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ABSTRACT 

Innovafive construction materials and systems have generated a need for laboratory 
. scale tests to quanti& the effect of air leakage on thermal andmoisture performance of building 

assemblies. Some construction materials and systems are inherently more air tight than others. 
It is desirable to do laboratory scale measurements on alternative systems so LIS to rank them 
with respect to air tightness just as they can be ranked with respect to system R-value. 

science teachers in the Buildings Technology Center @E) at the Oak Ridge National 
Laboratory sought a way to illustrate basic principles of building science in the classroom. They 
decided to buiida small metal-fi.amed assembly with internal volume of 44 f f '  (1.25 m') and 
removable wall sheathing. The assembly included a door and w i h .  Although the door and 
window were made from 4-in. (1 0.2-cm) thick foam insulation, the requisite framing for them 
detractedfiom the thermal performance of the walls and occupied a disproportionately large 
fraction of the wall area. The floor and roof of the assembly were also well-insulated so that the 
walls dominated the conduction heat loss through the assembly. 172eph-m was to test thermal 
perfimance of the assembly with the sheathing and without it. Thereby the teachers hoped to 
show the effects of thermal bridges with metalframing as well as apractical yet insighrfirr way to 
reduce their eflects. 

n e  completed assembly, including 2 in. (5.1 em) of foam sheathing for the walls, was 
instrumented with thermocouples to measure relevant surface and air temperatures at several 
locations inside and outside. An electric heater was put inside the assembly. ?%e coheating 
required to maintain steadj room temperatures inside was determined for extreme winter 
conditions outside as simulated by the large scale climate simulator in the BTC. The foam 
sheathing was hen removed and the experiment was repeated 

n e  results made no sense without including eflects of infdtration hiven by the insid? to 
outside temperature difference. Infiltration complicated the simple illustration of basic building 
science principles that the teachers sought, but measurement of its effects was pursued to 
illustrate a laburatory scale procedure for measuring the effect of air leakage on building 
assemblies. Injiltration due to the effect of the circulation fans in the simulator was assumed 
negligible. TraGer gas analysis was done using milfir hemflouridk injection and detection 
Analysis gui&d by the tracer gas results indicated that infiltration was responsible for 25% of 
the heat loss wiihout sheathing on the walls and 43% of the heat loss with it on the walls. The 
assembly was not very air tight. The conduction heat loss through the walls of the assembly 
without sheathing was described by a metalframing effect whose value was within the range 
observed with other metal framed assemblies. m e  eflect of the sheathing was also predictable. 

Procedkres in Chpter 23 of the 1993 Handbook of Funukmentuls @OF) were used to 
estimate the leakage area for this small assembly. The results were 2.7 id (0.42 c d )  without 
foam sheathing on the walls and 2.5 id (0.39 cm2) with foam. These values, when divided by the 
internal volume of the assembly, gave ratios about 6 times larger than the leakage area divided 
by internal volume for the one story example building in the HOE Although this small assembly 
has the essential construction features of a one story building, it is less air tight than a n o m 1  
building. However, improved air tightness could be achieved and its eflect on thermal 
performance measured 

Participants in summer 1995 and 1996 workshops for elementary and secoltctary school 
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INTRODUCTION 

As dimensional lumber for building construction has risen in cost and decreased in quality, 
alternative construction materials and methods have received more attention. Examples include 
steel-fiamed construction, left-in-place foam forms, low-density concretes, structural insulated 
core panels, engineered wood framing and beams, concrete blocks with insulated cores and 
various hybrid systems. No matter what materials are used and how they are put together to form 
the building thermal envelope, good thermal performance of the entire envelope is demanded. 

The wide variety of construction materials and methods calls for a systematic procedure to 
evaluate thermal performance. Focusing on walls of residential structures, Christian and K&ny 
(1995) proposed a procedure for estimating whole opaque wall thermal resistance (R-value) 
regardless of wall type and construction materials. Their proposed whole wall R-value rating 
procedure generalized laboratory scale R-value measurements by means of computer modeling. 
Enough measurements have been done of whole wall R-values to v e m  the modeling technique. 

Christian and Koiny view the whole wall R-value as the first element of at least four that 
must be considered to arrive at whole wall thermal performance. The others listed are thermal 
mass benefit, air tightness and moisture tolerance. This list seems appropriate to address the 
thermal performance of entire building assemblies. Innovative construction materials and systems 
have generated a special need for laboratory scale tests to quanti@ the effect of air leakage on the 
thermal and moisture performance of building assemblies. Some construction materials and 
systems are inherently more air tight than others. 

are complex for walls and, more so, for entire building assemblies. Careful measurements on 
actual structures will ultimately be the proof of good thermal performance. To focus on the 
effects of each of the elements of thermal perfonrtance and do controlled variation of parameters, 
laboratory scale measurements on alternative systems will continue to be useful. Such tests 
should permit ranking of alternative systems with respect to each element, including air tightness, 
and guide the building industry toward good design choices before results fi-om actual structures 
are available. 

In the summers of 1995 and 1996, the U.S. Department of Energy (DOE) Office of 
Building Technologies, the National Science Foundation, the Appalachian Regional Commission 
and the DOE Office of Science Education and Technical Information sponsored workshops at the 
Buildings Technology Center (BTC), a DOE National User Facility at the Oak Ridge National 
Laboratory. The workshops were research immersion experiences for high school and elementary 
school science teachers who sought to use buildings technology to illustrate and teach science 
principles. 

The teachers designed and built a small metal-framed structure that was called an Energy 
Efficient Concession Stand. The structure was small enough to use at any school to illustrate the 
effects of thermal bridges through metal framing. According to the participants’ plan, measure- 
ments of the heating required to keep the interior of the structure warm in cold outside tempera- 
tures would quanti& these effects. Foam sheathing was cut to fit over the walls of the stand and 

The interactions among R-value, thermal mass benefit, air tightness and moisture tolerance 
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intended to be taped in place for quick application and removal. Through comparison of the 
heating required to maintain the same interior temperature with and without the sheathing in 
place, the Energy Efficient Concession Stand would show the practical effects of insulation 
properly applied to metal-framed structures. 

BTC personnel conducted tests according to the teachers’ experimental plan after the first 
summer’s workshop. The structure was not energy efficient, even with the foam sheathing in 
place. Effects of infiltration driven by the inside to outside temperature difference appeared to be 
significant. Participants in the second summer’s workshop used tracer gas injection and detection 
to quantlfj, the amount of infiltration. Subsequent to the workshop, BTC personnel did more 
extensive tracer gas analysis and interpretation of the results. 

This paper describes the Energy Efficient Concession Stand and the results of the tests of 
its thermal performance. We believe the techniques followed are of interest for designing 
laboratory scale experiments to determine the effect of air leakage on the thermal performance of 
building assemblies. Results of such experiments should allow ranking of assemblies with respect 
to air tightness just as they can be ranked with respect to system R-value. 

ENERGY EFFICIENT CONCESSION STAND 

To be small enough for use in elementary and secondary school science classes, the 
dimensions of the energy efficient concession stand were approximately 4 ft (1.2 m) wide by 4 ft 
(1.2 m) deep by 5.25 ft (1.6 m) high in front, sloping to 5 ft (1.5 m) high in back. Figure 1 shows 
photographs of the stand in place for testing in the large scale climate simulator (LSCS) at the 
Buildings Technology Center. The top picture shows it without the 2-in. (5.1-cm) thick 
polyisocyanurate foam sheathing in place; the bottom picture shows the sheathing taped over the 
exterior walls. The window opening in front is approximately 4.25 ft2 (0.39 mz) while the door 
opening on one side is approximately 5 ft2 (0.46 mz). The openings were filled with two 2-in. 
(5 .  I-cm) thick extruded polystyrene (XPS) foam boards caulked to each other and a 0.5-in. 
(1.3-cm) thick plywood cover. The back wall and the wall on the other side are clear (no doors 
or windows). 

framing members from C-shaped metal 2x6 stock for the floor and from 2x4 stock for the walls. 
The structure was assembled with single pieces of 0.5-in. (1.3-cm) thick gypsum board for each 
interior wall and OS-in. (1.3-cm) thick plywood for each exterior wall, the floor and the ceilig. 
The individual surfaces were attached with self-tapping screws to the metal framing. Some extra 
holes resulted because not every screw that was driven through the gypsum and plywood hit the 
framing. The gaps at the edges and extra holes in the gypsum and plywood were covered with 
masking or duct tape. We have used tape successfblly for many years in the BTC for sealing of 
small gaps between components of assemblies and holes in them when the components are not 
subject to flexing or moisture. A Erigher percentage of wall area was occupied by framing 
compared to full-sized buildings. The cause was the extra framing around the openings for the 
door and window and in the comers despite the short span of the walls. 

The roof was of non-conventional construction. A 4x6 ft (1.2x1.8 m) aluminum frame 
was borrowed from a setup for a previous test in the LSCS. It was attached to the plywood 
ceiling and filled with low-slope roof insulation boards. The frame was convenient for attaching a 
single-ply roof membrane to give the assembly the appearance of a conventional low-slope roof. 

Participants in the Summer 1995 workshop, with the assistance ofBTC personnel, cut 
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Figure 1. Photographs of the Energy EEcient Concession Stand 
without and with foam sheathing on the side walls. 

Wooden blocks were attached to the top of the fi-ont and back walls so screws could pass through 
them into the plywood ceiling, drawing the roof assembly down onto a gasket around the top of 
the side walls. 

fiom the ceiling (21 in. or 53 cm above the floor). The heater was wired to a direct current power 
supply, whose voltage and current were manually controlled but were monitored by the data 

A small electric resistance heater was placed horizontally so its axis was 33 in. (84 cm) 
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acquisition system for the LSCS. A small fan was set on the floor near the heater and turned so it 
would blow air over the heater. The window and door were sealed on the outside, also by tape. 
The power cord for the fan was fed out through a crack at the bottom of the window and tape 
used to seal it. 

The air thermocouples were radiation shielded. Air temperatures were measured 6 in. (1 5 em) 
from the ceiling on the front, back and sides, 20 in. (5 1 em) from the ceiling on the side opposite 
the window and 50 in. (127 em) from the ceiling (4 in. or 10 em above the floor) on the side 
opposite the door. Surface temperatures were measured at the fiont and back ends of the floor, 
6 in. (1 5 cm) from the ceiling over metal on two sides, 6 in. (15 em) from the ceiling over the 
cavity on the other two sides, 48 in. (122 cm) fiom the ceiliing over the cavity on the side opposite 
the window, 48 in. (122 em) &om the ceiling over metd on the side opposite the door, in the 
middle of the 4 in. (10 cm) XPS window and in the middle of the 4 in. (10 em) X P S  door. An air 
thermocouple and a surface thermocouple were placed at the +ddte of the inside of the roof 

Fourteen thermocouples were placed outside the building on the surfaces and in the air. 
Air temperatures were measured in the middle of all four walls. Surface temperatures were 
measured 6 in. (15 em) from the roof over metal on two sides and 6 in. (15 em) from the roof 
over the cavity on the other two sides. One thermocouple measured surface temperature over 
metal 6 in. (1 5 em) from the bottom on one side and another measured surface temperature over 
the cavity 6 in. (15 cm) from the bottom on another side. There were thermocouples in the 
middle of the X P S  window and the X P S  door on the outside as well as an air and surface 
thermocouple in the middle of the outside of the roof 

of temperatures and power to the electric heater and circulation fan, the effect that thermal 
bridges through the metal framing of the side walls has on the overall heat transfer coefficient for 
the side walk. For a particular component "i" of a thermd envelope, its overall heat transfer 
coefficient Ui is the reciprocal of its thermal resistance R, and is given by the equation 

Eighteen thermocouples were placed inside the building on the surfaces and in the air. 

The purpose of the energy efficient concession stand is to illustrate, by direct measurement 

Ai - Qi UiAi = - - - 
Ri AT 

where 4 
Qi 
AT 

= appropriate area of component, for example, inside area of the walls, 
= heat flow through the component, and 
= temperature difference across the component, here inside to outside. 

With the foam sheathing in place, measurement of the temperatures and power should show the 
practical use of insulation to improve the overall heat transfer coefficient for the side walls. 

practical way to reduce the effects, the heat flows through all other Components and the heat flow 
due to infiltration must be known. Then their sum can be subtracted from the total energy 
required to maintain the inside of the concession stand at a constant temperature in surroundings 
at a different temperature. Table I gives the areas of aII components and R-vaIues of components 
besides the walls. For the XPS foam comprising the door and window and the plywood and 
gypsum covering the walls, floor and ceiling, data in the ASHRAE Handbook of Fundamentals 
(ASHRAE 1993a) were used. The roof contained aged polyisocyanurate foam boards like the 

For this procedure to yield the desired illustration of effects of thermal bridges and a 
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TABLE 1. Inside Areas and Room Temperature R-values 

-~ 

Window 4.32 (0.401) 20.5 (3.6) 
Roof 9.81 (0.911) 17.4 (3.1) 
Floor 9.79 (0.910) 12.1+6.6 (2.1+1.2) 
Walls 60.63 (5.63) To be determined 

sheathing shown in Figure 1 for the outside walls. These boards had measured R-values per unit 
thickness of 5.5 hft2-"F/Btu.in (0.38 rn2-wW.cm). The floor was of simple construction, 
consisting of a rectangle fiom 2x6 steel joists with another joist across the center of the long side. 
The cavities between fi-aming were filled with nominal h S - l 9  &1-3.3) fiberglass batt insulation. 
Using the modified zone method (KoSny 1995) to estimate the resulting R-value of the floor area 
exposed to the interior of the concession stand yielded 12.1 h.ft*."F/Btu (2.1 mzK/W). This R- 
value is only 61% of the R-value through the center of cavity away from the metal joists. In terms 
of a thermal fiaming effect,fe flooz = 1 - R floor / &w of the metal joists cause a value of 3Yh. 
For the floor in Table 1, the hS-6.6 (Rsr1.2) listed as an addition to hs-12. 1 k r 2 . 1 )  is the R- 
value of a test panel in place under the concession stand when the tests were done and after the 
photographs in Figure 1 were taken. The R-value of this panel was measured in tests of it alone 
at 75OF (24OC) in the LSCS. 

COHEATING TESTS 

The concession stand was placed in the LSCS, first with the 2-in. (5.1-cm) thick poly- 
isocyanurate foam sheathing on the exterior walls and then with the sheathing removed. Gaps at 
the edges and holes in the sheathing were sealed with masking tape, like the gaps and holes in the 
plywood under the sheathing. The circulating fan was turned on inside the concession stand. At 
the speed selected for the coheating tests, the fan required 278 Btu/h (8 1.4 W) of power. The air 
temperature in the climate chamber surrounding the concession stand was kept at -10°F (-23°C) 
to sirnulate extreme winter conditions. The chambers below the panel on which the concession 
stand was placed for the tests were kept at 55°F (13°C) to simulate winter ground temperatures. 
By trial-and-error, the power to the electrical heater in the concession stand was adjusted manual- 
ly until the desired room temperature of 70°F (21OC) was achieved inside the concession stand. 

The system settled quickly to approximately the desired room temperature inside. Several 
hours were allowed for final small adjustments of the power to the heater in order to achieve the 
desired room temperature. After it had been reached, temperature and coheating data were 
averaged at four minute intervals fiom data collected every 20 seconds for over two hours of 
steady-state with the sheathing on and over three hours with the sheathing off .  The temperatures 
averaged over the final steady-state periods at the given locations for the sheathing on and the 
sheathing off are shown in Table 2. The total power to the heater and the fan is in the heading for 
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T BLE 2. Temperatures and Total Coheating for Steady-State Portions of Each Test. 

Location Sheathing On; Sheathing OR 
Fan On; Fan On; 

Q=653 BW/h (191 W) Q=1187 BTUh (348 W) 

Window Inside I 67.0"F (19.4"C) I 63.6"F (17.6"C) I 
Roof Inside I 69.7"F (20.9"C) I 69.9T (21.1OC) I 
Floor Inside 69.4"F (20.8"C) 68.6"F (20.3"C) 
Air Outside Middle -9.1"F (-22.8"C) -9. 1°F (-22.8"C) 

Metal Outside Low 
Door Outside I -6.8"F (-21.6"C) I -7.1"F (-21.7"C) I 
Window Outside -5.O"F (-20.6"C) -5.6T (-20.9"C) 
Roof Outside -6.7"F (-21.5"C) -6.9"F (-2 1.6"C) 

* Temperatures under polyisocyanurate with thermocouples attached to the plywood. 

each column. There is a significant decrease in the amount of coheating required to hold the 
desired inside temperature with the sheathing compared to without it. The inside air temperatures 
are very uniform at all the locations because of the effect of the circulating fan. Earlier trials with 
the circulating fan off showed severe stratification; temperatures nearly 40°F (22°C) cooler near 
the floor than at the ceiling. The inside surface temperatures over the metal studs are several 
degrees cooler without the sheathing on the outside. Toward the end of the test with the 
sheathing in place, the thermocouple on the inside of the X P S  foam window suddenly indicated a 
temperature a few degrees cooler than the average shown. This cooler temperature persisted 
throughout the test with the sheathing off The outside surface temperatures cannot be directly 
compared with and without the sheathing. As the footnote in the table states, the starred 
temperatures with the sheathing in place are fiom thermocouples under 2 in. (5.1 cm) of foam 
insulation while, without the sheathing, they are from thermocouples unprotected fiom the climate 
chamber air temperature. 
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I(NFILTRATI0N FROM TRACER GAS ANALYSIS 

Preliminary tests of the thermal performance of the concession stand were done after the 
1995 workshop. Analysis for the effect of the sheathing made no sense without including a 
significant heat loss due to infiltration. There was a large temperature difference between the 
inside and outside of the concession stand so conditions were right for a significant effect of 
infiltration. Infiltration heat loss is estimated by 

where V is the volume of the enclosure, here 44,l ft? (1.25 m3), 
ACH is the number of air changes per hour in the enclosure, 
P is the density of the air at outside conditions, 
CP is the heat capacity of the air, and 
AT is the inside to outside temperature difference. 

For the tests of thermal performance, the inside to outside temperature difference is about 80°F 
(44OC). The teachers who constructed the concession stand were not skilled in construction so 
the potential existed for a structure more leaky than one with tight fitting components. At the 
beginning of the 1996 workshop, the participants made tracer gas measurements with a Foxboro 
Miran 203 SF, analyzer. Room temperature was imposed inside and outside the concession 
stand. An infiltration rate of 3.2 ACH resulted with the circulating fan on inside the concession 
stand and with the foam sheathing securely taped onto the outside of the concession stand. 

length of 0.5-in. (1.3-cm) diameter hose was run between the concession stand and the analyzer 
kept at its recommended operating temperature outside the climate chamber. The hose was put 
through holes drilled in the plywood and X P S  foam window and seafed with tape andor caulk. 
Figure 2 shows semi-logarithmic plots vs. time of SF, concentration ratio. The ratio is relative to 
an arbitrary initial concentration, usually about 1400 ppm, at which time 0 was reckoned. The 
legend gives a complete list of the tracer gas results shown by symbols. A few l ies  of best fit are 
shown to illustrate how the slope, which gives the infiltration directly in ACH, was determined. 
The room temperature measurements that compare directly to the teachers' are 2.2 ACH followed 
by 1.8 ACH for a repeat measurement and 1.7 ACH later with new XPS in the window and door 
and possibly better sealing. Repetitions were done at three conditions. Additional SF, was bled 
into the concession stand when the first charge had dispersed to about 400 ppm. The three sets 
show a slight effect of repeating a measurement before the previous charge is totally dispersed: 
0.2 to 0.4 ACH drop off for the repeated measurement. Moreover, most runs showed steeper 
drop off in SF, concentration for the first 0.1 h, after which a linear drop off was observed. The 
initial data were ignored in determining the infiltration rate. 

The apparatus includes a small air pump to exhaust the small amount of concession stand 
atmosphere charged with SF, that was brought into the apparatus. For most runs the amount 
extracted was exhausted to the lab atmosphere. The last run checked the ability to recycle the 
extract back through another length of 0.5-in. (1.3-cm) diameter hose run from the apparatus 
back to the concession stand. The result with recycle showed a smaller infiltration than its 
immediate predecessor so the difference was attributed to the effect of repeating a measurement 

For more extensive tracer gas measurements with the concession stand in the LSCS, a 
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Figure 2. Semi-logarithmic plot of SF, concentration ratios to determine intiltration for 
the concession stand. 

before the previous charge was totally dispersed. The effect of recycle is taken to be negligible 
within the precision of the method. 

place and room temperature inside and outside the stand, the 2.2 ACH and 1.8 ACH, on the 
repeat run, are low compared to the 3.2 ACH that the teachers measured. This could reflect 
inaccuracy of the tracer gas apparatus. More likely it reflects our greater care to tape gaps and 
holes in the exterior plywood after moving the concession stand by crane into the LSCS than the 
teachers took when the concession stand was outside the LSCS. The manufacturer's claim for 
accuracy of concentration is h5% of fhll scale (2500 ppm). Since the best-fit slope on a semi- 
logarithmic plot of concentration ratios vs. time is used to find the value of ACH, the apparatus 
accuracy does not say much about the accuracy of the value of ACH but f5% seems reasonable. 

temperature inside the stand and -10°F (-23°C) temperature outside. For essentially the same 
conditions but with the sheathing removed, the infiltration was 3.1 ACH. Measurements with 
minimal coheating were also done. With the sheathing on and 45°F (7°C) in the stand, 2.8 ACH 
resulted, the same as the later value with 72°F (22°C) in the stand. With the sheathing off and 

The measurements are reasonable but, if anything, consistently low. With the sheathing in 

Infiltration with the fan on and the sheathing taped in place was 2.8 ACH for 72OF (22°C) 
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44°F (7°C) inside, 2.9 ACH resulted, slightly less than the later value of 3.1 ACH with 71°F 
(22OC) inside and the sheathing OK No trend for different temperatures inside the concession 
stand is apparent within the scatter of the measurements. Based on results with the sheathing in 
place, there is more infiltration for cold rather than room temperatures outside the concession 
stand. The room temperature results without sheathing had poorly taped plywood so are not 
comparable. 

For all tests, exploration of possible leak sites was done with a smoke pencil at room 
temperature and the circulation fan operating inside the assembly. Since the walls, floor and 
ceiling were seamless (each made from single sheets of plywood or gypsum board), the ody leak 
sites noticed when taping was done carefbly were along the top and bottom edges of the walls. 
In mockups of actual buildings with actual windows, doors and other penetrations of the building 
envelope, there would be other sites for infiltration which could be probed with a smoke pencil 
and would contribute to the total infiltration measured by the tracer gas technique. 

of the AS- Handbook of Fundamentals (ASHRAE 1993b) estimates that a typical single 
story residence with an internal volume \d = 9000 ft’ (255 m’) has a total leakage area L = 107 in.2 
(690 cm2) for a ratio LM of 0.012 in*/@ (2.7 cm2/m’). Leakage area is found fiom the following 
dimensional equation given in the English unit version of the HOF: 

To put the measured results for the infiltration into perspective, Example 2 in Chapter 23 

where Q 
L 
A 
B 
V 

Qfcfm) = L(in.2)’(AAT + BV’)’.~ 

= airflow due to infiltration, 
= leakage area, 
= stack coefficient, with a value of 0.01 56 for a one story building, 
= wind coefficient, irrelevant here because no wind is present, and 
= wind speed, here taken to be zero. 

The measured infiltration rate with the sheathing on the walls was 2.8 ACH. A more reasonable 
value as explained in the next seetion is 3.8 ACH. For the concession stand volume of 44.1 ft3 
(1.25 m3), 3.8 ACH yields Q = 2.8 c h  (0.079 m3/min). With no sheathing, the measurement was 
3.1 ACH. A more reasonable value is 4.1 ACH which corresponds to 3 .O c h  (0.085 m3/min). 
With temperature data fiom Table 2, leakage area L is found to be 2.5 (16.1 cm2) with the 
sheathing and 2.7 in.2 (17.4 cm2) without. Relative to the internal volume, the ratios LN are 
0.057 and 0.061 in2/ft3 (13 and 14 cm2/m3), respectively. Despite the efforts to seal gaps and 
holes with masking or duct tape, the concession stand appears to be leakier than an actual 
residence. 

THERMAL PERFORMANCE OF CONCESSION STAND 

The data in Table 1 and Table 2 are used in Equation (1) for heat flow through 
components other than the wall. The infiltration measurements are used in Equation (2). The 
result is a direct estimate of the heat flow through the walls with and without sheathing in place. 
Table 3 expands the data in Table 1 to show the results of the analysis. The amount of heat 
transfer through the door, window, roof and floor are relatively small compared to the amount for 
the walls, especially without the sheathing in place. The heat flow due to infiltration is relatively 
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TABLE 3. Heat flow through the walls of the concession stand. 

Component Area, 
ft2 (m2) 

4.99 (0.464) 

Roof 9.81 (0.911) 

Floor 9.79 (0.910) 

Infiltration I 

I 
1 R-value, 
hfi2-"F/BTU 
( m " W  

Fan On; Fan On; 
Sheathing On; Sheathing Of$ 
Q, B T I J ~  cu) Q, B T U ~  0 

20.5 (3.6) 18.6 (5.5) 18.7 (5.5) 

20.5 (3.6) 15.2 (4.5) 14.6 (4.3) 

17.4 (3.1) 43.1 (12.6) 43.3 (12.7) 

12.1+6.6 (2.14-1.2) 7.1 (2.1) 6.7 (2.0) 

204.7 (60.0) 227.9 (66.8) 

to bedetermined f 364.5(107) I 875.5(257) 1 

large: 43% of the total with sheathing and 25% of the total without sheathing. TabIe 4, a block 
from the spreadsheet that was used for analysis of the thermal performance of the wall, shows the 
resulting R-values of the wall with and without the 2 in. (5.1 cm) of polyisocyanurate foam 
sheathing. Based on the known R-value per unit thickness of these aged foam boards, the 
sheathing R-value is about 1 1 h.ft2-"F/Btu (1.9 m2*WW). The data for the measured infiltration 
rates are in the first column of values. Using the measured infiltration rates, the R-value of the 
sheathing (relative to hs-1 1 or K1-l.9) is not reasonable. 

Sensitivity to ACH is done progressively for -1 and -% less ACH then +% and +1 more 
ACH. The consequent R-value of the sheathing is especially sensitive to the infiltration. Results 
at +l more ACH than the measurements are the most reasonable, giving framing effects for the 
bare wall near 52% and effective R-value for the 2-in. (5.1-cm) thick sheathing of about 
1 I h-ft2-"F/Btu (1.9 m*-K/W). The fraction of gross floor area occupied by floor joists was 0.156. 
The thermal framing effect for the floor was estimated at 39%. The walls have framing around 
the window and door and double studs in the corners. Both the fraction of gross wall area 
occupied by framing and the thermal fiaming effect would be expected to be larger. Moreover, an 
ACH higher by 1 is consistent with the difference between our room temperature measurements 
and those of the teachers. 

CONCLUSIONS 

A s m d  metal-framed building was constructed by participants in a workshop. They were 
seeking ways to introduce energy conservation principles into elementary and secondary school 
science curricula. We tested the assembly for thermal performance. Heat flow by conduction 
through the components of the assembly and heat flow by infiltration were included in the 
measurements. Despite efforts to seal all gaps and holes in the assembly with tape, the assembly 
was not airtight. Compared to an example residence given in the ASHRAE Handbook of 
Fundamentals, it had almost six times more leakage area compared to internal volume than the 
example. Conduction losses were enhanced by the metal framing. The effective R-value through 
the walls was only 48% of the insulation R-value in the center of cavity (fiaming effect of 52%). 
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TABLE 4. Effect of infiltration on bare wall fiaming effect and R-value of foam sheathing. 

Conduction losses through the metal-framed walls were significantly reduced by placing foam 
sheathing over the walls, which achieved the primary goal of the teachers for constructing the 
assembly. The results showed that all of the R-value of the sheathing was effective when it was 
placed continuously over the framing. Infiltration remained at about the same level with the 
sheathing as without it so infiltration contributed a larger fraction of the total heat flow with the 
sheathing than without it: 43% vs. 25%. We are confident that improved air tightness could be 
achieved in a small assembly suitable for laboratory scale tests. The procedures followed with the 
leaky metal-flamed building could yietd measurements of the relative air tightness of alternatively 
constructed assemblies and show the effects of the air leakage on thermal performance. 
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