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SUMMARY

In addition to the initial thermal conductivity value, the thermal conductivity of
closed-cell foamed plastics over long periods of time depends to a large degree
on the gas exchange processes between the blowing agent and the ambient air.
Itis very important to know and to show whether the cell gas remains in the foam
for a short time or, to a large extent, for the whole lifetime of the foam material.

A lifetime of between ¢.20 to 50 years is assumed for thermal insulation
materials in construction, and it will be shown that blowing agents remain to a
large extent in the foam material over such periods.

The method most extensively applied for measuring cell-gas composition is
to take a sample using a gas-tight syringe and then analyse by gas chromatography.
In addition to the measuring method, possible sources of sampling errors and
measuring uncertainty are indicated.

In order to show the relationship between thermal conductivity and cell-gas
composition, thermal conductivity curves for PUR rigid foam materials blown
with CFC 11 over a period of 30 years, and PUR foam materials blown with
HCFC 141b or pentane over a period of 9 years are presented, with the
corresponding measured values for cell-gas composition.

Cell-gas measurement continues to be applied as proof of the blowing agent
used for consumers and official bodies, and also for compliance with regulations.

INTRODUCTION

In addition to the heat transfer of a thermal insulation material through the
solid material structure and as a result of radiation, heat transfer of the gas
phase (cell gas) makes a significant contribution in terms of total heat
transfer. In the literature, figures of 40% to 70% of total heat transfer is
attributed to heat transfer of the gas'!.

As a result of the blowing agent employed in the foaming process, the
cell gas in the cells of closed-cell foamed plastics often exhibits a lower
thermal conductivity than that of the ambient air (Figure 1). Through the
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gas exchange processes with the ambient air, the cell gas composition
alters constantly, and generally leads to an increase in the thermal
conductivity of the thermal insulation material®.

~ The thermal conductivity of the cell gas in a foam cell is therefore
dependent to a large extent on the time and on the location of the cell in
the insulation material, as the cells adjacent to the ambient air release the
blowing agent into the surrounding air much more quickly than the foam
cells in the middle of the insulation material.

The rate of gas exchange with the ambient air depends on the effective
diffusion coefficients of the individual gas components in the foam
material and from the initial concentration. The diffusion coefficients as
well as the initial concentration of the individual cell gases can be
established through the determination of the total pressure in the cells and
the volumetric proportions of the individual cell gases using a gas
chromatograph.

The determination of the total pressure in the foam cells is relatively
complex, and only necessary for the calculation of the diffusion coefficients
and the gas exchange processes.

The quantitative cell gas analysis® is a quick and cost-effective method
for determining the blowing agent used and the quantity contained in the
cell gas. This method also provides information on both the initial
concentration of the cell gases and thus the thermal conductivity of the gas
phase of the insulation material, as well as on the long-term development
of the thermal conductivity of the gas phase. As a rule, the thermal
conductivity of the solid material structure remains constant over the
lifetime of the product, provided the foam material matrix does not absorb
moisture or alters as a result of ageing processes.

Furthermore, measurement of cell gas composition allows conclusions
to be made concerning the blowing agent used and whether significant
quantities of the blowing agent will remain in the insulation material over
the long term. In other words, whether it is a permanent blowing agent,
as required in Annex C of the PUR draft standard prEN 131659,

For this reason, when new blowing agents were introduced for foam
materials, stipulations were included in the German building supervisory
approvals (Bauaufsichtliche Zulassungen) and later on the building regulation
list (Bauregelliste A)® which required that measurements of cell gas
composition be made for insulation materials in building made of
Polyurethane (PUR), extruded Polystyrene (XPS) and phenolic foam (PF).

In Austria, measurement of cell content was included in the Austrian
standard B 6010©,

The measurement of cell-gas composition is also important from the
environmental point of view and for consumer protection, in order to
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show compliance with regulations, for example EC Council Regulation
No. 3093/94, and as confirmation for the consumer that the de31gnated
blowing agent has been employed

METHODS FOR MEASURING CELL-GAS COMPOSITION

Cell-gas composition is usually determined using a gas chromatograph
with a packed column and a thermal conductivity detector. Thermal
conductivity detectors can determine all blowing agents currently in use
and gaseous compositions in the Vol.-%- range. The carrier gas used for
the gas chromatograph is one which is not present in the cellular plastic
to be examined (usually helium).

Samples are taken using a gas-tight syringe with a long hollow needle,
from around the middle of the cellular plastic material to be examined®.
It is expedient to determine the cell gas composition with the same
specimen which was used to determine thermal conductivity in order to
eliminate material variations. The specimens are not destroyed in the
process, so that further measurements of thermal conductivity can be
made.

Before samples are taken, the gas-tight syringe is rinsed three times
with the carrier gas.

The needle of the syringe is then inserted approximately half-way
through the thickness of the specimen. During insertion, cell-gas samples
are taken from several foam cells by slowly drawing back the syringe
piston. This process is repeated twice in order to rinse the syringe; the
third cell gas sample is injected through the septum into the carrier-gas
stream of the gas chromatograph.

The taking of cell-gas samples requires great care and some practice in
order to ensure that the cell-gas samples are not contaminated with the
ambient air.

ltis easy to check whether the sampling technique employed effectively
prevents the penetration of ambient air: the cell-gas composition in a
foamed plastic specimen with gas-diffusion-tight facings manufactured
shortly before testing is determined. Normally such foams contain
practically no air.

With a good sample-taking technique measured values of < 1 Vol.-%
air are obtained. The relative cell-gas composition of the sample is then
determined using a gas chromatograph by retention period comparison
and peak surface determination.

The sensitivity of the gas chromatograph detector must be set for each
cell-gas component with appropriate gas-calibration mixtures (wherever
possible within the concentration range of the subsequent measurements).
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The cell-gas percentages obtained are multiplied by the sensitivity value
of the detector and the cell-gas composition expressed in Vol.-%.

It is usual to examine three cell-gas samples from each test specimen.
The result is expressed as an mean value in 1 per cent steps. If the results
exhibit a high degree of dispersion, further cell-gas samples must be
examined. | -

DETECTION LIMIT

In the process described the detection limit is at around 0.5 Vol.-%. The
detection limit can be significantly reduced by using a flame-ionisation
detector. In this case, however, the detector is able to measure only certain
gas components, but not oxygen, nitrogen or CO,. However, for thermal
properties only quantities in the Vol.% range are relevant. For this reason
the process as previously described is completely adequate for routine
examinations.

VARIATION OF MEASURED RESULTS

As aresult of gas exchange processes the cell-gas compositionis toa large
extent dependent on the thickness of the material. Therefore, cell-gas
samples are as far as possible always taken from the middle layer of the
thermal insulation material sample. In a more or less homogeneous
insulation material, the dispersion of measured values amounts to approx.
< 5 Vol.-%. For this reason, only the mean value is to be expressed in 1
per cent gradations.

If the test specimens are either thin (insulation thickness 5mm- 20mm)
or not homogeneous, it may be advisable to state the measuring range.

LONG-TERM THERMAL CONDUCTIVITY MEASUREMENTS
ON PUR RIG!D FOAM

Measured values of thermal conductivity and cell-gas composition over
several years have been obtained to date for Polyurethane (PUR) rigid
foam with various blowing agents.

The test specimens have been stored in an air conditioned room at
23°C and about 50% relative humidity. The test specimens have a size of
500 mm x 500 mm in original thickness with original facings on the
specimens.

The measurements of thermal conductivity were taken with a single-
specimen symmetrical heat-flow meter apparatus with an overall apparatus
size of 500 mm x 500 mm and a metering section of 300 mm x 300 mm
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according to prEN 12667 and ISO 8301. This apparatus with a high
repeatability and two heat flow meters offers the possibility to observe the
differences of the two heat flow meters on warm and cold side and the.
stabilisation of the heat flow on both sides of the specimen.

Apparatuses with this size and placed in a well insulated cabin have the
advantage that measurements.can be .taken in full thickness of the
specimens up to 80 mm with facings and the same specimen can be
measured always again.

This precautions give a high degree in accuracy which is supported by

regularly apparatus checks and calibration procedures according to prEN
1946-3.

PUR rigid foam blown with CFC 11

Experience with PUR rigid foams blown with CFC 11 has been gathered
over a longer period than for other foams; the corresponding changes in
thermal conductivity have be followed for more than 30 years (Figure 2).
In most countries the use of this blowing agent is no longer permitted. The
curves are nevertheless very interesting, as they show that we are dealing
with a really permanent blowing agent, a large part of which is still present
even after 30 years. No measured values for cell-gas composition after
manufacture are on hand for the 5 Polyurethane rigid foams shown in
Figure 2.

The PUR products examined were obtained in the course of regular
quality supervision measures and corresponded to the applicable standards
DIN 18164 and DIN 18159 for PUR spray-foam.

In PUR rigid foam materials blown with CFC 11, the proportion of
blowing agent in the cell gas shortly after manufacture amounted to
approx. 40 to 70 Vol.-%, the remainder is CO,,, which diffuses out of the
foam relatively rapidly if gas diffusion open facings are used. With initial
values of 40 to 70 Vol.-% of the blowing agent in the cell gas, cell-gas
values of between 15 and 25 Vol.-% are remarkably high after a period
of 30 years, and these are also in equilibrium with the blowing agent
contained in the foam material matrix.

The flat gradient of the curve leads us to expect that the thermal
conductivity will remain in the range 0.024-0.029 W/(m-K) over a very
long period.

For the assessment of the long-term thermal conductivity of PUR rigid
foam materials with new blowing agents, these graphs also served as
examples of the development of the curves for PUR rigid foams with a
permanent blowing agent. The development of the thermal conductivity
curves formed the basis for determining incremental values for ageing and
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establishing calculation values of thermal conductivity for the building
sector®,

PUR rigid foam blown with pentane

Figures 3 and 4 show the dependence of thermal conductivity on the age
of the samples. The PUR rigid foam boards were of 40mm and 80mm
thickness, blown with pentane and taken from 2 manufacturing plants.

After the initial measurements taken after 6 weeks’ storage at 23°C, the
specimens, measuring 500 mm x 500 mm, were stored under laboratory
conditions at 23°C for either 8 or 9 years. The measurements of thermal
conductivity were taken with a 300mm heat-flow meter apparatus in
accordance with ISO 8301/DIN52616 at a mean temperature of 10°C.
The thermal conductivity curves show that the greatest increase in thermal
conductivity is complete after a period of 5~ 7 years, and that the increase
in the curves for these thicknesses become less pronounced.

Shortly after the measurements of thermal conductivity were taken,
3 cell-gas samples from each of the specimens were taken and examined
for the thermal conductivity outside the measured surface of
300mm x 300mm. The quantities of gas taken were so small — between
2 and 5 pl - that a detectable influence on the thermal conductivity within
the measured surface is not expected.

For the two specified thicknesses examined, the gas exchange of CO,
for the two air components is, to a large extent, complete after a period
of 3 — 6 years. This results in a relatively stable blowing agent/air ratio of
approx. 10 - 30 Vol.-% pentane to 70 - 90 Vol.-% air.

PUR rigid foam blown with HCFC 141b

Due to the low thermal conductivity of HCFC 141b as a gas (see Figure
1), the thermal conductivity curves of the 50mm and 80mm thick rigid
foam boards blown with HCFC 141b are characterised by a more
pronounced initial increase.

After storage at room temperature for between 3 and 4 years, the
curves for the 50mm and 80mm thick PUR rigid foam boards become
flatter.

Also in the case of boards blown with HCFC 141b, a largely stable
blowing-agent/air ratio of 20 - 30 Vol.-% HCFC 141b to 70 - 80 Vol.-
% air is arrived at after a period of between 2 and 4 years. In the case of
thinner or thicker PUR rigid foam boards, the initial curves are
correspondingly either steeper or flatter.

326 Cellular Polymers, Vol. 19, No. 5, 2000



Cell-gas Composition

s1eah Ul a8y

6 8 L 9 1 4 £ [4 l 0
; : * T e S 200
%-"lOA Ul uonisodwon seb-jep suejued v Ov
200 %Sy .
e % ot 200
|
A~ 2200 =
ww 08 ,m £
: ~
. asuesd o, /¢ > B czoo =2
e % Zs =
aueyuad 9, 87 sueuad o, g7 auepad % Zp .m,
I’ %L neozil e % 85 L T N ‘A 3
U —— \ P20 0 £
3 =~
@ =
e G200 S
\ suejuad v, 0G =
—1 wuw o 200 % 0t =
| Hes, ab 9200 5
=
I suejuad 9, 67 =
— e R e ey G/t
A, suejlsd ¢, 67 sugued M\o 5C L2070
suryuad v, g e o, G e % G4
e % 28
‘ 8200
auejuad jusbe Bumolg Jaded yoe|q :sbBuioe

2injeradwa} ueaw O, ye weoj pibu aueyjainijod ur AjAONPUOD [ewway} jo abuey)

/By ¢ Ausua( ‘y jueld Suumnpenuew
‘919ZS NIQ Y¥m 2douepiodde ul snjeredde 123wt moyp) Jeay e Suisn sjuswaInsealy ‘aimjeradwa)l Woo1 je aHeio}s Idye pue
aurjuad yIm umolq spreoq weoj pibu 4 jo axmyeradwa) ueaw D01 e AJIARONpUOD [ewsay] JO awi} Iano abuey) ¢ ainbiy

327

Cellular Polymers, Vol. 19, No. 5, 2000



Dipl.-Ing. (FH) W, Albrecht

6 8 L

sieah Ul aBy
S 14

b 0

|

%=[0/\ Ul uohisodiiod seb-||a0

auejuad ¢, 0
200 % ST
e % Gy

Wl 08

suguad 9, €€

7

suejuad 9, g1 _ sueuad %, 6

aueyusad 9, gi

m.u,.cm.«c.wa Y% GZ
e %S

T

e

e o, /8 e % L6 i’ % v8
aueluad 9, LY
R — — \ 202 m w
@ Iy e % oS
@ \ ww oy
ﬂ 5% ‘I\\\\é
@ suepad ¢, g aueyusd 9, GZ
aueuad o, Z1 % % 26 L_.. |&m|€|a.m.n.—

e % 88

aueluad Jusbe Bumolg

saded yoe|q sbuoe4

ainyexadural ueawr ) (] ye weoj pibu aueyjainijod Ul AJIALIONPUOD Jeuliay] Jo abuey)

TAALRY

€200

¥20°0

Gc0'0

9200

L2070

8200

Thermal conductivity in W/{m-K)

JU/BY gg-g¢ Ansua( ‘g puejd Suumioemuew
‘9719ZS NIQ ynm 20uepiodde ur snjeredde 1ojawn mopj jeay e Suisn sjudwainsedly ~ainjeiadural wool Je abeiols 1ayye pue
auejuad yym umojq spreoq weoj pisu gnd Jjo aanjeraduwa) uesu D) T I AHAONPUOD [BULIdY) JO W] Ian0 dBuey) § ainbig

Cellular Polymers, Vol. 19, No. 5, 2000

328



Cell-gas Composition

sieaf Ui 2By

8 ya 1% 4 € Z { 0
6100
aLvl % L2
: ZO0 %S
%~"1OA Ul CO_twOQEOO wmmn__mo ie o, 8g
1200 <
£
~
=
£
Qi¥i% 0T \ B
e ﬁw ow\@\ \ £¢0°0 m
>
aLvL % 8l qivi % €2 aivl % ze uiut 68 0 2
‘\\\ H —_—
) o \ W 0g g
& G200 9
aLvl % 82 =
- alyt % 62 qlvl % ve iyt % SZ ey 2l
. o e o SRR e, g/
qiLvl % oz | D_‘W_Mo}ON 2% L/ B, 8/l
4e % 5/ = % 08
| 2200

giyl O40H usbe Bumolg

Jaded yoe|q :sBupey

aanjeradwa) ueaw H O] Je weoj pidu sueyjaanijod Ul AHAONPUOD _mc.iwaw jo aBueyn

Ju/8Y pE-0g Ausua(g g jueld Sunmorjnueu

*9192S NIQ Y3m adoueprodde ul snjeredde 1a3ow1 mofj yeay e Suisn sjuawiansea)y -ainjeraduia) wool je abelo)s e pue QI |
O4DH Yum umojq spieoq weoj pisu ynd jo ainjeradwal ueas D (] I8 AJAIIONPUOD [RUIIdY] JO W} 1240 a5uUey) ¢ 2inbijy

329

Cellular Polymers, Vol. 19, No. 5, 2000



Dipl.-Ing. (FH) W. Albrecht

It is also to be expected that in terms of the change in thermal
conductivity, PUR rigid foam boards blown with pentane or HCFC 141b
will behave in a similar manner to PUR rigid foam boards blown with CFC
11, and that over periods of more than 50 years their thermal conductivity

wxll remain clearly below that of PUR ngxd foams with air as cell gas (0.031 .

- 0.033 W/(m-K)). -

CONCLUSIONS

The measured values for cell-gas composition show that all 3 blowing
agents are permanent cell gases which accord with and explain the course
of the previously determined thermal conductivity curves, and which can
serve to support the estimates of future curve development.

The initial cell-gas composition of the PUR rigid foam (measured
between 1 and 7 days after manufacture) is most important, as:

*  proof of the blowing agent used, and whether this is a permanent or
non-permanent blowing agent;

*  percentage volume of the blowing agent in the cell gas;

e initial values for calculations and theoretical estimates of thermal
conductivity curve development.

After longer periods, cell-gas composition is an important assessment
factor

*  as practical proof that the blowing agent remains in the cells over
longer periods;

*  for the interpretation of ageing curves of thermal conductivity;

* asexplanation of thermal conductivity curve development in relation
to mean temperature;

e for allocating PUR rigid foam to thermal insulation material
specifications®® and as component of third-party monitoring and
certification.

The measurement of cell-gas composition continues to be the usual
method of proof

* that statutory or voluntary regulations have been observed:;
e for the consumer that the declared blowing agent has been used:
e  for the disposal of unknown PUR rigid foam samples.

The cell-gas composition in a PUR rigid foam sample can vary very
considerably depending on location. For most of the measurements
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carried out, it is not the absolute value which is significant but only the
relative size of the value measured.
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