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ABSTRACT 

An integrated metllOdologlj for evaluation of long-term ther
mal perfonnance of cellular plastics inc/udes measurements of 
thermal resistivihj of thin layers as a function of time. Then, 
two equivalent procedures may be used to predict aging of full
thickness insulation boards. If the foam is llIlfaced and suffi
ciently homogenous, a simple arithmetic operation, known as 
the scaling technique, Ca/l be used to calwlate foam aging for 
layers of different thickness. Wllell the ceU structure of skin 
and core layers is sigllificantly different or the foam is pro
vided with facers, then the scaling technique is not appropriate 
and an extrapolative model of aging must be used. 

Such an extrapolative model, caUed the distributed 
parameter continuum (DIPAC) model, is the subject of this 
paper. The basic material characteristics needed as the input 
for the model, such as ceU gas concentration, oxygen and 

INTRODUCTION 

To evaluate long-term thermal performance of cellu
lar plastics, the aging process must be accelerated. 
Acceleration can be achieved either by exposure to ele
vated temperature or by use of thin layers of the foam. 
The first approach changes the permeability and solubil
ity coefficients of different gases to such a degree that 
foam performance measured under elevated tempera
ture may be difficult to correlate with the field perfor
mance of the material. Hence, only the thin layer 
approach is used in the work reported here. 

Depending on foam uniformity, the aging of thin lay
ers is related to the aging of full boards either by means 
of the scaling technique or by using a model of aging. 
When unfaced foam is homogenous enough to permit a 
simple arithmetic operation known as the scaling tech
nique, the technique can be used to calculate foam aging 
for layers of different thickness. When, however, the cell 
structure of skin and core layers is significantly different 
or the foam is provided with facers, then the scaling 

nitrogen diffusivUy, blowing agent solubility, and extinction 
coefficient, are determined either directly or indirectly from 
measurements of the changes in thermal resistance of the 
thin surface and core layers. 

1b check the DIPAC model predictions, roofing insula
tions such as polyisocyanurate, extruded polystyrene, pheno
lics, and modified resol foams were exposed on a test roof 
Thermal properties of these insulation boards have been 
monitored under field conditions for a period of 2.5 years. 
Furthermore, some specimens of tested foams were periodi
cally removed from the roof and measured under laboratory 
conditions. 

The resuits indicate that the DIPAC model can become 
an important tool for evaluating long-term thermal perfor
mance (LTTP) of cellular plastics. 

technique is not appropriate and models of aging (mod
els of heat and mass transfer) must be used. 

The objective of this paper is to verify model predic
tions for different types of roofing insulations. Outside 
test structures were constructed at a site in Ottawa and 
specimens of different foam products were exposed to 
the environment for almost three years. During the 
exposure period, specimens were periodically removed 
to measure their thermal resistance under laboratory 
conditions. Furthermore, a number of specimens had 
thermal resistance continuously monitored under field 
conditions, and replicate samples of products used in 
the roof and wall exposures were also evaluated in the 
laboratory. 

This research included improvement of a previously 
developed model of aging (Bomberg 1988). Some changes 
provided a choice of using different equations for dealing 
with a given variable, e.g., thermal conductivity of cell 
gas. Other changes involved adding new considerations, 
for example, introduction of Flory-Huggins theory to cal
culate the activity coefficient and the resultant solubility 
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of a blowing agent in the polymer. In effect, a more com
plete model, denoted here as the distributed parameter 
continuum (DIT'AC) model, has emerged. Since the 
DIT'AC model uses experimental data obtained on slices 
aged under controlled laboratory conditions to develop a 
prediction of performance under the service conditions 
for a full foam board, we call it an extrapolative model. 
This paper applies the DIT'AC model to predict aging of 
different foams and compares the results of calculations 
with measured data. 

MATERIALS AND PROCEDURES 
USED FOR THERMAL TESTING 

The work involved eight types of either experimen
tal or commercial foams tested under both field and lab
oratory conditions. The foams were four extruded 
polystyrene (XPS) foams, coded as C, 0, F, and G prod
ucts; one polyisocanurate (PIR) foam, coded as the O2 
product; one phenolic (PhR) foam, coded as the B prod
uct; and one modified resol foam (PhR), coded as the L 
product. These seven foam products were delivered to 
the test site by their manufacturers. The last foam, a PIR 
product, was taken from a warehouse. The PIR product 
had been extensively tested in the laboratory (Bomberg 
1988) and on a built-up roof (Muhlenkamp and Johnson 
1983). 

Measurements of thermal resistance were performed 
on specimens either stored in the laboratory or built into 
the roof of an exposure box. In U,e latter case, they were 
exposed to weather conditions on one side and constant 
internal conditions on the oU,er side (Bomberg and 
Kumaran 1994). The roof exposures used in this investi
gation include a conventional roof (CR) and a protected 
membrane roof (PMR). Both exposures utilized a single
ply black EPDM membrane. 

Specimens of different foam products, either those 
placed in the conventional roof, the protected mem
brane roof, or the laboratory, were periodically re
moved from their respective locations and tested for 
thermal resistance using ASTM test method C 518. 
Thermal resistance measurements used for validation 
of the aging model were performed on large speci
mens; those used for generating material character
istics were performed on partly encapsulated slices 
and smaller specinlens. Two pieces of laboratory 
equipment were used-a standard 600-mm-size heat 
flowmeter (HFM) apparatus and a four-station HFM, 
which permits simultaneous but separate testing of 
four 300-mm by 300-mm slices. 

Both the laboratory measurements and model pre
dictions were compared with the thermal resistance 
measured in situ. The tested specimens were posi
tioned precisely on top of 25-mm-thick, high-density 
glass fiber, 600-mm by 600-mm reference, previously 
tested in an HFM apparatus and provided with surface 
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thermocouples. The output from these thermocouples 
was evaluated using a new test method developed for 
testing transient thermal performance of insulations 
(see below). 

THE DIPAC MODEL OF AGING 

The objective of the DIT'AC model is to calculate, as a 
function of time, the heat flux through a foam slab 
exposed to a specific temperature difference. The slab is 
treated as if it were made up of a number of layers that 
are subject to calculations performed in a sequence of 
time steps. 

The most important sinlplifying assumptions made 
in development of the model are: 

1. Material properties and boundary conditions remain 
unchanged during each tinle step. 

2. Material properties used in a time step are those cal
culated in previous time step. 

3. There is no coupling between heat and mass transfer 
phenomena except for the correction introduced by 
the approximate treatment of condensation and evap
oration of the blowing agent (BA) (Bomberg 1988). 

For each time and space step, six separate transfer 
equations are solved to determine the composition of 
the cell gas. As the cell gas composition changes, so does 
the thermal conductivity of the cell gas. Adding other 
components of heat transfer (solid-phase conduction, 
radiation, interaction between solid-phase conduction 
and radiation), which are assumed to be tinle indepen
dent, the heat flux in each layer of the foam may be cal
culated. 

To this end, the model calculates for each time step 
and each layer: 

1. temperature; 
2. partial pressure of oxygen, nitrogen, carbon dioxide, 

and one or two BAs; 
3. saturation partial pressure of each BA; 
4. condensation or evaporation of each BA that occurs 

to maintain equilibrium with its pressure; 
5. heat flux caused by the BA change of phase; 
6. equilibrium solubility of BA as a function of partial 

pressure, temperature, and period of aging; 
7. transfer between dissolved and gaseous fraction of 

BA to maintain solubility equilibrium; and 
8. thermal conductivity of cell gas mixture. 

Thus, except for the addition of items 6 and 7, the 
other elements of model formulation and solving proce
dures remain sinlilar to those described in the earlier 
work (Bomberg 1988). The solubility function was intro
duced as a source/sink term to the one-dinlensional 
mass conservation equations to bring it to the following 
form: 
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where P is the partial pressure of a gas in the slab, Pa; 
SI is the specific gas storage, kg/(m3 ·Pa); and Pe is the 
gas permeability coefficient, kg/ (s· m· Pal. The gas per
meability coefficient may vary depending on location 
in the cross section, i.e., may vary with the coordinate 
X. Finally, mo is the sink-source term for this gas, calcu
lated for a unit of volume of the foam, kg/(m3 .s). 
Equation 1 gives the gas partial pressure at each node 
at time step (n + 1), using the values of material charac
teristics (Pe, SI' and mol from the previous time step, 
Le., at time step n. 

Finally, to reduce the time of calculations for daily 
variations of temperature, there is a choice in equation
solving procedures. 1n addition to matrix inversion, a 
Thompson's algorithm for tridiagonal matrix solution 
(Pantakar 1980) can be selected. 

INPUT: MATERIAL CHARACTERISTICS 
AND INITIAL AND BOUNDARY CONDITIONS 

This section reviews only those techniques for deter
mination of material characteristics that are new or dif
ferent from those described in an earlier paper (Bomberg 
1988). 

Density Distribution in the Cross Section 

Four 5- to lO-mm thick, 300-mm by 3OO-mm square 
specimens are cut from each surface and from the core of 
the foam. These specimens are mainly used for thermal 
resistance testing; however, as densities of test speci
mens are determined as auxiliary information, the den
sity distribution across the slab thickness is also derived 
by interpolating the data from four specimens cut from 
these three locations. 

Specific Mass Extinction 
Coefficient for IR Radiation 

The radiative component of heat transfer is defined 
by the following equation: 

k, = 160'T 3(1- exp (-K x» I (3 K p) (2) 

where 0' is the Stefan-Boltzmann constant, T is the abso
lute temperature, K is the mass extinction coefficient, x is 
the distance from the material surface, and p is the spec
imen density. 

Equation 2 describes the radiative component of 
thermal conductivity as a function of specimen thick
ness. Note that for optically thick specimens (large value 
of x), Equation 2 gives an average radiative contribution 
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as defined by the Rosseland's approximation (Bomberg 
1988; Ostrogorsky and Glicksman 1986). 

Effective Diffusion Coefficient 
of Nitrogen and Oxygen 

Measurements of the diffusion coefficients of nitro
gen and oxygen were performed with a constant-volume 
sorption apparatus that is described in Schwartz et al. 
(1989) and Brehm and Glicksman (1989). For nitrogen, 
being the dominant gas in the air, the diffusion coefficient 
is always determined for the surface and core layers. The 
oxygen diffusion coefficient is determined only for the 
core layer. The same ratio is then used to assign the dis
tribution of oxygen diffusion coefficient across the differ
ent layers of the board (Ostrogorsky and Glicksman 
1986; Schwartz et aJ. 1989). 

The temperature dependence for the diffusion coeffi
cients is needed for the model calculations. The diffu
sion coefficients are, however, measured at room 
temperature. Generally, for a given foam, the tempera
ture dependence of the diffusion coefficient for nitrogen 
and oxygen are similar and can be estimated from data 
in the literature (Ostrogorsky and Glicksman 1986; 
Schwartz et al. 1989; Destephen 1993). 

Effective Diffusion Coefficient 
of Blowing Agent 

The effective diffusion coefficient for the blowing 
agent is calculated using the DIPAC model by matching 
the model results to the measured changes in thermal 
resistance over the aging period. This technique can be 
applied to foams manufactured with one captive blow
ing agent and permits the establishment of the BA diffu
sion coefficients for both core and surface layers (see 
Figure 1). Because all input data for the DlPAC model 
must be known (or assumed), it usually involves a few 
iterations to estimate the diffusion coefficients. These 
iterations start from the time of manufacture to correctly 
represent the storage and transfer processes undergone 
by the BA, nitrogen, and oxygen. The temperature 
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Figure 1 Aging curves (thermal resistivity vs. aging 
period) for 7-mm-thlck layers cut offer about 
140 days of aging from the core and surfaces 
of XPS product D. 

600 
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dependence of the BA diffusion coefficient is estimated 
from data reported by earlier workers (Ostrogorsky and 
Glicksman 1986). 

In the example shown in Figure 1, the BA diffusion 
coefficients for the surfaces and core are determined as 
follows. The slices were cut after 140 days of full-board 
aging. Hence, the initial BA concentration distribution in 
the full board had to be calculated. Using an initial guess 
of the BA diffusion coefficients for both the surface and 
core layers as input to the DIPAC model, a distribution 
of BA pressure was estimated after a 140-day period of 
full board aging. From this distribution, the BA pressure 
in each of the surface and core layers was extracted. 
Then the DIPAC model was used to calculate the aging 
curve for each of these layers and compare them with 
those already experimentally determined. These calcula
tions were repeated until the agreement between calcu
lated and measured aging curves for each of the layers 
was satisfactory. With oU1er input data independently 
determined, the close agreement between measured and 
calculated aging curves, as shown in Figure 1, implies a 
correct estimate of the BA diffusion coefficient. 

Solid-Phase Conduction with Image 
Analysis Characterization of Cells 

The DIPAC model permits use of either the cube 
model (Schuetz and Glicksman 1983) or the serial-paral
lel model with input from image analysis (IA) to calcu
late solid conduction. The latter model recognizes three 
parallel heat-flow mechanisms: conduction through cell 
gas, conduction through the continuous polymer, and 
contribution from mass transfer (latent heat transfer). To 
use the serial-parallel model of heat transfer through the 
polymeric matrix, a thinning routine (Schwartz and 
Bomberg 1989) is used to divide the polymer matrix into 
the continuous and the discontinuous parts. 

BA Solubility as a Function 
of Time and Temperature 

Since the amount of blowing agent dissolved in the 
polymer matrix appears to change over long exposure 
periods (Bomberg et al. 1990), it may be convenient to 
divide the BA solubility into two components-one 
describing the contribution of the void space, U1e other 
that in the polymeric matrix. The first component of sol
ubility is defined, for a unit volume, as the partial deriv
ative of mass, III, with respect to gas pressure. For an 
ideal gas (Schuetz and Glicksman 1983), it becomes 51 = 
l/(R",T). 

Equation 1 introduced a sink/source term related to 
a specifiC gas storage in the polymer matrix (the second 
component of solubility), 1110, which traditionally has 
been assumed negligible (Ostrogorsky and Glicksman 
1986). This sink/source term denotes the gas that may 
either be absorbed by the polymer surface or may 
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penetrate into the polymer matrix. To describe how the 
temperature and pressure of BA affect its solubility, the 
Flory-Huggins equation (Flory 1953) was used. This 
equation, here Equation 3, generally is accepted for 
correlation of blOWing agent solubility data and is used 
to generalize the interaction between the solute (BA) 
and the solvent (polymer) over a wide range of tem
perature and pressure conditions from a few measured 
values (Gorski et al. 1986), 

where a; is the activity coefficient, <1>1 is the volume frac
tion of the solvent, and X is the Flory-Huggins interac
tion parameter. 

There was, however, another parameter introduced 
in conjunction with Equation 3. This parameter, called 
the polymer index, P;nd' is used to modify the relation 
between the polymer mass and the solubility process. 
Such a modification can be caused by the presence of 
crystalline segments that may reduce the fraction of 
amorphous polymer dissolving the blOWing agent or by 
the presence of electro-osmotic forces on the polymer 
surface that would increase the surface absorption of the 
gaseous BA. For an amorphous polymer, e.g., polysty
rene and blowing agent with a normal boiling point 
close to room temperature, the polymer index is equal to 
one. For a polymer with a significant fraction of highly 
organized segn1ents, e.g., polyurethane, it is less than 
one. Nevertheless, being an empirical quantity, for some 
blowing agents the polymer index was found to be 
higher than one, even for an amorphous polymer. 

Having estimated the equilibrium BA solubility in 
the polymer matrix, one more parameter, /;" is needed to 
relate the rate of BA entry into the polymeric matrix to 
elapsed time, t. Based on the work by Destephen (1993), 
it is defined as 

I:, = C exp «(t",.x - t) It",ax) (4) 

where C is an experimentally determined constant. 
In effect, the sink/source term, 1110, is calculated as a 

product of the equilibrium solubility, 5, and the change 
in the I:,-parameter during the actual time step, 81:,: 

(5) 

The sink/source term defined by Equation 5 becomes 
zero when aging time reaches the value of tmax ' 

BA Concentration 

The measurements of the BA concentration in the 
cell gas were performed by a manufacturer. The foam 
was crushed under a solvent environment and gas chro
matography was applied (Ascough 1989). 
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TABLE I Characteristics at XPS Product D Used In the DIPAC values of thermal conductivity and heat 
Model Calculations (Bomberg and Kumaran 1995) 

Mate~al Characte~sHcs Surtace Core Surface 

Den~ty. kg/m3 27.5 2B.7 27.5 
D.ffBA, m'/s 0.5OE-12 0.15E-11 0.5OE-11 
D.ffN,. m'/s O.llE-09 O.60E-09 O.llE-09 
Extinction coeN" kg/m' 47 47 47 
Initial fraction SA 0.76 0.79 0.76 
Solubility panod. days BO 80 80 
Polymer Index (solubility) 1.0 1.0 1.0 
Interaction coefficient O.B O.B O.B 
IA parameters: An. AI" FJ 

... 1.43; 1.34; 0.20 ... 
0,. D.ffat 297 K O.60E-09 ... 
N,. D.ffat 297 K ... O.IIE-09 ... 
BA, D.ftat 297 K ." 0.15E-11 
0,. D.ffat 323 K ... 0.30E-OB 
N,. D.ftat 323 K ... 0.55E-09 
SA, D.ffat 323 K ... 0.15E-1O 

An Example of Input Data for the DIPAC Model 

Table 1 indicates whether the material characteristics 
were measured on the actual foam or were estimated 
from the literature. 

A METHOD TO MEASURE THERMAL 
RESISTANCE IN SITU 

A number of factors affect the performance of ther
mal insulating materials under field conditions that can
not be easily predicted or tested in the laboratory. Since 
it is difficult to predict how much foam insulation is 
affected by daily and seasonal temperature variations, 
particularly when these processes affect aging and 
weathering of the foam, thermal resistance was also 
measured in situ, while the foam was exposed to actual 
weather effects. 

A method developed for in situ testing, called the 
"heat flow comparator (HFC) method," is presented in 
Bomberg et al. (1994a). Thermocouples were placed on 
each surface of the reference and test specimens to mea
sure temperatures that then were used as the boundary 
conditions in the heat flow calculations. Both specimens 
are treated as homogeneous, and their thermal pro
perties (thermal conductivity and specific heat) are 
assumed to be linear functions of temperature. Use of 
Kirchoff's potential function as postulated by Kirchoff in 
1894 (Stephenson 1992) instead of thermal conductivity 
linearizes the equation system for the range of tempera
ture in which the linear relation of thermal conductivity 
on temperature holds. 

The heat flux across the boundary surface between 
the reference and the tested specimen is calculated using 
a numerical algorithm to solve the heat transfer equation 
through the reference specimen. By imposing the 
requirement of heat flux continuity at the contact bound
ary between test and reference specimens, corresponding 
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capacity of the tested specimen are found 

Comments with an iterative teclmique. The HFC 

1 O-mm slices computer code calculates heat flux at the 

see above interface and finds a match within sensi-

measured tivity and truncation errors of the numeri-

measured cal method. Even though thermal proper-
measured ties of the test specimen are initially 
estimated guessed, the process of simultaneous opti-
estimated mization of a few hundred data points 
measured (one test series lasts over a period of a few 
measured 
measured 

days) results in the most probable set of 

measured material properties. The overall uncer-

calculated tainty of the field measurements was esti-

estimated mated to vary between 4% and 7%, of 

estimated which 3.5% was attributed to the uncer-
estimated tainty in properties of the reference speci-

mens (Bomberg et al. 1994a). 

, 
2S~-~~-~ ,9 

o 200 400 600 800 1000 
Time, days 

Figure 2 Thermal resistivity of XPS product 0/. PIR 
product 0" and modified resol product L/ 
measured In situ and adjusted to the labora
tory test conditions. 

Figure 2 shows results of thermal resistivity calcula
tions performed with the HFC computer code, which are 
adjusted to 24°C for the sake of comparison. 

Despite scatter in the results, one may see an overall 
aging trend in Figure 2. This trend will be described 
with linear approximation as a change between 200 and 
1,000 days of aging. Extruded polystyrene product 0 1 

ages slowly, reducing its thermal resistivity from about 35 
m·K/W at 200 days to about 34 m·K/W at 1,000 days. 
PIR product 02 shows a slightly higher rate of aging, 
namely, the thermal resistivity is reduced from 47 m· K/ 
W at 200 days to about 43.5 m·K/W at 1,000 days. Modi
fied resol foam, product L1, shows aging from about 53.5 
m· K/W at 200 days to about 52 m' K/W at 1,000 days. A 
similar plot (not shown here) for phenolic foam product 
B indicates reduction of thermal resistivity from about 
53.5 m· K/W at 200 days to about 50.5 m· K/W at 1,000 
days. 
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COMPARISON OF MEASURED AND 
CALCULATED THERMAL RESISTANCE 

Using material characteristics established with tech
niques discussed above as input to the DIPAC model, 
one may "predict" aging of full boards and compare 
them with data measured on boards exposed to various 
environmental conditions. (All material characteristics 
used in DIPAC calculations reported in this paper can be 
found in an NRC report [Bomberg and Kumaran 1995]). 
To establish long-term thermal performance of a foam 
product, one must determine a statistically valid initial 
thermal resistance. in the work reported here, three 
randomly selected specimens from three production 
batches of each tested material (a total of nine speci
mens) were normally used for this purpose. 

Thermal Resistance of Extruded 
Polystyrene as a Function of Time 

An XPS product, lie," was exposed on a conven
tional roof and in U,e laboratory and intermittenUy 
tested at standard test conditions (mean temperature of 
24°C and temperature difference about 22°C). To exam
ine if the tested specimen represents the average prod
uct performance, U,e initial U,ermal resistivity was 
measured on nine specinlens, selected from U,ree differ
ent batches as mentioned above. The mean value of 
thermal resistivity was 38.1 m·K/W, with a standard 
deviation of 0.12 m·K/W. Thus, the aging curve shown 
in Figure 3 may be considered as representative of prod
uct C. 

• e~posure In lab --- calculated 

• conventional rool 

.+ •• 
• 

30"---~· 

o 200 400 600 800 1000 
Time, days 

Figure 3 Measured and calculated from the DIPAC 
model, aging curves for full-thickness XPS product C. 

• exposure 10 lab - calculated 

• protected membr. x In-sllu 

.., ." 600 1000 

Tima, days 

Figure 4 Measured and calculated from the DIPAC 
model, aging of boards of the XPS product D. 
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Figures 3 and 4 show aging of extruded polystyrene 
(XPS) products C and D, indicating that differences 
between foam exposed on the roof and stored in the lab
oratory are small. (Product D is characterized by the ini
tial thermal resistivity of 39.2 m' K/W detennined on 
nine tests, with the standard deviation of 0.32 m·K/W.) 
The agreement between thermal resistivity calculated 
from the DIPAC model and the values measured in the 
laboratory and in situ is excellent. 

Figure 5 shows aging of extruded polystyrene (XPS) 
product F, exposed on a protected membrane roof 
(PMR) and in the laboratory. These tests were initiated 
within a few days after manufacture. The mean thermal 
resistivity for this product was 44.4 m· K/W. The stan
dard deviation was 1.12 m· K/W. (The standard devia
tion was larger because during the period of initial tests, 
U,e R-value changed about 5%.) There is also a good 
agreement of tests and the DIPAC model prediction. 

The XPS product G differed from the above three 
because it used two blowing agents. Hence the model 
calculations were more complex. One must have inde
pendent information on at least one of the BA diffusion 
coefficients. in this case, one of the diffusion coefficients 
was estinlated from aging of the same product manufac
tured with a single blowing agent. Then the procedure 
described above was used to estimate the other diffu
sion coefficient. 

Furthermore, DIPAC calculations performed for 
thin-slice aging showed that the measured initial con
centrations of the two blowing agents were erroneous. 
Fortunately, correct information on an identical but thin
ner XPS product was available, and this information 
was substituted in the model calculations for product G. 
The results are shown in Figure 6. 

Figure 6 shows aging of the XPS product G, exposed 
on a conventional roof and in the laboratory and inter
mittently tested at standard test conditions. The initial 
thermal resistivity of 45.0 m· K/W was deterrnin~d, with 
a standard deviation of 0.51 m·K/W. Even if the agree
ment between measured and predicted data is not as 
good as in the three preyious cases, it still may be con
sidered as satisfactory. 

w·~~----~============~ 1. exposed In lab - calculated I 
~45 I. protected membr. 

E 

f 40 \. ~ 11 • ___ 

g 35 ·-'-.t-.L __ ._' - •• ~-- .+-._ _._ 
~ .~~.---

200 400 600 
Time, days 

800 1000 

Figure 5 Measured and calculated from the DIPAC 
model, aging curves for full-thickness XPS product F. 
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200 4,. 8,. 
TIme, days 

Figure 6 Measured and calculated from the OIPAC 
model, aging curves for ful/-thlckness XPS product G. 

Thermal Resistance of Polylsocyanurate 
Foams as a Function of TIme 

Figure 7 shows the aging of polyisocyanurate (PIR) 
product 02' This foam product had a value of mean 
thermal resistivity of 54.2 m·K/W (and a standard devi
ation of 0.36 m· K/W). This product was exposed on the 
conventional roof and in the laboratory. Intermittent 
tests at standard test conditions show small differences 
between the foam exposed on the roof and stored in the 
laboratory and a satisfactory agreement with the DIPAC 
model prediction, particularly after 200 days of aging, 

Figure 8 shows aging of the polyisocyanurate prod
uct OC (nominal density 37 kg/m3; mean thermal resis
tivity in time of receiving 52.1 m·K/W with a standard 
deviation of 11 tests was 0.57 m· K/W). This product 
was not exposed on the experimental roof;, however, 

w,---------------------------------, 

200 400 

I_ expoosed In Jab calculaled 

• cOIlVerAAmal rool ;.: In SifU 

600 
TIme, days 

600 1000 

Figure 7 Measured and calculated from the OIPAC 
model, agIng curves for fUI/-thlckness PIR product 

55 

~ 
• 

1::UR • al60C • laboratory - calculated I 
",50 '. ~ 
~ .I" ... 
~45 
• • 
~ • • 

400 600 1200 1600 2400 
TItTle, days 

Figure 8 Measured and calculated from the OIPAC 
model, agIng of boards of the PIR product ac. 
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there was a history of its laboratory testing and field per
formance on an experimental, built-up roof (BUR) in a 
northeastern U.S. location (specimens from a built-up 
roof were tested under standard conditions for a period 
of three years [Muhlenkamp and Johnson 1983]). At the 
test site, this product was exposed at an elevated tem
perature (60°C for one year) (Bamberg 1988) and in the 
laboratory for about seven years. 

The date of this product's manufacture was un
known. Using the mean value of thermal resistance 
upon receiving it and other material characteristics 
determined on this PIR product, the DIPAC model esti
mated the period of aging prior to the initial R-value 
testing as approximately 150 days, As shown in Figure 
8, there are some intermittent differences between tests 
performed on foam exposed to standard or elevated 
temperatures; there is, however, a satisfactory agree
ment between measured and predicted long-term ther
mal performance for this PIR foam product. 

Thermal Resistance of Phenolic and Modified 
Resol Foams as a Function of TIme 

Figure 9 shows aging of phenolic (PhR) product B1. 

This product was exposed on the conventional roof and 
in the laboratory with and without fiberboard overlay. The 
mean value of initial thermal resistivity was 54.95 m· K/W 
with a standard deviation of 1.33 m· K/W. 

Despite a significant scatter in thermal resistivity 
(measured under standard laboratory conditions), there 
is no significant difference between the performance of 
foam exposed on the roof and that stored in the labora
tory. The increase of thermal resistivity shown for all 
specimens of the phenolic product B over a period of a 
few months may be assumed as related to the drying of 
moisture introduced during the manufacturing process, 
Moisture distribution in the specimens exposed in the 
roof varies with the season, and one may expect sea
sonal differences in thermal resistivity of these speci
mens. Figure 9 shows that specimens' exposed in the 
roof without fiberboard overlay indicate slightly larger 
oscillations in thermal resistivity than the oscillations 
shown by the specimens protected with the fiberboard 
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Figure 9 Measured and calculated from the OIPAC 
model, agIng curves for ful/-thlckness PhR product B. 
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Figure 10 Measured and calculated from the DIPAC 
mode/' agIng curves for full-thIckness PhR product L /. 

overlay and the scatter in experimental results obtained 
on the PhR specimens exposed in the laboratory 

Because the current version of the DIPAC model does 
not include effects of moisture, one may compare the 
measured and calculated values only when the foam is 
likely to have been dried out, for example, after one year 
of exposure. At this stage the agreement between mea
sured and predicted results is considerably improved. 

Finally, Figure 10 shows aging of modified resol 
product L1. The mean value of the initial thermal resis
tivity is 53.98 m· K/W, with a standard deviation of 0.25 
m· K/W. Similar to the previous case, there is significant 
scatter in thermal resistivity but no systematic difference 
between performance of foam exposed on the roof and 
that stored in the laboratory. 

A comparison between the measured and predicted 
results is more difficult to make for the phenolic (Fig
ure 9) and modified resol (Figure 10) foam products, 
but the magnitude of aging predicted by the DIPAC 
model appears to be correct. 

DISCUSSION OF USE OF THE DIPAC MODEL 

Using a popular analogy of the weakest link that 
limits the strength of the whole chain, the utility value of 
the long-term thermal performance (LTTP) methodol
ogy depends on the reliability of different techniques 
used to generate the material characteristics for the 
DIPAC model. These techniques were reviewed when 
validating the predictive LTTP methodology. To validate 
the methodology, the model predictions were compared 
with measurements performed on specimens exposed to 
controlled laboratory and field conditions. All important 
types of polymers and different blowing agents were 
represented in this comparative study to make the eval
uation methodology applicable for different combina
tions of polymers and BAs and to make this review 
indicative of both the advantages and limitations of the 
proposed approach. 

The extrapolative model of aging is a key element of 
this procedure to predict long-term thermal performance 
of all types of cellular plastics. This model uses data 
obtained on thin layers tested under laboratory condi-
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tions and extrapolates them to estimate the performance 
of full boards under other, but well defined, environmen
tal conditions. While the previous section showed that 
agreement between measured and predicted results 
ranged from excellent to acceptable, this section will 
address the uncertainty of the input data . 

Reliability of DIPAC model predictions depends on 
the precision of the input data. The following difficulties 
were encountered when generating material characteris
tics: errors in the measured initial BA concentration, par
ticularly when two blowing agents were used, and 
limitation of the test method to measure diffusion coeffi
cients (could not be used below 1 x 10-12 m2 Is). Further
more, some material characteristics, such as age of the 
sample received for testing or the initial BA concentra
tion, were missing. Yet, in the same way as used for 
determination of BA diffusion coefficients, the DIPAC 
model can be used to verify other input data. Two exam
ples illustrate use of this verification facility incorpo
rated in the DIPAC model. 

Verification of Invariable 
Components of Heat Transfer 

Figure 11 shows thermal conductivity of XPS prod
uct C as a function of specimen thickness measured on a 
heat flowmeter. The extinction coefficient of this XPS 
product was measured (Booth and Grimmes 1994) and 
used as input to the DIPAC model in calculating the 
results shown in Figure 11. Because the radiative mode 
of heat transfer is determined by the shape of the N= A(X) 
curve, comparing the prediction from the DIPAC model 
with the measured data permits verification of other 
invariant components of heat transfer. 

The agreement between measured and calculated 
results shown in Figure 11 implies that all invariable 
components of the foam's thermal conductivity, namely, 
the thermal conductivity of solid polyme~ the path 
extension factor and fraction of discontinuous polymer 
(characterization of cells with image analysis technique), 
cell gas conduction, and the extinction coefficient for 
radiation, were input correctly. 
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FIgure " Thermal conductivity of XPS product C as 
a function of specimen thickness, measured In 
the HFM apparatus and calculated from the 
DIPAC model usIng a measured value of the 
extInction coeffiCient. 
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Verificallon of Cell-Gas Composition 
at a Given Stage of Aging 

To check cell-gas composition, one may use measure
ments of thennal resistivity (conductivity) as a function 
of the specimen temperature (so-called thermal ramp). 
This technique was used for XPS product G (see Figure 
12), for which all material characteristics were mea
sured, but the value of the initial BA concentration was 
questionable. 

The test specimen has completed stage one of aging 
(full ingress of air components), so the only unknown 
variable affecting temperature dependence of thermal 
resistivity was the cell-gas composition. The agreement 
between measured and calculated results shown in Fig
ure 12 implies that cell-gas composition was estimated 
correctly (note that two blowing agents were present in 
the cell gas). As the thermal ramp test relates to a spe
cific stage of aging, this measurement can also be used 
for verification of the change in the cell-gas composition 
(Kumaran et al. 1989). 
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Figure 12 Thermal resistivity of XPS product G as 
a function of mean specimen temperature. 

CONCLUSIONS 
The results verified use of the DIPAC model for eval

uating long-term thennal performance of cellular plas
tics on specimens of eight different HCFC blown foams 
placed in the outdoor exposure facility for a period of 
almost three years. During the exposure period, these 
specimens were periodically removed to measure their 
thennal resistance under laboratory conditions. Thennal 
resistance was also continuously monitored under the 
field conditions and the replicate samples of these prod
ucts were also exposed and evaluated in the laboratory 
conditions. The agreement between measured and pre
dicted results varied from "excellent" to "acceptable," 
depending on accuracy of the input data. In some cases, 
either input data were missing (diffusion of oxygen and 
nitrogen through phenolic foams) or were so inaccurate 
that they had to be replaced by an estimate from the 
DIPAC model. For example, BA concentration for prod
ucts G, B, and L was estimated from matching the aging 
curves of surface and core layers. Even in those cases, 
the agreement between measured and predicted results 
may be considered as satisfactory. 

Thermal Envelopes VI/lnsufaffon-Princfpfes 

It appears that the DIPAC model can become an 
important tool for evaluating long-term thermal perfor
mance (LTTP) of cellular plastics. To this end, however, 
one must better address three important aspects of long
term thermal perfonnance methodology: the impact of 
moisture, efficiency of gas barriers, and improvement in 
laboratory testing of thin layers. 

Our knowledge is insufficient to answer questions 
on long-term structural integrity and durability of some 
rigid foams under actual field conditions. More infonna
tion on moisture accumulation and its effect on struc
tural integrity is needed to answer these questions. As 
moisture can impact the structural integrity of the poly
meric matrix, inclusion of moisture transport would 
allow assessment of materials under specific field appli
cations and further improve the predictive capability of 
the designer or specifier. 

To slow the aging process, foam may be protected 
with a gas barrier. The effect of an impenneable facer 
may, however, be greatly reduced by lateral diffusion in 
a thin layer of the foam adjacent to the facer. Even 
though this layer is only a few cells thick, the rate of gas 
diffusion parallel to the barrier may greatly exceed the 
rate of diffusion in the direction of the foam rise and 
reduce thennal performance of the foam system. Differ
ent reasons may be associated with the phenomenon of 
diffusion parallel to the impermeable gas barrier, the 
rollover of the cells during the lamination process, or the 
collapse of cell walls under a shear stress introduced by 
the facer. The efficiency of gas barriers in retarding the 
aging process must be carefully tested (Bomberg et al. 
1994b). 

Finally, because a special four-station HFM appara
tus was built for thennal testing of thin foam layers, this 
research did not evaluate the precision of thennal resis
tance determination on thin layers that is attainable with 
traditional HFM equipment. Performing such evalua
tion would benefit potential users of the DIPAC model. 
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