
MOISTURE ACCUMULATION WITHIN,
AND ADHESION OF, SPRAYED RIGID

POLYURETHANE INSULATION

INTRODUCTION

Methods of storing fruits and vegeta
bles are continually being improved by
chemical treatments, better environ
mental control equipment, and improved
structural and insulating materials. These
improvements have extended the storage
period of many fruits and vegetables from
one harvest to the next. This means that
the storage structure and equipment must
be capable of maintaining the proper
environment for the stored fruits and
vegetables throughout the year.

The majority of fruits and vegetables
stored required relative humidities from
80-95% and storage temperatures in the
vicinity of 32°F (273 K) dry bulb
temperature, where the water vapour
pressure is about 0.083 psi (574 N/m2).
In Ottawa, 2-1/2% of the July tempera
tures exceed 74°F (296 K) and 87°F
304 K) wet and dry bulb, respectively,
indicating a water vapour pressure of
0.352 psi (2.43 X 10* N/m2). At the
other extreme, the January condition is a
dry bulb temperature of -13°F (248 K)
(below which 2-1/2% of the hourly
temperatures fall) and a relative humidity
of 100% indicating a water vapour
pressure of only 0.009 psi (67.0 N/m2).

With a vapour pressure of 0.083 psi
(574 N/m2) inside the storage and
summer vapour pressure of 0.352 psi
(2.43 X lO2^ N/m2 ) outside, water vapour
will diffuse inwards, indicating the need
for a good vapour barrier on the outside
of the insulation. Whereas, with winter
vapour pressure of 0.083 psi (574 N/m2)
inside the storage, but only 0.009 psi
(67.0 N/m2) outside, water vapour will
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diffuse outwards, indicating need for a
vapour barrier on the inside of the
insulation. For a storage used both winter
and summer (refrigerated storage), vapour
barriers on both sides of the insulation
are indicated.

Porous mineral wool or fiberglass is a
very economical class of insulation, but
storage with vapour barriers on each side
of a porous insulation under the condi
tions specified above is not recommend
ed. A perfect vapour barrier is virtually
impossible to achieve in the field. Vapour
tends to collect in the insulation between
the two vapour barriers. Eventually
temperatures below the dew point of the
air-vapour mixture are reached within the
insulation, resulting in condensation of
the vapour. With water, thermal conduc
tivity k = 4.20 Btu/h-ft2-°F-inch (0.606
W/m2*K>m) replacing air, k = 0.18
(0.026), the thermal conductivity of
any wetted insulation is greatly in
creased; the accumulating condensation
can cause destruction 6f the framework
and cladding.

One way to reduce the effects of this
condensation is to use sprayed, rigid poly-
urethane foam insulation. The cost is ap
proximately five times that of mineral
wool for an equivalent resistance to heat
flow, but the moisture-vapour permeabili
ty is much less. It is also applied as a
continuous insulation with no joints, thus
increasing the average insulation value.

Considerable interest has been shown
in the use of sprayed polyurethane as a
combined insulation, vapour barrier, and
gas seal in fruit and vegetable storage
buildings used throughout the year. Some
manufacturers' literature implies that
urethane is almost impervious to water
vapour and hence could solve the wet
insulation problem caused by the seasonal
reversal of the vapour pressure gradient.

There are reports of adhesion failure
with urethane insulation in farm build
ings. The experiment described in this

paper was initiated to determine if
extreme conditions experienced in farm
buildings or storages might contribute to
this or other types of failure.

Urethane Foam

Rigid urethane foams were developed
before World War II (5). Later, low-
viscosity fluorocarbon-blown rigid ure
thane foam formulations and the sophisti
cated spray equipment for easy
application of these foams were develop
ed.

Many factors influence the ability of a
foam to set as an insulation against wide
temperature variations (1). Internal
factors include foam density and cell size,
proportion of open cells, amount and
composition of gas entrapped in closed
cells, and inherent properties of the
polymer formed. External factors include
methods of application, adhesion to
adjacent surfaces, physical integrity, and
durability. External factors independent
of the foam include environmental
moisture, wind velocity, exposure to
structural stresses, and the nature of
adjacent structural materials.

Experiments by Levy (3) indicated
that water permeation into unprotected
rigid urethane insulation without a
vapour barrier can have a more detrimen
tal effect on the foam thermal resistance
than diffusion of air into the foam cells
(ageing). The inclusion of a hot asphalt
vapour barrier on the higher-vapour
pressure side of a urethane foam showed
that the thermal conductivity of the
insulation remained constant.

The water distribution within the
cellular network of a 4-inch (10.16-cm)
thick specimen of urethane due to water
permeation, as observed by Levy (3), is
shown in Figure 1. The water content
tends to maximize in the warm side of
the foam, and then drops off rapidly to a
nominal amount as the cold side is
approached.
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Figure 1. Water distribution in a 4-inch
(10.16-cm) fluorocarbon ex
panded rigid urethane foam speci
men after 80 wk (reference 3)

Sprayed urethane foam is usually
applied as thermal insulation adjacent to
materials that provide structural support
or weather protection (2). When tempera
ture changes occur, differences in thermal
expansion coefficients between adjacent
materials can produce stresses in the
structure. The coefficient of thermal
expansion of steel is approximately
one-tenth that of urethane foam. Adja
cent materials like steel or aluminum are
stronger than rigid foam used for
insulation. Extreme differences in expan
sion could result in fracture of the walls
of the foam cells adjacent to the
supporting materials.

Using fluorocarbon-blown rigid ure
thane insulation on aluminum alloys has
resulted in failure of the metal due to
pit-type corrosions The fluorocarbon
blowing agent contains chlorine and
fluorine; in the presence of humidity, it
gradually produces hydrochloric acid, a
corrosive agent. This also could affect
ferrous and copper-bearing metals.

According to Levy (3), water vapour
arranges itself in two ways when it
condenses within the urethane foam cells:
(a) in discrete droplets discontinuous
from one another and (b) as a continu
ous film. His investigations indicate that
condensate within urethane insulation is a
combination of these arrangements. When
the discontinuous droplets freeze, the
volume change occurs without any effect
on the contacted cell walls; however,
when a continuous film freezes, the
change in dimension could disrupt the
cell wall, depending on the strength of
the wall.b

a Minutes, Cherry Hill Meeting, Appliance
Committee of Cellular Plastics Division, The
Society of the Plastics Industry, 250 Park
Avenue, New York, NewYork 10017. April
30,1965.

b Wolford, E.Y. 1965. Comparison offoamed
insulation materials. 1135 Washington
Road, Pittsburgh, Pennsylvania 15228. Figure 2.
(Personal communication)
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EXPERIMENTAL PROCEDURES

This test was designed to study the
effects of vapour pressure gradient and
freeze-thaw cycling on the adhesion of
sprayed-on urethane foam, but due to
mechanical problems the experiment was
terminated before a sufficient number of
freeze-thaw cycles had occurred. Moisture
accumulation within the urethane was
monitored and the adhesion of the
urethane was measured at the end of the
freeze-thaw cycling.

Two boxes were constructed (Figure 2
and 3) to simulate the walls of an animal
production building or a fruit and
vegetable storage. In box 1 (Figure 2), the
urethane was foamed directly on galva
nized steel siding similar to profile no. 1
in the Code for Farm Buildings (4), and 2
X 4-inch (5 X 10-cm) lumber framing; in
box 2 (Figure 3), the urethane was
foamed onto an additional liner of
unsanded sheathing-grade fir plywood.
No vapour barriers nor foam adhesives
were used.

The manufacturer's specifications for
the insulation were as follows: 2 pcf (32
kg/m3) core density; fc-factor of
0.12-0.17 Btu/h-ft2 ^F-inch
(0.017-0.025 W/m2 •K-m); 90-95%
closed cells; 20-30 psi (138-207 kN/m2)
compressive strength; 0.07 psf (3.4
N/m ) maximum water absorption; 3

grains/h*ft2*(inch Hg)*inch (33
N/h*m *(m Hg)*m) vapour transmission
(ASTM-C355); non-burning (ATSM-T-
1962-597).

The two boxes were placed in an
environmental chamber. A fan blowing
air around a heater and then over water
trays was used to maintain the box
environment at 50-60°F (283-289 K) and
85-90% relative humidity. The ambient
temperature in the environmental cham
ber was designed to fluctuate from -15
to 150°F (247 to 339 K), subjecting the
exterior of the boxes to freeze-thaw
cycles. The intention was to subject the
exterior of the boxes to the freeze part of
the cycle until the moisture diffusion into
the urethane insulation reached equilibri
um, that is, until the weight of the boxes
remained constant. The cycling would
then begin.

At regular intervals a special balance
beam was inserted through the chamber
doorway, to weigh the boxes without
removal from the chamber.

The adhesion of urethane to the test
surface was evaluated by measuring the
shear stress at which detachment occur
red; detachment could consist of adhe
sion failure between the urethane and the
test surface (plywood or steel) or it could
consist of cohesion failure in the urethane
itself.

-2,,X4M FRAMING

BOX No. I

-28 GAUGE
GALV. STEEL SIDING

-I" SPRAYED-ON
POLYURETHANE

INSULATION

-2" POLYSTYRENE
INSULATION

f" FIRPLY SHEATHING!
ATEMPERATURE CONTROL PANEL

Sectioned view of box no. 1 with urethane sprayed directly on galvanized steel and
sawn timber framework.
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BOX No. 2

Figure 3. Sectioned view of box No. 2with urethane sprayed directly on firply sheathing liner.

controlled by a variable transformer was
installed between the two seal strips on
the base.

After 30 days, the measured moisture
gain of the boxes was approximately
equal to the maximum cumulative per
meance calculated from the claimed
perm-rating published by the supplier of
the insulation.

After 90 days, the boxes were moved
to another environmental chamber be
cause the original chamber was required
for other tests. This new chamber
performed for about 2 days before a
mechanical breakdown occurred. The
repairs took 65 days to complete. During
this time, the two boxes were subjected
to the thaw part of the cycle, with
temperatures fluctuating as shown in
Figure 5. On completion of the repairs,
the exterior of each box was again
subjected to freezing temperatures. After
a further 120 days another mechanical
breakdown occurred. The damage at this
stage was quite extensive and as a result
this part of the experiment was termi
nated.

The intention was to expose the test
boxes to external freezing until the
vapour pressure in the cells of the
insulation approached a steady-state con
dition. This would be indicated when the
weight of the test boxes became constant.
This point never was achieved however,
(see Figure 5) because of the early
termination of the experiment.

The weight gain of the boxes in this
experiment due to the moisture collec
tion in the urethane confirms the results
of Levy (3). He not only showed that
moisture collects in urethane when
subjected to high vapour pressures, but
also that this moisture in a short period
of time can reduce the insulating value of
the urethane to the point where it is
completely ineffective as an insulation.

The curve (Figure 5) showing the
moisture gain for the plywood-lined box
has a definite dip after 100 days, the time
when the first mechanical breakdown
occurred. The curve for the unlined box
does not have such a dip. Possibly this
indicates that moisture escaped through
the lined box more easily than through
the unlined box. In the unlined box the
urethane was sprayed directly on the
metal cladding, a relatively perfect vapour
barrier.

Analysis of Adhesion Results

The statistical analysis of the adhesion
results was carried out in three stages, as
the samples obtained from the different
surfaces were not entirely matched for
position. First, for each of the four types
of sample, a regression analysis in two
dimensions of the maximum shear force
on the position within a side was
performed, including a term for regres
sion on thickness. Analysis of variance
comparisons were then made among the
three different types of metal surface:
flat metal; rib, parallel; and rib, perpen
dicular. Thirty-three almost-complete sets
of matched samples were available for
analysis, with only two samples missing.
Finally, since the flat metal surface gave
the highest mean shear force of the three,
an analysis of variance comparison was
made between the wood samples and the
flat metal samples (27 matched pairs of
samples). Side notations are shown in
Figure 4.

The mean values of insulation thick
ness and maximum shear force are given
in Tables I and II, where the standard
errors have been calculated from the
interactions of surfaces with sampling
positions within a side, combining overall
five sides. They should be used only for
comparisons between surfaces, not for
comparisons between different sides.
Conclusions based on these comparisons
are valid for these particular boxes,
having wider applicability only if repeti
tion with other boxes were assumed to
introduce no additional variability.

The thickness of the insulating layer
vaired as much as 0.9 inch (2.29 cm)
within a side. However, there was no
significant regression of shear force on

The adhesion of the urethane was
tested using an Instron universal testing
machine. Specimens were obtained by
cutting 2-inch (5.08-cm) square pieces
from the boxes, then trimming the pieces
to 1-inch (2.54-cm) squares before
testing. The variables measured were
thickness of insulation and shear force
causing failure of the insulation at the
junction with the cladding.

A sampling scheme was chosen to
account for the possibility that the
position of the specimen within the box
might affect the results. Sampling sites
were chosen as nearly as possible on a
regular grid pattern on each side so that a
regression analysis of the effects of
position on adhesion could be made. To
eliminate any consistent positional effect
from the comparison of wood with metal,
matching sites were chosen on both
boxes.

In the unlined box, three shear force
tests were made at each sampling site as
follows: in the flat between ribs, parallel
to the rib at the rib and perpendicular to
the rib at the rib; in the box with the flat
plywood liner, oneshear test was made at
each sampling site.

RESULTS AND DISCUSSION

Ice buildup at the junction of the
upper portion of each box with the base
caused difficulty in separating the two
sections for weighing. To alleviate the
problem, an electric resistance heat cable
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Figure 4.
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Figure 5. Environmental conditions and
moisture gains of boxes.

thickness (P > 0.05). The regressions on
position of the sampling site within a side
also did not reach the 5% level of
significance. However, there were consid
erable differences among the results for
the different sides.

TABLE I MEAN VALUES OF INSULATION THICKNESS AND MAXIMUM SHEAR FORCE

FOR METAL SURFACES, MATCHED FOR POSITION

Side

1 2 3 4 5 All Sides

No. samples
Thickness of insulation (inch)

Max. Shear Force (psi)
Flat metal

Rib, parallel
Rib, perpendicular
Standard error (54 degrees of

freedom)

4

1.0

14.8

12.4

10.6

±1.44

2

1.3

12.0

21.0

13.6

±2.10

4

1.2

14.9

11.0

9.6

±1.44

6

1.5

11.4

9.1

8.5

±1.21

17

1.2

15.7

14.6

11.7

±0.71

33

1.2

14.5

13.1

10.8

±0.30

TABLE II MEAN VALUES OF INSULATION THICKNESS AND MAXIMUM SHEAR FORCE
FOR WOOD AND FLAT METAL, MATCHED FOR POSITION

Side

No. samples
Thickness of insulation (inch)

Wood

Flat metal

Max. Shear Force (psi)
Wood

Flat Metal

Standard error (22 degrees of
freedom)

1.2

1.1

1.3

1.4

0.9

1.3

1.1

1.6

1.1

1.1

17.8

14.4
18.6

12.6

27.1

14.5

19.1

12.0

18.8

14.8

±1.4 ±1.62 ±1.62 ±1.41 ±0.78

In the comparison of the metal
surface, the flat metal gave better
adhesion than did the rib samples tested
parallel to the rib, by 1.4 psi (9.6 kN/m2 )
on average (P < 0.01), and these in turn
gave better adhesion, by a mean dif
ference (P< 0.01) of 2.3 psi(16 kN/m2),
than did the rib samples tested perpendic
ularly to the rib. Apart from the
anomalous results for side 2 (Table I) (for
which there were only two sampling sites)
these differences were fairly consistent
for the other four sides.

The wood samples gave much better
adhesion than the flat metal samples,
although the size of the difference varied
considerably from 3.4 psi (23 kN/m2) for
side 1 to 12.5 psi (86 kN/m2) for side 3.
For the particular distribution of samp
ling sites in this experiment, the overall
mean difference between wood and metal
was 5.6 ±0.54 psi (39 ±3.7 kN/m2) if
the sides are treated as representing
specific, rather than random, experi
mental conditions. A better basis for
comparison might be to weight the means
for the different sides in proportion to
the area of each side, giving a mean
difference of 6.0 ±0.56 psi (41 ± 3.9
kN/m2). Alternatively, an equal weight
ing of the means of all five sides gives a
mean difference of 6.6 ±0.61 psi
(46 ±4.2 kN/m2). The difference would

be judged highly significant (P< 0.0001)
in all cases.

SUMMARY

An attempt was made to determine
whether extreme conditions experienced
in farm buildings could cause adhesion
failure of sprayed-on polyurethane insula
tion. The insulation was sprayed on two
different materials, firply sheathing and
metal cladding.

For most of the experiment, the in
sulation without vapour barrier protec
tion was subjected to a temperature of
-5 degrees Fahrenheit (253 degrees kel
vin) and 100 percent relative humidity on
one side, and 60 degrees Fahrenheit (289
degrees kelvin) and 90 percent relative
humidity on the other. During this time,
moisture collected in the cells of the
insulation at a rate equivalent to the perm
rating listed by the insulation manufac
turer. Levy (3) has shown that enough
moisture can collect in urethane in a
short period of time under conditions
similar to above to make it completely
ineffective as an insulation.

Three theories of how urethane
insulation might fail in adhesion were
reviewed. The experiment was discontin-
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ued after 90 days at low temperature, 65
days at room temperature, and another
120 days at low temperature. Adhesion
failure did not occur under these
circumstances. Adhesion measurements
showed that thickness of the layer of
polyurethane foam did not have any
significant effect on adhesion. Urethane
insulation adheres significantly better to
fir plywood sheathing than it does to
galvanized steel.
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