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Introduction

Tests and analysis are complete to fulfill the work statement entitled “Comparative Test of an Innovative RUS-8 Duct System and a Conventional RUS-8 Duct System in a Sealed Attic in the Large Scale Climate Simulator.” The original version of this work statement was attached to the subject user agreement. The expanded (as shown in italics) objective of the work has been achieved. We have measured the thermal performance of an innovative RUS-8 duct system and a conventional RUS-8 duct system when they were hung in a sealed attic air space above the same level of loose-fill attic insulation and subjected to the same severe summer and winter conditions in the Large Scale Climate Simulator at the Oak Ridge National Laboratory. We have compared the thermal performance of both systems to each other and to a conventional RUS-4 duct system under the same conditions.

Characterization of Ducts

The innovative RUS-8 duct system consists of 10 in. flexible duct wrapped with cotton fiber insulation and covered with a reinforced reflective metallized jacket. It is marketed as Superior Air Duct and is referred to as the R8CF system in this report. The conventional RUS-8 duct system consists of 10 in. flexible duct wrapped with fiberglass insulation and also covered with a reinforced reflective metallized jacket. It is referred to as the R8FG system in this report. The conventional RUS-4 duct system is like the R8FG system except less fiberglass insulation and a slightly different metallized jacket are used. It is referred to as the R4FG system in this report.

The metallized jackets used for these duct systems are not pure aluminum foil like is used for radiant barriers. Pure aluminum foil has an infrared reflectance of 95% to 97%. According to our measurements using ASTM C 1371-98, “Standard test method for determination of emittance of materials near room temperature using portable emissometers,” the metallized jacket material only reflects 51% (R8CF), 48½% (R8FG) and 57½% (R4FG) of the infrared radiation incident on it.  

Two 1 ft x 1 ft pieces of duct insulation were cut from lengths of each duct system, laid flat and subjected to thickness, density and apparent thermal conductivity measurements. The latter were done in accordance with ASTM C 518-98 “Standard test method for steady-state thermal transmission properties by means of the heat flow meter apparatus.”  The ratio of the measured thickness and apparent thermal conductivity of the samples yields the thermal resistance of a flat specimen Rflat specimen for each. Table 1 gives these four results averaged for each pair of duct insulation samples. 

Table 1. Thickness, density, apparent thermal conductivity and R-value

of flat specimens of the insulation in the duct systems

	Specimen
	Thickness

(in.)
	Density

(lb/ft3)
	Apparent thermal conductivity

[Btu·in/(h·ft²·°F)]
	Rflat specimen 

(h·ft²·°F/Btu)

	R8CF
	1.85
	2.52
	0.2545
	7.3

	R8FG
	1.90
	0.94
	0.266
	7.1

	R4FG
	1.08
	1.085
	0.241
	4.5


Procedures for Measurement of Duct Thermal Performance

Assuming that joints and connections are well made and properly sealed, acceptable duct system thermal performance is determined primarily by the thickness and integrity of the insulation that is wrapped around the flexible inner duct liner. The actual thickness of insulation in flexible duct systems depends on how tight around the insulation the metallized cover and occasional tape and clamps are wrapped, how restrictive are the duct hangers, what obstacles and bends must the duct navigate, etc. Two ways are used in this report to measure duct system thermal performance. One comes from dealing only with a straight length of the duct without any effects of connections or bends. The other comes from measurements of overall duct performance with the duct in a realistic configuration.

Fair comparison of duct systems requires that they be evaluated under identical and realistic conditions.  For the work under User Agreement UR-04-410, the Thick Attic Insulation Module for the Large Scale Climate Simulator was configured with the R8CF and R8FG systems hung from the deck supports in the unventilated air space above unbonded loose-fill fiberglass attic insulation with a nominal R-value of 38 h·ft²·°F/Btu (RUS-38). The average thickness of the attic insulation for this R-value was 14.3 in. The R4FG system was tested earlier when it was hanging above 15.1 in. of the same insulation.

Figures 1 and 2 show the R8FG and R8CF systems, respectively, in place before the attic space was closed and testing commenced. Because of the limited size of the Thick Attic Insulation Module, it is impractical to test an entire system including an air handler, supply trunk and branches and return duct. Duct was simply hung in a serpentine pattern from the deck supports. The R8FG duct system was installed first by Superior Air Ducts, starting with a length of 40 ft outside the module. Installed length was measured along the top of the duct between the duct air temperature stations at the inlet and exit. The length including all bends was 34 ft 5 in. Superior Air Ducts prepared the left and right halves of the R8CF system in Figure 2, including the integral 180° bends made without any connectors. The length of the R8CF duct system was adjusted to match the length of the R8FG system. A length of 34 ft 2 in. was achieved, both outside and inside the module. The length of the R4FG duct system in the earlier tests was adjusted inside the module to exactly 40 ft. All three systems had a junction between two pieces of each duct where they met to form the bend in the middle of each system. 

The direct measure of duct system thermal performance that was sought was heat gain or loss to the air within the ducts. Imposed conditions simulated attic conditions in a severe cooling climate and in a moderate heating climate. Tests with the R8CF system were done after those with the R8FG system, at

the severe cooling and moderate heating conditions established earlier for the R4FG system. 
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Figure 1.  R8FG duct system in place in the Thick Attic Insulation Module
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Figure 2.  R8CF duct system in place in the Thick Attic Insulation Module

Unlike field test conditions for non-simultaneous tests, conditions in the Large Scale Climate Simulator are highly reproducible. Imposed temperatures were 0°F for outside air winter conditions, 140°F for outside air summer conditions and 72°F for inside air conditions, both winter and summer. Duct air inlet temperature was 92°F for winter and 47½°F for summer. These temperatures were reproduced within ±0.1°F from test to test. Air flow rate in the ducts was 550 ft3/min within ±5 ft3/min. 

The Large Scale Climate Simulator was operated during these tests as a guarded hot box according to ASTM C 1363-97, “Standard test method for the thermal performance of building assemblies by means of a hot box apparatus.” C 1363 does not address duct systems in attics. The grid of thermocouples underneath the duct systems in Figures 1 and 2 measured the temperature of the attic insulation surface and the air temperature 3 in. above it during the R8FG and R8CF tests. The grid was not in place for the tests with the R4FG duct system because tests with this duct system included configurations where it was partially buried in the attic insulation. Figure 3 shows results using the attic insulation surface temperature and other measurements needed for C 1363 compliance. Following C 1363 procedures, the attic insulation R-values measured during the R8FG and R8CF tests were very consistent with the R-values expected from previous characterization of it at a thickness of 26.0 in. and application of the characterization to the thickness of 14.3 in. during the R8FG and R8CF tests. This is taken as evidence that the characterization of duct system R-values has the same accuracy as the attic insulation R-values.

Figure 3.  R-values of the attic insulation under the R8FG and R8CF duct systems measured by ASTM C 1363 procedures simultaneously with the measurement of duct performance

Duct System R-values

Heat gain or loss to the air within the ducts was generalized by producing duct system thermal resistance from the measurements. It is defined as 
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                  (1) 

where,


Rsystem 
is the measured system thermal resistance for heat flow through a specified area, including the effect of air films on the inside and outside surfaces of the duct, h·ft²·°F/Btu,


   
is the energy gain or loss of air flowing from the inlet to the exit of the duct, Btu/h,


A
is the (arbitrary) area chosen for reckoning R-value, here the inside area of the duct, ft², and,


(Tmean
is the mean temperature for heat exchange between the attic air and the duct air as it changes from its inlet to its exit temperature, °F.




To compare to the measured system R-value of a duct system from Equation (1), an ideal R-value based on the inside area of the duct can be defined:

                     
                    Rideal = Rinside film + ri ln(ro/ri) / kinsulation+ (ri/ro) Routside film   
   (2) 

where,


Rideal 
is the ideal system R-value for heat flow through the inside area of a duct, including the effect of air films on the inside and outside surfaces of the duct, h·ft²·°F/Btu,


Rinside film
is the R-value of the air film on the inside surface of the duct, h·ft²·°F/Btu,


ri
is the inside radius of the duct flexible liner, ft,


ro
is the outside radius of the duct covering, ft,


kinsulation
is the apparent thermal conductivity of the duct insulation, Btu·in./(h·ft²·°F), and


Routside film
is the R-value of the air film on the outside surface of the duct, h·ft²·°F/Btu.

To produce values for Rinside film and Routside film heat transfer correlations were used for the forced convection between the air in the duct and the inside duct surface and for the natural convection between the outside duct surface and the air in the attic. The thermal radiation exchange was analyzed between the outside duct surface and the inside surface of the attic and between the outside duct surface and the top surface of the insulation. Infrared reflectance of the metallized jackets on the ducts was taken from our measurements. The net gain/loss by radiation was added to that by natural convection for the outside duct surface. The conditions and geometry of the tests were used for the convection and radiation calculations. The outside radius was the inside radius plus the insulation thickness in Table 1. The apparent thermal conductivity of the duct insulation was also taken from Table 1. 

Table 2 shows the ideal and system R-values for the three duct systems at the severe summer and moderate winter conditions. In addition, the performances of the R8CF and R8FG systems are compared to that of the R4FG system in terms of percent improvements. The ideal R-values are significantly larger than the system R-values for each system at its summer and winter conditions. This is expected because the system R-values include the effects of hanging the ducts in a serpentine pattern in the tight confines of the Thick Attic Insulation Module. There are effects of the connections to the supply and return ducts to the air conditioner, heater and blower that served the duct systems and the connections in the middle bend. 

Table 2. Ideal and system R-values at summer and winter conditions

for the R8CF, R8FG and R4FG ducts

	Duct
	Ideal 

R-values

(h·ft²·°F/Btu)
	Ideal Improvement over R4FG
	System 

R-values

(h·ft²·°F/Btu)
	System Improvement over R4FG

	Summer

	R8CF
	7.16
	31%
	5.99
	53%

	R8FG
	7.06
	29%
	4.91
	26%

	R4FG
	5.49
	---
	3.91
	---

	Winter

	R8CF
	7.40
	32%
	5.33
	67%

	R8FG
	7.28
	30%
	4.63
	45%

	R4FG
	5.62
	---
	3.19
	---


There is not much difference between the summer and winter ideal R-values for each system. The apparent thermal conductivity was a room temperature value for both conditions. Only the thermal properties in the heat transfer correlations varied with temperature. The radiation heat exchange was more dependent upon the summer and winter temperatures but had a relatively small effect on the total R-value. 

The ideal R-values for R8CF and R8FG are about the same and larger than the ideal R-value for the R4FG system. This is because the R-values in Table 1 for the flat specimens of insulation from both R8 systems are about the same and larger than the value for the flat specimens from the R4FG system. The percentage improvements for the ideal R8CF and R8FG R-values over the R4FG R-values reflect these facts.

There is a significant difference between the summer and winter system R-values from the measurements in the Large Scale Climate Simulator. Conventional wisdom says that heating ducts in attics have bad thermal performance and this is borne out by the results in Table 2 for our experiments. The effect of flaws in the duct systems are exaggerated by the winter conditions. The percentage improvements of the system R-values for the R8CF and R8FG ducts over the R4FG duct reflect this very interesting discovery. 

Moreover, the R8CF system shows significantly more improvement than the R8FG system. The system R-value of the R8CF system at summer conditions is 53% improved over the R4FG system whereas the R8FG system shows only 26% improvement. The system R-value of the R8CF system at winter conditions is 67% improved over the R4FG system whereas the R8FG system shows only 45% improvement. If both systems were true R8 systems compared to an R4 system at installed conditions and there was no difference between summer and winter performance, the R8CF and R8FG systems would show 100% improvements both summer and winter.

Conclusions
The ideal R-values for the R8CF and R8FG ducts are about the same because there is not much difference in the thermal performance of the insulations in these ducts. However, the R8CF duct performed significantly better than the R8FG duct in the system that was configured for tests in the Thick Attic Insulation Module of the Large Scale Climate Simulator at the Oak Ridge National Laboratory.
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