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INTRODUCTION 

THE TECHNOLOGY FOR manufacturing high thermal performance cel
lular plastic insulations such as polyurethane, polyisocyanurate, pheno

lics and extruded polystyrene uses gases with low thermal conductivity as 

captive blowing agents. The gas is captured in the closed cells of the material 

to achieve higher thermal resistance. But once in contact with the at

mosphere, the thermal resistances of these materials gradually decrease. This 
phenomenon is called aging. The pdncipal reason for aging is known to be 
the entry of annosphcric gases into the cell structure of the insu'lation. At

mospheric gases, with higher thermal conductivity than the blowing agents, 

enter the cells and the blowing agents leave. Usually the molecules of blow

ing agents are heavier than oxygen and nitrogen molecules in atmosphere. 

Hence the transport of 0 1 and N1 into the cells is much faster than that of 
the blowing agent our of the cells. This initially causes a faster decrease in the 

mole fraction of the blowing agent in the cell gas mixture and therefore a 

faster decrease in the thermal resistance. Also the rate of aging differs from 

material to material as illustrated in Figure 1. 
For the past two decades, researchers have been developing theoretical 

models to predict the long term behavior of cellular plastics [1-4]. As Valen
zuela and Glicksman stated in a review [5]. in order to accurately predict the 

long term performance of gas filled cellular plastic insulations, it is necessary 
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FIGURE 1. Aging of 10 mm thick slices of cellular plastic insulation. 

to model the heat transport as well as the mass transport correctly. Improved 
knowledge of the radiation properties of the polymer matrix has sig

nificantly improved the heat transfer models. Mass transfer is. invariably 
modelled as diffusion processes. Once the models are accepted, to use them 
for numerical calculation, reliable data on a set of gas diffusion coefficients 
are required. Researchers have developed various techniques to determine 
these coefftcients. Ballet al. [6) cal.culated the diffusion coefficients of 0 2 and 
N2 in a polyurethane foam from thermal conductivity data, Norton (1] 

derived these from gas composition data and Cuddihy and Moacanin [7] 

calculated the ruffusion coefficients from rate of weight loss of samples kept 
in vacuum. These earlier attempts generated data which differed sig
nificantly from method to method [5] and the di·fferences cannot be ex

plained only on the basis of the difference in the test materials. 
Recent developments in experimental techniques have resulted in a more 

consistent set of data. Shankland [8] used a permeance measurement tech
nique. Ostrogosky and Glicksman (9) have reported a steady state method, 
again based on permeance. Schwartz et a!. [10] and Brehn and Glicksman 
[11] more recently used sorption measurement techniques. The sorption 
technique bas some experimental advantages over the permeance technique, 

I 

.I 
. I 
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especially the way in which the specimens are handled. Permeance tech

niques need a tight separation of two pressure chambers using the test speci

mens which often results in experimental difficulties. In sorption techniques 
no such tight sealing is necessary. 

To obtain the diffusion coefficient, Schwartz et al. used a finite difference 

method to analyze their data. Brehn and Glicksman analyzed the data based 

on an equation proposed by Wilson (12]. The present authors investigated 

the use of Z-transform (13,14] for the data analyses and compared it with the 

method used by Brehn and Glicksman and with an improved version of the 
finite difference method used by Schwartz et al. This paper compares the 

three methods of analysis and reports a set of data on 02 and N2 diffusion 

coefficients for a polyurethane foam, a polyisocyanurate foam and an ex

truded polystyrene insulation. 

EXPERIMENTAL APPARATUS AND TEST PROCEDURE 

The experimental equipment, shown in Figure 2, used to perform the rate 

of gas diffusion measurements consists of: 

1. Test chamber to house the test specimen and to provide test gas pressure 

conditions 

2. Liquid bath to maintain the required temperature of the test chamber and 

auxiliary chambers 

3. Auxiliary equipment such as valves, pressure transducers, etc. 

4. Data logger 

UQUID 

• BATH 

DIFFERENTIAL 
PRESSURE 

TRANSDUCER 

AUXILIARY 
CHAMBER 

FIGURE 2. Schematic representation of the setup to measure the rate of gas transfer through 
cellular plastics. 
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The test chamber can accommodate specimens in the form of discs made 

out of the foam insulation. These discs were placed in the test chamber and 

subjected to the initial constant pressure ( -100 kPa). After the initial settling 
time to obtain steady state conditions, the chamber pressure was increased 
by relatively rapid injection of a fixed amount of gas into the chamber from 

the auxiliary chamber. The chamber gas pressure decreased as the gas 

diffused into the specimen. The chamber pressure variation with time was 
monitored continuously for the duration of the experiment. 

Further details of the experimental setup and the test procedure are given 

in Reference [10]. 

ANALYSIS 

The aim of the analysis is to derive a relation between the test chamber 

pressure variation and time. This relation in turn is used to calculate the gas 

diffusion and stOrage characteristics from the experimental data. 

The pressure change in the chamber, after a fixed amount of gas is injected 

into the chamber, is governed by the rate of gas diffusion from the chamber 

free volume into the specimen. This rate of diffusion (one dimensional) is 
defined by [15] 

where 

C = gas concentration, kg/m3 

x = distance, m 

t = time, s 
'Y = gas diffusion coeff1cient, m2/s. 

The gas diffusion coefficient, 'Y· can be expressed as 

where 

k = gas permeability, kg/s/m/Pa 

(1) 

(2) 

w = specific gas storage (which may include gaseous, adsorbed and ab

sorbed states), kg/m3/Pa, defmed as 

1 dW 
w=-·--

V dt/> 
(3) 

l 
lj 
I. 

I 
I 

. I 
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where 

W = mass of the gas stored in a volume V, kg 

V = volume, m3 

cp = pressure, Pa 

For ideal gas and free volume the specific gas storage is 

w = 1/(R • T) 

where 

R = gas constant, j/kg/K 

T = absolute temperature, K 

(4) 

However, in rigid cellular plastic not all the specimen volume is available for 

gas storage although apparent storage may increase due to gas absorption by 

the material. A storage factor, J, can be used to account for this, 

J = vs,o = w. 
Vs,T. Wr 

where 

Vs,. = apparent specimen gas storage volume, m 3 

Vs.r = volume of the specimen, m3 

w. = apparent cellular plastic specific gas storage, kg/m3 /Pa 

(5) 

Wr = free volume specific gas storage, kg/m3/Pa and from Equations (2) 

and (4) 

k· R · T 
J= ---

1' 
(6) 

For convenience, the gas concentration, C, can be expressed in terms of 

gas pressure 

C = cp/(R • 7) (7) 

then under isothermal conditions Equation (1) becomes 

(8) 
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Also, the chamber pressure and the gas mass flow rate into the specimen 

can be related by (based on the Ideal Gas Law) 

(9) 

where cf>c is chamber pressure, Vc refers to the free chamber volume and We 

gas mass in that volume. 

The simultaneous solution ofEqs. (8) and (9) gives the needed relation be

tween chamber pressure variation and gas diffusion characteristics of the 

specimen. 

The calculation procedure can be simplified by using dimensionless time 

(also called characteristic time) T [16] where 

T = "f • t/ U (10) 

where 

L = thickness of the specimen, m 

and dimensionless pressure Pc.r and Pc,r (pressure change at anytime ex

pressed as a ratio to initial pressure change) where 

Pc.r = experimentally determined chamber dimensionless pressure at time t 

Pc,r = calculated chamber dimensionless pressure at dimensionless time T 

The diffusion coefficient could be determined by comparison of the mea

sured (P, vs . t) and calculated (Pr vs. r) chamber pressure decay curves. The 

"best" match of the two curves would yield the diffusion coefficient and final 

chamber pressure values for the specimen under consideration. 

The determination of the diffusion coefficient, however, can be simplified 

by the use of a ratio 

r,.J =(rlt) (11) 

where t is the real time at which the chamber pressure is equal to Pc.r 

(measured values), T is the dimensionless time such that the calculated Pc.r 

and measured Pc.r are equal, and J is the storage factor [see Equation (5)] 

used as a parameter in calculations of Per. Then, from Equations (10) and (11) 

(12) 

I 
I 
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This relation is used to determine the diffusion coefficient and storage fac

tor because if Equation (8) approximates accurately the gas diffusion proces: 

in the specimen and if the diffusion coefficient is independent of time and ga: 

concentration then -y must be constant with time. Thus the 'Yr.J curve that i: 

the "best" straight line parallel to the time axis* gives the diffusion coeffi. 

cient value and the storage factor for the specimen under consideration. Thi: 

approach to determine the diffusion coefficient is called the Ratio Method 

The actual calculations of -y use P., as a parameter, where p., is the cham

ber pressure at steady state (or is the final chamber pressure), i.e., -y versus 
curves are calculated for several assumed P., values. Once the "best" -y anc 

P., values are determined the J factor is calculated as follows: based on Idea 

Gas Law 

p _ Ve 

.. - v< + v •.• (U 

then solution of Eq. (5) and Eq. (13) for f gives 

J=-·--1 Ve ( 1 ) 
Vs,T P., 

To demonstrate this approach to determine -y andf from pressure decay ex

perimental data, a chamber pressure decay was calculated (calculations wen 

based on Equations (8) and (9)] for 

-y = 1.0 X 10-10 m2/s and P., = 0.5 

This calculated chamber pressure decay was then used as experimental data 

to calculate -y versus time curves shown in Figure 3. 

As expected, -y is constant with time at p., = 0.5. For other values of p. 

the -y versus time curves are not straight lines and lie above and below the 

-y = 1.0 X 10-10 m 2/s value. 

Various calculation approaches can be used for the solution ofEqs. (8) and 

(9). Some methods for various practical reasons, are better suited than the 

others. For this reason the following three calculation methods were evalu

ated to assess their suitability: 

1. Analytical solution of the gas diffusion equation for a step change of 

chamber pressure developed by Wilson (12] 

*In practice the "best" curve is not exactly a straight line because of the errors in measured data; 
errors in calculated chamber decay curve and the gas diffusion process may not be exactly 
linear. 
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FIGURE 3. Plot of diffusion coefficient curves for a range of chamber final pressures to dem
onstrate the technique used to determine 'Y and P m from experimental data; the chamber final 
pressure values are noted at corresponding curves. 

2. Z-transfer function method. It is an adaptation of the z-transfer function 

method used in heat transfer problems [13] and solutions of the diffusion 

equation for ramp excitations [14] 

3. Simple explicit fmite difference method 

ANAIITICAL SOLUTION 

The analytical solution (Wilson) for a step change of the chamber pressure 

at zero time and constant temperature is [12]. 

1 2 • G 
P. = G + 1 + E G . (G + 1) Ｋ｡ｾ＠ • exp ＨＭ｡ｾ＠ • r) (15) 

11=1 

where a" are the real positive roots of the equation 

(16) 
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1 
G =-- 1 

ｐｾ＠
(17) 

The main disadvantages of this method are the lengthy calculations of the 
roots, a.; it is limited to the step chamber pressure change at zero time; uni

form initial conditions; and it is applicable only to a linear gas diffusion pro

cess. Sample calculated 'Y curves by this method are shown in Figure 4. This 

sample calculation used measured chamber pressure decay test data for the 

polystyrene insulation specimen and N 2 gas maintained at 40°C. 

Z-TRANSFER FUNCTION METHOD 

The Z-transfer function method, ZTF, is based on two transfer functions 

K(Z)r=o = [ Ａｾ＠ (z)/p(Z)] x=o = 

K(Z)x=L = [ Ａｾ＠ (z)/p(Z) ] =L = 

ao + a1 • z-1 + a2 • z-2 + .. . 
1 + b1 • z-1 + b2 • z-2 + .. . 

Co + C1 ' z-1 + C2 ' z-2 + .. . 
1 + b1 • z-1 + b2 • z-2 + .. . 

(18) 

(19) 

that relate specimen surface gas pressure gradients and chamber pressure. 

Calculations of the a, b and c coefficients are based on the procedures given 

in References [13,14] using dimensionless time step AT. 

It should be noted that in the dimensionless form one unique set of K(Z)x=o 

and K(Z)x=L functions define the relation between the surface gradient and 

the history of the surface pressure for all homogeneous slabs. An "accurate" 

set a, b and c coefficients was, therefore, calculated using double precision 

( -14 decimal places) and AT = 0.0002. 

The surface gas transfer, AM, during AT time period is calculated by 

AM. = [( dp ) + ( dp ) ] • V • j · ATI(T • R) (20) 
dx x=o dx x=L 

where (dP/dx) is a function of the transfer function K(Z), the history of sur

face pressure and the history of surface pressure gradient. 

The chamber pressure is calculated by 

PT + AP, = (M, + AM,) ' R ' T/Vc (21) 

where M, is mass of gas in the chamber at time T . 
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FIGURE 4. Plot of diffusion coefficient curves that were calculated according to Wilson; the 
chamber final pressures are noted at corresponding curves. 

The Z-transfer function method can account for boundary conditions that 

can be approximated by a straight line segment over the !:!.7 time period. 

However, it is still limited in application to the linear diffusion processes. 

Sample calculated 'Y curves by ZTF method are shown in Figure 5. This 

sample calculation used the same test data as it used in calculation of Figure 

4 curves. 

FINITE DIFFERENCE METHOD 

The finite difference method is not as elegant as analytic or z-transfer 

methods. However, it is simple and it can be applied to account for changes 

in 'Y with time, temperature, position and pressure while the other two 

methods are limited to linear problems. 

For the application of the finite difference method, the slab of rigid cellular 
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L•!5.098 mm, T•40 C, XPS, ZTF 
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FIGURE 5. Plot of diffusion coefficient curves that were calculated by z-transfer function 
method; the chamber fmal pressures are noted at corresponding curves. 

plastic is divided (mathematically) into N layers and for each interface the 
pressures are related (based on the gas mass balance) as follows [17] 

Pi-l,T + Pi+l,r - (2 - (}) 0 
Pi,r = U ' Pi.r-tJ.r 

where 

i = interface number 

U = 1/(Ar • N-) 

A set of equations for all interfaces is denoted by matrix equation 

and the solution of this equation gives the gas pressure as 

(22) 

(23) 

(24) 
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Once the pressures for time rare calculated by the above equation the cham-

ber pressure for time r + !!.rare calculated by Eqs. 20 and 21. · 

The accuracy of finite difference calculations depends on N. Calculations 

of 'Y were, therefore, performed using the test data for polystyrene specimen 

(L = 5.098 mm, T = 40C, Gas - N 2), N = 20, 30, 40, 50, 60, and 

tlr = 0.0002 to demonstrate the influence of N value on the calculated 

diffusion coefficient, 'Y· These results indicate that N = 40 and tlr = 0.0002 

give acceptable accuracy in calculation of 'Y (see Figure 6). 

A sample of diffusion coefficient curves calculated by finite difference 

method for the same test data that was used in calculations of Figure 4 and 

Figure 5 curves, are shown in Figure 7. The comparison of curves in Figures 

4, 5 and 7 indicates that all three methods produce practically the same diffu

sion coefficient curves for the same range of assumed chamber final 
pressures. The criteria, therefore, for selection of the method should be the 

ease of implementation and the limitations in application of the method. 

RESULTS 

Pressure decay experiments were performed on three materials using ox
ygen and nitrogen gases and at several temperatures. The analysis of the ex-

DIFFUSION COEFFICIENT x10A10 (mA2/s) 
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FIGURE 6. Plot of diffusion coefficient curves for a range of N values. 
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FIGURE 7. Plot of diffusion coefficient curves that were calculated using finite differenc• 
method; chamber final pressures are noted at corresponding curves. 

perimental data were done using the finite difference calculation approach. 

Materials, test conditions, the diffusion coefficients, 'Y· and factor j, deter

mined by the analysis of the experimental data are listed in Table 1. 

To demonstrate the technique used as well as the precision of this method, 

a sample graph for the specimen of extruded polystyrene insulation at 40°C 

and a range of assumed chamber final pressures is shown in Figure 8. 

The results indicate that: 

1. Diffusion coefficient, as shown by earlier workers (9], is a strong func
tion of the temperature. 

2. The storage factor fin most cases being close to or lower than 1.0 in

dicates that for the materials investigated here the ability of the polymer 

matrix to adsorb and absorb 0 1 and N 1 is negligible. 

As can be seen in Figure 8, the pressure decay experiments can be ter

minated before the chamber pressure reaches its final steady state value since 
the 'Y and P., can be estimated from the data of a partly completed test. 

Although the accuracy of the estimated 'Y andjfactors increases as more data 

is used, the accuracy of the measured data decreases because it is difficult to 

maintain constant test conditions over long periods of time, e.g., N 1 gas test 
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on some materials may take several hundred hours to approach the new 

steady state condition. So a compromise must be reached between the cost 

of the test equipment (assuming that "better" test equipment costs more), the 

duration of the test (shorter duration permits more tests to be performed 

with the same equipment) and needed accuracy of 'Y and f factors. 

CONCLUSION 

The finite difference approach used to determine diffusion coefficients and 

storage factors is fast, flexible and easy to apply. 

The Ratio Method can be applied to a partly completed test data. This 

reduces the time needed to determine the diffusion coefficient for relatively 

low permeability materials and high molecular weight gas. 

ACKNOWLEDGEMENT 

The authors are indebted toN. Normandin and R. G. Marchand for tech

nical assistance during this investigation. 

Table 1. Diffusion coefficients and storage factors for polyurethane (PUR), 
isocyanurate (PIR) and extruded polystyrene (XPS). All test specimens were 

prepared from the core of respective samples. 

Temp. 'Y • lQ-10 

Material Gas oc m2/s 'I 

25 .025 0.77 

N2 32 .040 0.73 
PUR 40 .060 0.79 

Density = 
25 .22 0.85 31 .2 kg·m-3 

02 30 .28 0.88 
40 .35 0.96 

PIR N2 25 .028 1.00 
Density = 

30.5 kg·m-3 02 25 .23 1.00 

25 .58 1.00 
N2 32 .75 0.91 

XPS 40 .90 0.95 
Density = 

25 3.8 0 .86 31.4 kg·m-3 

02 32 4.2 0.89 
40 5.0 0.90 

., 
,I 
' ,, 
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L•5.098 mm, T•40 C, Gas•N2, XPS 
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FIGURE 8. Sample graph to demonstrate the technique used to determine diffusion coefficient 
and chamber final pressure. In this case the estimated diffusion coefficient is 0. 90 X JQ- 10m 2/s 

and the final pressure is 0.47 shown as a straight horizontal line passing through 0.9 X JO-Io 

diffusion coefficient value. 
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