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SUMMARY

Ordinary fenestration may be modified at low cost
using various combinations of windows, ductone
venetian blinds, and drapes to control the solar
heat gain. In the winter, solar radiation may be
absorbed by dark blinds and transferred to the
air, minimizing fading of Ffurnishings while
collecting useful energy. In the summer, more
than 90 percent of the total potential window heat
gain may be rejected by exhausting evaporatively
cooled air over the blinds. The performance of
several window configurations has been
theoretically analyzed, modeled on a computer, and
verified experimentally.

INTRODUCTION

In hot, arid climates, low-cost window designs are
needed which admit winter solar heat gain to the
house in a controllable fashion as hot air, and
which allow summer window heat gain to be
exhausted by evaporatively cooled air flowing out
of the window. Such treatments should permit
significant solar heat gain during the winter yet
prevent fading of furnishings. The view out the
window should also be relatively unimpeded.

None of the devices or designs discussed here are
intended to maximize the solar heat gain through
the window. When the sunlight shining directly
through the window is absorbed by dark interior
furnishings, the energy gain will usually be
maximized,

The basic principle of the designs tested during
this program involves the use of an interior
shading device as a solar absorber. Air transport
across the shading device is utilized to either
draw heat into the building or reject heat to the
exterior. The objective of this research program
was to analyze, test, and evaluate window systems
which combine conventional and readily available
components to achieve an added dimension of
control over solar gain, These investigations
have established the thermal performance
characteristics of this type of window system in
an actual building environment. Conventional
components have been used to increase the
probability of acceptance by builders of both new
and retrofit construction,

A theoretical analysis was developed to predict
the general heat and mass transfer characteristics
of the systems and to further develop useable
design tools to predict quantitative performance.
This analysis is presented in Appendix A, A

review of the heat and mass transfer literature
for the determination of previously established
information and ongoing studies relevant to this
project is included in Appendix B.

THE KLOS WINDOW

The Klos window! ; one of the window systems
tested, is composed of two half-slider
(horizontal movement) windows which open on
opposite sides and which enclose venetian blinds,
as shown in plan view in Fig. 1. Cther
combinations include: windows with a fixed center
pane and a sliding panel on each end; a window
with a "half slider" window on the outside (one
pane slides), and a double sliding window (both
panes slide) on the inside; or two double hung
windows may be used. (Fig.l).

The blinds have a dark concave upper surface,
and a white convex lower surface, This
reversal of the conventional arrangement is done
primarily for esthetic reasons, since the white
lower surface is made visible from the inside of
the house and decreases the visual impact of the
blinds. The concave shape of the dark upper
surface also reduces glare. When the blinds are
adjusted for the dark upper surface to intercept
all direct solar radiation, no harsh contrasts of
light intensity are found in rooms with Klos
windows., In this project, the dark upper surface
of the experimental blinds was a standard “"bronze"
color (o =0.89), while the lower surface was an
off white (0=0,43). The absorptivities (n) were
determined by measuring the total and the
reflected insolation with an Eppley pyranometer.

To accept heat during the winter, the interior
window is open while the exterior window is closed
(Fig. 1) . House air is heated as it flows over
the blinds by natural convection. To prevent
overheating, the windows may both be closed, the
white side may be turned out, or the inside window
may be closed and the outside window opened.

During the summer, the windows are opened at
opposite ends, (Fig. 1) Evaporatively cooled air
flows out over the solar heated venetian blinds,
carrying this heat outside without blocking the
view, Additionally, a layer of cool air is
interposed between the hot ambient and cool
interior air. Since radiation, conduction, and
convection heat gains are all affected by this
window treatment, the heat gain is greatly
reduced.

Klos windows can be installed by the builder, or
retrofitted by the homeowner, using easily
available standard windows and venetian blinds.



Recently, several local companies2 in Tucson,
Arizona, have begun to fabricate a complete Klos
window, ready for installation as a unit.

Klos windows must be properly designed. The two
windows should be set approximately 3-5 inches
apart to pemmit air flow through the window and
allow the blinds to be removed. Any fixed panes
in the windows must be accessible for cleaning,
and no area of a fixed pane should be more than
0.6M (2 ft) from an opening for cleaning and easy
access to the blinds. Double sliding storm
windows on the inside make cleaning much simpler.

Each blind should be no wider than the height of
the window, to allow their removal, unless storm
windows with "lift out" panes are used as the
interior window.

Surprisingly, the cost of two single glazed
windows can be little more than a double glazed
window of equal quality. If two half-slider
windows are used and opened as shown in Fig. 1,
entry into the house is not possible without
breaking the window. If a Klos window is
ingtalled in a bedroom, windows with sliding
panels on each end, or a double-sliding interior
window (some storm windows are double sliding)
should be used so that the window can be
completely opened on one side for egress in case
of fire. However, unwanted entry is not prevented
as easily with this type of window.

As in all devices, Klos windows have their credits
and debits. The windows give good control over
solar gain and effectively reject heat during the
sumer when used in evaporatively cooled houses.
Due to the absence of a continuous aluminum path
from the inside to the outside, they should lose
less heat than a standard aluminum framed double
glazed window, However, the space between the
windows is not sealed, requiring more cleaning.
Also, condensation may occur, especially in colder
climates. The venetian blinds will need
occasional cleaning, a task which may be required
less frequently than normal since the dust is
less visible on the concave upper surface of the
blinds.

CLEARVIEW SOLAR ABSORBER

This design uses an ordinary window with a duotone
venetian blind like that used in the Klos window.
The insolation absorbed by the dark upper surface
of the venetian blind heats air, which is
convected upward into the house, as in Fig. 2.
Since direct sunlight doesn't strike furnishings,
fading is greatly reduced. To control solar gain
during the winter, white drapes can be closed, or
the blinds turned white side out.

During the summer, white lined drapes can be used
to direct evaporatively cooled air along the
venetian blind slats between the drape and the
window. (Fig. 3.} This reduces window heat gain
in a manner similar to that of the Klos window.
The drape edge must be pinned back along the edge
opposite the opening so that airflow is permitted
along the drape and out the window. It is best if

the sides of the drape end at the left and right
sides of the window opening, so the folds of the
drape do not interfere with air entering the area
between the window and the drape. The drape liner
must be prevented from blowing against the window
by pinning it to the outer decorative drape at the
bottom. A heavy "black-out™ white lined drape may
be used. Depending on the drapery material used,
drapes for windows more than 3'-5'" high may
require additional support, such as a fine wire
or a "cafe" curtain rod midway between the top and
the bottom of the window. It is not necessary to
enclose the top of the drape with a valance.

Similarly, woven wood window coverings are also
effective for exhausting window heat gain with
evaporatively cooled air. If the window is
partially opened, and such a covering is used on
the interior of the house, evaporatively cooled
air flows out between the wood strips, and then
outside. Cool air £ills the space between the
covering and the window, reducing conduction and
convection heat gains, and cools the outside
facing surface of the wood strips.

EXPERTMENTAL PROCEDURE AND TEST RESULTS

Solar heat gain data were collected using the
calorimeter shown in Figs. 4, 5, and 6. The
calorimeter consisted of an insulated box attached
to the window. Air was drawn through the box
vertically at a low velocity, over the interior
window surface and a black absorber plate into a
plenum in the upper section of the box. It is
important that low air velocities are used, so
that free convection conditions prevail.

The air flow was measured with a sharp-edged
orifice at the outlet. Temperatures were measured
with thermocouples, shielded where necessary from
thermal radiation. Energy input was determined
from the temperature rise of the air, while solar
radiation was measured with pyranometers.

During the summer test of the Klos window, the
insulated box was moved sideways so that the
window could be opened slightly, to allow
evaporatively cooled air to be exhausted through
the window. The heat gain through the remaining
glazed area was measured, and the radiant heat
gain through the opened portion calculated from
the measured slat temperatures in the open area.

Data from the test window, both with and without
the calorimeter in place, were used to formulate
energy balance egquations, which could be solved to
estimate solar heat gain factors and heat transfer
coefficients. Tables 1 and 2 present the
experimental data and calculated performance for
the Klos window and ClearView solar absorber case
respectively. While experimental conditions
deviated substantially from the standardized
conditions used to derive the shading and heat
loss coefficients, the agreement between
experimental and computed efficiencies appears
adequate for most design purposes.

The ClearView absorber-drape combinations was also
tested., Figure 7 is a plan view of the



Table 1

Klos Window Calorimeter Data
4:00 p.m., MST (3:36-3:38 p.m. Sun Time); West Facing Window

1980 Data for clear, cloudless days

Date 4/26
Slat Angle, (Deg.) 18
Temperatures (°F) :

outdoor 85.5

inlet 79.2

outlet 104.0

net rise 24.8
Airflow

(1b/hr) 334
Energy Gaint

(Btu/sq.ft.hr.) 150
Solar Radiation

(Btu/sq.ft.hr.) 245
Efficiency

(percent) 61.2
Computed Efficiency2

(percent) 59.2

4/25 4/16 4/15
30 45 60
72.6 87.5 84.6
77.0 79.8 78
99,8 103.4 100.9
22.8 23.6 22.9
335 335 335
138 143 139
257 2593 261
53.7 55.2 53.3
54.1 57.7 55.8

lBased on the exterior area of glass in the window

2Prom Table 8, using the equation: efficiency = 100 x
[0.868xSC+U(to—ti) /IST] where t; is taken as the mean of inlet

and outlet temperatures.

3Instrument malfunction on this date.

other clear day data.

experimental ClearView Solar Absorber, showing the
location of measurement points of the drape
surface temperature. The calorimeter could not be
used in this case, due to the drapes. Thus, drape
temperatures were taken to allow the driving force
for heat transfer to be estimated (drape
temperature-house internal temperature). These
drape temperatures were measured with 30 gauge,
type T thermocouples placed just under the surface
of the decorative drape material, which was ~1/16
inch thick. The material was not a "hard woven"

material, but was composed of large fibers without ‘

gaps between them. The "black out" type drape
liner prevented any insolation from reaching the
decorative drape material, and striking the
thermocouples in it. Evaporatively cooled air was
exhausted along the venetian blinds between the
drape and the single glazed window at 200-290 feet
per minute. The west facing window was tested in
the full mid-afternoon sun at the time of the
solar equinox.

The temperature differences shown in modes la and
1b of Table 3 illustrate the effectiveness of this
technique. Additionally, a valence does not

This value was estimated from

enhance the effect, as in modes la and 2a. High
air velocities do enhance the effect (modes 2a and
2a').

ESTIMATING HEAT GAIN VALUES

The hourly heat gains per unit area are calculated
from the equation:

q; = SC X SHGF - U (T4~T,)

st = shading coefficiént’ (dimensionless)

U = overal}l coefficient of heat transmission,
Btu/Ft* hr°F

SHGF = Solar Heat Gain Factor, Btu/F“tzhr

T; = interior temperature of the house, O
= : o

T, = ambient temperature “F

g; = heat gain, Btu/Ft“ hr

English units are used to conform with the units
of the SHGF used by ASHRAE.



Table 2
Clearview Window Calorimeter Data
4:00 p.m., MST (3:31-3:34 p.m. Sun Time); West Facing Window
1980 Data for clear, cloudless days
Date 4/10 3/31 4/6 4/8
Slat Angle, (Deg.) 18 30 45 60

Temperatures (CF):

outdoor 84.6 63 78.4 82.6

inlet 80.6 74,3 77.8 78

outlet 107.5 99.8 103.5 104.8

net rise 26.9 25,5 25.7 26.8
Airflow

(1b/hr) 336 338 337 337
Energy Gain!

(Btu/sq.ft.hr.) 163 156 156 163
Solar Radiation

(Btu/sq.ft.hr.) 261 270 263 263
Efficiency

(percent) 62.5 57.8 59.3 62.0

Computed Eff iciency2
(percent) 64.6 57 60.8 60.8

lBased on the area of glass in the window
2From Table 6 ; using the egquation: efficiency = 100 x
[0.868xSC+U(t,~t;)/Igp] where t; is taken as the mean of inlet.
and outlet temperatures.
Table 3

Drape Temperatures

Mode Air Velocity,fpm typ-t; S ti
la NO BLINDS SHADE 200 + 30 1.7 3.6
VALANCE: DRAPES
1b " SUN STRIKES 0 7.3 16.3
DRAPES
2a VALANCE BLINDS SHADE 210 + 10 2.1 3.7
USED DRAPES
2a " " 290 + 50 1.5 2.3
2b! " SUN STRIKES 0 10.2 17.3
DRAPES
2b! " " 240 + 40 2.2 6.1
NOTE: ti = inside temperature, Op, =% temperature of drape on side nearest room;
tyy = temperature of drape on side near window.



Hourly winter heat gain values for design purposes
may be estimated using the hourly Solar Heat Gain
Factors (SHGF) tabulated by ASHRAE® and the
coefficients in Tables 4, 5, 6, 7, and 8 for the
window configurations discussed above. The window
heat gain calculations are based on the SHGF,
since these values account for window orientation,
the time of day, and the latitude. Thus only one
table of coefficients is required for each window
sonfiguration. However, in the ClearView solar
absorber case, the blinds can be relatively close
to the window (placed in the opening in the wall
for the window), or inside the house at a distance
from the window. Since the solar heated air from
the blinds does not flow against the window in
the latter case it is more efficient. Separate
coefficients are presented for these two cases.

Table 4 Shading Coefficients (SC) and Overall
Coefficients of Beat Transmission (U-factor) for
Single Glass ClearView Absorbers; Free-standing
Blinds.

Slat Angle,Deg. Shading Coefficient(SC) U-Factor

18 0.856 1.235
30 0.848 1.232
45 0.833 1.224
60 0.816 1.211

(Average U-Factor = 1.23)
Table 5 Shading Coefficients and U~Factors for IWO
Glazing ClearView Solar Absorber; Free-standing
Blinds.

Slat Angle,Deg, Shading Coefficient(SC) U-Factor

18 0.792 0.586
30 0.786 0.585
45 0.775 0.583
60 0.762 0.579

(Average U-Factor = 0.58)
Table 6 Shading Coefficients (SC) and U-factors

for Single Glazing, ClearView Absorbers;

Convectively-coupled Blinds and Glass.

Slat Angle,Deg. Shading Coefficient(SC) U-Factor
18 0.796 1.237
30 0.782 1.221
45 0.765 1.206
60 0.746 1.187

(Average U-Factor = 1.21)

Table 7 Shading Coefficients and U-Factors for Two

Glazing ClearView Solar Absorbers;

Convectively-coupled Blinds and Glass.

Blat Angle,Deg. Shading Coefficient(SC) U-Factor
18 0.762 0.589
30 0.753 0.586
45 0.739 0.581
60 0.725 0.574

(Average U-Factor = 0.58)

Table 8 Shading Coefficients and U-Factors for
Klos Window-winter Operation.

Slat Angle Shading Coefficient U-Factor
18 0.713 1.093
30 0,700 1.085
45 0.684 1.073
60 0.665 1.057

(Average value of U-Factor = 1.08)

Coefficients are given for various blind slat
angles {from the horizontal) for each
configuration. The tilt angle of the blind does
not appear to have a large effect if the direct
sunlight does not penetrate the blinds. These
tablulated coefficients are not valid if sunlight
penetrates the blinds. The area of the window
should be the actual glazed area, and not include
the window frames. The tabulated coefficients are
based upon 2-inch wide blind slats; a blind slat
width of 1-inch gives heat gains of "~0.5-1%
higher, due to the slightly higher convection
heat transfer coefficient of the narrower slat.

Similarly, the coefficients in Table 9 are used to
estimate the total hourly summer heat gain from
Klos windows through which evaporatively cooled
air is flowing. The summer heat gains of a Klos
window in this mode are only a small percentage of
the total potential heat gain of an ordinary
window.

Table 9 Shading Coefficients and U-factors for
Klos Window-summer Operation.

Air Flow/CFM/SO.FT Shading Coefficient U~Factor
30 0.087 0.083
40 0.080 0.067
50 0.076 0.056
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APPENDIX A
METHODS FOR CALCULATING THE PERFORMANCE
OF KLOS AND CLEARVIEW WINDOWS

INTRODUCTION

A window calorimeter, illustrated in Figures 4, 5
and 6 was used to measure the performance of the
Klos and ClearView windows under a relatively
restricted set of conditions. The range of
outside temperatures was limited due to the rather
high temperatures prevailing in Tucson during the
test period; hence, analytical models must be used
to extrapolate the results to a wider range of
ambient temperatures.

At the close of the calorimeter tests, the results
were compared with an instrumented window without
the calorimeter box; this comparison revealed a
strong convective~coupling effect between the
ClearView blinds and glass which had been obscured
during the calorimeter runs. Two cases will be
considered for the ClearView analysis: the first,
or "free-standing” case in which the blinds are
well separated from the window glass, and the
second, or “convectively-coupled"” case, in which
case the blinds are near the window pane and
influence the convective heat transfer to the
glass.

There are a number of uncertainties and
approximations in the analyses which follow.
While more extensive experimentation and data
collection could yield more precise and satisfying
correlations for portions of the analytical
models, we have proceeded with data collection
only to the extent required to. fulfill the
objectives of this program: to establish the
thermat performance of these window systems for
design estimating purposes.

This appendix presents the methods for treating
thermal radiation exchange, solar radiation
absorption, convective heat transfer, and overall
energy balances which can be used to analyze
window performance.

THERMAL RADIATION EXCHANGE

To calculate the Ilong-wave length (non-solar)
radiation exchange between the various surfaces,
it is necessary to obtain the view factors (F) and
the overall graybody interchange factors (FY).
Peck, et al.~, gives the following
expression for the blind blade-to-blade view
factor: (Not to be confused with the fraction of
open viewing area through the blinds to the
outside.)

Fip = 1/2 [n/1 - 2(5/MSin + (/W) 2+
N1+ 2(s/msin + (S/M2 ] - (/W) (1)
where is the slat angle with the horizontal and

W/S is the spacing ratio or the ratio of the slat
width (W) to the spacing (S). Considering the

case where the blinds are located between two
glass cheets, and taking the glass panes as

infinite @parallel plates, if the supporFing
strings or tapes are ignored, the required
factors are:

Fijo = Foy = [1 = (W/5) (1-F)] (4)

Where the subscript b refers to blind surface and
subscripts 1 and 2 to the outer and inner glass
panes, respectively.

For these calculations, the ratio of blind surface
area to that of either pane is 2(W/S). Using
Gebhart's  absorption—factor method”, the

required interchange factors can be determined as:

F'yy = ep ep/{I(r = Py pp)/F10l-

p1 (Fippp — Fygppr)} (5)
F'15 = €9 r F'y1/gp (6)
where:
r = {(Fyp P/F12)+[ (A-Fppp) Pyl
{(1/Fy9) + 0y } (7)

When the emissivities of the glass panes are
unequal, F! 5 can be determined by exchanging
the subscripts 1 and 2 in equations (5) and (7).
€ and p are the emissivities and reflectances
(here p= 1 - €) of the various surfaces. Note
that:

2(W/S)F'y,y
2(W/S)F'

F'ip (8)

F'Zb (%)

This derivation was based on the case where the
emissivities of the blind slat top and bottom are
equal. In some cases, where one surface is made
highly reflective, to reduce the solar load for
example, the emissivities will be unequal and
these expressions will not apply.

For the case where only one pane is present, set
the emissivity and reflectivity of the missing
pane to one and zero, respectively. If, for
example, the inner pane is missing, the room will
become surface 2 with € , =1 andp, = 0, and
radiation into the room may be calculated.

Table A-1 gives interchange factors for the
ClearView and Klos windows, calculated with the
above equations.



Table A-1

Greybody ngterchange Factors for Klos and Clearview Windows

W/s = 1.2

b = 0.9 Eg = 0,94

Slat Angle, , Deg. 0 18
Clearview Window:

Blind-to-Glass 0.236 0.243

Blind-to-Room 0.257 0.264

Glass—to-Room 0.358 0.341
Klos Window:

Blind-to-Glass 0.242 0.248

Glass-to-Glass 0.337 0.321

30 45 60
0.254 0.276 0.305
0.275 0.298 0.327
0.312 0.257 0.182
0.259 0.280 0.308
0.294 0.242 0.172

Radiation heat transfer can be treated in this
instance with an equiyalent heat tEansfer co-
egficient for radiation "hr" , BTU/(£t“) (hr)

*F) .

4
hr = gP! (T14 - Tz_)/(Tl - T2) =
OF' (Ty + Ty) (T2 + Ty?) (10)
Where T; and T, are the absolute temperatures

of the sUrfaces” considered, °R; and 0 is the
Stefzn—Boltzmann constant, BTU/ (sq.ft.) (nr)
(°r) 4.

The closed portion of the Klos window has two
inner glass panes, designated by subscripts 2 and
3, between the blinds and the room. The
" interchange factor for these two panes is given by
the expression, for exchange between two infinite
parallel plates3

Flog = 1/[ (1/gy) + (1/e3)-1] (11)
SOLAR RADIATICN ABSORPTION AND TRANSMISSION

The reader is referred to Parmelee and vild'sd
paper for calculating the absorption of direct and
diffuse solar radiation by venetian blind and
single glass combinations. For a venetian blind
behind a single glass pane, taking into account
only one pair of reflections, Parmelee and Vild
give for direct radiation:

Transmission into room:

"> = Tgp("bpt*Pga’bp bda) (12)
Absorption by glass:
(*p)1 = %gp * Tgp %d Fbb (13)
Absorption by blind:
Op)p = Tgp(*p *+ Pgdbp™bda) (14)

Calculations must be performed for the direct
(ISD), diffuse ground (Ig.), and diffuse sky
(ISS) components of tﬁg total solar radiation
(Igp). The above expressions hold for the
difect component. For the diffuse ground and sky
components, the transmission equations are:

s = "gd{"bac * Pgd Prac "baa) 13
Tas = ng('fbds + pgc] Pods “bda) (16)

To compute the absorptivity or transmissivity for
diffuse radiation, it is only necessary to
substitute the diffuse value of a component
property for its direct counterpart in eguation
(12)-(14). For the blinds, the diffuse sky
{subscript ds), diffuse ground (subscript dG), or
diffuse average (subscript da) must be used,
depending on whether the radiation originates from
above or below the horizon, or results from a
diffuse reflection from the blinds.

The overall transmission of solar radiation into
the room for the ClearView absorber becomes:

Te =(1/Igp) (TpIgp + "qglsg *+ “asIss) (17)

Similarly, absorption by the glass for the diffuse
components is:

(%a)1 = %a * "ga %gd Podc (18)
(“as)1 =%ga * "qd %a Ppas (19)
and the overall absorption by the glass is:
a = WIgp [(%p)Igp + (“ge)1lse +

(®a9)11sg] (20)

The corresponding equations for bsorption by the
blinds are:

(®a6)b = “ga %bas * Pga Podc *saa) (21)
(“as’b = "gd (%bds * P+ Pods “baa) (22)



%p = (1/Igp) [(®p)plsp + ("ag)plec +

(*a5)plgs] (23)

When two glass panes are between the slats and
as would be the case for a double glazed

sun,
window, for absorption by the inner glass pane,
the slats, and transmission through the
combination, multiply equations (12), (13), and
(14), by Tg . For the outermost glass pane:

- 2
Cpor = %0 + *gp "gp'gp T gD %gd Tgd’p  (24)

To determine the diffuse absorptivity of the outer

glass, substitute the diffuse properties as
previously illustrated into equation (24), and
calculate the overall absorption as:
%01 = (1/Ign) [*plo1Tsp + (Pag)01lse *

(%ag) 011ss! (25)

The Klos window geometry consists of a single
glass in front of the blind and one or, more
commonly, two inside panes behind the blinds. The
solar absorption and transmission expessions will
be given only for the case of direct solar
radiation, since the diffuse equations follow with
obvious modifications. Also the overall
transmission ( T,) and absorptances { %4,
; Opo and Or,) follow from the ClearView

examples, equations (17), (20) and (23).

Transmission into room:

"p="gp "gai("bp * °gdi "o "baa * (26)
Pgdi TbD Pbdal
Bbsorption by the outer glass:
(ep)y = ogp Tgp(Pop *Pgdi ToD Pbda) (27
Absorption by Blind:
(op)p = Tgpl pp * ®pdalgd PLDPgai Tep!l  (28)
Absorption by inside glass(es):
(ap) j = agdi TgplPga PbD oD *
(29)

"o * Poai Phdall

Equations {(26) through (29) are written so that
they may be applied to a system having one or more
glass panes between the blinds and room. The
subscript "i" refers to the property designated
evaluated for the combination of inside glasses.
Por example, if there are two inside glass panes,
pggj refers to the overall reflection of diffuse
rgglation from two glass sheets, This greatly
simplifies the analysis.

The riader is referred to Parmelee and Vild's
paper for instructions and tables for
evaluation of the terms in equations (12)-(29).

Tables A-2 and A-3 for the transmission and
absorption of diffuse and direct solar radiation
were calculated for the experimental blinds used
in this study. When the slat angle is adjusted so

13

that no direct solar radiation penetrates the
space between the blinds, the product of the
absorptivity of the upper blind surface and the
transmittance through the outermost glass pane is
a good approximation to the more rigorously
computed value of the overall blind absorptivity
from equation (14).

CONVECTIVE INTERCHANGE BEIWEEN GLASS AND AIR

The convective heat traTsfer coefficient at the
outermost glass surface™ can be estimated from:
heg = 0.9 + 0.3vy (30)

where vy is the wind velocity, mph.

Radiative transfer from the outside glass to the
sky and surroundings is also important, and may be
estimated if the atmospheric conditions,
temperature, and nature of the surroundings are
given. The practice in the ASHRAE handbook” is

to wuse a combined convective and radiative
coefficient(h,). The examples given here will
normally wuse that approach, unless otherwise
stated.

Free convection conditions at the imner glass
surfaces will normally be in the turbulent_ flow
regime, and the equation for a vertical plane3
hg = 0.194 t1/3 (31)
will apply, where At is the temperature

difference between the surface and surrounding
air, °F.

The free convection coefficient between two glass
panes can be calculated frgm the expression for a
vertical enclosed air-space” as:

he = 0,137 atl/4 (32)
where At is the temperature difference between
the two panes.

CONVECTIVE TRANSFER FROM BLINDS

For convective heat transfer from the blinds, both
the exposed blinds of the ClearView configuration,
and enclosed blinds of the closed portion of the
Klos window must be treated.

First considering the ClearView window
configuration, two distinct cases must be
analyzed. The first, or "free-standing", case

considers the blinds to be set back at a distance
from the glass, so that room air circulates freely
over both the blind slats and glass pane, and
convective heat transfer from the room to glass is
determined by the room air and glass temperatures.
This is illustrated in figure A-1. 'The second
case, shown in figure A-2 considers direct
"convective coupling” between the blinds and the
window pane; room air is heated by passage through
the blinds and is drawn upward between the blinds
and glass by a natural draft. Convective heat
transfer to the glass is much larger due to the
higher temperature of the air impinging on the
glass.



Table A-2

Absorptance and Transmittance of Experimental Blind Assembly
for Direct Solar Radiation

Absorptivity: upper blind slat surface = 0.89
lower slat surface = 0.43
TIransmittance

Profile slat angle, ¥ , deg.

Angle, (Deg.) 18 30 45 60
0 0.640 0.415 0.167 0.013
10 0.445 0.236 0.021 0.011
20 0.237 0.046 0.016 0.010
30 0.029 0.022 0.015 0.009
40 0.025 0.019 0.013 0.008
50 0.022 0.017 0.012 0.007
60 0.020 0.016 0.011 0.006

Absorptance
Profile slat angle, ¥, deg.
Angle, (Degq.) 18 30 45 60
0 0.343 0.553 0.779 0.911
10 0.528 0.722 0.920 0.908
20 0.726 0.902 0.914 0.906
30 0.924 0.920 0.912 0.904
40 0.922 0.920 0.909 0.902
50 0.920 0.914 0.907 0.900
60 0.918 0.912 0.905 0.898
Convective Transfer from Free-standing Blinds L, deg.  W=1 inch = 2 inches

Experimental correlations for free convection heat
transfer from the blind surfaces could not be
located in the literature for either the
free-standing or convectively coupled case.
However, an approximate solution for the
free—stanging case was estimated from a similar
geometry.- Infinitely long parallel plates were
judged to be the most suitable geometry for which
extensive data are available. The analogy will
become increasingly poor as the blinds are closed;
at total closure eqguation (31) would be expected
to apply.

The correlations of Elenbaas’ can be simplified
to the following for air at room temperature, W/S
1.2, and used to estimate convective heat
transfer coefficients for free-standing blinds:
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60 = 0.6100t0-248 1, = 0,5114¢0-248
45 0.57200+252 0.4835t0+252
30 0.5274t0-258 0.451£0-258
18 0.464At0+27 0.4074t9+27
t T ctively—-couy B"' ds
and Glass
The relatively large difference between the

"free-standing” and "convectively-coupled" heat
transfer coefficients was first inferred from the
relatively high temperatures of the blind slats in
the latter case; 10 to 20°F above that predicted



Table A-3

Absorptance and Transmittance of Experimental
Blind Assembly for Diffuse Solar Radiation

Absorptivity:

upper blind slat surface

lower blind surface = 0.43

Slat Angle, V¥, Deg. 0 20
Diffuse Absorptance:
Radiation from above
horizon 0.593 0.789
Radiation from below
horizon 0.433 0.334
Average 0.513 0.562
Diffuse Transmittance:
Radiation from above
horizon 0,378 0.167
Radiation from below
horizon 0.444 0.610
Average 0.411 0.389

= 0.89

30 40 50 60
0.830 0.888 0.906 0.902
0.346 0.393 0.477 0.592
0.598 0.641 0.692 0.747
0.106 0.047 0.014 0.009
0.620 0.576 0.486 0.359
0.363 0.312 0.250 0.184

in the free-standing case for the same room air
and solar radiation conditions. Rather than
flowing essentially parallel to the slats, as
happens in the free~standing case, the air flows
from the room against the bottom of the blind
slat, through the space between the slats, over
the top of the slats, and into the space between
the blinds and window pane. A relatively strong
natural updraft occurs in the space between the
blinds and window pane, with the velocity
increasing with height as more warm air is fed
into the updraft from succeeding slats.

No direct measurement of the heat transfer
coefficients from the blind slats was attempted;
rather, computer models were employed in which
various equations for the Theat transfer
coefficients were tested, with the computed
temperatures compared with experimental values.
The coefficients selected as a result of_ these
studies are given by equations from McAdams>:

For the bottom of the slats:

Nyy=0.27 (Mg, Np,) /4 (33)

and for the top of the slats:

Nygy=0.54 (g Np,Cos ¥)1/4 (34)
or MNy;=0.55 (Ng Np,Sin¥)l/4 (35)

When is the Nusselt number, Ng is the
GrasholgNunmnber, Np, is the Prandtl numéer and ¢
is the slat angle. Equation (33) is for a heated
plate facing down; Equation (34) is for a heated

plate _facing up, with a correction for the slat
angle”; while equation (35) is for a vertical

plate, also with a slat angle correction. At a
given slat angle, the larger value of the heat
transfer coefficient calculated from equation (34)
or (35) should be used. No correction for the
slat angle is used with equation (33) for a heated
plate fac%ng down, as this case is not well
understood”. In these equations the temperature
differences are computed using the blind and room
temperature, with the slat width used for the
geometry term. Bquations (33) through (35),
evaluated for air at room temperature are:

For the bottom of the slats:

hep=0.12 (At/w) 023 (36)

and for the top of the slats:

he,=0.27 [(At/W)Cos ¥10-25 (37)
or

hep=0-29 [(At/Wsin y]10-25 (38)

The heat transfer coefficient at the inside glass
pane can be calculated from equation (31) for
turbulent fres convection, as recommended by
Liburdy & Faeth” for a thermal plume along a
wall.

cti T icient
ti £ 0, ind

In the closed portion of the Klos window, air
flows in the bottom half of the space connecting
the open and closed portion of window, is heated
by convection by the blinds, and flows out the top
half of the window, as illustrated in figure A-3.
Circulation is caused by the density difference
between the room air and air in the window; the
flow pattern is approximately semi-circular around



a point at the center edge of the inside panes.,
The air velocity is low enough to allow
calculation of the convective heat transfer
coefficient using free convection eguations. 1In
the analysis of the window, the air flow will be
considered to be split into two streams, with the
inside stream contacting the bottom side of the
slats and the outside stream contacting the top of
the slats, consequently equation (33) is used for
the inside stream, and equation (34) or (35) for
the outside stream.

Convective heat transfer between the air streams
and glass surfaces is again calculated as
turbulent free convection with equation (31).

OVERALI. ENFRGY BALANCE, FREE-STANDING BLINDS

To determine the overall efficiency of the
window-blind combination, energy balances are
written around the glass surface, the blinds, and
the air within the room. As previously explained,
room air is considered to circulate freely over
both the blinds and glass pane.

The energy balance around the glass pane is:

fr5 dc1¥gr = holty—ty) +(hgps+hpqj) (b-t4)

+ hpyp(ty-t) (39)
f; o is a factor to correct for losses from the

uminum window frame, in addition to the glass
pane, and any correction for shading when
required,

An energy balance around the blind slats is given
by:

frg %plgr = 2(W/S) [hgp (ty-ts) + hppy (b-ty)

* Bppi (Bpti)] (40)
To solve these eguations, values of various
surface and air temperatures are assumed and the
various coefficients evaluated. The coefficients
are substituted into equations (39) and (40), and
the equations solved for ty and t,. The
coefficients are re-evaluated for the new
temperatures and the process repeated until the
required accuracy is attained,

The free—standing blind equations can be solved to

These expressions are similar in several respects
to those given by the ASHRAE guide® for a double
glazed window.

Analytical values of the shading coefficients (SC)
and overall coefficients of heat transmission
(U-factor) are presented in table 4 for the
ClearView solar absorber, As explained in the
ASHRAE guide ~, the total instantaneous heat
gain in the room, in Btu/(sg ft) (hr) is given by:
q; = (SC) (SHGF) + U(ty-ty) (44)
Equation (44) m?y be converted to the
Hottle-Whiller-Bliss™ form for flat plate solar
collectors, where efficiency is expressed as:

M= Fg Oep + (FUL) [{Eg—t) /Tyl (45)

Fc“cb=0.868 x 8C, and F U =U, where SC

and U are from table 4. These approximations also
apply to results tabulated for the Klos window and
convectively~-coupled blinds and glass cases.

Tables 4 and 5, as well as the tables presented
for the other Klos and ClearView windows giving
shading coefficients and U-factors, were computed
based on a south facing, vertical window at 12
noon suntime, Dec. 21, and 32°N. Latitude, The
reflectance of the ground in front of the window
was taken as 0.2; the combined radiative and
convective coefficient (h,) at the outside of
the glass was taken as 4.0; and the glass was the
ASHRAE reference material double-strength sheet
glass. The absorptivity of the top blind surface
was taken as 0.89 and the bottom surface 0.43,
from the experimental blinds used in this study.
The slat width was 2 inches, and the ratio of slat
width to spacing (W/S) was 1.2. The room
temperature was taken as 72°F,

Table 5 presents values for shading coefficients
and U-factors for the free-standing ClearView
absorber equipped with a double glazed 3/4 inch
air space. Modifications of the basic equations
(39) and (40) for double glazing requires only the
addition of an equation for the energy balance
around the second outer glazing. This pgocedure
is described in detail in the ASHRAE quide®, and
need not be repeated here.

The analysis presented here for the free-standing
blinds gives approximately the same results as the

clear ty, and t;, yielding the following information presented in the ASHRAE guide when
expression for hea% gain by the room: allowance is made for the difference in the
U= 1 (D)

1, 1

hy

1
(h _ +h )+
rli cli 1
brip  [2/(W/S)hgy, + hyjp]

hep = (Beyj + heys) + by {1+ (hyyy + By ) /120W/S)hey, + Byl (42)
q; ={"c + % (U/hy) + % [(U/hg) ] M gley - Ult-tg) (43)
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absorptance of the blinds; values of the U-factor
given here are slightly higher than the ASHRAE
values because of the effect of the blind
temperatures on the radiative heat transfer
coefficients. For example, if the heat gain is
computed for venetian blind slats, medium color,
with an absorptance of 0.6 for the slat assembly,
(ASHRAE table 37°), the shading coefficient is

0.64 (ASHRAE table 34 , and the U-factor is
1.10 (ASHRAE table 13°)., For an outdoor
temperature at 55°F, an indoor temperature of
729, at 12 noon, Dec. 21, 32°N. Lat., south
facing window (SHGF=252).

q; = (0.64) (252)~(1.1) (72-55)=142.6 (46)

Using the technigues of Parmelee and Vild4, for
an overall slat assembly absorptance 0.6, the
blind top and bottom should have absorptivity of
0.51. The computer program prepared for these
studies gives a shading coefficient of 0.647 and a
U-factor of 1.23:

q; = (0.647) (252)~(1.23) (72-55)=142.1 (47)
The two methods are in general agreement, and the
ASHRAE values and technique appear in harmony with
the analysis presented here for the free-standing

blinds, in which room air is assured to circulate
freely over both the blinds and the glass. The
other case presented here, for the

convectively-coupled blinds and glass, will give a
lower value for the total gain than would be
computed from ASHRAE methods.

Figure A-4 shows the partition of solar radiation
for the standard 12N, Dec 12 case used for SHGF
calculations., Here both the glass pane and blind
slats exchange heat with room air at 72°F.

OVERALIL,  ENERGY
BLINDS AND GLASS

BALANCE,  CONVECTIVELY-COUPLED

In this case room air does not circulate freely
over both the blinds and window pane; rather, air
is drawn through the blinds by a natural draft,
heated by contact with the blinds, and further
drawn upward in the space between the blinds and
window pane until it exits at the top of the
window cavity. Heat from the warm air stream is
transferred by natural convection to the window
pane. The rate of convective heat transfer to the
glass is considerably greater than in the
free—~standing case.

An energy balance around the glass pane is similar
to equation (39), but must be written around a
differential height segment "dzZ" as:

Erg%aIgr = Bolty—ty) + hoyg(Ey—ty,)+

hpyp(ty—tp) + bppj(tg-ty) (48)
Where t.. is the mean air temperature in section
"dz® be%%een the blinds and window.

Convective heat transfer between the blinds and
room air will be calculated based on the
temperature difference between the blind slats and
room air (tb—ti), so that an energy balance
around the blinds is given by:

17

hyp; (Fp7t )

With the exception of the convective heat transfer
term between air and glass in equation (48), these
expessions are identical to equation (39) and (40)
for the free-standing case.

(49)

Now assume that the warm air leaving the blind
slats in a given section mixes with the air from
the section below it, while giving up heat by
convection to the window pane, and then flows to
the next section. Using a finite height section
"AZY, an amount of air "AM" (1b/ft hr) will be
heated from t; to t by convection while
passing through the blinds:

2(W/S)hcb(tb—ti) = (AM/AZ)Cp(tab—ti) (50)
If the air streams entering the section, M at
t_,. and My, at £t 00 mix, transfer heat to
tﬁg glasf, and"'leave the section at ta out’
then: !
CoMMltapta, out) + CpMin(ta,in— ta,out) =
hogp (b — £y)02 (51)
Assuming complete mixing:
tam = [O'SAM/(AM+Min)](tab+ta,0ut) +

[0.5 Min/(AM+Min)] (ta, in+ta,out) (52)
To compute the mean vertical air velocity, and
hence the mass air flow rate, let:
K(oV2/2g) =75 2 (53)

Where p is the density of air, lb/ft3, and &p is
the mean difference in density between the column
of air in the space between the blinds and glass,
and the room air, over the height %. V is the mean
vertical velocity of air in the air space at
heigh% %, ft/hr; g is acceleration due to gravity,
ft/hr“; and K is an experimentally determined
velocity-head coefficient required to account for
resistance to flow through the blinds, friction in
the air space, etc. If Xas is the distance
between the blinds and glass, ft., then eguation
(53) can be

n-1
2 2
(M +AM) © = (29PX, o /K)[§=1 (ADAZ)j +

PB (toty) A2 (54)
vhere B is the conficient of volumetric expres-
sion for air, °R™ or 8 = -Ap/pAt=1/T.

in linear form by

These equations are approximateg
and (AM) t;

expressing the terms (M; -+AM)

as the first two terms é? Taylor series. For
example:
(M) 2 = (WAM )24 2(M + AM ) (AM-AM ) (55)



where AM is an estimate of AM to begin
iterative computations. Then equations (48)
through (54) can be solved simultanously, and
through an iterative procedure will yield
solutions for the temperatures and flow rate which
can be used to determine the heat gain by the room
as:

gy = hygp(Epty) + gy (bg-ts) + Tefpglgp +

(Mout,tcp/zt)(ta,out,t'ti)

Where the first two terms are the average rates of
heat transfer by radiation to the room interior,
and the last term is the heat transfer by
convection from the air space between the blinds

(56)

and glass into the room. Here Z, is the total
window heidght, f£ft, ERUt £ is the air flow rate
out of the top of e 'window, 1b/ft hr, and

t is the air temperature out of the top
t,t.
of'he window OF.

Experimentally, it was found that all of the air
exits the window cavity through the top two slat
openings, so the effect of exit conditions was
negligible relative to the total window height.

A number of models were tested in which K and the
blind heat transfer coefficients were varied. A
constant value of K=3 agreed as well with
experimental data as models in which K varied with
height, air flow, etc. As previously mentioned,
the blind heat transfer coefficients as determined
by the equation for a flat plate facing down for
the slat bottom, and a flat plate facing up for
the top, with appropriate angle corrections, gave
the best agreement with experimental data.

It should also be pointed out that there are many
uncertanties in the values for both K and h,.
Data were 'influenced by stray and erratic
convection currents in the room in which the tests
were conducted; stratification of air in the room;
variations in the placement of the blinds relative
to the glass; and uncertain measurements of air
velocities and temperatures within the air space.
Further experiments should be conducted under more
controlled conditions with better instrumentation.
The existence of the convective-coupling effect
between blinds and glass was not anticipated at
the outset of these experiments, and the
experimental design and instrumentation was not
well suited to investigate the convection currents
encountered.

Computed values for the shading coefficients and
U-factors are presented in Table 6 for the single
glazing case and Table 7 for two outer glazings.
In the previous section, it was demonstrated that
the free—-standing blind case gave good agreement
with ASHRAE methods. In this case, for an overall
slat assembly absorptance of 0.6, the shading
coefficient was calculated to be 0.61 and U=1.19
for an energy gain, under the same conditions:
q; = (0.61) (252)—(1.19) (72-55)=133.49 (57)
This is approximately 6% lower than predicted
using ASHRAE methods.
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Figure A-5 shows the calculated distribution of
solar energy for the reference case of 12N, Dec,
12, In comparing Figure A—-4 with Figure A-5 for
the free-standing case, note that while the
convective heat transfer to the glass for the
convectively-coupled case is seven times that for
the free-standing case, it amounts to only
slightly more than 3% of the total solar
radiation. Such a small percentage difference is
difficult to detect from calorimeter data;
however, the blind temperature is approximately
129F higher, which is strikingly different and
readily detected.

The window calorimeter used in this program, while
useful for estimates of performance, influenced
convection currents around the blinds and glass.
Figure A-6 shows ClearView data for the afternoon
of March 20, for a west facing window. Taking
15:28 suntime (4pm MST) for analysis, the
experimental efficiency was 54.7%. Separating the
model room temperatures into a radiant transfer
temperature at the plate temperature, and a
convective transfer temperature at the mean of the
air entering and leaving the calorimeter, the
free-standing model gave a computed efficiency of
57.2% and a calculated blind temperature of
129°, very near the measured temperature at the
center of north blind shown in Figure A-6. The
convectively-coupled model gave an efficiency of
54,5%, but predicted a blind temperature of
139%; since the measured temperature at the
center of south blind was 136, only with
difficulty could one select between the two models
from the window calorimeter data.

However, figure 2A-7 shows the temperature
distribution measured for blinds without the
calorimeter box. The free-standing model predicts
an erroneous blind temperature of 112°F, while
the convectively—cougled model predicts an average
temperature of 124°F, in fair agreement with
experimental results. Note that the experimental
blind temperatures do not vary substantially with
height.

OVERALL ENERGY BALANCE -
OPERATION

KL.OS WINDOW, WINTER

During winter operation, the Klos window can be
treated in two sections: one section with the
inside window open which functions as a ClearView
solar absorber, and which can be analyzed
independent of the closed portion of the window;
and the closed section where the plane of the
blinds is separated from the room by two planes of
glass, and which is open to the room only by the
narrow slot through which the blind slats extend.
There is some slight entrainment of warm air from
the ClearView portion in the inlet air to the
closed portion of the windows; and air exiting the
closed section appears to influence the convection
currents near the top of the ClearView sections,
but these effects can be neglected in the overall
analysis.

As mentioned in the section on convective heat
transfer coefficients, and shown in Figqure A-3,
air flows into the bottom half of the closed



window section through the connecting slot, is
heated by convection from the blinds and flows out
the top half of the window. The air—flow pattern
is roughly semi-circular around a point near the
center of the connecting slot. Within the closed
window section, the air flow is split into two
streams, one moving through a channel formed by
the outside window pane and blinds, and the major
air flow through the channel formed by the blinds
and one inside glass pane. These patterns were
observed by introducing smoke into the air stream,

The analysis which follows is s1§.11ar in some
respects to one used by Brown, et.al.”, for air
flow by convection between rooms through openings.
A variation of the equations from Brown, et.al.
based on a single mean value for the density of
air within the window cavity was used with good
results in modeling the window calorimeter tests,
where the overall air temperatures into and out of
the calorimeter were of ©primary interest.
However, the method which follows better predicts
the temperature and velocity distribution of air
leaving the window.

In a given differential area, at fixed air
temperatures for the two streams of t, and
tygr assuming no m1x1ng of the two streams and
neglecting conduction in the glass and blinds,
energy balances around the blinds and glass panes
can be written as:

outer glass:

fLSuKlIST’ho(tl'to) + hyaq(ty—tag) +

hryi-tp) + hryp(ty—t) (58)
blinds:
1.5 kpler =(W/S) [heps (tp=ta) + hopas (b-ta) +
hypy (Bpmty) + bypp(tyty)] (59)
inside glass panes (2 and 3):
£ 500 Tgr =hpop (Eo=tp) + hpop (E9=tg) +
hopa (ty=ta) + (hepythyos) (Ey-t3)  (60)
frs”kalsr =(heo3thypy) (E3-tp) +
(hezithpgs) (E3-t4) (61)

Now considering the air streams passing over a
differential absorber area "dAp":

Man dt a/dAK = (W/S) hcba(tb_ta) +hc2a(t2’ta) (62)

Macpdtas/ GAy=(W/S) hopag (tpymtag) thop o (B1-E5g) (63)

If "22Z" is the height from the entrance to the
exit of an air streamline (2% is used to allow
integration from the window center at height = 7)

ReV,2/2g = 22 tp (64)

KoV, 2/2q = 2255 (65)
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where Vg and V,g are the velocities of the two

air streams and Ap is the mean difference in
density of the air streamlines and room air.
Expressions (64) and (65) can be written for mean
air temperatures and a finite element of height
as:

M2 = [492B( X, 02) 2/K] (E,ts)
Moe? = (4028 (0, 02) /K] (B gmts)
If the path of the streamline is approximated as

semi-rectangular, for simplicity, then the area
tranversed by the streamline is:

(66)
(67)

ARy = 2Z(1+2%,/2, ) AZ (68)

Where is the width of the closed portion of
the window and Z, is the total height of the
window.

Using average temperature eguatlons (58) -
(67), and l:Lnear:Lz:Lng Mey and M, terms

with Taylor series, these equatlons can be solved
iteratively for the various temperatures and
flows.

The heat gain by the room is then:
= hpg;(t3ty) + tyfyglay +

Cp a,out” 1) + ZMa.c:.cP(tas out™ 1)]/AK

The values of K were found to be approximately the
same for the two air flows, and were taken as 12.
The same experimental difficulties mentioned in
connection with the ClearView window were
encountered with the closed portion of the Klos
window, and further experimentation is required;
however, values for the heat gain coefficients are
felt to be adequate for design purposes. Table 8
presents shading coefficients for the Klos window,
with the open half of the window analyzed based on
the convectively-coupled ClearView model.

Figure A-8 shows the computed energy distribution
for the reference case of 12N, Dec. 12 for the
closed portion of the Klos window. Fig. A~9 shows
experimental temperature data for the window. The
higher temperatures in the Klos window reduces the
efficiency relative to the ClearView absorber.

q
(69)

KLOS WINDOW, SUMMER OPERATION

For summer operation, the Klos window is operated
with the immer and outer glass panes opened
slightly (74 inches) as shown in Figure 1, and the
blinds inclined so that evaporatively cooled air
flows over the blinds, carrying the major portion
of the solar heat gain by the blinds to the
outside. The analysis of this case is v1£tually
identical to that described by Peck, et.al.

will not be repeated here. Table 9 presents
values of the shading coefficients and U-factors
for this case. The experimental convective heat
transfer coefficients at the blind surfaces were
found to be considerably higher than_expected from
the earlier work by Peck, et.al.”. This was
probably caused by the turbulence produced by the
turns the air was subject to in this dfglgn, which
are known to produce high coefficients
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Definitjion of Terms

A.......Area, Sq.ft.
Agy of ClearView absorber
Ay, of Klos Window
gp......Specific heat of air, Btu/1b°F
.sessesView factor
Fppe from blade to blade
Fip or Fopr from glass pane 1 (or 2) to blade
or slat
Fyo Or Foyy between glass panes 1 and 2
Fc......Effic1ency factor used in solar collector
equation
F'......Overall graybody interchange factor; same
subscripts system as view factor
fLS.....Correction factor for effective area for
window loss exceeding glass area, or
factor for partial shading of glass,
dimensionless
Je.ssessBcceleration due to gravity, ft/hr2
hee.....Heat transfer coefficient, Btu/(sq.ft.)
(hr) (°F)
ho' combined radiative and convective coeffi-
cient outside first glass pane
, combined radiative and convective coeffi-
cient relating to heat transfer between
glass, blinds and room
hc......Convective heat transfer coefficient,
Btu/(sq.ft.) (hr) (°F)
h b from blind slats
hcba' from blind slats to air
hopagr from blind slats to secondary air
stream
h.,, from glass to outside air
honge from glass "n" to air, n=1, 2, 3, or 4
hcni' from glass "n" to inside
hopme from glass " to glass "m", m=1,2, 3
or 4
hr......Radiative heat transfer coefficient,
Btu/ (sq.ft.) (hr) (°F),
hrnb' from glass pane "n" to blinds (note that
h, rbn Pecause the coefficients
include ghe overall graybody inter—
change factor)
h,,ir from glass pane n" to interior of room
h qs from glass pane "n" to glass pane "m"
Ige.....S0lar radiation, Btu/(sq.ft.) (hr)
Iene direct component
Iggr reflected ground component
Iggr sky component
Iopr total solar radiation
Keoesos.Velocity-head coefficient
MeooeosoAir flow rate per unit window width,
1b/ft hr.
, air stream
M s secondary air stream
Mogtr estimate
Mins into section or space between blind and
glass
Moutr out of section
Mout £ out of top of window
Neeeo.o..Dimensionless number
ur Nusselt number
; Grashof "
Np,, Prandtl "
gj-eess.Heat flux to the interior or inside,
Btu/ (sq.ft.) (hr)

hsb



L..s....Dimensionless ratio in graybody interchange BesosessCoefficient of volumetric expansion

factor equation A.......Difference
S...e.0.8lat spacing, ft. €ovosss EMissivity
SC......Shading Coefficient epr Of blinds
SHGF....Solar heat gain factor, Btu/(sq.ft.) (hr) eqr of glass surface "n"
. NesosessS0lar collector efficiency ]
T.oe....Bbsolute temperature, °R PesessesDensity of air in air flow equations (no
T, average subscripts) , lb/cu.ft._ ]
T,,r from surface "n" pe+sese.Reflectivity of radiation, subscript
tese....Temperature, °F system same as o .
tas air (ta, average air) TaeaeeeeStefan—-Boltzmann %nitant,
topr air leaving blinds Btu/(sq.ft;.)_(hr)( ) )
t_ ., inlet air TeeossosTransmissivity, gubgcylpt.system same as
:’;gt tr outlet air at top of window Tpr Tagr Tdsr Transmissivity into room for
tome Gir mean direct, diffuse ground,
tygr secondary air stream (t ., average and.dlffuse_s,ky, soI];:aLlr
secondary stream temperagure) radiation, dimensionless
ty,, blind Yeuos..oSlat angle with horizontal, degrees
ti’ inside

; glass pane "n", n=1, 2, 3 or 4
tor outside . .
UsoweoosOverall coefficient of heat transmission, )
Btu/(sq.ft.) (hr) (°F) Subscripts
Upr for solar collector losses .
VeeeoeooAir velocity, ft/hr
Vy, of air stream

V_., of secondary air stream a air, average
Vige .25 wind velocity, miles/hr b blind, blade or slat '
Weeooao.Width of blind slats, Ft. c CZ‘LearVJ.ew, collector, convective
X..0000.Distance or spacing, ft. D direct
X,os air space between blinds and glass, d diffuse
ClearView collector G ground
X gr air space for main air flow, Klos window g glass
X gxr air space, for secondary air flow, Klos 1 inside
window K Klos
; width of window L loss
Zv......Height or vertical distance, ft. m mean
Zy, total height of window o outside, overall
QesessssAbsorptivity for solar radiation r radiative
apr of blinds S solar, sky, shade
appr Of blinds for direct radiation ; SI?ager secondary
opgr Of blinds for diffuse radiation win ] )
agga, of blinds for diffuse radiation, average 1,2,3,4 glass window pane, numbered from outside

of ground and sky to inside
Opdagr of blinds for diffuse ground radiation
apggr Of blinds for diffuse sky radiation
0.y Overall combined absorptivity, ClearView
absorber
0e1s Overall combined absorptivity, ClearView,
for glass pane
Gcpr Overall combined absorptivity, ClearView,
for blinds
Ogppr Overall combined absorptivity, ClearView,
for outermost glass pane in double glazed
window
(op)ir (aplpr ( op) g1+ absorptivity of
direct radiation component for glass,
blinds, or outermost glass, respectively
( OLdG)l’ ( adG)b’ ( udG)Ol' absorptivity
of ground radiation components
( ads)l' ( GES)b' ( “ds)Ol' absorptivity
of sky radiation Component
0., of glass
%7 of glass, for direct solar radiation
ocqr of glass, for diffuse solar radiation
Ogdir of glass, for diffuse solar radiation,
inside glass panes
ogs overall combined absorptivity, Klos window,
enclosed portion
' r overall combined Klos absorptivity,
§3r blinds and glass pane "n"
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glass

solar (288.6 x f, )
=250 O

refl =
36.0 (all
surfaces)

13.9

conv + rad

outside

A~

cony =

—— ——3vad = 33.9

———y conv = 121.3

1.3 Btu/ft2hr

net to room = 163.4

trans

S

(65.4%)

= 10.6

inside

Fig. A-4 Energy Balance - Single Glazed ClearView Absorber -
Free-standing
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A solar = 250.0

///// 95° F air out 2
conv to room = 93.1 Btu/ft hr
cony = /////
9.7

" Vrad - 44.8

net to room = 148.4

(59.4%)
refl =
36.0 (all
surfaces)
13.9 ////,
trans = 10.6
189.6 /////
onv + rad
- 65.7 102.8 /
t =559 t, =71.4%F 72°F air in t, = 72°
() i
(avg) o
outside t, = 124.6 {avg) inside

Fig. A-5 Energy Balance, single glazed ClearView Solar Absorber -
Convectively-coupled
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Fig. A-6 Typical Window Calorimeter Performance - ClearView Configuration

3/20/80  West facing window, slat angle = 450 air flow rate = 225 1b/hr
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Fig. A-7 ClearView Absorber Data - slat angle = 45° - 2/24/80 - 15:30 mst
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Fig. A-8 Energy Balance - Klos Window - Enclosed Section
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APPENDIX B
LITERATURE SURVEY~-SOLAR CONTROL WINDCWS

INTRODUCTION

This literature survey describes various windows
and window systems designed to control solar heat
gain and improve thermal comfort. Generally, they
are composed of slat-type absorbent surfaces
located between panes of glass., Some of the
windows are ventilated; others are not., All are
transparent to some degree.

The unventilated windows, which utilize blinds
located between two £fixed panes of glass, are
designed to reduce solar heat gain as well as
blind maintenance. The ventilation feature allows
for further fine-tuning
conditions within a space, since ventilation air
is exhausted across the blinds between the panes
of glass., This brings the inside glass
temperature close to that of the interior space.
Some have used these windows as solar collectors
by installing dark top, reflective bottom blinds
which are used to either convert sunlight to hot
air (to heat the structure) or to reflect light
back out the window. Others use a reflective, or
low emissivity, surface to control heat loss from
the interior of a space.

UNVENTILATED WINDCW SYSTEMS

Studies have been made to determine the
effectiveness of slats installed between two fixed
glass panes in reducing fo%ag heat gain and
improving insulation values.”’“?” These devices
do not permit heat to be introduced into or
ejected from the building interior by air movement
over the slats.

The general conclusion was that slats enclosed
between glass panes reduce heat gain more
effectively than slats located on the interior
side of a double-glazed window, but less
effectively than slats located on the outside
surface of a double-glazed window. A significant
advantage of the enclosed slats is lower
maintenance and dust collection.

It has also been noted that enclosed slats
(venetian blinds) reduce the heat losses of a
window by interfering wi convection. Both a
recent paper by Berlad® and Pella window data
confirm these results. Berlad also shows that
enclosed insulating and reflecting, or Ilow
emissivity, slats can significantly increase the
insulation wvalue of a window over one with
ordinary metal blinds.

Some companies which make these windows (which may
incorporate colored or reflective slats) include
the Rollscreen Company, Pella, IA; Disco Aluminum
Products, Company Inc., Selma, AL; Efco
Corporation, Monett, MO; and Versa Vent from Flour
City Architectural Metals, Glen Cove, NY,

of thermal comfort .
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VENTILATED WINDOW SYSTEMS

Ventilated window systems include systems used to
collect and distribute solar heat as well as those
used to exhaust ventilation air. Systems which
combine the two features were the primary focus of
the testing conducted during this project.
Examples of all these types of ventilated window
systems will be discussed.

The Klos window6'7, which has been previously
described, provides a view and controls light and
heat input to the house while reducing glare and
fading of interior furnishings. It gives
excellent control over solar gain during all
seasons and costs little more than a double—glazed
window with a drape or venetian blind fiqure 1.

A pre-manufactured window identical to the Klos
window is available in Holland. This window,
which uses two double-sliding windows with a
venetian blind located between them is sold by

Intal B.V., Watermolenweg 6 - Postbus 31,
Geldersmalsen, The Netherlands. (This company is
half owned by an American company, International
Aluminum Corporation, Monterey Park, (A& which

could potentially manufacture such windows in the
United States if there were a demand.)

A solar heating system very similar to the
window is the ClearView Solar Collector
developed at the University 8f Aéizona's
Environmental Research Laboratory.4' 16/748;

The site~built transparent wall-mounted ClearView
Solar Collector uses venetian blinds or "heat
absorbing®™ glass to absorb solar radiation in the
winter. ‘The heat is then distributed through the
house, or in the active version, is stored in a
rockbed. During the summer, evaporatively cooled
air is exhausted through the ClearView Solar

Collector to reject any heat absorbed by the
blinds. See Figures B-1 and B-2.

()]

One of the earliest designs for using venetian

blinds to heat air in a transparent solar
collectQr was studied by Friedrich Tonne of
Berlin. While heat from the blinds is

distributed through the house in the winter,
provisions for summer solar control are made by
lowering an exterior blind, since evaporatively
cooling was not needed or used in Germany. To our
knowledge, this particular system was not built.
See Figure B-3.

Bnother early version of a semi-transparent heat
collecting/rejecting window . was described by
Nicholas Fuschillo in 197410 Be discusses
several versions, using heat absorbing glass or
heat absorbing films on glass, a retractable shade
or venetian blinds. The system may be used to
collect solar heat or to reject heat absorbed by
the blinds, shade or glass to the outside.



At the Farallones Institute in northern
California, an experimental cabin has been
constructed with a louver window solar collector

which __ uses venetian blinds between panes of
glass ,ll The venetian blinds absorb solar
radiation without obstructing the view (very

similar to the ClearView) and heat is drawn into a
vertical airflow rockbed below the floor slab.
The blinds are used for solar heating and control
of incoming solar radiation in winter, but do not
appear to be used to enhance cooling in the
summer. The reflective lower blind surfaces may
he used to reflect sunlight back outside; however,
this would obstruct the view. The blinds are used
in the winter to reflect infrared radiation back
into the space at night, thus providing additional
insulation. See Figure B-4.

A concept approaching that of the "solar window
absorber” unit is discussed by Seth Silverstein of
the General Electric company. He uses a shade or
venetian blind to absorb solar radiation in the
winter 1End to reject solar radiation in the
Summer . Although this system does not use
blinds between panes of glass, with air moving
between, the concepts for solar heating are
similar to those studied in this project. It also
provides improved insulation against nightime heat
loss. See Figure B-5, Solar collection is
achieved in the winter when the dark side of the
shade or blinds faces out and heat rejection is
accomplished in the summer when the white side
faces out. This, however, interferes with the
view. No provision is made for ventilation over
the shade in the summer.

Arthur Rosenfeld describes how Silverstein's
method might work best with venetian blinds that
are metallic on the reflective side so they can
reflect heat as well as light in a similai manner
to the Farallones' louver window, 3 he
discusses the possibility of ventilating the heat
absorbed by the blinds by natural convecﬂon
during the sunmer. Rosenfeld and Selkowitz
have also described a method for using polished
aluminum blinds to reflect solar radiation into
the room interior for heating. This method may be
advantageous if the glare problem is controlled,
e.g. use reflective blinds above eye 1level, and
dark/white blinds below.

Several manufactured ventilating window systems
have been developed which improve interior comfort
and are generally applicable to offices and
hospitals rather than residences. Some of these
include the following;

e Protecta— steptor16

This system is designed with clear double~glazing
on the exterior, a single pane of clear glass on
the interior, and a venetian blind (or vertical
blind) between the two windows. Air from inside
the space is exhausted between the two windows
over the blinds and to the outside by forced
draft, thus maintaining the temperature of the
interior glazing surface at a temperature similar
to that of the inside space. (The room air enters
the window unit at the top and exits to the
outside at the bottom,.) This system greatly
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reduces radiant heat loss from the occupants to
cold windows or heat gain from hot windows,
reduces glare, allowing diffuse light to enter the
space, and provides a view to the outside. See
Figure B-6.

It would be used in commercial buildings where a
positive interior air pressure for constant
ventilation is required. No mention of using the
blinds for solar heating is made, and perhaps in
commercial situations, solar heating is not
necessary. Also, these windows apparently use
white or shiny aluminum blinds which can either
reflect light into the space or back out the
window.

The advantage of the Protecta—-SolR system is
that it effectively lowers mE.he U-value of the
window to 0.3 to 0.6 K cal/m*hr °C (0.06-0.12
BTU/sq.ft.hr.OF) 1 and decreases the winter
and summer energy requirements of the building if
ventilation is required for reasons other than the
window's exhaust system. The blinds may require
cleaning less frequently, due to the airflow over
them.

" st—Aj indow" or "Extract-Air Window"
These are similar to the Protecta-SolR window.
The exhﬁst—air window, discussed by Sodergren and
Bostrom‘, is also composed of an exterior
insulated (double pane) window and an interior
single pane window. Air flows over venetian
blinds located between the windows. The comfort
experienced by occupants living or wecrking in
spaces with such windows is improved, since skin
surface radiation to cold or hot window surfaces
is greatly reduced. It is also pointed out that
heat flow from the building interior tc the
exterior, through the window itself, is reduced.
However, whether or not such windows are a net
energy saver for buildings equipped with them is
not addressed in the paper. This depends on the
design of the HVAC system, ventilation
requirements, interior air temperatures deemed
comfortable because of the window temperature,
exterior air temperature, whether additional heat
is actually required in the winter, etc.

When EKONO, a Finnish company, started using this
window, they called it the "extract-air window"
and added a so}grlgeating feature by using dark
venetian blinds,*%r See Figure B-7. The
total system requirements are discussed more
completely in their papers because the integration
of the windows into the HVAC system is explained.
They propose storing heat absorbed by the solar
heated blinds from windows located on the south
and from the lighting system in hollow core
concrete floor slabs. The improved interior
comfort is again attributed to the fact that the
windows are at or near room temperature. It is
noted that the heat lost to the ambient air comes
from air within the window. ‘The collection of
solar energy by black venetian blinds enclosed
between the windows is described. This system is
totally integrated into the HVAC system of the
building and is suitable for large buildings
including office structures and hospitals. The
window itself is a packaged unit.



Both the exhaust-air window and the extract air
window can eliminate the need for radiative
heaters located adjacent to exterior windows and
Can even out temperature differences across a
space. The extract-air window when integrated
with the building HVAC system, can reduce heating
and cooling loads in EKONO's Scandinavian climate
(and presumably some others as well,)

e t ite Pivot.i ind
Another flexible, pre-manufactured window unit for
solar control is the pivoting window designed by
Walter White, which is composed of double
insulating glass on one side and heat absorbing
glass on the other, with an gir Egace between them
through which air may £low, 107 In winter,
sunlight is absorbed by colored glass which faces
the house or building interior. Heat is carried
into the space by radiation and convection. In
the summer, the heat absorbing glass faces the
exterior and heat resulting from the absorption of
sunlight by the glass, may be carried away by the
wind or natural convection.. The heat absorbing
glass also prevents much of the direct solar
ragiation from penetrating the space. See Figure
B-8.

REFERENCES-APPENDIX B

1. Ozisik, N., and Schutrum, L.F., "How to Use
Slat~Type Between Glass Shading Devices to Reduce
Solar Heat Gains", ASHRAE Journal, Vol. 2, No.9,
September 1960, pp. 50-53.

2. Smith, W.A. and Pennington, C.W., "Solar Heat
Gain Through Double-Glass with Between Glass

Shading," ASHRAE Journal, Vol. 6, No. 10,
October 1964, pp.50~53.

3. Berlad, A.L., Yeh, Y.J., and Tutu, N., "Design
and Performance of Low Heat Loss Window sytems,"

stract and T P [o)
Silver Jubilee Congress, AS/ISES, Atlanta,

Georgia (1979), p. 33.

4.
Device and System",
issued Sept. 27, 1977.

Peck, John F. and C. N. Hodges, "Solar Energy
U.S. Patent No., 4,050,443,

5. @Peck, John F., Helen J. Kessler, and Carl N.
Hodges, "The ClearView Solar Collector System,"
Proceedi 0 e C ls)

o] servation, Information Transfer,
Inc. (1979) Tucson, Arizona, pp.208-212.

6. Peck, John F., T. Lewis Thompson, Helen J.
Kessler, and Carl N. Hodges, "Passive Forms of the
ClearView Solar Collector," Proceedings of the
1978 Annual Meeting, American Section of the
International Solar Energy Society, ed. by Karl W.
Boer and Gregory E. Franta, Denver, CO (1978), pp.
180-186.

7. Peck, John F,, T. Lewis Thompson, Helen J.
Kesler, and Carl N, Hodges. "The Hybrid ClearView
Solar Collector and Complementary Evaporative
Cooling - Performance Prediction Methodology and

Results," Passive Systems '78, American Section
of the International Solar Energy Society, ed. by

32

Jeffrey Cook and Donald Prowler, DE

(1979), pp. 116-23,

Newark,

8. Peck, John F., T. Lewis Thompson, Helen J.
Kessler, and Carl N. Hodges, "Recent Design and
Performance Data for the Hybrid ClearView Solar

Collector System," Proc d
National Passive solar Conference, American

Section of the International Solar Energy Society,
San Jose, California (1979), pp. 597-602.

9. The Sun at Work, Newsletter of the Association
for Applied Solar Energy, Vol. II, No. 4, December
1957, p. 13.

10. Fuschillo, Nicholas, "Semi-Transparent Solar
Collector Window Systems," Solar Fnergy, Vol. 17
(1975) , pp. 159-165.

11. Calthorpe, Peter, et. al, "Performance
Analysis of a Louver Window System and Rockbed
Under Slab," Proceedings of the Third National
Passi 0 ce, AS/ISES, San Jose,
California (1979), pp. 527-530.

12. Silverstein, Seth, "A Dual-Mode Internal
Window Management Device for Energy Conservation,™

Enerav and Buildings, Vol. 1, No. 1 (1979) pp.
51-56.

13. Rosenfeld, Arthur H., "Some Comments on dual
Solar-Control Venetian Blinds," Energy _and
Buildings, Vol. 1 (1977), pp. 97-98.

14, Rosenfeld, A. H., and Selkowitz, "Beam
Daylighting: An Alternative I1lumination

Technique," Energy and Buildings, Vol. 1 (1977),

pp. 43-50.

15, Chapman, William PF., "Less Refrigeration:
More Glass, A compatible Idea?" ASHRAE Journal
(February 1979), pp. 31-33.

16. Selkowitz, Stephen, ind or__En

Efficient Buildings, U.S. Department of Enerqgy
(January 1979), pp. 9, 16, 20-21.

17. Sodergren, David and Bostrom,
"Ventilating with the Exhaust Air Window,"
Journal, (April 1971), pp. 51-57.

18. Gabrielsson, J., "Extract-Air Window, & Key
to Better Heat Economy in Buildings," Paper
presented at 10th World Energy Conference,
Istanbul, September 19-23, 1977.

Torbjorn,

ASHRAE

19. Gabrielsson, J., and Punttila, A.,
"Extract-Air Window as a Solar Collector and
Hollow Core Concrete Slab Heat Utilizer," EKONO
Co., Helsinki.

20. Golobic, Robert A., Mumma, Stanley A., and
White, Walter S., "Theory and Experiment of the
Performance of the Pivotable Solar Heat Exchanger

Window Wall," Proceedings of the 1978 Annual
Meeting, AS/ISES, Denver, Colorado (1978), pp.
187-191.



] A T
Y v
duct beyerd 7Y i (] duet beyond —
=1\l | wood or mefal guide T :E
= —galv. drip cap
~d —~exhavet lovver

+— dbl. fempered P’cr\‘io

— dbl. tempered patio

{1 STENTYY

door glags-4 xS—y

~_le-masgonry wall

L—"1 _duo-tone venetian
blinde

dbl. sliding, dbi.

lzed. patio door
: %: -
house ~Hruzrm‘m

remate bulb
thérmostat

/
a~ exhavst jouver
\
’\
L—1

i

&

S I Y R N A T R I T b

T T L T AT YT IR IS TT AT TPYALOLY)

galv. sheef metal ,

door glass-4x8'—H
_je-masonry wall
heat absorbing
glass (dbl. layer)
dbl. sliding, dbi.
glzed. patio deor

3 ]
houze fhermm

remate bulb
stat

~

Venetion Blind Hybrid

ClearView Solar Collector,

Fig. B-1

N

propeller fan ~—1.

patio door rail § |
rollers (baﬁam onlﬁ)'

steel channels

Heat Absorbing Glass Hybrid (paterted)
ClearView g

olar Collector,
Fig. B-2

]

X

PR /

T g 2

2 Y a

: o

H LPhshbwcvil ’E

z | black. venetian 1\5

z blind a5 heat L2

z absorpec 2

’ 12

Z s
% /Wa'ya, Z

5 N

direct radiomt enery

Way o heah’«mj of
allows low air Mn‘a htvre.

e air

ovbside venetian blind Way b: heah‘«é_laf‘
i Me,

worm air Conducted
“o ofher rooms or
4o sf‘omcje, unit

for svmmer sun control heé radiant
by a warm air
cLshion
Solar Energ vsed in Three Ways —

Window collector of Tonne 2olar heated house

Fig. B-3

33



lovvers cam be drauwn
U\a in clovdy weather

o diffuse light
heat colledoy
?OO
\\
\g
leovers st Ys lovvers in
at night w13 K Window almsorls
refHechve N e«uw)(th- w/a
Zide in Ay N . .
lnsvlabion |3 M mwh“@
o 2" Za 3
/ﬁ radiptes at N
20° 3 window has dbs|.
3 lazed extevior
% ’{ 3 1 )/ H =5 2 le glazed ’
e = nidei
- o

Farallenes Tnstitke |ovver window cabin

Fig. B-4

O
e solax refleching side
of shade
exterior inkerior

! bi
ﬁ-?e“ﬂmﬂ 3—-—-

Hhermal siphon

r\a\‘bcv\vnamf to close
Vet at Vu'qh‘l’

Heahﬁq Season - Day
DUAL SHADE

(6\/00(@ IS réversed dour I'ON.;) &mmgf)
Fig. B-5

34



E E exnavst oir

|
jnsvlat)

- no
alou\a_\:‘ew
3!0.21106 —

U
uJ
W

=S

el
Vizo
venetion binde

. hinged

u, inferioc pane
oection
PROTECTA-SOL
WINPOW
Fig. B-6

35

ﬁ\\\\\

 —

N—extracted air

— jnner window pane

|_—venetian Plinds

b

_—outer window Pane
(dovpie)

NN

é—~r‘00m awr

Extract- Air Window

Fig. B-7



Hinoed =ide
et dvsorver
frame

natvra] con-
veckion ’\

Sdar
Cadiation

\ Pl vat oo
|

A

ik

— inﬁula’ﬁ'ﬂ@ 0)|065 —

edar radiation

inside
Tr Ovtside, Ta,
absoroer pane

— ] néu\ah'wq Ojlaﬁ‘b

e ALC Space

absorper %laf—f;

hot air out _
/ﬁz/::om convechon
re-radinhon
A~ from absorber

P late
n/\/\‘)

Wind /j}

OUMMER OPEeRATION

—7 inside T

’
/\- room air in

WINTER OPERATION

Pivotable Solar Heat Exchanger Window Wall

Fig. B-8

36





