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ABSTRACT

Window solar gain is known to have a strong influence on
building energy consumption and peak cooling load. Venetian
blinds are routinely used to control solar gain. Software based
on one-dimensional models is available to accurately predict
the thermal performance of glazing systems, but the develop-
ment of models for windows with shading devices is at a very
early stage. A guarded heater plate apparatus has been used
to measure center-glass heat transfer rates through a double-
glazed window with a venetian blind in the glazing cavity. Vari-
ables examined include pane spacing, temperature difference,
slat angle, and the presence of a low-emissivity coating.
Results were compared with earlier measurements. The data
collected provide direct guidance in the development of models
to predict U-factor and solar gain for this type of glazing/shad-
ing system, leading to a more structured and quantitative
design procedure.

INTRODUCTION

Window area and its associated design, distribution,
orientation, etc., affect solar gain and heat losses of a building.
Proper fenestration design can greatly reduce unwanted
energy gains/losses and can help maintain a comfortable
indoor space. Solar gain is of particular importance because of
both its magnitude and variability. Shading devices such as
venetian blinds, roller blinds, and drapes are frequently used
to control solar gain.

One-dimensional models have been developed (e.g.,
Finlayson et al. [1993], Hollands et al. [2001], Hollands and
Wright [1983], Wright [1980, 1998], and Rubin [1982]) and
are known to accurately predict the thermal performance of
glazing systems (e.g., Carpenter [1992] and Wright and Sulli-
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van [1987]). Software based on these models is widely used
for design, code compliance, and rating. In contrast, the devel-
opment of models for windows with shading devices is at a
very early stage.

A set of experiments was undertaken to measure the
center-glass thermal resistance of a doubled-glazed window
with an enclosed (i.e., in the glazing cavity) venetian blind.
The venetian blind was placed in the most common config-
uration, a vertical layer composed of horizontal slats. A
cross section of this arrangement is shown in Figure 1. The
geometry is described by the slat width w, distance between
slats s, slat angle ¢, slat curvature ., and pane spacing L. The
heat flux, driven by temperature difference across the
assembly, is g".

Heat transfer measurements were done using a guarded
heater plate (GHP) apparatus. Described briefly, the GHP
apparatus consists of two isothermal plates. Once a test sample
is installed between these plates, it is possible to measure the
heat flux through the sample, driven by the temperature differ-
ence between the plates. The current research is an extension
of work by Garnet (Garnet et al. 1995; Garnet 1999),
completed with the same apparatus. The most noteworthy
extension is that a low-emissivity (low-e) coating has been
used in some of the new test samples.

The GHP measurements represent a key step toward the
development of models that can include the influence of
enclosed venetian blinds in otherwise conventional glazing
systems. It is clear that the measured thermal resistance
values can be directly applied to the calculation of nighttime
U-factors. Several simplified models have already been
devised and compared to the GHP measurements of Garnet
(Yahoda 2002; Yahoda and Wright 2004a, 2004b) with
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Figure 1 Schematic of double-glazing with an enclosed
venetian blind.

moderate success. In addition, the same measurements,
although done in the absence of solar radiation, can be used
to obtain daytime U-factors and solar heat gain coefficients
(SHGCs). The planned course of action is to augment the
GHP measurements with computational fluid dynamics
(CFD) calculations. The CFD models, validated with GHP
measurements, can be extended to account for the presence of
solar radiation. In particular, it will be possible to obtain the
inward-flowing fractions of absorbed solar radiation. The
more detailed models are also expected to lead to simplified
models that apply to the full range of sunlit conditions.
Research is well under way in this effort (Tasnim 2005).

THE GUARDED HEATER PLATE APPARATUS

The GHP apparatus has been used in many heat transfer
experiments. It was designed to measure convective heat
transfer across air-filled rectangular cavities (e.g., EISherbiny
[1980] and ElSherbiny et al. [1982]) but was more recently
adapted to measure heat transfer through samples that include
solid components (e.g., Wright and Sullivan [1987, 1988,
1989, 1995] and Hum et al. [2004]).

The apparatus consists mainly of two copper plates.
Figure 2 shows a schematic of the apparatus with a test sample
in place. Each copper plate is 12.7 mm (0.5 in.) thick with face
dimensions of 635 x 635 mm (25 % 25 in.). The desired hot and
cold plate temperatures are maintained by circulating a water/
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Figure 3  Detail of heater plate and heat flux meter.

glycol mixture from constant temperature baths to copper
tubes soldered to the back of each plate. When a glazing
assembly is tested, as in this study, thin neoprene sheets
(approximately 1.6 mm [1/16 in.] thick) are placed between
the glass and copper surfaces to eliminate contact resistance.

Three recesses in the hot copper plate contain three
guarded heater plates. The detail of one heater plate is shown
in Figure 3. Each heater plate is 3.1 mm (0.122 in.) thick with
face dimensions of 200 x 200 mm (7.874 x 7.874 in.). A heat
flux meter is sandwiched between the heater plate and the
main hot copper plate. The heat flux meters are flexible,
rubbery disks that each contain a thermopile with a large
number of junctions (approximately 800 junctions). Each heat
flux meter senses the temperature difference between a heater
plate and the hot copper plate and produces an output signal,
the heat flux meter voltage (HFMV). Measurements are
completed by adjusting the electrical power supplied to the
nichrome wire in the heater plate until there is no temperature
difference between the heater plate and the hot copper plate.
This condition of zero temperature difference implies that
there is no heat transfer between the heater plate and the hot
plate. Therefore, the rate at which electrical energy is supplied
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must be equal to the rate of heat transfer from the exposed face
of the heater plate.

The GHP apparatus is a very accurate device because (1)
the electrical power supplied to the heater plates can be deter-
mined with voltage and current measurements that entail no
appreciable uncertainty and (2) the heat flux meter is a passive
device that reliably detects the desired null condition without
offset. The GHP apparatus requires no calibration or compar-
ison with a calibration standard.

THE TEST SAMPLES

Test samples were built by using machined acrylic edge-
spacers to separate two sheets of glass. The top and bottom
spacers were modified to hold the venetian blind at the center
of the glazing cavity. A false face was added to one of the side
spacers to provide a small cavity for desiccant. Three sets of
spacers produced pane spacings of L = 17.78 mm (0.7 in.),
L=2540mm(1.0in.),and L=40.01 mm (1.575 in.). The face
dimensions of the samples were the same as the copper plates:
635 x 635 mm. Two samples were built for each of the three
pane spacings. First, the “clear/clear” sample consists of two
layers of 3-mm-thick clear glass. Second, as in the “clear/
clear” sample, the “clear/low-e” sample also has two layers of
3 mm clear glass, but a low-e coating was present on the cavity
side of the hot glazing. The hemispheric emissivity of
uncoated glass is known to be &, = 0.84. The normal hemi-
spheric longwave reflectivity of the low-e coating was
measured using a Gier-Dunkle DB-100 infrared reflectometer.
The result was converted to hemispheric emissivity (Rubin et
al. 1987) giving g;, = 0.164.

Garnet (1999) also used spacings of 17.78 mm (0.7 in.),
25.40 mm (1.0 in.), plus an intermediate spacing of 20.32 mm
(0.8 in.). His venetian blind and spacer assemblies for the first
two cavity widths were carried over to this research. None of
Garnet’s test samples included a low-e coating.

The smallest pane spacing, L = 17.78 mm, was chosen
because this dimension represents a tight fit between the vene-
tian blind and the walls of the glazing cavity when the slats are
fully open, ¢ = 0. The next spacing used in this study,
L =25.40 mm, gives information about the influence of pane
spacing. Both of these smaller pane spacings could realisti-
cally be used in a consumer product. In contrast, the largest
pane spacing, L ~ 40 mm, is not seen as a popular, or even
likely, design option. This large spacing was studied in the
hope of obtaining rough information about the smallest spac-
ing at which ¢ and/or L have little or no effect on ¢".

The same venetian blind was used in each test sample. It
is a commercial product with painted aluminum slats
(w=14.79 mm, s = 11.84 mm, r/w = 2.0). The thickness of
the slat material was 0.20 mm (0.008 in.) as tested or 0.18 mm
(0.007 in.) with the paint removed. The composition of the
aluminum, undoubtedly an alloy, is not known, so its thermal
conductivity is also unknown—except to say that it will be
high. The hemispheric emissivity of the painted slat surfaces,
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again obtained using the Gier-Dunkel DB-100 instrument, is
€ga = 0.792.

The edges of the test samples, which would otherwise be
exposed to the laboratory environment, were insulated.

MEASUREMENT DETAILS

Experiments were completed with two different temper-
ature-difference settings. The thermostat setting of the warm,
constant temperature bath was 30°C in all cases. The cold bath
was set to either 20°C (AT}, 10°C) or 10°C
(AT, = 20°C). The controllers are able to maintain the bath
temperatures to within 0.1°C. The circulating fluid changes
temperature modestly as it passes through the apparatus, so the
measured plate-to-plate temperature difference, A7), is
always slightly less than AT,

The slat angle was adjusted over the range -75° < ¢ < 75°,
the maximum range allowed by the support-string mecha-
nism. Note that, with reference to Figure 1, a positive slat
angle, ¢ > 0, indicates that the tip of the blind next to the hot
glazing is inclined upward.

All three heat flux meters were balanced in order to obtain
the desired isothermal boundary condition, but only the heat
flux measured at the center guarded heater plate is presented.
This value is known to be a representative measure of the
center-glass heat flux because of insight gained from previous
research, including guarded heater plate measurements and
the corresponding simulation results (e.g., Wright and Sulli-
van [1994, 1995]).

DETERMINING CENTER-GLASS U-FACTOR

The total thermal resistance of the test assembly, includ-
ing the two neoprene mats and the double-glazed test sample,
was determined from the plate-to-plate temperature differ-

ence, AT op and the measured heat flux, ¢":
T
Rior = 7" M

The total resistance R,,,includes the glass-to-glass ther-
mal resistance R,, plus the resistance of two neoprene
sheets, 2R, :

R, = Rge 2R, 2

The thermal resistance of the neoprene sheets was measured
using the GHP apparatus, giving: 2R, = 0.01 m? K/W.

The indoor-outdoor thermal resistance of a window
includes convective and radiative heat transfer between the
exposed surfaces and the environment. The corresponding
thermal resistance components were represented by the
outdoor film coefficient %, and indoor film coefficient ;.

Therefore, the center-glass U-factor, Ueg, Was obtained using

U 1

€ " (1/h)+ Rgg+ (1/h) 3)
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The film coefficients 4, and h; vary with environmental
conditions. Garnet (1999) chose to use fixed values of
h; = 8.0 W/m?K and 4, = 23.0 W/m?K. The same values were
used in the current study for ease of comparison.

ESTIMATED UNCERTAINTY

Propagation of Uncertainty

Uncertainty associated with GHP measurements was
tracked using the conventional root-mean-square calculation
(e.g., Moffat [1985]). Consider a result, R, that is obtained as
a function of a set of measurements, x;. The uncertainty in R,
OR, propagating from the uncertainty in each x;, 6x;, , is

1

SR = {Z(Sxig—f)z}z. (4)

l

Applying Equation 4 to the GHP measurements of the
various test samples, the result of interest is U, and the
measurements used to obtain ch ,thex;, are AT, - q",and 2R,
Uncertainty in AT,

Prior to the current research, a new thermopile, consisting
of six T-type thermocouples in each plate, was installed in the
GHP apparatus. Rasiah (2003) performed a calibration and
uncertainty analysis using the procedures of Wheeler and
Ganji (1996). Rasiah estimated an uncertainty in AT, of
8AT,, =+0.06°C. This very low uncertainty relies on the use
of a correction obtained by experiment. Without this empirical
correction, an uncertainty of 8AT,, = +0.1°C was estimated.
These estimates of 8AT,, include a contribution associated
with the ITS-90 thermocouple inverse polynomials (e.g.,
Omega [2004]). In the present study, the error caused by the
inverse polynomial was avoided by using only the direct poly-
nomial in combination with a root-finding procedure. This
refinement, in combination with the empirical correction,
reduces the uncertainty to AT, = +0.05°C.

Values of 8AT,,, reported in this paper were calculated
without applying the empirical correction of Rasiah. There-
fore, a value of 8AT,,,=+0.1°C was used in subsequent calcu-
lations and this value is considered conservative because the
reverse polynomial was not used.

Uncertainty in q"

The cyclic operation of the thermostats in the constant
temperature baths can be detected as a cyclic swing in HFMV.
Detail is provided by Wright and Sullivan (1988). The result-
ing uncertainty in HFMV is estimated to be SHFMV =
+0.1 mV. This translates into an uncertainty in measured heat
flux that can be quantified by examining the relation between
HFMYV and the rate at which electrical power is supplied to the

heater plate. A value of ¢" = 0.3 W/m? was found to apply to
all experiments undertaken with test samples in place. In the
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calibration of the two neoprene sheets, the uncertainty in
HFMV corresponds to 8g" = 0.8 W/m?>.

Uncertainty in 2R,,

The thermal resistance 2R, was measured by installing
only the two neoprene sheets in the GHP apparatus. In this
case Equation 1 can be applied with 2R, replacing R,,, and the
only measurements, x;, contributing to the result are A7), and
q". The combination of Equations 1 and 4 yields Equation 5,
which when applied gives 82R, = +0.04 (2R,) (i.e., 4% uncer-
tainty).

1
O(2R O(AT 2 "2 2
e~ () )] ®
n pp q
In this case the possible uncertainty in measured heat flux was
insignificant compared to the uncertainty in A7),

Uncertainty in U-Factor

The uncertainty attached to the measurements of U, was
also estimated. Applying Equation 4 to the combination of
Equations 1, 2, and 3 yields

1

83U S(AT, N2 [5qM™\2 (2R, 8(2R N\212
UJ chRlot[(WEL)) +(_q"_) +[R - R n)) } . (6)
pp tot n

¢ =

cg q
Depending on the specific test sample and setup, the
uncertainty would decrease if, by testing ata higher AT, , the
level of heat flux were raised. The nominal AT, was either
10°C or 20°C, and ¢" ranged from 21 to 113 W/m2. The
uncertainty in HFMV of £0.1 mV corresponds to values of
8q", ranging from about 0.27 W/m? for the L = 17.78 mm
spacing to about 0.29 W/m? for the L =40 mm spacing. It was
found that the uncertainty in measured U-factor ranged from
0.3% to 1.3%. Clearly, the GHP apparatus provides a very
accurate measurement. It is likely that similar uncertainty
arises simply from details in the construction of the test
samples and/or the visual measurement of the slat angle.

RESULTS AND DISCUSSION

Figure 4 shows a comparison of the measurements made
by Garnet (1999) and a subset of the results from the current
research. Values of U, are shown as a function of slat angle
for L=17.78 mm and L =25.4 mm. The data shown in Figure
4 pertain to AT}, = 20°C. No low-e coating was present. The
results of the two data sets match well for ¢ < 0 (within 2.5%)
but differ more for ¢ >0 (up to about 8%). It is interesting to
note that there is an irregular “bump” at ¢ =~ —60° for the
L =254 mm spacing. It had been thought some of the
measurements of Garnet should be discarded as outliers, but
the irregularity has been reproduced.

Very recently Avedissian and Naylor (2005) compared a
two-dimensional numerical model to the current measured
results for the L =25.4 mm spacing. They reported a maximum
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Figure 4 Comparison of U-factor measurements with
Garnet (1999).

difference of about 1% for ¢ >0 and about 4% for ¢ <0. In this
case the reason for the difference was the inability of the
numerical model to reproduce the “bump” at ¢ = —60°. Further
research will be required to determine the cause of the bump.

Measured U-Factors

Tables 1 to 3 show all measured U, values (Huang 2005).
In these tables, “clear” represents cases without low-e coating.
The label “low-e” indicates that a low-e coating was present.

The measured U-factors listed in Tables 1 to 3 are also plot-
ted as U, versus ¢ in Figures 5 to 7. In each plot, as indicated
by the legend, the upper curves pertain to test samples built with
no low-e coating. The two sets of data presented for each test
sample correspond to the two temperature difference settings
used. Figure 8 shows a summary plot of all measured U,

Effect of Slat Angle, ¢

The measurements show, for all test samples but one, that
U.q 1s maximum when the venetian blind is fully open, ¢ =0,
and decreases as the blind is closed in either direction. As the
blind is closed, radiant exchange is reduced simply because
the slats block more longwave radiation. In other words, the
shielding created by the venetian blind contributes to the bell-
shaped curvature in the U, versus ¢ plots. This was demon-
strated by Yahoda and Wright (2004b). Convective heat trans-
fer is also affected by ¢ as the altered slat geometry causes the

fill gas to move differently. Little can be said about the influ-
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Table 1. Measured U, (W/m?K),
L=17.78 mm (0.7 in.)
Slat angle, Clear Clear Low-e Low-e
o ATy = ATy = ATpup=  ATpyy =
(deg) 20°C 10°C 20°C 10°C
75 232 2.37 1.87 1.93
-60 2.54 2.53 2.02 2.08
=30 2.86 2.92 2.38 2.40
0 3.08 3.10 2.65 2.64
30 2.87 291 2.38 245
60 2.50 2.56 2.00 2.03
75 2.28 2.32 1.84 1.85
Table 2. Measured U,, (W/mZK),
L=25.40 mm (1.0 in.)
Slat angle, Clear Clear Low-e Low-e
¢ ATy = ATpg = ATpy = ATy =
(deg) 20°C 10°C 20°C 10°C
=75 2.17 2.17 1.65 1.62
—-60 2.38 229 1.84 1.73
-30 2.52 2.57 1.87 1.92
0 2.64 2.68 1.94 1.97
30 2.54 2.60 1.85 1.88
60 2.30 2.36 1.68 1.69
75 2.21 2.20 1.63 1.62
Table 3.  Measured U, (W/m?K),
L =40.01 mm (1.575in.)
Slat angle, Clear Clear Low-e Low-e
¢ ATy, = ATyun, = ATy = ATy, =
(deg) 20°C 10°C 20°C 10°C
=75 2.14 2.06 1.78 1.63
—60 2.27 2.25 1.74 1.63
=30 2.43 2.40 1.73 1.63
0 2.49 2.45 1.76 1.61
30 2.47 2.41 1.81 1.64
60 2.35 2.28 1.82 1.68
75 2.20 2.15 1.78 1.65

ence of ¢ on either individual mode of heat transfer until more
detail is known about the convective mode of heat transfer.

The direction of slat closure does not have a significant
impact on U-factor. Comparing U,, at ¢ versus —¢ shows that,
with one exception, the measured U, differ by less than 5%.
The larger discrepancies are associated with the “bump”
discussed earlier.
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Figure 5 Measured U-factor as a function of ¢ for
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Figure 7 Measured U-factor as a function of ¢ for
L =40.01 mm (1.575 in.).
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Effect of Low-e Coating

The addition of a low-e coating resulted in a downward
shift of U-factor in all cases and the improvement in window
performance is appreciable. The U-factors were lowered by
15% to 35%.

The one exception, where U,, was not found to be maxi-
mum at ¢ = 0, was the test sample with low-e coating and the
largest pane spacing, L =40.01 mm. See the lower set of curves
in Figure 7. In this case ¢ had little influence at all and this
might have been expected because (a) the slat geometry will
have little influence on the convective heat transfer in a cavity
oflarge pane spacing and (b) the influence of longwave shield-
ing will be reduced because of the low-e coating. The influ-
ence of shielding can be seen by comparing the upper curves
to the lower curves in Figure 7. If a low-e coating is present the
curves are relatively flat, but without a low-e coating the
curvature associated with shielding is apparent.

Effect of Temperature Difference

The measurements plotted in Figure 8 show, for all test
samples but one, that the influence of AT}, can be ignored—
particularly for engineering purposes. The choice of temper-
ature difference did not change U,, significantly (0% to 5%)
when samples with L =17.78 mm or L =25.4 mm were tested.
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25— ii:: —
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Figure 9 Measured U, as a function of L for various slat
angles, ¢ (clear/clear glazing and AT,y = 10°C).
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Figure 6 shows two “bumps” near ¢ =—60°. This irregu-
larity was only found in samples constructed with L =25.4 mm
and tested at the higher temperature difference. It is certain
that this variation in U,,, an excursion of about 7%, is caused
by a change in the convective flow induced only at a particular
combination of 7, L, and ¢ because no similar behavior would

be expected with regard to the radiant heat transfer.

The influence of temperature difference arose when
samples were tested with the largest pane spacing,
L =40.01 mm (see Figures 7 and 8). Although the effect of
temperature difference is not readily apparent when no low-e
coating is present, the effect of AT was clearly detected when
a low-e coating was included in the test sample. Consider the
latter case. With a low-e coating present, the influence of
convection is not overshadowed by the radiant exchange and
the changes in convective flow (possibly including formation
of cells, unsteady flow, and turbulence) expected at larger
spacing and larger temperature difference (i.e., larger values of
Rayleigh number) influence U,,. Lower temperature differ-
ence was found to result in lower U-factor, this despite the
increase in radiant heat transfer (about 5%) expected to
accompany the increase in mean temperature (about 5 K in
300 K) within the cavity. See Hollands et al. (2001) for
commentary concerning the effect of mean temperature.

85 U-factor ]
(W/m2K) Slat Angle, ¢
(deg)
31— | -75 _
A -60
° -30
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A 60
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15— —
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Figure 10 Measured U, as a function of L for various slat
angles, ¢ (low-e/clear glazing and AT\, = 10°C).

19



Effect of Pane Spacing

Figure 8 shows a clear trend with respect to pane spacing.
Although some exceptions are found, when the venetian blind
is fully closed or near to being fully closed, U, decreases as
L is increased. This trend is more clearly illustrated by the
plots of U, versus L shown in Figures 9 and 10 for cases with-
out and with a low-e coating, respectively. The data shown in
Figures 9 and 10 are from tests done with AT}, = 10°C. Simi-
lar plots can be generated for U-factors measured with
ATy = 20°C.

Recognizing that the radiant heat transfer is unaffected by
L, the changes in U, shown in Figures 9 and 10 must have
resulted solely from a change in convective heat transfer.

Figures 9 and 10 also show that a pane spacing of L =40
mm is not large enough for U,, to be independent of L in all
cases. When the slat angle is within the range —30° < ¢ < 30°,
U, is influenced to some extent by changes in L. However, as
expected, the influence of L diminishes as L is increased.

CONCLUSIONS

A guarded heater plate apparatus has been used to
measure center-glass heat transfer rates through a double-
glazed window with a venetian blind in the glazing cavity.
Variables examined include pane spacing, temperature differ-
ence, slat angle, and the presence of a low-emissivity coating.
The measured data have been reported in the form of center-
glass U-factor, U,,. Comparison of measured data with earlier
measurements and more recent modeling and the high accu-
racy of the apparatus demonstrated through uncertainty anal-
ysis provide confidence in the data produced.

Increased pane spacing results in a noticeable reduction in
U-factor. This reduction is most pronounced when the slat
angle is small (i.e., blind slats are open or are close to open)
and when the pane spacing is small (i.e., marginally larger than
the slat width).

The slat angle also has a noticeable effect on U-factor. The
maximum U-factor occurs when the blind slats are fully open,
all else being equal. This effect is due to the shielding of long-
wave radiation by the venetian blind. The influence of slat
angle is less pronounced at larger pane spacings.

The presence of a low-e coating reduces the U-factor in
all cases.

The effect of temperature difference is small. Only in the
case of a very wide pane spacing, an unlikely situation for a
commercially produced window, did temperature difference
create a noticeable difference in U-factor.

The measurements presented represent a reliable data
base for validation of heat transfer models. In addition they
provide direct guidance in the development of these models,
models that will be able to predict U-factor and solar gain for
glazing systems that incorporate enclosed venetian blinds.
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DISCUSSION

Euyatar Erell, Doctor, Ben Gurion University, Israel:
Theoretical calculations show that nonvertical (tilted) glazing
may give better seasonal performance than vertical glass.
Were any of your measurements carried out in a tilted appa-
ratus? How do you think a tilt angle may affect airflow in a
glazing system with internal venetian blinds?

John L. Wright: All of the measurements were done with a
venetian blind in a vertical glazing cavity. [ haven’t given any
thought to what might happen in a sloped cavity, so it is diffi-
cult for me to speculate. I expect that little will change if the
slope is near vertical, but the thermal resistance will decrease
if the slope is larger. Remember that solar gain is the primary
concern when shading systems are being examined, and a
small change in this thermal resistance will have little impact
on solar gain—only through its influence on inward flowing
fraction.
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