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ABSTRACT 
V-factor losses ill commercial fenestratioJl call have a significa1lt effect all building loads, yet there is /ittle h!forl11(ltiol1 on the 
pelformallce of these products. With this ill mind, ASHRAE TC 4.5, Fenestration, sponsored a research project involving test (Jnd 
computal tonal analysis of COIl1J11e fdal fenestration systems. The objectives of the project were to evaluate the thermal peJformallce 
(V-factors) of commonly IIsed commercial glazed roof and wall assemblies; to obtain a betterfimdamental understallding of the 
hea/transfer processes that occlir inlhese specialty/enes/ralioll products; to develop general correla/iolls/or laminar natural 
convection f/mt/ ill complex glazing cm'ities; to develop a methodology for evaluating complex fenestratioll products, suitable 
for inc/usion inASHRAEproposed standard 142P; alld to generate U:factorsforcommoll commercialfenestration products, suit
able for inclusion ill the ASHRAE Handbook -Fundamentals. 
TIlis paper describes actual and computer-sil1llllated hot box testing a/a curtaill wallisioped glazing specimen/or various cOIuli
ti01ls and slopes and provides guidelines for modeling commercial glazed wall systems based all tile validated results. 

INTRODUCTION 

ASHRAE Research Project 877, sponsored by TC 4.5, 
Fenestration, was designed to address the lack of understand
ing surrounding commercial fenestration systems. The project 
entailed hot box and computer-simulated hot box testing of 
several commercial fenestration products (a bmTel-vauIt 
skylight, a pyramidal skylight, and a curtain wall/sloped glaz
ing specimen) under several different conditions. Assuming 
that comparison of test and simulation validated the computer 
model, the simulation procedure was then used to generate 
component and total-product V-factors to extend the design 
data in the fenestration chapter of the ASHRAE HO/ldbook
Flilldolllellfois (1997). The project and its findings are 
described in detail in the final report (EE 1998) from which the 
information in this paper is taken. 

The portion of the research project related to glazed walls 
entailed the successful completion of four main activities: 

two-dimensional simulation of a glazed-wall specimen, 
physical testing of the same system under winter and 
summer conditions at various slopes, 
synthesis of simulated and test results to develop an 

improved procedure for calculating U-factors of curtain 
walls and sloped glazing systems, and 

• development of a set of representative V-factors for spe
cialty fenestration products to improve and expand the 
table of U-factors in the fenestration chapter of Funda
mentals to cover a wider range of commercial wall and 
roof glazing systems. 
This paper describes the first three of these activities, 

comprising the testing and simulation of the U-factors of a 
curtain walllsloped glazing specimen (Figure I) at several 
slopes for summer (heat flow down) and winter (heat flow up) 
conditions. The portion of the project that dealt with the 
skylight specimens is addressed in another paper (McGowan 
et a1. 1998), and the development of representative U-factors 
for Fundamentals was presented at an ASHRAE meeting 
(McCabe (998). 

DESCRIPTION OF TEST SPECIMEN 

Simulation and guarded hot box tests were performed on 
a specimen comprising a thermally broken frame, with 
extruded aluminum framing separated by a 6 nun (0.24 in.) 
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Figure 1 Section alld elevation of the curtain wall specimen. 
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thermal break. The thermal break WHS a continuous vinyl 
strip gasket bridged with stainless steel bolts spaced at 229 
mm (9 in.) on center. The specimen was glazed with a 25 mm 
(l in.) insulated glazing unit composed of two 6 nUll (1/4 in.) 
clear glass layers separated by a 13 nUll (1/2 in.) air space and 
a conventional dual-seal aluminum spacer assembly. The 
overall specimen was 2286 mm (90 in.) wide and 2343 nUll 
(92 114 in.) high. 

The base of the specimen was constl1lcted with a pivoting 
joint to allow installation at various slope angles, although the 
pivot joint was fixed at a 45° angle and the specimen was set 
into a wood frame made of two layers of nominal 38 mm x 
241 mm (2 in. x 10 in.) pine. Except for the pivot joint, this 
framing system in the vertical orientation is typical of curtain 
wall assembJies used in commercial buildings. Assuming 
validation of the simulation against the test results for this 
specimen, it would then be a simple matter to extend the 
results to typical curtain wall systems by removing the 
pivoted sill and using the head section in place of the sill for 
the computer model (see Figure I). 

This specimen was tested at several different slopes 
(achieved by rotating the specimen and wood frame together) 
and for several different test conditions. 

COMPUTER SIMULATION OF THE 
SPECIMEN 

The glazing system of this specimen was simulated using 
a one-dimensional calculation program (UW 1996) that 
conforms to proposed ASHRAE standard 142P (1996). The 
framing systems and the edge-glass portion of the glazing for 

(~) 

each component of the specimen (e.g., head, IlluHion, sill) 
were modeled using a two-dimensional finite-volume heat 
transfer program (EE 1996a). Simulations are performed by 
drawing a cross section of the specimen or assembly to be 
analyzed (using a simple CAD interface), applying the as
tested boundary conditions to the structure, and refining the 
finite-volume grid as required to provide increased accuracy 
in areas ofinterest. The program uses a finite-volume conduc
tion model to determine temperature distribution and heat 
transfer within the structure and thermal transmittance/resis
tHnce through areas of interest. Convection and radiation 
within the specimen are included by increasing the effective 
thermal conductivity of the components involved. This model 
has been shown to be quite accurate in simulating a hot box test 
of complex fenestration systems, such as pyramid and barrel
vault skylights (McGowan et aU 998), curtain-wall and flat
glazed skylight systems (Carpenter and Elmahdy 1994), and 
residential window systems. In fact, it forms the basis for eval
uating frame and edge-glass heat transfer in window rating 
systems in North America (CSA 1998; NFRC 1997). 

Internal details of all components were taken from engi
neering drawings supplied by the manufacturers (which 
appear in Figures I through 6). All models included 63.5 mill 
(2112 in.) of the glazing system to ensure that heat transfer in 
the center-glass region of the product was not affected by ther
mal bridging in the frame and spacer assembly. The thermal 
conductivities given to the components were those recom
mended in ASHRAE 142P. Typical framing cross sections and 
their models are shown in Figures 2 through 6. These figures 
are given to show similarity between the model and the actual 

Figure 2 Detail and FRAME lIIodel of the curtain wall head sectiol/. 

Figure 3 Detail and FRAME model of the curtaill wall horizontal mullion. 
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Figure 4 Detail al/d FRAME 1II0dei of the curtail/wall sill sectiol/. 

Figure 5 Detail (lnd FRAME model of the curtain wall jamb section 
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Figure 6 Detail (llld FRAME model afthe curtain 'wall vertical mullion. 
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cross sections provided by the manufacturer; for detailed 
dimensional drawings, the reader should refer to the 877-RP 
final report (BE 1998). The large circled numbers in Figures 2 
through 6 refer to the section numbers in Figure 1. The 
computer model chosen for this analysis represents aU cross 
sections as a series of rectangular elements in a finite-volume 
mesh; as the figures show, this approach produces a very good 
representation of the actual specimen cross sections, except in 
the case of the sloped sill section in Figure 4. The oblique 
surfaces in the sill section were represented by a series of 
stepped rectangles, with corresponding adjustments in the 
local film coefficient (also called the surface heat transfer 
coefficient) to account for the increased surface area. 

In general, however, the differences between the manu
facturer's drawings and the computer models were of little 
consequence when compared with the differences between the 
manufacturer's drawings and the actual specimen. A great 
deal of time was involved in resolving initial differences 
between test and simulation results; these were found to be due 
to differences between the specimen as it was shown in the 
drawings (Ii·om which the original models were developed) 
and as it really was. These differences were resolved via 
detailed measurement of the specimen and conesponding 
adjustments in the computer model. Some of the more impor
tant areas that required accurate description of the model 
included: 

the width of the thermal break (shown as 3 mm or 118 in. 
in the drawings, it was actmllly 1110 in. or 2.5 mm, a dif
ference of 25% in the main resistance to heat transfer in 
the specimen); 
the actual overall dimensions of the specimen, which 
affect, among other things, the split between glass and 
framing components of the specimen; and 
the way in which the specimen was mounted into the hot 
box apparatus 
It has been shown (Carpenter and McGowan 1998) that 

the presence of bolts bridging the thermal break has a signif
icant effect on the thermal performance of the specimen. In 
this case, the bolts were modeled by assigning an effective 
conductivity to the region of the model representing the bolt. 
This can be considered a rectangular solid (extending into the 
third dimension of the two-dimensional model) comprising 
steel bolts every 229mm (9 in.) and the thermal break material 
between the bolts, as described elsewhere (McGowan et al. 
1998). 

As-tested boundary conditions (average air temperatures 
and film coefficient values) were also used in the simulations, 
so that the comparison of simulation results to test is done for 
the same conditions. The film coefficients along parts of the 
sill section were reduced to account for the fact that there is no 
radiant heat transfer between the specimen nnd the warm side 
of the test chamber in this region (see Figure 4). 

Total-product U-factors oflhe specimen were determined 
by nrea weighting the component U-factors from the simula
tion results for the glazing and for the five frame models (one 
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each for the head, sill, jambs, and vertical and horizontal 
mullions). It is interesting to note that, although the specimen 
has approximately 21% framing by area, the simulation 
suggests that the framing VA is 51 % ofthe total (i.e., over half 
of the heat loss occurs through the frame). 

PHYSICAL TESTING 

The specimen was tested in a rotatable guarded hot box 
apparatus (BE 1998) to provide accurate experimental results 
to compare against numerical analyses. Six tests were 
performed on this specimen: 

C.1-O' slope (horizontal), winter conditions (21'C and -18°C, 
6.7 Ill!S exterior wind) (70'F and O'F, 15 mph 
exterior wind) 

C.2-same as C. J, but 20° from horizontal 

C.3-same as C.I. but 90° from horizontal (i.e., velikal) 

C.4--same as C.I, but 45° from horizontal, C.S-same as C.4, 
but with minimal exterior wind 

C.6-same as C.4, but with sUl11merconditions (24°C and 35°C 
[7soF and 9SOF]) and minimal exterior wind 

The tests provided data for use in characterizing glazed 
wall and roof areHS, including roof sections at varia LIS slopes 
and tcst conditions. The specimen was tested in accordance 
with ASTM Standard C1I99 (ASTM 1991); thermocouples 
were installed at key points on the interior and exterior 
sutt'aces and critical internal locations of the specimens to 
allow calculation of component V-factors. Preliminary 
computer models of each specimen were used to provide guid
ance for installation of additional thermocouples wherever the 
simulation indicated significant temperature gradients (due to 
thermal bridging). Some additional thermocouples were lIsed 
to characterize the temperature profile of the air around the 
specimens. The instl1uuentation of (Ill specimens used in the 
research project is more completely described in the 877-RP 
final report (EE 1998). 

COMPARISON OF TEST AND SIMULATION 

The test and simulation results for aU conditions and 
configurations are shown in Table 1. Based on previous cali
bration results for a homogeneous wall assembly (EE 1996b), 
the bias of the apparatus for these results is estimated to be on 
the order of 4% to 6%. Simulnted U-factors are shown for the 
specimen without and with bolts. 

Table 1 generally shows exceBent agreement between test 
and simulation. Test results show a larger difference between 
summer and winter U -factors than simulation predicts, prob
ably because of temperature stratification in the room-side air 
during the summer test rather than changes in the behavior of 
the specimen itself. This stratification would likely reduce 
conductive/convective gains near the top of the fenestration, 
as indicated by the lower V-factors for the specimen under 
summer (cooling) conditions. 
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TABLE! 
Test and Simulation Results for Curtain WallfSloped Glazing Specimen 

Test U-factor 
Simulated U·factol", W/m2·EC (BTUnt·ft2·EF) 

\Vlm2,OC With Bolls 
Specimen and conditions (Btunt·n'·oF) No Bolls With Bolls' % dill. to test 

Winter (vertical) 3.74 (0.66) 3.78 (0.67) 3.86 (0.68) 2.4 

\Vioter (horizontal) 4.07 (0.72) 4.21 (0.74) 4.29 (0.76) 4.3 

Winter (20° from horizontal) 3.88 (0.68) 4.07 (0.72) 4.15 (0.73) 5.8 

Winter (45 0 from horizontal) 3.98 (0.70) 4.ll (0.72) 4.20 (0.74) 4.4 

Winter (45°, no wind) 3.56 (0.63) 3.60 (0.63) 3.67 (0.65) 2.1 

Summer (vertical) 3.05 (0.54) 3.29 (0.58) 3.35 (0.59) 8.5 

Summer (45 0 from horizontal) 3.04 (0.54) 3.23 (0.57) 3.28 (0.58) 6.9 

1 Effect of bolts minimized by thennal bridging in this specimen only, nOII},picai of curtain walls in general. 

In this case, the effect of bolts has little effect on the slnm
lation result-the difference between the simulations with and 
without bolts is on the order of 2%. This is likely due to high 
heat loss in other parts of the specimen (especially in the sill, 
where a single aluminum plate separates the room side from 
the climate side, see Pigure 4), which reduces the effect of the 
bolts on the total'product U·factor. 

Another aspect of thermal performance (and a measure 
of the accuracy of the model) is the room-side temperature 
profile shown in Figure 7. The figure shows an accurate 
prediction of glass surface telnperatures near the sill sight
line (at y -100 mm or 4 in.) but not near the top of the prod· 
uct (y - 2200 mm or 86.5 in.). The variation in surface 
temperatures near the top sightline has been noted previously 
(McGowan 1995) and was found to be due to local variation 
in the film coefficient near the top of the specimen, where 
convective flow is poorly developed. Also, although the 
model accurately predicts frame sUlface temperatures at the 
midpoint of the window (y - 1250 mm or 49 in.), it ove1Fe· 
dicts frame temperatures at the top and (especially) at the 
bottom of the specimen. Prior to testing, it had been hypoth
esized that increased heat loss due to stack effect in the velli
cal framing members (see Figures 4 and 5) might occur in 
this product, so the test specimen was instrumented to assess 
this effect. Thermocouples were attached to the room-side 
surface of the vertical mullion at one-fourth, one-half, and 
three-fourths of its height, and additional thermocouples 
were suspended in the middle of the framing channel of the 
vertical mullion at the same heights to measure air tempera
ture inside the vertical channel. 

Figure 8 shows the temperature profile of the air in the 
vertical framing member (rafter) of the specimen. There is a 
6°C (II °P) temperature gradient over 1100 nUll (40 in.), which 
suggests that the stack effect also occurs in the curtain wall 
system. The surface temperatures suggest, however, that this 
effect is masked by the high conductivity of the aluminum 
framing. Thus, it appears that the large vertical framing 
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members in these cOlnmercial products create convective 
flow, which tends to increase heat loss. Although the computer 
model does not show this temperature gradient, it does predict 
surface temperatures to within 4°C (7°F)-more accurate 
results could be obtained by modeling local variation in the 
room-side film coefficient. The model appears to capture the 
effect on overall heat transfer (see Table I), so the model can 
be used in further investigation of curtain wall and sloped 
glazing systems. It is probable that convection in the vertical 
framing members contributes little to overall heat transfer, as 
the veliical mullions and jambs do not incorporate the thermal 
break (so that convection within these components does not 
bridge the thermal break). 

VARIATION OF RESULTS WITH SLOPE 

Table I also shows the effect of slope on the thermal 
performance of the specimen. The overall product U-factor 
ranges from 3.74 W/m2.oC (0.66 Btuth·ft2.oP) for the vertical 
case to 4.07 W/m2.oC (0.72 Btunt·ft2.op) for the horizontal 
case. The temperatures inside the rafters indicate that convec
tion within the veliical framing members is reduced, and even 
eliminated, as the slope approaches zero (as would be 
expected, due to reduction in natural convection). The 
increased heat transfer as the slope decreases is due to the 
increased room-side mm coefticient, which, in turn, arises 
from air temperature stratification in the enclosed cavity 
formed by the framing members. In general, heat transfer 
increases in sloped (or overhead) glazed products, as these 
(metal) framing systems are placed in an area that sees a large 
temperature difference between the exterior air and the 
wanner air due to stratitication within the conditioned space. 
Part of the increase in heat transfer is due to the increased 
temperature difference, but the change in product slope also 
produces changes in the room-side convective coefficient and 
changes in the convective flow inside the glazing cavity. Both 
of these changes would tend to increase heat loss through the 
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product (in addition to the effects of the larger temperature 
difference). In general, however, curtain walls use much 
deeper horizontal mullions than do the sloped glazing 
systems, so that the overall frame V-factors of curtain walls 
are higher than sloped giazings. Therefore, V-factors of 
curtain wall systems should be used with caution to charac
terize the thermal performance of overhead glazing systems. 

EXTENSION TO OTHER DESIGNS 
Table 1 shows very good agreement between test and 

simulation for the total-product V-factor. Given that the 
computer model of the glazing system has been shown to be 
quite accurate (e.g., see Sullivan et al. 1996), it is reasonable 
to infer that the model for the framing system is also accurate. 
Thus, the validation of the computer model allows the scope 
of the analysis to be expanded to predict the performance of 
overhead glazing systems and curtain walls with other framing 
and glazing systems. Frame designs were chosen to be repre
sentative of typical products, so that the frame V-factors for a 
given product are then only dependent on type of framing 
material, product type, and spacer and overall thickness of 
glazing system. The information that is then required to deter
mine a total-product V-factor is the ti'ameheight (for the "typi
cal" design), the frame V-factor (tabulated for various 
material types, spacer assemblies, and glazing widths) and the 
center-glass V-factor (from which the edge-glass V-factor can 
be approximated-see Arasteh 1989). 

The simulations were done in accordance with ASHRAE 
142P and examined several common commercial framing 
systems. The most common of these is the thermally broken 
aluminum frame, as characterized by the framing system of 
the curtain wall specimen. There are several different thermal 
break designs; the two most common were evaluated in this 
parametric analysis. The second most common frame is a 
nonbroken metal frame (similar design to the test specimen 
but with no thermal separation between the interior and exte-

rial' extrusions). All three frame types were evaluated with 
standard dual-seal aluminum spacer assemblies and for 
single-, double-,and triple-glazed IG units for both the vertical 
and sloped cases. It was felt that the 45° slope would be most 
representative of typical sloped glazing systems. 

The framing system for the sloped glazing system can be 
represented in the two-dimensional model with two cross 
sections, one for vertical rafters and one for horizontal 
muJIions. C1II1ain walls and sloped glazings in buildings are 
essentially a repeating pattern of individual panels and can be 
represented by a 1.2 m x 1.2 m (4 ft x 4 ft) vision panel, 
measured from the center of mullions. The curtain wall system 
only requires one cross section (which is similar to the vertical 
rafter section of the sloped glazing system). 

Recommended frame V-factors for these products are 
given in Table 2 for a frame height of 57 mm, or 2.25 in. (typi
cal of these systems). Frame height and U-factor are interre
lated and should not be used independently of each other. In 
general, increasing the frame height decreases the frame V
factor for a given material and product type. 

The curtain waU assemblies were also modeled with and 
withollt bolts to assess the magnitude of the bolts in a speci
men without the metal fascia plate shown in Figure 4. As Table 
2 shows, the bolts make a difference of (at most) 0.3% in the 
frame V -factor for unbroken frames (labeled "AL curtain 
wall" in Table 2), which translates to a difference of less than 
0.1 % in the total V-factor of a 1200 mm x 1200 mm (4 ft x 4 
ft) panel (measured between mullion centers). Where ther
mally broken frames are considered, however ("TB curtain 
wall" in Table 2), this difference increases to as much as 21 % 
for the frame V-factor, which translates to 6.9% for the total
product V-factor. The difference is less important for single
glazed systems (again, any thermal bridging elsewhere in the 
specimen reduces the effect of the bolts) and more so for 
systems incorporating an insulating (i.e., 10W-COIlductivity) 
spacer assembly. It is assumed that similar effects would be 

TABLE 2 

Representative Fmme V·Factors for Curtain WalVSloped Glazing, W/m2.oC (BtuI/h·ft2. OF) 

Double-glazed 'fi·jple.glazed 

Single-glazed Alum. SpaceI' Ins. SpaceI' Alum. SpaceI' Ins. SpaceI' 

AL curtain wall, bolts 16.58 (2.92) 15.59 (2.74) 15.35 (2.70) 14.87 (2.62) 14.59 (2.57) 

AL curtain wall, no bolts 16.55 (2.91) 15.55 (2.74) 15.32 (2.70) 14.83 (2.61) 14.56 (2.56) 

TB curtain waH, bolts 9.61 (1.69) 9.12 (1.61) 8.24 (1.45) 8.63 (1.52) 7.66 (1.37) 

TB curtain wall, no bolts 7.96 (1.40) 7.49 (1.32) 6.53 (!.IS) 7.11 (1.25) 6.11 (1.08) 

Slmc. curtain wall 9.98 (1.76) 7.1I (1.25) 5.10 (0.90) 5.60 (0.99) 3.44 (0.61) 

AL sloped glazing 14.38 (2.53) 13.16 (2.32) 13.00 (2.29) 12.33 (2.17) 12.13 (2.14) 

TB sloped glazing 8.43 (l.48) 7.99 (l.41) 7.32 (1.29) 7.48 (1.32) 6.75 (!.I9) 

SII1IC. sloped glazing 8.62 (1.52) 6.06 (1.07) 4.49 (0.79) 4.84 (0.85) 3.02 (0.53) 
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found for sloped glazing systems but not, of course, for struc
tural glazings (labeled "Struc. curtain wall" in Table 2) that do 
not incorporate bolts. 

CONCLUSIONS AND 
RECOMMENDATIONS 

COITecting a simulation model of a thermally broken 
aluminum framing system to account for the presence of bolts 
made a difference of lip to 6.9% for the products analyzed in 
this study, depending on the nature of the glazing system and 
spacer assembly. When bolts are included in the model, simu
lation and test agree to within 8.5% for the curtain wall/sloped 
glazing specimen for all cases. In most cases, differences 
between test and simulation are within the bias of the test facil
ity. 

A simplified two-dimensional heat transfer model can 
provide a very good simulation of a guarded hot box test for 
curtain wall and sloped glazing products. The simplified 
model can be used to investigate the performance of these 
products under other conditions or of similar products with 
variations in framing and glazing systems. 

Temperature profiles of the test specimens indicate an 
additional mode of heat transfer in metal-framed products 
with large hollow profiles. Air is drawn up the hollow tubes by 
natural convection and exhausted out the top of the tubes, 
where these tubes are open (either to the inside or the outside), 
This situation only occurs under winter conditions and is sepa
rate from the issue of air leakage, but it does not contribute 
appreciably to increased heat loss if the convective tube does 
not incorporate the thermal break. 

Temperature stratification increases heat transfer in 
sloped (or overhead) glazed products, as these products are 
placed in an area that sees a large temperature difference 
between the exterior air and the stratified air within the condi
tioned space. 

Recommended frame U-factors are presented for curtain
waH and sloped-glazing specimens. 

Frame V-factors for commercial glazed wall/roof prod
ucts depend on framing materials, overall thickness of the 
glazing system, and (to some extent) on the nature of the 
spacer assembly. The performance of a thermally broken 
frame is primarily dependent on the thickness of the thermal 
break: 118 in.(3 mm) is typical, although wider thermal breaks 
are gradually becoming more common. 

U-factors for curtain wall systems cannot be applied to 
overhead glazing systems, even though the framing design of 
both products is somewhat similar (especially with respect to 
the vertical mullions). The room-side film coefficients are 
sufficiently different, and the overhead systems often use 
smaller channels in their horizontal mullions. 

Frame V-factors for two-sided cmtain-wall or sloped
glazing systems (where either horizontal or vertical framing 
members are pressure-glazed and the opposite framing 
members are stmctural-glazed) can be determined from an 

718 

area-weighted mean of pressure-glazed and stl11ctural-glazed 
values from Table 2. 
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