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EVALUATION OF AIR-FLOW WINDOWS 

ABSTRACT 

Air-fiow windows, which originated in Europe, are being considered for development and applica

tions in this country. Heat losses and gains are reduced by room air flowing through the cavity between 

the inner and outer glass panes of the windows. 

In order to obtain parametric data for the assessment of performance, testing on two air-fiow 

window types (exhaust-air and return-air) was undertaken over the course of more than one year. A con

ventional reference window was tested simultaneously. Several testing procedures were explored. From 

the test results, descriptive performance parameters were determined. Based on the test results, 

computerized energy balance modeling was done hourly for the course of a whole year. The modeling also 

included the influence of make-up air replacing exhaust-air or the discarded portion of return-air. 

Scenarios for various seasonal conditions and window air fiow rates were developed. A proposal for a 

demonstration project is outlined. The Appendix includes a report on European air-flow window instal

lations. 
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EVALUATION OF AIR-FLOW WINDOWS - FINAL REPORT 

1. INTRODUCTION 

1.1. Short History of Air-Flow Windows 

Air-flow windows use air from conditioned 
spaces to temper the impact of climate and weather 
on the interior environment. The air flows through 
the window cavity between the inner and outer glass 
panes. It strongly reduces the energy exchange 
between the two glass surfaces. Vertical or hori
zonta 1 b 1 i nds act as shadi ng devi ces and absorbers 
of so 1 a r energy. Th is energy is. removed by the 

'air stream. 

Air-flow windows are used increasingly in cen
tral and northern Europe. They originated in 
Sweden where a related patent was filed in 1956. 
The first large-scale installation dates back to 
lCJ67 when the city of Helsinki used air-flow windows 
designed by the EKONO Company, in its Building 
Department Offices. 

Si nce the energy crisi s of 1973, the energy 
savings potential of these windows has resulted in 
many applications; mostly in office buildings. 
There are at least 50 large buildings and numerous 
small ones with air-flow windows. The windows are 
known in Europe variously as climate windows, 
extract-air windows, or exhaust-air·windows. 

A separate report, see Appendix A, describes 
several air-flow window systems as presently used 
in Europe. Recent applications in retrofit and new 
construction are shown. Most of these systems use 
the return-air principle. Air is extracted from 
the room, flows through the window cavity and is 
then returned to the central mechanical equipment 
room. One system, however, is of the exhaust-air 
type. The air is not returned, but directly ex
hausted to the outside. 

1.2. Prohlem Statement 

Very little i·nformation on the performance 
of air-flow windows is accessible. Available lit
erature usually shows the reduction in U-values 
and, to a lesser extent, sharling coefficients 
compared to conventional windows. Such dat'a is 
insufficient for the development of conclusions on 
energy effi ci ency and tr.ade-offs between hi qher 
first costs versus life-cycle costs of air-flow 
windows compared with conventional windows. 

As ai r-f1 ow wi ndows appear t'l be a promi si ng 
a 1 ternati ve to conventi ona 1 wi ndow systems, espe
cially in regions with high solar radiation levels, 
the need for testing for the U. S. market was recog
nized. Air conditioning of buildings is a major 
use of energy in this country. Air-flow windows 
offer an excellent possibility for the integration 
of sunshadi ng devices and, therefore, a reduction 
in cooling load. 

The authors proposed to test ai r-f1 ow wi ndow 
samples from European manufacturers and sirnultan-

eous1y test a high quality reference window as 
typically used in the U. S. The Building Environ
ment and Energy Laboratory, University of Utah, 
was chosen for tests in a setting close to actual 
building applications. The results of the tests 
were to be generalized so that they could be applied 
in building design considerations. 

1.3 Test and Modeling Program 

The main objective of the work was to establish 
parameters and performance data of air-flow windows 
influencing heating and cooling loads. In addition, 
the performance of ai r-f1 ow wi ndows over a year's 
time was to be modeled based on the obtained data. 

The purpose for establishing the parameters 
and test data, as described in Section 4, is to 
provi de archi tects and engi neers wi th i nformati on 
for performing heat gain/heat loss calculations 
in applications with air-flow windows. The purpose 
of the performance modeling, as described in Section 
6, is to develop the energy balance of air-flow 
windows versus conventional windows over a year's 
time. 



2. TIiE TEST COMPONENTS AS WI NDOW TYPES 

2.1. Air-Flow Windows 

Air-flow windows typically consist of a fixed. 
double-glazed outer sash and an operable. single
glazed inner sash which generally is opened only 
for cleaning purposes. Some systems allow for an 
operable outer sash also which permits window 
cleaning from inside. A single-glazed outer sash 
seems possible for installations in very moderate 
or warm climates. The authors are not aware. 
however. of any such installations. The two sashes 
are typically of aluminum and are separated by a 
therma 1 break sim11 ar to those found in many pre
sently used window systems. At least one system 
consists of wood sashes and a solid wood frame. 

Either venetian or vertical louver blinds are 
located in the air cavity between the outer and 
inner glazing. The blinds are operated manually 
at each window by simple pull or turning mechanisms. 
Sometimes centralized and motorized control is used 
in large buildings. Such control. though expensive. 
has considerable advantages for energy conservation. 
as continuous adjustment of the blinds in response 
to solar radiation is possible. Building occupants 
seldom operate shading devices in an optimal 
fashion. which is especially true for weekend and 
holiday periods. 

2.1.1. Return-Air Window Return-air windows 
introduce room ai r at the bottom frame. The opening 
at this frame typically is the width of the operable 
sash. The air flows upward through the cavity and 
returns via a duct system to the central HVAC equip
ment. The window, therefore. can be considered 
the fi rst component of a conventi ona 1 return duct 
system. Dependi ng on fresh ai r requi rements for 
building occupancy. part or all of this air is 
discarded and is replaced by outside air. 

The test wi ndow consi sts of a medi um-bronze 
co 1 ored a 1 uflli nurn frame wi th thermal break. It is 
glazed with clear 1/4 inch double pane insulating 
glass outside and 1/4 inch clear single glass 
inside. White venetian blinds were installed in 
the wi ndow cavi ty • The wi ndow was prov; ded by the 
Wausau Metals Corporation. Wausau. Wisconsin. and 
buil t accordi nq to drawi ngs by one of the authors. 
All extrusions were from stock items. Sections of 
this window are shown in Figure 2.1. its specifi
cations are given in Appendix B. 

2.1.2. Exhaust-Air Window Only one system is 
is known to be of the exhaust-air type. Room air 
is introduced at the top frame. fl ows downward 
through the window cavity and is exhausted at the 
bottom frame to the outside. The openings at the 
top and bottom typically are the width of the 
operable sash. 

In order to avoid outside air from entering 
the cavity. a check valve is located just inside 
the exhaust opening. It consists of a neoprene 
stri p whi ch closes the exhaust openi ng under back 
pressure from wind. 

The test window consists of natural color 
a 1 umi num frames with thermal break. It is gl azed 
with clear 1/4 inch double pane insulating glass 
outside and 1/4 inch clear single glass inside. A 
vertical. white. opaque plastic louver blind with 
adjustability from inside is installed in the win
dow cavity. The unit was provided by the Protecta-
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Figure 2.1. Vertical and horizontal section 
of return-air test window. 
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Figure 2.2 Vertical and horizontal section of 
exhaust-air test window. 
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Sol Company, Staefa"Swi tzer1 and. Secti ons of thi s 
window are shown in Figure 2.2 f its specifications 
are given in Appendix B. 

2.2. Reference Window 

As air-flow windows have been used mostly in 
commercial buildings, a commercial type, fixed unit 
was installed as a reference window. It has a 
medi urn-bronze colored a 1 umi num frame wi th therma 1 
break and clear 1/4 inch double pane' insulating 
glass. An. interior white venetian blind was in
stalled at about a 2 inch distance from the inside 
glass surface. This window was also provided by 
the Wausau Metal s Corporati on. Secti ons of thi s 
window are shown in Figure 2.3, its specifications 
are given in Appendix B. 

2.3. Utilization of Test Units 

All of the following data and results on the 
air-flow ,window type are from the return-air window, 
unless otherwise noted. Nearly all of the summer 
testi ng and most of the wi nter testi ng was done 
with this window installed. Tests run with the 
exhaust-air window yielded very similar results 
which 'are shown also in this report. The reference 
window was permanently installed and was always 
tested simul taneously when, tests for the air-flow 
were performed. 

.' 
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I -"', 

3'-1l~" 
1 " 2" 3", 4" 

Figure 2.3. Vertical and Horizontal section 
o,f re ference wi ndow. 



3. TESTING PROCEDURES 

3.1. Objectives 

The testing procedures wer'e guided by a primary 
obj ecti ve: perforMance compa ri sons between ai r-fl ow 
wi ndows and conventi ona 1 wi ndows wer'e to be made 
s i de-by-s ide in the same envi ronment. Suffi ci ent 
experimental data was to be gathered to generalize 
the rerformance of the wi ndows so that they mi Clht 
later be evaluated in other applications and cli
mates. 

3.2. TestFacility 

The testinCl progr'am took place in a facility 
at the University called the Building Environment 
and Ener'gy Laboratory (BEE Lab). This facility, 
actually a test rig, is a 20 ft x 20 ft x 10 ft high 
steel frame bo x el eva ted from the ground appro xi
mately 3 ft on a rotatabl e crane base. Rotation 
of the BEE Lab on its base all ows for easy changes 
of up to 360° of orientation. A photograph of the 
facility is shown in Figure 3.1 and its location 
is shown in Figure 3.2 . 

Figure 3.1. The Suil di ng Envi r'onment and Ener'gy 
Laboratory, Uni vers ity of Utah, with 
air-flow window at right and reference 
window at left . XBR R23 - 27 14 

The bulk of the thermal envelope of the BEE 
Lab consists of polyurethane panels 6 in (15.24 
cm) thick, with a 12 in (30.48 cm) thick glass 
fiber insulated floor' . The polyurethane panels ar~ 
attached by a bolt/cl ip ar'r'angement so that they 
can easily be rearranged for evaluation of virtually 
any kind of components pertinent to a building's 
skin. Considerable effort has been e xpended to 
caulk virtually all infiltration possibilities. 
A doub 1 e-doored entry way is used to cut down on 
infiltration losses also. A vent in the middle of 
the floor can be opened to furnish makeup air when 
an exhaust-air window is being used. 

The BEE Lab is outfitted with a through-the
wall type two-ton air conditioner' , located over 
the door of the facility. Cold air fr'om the air 
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condi ti oner can be ei ther di ffu sed to the space 
unifor'mly or di rected to specifi c 1 ocati ons by 
wi re rei nforced foil hoses . Control of the ai r 
condi ti oner is accompli shed by a con venti ona 1 ther'
mostat. 

• \ .'" 4 ft. / ) ' . .. ' :. . ~-----...-- .' . : 
..• . .~ -' _ . ' : Grass : ' ': \'.' ~0:. /~ .. ~' 8% refl ec tance 

. . Y . " . ~ 2 ft / . 

:'.' .' \ _ . t.. . . .. ' : .. . . : ... . ::... ' .•. ~ ..... :.:.... . , 

. ' . 

8EELAB 
TEST RIG -

F. F. level ' 
3 ft. 

2 '-0 '.' la' 6" 20 ' -8" 

~ 'INt 
tJjr ' 
.': ./ f

l 

.. /, .... :.' '. ~RC~ITECTURE BUILDI NG 

_ 0 

N , 

o 
~ 

' , '. ; ". 

3 stories hfgh 

.... ' . - . 
' ,' 

Workshop ; : 
Entry 

Figure 3.2. Location of Building Environment and 
Energy Laborator'y, Univer'sity of Utah. 

Heating of the BEE Lab is accomplished by small 
electric re;istance area heaters with integral fans. 
Two of these units were usually used. "Typically 
one was set wi th its ther'mostat about 1°C lowe r' 
than the other . This allowed mor'e unifor'm ope r'ating 
condi ti ons duri ng peri ods of small heat loss frOM 
the lab. 

As can be seen in Figure 3.1, the windows were 
mounted side-by-side in one facade of the Lab 4 ft 
apar·t. An insulating wall panel was used between 
the windows so that var'ious types of e xper'imental 
equi pment caul d be mounted on each without i nter
ference with the other. 

Because of its thermal char'acted stics, the 
flEE Lab provi de s a very stable i nteri or envi ronment. 
The laborator'y itself, however, is not part of the 
testing apparatus beyond pr'oviding this envir'onment 
and easy changes in solar exposure. 

Shortly after the windows were installed, a 
heat balance was perfor'med on the Lab. The UA 
(overall heat transfer coefficient times overall 
area product) was found to be 81.1 Btu/OF, including 
the windows , but with no air flow. At no-flow the 
UA factor for the windows (flow and reference added 
together) alone was calculated to account for 23.4 
Btu;oF of that total (more than 25% of the total 

.. 
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loss can be attributed to the windows). 

It was decided that by use of the test building 
itself an overall heat balance approach to testing, 
would not yield sufficient accuracy. At this pOint 
it was deci ded that separate measurements on each 
window would be used. 

Several types of instrumentation are mounted 
in and around the Lab. Included are thermocouples, 
pyranometers and watt-hour meters. Thermocouples 
of the iron constantan type are located at several 
locations outside and inside the Lab to establish 
both inside and outside ambient temperatures. The 
outside ambient temperature was monitored by a ther
mocoup 1 e located underneath the 1 ab shaded from 
solar insolation. Inside ambient temperatures were 
monitored by a shaded thermocouple at the midpoint 
of the window. Two Eppley pyranometers are used to 
measure solar insolation. A model 8-48 Black and 
White pyranometer is used to measure the solar 
insolation in a horizontal plane at the top of the 
Lab. A model PSP pyranometer is mounted in a ver
tical plane on the same facade as used for window 
mounti nq. The pyranometer locati on can be seen 
at the upper left of Figure 3.1. All electrical 
power used in the Lab is monitored through two 
conventional watt-hour meters. 

3.3. Air-Flow Window Evaluation Techniques 

3.3.1. Sox Approach Initially a box approach 
was used to evaluate the air flow window. A box 
of slightly larger area than the window to be 
tested and approximately 1 m deep was carefully 
sealed around the window. A blower and flow measur
ing device were mounted on the opposite side of 
the box from the vent. into the window. Over the 
blower inlet to the box a flow diffuser was used 
to decrease the peak velocity and distribute the 
flow uniformly inside the box. It was hoped that 
the sensible heat gain or loss as the air flowed 
through the box could be used to infer window 
performance. However, it was found that a serious 
drawback existed: If the heat gain/loss was large 
across the window (large overall ~T), the readings 
were undesirable because of unreal interior condi
tions (inside the box). At high solar insolation 
temperatures of 130 to 150 F were encountered within 
the box which created undesirable temperature dif
ferences in relation to the space. 

The box approach was determined to be an 
improper way to evaluate air-flow windows, primarily 
because of their low effective overall heat transfer 
coefficient. However, it was adapted to the evalu
ation of the reference conventional window with 
fair success. More discussion is given on this in 
Section 3.4 

3.3.2. Separate Heat Flow Approach Testing 
of the ai r-fl ow Wl ndow was accomp" shed wi th ai r 
bei ng forced th rough the ai r- flow wi ndow from a 
small centrifugal blower. Air flow was measured 
with an AS ME standard oriHce with pressure drop 
being monitored on a draft gage. Variations in air 
flow, when desired~ were accomplished by an adjust
able by-pass following the blower but prior to the 
orif1 ce. Temperatures were measured at a vari ety 
of locations along the air flow path, over the 
window surface, and in the room and outside, see 
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Figure 3.3. Incident solar flux was measured in 
the vertical plane with an Eppley model PSP pyran
orneter. Transmitted solar flux in the vertical 
plane was measured on the inner pane of the window 
with a LI-COR, model LI-200S, pyranometer. Because 
of the non-uniform transmitted radiation pattern 
due to some setti ngs of the bli nds, a transl ucent 
di ffuser pl ate was mounted between the gl ass and 
the pyranometer, removed from the gl ass approxi
mately 1 in (2.54 cm). This arrangement was cali
brated with the Eppley pyranometer both with and 
without the diffuser. A cross sectional sketch 
of the testing apparatus is shown in Figure 3.3. 
Photographs of the test set-ups are shown in Figures 
3.4 and 3.5. 

Heat flows through each ai r- flow wi ndow were 
assessed in the following ways. The sensible heat 
lost or gained in the window cavity was easily 
inferred as follows: 

OEAF = ORA = mI' Cp ' (Tfx - Tfi) (3.1) 

All of the quantities on the right hand side of 
Equation 1 were measured and logged on time periods 
varying from 5 minutes to 20 minutes. 

How this quantity is interpreted in the energy 
performance eval uati on of the wi ndow depends upon 
the flow type of the window and its operational 
mode. For example, consider a return-air window 
where 100% of the flow air is returned to the space. 
In this case, the energy quantity represented by 
Equati on 3.1 must be added or removed by the HVAC 
system or compensated by gai ns or losses in other 
parts of the building. 

A totally different situation exists for ex
haust air operation. If all of the air circulated 
through the window is dumped to the outside, a 
like quantity of outside air must be conditioned and 
returned to the space. In this situation, the 
associated sensible heat quantity is: 

. 
QFRESH 1 = m1 • Cp • (To - Ti) (3.2) 

The energy quanti ti es represented by Equati ons 3.1 
and 3.2 depend at least implicitly on the insol
ation, when present, and the overall temperature 
difference. Examination of these two equations can 
give some insight into performance of the two types 
of windows in a variety of operating conditions. 
Wi ndows of the return-ai r type, where a porti on of 
the air is exhausted, will demonstrate a proportion 
of each of the two energy flow quanti ti es shown 
above. 

Solar energy transmitted directly through the 
window assembly as short wave length ( 1.5 ~m) 
radiation was medsured by the LI-COR pyranometer. 
Incident solar energy in almost the same plane was 
compared to the Eppley measurement. A transmis
sivity for the window was easily formed from these 
two measurements. 

Measurement of the combi ned re-emi tted radi a
tion and natural convection from the inside of 
the window to the room caused considerable problems. 
Several approaches were attempted and rejected. in
cl udi ng the use of a heat fl ux transducer (heat 
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flows were too low for devices of this type that 
were available) and an insulated flow box mounted 
over the window (too much thermal inertia relative 
to the heat flows here, but see more on this ap
proach in the discussion on the reference window 
testing). A method was finally adopted where cal
culations of the radiation and natural convection 
were used as a functi on of temperature di fference, 
the latter being between the surface temperature of 
the inner window pane and the room air temperature. 
In particular Newton's Law of Cooling is used 

where 
01 = htotal • Ag • (Twi - Ti) 

htotal = f • (Twi - Ti) 

and is shown graphically in Figure 3.8. 
tion of the assumptions, equations, 
used is given in the Appendix C. 

(3.3) 

(3.4) 

A descrip
and values 

To check the correlation, several approaches 
were used. In one case, the flow-box technique 
was used. Although this approach was rejected for 
the regular testing of the flow window, it was used 
to advantage here for calibration purposes. Also, 
a Hy-Ca 1 heat fl ux transducer was used. Typi ca 1 
heat flows from the room si de of the flow wi ndow 
assembly were much too small for the normal range 
of the heat flux transducer, but approximated 
values could be inferred at the higher heat flows. 
Both approaches led us to believe that Equation 
3.3 yielded a maximum error of about 9%, except 
at low values of TWi - Ti. If each of our thermo
couple calibrations were in error by approximately 
0.5 F (thought to be the case), a potentially 
large error could exist at very small temperature 
differences. This was the source of what we believe 
to he the largest error in this approach. 

Great concern was held for the accuracy of the 
use of a thermocoup1 e to lT1easure the gl ass surface 
temperature, particularly in periods of high inci
dent solar flux. However, thermocouples were used 
and were affixed with small amounts of transparent 
glue. Temperatures registered from this type of 
installation were checked periodically with a 
Barnes Instatherm infrared temperature indicator, 
and comparisons indicated an accuracy to within 8% 
in all cases. 

Temperatures were measured at several locations 
using calibrated iron constantan thermocouples 
(see locations denoted in Figure 3.3) on the inner 
pane of the windows and in the room. As would be 
anticipated, some variation with location was found 
in each of these groups of measurement. This vari
ati on ranged up to 3° F at hi gh heat flow condi
tions. Considerable effort was expended to deter
mi ne the most reasonable spati a1 averagi ng of the 
various readings. The spatial averaging was per
formed by tak i ng di screte values of area and the 
corresponding temperature for two different weather 
conditions (high and low heat flow). It was found 
that horizontally aligned measurements checked 
within the a~curacy of the thermocouple calibration, 
which simplified the spatial averaging process. 

From the lT1easurements thus descri bed, gener
alized parameters descrihing the flow window per
formance cou1 d be inferred. These are descri bed 
in Chapter 4. 

7 

3.4. Reference Window Evaluation 

3.4.1. First Approach Initially the reference 
window, a conventional double-glazed window, was 
tested without inside blinds. In this configura
tion, an approach similar to the one described in 
Section 3.3.2 could be used. In particular, the 
transmitted solar flux could be measured. Tempera
tures on the inside of the glass and in the room 
could be used to estimate the total re-radiated 
energy and convection flow to the room. Since 
shadi ng devi ces were reQui red by the Scope of Work 
for the project, this approach was abandoned and a 
second method (see below) was used. 

3.4.2. Second Method To satisfy the Scope of 
Work for the proJect lnterior venetian blinds were 
used to simulate an actual commercial building 
install ati on. Because of the use of i nteri or ven
etian blinds, a totally different approach was 
required in evaluating energy flows through the 
reference window. For this situation, an insulated 
air flow box was built over the w'indow. Air was 
forced downward through the box at low velocities 
to simulate a room-type environment (see Figure 
3.6). The test set-up is shown in Figure 3.7. 

Heat transfer through the window translates 
itself as a sensible heat flow to the air flowing 
through the box. There is a tradeoff here between 
errors in not representi ng room conditi ons accur
ately because of too high an air flow, (i.e. too 
high of a velocity across the reference window 
surface or across the blinds), and errors in possi
bly too high of an average box temperature (periods 
of hi gh heat gai n) or too low of an average box 
temperature (peri ods of hi gh heat loss) at very 
low air flows. This latter aspect does not allow 
a good representation of a typical spatial environ
ment. At any rate, an equation of the form of 
Equation 3.1 is used to infer the heat flow through 
the glass. Corrections were al so made for heat 
transfer through the po1ystyrene-i nsul ated-plywood 
box. This latter correction was relatively small, 
always below 6% (see more information on this in 
Section 4.3.4). 

Clearly this approach cannot distinguish be
tween overall heat transfer coefficient effects 
and the solar transmissivity effects. However, 
comparisons between the flow box technique and tra
ditional values of U (0.58 - 0.65 Btu/ft2 hr F)* 
and shading coefficients (0.51)** all gave agreement 
within ten percent. This was considered excellent 
for in situ-type measurements. 

3.5 Blind Adjustment 

An attempt was made to handle the blinds of 
all windows in a manner similar to how they might 
be handled in actual installations. It is generally 
the case that people adjust blinds so that the beam 
component of the radi ati on does not penetrate into 
the room, particularly during bright sunlight con-

* See ASHRAE Handbook of Fundamentals, 1972, p. 
370. 

** See ASH RAE Handbook of Fundamentals, 1972, p. 
402. 
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ditions. The blinds in the experiments were always 
adjusted so that this situation prevailed. A few 
measurements were made in di rect bri ght sunli ght 
wi th no b 1; nds, or b 1 i nds present but open, to 
establish baseline information. 

3.6 Data Logging 

A Digitec Datalogger was available for use on 
a regular basis in the BEE Lab. This particular 
device has twenty input channels, 15 for iron
constantan thermocouples and 5 for millivolt sig
nals. The datalogger was outfitted with a digital 
interface so that the data coul d be wi red to the 

! School of Architecture. Interdata computer. 

Unanticipated problems arose with the Digitec 
device at some of the least desirable times. With
out warning the datalogger would become very ir
ratic, sending totally meaningless data to the 
computer. The Mechanical Engineering Electronic 
Technician examined the device several times. Gen
era 11 y it was hypothes i zed that problems mi ght be 
initiated because of voltage spikes on the BEE Lab 
electrical lines. This was considered to be the 
case because the datalogger performed fine in the 
computer room or in the Electrical Repair shop, but 
not in the Lab. The app li cati on of the voltage 
staMlizing device in the Lab proved not to be a 
satisfactory solution. 

At one poi nt the dev; ce was returned to the 
factory. This did not make a permanent improvement 
in the operation. During malfunctions and for the 
last part of the project (after the Dfgitec instru
ment was finally abandoned) a Fluke Datalogger was 
used on a loan basis. This device performed flaw-
lessly. Operation in this mode required more 
effort si nce data had to be handl ed by hand, but 
otherwise had no effect on the test plan and oper
ation. 
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4. PARAMETERS AND MODELS FOR TEsn NG 

4.1 External and Internal Environmental Conditions 

In order to develop conclusions on the perform
ance of air-flow' windows for a wide range of c1im
ati c conditi ons, a broad range of test condi ti ons 
were included. The major ones are variations in 
outside temperature, inside temperature and solar 
radi ati on. A summer and wi nter testi ng seQuence 
provided the outside conditions in a natural set
ti ng from very hi gh to very low temperature and 
radiation levels. Climatic data for Salt Lake City 
is given in Appendix D. 

Testing for the influence of wind was not 
attempted as wind velocities in Salt Lake City are 
very low and uneven. Average wind velocities in 
Salt Lake City vary between 7.5 and 9.6 mph. Veloc
ities are generally much lower with occasional 
strong gusts. Tests were performed when there 
was no discernab1e wind velocity (estimated to be 
less than 2 mph). This situation occurred even 
more often because the Lab is located in a topo
graphical depression between an earth mound and 
the Architecture School building. The test results 
were discarded when (unusual case of) high wind ve
locities were encountered. 

Another important environmental condition is 
humidity. Although all tests were performed in 
the local, low humidity climate, temperatures on 
the inner surface of the double glazing of the air
flow window were measured. These were used to 
establish conditions at which condensation may 
occur related to RH levels of the cavity air stream. 

Footcand1e levels of daylighting on typical 
days were measured rel ated to the same b1 i nd posi
tions as used in the thermal test sequence. The 
dimensi ons of the test room were 12 ft x 20 ft x 
10 ft wi th the 4 ft x 7 ft wi ndow centered in one 
of the 12 ft walls. The sill height of 2 ft 8 in 
equall ed the work plane for the. fc measurements. 
The reflectance value on walls and ceilings was 
0.75 and on the floor, 0.10. 

4.2 Parameters Related to Environmental Controls 

The unique nature of air-flow windows re
quired the inclusion of two components which either 
do not exist in conventional window systems or 
their impact is considered separately from the 
function of the window system. These components 
are the air flow rate through the window cavity 
and the position of the sun-shading device. 

4.2.1. Air Flow Rates and Directions Typical 
air flow rates used 1n Europe are 3 to 6 cfm per 
foot of window width. In typical exterior zones 
of offi ce buil di ngs wi th 15 to 20 ft zone depth, 
three to five feet of window width relate to one 
occupant (spatial requirement and adequacy of 
dayli ghti ng). Fresh ai I" rates of 10 to 15 cfm per 
person coi nci de wi th these wi ndow ai I" fl ow rates. 
Three air flow rates were tested in addition to 
no-fl ow: 3.9, 5.4 and 7.7 cfm per foot of window 
wi dth. These values, developed from speci fi cs of 
measurement, encompassed the full range of normally 
used air flows. 
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The exhaust-air window type used in Europe has 
a downward air flow direction. Nearly all return~ 
air windows use an upward flow direction. No 
important consequences for the winter and summer 
performance related to air flow direction were 
expected. This assumption, however, had to be 
verified by test runs. An exhaust-air window with 
downward flow and a return-ai I" wi ndow wi th upward 
flow were tested under winter and summer conditions. 

As with the conventional windows, relative 
humidity levels of the inside air must be watched 
with regard to condensation. During the winter 
season the air flowing through the window cavity is 
cooled, unless high levels of solar radiation are 
present. Depending on the air flow direction, 
condensati on may begi n to occur in the upper or 
lower end of the cavity. The inside surface of the 
insulating glass is the critical surface. Tempera
tures of this surface were measured at low outside 
temperatures and at various flow rates in order to 
determine temperature levels at which condensation 
may occur. Relative humidity levels at which 
condensation would occur were not measured but 
estimated from temperature measurements (see Section 
5.4). 

4.2.2. Sun Shading Devices A sun shading 
devi ce in the wi ndow cavity can be posi ti oned to 
reduce the solar radiation directly entering the 
space. It reflects part of the solar radiation 
outside and part inside. Another part is absorbed 
and reradiated outside and inside. With increasing 
air flow, a major part of the energy is carried 
away with the air stream. 

Venetian blinds have the advantage of excellent 
so 1 ar control and can be retracted como 1 ete 1y when 
no sun shading is needed. They al so reflect day
light toward the ceiling which results in improved 
penetration of daylight into the space. Therefore, 
a typically available, white venetian b1 ind with 
one-inch wide slats was chosen for the return-air 
window tests. The same type of blinds were used 
for simu1 taneous testi ng of the reference wi ndow 
with the same slat angles, but the blind in a 
typical location of about two inches inside the 
insulating glass surface. The exhaust-air window 
was an imported product with integral blinds of 
vertical white opaque louvers. 

The slat angle influenced the thermal and day
lighting behavior considerably. Three blind posi
tions were tested in addition to completely re
tracted blinds: horizontal, 30° and 45°. 

Full beam sunlight striking a workplane is gen
erally not a desirable condition. Therefore, the 
blinds were adjusted into the mentioned positions 
in such a way that the direct beam component was 
always intercepted. During periods of significant 
beam radiation on the windows, the blind slat angles 
were set according to solar altitude angles for 
venetian blinds and to azimuth angles for vertical 
bli nds. 

The same assumption was made in the computer 
model of yearly energy balance calculations for 
the air-flow window and the reference window. 
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4.2.3. Interdependence of Air Flow and Sun 
Shading The energy balance of air-flow windows is 
considerably influenced by the interaction of the 
air-flow and sun shading device position. In order 
to develop basic parameters for a year-by-year 
energy balance analysis, the air flows and shading 
device positions, noted above, were varied one-by
one. This resulted in 16 testing combinations. 

4.2.4. Facade Orientations Five compass 
ori entati ons were eva 1 uated: S, SW, SE, W, E. A 
large building directly to the north of the Lab 
rendered this orientation unrepresentative. The 
SE and E orientations were shaded by mountains and 
a tree through the bulk of the morning hours, thus 
yielding the data very site specific and thus un
desirable. For these reasons most of the testing 
was performed in the S, SW, and W orientations. 
The generality of the results via the correlations 
(to be di scussed) rendered the ori entati ons used 
to be sufficient. 

These exposures, especially the west exposure, 
force the frequent mani pul ati on of the veneti an or 
the vertical blind angles in order to achieve only 
diffuse and reflected light to enter the test room. 
Test results related to various blind and sun 
angles were checked with regard to possibly signi
ficant variations of the effective shading coeffi
cient as described in Section 4.3.3. 

4.3. Algorithms for Testing and Data Reduction 

The traditional model for a window's steady 
state energy balance is: 

OS = U • (To - Ti) • Aw + SC • SHGF • Ag (4.1) 

where the U inc 1 udes both the gl azi ng and the frame. 
F or a gi ven conventi ona 1 wi ndow, the U va 1 ue is 
assumed to be constant. The SC value is assumed 
to be constant al so, whether it is related to the 
shading effect of a particular glass type or shad
ing device, such as a venetian blind. The solar 
heat gain factors, SHGF, contain the reduction of 
the irradiation 10 by one pane of 1/8-in sheet 
glass. 

Accounting for the energy flows in the air
flow windows is much more involved than for conven
ti ona 1 wi ndows. Thi sis due to the addi ti on of 
the cavity flow and its potential impact on the 
space and the mechanical system. To generalize 
the results requires the definitions of additional 
parameters, and these are described below. 

4.3.1. The Effective U Value, UI The U1 value 
is an energy transmlssion property for non-solar 
radiation conditions. This property is defined 
to account for the total heat transfer (not includ
ing directly transmitted solar radiation) from the 
inner surface of the window assembly to or from 
the room. l1], is determined by nighttime testing: 

U1 = htotal • (Twi - Ti )/(To - Ti) (4.2) 

and represents the heat transfer off of the room
side glass surface to the room divided by the 
temperature across the whole window section. U1 
was determi ned for each ai r flow rate and each sun 
shade position. 
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Even though U1 is determined during nighttime, 
it is used to represent performance during all 
conditions, so influence of sun shade positions 
had to be included in the testing. 

4.3.2 Energy Loss Coefficient for the Window 
Air Stream The energy loss or gain by the air 
stream in the cavity is represented by m1 Cp (Tfx -
Tfi)' This quantity is the basis for what is 
defi ned here as the pseudo heat transfer coeffi
ci ent of a i r- fl ow wi ndows U2' 

U2 = m1 • Cp ' (Tfx - Tfi)/[(To - Ti) • Aw] (4.3) 

These values were determi ned also by ni ghttime test
.ing with the various air flow and sun shading 
device positions. 

4.3.3. The Effective Shading Coefficient The 
effecti ve shad; ng coeffi ci ent is broken down into 
two parts for the exhaust-air window and into three 
parts for the return-air window. These are required 
to represent the complexities of the thermal char
acteristics of the flow windows. 

The ratio of the amount of solar radiation 
directly transmitted to the room relative to the 
incident radiation is defined here as RB, most com
monly denoted as transmissivity. In addition, there 
is an amount indirectly transmitted and is defined 
here as HI' HI is the fracti on of lore-radiated 
or convected into the room. A third part, denoted 
here as H2, is the amount of heat transferred to 
the air stream in the window cavity. H2 is similar 
to U2 but accounting for the solar impact. 

The amount of solar radiation directly trans
mitted to the room, RB x 10 , is measured with the 
inside pyranometer as Itr. Consequently, 

RB = Itr/lo. (4.4) 

RB is not affected by the air flow rate, so there 
are only as many values as there are venetian 
blind settings, that is four (open, horizontal, 
at 30° and at 45°). RB and HI were determined by 
daytime testi ng and data reducti on. Whi 1 e RB has 
some variation with incidence angle, this variation 
was found insignificant in the overall energy 
balance. 

HI is defi ned as the heat transfer off the 
inside window surface to the room (during anytime) 
minus the U1 value effect (defined from nighttime 
condi ti ons), a 11 di vi ded by the solar i rradi ati on: 

HI • [ht o• a1 • IT.i • Ti 1 • u,. • ITo • Ti j. "" 
10 • Ag (4.5) 

Note that HI only has a value during daytime condi
ti ons, as Equati on 4.5 wi 11 be zero at ni ght (see 
Equation 4.2). HI must be evaluated for all air 
flow and sun shading combinations. 

There is a porti on of the energy transfer to 
the cavity air stream which is due to the solar 
irradiation, beyond that dictated by the temperature 
difference between the room and the outdoors. This 
effect can be included in a manner somewhat similar 
to that used in defi ni ng HI. H2 is defi ned as: 



"2 '~';1 • C. • (Tfx - Tfi)] - U2 • 'w . (To - Ti~1 
10 • Ag ,(4.6) 

Note that Ag, the gl ass area, has been used here, 
while Aw, tne total window area was used to define 
U2. Thi s neg1 ects the i nf1 uence of the frame re
lated to solar radiation transfer, which is very 
small compared to the heat flow through the frame 
from other heat transfer modes. ~ is developed 
from daytime testing for all air flow and sun 
shadi ng combi nati ons. H2 is not of interest for 
the exhaust-air window as all air is discarded. 
It is important, however, for evaluating the per
formance of the return-air window. The portion 
of ai r of the return-ai r wi ndow system whi ch is 
not di scarded transports the H2 of this ai r to 
the central HVAC equipment. If heat recovery 
equipment is used, an additional portion of H2 
can be saved before the exhaust ai r porti on is 
discarded. 

4.3.4. The U Value and the Shading Coeffi
cient of the Reference Window The test conditions 
for the reference Wl ndow were chosen as closely 
as possible resembling typical window applications 
today. The wi ndow was located in the same facade 
as the air-flow window with four feet of wall in 
between. Tests for the air-flow and reference win
dow were run simul taneous1y. The test set-up di f
fered considerably from that of the air-flow window, 
as described in Section 3.4. 

Although U value information for the reference 
window was available, see Appendix R, tests had 
to be run to develop data for the conditions on the 
testing site and for evaluating the performance 
changes between the various shading device positions 
for which no data is available. Again, as with 
the air-flow window, the effect of the various ven
etian blind positions on the U value must be eval
uated because of daytime impact. The overall heat 
transfer coeffi ci ent for the reference wi ndow is 
calculated as: 

Ur = ["'2 • Cp • (Trx - Tri) + Ub • Ab 

• (Tbox - Ti)]/[(To - Tbl) • Aw] 
(4.7) 

The second set of terms in the numerator of Equation 
4.7 accounts for the heat exchange between the 
room and the air flowing through the box. A value 
of 2.75 was used for llb· Ab*. Tbl is the average 
temperature on the box side of the venetian blind. 
From detailed testing, it was found that Tbl dif
fered from Tbox. 

There is also only little information available 
on the daytime performance of the reference wi ndow 
with interior venetian blinds at various blind 
settings. Therefore, tests for the reference win
dow were run simultaneously with the air-flow win
dow, both having the same blind setting. The 
shading coefficient is defined here as: 

(Tbox - Ti) 
(4.8) 

- Ur • Aw • (To - Tbl)]/lo· Ag 

* Ub· Ab = 0.05 x 55 = 2.75 Btu/hr F. 
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Thi s parameter was eva1 uated by daytime testi ng at 
the various shading device positions. Two air 
fl ow rates were used for testi ng the reference 
window. 

4.4. The Energy Sal ance 0 f the Ai r-Fl ow Wi ndows 
and the Reference Window 

The energy balance of the air-flow windows and 
the reference window can be calculated by using 
the parameters as described above. It should be 
kept in mind that energy balance means the net 
effect of the window under consideration on the 
central HVAC equipment which holds the thermal 
environment of the building in steady state. This 
implies not only consideration of the window as a 
barrier between the inside environment and outdoors, 
but also the impact of the air flow on energy con
sumption. 

The instantaneous energy balance of the ai r
flow windows related to the barrier between the 
inside environment and the outdoors, but not in
cluding the energy carried with the flow is 

(4.9) 
QS = U1 • (To - T i) • Aw + ( H 1 + R B) • 10 • Ag 

The energy balance of the reference wi ndow is 

os = Ur • (To - Ti) • Aw + SC • 10 • Ag (4.10) 

Whi 1 e OS for the exhaust-ai r wi ndow and for the 
return-air window is very similar for the same win
dow dimensions and environmental conditions, their 
overall performance may vary considerably because 
of their operational characteristics (exhaust-air 
versus return-air features). 
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5. TEST RESULTS AND DISCUSSION 

The test period for the windows lasted from 
January 1980 through April 1981 averaging about 3 
days per week. From the large amount of testing 
the days listed in Appendix H were chosen for data 
reduction. Two factors influenced this selection: 
days were eliminated when exterior environmental 
conditions were highly variable or when there was 
a malfunction of equipment. Other days were elim
inated because of data repetftivity. Sample data 
is given in Appendix F. 

5.1. The Ul and U2 Values 

The U! values (effective U values) decrease 
with increasing air flows through the window cavity; 
see Figures 5.1 and 5.2. Reduction of the data 
was performed as described in Section 4.3.1. The 
range of values calculated is shown by the error 
bars. The circle denotes the average of all values 
for a specific air flow. These values are somewhat 
lower than those given by CARDA for a 4 ft high 
window with wooden sash. They are slightly higher 
than values by Swiss manufacturers for aluminum sash 
windows of the same 7 ft height as the test windows 
(see Appendix A, Figures A5.2.6 and A5.1.2). 
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0~3S 

0.30 
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0.15 
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R@turn-Alr Window 
No 811 nds. 0·. 30·. 45· 

4 10 

Air Flow. cftll(ft 

Figure 5.1. Effective U-value U1 of the Return-Air 
\~indow. 

At no or very low air flow through the window 
cavity a somewhat peculiar situation exists.* The 
window does not behave like a triple glazed window 
with a U value around 0.35. The low value ranqe 
around 0.28 may be due to the window cavity being 
open to the room. Free convection, though small, 
could occur and produce low-flow rate adl'lission 
of space air into the cavity. This flow would warm 

* Such low ai r fl ows are not used under typi ca 1 
operational conditions. They may, nevertheless, 
occur because of reduction in total air flow; for 
exampl e as an energy conservati on measure at time 
of no occupancy. 
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Effective U-val ue ~ of the Exhaust
Air Window. 

the inner gl ass pane to a hi gher temperature than 
the inner glass pane of a conventional triple 
glazed window would show at the same inside room 
temperature. This free convection would oroduce a 
heat loss. Another possible explanation is the 
difference in construction, particularly the spac
i ng of the gl ass .panes, of the ai r fl ow wi ndow 
compared to conventional triple glazed windows. 

The l'2 values, as shown in Figures 5.3 and 5.4, 
must be cons i dered in the context of effecti ve U 
values. With decreasing air flow the U2 value 
increases while the U! values decrease. Increas
ingly more energy is lost or. gained by the air 
stream. 

Although a great deal of data was analyzed 
related to the four different blind settings, no 
clear differences in U! values could be observed. 
As soon, however, as the bl i nds were closed com
pletely, U1 values between 0.9 and 0.12 developed. 
It became quite obvious that the radiative exchange 
between the outer and inner glass panes is appre
ciably affected only at tightly closed blinds.** 

The blinds affected the ~ values differently 
than they affected the U! values. For ~, as long 
as the bl inds were in the cavity, the ~ values 
were similar, independent of blind angle. When 
the blinds are retracted, however, the U2 values 
are slightly decreased (see Figure 5.3). 

** Good tilting closure was possible only with ver
ticle louver blinds in the exhaust air windows. Data 
for completely closed blinds is not used in any way 
rel ated to thi s project and the above menti oned 
values are given for possible interest beyond this 
project. 
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Figure 5.4. Energy Loss or Absorption Coefficient 
U2 for the Ai r Stream of the Exhaust
Air Window. 

5.2. The RB, Hi and Hz Values 

The reduction of irradiation related to the 
radiation barrier, that is the glass and the shading 
device. is not influenced by the air flow. There
fore, variations of RB. Figure 5.5. are obtained 
only for different blind settings. At first glance. 
these values may appear to be low. They. however, 
contain only the directly transmitted (not re-rad
iated) radiation component. They also are averages 
over typically rather large variations of sun angles 
wi th respect to the normal to the gl ass surface. 
where transmission tends to decrease rapidly with 
angle at very large angles of incidence. 

The RB values are long term averages at various 
blind settings. Clearly the tilt position has a 
stronq influence on the results (see Figure 5.5). 
Although there was scatter in the data. the values 
di d not show a c1 ear tendency re1 ated to sol ar 
altitude and azimuth angles although there should 
be some effect here. The diffusing and mu1ti-
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reflective geometry as created by the blinds guides 
the solar radiation during clear days to the inside 
quite independently of the solar angles. 

Venetian Blind Setting 

Retracted 
at 0° slat angle 
at 30° slat angle 
at 45° slat angle 

Louver Blind Setting 

Retracted 
at 0° louver angle 
at 60° louver angle 

RB 

0.31 
0.14 
0.10 
0.07 

RB 

0.36 
0.14 
0.09 

Figure 5.5. RB Values for Air-Flow Windows with 
White Venetian Blinds at Various Slat 
Angles to Horizontal Plane or with 
White Opaque Vertical Louver Blinds at 
Various Angles from Normal to Window 
Plane. 

The H1 values clearly decrease in value with 
increasing air flow. Various blind pOSitions did 
not develop a pattern for differenti ati on. This 
can be explained from the fact that the surface area 
of the blinds reached by solar radiation is basic
ally constant, independent of blind setting angles, 
as long as the blinds are closed enough to block 
direct radiation. Therefore. absorption and re
radiation of glass and blinds vary little. Again 
there is some uncertainty for no or very low cavity 
air flow. similar to what has been said in regard 
to U1 values at very low ai r flows. Here the 
situation is even less a problem. as such low air 
flows may occur in daytime only during cutbacks over 
weekends and holidays. 
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Figure 5.6. Heat Transfer Coefficient H1 for 
Return-Air Window. 
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Figure 5.7. Heat Transfer Coefficient HI for 
Exhaust-Air Window. 
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Figure 5.R. Heat Absorption Coefficient H2 for the 
Air Stream of the Return-Air Window. 
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Figure 5.9. Heat Absorption Coefficient H2 for the 
Ai r Stream of the Exhaust-Air Wi ndow. 

15 

5.3. The Ur and SC Values 

The Ur value did not show any appreciable 
decline with blind opening angle until they were 
closed as tightly as possible. The Ur , for this 
blind closure was found to be 0.43. The average 
value for blind settings from open to 45 0 slat 
tilt was found to be 0.55 with a scatter between 
0.52 and 0.62. This slightly lower value than given 
in the literature (0.58 for 1/2 inch air space)* 
and also somewhat lower than test results furnished 
by the Wausau Metals Corporation (Appendix B) for 
the reference windows, is due to our test conditions 
at no or very low wind velocities. U values are 
generally given for 15 mph wind velocity which is 
considerably higher than experienced during our 
tests. 

Extens i ve tes ti ng for SC va 1 ues at a 11 b 11 nd 
settings showed very consistent values for no 
blinds present, but this condition was used in 
the testing only during totally overcast conditions. 
The scatter ranged from 0.52 to 0.64 with the 
average at 0.57. 

The val ues for the vari ous slat til ts showed 
scatter from 0.37 to 0.49 with the average at 
0.44. Here, similarly to the Hz values,no clear 
pattern could be observed in relation to blind slat 
angles. 

The SC value for open blinds is slightly lower 
and the value for closed blinds is slightly higher 
than what one would expect in comparison with 
conventional shading coefficients of double glazed 
windows.** One must remember in this context that 
these values are normal i zed to i rradi ati on of the 
outside vertical surface and not to radiation after 
transmission through one pane of glass, as conven
tionally given in ASHRAE literature. 

5.4. Condensation Potential in the Air-Flow Window 
cavity 

The potenti a 1 for condensati on in the wi ndow 
cavity of the exhaust-air window was evaluated for 
five air flows: 2.8,3.9,5.4,6.6 and 7.7 cfm/ft 
of window width. For this purpose three themo
couples were attached to the inside surface of the 
double glazed, outer window pane in the vertical 
axis of the test window at a 6 inch distance from 
the top window frame, at the center and at 6 inches 
from the bottom frame. 

Sampl es of test data are gi ven for these ai r 
flows in Appendix G. The temperature T10w is the 
lowest temperature of the three which was in this 
case the thermocouple close to the lower frame 
because of the down-flow ai r di ;-ecti on. 

By establishing a ratio of the total 
ature drop across the window and the partial 
ature drop to the insulating glass surface 

Ti - To ----= CR 
Ti - T10w 

temper
temper-

(5.1) 

* See ASHRAE Handbook of Fundamentals, 1972, p. 
370. 

** See ASH RAE Handbook of Fundamentals, 1972, p. 
402. 



the level of any temperature on the inside of the 
glass (Tl ow ) can be calculated in relation to 
various indoor an~ outdoor te~perature conditions. 
Values of CR for various air flows are also given 
in Appendix G. Figure 5.10 shows the relative 
humidity limits of the room air at 65°F for various 
flow rates and outdoor temperatures. At the areas 
above the 1 im; ts foggi nq or condensati on may occur 
at the inside of the insulating qlass surface. 

These limits are lower than for conventional 
double glazing as the cavity air is cooler than 
the roo~ ai r. At hi gher fl ow rates, than those 
tested, the glass surface temperatures will approach 
1 eve 1 s of conventi ona 1 double gl azi ng at room ai r 
condition. This surface temperature drop of air
flow windows increases with the height of windows. 

In cold climates, rooms with unusually high 
relative humidity levels, that is, above about 40 
percent, should either receive higher cavity air
flow rates than those tested or triple glazing 
should be applied for the outer part of the cavity. 
The latter was specified, for example, for the 
computer room of the German Texaco Building in 
Hamburg where a relati ve humi dity of 50 percent 
was to be maintained. 

A Swedish manufacturer* of air-flow windows 
recommends for thei r wi ntp.r condi ti ons an~ a 1. 20 
m (4 ft) hi gh wi ndow a mi nimum flow rate of 5 
cfm/ft of wi ndow wi dth (wi nter desi gn tefll1Jerature 
for Stockholm is 5°F). 
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FiQure 5.10. Relative humidity limits of room air 
ahove whi ch condensati on may occur 
in window cavity on inside of insul
ati nq gl ass pane at outsi de temper
ature (To) and cavi ty ai r flow rate 
(m). Exhaust-air window with outer 
1" insulating glass, window height 
7 ft. 

*COMRIVENT Desiqn Manual by CARDA Company. 
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5.5. Mean Radiant Temperature 

The mean radiant temperature (mrt) refers to 
the equi va 1 ent radi ant heat exchange between the 
human body and the surfaces that surround it: for 
example, a room. An excellent discussion of the 
mrt, its measurement, and its cal cu1 ati on is gi ven 
by Fanger.** 

A1 though eval uati on of the mrt of the test 
windows was called for in the contract, this data 
is of little value in specific. The reason for 
this is that all surfaces surrounding a human 
body contribute to the mrt through their temper- '
atures and their radiation shape factors:** 

Tmrt = T1 Fp_1 + T2 Fp_2 + •• + Tn Fp_n (5.2) 

If, for example, surface** is the test window, its 
contribution to the mrt is through the window sur~ 
face temperature and its shape factor with the 
person. The shape factor wi 11 vary wi th severa 1 
characteristics, including the size of the window, 
its height from the floor, and the distance between 
the person and the window. The general term Ti Fp_i 
is totally dependent upon the specifics of the 
application. For this reasoning alone, the con-
clusion can be drawn that the most critical factor 
in the mrt determi nati on for any space wi 11 be 
the temperature of the inner (roomside) surface of 
the window. 

An exami nati on of the appropri ate methods for 
measurement of the mrt under1 i nes the concl usi on 
that the inner surface temperature of the window 
is most critical. Two methods are used for experi
mental determination of mrt.** 

A simple devi ce used for thi s purpose is the 
globe thermometer. The globe thermometer consi sts 
of a black spheri ca 1 shell wi th a thermal senso r 
located in the center. Wi th the readi ng from the 
globe thermometer, the air temperature and the air 
velocity, the mrt can be calculated. This step 
is an involved technique and is primarily influ
enced by the detail s of the room and only second
arily affected by the window (this can be seen by 
compari ng the shape factor from the body to the wi n
dow with unity.) 

The other approach substitutes some compli
cations for others. In this approach the temper
atures of all surfaces in the room are determi ned. 
Use is then made of estimates of shape factors to 
find the mrt, as shown in the equation given above. 
Shape factors of this type have been tabulated.*** 

When consideration was given for determination 
of the mrt in the present testi ng program, the 
method using the globe thermometer was rejected as 
being too site specific. Instead, the surface 
temperature determination method was used. Surface 

** P. O. Fanger, THERMAL COMFORT - ANALYSIS AND 
APPLICATIONS IN ENVIRONMENTAL ENGINEERING, 
McGraw-Hill Book Company, 1972, pP. 141-148. 

*** P. O. Fanger, OPe cit., Chapter ~. 



temperature data for the window given as a function 
of the primary independent variables in the testing 
program was determined to be the most durable and 
widely applicable form of the data. 

Surface temperatures for the f1 ow wi ndow were 
determined in all experimental runs. This para
meter was key in determi ni ng wi ndow performance, 
as has been di scussed above. * Hence the assumed 
htotal variation coupled with the inferred (from the 
experimental data) variation of ut can be used to 
"return" values of the inside (roomside) surface 
temperature. This is done for nighttime conditions 
in Figure 5.11. As would be expected, the surface 
temperature (the window contribution to the mrt) 
increases with increasing air flow for winter night
time conditions. Comparable results for typical 
single, double and triple-glazed windows are shown, 
based upon an assumed constant overall heat transfer. 
coefficient but an inside heat transfer coefficient 
that varies as shown in Figure 3.8. 

70 

!'" 65 

INSIDE TEKPEllATUIlE • 65·" 

OUTS IDE TEKPEllATUIlE. ." 

Figure 5.11. Inside pane temperature for nighttime 
winter conditions, to be used in mean 
radiant temperature calculation. In
side temperatures other than 65°F can 
be found by linearly shifting whole 
curve. 

* Remember that (Ti - Twi) was used to fi nd htot~ 1 , 
and then, for nighttime testing, hT (Ti - Twi) = 
Ul (Ti - To> was used to find U1' 
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6. PERFORr~ANCE MODEll NG 

The test results, as described in Chapter 5 
can be used in many practical applications. Most 
importantly, however, is the potential impact on 
energy consumpti on determi nati ons. 1 n the fo 11 ow
ing section, the considerations for performance 
modeling are outlined. Following that, results 
for year long modeling for a range of operating 
parameters in Salt Lake City are given. The per
formance modeling program is listed in Appendix H. 

6.1. Description of Modeling Technique 

6.1.1. Energy Balance of the Air-Flow Windows 
The instantaneous enerqy balance of the air-flOW 
windows relative to the barrier between the inner 
and outer ambf ent condi ti ons, but negl ecti ng the 
energy in the air flow was noted in Section 4.4. 
It is repeated here: 

os = Ul (To - Ti) • Aw + (HI + RB) • 10 'Ag (6.1) 

The ai r used to achi eve the reducti on in energy 
transfer across the air-flow windows must be re
placed, if discarded, or it must be conditioned, 
if returned to the central HVAC system. In case of 
the exhaust-air window, all cavity air is discarded 
and replaced by fresh air. In case of the return
air window, the option exists to only partially 
di scard. The ai r not di scarded will have to be 
treated before recycling. 

The instantaneous heat loss or gain of the 
return air in the cavity is defined as: 

(6.2) 

The amount to be treated is I-FR, where FR is the 
fresh air fraction which replaces part of the 
return ai r. The energy reQui red to treat the re
cycled air can be expressed by 

ORC (1-FR)' ORT = (1-FR) • [U2 • (To - Ti) 

• Aw + H2 • 10 • Ag] (6.3) 

The eneray losses and gains from the fresh air flow 
(balancing the exhaust air) are defined in the 
following section. 

6.1.2. Energy Balance of the Reference Window 
As outlined in Section 4.4, the energy balance on 
the reference window is established by using the 
overa 11 heat transfer coeffi ci ent and the shadi ng 
coefficient 

OS = Ur • ( To - T i) • Aw + SC • 10 • A g ( 6 .4) 

6.2. Energy Content of Exhaust-Air 

While evaluating the efficiencies of air-flow 
windows versus conventional systems it is important 
to consitier the "fate" of the air after it leaves 
the wi ndow cavity. I n the case of the exhaust-ai r 
window all air is discarded to the outside. In 
the case of the return-air window all, none, or 
part of the air is discarded. Only in very special 
cases none of this return air may be discarded 
which implies total reconditioning. 
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Oi scarded ai r must be made up from fresh out
side air. Minimum fresh air requirements must be 
considered. For the conditioning of the fresh 
air, energy is needed to provide the desired sens
ible and latent components of a steady state room 
air condition. 

Fresh air requirements are generally expressed 
in cfm per person. Here, for easier comparison, 
fresh air requirements are expressed in cfm per ft 
of wi ndow wi dth. The sens i b 1 e energy content of 
make-up air for a particular requirement is then 

OFRI = FR • CFM • WW • 0.92 • (To - Ti) (6.5) 

where 0.92 represents the product of ai r density. 
specific heat and 60 minutes per hour (0.064 x 
0.24 x 60). The latent energy content of make-up 
ai r is 

OFR2 = FR • CFM • WW • 3.84 [(1070 + 0.45 • TM) 

• WO - (1070 + 0.45 • Ti) • wI] (6.6) 

where 3.84 represents the product of air density 
and 60 mi nutes per hour (0.064 x 60). The sum of 
1070 + 0.45 • Ti relates to the enthalpy levels 
at the monthly mean outsi de temperatures (1M) and 
the ins i de temperatures ( Ti ) • The mean outs ide 
temperatures, the inside temperatures and the 
re 1 ated humi di ty rati os for Salt Lake City as used 
for the performance modeling are given in the 
Appendix L. 

6.3. Hourly Insolation and Temperature 
Determination 

As is discussed in the next section an hourly 
time step is used for the modeling of the windows 
to determine their year-long performance. Hence 
it is very critical to have representative values 
for the two most important climatic variables: 
temperature and insolation. 

There are two extremes that can be consi dered 
in modeling these two parameters. In one, long
term (e.g. month) averages can be used. This can 
be a very inaccurate approach in modeling items 
that respond to variability. In another, virtually 
instantaneous weather records for a 1 arge number 
of years can be used. Two drawbacks exist in this 
approach: weather records of this type -are quite 
1 imi ted (at best, hourly values are avai 1 abl e from 
the SOLMET system for some of their stations), and 
the computer time and capability required for this 
type of calculation is far beyond the reach of 
most architectural and engineering firms. 

Experience, primarily related to solar system 
simulation developed at the University of Utah* 
has shown that there are procedures whereby the 

* S. R. Swanson and R. F. Boehm, "Experimental 
Measurements and Systems Impl i cati ons of Perfom
ance of Flat Plate Solar Collector Configurations," 
ASME Paper 76-WA/Sol-14, 1976. 

S. R. Swanson and R. F. Boehm, "Calculation of 
Long Term Sol ar Co11 ector Heati ng System Perform
ance," SOLAR ENERG Y, .!!, 2, 1977, pp. 129-138. 



variability of the weather can be handled approxi
mately. This variability is so important to the 
modelinq of systems like the ones considered here, 
and can be· handl ed approximatl ey wi th 1 i ttl e los s 
in accuracy but with a great deal of simplification 
of the weather records and computer capability 
required. 

The technique used in the present work is 
described briefly here and in somewhat 9reater 
rletail in Appendix M. Accuracy of the simulation 
is difficult to assess in absolute terms because 
there are relatively few simulations published 
that have used very detail ed data and are consi dered 
to be highly accurate. We have compared the very 
detail calculations for solar system performance 
performed at LASL wi th agreement wi thi n 4~ maximum 
error, but more typically 1-2%.** What is critical 
is that the approach does include variability of 
weather parameters in an approximately realistic 
fashion and it is within the computer capabilities 
of many firms. Since both the flow windows and 
the reference window are modeled with the same code, 
the comparisons given here should be relatively 
valid. 

In the weather modeling (described in more 
detail in Appendix M), base data required for 
input are (all for the location of interest): 

1. Lonq term average monthly maximum and min
imum temperatures 

2. A specific yeart daily maximum and minimum 
temperatures 

3. Long term average monthly insolation on a 
horizontal surface 

4. A specific year*** daily insolation on a 
horizontal surface. 

These data are readily found in U. S. Weather Bureau 
records. 

The daily insolations are normalized so that 
the monthly sums of the daily values correspond to 
the long term monthly averages. A similar procedure 
is performed on the temperatures. In this manner, 

R. F. Boehm and S. R. Swanson, SOLAR SYSn:M 
DESIGN HANDBOOK FOR UTAH, Utah Engineering Experi
ment Station, 1978. 

T. Newell, S. Swanson and R. Boehm, "Mass Flow 
Considerations for Solar Air Heatinq Systems," PRO
CEEDINGS OF THE INn:RNATIONAL SOLAR ENERGY SOCIETY, 
1979, pD. 857-861. 

T. Newell, S. Swanson and R. Boehm, "The Effect 
of Auxiliary Load Management Strateqy on Solar 
System Performance," PROCEEDINGS OF THE I Nn:RNA
nONAL SOLAR ENERGY SOCIETY, 1979, pp. 2143-2147. 

R. Rudloff, S. Swanson and R. Boehm, "Computer 
Simulation Results for Planar Reflectors and Flat 
Plat Solar Col)ectors," JOURNAL OF SOLAR ENERGY 
ENGINEERING, ~ay 19AO, pp. 166-172. 

T. Newell, "Parametric Studies of Active Resi
dential Solar Heating Systems," M.S. Thesis, Univer
sity of Utah 1980. 

** See Boehm and Swanson, 1978, in previous foot
note. 

*** While a specific year's data i's used, the par
ti cul ar year is not important because of the norm
alized procedure used in the calculations. 
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a rlata set reflectinQ specific year variability 
but with long term average equivalence is generated. 

In typical solar radiation modeling fash.ion, 
the daily, horizontal, total radiation values are 
separated into beam and diffuse components. The 
beam component is then vari ed hourly vi a the phys
ical variations of the sunshine so lucidly described 
by many authors. This is the same as "clear sky" 
condition calculations, but with a modified inten
sity due to the degree of cloud cover present on a 
particular day. As is the real situation, the 
modeling scheme does not allow any beam radiation 
on extremely overcast days (this is shown specific
ally in Appendix M). The total and diffuse varia
tions through the day are handled by empirical 
relations and these are given in Appendix M also. 

The ambient temperature is varied with time 
sinusoidally between the maximum value for the day 
and the mi ni mum va 1 ue for the day. A slight delay 
past sol ar noon of the occurrence of the maximum 
value is taken to more closely simulate what norm
ally is measured. 

More details on the calculation procedure for 
the temperatures and the 1 nsol ati on are given in 
the Appendix M and I. 



7. MODELING RESULTS AND DISCUSSION 

7.1. Monthly Performance Results 

Figures 7.1 through 7.24 show monthly perform
ance modeling results for two cavity air flows (4 
and 6 cfm/ft of window width) over the course of a 
year. These results are sums of hourly calculations 
by a compu ter program wh i ch is 11 s ted in Appendi x 
H. The external environment input is the reference 
year data on radiation and temperatures of Salt 
Lake City as described in Section 6.3 and listed in 
Appendix I. The window input data is based on the 
test results as shown in Figures 5.1. 5.3. 5.5. 
5.6 and 5.8. The data is gi ven in four blocks per 
month which represent the south. east. west and 
north orientations. This data is listed in Btu per 
month and is for reference and air-flow window 
sizes of 4 ft width and 7 ft height. -

Only heat gain or heat loss will happen across 
a window during a particular hour. Over the course 
of a day or a month. however. ti mes of heat gai n 
and heat loss will occur. These loads shoul d not 
be traded-off agai nst each other. as consi derabl e 
tiistortions of actual performance would develop.* 
Therefore. all performance modelling results are 
shown as simulations of positive and negative hourly 
energy balances (heat gains and losses). 

The first four values of each block give the 
heat gain and heat loss for the reference window 
and a i r- fl ow wi ndows: QREF and ~AF. 

Positive values represent heat gain. negative 
values represent heat loss. The simulations are 
based on the assumpti on that the heat qai ns and 
heat losses of the exhaust-air window and return-air 
window are the same. that is OEAF :: ORA; the fate 
of the exhaust air or return air and the associated 
energy not being considered. 

The first two lines of the FR columns give the 
energy ORC which is required to treat with HVAC 
equipment that part of the ai r which is reci rcu
lated (not exhausted). If FR :: 1. all air is 
exhausted and ~C :: O. This happens in the case 
of exhaust-air windows or when all air in a return
air window system is exhausted. With decreasing 
FR less and less air is exhausted. The recirculated 
air must be treated. 

The 1 ast four 1 i nes of every block refer to 
the energy whi ch is necessary to treat the fresh 
ai r. that is the ai r repl acement for the exhaust
air window or the return-air window. These values 
decrease with decreasinq FR. They are the same in 
each b 1 od. as they are the same for each ori enta
tion. 

Figure 7.43 shows the sample output of the 
hourly performance over one day at 4 cfm/ft of 
window width (7th of August). Figure 7.44 gives 
the key for understanding these values. 

* Special HVAC systems may accept functions which 
allow trade-off. for example through energy shifting 
in buildinqs. when heat gains and losses occur 
simultaneously. or through energy storage. 
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Since there are several components of the var~ 
ious energy flows. an understanding of the numerical 
results of the Energy Balance Simulation Program 
is somewhat involved. 

Figures 7.25 through 7.42. therefore. show some 
of the same data in graphic form for transmission 
gains and losses on south and west orientations. 
for energy requi red to treat recycl ed ai r and for 
energy required to treat make-up air. 

For the following tiiscussion reference is made 
to the graphs from Figure 7.25 onward through 7.42. 
Two units on the vertical scale of these graphs 
equa 1 0.1 x 106 Btu per month. Fi gure 7.25 shows 
the performance of the test wi ndow (OEAF or ~A) 
and the reference window (QREF) for the south 
orientation at 4 cfm/ft of window width. The graph 
shows an improvement for the air-flow window versus 
the reference wi ndow of about 60 percent for heat; ng 
and about 55 percent for cooling during all year. 
Heat losses and heat gains are separated as totals 
are not representative of window energy balance. 

An increase of cavi ty ai r-fl ow from 4 to 6 cfm/ 
ft improves this efficiency slightly more. This 
difference is small. however. and that it is hardly 
noticeable in the graph (Figure 7.34). These de
crea~es of QEAF+ and OEAF- are for January: 0.104 x 
x 10 - 0.101 x 106 :: 0.003 x 106 Btu for heat 
gain and - 0.113 x 106 + 0.100 x 106 :: - 0.013 x 106 
Btu for heat loss (see Figures 7.1 and 7.13). For 
October. with the largest heat gain. the il!1Provement 
is 0.252 x 106 - 0.240 x 106 :: 0.012 x 106 (Figures 
7.10 and 7.22). These differences represent 
improvements of 12 percent for the largest heating 
load and 5 percent for the largest cooling load at 
south orientation. 

Figure 7.2R shows the performance for west 
orientation at 4 cfm/ft. The performance in heating 
is obviously very similar to that found for the 
south orientation. The improvement in performance 
of the ai r-fl ow wi ndow versus the reference wi ndow 
related to cooling load is about 58 percent. 

The impact of the increase in cavity air flow 
from 4 to 6 cfm/ft again is hardly noticeable in 
the graph. During the peak month of JU1~ it yields 
a reduction of 0.238 x 106 - 0.227 x 10 :: 0.011 x 
106 Btu (Figures 7.7 and 7.19). that is about 4.5 
percent. 

The values described above are the heat gains 
and losses to and from the i nteri or envi ronment. 
not considering energy in the air flow. In this 
regard the exhaust-ai rand return-ai r system perform 
equally: therefore the notation of OEAF :: ORA in the 
discussed graphs. 

If the cavity air flow is larger than the fresh 
air requirement of the exterior building zone. then 
gains and losses for treating fresh air beyond 
comfort requirements must be included in the energy 
ba 1 ance of the exhaust ai r wi ndows. Fi gures 7.31 
through 7.33. These graphs a re shown wi th fresh 
air fractions of 1.0. 0.75. 0.5 and 0.25. At fresh 
air fraction equal to zero. all cavity air is 
recycled. It is obvious that the potential for 
savings exists. especially in winter. if the fresh 
air flow is less than the cavity air flow. A 
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return-air window would be chosen over an exhaust
air window, as the exhaust air window always has 
the maximum a fresh air fraction of 1.0. 

I n case of the return-ai r wi ndow wi th a fresh 
air fraction smaller than 1.0 must add the energy 
required (QRC) to treat that part of the cavity 
air which will be recycled, Figures 7.26 and 7.27, 
7.29 and 7.30. The energy needed for treating 
this air is in this case (Salt Lake City) in winter 
considerably smaller than the energy needed for 
treating fresh air. Not so in summer, however. It 
1 s noted that duri ng summer months when there is 
no heating required, there are small negative 
values, representing heat loss. This is due to 
the static temperature setting in the computer 
model of 78°F during the summer months. Salt Lake 
City experiences considerable temoerature 
sw; ngs duri ng summer and temperatures often fall 
below 7RoF. The winter setting is at 68°F which 
may contribute to small gains when the outside 
temperature is above this level. For consideration 
of the comparative overall performance of the 
windows these small losses and gains are of neglig
ible concern. 

7.2. Monthly Summary Samples Including Fresh Air 
Impact 

For a better understanding of overall window 
performance the loads from window heat gain/heat 
loss, from treatment of recycled air and from 
treatment of fresh air, are added. For a fresh air 
fraction, for example, of 0.75 for the return-air 
window and the reference window the following heat
ing and cooling loads are found (Btu/month). 

Exhaust Air Window 

January, south, 4 cfm/ft, heat loss (Figure 7.1) 
SQEAF = QEAF + QFRESH 1 + QFRESH 2 

= - 0.113 x 106 - 0.404 x 106 - 0.113 x 106 
= - 0.630 x 106 

October, south, 4 cfm/ft, heat gain (Figure 7.10)"" 
SOEAF = OEAF + QFRESH 1 

= 0.252 x 106 + 0.773 x 103 = 0.253 x 106 

July, west, 4 cfm/ft, heat gain (Figure 7.7) 
SQEAF = OEAF + QFRESH 1 

= 0.23R x 106 + 0.378 x 105 = 0.276 x 106 

Return-Air Window 

January, south, 4 cfm/ft, 0.75 fresh air, heat loss: 
SORA = OEAF + ORC + QFRESH 1 + QFRESH 2 

- 0.113 x 106 - 0.199 x 105 - 0.303 x 106 
- 0.849 x 105 

= - 0.521 x 106 

October, south, 4 cfm/ft, 0.75 fresh air, heat gain: 
SORA = OEAF + ORC + OFRESH 1 

= 0.252 x 106 + 0.264 x 105 + 0.580 x 103 
= 0.279 x 106 

.... A latent heat gain component (QFRESH 2) does not 
appear in the heat gain calculations because of the 
low relati ve humi di ty level s in Sal t Lake Ci ty. 
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July, west, 4 cfm/ft, 0.75 fresh air, heat gain: 
SQRA = QEAF + ORC + OFRESH 1 

= 0.238 x' 106 + 0.239 x 105 + 0.284 x 105 
= 0.290 x 106 

Reference Window 

January, south, 4 cfm/ft, 0.75 fresh air, heat loss: 
SQREF = QREF + QFRESH 1 + QFRESH 2 

= - 0.309 ~ 106 ~ 0.303 x 106 - 0.849 x 105 
= - 0.697 x 106 

October, south, 4 cfm/ft, 0.75 fresh air, heat gain: 
SQREF = QREF + OFRESH 1 

= 0.629 x 106 + 0.580 x 103 
= 0.687 x 106 

July, west, 4 cfm, 0.75 fresh air, heat gain: 
SQREF = OREF + QFRESH 1 
~ = 0.551 x 106 + 0.2R4 x 106 

= 0.580 x 106 

These values show large energy savings for the 
air flow windows versus the reference windows. 
Because of the fresh ai r fracti on assumed to be 
0.75, the return-air window performs considerably 
better than the exhaust-air window in January (heat 
loss), but not as well in October (south, heat 
gain) and July (west, heat gain). For October, 
this is due to the utilization of, outside air 
which has a lower temperature level than the inside 
air. For July. the difference between the outside 
air and the inside air is smaller than the differ
ence between the return air from thereturn-ai r 
window and the inside air, resulting in larger 
energy consumption for treatment than for cooling 
fresh air from outside. 

The sample of hourly data for the 7th of August 
(Figure 7 .43) clearly shows the cool ing load con
tributions of the various energy flows. The reduc
tion in performance for the room cooling load 
from reference window to air-flow window for west 
ori entati on is nearly 60 percent: 0.255 x 104 -
0.106 x 104 = 0.149 x 104 Btu/hr. 

At a fresh ai r fracti on of 0.75 the recycl ed 
air would bring a cooling load of 0.118 x 103 
(ORCD in computeri zed data) and the fresh ai r a 
coo 11 ng load of 0.136 x 103 (OFR1). The negati ve 
sign of QFR2 indicates moisture loss to the outside 
at the assumed inside relative humidity level of 
30 percent. 

' .. " 



January 
so. 
OREF'+ 
a.2ISE" 

OREF
-e.J.gE e6 
OEAF+ 
e.l84E t6 

OEAF
-e.U3E e& 
FRI l.a .15 .5' .2S 
ORC + 
e.eteE.e '.lesE as '.289£.5 '.314£ as 

ORC -
e ... e£ .. ".1SI9E es -a.398£ IS ... 598£ es 

OFRESAH1 + 
e.eetE ee e.teeE.. e.eeeE" '.eeeE ee 

OFRESAHI -
-'.4e4E 86 ".3IJE86 -e.282£ 86 ".IIlE e& 
OFRESH2 + 
e.teeE ee e...... e.eeIE" '.eel£" 

OFRESH2 -
-'.lIJE e& -e.849E es -e.56&E .S ... 283£ es 

EAST 

ORa. 
e.488£ 'S 

GRU
-e.J3&E 86 
OEAF'+ 

t.231E .5 
OEAF'
-e.119E 86 
F'RI 1.' .15 .5' .25 
ORC • 
e.tee[" '.UII t4 '.23 •• " '.31X.4 

ORC -
e.ele[ Ie - •• 222E IS ..... 451; ..... 811'7£ .5 

OFRESAHl + 
l.eleE e. • ... tE.. ..e .. , ••.•• " •• 

OFRESAHl -
-1.""4E 1& ".383E 86 ... 2.2£ •• ".1.1E '8 
OFRESH2 + 
t.IIIE" ..... E.. • •• eee.. • •• etE" 

OFRESH2 -
-e.113E •• -'.149E IS ".588E1S ".213£ •• 

1I£5T 

QRU+ 
8.7181 •• 

OREF
-e.333£ •• 
OEAF+ 
'.3251 ., 

OEAF'-
- •• U8£ t6 

• FRI 1.' .71 .51 .25 
ORe • 
•.• eer.. '.114['4 '.317E'" '.511E'" 

ORC -
e.lteE e. ".219E .5 ..... JIIE .5 ... &S7E .5 

OF'RESAHI + 
'.08eE II '.eeeE ee ' •• eeE.. . ... eE •• 

QF'RESAHI -
".4'4E e& ".3.3£ IS ".2.2£ e& -e.letE t6 
QF'RESH2 + 
e.eeeE" e.tetE ee •••• 8£ e. • ••• 1£ •• 

aFRESH2 -
".113E e6 ... 849E .5 ... 566£ es ".283£ es 

NO. 

OREF. 
e.324E t4 

ORE"
-e.358£ .. 
OEAF. 
•• S84€ e4 

OEAF
".124€ t6 
FRI 1.' .7S .5' .25 
ORC • 
'.letE e. ..tetE e. ..eetE e. • .• eeE.' 

ORC -
l.aetE at ... 239E es ... 4T7E es ... 711il: IS 

OF'RESAHI • 
e.eteE II '.ltIE I. '.leeE" •••• IE.e 

OF'RESAHl -
-e .• e~E 16 ... 383£ til ".2e2£ IS ".lel£ 86 
OFRESH2 • 
e.eeeE" e.leeE I. '.lelE.I e.tte[ It 

OFRESHi! -
-e.llJE 16 ".8"9[ IS -8.S66E es ... 283E IS 

SO. 
OREF+ 
e.51&E e& 

OREF
-e.25eE t6 
OEN'. 
e.2e2E t6 

OEAF
-e.934E e5 

February 

FRI 1.a .75 .se .25 
ORC + 

e.aeeE ee e.2t2£ as e.484E es •• 686£ es 
ORC -
e.eetE ee -a.1S7£ as -e.314E es ... 4?t£ es 

OFRESAHI + 
e.eetE eee.eeeE ee '.eeeE ee '.tetE ea 

aFRESAHl -
-e.J46E 86 -e.2S9E e& ".173E e& ... 8SSE es 
OFRESH2 • 
e.eeeE ee '.eeeE ee •• eetE e. a.eetE 88 

OFRESH2 -
-'.929E as ... 697£ es ... 4&5£ .5 ... 232£ as 

EAST 

OREF'· 
'.136£ es 

OREF-
- •• 21SE es 
OEAF+ 
'.571E es 

OEAF
-t.977E as 
FRI 1.e .15 .5' .25 
ORC • 
l.teeE ee '.4'76E'4 '.SlS3E84 '.143£ es 

ORC - ' 
e.tetE .. -e.181E es ".J62E es ".54 .. £ IS 

OF'RESAHI + 
1.0eeE ee •• eetE Ie ..... E.. I •• ee£ It 

OFRESAHl -
-e.34&E 86 ".2S9E ., -'.173£ IS ".8&SE es 
QF'RESHi! + 
'.0etE" '.888£ I. e .... E .. 1 ... tE .. 

OFRESHi! -
-e.~i!9£ as ".&g?£ 85 - .... 'SE IS ".232E IS 

WEST 
QIIEF. 
e.189£ " 

OREF
-e.272E .. 
OEAF+ 

e.?SeE es 
OEAF'
-0.97&E as 
FRI 1.. .15 .51 .25 
ORC + 
'.eee£.. '.698£ 84 '.138£ IS '.2t'7E IS 

ORC -
l.eteE .. -e.178E IS ".3S&E as ... 53"E IS 

OFRESAHI • 
l.telE ee .... IE ee e .... E ee e.eetE .. 

OFRESAHl -
-e.J"6E e& - •• 259E e& -e.l7JE e& -e.8&sE IS 
O"RESHi! + 
l.eeeE" e.tetE ee ..... E ee e.eetE ee 

OFRESH2 -
-0.929E IS -e.697£ IS -e'''SSE IS ... 232£ es 

1'10. 

OREF. 
a.J6.E 14 

OREF- . 
-e.298£ 86 
QEAF+ 
e.lllE es 

OEAF'
-e.112£ 86 
FRI 1.e .15 .se .25 
ORC + 
e ... IE.. 1.22IE el e.439£'1 e.6S9E.1 

ORC -
e.etaE .. ee.2elE IS -e ... e3E IS -e.684E es 

O"RESAH1 • 
e.eeeE ee e.eeeE ee e .... E ee e.teeE .. 

OFRESAHt -
-e.346£ 86 -e.25SE 86 -e.173E e& -8.865£ as 
QFRESHi! • 
e.eeeE ee '.88IE ee e .... E 88 0.ettE .. 

Q"RESHi! -
-e.Ili!IlE as -•• 697£ IS -8.4&5£ as -8.232E as 

Figures 7.1 and 7.2. Monthly performance data for cavity air flow of 4 cfm/ft of window 
width and various fresh air fractions (window size 4 ft x 7 ft) in Btu per month 
(0. lODE 06 = 0.100 x 106 ). 
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March 

so. 
OREF. 
.... 36£ 86 

OREF-
-O •• HIE 86 
OEAF. 

e.18SE 86 
OEAF
-e.889£ es 
FRI 1.' .75 .51 .25 
aRC. 

O .... E.. e.16'1E.5 •• 335E es '.582E as 
ORC -
o ... eE •• -e.1S4E e5 -e.3t9E es -'.463E es 

OFRESAHI • 
e ... e6E e3 •• 3eSE e3 e.283E e3 '.1.2E e3 

OFRESI'IHI -
-•• 340E .6 -I.2S5E e6 -e.17eE 86 -e.851E .5 
OFRESH2 • 
8.oeeE ee e.eeeE" e.eeeE ee '.eetE ee 

OFRESH2 -
-8.876E es -I.6S7E es -'.438E as -'.219E as 

EAST 

QREF. 
e.193£ 8. 

OREF
-e.2S7E e. 
OEAF. 

e.ge3E es 
OEAF
-8.92eE es 
FRI 1 •. ' .75 .5' .as 
aRC • 
e.eeeE" 1.611£ e4 8.134£ e5 '.211£ IS 

ORC -
e.eee£ ee -e.17e£ as -•• 341E 85 -e.SllE IS 

QFRESAHI • 
e .... 6E e3 1.3ISE 83 8.2'3£ e3 '.le2£ 13 

QFRESAHI -
-e.l"0E e6 -e.25SE es -I.17eE e6 ".8S1E es 
QFRESH2 • 
e.e •• E" I .... E" '.eelE" •• eelE" 

OFRESH2 -
-e.876E es -1.657£ es ..... lIE .5· ... 211E .5 

IoIEST 

QREF. 
•• a61£ •• 

OREF
-e.2SSE 16 
OEAF. 
•• 113£ •• 

OEAF-
-•• 918E es ' 
FIH 1.' .75 ,,5' .25 
aRC • 
e.8eeE I. e.gsa[ 14 '.199£ IS '.28SE 85 

ORC -
•••• IE .e ".ISIE es -e.33SE es -e.SI3£ IS 

OFRESAHI • 
..... 6E.3 1.3eSE 13 8.213£ e3 e.l.2£.3 

OFRESAHI -
-e.l"eE .6 -e.2SSE e6 -e.17eE e6 ".SSIE 85 
OFRESH2 • 
e ••• 8E.. e.eeeE ee •••• IE.e •••• 8£ •• 

OFRESH2 -
-e.S7SE .5 -e.SS7E .5 -e."3SE es -e.219E es 

110. 

OREF. 
e.271E IS 

OREF
-e.a7"E e& 
QEAF'. 
0.l3SE IS 

OEAF
-e.SS1E IS 
FR. 1.1 .75 .. 51 .25 
ORC • 
e •• eeE el '.211E 13 1.428£ 13 1.631E 13 

ORC -
e."8£ II -e.188£ '5 -e.376£ .5 -1.S6SE IS 

QFRESAHI • 
' •• 06E.3 '.3esE.3 1.213£.3 1.1.2£.3 

OFRESAHI -
-e.J.OE 06 -e.2SSE e& -e.17eE e6 -e.SSlE .5 
QFR~SH2 • 
e.0~eE ee e •• "E II l.e'IE el 0 .... E .. 

QFRESHa -
-1.S7SE 05 -e.657E os -1.438£ 15·-1.219£ es 

SO. 

IREF. 
e.299£ 86 
IREF-
· •• 199E 86 
lEAF. 
e.132E e6 

IEAF-
.~. 71SE es 

April 

'RI 1.' .75 .5' .25 
IRC • 
e.e8IE ee e.l14E es '.22?E es e.341E'S 

IRe -
e.eeeE ee -I.132E .5 -I.264E es -I.39SE .5 

IFRESAHI • 
•• le9E.3 e.81.SE.2 •• 543£ e2 •• 272£ e2 

IFR[SAHI - . 
· •• 285E es -e.214E 86 -1.143£ .6 -e.713E es 
IFRESH2 • 
e.eeeE e. e.eeeE.. • •• eeE.e 1 •• eeE ee 

IFRESH2 -
'0.178£ 86 -e.134E .6 -e.891E es -e.446E as 

EAST 

IREF • 
•• 233£ 16 

IREF-
' •• 198£ es 
lEAF. 
e.U4E es 

IEAF-
· •• 71IE es 
'RI I.e .75 .51 .25 
IRC. 
8."8£ ee '.826E 84 8.165£ as 8.248E es 

IRC -
•• eee£ ee -e.135£ .5 -8.i!69E es -e'''84£ es 

IFRESAHI + 
e.I.9E 83 8.81SE'2 '.543£ ee 8.272E ee 

II'RESAHI -
·e.28SE 86 -e.214E .6 -e.143E 86 -8.713E as 
,FRESH2 + 
•••• eE.. ' •• eeE.e '.eeIE II ..... E .. 
IFRESHa -
·e.178E 88 -1.134£ .6 -1.891E .5 -e.446E IS 

WEST 

OIlEF. 
'.3e3£16 

OREF
-'.I91E es 
QEAF'. 
'.135E es 

OEAF
-'.7.8E es 
FRI I.e .75 .51 .25 
ORC • 
e."'E ee 1.112£ es 8.224E es e.336£ es 

aRC -
e.eelE .e -e.132£ es -e.i!64E es -e.396E es 

OFRESAHI • 
e.I.SE 13 1.81SE e2 •• 543E 12 e.272E e2 

OFRESAHI -
-e.28SE 16 -e.21"E 16 -8.143E 16 -e.713£ es· 
OFRES~2 • 
'.eeeE" l.eelE" I .... E.. • .... E .. 

OFRESH2 -
-e.178E 86 -1.134E 86 -e.891E as -e.446E es 

itO. 

OIlEF. 
e.S38E as 

OREF
-e.2e2E es 
OEAF. 
e.S63E es 

OEAF
-1.7ISE es 
FlU 1.1 .75 .51 .25 
ORC • 
' .... E ee e.6?7E 13 1.13SE 14 e.283£ e4 

ORC -
,.8eeE •• -1.14SE es -1.29'E es -e. 43SE es 

OFRESAHI • 
0.leSE 13 1.81SE 12 '.s43E e2 '.272E 12 

OFRESAHI -
-0.285E es -e.214E es -0.143E .6 -o.713E .5 
OFRESH2 + 
0.0e0E" I .... E.. 1 ... eE el e.e .. E .. 

QFRESH2 -
-e.178E 86 -1.134E es -1.891E os -O ..... 6[ es 

Figures 7.3 and 7.4. Monthly performance data for cavity air flow of 4 cfm/ft of window 
width and various fresh air fractions (window size 4 ft x 7 ft) in Btu per month 
(0.100E 06 = 0.100 x 106 ). 
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May 

so. 
)REF+ 
e.2SK 86 

lREF
·".18lE 86 
lEAF+ 
0.121E 86 

lEAF
·".6~2E lIS 
'"RI 1.1 .15 .51 .25 
lRC + 
O.teet 19 1.982E 14 '.196£ lIS '.295E IS 

lRe -
e •••• E ". -1.122£ .5 - •• 24SE es -'.367E .5 
lF~SAHl • 
'.leeE.4 •• 151E.3 1.5.1E.3 '.251£.3 
lF~SAHl -
-e.2SSE '6 -I.191E ., -'.l27E 86 ".637E .5 
lFRESHa + 
l~~~~!' •• eeeE ••• .... £.. • ... tE .. 
-'.158£ ., -I. 11 lIE " - •• 792£es ... 396£ .5 

EAST 

lREF+ 
'.311E t6 

lREF-
-iI.lm " 
lEAF+ 
e.143£ ., 

lEAF
-0.628E .5 ;:b + 1.'· .15 .5' .2S 
l:C~'E e. '.117£ t5 1.234£.5 '.351£.5 
l.tetE .1 - •• 12.E t5 -I.24tE IS -I.361E .5 

lFRESAHl • 
l~R~~!~l"~ •• 15IE.3 '.5.1E.3 •• 2StE.3 
j~R~~~~ ~6 -e.1VI£ .. ".12?! I. -I.637E es 
l~R~~~~!" .... 1£.. • ••• 1£.. ..teeE e. 
-'.158£ 16 -1.119£ 86 -I.7geE es ".396£ e, 

WEST 

OIIEF'+ ,.4.1£ I. 
QREF
-'.175£ 16 
OEAF. 
1.177E t6 

OEAF-
-•• 627E .5 
FRI 1.' .75 .5' .25 
ORC • 
e.IeeE" '.lSSE.5 •• 311E IS '.464£ IS 

ORC -
e.ee.£ •• -1.117£ '5 -I.234E '5 -I.3S1£ lIS 

QFRESAHI • 
e.leaE 14 '.151£ 13 •• 511E 13 1.2S8E 13 

QFRESAHI -
-e.2SS£ .6 -1.191£ .6 ".127E .6 -I.637E IS 
QFRESHC! • 
'.lle£ ee e.1eeE II ••• etE.. '.letE •• 

QFRESHa -
-I.15SE a6 -1.119£ " -1.792£ es -1.396£ lIS 

ItO. 

aREF'· 
a; letE IS 

QREF
-1.172£ ., 
QEAF. 
e.alJE IS 

Q£AF
-e.614£ es 
FR. 1.' .75 .5' .25 
QRC • 
1.leeE" '.177E 14 •• 354£ t4 e.S31£'4 

QRC -
l.ateE ae -a.l28£ as ".;!41E lIS -1.36111£ .5 

QFflESAHI • 
a.la.E'4 '.151£.3 •• 5.1£.3 '.aslE 13 

QF"iESAHl -
-e.2SSE '6 -I.191E .6 -I.127E '6 -1.637£ .5 
QFQESH2 • 
0.0e.E.. '.tetE.. • .... £ I. • ••• IE e. 

QFRESH2 -
-e.1S8E .6 -1.119£ .6 -e.792£ es -I.396E IS 

so. 
lREF+ 
o.as.£ " lREF

-e.U4£ .6 
lEAF+ 
e.la3E ., 

lEAF
-e.4.SE e5 

June 

:RI 1.' .75 51 25 
lRC + " 
~e!IE'. '.1.7E.S •• 21lE e5 '.328£.5 

)~R~~l '! -'.767£ '4 -'.lSlE IS -I.23tE 15 

)~R~;~~l~ '.678E.4 '.452£.4 •• 226£.4 

;:Rt;~~ ~ -'.111E ., -'.738E 15 -1.369£ lIS 

)~~~~!' ' .• I.E.. • •••• E.. • •• teE .. 
-'.l23E 16 -•• 92SE .5 -1.617£ .5 -1.388£ lIS 

EAST 

lREF+ 
'.371E 86 

lREF
-'.l11E 16 
lEAF. 
e.l72£ 16 

lEAF-
-'.4.2£ lIS 
'RI 1." 
lRC • 

.75 .51 .25 
):c~.. '.158£ lIS •• ant lIS '.449£ lIS 

l~R~;:~l ~ ".729£ 14 ".146£ lIS -I.21VE lIS 

);R~;:51e~ 1.678£ 14 1.~S2E t4 '.226E.4 

~R~;=~ :s -'.111£ .6 -'.738£ es -I.369E lIS 

);R~~=~!' '.leeE" ..... E.. 1 .... £ .. 
-•• 123£ 16 -•• 925£ .5 -'.617£ .5 -I.3es£.s 

WEST 

QRE"+ 
a.47t[ .. 

OREF
-a.HI9E 16 
QEAF. 

a.2'SE .. 
QEAF
-1.399E lIS 
~:~. 1.' .15 .It .25 
Q:c.!.E.. '.lVlE lIS '.38&£ lIS •• 579£ lIS 

Q~R~~:~l ~ -e.7e9E t4 -'.142£ lIS -I.21lE lIS 

Q~R~;:51'~ '.678£ t4 '.452E t4 1.226E t4 

Q~Ri;~~ :s -e.l11E 16 -'.738E lIS ... 369£ lIS 

Q~~~~~!' .... 1£.. • .... E.. • •• ee£ .. 
-1.la3E 1& -~.925£ lIS -1.&17£ lIS -I.3IBE lIS 

HO. 

QREF'+ 
'.188£ 16 

QREF
-0.1esE 16 
QEAF. 
0.111E 16 

QEAF
-'.395£ lIS 
~:~. 1.' .75 .5' .25 

Q:c'!lE.. '.566£ t4 '.113£ lIS '.170£ lIS 
e.,.eE .. -e.68C!E 94 -'.136E lIS -I.2ISE lIS 

QFRESilHl + 
Q~R~~:~l'~ '.678E 94 e.4S2E '.4 e.226E'4 
-1.149E 1& -'.111E 1& -e.738E IS ".369E lIS 
QFRESH2 • 
e.eeeE II '.eeeE" I .... E II ..... E .. 

QFRESH2 -
-'.l2:3E 16 -'.92SE lIS -'.617E lIS ".3.SE lIS 

Figures 7.5 and 7.6. Monthly performance data for cavity air flow of 4 cflm/ft of window 
width and various fresh air fractions (window size 4 ft x 7 ft) in Btu per month 
(O.lOOE 06 = 0.100 x 106 ). 
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July 

so. 
OREI"+ 
e.3S4E e& 

OREF
-e.729£ 05 
OEAF+ 
0.16lE e& 

OEAF
-e.271E IS 
FR. 1.' .75 .5' .25 
ORC + 
e.eee£ I. '.t56£'S '.3l3E.5 '.469E IS 

ORC -
e.teeE al ".46SE .4 -1.931£ '4 -'.14eE IS 

OFRESAHI + 
0.378E as 1.284E IS 1.189E es 1.946E 14 

Ql"RESAHl -
".797E IS ... S9SE IS ".l99E IS -e.I99E IS 
Ol'RESH2 + 

e.eeGE al l.aleE I. e.leeE I. 1 ... aE .. 
QFRESH2 -
-a.lI1E e& ... 759£ IS -'.5a6£ .5 ".253E IS 

EAST 

QREF+ 
a.452£ " QREF'-

".722£ 05 
QEA~+ 
e.2elE a6 

QEAF
-e.278E eS 
FR. 1.'· .75 .58 .25 
ORC + 
Q:C.!eE a. '.I96E IS '.391£ IS '.SI?['S 

G.lleE I. -a.4S6E a4 -1.912E 14 ".137£ as 
OFRESAHI + 
'.378E as 1.284£ IS e.l8VE IS •• 946£ 14 

OFRESAHI -
-e.7117£ IS ".598E IS -'.399E IS -'.l99E .5 
OFRESH2 + 
e.eea( It l.eeeE" '.88IE" ..... £ II 

QFR£SI<2 -
-0.101£ 16 ... 75K IS -0.sesE IS ... 25lE IS 

II£ST 

QREI"+ 
'.S51E 16 

Q"EF
-0.715E IS 
QEAF-

a.238E e& 
OEAI'
-~.a69£ as 
~RI 1.' .75 .5' .25 
OllC -a.leeE at 1.23IE t5 1.479[ IS '.7t8£ IS 
QRC -

' .• 0eE 88 ".4411E 14 ".BlllE 14 ".l35E IS 
Ol'RESA~1 + 
3.378~ 05 1.284E es 1.18K IS 1.946£'4 

Ol'RESAl<l -
-e.797E 05 ... sSSE as ".399£ IS ".199£ as 
Ol'R£SHa + . 
e.e00E" a.eee£ al a.a'eE II '.alet al 

Ol'RESH2 -
-'.I.IE e& ... 759£ as ... Se&£ es ".2SlE 85 

NO. 

OREI"· 
3.24SE 86 

OIlEF
-a.7e8E IS 
OEAF'+ 
a. ~38E 86 

OEAF
-0.268E IS 
~R' 1.' .75 .58 .25 
ORC + 

a.leeE 88 1.ge2E 14 '.188£ IS '.271£ as 
aRC -

a.ee0E .. -1.441E a4 ".883E14 ".132£ IS 
Ol'RESA~l • 
a.378E IS a.284E as '.I89E IS '.946£.4 

Ol'RESAI<I -
-1.797E .5 -'.59IE as ... 399£ as ".199£ IS 
Ol'RESI"2 • 
a.000E" e.ee'E Ie •• eeeE e. e •• eet •• 

OFRES~2 -
-0.1etE K -1.759£ 05 ".SKE 05 -1.2S3E 05 

SO. 

OREF+ 
0.412£ 86 

OREF
-e.884E 05 
OEAF'+ 

0.119£ e& 
OEAF
-e.328E 05 

August 

~R' I.e .75 .5' .25 
ORC + 
o.eee£.. '.183£ IS '.366E 05 '.S49E.S 

ORC -
e.88'E 88 ".56SE 14 -e.113E 05 -e.169E 05 

OFRESAHI + 
e.253E e5 e.19eE 95 9.126E 05 1.632E 94 

OFRESAH1 -
-0.102E e6 ... 767£ .5 -'.SllE IS -1.256E 05 
OFRESH2 + 
0.e0aE el l.eeeE ee l.eteE It l.eeeE ee 
O~RESH2 -
-1.964E es ... 723E 05 -1.482E es -1.241E es 

EAST 

QREF+ 
e.39SE e6 

QREF
-e.87SE es 
QEAF'+ 
'.18eE e6 

OEAF'
-e.327E es 
FR' 1.1. .75 .51 .25 
QRC + 

' ... eE It 1.168E IS 1.337£ es l.saSE IS 
QRC -
e.leeE .. -e.SS9E 14 -1.112£ es ".168£ IS 

QFR£SAHI • 
'.253E IS 1.191E 05 1.126E IS 1.632E 14 

QFRESAHI -
-e.le2£ 16 -1.767E IS ".S11E .5 ... 25SE IS 
QFR[SH2 + 

a.e00E II a."IE 88 1.lleE II l.ellE I. 
Q~R£SH2 -
-0.964£ es -1.723E es ".482E 85 ".241£ 8S 

\/EST 

OREl'· 
•• 494£ e6 

QREF
-9.876E 85 
OEAF. 
'.all£ es 

O£AF
-9.l27£ 85 
I'l(l 1.' .75 .5' .25 
aRC· 
9.e.eE.I 1.211£'5 '.422£ IS •• 632£ IS 

ORC -
, •• e.E .1 ... SS3£ '4 ".IIIE IS ".166£ es 

OFRESAHI • 
e.253E 85 1.198£ 0S 1.12SE IS 1.632£ 14 

OFRESAHI -
-a.192£ a6 ".767£ 05 ".s11E es ".2SSE es 
QFRESH2 + 
a.00eE ae e.aleE ae •••• et e.. •• eeE al 

OFRESH2 -
-1.964E as ".723£ .5 ".482£ .5 ... 241E .5 

110. 

OREF· 
8.16IE IS 

OREF
-0.B72£ 85. 
OEAI'· 
0.10IE e6 
OEA~
-e.326£ es 
FRI 1.' .75 .5' .25 
aRC + 
0.eeet ••. '.S4?E 14 '.189£ as e.164£ as 

0::e0.E Be ... 5SE '4 ".tt2£ .5 -e.16?E e5 
OFRESIIHl • 
0.25~E es e.l98£ IS e.126£ es 0.632£ 04 

OFRESAHI -
-e.I02E 26 ... 767£ 05 ".511E es -1.2S6E .5 

O~~~~~~:e e.eeeE e0 e.ee'E e. e.88et ee 
OFRESH2 -
:!.96~E IS ".72lE es -1 •• 82E es -e.241Ees 

Figures 7.7 and 7.8. Monthly performance data for cavity air flow of 4 cfm/ft of window 
width and various fresh air fractions (window size 4 ft x 7 ft) in Btu per month 
(0.100E 06 = 0.100 x 106

). 
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September 
so. 
OREF. 
0.41"E 06 

QREF
-0.168E 06 
OEAF+ 

e.1SIlE 06 
taEAF
-0.6ISE ~S 
rRI 1.8 .75 .se .as 
ORC • . 

O.000E 00 O.178E 8S 8.J .. eE es e.SI8E es 
. op(' -

0.01l0E 00 -II. legE es -e.aIBE es -e.3a6E eS 
QFRESAHI + 

0.a6"E e .. 1.198E 84 8.IJ2E 84 e.661E e3 
QFRESAHI -
-e.219E 86 -8.164E 86 -e.lleE 96 -e.S4BE es 
OFRESH2 + 

i .0l1eE ee l.eeeE ee e.1I8tE lie l.ellllE Ie 
P.ESH2 -
.IJJE 16 -1I.999E es -e.666E es -1.333E liS 

EAST 

OREr+ 
0.a46E e6 

OREF
-1l.naE 116 
OEAF+ 

1I.116E 116 
OEAF
-0.6alE liS 
J:RI 1.1 .7S .SII .25 
ORC + 

I.IIII1E 1111 II.SS9E 114 11.192£ liS '.288E ts 
QRC -

1I.lIeeE 1111 -8.1ISE liS -8.2l8£ 85 ·-1I.34SE 8S 
OFRESAHI + 

e.Z64E e.. 1I.19B£ 114 8.1l2£ 8.. 1.66IE 113 
OFRESAHI -
-1I.219E e6 -e.164E 116 -e.llIE 16 -e,S"BE IS 

QFR£SHi! + 
1I.0eeE ee e.ellE ell l.telE ee 1.leeE 118 

OFRESH2 -
-1.133E .86 -8.999£ liS -8.666£ liS -e.333E liS 
UEST 

OREF+ 
1.314E e6 

OREF
-1I.171E 96 
OEAF+ 

11.139£ 116 
OEM
-0.621E liS 
FRI 1.1 .7S .S8 .as 
ORC + 

0.008£ 08 1I.12SE es 1I.2S1E es 1I.376E lIS 
ORC -

8.110I1E 08 -8.113E 85 -e.227E es -e.34eE es 
OFRESAHI + 

1I.26"E e.. e.19BE e.. e.132E e4 1I.661E e3 
OFRESAHI -
-8.219E e6 -8.164E e6 -1I.1IeE 86 -e.S48E es 
OFRESH2 + 

1I.1100E lie lI.el0E 1111 lI.eellE ee e.0eeE ee 
OFRESH2 -
-e.133E 116 -0.999£ es -8_666E liS -e.3lJE es 
1'10. 

OREr+ 
II.S7IE liS 

OREF
-11.177£ 116 
OEAF+ 

II.SII3E liS 
OEAF
-1I.627E liS 
FRI I.e .75 .50 .as 
ORC + 

1I.III1I1E 0e 1I.126E 114 1I.2S2E e4 e.378E 04 
ORC -

e.000E 0e -e.12IE es -e.242£ liS -e.362E 05 
OFRESI'IH1 + 
1I.26"E 114 1I.198E e4 e.132E e.. 0.661£ 93 

QFRESI'IHI -
-0.219E 06 -9.164E 116 -e.119£ 116 -0.548E 05 
OFRESH2 • 
0.e00E 1111 8.lIeeE lie 1I.8eeE II. 8.0eeE e8 

OFRESH2 -
·-e.133E 8& -8.999[ es -1I.666E es -e.333E lIS 

SO. 

lREF+ 
00).629£ 86 

lREF
-0.212£ 16 
lEAF+ 
0.252E 116 

lEAF
-o.793E es 

October 

~RI 1.11 .15 .511 .25 
)RC • 
e .ee8£ 1111 1I.264E 15 1I.52SE es 11.792£ IS 

lRC - . 
0.1108£ ee -e.132E es -1I.264E as -11.396£ es 

lFRESAHI + 
8.773E 113 11.588£ 113 1I.3B7E al '.193£ 113 

lFRESAHI -
-a.260E 86 -1.19SE 86 -II.ll8£ 116 -II.6SIE es 
)FRESH2 + 
1.0e1lE ee 1.'III1E ee 1I.1I80E ee •• aeeE ee 

JFRESH2 -
-I.169E 86 -1I.127E 86 -II.B4SE liS -II.422[ liS 

EAST 

JREF+ 
1I.22SE 86 

lREF
-e.228£ 116 
lEAF. 
e.969£ 15 

lEAF
-e.BII2£ 15 
~RI 1.11 .15 .511 .25 
lRC • 
8.lIeeE ee e.B84£ e4 1.1?'?!: 15 1.2&S[ 15 

lRC -
8.8ee£ ee -11.141£ 'S -e.283£ 15 -.... 24£ es 

lFRESAHl + 
8.773E'3 I.S811E a3 a.3B7E'3 ,.lSlE.3 

lFRESAHl -
-8.268£ 16 -11.1;5£ 86 -e.13'E 86 -'.651E es 
)FRESH2 + 
8.e88E ee I.eeet II. '.ee.E.. e.ee.E •• 

lFR£SH2 -
-1I.169E 86 -11.127£ e6 -e.B45E es -II.422E lIS 

IJEST 

QREF+ 
e.3 .. e: .. 

QREF
-e.21BE 116 
OEAF. 

0.12"E 86 
QEAF
-0.881E lIS 
I'R' 1.' .15 .51 .as olle + 
0'lIeIE" '.128£ 15 '.239E 15 1.3SIE as 

ORC -
0.eeeE ee -1.13gE as -e.219£ as -II.41BE IS 

Ol'RESAMl • 
0.773£ 113 1I.5BIIE 113 1.387E e3 11.193£'3 

OFRESAM1 -
-8.260E 86 -8.195E 16 -1.138£ a6 -I.651E 15 
OFR£SH2 • 
8.8a0E ee 1I.1It8£ ee lI.eelE el e.llaaE" 

Ol'RESH2 -
-'.169E 86 -1.I27E 86 -1I.845E es -II.422E 15 

1'10. 

OREF· 
•• 298E 15 

OREF
-8.226£ 116 
OEAr. 
8.293£15 

Q£Ar
-8.811E 15 
FR' I.e .15 .511 .25 
ORC • 
8.IItIlE ee '.473E.3 11.945£ 83 '.142£ 84 

ORC -
e.ee.£ ee -1.149£ 15 -1.298E 15 -1.44'7£ 15 

Ol'RESAHI • 
0.773E a3 a.SBeE e3 a.387£ 83 a.1SlE 83 

OFR[SI'IHI -
-1I.260E e6 -11.195£ 86 -1I.13eE 86 -II.651E 15 
Ol'RE5HC! • 

lI.e0aE ee a."IIE ee lI.eelE 811 1I.888E ee 
QFR£SH2 -
-8.169E 16 -a.12'7£ 86 -1I.8"5E liS -I."22[ lIS 

Figures 7.9 and 7.10. Monthly performance data for cavity air flow of 4 cfm/ft of window 
width and various fresh air fractions (window size 4 ft x 7 ft) in Btu per month 
(0.100E 06 = 0.100 x 106

). 
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: 

November 
SO. 

:)REF. 
0.392£ e6 

JREF
-0.186E e6 
'EAF+ 
O.l~SIE os 

'EAF
-0.691E os 
~R' I.e .75 .5' .25 
QRC • 
Q:~~E ee '.161E es '.322E os 8 •• 83E os 
e.eeeE e. ".11SE .5 ".236E ·.5 -'.35.£ .5 

QFRESAHI + 
e.726E e3 e.S.5£.3 e.363£'3 '.182£.3 

QFRESAHI -
Q1iJ~~~ ~6 ".1'1.£ 06 -'.116E e6 -e.581£ es 
e.oe0E Ie e.eeeE Ie e.eeeE Ie •• eeSE" 

QFRESH2 -
-e.7e3E es ".S28E OS - •• 352£ IS -0.1"16£ IS 

EAST 

QREF+ 
•• 1eSE e& 

QREF
-0.19~£ e6 
QEAF. 
0.S22£ is 

OEAF
-0.7eaE es 
~~~ + 1.' . '15 .5' .25 
o:c~8£ e. 8.382E e. ..763£ .•• '.11.£.5 

Q~R:~~le: -e.l2"1£ os -'.a53E oS ".3IeE e5 
Q:Rt~~~la~ a.5~5E.3 e.363£ 83 e.lli!! a3 
;:iJ~~~ ~6 -a.l?~E 06 -'.116£ 86 ".S81E .5 

O:R~~~~!' '.ee.E.. • ••• 8£.. '.'88£" 
-e.7'3E as -0.S28E IS ".352£ es ".176£ as 

\lEST 

OIlEF+ 
a.l~lE t8 

OREF
-'.193£ t8 
QEAF. 
e.S~~E as 

QEAF
-0.703£ .5 
~~ + 1.' .75 .5' .25 

o:c.!eE o. '.51i!!'~ '.lt2E.S '.1S4E as 
e •• eeE •• ".1l!SE .5 ".251E .5 ".376£ .5 

OFRESAHI + 
O:R~~~~le~ '.5~5£ e3 '.363£.3 .-182£.3 
-e.233E .6 ".l?~E .6 ".116£ ., ".581E as 
QFIIESH2 + 
'.aeOE ee 0 •• 81£ e. e.leeE ae '.088£" 

OFRESH2 -
-0.7a3E es ".5i!8E es ".352£ es ".176£ .5 

NO. 

OREF. 
0.271£ .5 

OREF
-0.208£ os 
OEA~. 
0.2S5£ IS 

QEA~
-0.71~£ es 
F'II. 1.' .75 .5' .25 
ORC + o:ce!'£.. 0.~?l£.3 '.9~IE.3 l.l~l£ 14 
o.eeeE e. ".133£ .5 ".266£ as ... 399£ es 

OF'RESAHI + 
0.72SE e3 e.545£ e3 0.363£'3 '.18i!!'3 

QFRESAHI -
-0.233E a, ".l?~E 06 ".116£ ., ".S81E IS 
QF'RESH2 + 
o.aaoE.' ' •• 8I£.e ..... £ o. ' •• aeE.e 

QFRESH2 -
-0.703E IS ... saSE OS ".35a£ .5 ".1?6E IS 

SO. 

QREF+ 
0.256£ os 

QREF
-0.3aSE .S 
QEAF+ 
a.g2SE OS 

OEAF
-0.119E es 

December 

FR: 1.' .75 .51 .25 
ORC + 
o.oeeE O. ..932E.~ '.18SE IS '.280£ OS 

ORC -
0.081£ ee -•• aeSIE .5 -'.~1?£ es ... 626£ as 

OFRESAHI + 
O.eOOE" e.ee.E.e '.e8l£" e •• 8I£ .. 

OFRESAHI -
-0.413E os -0.31eE .6 ".2e?£ e, ".le3£ e6 
OFRESH2 + 
O.aoeE" e •• eeE.. e.leeE" ' •• eeE ee 

OFRESH2 -
-O.leSE os ... 81eE .5 ".s.eE OS ".a?eE as 

EAST 

QREF+ 
e.384£ OS 

OREF
-0.352£ os 
OEAF+ 
e.l95£ OS 

QEAF
-O.la4£ e6 
FR' 1.' . .75 .51 .25 
ORC + 

O. aeeE ee '.1144£ e3 •• 189£ 84 •• 283E 84 
ORC -
e.aeeE ee -e.232£ as ".464E OS -e.6SlSE. IS 

QFRESAHI + 
e.eeOE ee •• aeeE a. a.ee.E.. a .... E .. 

QFRESAHI - . 
-e .• 13E os -'.31'E e, -a.a'7£ .6 -e.la3E 16 
OFRESH2 + 
'.000E" e.aeeE" a."'E ee '.eeaE" 

QF'RESHi! -
-a. lOSE os -'.810E .5 -e.54'£ .5 ".a7e£ as 

w£ST 

QR£F+ 
e.s~9! os 

OREF
-e.34?£ .6 
OEAF+ 
e.271E as 

OEAF
-1'.la.E os 
FlU 1.' .'15 .51 .25 
ORC • 

Il .... £.. '.152£ 84 •• 314£ 84 '.~S6£ 84 
ORC -
e."0E .. -e.22SIE .5 -' •• SSE .5 -0.68'7E OS 

OFRESAHI +. 
e.eeaE" ..... E ee ..... E ee ..... £ .. 

OFRESAHI -
-e.~13E os -•• 318£ 16 -0.217£ 06 ".113£ 16 
OF'RESH2 + 
•. 0eeE" .... 8£ ee e.e"E ee e;eeeE" 

OF'R£SH2 -
-e. leSE 16 -'.81eE OS -e.S~'E OS ".27'E OS 

NO. 

OREF'+ 
e.S3?£ e3 

OREF
-0.371E 16 
OEAF+ 
0.596E .~ 

OEAF-
-e. laSE e6 
FRI 1.' .'15 .51 .25 
ORC + 
•.• ea£ ee '.eeeE" e .... E ee ..... £ ee 

ORC -
•• IiO.E ee ... a~6E OS - •• ~92E IS -e.737E OS 

OF'RESA"t1 + 
".000E" e."IE ee ..... E ee ..... E ee 

OF'RESAHI -
- •• 413E 16 -'.31eE 86 -e.207£ 86 -0.1'3E 86 
QF'IfESH2 • 
•• 00eE eo e.O'OE o. e."'E ee 0.0teE eo 

QF'RESI12 -
- •• 108E 86 -e.SleE OS - •• s~eE as -e.a?eE OS 

Figures 7.11 and 7.12. Monthly performance data for cavity air flow of 4 cfm/ft of 
window width and various fresh air fractions (window size 4 ft x 7 ft) in Btu per 
month (O.lOOE 06 = 0.100 x 106

). 

27 



January 

SO. 
OREF'. 

0.2BSE e6 
OREF'
-0.399E e& 
OEAF' + 
O.lalE e& 

OEAF'-

r~i IeeE ~.. '75 .5' .25 

a~~';'E 8a a.l57E a5 a.314E 85 '.471E 85 

a~~a;'E .1 ".29VE IS -1.598E IS -1.89&E 85 

~~~:~1.: 1.1ItE II 1 ... aE.. I."IE 81 

~~~~116 ... 455£ 86 -'.383E .& ".152E e& 

O~~:~'I '.eeeE Ie 8."IE 81 l.eelE 81 

~~~n~ 8& -'.127£ 86 -e.849E 85 ".424E85 

EAST 

OREF'. 
e.488£ 85 

OREF
-e.33&E a6 
OEAI'"" 
e.237£ .5 

OEAF'-
~:i1ISE ~~. .15 .5' .25 

O:~e:1E Ie •• 117E.4 '.353£'4 '.531E 84 
~:~eeeE el -a.333E IS ".&&7£ e5 ".l.IE .1 
Q~~~~:~le; '.ee.E.e ••••• E.. ' •• leE •• 
~~~~~;~1'6 -'.455E .6 ".3.3£ 86 -8.152£ •• 
~:~~i~~ 88 '.eeeE" •••• IE.. ' •• IeE .. 

~~~~=~ 86 -'.127£ .6 ".149E .5 ".424£ .5 

UEST 

ORE'. '.7.lIE .5 
OREF
-a.333£ .6 
OEAF'. 
1.32g[ as 

OEAF'-
;:;18SE ~~. .75 .5' .25 
ORC + 
l.aeeE" '.291E 84 '.SI1E 84 '.871£ 14 

ORC -
l.aelE •• -1.328£ 85 -I.&S?E es -I.!l85£ as 

OF'RESAHl .. 
1.00IE.e 1.11eE I. I.I.eE.. e.leeE'l 

orRESAHl -
-'.617E .6 ".455£ 16 -1.313£ a& ".152£ I. 
o~~~~~~:. a •• eeE ala.'leE II 1.11eE 81 
or"ESH2 -
-'.170E 1& -1.127£ 1& ... 849£ as -1.424E IS 

ItO. 

OREF'· 
'.324E ... 

OREF-
- •• 358£ e& 
GEAF'. 
1.181E IS 

OEAF'-
;:;1tg[ T~. .75 .51 .25 

o::.~ II '.eeeE" 1.8I8E I. • ••• IE •• 
O::a0al •• ".3SSE as ".716£ IS -I.la1£ 16 

O~~~;:~le; '.eeeE" •. eeeE ee e •• etE •• 

~~~~i;~te6 ".4SSE e& -e.3a3£ .& ".152£ .& 

O~~~~~~:e e.teeE ee e •••• E.. ..188£ ,. 

~~I~~~ 86 -1.127£ ,& ... 849E as ".424E as 

SO. 

OREF'. 
0.51&E K 

OREF'
-1.25IE e& 
OEAF'+ 
0.193£ .6 

OEAr
-1.833E as 

February 

rRI 1.8 .75 .5' .25 
ORC • 
a.888E 8a 1.383E IS a.68&E es 1.989E as 

O:~eeeE al -8.235E 85 ".470E as -a.7ISE 85 

O~~~i:~11; a.lllE 18 l.eeeE ea ' ... 8E ee 

~~~~~~~la6 ".389E 8& -8.259E 1& ".13IE 86 

O:~~~~~:. a.aeeE 88 l.alaE 88 a.eelE ee 
orRESH2 -
-a.138£ 86 -8.1esE a& - •• 697£ 85 ".349E IS 

EAST 

OREF'+ 
'.136E K 

OREF
-1.275£ K 
GEAF'. 
a.S61EIS 

OEAF'-
;:;865£ ~~. .75 .51 .25 

O::.;.E.. e.715£'4 '.143E.S '.214E IS 
O:~e0eE •• -'.Z72E .5 - •• S44E IS -I.81iE as 
O~~~~~~l.; '.e •• £ ee ' ••• IE ee '.e •• E •• 
~~~~i;~116 -1.38;[ e& -'.259E 16 -1.13'E .6 

o~~~~~~ 81 •• eeeE ee ' ... aE.. 8.888E ee 

~~g~~ 8S ... 185£ " -'.6117E 85 -8.34I1E IS 

!.lEST 

OREr. 
a.1811E 86 

OREF
-a.272£ 8& 
OEAF'· 
8.731E as 

OEAF'-
;~;86SE r~. .75 .58 .25 

Q:~e;IE 18 8.1e3£ 85 '.2e1£.S e.31eE 85 
Q:~le'E .1 -1.261£ es -8.534E .5 -1.allE IS 
O;~~~:~le; '.eeeE II 1.'leE al I.'IIE a. 

~~~~~~~1e6 -'.38!IE a& ".2Sg[ 1& -1.l3IE 1& 

O~~~i~~;' ..... E la '.11eE aa '.II.E I. 
GFRESH2 -
-'.13I1E e6 -'.185£ 86 -8.6II?E 85 -I.34!IE .5 

NO. 

OREF'+ 
0.3&eE 84 

OREF
-0.298E e6 
OEAF'+ 
0.113E IS 

GEAF'
-0.898E 85 
F'III 1.' .'75 .51 .25 
GRC + . 
a."'E II 1.338£ II I.SS9E 11 •• 989£ II 

G~~ .0.E .. _ •• J82£ es -e. 684E as -1.911£ IS 

O~~~~:~I'; a.teeE I. a.01eE 08 •••• tE I. 

~~~~~~~1e6 -1.389E a& -'.aS9E 0& -I.13IE 1& 

G~~~~=~:, .... 'E 0. ' •• 08E 0. '.aaIE 00 

~~~~~~ 8& -'.18SE as -I.&lI7E as -I.34!IE IS 

Figures 7.13 and 7.14. Monthly performance da~a for :avity ~ir 
window width and various fresh air fractlons (wlndow Slze 
month (0.100E 06 = 0.100 x 106 ). 

flow of 6 cfm/ft of 
4 ft x 7 ft) in Btu per 
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March 

so. 
OREl'". 
0.436£ e6 

OREF
-e.248£ es 
OEAF. 

0.178£ es 
OEAF'-
-0.791E es 
FR. 1.8 
ORC • 

.15 .sa .25 

o:c8~8E ea 8.aslE 85 8.582£ as '.153E as 

e.eet£ 8e ... 231£ 05 -8.463E as .. 694£ 85 
OFRESAHI + • 

e.609E 83 8.4S7E 83 8.38SE 83 • 152£ 83 
OFRESAHI - • 
Q~R~~~~ ~6 ... 383E .6 -8.ass£ e6 ... 128£ 86 

O~R~;~~' 8.eeeE ea a.eae£.. ' ... eE ee 
-e.131E e6 ... 98SE as -e.657£ es .... 328£ es 

EAST 

QREF'. 
e.193E 86 

OREF'
-0.2S7E e6 
OEAF. 

8.886£ es 
QEAF'
-0.816E 05 
~~e. 1.' .15 .51 .25 
o:c'!.E.. e.lll£ es •• 2.IE es •• 3a2E es 

O~R~:~10! -8.as6E as -8.SI1E 05 ".7B7E 85 

o:R~;~51'~ 0.457£ 83 8.3'SE.3 8.152£ e3 

Q:R~~~~ ~6 -e.383£ e6 ".2SSE .6 ".12BE e. 

O~R~~e~!8 8 ... e£.. 8."eE e. ..e88£ a. 
-0.llIE 06 -8.985£ es ".6S7E .5 ".l2SE es 

UEST 

QREF'. 
8.261E IS 

ORE'
-e.ass£ 86 
OEAF. 
9.11SE86 

OEAF'
-fl.81S£ 85 
~:e. 1.' .15 .5& .25 
o:ce!'€ 8. ..14lE as '.2ISE 85 •• 42BE IS 

O:R~~:~l 8! ".2S2E es ".s.lE es ".15SE 85 

o~R~~~518~ •• 4S7E 83 •• 38SE 83'.152£ .3 

O~R~~~~ :6 ".383E a6 ".2SSE .6 -•• 128E .6 

O~R~~~~!I '.8eeE" · •••• eE.I 8.9"£" 
-'.131E 86 ".985£ .5 ... 6S7E .5 ".32BE es 

HO. 

OREF'. 
•. 271E es 
ORE~
-e.274E 86 
OEAF. 
e.3SJE es 

OEAF-
-•• 84eE as 
~:e. 1.& .75 .5' .25 

O:C9~ 9. 9.l1SE e3 8.638£'3 '.94SE.3 

O:R~;:~I"~ ... 282£ es -8.S6SE .5 ... 847E 85 
e.609E 83 8.457£ 83 8.385£'3 8.1S2E 83 

OF'RESAHI -
O~R~~~~ ~6 ".l8JE e6 ".2SSE 86 -'.128E es 

O:R~~~~!8 8.a8eE 88 a.8aeE 8. 8 ... eE ee 
-e.131E e6 -8.9aSE es -8.6S7E 8S -8.j28E 85 

SO. 

OREF'· 
e.299E e6 

OREF'
-0.199E 86 
OEAF'+ 

0.128E 86 
OEAF'
-8.63SE es 

April 

~:e. 1.8 .75 .58 .25 
o:C8!eE a8 8.178E as 8.341£ 85 8.511£ as 

O:R:;~18: -8.198E es -8.39SE as ... 593£ as 
8.163E 83 e.122E 8l e.81SE 02 e.4eBE a2 

OF'RESAHI -
-9.428E es -e.321£ 86 -e.214E e& ".le7E a& 
OF'RESH2 + 
O:R~~~~!' 8.ea8E ee 8.eeeE a8 8.e88£ ae 
-e.2&7E e6 -e.28eE 86 ... 134E e& ".&&BE as 

EAST 

OREF'4o 
9.233£ es 

OREF'
-9.19BE 86 
OEAF'· 
e.lllE es 

oEAF'
-e.&i!lIE as 
~:e. 1.a .7S .51 .25 
o:ca!,E ee 0.124£ es 0.248£ as e.372£ 85 

O:R~;:~18: ... 282£ eS· ... 4.4£ 85 ... &.6£ 85 

O:Ri~~~I'~ '.122£ 93 '.815£.2 0.488E 82 

O:R~~~~ :& ".321£ 86 -•• 214£ 86 -8.187E 86 

O:R~;=~!' 8.a.eE.. '.88aE ee '.0.e£ e. 
-•• 267E e6." .2eeE 96 -1.134£ 86 -1.668£ es 

WEST 

OREF. 
0.303£ 86 

OREF'
-ad97E 16 
OEAF. 

0.131£ 06 
OEAF
-8.628£ 85 
~:e. 1.' .75 .58 .as 

o:c'!'£ ee e.l68E as '.J36E as e.S8S£ as 
o:R~~=518: -8.19BE 85 ... 39&£ es ".59SE as 
o:Ri;~51e~ e.I22£ 8J 8.81SE 82 '.48BE 82 

Q:R~~~~ :s -8.321£ e6 ".214E e6 ".le7E 86 

O:R~~~~!' '.eetE e8 '.888£" 8.ee8E e8 
-8.2&7E e6 -8.aeE 86 ... 134£ 86 ".668E as 

NO. 

QREF'· 
9.S38E es 

OREF'
-0.282E es 
OEAF'. 

9.577E 8S 
OEAF'-
-8.&24£ as 
F'RI 1.8 
ORC • 

.15 .51 .as 

8 ... e£ ee e.182E 84 9.283E 84 8.3esE 84 
ORC -
9.ee8E ee -8.217E as -8.43SE 85 -9.652E es 

OF'RESAHI • . 
9.163E 83 8.122E 83 9.81SE 82 9.488E 82 

OF'RESAHI -
Q:R~~~~ :6 -8.321E es -'.214E e6 -9.1e?E 86 

Q~R~;~~!8 8."'E e. e •• e.E ee 8.e88E 88 
-8.267E es -8.2'8E e6 -•• 134E 86 -e.668E as 

Figures 7.15 and 7.16. Mo~th1y performance data for cavity air flow of 6 cfm/ft of 
window width and varlOUS fresh air fractions (window size 4 ft x 7 ft) in Btu per 
month (0.100E 06 = 0.100 x 10 6

). 
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May 
so. 
OREF'+ 
1.as9E" 

OREF
-a.183E es 
OEAF. 
a.118E 06 

OEAF
-a.&67E as 
,RI 1.. .75 .51 25 
ORC + • 
o:c'!eE ee '.1.7£ eS e.29SE as ••• ~2E eS 
a.eelE ee -0.18~ as ':".367E 8S -,.SSIE as 

OFRESAHI • 
a.l&~E e. e.11lE .~e.?sIE e3 e.376E'3 

OF'RESAHI -
Q:Ri~~~ :6 -8.287Ee6 -e.191Ees -8.956E as 
O:~~=~!' '.eeeE ee e ... aE ee e."IE ee 
-e.238E e6 -0.178E e& -e. liSE 06 -0.S9.E as 

£AST 

OREF'+ 
e.31IE .6 

GREF
-a.177£ 86 
OEAF+ 

e.139E 16 
OEAF
-a.SS6E .5 
~:b. 1.8 .75 .51 .25 
o:c,!IE Ila.l75£ IS 8.351E'S '.S26E'& 

Q:REe;:~l"! ·'.18IE IS -e.3&eE .5 ".539E e5 
O:Ri~:~l'~ e.113E ,. e.751E 13 8.376£ e3 
Q:R~~~~ :6 -1.2I7! e& -'.IS1E 16 -e.SS6E e5 

o:;J~~~!" I."IE ee 1."8£ II •••• 8£ .. 
-a.2J2E e6 -e.178E es -8.119£ .6 -0.5~E .5 

"'EST 

OREF. 
a .• "E .. 

OREF
-1.17SE .6 
OEAF. 
e.171E 86 

OEAF
-0.5&6£ .5 
~~. 1.8 .75 .58 .25 

o:c'!8£ e. 8.232[ 8S 8 •• 6.E 85 8.6S7£'S 

O:R:;:~le! -8.176£ es ".351E 8S -0.S27E 15 

o:Ri~:~le~ '.113£ e4 1.?SlE e3 e.376£ e3 
Q:R~~~~ :6 -0.287£ .6 -0.1S1E e6 -1.956£ as 
a.201E e. l.a08£ el a.lleE ea l.ee8£.1 

OFRESH2 -
-1.238E e6 -0.178E e6 -1.119E .6 -0.SS.E es 

110. 

OREF+ 
'.1.8£ 06 

OREF
-8.172£ e6 
OEAF". 

liI.lIe9E IS 
OEAF'
-8.54$£ es 
~. I.' .?S .58 .25 
Q:ce!8£.. 8.266E'4 a.531E'4 e.7S7£ e4 

1iI •• aeE e. -0.18IE IS -8.3&8£ es -0.548£ IS 
OFRESAHI + 
o:Ri~~~le~ e.113£ e4 e.751E e3 •• 376E 13 
-0.382E e6 -0.287£ 06 -1.191E 16 -e.956£ IS 
OFRESH2 • 
e.a00E el e.e08£ ee e.eeIE el e.aaeE" 

QF'RESH2 -
-a.238E e6 -8.178£ 86 -8.11SE e6 -•• 594E IS 

so. 
aREF'+ 
0.a6eE 16 

OREF
·0.1HE 16 
DEAF+ 
0.USE 16 

OEAF
·0.36aE IS 

June 

FR: 1.' .75 .s. .as 
QRC • 
O:C"!"E.. '.16aE as •• 32eE as a.~8aE as 
'.010£ Be -I. liSE IS -8.23eE as -8.3~SE as 

OFRESAHI ., 
O~R~~~~I~ a.laCE'S •• 678E ~ •• 339E ~ 

O:R~~~~ !' -'.166£ e6 -8.111E 06 -8.S~E as 

JR~=~!' •• eaeE ee l.eteE a. 1.leeE ee 
... ISSE 06 -e.13s[ .6 -e.SasE IS -0.~63E as 

EAST 

QREF. 
e.371£ 06 

OREF
·a.111£ es 

OEAF. 
1.166£ 06 

OEAF'
·e.357£ as 
:~ + 1.8 .75 .s. .as 
o:ca~ ee •• 22~.S '.~.SE es 1.673£ IS 

JR~~:~I': -0.1esE as -8.21S£ as -8.328E as 
Q:R~~~~la~ a.laCE.S a.678£ I. '.33SE ~ 
C:R~~~~ !' -8.166£ .6 -'.111E IS -e.SS4E as 
O:A~;=~!' ,.e .. E.. • .... E.. • .••• E e8 
· •• 186£ 86 -e.I3K ., -8.;a5E .5 -e •• Ii3E es 

WEST 

OREF. 
e.~71E " QREF

-1.!eSE e6 
OEAF. 

iii. 197E 16 
QEAF
-1iI.JSSE es 
~:~. 1.' .75 .s. .as 
Q:c'!IiIE.. '.29IE IiIS e.51SE es '.869E as 

O:R~~:~I': -8.116E as -1.213E es -0.31S£ as 
Q:R~~~~l'~ e.112E as 1iI.678£ iii. 1.33S£ ~ 

Q:R~;~~ :6 -8.16&£ 86 - •• lllE 06 -0.SS.E as 

Q:R:~~~!' .... eE.. e.tee£ ea e .... E ee 
-';185£ e& -1.1351£ 86 -1.92S£ as -0.463£ as 

NO. 

OREF. 
'.:88E 06 

QREF
-e.I16E .6 
QEAF. 
e.leSE 06 

QEAF
-e.352E as 
~:~. I.' .?S .51 .25 

Q:c.~eE ee e.8~9E ~ •• 17IE es '.as5E as 
e.0eeE ee -8.1eCE as - •• 2ISE as -a.3'7E as 

QF'RESA~l • 
0.136E e5 '.1.2£.5 e.678E" e.33SE" 

QF'RESAHI -
Q:R~~~~ ~6 -8.166E 86 -'.lIIE 86 -8.SS~E as 

O~R~~~~ ~I .... eE ee ' •• eeE ee a •• aeE .. 
-8.1SSE 86 -8.1351£ 86 -I.~E as -1.463£ as 

Figures 7.17 and 7.18. Monthly performance data for cavity air flow of 6 cfm/ft of 
window width and various fresh air fractions (window size 4 ft x 7 ft) in Btu per 
month (O.lOOE 06 = 0.100 x 10 6

). 
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July 

SO. 

QREF'· 
O.J54E e6 

QREF'-
-0_ ?29E e5 
lEAF'. 
0.156£ e& 

ilEAF'
-e.24IE es 
rRI I.e .75 .se .as 
ORC • 

e.eelE ee e.aJSE es e.469E es 1.?14E es 
ORC -

e.eeeE ee ... 688E 14 -e.14IE as -a.aI9E es 
OFRESAHI • 

e.S67E e5 e.426£ as e.a84E as e.142E es 
OFRESAHI - I 

·~.laeE e6 ".897E es -e.S98E as -e.a99E es 
OFRESHa • 

e.eeeE II e.eeeE II e.eeeE al e.eeeE ea 
OFRESHa -
-1.152£ e6 -e.ll4£ Ii -1.?SaE es ".37aE 85 

eAST 

QREF+ 
0.452£ 16 

OREF'-
-e. ?2aE IS 

OEAF'+ 
0.194E Ii 

OEAF'
-e.a4IE IS 
FRI 1.1 .75 .51 .as 
QRC • 

e ... IE.. e.2SI4£ IS 1.517£ es l.aBlE IS 
ORC -

e.eeeE Ie -e.684E 14 -1.137£ IS ".a.SE 15 
QFRESAHI • 

e.S67E 15 1.426E IS '.aI4E IS e.142£ as 
QrRESAHl -
-1.laIE Ii -'.187E IS ".S8IE 15 ".a88E IS 

QFRESH2 + 
I.OOOE I. • .... E.. 1.leeE" e."eE ee 

QFRESH2 -
-1.152£ .i -e.114E e& ".7&81 .5 ".37VE IS 

JEST 

QREF. 
1.551E 1& 

QREF
-1.7ISE IS 
QE~· 
e.227E Ii 

OEAF
-e.a41£ IS 
FRI I.' .75 .51 .25 
ORC • 
e.IIIE" 1.3581 IS 1.71IE IS e.lllE Ii 

ORC -
e.0eOE Ie ".674E .4 ".13SE IS ... aeaE IS 

QFRESAHI • 
e.567E IS 1.42iE e5 '.aI4E IS e.142£ IS 

OFRESAHI -
-e.12eE e6 ".187£ es ".S9BE es -1.a99E IS 
QFRESHa • 
e.ae0E II I .... E Ie l.eeeE el e.lleE II 

QFRESHa -
".ISC£ 16 ".IHE 1& ".7SK IS ... 379£ IS 

HO. 

QREF'· 
e.a4SE 16 

QREF
-e.?IIE IS 
QEAF. 
e.134E 16 

QEAF
-e.a41€ 115 
FRI I.e .75 .51 .25 
ORC • 
e.eet£ ee '.13SE IS e.a71E IS e.416£ IS 

ORC -
e.leeE al ... 662£ 14 ".132£ IS ".I!J9E IS 

QF'RESAHI • 
e.S67E as e.426£ es e.al4E 05 e.l42£ es 

QF'RESAHI -
-e.12eE 0& ... 897£ es ".S9IE as ... a99£ IS 
OF'RESHa • 
e.eeeE ee l.eeeE ee e.eelE II a.eeeE el 

OFRESHi! -
".ISC£ Ii ... 114£ e& -1.759£ as ".378E as 

SO. 
QREF+ 

0.412£ e6 
QREF
-e.SS4E es 

OEAF'+ 
e.171€ Ii 

QEAF
-e.a92£ es 

August 

FRI 1.1 .75 .51 .as 
QRC + 

e.eel£ II e.a7SE IS e.549E e5 e.sa4E es 
GRC -
e.lelE ee -1.847£ 14 -a.159E es ... 2S4E as 

QFRESAHI • 
e.379E IS e.aS4E IS 1.191E es a.948E 14 

QF'RESAHI -
-O.ISJE Ii -1.llSE e6 ... 7&7£ es ".383E IS 
OF'RESHa • 
O.eoeE" e.leeE Ie a.eel£ ea I.ell£ ee 

OFRESHa -
-e.HSE Ii -1.leSE 86 ".723E as ".361E es 

EAST 

GREF+ 
0.398£ Ii 

OREF
-e.878£ IS 
OEAF'. 

e.I?2£ e& 
OEAF'
-e.a92E IS 
FRI 1.' .75 .51 .as 
GRC • 

e.eeeE ee e.2SC£ IS I.SlSE es 1.7S7E IS 
ORC -
e.e"E ee -1.SJ9£ .4 ".168£ IS -e.aSCE es 

QrRESAHI • 
e.379E es e.a84£.S e.19.E as e.841£ 14 

QrRESAHI -
-e.ISJE 06 -e.llSE .6 -e.767E .5 ".383E IS 
orRESH2 • 
'.ee.E .. 1.leeE II '.eeeE ee ..... E .. 

QFRESH2 -
-e.14SE 06 -1.118£ .6 -1.7a3E IS -1.361E IS 

WEST 

QREF. 
a.494E e& 

QREr
-e.876E es 
OEAF. 
e.2.aE e& 

QEAr
-a.asaE IS 
rRI 1.' .75 .51 .as 
OIiC • 
a.eelE ee '.31SE IS '.6laE IS e.84IE es 

QIIC -
e.eeeE ee -e.saiE t4 -e.166E IS -I.a4iE es 

OI'RESAHI • 
e.37SE es e.284E es e.lieEes e.i48E 14 

QF'RESAHI -
-e.153E 86 -e.l1SE a6 -e.767E IS -e.383E es 
OI'RES"2 + 
a.eeeE ee e.eel£ ee a.teeE te '.eeeE ee 

OFRESH2 -
-e.145E 06 -e.lI8£ Ii -e.723E IS ".361E IS 

NO. 

QREF· 
e.l68E e& 

QREF'
-e.87aE as 
QEAF'. 
e.18SE e& 

QEAF'
-e.a91E es 
FR: I.' .75 .se .as 
ORC + 
e.lelE ee 1.821E t4 e.164E IS '.a46E IS 

ORC -
a.teeE .. -a.837£ 14 -e.167E IS -e.2S1E es 

OFRESAHl • 
e.37SE IS 8.aS4E as a.198E es e.i48E a4 

QrRESAHl -
-e.ISJE e& -1.l15E e& -e.767E IS -e.JIJE as 
OFRESH2 • 
a.ee0E te e.eleE II e.aaeE ea a.eeeE ee 

QrRESH2 -
-e.14SE e6 -I.lISE e& -e.7a3E es -I.361E IS 
rr 

Figures 7.19 and 7.20. Monthly .performance data for cavity air flow of 6 cfm/ft of 
window width and various fresh air fractions (window size 4 ft x 7 ft) in Btu per 
month (O.lOOE 06 = 0.100 x 106 ). 
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September 
-!=\). 

(iREn 
""'114E 06 

wREF
-,).16SE 06 
(JEilF+ 

1'1. t73E e6 
'~E~F
-,).S47E 05 
FR: 1.0 .75 .59 .25 
oiRC + 
~.~0~E ee e.2SSE 'es ·e.519£ 05 0.76SE es 

·lRC -
~.e~eE eo -e.163E es -e.326E es -0.419E es 

IlFRESAHl + 
0.396E e4 e.297£ e4 e.19S£ e4 e.991£ e3 

IlFRESAHl -
-0.329E 06 -e.246E 06 -0.164£ 06 -0.822£ 05 
QFRESH2 + 

"'.e00E ee e.eee£ ee e.eee£ ee e.eeeE 0e 
uFRESH2 -
-e.a0eE e6 -e.IseE e6 -9.999[ es -e.seeE es 
EAST 

OREF. 
0.246E e6 

OREF
-0.172E 06 
OEAF+ 

0.112E 06 
OEM
-0.S5IE 05 
FRI I.e .75 .58 .25 
OPC + 

0.000E 00 e.'1404[ es 0.288E es 0.432[ es 
ORC -

0.0e0E e0 -0.172£ 05 -0.304SE es -0.517£ es 
uFRESAHI + 

0.396E 04 1.297£ 04 e.198E 04 1.991E e3 
OFRESAHI -
-0.3a9E 16 -e.a46E e6 -0.164E 06 -1.I22E 05 
(iFRESHa + 
0.0eeE ee e.leeE ee 1.019£ 01 0.0eeE ee 

QFRESH2 -
-1.200E 16 -1.159£ 06 -1.999£ es -1.S08E es 
UE5T 

QR£F+ 
0.314E t6 

OREF
-e.171E e6 
aEAF+ 
e.134E 06 

aEAF
-0.S51E 05 
FRI 1.1 .75 .50 .25 
ORC + 

0.ee0E 01 e.I88E es 0.376£ es 0.564E es 
ORC -

0.000E ee -1.17e£ es -1.34eE es '-0.518£ es 
OFRESAHI + 

0.396E e4 0.297E 04 e.191E 04 0.991E eJ 
QFRESAHI -
-e.3a·9E e6 -e.2"6E 06 -0.164E 06 -0.122£ es 
QFRE5HC! + 

0.e00E ee e.eeeE e0 0.eeeE ee 0.0eeE ee 
OFRESH2 -
-0.200E 06 -0.1S0E 06 -0.999E es -0.S0eE es 
MO. 

OREF+ 
0.S71E 05 

OREF
-0.177E 06 
OEAF+ 
0.se6£ es 

OEAF
-e.SS6E 05 
FR: 1.0 .75 .se .25 
QRC + 

O.e00E e0 0.189E 04 0.378E 04 0.567£ 04 
ORC -

e.eeeE 01 -0.181E 05 -0.362E es -0.S43( 0S 
OFRESAHI + 

1.396E 04 0.297E 04 0.198E 004 0.991E 0J 
OFRESAHI -
-0.3a9E 06 -0.2"6E 06 -0.164E 06 -0.122E 0S 
OFRESH2 + 

l.ee0E 00 0.0eeE e0 0.e0&( e0 1.00eE 00 
OFRESH2 -
-0.2eeE 06 -0.1SeE 06 -0.999E 05 -o.seeE 0S 

SO. 
OREf'+ 

0.6a9E 86 
QREF
-0.21aE 86 

OEAF+ 
e.2"0E e6 

OEAF'
-e.707£ 05 

October 

FRI I.e .75 .se .as 
ORC • 

e.08GE e0 '.396£.5 '.792£.5 e.119E 06 
QRC -

e.eeeE ee -'.198£ .5 -0.396£ .5 -'.594E es 
OF'RESAHI + 
o~Rii~~le~ e.878£ e3 '.5SeE.3 1.C!geE e3 
·e.39IE e6 -0.a9lE e6 -0.195E .6 -0.977E es 

QFRESH2 • 
Q~RE~~ ,!'e.eeeE.. ' •• eeE.e e.eeeE ee 
-e.i!S3E 86 -0.198£ e6 -0.1C!7E 06 -e.633£ es 

EAST 

OREF'+ 
e.casE 86 

OREF
-0.220E 06 
OEAF· 

0.93SE es 
OEAF'
-e.713£ es 
~:b ~ I.' .75 .58 .25 

0.000E ee '.133E 05 l.a65E'5 '.398£ 0S 
QRC -

0.0e0E ee -'.ZlaE as - .... a4E as -0.636£ as 
OFRESAHI + 

0.116E.04 e.87IE'3 '.5S0£ e3 '.C!ge£ e3 
OF'RESAHI -
-0.391£ 06 -1.C!93£ 86 -e.195£ e& ".SI77E as 

QF'RESHa • 
0.00eE ea a.tetE te •••• 1£ ee e .... £ II 

OF'RES~2 -
".253£ e& ".U18£ 86 -a.la7E e& ".i33E es 

WEST 

QREF" 
0.3ee£ 06 

QREF
-0.218£ e& 
OEAF'. 

0.119£ 86 
QEAF'
-0.713£ as 
F'RI 1.a .7& .5' .as QRC • 
0.eee£.. '.179£ es •• 359£ 05 0.538£ as 

QRC -
0.000E .. - •• ae9€ e5 -0 •• '8£ .5 -0.6C!7E es 

QFRESA>tl .. 
0.:16E 04 '.87tE 83 e.sseE e3 •• a9eE e3 

QFRESAH1 -
-0.391E e& -e.a93E 8& -0.195£ e6 -'.977£ as 
QFRESHC! + 

0.0eeE ee '.0ee£ e. I.eea£ ee e.ee8£ el 
QFRESHi! -
-e.253E 06 -'.198£ 06 -0,.1C!7E 86 -0.633£ es 

/10. 

QR£F'. 
0.298£ as 

QREf'
-0.226E 86 
QEAF'· 

0.C!99£ as 
QEAF'
-8.72e£ as 
F'Rt 1.' .75 .58 .as 
QRC + 
e.el0E ee 1.?e9E e3 e.l .. aE... e.21lE e4 

QRC -
1.000E ee -1.224£ <IS -0.4047E as -0.671E IS 

QFRESAHl • 
0.116E e04 e.871l( e3 e.58e£ e3 e.ageE e3 

QFRESAHl -
-e.391E 86 oe.a9lE e& -0.195£ 86 -0.977£ e5 
QFRESH2 + 
8.ee0E" e.eaeE ee e.eeeE 0. e.ee0£ e. 

QI'RES~i! -
-e.aSlE 86 -0.19t£ 86 -0.1a7E 86 -0.63lE es 

Figures 7.21 and 7.22. Monthly performance data for cavity air flow of 6 cfm/ft of 
window width and various fresh air fractions (window size 4 ft x 7 ft) in Btu per 
month (0.100E 06 = 0.100 x 106

). 
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November 

SIl. 

OREF+ 
11.392£ 86 

OR£F
-0.186E 16 
Q£AF+ 
0.1~2£ 06 

ilEAF
-0.616£ es 
FRI 1.1 .75 • !it .25 
aRC + 
O.oeeE el e.a41E as a.483E es e.7a4E 85 

ORC -
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Figures 7.23 and 7.24. Monthly performance data for cavity air flow of 6 cfm/ft of 
window width and various fresh air fractions (window size 4 ft x 7 ft) in Btu per 
month (0.100E 06 = 0.100 x 10 6 ). 
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Figure 7.25. Heat gain and heat loss, QREF and QEAF, of reference and air-flow windows with 
southern orientation. Cavity air flow, 4 cfm/ft of window width; window size 
4 ft x 7 ft. in 106 Btu. 

Figure 7.26. QJol ing load from recycled air, QRC, at various fresh ai'r fractions. southern 
orientation. Cavity air flow. 4 cfm/ft of window width; window size 4 ft x 
7 ft, in 106 Btu. 
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Figure 7.27. Heating load from recycled air. QRC. at vartous fresh air fractions. southern 
orientation. Cavity air flow. 4 cfln/ft of window width; window size 4 ft x 
7 ft. in 106 Btu. 
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Figure 7.28. Heat gain and heat loss. QREF and QEAF. of reference and air-flow windows. 
western orientation. Cavity air flow. 4 cvm/ft of window width; window size 
4 ft x 7 ft. in 106 Btu. 
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Figure 7.29. 

( 

FOR FR 
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Cooling load from recycled air. QRC. at various fresh air fractions, western 
orientation. Cavity air flow 4 cfm/ft of window width; window size 4 ft x 7 ft, 
in 106 Btu. 
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Figure 7.30. Heating load from recycled air, QRC, at various fresh air fractions, western 
orientation. Cavity air flow, 4 cfm/ft of window width; window size 4 ft x 7 ft, 
in 106 Btu. 
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Fi gure 7.31. Sensible coo11ng load from fresh air, QFRESH 1; at various fresh air fractions. 
Cavity air flow, 4 cfm/ft of window width; window size 4 ft x 7 ft, in 106 BTU. 
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Figure 7.32. Sensible heating load from fresh air, QFRESH 1, at various fresh air fractions. 
Cavity air flow, 4 cfm/ft of window width; window size 4 ft x 7 ft, in 10 6 BTU. 
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Figure 7.33. Latent energy load (addition of moisture) from fresh air. QFRESH 2. at various 
fresha1r fractions. Cavity air flow. 4 cfm/ft of window width; window size 
4 ft x7 ft. in 106 BTU. 
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Figure 7.34. Heat gain and heat loss. QREF and QEAF. of reference and air-flow windows. 
southern orientation. Cavity air flow 6 cfm/ft of window width; window size 
4 ft x 7 ft. 1n 106 Btu. 
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Figure 7.35. Cooling load from recycled air, QRC, at various fresh air fractions. southern 
orientation. Cavity air flow, 6 cfm/ft of window width; window size 4 ft x 
7 ft. in 106 Btu. 

Figure 7.36. Heating load from recycled air, QRC, at various fresh air fractions, southern 
orientation. Cavity air flow, 6 cfm/ft of window width; window size 4 ft x 
7 ft, in 106 Btu. 
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Figure 7.37. Heat gain and heat loss. QREF and QEAF. of reference and air-flow windows. 
western orientation. Cavity afr flow. 6 cftm/ft of window width; wfndow size 
4 ft x 7 ft. fn 106 Btu. 
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Ffgure 7.38. Cooling load from recycled air. QRC, at various fresh air fractions, western 
orientation. Cavity afr flow, 6 cftm/ft of window width; window size 4 ft x 
7 ft;, in 106 Btu. 
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Figure 7.39. Heating load from recycled atr. QRe. at various fresh air fractions. western 
orientation. Cavity air flow. 6 cflm/ft of window width; window size 4 ft x 
7 ft. in 106 Btu. 
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Figure 7.40. Sensible cooling load from fresh air, QFRESH 1, at various fresh air fractions. 
Cavity air flow, 6 cfm/ft of window width; window size 4 ft x 7 ft. in 
106 BTU. 
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Fi gure 7.41. Sensible heating load from fresh air, QFRESH 1, at various fresh air fractions. 

Cavity air flow. 6 cfm/ftof window width, window size 4 ft x 7 ft, in 106 
BTU. 
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Figure 7.42. Latent energy load (addition of moisture) from fresh air, QFRESH 2, at various 
fresh air fractions. Cavity air flow, 6 cfm/ft of window width; window size 
4 ft x 7 ft, in 106 BTU. 
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Figure 7.43. Hourly performance data for cavity air flow of 4 cfm/ft of window width 
and various fresh air fractions (window size 4 ft x 7 ft) in Btu per hour 
(0.100E 04 = 0.100 x 10~). 

43 



Day: August 7 Day: August 7 
HOURI 15 

'.361E 83 '.36IE .3 ..au'" 22 EQAF'S ,.S21E .3 '.lIlE .4 
QREFS '.127E '4 '.244E 84 '.624E .3 '.624E .3 ~OAFS - •• 51SE .2 -'.51SE .2 -'.S7SE 'i! .... 57SE 12 

lRE!'"S .... 15lE U -'.15lE 13 -'.lS1E 13· .... ISlE .31 
QRCD 

'.12SE 83 '.188£ 13 QACD •• leeE .. '.626E 82 ..... E .. .... 1I26E '1 ....lISE 82 .... 27BE 12 1.leeE .. 1.114E U 1.22!1£ 13 1.343E 13 .... IE .. ....1126£ 11 -I. lISE 82 -1.27BE ea 1.leeE .. '.2S1E 82 '.512£ 12 1.753£ 82 .... IE .. ....826E 11 -1.185E 12 .... 278E ea I.IME .. 1.2S1E 82 1.582£ 12 1.75JE 82 1.8HE .. -1.826EI1 -1.1SSE 82 .... 27BE 82 QFRl 
l.llJE 13 1.564E 82 OFIU 1.22&E U '.16I1E 13 -1.146£ 13 -'.111£ .3 -1.73IE 82 .... 36SE 82 OFR2 

-1.S171E 82 .... 64BE 12 .... 324E 82 OFA2 .... S38E 13 -1.13tE 13 -'.S171E .2 -'.648E 82 .... 3204£ 82 

HOtJII 16 
.:l16E ... 1.28SE 13 1.2IISE 13 HOUAI 23 

EOAFS 1.31IE 83 EQAFS -1.6SIlE 12 -1.6IUE 82 .... 69IE e2 .... 6111£ 82 QIlEFS 1.768£ U •• i55E 84 '.4114E 13 1.494E 83 ORE!'"S -1.18Z£ 13 -1.182E 13 .... 182£ .3 .... 18i!E 83 

QRCD 
".3S'7E ea 1.775E 12 l.llSE 83 

GRCD 
1.leeE .. I."IE .. .... USE 82 .... 222£ 12 ....33JE ea 
1.leeE .. l.ll8E 13 l.l36E 13 1.3SJE 83 I."IE II -I.UIE 12 .... 222£ 12 -1.333£ 82 
1.leeE .. 1.I99E 82 1.31l1lE ec I.S98E 12 l.eeeE .. -I.USE 12 .... 222£ '2 ....333E 82 
1.M8E .. l.ll1VE 12 1.3SlSlE 82 ..59BE .2 ..... E .. .... USE 'i! .... 222£ 12 .... 333E 82 

OFIU 
'.45i!£ 82 

QFRS 
'.S8IE 13 '.136£13 '.H4E ec -'.I75E .3 .... 132E .3 .... 877£ e2 -1.439E ea 

QFR2 
-1.324E 'i! 

OFAi! 
.... S311: .3 .... 1l71E .2 -1.648E 82 -'.13.E .3 .... 1171£ Ii! .... 64BE 82 -'.324E 12 

HOURI 17 
1.713£ U •• 282£ .3 1.28SE .3 HOUAI 24 

EOAFS '.2.2£ .3 EOAFS -'.74IE ea .... 74BE .2 .... 748E 82 -1.748E ea 
OREFS 1.34K 13 '.22IE 14 8.34K .3 1.46K .3 ORE!'"S -'.1517E 13 .... 197E n .... 1SI7E 13 -1.lll7[ .3 
QRCII 

'.141E N '.211E .2 '.422£ 'i! ORCD ....... '.".E .. .... Si!IE .2 -1.241E 12 -'.361E 82 •••• IE .. '.lIIE 13 '.282£ .3 '.383E .3 
'."'E .. .... Si!IE .2 -'.241E 82 - •• 361E 82 •••• IE .. •• H1E 12 1.281E .2 '.422£ 82 
' ... IE .. .... 12IE .2 -'.241E .2 - •• 361£ 82 •••• 1£ .. '.174E 12 •• 3411£ .2 '.salE Ii! 
' ... IE .. ....12IE 12 ....241E 82 -'.361E Ii! QFR! 

•• 1il7E .3 •• lISilE 82 '.6lS[ 12 '.317E N QFRl 
-'.I51.E .3 .... 14i!E .3 .... IISIE 82 -'.47SE 82 0F'R2 

.... ll1£ .3 - •• S171E N .... 64IE 12 - •• 3204£ N OFA2 
-'.138E .3 -1.SI7iE 82 .... 64BE .2 .... 3204£ 82 

PAUSE 

Ui PAUSE 
18 

1.411E " '.ul£ .3 •• 334£ " • EOMS l.lllE " 
QA£FS •• 2Ii!E 13 1.136£ ... '.2121 .3 •• 5111 13 

QRCD .... " .. '.7NE .1 '.15IE II •• 23IE N 
.... 1£ .. '.61IE II '.1i!4E .3 '.1I5E .3 ....... •• 71It!E II '.lS8£ 12 '.238£ 12 ....... •• 16&£ 12 '.331E 12 '.485E Ii! 

OFRl 
•• &751 II •• St6E N •• 331£ .. •• 1&SIE 12 

QF1I2 
.... 13K 13 -'.S171E 12 - •• 64IE N .... 324£ 12 

HOUAI S8 
'.ISSE Ii! •• 717E Ii! •• 1S5E 82 EOAFS •• 717E 12 

QA£FS •• 11&i U '.Ii!6£ 13 '.116£ 13 '.126E 13 

!aRCII 
'.316E .1 '.&32E 11 '.Sl47E '1 •• eeeE .. 

1.'eeE .. •• 371E .1 '.741E 11 '.U1E ec 
1 •• eeE .. '.316£ 11 '.&32E '1 '.SI47E et 
•• HIE .. '.371£ '1 '.741E '1 '.111£ 12 

OF1U 
'.411&[ .1 •• 324E 11 '.162£ II East North •• 647E It South west 

0FR2 
-1.S171E .2 -'.64IE 12 - •• 324E 82 -1.1311: 13 ..... • E_' 1.I_n I.IN£ ., ••••• n ..22K ., 

-~. '.15 • ., '.15" ., •• alllE I. •• I44E ., 
-«UtI i!8 

-1.2KE .2 -1.i!tSE 82 - •• 2eSE 12 ::OAFS .... 2.SE 82 
:.IREFS -1.53SE .iI .... 538£ .2 -1.Sl8E 12 -1.SlIE Ii! 

FR-l.0 FR-O.75 FR-O.5 FR-O.25 
GRell 

-'.&SSlE It -I. nilE el South -e.eetE .. -'.331E 81 
'.1_12 ..ISW 12 '.tetE .. -'.338E It -'.6SIIE 11 -I. liSSIE .1 West .. _" •• 529£ '1 .. -.. •• saSE II '.U6E 12 .dSllE Ii! '.8M[ .. -'.33IE It -1.6SIIE It -a.SlSIlE 11 East .. _" '.1.7E '3 l.allE 13 •• 321£ .3 .. '.tetE .. -'.33IE It -'.&SIIE .1 -e.8SIIE 11 North '._1. •• alE Ii! '.5& 12 •• 178£ Ii! 

~1 
-'.528E .2 .... 3II.E Ii! .... 261E 82 .... 13IE 82 

~2 -, '.lt4( 12 '.1- II! ..... "1£ " -'.13eE .3 .... 871E Ii .... &4IE 12 .... 324E Ii! all '._12 -facades -'.llK ., 
"."" 12 

....... 11 - •• J24E II 

10URI 21 
.... 4tlE .2 ::OAF'S -'.418E 82 .... 411£ 82 .... ·HI£ 12 

lREFS -1.l.U e3 .... l.BE 13 .... 1811E 13 .... 18BE 83 

lACII 
..... E .. .... 6SK 11 .... 13i!E .2 .... 1;&£ 'i! Nomenc 1 a tu re : 
'.HI£ .. -'.li511£ 11 -'.l32E 'i! ....198£ .2 EQAFS same as QRAF, but in Btu per hour '.HK .. ....liSSIE 81 -'.l32E Ii! -'.198£ 82 
.... IE .. -'.&59E It -'.t3i!E 82 -'.lnt 12 QREFS same as QREF, but in Btu per hour 

lFRl 
-'.lIC 13 -'.7UE 12 -'.521E Ii! -1.i!&eE 12 QRCD same as QRC, but in Btu per hour 

lFR2 
-'.13. t3 -'.S171E Ii! .... 64IE .2 -1.324E Ii! QFRl same as QFRESH1, but in Btu per hour 

QFR2 same as QFRESH2, but in Btu per hour 

Figure 7.43 - Conti nued. Figure 7.44. Key to Figure 7.43. 
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7.3. Yearly Summary Samples Including Fresh Air 
Impact 

Discussing this broader context of Section 7.2 
and of the following, which goes beyond the window 
performance itself, one should be aware that it 
relates to the hot and arid climate of Salt Lake 
City. I n other places, especi ally where tempera tu re 
and humidity levels are considerably different, 
the heating and cooling loads from make-up air 
will be qUlte different. 

Figure 7.45 shows the yearly heat loss at 
south orientation for the reference, exhaust-air and 
return-air windows. For the exhaust-air window or 
for the return-air window with all return air 
exhausted and without application of an energy re
covery system, the ai r-fl ow wi ndow systems have at 
fresh ai r fracti on 1. 0 about 22 percent lower heat 
losses than the reference wi ndow. If the return
air exhaust rate is 75 percent (FR = .75), then the 
exhaust-air window is about 7 percent and the 
return-air window about 24 percent lower than the 
reference window. At 50 percent return air exhaust 
rate the heat 1 oss of the exhaust-ai r wi ndow has a 
13 percent hi gher and the return-ai r wi ndow a 26 
percent lower loss than the reference window. The 
same trend holds for other window orientations. 

Fi gure 7.46 shows the yearly heat gai n at south 

ori entati on. Wi th a fresh ai r fracti on of 1. 0 the 
air-flow windows have a 59 percent lower heat gain 
than the reference wi ndow. Wi th a fresh ai r frac
tion of O~5 the return-air window is about 12 per
cent less efficient than the exhaust-air window. 
Similar relationships 'exist for other orienta
tions, such as the west orientation, shown in 
Figure 7.47. 

Thi s only s11 ghtly better performance of the 
exhaust-air window versus the return-air window 
in summer and the consi derably better performance 
of the return-ai r wi ndow in wi nter, may 1 ead to 
the decision for application of' the return~air 
system. Considering internal heat gains, however, 
may change the basis for such a decision. 

If one uses the rather low amount of 3 W per 
sq ft of internal heat gain (people, lighting, 
equ; pment), a 20 ft deep exteri or buil di ng zone 
will, at 4 ft window width, produce a gain of 
240 W or 818 Btu/hr. For 9 work hours and a 5 day 
work week a gain of 1.914 x 106 Btu per year will 
occur. This load which occurs mostly during daytime 
will slightly counterbalance the losses in winter, 
but substantially contribute to summer cooling loads 
in bull di nqs wi th the reference or the return-ai r 
windows at -lower than 1.0 fresh ai r fraction. The 
exhaust-air window will directly discard this load 
with the cavity air. 

Yearly Heat Losses* 

Reference 
Window 

Exhaust-Air 
Window 

Return-Air 
Window 

Reference 
Window 

Exhaust-Air 
Window 

Return-Air 
Window 

Reference 
Window 

Exhaust-Air 
Window 

Return-Air 
Window 

OREF 

1.904 + 

OEAF ORe OFR1 OFR2 TOTAL 
at fresh alr fraction FR = 1.0 

0.699 + 

0.699 + 

2.536 + 0.977 = 5.417 

2.536 + 0.977 = 4.212 

2.536 + 0.977 = 4.212 

at fresh air fractlon FR = 0.75 

1. 904 + 1.902 + 0.733 = 4.539 

0.699 + 2.536 + 0.977 = 4.212 

0.699 + 0.124 + 1.902 + 0.733 = 3.458 

at fresh alr fraction FR = 0.5 

1.904 + 1.268 + 0.489 = 3.661 

0.69Q + 2.536 + 0.977 = 4.212 

0.699 + 0.247 + 1.268 + 0.489 = 2.703 

* includinq January through May and October through December. 

Figure 7.45. Yearly heat losses, south orientation~ window cavity air flow 4 cfm/ft of window 
width, window size 4 ft x 7 ft , in 10° Btu per year. 
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Reference 
Window 

Exhaust-Air 
Window 

Return-Air 
Window 

Reference 
Window 

Exhaust-Air 
Window 

Return-Air 
Window 

Reference 
Window 

Exhaust-Air 
Window 

Return-Air 
Window 

QREF 

4.512 + 

c: '4.512 + 

4.512 + 

* including all months 

Yearly Heat Gains* 

(lEAF QRC QFR1 
at fresh air fractlon FR = 1.0 

0.078 

1.791 + 0.078 

1.791 + 0.078 

at fresh alr fraction FR = 0.75 

0.059 

1.791 + 0.078 

1.791 + 0.182 + 0.059 

at fresh air fraction FR = 0.50 

0.039 

1.791 + 0.078 

1.791 + 0.264 + 0.039 

QFR2** TOTAL 

= 4.590 

= 1.869 

= 1.869 

= 4.571 

= 1.S69 

= 2.032 

= 4.551 

= 1.869 

= 2.094 

**no latent heat gains because of low relative humidity conditions in Salt Lake City. 

Figure 7.46. Yearly heat gains, south orientation, window cavity air flow 4 cfm/ft of window 
width, window size 4 ft x 7 ft, in 106 Btu per year. 

QREF 

Reference 
Window 3.550 + 

Exhaust-Air 
Window 

Return-Air 
Window 

Reference 
Window 3.550 + 

Exhaust-Air 
Window 

Return-Air 
Window 

Reference 
Window 3.550 ,. 

Exhaust-Air 
Window 

Return-Air 
Window 

Yearly Heat Gains* 

OEAF ORC QFR1 
at fresh alr fractlon FR = 1.0 

0.078 

1.541 + 0.078 

1.541 + 0.078 

at fresh alr fractlon FR = 0.75 

0.059 

1.541 + 0.078 

1.541 + 0.141 + 0.059 

at fresh alr fraction FR = 0.5 

0.039 

1.541 + 0.078 

1.541 + 0.182 + 0.039 

OFR2** TOTAL 

= 3.628 

= 1.619 

= 1.619 

= 3.609 

= 1.619 

= 1.741 

= 3.589 

= 1.619 

= 1.763 

* lncluding all months 
** no latent heat gains because of low relative humidity conditions in Salt Lake City. 

Fi gure 7.47. Yearly heat gains, west orientation, window cavity air flow 4 cfm/ft of winrlow width, 
window size 4 ft x 7 ft, in 106 Btu per year. 
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8. DEMONSTRATION PROJECT OUllINE 

The outl i ne for a demonstrati on project must 
address the major assets and liabilities which the 
application of air-flow windows will bring into 
various building situations. Therefore, instead of 
discussing a project in a particular situation, a 
Question-and-answer method was chosen in order to 
cover the relevant aspects as broadly as possible. 
The questions and answers are listed in the Appen
di x N. 

Such questions frequently will be asked by 
. arch i tects and engi neers when confronted wi th th e 
choice of using air-flow windows. The answers 
contain a great deal of information not directly 
related to the main task of thermal testing, but 
important for understanding the whole context of 
air-flow window applications. 

In the following, the major features of a 
demonstration project are outlined. They are 
developed from the question-answer content. The 
recommendations are grouped in five areas of con
sideration: Site Selection and Environmental Con
ditions, Type of Building, Window Type and Solar 
Control, HVAC System and Window Integration. and 
Monitoring for Demonstration. 

8.1. Site Selection and Environmental Conditions 

The tests and simulations, as described in the 
previous sections have shown potentially large 
energy savings through application of air-flow 
windows in an area, Salt Lake City, with moderate 
to strong fluctuations in outside temperatures and 
with high solar radiation levels. Many areas in 
the United States have simi 1 ar condi ti ons, except 
for humidity and wind velocity levels, which are 
particularly low in Salt Lake City. 

In regions with mild climatic conditions the 
energy conserving features of air-flow windows 
will not be as obvious. Therefore, a project 
demonstrati ng thei r performance shoul d be located 
in a metropolitan area with strong temperature 
variations during the course of the year and high 
solar radiation levels. Exterior relative humidity 
levels are not an important consideration for the 
operation of the windows as the potential for 
condensati on in the wi ndow cavi ty is dependi ng on 
maintained interior humidity levels. Exterior 
humidity levels will have to be considered, however, 
in compari ng exhaust-ai r versus return-ai r wi ndow 
performance related to make-up air requirements. 

In order to allow the study of solar impact 
under comparable conditi ons for all ori entati ons, 
the site should be located in an area as little as 
possible obstructed by neighboring buildings. For 
example, the upper floors of a highrise office 
building would serve this purpose. The building 
shoul d be ori ented in such a way that true South, 
East, West and North facades are achi eved and can 
be monitored. 

8.2. Type of Building 

Although air-flow windows have been installed 
in a variety of building types, such as hospitals 
and schools, by far the largest number of applica-
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tions occurred in office structures. Office build
ings have typically large window areas and, con
sequently, large exterior building zones. 

The proper functioning of air-flow windows is 
dependent on sufficient air supply from such exter
ior zones. Typical space requirements per office 
occupant range between 50-100 sq ft. Therefore, 3 
to 5 ft of facade width is allocated per occupant 
in exteri or zones of bui 1 di ngs at 1'i to 20 ft of 
zone depth. As the minimum fresh air requirements 
per occupant typically are 10 to 15 cfm per occu
pant, 2 to 5 cfm per ft of window width are avail
abl e as wi ndow supply ai r (space exhaust or return 
air). This is in the functionally effective range 
of cavity air supply rates. At larger zone depth 
more supply air may be available. 

Office buildings represent a large volume of 
building in the private and government sector. 
They lend themselves also for retrofit installa
ti ons, wi th appl i cati on of the return-ai r wi ndow 
type, by leaving the exterior facade in place and 
installation of a second window inside which pro
vides the cavity. In most cases the extension of 
the conventi onal return duct system to the return
ai r duct headers above the wi ndow can be accom
plished within suspended ceilings. 

Because of the above mentioned items and 
because office buildings contain rather uniform 
space functions (with related uniform monitoring 
conditions) they appear to represent the best 
building type for a demonstration project. 

8.3. Window Types and Installations 

As evident from the results of the yearly per
formance morle 1 i ng, the overa 11 energy balances of 
the exhaust-air and the return-air window vary 
considerably in dependence on outside environmental 
conditions, air-flow rates and reconditioning of 
window cavity air (in the case of return-air win
dows). In order to demonstrate the operational 
characteristics and compare the actual performance 
of the two air-flow window types, it seems advisable 
to i nsta 11 both systems in the same demonstrati on 
project under the same conditions; for example, as 
two floors of an otherwise conventionally built 
office building. 

A third floor with conventional windows could 
serve as a reference arrangement for monitoring 
performance. As the air-flow window contains 
three panes of gl ass, the reference wi ndow shou1 d 
contain three pane insulating glass. This would 
yi el d a consi derab l'y improved performance of the 
reference wi ndow for demonstrati on purposes, espe
cially durin~ winter. 

Part of the improvement in performance of 
air-flow windows versus conventional windows is 
the i ntegrati on of shadi ng devi ces in the wi ndow 
cavi ty. Thi s difference of performance is espe
cially evident at low solar altitude angles, that 
is, in the winter half-year for South and in the 
summer half-year for East and West walls. 

White venetian blinds should be installed, in 
the cavity of the air-flow windows except in the 
North facade, to reflect part of the radiation to 



the outside and to provide increased daylight pene
tration into the space via ceiling reflections. 
The shadi ng devi ces of the reference floor (on the 
inside of conventional windows with insulating 
glass) should be of the same type. 

The b 1 i nds shoul d be automati ca lly controlled 
on all wi ndows of the test floors in order to 
achieve comparable results. For latitudes of the 
United States, with the exception of Alaska, only 
four adjustments of the blinds over the year's 
course are necessary: retracted at overcast skies, 
horizontal,30 degree and 45 degree positioning 
of the sl ats at sun exposure (the 1 atter three 
blocking the solar beam completely). Such automatic 
venetian blind controls are on the market in Swit
zerland and West Germany. 

8.4. HVAC System and Window Integration 

A separate HVAC and air-distribution system 
should be installed for each of the three window 
types. This will allow separate demonstrations 
and monitoring. It will also allow identification 
of shifts and tradeoffs in building cost which 
will occur because of differences in the physical 
and operational characteristics of the system. 

The same functional uses, occupant numbers and 
lighting levels should be maintained in order to 
achieve similar heat gains for comparative evalua
tion. For the same reason, air-flow rates should 
be maintained at the same levels. The effects of 
higher heat gains and higher air-flow rates, as 
encountered in other bui 1 di ng types, than offi ces, 
and potentially favoring the overall energy balance 
of one system over another, shoul d not be subject 
to physical demonstration, but part of energy per
formance modeling. 

Which HVAC and air-distribution system should 
be chosen depends on many parameters of which the 
choice of windows and shading devices are only 
two, although crucial ones. Certain aspects, how
ever, di rectly related to a demonstrati on project 
with air-flow windows need to be emphasized: 

1) While the air supply to the exterior zones 
of the test floor can be achi eved by i denti ca 1 
distribution systems, the air return (or air ex
haust) systems wi 11 have to accommodate the par
ticulars of each window type. 

2) Pressuri zati on for ai r flow wi ndow operati on 
must be provided. In case of the exhaust-air win
dow the pressure must be exerted on the supply 
side. For the return-air window this mav be accom
plished on the supply, on the return or on combined 
',i des. 

3) Return duct connections are necessary in 
case of return-air windows. As return-air windows 
are typically of the up-flow type, these connections 
are accomp1 ished by flexible ducting pieces and 
to the outside well insulated, sheet metal duct 
headers connected for the full width openings above 
the window cavities. 

4) Zoning related to the facade orientations 
should be provided for separate monitoring. This 
is done most effectively through partitioning. with 
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walls. It also implies separation between the core 
and the outer zones of the test floors. 

A.5. Monitoring for Demonstration 

Monitoring for the demonstration could be done 
on two levels, microscopic and macroscopic. Assume 
that a mu1tifloored office building has been chosen 
for the discussion here. Each floor might have a 
different type of window. On the macroscopic basis, 
the total energy consumption for the floor (heating 
or cooling) would be determined. This would be 
done by measuring the total air flow to each floor 
and by inferring its enthalpy content from temper
ature and humi di ty measurements. Care woul d have 
to be taken to avoi d any gross di ssimil ari ti es of 
loads of the floors. 

If some ·problem exists in the HVAC system of 
the buil di ng such that the fl oorwi se macroscopi c 
measurements cannot be made, a series of semi
macroscopi c measurements mi ght be made on a room
by-room approach. 

On the microscopic level, some samples of the 
various types of windows would be selected for 
detailed studies, temperatures should be measured on 
the inside (roomside) surface of the inner glazing. 
Thi s can be used for vari ous demonstrati ons, such 
as mean radiant temperature comparisons between 
windows. Al so, temperatures of selectively chosen 
wi ndows wi 11 be measured in more detail to infer 
condensation possibilities. 

An electronic panel display exhibiting instan
taneous energy flows and recorded long term per~ 
formance data of the individual test floors and 
orientations would help its demonstration purpose. 

'-



9. CONCLUSIONS 

The major goal of this project was energy per
formance comparisons of air-flow type windows with 
the conventional insulating glass window. The 
project i ncl uded the development of testing and 
performance modeling parameters, simultaneous test
ing of air-flow window and conventional window 
components, data reduction and computer modeling 
of window performance. It should be noted that 
very little testing and performance model ing for 

, air-flow windows had been undertaken and often 
unusual procedures had to be develop~d for achieving 
desired data. The results are shown in Sections 5 
and 7. They show considerable energy savings of 
air-flow windows versus the conventional insulating 
glass type for most of the environmental and oper
ational conditions, and related to the climate of 
Salt Lake City. It is important to consider the 
resul ts wi thi n the context of a parti cular bui 1 di ng. 
The examples of monthly and yearly heat losses and 
heat gai ns inSect; on 7 rei nforce thi s comment. 

The following items are the major conclusions 
from this project: 

1. The energy balance across the windows, 
that is transmission losses or gains between the 
outs i de and the exteri or zones of a bu i1 di ng, is, 
on a yearly basi s, 30 to 60 percent in favor of 
air-flow windows. 

2. The air-flow window principle is effective 
in reduci ng heat losses and heat gai ns. It is, 
however, crucial to consider the disposal/reutili
zation mode of cavity air with regard to its impact 
on the energy balance combined with transmission 
losses. Both the sensible and the latent heat 
content of the exhaust-air/return-air must be con-
sidered. . 

3. The exhaust-air window often shows large 
heat losses in winter, compared with the return-air 
window, in situations where only part of the return
air is replaced by fresh air. 

4. The performance of air-flow windows related 
to transmission losses and gains improves with in
creasing cavity air flow rates. The improvement 
rate is strong for air flows up to about 6 cfm/ft 
of window width but is small 'beyond this level. 

5. A general statement regardi ng the choi ce 
between return-air window versus exhaust-air window 
cannot be made, based on window testing alone. 
Other factors related to a particular building's 
functions and HVAC system, such as occupancy load, 
artificial lighting level, air change rate, energy 
recovery equipment, will play important roles in 
the decision process between the two window types. 

6. The mean radiant temperatures in spaces 
with large window walls will be favorably influenced 
in winter and summer by installation of air-flow 
windows, as the inside surface temperatures will be 
considerably closer to room air temperatures than 
double glazed, or even triple glazed, windows would 
yield. 

7. Condensation from humidity of room air may 
occur on the cavity side of the outer insu1atinq 
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gl ass pane of air-flow wi ndows at sl i ght1y hi gher 
room ai r temperatures than on the room si de of 
conventional insulating glass. 

8. A simulation procedure has been developed 
which can be adapted to any location where long 
term averages of sol ar i nsolati on and maximum and 
minimum temperatures are available. 

9. Considerations are given for the definition 
of a demonstration project where full scale applica
tions of flow windows can be made. 
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APPENDIX A 

Air-Flow Window Applications in Europe 

This report describes the state of the art of 
air-flow windows as developed from a literature 
search and from visits to air-flow window installa
tions in Germany, Sweden and Switzerland. 

1. Introduction 

The air-flow window which is increasingly used 
in central and northern Europe has ori gi nated in 
Sweden. A related Swedish patent was filed on 
September 27, 1956. The first large-scale instal
lation dates back to 1967 when the city of Helsinki 
used air-flow windows, designed by the EKONO Company 
in its Building Department offices. 

Since the energy crisis of 1973, the energy 
savings potential of these windows has resulted in 
a strong interest in their application. There are 
at least 50 large buildings and numerous small ones 
in Europe with air-flow window installations. The 
components are known in Europe as exhaust-air win
dows or climate windows. 

2 • Wi ndow Type 

The air-flow windows use return or exhaust air 
from conditioned spaces to temper the impact of 
c1 imate and weather on the i nteri or envi ronment. 
The air flows through the window cavity between the 
inner and outer glass panes. It strongly reduces 
the energy exchange hetween the two surfaces. Ver
tical or horizontal blinds act as shading devices 
and absorbers of solar energy. Some of this 
energy is removed by the air stream. 

The air flow direction is generally upwards. 
At least one system, however, is based on down
flow. This system allows space air to enter the 
window cavity through the top frame and exhausts 
the air through the lower frame directly to the 
outside. All other systems return the air from 
the wi ndow cavi ty to the central ai r-condi ti oni ng 
equipment. The space air is introduced to the 
window cavity at sill height, that is, just below 
the window frame. In some installations, the air 
enters a few inches above floor level and is ducted 
via spandrel panel duct to the window cavity. 

The inner window frame is always operable for 
cleaning the cavity and the blinds. In large air
conditioned buildings, the outer frame is generally 
fixed. It is often an integral part of the curtain 
wall. Some systems provide an operable outer sash, 
allowing cleaning of the outside glass surface from 
the i nteri or' space. 

The air in the up-flow windows is returned by 
means of a manifold-type duct above the windows or 
by individual return ducts. No return connection 
exists for the direct exhaust-air window type. 

* This report was initially submitted as part of the 
milestone reporting procedures of the LBL contract 
in January 1980; that is, before any window testing 
under this contract had been done. 
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A 1 though the exce 11 ent thermal properti es of 
these windows have been the major force behind their 
application, the potential for redUCing sound trans
mission has been more important in certain situ
ations. The "double skin" nature of these windows 
allows for efficient acoustical separation and 
absorption (cavity box lining). Typical app1 ica
tions are in offices and hotels with heavy auto
mobile traffic outside and in buildings close to 
ai rports. 

The principle of the air-flow window is sim
ilarly utilized by all manufacturers. The details, 
however, vary widely; not only between manufac
turers, but from installation to installation by the 
same manufacturer. The two major groups of app1 i
cati ons are curtai n-wall-i ntegrated components and 
individual windows, which are also used in retrofit 
situations. 

3. Wi ndow and B1 i nd Materi a 1 s 

All wood, all aluminum, and aluminum-wood com
binations have been used. In the latter case, alum
inum is generally applied as exterior cladding 
material. The aluminum windows have thermal breaks 
between the outer and inner frames. The frame sec
tions are generally deep, resulting in cavity space 
dimensions between the glass panes of four to eight 
inches. 

The blinds are either aluminum venetian blinds 
in various colors or vertical, white, nylon blinds. 
The blinds are either manually operated or motorized 
with central controls and solar irradiation sensing 
equipment. 

4. Technical Discussion 

There are three major considerations for justi
fying the application and higher cost of air-flow 
windows compared with conventional fenestration: 

a. Architectural design, comfort conditions, 
and space utilization; 

b. Building and maintenance costs; 
c. Energy consumption. 

4.1. Architectural Design, Comfort Conditions 
and Space Utl1lzatlon 

The appearance of air-flow windows and facades 
is bas i ca lly the same as for conventi ona 1 ones, 
wi th the excepti on of sun shadi ng. The 1 ocati on 
of sun-shadi ng devi ces between the gl ass panes of 
conventional windows is generally not advisable. 
Under the impact of sol ar radi ati on, the shadi ng 
devices act as absorbers and radiators, increasing 
the surface temperatures of windows. The exterior 
shading devices which should be used in conventional 
fenestration influence the appearance of buildings 
considerably. In air-flow window systems, sun
shading devices are generally placed between the 
glass panes. The solar energy absorption is a 
desired effect in this case, allowing convective 
transport of the collected solar energy directly 
to the outside or to the central HVAC equipment. 
The building exterior is not influenced by the 
shading devices. 

Ai r- fl ow wi ndows have excellent thermal proper
ties. The effective U-values are 25 to 50 percent 



of those of double insulating glass windows. They 
vary with the air-flow rate through the window 
cavi ty. The effecti ve shadi ng coeffi ci ents are as 
low as .2 and are variable by adjustment of the 
blinds. Low shading coefficients are also achieved 
in some installations by heat absorbing or reflect
ing glass. 

These thermal properties establish very favor
ab 1 e comfort condi ti ons, even close to the wi ndow 
surface. At a room temperature of 68°F. an outside 
temperature of 5°F, the typical air-flow rates from 
6 to 15 cfm per foot of wi ndow wi dth. temperature 
drops of only 5 to gOF below room temperature are 
experi enced. The mean radi ant temperature of the 
space is considerably improved. especially in spaces 
wi th 1 a rge wi ndows. Down dra fts on wi ndows are 
virtually eliminated. 

The blinds allow individual adjustment of solar 
radi at; on cond; ti ons for any sun angl e and facade 
direction. Manipulation improves the daylighting 
condi ti ons in the i nteri or zones of bui 1 di ngs by 
regulating daylight intensities at high solar 
irradiation and by reflecting daylight into the 
depths of spaces. Glare is eliminated or consider
ably reduced. The visual connection between inside 
and outside, however. is more or less diminished 
depending on the type of sun-shading device. 

Because of the favorable thermal and lighting 
conditions. work areas may be placed directly at 
the inner facade surface. thus enhancing space 
util i zati on. Thi s opti on is supported by the fact 
that termi na 1 HVAC components such as radi ators or 
air induction units are rarely located at the 
windows. The aoplication of air-flow windows re
duces the peak heat loss and heat gain compared to 
windows with double insulating glass and interior 
venetian blinds. Smaller duct sizes and smaller 
central HVAC equipment result in vertical and hori
zontal space savings. 

4.2. Building Maintenance Costs 

Smaller peak heating and cooling loads also 
reduce the first costs of HVAC systems and their 
maintenance costs. Such cost reductions depend very 
much on the equipment needs for particular build
i ngs. 

As mentioned earlier, exterior shading devices 
are very effp.ctive for conventional windows. Such 
devices must be serviced at considerable cost. Ex
terior venetian blinds typically have cleaning 
cycles of six to twelve months. Shading devices in 
air-flow window cavities have cleaning cycles of 
between two and five years. In considering opera
tional maintenance, it should be mentioned that 
b 11 nds in wi ndow caviti es are not damaged by hi gh 
wi nds and do not have to be retracted at hi gh-wi nd 
conditions. 

First costs of air-flow window facades, on the 
other hand, are higher than those of conventional 
high-quality facades; for example, facades with 
double glass windows and exterior venetian blinds. 
Comparable facades have not been built in the United 
States. European cost data cannot be di rectly re
lated to U.S. conditions; nevertheless, they give 
helpful indications. 
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Comparative evaluations in Europe between two 
air-flow systems (Protecta-Sol and Koller) and other 
facade systems show lower combined first and main
tenance costs for the air-flow type. These cost 
comparisons include first costs for the facades. 
sun shading. HVAC systems, and all maintenance 
costs. including cleaning of windows and shading 
devices. 

4.3. Energy Consumption 

The energy performance of conventional windows 
is calculated by using the U-value of the glass 
type. with correction for framing, and by using 
solar heat gain factors according to solar irradi
ation exposure. The U-value is. for standard wind 
conditions. assumed to be a fixed value. The solar 
heat gain. as a direct gain. varies strongly with 
cloud cover. window orientation, time of day. and 

• season. Despite these changing conditions, predic
tions on energy consumption are quite reliable. 
ei ther achi eved through many-year averagi ng or long
term hourly calculations. 

Predi cti ng the energy performance of ai r-fl ow 
windows is more complex. Their thermal properties 
are largely determined by the heating and cooling 
capacity of the air moving through the window cav
ity. A major variable for heating and cooling 
capacity is the air-flow rate through the window. 
Unlike conventional windows, air flow windows should 
be considered a part of the mechanical system. 

Two fundamentally different applications of 
air-flow windows must be considered for predicting 
energy consumption: 

a. Exhaust-air windows which improve the heat 
loss/heat gain performance of the building 
envelope; and 

b. Return-ai r wi ndows. whi ch have the same 
functi on. but whi ch may feed into an en
ergy-retention system and may act at times 
as an air-type solar collector. In fact, 
several HVAC systems of buildings with 
such air-flow windows have energy-recovery 
systems (heat-wheel type and heat pumps). 

Effective U-values have been established in relation 
to the air-flow rate. Although they are useful for 
comparisons with other window types, they do not 
help very much in calculating energy performance. 
Performance measurements are important because of 
the many variables. which are a result of integrat
ing several functions in one component and which 
mutually influence each other. 

5. Case Studies 

5.1. The Protecta-Sol System 

This system exhausts space air (irectly to the 
outside. The air-conditioned space is under 
sliqhtly positive pressure which causes the exhaust 
ai r to enter the wi ndow cavi ty through an aperture 
in the top frame, flow down through the cavity. and 
exit to the outside at the bottom. A patented check 
valve in the lower frame prevents outside air from 
entering the window cavity in the opposite direction 
(Figure AS.loll. 

Figures AS.lo2 through AS.loS show effective 
U-values, shading coefficients. inside surface tem-
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peratures, and air flow rates according to Protecta
Sol trade literature. 

Tests were conducted by the Ingenieurgruppe 
Keller + Luch to develop performance data for the 
Protecta-So1 retrofit installation (aluminum win
dows) in the office building of the Karlsruhe 
Lebensversicherung Karlsruhe, West Germany (Figures 
A5.1.6 and 7). This was the first large-scale 
retrofit installation by Protecta-So1 (1976). 

The data summary shows the foll owi ng perform
ance ranges: 

a. Effective U-values at air flow between 15 
and 6 cfm per ft of window width (85 to 35 
m3/h III) 0.05 - 0.12 Btu/hr sq ft °F* 
(0.03 - 0.70 W/m K)* 

b. Inside window surface temperatures below 
space temperatures at a temperature di f
ference of 54°F between outside and inside 
5.4 to 9°F. 

Figures A5.l.8 through A5.l.10 show the a1u
wood window installation in the office building of 
Foundry Design Company, Rapperswil near Zurich, 
Switzerland. 

5.2. CARDA System 

The wi ndows of thi s systelll are made wi th wood 
frallles. The exterior sash is often clad with alu
minum. While available as a window system, the 
fenestration is frequently marketed as part of an 
HVAC-ceiling-facade package under the trade name 
COMBIVENT (Figure A5.2.1). 

Space air is introduced to the window cavity 
in a slot in the interior, horizontal, bottom sash. 
A "manifo 1 dOl duct collects the ai r above the top 
sash and return ducts carry the af r to the central 
equipment (Figure A5.2.2). Space air is returned 
through the lighting fixtures to extract heat. 
Dependi ng on the need for heati ng and/or cooling, 
the air rate through the air-flow windows and the 
lighting fixtures is varied. Both constant and 
variable air-volullle systems are used. 

A typical installation is the Sparbanken office 
building in Helsingoer, Sweden. The southeast fa
cade has air-flow windows with venetian blinds in 
the cavity (Figure A5.2.3). In addition, the 
southwest facade has sun-reflecting glass (A5.2.4). 

A technical report on CARDA air-flow windows 
menti ons that "i n order to avoi d condensati on be
tween the panes duri ng wi nter, the flow through 
the window should not be below 5.4 cflll per linear 
foot of window (30 m3 per hour) at a glass pane 
height of 4 ft (1.ZIII). The flow must be increased 
as the height.of the window is increased." 

For effective U-values and shading coefficients 
see Figures A5.Z.5 and A5.Z.6. 

5.3 SIS-ISAL S,-stelll 

The first ISAL air-flow facade installation was 

* These U- va 1 ues appea r to be too low compa red 
with data frolll other manufacturers. 
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the Suter & Suter architectural office building in 
Basel, Switzerland (1975). It resulted from team 

. work between three compani es: Suter & Suter (archi
tects), Gebrueder Su1 zer AG (HVAC engi neers and 
contractors), and ISAL Company (facade and wi ndow 
manufacturers) • 

This installation consists of an outer, fixed 
frame with a single sheet of heat-absorbing glass 
and an inner, sliding frame with regular glass. 
The frames are of aluminum with neoprene gaskets. 
The window cavity contains venetian blinds (Figure 
A5.3.1 and A5.3.Z). HVAC is achieved through a 
conventional dual duct system. A separate supply
and-return ai r system provi des ventil ati on of the 
window cavity through a small distribution duct 
in the window base. 

Later installations, such as the recently com
p 1 eted COOP offi ce bui 1 di ng in Basel, cons i st of 
clear, double pane insulating glass outside, single 
glass inside, and vertical, white nylon blinds in 
between. The COOP HVAC system runs with variable 
air volume and heat pump energy regain. 

The functional characteristics of the air
flow windows in the COOP building were thoroughly 
tested in the ISAL laboratory (Figure A5.3.3). 
Duri ng wi nter the i nsi de wi ndow temperatures were 
not more than four degrees Fahrenheit below the 
space temperatures. The effective U-value varied 
between O.lZ and 0.16, depending on the air-flow 
rate. 

5.4. KOLLER System 

The Koller Company near Basel has equipped sev
eral large buildings with air-flow window facades. 
This company is presently install ing ZO ,000 m2 of 
air-flow-window curtain wall in the MICROS high-rise 
office building in Zurich. Previous large projects 
include two office buildings for the Kloeckner Steel 
Company in Bremen and Duisburg (Figures A5.4.1 
through A5.4.4). 

The air-flow windows consist of outer, fixed, 
li ghtly heat-ref1 ecti ng, i nsul ati ng gl ass and i n
ner, clear-glass sliding frallles. White nylon blinds 
are located in the window cavity. 

At air-flow rates of more than 14 cfm/ft (80 
m3/h m), U-values of 0.14 Btu/hr sq ft OF (0.8 
W/mZ K) or less are achieved. This allows compli
ance wi th the rather stri ngent German Energy Con
servation Regulations, even at 100 percent exterior 
glass facades. Relative humidities of about 45 
percent at a temperature difference of 54°F between 
inside and outside can be maintained in the space 
wi thout condensati on at the inner surface of the 
insulating glass. 

The variable air volume is introduced to the 
spaces through a floor cavity and floor regi sters. 
The air return is either through ceiling lumin
aires or, in the building peripheral zone, through 
the window cavity (Figure A5.4.Z). Air velocities 
through the space are low, that is, below four feet 
per second. 

In a life cycle cost analysis of ten facade 
types, with consideration of first costs, mainten-



ance, operating, and energy costs, this air-flow 
window showed the lowest total yearly expenditures. 

5.5 RIETH System 

Rieth and Son has installed various types of 
air-flow windows during the past three years. 

The KWU Office Building in Er1angen, West 
Germany, has a curtain wall with integrated air
flow wi ndow.s (Fi gure AS. 5.1) • The exteri or i nsu1-
ati ng gl ass consi sts of ref1 ecti ng gl ass. Space 
ai r moves through 11 ghti ng troffers and then into 
the wi ndow cavi ty from above • It flows through a 
sill-panel cavity to a return duct which is located 
in the suspended cei1in9 space below. The air flow 
through the window is about 15 crm per foot of win
dow, which represents close to the minimum make-up 
air requirement of the system. Venetian blinds 
are located in the window cavity. 

The largest installation by thh company is 
the Deutsche Texaco Office Building in Hamburg 
(Figure A5.5.3). The windows have lightly reflect
ing double pane insulating glass outside and single 
glass, casement sash inside. Space air enters 
about four inches above the floor and flows through 
a sill panel cavity into the window cavity. A 
return air duct above the window collects the air 
for transport to the central HVAC equipment. There 
are no blinds in the cavity space. Fixed, exterior, 
hori zonta 1 metal louvers provi de sun shadi ng at a 
distance of about three feet from the facade. 
HVAC is achieved by a dual duct system. According 
to techni cal i nformati on from the wi ndow manufac
turer, transmission losses in winter are cut by 50 
percent and summer by 20 percent. 

6. Conc1 usi ons 

Facades with air-flow windows have proven to 
be energy conserving in many European buildings. 
As this type of fenestration is expensive, about 
50 to 60 percent more costly than conventional 
facades, it can generally be justified only in 
buildings with all-year air conditioning. Careful 
life cycle cost analysis is necessary. Savings from 
lower energy consumpti on and sma 11 er HVAC systems 
must be compared with higher building costs. 

The following criteria and their potential 
impact should be considered in a comprehensive 
analysis of a particular building project: 

Technical 
- Location and type of shading device, 

including type of glass 
- Air flow rate through window cavity 

Integration with HVAC system 
- Exhaust air versus return air system 
- Maximum relative humidity in spaces 
- Energy recovery systems, including use 

of windows as solar collectors 
Economical 

- First cost because of more expensive 
windows 

- First cost because of smaller HVAC 
system and less space need because of 
smaller air distribution systems 

- Operation and maintenance costs 
- Savings on energy consumption and costs 

A 4 

- Reduction in electrical costs because 
of better daylight utilization 

Functional 
- Mean radiant temperature conditions 
- Air-flow velocities through space 
- All-year air conditioning 
- Daylight utilization 
- Improved acoustical protection 

The development of facades with air-flow win
dows is still in progress. Promising is the combin
ation of such windows with solar energy utilization 
concepts. Figure A6.1 shows a proposal for using 
the air-flow window concept in combination with an 
air-type, solar-collector facade. 

'1.,-. -~ 

1 exhaust-air inlet 
2 exhaust-air outlet 
3 protecta-sol air check 

valve 
4 double glazing 
S single pane 
6 vertical louver blinds 
7 facade 

Figure AS.5.l. Vertical section of typical 
Protecta-Sol exhaust-air window installation. 
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Figure A5.1 . 6. 
Protecta- So l 
(Karlsruher 
Karlsruhe). 
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Vertical section of retrofit 
exhaust-air window installation 

Lebensve ri sc herung Bu il din g, 

( 

Figure A5.1.7 . West fa ca de of Kar l sr uh er Lebens
versicherung Building, Karlsruhe. XJ311 R23 -2726 
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1 exhaust air entry 
2 exhau s t air exit 
3 protec ta-sol ai r 

check va lve 
4 in sulating gla ss 
5 single glas s 
6 verti cal nylon blinds 
7 fac ade components 

Figure A5.l.S . Vertical and horizontal section 
of Protec t a-Sol exhaust-ai r window (Foundry 
Des ign Corporation Building , Rapperswil, near 
Zuri ch) . 
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Figure A5.l .9. Sect io n, Foundry Design Corpora
tion Building (Rapperswil, near Zurich) . 
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Figure A5 . l.l0 . Found ry Des i gn Corporat ion 
Bu il ding (Rapperswil , nea r Zu ri ch). 
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COHBI VENT :~s 0 syste m in whi ch air . treatm::nt and l i g~ t in 9 
ore f ully coordinat e d. The sy ste m :5 po rt l. cu~o:ly s U .l to ~le 
fo r modular offices , o pe n- pI on o fflces and Slmllor preml.se s 
wh e re stri ct demands o re mode on ove ra ll comfort . 

In odd i t i c n t o the cen t ral un it , duc ti ng , and air s uppl y 
and exh aust reg isters , t he sy st em o lso includes ventil ated 
fluores cent l ight f it t ings and ext ra ct IJindows i n the ou te r 
zo ne . 

A. CENTRAL UNIT 

B. DUCTI r-IJ 

C. VENTILATED FLUORESCENT LIGHT FITTIr-IJS 

D. EXTRACT WINDCWS - I N THE OUTER ZONE 

E. EXHAUST AI R FAN 

F. ROOH THE RHOSTAT 

By employi ng extract .... i ndows , the cooling and heating 
demand s in t he out e r zones o f t he bui lding are apprec iab ly 
reduced, an d all of t he ne cessary cooling output con the re
fo re be supplied to th e premi ses with t he supply air . I n 
addi t i on , the heat emi t t ed by t he light i ng can be used 
pa rtiol.l y o r entirel y fo r direct heating of the premis e s, 
which reduces the ope rat i ng costs of the system . The syst em 
i s avoilabl e in a const an t flow version or a Va r iable Ai r 
Vol ume (VAV) version . Th e supply air is us ua lly at a tem
perat ure be l ow t hat of the premises . 

Figure A5 . 2. l . COMBI VEN T Syst em (from COMBI VE NT 
De s ign rljanual , CARDA Di vi s i on, Sti lwell 
Company) . 
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Fi gure A5. 2.2. Vert i cal section of CARDA return
air wi ndow insta ll ation (from CARDA trade 
literature). 

Fi gure A5.2.3 Sparbanken Office Bui ldi ng, 
Hel s in goer, Sweden XBB 823-2719 
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Fig ure A5.2 . 4 Sparbanken Office Bu il ding, 
Hel s in goer, Sweden XBB 823-2718 
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Fi ctitious coefficient of heat tra nsfer of an e xtract window 
as a function of the air f low per l inear meter of gl ass at 
a window pane height of 1 .2 m. 

Fi gure A5.2.5. Effect i ve U- va l ues of Carda 
return-air wi ndows (from COMBI VE NT Design 
Man ual , CARDA Di vi sion, St il well , Company). 
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10 20 50 60 

Solar radiation reduction factor of the extract wi ndow as a 
function of the air flow per 1 inear meter of gl ass at a pane 
height of 1. 2 m. The extract window consists of an insulating 
pane, venet i an blind and a single pane of glass. 

Fi gu re A5.2 . 6. Effective shad i ng coe ff icients of 
CARDA return-a i r wi ndows (from COMB IVENT Desig n 
Man ual, CARDA Division, St il we ll Company). 
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balustrade 

2 mullion 

3 sliding sash 

4 heat absorbing gl ass 

5 lower guide 

6 air supp ly 

7 concrete slab 

8 gypsum board 

9 return duct 

10 sandwich panel 

11 suspended ceiling 

12 upper guide 

13 venetian bl i nd 

14 ceiling grid 

Figure A5 .3. 1. Vertical section of SIS- ISAL 
return-air window installation (Suter + Suter 
Building. Basel) . 

XBB R23 -2724 

Figure A5 .3.2 SIS-ISAL return-air window in
stallation (Suter + Suter Office Building. 
Ba sel) 
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Figure A5.4.1 Verti ca l section. Koller return
air window system 

Figure A5.4.2 Systems sect ion . Ko ller return
air window installations (Kloeckner Offi ce 
Buildings. Bremen and Duisburg) 
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Figures A5 . 4. 3 and AS.4.4 Ko l ler return - air window sys tem (Kloeckn er Office 
Bui l dings, Bremen and Duisburg) 

-t--_' _ -,-,lI" I 

" 

1 Thermopl us insulating 
2 single g lass 
3 Isoternit s ill panel 
4 aluminum pane l 
5 raised floor 
6 re turn air 
7 supply air 
Blighting 
9 sus pended c e iling 

10 supply air register 
11 drapery guide 
12 venetian b lind 

glass 

Fi gures AS .S. l and AS .S.2 Section and installation of Rieth return-air window 
system (KWU-Office Building, Er l angen) 
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Figures A5.5.3 and A5.5.4 Section and installation 
of Rieth return-air window system (Deutsche 
Texaco AG Office Building, Hamburg) 

metal sheet absorber 
insulating glass for 
spandrel absorber 

3 insulation 
4 concrete slab 
5 air entry to absorber 
6 air exit from absorber 
7 solar blinds 
8 single glass 
9 exterior i nsulating glass 

10 air entry to air-flow window 

Figure A6.l . In tegrated ai r-flow window and 
s pandrel components as solar co ll ectors (from 
Ortmanns G.: "Der Einflu ss von Flachgl as auf 
die Energiebilanz eines Gebaudes," Glasforum 
~, 1978 , p. 23). 
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APPENDIX B 

Specifications of Test Components 

The foll owi ng speci fi cati ons were provi ded by 
the manufacturers of the test components. 

1. Return-Air Window (Wausau Metal s Corporation. 
Wausau. wisconsin) 

1.1. All aluminum air-flow windows and related 
materials. as specified and shown on the archi
tectural drawings, shall be Wausau Metals Series 
2250-T fixed windows with integral venetian blind, 
as manufactured by the Wausau Metals Corporation. 

Combined frames and thermal separator shall 
form composite frame depth of 7.250 inches and all 
walls including tubes shall have a minimum thickness 
of 0.125 inches. 

1.2. Air Infiltration: Air Infiltration shall 
not exceed (0.6) cfm per sq ft of sash under a 
static pressure drop of 6.24 psf (equivalent to 
50 mph wind velocity), when tested in accordance 
with ASTM 283-73. 

Water resistance: During a 15 minute test 
period under prescribed conditions of water appli
cation at a rate of 5.0 gph per sq ft per ASTM E331-
70, and a static air pressure differential of 6.24 
psf, there shall be no penetrati on of water into 
the plane of the innermost face of the window unit. 

Therma 1: A complete 2250- T Seri es fi xed or 
operable window containing a thermal break between 
the interior and exterior frame portion shall when 
tested inexact accordance wi th AAMA pub li cati on 
1502.6-1976 provide a CRF (Condensation Resistance 
Factor) not less than 55 and a !'U" value not to 
exceed .65 Btu/hr/sq ftrF based on nominal area 
and derived from a calorimeter (guarded hot box) 
constructed in accordance with ASTM standard C236 
utilizing CRF data and measuring actual heat loss 
through the complete test window including air 
infiltration transfer. 

Structural Thermal Barrier: The frame thermal 
insulator shall be poured in place polyurethane. 
The polyurethane shall be self-adhering to the 
adjacent aluminum surfaces. There will be a minimum 
of 3/8" separati on between the exteri or and i nteri or 
metal surfaces after the bridge is removed. 

1.3. Window Type and Construction: Fixed. 
Combi ned frames and thermal sepa rator sha 11 form 
composite frame depth of 2.250 inches and all 
walls including tubes shall have a minimum thickness 
of .125 inches. 

A 11 frames sha 11 be sea 1 ed formi ng a ba i r li ne 
watertight joint. Corners shall be mechanically 
jOined with stainless steel fasteners. Metal to 
metal joints must be factory sealed. Field applied 
sealants at horizontal and vertical joints will not 
be accepted. 

Expansion will be provided for in a self-mating 
mullion system. Provision for expansion in the 
glazing materials only will not be accepted. 

1.4. The interior sash shall be hinged at the 
jamb to allow access for cleaning, access to the 

. venetian blind, and be equipped with four cam-actu
ated locks operated by surface mounted cam handles. 
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All venetian blind access doors shall be 
mitered and sealed forming a hairline, watertight 
joi nt. Corners shall be rei nforced wi th al umi num 
gusset blocks and chemically welded followed by 
hydraulic crimping. 

Weatherstripping: Provide a double row of 
replaceable sponge neoprene weatherstripping in
stalled in dovetail grooves •. 

All hardware shall be compatible with aluminum 
and shall not bridge the thermal barrier. 

1.5. Air Flow: Air flow through unit shall 
be upward through ai r space between i nteri or and 
exterior glazing. Provide continuous 3/4 inch 
wide air flow slots at interior face of sill and 
tangentfa 1 surface of head secti ons to a 11 ow un
obstructed air flow through cavity. 

1.6. Finish: Anodic Coatings. The exposed 
surfaces of all aluminum shall be cleaned of all 
fabricating oils and debris, given a medium matte 
caustic etch and anodized to an Architectural Class 
I coating with a mi nimum coating thickness of .7 
mils and a minimum coating weight of 32.0 foti per 
sq inches. 

An electrolytically deposited color of medium 
bronze shall follow meetinq the Aluminum Association 
Specification AA'M10-C22-A44. 

1.7. Glazing: 1 inch insulating glass with 2 
x 1/4, inch plate and 1/2 inch cavity for exterior 
frame. 1/4 inch plate for interior operable sash 
(custom producti on by Bennett IS Gl ass Corporati on, 
Salt Lake City). 

1.8. Venetian Blind: Venetian blind slats 
shall be spring tempered aluminum 1 inch wide with 
a baked enamel finish. Color: White. Heat and 
bottom rail shall be aluminum. The tilting or 
D-rod mechanism shall be stainless steel centered 
through nylon guides. Mounting holes in head rails 
shall have brass cord protectors. Bottom rails 
shall have molded plastic end caps fitted with hold 
down pins which engage nylon hold down brackets. 
Blind slats shall be 0.010 inch aluminum. Tilt 
control knob (Air-flow window only) shall be de
signed to snap in place after the final installation 
is complete and shall be designed to prevent use 
as a pull handle. Blind shall be equipped with an 
override to allow friction free movement of control 
knob when slats are closed in either direction. 
Pull cord for rai si ng and 1 oweri ng bl i nds shall be 
located between glass lites (Air-flow window only) 
and be accessible only when access door is open. * 

2. Exhaust-Air Window (Protecta-Sol AG, Staefa, 
Swltzerl an-e:rr---

* Pull cord was made operable for blind positioning 
from inside through 1/8 inch hole of inside window 
frame. 



2.1. All aluminum Air-flow window as shown in 
the sectional drawings. Total dimension from out
side to inside frame surfaces 8 inches. 

2.2. Air Infiltration: Inside profile of ex
terior frame equipped with patented "Protecta-Sol" 
ai r check val ve for about 80 percent of wi ndow 
width. 

Thermal: The thermal insulator of the exterior 
frame shall be of poured polyurethane and shall 
separate the frame by 7/16 inch. The inside profile 
of the exterior frame and the cavity profile shall 
be insulated with 3/8 inch to 1/2 inch plastic 
plates on the outside. The cavity profile shall 
have a 1 inch thermal insulation behind a perforated 
aluminum sheet lining all sides of the cavity. 

2.3. Window Type and Construction: Fixed. 
The exterior window frames shall be mechanically 
joined including sealant. 

Operable sash: The hinged interior window 
frame shall consist of a single profile and be 
mechanically joined including sealant. It shall 
provide a 3/4 inch gap at the top allowing the 
entry of space exhaust ai r in down-fl ow di recti on. 
The operabl e sash shall have conti nuous weather
stripping on the lower and the side frame. 

2.4. Finish: All aluminum surfaces shall have 
natural color anodization. 

2.5. Glazing: 1 inch insulating glass with 2 
x 1/4 inch plate and 1/2 inch cavity for exterior 
frame. 1/4 inch plate for interior operable sash. 

2.6. Louver Blind: 4 inch vertical opaque 
plastic; louver blinds shall be located in' window 
cavity. Color: White. They shall be operated from 
inside by mechanism through operable sash. The 
chain type run-around line shall adjust position and 
tilt angle of the louver slats. 

3. Reference Wi ndow (Wausau Meta 15 Corporati on, 
Wausau,--WisconsTn) 

3.1. All aluminum windows and related materi
als, as specified and shown on the architectural 
drawings, shall be Wausau Metals Series 22S0-T fixed 
windows, as manufactured by the Wausau Metals Cor
poration. 

3.2. Air Infiltration: Air Infiltration shall 
not exceed (0.6) cfm per sq ft of sash under a 
static pressure drop of 6.24 psf (eQuivalent to 
50 mph wind velocity), when tested in accordance 
with ASTM 283-73. 

Water resistanc~: During a 15 minute test 
period under prescribed conditions of water appli
cation at a rate of 5.0 gph per sq ft per ASTM E331-
70, and a static air pressure differential of 6.24 
psf, there shall be no penetrati on of water into 
the plane of the innermost face of the window unit. 

Therma 1: A complete 2250- T Seri es fixed or 
operable window containing a thermal break between 
the interior and exterior frame portion shall when 
tested inexact accordance wi th AAMA pub 1 i cati on 
1~02.6-1976 provide a CRF (Condensation Resistance 
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Factor) not less than 55 and a "u" value not to 
exceed .65 Btu/hr/sq ft;oF based on nominal area 
and derived from a calorimeter (guarded hot box) 
constructed in accordance wi th ASlM standard C236 
uti 1 i zi ng CRF data and measuri ng actual heat loss 
through the complete test window including air 
infiltration transfer. 

Structural Thermal Barrier: The frame thermal 
insulator shall be poured in place polyurethane. 
The polyurethane shall be self-adhering to the 
adjacent aluminum surfaces. There will be a minimum 
of 3/8" separation between the exterior and interior 
metal surfaces after the bridge is removed. 

3.3. Window Type and Construction: Fixed. 
Combined frames and thermal separator shall form 
composite frame depth of 2.250 inches and all 
walls including tubes shall have a minimum thickness 
of .125 inches. 

All frames shall be sealed forming a hairline 
watertight joint. Corners shall be mechanically 
joined with stainless steel fasteners. Metal to 
metal joints must be factory sealed. Field applied 
sealants at horizontal and vertical joints will not 
be accepted. 

Expansion will be provided for in a self-mating 
mullion system. Provision for expansion in the 
glazing materials only will not be accepted. 

3.4. Finish: Anodic Coatings. The exposed 
surfaces of all aluminum shall be cleaned of all 
fabri cati ng oil sand debri s, gi ven a medi um matte 
caustic etch and anodized to an Architectural Class 
I coati ng with a mi nimum coati ng thi ckness of .7 
mils and a minimum coating weight of 32.0 r-Y3 per 
sq inches. 

An electrolytically deposited color of medium 
bronze shall follow meeting the Aluminum Association 
Specification AA M10-C22-A44. 

3.5. Glazing: 1 inch insulating glass with 2 
x 1/4. inch plate, and 1/2 inch cavity (custom pro
duction by Bennett's Glass Corporation, Salt Lake 
City) • 

3.6. Venetian Blind: 1 inch slat venetian 
blind, 47 1/2 inch wide, 84 inch high. Tempered 
aluminum with baked enamel finish, color: white. 
Pull cord for rai si ng and 1 oweri ng b1 i nds. Rod 
mechanism for tilt adjustment (custom production 
by Solar Window Company, Salt Lake City). 

". 
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APPENDIX C 

Estimate of Room-side Heat Transfer Coefficient* 

Convective Transfer: 

Assume: An average temperature for property 
evaluation is 70°F. 

An average atmospheric pressure is 
12.5 psi. 

The window height is 6 ft. 

Correlation will be of the form 

Nu = c (Gr Pr)n. with Gr = gBATL3/v2 

From the assumed. 
gB 

= 1. 72 x 106 
v2 

Assume: 

IATI = 4F. Then Gr = 1.72 x 106(4)(6)3 = 1.49 x 109 

Then Gr Pr = 1.07 x 109 is at the break poi nt 
between laminar and turbulent. 

NUL = 0.13 (GrL Pr)1/3= 0.13 (1.07 x 109)1/3 = 133 

k 
hc =-(133) = 

L 

Thus. for IATI ) 4 F, 

0.0145 

6 
(133)= 0.321 

hc = 0.321 (IATI/4)1/3 = 0.202 AT1/3 

For IATI < 4F 

NUL = 0.555(GrL Pr)1/4 = 0.555(1.07 x 109)1/4 = 100 

k 
hc = - (100) = 0.241 

L 

Radiative Transfer: 

For radiation between a surface of interest 
and very 1 arge surroundi ng surface (two body en
closure) is given by 

qr = 0 Aw €glass (Twi
4 - Ti4) 

or, defining a heat transfer coefficient: 

o €glass (Twi
4 - Ti4) 3 

hr " .. 40 Tave €w 
Twi - Ti 

where the last step above is made for Twi .. Ti. 
Taking the emissivity for glass in the longwwave 
region to be 0.9. find 

* All equations and properties are taken from J. P. 
Holman, HEAT TRANSFER. Fourth Edition, MCGraw-Hill, 
1976. 

C 1 

hr :: 0.9 

. which varies little over the range of temperatures 
used in the testing. 

Total 

The total heat transfer coefficient is found 
by adding: 

htotal = hc + hr 



APPENDIX 0 

Climatic Data for Salt Lake City 

from the. National Oceanic and Atmospheric Administration collected over 30 to 40 years at Salt Lake 
City, Utah. 

Tem2erature Jan. Feb. March April May June July Auq. Sept. Oct. Nov. Dec. 

Highest 61 69 78 85 93 104 107 103 98 89 75 67 
Lowest -22 -30 2 14 25 35 40 37 27 16 -14 -21 
Average highest 37 43 51 62 72 81 93 90 80 66 50 39 
Average lowest 19 23 28 37 44 61 61 59 49 38 28 22 
Average dai ly 28 33 40 49 58 66 77 75 65 52 39 30 

Heatinq Degree Days 
Average 1147 885 787 474 237 88 0 5 105 402 777 1076 

Coolinq Degree Days 
Average 0 0 0 0 30 124 363 300 99 11 0 0 

Wind 
Average MPH 8 8 9 10 9 9 9 10 9 9 8 8 

Sunshine 
Average percentge 

of possible 48 56 64 67 73 79 84 83 84 73 54 46 

Relative Humidity 
Average percentage 

Morning 68 63 51 44 37 31 26 29 34 43 57 70 
Afternoon 67 67 44 39 31 25 20 22 27 40 58 71 

Solar Radiation* 
Mean Dally Solar 

Insolation in 
Langleys** 163 256 354 479 570 621 620 551 446 316 204 146 

* from Climatic Atlas of the United States, U. S. Government Printing Office, 1968. 
** 1 gram cal. per cm2 = 1 Langley. 

: 
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APPENDIX E 

Record of Test Days 

The following lists show the test days from 
which data was reduced for establishing of the 
various thermal performance results in Section 5. 
The figures give the averages of the daily results 
and, in parentheses, the test dates. Nighttime 
testi ng for U1 and U2 typi ca 11y 1 asted 8 to 12 
hours. Daytime testing for RB, HI and H2 typically 
1 asted 6 to 9 hours. Data was recorded one to 
three times per hour. 

Return Air Window: Ul* 

Cavity Air Flow (cfm/ft) 
B1 ind Position 0 3.9 5.4 

Retracted .29 (9/4/80) .24 (9/21/80) .23 (9/16/80) 
.29 (9/31/80) .26 (9/28/80) 

00 .20 (9/19/80) .15 (9112180) 

300 .29 (9/26/80 .24 (9/17/80) .23 (9/20/80) 
.24 (9/17/80) 

45 0 .25 (9/24/80) .26 (9/2A/80) .20 (9/25/80) 

* A great deal of testing and data reduction was also done for April and May 1980. 

7.7 

.21 (9/9/80) 

.18 (9/13/80) 

.16 (8/31/80) 

.15 (9/10/80) 

.24 (9/18/80) 

.18 (9/29/80) 

.14 (9/11/80) 

.l3 (9/14/AO) 

.27 (9/30/80) 

The results which 
are somewhat lower were not used in Figure 5.1, however, because of an uncertainty in the htotal 
determination. 

Exhaust-Air Window: U] 
Cavity Air Flow (cfm/ft) 

Rl ind Position 0 3.9 5.4 7.7 

Retracted, 00 and .18 (10/26/80) 
60 0 .28 (11/17/80) .14 (10/16/80) .15 ( 11/7/80) .16 ( 11/25/80) 

.26 ( 11/26/80) .17 (1/5/81) .13 (1/20/81) .16 (12/15/80) 

.26 ( 1/8/81) .16 ( 1/6/81) .13 (1/21/81) .18 (12/5/80) 
.16 (1/9/81) 
.16 (1/10/81) 
.16 (1/11/81 ) 

Closed .22 .12 (10/19/80) .12 (1/13/A1) 
.24 .12 (1/14/81) 
.22 .14 (10/10/80) 

E 1 



Return-Air Window: l1? 

Cavity Air Flow (cfm/ft) 
B1 ; nd Positi on 0 3.9 5.4 7.7 

Retracted .13 (4/18/80) .18 (4.16.80) .22 (5/13/80) 
.12 (5/11/80) .16 (5/24/80) .22 (5/16/80) 
.12 ( 5/12/RO) .19 (5/25/80) .22 (5/28/80) 
.20 (9/12/80) .29 (9/16/80) .28 (9/9/80) 
.17 (9/21/80) .23 (9/28/80) .29 (9/13/80) 
.20 (9/31/80) 

0° .13 (4/11/80) .13 (4/9/80) .30 (8/13/80) 
.14 (5/14/80) .15 (4/10/80) .28 (9/10/80) 
.15 ( 5/15/80) .21 (5/22/80) .2B (9/28/80) 

.24 (9/12/80) .32 (9/29/80) 

30° .20 (8/30/80) .24 (5/21/80 ) .27 (5/21/80 ) 
.20 (9/17/80) .20 (5/26/80) 

.21 (9/20/80) 

45° .17 (4/18/80) .24 (4/17/80) .33 (9/1/80) 
.21 (9/28/80) .24 (9/25/80) .30 (9/11/80) 

.38 (9/14/80) 

.29 (9/30/80) 

Exhaust-Air Window: l1? 

Cavity Air Flow (cfm/ft) 
B1 ind Position 0 3.9 5.4 7.7 

Retracted. 0° and .17 (10/16/80) .23 (10/18/80) .34 ( 10/26/80) 
60° .17 (1/5/81) .23 (10/17/80) .33 ( 11/25/80) 

.15 (1/6/81) .29 (1/20/81) .32 (12/15/80) 
.29 (1/21/81) .33 (1/9/81 ) 

.32 (1/10/81) 

.33 (1/11/81) 

Closed .20 (10/23/80) .27 (10/21/80) .35 (1/14/81) 
.27 ( 11/21/80) .34 (10/20/80) 
.22 (10/19/80) 
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Return-Air Window: H) 

Cavity Air Flow (cfm/ft) 
81 i nd Posi tion 0 3.8 5.4 7.7 

Retracted .09 (9/7 /80) .09 ( 5/1/80) .06 (4/22/80) 0.6 (5/17/80) 
.12 (5/12/80) .07 (5/10/80) 
.11 (9/22/80) .07 (5/11 /80) 

.06 (5/25/80) 

.07 (9/23/80) 

.08 (9/25/80) 

0° .13 (9/4/80) .12 (4/30/80) .11 (4/9/80) .12 (9/18/80) 
.13 (9/6/80) .08 (5.7.80) .10 (5/6/80) 

.11 (5/15/80) .08 (5/22/80) 
.12 (5/23/80) 
.10 (6/4/80) 
.12 (9/16/80) 

30° .12 (4/24/80) .18 (4/23/80) .09 (4/25/80) .08 (5/28/80) 
.07 (4/28/80) .08 (5/21/80) .07 (6/10/80) 
.09 (4/29/80) .09 (5/26/80) 
.17 (5/16/80 .08 (5/27/80) 
.08 (8/31/80) .08 (6/5/80) 
.13 (9/17/80) .08 (6/9/80) 

.11 (9/20/80) 

45° .13 (9/8/80) .10 (4/19/80) .11 (4/16/80) .06 (9/2/80) 
.11 (9/3/80) .08 (4/17/80) .08 (9/14/80) 

.09 (9/15/80) 

Exhaust-Air Window: H) 

Cavity Air Flow (cfm/ft) 
81 ind Position 0 3.9 5.4 7.7 

Retracted .42 (10/15/80) .30 (10.16.80 ) .09 (10/17/AO) 
.09 (11/28/80) 

0° and 60° _ .16 (11/18/80) .11 (10/22/80) .11 (10/19/AO) .11 (10/21/80) 
.11 (10/23/80) .11 (10/24/80) 
.12 (10/30/80) .11 (11/19/80) 
.10 00/31/80) .12 (12/11/80) 
.11 (11/20/80) 

Closed .08 (10/19/80) 
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Return-Air Window: . H2 

Cavity Air Flow (cfm/ft) 
Blind Position 0 3.9 5.4 7.7 

Retracted .05 (9/21/RO) .06 (4/22/80) .15 (4/21/80) 
.05 (9/22/80) .06 (5/10/80) .12 (5/17/80) 
.07 (9/28/80) .06 (5/11/80) .20 (9/27/80) 
.06 (9/31/80) .06 (9/25/80) 

.11 (9/29/80) 

0° .06 (4/30/80) .13 (4/9/80) .19 (9/18/80) 
.07 (5/7/80) .13 (5/6/80 
.11 (5/15/80) .11 (5/22/80) 

.14 (5/23/80) 

.14 (6/4/80) 

.15 (9/16/80) 

30° .09 (4/23/80) .14 (4/25/80) .12 (5/28/80) 
.08 (4/28/80) .10 (5/21/80) .12 (6/10/80) 
.06 (4/29/80) .09 (5/26/80) 
.07 (5/16/80) .09 (5/27/80) 
.09 (8/31/80) .09 (6/5/80) 
.12 (9/17/80) .10 (6/9/80) 

.14 (9/20/80) 

45° .09 (4/19/80) .13 (4/16/80) .15 (9/2/80) 
.10 (4/17/80) .15 (9/14/80) 
.13 (4/15/80) 

Exhaust-Air Window: H2 

Cavity Air Flow (cfm/ft) 
Blind Position o 3.9 5.4 7.7 

Retracted .09 00/17/80) 
.07 (11/28/80) 

0.7 ( 10/22/80) .11 (10/19/80) .15 00/21/80) 
.12 (10/30/80) .14 00/24/80) 
.11 (10/23/80) .14 (11/19/80) 
.12 00/31/80) .16 (12/11/80) 
.11 01/20/80) 
.13 00/19/80) 

Closed .13 (10/19/80) 
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Return-Air Window: RB 

Blind Position Retracted 

.27 (4/22/80) 

.31 (S/8/80) 

.32 (S/10/80) 

.32 (S/11/80) 

.32 (S/12/80) 

.31 (S/17/80) 

.32 (S/29/80) 

.31 (9/21/80) 

.30 (9/23/80) 

.28 (9/31/80 

.27 (9/29/80) 

.31 (9/28/80) 

.31 (9/27/80) 

.32 (9/22/80) 

.31 (9/1S/80) 

Exhaust-Air Window: RB 

Blind Position: 

Reference Window~ 

Blind Position: 

Reference Window: 

Blind Position: 

Retracted 

0.3S (10/13/81) 
0.36 (10/14/81) 
0.36 (10/lS/81) 
0.3S (10/16/81) 
0.36 (11/27/81) 

Ur 

Open 

.S6 (9120/80) 

.54 (9/22/80) 

.53 (9/23/80) 

.S3 (9/19/80) 

.64 (l0/1/80) 

.61 (9/14/80) 

SC 

Open 

.48 (9/21/80) 

.57 (9/22/AO) 

.S3 (9/2S/80) 

.59 (9/27/80) 

.49 (9/28/80) 

.S2 (9/29/80) 

.S2 (9/31/80) 

0° 

.13 (S/30/80) 

.14 (S/23/80) 

.14 (S/22/80) 

.16 (S/lS/80) 

.12 (9/6/80) 

.13 (9/18/80) 

0.03 (10/20/81) 
0.14 (10/18/81) 
0.14 (10/21/81) 
0.14 (10/22/81) 
0.16 (10/23/81) 

0° 

.46 (9/11/80) 

.48 (9/13/80) 

.SS (9/19/80) 

.58 (9/30/80) 

0° 

.58 (9/18/80) 

.S6 (9/26/80) 

.37 (9/30/80) 

.38 (9/31/80) 
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30° 

.08 (4/23/80) 

.09 (4/24/80) 

.09 (4/2S/80) 

.09 (4/29/80) 

.09 (S/16/80) 

.10 (S/21/80) 

.10 (S/26/80) 

.10 (S/27/80) 

.10 (S/28/80) 

.10 (6/S/80) 

.10 (6/9/80) 

.10 (6/10/80) 

.08 (9/17/80) 

.09 (8/31/80) 

0.10 (10/20/81) 
0.08 (10/18/81) 
0.08 (10/21/81) 
0.06 (10/22/81) 
0.07" (10/23/81) 
0.08 (10/29/81) 
0.08 (10/30/81) 
0.09 (11/17/81) 
0.09 (11/18/81) 
0.11 (11/24/81) 
0.09 (12/8/81) 
0.00 (12/9/81) 
0.10 (12/10/81) 

30° 

.S6 (9/21/80) 

.SO (9/27/80) 

30° 

.34 (9/17/80) 

.4S (9/20/80) 

.41 (9/28/80) 

.43 (9/29/80) 

4So 

.08 (4/16/80) 

.07 (4/18/80) 

.08 (4/19/80) 

.06 (9/8/80) 

.07 (9/1S/80) 

.06 (9/14/80) 

.08 (9/19/80) 

.08 (9/3/80) 

.06 (9/2/80) 

4So 

.61 (9/1S/80) 

.SO (9/2S/80) 

.47 (9/26/80) 

.68 (9/28/80) 

.S8 (9/31/80) 

45° 

.43 (9/14/80) 

.42 (9/1S/80) 

.38 (9/16/80) 

.41 (9/30/80) 



• 
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APPENDIX F 

Samples of Test Data and Reductfon for Thermal 
Performance 

The followfng samples of test data are repre
sentatfve of the measured recordfngs durfng the 
test days listed in Appendix E. The formulas used 
for data reducti on are descrf bed f n Sectf on 4 and 
given here agafn. 

where 
htotal = 0.171Twf - Tf 10.25 + 0.09, 

where 

when I Twf -Tfl~4.0 

0.20 ITwi - Ti 10.33 + 0.9, 

when I Twi - Tf I > 4.0 

"'1 • Cp/Aw = 35 ~/25.9 

H1 = [htotal • (Twi - Til - U1 • (To - Tf)] • 

Aw/Io • Aq 

H2 = (["'1 • Cp • (Tfx - Tff)] - U2 • 

Aw (To - Tf))/Io • Ag 

where 

where 

where 

Ag = 21.9 

Ur = ["'2 • Cp • (Trx - Trf) + Ub • Ab • 

(Tbox - Tf)]/[(To - Tbl) • AwJ 

"'2 • Cp = 64 ~, Ub • Ab = 2.75, Aw = 27.7 

SC = [m2 • Cp (Trx - Trf) + Ub • Ab • (Tbox -

Ti) - Ur • Aw (To - Tbl) ]/(10 • Ag) 

Ag = 23.6 

Day: 9/21/1980; Cavity Air Flow: 3.9 cfm/ft (~p = 0.19); Bl ind Position: no blinds 

Hour Tf Twf Tfi Tfx To U1 U2 

22 92.0 84.6 93.1 80.3 50.7 .23 .16 

° 92.2 84.2 92.9 79.4 50.9 .25 .17 
2 91.5 83.7 92.3 78.6 50.4 .25 .17 
4 90.8 83.0 91.6 78.2 47.0 .23 .16 
6 90.1 82.1 90.9 76.9 48.6 .25 .18 

Average: .24 :Ii 

Day: 9/10/1980; Cavity Air Flow: 7.7 cfm/ft (~P = 0.76); Blind Position: down, 0° 

Hour Tf Twf Tff Tfx To U1 U2 

22 99.6 94.1 100.4 90.0 63.0 .19 .30 
0 97.4 93.8 99.3 90.0 60.3 .11 .26 
2 99.1 94.1 100.1 89.5 57.4 .15 .27 
4 99.2 93.8 100.3 89.2 58.1 .16 .28 
6 99.6 94.3 100.8 89.3 57.7 .16 .29 

Average: :IT ~ 

Figure Flo Sample of Return-Afr Wfndow Test Data: U1 and Uz Values. 
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Day: 1/5/1981; Cavity Air Flow: 3.9 cfm/ft (~P = 0.19); Blind Position: no blinds 

Hour T; Twi Tfi Tfx To U1 U2 

22 85.3 78.2 88.4 65.4 28.9 .16 .21 
0 84.4 77.8 87.8 64.9 29.0 .15 .22 
2 84.0 77 .2 87.5 63.8 28.4 .16 .22 
4 84.2 76.7 87.3 63.2 2B.5 .17 .23 
6 83.9 76.7 87.0 63.4 28.8 .17 .22 

Average: :w ~ 

Day: 1/1/19B1; Cavity Afr Flow: 6.5 cfm/ft (~P = 0.54); Blind Position: open 

Hour Tf Twf Tff Tfx To U1 U2 

22 71.5 67.0 74.9 54.5 28.6 .13 .33 
0 71.8 67.4 75.4 55.3 28.9 .13 .32 
2 72.9 67.8 76.4 55.4 29.0 .13 .32 
4 72.3 67.7 75.7 55.2 28.3 .13 .32 
6 71.6 67.3 75.1 55.2 28~4 .14 .32 

Average: :IT ~ 

Figure F2. Sample of Exhaust-Air Window Test Data: U1 and ~ Values. 

Day: 4/19/80; Cavity Air Flow: 3.9 cfm/ft (~P = 0.19); Blind Position: down, 45°; 
U1 = 0.14; 1I2 = 0.17 

Hour Ti TWi Tfi Tfx To Itr 10 HI HI RB 

10 80.0 90.2 86.2 106.7 75.1 12.9 182 .083 .078 .071 
11 82.9 94.9 89.2 114.7 75.6 14.3 183 .097 .092 .078 
12 82.7 95.5 89.7 114.7 79.9 14.3 196 .092 .081 .073 
13 83.4 93.7 8B.2 1l1.0 78.0 12.6 182 .082 .082 .069 
14 RO.3 90.7 86.6 104.7 78.3 10.1 131 .11 .OB8 .077 
15 81.6 87.2 84.9 97.2 79.6 7.3 90.6 .082 .087 .081 
16 80.5 85.0 83.7 90.8 79.8 5.6 42.6 .13 .11 .130 

Average: :tm" :nmr :em! 

Day: 9/14/1980; Cavity Air Flow: 7.7 cfm/ft (~P = 0.76); B1 i nd Posi ti on: down, 45°; 
U1 = 0.10; 1I2 = 0.33 

Hour Ti Twi Tfi Tfx To Itr 10 HI H2 RB 

10 83.3 93.2 85.0 106.6 75.0 12.2 209 .070 .14 .058 
11 82.2 95.'! 83.3 113.5 79.8 15.3 247 .073 .15 .062 
12 81.6 9!\.3 82.6 115.8 82.0 16.6 264 .077 .15 .063 
13 81.1 95.6 81.9 113.6 83.5 16.1 252 .064 .15 .064 
14 80.3 93.6 81.3 110.0 85.7 14.3 223 .078 .15 .064 
15 79.2 90.2 80.4 104.8 84.0 1l.8 184 .076 .15 .064 
16 77 .2 85.3 78.9 95.8 84.6 8.9 132 .068 .15 .068 

Average: :nIT :IT :mcr 

Figure F3. Sample of Return-Air Window Test Data: HI, H2 and RB Values. 
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Day: 10/23/1980; Cavity Air Flow: 5.4 cfm/ft (6P = 0.38); U1 = 0.17; U2 = 0.24 

Hour Blind Ti Twi Tfi Tfx To Itr 10 HI H2 RB 

10 0° 79.3 86.0 82.0 94.9 44.6 . 35.5 209 .071 .14 0.17 
11 0° 80.2 94.7 83.4 111.1 48.7 51.8 259 .078 .17 .20 
12 0° 84.4 98.4 85.1 111.5 49.6 38.4 276 .088 .17 .14 
13 60° 82.2 97.2 86.0 131.7 51.6 18.0 290 .097 .17 .062 
14 60° 83.3 98.1 86.8 133.3 54.9 14.4 271 .096 .18 .053 
15 60° 83.6 96.7 87.4 127.7 53.7 11.9 237 .11 .20 .050 
16 0° 84.9 96.8 8R.5 115.6 54.9 28.0 190 .12 .19 .15 

Average: :tm" :rr -:u- _ 0° 
"- .055 - 60° 

Day: 10/21/1980 ; Cavity Air Flow: 7.7 cfm/ft (6P = 0.76); U1 = 0.14; U2 = 0.35 

Hour Blind Ti Twi Tfi Tfx To Itr 10 HI H2 RB 

10 0° 85.3 94.3 86.6 104.6 52.2 34.4 206 .074- .16 .17 
11 60° 86.4 99.7 RR.1 123.2 58.0 17.5 250 .089 .21 .070 
12 60° 88.2 103.6 90.0 133.9 62.5 22.0 277 .097 .23 .079 
13 60° 89.0 106.7 91.6 137.4 67.4 26.3 280 .103 .23 .094 
14 60° 90.4 106.9 93.1 135.6 65.2 18.0 256 .017 .24 .070 
15 60° 90.8 105.4 93.7 131.7 65.6 14.3 215 .11 .26 .067 
16 0° 92.5 104.9 95.0 120.0 66.9 24.7 162 .13 .24 .15 

Average: :nr ~ :TIl _ 0° 
.076 - 60° 

Figure F4. Sample of Exhaust-Air Window Test Data: HI, H2 and RB Values. 

Day: 9/18/1980; Box Ai r Flow: 6.4 cfm/ft (6P = 0.15); Blind Position: no blinds 

Hour Ti Tbl To Tri Trx Tbox Ur 

22 93.6 88.3 79.2 96.1 87.2 87.4 .53 
0 96.6 89.4 69.4 99.2 87.1 88.2 .55 
2 98.3 89.5 68.3 101.1 86.0 87.7 .50 
4 99.6 90.0 64.6 102.5 86.3 88.3 .1;6 
6 99.1 90.1 64.9 103.2 86.0 88.3 .55 

Average: '"34 

Day: 9/22/1980; Box Air Flow: 6.4 cfm/ft (6P = 0.15); Blind Position: down, 45° 

" Hour Ti Tbl To Tri Trx Tbox Ur 
',. 

22 91.2 86.7 60.'1 94.6 84.2 86.7 .38 
0 92.9 85.4 58.1 96.4 81.8 85.0 .51 
2 93.7 84.9 58.2 97.5 81.1 84.6 .59 
4 94.0 84.6 53.7 97.8 80.2 84.2 .55 
6 93.9 84.4 53.3 97.9 79.7 83.9 .56 

Average: :rr 

Figure F5. Sample of Reference Wi ndow Test Data: Ur • 
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Day: 9/15/1980; Box Air Fow = 11.4 cfm/ft (6P = 0.48); Blind Position: down, 45°; Ur = 0.55 

Hour Ti Tbl To Tri Trx Tbox 10 SC 

10 M.1 114.3 75.1 84.6 109.0 113.2 200 .38 
II 79.1 124.9 78.9 83.1 118.5 123.0 233 .44 
12 78.7 128.2 80.5 82.6 122.0 126.5 254 .44 
13 78.4 129.8 85.3 82.4 124.3 128.8 246 .46 
14 78.0 127.4 83.0 82.3 122.4 127.6 224 .51 
15 77 .7 121.1 84.8 81.9 ll7.4 122.0 174 .55 
16 77.2 110.3 79.0 81.5 108.6 112.4 ll5 .66 

Average: ~ 

Day: 9/20/1980; Box Air Flow = 6/4 cfm/ft (6P = 0.15); Blind Position: down, 30°; Ur = 0.55 

Hour Ti Tbl To Tri Trx Tbox 10 SC 

10 81.4 120.3 62.6 83.6 114.3 119.4 203 .36 
11 80.7 133.9 68.2 81.8 128.2 133.4 240 .40 
12 81.3 144.9 71.6 82.4 138.0 144.6 256 .42 
13 82.4 148.0 73.6 82.4 140.9 148.8 253 .44 
14 81.3 144.9 72.7 82.8 139.7 146.3 225 .48 
15 78.8 137.0 75.2 81.1 132.3 139.3 182 .52 
16 82.0 124.7 75.2 83.3 121.1 127.2 125 .63 

Average: ":10 

Figure F6. Sample of Reference Window Test Data: se. 
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APPENDIX G 

TemEerature Test Data for Calculation 
of Belative Humidit~ Ljmjts Qf RQQm Ajr 

Exhaust-Air WiDdQ~. ~~jgbt 7 ft 

Air-flow Rate 2.8 cfm/ft of window width 
4/13/81 and 4/14/81 

Time Ti To Tl ow Tmid Tup Tex CR 

21:45 90.5 50.0 66.9 68.6 71.4 71.6 1.72 

23:45 88.7 47.4 64.5 66.4 69.3 69.2 1.72 

1:45 87.9 43.9 62.9 64.8 67.9 67.2 1.73 

3:45 R7.0 44.0 61.5 63.6 66.8 66.0 1.69 

5:45 87.2 41.4 60.9 63.1 66.3 65.3 1.74 

Tl ow inside surface temperature of insulating glass 6 inches from 
bottom fral"le 

Tmid inside surface temperature of insulating glass at mid height 
of window 

Tup inside surface temperature of insulating glass 6 inches from 
top frame 

Tex cavity air temperature at exhaust 

Ti - To 
CR = 

T; - Tl ow 

Air Flow Rate 3.9 cfm/ft of window width 
3/30/R1 and 3/31/Rl 

Time Ti To Tl ow Tmid Tup Tex CR 

21:20 83.7 33.9 58.3 60.9 64.1 63.8 1.96 

23:20 R3.4 35.1 59.0 61.4 64.5 63.8 1.98 

01 :20 82.9 34.8 5R.7 61.2 64.1 63.5 1.97 

03:20 82.4 32.9 56.7 59.3 62.6 61.9 1.93 

nr;:20 81.9 32.2 55.5 58.2 61.5 60.9 1.88 

Air-Flow Rate 5.4 cfm/ft of window width 
4/1/Rl and 4/2/81 

Time Ti To Tl ow Tmid Tup Tex CR 

21:10 89.6 53.4 71.6 72.9 75.3 76.1 2.01 

23:10 90.7 52.0 71.3 72.6 75.1 76.6 1.99 

01:10 R9.9 49.9 70.4 71.7 74.3 75.7 2.05 

03:10 90.9 47.8 6~.9 71.3 74.1 74.7 2.05 

05:10 89.4 42.6 68.4 70.0 73.0 74.4 2.23 ' 
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Air-Flow Rate 6.6 cfm/ft of window width 
4/3/81 and 4/4/81 

Time Ti To Tl ow Tmid Tup Tex CR 

21:00 90.9 38.3 66.7 68.5 71.8 73.4 2.17 

23:00 9'0.4 39.0 67.0 68.7 71.8 73.3 2.20 

01:00 89.0 33.8 64.1 65.5 69.0 71.5 2.22 

03:00 89.3 35.6 64.8 66.6 70.1 71.4 2.19 

05:00 89.2 34.3 64.1 65.6 69.3 71.2 2.19 

Air-Flow Rate 7.7cfm/ft of window width 
4/6/81 and 4/7/81 

Time Ti To Tl ow Tmid Tup Tex CR 

21:30 90.1 47.6 72.0 72.7 75.7 78.3 2.34 

23:30 89.4 47.1 70.8 71.6 74.4 77 .0 2.27 

01:30 90.5 44.5 69.6 70.6 73.7 76.1 2.20 

03:30 8R.7 40.9 67.6 68.4 71.6 74.7 2.27 

05:30 90.3 40.0 68.2 69.4 72.9 75.0 2.28 

.. " 

G 2 



APPENDIX H 

Yearly Performance Morleling Program 

This program is broken into two sections and is 
stored in two separate files. The first section 
handl es heat loss/heat gain cal cul ati ons for wi n
dowse The second section takes the results and 
does further manipulations on the results and does 
graphic displays of the results. 

Control 

This program is controlled by a routine called 
"TOP." TOP asks the user to select an option with-
in the system and branches to that option returning 
after it is completed to allow the user to select 
again. This subroutine is typical of the subrou
ti nes whi ch control sub 1 eve 1 s of the program. It 
makes use of the subroutine "PARS" which interprets 
user commands. 

Section One 

The calculating portion of the program uses out
put from another program as input. The input func
tions are "GETHR" and "GETER" which read and sort 
records of data. The program also uses table stored 
variables and functions. System variable and func
tion retrieval is handled by: "MONVAR" - monthly 
variables, "GElFUN," "FUN2" - blind adjustment and 
sun angle dependent functions, "BLDAJ," "CHKRAD," 
"AH1ER," "INBAS," "SElVAR" - are support functions. 
The calculations are controlled by support func
tions. 

The calculations are controlled by "CAL TOP" 
which maintains month, day, hour pointers. The 
calculations are don~ within "CALC" which retrieves 
table stored variables and functions described 
above, anrl calls calculation functions "QEAF," 
"OREFUN," "{lRC," "OFRll," "QFR22," which do the 
final calculations. 

Storage 

Storage is handled b.v "SIGMA" on a daily basis, 
and monthly results are then stored by "MONSUM," 

Section 

H 1 

with "SUMMER" holding yearly totals. MmlSUM uses 
several subordinate routines "QS1," "OS2," "STUFl," 
"STUF2," "STUFJ," "STUF4." The "STUF" routines 
are contained in the second section of the program. 

Section Two 

The graphi cs porti on of the program is con
trolled by "GRAFIX" which also produces complex 
functions made from the output of the calculation 
routine on demand. 

"READER," and "DUMPER" do input and output from 
the calculation storage file made by the first pro
gram secti on, and use subordi nate routi nes "01," 
"02," "Rl," "R2." 

Graphics uses arrays of functi ons sel ected by 
the user and are limited to four per display. The 
functions may be output from the first program sec
tion, or complex summation functions produced in the 
second section by "ADDER," "FUNER," "FRSET," "FGET." 

The data displayed is selected by using the 
subroutines "GRAV2," "SlOTR," "GETOR." 

Graphi ng is done in the "GRAF" routi ne whi ch 
uses "GRSET," "BOXX," "lAB" to set up the screen 
and "SCAMBl," "GOUT," "GEPT" to interpret and graph 
user selections. "GR1" initializes the graphics 
system. 

Note 

Some subrouti nes are incl uded in the program 
listing which were in the initial phases of devel
oping the project but are no longer used. Also, 
subroutines developed for system uses prior to the 
development of this program which are used here 
are not included in the program listing, such as 
"ANLIZE," "PARS," "DIS." 

The program is not gi ven in flow chart form 
because it was thouqht to be to i ntri cate to be 
readable. Instead the program is documented 
throughout the listing and these notes were written 
to help interpret the program. 

i C 

t c 
42 
QC 
44C 46e .. 
.~ C .. 
48C 
AI 
51 e 
A 
53 
5' e 
55 
MiC 
S? 
II 
SIC 

" IIC 
HC 
II 
I. 
ne 
II 
nc 
n 
18 
71 C 
~I 7' n 

"'I~e:.i~ _IIIIIMIIII 11M' ~ M __ 

IlDA'·a •• .,. ~~.;U- ~ UID _ICO ~. _ NeTICIII 

5 CONTI""E 
'PM!;' _S UID ~ A Kl.[CTICIII ,.. C_, ___ M 
..... u tW THE FUNCTION IN THE _ C_' 1MIS 'S U5ID '01 
,_ .... OUT TO TIC ALn:-TIIJES 

CALL POII$( ILA., TOT_,POSS,,,,,,, 
GIITO THE SELECTED OLTE_TII": 

COTO U •• 2e.l ..... a.J.ILAI 

I' CONT'_ 
DO ¥EO"". COLCUlJlTt_ 

CALL CALT .. 
GOTO, 

" COHTI_ 
IS? Jtt~TUU::I- *' - TIIII 

GOTO, 

:II CONTI_ :l ~~~s~ITlCIII ~ ~ -" _1-
CALL POIIT 
QOTO • 

.. CONTI_ 
DO _Ict._ NeTI_. _ OIIC _1111 ... IllULTi 

CALL_IX 
GIITO • 

.. CONTI_ 
IIETUMt 
DaI 



?!IT 3_ n _. C"I.T~ 
7' C •• , •••••••••••• , ........ .. 
?? C DOIILV CIOI.CIA.ATlOII ~ 
"I C .......... 'I ............ . 
?II _OUTI .. CM._ 
II IIfT'EC[R NCl2' 
II ~ ,aa'Dll.J"'*'M.JDIWS.IIDIW I. C TNIS 'LOCC' lItD rJF ~ IN _1l1li ___ NI_ 

Il ___ '_._Cl3'.C 
I. MT. ("(J •• I.l.la.l"31 ••• 31 ••• 31. ••• 31.31.31.21 ••• 21~ 

ISC 
IIC 
I? C INtTI"U2IE _ nOT., 

I: rTO~~I~oh~~f~ 
" IIONSII '·ITIIT II II COI'ITI_ 
93 ... ntn .... ' , .... ,U ••••• d.l) 9. • .. I'oa ... T(· ... ·.' ••• 'U3.I.'." .. 
lIS C IlESO 
11& C.I r. C so C:L 11~U::U1,", I'----C,C so UP INPUT _____ IJIII.U In W __ I 

I .. 
III C 
I •• C 
113 
II. 
lIS 
III 
117 
III 
1111 C 
II' III 
lIa 
IIle 
II. 
III e 
III e 
117 
III 
1111 
la. 
III 
III C 
113 
114'4: 
In C I. 
II? C I. 
121 e n' III e u. 
III C 

1_1_ 

13. »_. 
III C 
III C 
In • COII?I_ 
131 It£1\IIIN 
1311 [IGI 
I .. ST_ 
t41 8I.AIo cau: 
141 Cl ............... .. 
143 C 00 CALCULATI_ 
..... e ..... 11 II ""'"'' 
145 SU.IIOUTIIC CALeUC_, 
141 [XT'[.,.*L Q[N' • GM:, .... oac .... R .......... U • ..-

~:: ::t :::~:&:~=:~bt~~:4cr"(·'·QllCDC4.4' 
1411 IIlAL _.rJFRlI.Gf1IU 
lSI C 
151 C 
lSi! 
IS] C 
154 
ISS C 
1!Wi 
IS? 
lSi C 
ISII C 
IY C ,.ITln.I.1I ICDAV 
III .11 '_TC'OOIIlll _ '.14' 
1&1 C loe 00 _._ 

1&4 00 2. '·1.14.1 
165 C an NOURS OAT" 
'" CAt.L~ 
117 C an '-IA.LES 'OIl CM.CUUITI_ 
III TN·_O_ClC_.1I 
161 RM'''Ofi'NM( ICDAY,.' 
t7. WQ'"OHUAII( leDAY,3' 
n1 WI·I!O ..... 'ICOA'f' .... 
171 T1·_O_ClCOAY.I, 
In c .-nE{t."I' ""IM.YO.W'.T1 
174 1" 'OItfIIAT( ~DID ".~ .".l ...... ,..3. ' .... ,..J. 'UI' .,..3, 'n' ,'1.3. n. 
nlc 
n7 
171 
1711 
III 
III 
112 
III 
114 C 
In ~ I. 
lI'-C 
III 
1111 ( 
1111 C 
ttl C 
IN 
III ( 
1114 
lIS e 
1111 C 
lin 
118 C 
1111 
211 C 
211 
2M 
213 
214 
awc 
aM C 
217 
.!MC 
2111 
all C 
all 
21a ( 
21] C 
Zl_ 
als 

• COII?I _ 
_ RAT[ POS",IUI ~OII __ I,,", _v _ 

CALL SlGMlGU._.ClllCD._._' 

.. COII?I_ 

H 2 

= :( .. f:;~i~:12~;!.:.~i .•. A •••••• ,34 ••• 2I ••• 23 •• ,21 ••• m :(uon;~1!f;!2~;~i:~~:'.M32 ..... 3S .................... . 
2211 •••• 155 ..... 55 ••• _ •••• _ ..... 31 ••• 11311. 
a3I .nnll ).1-1.la.I).I3&'.'I52. ,. .... 7S.ne.MSII. 
231 • cTtu ),1-1.la.1 )'lIaI.'. 7nI.'.aaaI.'" 
132 C 
213 C "'ITlCI.III' , 
234 1'1 'OR"AT( ~I" fiIOtIUM ".13) 231 C lilT IIO"TN _"_, .-I •• LU __ SIT _ 
231 GOTO C 1 •• a •• 31 .... M.IIU.lUHO 
237 II CONTIQ 
a3, PIOfNM-TCIU 
nil COTO III 
a4, .. CCllfTI_ 
141 PfOMU.R ... ee, 
... COTO III 
I4l • CCllfTI_ 
144 ,,0fN,jdt. WOCIU 
Z4I COTO III 
2.. 41 CONfI"'-
'4? 1IO"".huIIKI a.. COTO 81 
24' .. COIITI_ He· _ .... TIIKI 
lSI COTO III 
... • COIITI_ 
as] IlETI8 
2S4C 
lSI IIITI.WI 
2S8 lItD is? " _ _SUI. GEne. 
2511 c •••••••••••••••••••••• _ C _lEur, ....... ... 
2Ii. C ...... I .............. . 
2&iI SUlIIOUTIIC GEne. 2U C THIS .LOCC. _ 1 __ ~ 

254 co ..... .I1 • .IDSM.f."".TNC4' 
265 C 
Z" C a6? C GET U ... IAIUS _ INPUT ..... 
261 CAU CETIlIIT.1I 
2611 CALL CETERISI"".'I 
271 CALL CETERI Tlce ll.1I m CALL GETERcTH(a).l' m CAU CETERCTNI]).II 
273 CALL G£T£1l(TH(4'.1) 

~ C ,. ro~~::~~;'~j~~:"~:ij:r:!~!,:~Uj~!:~1I 
271 RETIIBI 
27? E"D a7l" _ 
271 lLAI. ClTnII 
288 c ................... .. 
211 e GET FUlCCTtOll _S ~ 011 ILIICII _ 
212 C UI.U2.Hi!." I" NODUU 4 DIITlIIU?IOII 
28l C .... I "' "",,,,,.111 
214 IlEAL FtKTION ClTnIInrAe.I","' 
i!BS INTECEJla2 .AJ 
2Sa Co""att .I1 • .ID94.T.SDM.TMC4' 
:: C COIWOt .114.1091. F'W.CF'II ...... 

i!IIlI C GET ILlIGI .DJUS'IOOtIfT 
aM CALL .lDAJ(SIH".IAJ) 
nl C SET FOIl RADIUS CUTOFFS 
llJil CALL C"" .. DU'AC • ....,I 
21] C so FO. ""DULO • a1l4 ...., • ...., •• 
n5C 
nlc 
n7C 
i!!I' 
i!!IlI -311 
:lea C 
3Il -III -J.,. 
JII 
111 
III 
III 
311 
III 
31. 
]11 
III 
lIT 
III 
1U 
:Il. 
lI' 
lIi 
III 
:Il' 
:IlS 
Jal 
Ja? 
Ja' 
Jal 
]]1 
11l 
]32 
]]] 

1J' 
J~5 C 
]J& 111 CCllfTI_ 
137 A£TURN 
]31 DIll 
]]11 ST_ 
'4. lUll- ILJ)AJ 
341 C .. III .. un ....... 
] •• C CALCULATI TI4[ ILIICII __ 
3.3 e .... III .. O ....... 
3.. SUlROUTIIC .UIAI .. 1M • ...., I 
].5 IIfT'ECDI ...., 
3 •• C 
]47 
]" ]., 
151 C 

....... 
InSIMA.GT.'.S' ....,., 
IFCSIMA.GT.7.e?' ...., •• 

lS I IIITUIIII 
lSi! DID 
]S] ST 3_ 
354 .LAI' CHlCRAD 
lSS C.II'rtll'lllIt"". 
lSI C (HE" TI4[ FAtAl( _DIIIITtOll LlWI. 
]57 C SET...., FOIl CU'_ 
lS8 C.III,I'III"'IIIII. 
lSI sunOUTl1C C_nrAe • ....,) 
III IIfT'EC[1II2 ...., 

• 



3&1 
3&a e 
3&3 
3&_ 
3&5 
36& 
3&7 
3&' 
3&1 
17 • 
371 
171 
173 
37_ 
37$ 
311 e 

cc:IfMON I."D". T .SIM. TN' •• 

GOTO ca •• at.» ...... I'. 
" COItTl_ IrlTNIII.LT.SI ... COTO II 

toTO II 
It e_INUI 

Ir(TN'aa.LT.SI." CIOTO • 
toTO 08 • C_'''' Ir(TNIlIoLT.SI ... _ II 
toTO 88 

"COIIT'''' I'ITHI.'.LT ..... I _ .. 
ooTO II 

~. "=~'" me 
1ft .. CONTI'" 
181 IlETI.WI 
IU OOt I83IT _ ,.4 IIA.. SE1\IIIII 
J8S c ................ . 
18' e In SVITI" _1_ 
)I? C ................ . 
IS' _IIOUTU • ..".. 
JIll II<1'[~U" IVII. TO_ 
M 11<1'["". _._SlI." 1111 C 'liltS ILoee. TRANSIENT IIIIUII __ ~_ 

:I = ~U:=:'7'~r~!~·· ... UI.Ul .... := .~. _'~"'I U. i.ui .. MI' .,.. • l:c .... ,._,-, 
me 
N, _e 
.. , c -.. 3C -teSC -.. 7 --... <II 
411 
413 u. 
41' II' <u 
<II 
<II -~I 4aa 
423 
42. 
'i!S ca 
'27 
'i!I 
'21 •• III 
'31 
'll '3_ 
IK 
1:1& 
'37 
':1& 
'll ... 
"I _ .. e 

lIT _I.IU CNOI« ,_ USP 
cau PAM( IVII.TO_.POSS._I 

CIT USU_. 
CiOTO (l •• ae ............ 7t ..... '.ILM 

"3 .. CONTI,.,. _ .rTI.WI 
... (NO _IT'" .... , ILM- _.EII 
... c ... • ...... • .... " .. ... C _. F'LlCTIGfil 
.... C .. II .... tI" ....... 
051 R,Al r"":TICIII ... , ... _, 
452 1IH1[R-aM'-..IS'1 
451 ""l[.· •• I~' ..... J 
.. 5.. lEn. 
4SS [P'40 _w,, __ 
"51 ILM- POStT 
.. ~. CII.tllIlI ....... 
'51 C !IV POSITIOIO OIT Wl_ GIl _ 
~C.I.IIIIIIIIII.II 

461 SUIROUTJI€ postT ::1 e COIWION ,12111,.1_.1_.11_ 

"'C .. 5 -.. 7 ... .. , c -.,. ." _72 
'71 
41. C 

I~-I 
WRtT'[CI.l". 
CAlL _IZEIIIEt.DI 
.. ... ·tllS 

'75 1_ r~TI'I[GI" AT UNOT IIOI¥?" .,& til '~TI''''' _ IIOI'IS'P'I 
.71 C 
_" l£1\IIIO .. ,, END _ST'" _ .. SLM· 0["" 
482 C,I •• IIII ••••••••• 

413 e _" F'lI1CTION 
.. , .. el" ,.111111. til •• 
.. as REAl FUl"'lCTIOlt GIIW' .rllle. 
.... CONtOfI ",,,,"".T.SI";"".) 
.. .., COII'IOPe "l..I09i!. "'.RH.YO."'. 'fI ...... ULUI.Mt 
"I' eOl'W'tOft ""'091. nt.eF" ...... 
.... eOfWlOtl "K'Dl1.MU1' .MUIi."tn ,af\II.1II 
.... C 

'. 

.... C WlttTtfa ..... T.SIf •• TMc.Fac •• TW ..... UO ..... TI ••• 

... 1_ 'OMMT('.·T·.' ..... ·s ... ~.' •••• ~TM·.' •• 4.·TW·.,. ••• ' .. • .... 
••• 1. 

... -Sit 
SHe 

.·W· , •.•• ... ni".tN, U. .... UI ..... ,. 
1. 'O .... T( ....... ".3 ....... '1.3. 'til' ,".2. ......... J ...... ri.J • 

• •• M1'" _. "'llrAtI .. ,_ 

, Ula"-Tt I."'" _._. tIIIlT-TI I. 

H 3 

I.OMI -~. IUNIITS !lITO -_. 
DO a. '· •. 1"""" •• 
I:OUNT-cOUNT+l 
,VloOUNT.U.a?, CIOTO It 

lUI ~ET • N[~ ITRIIIO 
I.£CIIO·IR[~I 
I:OUNf·l 
CALL DI,IIOJ'IL.III£CNO._I.t •• 7I' 
U.ITI.t.t .. II_III,l·l.ae.ll 



651 e SET rOR ~ a 
6S2 1AJ •• ..,.a 
653 e 
65' e 
655 
6sa e 
1iS7 
651 e 
65V -&051 
HZ 
&053 
664 
&is 
&&II 
667 
661 
66V 
671 
671 
672 6n 
67' 
67S 
67' '77 
'71 
67' A. 
611 
A2 
A3e u.c 

taoTO U.2.2.4.1.'_ 7 •••• MJ 

in .. COIITII ... 
,.. 111:1'\II1II 
687 [NO 
"I IT_ nv _ •. Gnu 
,. c ................... 1I11I .11 e , __ [.TIDII 
IN C ................. , ...... . 
683 IU\, "...,TlDII GnU U'OC I 
'14 co .... """"4, T.St_.TN(U ::: ~= ~:~=: ':i~f~U=!:':I ....... ua.u •• "1 
::: c COMON '''''Dll.'''' ....... ,..,'" ...... ... 
,v; c 
_ GnU·OhCFIIIIAIn._CT-TII 
... t e "ITEIl.tM' GrlU 
'7'ea 1" ,. .... ,C 6 QF'.U·.,. .. l) 
"'3C .... C 
70S II(TUIIII 
711 [NO "'7 ST_. 
'?e ........ Qf' •• 
'" c ........ ·UItI ......... .. 
711 C s(CDIID rlESN All r\...:T1D11 
1U C ...... , .... ,III ....... UI 
7t2 lEAl. rllCTION arl22I1FOCI 
7lJ C 
7t. 
715 
71' 
717 
711 C 
"IIC 
72. 
721 
722 C 
723 C "ITEIl.IMI QF1122 
7i!4 1 .. fORftIlllTl' •• U" ,'511.3. 
725 C 
72' II£TUIII 
727 END 
721 ST_ 
7211 '\.AI. SICM 
73. (1,.,.' t: 11"""'1, ••• 
7]t C SU"""TlO" "...,TlDII 
T]! C ADD HOUll_ .... lUES INTO ItOI.OIIG _ 
'713 C.,I,,':: 1",,1111, ••• 1 
n. SUIROuTUC SICMCQI,..OftU.ClllCD ... l .... . 
1'15 R[Al Q[A(4).QIP(F(4J.ORCD(4 •••• or.'C4,41 .... C4 .... 
7]& c nus nOCKI ~THLV HOt.Dl"c; MlMVS 
'1]7 COf'lftON '~'Dg.,.Q£AF'S'c"I.QE_Si!(4 •• CWI£F'l( ••• ~ZC .. ,. 
'71. Gile!(". 41.ORCt!f4,4 l.aFlflU (4,4 •• OI'R22I'4.4 •• rwauaC4 •• 
). 
1]11 
'74' C 
741 C 
142 C 
743 
7 •• 
'74S C 
'141 C 
741 C 
7.1 
7 •• 
~I 
71t 
7n C 
"3 
~. 
755· 
~. 
757 
?SI 
7<;8 ,.. ,&.. C 
7W 
763 
i54 C 
7'5 C 

.... ITt'l.I .. ·• OIAf'Si". 
1 .. · 'OIIMTf 'EM",,"HG SlGM' .n.4. 

DO l' 1".4.1 

"'" _ITIv, UAl.lJ(S INTO ·t· _ 
SI.I'" ALL IMI'lUlS I"'TO '2' __ VS 

1"Q[AC1J.G,T .••• 1 QEM'SlCI' ............... ) 
o£_sal J J'Q£AlFSilC t ,.o£"c.) 
1"QR('C I LeT •••• ,. QRE'lll '-oIIO'IU , ...... U» 
QJtl'21 ,1'QIt[F'2( J .+0lIl:'11' 

765 II£TUMI 
767 END 
_ST3_ 
76' 'lAI. INSIG 
,..,. CIIIIIIIII1I1I ......... .. 
77, C INITIALIZE ,, __ '" 
'na C ........ lltll .. IIIII .. .. 
773 SUlOOUTIN£ IItSIG 
,"4 CI)fII~ "su .. "D97 • ..-I1C4 •• tUlllf"sat ••• QIIf'IC .... QRU'2C4', r.,: :ill:; ::4~RCa( 4.4 •• annll' ..... ' ... 2UC •• 4 I.G"" "C".4-) 
777 C 
"1 C ". 71. 
711 
782 
78] ,.. 
7IS 
716 
787 
781 -?!II 
?!II 
7!12 
711] C 
194 C 
?!IS C 

DO Jt "1.4.1 
orA'SIC I , •••• 
Q[AJ'sa(II •••• 
OAEHf I J •••• 
GR£'2f J , •••• 
DO •• J·t, •• l 
ORete I.J) •••• 
GRe2t r.J ••••• 
ar.""I.J , •••• 
ar.222II.J ) •••• 
.IH12Cl.J)· ••• 
QFA221 (t.J ) •••• 

.. COI'tTll'I.E » CONn_ 

?!I, II(TUIIII 
?!I7 [NO ?!II ST __ 
?!I. _. GSl 

H 4 

8" Crll .............. .. 
III C SUlTlOCTIao rllCTIDII 
882 C ... I1III1U ..... III. 
.83 SutIOUTIN[ QSI<\'TOT.W'l.US.SUlSI 
::: CREAL ¥TOrc"'.YPUlS(,4J,$UIS( .. , 

:.~ ~~li'II:~11>-""WlIIl 
II. II CONTI_ 
an C 
... 1I£1WII 
I" END 
Ita IT_ 
813 llAI. GSa 
114 (;.lIlIt .. , .. tI,"" 
It 5 C SUITMCTlao rllCTtOll 
II' CIl ... III.III ...... 
117 SUlllOUTt"' OIII"'GT.""WI • ., ••• tl 
:~: c -"L 'tTOTC",4),WtLUlC4,,4a.SUISCU 

m tl.~'A:~t1I.JI-_1I.J' '2e II_Tl_ 
123 C 
12' II£TUlIIt 
125 EIID 
126 ST_ 
827 aut •• SUPfIII[It 
121 C""IIII.'I'I"""" 
121 C -.. V[MI._ SUII 
I» C SUII ,<£Ml_ TOTAl. 
Ilt C THEs( II£SUL TS _ lOOT HEll "'0[ \lSI; I1F 
~31 C AlSO ZEIO __ .. COUECTIDII _ TO CQURT 'lICE ICIlY _ 

833 t.II ........... I ...... ' n. SUIIlOUTINE SUIIIIEII 
835 COftPDt "SUlVD97, O£aI'SlC4 '.or_sec 4 ).GAuI (41.QR£F2(4 If 
,~ "OA'Cl(4. 4 .,GACaC4'.',GfRU1C4.4'.GFR222(4,,4,.GfAUaC40 4 

m C nets I~~~t~:':l_ TOT .... -s 
:~: .gg~4~~~~~~;~i~n~:~;~::;~(r.~~~,·an( .. ,. 
141 .F'AM1C4.4J,FR2Ai!C4 •• 1 
a42 C 
a'3 e a •• C ,.S 
a .. 
a'7 a.1 
a·v 
ase C 
851 
BS2 
851 
85. 
ass 
856 
a57 
851 
859 
I .. 
a61 
862.C 
8U 
864 
865 
865 
167 
161 .. , 
171 
I,. C 
"2C 

__ v_ 
DO " l·t.'.1 
FStt I I'QEAF'SU J) 
r521 I '.Q[ArS2'I' 
IrltI"OAEFICIJ 
1F21l1·QJlU2111 ZIEIIO __ 5 

OEMSUI'· ••• 
OEAJ"5aC J , •••• 
Q.Enlu· ••• 
GAE,,2( I , •••• 
DO 21 J-I.'.I 
IItU 1.J "ORCH '.J. 
1e211.JI.QIlCi!1I.J' 
F'A1Al(1.J '·OF'RUlfl.J) 
r.'A2II.J ).Qf'RII2C1.JI 
FI2A\' J.J }'OF'R221' I.J) 
F"A2A2( I,Jl·QF"R222( I.J' 

ZIEIIO .IAYS 
QACICI.J) •••• 
QIOC21I.J'· ••• 
OF'IUU(I.J)· ••• 
•• UI2(t.JI •••• 
OF'Qa2HI.J,·e.' 
ar.~22II.J)·'.' 

81 CO"',U ... 
1. CONTUU[ 

In II£T1JIIIO 

". END 175 IT 3_ 
". lLAI· ~ 
In (;111111 tI ....... II .. 
171 C OUTPUT NONTN\.¥ lUllS 
I'" Clt'llt. t. ' •• ,1111,.11 

:::. =:r.I~~ = ="SUI":1~~,s::t:t~I~1A141.-141.1U11114' 
n. _ 'SUVDI+ GEArIIl" _A,4, GllUII.'.IIIIEFII.I. :: • =li:C::4~C4."' .• 'U1C •• 4).W:"'(" •• J."'UIf" .• ,. :r. c DAn. 'AC"4MSO •• 4tCMT • .....,. .... ~ 

8n C -nt 
nlC 
all3 C 
194 
allS 
all6 C 
8!l7 C 
898 
8V; -lilt .12 C 
IIIl -illS -1117C --III 
1I11 
Ita 
1t3 
va. 
ItS 
It, 
1t7 

'" lit II 
IlZI 
~t 
!IU 
1123 
~. 
~s 
~, 

~7 
~I 
~, 

131 C 

... ITtCI. l"" 
11'7 fORM'''''''''''''''. 'ENTERtNill ......... , 'QS,' AND '052' r\...:TIOHS M£ \lSl;D TO __ TE 'IICE_TtW 

COfPOt€rtT FRO" T1C STOR£D TOTA\, IIONTII. V uM,UU 
CALL OSl COR[F'il!:.GItE'J. SU.SI' 
CALL QS11Q(N'S2.Q£Ar:'St.SUIS2. 

'nuFt' IS T><[ ... "" TO THE .... _Iet ~ION ar __ 
~Hl_ ""luES .... E 570.£0 HEII£ , .. _INa _ DISC sr_ 

CALL sruF'l( 1.1.Q[AF'Sl.t:J 
CALL STVFU2.1.SU8S2.K) 
CA.LL STUFiCl.l.OREF'l.IO 
CAll STUFlI'.I.SUlSI.~1 

III In P'ORMTC·a.ar.· .~.ll'.31.',''''-· .,,111.2.,. ~..,. ••• '.I:t'.3.'. 
m I"·;~:;;:"~!~~:·I •• • ...... .,. ....... A"""'." 
n. 1" rORftAT(4(€1I.l.1. JJ 
931 II. FOAMT(· ORe •• , 
8311 1" rOIit .... 'f·QItC .', 
831 U. 'OA".T(· arMS.... .., 
ala III rOA''''( 'orAES,,"l ." 
13' III rO<lNATI'O'II£SHOI .' I 
'''I III FOA""T( 'OfJtiS .... -') ::1: C 114 '011 ... "0,,....,, 
!l4JC 
... 1I£1WII 
941 ENO _TIl 
) 



Section 2 

l:n::·· 
, LO • 
:~=, .... 
, I"'.' ""IN 
., C .......... ·, 
• C ""IN 1111' IIGUnIII 
I c ......... .. 
I' CALL 1Uft 
II STOP 
II [IQI 
US?'" 
14 lLAI- TES'I'It 
15 e ......... . 
II C TlST 'INri _ '11.1 
17 e .. tllI,", 
II SUlllllUl'lIC TlIft 
11 RE"l "C4.4'.GCU4' 
ae . CQIInIDt ·/5TV"'4.11'.1'4.11' (4 ll,.DC4.SI'.E' •• ".t., 
~ C.,' •.•. III.GU.4.lI).HC4.4. ijl.Hlc4 ••• 111.HJC4 ••• 1I1.,ic4 "') 

ill CALL GIll 

~ : ~: }:~:1i!1 
ill AU.J I'Jlse 
27 IU.J"J&2S 
ill cn.J'· •.• 
21 Dct.J' •••• 
,. 00 I' 1'1.4.1 
It [U.C.J)'JI3I 
:II 'U.I.J "Jla 
33 GU.I.JI'JI2t 

~ :Hi~i~j;:~ 
,. HJU.I.JI·JI» 
3'1 "COIITIIILIC 
:lie 
lIIC .. 
'1 
41 
.3 
44 
4SC .. 
• ? 
41 ,. 
sec 
51 
sa 
S3 
54 
n 
51 
S?C 
SI 
II 
Ie 

" ue 
Ile .. 
1& .. e ,? 
II .. 
7t 
71 
?I n 
74 C 
?I ?, 
n 
?I 
?; 

•• II 
.2 
;l C 
•• C 

::Hm:~:: COOIJI.Jol ••• U 

•• , I. f'OIMATf4(FI.2)) 
I' 112 ralit ... ,,;,) 
nc 
81 C TlST ",.,rx 
•• CALL c .. n. He 
1\ II£TUIIII 
12 ["0 nIT_ 
84 1LA1' SMl 
SIS CIII.II II' ••••••••••••• , ••••• 
1& C LOOD IOOImII. V SIM TAlUS 

:~ ~ =~";:: OO:=,~~C~~:I1 -..,.-
II C INI _1E"oTION .... 1_ 
II. C STFtlIS-_ I""" 
IIiC _..--I..uT 
112 C""IIII",U'I1",'III.II" 
::: ~:~J~S~\CI_I.INI.S_.~' 
lIS C THIS IlOCC. _. __ 

::~ .~~::'T. 12~~i~:~:: f= ::~::: ~~ :i~!:i::!4~:~)!:Ji5::::2 ~~JiC4. 
12' 
.. I C 
IHC 

"' III 
IIi 
III 
II
liS 
III 
II? 
III 
II. .,. 
UI 
IU 
III 
\I' 
liS 
Iii 
II? 
la' 
la 
III 
Ilt 
III u, 
n. 
us 
IX 
U? 
UI 
U. 
I .. 
UtC 
141 
14' 144 

S""" _ • 
,. ~~~I:.f.:·2 •• » .... M .... ,. ...... " ••• I .... t 

CALL S-n.3.A.S1'PUII.PIOIn'M) 
c;oTO II 

II c ... TI_ 
CALL ST1.Wlt I. ",,".«ROIII'M. 
COTO II 

II C ... TI_ 
talL $T\#3CC • .".....CIIOfiI'fMI 
COTO II 

"ConTl_ 
CALL STUnCD.STPDI.DDft'M) 
QOTO 88 

HConTl"'" 
~~~ ~~UI'I(I.I",.~.aamel 

MConTl"'" 
:~ :''l\W4CF.INI'''''''~' 

.,. CONYI ... 
:~ :r"' .. INI . ."...~, 

.. CONTI_ 
:~ :~4'H.INI • ."...~' 

.. ConTl. __ 

g.,,~ :.nn'''I.INI.'''''''~' 
II' ConTI ... 
~ :.M4CM.l ............. CIIII1'M. 

H 5 

I ConTINUE 
CAlL POASII"'I. TO'nVI.f'OSS.SW" 
COTO (lI.a.l ..... 5 ..... .,. •• '.II ... 

"11111.111' 

S CONTI_ '_U[' _os __ no ~ _.-
CALL .... IZEIIII.ElU 
......11£5 
IFC_.LT ••••• _.OT.31' GOTO I ELSE ..... _ IS OC 
WRITEct.1I11 _ 
IClWS(CSLOT .1"_ 

- '. 



H 6 

44' 1000000IV 
_ CALI. _UX.I¥' 
•• ~ C 

::: ~oU"&~itl_'''A.e 
.se aoIV-IOLa • 
• 11 CALL IISMIIELe~4.rll.I' 
.sa C ... ITEII.lla, IV.ICIIAJ'Cl'.I_ee'.I_e3' 
453 ,. FORMTC'I't'.14.'IC'aIlf"'.3U3.1X" 
.54 IOLDY'IV cSS ,e COItTI _ _ C 

.s~C ~ 

.sa C "RITEU.IM, 
451 ,_ FORM" 'I:QUT". 
... RET\IIIC 
451 EHD 
_ST_ 
063 'Ullo GIISET 
464 C,U' ............... .. 
• 65 C SETUP FOIl _ICS 

4"IUC ....... III1 '11"'" II 
c67 SUIROUTlHE GA5ET 
468 C_ '~IFltOel.41 
469 C 
4n 
4~1 C 
c'72 C 
.", 
_~4 

c'" -.,. cn 
.~ 
• .,. C _ .. C -., _Ii! 
_83 -.. 48S 
4ISC _n C •• _19 
.SIe _9, 
CN 
493 
c94 C 
ciS C c. 
cn c. 
c • .. , 

_ IOTlCI.£ 5CAU; 
CAU. _155.1M' 
DO 11 I-I.ZI.I 
ClIU _Lf-2S.2S1 
CALL DRWRELf 25. el ,e COItTIMlE 

__ IZOHTAL SCM£ 

CALL _(3 •• _' 
DO ae 1'1.12.1 
CALL IIOVRELft.-le, 
CAU DAWlIELf?S.e, 
CALL DRWMLle.le, 

21 CONTIIIU€ 

AI ,e, ,a_Te.e:mc._./I, 
5NC 
M3 II£T\IIIC 
... "'D 
11ft Sf_ 
15M aLAI- IOn se'7 C ......... .. .. C _ II IlnATtIII _ 

mell ••••••••• 
, SUMOUmC _UXDIII.IYIIIII' 
Ie. CIILL _rLee.IYIII'" 

III CIILL _rLIIXDIII.e, 
113 rvol-I,JlVOI" 
114 rxol-lIJ1KDI" 
511 CIILL DINIIELfI.rY' 
515 CIILL DCIWIIU.lo.e, 
It? II£T\IIIC . 
118 DOD 
519 ST_ sa. _. GIl, 
Sil C., •• ,' •••• 
saa C _Ies INIT 
sa3 CII ........ 
Sil' A)lIIOUTlHE G'n 
Sil5 CALL IHITT13e, 
sa; CIIU _51Z131 
sa? CALL TEAllCI.'_' 
saa CALL ...... DE 
Si!II MT\IIIC 
Sl. £HD 511 Sf __ 
SJ2 lLAt- GrPT 
S13 C ••• II •••••••••••• 
534 C _IEVE I'OIHT ~ II F\.lllCTlCII 
SlS Cu. 11"11' .... 111 
sx MAL FUlCTlOft GEP'TIIPT .1_' 
SJ? Ir<TEt.EA IG_131 
531 eOJlfPlQtl ... S".IIU ... 12' ...... 12' CC4 la'.0 .... 12'.£( ...... 12'. r.: C .1 ....... 1.11.414 .... 11)."(4,4. ai •• Hic ...... lIJ.HJ(4 .... 12 •• 'S .... "".1.2.) 

5_1 C 
5Ci! 
54] 
54. C 
S4S 
S4Ii 
5'? 
541 
549 
sse 
551 
ssa 
55] 
SSe 
555 
SSS 
S5~ 
SSI 
559 
50 
SSI 
SA 
SS] w_ 
56' 
"' 55? 
sa ,51 ". 571 
571 In 
n4 n. 
sn 
577 
571 
5?1 
SI. 
UI 
Sli sn 
51. 
SIS 

'" 51? 
5.1 
519 
51. 
591 
512 
51] 
59_ 

Il •• ·IGRIW'Cl' 
~,o (1 •• a •• lI ......... 'M ••••• U.2I •• 1LM 



POSITION rOR rIH:TIOII IAKL 
CIILL """""511.111 
CIILL ....00£ 
DO .1 I(-L.I.l 
illITE I 1.1111 

I. COIIT I NUE 

'. 

\ll'11t'(I.'.' .. ""a:I).LC •• C.J.NCQ' ...... a •• IIC .. U. 
IIETUIIN 

arT LOIOI_ UNIT 
IIIITEII.IM' 
CAl.L _mllla.DI 
10''''' 

H 7 

~:: 1M ~o:~r~:~i:~G·l( __ u.JJ.I.I.4,l).J.'.'2.U 
,., lit F'ORfIAT(6(8E11.3." I) ,.a AETUIIN ,.g ENO mIST _. 
151 lUI' Ai 
?Sa CIlU.1I1I .... 
153 C II£.D LMG£ -. 
-";4 e ....... ull .. 
155 5UII!OUTINIE 1111_.10' 
1'5& REAL MAY(4.4.12) 
157 ~AITtIl.III' 
151 I.' rO_TI'A211111', 
;:: s .. :~=f~d~::.i~~~~h .. ·CJ.J.' .... a).".t.4.".r ••• ' •• ,J 
11' .ETUM! 
111 [HD 113 IT _ 
11' lUI' .DDPt 
,., ~ .• '~. n;.c;'i"·~ .. NCTION __ 
~ till ...................... . 
l'SII SUIIlOUTINIE ADDDI 

~ I=~~: .. "'~~~m-. nl OAT. ~"._ ,_ IRAIr 
7711 OATA 1\'11 ~_ , 
me n. c 
m me 
~ • =I:='UIAI _ III 1\'111 
m _ II.I ........... ,.IIAI 
?ISle 
?II • CONTINUE 

- 'OUSE 113 go",5 
,.. II CONTINUE 
715 e SET rlOCAOE 

~ •• r~i~:=~ FCADI • .I.w ... .,· J 
?lSI CAU ANLIZlUIIS.DI 
?lSI crocollrs ,. _os 
1111 a CONTINUE _ e DO rultCTlOII 
113 e SET 5LOT 
_ ~ITtU.I'" 
795 lea rO_TI'WIIIQI SLOT 1-4 ,., 
,. COLL ANLIZlIIlES.DI 
l'IJ7 ISLOT·IllES 
,. go",5 
1111 3e CONTINUE 
... e DO rUltCTIOII 
III CIIU rGl1'U_.IIRAIr' 
IN CIILL rASETlln.nl 
.. 3 DO 35 1'1.12.1 
... CAU FlJIC£R(lAIt.t.OIlC.lILOT.DW,'" 
.. 3e CONTINUE 
... go", 5 
... .. CONTIIOUE 
... e SET _511 AIR P'IIACTtOll 
aM ~RITtU.11i!1 
81. I. r_TI'KU:CT _1M Alii _1011'.'. 
IU • I." 1.71 I.se I.as" ,"" 
ala ," , 2 3 ... , 
113 COLL _IZI'AH.D' 
'1" Int· .. ,S 
115 ;oTO 5 
1111 e 
il7C 
U' .. CONTI_ 
iI g .ET\JRIt _ EHD 
1011'" _ 
121 ....... P'UPU 
Ul C., •••••• ,I •••••••• 
124 C ADDITIOII rUNeTQH' 
125 C •••• ,III •••••••••• 

-

~ ~=T!~,~~a~i~~'1'~41t~~6f:"i~!,( •.• la, 
IZI ."., •• 11 '.G" ••• 111."' •••• 11,."1, •••• 111 • ..." •••• 111.,.' •• __ .12) 
RIC 
Ille 
III 
UI C 
IllC 

QOTO U ............. '.I,...· 
Il. II' CONTINUE 

:: e -:i'IIUIf.I""'""OC.IPT' .. I I .... an. I"'_U I' •• IFW. I'" , 
131 
131 
Il' C ",. , 
I.' I.a 
•• ] C 
a •• 
1.5 I.' 8.7 
848 ( 
8.9 
BS' 
BSI 
BS2 
ISJ C 
IS"4 
855 
156 
851 
aSI e 
IS' 
lie 
161 
liae 
In e 
B5. II CONTINUE 
.55 RET .... 
865 EIID 
867 ST_ 
861 lLAI. f1ISET 
... e (",.,""""" I" C 5£T rR[SM AI" FWM:TIOII 11. __ 
171 (11 ..... .,11 .... 
172 SUIllOU1'IIC FWSnlln .,,, 1 
I7]C 
174 ( 
I?S 
17' 
In 

"" I" ... 
III ... 
II] 
... e 

COlO (1 •• at.lI •• I'.IFII 
I' n·, .• 

COTO II 
21 n· •. 15 

COTO" 
"31 fA·,.se 

GaTO" 
... ,..· •• 25 

GOTO .. 

lIS ".l."'" III II coonl_ 
I" At""'N 
.. I EIID ... .,. 3_ 
... , ...... 'GET 
.81 (1" •••• ",," ••• 1 
.... e lIT FlaICTIOII 



lIS 0 .... 111 .. 11 .. '''' 
1114 SUItIOUTtlll 'GlTUPlII.JILOTI 
1911 IlOtEt;OI """.11 
.. _ -aliIPlC"'1.41 ..., IlATA""' _____ • _ •• , 

_c 
1911 -NI -M3 

'" -_C 
M7 -_C 
91. 
911 
glZ ,. 
) 

I~ 
"'lnCl.I.' 

,. 'O_TC· .... ICIt "*'1011 '1JiI" 
·J~~~~i-· •. -.,. 
IF_I 
IFUPlII.LT.I.OII.IPlII.OT ••• G01'tI I 

1"lCItc 1. JSi.OT)·nesc 1 •• rut. 
1f"'"'I.ISLOT ,,' .. CI.IFUII 

11£".. 
OlD 

H 8 



APPENDIX I 
Climatic Data Manipulation Program for Input to 
Yearly Performance Modeling Program 

HAIN 

WETHER 

INPACK 

GETWET 

FIREC 

121 
® 

READ RAW DATA 
4 FILE 'GE1lIET' 

OUTPUT FIRST RECORD 
. 'FIREC· 

ENTRY INTO 'PACK' 

INITIALIZE INPUT 
FUNCTION 'SCINIT' 

READ DATA (YEARLY) 
UNTIL OONE 

I 1 

WETRAN 

DAY CAL 

HCAl 

y 
INITIALIZE VARIABLES 

-"IL 

'L DAY D 1.365.1 J 

l l DAILY CALCULATIONS I 
' DAYCAL' 
~ 

-) HOUR· 1.24.1 J 

~ 

HOURLY CALCULATIONS 
'HACAL' WHICH ARE 

STABLE FOR EVERY DAY 
~ 

HOURLY CALCULATIONS 
'HWHICH' WHICH CHANGE 

AT DIFFERENT TIMES 
OF THE DAY (ALSO STORE) 

I 

MAKE AND STORE 
'T' AND 'SINA' 
USING' PACK' 

T 

CONTINUE HOURLY 
CALCULATIONS 

'H2CAL ' 



H2CAL 

H3CAL 

H4CAL 

PACK 

FINAL CALCULATION 'H4CAL' OR 
USE DEFAULT VALUES 

PACK DATA INTO 
RECOllO ARRAYS 

AND STORE ON DISC 

I 2 

DUll 
AorMIDCLII1'MIIl.ATIII-I.II 
~._C~I 

10 
_.tl72ICAUIW 
I-DtL\I ••• S 
~IO' I8g."Il._._C~1I1 

• ICOS"~T1ICOSCDCLI.IJtI._ 
• SIII(tLATllSl"cDCl.)) 

~TUII£_ CAI.CU~TI_ 
IIIIft lOUT,," I.MT _ UOI\.ID ,.. 

T_·CtTttll_I>eTl.II_11 , ••• 
~· •. 2I-".-'3.1'IS_.tI_1 
T·r_ ... nCtTttCI_I-JT\.CI_I_CA. _r 
C<IC.I._CT. 

"Nfl MoT .... 



" 

III 
.. _1"11...,.II&1I8I .11 

_IITII""'1II1'11&1181.7 .C_n.. 
IFI .... LT ..... 111-••• 
1"_.LT.4 •• ' _ ••• I'IIII.LT._. __ -

-,,"I_' •• "'.57_11""1 .. . __ .SlII ..... _.ItI.eHl. __ 
•• I""I.UI -_,II 111,._ 

13 



APPENDIX K 

Climatic Data of Reference Year. Salt Lake City 

This is the data file of weather data used for 
interpolating hourly weather data of the modeling 
programs. The first number is the beginning day of 
the data. The next twelve numbers are the number 
of days per month for the months sequentially from 
September through August. For each month data is 
grouped as follows: (l) horizontal insolation for 
each day, (2) maximum temperature for each day. (3) 
minimum temperature for each day, (4) degree days 
for each day (this is not used for the programs). 
The first number in each line is the line number 
and not data. The program scans the numbers and 
bypasses standard Fortran formatted input for num
bers. It ignores text and spacing of the numbers. 

t " .. INIIIII 11M' rw ..,. t aq Ie _rw_III __ 
.31 II 31ll ,. II 
JU3Iu3I,.n 
I e SIPT , e ..-u'II 
I nil • .". ..., IU 11ft ... '.1 ,,3I ___ A._._ 
I' .... 5 11:1 nl .11 _ I_ 
II ••• 5.7 ••• 1.1 _ ..,. •• 
11 •• 5. I,e .... _ 
I' ••• IS .". 71' .. 11 
157172 ..... 1:173 
117'SS.354M ... 7 
177171n1l.,U54 
IIHIIS 
II e ftl" Tt,. 
5.35454.317 .... 
use .. .,SS'2'?" 
25311 31 2735 3131 
!347 ..... 35t4l .. 
!4 .. 3a 
!5e .CIa DIWICIIIIf ... '"_, 
51 •• 5 ••• 
!'7"I"'S 
!a11l2l14I1"17 
!as., ..... 
.17 II 
1\ e OCT 31 .11 'IIZ '?I ... _ .74 _ 
D 46S .47 '31 •• '38 314 421 
M 73 III 352 413 371' III III 
lS _ l54 3S1 311 311 317 3 .. 
lIl!ii!lSa341 
177175,.1\117174 
• 111313757'7311 
II 67 S •• ? .. is 13 II .... ,. .. 
.. 716171717271 
'1 31 '1 .1 '3 4S II 31 
!2.,.S .... J841 .. 
,3 '1 '1 31 33 3' 3' 33 
443'353'32333331 
'S 37 37 31 
44i II' • 3 3 II I 
41"" 1 I , • ., S 
.. 11151 ... 13 .... 
'1 IS 11 13 15 .3 ••• 1 
" II I' 15 
"C NOU sa 311 3Z4 _ II. 31. DI 
n 3f. 
14 117 21. 27.· .. 1 .. _ .. 
II 121 .... 131 I" _ 173 
~. 2n 1:41 
n IS. " "I 114 MY 
" ". 211 51717371710,.71 
"'?&lSI&lII"1I 
"1661S.II""SI 
U II II .. '3 •• '1 '1 u .... 
•• 3.U .... 31 .. .. 
.. 343131,. .... .. 
.... " .... 313731 
,7 31 '3 ....... U 
II HIS 
" 14 II II .. 11 .. II 
7I14 .. 1121HII13 
71 .. II 17 II II II U 
71 II Il " • 31 31 33 
nJS37 
.,. C He 
n I .. III 211 I'N 171· I •. :IS 
?& 41 111 H t" 139 HI .. 
T7 III t55 14& 2" 211 III • 
71 '5 117 273 II 211 IS7 7. 
71 ., N 217 
I .... 43 48 41 41 31 21 
1\ '1 41 4l .... II 31 
II JS 32 31 31 J] 27 21 
13 31 ,. ]I ., 35 l5 53 
I. 41 ~4 41 
'S 2' 21 II 23 22 23 23 
1& ':1 29 J] 31 21 a a 
'7 23 2. 2. 17 15 Il I' 
n23 ••• Ullaaa 
"'1 "na 
II ]S 33 31 ,. 33 3? " 
N3&27272S213131 
t3 3& II ..... 1 41 .. 
1143"5"32'1'11' 
IS I. 27 " 
!II C JM 
17 131 2&1 171 114 211 1.17 
" 279 1 S' II. SS 257 2&1 a .. 
II I'V 211 lSi 13 .1 '1 3? 
I" 1.6 171 31 ~I' 211 211 .. 
I" 163 113 1&3 
III 32 3, '2 .. 51 52 .. 
III 31 31 3S.31 31 3? .1 
I .... 31 31 31 3\ II 31 
lIS 33 .. '7 31 33 31 31 
I" 51 41 51 
117 II IS 3\ 31 II .. 17 I" 1\ II 21 31 21 .. 23 
I .. II 21 II a. is .. II 

K 1 

II. 3 18 a. 21 II 27 32 
III 3S .. a7 
112 '1 •• 18 23 21 II 3a 
113 •• ,3 35 33 37 3? 33 
II' 3' 31 '1 31 31 37 .a 
liS 47 3. al 31 31 32 31 
116 22 21 2S 
117 C 'EI 
III 337 337 :D7 331 331 :D7 _ 
118 illS 211 33' lI' 134 III _ 
III ." 331 331 lSI 311 '" .. , 
121 311 '3' 423 .1' "I " 411 
III 31 'S 52 51 5' .. 3. 
113 " 35 21 27 3\ 31 31 
la. U 31 '1 47 1\ " " 
121 •• '1 17 611 ...... 
lal iI II as a 3? 31 II 
1271113 UiIl272.31 
.... a .... " 31 a 
1i.3431.111131l1 
1313131 .. " .... 31 
131 .... II 31 II 13 II 
I. .. 3' II II .. II Jl 
l33e~ 
13, 311 '711 ,71' 411 ,711 as. 344 
131 '" iIlI ." '" \17 171 ... 131 531 .. , 11:1 ..... , 271 ... 137 liS 371 31. _ ...... _ 

III ". II' .. III 37 31 31 .S I. II II 
I" 54 II •• 51 .... SI 
.41 sa 51 .. 31 3S ., .. 
1411 51 .... 53 11 .. 
143 12 17 7' 
I" .1 IS 17 I. a 21 117 
.. S 2. 2S a. II 21 31 31 
1'5 28 23 23 la •• 17 31 
1'7 31 a. I' 1, 25 34 • 
I" a 31'3 
..I 31 31 37 33 II 23 23 
lse 21 27 31 31 31 21 23 
lSI 23 14 33 .3 4l 31 II 
152 23 i!I 3? • 2S II 2, 
153 II 12 I 
154 C _IL 
ISS 5.., ... 17, 2IIB 'R 431 :till 
151 373 315 181 327 '1\ ... _ 
15'7 617 567 .94 SII '71 _ S41 
I" 6112 153 SIS _ 7" 747 714 
1st "I ... 
II. 71 55 51 I. 54 " 53 
II. 51 51 os 46 53 53 " 
112 " 71 II 14 73 n 71 
15371'5315 17 lIS II 7. 
114 ,.1. 
lIS 42 II 31 33 31 •• .. 
I" .. 343332a3334 
.1734 .. 3142 .... 47 
168 os 43 •• 3 35 33 31 
151 51 se 
I" • 17 II " II IS \I 
171 II II 21 21 14 II 11 
172 1& 7 17 12 5 a 3 
173 • 17 13 II 14 II l' 
17' •• 
1711 CfWt 171 &12 747 '41 _ lie ••• _ 
177 351 ". 712 .".. 711 331 111 
171 771 771 738 7" SA ..,. 413 
171 III 6a .al 561 _ '" 
III ...... 151_ 
III 75 &e .. " 51 .. 47 
&82 11 57 '5 7t ,. 5' a 
11:1 71 Ii 71 71 n " 71 
11.711511611".771 
lIS .2 .1 71 
11& .7 II 31 .. i!I as 27 
117 35 37 31 3? 31 •••• 
In .] 4S II .... "" 
III 6Z '1 43 .. 41 31 .. 
I" 'S 6Z .. 
III • II 17 II D II • 
IN II I' 13 II • 7 I 
III • I ••••• 
1114 I II U \I 13 13 7 
III I •• Ille J_ 
117 53' &12 _ .3 _ 717 _ 
111.52' 311 S7I 717 '" II. _ 
I" 3114 651 '" I" _ liS _ 211 HI 133 ___ 731 _ 
III _ 13& 
212 13 71 8' 71 ...... 
H3'.7777I1ZIS73'N 
_ 77 71 75 .. 13 IS " 

_NII""""7I 211" t3 
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APPENDIX L 

Monthly Mean Temperatures, Relative Humidities and Related Humidity Ratios 
for Salt Lake City. 

Relative 
1M TI* Humi di ty WO WI (RH = 301,) 

January 28 68 68 0.003 0.0052 
.' February 33.4 68 65 0.0032 0.0052 

'" March 39.6 68 53 0.0035 0.0052 

April 49.2 78 42 0.0039 0.0075 

May 58.3 78 34 0.0044 0.0075 

June 66.2 78 29 0.005 0.0075 

July 76.7 78 23 0.0055 0.0075 

August 74.6 78 26 0.0056 0.0075 

September 64.8 78 31 0.0048 0.0075 

October 52.4 7~ 42 0.0042 0.0075 

November 39.1 68 63 0.0038 0.0052 

December 30.3 68 71 0.0031 0.0052 

* The inside temperature, TI, is assumerl steady state, for winter 68°F, for summer 78°F. 
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APPENDIX M 

Hourly Temperature and Vertical Insolation 
Subroutine 

Usi ng weather data for total daily hori zontal 
insolation. this subroutine calculates total hourly 
insolation for vertical facades of any orientation. 
Hourly temperatures are also calculated from daily 
high and low temperatures. These three pieces of 
information "are readily found for numerous locations 
from U. S. Weather Service data. The radiation 
predi cti on draws heavily on the techni que of Lf u 
and Jordan.1 while the temperature prediction 1s 
an approximate method developed here. Both were 
used extensively in developing performance informa
tion for active solar systems.Z Some parts of this 
have been reported in a Master of Science thesis. 3 

The daily weather data should represent an 
average year. Averaging of insolation data can be 
achieved by normalizing a particular year's daily 
data according to monthly insolations averaged over 
several years. Or: 

where 

J 
Ha = Hd [J • Hml L Hdi] 

i=1 

Ha = average daily solar radiation 

Hd = daily solar radiation (specific 
weather year) 

J = number of days in the month 

Hm = average daily solar radiation for 
the month. 

The temperatures can be normalized using compiled 
va 1 ues for degree days averaged for each month. 
Our model used instead a year with reasonably 
average monthly insolation and degree days. 

For each day. the day number. total insolation. 
and hi gh and low temperatures are read in. The 
daily calculations include declination. ~.1 

284 + n 
~ = 23.45 sin (360 ) 

365 

where n day of the year. The sunset hour angle 

cos Ws = -tan ~ tan ~ 

where ~ is the latitude. 

The decl ination and day length are then used 
to calculate Ho. the total daily extra-terrestrial 
insolation on a horizontal surface at that lati
tude.1 

1. J. Duffie and W. Beckman. SOLAR ENGINEERING OF 
THERMAL PROCESSES. Wiley-Interscience. 1980. 

2. R. Boehm and S. Swanson. SOLAR SYSTEM DESIGN 
HAND ROOK rOR UTAH. Utah Engi neeri ng Experiment 
Station. 197R. 

3. T. Newell. PARAMETRIC STUDIES OF ACTIVE RESI
DENTIAL SOLAR HEATING SYSTEMS. MS Thesis. 
University of Utah. 1980. 
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24 x 3600 Gsc 360n 
Ho = [1 + 0.033 cos (--)] • 

w 365 

2'1Tl1ls 
[cos <fl cos ~ sin Ws + --sin <fl sin ~] 

360 
where Gsc = solar constant. 

The ratio of terrestrial (weather data) hori
zontal to extra-terrestrial daily insolation is 
then used in an empirical equation which determines 
the ratio of diffuse to total radiation. 3 

DOH = 0.9733 + 0.1767 KT - 3.783 KT2 + 2.833 KT3 

where 

DOH = ratio of daily diffuse to total radiation 

KT = ratio of daily total to extra-terrestrial 
radiation. 

After the daily-varying parameters are set. 
the hourly varying parameters are calculated. The 
ambient temperature. To is taken to vary sinUSOid
ally between the maximum and minimum temperatures 
of the day. A slight shift relative to solar noon 
is inserted. 3 

Tmax +Tmi n [( Tmax - Tmi n)J 
To = + 

2 2 

cos (0.262 t - 0.0436 td) 

where t = time of day 

~ = day length. 

The sine of the altitude angle (SINA) is next 
cal cul ated to determi ne when to start the daytime 
calculations and for use in the conversion from 
horizontal to vertical insolation. 4 

SINA = sin <fl sin ~ + cos <fl cos ~ cos W 

where W is the hour angle. If SINA is less than 
zero. all of the radiation variables are set to 
zero. As soon as SINA is greater than zero, the 
insolation components are calculated. 

The horizontal total hourly insolation and 
horizontal diffuse hourly insolation are distributed 
differently over the day.3 The daily diffuse com
ponent is found usinq the ratio of diffuse to total 
from the daily calculation. as indicated above. 
The hourly total and diffuse insolations are found 
usi ng empi ri cal rel ati ons whi ch vary aDproximately 
sinusoidally with day fraction from solar noon.3 
The hourly total radiation to the daily total radia
tion. RT, was curve fit from the classical work of 
Liu and Jordan. 3 

RT = [a1 + b1 (2g/td) + c1 (2g/td )2 

+ d1 (2g/td )3 + e1 (2g/td )4 + f1 (2g/td)5]/td 

4. F. Kreith and J. Kreider, PRINCIPLES OF SOLAR 
ENGINEERING, MCGraw-Hill. 1979. 



where q = hour from solar noon 

a1 = 1.81281A4 d1 = - 15.232471 

b1 = - 1.6258314 e1 = 13.931593 

c1 = 5.0047414 1'1 = - 3.852214 

A similar method of least squares fit was developed 
for the hourly diffuse radi ati on to daily diffuse 
radiation, RD. 

RO = [a2 + b2 (2g/td) + c2 (2g/td)2 + d2 (2g/td)3 

+ e2 (2g/td)4 + f2 (2g/td)5]/td 

where 
a2 = 

b2 = 

c2 = 

1.7009221 

- 2.3402858 

11.961985 

d2 = - 34.836388 

~ = 38.541068 

f2 = - 15.046364 

From the hourly total radiation and the hourly 
diffuseratfi ati on, the hourly beam radiati on can 
be calculated. 

Now that the hori zonta1 beam and di ffuse com
ponents have been found, the insolation for a 
particular facade can be calculated. The angle of 
incidence is the angle between the perpendicular to 
a surface and the sun t S rays on the surface. The 
amount of insolation intercepted by a surface is a 
functi on of the· cosi ne of the i nci dence ang1 e 
(COSI). For a horizontal surface COSI = 1/SINA. 
Therefore, the direct beam insolation on a surface 
faci ng the sun can be found by di vi di ng the hourly 
total horizontal insolation by SINA. 

The model has a ground reflectance incoroorated 
to account for thi s type of solar i nteracti on. Thi s 
is used with the beam component always, and the 
diffuse component also when a facade intercepts the 
beam component (see more on this below). It is 
assumed in the model that the diffuse radiation is 
unifomly distributed over the sky. For that rea
son, the vi ew factor for the di ffuse component is 
simply 0.5. 

When a facade is not in the direct sunlight 
(COSI less than zero), the insol ation is assumed 
totally diffuse with no qround reflected component. 
This is a simplification to an equation proposed by 
Klucher. 5 When COSI is greater than zero, the 
vertical beam and diffuse components are calculated 
separately, added together, and multiplied by one 
plus the ground ref'ectance to determine the total 
hourly vertical in~01ation.5 

5. T. M. K1ucher, "Evaluation of Motfe1s to Predict 
I nso1 ati on of Til ted Surfaces," SOLAR ENERGY, 
Vol. 23, No.2, PP. 111-114, 1979. 
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APPENDIX N 

Air-Flow Window Application: Questions and Answers 

The following questions and answers cover 
areas not directly related to the main scope of 
work of the project (testing and performance model
ing). They are helpful, however, in the discussion 
on the applicability of air-flow windows and as a 
basis for the demonstration project outline in Sec
tion 8. 

The questions and answers were developed from 
numerous site visits in buildings with air-flow 
windows in Europe and from interviews with archi
tects and engineers who have designed and operated 
such buildings. The format was chosen as many 
advantages and disadvantages of building components 
cannot be fully described with measurable para
meters but are, nevertheless, of tangible value. 
Where applicable, answers are based on the test 
and modeling results as shown in previous sections 
of the report. 

1. For which building types are AF windows most 
suitable? 

AF windows are most suitable for buildings 
which are designed with large window to opaque wall 
ratio, for example, in buildings for which large 
daylight contributions are desired. While air-flow 
windows have been used in many building types, their 
major application has been in office buildings. 

The small temperature difference of AF windows 
between inside window surface and room air, S to 7°F 
at t outside to inside of SO°F, results in very 
favorable mean radiant temperature conditions, com
pared with other glazing types (20°F for double 
insulating and 12.soF for triple insulating glass 
at the same t). This favors their application in 
buildings where down-drafts close to windows or 
asymmetrical radiant conditions related to windows 
must be minimized, for example, in clinics and 
hospitals. 

In buildings with large fresh-air rates, that 
is, larger or the same as the AF window cavity flow 
rates,' exhaust-air windows will perform favorably, 
if energy recovery systems are not used for exhaust 
air. With energy recovery systems, return-air win
dows may perform better; especially during the 
winter season, as the performance modeling results 
show (see Section 7 of main report). 

2. Which types of HVAC systems have been used in 
buildlngs with AF windows? 

AF wi ndows reduce the impact of c 1 i mate and 
wea ther condi t ions on the i nteri or en"i ronment by 
means of a facade-integrated air stream. Generally, 
shading devices are also located in this transition 
zone and interact thermally with the air stream. 
Therefore, the heating and cooling loads of the ex
terior zones of buildings with AF windows are con
siderably lower, which may result in smaller HVAC 
distribution and central systems than for conven
tional buildings. The sizing of the HVAC distri
bution system will be governed by occupant air 
change requirements and not, as often the case, by 
heat gain/heat loss conditions. 

N 1 

AF windows influence mainly the HVAC systems 
for the exterior zones of bui1 dings which are typic
ally assumed to have a depth of 20 to 30 feet. 
Because of the smaller temperature difference be
tween room air and inside window surface as compared 
with conventional window systems, the air supply 
outl ets need not be located close to the wi ndow 
wall. 

For exhaust-ai r wi ndows pressuri zati on of the 
building is necessary to overcome the resistance 
of the window and its air check valve which pro
tects against outside wind pressures. Protecta
Sol gives excess pressures in the room for good 
functioning of its exhaust-air windows as shown in 
Figure AS.loS. 

The simplest HVAC system with exhaust-air 
windows is the supply duct air distribution as shown 
in Fi gure AS .1. 9. Dependi ng on bui 1 di ng zoni ng. 
internal heat gains, needs for individual room 
control, etc., such a system may use a single or 
dual duct system with or without the air supply 
volume to the exterior building zone being subject 
to low 1 imit control required for pressurization. 

With return-air windows, all-air or water-air 
systems are chosen mainly with respect to the gen
eral building functions and loads. The air-flow 
windows may be considered as the terminal parts of 
the return duct systems in the exterior zones of 
the bui 1 di ng. Conventi onal dual duct systems wi th 
or without variable volume control have been used. 

A minimum air flow through the windows is pro
vided for either constant volume or variable volume 
application. The remainder of the room air is 
returned through grilles or lighting fixtures. 
The Swedi sh Combi vent System shows an arrangement 
of a dual duct system which allows constant or 
variable volume operation (Figure A.S.2.1). 
3. Do AF wi ndows, consi deri ng thei r all-year per

formance, Yleld advantages only ln areas wlth 
strong dally and seasonal cllmate fluctuatlons 
or are they helpful also in mila climates? 

AF windows are especially useful in climates 
with strong seasonal climate fluctuations and high 
solar radiation impact on buildings. The peak loads 
are reduced, particularly for cooling, as the air 
flow combined with the adjustable shading devices 
allows direct transport of radiation energy to the 
outside. 

In mild climates, the relatively small energy 
savings achieved by AF windows generally will not 
balance their rather hi~h additional first cost.* 

* Typical exhaust-air window -systems including outer 
1 inch double pane insulating glass, inner single 
pane glass and white vertical louver blinds are 40 
to SO percent more expensi ve than convent; ona1 1 
inch double pane insulating glass with the same 
louver blinds (information on recent projects by 
P. Wiedmer, Protecta-So1, February 1981). Prelim
inary cost estimates for return-air windows with 
outer 1 inch double pane insulating glass, inner 
single pane glass and white venetian b1 inds have 
been estimated at about $12 above 1 inch double 
insulating glass windows with the same blinds on 
the room side (Steve Fronek, Wausau Metals Corpor
ation, May 1981). 



HVAC systems in mild climates can run during large 
portions of the year on economizer cycles for which 
AF windows are not advantageous compared with con
ventional systems. 

4. What has to be considered in life-cycle costing 
of AF wlndows versus conventlonal window 
systems? 

As mentioned above, first costs of AF windows 
are 40 to 50 percent higher than conventional window 
systems, such as double-pane insulating glass with 
venetian blinds inside. In the case of the return
air window, first costs for return air connections 
must be added. They are subject to a wide variety 
of design configurations but are small or negligible 
if the integration of the connections occurs during 
the design stage of the project. 

Against these first costs, the following major 
advantages of AF windows must be considered: 

1) Reduction in first costs of the HVAC equip
ment and di stri buti on system (i n case of an exhaust
air window, possibly the omission of the return-air 
system) ; 

2) Reduction of space requirements because of 
a smaller HVAC system; 

3) Decrease in yearly energy consumption for 
heating, cooling and electrical lighting; 

4) Reduction in peak load conditions and re
lated peak energy demand ratings; 

5) Lower costs to achieve improved thermal and 
visual comfort conditions. 

5. How does the ratio of perimeter versus core 
area of a bUl1dlng lnfluence the appllcabl1ity 
of AF windows? 

The larger the exterior zone compared with 
tota 1 floor area, the stronger is the i nfl uence 
of the outsi de envi ronment on the energy perform
ance of a buil di ng. Thi s i nfl uence can be advan
tageous, or it may present problems depending on 
the way the bui 1 di ng sk in is functi oni ng in response 
to the exterior environment. 

If full advantage is taken of daylight while 
using AF windows, a considerable reduction in arti
ficial lighting consumption is the result. With 
proper shadi ng, whi ch AF wi ndows can orovi de, a 
strong reduction of external and artificial lighting 
heat gains is achievable. 

Internal zones of buildings are normally not 
influenced by AF window applications. In open 
spaces - for example in office landscaping where 
exterior and interior zones are not separated - part 
or all of the return air from the interior zone may 
also be used for window cavity air supr,ly. In 
buil df ngs wi th 1 arge i nteri or zones and wh~re physi
cal separations exist, such zones obviously must 
have their own return system. 

One of the most favorable situations exists 
when the requirement for circulated air in the 
exterior zone matches a high enough air-flow rate 
for successful AF window operation. 
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6. What are the advantages of AF windows in proj
ects with daylighting being of prime consider
ation? 

The AF window assembly with blinds in the cav
ity is highly adjustable to the nature and inter
dependence of solar radiation and daylight levels. 
Wi th 1 i ght-col ored veneti an bl i nds especi ally, the 
dayl i ght factor sequence into space depth can be 
achieved as a much flatter curve than at open win
dow light (Figures N1 through N3) and, in addition. 
glare is reduced. 

The blinds can be completely retracted at times 
of low outside light levels, thus allowing maximum 
utilization of the available daylight. When sun 
shading is needed, light-colored venetian blinds 
provide deep penetration of daylight into the space 
while effectively keeping out direct sunlight. 
With the exception of exterior venetian blinds. no 
other shading device can achieve such results. 

Dark -co 1 ored b 1 i nds do not have the advantage 
of providing substantial daylight penetration. 
Where solar heat gains are desired the higher 
absorptivity of dark blinds will support the col
lector properties of the AF windows. 

7. How does the application of energy recovery 
eqUlpment lnfluence the energy efflclency of AF 
windows? 

Energy recovery systems can save 30 - 60 per
cent of the heati ng and 20 - 40 percent of the 
cooling energy from the exhaust air stream of a 
buil di ng. Sensi b 1 e and 1 atent heat may be recov
ered. 

With exhaust-air windows this function does 
not come into playas, typically, most or all of the 
exterior building zone air is discarded directly 
through the windows. Actually the exhaust-air win
dow may be consi dered a type of energy-recovery 
system as it reduces room heating and cooling loads 
by use of exhaust air. If the minimum cavity air 
flow is less or about the same as the fresh air rate 
of this zone. then the exhaust air window is highly 
efficient as there is little or no return air flow 
through the conventional return air system. In 
special cases this system may even be omitted. 

The larger the minimum cavity air flow compared 
with the fresh-air rate of the exterior zone, the 
more efficient is the return-air window (see Section 
7 of main report). 

The portion of air which is not discarded is 
treated in the central HVAC system before recycling. 
Energy recovery can be applied to the discarded por
ti on. If thi s port~ on is small. energy recovery may 
not be economical~y feasible unless it is large in 
actual cfm. Obviously the larger the overall 
exhaust-air portion of the total building air 
flow, the more favorable the application of energy 
recovery. 

In cases where heating and cooling loads often 
occur simultaneously, recovery may be used for 
energy savings through "load shifting" from one part 
of the building to another. Under favorable solar 
radiation conditions, return-air windows may func-
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tion as a solar collector system and provide useful 
and rather easily transported solar gain for heating 
elsewhere, with or without intermediate energy 
storage. 

Whether an energy recovery system together with 
AF windows should be applied or not can only be de
cided within the context of a particular building 
situation and after a computerized yearly energy 
consumption analysis has been performed. 

8. Do high internal heat gains from people, produc
tion processes and art1f1c1al fllum1nat10n favor 
the application of AF windows? 

High internal heat gains require large amounts 
of circulating air for transporting this energy to 
the outside. An alternative is the cooling of the 
air locally by means of elaborate water-air systems 
such as induction units. For buildings with such 
heat gains, thermal balance points between the 
outside and inside below 40° or even lower are 
Quite common. 

For example, the largest office building in 
Salt Lake City has, during occupancy, a balance 
point of 24°F at no solar influence and a balance 
point of 17°F at solar influence. The mean monthly 
outside temperatures for Salt Lake City from Novem
ber through March fl uctuate from 39.1 ° to 28.0° to 
39.6°F. The building is in a cooling mode nearly 
all the time, even through the coldest winter 
months. 

Under such conditions, and if large exterior 
building zones are present as they are in the 
example, AF windows would perform very well. During 
most of the year, the buil di ng coul d be run on an 
economizer cycle in conjunction with AF windows. 
Such windows would be especially helpful in reducing 
solar impact which would allow longer use of the 
economizer cycle at the beginning and end of summer. 

Large exterior zones and window surfaces with 
consi c1erab 1 e fresh ai r needs wi 11 favor the appl i
cation of exhaust-air winc1ows. Energy recovery 
equipment will not help during most of the heating 
season, as 1 arge amounts of excess heat wi 11 be 
available. Whether it would be economical in con
sideration of the cooling season is rather doubtful 
anc1 would have to he analyzed carefully. 

9. How do major facade orientations, for example 
east-west versus north-south, affect the ch01ce 
for or aga1nst AF windows? 

Buildinqs with the same facade in all orienta
tions have been notoriously energy-inefficient with 
respect to heat gains and daylighting unless exter
ior ac1justable bl inds are used. Such blinds have 
not been popular in the United States. The AF win
dow concept provides a situation similar to the 
customary application of (inside) blinds in this 
country wi th somewhat simil ar effects of exteri or 
blinds. 

In bu il di ngs for whi ch the same facades are 
desired in all directions fixed shading devices 
do not provide adequate solar protection and at 
the same time allow favorable daylight utilization. 
AF windows with integrated blinds can provide the 
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necessary dynamic response. However, they must be 
adjusted periodically to provide full shading. 
Because of the small solar altitude changes from 
day to day at southern orientations, venetian blind 
slat angles must be adjusted only in long-term in
crements, say monthly. Vertical blinds must be 
adjusted several times in the course of a day. At 
east and west ori entati ons one or two adjustments 
are required per morning and afternoon respectively. 

Such adjustments can be done by the occupants, 
which is also customary for inside blinds. Auto
matic adjustment by mini-motor is also available 
with radiation sensors and appropriate controls. 

Facade orientations evolve mainly from restric
tions of particular sites and from functional build
ing requirements. Because of the favorable respon
s ivenes s of AF wi ndows to hi gh sola r impact, they 
lend themselves very well to installations where 
extensive east/west fenestrations are unavoidable. 

10. How are the comfort conditions in buildings 
1 nn uenced by AF W1 ndows? 

Duri ng wi nter the i nsi de wi ndow surfaces are 
generally colder than the air temperature in the 
room. This temperature difference creates air 
currents and possible drafts within short distances 
from the window. These lower temperatures also 
create asymmetric radiant conditions for thermal 
comfort even at considerable distances from windows. 

At an i nsi de temperature of 70°F and an outsi de 
temperature of 32°F, conventi onal doubl e-pane in
sul ati ng gl ass has a temperature di fference from 
room to surface of 15°F anc1 triple-pane glass a dif
ference of 9°F. AF windows at a typical cavity air 
flow of 4 cfm per foot of wi ndow wi dth yi e.l d a dif
ference of only 4°F. At such a small difference 
level, resulting air currents are too small to be 
perceived as draft (see Section 5.5 of main report). 

Also, comfort conditions often are impaired 
by high heat gains under solar radiation impact. 
Interior venetian blinds, although shading against 
direct solar exposure, cannot prevent the green
house effect and reradi ate part of the absorbed 
energy to the room. Wi th b 1 i nds in the AF wi ndow 
cavity the reradiation impact is reduced. Most 
of the absorbed energy is transported away by 
the cavity air stream. 

11. Do the energy savings from lower space heating/ 
cooling loads over a year's period consider
ably outweigh the energy lost or ga1ned 1n the 
w1ndow cav1ty, and 1f appl1cable, 1n the ex
haust a1r? 

This is one of the most difficult questions to 
answer in a general way with regard to the perform
ance of AF windows, but it is one of the most im
portant. In addi ti on, the fresh air requi rements 
of a particular project must be considered. 

In comparing the performance data for the 
reference window, which relates to space heating
cooling loads only, and the data for the AF windows, 
which relates to both space loads and loads absorbed 
f n the wi ndow cavi ty, one wi 11 concl ude that AF 
window applications bring large energy savings. The 



mai n reason is the fact that the attack agai nst 
impact on the internal environment is fought in the 
enve lope after the cavi ty ai r has been used for 
space heating or cooling. The energy gained or 
los tin the wi ndow cavi ty does not affect the i n
ternal environment and. as generally most of the 
cavity air will be discarded for fresh air replace
ment. does not add substantially to the HVAC load. 
ifatall. 

The .advantage of utilizing some or all of the 
exhaust air and its energy content for a tempering 
effect is clearly establ ished in the performance 
data given in Secti on 5 and in the performance 
mottel i ng resul ts in Secti on 7 of the mai n report. 
It is necessary. however. that fresh ai r rates. 
which allow favorable operation of an AF window 
system. be available. The answers to questions 
numbers I and 8 must be considered in this context. 
Computer; zed yearly energy consumption analysis is 
indispensable because of the many variables and 
the bulk of data involved. 
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NOME NCLA TURE 

ai. bi fi 

a2. b2. f2 

Ab 

Ag 

Aw 
CFM 

Cp 

COS! 

DOH 

f 

FR 

g 

Gr 

Gsc 

hc 

hr 

htotal 

Ha 

Hd 

lim 
Ho 

Hi 

H2 

Ib 

10 

Itr 

J 

K 

L 

KT 
. 
I11t . 
'"2 

Nu 

n 

constants for curve fit 

constants for curve fit 

reference window test box area (ft2) 

gl ass area (ft2) 

gross area of window (ft2) 

cubic feet per minute per ft of window width 

specific heat of air (Btu/lb F) 

cosine of incidence angle 

ratio of diffuse to total horizontal radiation 

functional relationship 

outside air fraction 

hour from solar noon or gravitational acceleration 

Grasoff number 

solar constant (Btu/sec ft2) 

convective heat transfer coefficient (Btu/hr ft2 F) 

radiative heat transfer coefficient (Btu/hr ft2 F) 

total heat transfer coefficient (Btu/hr ft2 F) 

average daily solar radiation (Btu/ft2) 

daily solar radiation (specific year) (Btu/ft2) 

average daily solar radiation for the month (Btu/ft2) 

total daily extraterrestrial insolation. horizontal (Btu/ft2) 

fraction of long wave radiative transmission 

fraction of solar energy absorbed in window cavity air stream 

hourly beam radiation (Btu/hr ft2) 

outside solar irradiation of the vertical window plane (Btu/hr ft2) 

directly transmitted solar radiation in the vertical window plane (Btu/hr ft2) 

number of days in the month 

thermal .conductivity (Btu/hr ft F) 

height of window (ft) 

ratio of daily total to extraterrestrial radiation 

mass flow of air through window cavity (lb/hr) 

mass flow of air through reference window test box (lb/hr) 

Nusselt number 

day of the year 



Patm atmospheric pressure (psi) 

Pr Prandtl number 

OEAF energy balance of air-flow in exhaust-air window (Btu/hr) or (Btu/month) 

OFRl = QFRESH 1 sensible heat content of fresh make-up air (Btu/hr) or (Btu/month) 

OFR2 = QFRESH 2 latent heat content of fresh make-up air (Btu/hr) or (Btu/month) 

01 OS less the directly transmitted solar energy (Btu/hr) or (Btu/month) 

ORA energy balance of air-flow in return-air window (Btu/hr) or (Btu/month) 

ORC energy needed for treating recycled air( Btu/hr) or (Btu/month) 

QREF energy balance of reference window (Btu/hr) or (Btu/month) 

ORT heat loss or gain of returned cavity air (Btu/hr) or (Btu/month) 

os energy balance of window, that is, transfer at inner window surface neglecting 
energy in cavity air flow, if present (Btu/hr) 

RB radiation ratio (transmissivity) 

RD. ratio of hourly diffuse radiation to daily diffuse 
radiation 

RT ratio of hourly total radiation to daily total 
radi ation 

SC shading coefficient 

SHGF solar heat gain factor 

SINA sine of the altitude angle 

SOEAF net enerqy balance of exhaust-air window (Btu/month) 

SORA net energy balance of return-air window (Btu/month) 

SOREF net energy balance of reference window (Btu/month) 

t time of day 

td day length (hr) 

Tave temperature for fluid property evaluation or average of Twi and Ti (F) 

Tbl temperature directly behind (room side) venetian blind of reference window, (F) 

Tbox inner surface temperature inside test bos of reference window (F) 

Tfi inlet temperature of air to air-flow window (F) 

Tfx exit temperature of air from air-flow window (F) 

Ti inside room temperature (F) 

TM monthly mean outside temperature (F) 

Tmax maximum temperature (F) 

Tmin minimum temperature (F) 

To outside temperature (F) 

Tri inlet temperature of air to reference window test box (F) 

Trx exit temperature of air from reference window test box (F) 

,. 



.... 

• 
" 

Twi inside temperature of window glass surface (F) 

Ub U of test box of reference window (Btu/hr ft2 F) 

Ur transmission coefficient of reference window (Btu/hr ft2 F) 

U overall heat transfer coefficient (Btu/hr ft2 F) 

U1 effective heat transfer coefficient (Btu/hr f~2 F) 

Uz pseudo heat transfer coefficient (Btu/hr ft2.F) 

WI inside humidity ratio (lb H20/1b dry air) 

WO outside humidity ratio (lb H20/1b dry air) 

WW window width (ft) 

a coefficient of thermal expansion (l/R) 

£glass long wave length emissivity 

UI hour angl e 

UlS sunset hour angle 

6 declination 

4> latitude 



This report was done with support from the 
Department of Energy. Any conclusions or opinions 
expressed in this report represent solely those of the 
author(s) and not necessarily those of The Regents of 
the University of California, the Lawrence Berkeley 
Laboratory or the Department of Energy. 

Reference to a company or product name does 
not imply approval or recommendation of the 
product by the University of California or the U.S. 
Department of Energy to the exclusion of others that 
may be suitable. 
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