 and raising it again to level 2. 

While this removes any gas trapped in pockets it also allows gas to 

escape from the sheath. A mathematical analysis of this procedure 

in AppendixflIshows the times of importance in allowing for this 

lost gas to be toe  (the time for which the top extremity of the sheath 
is exposed) and tab (the time for which the bottom extremity is 
exposed). The process was controlled by the tap T 3 . When fully 

opened to the pumps the mercury level in the cell dropped quickly, 
then by turning this tap through 1 80 °  the level rose again to cover 

the sheath, The rate at which this level rose was determined by 

the size of the aperture in the side arm of the tap which opened to 

the atmosphere. This was adjusted until, with the tap fully opened, 

the mercury rose smoothly and quickly back to level 2. By using 

this device the times involved in actual lowering and raising were 

constant and the only time which varied was tab. tab varied because 

the time required to turn the tap through 1 80 depended on the 
operator and therefore each time the flushing process was used 

this time was measured with a stop watch. 
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With the system flushed and the mercury back at level 2 

the desorption volume was pumped until a good vacuum was obtained. 
Tap T 2 was then shut isolating the cell and desorption volume, and 

the mercury level in the cell lowered to level 0. The equilibrating 

gas pressure, which was shown on the isolated manometer in the 

gas line, was read using a cathetometer during the desorption 

period. Pressure readings in the desorption volume were taken 

using the McLeod gauge at times of approximately 4L, 6L, and 7L 

after desorption had commenced. 

When a new sheath was used it was found that even after 

prolonged degassing the pressure in the desorption volume would 

increase when the tap T 2  was closed. If a Dewar flask of liquid 

nitrogen was placed around a small side arm in the desorption vol-

ume this pressure was immediately reduced to a very small value. 

Except for carbon dioxide all the gases studied are virtually 

unaffected by such a trap and one was used throughout the measure-

ments. The actual 'degassing' effect became negligible after a 

long period of time but as calibrations and early measurements were 

made with the trap in place, this practice was continued. Carbon 
dioxide solubilities were the last to be measured and by this time 

the trap was unnecessary. 

If the final desorption pressure is per' , the analysis of 

the flushing technique shows that the pressure corresponding to all 

the diffusant equilibrated in the sheath is given by 

( p ) 
13  co = 

f 
where 

0.9213 2 
- 3/2 	3/2 
toe 

65. 

(76) 

f = 1 
1L 	3 toe  - tab 

tg2 - t42  0 Tabulated values of .9213 	, 2  

Appendix III. 

ana 	— 3 	toc - tab 
are given in 



The Henry's Law solubility constant as  is given by 

V 0 	273 4°3 cc at s.t.p. 
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273+Ta 	cc of polymer atmos (77) 

where 

V o  is the desorption -volume in cc 
v is the volume of the sheath in cc 
p i  is the equilibrating gas pressure in cm of Hg 

Ta  is the ambient temperature in °C 

A few runs were made without flushing the sample. 

By taking pressure readings as quickly as possible in the early 

stages of desorption a t 2  plot could be used to determine the 
quantity of gas not actually desorbed but coming from the small 

pockets in the glass and sheath. To use this method successfully 

the time over which the t 2  plot is linear must be sufficiently long 
to allow several experimental readings of pressure to be taken. 
When it was possible to use this method pressure readings were 

taken at regular intervals of time so that the desorption curve 
could be analysed. 

The desorption volumes were measured by gas expansion 
from the McLeod gauge in a similar way to that described for the 
permeation system in Part 3, section 2.3(3). 

Special operating procedures  

The use of the method described above to measure the 

solubility of helium in the polyethylene and nylon sheaths was 

complicated by the solubility of this gas in Pyr,:-x glass39. Attempts 

were made to measure helium solubilities in polyethylene by doing 

two identical runs, the first with the sample in place, and the second 

a blank run with the sheath removed. This allowed an estimate to be 

made of the quantity of helium actually dosorbed by the polyethylene. 

The errors associated with measuring 0 will be discussed 

in the result section. 



Part 4 

RESULTS AND DISCUSSION  

In this section the results obtained from the permeation 

experiments and the static solubility experiments are presented and 

discussed. The information gained from the permeation experiments 

on the individual sheaths is presented in two different forms. 	In 

the first instance the time-lag and steady-state flux are converted to 

DL  and 15  respectively, not only to allow a L  to be obtained from the 

ratio TVDL, but also to enable these parameters to be compared with 

others reported in the literature. However, these results are also 
required in the form of the time lag and conductance if the relation-

ship between the laminate and its component sheaths, predicted in 

Part 2, is to be tested. The results of tho permeation experiments 

on the laminate are reported in terms of Lc  and Yc  alone as both the 

overall diffusion coefficient and the permeability coefficient have 

limited meaning. A complete set of all results obtained from both 

the permeability and static solubility systems is given in Appendix I. 

4.1 	Results obtained from the permeation experiments on the  
individual sheaths 

4.1 .1 Estimation of errors  

The two basic quantities obtained were the time lag L and 

the conductance Y. The maximum error in L, based upon the repro-

ducibility of the results obtained, is estimated as 4,2 O. In many 

instances three separate experiments gave values of L which agreed 

to within +10. The conductance depends upon the ingoing pressure, 
the outgoing volume, and the slope of the steady state portion of the 

p-t plot. The error introduced by each of these factors is small and 

the conductance is estimated to be accurate to within ±1 %. From 

these two basic measurements is DL and 0 L are evaluated but 
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further error is introduced because they all depend upon the sample 
thickness. The maximum possible error in each of these parameters 

is shown in Table (6). It must be emphasized that these are estimates 

of the maximum possible error and one would expect the actual error 

to be smaller than these figures. 

Parameter 
Dependence on thickness 

and consequent error 
Dependence on basic 

parameter and 
consequent error 

Total 
error 

I5NYlon (R1-R0) ± 2% Y ± 1% ±3% 

PPolyethylene (R 2-IR.1) ± 4% ±5% 

DNylon (121-R 0) 2  ± 4% L ± 2% ± 6% 

DPolyethylene (R 2-R02  ± 8% ± 10% 

°LNylon (R1-R 0) f 2% L.Y ± 3% ± 5% 

°LPolyethylene (R 2-R1)  1  4% 
7% 

Table (6)  

Estimated maximum errors in P , DL  and aL 

4.1 .2 Permeability coefficients  

Experiments were made with at least two, and sometimes 
three, different ingoing pressures and in all cases the permeability 

was found to be independent of pressure. In Figs. (9) and (10) 

tog is plotted against the reciprocal Kelvin temperature for the 

nylon and polyethylene sheaths respectively. As expected, these 
plots are linear and values for the activation energies for permeation 

were obtained. These are presented, together with the permeability 

coefficients at 25 DC, in Table (7). Also included in this table are 
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the corresponding values obtained by Michaels and Bixler for 
Alathon, a polyethylene having a= 0.57 and so being closely 
related to the present sample. 

Gas 

Nylon Polyethylene 

eP  13(3[10 9) 

From experiments Michaels and Bixler 

eP  15(x1 03) c
P  , 

15  (X1 0 a  ) 
- 

Helium 

Neon 

Hydrogen 

Carbon 
dioxide 

Argon 

Nitrogen 

6.69 

8.47 

7.55 

8.1 

10.0 

- 

13.6 

2.03 

11.1 

3.80 

0.63 

- 

8.16 

9.00 

8.65 

8.26 

10.24 

11.32 

4.61 

1.81 

7.17 

11.9 

2.44 

0.85 

8.3 

- 

- 

9.3 

10.8 

11.8 

3,75 

- 

- 

9.60 

2.08 

0.74 

Table (7)  

Values for e in kcal/mole and P in cc at s.t.p. /sec cm atmos 

The experimental programme was concerned mainly with measuring 
both time lags and conductances in the individual sheaths to allow 
the time lag and conductance of the laminate to be predicted. Con-
sequently measurements of the conductance alone were not made when 
the time lag became excessively long. Also the precision of the time-
lag measurement depends upon having a measurable flow rate, When 
this became small, as occurred with some gases in nylon, measure-
ment of neither L nor Y was attempted. These factors resulted in a 
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reduction of the number of temperatures over which data werscollected 

for carbon dioxide, argon, and neon in nylon, and hence the activation 

energies for both permeation and diffusion calculated for these gases 

were not as accurate as those obtained for the polyethylene sheath. 

The flow rate for nitrogen in nylon proved too small for measurement 

to be made even at 60 °C. Results were obtained for all the gases 

in the polyethylene sheath over the temperature range 20 - 60 °C. 

In the nylon the permeability coefficients increased in the order 

Ar < Ne < CO2  < H 2  < 

while in the polyethylene the order was considerably changed at 

N 2  < Ne < Ar < He < H 2  < CO2  

The activation energies for permeation increased in almost the same 

order. For nylon the order was 

He < H 2  < CO 2  < Ne < Air 

and for polyethylene 

He < CO2  < H 2  < Ne < A.r < N 2  . 

Permeability involves both solution and diffusion coefficients and 

hence while it is probably the easiest of the diffusion parameters 

to measure it is extremely difficult to interpret in terms of mole-

cular parameters,. 

4.1.3 Diffusion coefficients obtained from the measurement  

of the time lag  

Figs. (11) and (12) show plots of 4.09DL  vs 1  IT  for 

the nylon and polyethylene sheaths respectively, where DL  is the 

diffusion coefficient calculated from the measurement of the time lag. 
For all gases but helium and neon the time lag was obtained by draw-

ing the best straight line through the steady state points on the p-t 

plot. Because the time lags for both helium and neon were small a 
least squares analysis was used to.determine both L and the slope 
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of the steady-state line, b. From the straight lines drawn through 

the points on Figs. (11) and (12) the activation energies for diffusion 

were calculated and are shown, together with the value of DL  at 

25 °C, in Table (8). 	Again, values obtained by Michaels and Bixler
23 

Gas 

Nylon Polyethylene 

e D  DL  (x107) 

From experiment Michaels and Bixler 

€ D  DL(x107)  7) e D  DL(xl 0 7) 

Helium 

Neon 

Hydrogen 

Carbon 
dioxide 

Argon 

Nitrogen 

5.31 

7.87 

7.18 

12.4 

1007 

- 

30 

3.45 

8.0 

0.07 

0.1:3 

- 

4.92 

6.46 

6.71 

9.60 

9.36 

9.40 

93 

25.5 

47.0 

4.33 

4.18 

4.60 

5.9 

- 

- 

9,2 

9.9 

10,1 

68 

- 

- 

3.72 

3,20 

3,6 

Table (8) 

Values for eD in kcal mole and DL in cm2sec-1  

are included. While the actual magnitudes for the nylon and poly-

ethylene are different the order of increasin DL  is the same, being 

N2  < CO 2  < AT. < Ne < H 2  < IL The activation energies for 

diffusion increased in almost the opposite order to this sequence, 

the order for nylon being 
He < 1-12  < Ne < A.r < CO2  

and for polyethylene 

He < Ne < H 2  <N2  < Ar < CO2 
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As mentioned in the introduction, doubt has been cast 
recently on the form of the second equation of diffusion as applied 

to a medium exhibiting blind pore character. The normal starting 

equation for a slab has been 

ac(r,t)a 	ac(r,  c(r , 
- 	(Dr 	 

a t 	ar 	a r 

where Dt  is the diffusion coefficient associated with flow through 

the membrane. The term blind pore is applied to any part of the 

membrane in which flow takes place in the transient state but not 

in the steady state. According to Ash, Baker and Barrer34 the 

rate of build up of concentration in the membrane is due to the 

transient flow in both the through pores and the blind pores and 

consequently equation (78) should be modified to include this contri-

bution from the blind pores, giving 

76 ,  

(78) 

"e)c(r, t) 

  

b c(r t) 
DB)  a r 	 

 

(79) 

     

        

where DB  will have the nature of a diffusion coefficient but will 

decay to zero as the steady state is attained. Because this term 

has previously been neglected the relationships used to derive the 
diffusion coefficient DL  from the time lag have been incomplete lead-
ing to false values for DL  being obtained. Taking equation (79) as 
the starting equation we shall obtain an expression for the time lag 

at a general point X in a slab using the same approach that we 

applied in 
respect 

where 

Part 2, section 
to r from r to X 

.111. 

c(rt).dr  

1.2. 	Equation 
giving 

-cl(t) x 

(Dt 	D B 

(79) is integrated with 

c(r,  t) 	c(r , D  (80) .1 	at 

qx(t) 	= 

D t I, 

ac(r,t)  

r 

r=X 

B ar ' 

3r 



qx(t) is the flux crossing the plane at r=X at time t and is made 
up of flow in both the through pores and the blind pores. Integrat- 

ing again with respect to r this time from 0 to .t. and rearranging 
gives 	 4, X , 

qx(t)  - 
Dt  c 	o 	;;it f 	drdr 	J 

D 
 B 6 r 

21.2„.(atldr  

Dt c 1 

where we have assumed that Dt  is independent of concentration, 

position and time. The quantity which has passed through the plane 
at X in a time t is obtained by integrating this expression with 

respect to t from 0 to t, i.e. 

Mtx = S qx(t) dt 

For t sufficiently long Mtx = 43(t - L) where tlt is the steady state 
flux and is given by 

Dc 
= 

Integrating equation (81) with respect to t from 0 to t co, where t 

is sufficiently long to allow the steady state to have been obtained, 

and using the results that 

one obtains 

limit 
t -400 

t 
1-• ac(r,t)  dt  
J 0 at =) C (r, 

Lx c(r  
Dt  

4, 	X 	
1 

t co J,
1 	1 

r• 

o r 	c1  o o 
jc(r)drdr + — ff D B )rt) drd  

The term 1 
C l  

t= 
„ 

B 	o 
1.2( 

r  
KA). drdt will be negative in sign as '  

0 0 
D 	r t) 

B ar 	will be negative. We shall put 
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t.4, 
= 
 - jS D 	drdt B r 

It will be seen that this term is independent of the position in the 

membrane. Previously one wrote that 

4, X 
1 

c(r)drdr 
c1  o r 

and consequently the magnitude of the constant of proportionality 
1 between LX and — was too large in a positive sense. Dt  

For the normal time lag one now obtains 

Lout = 
1 	

c(r)drdr - 5 
Dt c1 o r 

and for the ingoing time lag 

o 
1 	[ 

(r)drdr - 6 
Dt e 1 	o 

r 

- c(r)drdr 6 
o o 

The diffusion coefficient measured from the normal time lag should 

be smaller than the value obtained from the expression previously 

used. Conversely, for the ingoing time lag, the magnitude of the 
constant relating Lin  to 1 /Dt  is larger than previously realised 
and hence any diffusion coefficients determined from such a measure-

ment would be smaller than they should be. It will be seen that the 

time -lag difference is unaltered by the introduction of this factor 
but the actual ratio ofLin  /Lout will be affected. It is impossible 
to say from the expression f 	6 what magnitude it may have com- 

pared with the other term 	c(r)drdr. It would be possible, 
o r  

however, to gain information on the magnitude of 6 by measuring 
both Liu  and Lout  and comparing the ratio of 1 Liu  / Lout  
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Dt  

  

1 	1 

Dt  
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For a slab this has been predicted, from the usual treatment 

given in Part 2, to be 2 . If 6 has any appreciable effect one 

would expect the measured ratio 1 Lin  I / 1 Lout I to be greater 
than 2 as 

  

Zr 
r 

c(r)drdr + 
o o  

-E, 

Sc(r)drdr - 6 
r 

 

- f, r 
c(r)drdr 

o o 

  

I Lin I 

   

- 2 

      

Lout I 

     

  

c(r)drdr 
-o r 

  

     

Until experiments are performed and the magnitude of 6 ascert-

ained, the magnitudes of the diffusion coefficients DL we have 

determined must be suspect. Under these conditions attempts to 

interpret the magnitude of D 0  seem rather artificial. This factor 

6 will not, however, influence the values obtained for e D  . 

4.1 .4 Desorption time-lag measurements  

The possibility of measuring outgoing desorption time 

lags on the existing permeation apparatus was not realized until 

recently and consequently only a few results have been obtained. 

The main aim of these experiments was to measure the outgoing 

desorption time lags for flow in the normal and reverse direction 

so that the ratios Lout  L and Lout  L could be compared with 

the values predicted for them by the theory in Part 2. In the dis-

cussion of these time lags in Part 2, sect. 1 .3, it was pointed out 

that the normal time lag involved must be long enough to allow suffic-

ient experimental readings of pressure to be obtained on the linear 

portion of the p vs t 2  plot. This is essential in making allowance 

for the gas lost during the pump down period. Both argon in poly-

ethylene at 21 °C and neon in nylon at 30°C satisfy this condition 

and so desorption time lags were measured for these cases. 

7 9,. 



at a uniform concentration c 

(DT 
Tr 

If c , is the concentration in 

as 
M

t 2c 
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In Figs. (13) and (14), (13  /pi ) converted to a common 
outgoing volume of 500 cc is plotted against t 2  for both the nylon 
and polyethylene experiments, According to diffusion theory the 
quantity which has diffused out of a semi-infinite medium initially 

if in a time t, is given by Crank, p.31, 

cc of medium 
cc at s.t.p.  then M

t will be the quan-
tity lost per unit area of surface in time t. The total quantity Mt  
lost from a medium with surface area A. is therefore given by 

/Dt\l" 
Mt  = 2A c 

With the gases and polymers under.congideration Henry's law holds 
and hence we may write c i  = am where pi  is the equilibrating gas 
pressure in atmospheres. For these experiments under desorption 
conditions p1  will also be the incoing gas pressure. We may there-
fore write 

(86a) 

(86b) 

D\2  
2A a (87) 

where the left-hand side is effectively the slope of the straight 
lines in Figs. (13) and (14). For a single membrane the ratio of 
the slopes for the direction of flow out of and into the sheath will 
be in the ratio of their respective surface areas i.e. Rex 

R . , 
as the other factors in the right-hand side of equation (87) will 
be constant. This is found to be so. The actual slopes, the 
ratio of the slopes, and the ratio of the radii are shown in Table 
(9). 

Nylon Polyethylene 

Slope in -, out 
out-. in 

Ratio 

Rex / / Rin in 
R/ 	-,-, t:t

-L1  

1.26 
0.73 
1.73 
= 	1.70 R2A, 

14,8 
10.3 
1.44 
= 1.42 

Table (9)  icm of Hg at 590 cl x106  Slopes taken from Figs. (13) and (14) in units of Lem of Hg.min/ 
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From the measured slopes one obtains a value for aD 2 	By sub-
stituting fora from the results obtained from the static solubility 

measurements a value for Da can be obtained. To discriminate 

between this coefficient and others obtained from the time lag and 

steady state measurements we have added the subscript t 2  . The 

results of these calculations are shown in Table (10). 

as 1 Dt -2- DL 

Polyethylene 0.058. 3.3 x 10-7  3.8 x 10-7  

Nylon 0.0058 4.7 x 10-7  4.4 x 10-7  

Table (10) 

The diffusion coefficient Dt 2  I depends upon the square of the 

measured gradient and also upon the square of the solubility as. 
Reasonable errors in both these measurements can contribute to 

a large error in Dt+ 	The agreement between DL  and Dt2 is 

therefore reasonable. 

One point which is immediately noticed in both Figs. 

(13) and (14) is the way that the curve of pressure vs t2  falls 

below the initial straight line, as t increases, for diffusion from 

the inside to the outside of the sheath, and climbs above the line 

for the opposite direction of flow. This presumably can he 

explained by diffusion theory but no attempt will be made to do so 

here. 

The pressure at which the extrapolated t 2  plot inter-

sected the t=0 axis was taken as zero pressure and the experimental 

readings of pressure adjusted accordingly. The curves obtained 
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are shown in Figs. (15) and (16). The pressures read were almost 
ten times smaller for neon in nylon compared with the argon in poly-
ethylene and consequently the scatter is greater in the former case. 

. From Table (2) in Part 2 one obtains that 

-̀d 
L out 

1 - B 

and 
d 

L out 1 E 

 

L 

El:  E 2 , B1  and B 2  have already been evaluated and are included 
in Table (6) in Part 3. The measured time lags, their ratios and 
predicted ratios are contained in Table (11). 

Nylon Polyethylene 

L out 
d L out 

L 

-89 

-160 

60 

-127.5 

-195 

76 

'd Lout -1.48 

-1.52 

-71.68 

-1.65 

L 

1 - B 

d L out -2.66 

-2.58 

-2.57 

-2.35 

L 

1 - E 

Table (11)  
Time lags measured in mins for the desorption experi- 

ments and their predicted ratios. 
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The agreement is good in both instances confirming the relationships 

derived theoretically in Part 2 concerning these time lags. 

In the theoretical section it was shown that the outgoing 

desorption time lag measured at a face was equal to the ingoing 

sorption time lag measured at the same face, and also that the in-

going desorption time lag at a face was equal to the normal time lag 

L. These results are contained in Table 2 in Part 2. Therefore 

by comparing Figs. (i 5) and (16) with Fig. 3 in Part 2 one can see 

how to obtain the quantities Q, U and hence a. Both Q and U can 

be obtained directly from Figs. (15) and (16). For polyethylene one 
t p . . obtains U = 9.67x10-2 cc at s . 	which, remembering that U = v a cm atmos 

where v is the volume per unit length of sample, gives a value for 
t.  p . the solubility of a = 0.054 	cc at s . 	In a similar way cc of polymer atmos • 

for the nylon one finds U = 6.32x10" cc at s.t.p. giving; o=0.0059 cm atmos 

ubility experiments were respectively 0.053 and 0.0053 cc at s.t.p.  
cc of polymer atmos 

for the polyethylene and nylon. 

4.2 RE,,sults obtained from the permeation experiments on the  

laminated sheaths  

4.2.1 Conductance measurements  

According to eqn. (40) in Part 2 the conductance of the , 

laminate, Yc, should be related to the conductance of the individual 

sheaths by the equation 

1 	1 	1 _ — 
Yc Y1 Y2 

From this equation one immediately sees that the conductance of the 

laminate will always be smaller than the conductance of either of the 

(33a) 

cc at s.t.p.  . 	The values obtained from the static sol- cc of polymer atmos 



laminae. Therefore, as expected, when one conductance is far 

smaller than the other, the conductance of the laminate will be 

determined almost entirely by this lamina. 

In Table (12) the conductance of the laminate calculated 

from the measurements of Y1  and Y 2  is compared with the value 

obtained from the direct measurement on the laminate. There is 

excellent agreement shown between the calculated and experimental 

values, most agreeing to within -2 %. There is a slight tendency 

for the calculated values to be greater than the experimental ones. 

This may be due to slight differences between the sheaths of the 

laminate, and those used for the measurement of Y 1  and Y 2. 

38 . 

Temperature dependence of Yc  

The conductance equation can be written as 

Yi 
Yc - 	 

1 + Yi  Ar 2  

The conductance of a lamina is proportional to its permeability 

coefficient and as we know the latter to obey the law 

P o  exp - €1VRT 
we can write 

Y1  = Y1  exp - E131 /RT 

and Y2 = 	exp cP2/12T 

where cp.!  and ep 2  are the activation energies for permeation 

for lamina 1 and lamina 2 respectively. One would therefore 

expect a plot of 4,n Y1  vs 1 — to be linear. By substituting these 

expressions for Y1  and Y 2  into equation (88b) the temperature 

dependence of Yc  can be obtained as 

Y1 exP 	I /RT  
Yc(T)  = 	Y 

1 + 	exp (ep 2  - ep 
Y 	 1),RT 

(88b) 

(89a) 



Gas Temp 
°C 

, 
1  1 Y2 /Y Y 1 	2 Ye  talc Ye  exp 

Helium 10 8.3/  40.0 0.20 8  6.8 0  6.72 
20 1 2.0 64.5 0.186 10.1 3  10.24  
30 17.6 103.4 0.17 0  15.03  14.7 a  
40 25.5 161 0.15 6  21.9 8  21.7 3  
50 36.6 239 0.15 3  31.7 6  31.5 5  

Neon 30 3.1 2  41.9 0.075  2.9 0  2.86 
40 4.86  68.0 0.071  4.53  4.45  
50 7.17 102.5 0,07 0  6.6 9  6.5 7  
60 11.4 168 0.06 0  10.7 0  10.5 3  

Hydrogen 20 10.9 99.4 0.11 0  9.83  9.64 
30 16.1 163 0.099  14.63  14.24  
40 23.8 261 0.091  21.84  21.4 0  
50 35.3 396 0.08 9  32.4 0  31.63 
60 51.8 597 0.08 7  47.6 2  46.71  

Argon 40 1.72 103.6 0.01 6 1.6 9 1 .6 6 
50 2.73 168 0.01 6 2.6 9  2.6 7  
60 4.48 264 0.01 7  4.41  4.3 6 

Carbon dioxide 40 9.0/  430 0.02/  8.83  8.84  
50 12.76  616 0.02/  12.5 0  12.4 8  
60 19.4 920 0.021  18.97  18.7 2 

Table (12)  

Comparison between the conductance of the laminate predicted 
from the conductances of the laminae, and from direct measure- 

[cc at s.t.p. 	8 mcnt. All conductances are in units of x 10. sec cm atmos 

89. 



 

9D. 

or alternatively 

Yc(T)  	 exp - eP1  
1 + Y1  /Y2 	IRT 

1 When 	= ep  a plot of Zn Yc  vs 71, will always be linear 
2 

irrespective of the relative magnitudes of Y1  and Y2. When 

(89b) 

e_ 	e 	such a plot may still appear linear provided one 
2 

conductance is very much smaller than the other. For example, 
Y1  

if — << 1 over the temperature range investigated Yc(T) can Y. 
be written as 

Ye  (T) = Y4ft exP - 6 P1  /la 

Y 
When 7,— is less than unity, but causes an appreciable change in 

1  2 
Y, 

the factor (1 +) over the temperature range investigated, the Y 2  
1 plot of ,E,n Yc  vs T — will be curved. If e

P 2 
> e 1, then this 

factor will decrease as the temperature increases and the plot will 

curve upwards as the temperature increases. Conversely if 

eP1 > en  this factor will increase as the temperature increases 
J- 2  

and the plot will curve downwards as the temperature increases. 

Ye 

1/4  



The detection of such curvature will depend upon how the .factor 

(1 + Y/  /Y 2) changes over the temperature range investigated. If 

this is significant the curvature should be evident; In Fig. (17) 

'Los Ye  is plotted against reciprocal Kelvin temperature; 

From the individual sheath experimentS it was found 

that Y i  was always less than Y 2. The values of the ratio Yi /Y 2  

for all the gases investigated are included in Table (1 2). For 

helium the factor (1 71- Y1  /Y 2) changes from 1 .21 to 1 .15 over the 
temperature range 1 0°C - 50°C and hence one would expect to be 

able to detect an uoward curvature corresponding to curve (1) in 

the diagram. This curvature is distinctly evident in Fig. (17). 
The change in this factor for hydrogen and neon is considerably 

smaller but there is a slight tendency shown for these plots to be 

curved upwards in r. similar manner. Values for eye  were 

obtained by drawing the best straight line through the points on 

the to9Ye  vs -IT plot. The slight curvature resulted in the 

values obtained being larger than ep i , the difference being 

greatest for helium. The experimentally determined activation 

energies associated with Y1  , Y 2  and Ye  are shown in Table (1 3). 

Gas Nylon 
(Lamina 1) 

Polyethylene 
(Lamina 2) Laminate 

I 'chum 6,6 9 8.1 6 6.96 

eon 8.4 7 9.0° 8,67 

Hydrogen 7.5 5 8.65  7.5 9 

Carbon dioxide 8.1 8.2 6 7.8 
Argon 10.0 1 0 . 2 4 9.9 

Table (13)  

Activation energies in }coal/mole associated with the con-
ductances Y1 , Y 2  and Ye. 
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4.2.2 Time lag measurements  

The time lags measured in lamina 1 (nylon) , lamina 2 
1 (polyethylene) and in the laminate are shown as plots of tag L vs ,r, 

1 in Figs. (1 8), (19) and (20) respectively. The plot of 'tog  Lc  vs I; 
appears to be linear and by drawing the best straight line through 

the experimental points values for c L  were obtained. The 

corresponding values associated with L1  and L 2  will be equal in 
magnitude but opposite in sign to those already determined for DL, 
i.e. e Li  = -EDI  and c L 2  = 	D2 	

1 
. 	Values for c L 	c and 

2  
C lic  are shown in Table (14). 

Gas Lamina 1 Lamina 2 Laminate 

Helium 5.31  4.92  5.28  
Hydrogen 7.1 8  6.71  7.1 6 

Neon 7.87  6.4 6  7.4 2  
Argon 10.7 9.4 10.8 
Carbon dioxide 1 2.4 9.6 1 2.5 

Table (14)  

Experimentally determined values for e. Li  , c L2  and 
L 	in heal /mole, where c L  satisfies the equation 

a 
L = L o  exp c L/RT . 

According to the theory developed in Part 2, the time lag 
associated with the laminate, Le, can be expressed in terms of L1  , 
L 2, Yi  and Y n  by the ocuation 

Lc  L1  L2  B1L1  E2L 2  
= 

Yc 	 Y2 	Y2 	Y1 
(90a) 
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where 1 
Ye  

1 + 1 
Yi Y 2  
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This expression is easily obtained by substituting n = 2 in the 

alternative form of equation (56) on page 39 . The dimension-

less parameters 131  and E 2 have already been evaluated from the 

sheath dimensions and appear in Table (6) in Part 3. Values 

calculated for Le  from equation (90a) are compared with the experi-

mentally measured values in Table (1 5). Good agreement is found 

between the measured and calculated values. 

Uncertainty in each of the parameters L i , L 2, Y i , Y 2 , 
B i  and E 2 will have an effect on the accuracy of the predicted time 

lag Le. In order to estimate this it is necessary to know the 

relative magnitudes of each of the four terms involved in the summa-

tion. This information is given in Table (16) where the contri-

bution made by each term is expressed as a percentage of the total 

summation. In all cases the dominant term is L1  /y-  and in most 

instances 1-12 /Y 2  is negligible. 

By substituting for L and Y in terms of D and o- one finds 

D 1 
that 	cc 	where the constant of proportionality is dependent 

0 
upon the dimensions and shape of the membrane. In the case under 

consideration, to a first approximation this constant is the same for 

lamina 1 and lamina 2. Also the solubilities are roughly the same 

in both samples and hence the great difference between L i /y1  and 
L- z /y-  2  is due primarily to the difference between the squares of 

the diffusion coefficients. 	Although the contribution made by 

lamina 2 is negligible in this term, it does have an appreciable 

effect in the cross terms B L /y  I 	1 	 2  and E2L2  /y. 1  . 

igate them we rewrite equation (90a) in the form 

   

Le 	L i  

Yc y 

	

L2 Y1 	Y1 	L 2  

1 + r• 	+ 131 7- E2 
1 	2 	 2 	1'1 

(90b) 

   

   

Values of the ratios YI  ly 2 and Li / / L 2 have been included in 

To invest- 



Gas 
Temp 

°C 
L1  

mins 
L 2  

mins 
Lc  
calc 

Le 
exp 

(6) 

% 

Helium 10 14.2 4.63  31.5 32.5 32.6 
20 10.3 3.4 0  22.6 22.9 33.0 
30. 7.6 2.61  16.7 17.4 34.4 
40 5.6 2.04  12.5 13.0 	136.4 
50 4.4 6  1.5 7  9.8 10.1 35.2 

Neon 30 60.3 9.5 95.1 95.6 	i 1 15.8 
40 39.6 6.4 62.6 65.0 	j 16,2 
50 27.6 4.9 44,7 45.0 17.8 
60 18.6 3.5 30.5 30.9 18.8 

Hydrogen 20 40.5 7.25  68.8 71.5 17.9 
30 26,8 4.95  45.4 46.5 18.5 
40 17.7 3.3 0  29.8 32.0 18.6 
50 13.4 2.65  22.8 23.5 19.8 
60 1 9.2 1.80  15.6 16.2 19.6 

hours hours hours hours 
Argon 40 11.8 0.46 13.5 13.7 3.9 

50 7.1 0,295  8.2 8.8 4.2 
60 4.2 0.195  4.9 5.2 4.6 

Carbon dioxide 40 23 0.4S 25.5 27 2.1 
50 12.7 0.30 7  14.2 15.3 2.4 
60 6.9 0.20 0  7.8 8.1 2.9 

Table (15)  

Experimentally determined values of L1 , L2  and Lc  and 
the value for Lc  calculated from equation (90a). 
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Gas Temp 
oc 

L1  L 2  B i L 	I E 2L 2  

Y1 Y2 Y2 Y i  

Neon 30 59.0 0.69 15.7 24,6 
40 59.0 0.68 15.1 25.2 
50 57,7 0.72 14,4 27.1 
60 57.2 0.72 13.9 28.2 

Helium 10 37.41 2.53 27.8 32.2 
20 38.4 2,36 25.6 33.6 
30 38.8 2.27 22.6 35.3 
40 38.6 2.23 21.9 37.3 
50 39.5 2.13 21.6 36.8 

Hydrogen 20 53.0 1.04 20.8 25.1 
30 53.8 0.98 19.0 26.3 
40 54.4 	0.93 17.8 26.9 
50 53.7 	0.95 17.1 28.2 
60 51.8 	0.93 16.9 28.4 

Carbon dioxide 40 88.4 	0.04 6.6 4.9 
50 87,9 0.04 6.5 5.6 
60 86.8 0.05 6.5 6.6 

Argon 40 86.0 	0.06 5.1 8.9 
50 85.51 	0.06 5.0 9.4 
60 84.41 0.07 5.1 10.4 

Table (16)  
Percentage contribution made by each term to Lc /ye 
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E 2-L2 

Y 	 02 

a1 
• 

Tables (12) and (15) respectively, The ratio Y  I f / y 2  is, to a 

first approcimation, proporitional to D/  (-51 D 
-Li 2 G 2 

assuming the solubilities to be approximately equal. Similarly 
L2/1 ji c„ D1/D2 and so both these terms depend upon the ratio 

of the diffusion coefficients. The actual ratio 

B1Y1  L2 	B1L1Y1 61 
CC ••••••.• 

Y2 
	L1 	Ifi2L2Y2 

	G 2 

which, in the case under consideration, has a constant of pro-

portionality of 0.9, Therefore we may write 

10,0, 

61 As in all cases but carbon dioxide 	< 1 the contribution 
G2 

would be expected to be greater than that made 
B1L1 	 / 

by 	. This is shown to be true in Table (16). 

We see that reasonable errors in the parameters B i  

and E 2  will cause even less error in the total summation for 
Lc  

as the maximum contribution made by either of these terms is 

3f%. The errors in L and Y have already been discussed. It 

appears from the excellent agreement found between the calculated 

values and the experimentally determined values that the actual 

errors involved must be small. 

No attempt is made to investigate the temperature 
dependence of Lc, as a general treatment becomes extremely 

complicated. From the values of a L  shown in Table (14) it 

appears that eLe  is almost the same as eLi  for all the gases 

investigated. 

E 2L 2  
made by y 



4.2.3 The effect of a gap between the laminae  

We consider the idealised case of a uniform gap between 

laminae 1 and 2, which welabel lamina (g). 

101. 

r 
i 

(1) (g) (2) 

direction o f flow 

R o 
	R1 
	R 2  

The conductance of such a laminate is predicted by the equation 

11 	1 	1 
T Y 	Y1 + Y 	+ Y2 

For a gap, however, Dg  will be infinite and consequently Yg  will 
also become infinite as by definition 

W v  

I v(Rit  

The conductance of this membrane will therefore be the same as 
if the gap did not exist, i.e. 	= Y. 

By putting n = 3 in the alternative form of equation (56) 
on page 39 the time lag for this membrane is obtained as 

L1 	L2 	Ln, 	1 	1 
+ 	+BiL i  

Yi 	Y2 Yg. 	 YE;  Y2 

\ 
i  + B g  L, ( 1—,

2  ) + —(E g g L + E2L 2) 
1  

1 	1 	1 
+y  (E2L2) L 

Yi g gY12 

'V" c  
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For a gap Yg becomes infinite and Lg becomes zero because of 
their respective definitions, but the term F f L gY remains r  
finite. From the definitions of F0, L0 and Y one finds that 

Fe L Y8 = (vol. of 0 component) x a0 

For the slab it will be the volume per unit area of cross section, 

for the hollow cylinder the volume per unit length of cylinder, 

and for the spherical shell the total volume. The "solubility" 
in a gat will be unity. Making these substitutions for Lg and Yg  

in equation (92) leaves 

.Lc 	Li ± L 2 	BiL l 	E2L2 
Xc 	Y1 ~2 	Y2 	Y 

(vol. of gap) x 1 

YiYz 

i• e• 	Lc 	Lc 
+ (vol. of gap) 	

(93) 

The presence of such a gap will therefore increase the time lag 
ivy . of gap)  by the factor 	. This term will be controlled by 

+ Y2 
the membrane with the greatest conductance. In the case of the 

laminate used this would be lamina 2. The smallest value of 

(Y1 + Y 2) obtained in the experiments performed was for neon 

at 30 °C, this value being 45,04 x 10-6 cc at s.t.P.  
sec cm atmos 

Under these conditions the effect of such a gap would be greatest. 

The difference between the measured and predicted value for the 

time lag would be equal to (vol. of rap) 
45.04 	x 10' sec. If this factor 

is equal to 1 min the gap involved would be 2..7 x 10-4-cc. The 

good agreement between the calculated and measured values for Lc 

rules out the existence of any such gaps between the laminae. 

Small localised gaps between the membrane are more difficult to 

treat but one would imagine them to have a similar effect in delaying 

the attainment of the steady state. 
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While the steady-state flux remains unchanged if the 

order of the laminae in a laminate is altered we have shown that 

the time lag can be changed, sometimes quite drastically. This 

may have practical applications when a membrane (or slab) is 

required to act as a barrier to either heat flow or gas permeation 

for a limited period of time only. The quantity of diffusant which 

has passed through the membrane in a time T if the steady state 

has boon established, is given by 

ivi 	(T - L) 

where 	is the steady-state flux. In most instances L is negligible 

compared with the times concerned and the quantity MT  depends 

only upon the steady-state flux. This in turn is proportional to D 

and inversely proportional to the thickness of the barrier. To 

reduce M one requires to reduce 	usually by increasing the 

thickness of the barrier, or alternatively by adding another mem-

brane which has a small D. While this will have the required effect 

on the steady-state flow,. for short times it would he better to add a 

membrane between the original barrier sliced into two laminae. In 

this case the D associated with this slice is relatively unimportant 

and the solubility is the parameter which will most affect M T  • The 

corresponding situation in heat flow requires the similar 

addition of a lamina whose thermal conductivity K is relatively 

unimportant, but whose product of density x specific heat will 

be the relevant factor in determining the magnitude of 	. If 

one could arrange to have the centre lamina of a material which 

melted at a temperature just above the original temperature of the 

barrier before one side was subjected to the heat, then the latent 

heat of melting could be used to advantage, as this lamina would 

have an extremely large effective specific heat. 
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4.3 Solubility results 

The original cell built to measure static solubilities in 

the individual polyethylene sheath differed from the one shown in 

Fig. (8) . The glass envelope extended only a short distance above 

the top of the sample and consequently when changing over from 

sorption to desorption conditions the mercury level was kept just 

a few centimetres above the sample. Using Lechniques similar to 

those described final desorption pressures were measured and an 

isotherm obtained for neon in polyethylene at 40°C. This is shown 

in Fig. (21 i . A distinct deviation from the expected Henry's law 

behaviour• was observed which was shown, by further experiments, 

to be in evidence at other temperatures also. It was felt that 

this curvature was associated with the method of measurement 

rather than being caused by a real deviation from Henry's law 

but it was not until measurements with neon had been abandoned 

and carbon dioxide used as the diffusant gas that the source of 

this curvature became apparent. With carbon dioxide difficulty 
was found in obtaining a good vacuum after the sample had been 

flushed, and the Pirani gauge used to monitor pressure in the high 

vacuum line would flicker indicating sudden small increases of 

pressure. A chance observation of bubbles of gas escaping from 

the top of the mercury led to the explanation of all these effects, 

If the sample had been equilibrated with gas at x cm of Hg then it' 

was possible for this gas to desorb from the sample and form bubbles 

in the mercury down to a depth of x cm below the mercury level. 

This gas could then bubble up through the mercury and escape. 
Because of the high solubility of carbon dioxide these bubbles were 

frequently breaking through the surface of the mercury and could 

be easily seen. While the same effect was taking place with neon 

the far smaller solubility meant that fewer bubbles would be in 

evidence. When the equilibrating pressure had been small only 

a small fraction of the sample could lose gas in this manner and 

the point obtained were close to the true values. At higher pressures, 
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however, quite appreciable quantities of gas were lost which 

explains the downward curve of the isotherm shown in Fig. (21). 

This defect was remedied by extending the glass envelope and 

support tube so that the mercury could be raised to 30 cm above 

the top of the sample, During the time that the volume above the 

mercury was being pumped there was 30 cm of mercury kept above 

the sample and provided the equilibrating pressure was less than 

this value no gas could escape. The isotherms obtained with this 

modified apparatus showed the expected Henry's law behaviour, 

and the one obtained for neon in polyethylene at 40 °C is shown in 

Fig, (21 ), The nylon system was built after these difficulties 

with the, polyethylene system had been overcome. 

4.3 .1 Static solubility results 

A. complete set of the results obtained from the static 

solubility systems is oontained in Appendix I c. In Figs. (22) 

to (26) the results obtained from the polyethylene system are shown 

as isotherms. The uptake v' is the measured uptake in cc at s.t. p. 
cc of polymer 

Because of the extremely long times required to equilibrate both 

argon and carbon dioxide in the nylon sheath only a single point 

was obtained for each of these gases at each temperature and they 

do not therefore warrant being plotted as isotherms. Also the 

apparent heats of solution for neon and hydrogen in nylon are almost 

zero and consequently the isotherms are extremely close together. 

Because of these factors the nylon results are better expressed in 

a Table rather than as diagrams. The scatter involved can read-

ily be seen from the tabulated results in Appendix I c. The McLeod 

gauge of the polyethylene system showed extremely good reproduc-

ibility in pressure readings but the one associated with the nylon 

desorption volume was more erratic due to a tendency for the mercury 

to stick in the capillaries. Had this gauge been required to measure 

pressures which were changing with time, as on a permeation system 

1C) 
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for example, this could have been serious but as interest lay in 

the final desorption pressure which remained constant several 

readings of the gauge could be made to ensure that a correct 

reading was obtained. 

There may be some doubt as to the accuracy of the 
values obtained for as  because of the flushing process. The 

factor f used to correct for the gas lost during this process is 
given by 

f = 1 0.9213  2 [tc4 tabl 
nil] 3 	tb c- tab 

(cf. Appendix III). One assumption already made in obtaining 

this expression is that DL  can be used as the diffusion coefficient 

relevant to the desorption process. Suppose this assumption is 

in error by 10%. The effect upon the factor (1 -f) will be reduced, 

to 5% because the above expression depends upon 1 which is 
proportional toIfYL. Error will also be introduced with the 

measurement of the times involved. An error of ± 0.5 seconds 
in tab will introduce a percentage error into the time factor 
2roc2 tabl 

of ±10%. If the maximum error in the factor (.1-f) 
3 	to c-  tab 
was taken to be ±15% it would still not introduce much error into 

f itself as in most cases (1-f) is less than 0.1. This error of 

±15% is therefore reduced to less than ± 2% in f. The estimates 

of the errors have been made extreme to illustrate the small effect 

they will have on the value obtained for Gs* 	Therefore one feels 
confident that under the present experimental circumstances the 

flushing process does not introduce large uncertainty into the 

value of as  . By taking the errors associated with volume cali-

brations, pressure measurements and the flushing process into 

account, the value obtained for as  is estimated to be accurate 

to within ±2%. 
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4.3.2  Discussion on as   and GI., 

Both as  and a L  (the latter obtained from the ratio 

P / 	are shown for nylon and polyethylene in Figs. (27) and 

(28) as plots of to9 Cy vs 1`T . As expected these plots are 

linear demonstrating that the solubility coefficient obeys the law 

0  exp 	/RT 
	

(94) 

where al is termed the apparent heat of solution. This term will 

be discussed later. While, to within experimental error, as  is 

equal to al, for the nylon sheath this is not so for the polyethylene. 

The ratio as  /al, for both sheaths is shown in Table (17). Except 

for carbon dioxide there appears to be no definite dependency of 

this ratio on temperature and consequently the apparent heats of 

solution for all gases but carbon dioxide will be the same for both 

as  and oL  . The apparent heats of solution are shown in Table . 

(19). 

The solubility coefficient in a crystalline polymer, a 

has been shown to be related to the solubility coefficient in pure 

amorphous polymer, as  , by the expression 

a 	= 	CC G " 

where a is the volume fraction of pure amorphous polymer present 

in the sample23. For the present polyethylene sample a , has been 

estimated to be 0.56 at 22°C and hence one can obtain values for 

as from the experimental results, In Table (18) values for a, 

calculated from both aL and as  are given together with the values 

obtained by Michaels and Bixler23 . Their values were obtained 

from the measurement of GL  . 

Because it is a direct measurement as  must represent 

the true solubility coefficient in the polymer, and hence the value 

obtained for 	from as will represent the true solubility coeff-

icient in completely amorphous polymer. From Table (1 8) it is 
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Polyethylene Nylon 
Gas Temp 	 

6, uT 	cs a s  sioL Gs a 

20 0.0066 0.0087 1.32 
30 0.0079 0.0097 1.23 
40 0.0037 0.0111 1.23 
50 0.0100 0.0126 1.26 
60 0.0116 0.0144 1.24 

20 0.0143 0.0161 1.27 
30 0.0160 0.0200 1.25 
40 0.0171 0.0223 1.30 
50 0.0209 0.0249 1.19 
60 0.0214 0.0291 1.36 

20 0.0169 0.0239 1.26 
30 0.0220 0.0262 1.19 
40 0.0241 0.0237 1.19 
50 0.0255 0.0310 1.22 
60 0.0281 0.0350 1.25 

20 0.279 0.321 1.15 
30 0.264 0.301 1.14 
40 0.240 0.239 1.17 
50 0.225 0.233 1.26 
60 0.219 3.273 1.25 

30 0.0523 0.0615 1.16 
40 0.0563 0.0640 1.13 
50 0.0591 0.0690 1.17 
60 0.0615 0.0734 1.19 

Neon 

Hydrogen 

Nitrogen 

Carbon 
dioxide 

Argon 

0.0060 
0.0062 
0.0063 
0.0063 

0.0054 
0.0056 
0.0062 
0.0065 
0.0066 

0.93 
1 .00 
1 .03 
0.97 

1 .03 
1 .07 
1 .11 
1 .05 
1 .07 

0.0141 0.0145 
0.0133 0.0143 
0.0125 0.0150 
0.0151 0.0153 
0.0152 0.0163 

0.400 0.363 0.92 
0.311 	0.314 	1.01 
0.257 0.260 1,09 

0.039 0.0391 1.00 
0.037 0.0333 1.05 
0.036 0.0377 1.05 
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Values for the ratio as  icila  for polyethylene and nylon 



Gas Ga. from 0L  0a  from as  as  from ref.23 

Helium 0.0088 0.012 0.012 

Neon 0.0129  0.016 

Hydrogen 0.0270 0.034 

Nitrogen 0.0368 0.045 0.041 

Argon 0.0925 0.108 0.103 

Carbon dioxide 0.486 0.557 0.451 

Table (18)  

Solubility coefficients in completely amorphous poly- 
ethylene at 25 °C. 

z3 
seen that the values for as  obtained by Michaels and Bixler from 

permeation studies agrees reasonably well with the value we have 

obtained from as  . This leads one to expect that in the membranes 

used by them the diffusion coefficient DL  would be very similar to 
DS, because SP 	 /13 = GS a L 

	Why then is this not true for 

the polyethylene sheath we have used? 

The possible effect of the variation of 8% in the thick-

ness observed in going around a cross section of the polyethylene 

sheath upon P and DL, and consequently uL, is difficult to deter-

mine but it is doubtful whether this could explain all the difference 

found between aL and a s. It may, however, be partly responsible 

Values of the ratio Gs  / aL  greater than unity have been observed 

by other workers. Barrer and Chio28 for example found this to 

be so in highly filled rubbers. In many other cases agreement 

between as  and aL  has been found to be within 10% which is usually 

within the experimental errors incurred in the measurement of aL  

and as. With the small solubility coefficients associated with many 
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gases in polymers it has often been necessary to use techniques 

to measure as which require the sample in an entirely different 

form from that used for permeation experiments. For example, 

the method used by Michaels and Parker37 required the sample 

to be in the form of small regular shaped particles. This has 

resulted in uncertainty in the comparison between 6 L  and a s  . 

In the present investigation sections from the. same sheath 

have been used for both permeation and static solubility measure-

ments but the known variation in the effective thickness of the 

membrane must cast some doubt on the value obtained for aL. 

What is required is a method whereby both static solubilities and 

the normal transport parameters can be measured alternately on 

the same sample. One possible design will be suggested at a 

later stage in Part 5. 

Another factor which could contribute to the difference 

between a L  and a s  has already been considered in the discuss-

ion of DL. Because of the blind pore character of the medium 

the present value of DL  obtained from the measured time lag may 

be too large which would result in GL  being smaller than it 

should be. 

A third contributory cause may be that there is some 

inhomogeneity which varies with r in the membranes we are using. 

This would result in the diffusion coefficient and possibly the 

solubility coefficient being dependent upon position, and as we 

have shown in Part 2, the equation P = D G is then no longer 

valid. This could be investigated by perfecting a technique to 

measure ingoing time lags and applying the more general express-

ion obtained in Part 2, section 2.2, i.e. 

U = (ALs  - 

to obtain a . 

(62) 



The values for as correlate well with the force 
constant • . Using the values fork given by Jolley and 
Hilde/brand40  tog as  is plotted against in Figure (29). 

Also shown in this figure is the line given by the empirical 

equation obtained by Michaels and Bixler23 for polyethylene 
at 25 00, viz. 

G a 	= -5.07 + 0.022 

They obtained this expression from a least squares operation 

on experimental points obtained for a wide variety of gases and 

vapours with values of 	up to 300. They used neither neon 

nor hydrogen but the values of 	for He, Ne, Ar and 002 

they obtained are included in Fig. (29). The present experi-

mental points are in reasonable agreement with these. 

4.3.3 Heats of solution  

The heats of solution calculated from aL  shown in 

Table (19) were obtained from the equation 

e 	- e D 

This expression is obtained from the relationship P = Du 

by substituting P-  = P o exp -
EP 
 ART D = D 0  exp - D /IZT 

and a =as exp - 	/ T . Because both Cp  and e D  are 

considered accurate to only +250 cal mole the values obtained 

for AEI from equation (96) will contain a large uncertainty of 

± 0.5 kcal mole. The heats of solution calculated from as  
should be more accurate. These are also shown in Table (19) 

and are considered accurate to within ± 0.25 kcal mole. Both 

these methods would be expected to give the true heat of solution 

except for the effect of temperature on the degree of crystall-

inity. For this reason the values obtained are termed the 

apparent heats of solution. 

(96) 
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Nylon Polyethylene 

Gas (Ali) (AH)a (,L1i) (AH) ref.23 
al, s GL 6s 

- . 

Helium 1.2 - 3.2 - 2.5 
Neon 0.7 1.0 2.7 2.5 - 
Hydrogen 0.4 0.5 2.0 2.2 - 
Nitrogen - - 1.9 1.8 1.9 

Carbon dioxide -4,2 -3.2 -1.2 -0,7 0,1 
Argon -0.7 -0.4 0 . 9 1.1 0.7 

Table (19)  

Apparent heats of solution in kcal/mole. Ref. 23 refers 
to Michaels and Bixler. 

From dilatometric studies it has been shown that there 

exists a melt out of crystallites with increasing temperature in a 

branched polyethylene sample even in the neighbourhood of room 

temperatures. From the data of Charlesby and Callaghan41 and 

Hunter and Oakes42 for two different branched polyethylenes whose 

densities fall on either side of the present sample Michaels and 

Bixler23 have shown that this melt out can be expressed by an 

equation of the form 

a 	r (1 	1 
a o 	

exp — R 	T 0  

where a and a o refer to the volume fraction of amorphous mater-

ial at temperatures T and T 0  respectively, and r will have the 

dimensions of energy. The validity of this equation can be seen 

from Fig. (30). The value obtained for r from this data is 0.9 

kcal /mole which would imply that the values given for PH in Table 

(19) are all too large in a positive sense by approximately 1 kcal/ 

mole. Even when this is taken into account the heats of solution 

for all gases but carbon dioxide are positive. 

1 21 . 
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The sorption process may be pictured as taking place 

in two stages: (1) making a hole of molecular size in the polymer, 

an endothermic process, and (2) transferring a molecule from 

the gas phase into the hole, an exothermic process. The energy 

absorbed in the first stage depends upon the molecular volume of 

the gas and the cohesive energy density of the polymer. The 

energy involved in the second stage is governed by the strength 

of the van der Waals bonds formed between the sorbed gas mole-

cule and the surrounding polymer. • This increases with the com-

plexity and polarisability of the gas molecule and is relatively 

insensitive to the details of the structure of different hydrocarbon 

polymers. For the lighter gas molecules the energy of the first 

process outweighs that of the second and sorption is endothermic, 

but for the larger gas molecules the reverse is true and A H will 

be negative. 

The differences between the heats of solution for a 

series of gases in two different polymers would therefore be 

expected to be approximately constant as the difference for a 

given gas will depend upon the relative energies required to form 

similar sized holes in the two polymers. For the present results 

the differences (AH polyethylene - AH nylon) for He, Ne, H 2, CO 2  
and Ar are2.0, 1.5, 1.6, 2.5 and 2.6 kcal mole respectively 

where the values for An: are the values obtained from as. Even 

taking into account the contribution to the apparent heat of solution 

for the polyethylene due to the melt out of crystallites one would 

still conclude that the energy required in the first stage of the 

sorption process, i.e. making a hole large enough fo accommodate 

the gas molecule, is greater for polyethylene than for nylon. If 

the energy was dependent solely upon the cohesive energy density 

it would lead to the false conclusion that the cohesive energy density 

for polyethylene was greater than that for nylon. If, however, 

there are incipient holes in the polymer which only require to be 
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enlarged to accommodate a gas molecule the energy associated with 

the first stage of the sorption process would depend upon the size 

of these holes. On this basis one would conclude that the nylon 

provides larger incipient holes than the polyethylene. 

4.3.4  Analysis of the desorption curve to obtain Dt-lf  

No serious attempts were made to use this method 

because it could work only when desorption occurred sufficiently 

slowly to allow several readings of pressure to be obtained on 

the initial straight line portion of the p vs t 2  desorption plot. 

However, under these conditions it did allow an alternative way 

of allowing for the gas trapped by the mercury when it was first 

raised. The sample was allowed to elesorb without having been 

flushed and the correction made for the additional gas collected 

in the desorption volume by extrapolating the straight line portion 

of a t 2  plot back to zero time. Such a run with argon in poly-

ethylene at 30 °C is shown in Fig. (31). The value for as  obtained 

from this curve agreed excellently with the other values obtained 

using the flushing process. From this plot the diffusion coeffic-

ient Dt1 can be obtained by using the equation 

t 2 

Dtrit- 64 t 0.5  

where t 0.5  is the time at which half of the total equilibrated gas 

has been desorbed. This occurred at approximately 320 seconds 

giving a value for Dt-f  of 6.0 x 10-7  cm 2sec-1  which compares 

favourably with DL  = 6.2 x 10-7  cm2sec-1  obtained from the time 

lag. Because of the difficulty found with mercury sticking in the 

McLeod gauge attached to the nylon system attempts to obtain 

similar desorption curves were not particularly successful. 

Also, in this case, the actual desorption pressures were smaller 

and the scatter of points was correspondingly greater. 

1 24 , 
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4,3.5 Helium solubility measurements  

The allowance of a time of 6L for the gas to be desorbed 

completely from the sheath proved ample in all cases but helium. 

When the same procedure was used, far greater quantities of gas 

were collected in the desorption volu..,e than expected from a LI  

and much longer times required for this value to become constant. 

The sheath was left overnight at 50 °C with an equilibrating pressure 

of helium of 14.5 cm of Pig. Next morning the sheath was flushed 

and then allowed to desorb, A plot of the pressure in the desorp-

tion volume against t 2  is shown in Fig. (32). It had been estimated 

that desorption should have been completed in 10 mins and that the 

final desorption pressure should be approximately 5 x 10-4  cm of 

Hg. As can be seen from Fig. (32) a far greater pressure was 

obtained which continued increasing for a period of over two days. 

The plot was still curving over towards the t 2  axis which ruled out 

the possibility of a leak being the cause of this effect. Repeated 

runs gave similar results even after the gas sample had been 

replaced in case the original had been contaminated. At first it 

was thought that the helium may have been dissolving in the crystall-

ine regions of the polymer but this idea was rejected because the 

large quantity of gas desorbed implied that the solubility in the 

crystalline regions was far greater than in the amorphous poly-

ethylene. Also , if this were true, one would expect to detect 

this behaviour in the permeation experiments. No departure from 

normal behaviour had been observed. To see if this phenomenon 

occurred in the permeation sample both sides of the polyethylene 

sheath were connected to the gas line and left overnight at 50°C 

with helium at a pressure of 14.5 cm of Hg, Next morning both 

sides were pumped hard for 16 mins by which time all the helium 

in .the sample should have been desorbed. Both sides of the cell 

were then switched into the normal desorption volume and measure-

ments taken of the pressure in this volume with time. The resulting 
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build up of pressure is shown in Fig. (32) also. While a similar 

effect to that found with the static solubility system was observed 

the magnitude was not as large as one would expect had the cause 

of the build up been related to the sample. The permeation system 

contained approximately seven times the length of sheath used for 

static solubility measurements, and as the desorption volumes and 

equilibrating pressures were almost the same, one would have 

expected seven times the pressure from the permeation sample. 

This is obviously not the case as from t = 16 to t = 3000 mins the 

quantity lost by the permeation system is less than three times 

that lost by the solubility system, It was concluded, therefore, 

that the effect must be coming from the glass used in the construct-

ion of the apparatus, 

Shortly afterwards similar effects were detected by 

Wong of this department who was using the same type of solubility 

apparatus. Some experiments performed by him confirmed that 

the effect can be explained in terms of the solubility of helium in 

pyrex glass. A. note pointing out this effect has recently appeared 

in Chemical Communications (1966), pp. 334-336, under the title 

"Gas solubility in polymers: errors selective for helium" by Ash, 

Barrer, Barrie, Palmer and Wong. A. copy of this paper is 

included as Appendix VI. 

Attempts have been made to measure the solubility of 

helium in polyethylene by doing repeat runs using identical times 

for sorption and desorption but with the sheath removed. The 

results obtained wore very scattered due mainly to different times 

being left with the mercury raised while the desorption volume was 

being pumped during the change over from sorption to desorption 

conditions. This, of course, will alter the concentration distri-

bution in the glass and lead to different quantities being desorbed 

by the glass in set times. Estimates were, however, made for Gs  

for helium at 50 °C , but this is subject to large errors. It has 

the same tendency to be larger than 6 7 by approximately 20%. 
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This effect of helium in Pyrex does not cause trouble 
for normal permeation experiments as the gas pressure on the 

outgoing side is always extremely small. If desorption time lags 

were to be measured with helium it would be necessary to build 

all parts of the diffusion cell which are subjected to high pressures 

of gas out of soda glass (cf. Appendix VI). 
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PART 5  

CONCLUSIONS  

The theory developed in Part 2 has proved successful in 

predicting both the magnitude and sign of the outgoing desorption 

time lags associated with the individual sheaths. The theory has 

also been particularly successful in predicting the time lag and the 

conductance of the laminated hollow cylinder. 

It would appear worthwhile to develop techniques for 

measuring both ingoing sorption and outgoing desorption time lags. 

It has .been shown in Part 4, section 1 .3, that for a membrane exhib-

iting blind pore character these measurements will allow the factor 6 

to be evaluated. The interpretation of Measured time lags in micro-

porous media and crystalline polymers could be considerably altered 

if this term proved to be significant, and consequently information 

about its magnitude is required. Measurement of these time lags also 

offers a means of obtaining the static solubility constant on the same 

membrane as used for permeation experiments even when the diffus-

ion coefficient varies throughout the membrane. Such experiments 

could be useful in interpreting the dynamic solubility obtained from 

permeation experiments on a membrane which has surface skins. 

The present method used to measure outgoing desorption 

time lags could be considerably improved by replacing the McLeod 

gauge with some form of continuous pressure recording device such 

as a Pirani gauge coupled to a recording potentiometer. At present 

measurements are restricted to cases where the normal time lag 

associated with the membrane is sufficiently long to allow a minimum 

of three readings to be taken on the McLeod gauge while the desorp-

tion process is still obeying a linear t 2  relationship. This is 

necessary to allow for the gas lost during pump down. Three 

readings require a time of approximately ten minutes but by using 

a continuous pressure recording device this could be reduced by a 
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factor of ton and consequently the range of gases and temperatures 

over which such time lags could be measured would be greatly 

increased. 

At present discrepancies of up to 10 - 1 5% between G s  

and GL  have been explained as being due to uncertainty in both 

parameters because of the experimental methods of measurement, 

and also due to these measurements having been made on different 

samples often in a completely different geometrical form. One 

means of reducing this uncertainty would be to use a cell so designed 

that both permeation and static solubility measurements could be 

made alternately on the same sample. Not only would this remove 

the uncertainty caused by using different samples, but as such pieces 

of apparatus as the McLeod gauge and desorption volumes would be 

common to both measurements uncertainty introduced by these factors 

would also be reduced. The design of such a cell is shown in Fig. 

(33). For static solubility measurements taps T 2, T4 and T 5  will 

be opened. The cell now corresponds closely to the apparatus shown 

in Fig. (8), page 61, used for the present static solubility measure-

ments, except that the two-way tap at the top of that cell has been 

replaced by taps T1  and T3 and the holes replaced by tap T 2. For 

permeation experiments taps T 2 ,T5  and T4 are shut. Both sides of 

the sheath are now entirely separate and gas can be introduced 

through tap T3 at zero experimental time. After diffusing through 

the membrane this gas will be collected in the normal desorption 

volume. Because both taps T4 and T 5  have mercury flowing through 

them it would be advisable to use a type which do not require grease. 

The sheath dimensions would need to be chosen to give both reason- • 

able time lags and flow rates for the gases which are to be used as 

diffusants. The outgoing volume could be minimised by using a 

Pirani gauge and consequently smaller flow rates tolerated than 

if a McLeod gauge were to be used to measure the pressure. By 

using a Pirani gauge a 15 cm length of the present polyethylene sheath 
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outgoing volume 
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would be suitable for such measurements, but it would be better to 

use a sheath which is extremely uniform in thickness to remove the 

uncertainty due to this factor. Because of the solubility of helium 

in Pyrex glass it would. be  advisable to make such a cell from soda 

glass. Even then, if helium were to be used, it would be necessary 

to carry out some experiments to determine whether the gas which 

does diffuse into the glass can be neglected. 
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Y is in cc at s.t.p. [ 10 6  for polyethylene; x 10 7  for nylon] sec cm atmos 

APPENDIX I  

Tabulated Results  

A. Volume calibrations 	The reproducibility of all values 

was better than 0.5%. 

1 . Permeation system 	The outgoing volumes in cc of the 

three diffusion cells were determined as 

Buffer Nylon Polyethylene Laminate 

0 430 496 491 
+ B 838 354 349 
+ A 1 61 2 1628 1 623 

4-.A.+3 1 976 

2. Static solubility systems 	The desorption volumes in 

cc associated with the nylon and polyethylene systems were 

determined as 

Buffer 	Nylon 	Polyethylene  

0 	 435 	 562 

1 	 1 670 	 61 00 

B. Permeation results  In the following tables 

    

     

p i  is the ingoing pressure in era of Mg 

L is the time lag in rain unless otherwise stated 

D is in cm2sec-1  [x 10 6  for polyethylene; x 10 7  for nylon] 

P is in  cc at s.t.p.  [x 1 0 u  for polyethylene; x 10 9  for nylon] sec cm atmos 
is in cc at s.t.p.  o  cc of polymer atmos 

135. 

The nomenclature used in labelling the runs is as follows: 
x(Z) refers to the x th experiment at temperature y °C on sample 

Z. 	Z = P refers to the polyethylene sample; z = N to the nylon ; 

and Z = C to the laminate. 



1 . 	Polyethylene results  

HELIUM 

131 L2 F a L Y2 Run 14o • 

1P10 7.79 4.69 5.99 2.24 0.0037 0.401 

liPlo 4.49 4.62 6.03 2.25 0.0037 0.403 

3P10 12.62 4.53 6.13 2.22 0.0036 0,397 

1P20 6.29 3.56 7.89 3,60 0.0046 0.645 

2P20 3.02 3.32 on Ac .-e0 3.60 0.0043 0.645 

3P 20  12.27 3.36 3.36 3.60 0.0043 0.645 

1P3 o 5.97 2.66 10.60 5.79 0.0054 1.038 
a.

•`- 	30 12.12 2.64 10.63 5.79 0.0054 1.033 

3P30 2.90 2.54 11.06 5.76 0.0052 1.031 

1P4 o 6.67 2.04 13.76 9.06 0.0066 1 7622 

2P40  11.36 2.03 13,50 3.93 0.0067 1.609 

31)40 3.09 1.99 14.11 3.94 0.0063 1.601 

1P50 3.04 1.54 18.2 13.46 0.0074 2.410 

2P50 12.11 1.53 13.3 13,43 0.0074 2.414 

3P50 3.43 1.65 17.1 13.15 0,0077 2,354 

NEON 

1P  20 11.72 13.0 2.16 1.42 0,0066 0,255 

2P20 
r 4.33 12.3 2.19 1.41 0,0064 0.253 

3P20 7.04 13.1 2.14 1.42 0.0066 0.255 

1P30 6.00 9.6 2.93 2.34 0.0030 0.420 
2p30  11.44 9.3 3.02 2.35 0.0073 0,421 

3P3 0 4.15 9.6 2.93 2.33 0.0000 0.417 

IP40 12.03 6,23 4.51 3.79 0.0034 0.679 
2p40  6.24 6.41 4.33 3.79 0.0037 0.679 

3P4 0 3.37 6'.47 4.34 3.81 0.0033 0.631 

contd. 
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Run No . P1 L 2  Y2 

NITROGEN 

1P20 10.26 00 
no 0.319 0.594 0.0136 0.106 

2-73
2 0 6.56 39 0.316 0,603 0.0191 0.108 

1P30 7.50 51 0.551 1.202 0.0213 0,215 

21-'30  10.64 52 0.540 1.199 0.0222 0.215 

1P4o 11.30 30.7 0.915 2.20 0.0241 0.395 
2p

4 0 6.93 31.1 0.906 2.19 0.0241 0.392 

1P5 o 12.62 19.0 1.43 3.77 0.0255 0.676 

295 0  6.36 19.0 1.43 3,75 0.0254 0.673 

1P60 7.73 12.5 2.25 6.20 0.0276 1.111 

2P60 12.26 12.9 2.13 6.21 0.0286 1.113 

ARGON 

11° 20  12.37 80 0,351 1.74 0.0496 0.312 

1D 
4-  13 0 12.63 45.0 0.624 3.29 0.0528 0.590 

11"40 11.77 27.5 1.02 5.78 0.0566 1.035 

1P50 12.13 17.7 1.59 9.33 0.0591 1.679 

11°60 11,60 11.7 240 14,76 0.0615 2.644 
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2. 	Nylon results 

Run No . Pi -1 

FIE Lin: 

0  7.37 14.3 18.4 6.99 0,0033 0.829 

2:Ni 0  4.76 14.2 13.6 7.01 0.0033 0,332 

11420 6.50 10.1 26.0 10.13 0.0039 1.202 

2N20 12.63 10,6 24.8 10.19 0.0041 1.209 

3N2o 3.54 10.3 25.6 10.05 0,0039 1.193 

1113 o 7.40 7.6 34.5 14.8 0,0043 1.756 

2N30  12.25 7.7 34.2 14.9 0.0044 1.765 

3143o 3.13 7.3 36.4 14.3 0.0041 1.754 

1N40 8.33 5.63 46.4 21.5 0.0046 2.550 

21440 13.13 5.62 46.9 21.6 0.0046 2.566 

3N4 0 4.36 5.48 48.0 21.2 0.0044 2.521 

11\1'50 14.25 4.42 59.6 31.4 0.0053 3.724 

2r4 5 0  12.57 4.37 60.3 30,6 0.0051 3.637 

3115 0 3.05 4.51 57.4 30.5 0.0053 3.625 

ICEON 

1N30  6.99 60.3 4.33 2.65 0.0061 0.314 

2143 0  14.82 59.3 4.40 2.66 0.0060 0.315 

3N30 3.50 60.3 4.37 2.59 0.0059 0.303 

1N40 7.37 38.4 6.36 4.07 0.0059 0.433 

21T40 12.60 39.3 6,70 4.11 0.0061 0.433 

31\1.40 4.00 41.1 6.41 4.09 0.0064 0.486 

1N50  11.23 27.5 9,57 6.06 0.0063 0.719 

2k,I50 3.76 28.0 9.40 6.05 0.0064 0.719 

31'1 5 0 6.35 27.2 9.63 6.00 0.0062 0.712 

INGO 12,00 13.6 14.2 9.62 0.0068 1.141 

2N60 6.28 13.5 14.2 9,63 0.0068 1.143 

31460 3.67 13.7 14.1 9.62 0,0068 1.142 
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:Run No. p i  L i  
L 

P Y i  

I-1YDROGEN 

11\1 20  13.00 40.0 6.58 9.19 0.0140 1 .091 

2N 2 o 3.96  41.0 6.42 9.10 0.0143 1,090 

114 3 0  1 2.27 27.0 9.75 13.5 0.0138 1 .603 
2113  0 7.30  26.5 9.94 13.6 0.0137 1 .610 

1N40  11.40 17.3 14.79 20,1 0.0136 2.386 

2N40 7.00 17.6 14.96 20.1 0.0134 2.332 

1N50 13.04 13.4 19.65 29.4 0.0150 3.490 

2N50 6.35 13.3 19.30 30,1 0.0152 3.568 

1N 60  1 2.31 9.2 23.6 43.4 0.0151 5.145 

2N 6 o 7.44  9.2 23.6 43.9 0.0153 5.204 

CARBON DIOXIDE 
(hours) 

1N4 0  11.16 23 0.1 91 7.64 0.400 0.901 

111. 50  
z N50 

9.06 
12.37 

1 2.5 
12.5 

0.351 
0.351 

10.67 
10.77 

0.304 
0.307 

1.267 
1.273 

3N50  5.30 13.0 0.338 10.`(12 0.321 1.284 

1N6o 8.82 6.9 0.636 16.4 0.258 1 .950 
214 6 0  13.73 6.9 0.636 16.3 0.256 1.932 

3-N 60 4.03 7.0 0,627 16.3 0.260 1.932 

A2GON 

1N4 0 14.09 11 .8 0.372 1.45 0.039 0.172 

1N50 13.10 7.1 0.613 2.30 0.037 0.273 

1N60 1 2.52 4.2 1.05 3.78 0.036 0.448 
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3. Laminate results 

Run No. pi  Lc  Yo  

HELIUM 

7.45 • 

11.08 

32.1 

32.8 

0.674 

0.671 

101 0  

2010 

1020 2.73 22.6 1.013 

2C20 7.23 22.5 1.023 

3C20 11.66 23.7 1.025 

1030 5.90 17.3 1.484 
2c30  11.50 17.6 1.471 

3C30 3.13 17.4 1.478 

NEON 

1030 11.20 94.5 0,231 

203 0  3.69 95.2 0.286 

3030 6,38 97.0 0.288 

1040 12.00 64.4 0.445 

2C40 6.42 65.2 0.445 

3C40 3.44 65.5 0.446 

I-HYDROGEN 

103 0 1 2.11 47 1.425 
2030  6.90 4a 1.424 

1C40 12.91 32 2.131 

2040 8.10 32 2.143 

CArZBON DIOXIDE 

1040 12.o3 27 o.Gat 

1050 7.37 15.5 1.246 

2C50 11.36 15.0 1.246 
3 L-'r,  50 3.44 15.5 1.246 

ARGON 
1040  13.03 13.7 0.166 

1050 11.40 3.3 0.267 

=gun No. Pi Lc  Ye 

1040 12.11 13.1 2.179 

2040 11.07 13.0 2.174 

4.15 13.0 2.167 

1 050 7.43 10,1 3.163 
2r,  12.21 9.9 3.156 

3050 4.15 10.2 3.141 

1050 11.53 44.9 0.656 

2050 6.56 45.3 0.655 

3C50  3.33 45.0 0.663 

1060 11.35 31.2 1.054 

2060 6,00 30,6 1.047 

3C60  3.00 31.0 1.057 

1050  12.30 23.7 3.166 

2C5o 5.38 23,2 3.160 

1060 12.09 16.2 4.633 
2r,`-' 60 6.90 16.2 4.709 

1060 7.97 8.2 1.370 

2°60 11.53 3,1 1.392 

3C 60 4.36 3.2 1.353 

106 0  11.30 5.2 0.436 
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C. Static solubility results  In the following tables 
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pi  is the equilibrating pressure in cm of Ha 
0:> is the final desorption pressure in cm of Ha x 104  

tab  is in seconds 
f is the calculated fraction of the total desorption pressure 

represented by p' °;, 

pa, is the corrected final desorption pressure in cm of Hg x 104  

u s is the Henry's law solubility constant in cc at s.t.p.  cc of polymer atmos 

T sample temperature in °C 

1. 

Run 

Polyethylene system 

P'c tab Poo No, 	T pt 

NEON 
102 40 9.63 5.03 1.4 0.924 5.50 0.0113 
103 19.74 9.73 2.2 0.913 10.71 0,0108 
104 24,96 12.23 2.2 0.913 13.45 0.0107 
105 4.37 2.52 1.8 0.919 2.74 0.0112 
106 14.90 7.83 1.5 0.923 8.54 0.0114 

109 50 15.25 3.75 1.2 0.917 0.54 0,0125 
110 4.62 2.74 1.2 0.917 2.99 0.01 29 
111 19.65 11.1 9 1.4 0.913 1 2.25 0.01 29 
112 24.32 13.92 1.4 0.913 15.24 0.0125 
113 9.97 5.96 1.4 0.913 6.53 0.0130 

114 60 9.99 6,65 1.5 0.396 7.43 0.0143 
115 19.30 12,69 1.5 0.396 14.17 0.0143 
116 14.75 9.34 1.5 0.396 10.65 0.0149 
118 24.72 15.76 1.2 0.902 17.43 0.0141 
119 5.02 3.27 1.4 0.893 3,64 0.0144 

120 30 14.57 6.73 1.5 0.937 7.19 0.0093 
122 19.75 3.95 1.4 0.933 9.54 0.0096 
123 21,71- 10.39 1.5 0.937 11,63 0.0094 
124 1-.96 2.37 1.4 0.933 2.252 0.0101 
125 9.36 4.53 1.4 0.933 4.33 0.0093 

126 20 14.36 6.03 1.5 0.946 6.33 0.0035 
123 4.62 2.03 1,5 0.946 2.17 0.0093 
129 10.29 4.24 1.5 0.946 4.48 0.0087 
130 22.32 9.16 1.4 0.947 9.67 0.0034 



Run No Pi P
I co tab 10„:- 

1-1=0GEN 

161 20 15.17 12.45 2.0 0.921 13.51 0.0177 
162 25.01 20.99 1.8 0.924 22.72 0.0181 
163 4.90 4.33 1.6 0.926 4.67 0.0190 
164 20,25 16.73 1.4 0.929 13.01 0.0177 
165 10.19 8.61 1.3 0.931 9,25 0.0181 

166 30 10.23 9,46 1.6 0.911 10.33 0,0202 
167 20.07 18.50 1.6 0.911 20.30 0.0201 
163 15.02 13,63 2.0 0.905 15.06 0.0200 
169 5.53 5.06 1.5 0.913 5.59 0.0199 
170 25.30 23.32 1.3 0.916 25.45 0.0200 

171 40 24.71 24,68 1.3 0.397 27.50 0.0221 
172 19.98 20.40 1.2 0.899 22.68 0.0226 
173 9,90  9.91 1.6 0.891 11.12 0.0223 
174 20.23 20.32 1.6 0.391 22.30 0,0224 
175 14.60 14.62 1.8 0.837 16.43 0.0225 
176 4,90 4.92 1.4 0.895 5.50 0.0223 
177 25.95 25.65 1.8 0.337 23.91 0.0222 

178 50 26.41 23.33 1.3 0.374 32.49 0.0245 
179 20.19 21.53 1.8 0.871- 24.65 0.0243 
180 13.67 17.26 1.8 0.874 10.76 0.0251 
181 10.39 11.63 1.3 0.374 13.31 0.0255 
132 5.03 5.59 1.8 0.874 6.40 0.0251 

133 60 5.13 6.44 1.5 0,354 7.54 0.0293 
134 10.81 13,42 1,3 0.346 15.37 0.0292 
135 15.23 13.79 1.5 0.354 21.96 0,0287 
136 20.10 25.13 1.6 0.851 29.59 0.0293 
1 37 25.41 31.23 1.8 0.346 36.99 0.0290 

CARBON DIOXIDE 	Buffer Vol. I included 

136 50 14.28.  18.03 1.7 0.952 13.99 0.233 
137 5.02 6.44 1.7 0.952 6.76 0,291 
138 24.65 30.41 1,6 0.953 31.91 0.230 
139 10.14 12.41 1,5 0.959 13.01 0.273 
140 19.77 24.30 1.5 0.959 25.47 0.279 

141 60 19.78 23.65 1.5 0.944 25.05 0.274 
142 9.91 11.69 2,0 0.939 12,45 0.272 
143 24.61 29.37 1.5 0.944 31.11 0.273 
144 15.27 13.12 1.5 0.944 19.19 0.272 
145 4.77 5.71 1.3 0.941 6.07 0.275 

contd. 
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:Run No. 	T Pi P1 00 tab P us  

146 	40 10.28 13.31 1.6 0.963 13.82 0.291 
147 25.25 32.47 1.5 0.967 33.53 0.288 

148 15.20 19.50 1.6 0.963 20.25 0.283 
149 4.60 5.94 1.3 0.962 6.17 0.290 

150 20.45 26.37 1.5 0.967 27.27 0.283 

151 	30 19.49 26.63 1.4 0.973 27.42 0.304 

152 10.51 14.21 1.7 .0.971 14.63 0.301 

153 15.05 20.49 1.4 0.973 21.06 0.303 

154 5.27 7.04 2.0 0.970 7.26 0.298 

155 25.26 35.13 nil 1 35.13 0.301 

156 	20 20.73 30.30 nil 1 30.80 0.3 21 

157 10.11 14.96 nil 1 14.96 0.320 

153 15.09 22.39 nil 1 22439 0.321 
159 4.83 7,1 5 nil 1 7.15 0.320 
160 25.86 33.77 nil 1 33.77 0.324 

NITROGEN 

201 	20 14.37 17.75 1 .6 0.978 18.15 0.0242 
202 25.10 29.20 1.6 0.973 29.35 0.0237 
203 20.41 23.93 1 .4 0.979 24.44 0.0233 
204 10.31 12.15 1.0 0,973 12.43 0.0240 

205 	30 20.33 26.0 1.5 0.972 26.75 0.0262 
206 15.33 19.95 1.6 0.972 20.54 0.0258 
207 10.53 13.50 1.6 0.972 13.90 0.0261 
203 29.60 31.44- 1.6 0.972 32.24 0.0261 
209 5.61 7.30 1.6 0.972 7.51 0.0266 

210 	40 15.30 21.23 1.6 0.965 21.95 0.0236 
211 20.43 23.66 1.4 0.966 29.67 0.0283 
212 10.41 14.50 1.5 0.966 15.02 0.0287 
213 24.95 34.03 1.6 0.965 35.32 0.0232 
214 5.05 7.12 1.3 0.964 7.39 0.0291 

215 	50 5.04 7.60 1.7 0.954 7.97 0.0315 
216 14.91 22.29 1.3 0.957 23.23 0.0311 
217 25.24 37.33 1.4 0.957 29.03 0.0303 
213 19,36 29.35 1.4 0.957 30.60 0.0307 

219 	60 20.00 32.95 1.3 0.943 34.76 0.03.16 
220 10.21 17.26 1 .3 0.948 1 8.21 0.0355 
221 15.23 25.10 1.5 0.946 26.54 0.0347 
222 24.50 40.94 1.2 0.949 43 .1 1 0.0350 

223 4.03 3.16 1.4 0.947 3.62 0.0351 
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Run No. T Pi P 	ct, tab f  Poo Os 

ARGON 

224 60 10.24 35.95 1.3 0.945 33.04 0..0740 
225 20,29 69.70 1.4 •0.944 73.33- 0.0725 
226 5.34 13.66 1.4 0.949 19.77 0.0737 
227 15.13 52.80 1.3 0.945 55.87 0.0733 

223 50 15.49 50.6 1,2 0.957 52.37 0.0679 
229 20,61 67..3 1,3 0.956 70.92 0.0635 
230 4.59 15.51 1,2 0.957 16.21 0.0703 
231 10.15 33.73 1.3 0.956 35.33 0.0693 

232 40 11.03 33.70 1,4 0.963 34.99 0.0631 
233 15.33 47.45 1.5 0.962 49.32 0.0633 
234 4.32 13.79 1.6 0.961 14.35 0.0661 
235 20.64 621 93 1.5 0.962 65.42 0.0631 

236 30 19.16 53.50 followed desorption 0.0603 
237 14.46 43.14 1.4 0.971 44.43 0.0611 
233 10.57 32.1 1.4 0.971 33.06 0.0622 
239 3.46 10.43 1.6 0.970 10.75 0.0618 
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2, 

-dun 

Nylon system 

Pi tab  GS No.T 

NEON 

1 50 13.59 4.61 1.6 0.953 4.79 0.0067 

2 5.97 1.42 1.9 0.961 1,43 0.0064 

3 9.32 2.23 1.4 0.964 2.37 0,0063 

4 14.74 3.46 1.5 0.963 3.54 0.0063 

5 24.70 6.01 1.5 0,963 6.24 0.0066 

6 40 24.47 5.66 1.4 0.970 5.34 0.0062 

7 20.05 4.63 1.3 0.971 4.32 0.0062 

3 14.65 3.40 1.5 0.966 3.52 0.0062 

9 10.26 2.37 1.4 0.970 2.44 0.0062 

10 z.40 1.09 1.4 0.970 1.12 0.0066 

13 60 16.81 1.60 1.4 0.956 4.31 0.0066 

14 24.70 6.16 1.4 0.956 6.41 0.0063 

15 10.23 2.42 1.3 0.953 2.53 0.0064 

16 15,04 3.57 1,6 0.955 3.73 0.0061 

17 5.20 1.33 1.6 0,955 1.39 0.0070 

16 30 14.33 3.20 1.6 0,976 3.29 0.0057 

19 10.04 2.02 1.4 0,976 2.07 0,0053 
20 19,39 4.29 1.7 0,975 4.40 0.0057 

21 25,17 5.50 1.6 0,976 5.64 0.0058 

44 20 20.14 4.15 1.5 0.930 4.24 0.0054 

FIYIUOCIZN 

22 30 15.15 3.23 1.6 0.962 3.61 0.0147 

23 10.03 5.60 1.5 0.963 5.62 0,0150 

24 20.03 10.91 1.5 0963 11.33 0.0146 

25 24.66 14,12 1.4 0.969 14.65 0.0154 

26 5.40 2.39 1.2 0.965 2.99 0.0144 

27 40 6.27 2.92 1.4 0.956 3.05 0.0150 

23 14.39 3.10 1.4 0.956 3.43 0.0150 

29 24.59 13.50 1.4 0.956 14.12 0.0149 

30 50 19.90 11.43 1.3 0.951 12.02 0.0157 

31 10.21 6.00 1.3 0.951 6.31 0.0160 

32 15.14 3.30 1.3 0.951 9.25 0.0153 

33 25.39 14.32 1.3 0.951 15.58 0.0159 

contd. 
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Run No. T Pi P 	co tab Pc° as 

34 	60 25.46 14.35 1.3 0.934 15.90 0.0162 
35 20.11 11.90 1.4 0.939 12.67 0.0163 
36 14.71 3.55 1.3 0.940 9.10 0.0161 
37 9.09 5.94 1.4 0.939 6.33 0.0166 
33 4.97 2.94 2.0 0.932 3.15 0,0164 

39 	20 20.64 11.53 1.5 0.970 11.39 0,0149 
40 9.97 5.20 1.3 0.971 5.36 0.0140 
41 14.37 3.12 1.5 0.970 3,37 0.0146 
43 19.53 10.50 1.5 0.970 11.13 0.0145 

.1-,...2GON.  

45 	60 25.49 36.6 1.3 0.933 37.0 0.0377 

46 	50 25.26 37.4 1.5 0.991 37.3 0.0353 

47 	40 25.43 33.1 1.7 0.993 33.4 0.0391 

CARBON DIOXIDE 	Buffer I included in desorption volume 

-,L, 4 n 	 40 25.23 103.5 1.4 0.995 104,0 0.363 

49 	50 25.03 87.5 1.6 0.993 33.1 0.314 

50 	60 24 .90 77.2 1 .6 0.993 73.0 0.280 
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APPS D LN: II  

The Times Involved in Achieving Sorption Equilibrium  

and Complete Lesorption  

For the permeation experiments one requires to know 

the time for which a sample should be pumped between the completion 

of one run and the commencement of another to ensure that all the 

diffusant gas has been removed. In the static solubility experiments 

the time required for the sorption equilibrium between the gas and 

polymer to be established, and the time required for complete desorption 

into the desorption volume, are also required. 	5 oth these cases are 

really concerned with sorption into or desorption from the sample. 

Vie consider a slab of thickness 4'. . Ey substituting 

2  D 	6L in the long time solution for sorption into or desorption from 

such a slab, given by equation (69) in section 2.4, one obtains 

	

8 	7  
1 	- 	c x p 

	

rr 	6L 

Mt Makin` IVI cc, 0.99 requires t = 2,2 L 

▪ 0,999 requires t = 4.1 L 

▪ 0.9999 requires t = 5.6 L 

The error introduced by treating the slab rather than the hollow sheath 

has been shown in section 2.4 to be small for the dimensions of the 

membranes used. In practice, times of 6L were normally allowed 

which ensured that sorption, desorption, and pumping out had all been 

completed. 	reduction of this time to 4L, which was used for static 

solubility measurements with gases having very long time lags, would 

introduce a negligible error into the measurement. 

148. 
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AP ADMIX III  

Calculation of the Gas lost durin Flushinc  

The flushing technique ( cf. Page 64 ) is used to 

remove gas trapped in pockets in both the sample and the glass by 

the mercury being raised. The sequence of events can be represented 

by the following diagram 

149. 

The line oa' represents the mecury being lowered at a constant 

velocity. During the time a' b' (=ab) mercury is below the bottom 

of the sample, and the raising of the level is represented by the line 

b'c. Let m' t  be the quantity of gas lost from unit length of the sample 

in a time t and m' the corresponding quantity in infinite time. It is 

assumed that diffusion is radial only and that the longest time for which 

part of the sample is exposed, toe, is sufficiently short for the short 



time solutions of the equation for desorption, discussed in section 

2.4, to be applicable. We may therefore write that 

m t a*4.E where a* = 1- -2  M co 	 \IT 

The small segment dx is exposed for a time t where 

t = (toa  + t, )(1 -) + tab 

During this time the quantity lost from the segment  will be 

m it  dx = cr,-km ' 	dx 

The total quantity lost from the whole sample during the flushing 

operation, Mtoc , is obtained by integrating this expression over 
the length of the sample giving 

t0, 	a-km a  t 2-  dx 
O 

But i4 = 	where MG, is the total quantity of gas lost from the 
sample in infinite time. Therefore 

Mt 	cc* TI 	 1 toe f r(toa + tbc)(1 - -) + tab] Idx 
1.v; co 	1.1 	o 	 li 

2  (t.oc 1  - tab 2) 

(toe - tab) 

c,  2 
By substituting D= —61,  in the formula for a.x-  one obtains 

0.9213 Mtee 	 2 (t 	- oc 	tab 

=co 	11-17 	3 	(too  - tab) 

While this substitution really applies to a slab the error introduced 

in applying it to the sheaths used can be neglected . If the final 
desorption pressure measured after flushing is p , the pressure 

corresponding to all the gas in the sample including that lost during 

150. 
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0.9213 2 (toc -  tab'  
) 

17 	3 toc tab 

f 

where f = 1 

flushing will be given by 

151 . 

P C° 
ot, 

As already explained in Fart 3, section 4.3, the 
times for raising and lowering were constant for each system due 
to the method employed and the only variable was tab . In Table 

t(-31c  - \ 
ab  

3 ( toc  - tab 

the range of tab  encountered in practice. For the polyethylene 
system toa  the  = 2.5 seconds, while in the nylon system 

tea the  = 2.2 seconds. 

tab [sec] 

	

3 	3 

	

2 
- 

(t0c2 	- taiD 
[see 2- 1 ---- 	- 

3 	(too  - tab) 

polyethylene nylon 

1.1 1.5135 1.4672 
1.2 1.5473 1.5015 
1.3 1.5301 1.5351 
1.4 1.6120 1.5635 
1.5 1.6430 1.6002 
1.6 1.6737 1.6303 
1, 	T 1.7037 1.6622 
1.3 1.7333 1.6921 
1.9 1.7624 1.7223 
2.0 1.7909 1.7507 

Table (20)  

(20) the factor is evaluated for both systems over 



0. 9213 The other factor involved is 	values for all gases used 
1 1, 

in both polyethylene and nylon are included in Table (21). 

Cas Temp. 
°C 

/ 0.9213 /1//-  L 

polyethylene nylon 

Helium 10 0.055 0.032 
20 0.065 0.037 
30 0.074 0.043 
40 0.033 0.050 
50 0.095 0.056 

Neon 20 0.033 0.012 
30 0,039 0.015 
40 0.047 0.01 9 
50 0.051. 0.023 
60 0.064 0.023 

Hydrogen 20 0.044 0.01 9 
30 0,053 0.023 
40 0.065 0.023 
50 0.073 0.032 
60 0.039 0.039 

Carbon dioxide 20 0.013 - 
30 0.017 - 
40 0.022 0.0032 
50 0.028 0.0043 
60 0.034 0.0053 

Argon 20 0.013 - 
30 0.01 8 - 
40 0.023 0.0045 
50 0.023 0.0058 
60 0.035 0.0075 

Nitrogen 20 0.013 - 
30 0.017 - 
40 0.021 - 
50 0.027 - 
60 0.033 - 

Table (21)  
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APPENDIX a 
BAKELITE 	LIMITED 

DATA SHEET 
POLYETHYLENE RESIN 

DYNH. 3 

November, 1964 

DESCRIPTION OR SPECIAL CHARACTERISTICS 
A Polyethylene resin similar to DYNH.1 which has been specially 

selected for thin film extrusion applications. 

FORM 
Pellets. 

MECHANICAL PROPERTIES 
Tensile strength (lb./sq. in.) 	1,600-2,000 	BS.2782 Method 301F 
Elongation at break (%) 	600-800 	BS.2782 Method 301F 

ELECTRICAL PROPERTIES 
Power factor (at 106  cycles) 
Permittivity (at 108  cycles) 

OTHER PROPERTIES 
Melt flow index 
Nominal Density 
Bulk factor 

0.0001-0.0004 B3.2067:1953 
2.30-2.35 	BS.2067:1953 

1.7-2.4 
	

BS.2782 Method 105C 
0.915 
	

Draft BS. Method 
2.0 max. 	BS.2782 Method 501C 

FILM EVALUATION 
Coefficient of friction 	0.42 nominal 	3C/683* 

EXTRUSION CONDITIONS 

Optimum extrusion conditions must be obtained to suit each 
extruder, but as a guide, the following conditions were employed on a 
2i in. Peco Extruder equipped with an 8 in. diameter film to obtain a 
.satisfactory film of 0.0015 in. thickness: 

Zone 1: 
Zone 2: 
Zone 3: 
Head: 
Die: 

13000 
13500 
1400C 
1250C 
1300C 

Screens: 2 x 50 mesh 
2 x 80 mesh 
2 x 90 mesh 

*Available if required. 

Ail Information quoted on this Data Sheet has been obtained as a result of tests carried 
out to the best of our ability on specimens produced and tested as described above. The 
figures are Intended to give a general indication of the characteristics of the above material. 
Freedom from patent rights must not be assumed. No liability is accepted by us for any 
damage, Injury or loss resulting from the use of such data. 

THE TREFOIL SYMBOL & THE WORDS BAKELITE, YYBAK, WARERITE & SHALOM ARE REGISTERED TRADE MARKS OF BAKELITE LIMITED 

BAKELITE LIMITED 12--18 GROSVENOR GARDENS, LONDON, S.W.1 SLOANE 0898 

4266/IED/13/116.1 
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Diffusion in multiple laminates 
R. ASH, R. M. BARRER and D. G. PALMER 
Physical Chemistry Laboratories, Chemistry Department, Imperial College, London 
MS. received 7th December 1964, in revised form 1st February 1965 

Abstract. By a development of the method of Frisch a general treatment has been 
given of the time lag for diffusion in a multiple laminate ABCD ... where each 
lamina is composed of a different material. The treatment relates to flow of heat or 
matter in laminated slabs, hollow cylinders or spherical shells, under conditions 
where the diffusion coefficients are independent of concentration in each lamina, 
and where Henry's law governs the distribution of diffusant between each pair of 
laminae. Several special cases have been treated numerically which demonstrate 
some properties of the time lag in laminates. 

1. Introduction 
Diffusion of matter and conduction of heat in composite media have attracted consider-

able attention (Carslaw and Jaeger 1959). For many systems the time lag L, characteristic 
of the transient state, has both academic and technical interest (Carslaw and Jaeger 1959, 
Barrer 1951, Crank 1957). Efforts have recently been made to devise procedures for 
calculating the time lag which do not require complete solutions of the relevant differential 
equations. Jaeger, using a Laplace transformation method, first calculated time lags for 
various boundary conditions for heat flow through a composite slab of n layers (Jaeger 
1950). Levy (1956), in a study of heat conduction methods in forced convection flow, 
obtained results with Jaeger's procedure appropriate for determining the time lag for a 
hollow cylindrical composite medium. Actual time lagS were not, however, calculated. 

The time lag has also been considered (Ash et al. 1963) by an extension of an entirely 
different method, originally due to Frisch (1957), for diffusion in a laminated membrane 
made of n pairs of alternating phases A and 13. In this paper we will consider the time 
lag for a laminated medium of the type ABCD . . . where each lamina may differ from 
the others and where the medium may be in the form of a slab, a hollow cylinder, or a 
spherical shell. 

2. Formulation of the problem 
We consider diffusion (or heat flow) in a v-dimensional medium, corresponding in the 

case v = 1 to the slab of unit cross section, v = 2 to the hollow cylinder of unit length, 
and v ----. 3 to the spherical shell. The medium has 71 component layers, each layer being 
formed of a different material.. Diffusion is in the direction of increasing r and the diffusion 
coefficient A of the diffusant in the tth component phase, where i = 1, 2, . . n, is assumed 
to be independent of concentration, time, or positional coordinate. Solution of the 
diffusant within each phase follows Henry's law : Ct = kt'Cg , and hence at a phase boundary 
the distribution of diffusant between the two phases will also he governed by Henry's law, 
i.e, in the notation of figure 1, 

Ici' 
A 2i = 7;1 	A2i1-1 	kiA0+1. n 

A constant gas-phase concentration Cg of diffusant is maintained at r = R0 , with zero 
concentration at r = Rn. The initial concentration of diffusant within any phase at t =-- 0 
is also zero. Concentrations A jtist within interfaces are numbered consecutively as shown 
in figure 1. The concentration A and flux 1 just inside any one interface will be time 
dependent in the transient state of flow (A(t), 1'(t)) but independent of time when the 
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tot (b) 
A B A A B 

Direction 
2i-I 	?'2) 	of 

diffusion 

/2  4 
2 

/2 	0  
Configuration 

1,4- 4-4 	I 
3 

(I) 1),(P,,,t) 

C, (r, t) 
R _t 

th taming 
 

R. Ash, R. M. Barrer and D. C. Palmer 

steady state is attained : 
lim A(t) ---. A, 	Ern 	— (Ds. 

Similarly Ci(r, t) is the concentration within the ith component phase and 

urn Ci(r, t) 	Ci(r). 

Figure 1. (a) Diffusion through the multiple laminate showing concentration, flux and radius 
notations; (b) Three special configurations of a laminated slab, showing the nomenclature. 

3. Steady-state considerations 

Ci(r) is the solution of the equation 

1 d 	dCi( •- dr 	Di —drr)  --) 0. 

The steady-state flux through the ith layer (figure 1(a)) is 

dCi(r) (1), 	—cow 	Di --- dr 

where covrv-I is the surface area, with w1 ----_-- 1, w2 	2ir and co F_E 47r. By integrating 
equation (2) with respect to r from R1_1  to RI  one obtains 

1 
--- 	Ri) = Di(A2.v1  — 

where 
dr 

Mx, 	 • 

This equation may be written in the form 

1 	 - 
--- Hi = (A21-1 — Azt) fl k1 - 0 (3) 

where 
l ki  

Di 	j 2- 

and where it is to be understood that k, = 1. Because, from §2, 112t = k1A2t+1, one finds, 
after summing over all values of 4 cancelling certain terms and rearranging, that equation (3) 
becomes 

E 	 (4) 
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Further, from equation 

Also, 

Thus the steady-state concentration 
Further, by integrating 

C Kr) ==' 

= 

Also, for use in §4 : 

C ft(r) = Al  

Diffusion 

(3), 

A 21-1  

= 

A21 = A2171 

= Al 

equation (2) 

(r 
wpDi 

[ 	{111} +
D ; 

ii 
[ E {H,6} 4- 

fi - /3 

Gip 
{ 

[A, 

just 
from 

• lv(r, 

in midtiple 

4's A)] 

f, {Hid/ 

/02/-1, 
— 

n 

{ 	{Hi} --  
i 

inside any 
r to 

Ri - ) 

v(r, Rft-1) ,..,- 
=Ji g 

Ri) 

R1_1  

J-0 

R- 1 
H i - o 

laminates 

(I*1 

one 

/ 

H 

and 

kJ] 

k5 

Oir 

- 1 
k j 

= 0  

n 
kj 	{Hl}. 

1 	(I)  

— 	 I? 

( 17 	kJ) 	{M d. 
\ j 	0 

interface is readily evaluated. 
rearranging, one finds 

i( 11 	k;) 	1.] J-0 	i-i 

	

H ki 	
E {H1} 

] I (fl - 1 	) 	n 

	

j - o 	i - i 
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(5)  

(6)  

(7)  

(8)  

where Hi, is obtained from Hi by substituting [3 = i throughout. 

4. Calculation of the time lag 
In order that the calculation of the time lag may be applied to the problem of heat flow 

as well as to diffusion, we write for the differential equation of flow in the ith layer 

aC1(r, t) 	1 a 	p_, 	acifr, t) 
al 	at 	ar kr 	ar 	• 

For diffusion, a/ 	1 and Da is the diffusion coefficient ; for heat flow al is the product of 
the density and specific heat of the material of the ith layer, and Di will be the thermal 
conductivity. Further, for heat flow assuming perfect thermal contact at interfaces. 
ki =- 1. 

Considering the ith layer, we multiply equation (9) by uhr" and integrate with respect 
to r from r to Ri to obtain 

(r, 
cov 	5  +.v-1v-1  a-, 

aCi(r, t) dr = --(1)(R1, t) -- tap r''-' D1 aCi ar 
)  

at 
r 

where 
(1)(R1 , t) 	rP --1  Di ac,(r, t) 

ar 	r-R: 

By rearranging equation (10) and integrating again with respect to r from R1-1  to R1 one 
finds 

R; 	1?f 
cur 	1, 	aC*

'
(1-' t)  	(1)(RI, t) 	Rt) r"-- at 	at' 	drdr Di 

A21). 	(II) 
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- 

Equation (11) is then multiplied by 11 kj and summed over all values of i from 1 to n 
j o 

to obtain 

i 
/ 	

R 
ll- k\ r 1  

i_1 	 j rv-1  

Ri 
ai aCtfr, t)  drdr 	— 	t) Hi} + curAr 

r 

at i  1 
(12) 

Now, from equation (9), we obtain on integrating with respect to r from Ri_1  to ki : 

f ai aCi(r, t) dr 	t) 	t) at 

which on summing from I + 1 to n gives an expression for (1)(Ri, t) in terms of 41)(Rn, t): 

Re 

(1)(Ri, t) = (1)(Rn, t) 	E 	Wy f r" aft aCAr, 1)  dr . 
ft-i +1 	 at 

Thus, on substituting this expression for (1)(Ri, t) into the right-hand side of equation (12) 
and rearranging, one obtains an expression for (1)(Rn, t), the flux across the outgoing 
surface : 

•1(R., t) = [ E {Hi} 	40,,A1  - E 
n  1-1 •  i 	 = I 

( 	
Rt 	Rt 

p= 
I 	1 

LT) 	11 0 
L. 	

f 	at aCIatfr'  1)  drdr) 14-1  
Rt-i 

Re 

''''' ± Hi i 04 5 rv-1  ap dCt'  t)  dr . (14) 
i-i 	p=i-f-1 

The quantity of diffusant which has passed through the outgoing surface of radius Rn 

up to time t is Qt  = f 4)(Rn, t) dt. For large values of t, Qt  Qa  = 041 - L), where 

Qa  is the asymptotic value, L is the time lag, and On  i:, given by equation (4). Thus we 
obtain for the time lag : 

Rt 

[ 	

RI 

L  - .... --at till ki(iifi: k2) 5 1,1.
• 	$ rv-1 at Ci(r) drdr 

leg, 	r 
RI; 

E 	111 E 	rv-1  a; C fl(r) dr . (15) 
i- 1=i + 1 

/1-1 

One now substitutes for Ci(r) and CC(r) from equations (7) and (8). The resultant integrals 
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a 
[Re In Rz tltl - i(Re - 

X 	" 	In 

Ri_12)] 

E - 
[ 1 kj  

Lif 	0 

-- Re In -R-i 	MR22 
Ri-191 

Lam' - 

 

—1 

n  .± 	k,) {Ra 2 (In ,„ 
As 

1 
De J. 0 	 1 

R 

Diffitsion in multiple laminates 	 877 
are readily evaluated to give as the general expression for the time lag : 

    

L [p E {Hi) 

   

  

- (.Rt2  Ri-12 )1 E [Ht] 

    

    

    

( I— 1 
nig) 	Ro)2 - 	Rt) + f

Ri 

_3  dr o 
Ri-, 

E H¢ E 1- 	P-1+I 
- aft 

RB 

fl 
25. _ 	 111] 

kj 13 = 13 
[  

j=0 

 

1 
R- Dp 114-Rft-1, Rs) - YR, - Rfi-12)] 

S. Time lags for particular values of v 
5.1. v . 1 

If v = 1, from equation (1) we obtain the time lag for diffusion (or transport of heat) 
through a composite slab of n different layers : 

Lsiab 
itif o  

   

 

n 	at  1i 2 

r D .  r= 

i-, 
i

- no  -  De  3--  jgc, kJ} 

 

  

   

    

1
Di 	j=o 
 kJ) ,6.,+1  

n 	— 1 
ap n 	i 	1 	42 

i  

n ki  u- 

	)1 
„__ ,4 	)1

fli
ri0 ki 

ft— 	- 2D6l 

{ 
ti 	— 

.i0 

  

  

(17) 
where we have written 4 	- R1_1 ; 	— R„...1 , the thicknesses of the ith and fith laminae respectively. 

5.2. v = 2 
If v = 2 we obtain the result for a composite hollow cylindrical medium of n different layers : 
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(
1, 	k112 

6D1 + 2D2 

aals2  11 4  D3 (2D, __ ' 

1 23 
2D, 

k11, 1 4,1) 
1-b  2 	6D, 

_a2k211/2/31 (22) i• 

il Lastab = (4 	k1k2  J5-3 )-1 {aDi?  

_L.  _ 2_122  ( 	k112 	k 
D2 2D, 6D, )  
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I59 

n 

•Cs  
i=1 

j 	 

	

i 	 Ali --1) 

Ri (In n  (RA2  — .RA-12) 
2, A - 

J... 0 

In Rfi - 

II KJ DA .=° 
adS  

H ki  

[ 
R ft2  In RA1 — 4.(R, Rfi-19] DA   

5.3. v 	3 
If v ----- 3 we obtain the corresponding result for the n-layer composite spherical shell: 

n 
Lsphere =__ [3 E 

I 
kj)]

-1  ag (-Rt — A-1)2  (2Rt Rt-1) 
Di 	2Ri_1  

    

(18) 

X 
11 

i R FDt( +. R7) H at (I 1  )(R7 	Ri 1)3  kd — — 	- 
0 	Di 2 j 	ki 0 	Ri_12 

ap 

{1_ k, ( 1  
Di 	Ri-1 	Rtj is 

) 7 RA:_-_,)2  (2RA  7i- Ram 3.1 
24-, 

(Riga  — RA-13) n 1  

11 kJ 	
[ 1 ( - 1 A DA  R fi_, 

.1- 0  
11-)1111 0 - k  R J ] ft 1-  

(19) 

6. Results for the special cases v = 1, 2,3; n = 1, 2,3 
6.1. Slab (v = 1) 
lf rt = 1, 

If n = 2, 
	 Lislab 	a1/12/6D1. 	 (20) 

L2siab = (11
1  k 
	yl 

D1 
2 
 67-D I  2, 

1c
D
11) 

D ' D2 	 ,  
a2/ 2 	_4_ 	\ I 
D2

2 

 k6D2  2Dip (21) 

and for n 3, 

6.2. Hollow cylinder (v = 2) 
For 11 	1, 

LleYt• =a1  [(R12  Ro2) in 	(R12  — R02)] /4D1  In leo 	(23) 
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and for n = 2, 

L2cY1 • 	{(R12  + Re) In 	— (R12  — Re)] 

a"--25-k2 [(R22  /212) In i — (R22  — R12)] 

c  - 	( 1 n R [ 2 R12 InRo  — (R12  — Ro91 

+ Dan z (In --1k) [(R22  — R12) 2R12  In ---d I 
where 

In !,; 	k1  1n 
=, rio 

'1  Di  D2  (24) 

Finally, for n = 3, 

{2-4  
402  Di2  [(R12  R02) inRo  — (R12  -- 

R02)] 
a2kj t 

[ "‘22  
-1- 2) In 	 2 	( R22  — 

Al 	— R12)
} 
 

• -R 
Clakik2 [(IQ, 3 I 

2 	g# 2\ in  :3 	
4

R22)] \'`.  

In— ...t.  k2  In Ile) 
' alki [2R 2  In R1  — (Ri 2  — Re)] -1—  D, 	1  Re 	 D2 	Da  

Ra  a k k ln ,--6,— 
+ 2 	1 2 ."2  [2R22  In R-'-2  (R22  — R12)] D2D, 	Ri  

a2 In RI  
+ 	

— 
° [(R22  — R12 ) — 2R12  In --lizei ± 2a2k2(„R12D-3- R12) ,i.,..„ 
1, , In if 	ka  In R21 

+ 

o  

D3  . Di + 
D2

R 
 i [(R32 - R22) - 2R22  In 2

Raj, 

R1  
Ro! 	R 2 i f 

 

where 

In - A k1  In R2  /42  In Ra—R-;  
162  = D 	 — D3 1 

 6.3: Spherical shell (v = 3) 
When n . 1, 

 

(25) 

160 

Lisphere a1(R1 R0 )216Di . 
If n = 2, 

I   — R0)3  , a2ki(R2  — Rir al (R1  — R0)2  (2R1 	) k L  sphereDI
2RI .R0 	D22R2-R1 	DI

2   
R, 

a2  	11 	1 \ (R 2  — R1)2 
 (R2+ 2R1)) ▪ D,D2 tRo  Rij 	R2 



c• : —e; [1)-3. (14 
2a2  1 

+ DiD3  VRO 
1 
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where.  
/ 1 	• 1\ 

c63 -=  k7R—, 
Finally, if n = 3, 

L  sphere 	1 {a,(R,  — .R0)3  a2k,(R2  —  Ri)a as/42(Ra  — R2)3  
a 	— 6564 D12R1R0 + D22R,R, 	DaaRaR2 

a, (RI  — Ro)2  (2Ri  + 	 3  Ro) 	[ I75  (1RI R2  _ 1) + ik (.72  1  + DI 	Ro 	
ki  

+ a2 
2 
 (R2  — R1) (2R2  

Ri  
+  Ri)  k1k2  A-  (If;  — is) 

4- D
i  1 	1 \ (R2 _ Ry (R2 4.2RD 

iD2 kR0 Ril 	R2  
) + !rci.2  (k.  _ k2)1 (R3  — R2)R2  (aR + 2R0 

(R22  — Ria) k2 GL — II)) 
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a3 

where 
1 	1 

9a 4  "=- 7D leo  
1 \ 	1 1 	1 	kik-2  I 	1 

R1)VZ1 R2) 	 kJ' 
(28) 

7. Special cases 
We consider, in some detail, two special systems of interest. 

Case (1). A lamina of substance B is inserted in a medium A and the position of B is 
varied. Considering first of all the slab, we have the three configurations illustrated in 
figure 1(b). From equation (22), with D1  = D3 , k2  = 1/k2  and a3  = al, we obtain 

L= 	+ 4 + ki4\1-1 x1112 11 	 + 4 	t_11 
D, 	L D1  k6p1  2D2  2D11

\ 	
D2  1,2D1  6D2  21111 

If one 
substitutions 

we obtain 

L2  

+ (1 

now 

from 

[iLi2 2- cii 

a
D
l132 	11 	 42 111212 

2D2
k11 _t_ • (29) 

/2  = / = const., and introduces the 

(30) 

10 and 	,y) 	 (31) 7  

—'1)  L12  

[L,12  (:2)2 	k1]  y(1 — y)). 	(32) 
Al. 

, 	2D, 
( 

makes 11  -I- 13  

L1  •,==--. a1/2/6D1, 

L12  

equation (29) 

714 

[37/ c±?- L1 	+ (1 

, 
= 10. 

with 

1  1773  

— 71)1+ 

- 6D, 	1  k, D3 2  
const. and /0  + 

L2 	a212/6D2  

	

D, a, 	11 

	

a2 	To. 	y 

a little rearrangement 

	

C-4- L322 	3k1,22(1  a, 

6722(1 — 77) L12  

For the purpose of the calculations we consider the diffusion case only (a2  = a1  = 1). 
(The corresponding equation for heat flow is obtained from equation (32) by setting k1  1). 



	

[4- 	I 	 _I 	I 	I 	I  
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• 
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The following properties of equation (32) are of interest : 
(i) For a given value of n, 	has a parabolic dependence upon y (figure 2) so that 

(L/L2)7  =-- (L/L2)1-y, and (L/L2)y...0  = (L/L2)1,-1  
n3L122 	3k17120  — 7))  L12 + (1 	/1)2  [711,12 	kl(1 	7?)] 

412 	n) 
i.e., reversing the system from configuration (1) to configuration (3) involves no change 
in the time lag. 

(ii) There is a turning point at y = 0-5. This turnhw. point is a maximum or minimum 
according to whether L12  > k12  or L12  < k12, as can be shown from the relation 

bg,„ + 	— 	In3Lie + 3k1n2(1  n) L12 
+ (1 	n)2  [3nL12 kl(1 	n)1 

in2(1  n) L12 
 

kl 	 (34) 

(iii) Since equations (33) and (34) are not identical, it follows that the time lag will vary 
with the position of B in configuration (2). 

(iv) If L12  = k12, the time lag is independent of y and then L/L2  = [n(ki  — 1) + 1)2. 
The curves of L/L2  against y, for n = 0.75 and L12  = 2, in figure 2 illustrate the above 
points. 

Figure 2. Composite slab: L/L2  as a function of y = 4//o  (see figure 1(b)). rl = 0.75, L12  = 2. 

The analogous systems for the hollow cylinder and spherical shell are of considerably 
greater complexity. In varying the position of the laminate of B we can either keep the 
volume fraction of B constant, in which case the thickness of this lamina will vary in passing 
from one boundary of the medium to the other, or we can keep the thickness of the lamina 
constant with consequent variation of volume fraction. We have considered the constant 
thickness case for each system.. The three configurations with pertinent notation are as 
shown in figure 3. Because of their length, expressions for the time lags of the various 
configurations are not given here. In figures 4(a) and 4(b) we have plotted curves of 
L/L2  against RI/R0(1 < R1//20  < T (AR/R))) for fixed T, dR/Ro, D1/D2  == L12  and 
several values of k1. Apart from the obvious lack of symmetry, the form of these curves 
is not unlike that of the curves of figure 2 for the composite slab. 

162 

(33) 

(1:2)y-o• 5 
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Case (ii): The lamina of substance B is inserted centrally in the medium A and its thickness 
varied. We consider the effect of this upon the time lag. 

For the slab, equation (34) is the relevant equation and figures 5(a) and 5(b) show curves 
of (L/L2)y.0.2  against 7) for fixed L22  and various 1 1. Figures 6(a) and 6(b) show analogous 
curves for the hollow cylinder and spherical shells. The magnitude of the time lag can 

163 

Configuration 	1 	 2 
	

3 

Figure 3. Three special configurations of a laminated hollow cylinder or spherical shell, showing 
the nomenclature. The insert of material B is of constant thickness AR and internal radius 
Ri  where 

1 S  RJR°  S  z — OR' 	z = Rs/R0  > 1. 

Figure 4. ./.4,2  as a function of Rao (see figure 3). Ro  = 1, z = 5, ARM, = 1, L12  --- 2. 
(a) Composite hollow cylinder; (b) Composite spherical shell. 

clearly be influenced considerably by varying the thickness of the inserted lamina, while 
the dependence of L/L2  upon ki  and the position of the insert is relatively complex. Thus, 
the ratios L/L2, for values of ki  considerably larger than L12, may show both a maximum 
and a minimum with position of the insert ; for values of k1  not too much larger than L12 
minima only are found ; and for k1  suitably smaller than L12  maxima appear which in-
crease rapidly in peak height as k1  becomes still smaller. These general features are 
similar for slabs, hollow cylinders or spherical shells (figures 5 and 6). 

8. Conclusions 
In the foregoing numerical applications of the theory only the special cases AB (or BA) 

and ABA of the most pneral multiple laminate ABCD . . . have been considered for slabs, 
hollow cylinders and spherical shells. These have, however, demonstrated that an insert 
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(a) 
A-, 
0-2  kik,=0.2  
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Al 
0.5 

0.5 

2.0 
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2-0 

100•O 
1 I I d00.0 I 1 t I tilt t 111 
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2,5 

2.0 

1.5 

10 

•2 	0.40. 	0.8 
	

1.0 0 	0.2 	0.4 	0.6 	0.8 	1 0 

Figure 5. Composite slabs: (L/L2)7.0.s  as a functions of n = loll. (a) Lis  = 1, (b) L12 = 2. 

100.0 	 100.0 
t 	I 	I 	I 	I 	I 	 I 	1 	I 	I 	L 	I 	I 	It 

0 	0.2 	0.4 	0.6 	0.8 	1.0 0 	02 	04 	0.6 	0.8 

Figure 6. (L/L2))-0.2  as a function of n = 1 - (AR/Re)* - 1). Ro  = 1, T = 5, L12  = 2. 
(a) Composite hollow cylinder; (b) Composite spherical shell. 

of the appropriate material can profoundly modify the ratio L/L2, and hence the time of 
transmission to the outgoing side of the laminate of the ,..Ffect of changed boundary con-
ditions on the ingoing side. The quantitative treatment applies equally to flow of heat or 
matter, except that in the former the k's are all unity, and in the latter the a's are unity. 

In the treatment of the general problem of the time lag for diffusion through the laminate 
ABCD . . . the method of Frisch has proved readily effective, for slabs, hollow cylinders 
or spherical shells, and from the general relations other special cases may be considered 
on a numerical basis. One of these which has already been the subject of investigation 
(Ash et al. 1963) is the laminate ABABAB . . . . It is hoped later to consider other time-lag 
problems involving heterogeneous media. 

There have been few experimental studies of diffusion through composite media in which 
the time lags have been investigated. An exception is the work of Barrie et al. (1963). 
Experimental work involving the composite hollow cylindrical system is, however, in 
progress (Ash, Barrer and Palmer, to be published). 
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Gas Solubility in Polymers: Errors Selective for Helium 
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WHEN measuring the solubility of sparingly soluble 
gases in polymers, using the desorption method of 
Meares' and of Draisbach at al.,* we have observed 
an effect for helium which can lead to large over-
estimates of the solubility of this gas. The 
desorption curve for helium from certain polymers 
in Pyrex glass apparatus was unusual in the 
quantity of gas evolved, and the time required for a 
given fractional desorption was much longer than 
expected from the dimensions of the polymer sample 
and the diffusion coefficient of helium in it. It was 
suspected that, simultaneously with solution in 
the polymer, helium had dissolved in the glass 
walls of the apparatus from which it was gradually 
released during the desorption process. 

FlOtIRR 1. Release of inert gases front Pyrex glass at 

To test this possibility a series of experiments 
was conducted by admitting, in turn and at 3 cm. 
pressure of Hg, each of various gases, into a 
McLeod gauge. For helium a run at 6 cm. 
pressure was also made. A given gas was left for 
about 16 hours at room temperature (~23°c) and 
then the gauge was outgassed for between 3.0 and 
4.0 minutes, by which time the pressure in it was 
reduced to about 10-o torr. The subsequent 
pressure rise was next measured for each gas as a 
function of time. Figure 1 shows the desorption 
curves for He, Ne, Ar, and Kr and demonstrates a 
slow release of He, nearly doubled when the initial 
pressure was doubled, and a lesser release of Kr, 
but very little , evolution of Ne or Ar. These 
effects were interpreted in the following way. 

The diffusion and solution of gases in glass have 
been studied by several authors,*-4  some results 
near room temperature being given in the Table, 
extrapolated where necessary. In the diffusion 
problem of our experiments, one can treat the glass 
as a semi-infinite medium bounded on one side by 
the plane at x = 0. The boundary conditions for 
the concentration C are: 

C = CI  at x 0 for 0 <t < to  
C = 0 at t =t 0 for 0 < x < co. 

aC 	eic The solution of Fick's equation, Tt = .D - 7  for 

these boundary conditions, and at the time 
to, is' 

C(x) = C<1 — erf 
21/

x 
 150 

On expanding the error function as a series, for 
x  

small enough values of 2054, equation 1 gives as 
an approximation 

x C'(x) C1(1 (orpto)e 	(2) 

for the concentration distribution at t = to. At 
this time taken as the new zero, as indicated in 
paragraph 2 above, the gas is pumped away for a 
short period 21  and desorption commences. The 
solution now appropriate is' 

(1) 

r  op 	r  
C(x)  = 2VirTit j C1(2)  lexP 	4D1 	exp 

4Di
+ 	dx, (3) 



(2) 

12 	16 
(t1;2+ 11/2)(mln.0) 

167 

On substitution of equation 2 and integration, 
equation 3 gives 

	

C(x) = Cl erf 205i 
x 	

Ca 
x .  

(TrDt0 )i 
Per unit area of surface the flux is then 

D( ac 	nic 
x) 	= 0 	— (1116)*  

and the corresponding amount, 1 t I,  of substance 
desorbed per unit area during the time interval 
(t—t,) is given by 

	

Ci — 	2 — 
y [ 	(11  + 4)1 

tl — il) 	
(D 
	

tio 

Or 

(Dyl [ 2 
(t — t1) 	 (ti 	t6 ) 	to j 

M can be related.to the pressure p by 

V p 273 
M = A • • 298 

where V and A are the volume and internal surface 
of the McLeod gauge respectiyely, and so plots of 
pm,  — 4) against (te + 4) or p/(t — ti) against 

+ 4)-1  should be straight lines. Figures 2(a) • 
and 2(b) show that the desorption curve of helium 
initially follows sucli a relationship satisfactorily, 
apart from a deviation for very short times. 

The corresponding intercepts on the ordinate of 
Figure 2(a) and the slopes of Figure 2(b) are found 
to be virtually identical, just as required by 
equations 6 and 7, and to be doubled in magnitude 
when the initial pressure was 6 'cm. (curves 1) as 
compared with the value when this pressure was 
3 cm. (curves 2), again as required by equations 8 
and 7. The mean value of p/(te —4) was 5.0 x 10-6  

when the solution of helium had occurred at 3 cm 
pressure. With D taken from the Table (D 
7.26 x 10-9  cm.asec.-I), and with C, also estimated 
from this Table (C1  = 5.2 x 10-9  x 3/78 cm.' at 
Lt.p. per cm.' of glass), one may combine equations 
6 or 7 with 8 and obtain A /V ='3.6. Calculations 
based on the dimensions of the component parts of 
the McLeod gauge lead to a value of A /V".2.2. 
Thus the evidence of Figures 2(a) and 2(b) and the 
numerical value of A/V strongly support the 
explanation that solution of helium in Pyrex 
accounts for the high apparent solubilities of.this 
gas in certain polymers. 

Fist= 2(a) Linear relation between p/(t1  —4) and 
(ti.+ 4) for helium. 

(t1/1+ 	{01  (mln.-111) 
FIGURE 2(b) Linear relation 'between p/(t—t,) 
1/(t1  + 4)  for helium. 

(4)  

(5)  

(6)  

(7)  

(8)  

and 

TABLE 

• Gas Temp. ('C) 

Diffusion 
Coefficient, 

D(cr.i.zsec.-1) 

£.'ubility 
(cm.' at s.t.p. at 
1 atm. per cm.* 

of glass) Type of glass Reference 
He 27 7.7, x 10-* 8.5 x 10-' Pyrex '7740 4 

231 7.2, x 10-1  5.2 x 10-' Pyrex 7740 5 
25 2.0 x 10-' 1.9 x 10-' Vitreous silica 7 

Ne 25 5 x 10-11  3 x 10-' Vitreous silica 
H, 25 5 	x 10-11  4 x 10-' Vitreous silica 7 
0, 25 10-0  Vitreous silica 7 
Ar 25 2 x 10-n Vitreous silica 7 

. N2 25 2 x 10-" Vitreous silica 7 
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In view of the small diffusion coefficients in 
Pyrex of gases other than helium, any appreciable 
homogeneous diffusion of these other gases in the 
glass matrix is unlikely. But from Figure 1 an 
increase in the amount of desorbed gas is observed 
in the sequence Ne < Ar < Kr. The more con-
densable gases are thought to migrate to some 
extent down flaws and crevices at the glass surface 
giving entrained populations of molecules in the 
order of their condensabilities. The desorption 
curve of Kr rises very fast initially and then levels 
off after a short time. This suggests fairly rapid 
evolution of krypton from crevices at the glass  

surface but negligible amounts of krypton dis-
solved in glass. The magnitudes of the effects 
observed for these more condensable gases arenot 
likely to lead to significant errors, especially since 
the more condensable the gas the greater its 
solubility in the polymer generally becomes. 

In silica apparatus the behaviour noted above for 
helium in Pyrex will, according to the figures in the 
Table, be even more in evidence, but in soda glass 
apparatus as used by Meares1  it would probably be 
negligible since molecule diffusion in soda glass is 
much slower than in Pyrex. 

(Received, March 31st, 1966; Com. 208.) 
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