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Appliance Rigid Foams Blown
with Cyclopentane and
Cyclopentane/Isopentane Blends

5. L. SCHILLING
Bayer Corporation
100 Bayer Road
Pittsburgh, PA 15206-9741

INTRODUCTION

The blowing agent in rigid polyurethane foams serves at least two
important purposes, One is to help give the foam a low overail ther-
mal conduetivity, and the other is to provide strength and dimensional
stability to the foam by means of the internal ce]l pressure that it gener-
ates. As shown in Figure I, about 60-85% of the heat transfer of a rigid
foam can be directly attributed to the thermal conductivity of the cell
pas, with the remainder coming from the thermal conductivity of the
solid polymer and from infrared radiation, The thermal conductivity due
to the cell gas ean be improved not only by using blowing agents with
lower thermal conductivities, but alse by increasing the closed cell con-
tent of the foam, so that less of the cell gas is quickly lost and replaced
with air. The radiation contribution to the foam’s thermal conductivity
is minimized by reducing the cell size of the foam. The easiest way to re-
duce the thermal conductivity contribution from the solid palymer is to
lower the density of the foam so that there i less polymer present. How-
ever, reducing foam density may be counterproductive if it results in a
larger cell gize or more open cells.

Thizs article was presented at the Polyurethones Expo '99, September 12-15, 1999,
Orlando, FL and is reprinted with permission of the American Plasties Council, Alliance
for the Polyurethane Industry, 1300 Wilson Boulevard, Arlington, VA 22200
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Figare 1. Typical contributions to the overall thermal conductivity of a rigid foam.

The second role the cell gas plays in closed cell rigid foams is to impart,
strength and dimensional stahbility to the rigid foam by means of the in-
ternal pressure it exerts. This is because the internal cell preasure acts to
balance the external pressure exerted by the atmosphere, Other things
being equal, foams with higher internal cell pressure will have a higher
compressive strength than foams with low cell gas pressure. If the cell
gas condenses, the cell gag pressure is reduced and must be compensated
for by having stronger foam, which may require increasing the foam den-
gity,

Table 1 compares the physgical properties of cyclopentane and

Tabie 1. Comparison of cyclopemtane and iscpentane properfias.

Name Cyclopentane Isopertans
SynonyT — 2-methylbutane
Struchurs CsHia CeHyz
CAS number [257-92-3] [78-78-4]
Molecular weight ?0.14 7215
Boiling point, *C 48 28
Liquld density at 25°C, g/ml ¢.751 0.620
Heal of vaporization, caya ar a8z

Fiash paint, =37 57

k-Factor @ 25°C,
BTL-in/hr-fte-"¢: (Reference [2]) 0.078-0 0868 0.093-0.102
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isopentane. As this table shows, both blowing agents have similar molec-
ular weights, so will provide about the same volume of gas for a given
amount of blowing agent. However, evclopentane has a significantly
higher boiling point and higher heat of vaperization than does
isopentane. As a result, cyclopentane must reach a higher temperature
than isopentane before it begins to vaporize, and the vaporization of
cycopentane consumes more heat than that of isopentane. Furthermore,
because of its higher boiling point, cyclopentane is more susceptible than
isopentane to condensation inside the cells at lower temperatures. These
disadvantages of cyclopentane, however, are offset by its better k-factor
and soluhility in polyols.

There is some debate over the precise values for the vapor phase ther-
mal conductivities of eyclopentane and isopentane [2]. Recently, it was
even reported that cyclopentane’s thermal conductivity approaches that
of HCF'C 141b at low temperatures [3]. However, it is generally accepted
that the thermal conductivity of cyclopentane is significantly higher
than that of HCFC 141b and significantly lower than that of isopentane
or HIFC 134a.

THEORETICAL CONSIDERATIONS

We used the method previously described by Raymond Yourd [4] to
calculate the eall gas content of hypothetical foams made with various
blowing agent combinations as a function of temperature. These foams
all had a density of 2.00 pounds per cubic foot and were made with the
same total level of blowing of 30 ml/g calenlated at standard temperature
and pressure. One advantage of this technique is that we can “prepare”
hypothetical foams under conditions where it would be impossible to
prepare actual foam samples because of solubility limitations or other
constraints. Fipures 2 and 3 show how the cell gas pressure and composi-
tion varies with temperature in one of these hypothetical foams. In this
case, the foam was blown with water, cyclopentane, and isopentane such
that 25% of total blowing came from CO; and the remaining 75% was
from a 60:40 blend of cyclopentane:isopentane.

Above about 80°F no condensation oceurs, so the pressure decreases
with temperature according to the ideal gas law while the mole fraction
of the gases remains unchanged. At about 80°F, cyclopentane begins to
condense, which leads to a drop in its partial pressure as well as the total
cell pressure. Also, as a result of cyclopentane’s eondensation, the mole
fraction of cyclopentane in the vapor phase hegins to decrease while the
mole fractions of isopentane and €O, increase. This continues until
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Figmra 2. Cell gas pressure as a function of temperature.

60

about 20°F, at which point isopentane begins to condense. Because of the
isopentane condensation, the cell pressure drops further and the mole
fraction of isopentane begins to fall, with a corresponding inerease in the

€O, mole fraction.

From the cell gas composition, it is possible to caleulate the thermal
conductivity of the cell gas mizture from the thermal conductivities of
the individual gases. Our model uses 25°C thermal conduetivities of
0.084 and 0.097 BTU-in/hr-ft2-°F for cyclopentane and isopentane, re-
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Figure 3. Cell gaa composition as a function of temperature.
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spectively [5,6). These values were selected from the many that have
beon suggested because they pave the beat prediction of actual foam
k-factors. Figure 4 shows a graph of thermal conductivity versus temper-
ature for the hypothetical foam we have been discussing.

Using our model in conjunction with a statistical axperimental design,
we explored the effects of both the amount of blowing from COy and the
cyclopentane:isopentane ratio in the hydrocarbon blend used to make
the foam. The blowing from CO, was varied from § to 50% of the total,
with the remainder being made up of cyclopentane:isopentane blends
which ranged from 100% cyclopentane to a mixture of 60% cyclopentane
and 4(¥% isopentane. The total amount of blowing and the foam density
were again held constant at 30 ml/g and 2.00 pounds/cubic foot, respec-
tively. The total cell gas pressure and cell gas thermal conductivity were
then determined at both 35° and 75°F.

The results we obtained were analyzed using JMP® software, and the
results were summarized in the contour plots shown in Figures b and 6.
In these plots, the percent of blowing from C0s; is given on the horizontal
axis and the percent cyclopentane in the cyclopentane:izopentane blend
used is on the vertical axis. Figure 5 shaws contour plots of total eell pas
preasures calculated at 35°F and 75°F. These plots show that the total
celt pregsure increases with both CO, level and the amount of isopentane
present in the blend, which is to be expected. Closer observation shows
that at 35°F, the cell pressures are considerably less than at 75°F. This is
due te both the temperature effect on the ideal gas law and the condensa-
tion effect that was discussed earlier.
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Figure 5. Contoor plat of cell presaure in pai at 35°F and 76°F as a function of eyclopan-
taneizopentane ratio and blowing from carbon dioxide,
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Figure 8. Contaur plots of cell gas k-factor in BT U-in/hr-ft%-°F at 35°F and 75°F aza func-
tion of eyclapentane:izopentans.

Figure 6 shows the corresponding contour plots for the cell gas k-fac-
tors at 35° and 75°F. At both temperatures, the minimum &-factor is ob-
tained by using cyclopentane as the only blowing agent because it has the
loweet individual thermal conductivity of the three gases. At both tem-
peratures, the gas thermal conductivity increases with increasing CO.
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levels. However, at 36°F, when less than ahout 30% of the blowing comes
from €0y, inereasing the i-pentane content. of the hydrocarbon blend in-
creases the thermal conductivity, With higher COy levels, the effect of
the ¢-fi-pentane ratio switches, and the k-factor decreases with increas-
ing isopentane levels.

At T5°F, the k-factor increases with both the amount of blowing from
CO, and the amount of izopentane being used over the entire region we
examined. However, the effect of the cyclopentane:isopentane ratio does
become amaller at higher C0, levels, suggesting that a switch similar to
the one seen at 36°F might oceur at even higher CO; levels.

Before moving on to our experimental results, it needs to be pointed
ont that these results refer to only the initiat cell gas composition. In
foams with identical structures {density, cell size, closed cell content,
etc.) one would expect to see these same trends in actual foam samples.
However, asdiscussed earlier, foam structure accounts for a large part of
the thermal conductivity of a foam, and therefore can have a significant
impact on the overall k-factor. Furthermore, because carbon dioxide is
generated by the reaction of water with isocyanate, changing the
amount of blowing from COQ; also results in a change in the polymer
structure, which can affect fomn properties.

HANDMIX EVALUATIONS

To determine if actual foam samples exhibited the same effects as the
hypothetical foams discussed above, three series of handmix experi-
ments were performed. In the firat, we varied the relative amounts of
blowing from carbon dioxide and cyclopentane while holding the total
amount of blowing constant. In the second, we again varied the relative
amounts of blowing from carbon dioxide and eyclopentane, but this time
we adjusted the total amount of blowing in an attempt to obtain the same
foam density. In the final set of handmix experiments, we varied the ra-
tic of cyclopentane:isopentane while maintaining the same amount of
blowing from CO, and the same total blowing level.

Experimental

All handmix evaluations were performed in a laboratory equipped to
safely handle flammable blowing agents. The general procedure used
wasg as follows: The masterbateh (eonsisting of polyol, surfactant, eata-
lyst, water, and pentane) was prepared, weighed into a container, and
the temperature adjusted te 20.0 + 0.1°C, The isocyanate was wet tarred
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into a separate container, and its temperature also adjusted to 20.0 =
0.1°C. The isocyanate was then added to the masterbatch and vigorously
stirred using an air mixer for 5 seconds before being poured into the de-
sired container or mold. T'o measure gel times, a total of 25{) g material
was poured into a box and repeatedly touched with a thin stick until the
foam adhered to the stick and a string formed as the stick was pulled
away.

To prepare panels, a 25” high x 14" wide x 2" thick mold with a de-
tachable lid was used. The mold was heated to 120°F before the desired
amount of material was poured into the mold and allowed to rize. The
minimum fill density iz determined hy foaming an amount of material
and allowing it to rise above the top of the open mold. The excess mate-
rial is trimmed off and the resulting foam is weighed. The minimum fili
density is then caleulated by dividing this weight by the calculated vol-
ume of the mald. Test panels are prepared in a similar manner, except
that the mold’s lid is attached before the rising foam reaches the top. The
foamn is left in the mold for 3.5 minutes before being removed and cured
overnight at room temperature before being cut and tested.

Effect of Water Level on Cyclopentane Blown Rigid Foams
with the Same Total Amount of Blowing

These experiments were run varying the CO;:pentane ratio, but keep-
ing the total ml/g of blowing the same, Since we wanted to examine the
effect of low COy levels with high pentane levels, we used a total blowing
level that was much lower than normal to ensure problems with cyclo-
pentane sclubility would not be encountered. This resulted in foams
with densities that are much higher than normal, but which should still
show the effects of varying the COzpentane ratio. In all of these experi-
ments, pure cyclopentane was used and the catalyst level for each formu-
lation was adjusted to give approximately the same pgel time,
Information an the formulations nsed in these experiments and the re-
sulting foam properties are given in Table 2.

Two interesting observations can be made concerning these experi-
ments. First, as the amount of hlowing from COQ, is reduced, more cata-
lyst is required to obtain the same gel times. The reason for this, we
believe, is twofold. First, with less water present, less heat is generated
from its reaction with the isgcyanate causing the temperature to be
lower. The second reason is that when the CO; level is low, more energy
is expended vaporizing the larger amount of cy¢lopentane that is pres-
ent. Both of these effects work to reduce the tetnperature the foam
reaches and increase the amount of catalyst needed. We ghould also
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Table 2. Formulation data and resuils for experiments used to examine the
affect of GO level on eyclopentana blown rigid foams with

the same fotal blowing.
CCo:Cyclopenianse Ratio High Madium Low
Formulaticn Daa, pphe
Mastarbatch 100 140 100
Water in masterbalch 1.4 1 06
Cyclopentane in masterbatch 89 95 108
Calalyst in masterbatch 24 28 3.5
% Blowireg from COs a0 30 20
lsooyanale 117 110 102
Foam Data;
Cream time, seconds 10 10 a
Gel lime, seconds 44 44 41
Minirmrm fill density, [bAE 242 251 83

point out that each formulation was run at the same index. However, as
the water level decreased, so did the amount of isocyanate vsed because
it was no longer needed to react with the water,

Even though each formulation had the same gel time and total
amount of blowing, the minimum fill density increased when the
amount of blowing from COy was reduced. Again, this is most likely re-
lated te the lower temperature that is reached in the foams as the cyclo-
pentane:water ratio is increased. Because the density differences in this
series of experiments made direct comparison of physical praperties dif-
ficult, we ran the following set of experiments.

Effect of Water Level on Cyclopentane Blown Rigid Foams
with the Same Density

In order to get a clearer understanding of the effects of varying the
amount of blowing from COQ,, we adjusted the formulations for the me-
divm and low ratio experiments above in an attempt to obtain the same
foam densities. We did this by increasing the amount of total blowing
while maintaining the same cyclopentane:water ratio. These new for-
mulations are shown in Table 3 along with the physical properties of the
foams obtained.

Looking at these results, we see that again, a higher catalyst level is
needed to obtain the same reactivity when less water is present. Even
though the total amount of blowing was increased by 3 and 11% for the
medium and low water level experiments, respeetively, these minimum
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Table 3. Formulation data and results for experiments used to examine ihe
effect of CO2 level on cyclopertane blown rigid foams with the same density.

COo:Cyelopentane Ratio High Medium Low

Fomulation Data, pph;
Masterbatch 100 100 100
Water in masterbatch 1.4 1.0 0.7
Cyclopentans in masterbatch 53 10.3 121
Catabyst in mastesbalch 24 28 ise
% Blowing from COa ] an 20
lsocyanate 17 110 102
Total Blewing, milfg 211 21.8 204

Foam Data:
Cream time, seconds 10 10 9
Gel time, seconds 44 44 41
Mimirnurr Bl density, At 242 254 266
Packed density, byt 264 265 270
Core densily, Iofit? 232 23 229
35°F ¥ factar, BTU-indhr-fI2.°F 0.138 D37 IR EA |
75°F & facior, BTU-infr-HE-F 0.150 0.148 0153
Closed cell content, % 281 arz2 84 6
Average call diamatar, Jm 218 208 204
Parallel compressive strenath, psi b4 2 61.9 £6.9
Perpendicular comprassive strengith, psi 254 225 232

fill densities were still slightly higher than the foam with the high water
level. The panels we evaluated were prepared near the same density by
varying the amount the panels were packed to give foams with very simi-
lar core densities.

The k-factors appear to show a minimum at the mid-waier level; how-
ever, the difference between the high- and mid-water level foams is not
statistically significant {(standard deviations were £0.001). It is clear
however, that the foam with the lowest amount of hlowing from CO; had
the highest k-factors. This iz contrary to what was predicted by our
model and can be attributed, at least in part, to the larger cell size and
greater open cell content of this foam.

Our model predicts that the foam with the higher COy, content would
have the greater internal cell pressure, which might be manifested as a
higher compressive strength. Indeed, the high CO, foarn does exhibit the
highest perpendicular compressive strength of the three, However, this
is not the case for the parailel compressive strength, which is highest for
foam blown with the medium CO, level formulation.

Downloaded from cel.sagepub.com at UNIVERSITY OF BRIGHTON on July 17, 2014


http://cel.sagepub.com/

201 5. L. ScHiwNG

Effect of Cyclopentane:Isopentane Ratio on Foams with the
Same Blowing Leval

In this set of experiments, we used a single formulated polyol with the
same level of blowing, varying only the ratio of evelopentane:isopentane
used. These experiments used a higher blowing level that is more typical
of appliance rigid foam formulations than the previous experiments. The
formulations used and the physical properties that were measured are
given in Table 4.

All of these foams used the same catalyst level and had similar gel
times, However, as the isopentane level increased, we shserved adrop in
the cream time that we attribute to the lower boiling point of isopentane.
Wedid not. see any sipnificant changes in density going from 100% cyelo-
pentane to a 60:40 blend of cyclopentane:isopentane, Also, we did not ob-
gerve any significant change in the compressive strength as would be
predicted by our model.

The E-factors at both 25° and 75°F were affected, however. These
k-factors increased by 0.007-0.008 BTU.in/hr-ft2-°F on going from the
pure cyclopentane to the 60:40 blend. These increases in k-factor are
larger than would be expected from our hypothetical foam experimental
design. Since all the foams had the same density and closed cell content,
thesze differences from the theoretical values can most likely be attrib-

Table 4. Formulation data and resulis for expariments usad to examine the
efact of cyclopsniane:isopentane ratic on cyciopentane bicwn rigld foam.

Cyclopentane:lsopentzne Ratio 1080 an.20 80:40

Formutation Data, pph:
Masterbatch 100 100 100
Cyclopeniane in masterbaich 121 L] 74
fzopenlane in masterbatch —_ 24 4.9
lsocyanabe 122 123 122

Foam Data;
Cream tima, seconds 10 9 7
Gl time, seconds 42 41 44
Minirmurn fill densily, 1613 1.78 1.78 1.77
Facked densily, Ibffts 186 1.96 1.97
Care density, Ibyft3 1.73 1.73 1.72
35°F k factor, BTU-indhr-ft2-=F 0134 3128 2147
75°F X factor, BTU-infhr-ft2-°F 0.148 0.151 0.154
Closed cell content, % BA.0 88.0 er7
Average cell diamater, pm 1858 218 213
Parallel comprassive strength, psi KI ! 423 3581

Parpendicular compressive slrenglh, pai 145 215 196
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uted todifferences in the foams’ cell size, which was smallest in the foam
made using pure cyclopentane.

MACHINE EVALUATIONS
Experimental

We prepared foams on a Hennecke HK-550 high-pressure foam ma-
chine using a Hennecke MQ-18-2 mixhead. The liquid output was ap-
proximately 60 lbfminute at a pour pressure of 1500 psig. A Bosch panel
mold was used to prepare these panels. This mold is 20 em wide by S em
thick by 200 ¢cm long and was held at 120°F and filled while in the vertical
position.

Bosch Panzls

Bosch panels were prepared using the formulation for pure eyclopen-
tane and the 80:20 cyclopentane:isopentane blend listed in Table 4. The
results of evaluation of these panels are given in Tahle 5.

These resultz show the typical differences one would expect going
from & handmix to a high-pressure machine-made foam. These include a
faster gel time and higher densities. In addition, foam prepared on the
high-pressure machine gave lower k-factors, a higher closed cell content,
and smaller cell size than the handmix foam, Alsa, the Bosck panel sam-
ples showed smaller differences between the parallel and perpendicular
compressive strengths, indicating less orientation of the cells, This last
result is somewhat surprising considering the longer distance the foam

Table 5. Evaluation resulfs of Bosch panef foams samples prapared using a
high-pressura foam rmachine.

Cyclopentane:lsopentane Ratic 100:0 an-20
Gel time, seconds 25 kI
Wi fill density, [o/R3 198 187
Packed dansity, /43 218 207
Core density, b3 189 1.83
35°F & tactar, BTU-inthr-f2-F 0132 D135
T5°F k tactor, BTU-indhr-f2.F 3142 3146
Closed cefl content, % 0.1 89.3
Average cell diarnetar, um 147 137
Parallel comprassive strength, psi 26 M2

Parpandicular compressive strength, psi 219 21.2
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Figare 7. Comparison ol the compressive creep behavior of a cyclopentane with an
HCFC 141k blown foam.

has to flow and the shorter gel times in the Bosch panel as compared to
the handmix panels.

In the Bosch panels, unlike the handmix panels, foam made with the
cyclopentane:isopentane blend had lower minimum fill, freeze stable,
and core densities than the foarn made with pure cyelopentane, This can
be atiributed t{o the higher vapor pressure of the izopentane. Addi-
tionally, like the handmix panels, foams blown with the pure cyclopen-
tane gave lower k-factors than the ¢yclopentane:isopentane blend.

The compressive creep behavior of the foam made using pure cyclo-
pentane oh the high-pressure machine was evaluated using the method
described previcusly by Raymond Yourd [4]. Results of this evaluation
are given in Figure 7 along with results of a typieal HCFC 141b/PMDI
system.

Asthis figure shows, the cyclopentane blown foam is more susceptible
to cornpression by heavy loads than typical HCFC 141b blown foama.
However, the slope of stress versus the logarithm of time required to
reach 5% compreszion is less steep for the cyclopentane foam. This indi-
cates that the cyclopentane blown foam is less susceptible to creep
caused by small loads over the long term.

Results of Refrigerators Foamed with Cyclopentane
Typical refrigerator cabinets and doors have been foamed with eyclo-
pentane in trials with a major appliance manufacturer on Bayer Corpo-

ration’s state-of-the-art foaming equipment in Pittshurgh.
Unfortunately, we are not able to report on the specific results of those
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trials at this time. However, we can report that the system processed
well in both eabinets and doors, Furthermore, the performanee of this
foam in cabinets was generally comparable to its performance in Bosch
panels with one exception; the cabinets gave a lower minimum fill den-
gity. We compensated for this by foaming the cabinets at a higher pack-
ing level, even though the foam was determined to be freeze stable at a
10% packing level,

CONCLUSIONS

The results of these studies show that both the amount of blowing
from carbon dioxide and the ratio of cyclopentane isopentane play an im-
pertant role in the processing and properties of rigid foams. However,
theoretical caleulations based on the cell gas compasition alone were not
good predictors of actual foam properties. Furthermore, ealeulations
based only on cell gas composition do not previde any insight into the re-
activity and density differences we ohserved when we varied the
COs:cyclopentane ratio.

Increasing the blowing obtained from carbon dioxide by increasing
the water level used in the masterbatch has several beneficial effects.
First, it reduces the amount of catalyst needed to obtain a given gel time
and also reduces the foam density obtained for a given blowing level.
Both of these effects can reduce the cost of using a system for appliance
insulation. A semewhat surprising result was that increasing the CO,
blowing level did not significantly increase the A-factor of handmix
foams as predicted by our eaiculations. On the conirary, the 2-factor ac-
tually decreased on going from the low water to the high water formula-
tion. Reasons for this could be the higher open cell content and larger cell
gize obtained with the low water formulations.

We thought that increasing the amount of isopentane used in the
eyclopentane:isopentane blend might result in lower density foams or at
least give foams with a higher compressive strength as a result of a
higher internal eell pressure, as predicted by our theoretical calenla-
tions. Neither effect, however, was clearly observed in the handmix
foams although they might be more evident in Bosch panels or eabinets.
What was ciearly observed, however, is that increasing the ratio of
isopentane:cyclopentane resulted in foams with eignificantly higher
k-factors. This was predicted by our calculations for foams with low wa-
ter levels, but just the opposite was predicted for high water levels. Be-
gides the cell gas composition, the one obvions difference between these
foams is the cell size, which increases significantly with deereasing wa-
ter levels.
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Finally, we showed that the handmix results translated well to ma-
chine results, with the critical property of k-factor actually improving in
Bosch panels.
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