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Abstract

A numerical study has been conducted of free convection in a tall vertical enclosure with an internal louvered metal blind. The study
considers the effects of Rayleigh number, enclosure aspect ratio, and blind geometry on the convective heat transfer. The numerical
model has been validated against experimental measurements and the results have been presented in terms of an empirical correlation
for the average Nusselt number. The correlation is applicable to an enclosure with an internal metal blind. It has been shown that the
Nusselt number correlation can be combined with a simple one-dimensional model to closely predict the enclosure U-value.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Software based on one-dimensional heat transfer models
is widely used for the design and rating of fenestration. For
example, in the United States the National Fenestration
Rating Council specifies the use of a program called WIN-
DOW [1] as part of its procedure for determining the over-
all U-value of a window [2]. The Canadian Standard
A440.2-98 [3] on fenestration thermal performance specifies
a similar program, VISION [4]. These programs use empir-
ical correlations for the convective heat transfer and stan-
dard gray-diffuse analysis for thermal radiation.

Heat transfer models for unshaded glazing configura-
tions are well-established and have been validated experi-
mentally. In contrast, much less research has been done
to develop reliable models for so-called ‘‘complex fenestra-
tion”, which include the effect of common shading devices.
Shades such as drapes, louvered blinds, and roller blinds
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interact with the convective flow and act as a shield to ther-
mal radiation. Some recent studies have shown that they
can have a substantial effect on the U-value of a window
[5–7].

The current study considers the heat transfer in a double
glazed window with a set of horizontal metal louvers
located between the panes. This type of window-integrated
shading is widely available in the North American residen-
tial consumer market. Also, this configuration is of special
interest for use in ‘‘intelligent” building schemes. When
motorized, a louvered blind can be an economical way to
achieve a ‘‘switchable” glazing for the control of solar heat
gain. The result can be a reduction in the energy require-
ments for winter heating, summer cooling and interior
lighting [8–10].

There have been several previous numerical studies of
free convection in a tall enclosure with an internal blind.
Zhang et al. [11] have studied natural convection in a ver-
tical enclosure with a permeable screen, similar to the lou-
vered blind considered in the present study. However, the
main focus of this study was on the permeability of a blind
near the closed position. Garnet [12] developed a finite-
volume CFD model of an enclosure with 34 between-pane
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Nomenclature

A enclosure aspect ratio, HC/WC

CB blind curvature
cp fluid specific heat
Fk,j radiation view factor from surface k to j

Gr Grashof number
g acceleration due to gravity
HC enclosure height
�h average convective heat transfer coefficient
J radiosity
k thermal conductivity
NuW C

local Nusselt number
NuW C

average Nusselt number
P dimensionless pressure defect
p pressure defect
Pr Prandtl number
q convective heat transfer rate per unit depth
q00 convective heat flux
RaW C

Rayleigh number based on the enclosure width,
WC

RaW � Rayleigh number based on the blended width,
W*

S slat pitch
T temperature
T* dimensionless temperature
tB slat thickness
U-value overall thermal conductance of the window/

blind system

U, V dimensionless X, Y fluid velocities
u, v x, y fluid velocities
W width
W* blended width for correlation
X, Y dimensionless Cartesian coordinates
x, y Cartesian coordinates

Greek symbols

a fluid thermal diffusivity
b volumetric expansion coefficient
e emissivity
/ slat angle
l fluid dynamic viscosity
q fluid density
r Stefan–Boltzmann constant

Subscripts

B blind
C cold wall or cavity
cond conduction
encl overall enclosure
f fluid
H hot wall
rad radiation
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aluminum louvers. However, severe convergence problems
were encountered and only a limited set of results were
obtained for the slats in the horizontal position. More
recently, Dalal [13] has used CFD to study the effect of a
paper or cloth pleated blind on the convection and radia-
tion inside a tall window. The results suggest that a
between-panes blind can significantly improve the thermal
resistance of a window, since it inhibits free convection and
provides shielding to thermal radiation.

Recently, experimental measurements of the heat trans-
fer through a double glazed window with a between-panes
blind have been made by Huang [14] and Naylor and Lai
[15]. Both studies used a commercial aluminum blind with
horizontal louvers, i.e., a venetian-type blind. Huang [14]
used a guarded heater plate apparatus to obtain U-value
measurements at several slat angles and glazing spacings,
with air as the fill gas. Naylor and Lai [15] used a laser
interferometer to obtain temperature field visualization
and detailed local Nusselt number data. The results from
these experimental studies will be used to validate the pres-
ent numerical solution.

Several other researchers have also considered the effects
of louvers on the heat transfer in various window and win-
dow-like geometries. Safer et al. [16] have modeled the air
flow in a double-skin facade equipped with a horizontal
venetian blind and forced ventilation. The study examined
the effect of slat angle, blind position and air outlet position
on the velocity profiles in the double-skin facade. Fang [17]
used a guarded hot box apparatus to measure the effect of a
low emissivity louvered blind on the U-value of a single and
double glazed window, with the blind mounted on the
indoor and outdoor sides of the window. Scozia and Fred-
erick [18] obtained numerical solutions for natural convec-
tion in slender window-like cavity containing air, with
conducting fins attached to the cold wall. They considered
the effect of enclosure aspect ratio, enclosure inclination
angle and fin length on the average Nusselt number. Other
studies have examined the effect of louvered blinds on the
solar heat gain through a shaded window [19,20].

In the current study, a CFD model is developed of the
conjugate heat transfer in a double glazed window with a
between panes blind. The results of this parametric study
are used to generate an empirical correlation for the aver-
age Nusselt number, which is needed for use in simplified
models. Sample results are presented to illustrate the accu-
racy of a simplified one-dimensional analysis, which would
be suitable for incorporation into existing window thermal
analysis programs. It should be noted that the current work
considers only the case where there is no solar heating of
the blind, i.e. no insolation.
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2. Governing equations and solution procedure

Fig. 1 shows the problem geometry and coordinate sys-
tem for the present numerical solution. A louvered blind is
located centrally between the panes of a tall double glazed
window. The window glazings and end walls form a verti-
cal enclosure of width WC and height HC. The glazing sur-
faces are approximated as isothermal and the end walls are
assumed to be adiabatic. The blind consists of a set of
curved louvers with pitch S, width WB, and thickness tB,
which can be rotated to angle /. The enclosure is filled with
a gas (Pr = 0.71) and there is assumed to be no insolation.
It should also be noted that the bottom slat of the blind is
vertically positioned such that it would ‘‘seal off” the flow
under the blind, if it could be rotated into the fully closed
position (/ = 90�).

The flow is assumed to be steady, laminar, incompress-
ible, and two-dimensional. All thermophysical properties
are assumed to be constant, except for fluid density which
is treated by means of the Boussinesq approximation. With
these assumptions, the dimensionless governing equations
for the fluid are:
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Fig. 1. Model geometry and coordinate system.
where

Pr ¼ cpl
kf

; Gr ¼ gbðT H � T CÞW 3
Cq2

l2
ð5Þ

Eqs. (1)–(4) have been cast into dimensionless form using
the following dimensionless variables:

X ¼ x
W C

; Y ¼ y
W C

; U ¼ uW C

aPrGr1=2
; V ¼ vW C

aPrGr1=2
ð6Þ

P ¼ pW 2
C

laPrGr1=2
T � ¼ T � T C

T H � T C

ð7Þ

The conjugate steady conduction in the blind slats has also
been included. In these solid regions, the temperature field
is given by:

o2T �

oX 2
þ o2T �

oY 2
¼ 0 ð8Þ

In this study, two different ‘‘classes” of numerical solu-
tion have been obtained. The bulk of the data, and the
empirical correlation presented later in this paper, have
been obtained by solving Eqs. (1)–(4) neglecting the effect
of thermal radiation, but including the conjugate conduc-
tion in the blind slats. This CFD solution will be referred
to as the ‘‘convection-only solution”. The justification for
this approximation will be discussed in detail, later in this
paper.

In some cases, it was necessary to solve the governing
equations including the coupled effects of long-wave radia-
tion. This will be referred to as the ‘‘full solution”. This
class of solution was used for validating the numerical solu-
tion against experimental data. In the full solution, gray-
diffuse radiation exchange has been calculated with the
assumption that the fill gas is a non-participating medium.
For an enclosure consisting of N surfaces, the radiosity of
the kth surface (Jk) can be expressed in terms of the radios-
ity of the other N surfaces as follows [21]:

J k ¼ ekrT 4
k þ ð1� ekÞ

XN

j¼1

F kjJ j ð9Þ

where ek is the hemispherical emissivity of surface k and Fkj

is the view factor from surface k to surface j. Eq. (9) repre-
sents N equations for the N surface radiosities, which must
be solved simultaneously, coupled to the convection and
blind conduction.

The governing equations have been solved using the
general purpose CFD software FLUENT. The numerical
method was based on the control-volume formulation with
the SIMPLEC algorithm [22] and a second-order upwind
scheme for evaluation of the convective terms.

Results are presented in terms of the local and average
Nusselt numbers, defined as follows:

NuW C
¼ hW C

kf

¼ q00W C

kfðT H � T CÞ
;

NuW C
¼

�hW C

kf

¼ qW C

kfHCðT H � T CÞ
ð10Þ
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where q00 is the local surface convective heat flux and q is
the total surface convective heat transfer rate per unit
depth.
3. Grid studies

Extensive testing was done to ensure that the numerical
results were grid independent. Also, care was taken to
ensure that iterative convergence had been achieved. Itera-
tions were stopped when the normalized residuals of the
continuity, momentum and energy equations were reduced
to less than 10�3. Convergence of the average Nusselt num-
ber was also monitored. Table 1 shows a set of sample
results from grid testing for a slat angle of / = 0�. This
table shows near worst-case conditions in terms of grid sen-
sitivity, which occurred at high Rayleigh number and
at high values of the blind to enclosure width ratio
Table 1
Sample grid sensitivity study for the convection-only solution for / = 0�,
RaW C

¼ 104, WB/WC = 0.9, A = HC/WC = 20, kB/kf = 4600

Avg. dimensionless grid
size (DX, DY)

Number of control volumes NuW C

0.02 50,592 2.785
0.015 91,767 2.832
0.01 202,606 2.840
0.0075 360,045 2.840

Fig. 2. Comparison of (a) the numerically predicted temperature field, (b) the i
predicted stream function contours, for a slat angle of /= 0� (RaW C

¼ 4:6� 1
(WB/WC). Grid tests were also undertaken for slat angles
of / = 45� and 75�. Also, additional tests have been con-
ducted for the ‘‘full solution” to ensure that the number
of radiation sub-surfaces was sufficient. More details on
the numerical solution and grid testing are given in the the-
sis by Avedissian [23]. Based on these tests, the remainder
of the data were obtained using a dimensionless grid size
of between 0.015 and 0.025. In all cases, the average
Nusselt number data are estimated to be grid independent
to better than 1%.
4. Comparison with experimental data

The results of the numerical simulations have been com-
pared to some recently published experimental measure-
ments made using a laser interferometer by Naylor and
Lai [15]. For these comparisons, the full solution has been
used (including conjugate radiation effects). In this numer-
ical model the experimental geometry, surface tempera-
tures, and surface emissivities were matched to those
given in the thesis by Lai [24].

Fig. 2 shows a comparison of the numerically predicted
temperature field with an infinite fringe interferogram for a
slat angle of / = 0�, WB/WC = 0.862, and RaW C

¼ 4:6�
104. This figure shows the entire enclosure, as well as
close-up views of the top and bottom sections. The pre-
dicted stream function contours are also shown. It can be
nfinite fringe interferogram of Naylor and Lai [15], and (c) the numerically
04, A = 13.25, WB/WC = 0.862, kB/kf = 4620, eB = eH = eC = 0.81).
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seen that, qualitatively, the numerical and experimental
temperature fields compare well, both showing a high
degree of spatial periodicity.

Fig. 3 shows the local Nusselt number distribution along
the hot wall of the enclosure, corresponding to the images
shown in Fig. 2. A sketch of the slat positions is shown at
the bottom of the graph. It can be seen that the local
Fig. 3. Comparison of the numerical local Nusselt number distribution on
the hot wall with the experimental data of Naylor and Lai [15] for / = 0�
(RaW C

¼ 4:6� 104, A = 13.25, WB/WC = 0.862, kB/kf = 4620, eB = eH =
eC = 0.81).

Fig. 4. Comparison of (a) the numerically predicted temperature field, (b) the i
predicted stream function contours, for a slat angle of / = 45� (RaW C

¼ 4:6�
Nusselt number has a strong periodic variation, with a spa-
tial frequency equal to the slat pitch. High peaks in convec-
tive heat transfer rate occur close to the y-locations of the
slat tips. These peaks are caused primarily by the ‘‘thermal
bridging” effect of the aluminum blind, which can be seen
clearly in the temperature contours (Fig. 2a and b). In this
experiment, the slat tips were in close proximity to the
enclosure surfaces (a nominal gap of 2 mm), causing high
local heat conduction rates. Overall, it can be seen that
the numerical NuW C

distribution shows good quantitative
agreement with the experimental data—the experiment
being slightly lower than the numerical predictions, in gen-
eral. The average Nusselt numbers differ by about 5%,
which is within the stated experimental uncertainty
(±7%). Also, to some extent, differences in the peak values
of NuW C

near the slat tips can be attributed to imperfections
in the fabrication of the experimental model. It was found
by Lai [24] that small variations in the glazing-to-tip spac-
ings can cause large variations in the local Nusselt number
at these locations. In addition, some differences can be
expected close to the top and bottom of the enclosure; in
experiment, the acrylic end walls would not have been adi-
abatic, as assumed in the numerical model. So, overall, the
comparisons shown in Figs. 2 and 3 give confidence in the
current numerical solution.

In surprising contrast, the experimental and numerical
results for / = 45� do not show such close agreement (for
WB/WC = 0.862, RaW C

¼ 4:6� 104). Fig. 4 shows the
nfinite fringe interferogram of Naylor and Lai [15], and (c) the numerically
104, A = 13.25, WB/WC = 0.862, kB/kf = 4620, eB = eH = eC = 0.81).



Fig. 6. Comparison of the predicted U-values with the experimental data
of Huang [14] from / = 0� to / = 75� (RaW C

¼ 1:4� 104, TH � 303 K,
TH � TC = 10 �C (nominal) eH = eC = 0.84, eB = 792, WB/WC = 0.582,
A = 23.8).
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predicted temperature field compared to the infinite fringe
interferogram. The corresponding hot wall local Nusselt
number distributions are shown in Fig. 5. It can be seen
that the measured local NuW C

distribution has much more
spatial variation than is predicted numerically. Although
the average heat transfer rates are within 10%, Fig. 4 shows
a noticeable difference in the predicted temperature fields.
It appears from the interferogram that the recirculating
flow between the blind slats is stronger than is predicted
numerically. The cause of the disagreement is currently
unknown. One reason could be that the flow is slightly
unsteady for this configuration. The Rayleigh number is
quite high from the perspective of a window application.
And, at this slat angle, there is a strong flow around the
perimeter of the enclosure which might be unstable.
Although no unsteadiness was reported during the experi-
ment, it is possible that it was not noticed because of the
beam-averaging nature of interferometry. Beam-averaging
of the temperature field tends to mask temporal fluctua-
tions, especially those which are not in phase along the
path of the laser. Additional research is needed to investi-
gate this discrepancy.

Based on the above comparison, it appears that the cur-
rent steady/laminar numerical model slightly under pre-
dicts the convective heat transfer rate at high Rayleigh
number, when the slats are rotated to allow strong convec-
tive flow in the enclosure. However, the error in average
Nusselt number appears to be only about 10% at
RaW C

¼ 4:6� 104. It should be noted that this is only a
rough estimate, since the uncertainty in the average Nusselt
number from interferometric experiment is about ±7%.

The numerical model has also been compared to the
overall thermal resistance measurements of Huang [14],
which were made using a guarded heater plate (GHP)
apparatus. A detailed description of the GHP apparatus
is given by Wright and Sullivan [25]. Fig. 6 shows a com-
Fig. 5. Comparison of the numerical local Nusselt number distribution on
the hot wall with the experimental data of Naylor and Lai [15] for / = 45�
(RaW C

¼ 4:6� 104, A = 13.25, WB/WC = 0.862, kB/kf = 4620, eB = eH =
eC = 0.81).
parison of the numerically predicted U-value with the
experimental results over a range of slat angles at a
Rayleigh number of RaW C

¼ 1:4� 104. It should be
mentioned that these U-values include the effect of typical
film coefficients on the indoor and outdoor glazing sur-
faces, which Huang assumed to be �ho ¼ 23 W=m2 K and
�hi ¼ 8 W=m2 K. So, for the sake of direct comparison to
Huang’s measurements, the current numerical results have
been adjusted to included these additional thermal resis-
tances, along with the small additional resistance of the
two glass panes (0.0062 K m2/W). With these corrections,
the present numerical results are within 3% of Huang’s
measurements, which is the reproducibility level of the
experiment. The third curve in Fig. 6 is the simplified
model, which will be discussed later in this paper. It is
interesting to note that the actual experimental uncertainty
in the individual U-values was reported to be better than
±1%. However, it has been found that the measured
U-value can vary by about ±3% from test to test, because
of slight variations in the precise horizontal and angular
positioning of the individual slats [26].

5. Results from the numerical parametric study

Data have been obtained from the convection-only
numerical solution over the following range of variables:

102
6 RaW C

6 105

W B=W C ¼ 0:5; 0:65; 0:8; 0:9

/ ¼ 0�;�45�; 75�

A ¼ H C=W C ¼ 20; 40; 60; 100

All results were obtained for a blind to fluid conductiv-
ity ratio of kB/kf = 4600, which corresponds approximately
to a painted aluminum blind with air as the fill gas. The
Prandtl number was fixed at Pr = 0.71, which corresponds
to typical fill gases (air, argon, krypton) used in window
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applications. Blind thickness, curvature, and pitch were set
at a constant fraction of the blind width: tB = 0.0075WB,
CB = 0.075WB, S = 0.875WB. These values were based on
measurements made of commercial blinds. Note that the
slats in many commercial louvered blinds cannot be
rotated beyond / � 75� because of interference with the
slat support mechanism. So, / = 75� represents a typical
‘‘closed position” for a blind.

The detailed results and a full discussion of the paramet-
ric study can be found in the thesis by Avedissian [23]. Only
a sample of results will be presented in this paper to illus-
trate some of the major effects that are at play.

First, it should be noted that numerical results were
obtained for slat angles of both / = +45� and / = �45�.
However, the average Nusselt numbers for these two cases
were always within 1.0%. So, only results for / = +45� will
be presented.

Fig. 7 shows the effect of the dimensionless blind width
(WB/WC) on the average Nusselt number over the full
range of Rayleigh number considered. Fig. 7a shows results
for the slats in the open position, / = 0�. Fig. 7b shows
results for the slats in the closed position, / = 75�. Also
shown in these graphs is the average Nusselt number for
Fig. 7. Effect of dimensionless blind width (WB/WC) on the average
Nusselt number for (a) / = 0� and (b) / = 75� (A = 60).
a tall enclosure of the same aspect ratio without an internal
blind. This ‘‘No blind” case was calculated using the empir-
ical correlation of Wright [27].

It can be seen that when the blind is open, the dimen-
sionless blind width has a strong effect on the average con-
vective heat transfer rate. At low Rayleigh number, where
the heat transfer is almost by pure conduction, the strong
thermal bridging effect of the aluminum slats can be seen
clearly. At WB/WC = 0.9, the heat transfer rate is almost
two and a half times greater than for an empty enclosure,
because of conduction through the high conductivity slats.
As would be expected, this effect decreases as the WB/WC

ratio decreases. Nevertheless, at low Rayleigh number,
the presence of the blind always increases the convective
heat transfer rate relative to the ‘‘No blind” case. At high
Rayleigh number, it can be seen that the blind plays a role
in inhibiting the development of convection within the
enclosure. For low values of WB/WC, the convective heat
transfer rate is lower than for the ‘‘No blind” case, despite
the thermal bridging effect of the horizontal slats.

When the blind is in the closed position (/ = 75�) it can
be seen in Fig. 7b that the effect of the dimensionless blind
width is small. The effect is small because, in the closed
position, the thermal bridging of the blind is greatly
reduced. It is interesting to note that in the closed position
at high Rayleigh number, the convective heat transfer rate
is consistently lower than for the ‘‘No blind” case—in this
position, the blind significantly reduces the strength of the
convection within the enclosure.

Fig. 8 shows the effect of slat angle (/) on the average
Nusselt number over the range of Rayleigh numbers stud-
ied. Although this graph is for a dimensionless blind width
of WB/WC = 0.8, the results for all values of WB/WC were
found to have a similar general behavior. At low Rayleigh
number, in the conduction regime, increasing the blind
angle decreases the average Nusselt number because of
the reduced thermal bridging of the blind. This is similar
to the effect of decreasing WB/WC, previously seen in
Fig. 8. Effect of slat angle (/) on the average Nusselt number for WB/
WC = 0.8 (A = 60).



290 T. Avedissian, D. Naylor / International Journal of Heat and Mass Transfer 51 (2008) 283–293
Fig. 7a. At this particular spacing (WB/WC = 0.8), the Nus-
selt number is consistently lower than for the ‘‘No blind”

case at RaW C
¼ 105. But, in general, whether the convective

heat transfer rate is lower or higher than the ‘‘No blind”

case depends on the trade-off between the thermal bridging
and flow inhibiting effects of the blind.

The effect of the enclosure aspect ratio (A = HC/WC) is
shown in Fig. 9. Fig. 9a shows the geometry where the con-
vection is most sensitive to the enclosure aspect ratio. This
occurs for the smallest WB/WC ratio, when the blind is in
the closed position (/ = 75�). In this case, at high Rayleigh
number, boundary layers develop on the hot wall, cold
wall, and the blind. Hence, the convective heat transfer
depends on the vertical extent of these surfaces. As might
be expected for this type of flow, the average Nusselt num-
ber decreases as the enclosure aspect ratio increases.

In stark contrast, Fig. 9b shows the geometry where the
convection is the least sensitive to the enclosure aspect
ratio. This occurs when for the largest WB/WC ratio, when
the blind is in the open position (/ = 0�). For this geome-
try, at all aspect ratios studied (A = 20, 40, 60, 100), the
average Nusselt number is essentially unaffected by aspect
Fig. 9. Effect of enclosure aspect ratio (A = HC/WC) on the average
Nusselt number for (a) WB/WC = 0.5 and / = 75�, (b) WB/WC = 0.9 and
/ = 0�.
ratio. This is because there is very little flow around the
perimeter of the enclosure. Similar to Fig. 2, the main flow
occurs in the space between the slats. The flow and temper-
ature fields are highly periodic. Hence, the convective heat
transfer is almost independent of the aspect ratio.

6. Empirical correlation

The average Nusselt number data from the parametric
study have been used to develop an empirical correlation.
At moderate and high Rayleigh number it was noted that
there are two primary flow patterns inside the enclosure.
There is an ‘‘outer recirculation” around the perimeter of
the enclosure and an ‘‘inner recirculation” between the
blind slats. The outer recirculation occurs in the gaps
between the slat tips and the glazings. These ‘‘outer” gaps
have a total width in the x-direction of:

W out ¼ W C � W B cosð/Þ ð11Þ
The inner recirculation occurs in a space that has a nominal
width in the x-direction of:

W in ¼ W B cosð/Þ ð12Þ
So, an effective enclosure width (W*) has been defined
using a cubic blend of these two widths, as follows:

W �3 ¼ BðW inÞ3 þ ð1� BÞW 3
out

¼ 0:257½W B cosð/Þ�3 þ 0:743½W C � W B cosð/Þ�3 ð13Þ

where B is an adjustable constant (B = 0.257) that was cal-
culated by least squares minimization. The effective Ray-
leigh number is based on this blended dimension:

RaW � ¼ GrW �Pr ¼ gbðT H � T CÞðW �Þ3q2

l2
Pr ð14Þ

In the conduction regime, the average Nusselt number has
been correlated as follows:

ðNuW C
Þcond ¼

�hW C

kf

¼ 1

1� 0:65 W B

W C
½cosð/Þ�1:4

for RaW � 6 500 ð15Þ

Eq. (15) predicts the average Nusselt number in the con-
duction regime with a standard deviation of 1.7% and a
maximum error of approximately ±3%. In the convection
regime, average Nusselt number was correlated as follows:

NuW C

ðNuW C
Þcond

¼ 1þ 5:75� 10�4ðRaW � � 500Þð0:765�1:39�10�3AÞ

for RaW � P 500 ð16Þ

This correlation fits all the data for aspect ratios from
A = 20 to A = 100 with a standard deviation of 4.2% and
a maximum error of ±12%. Note that the characteristic
dimension in the average Nusselt number is WC (not
W*). Fig. 10 shows a comparison of the empirical correla-
tion (Eqs. (15) and (16)) with all the data from the current
numerical study.



Fig. 10. Comparison of the empirical correlation (Eqs. (15) and (16)) with
all the numerical data from the convection-only solution.
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It should be noted that this correlation can only be used
for a high conductivity blind, i.e., for metal slats. The cur-
rent study was done for a fixed blind to fluid (gas) conduc-
tivity ratio of kB/kf = 4600. Also, the dimensionless blind
thickness was fixed at tB/WB = 0.0075. So, the dimension-
less axial thermal resistance of the blind was held constant
at:

W Bkf

tBkB

¼ 0:029 ð17Þ

Although the results were obtained at this specific value,
it is helpful to note that the average Nusselt number is
highly insensitive to the axial thermal resistance of the
slats, since the dominant thermal resistance is (by far)
due to the gas. Numerical testing has been done for the
most sensitive case, i.e. the case with the highest levels of
thermal bridging by the slats (RaW C

¼ 100, WB/WC = 0.9,
/ = 0�). For this worst case, it was found that decreasing
the axial thermal resistance of the blind by factor of 10
increased the average Nusselt number by only 1.3%. So,
in practical terms, the present correlation equation can be
used for any value of WBkf/tBkB lower than 0.029, with
only minor error.

When the thermal resistance of the blind was increased,
the Nusselt number was somewhat more sensitive. It was
found that the current results can be applied for blind/fluid
combinations as high as WBkf/tBkB = 0.15, with less than
5% error. This resistance is five times higher than the value
used in the parametric study. So, the correlation equations
are generally applicable to a wide range of fill gases and
metal slats, provided WBkf/tBkB 6 0.15.
7. U-values predicted using a simplified model

As previously discussed, the parametric study was done
using the convection-only numerical solution which
neglects the effects of thermal radiation. Since radiation,
convection, and conduction are strongly coupled, it is
reasonable to question the utility of these results and the
empirical correlation that is based on these data. The fol-
lowing discussion addresses this critical issue.

First, it should be recognized that even in a double
glazed window without an internal blind, the radiative
and convective heat transfer rates are strongly coupled.
However, if one neglects end-wall effects, this coupling
occurs only through the glazing surface temperatures. So,
for given surface temperatures, the buoyancy-driven con-
vection can be calculated from the Grashof and Prandtl
number, independently of the radiative heat exchange. This
means that, although the coupling exists, the enclosure
Nusselt number correlation does not have to include the
effects of surface emissivities nor absolute surface tempera-
tures. Indeed, this method is used commonly by 1-D win-
dow thermal analysis programs, such as WINDOW and
VISION.

Naylor and Collins [28] have recently shown that a sim-
ilar approach can be used to ‘‘decouple” the calculation of
radiation and convection for the present problem. How-
ever, for a double glazed window with a between-panes
blind, there is an additional source of coupling between
convection and radiation due to the presence of the blind.
For example, varying the emissivity of the glazing surfaces
will have a strong effect on the steady-state temperature of
the blind, which in turn will have a strong influence of the
convective heat transfer rates at the glazing surfaces. For-
tunately, it has been found that while the convective heat
transfer rates depend strongly on the thermal radiation
parameters, the convective resistance between the blind
and the glazings is very weakly coupled to thermal radia-
tion. This result allows the convection coefficient to be
obtained from an analysis that neglects radiation. Naylor
and Collins [28] have shown that such convection data
can be subsequently combined in a simplified 1-D model
(with arbitrary values for surface emissivities and absolute
glazing temperatures) to obtain the overall U-value of the
window/blind enclosure. This approach is described briefly
below.

Consider a convection coefficient between the hot glaz-
ing and the blind ð�hH;BÞ and between the cold glazing and
the blind ð�hC;BÞ, defined as:

qconv;H ¼ �hH;BH CðT H � T BÞ ð18Þ
qconv;C ¼ �hC;BH CðT B � T CÞ ð19Þ

where qconv,H is the convective heat transfer rate from the
hot glazing to the blind and qconv,C is the convective heat
transfer rate from the blind to the cold glazing. TB is the
mean blind temperature. For a blind that is located cen-
trally between the glazings, it has been shown that the con-
vective resistance divides approximately equally on each
side of the blind. Naylor and Collins [28] have shown that
�hH;B and �hC;B can be closely approximated as:

1
�hH;B

¼ 1
�hC;B

¼ 1

2�hencl

or �hH;B ¼ �hC;B ¼ 2�hencl ð20Þ



Table 2
U-value of a double glazed window with a between-panes aluminum blind

Angle /
(�)

Hot wall
emissivity eH

Spacing ratio
WB/WC

Nominal temp. diff.
TH � TC (�C)

RaW C
Experimental U-value
[14] (W/m2/K)

Simplified model
U-value (W/m2/K)

Diff.
(%)

0 0.84 0.832 20 1.08 � 104 3.08 3.04 �1.4
30 0.84 0.832 20 1.07 � 104 2.86 2.85 �0.5
60 0.84 0.832 20 1.05 � 104 2.54 2.51 �1.0
75 0.84 0.832 20 1.04 � 104 2.32 2.38 +2.7
0 0.164 0.370 10 5.8 � 104 1.61 1.770 +9.9

30 0.164 0.370 10 5.8 � 104 1.63 1.765 +8.3
60 0.164 0.370 10 5.8 � 104 1.63 1.777 +9.0
75 0.164 0.370 10 5.8 � 104 1.63 1.801 +10.5

Comparison of U-values predicted by the simplified method compared to experimental data (TH � 303 K, eB = 0.792, eC = 0.84, WB = 14.79 mm,
HC = 604.5 mm, A = 23.8).
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where 1=�hencl is the overall convective resistance between
the hot and cold glazings, obtained from the CFD solution
that neglects radiation effects i.e., from a convection-only
solution. These convective coefficients can be used in a sim-
ple energy balance to obtain the blind temperature, as
follows:

qrad;B ¼ �hH;BH CðT H � T BÞ � �hC;BH CðT B � T CÞ ð21Þ

where qrad,B is the net radiative heat transfer rate from the
blind, calculated assuming gray-diffuse radiative heat ex-
change. In this method, the mean blind temperature is cal-
culated iteratively to satisfy the energy balance (Eq. (21))
for the blind.

Using this 1-D technique, Naylor and Collins [28] have
shown that convection coefficients obtained from a CFD
solution that excludes the effects of radiation can be subse-
quently combined with a gray-diffuse radiation model to
predict the total thermal resistance of the enclosure with
high accuracy. Typically, U-values predicted by a full
CFD simulation (including radiation) were within 1.5%
of the U-values predicted by a ‘‘convection-only” CFD
solution combined with post-processing, using the 1-D
energy balance model described above. The current study
provides the average Nusselt number correlation of the
overall enclosure that is needed to implement this method.

Recently, Collins and Wright [29] have shown that many
window analysis programs cannot be used to analyze so-
called ‘‘diathermanous layers”, since they are based on
the assumption that all the layers of the window are opa-
que to long wave radiation. A louvered blind is a diather-
manous layer because of its openness. However, it should
be noted that the method used in the present U-value cal-
culation accounts for long wave radiation exchange
directly from glazing to glazing, as well as between the glaz-
ings and blind. Hence, when there is no insolation, the cur-
rent procedure is equivalent to the method of Collins and
Wright [29] for treating a diathermanous layer.

As a demonstration, the empirical correlation (Eqs. (15)
and (16)) from the present study has been used with the
simplified energy balance method of Naylor and Collins
[28]. The U-values predicted by the simplified method are
compared to the measured values of Huang [14] in Table
2, for narrow and wide glazing spacings. Some results are
for a regular untreated window (eH = eC = 0.84) and some
results are for a low emissivity (low-e) coating on the hot
glazing (eH = 0.164, eC = 0.84). The best agreement was
obtained for the untreated glass at the narrow glazing spac-
ing (WB/WC = 0.832). For this case, the agreement is
within 3% over the full range of slat angles. It can be seen
that the U-value is improved when the blind slat is rotated
from the open position (/ = 0�) to the closed position (/
= 75�). As the blind is closed, the heat transfer rate
decreases because of the reduction in the thermal bridging
effect of the aluminum slats, the reduction in convective
flow, and the increased radiation shielding provided by
the slats.

Now we return to Fig. 6. This figure shows the U-value
predicted using the current correlation with the data of
Huang [14] for a regular double glazed window at an inter-
mediate glazing spacing, WB/WC = 0.582. In this case, the
present empirical correlation predicts the U-value within
5% of the experimental measurements.

As shown in Table 2, the poorest agreement was found
for a low-e window at the highest glazing spacing (WB/
WC = 0.37). The predicted U-value from the one-dimen-
sional model is about 10% higher than the experimental
data. For this low-e window, 70–75% of the heat transfer
from the inward-facing surface of the hot glazing occurs
by convection. So, any error in the convection correlation
at high Rayleigh number will be accentuated. It should also
be noted that this is an extreme geometry that will be
encountered infrequently, if ever, in practical window
applications. Also, in some ways this is not a fair compar-
ison, since the numerical data used to develop the average
Nusselt number correlation did not consider glazing spac-
ings wider than WB/WC = 0.5. Nevertheless, the current
simplified method shows that for very wide spacings
between the blind and glazings, the U-value is almost inde-
pendent of slat angle. This general trend is in agreement
with the experimental findings of Huang [14].

8. Conclusion

A numerical study has been conducted of the free con-
vection in an idealized double glazed window with a
between-panes louvered metal blind. A parametric study
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has been performed of the convection in the enclosure,
neglecting the effects of thermal radiation. The convective
heat transfer data have been presented in terms of an
empirical correlation for the average Nusselt number which
is applicable for RaW C

6 105, 20 6 A 6 100, 0.5 6WB/
WC 6 0.9, 0� 6 / 6 75�, WBkf/tBkB 6 0.15. In practice,
the limitation of WBkf/tBkB 6 0.15 will restrict the applica-
tion of the correlation to metal blinds. It has been demon-
strated that the correlation can be subsequently combined
with a simple one-dimensional energy balance model to
predict the U-value of the window/blind system for arbi-
trary radiation parameters. This method is suitable for
use in standard window analysis and rating software.
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