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BACKGROUND

This article presents some miscellaneous data from two low-slope and two steep-slope experimental
roofs. The low-slope roofs were designed to compare the performance of various roof coatings exposed
to natural weatherization. The steep-slope roofs contained different combinations of phase change
material, rigid insulation, low emittance surface and above-sheathing ventilation, with standing-seam
metal panels on top. The steep-slope roofs were constructed on a series of adjacent attics separated at
the gables using thick foam insulation.

This article describes phase three (3) of a study that began in 2009 to evaluate the energy benefits of
a sustainable re-roofing technology utilizing standing-seam metal roofing panels combined with energy
efficient features like above-sheathing-ventilation (ASV), phase change material (PCM) and rigid
insulation board. The data from phases 1 and 2 have been previously published and reported [Kosny et
al., 2011; Biswas et al., 2011; Biswas and Childs, 2012; Kosny et al., 2012]. Based on previous data
analyses and discussions within the research group, additional test roofs were installed in May 2012, to
test new configurations and further investigate different components of the dynamic insulation systems.
Some experimental data from phase 3 testing from May 2012 to December 2013 and some EnergyPlus
modeling results have been reported in volumes 1 and 3, respectively, of the final report [Biswas et al.,
2014; Biswas and Bhandari, 2014].

DESCRIPTION OF THE TEST ROOFS

The low-slope test roofs were built on the Roof Thermal Research Apparatus (RTRA) in Oak Ridge,
TN. The test roofs were installed on two 4 by 8 foot (1.2 x 2.4 m?) modules for monitoring the surface
substrate performance when exposed to the weather for extended periods. One 4 x 8 module was used
to install two substrates over 4 x 4 foot (1.2 x 1.2 m?) areas - unpainted galvalume and ‘green’
prepainted galvalume. On the other 4 x 8 module, white thermoplastic polyolefin (TPO) single-ply
roofing membrane was installed. Both modules were covered by offset mounted crystalline photovoltaic
(PV) modules. The PV outputs were not monitored.

PV module

Prepainted Unpainted
galvalume galvalume

Figure 1. Low-slope test roofs: Module 1 — unpainted and prepainted galvalume.
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Figure 2. Low-slope test roofs: Module 2 — white thermoplastic olefin.

The steep-slope test roofs were built on side-by-side attics on the Envelope Systems Research
Apparatus (ESRA) facility in Oak Ridge, TN. The attics were thermally isolated from each other by
using foam insulation at the gable ends and were vented at the soffit and ridge. A conventional asphalt
shingle roof was used as a control or baseline to evaluate the energy benefits of the test roofs. Further
details of the attic construction are provided by Miller [2006].

Figure 3 shows the steep-slope roofs located on the ESRA. Two test roofs are described in this
article and are referred to as: ‘Lane 2 — ASV HG’ and ‘Lane 4 — PCM ASV’. The test roofs were built
with different configurations of rigid fiberglass insulation, PCM and air gap (ASV) under the metal
panels, as shown in Figure 4. Figure 4 also shows the sensors for measuring the temperature distribution
in the roof and heat flow through the oriented strand board (OSB) deck into and out of the attic. ‘Lane 6
— Shingle’ was the control roof built with asphalt shingles [Kosny et al., 2012].

Lane 4 -
PCM ASV

Lane 6 - Shingle

Figure 3. ESRA test and control roofs.

Lane 4 consisted of rigid fiberglass insulation on the OSB roof deck, followed by a layer of macro-
encapsulated bio-based PCM and the standing-seam metal panels on top. The metal panels were placed
on top of metal sub-purlins that provided an air gap of about 5.1 cm (2 inch) over the PCM layer; the air
gap was vented both at the ridge and the eave providing above-sheathing-ventilation (ASV). The
fiberglass insulation was 2.5 cm (1 inch) thick and had a thermal resistance of 0.76 m*K/W (4.3
ft2-hr-°F/Btu). The PCM was packed in arrays of plastic cells of dimensions 4.4 cm x 4.4 cm x 1.3 cm



(1.7 x 1.7 x 0.5 cubic inches) with about 1.3 cm (0.5 inch) spacing between the cells. The PCM layer
had nominal heat storage capacity of 560 ki/m?, and nominal melting and freezing temperatures of 30°C
(86°F) and 26°C (79°F), respectively. The melting phase transition enthalpy of the PCM was 190 J/g.

Lane 2 (ASV HG) roof contained the same components, but with the PCM layer placed below the
fiberglass insulation. The fiberglass board in lane 2 also contained a reflective foil facing that provided
a low-e surface, which reflected part of the incoming solar radiation and helped reduce daytime cooling
loads. These test roofs were initially constructed in May 2012. After 9 months, in February 2013, the
PCM layer was removed from lane 2, while maintaining the same ASV gap height (the original sub-
purlins supporting the metal panels were replaced by shorter ones).

Metal panel

Heat Flux Transuuur__/A" 1],

Lane 2 — ASV HG Lane 2 — ASV HG
{with PCM) {without PCM) | Lane 4 = PCM ASV |

Figure 4. Schematics of steep-slope test roof configurations.

In addition to the sensors shown in Figure 4, additional thermocouples and two anemometers were
installed within the air gap of lane 2 (the anemometers were added during the removal of the PCM
layer). There were two thermocouples each located within the air gap near the eave and the ridge.
Figure 5 shows the locations of the thermocouples and the anemometers. These sensors were added to
gather data related to the air flow speed and the temperature rise within the air gap due natural
convection, especially on hot and sunny summer days.



Figure 5. (a) Thermocouples within the air gap near the eave; (b) Anemometer within the air gap near the center
of the roof (between the eave and the ridge) and at the ridge.

RESULTS AND DISCUSSION

Low-slope roofs

The low-slope roofs were constructed primarily to monitor degradation of the surface properties due
to biological growth, soiling, etc. Figure 6-Figure 8 show the condition of the different roof membranes
after about 15 months of natural weatherization since construction. All roof surfaces, unpainted and
prepainted galvalume and TPO, showed some signs of surface deterioration.

Only visual inspections were performed in this study and no further analyses were done of the
material deposited on the roof surfaces. However, other ORNL studies have been done related to the
population of microbial species on TPO samples collected from roof modules on the RTRA. The results
have been presented and published [Cheng et al., 2011; Cheng et al., 2012].



Figure 7. Surface biological growth on the roof module with prepainted galvalume.



Figure 8. Surface biological growth on the roof module with TPO.

Steep-slope roofs: Impact of PCM

Summer performance: To evaluate the performance of the test roofs over the entire cooling period
(summer), the roof heat fluxes and attic temperatures were averaged over June 1 — September 30, 2013.
The averaging (referred to as bin-averaging) was done over corresponding 15-minute periods of each
day, and the resulting average data are shown over a 24-hour period in Figure 9 and Figure 10. Further,
bin-averaged solar irradiance on the roofs is shown in Figure 9 and the average outside temperature is
shown in Figure 10. Data from Jun — September, 2012 (when the ‘ASV HG’ roof contained the PCM
layer) were reported by Biswas et al. [2014], but have been repeated here for comparing the cases with
and without PCM.

During summer of 2013 (wihout PCM), the peak daytime roof heat fluxes for the test and control
roofs were: ‘ASV HG’ — 3.4 Btu/hr-ft? (10.7 W/m?), ‘PCM ASV’ — 4.7 Btu/hr-ft? (14.8 W/m?) and
shingle — 22.2 Btu/hr-ft? (70.0 W/m?). During this time, the peak average attic temperatures in the test
lanes were 88.2°F (31.2°C) (‘ASV HG’) and 89.9°F (32.2°C) (‘PCM ASV’), compared to 98.8°F
(37.1°C) in the asphalt shingle attic. A delay of about 2-2.5 hours was observed in occurrence of the
peak temperature in the test attics compared to the shingle attic, which provides the benefit of peak load
shifting to utilities.

During summer of 2012 (with PCM), the ‘ASV HG’ roof, with the PCM layer under the fiberglass
insulation, performed better than the ‘PCM ASV’ roof. It is interesting that, even after removing the
PCM layer, the ‘ASV HG’ roof still performed better than the ‘PCM ASV’ roof during summer of 2013.




It should be noted that the ‘ASV HG’ roof benefitted from the low-e surface of the reflective insulation
during summer. The 2013 data indicate that, at least for the present roof configurations and PCM type,
the low-e surface was more effective than the PCM placed above fiberglass insulation in reducing the
summer daytime roof heat gains. However, the PCM does provide an added benefit when used with the
low-e surface, as shown by a comparison of the ‘ASV HG’ roof heat flux data between 2012 (with
PCM) and 2013 (without PCM). During summer 2012, the average ‘ASV HG’ roof heat flux was very
close to zero due to the added benefit of the PCM.
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Figure 9. Bin-averaged summer roof heat fluxes.
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Figure 10. Bin-averaged summer attic temperatures
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Winter performance: Similar bin-averaged roof heat flux and attic temperature data are shown for
winter 2013 (November 1 — December 31, 2013) in Figure 11 and Figure 12. Again, for comparison,
data from winter 2012 have been reproduced [Biswas et al., 2014].
During winter, the ‘PCM ASV” attic stayed warmer than the ‘ASV HG’ attic during both 2012 (with
PCM) and 2013 (without PCM). The asphalt shingle attic had warmer daytime temperatures, due to the
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solar heat gain, but lower nighttime temperatures than the test attics. During winter 2013, the minimum
average test attic temperatures were 52.0°F (11.1°C) (‘ASV HG’) and 57.5°F (14.2°C) (‘PCM ASV’),
compared to 46.1°F (7.8°C) in the asphalt shingle attic. Comparison of winter 2012 and 2013 data for
the ‘ASV HG’ lane did not reveal any significant impact of the PCM under the fiberglass insulation in
that roof; it was previously reported that, for this configuration, the PCM stays frozen and inactive
throughout the winter period [Biswas et al., 2011].
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Figure 11. Bin-averaged winter roof heat fluxes.
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Figure 12. Bin-averaged winter attic temperatures.
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The air-gap in the ‘ASV HG’ roof on lane 2 contained four thermocouples, two each near the eave
and ridge, to monitor the rise in temperature of the buoyancy-driven air flow from the eave to the ridge.
During February, 2013, when the PCM was removed from lane 2, two anemometers were also added to
the air gap. Some sample results are shown in this section.

ft?)

Solar Irradiance (Btu/hr
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Figure 13. Solar irradiance and ambient temperature during three summer days from 2012 and 2013.
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Figure 14. Temperatures within the air gap in lane 2 test roof during three summer days from 2012 and 2013.

Sample summer and winter data from periods of similar solar and ambient temperature conditions
from the pre- and post-PCM removal periods are presented. Figure 13 show the solar irradiance on the
steep-sloped roofs and the ambient temperature from three (3) summer days in June 2012 (with PCM)
and May 2013 (without PCM). The solar irradiance was similar during those two periods, but the
ambient temperatures were higher during June 2012. Figure 14 shows the air gap temperature data from
same 3-day summer periods. In both cases, significant rise in temperature was observed from the eave
to the ridge. The measured temperatures were higher overall during the summer days of June 2012,
presumably due to the higher ambient temperatures in part. The magnitudes of the increase in air



temperatures from the eave to the ridge were similar during both periods. On average, the difference in
peak temperatures at the ridge and eave during 6/23-6/26/2012 was 27.9°F (15.5°C); during 5/25-
5/27/2013, the average difference in peak temperatures was 31.3°F (17.4°C).
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Figure 15. Solar irradiance and ambient temperature during three winter days from 2012 and 2013.
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Figure 16. Temperature within the air gap in lane 2 test roof during three winter days from 2012 and 2013.

Similar data from three sunny winter days from the pre- and post-PCM removal periods are shown in
Figure 15 and Figure 16. Again, similar increase in temperatures was observed from the eave to the
ridge between the two winter periods. The average difference in peak temperatures at the ridge and eave

during 1/18-1/20/2013 was 17.9°F (9.9°C); during 12/25-12/27/2013, the average difference in peak
temperatures was 17.6°F (9.8°C).
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Figure 17 shows some sample measurements of air flow speeds from the three summer and three
sunny winter days. As expected, the measured speed at the ridge was higher than the center of the roof.
Also, the peak air speeds were similar for the winter and summer periods, indicating that solar
irradiance, rather than ambient temperatures, was the primary driver of the buoyant air flow. The flow
direction is assumed to be from the eave towards the ridge; however, anemometers used for the
measurements were omni-directional and provide no information about the flow direction. Further, the
anemometers provided single-point measurements of the flow speed and the data cannot reliably be used
for estimating the flow rates across the entire cross-section of the air gap. The main utility of the air
flow speed data was in performing validation of modeling results. These data were used for checking
the intermediate results of some EnergyPlus models of the steep-slope roofs and attics. The main
modeling results have been reported by Biswas and Bhandari [2014].
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Figure 17. Measured air flow speed at two locations within the air gap in lane 2 test roof.

SUMMARY

Low-slope test roofs were constructed with three different roofing membranes: unpainted galvalume,
prepainted galvalume and thermoplastic polyolefin (TPO). The low-slope roofs were designed to
observe any surface deterioration of the roof coatings when exposed to natural weatherization. The low-
slope roofs were covered with offset mounted photovoltaic panels. Some surface growth was observed
on all the roof membranes after about 15 months of exposure.

The two steep-slope roofs, ASV HG’ and ‘PCM ASV’ discussed in this article, contained different
combinations of phase change material, rigid insulation, low emittance surface and above-sheathing
ventilation, with standing-seam metal panels on top. Both test roofs were able to better modulate the
attic temperatures compared to a control shingle roof. During summer, the peak day time attic
temperatures were lower for the test roofs; during winter, both test attics stayed warmer than the shingle
attic. The ‘ASV HG’ roof had the best performance during the cooling period, while the ‘PCM ASV’
roof performed better during the heating season. The low-e surface on the ‘ASV HG’ roof was very
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effective in reducing the day time heat gains through the roof, with or without the PCM. The PCM in
the ‘ASV HG’ did show a positive impact in further reducing day time heat gains through the roof. The
PCM located above the insulation in the ‘PCM ASV’ roof had a beneficial impact during winter,
allowing the ‘PCM-ASV’ attic to remain warmer during the night time compared to the other roofs.
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