
Abstract—The free convective heat transfer in vertical isothermal 
plates with louvered blind has been studied numerically. The 
enclosure consists of 17 slats and the spacing between the two 
aluminum plates is filled with air. Measurements were obtained 
mainly for two blind slat angels, three-plate spacing, three-aspect 
ratios, and three-cavity width ratios. The numerical results show that 
these conditions have great influence on the heat transfer rate across 
the plates. The objective of this study is to minimize the heat transfer 
rate across the plates in order to save energy. 

Three modes of heat transfer are considered in this study; 
conduction, convection, and radiation. In the current study, the 
Nusselt number is calculated for the different conditions to express 
the convective heat transfer values. Keeping the blind slat width 
constant and increasing the cavity width can reduce the heat transfer 
rate. Also, rotating the blind slat to 45° can minimize the Nusselt 
number and thus reduce the heat transfer rate. 

Another numerical study was done for a flat blind slat, three aspect 
ratios, three blind slat angles and three horizontal offsets for a vertical 
partition, which is formed by setting the blind slat angle to 90°. From 
this study it was found that in order to get low values of Nusselt 
number, the blind slat angle should be 90°. In the case of the vertical 
partition, the optimum place to get minimum heat transfer was at the 
center of the cavity. 

 
Keywords—Minimize Heat Transfer, Natural Convection, 

Vertical Enclosure.  

I. INTRODUCTION 
NERGY conservation recently has been receiving 
increased attention. It means using less energy and 

avoiding wasteful uses. The most important way of energy 
conservation is efficiency, which means using less energy in 
order to get the same results. These concepts help to handle 
the awareness of the environmental and energy issues. The 
way to achieve energy efficiency in windows becomes more 
common nowadays. Energy efficient window systems design 
must describe the thermal performance of the window and 
comply with the overall heat transfer coefficient such as the 
U-factor. 

The U-factor is a measure of the heat transfer rate and the 
thermal transmittance through conduction, convection, and 
radiation. It is usually divided into the heat transfer 
contributions from center glass region (cg), edge glass region  
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(eg), and the frame (𝑓) of the window. It can be defined 
as the area-weighted average of each component [1]: 

 

𝑈 =
𝑈𝑐𝑔𝐴𝑐𝑔 + 𝑈𝑒𝑔𝐴𝑒𝑔 + 𝑈𝑓𝐴𝑓

𝐴𝑝𝑓
 

 

 

(1) 

Where, the subscript (𝑝𝑓) is the fenestration unit opening in 
the wall, which can be defined as the spatial property of the  
way in which windows in buildings are placed. It is also 
referrers to any glazed aperture in a building envelope. With 
the definition of the U-factor, the instantaneous energy flow 
through a window system is defined as: 
 

𝑄𝑖 = 𝑈𝐴𝑝𝑓(𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛) + 𝑆𝐻𝐺𝐶 �𝐴𝑝𝑓�𝐸𝑡 (2) 
 

Where SHGG is the solar heat gain coefficient, and Et is the 
incident total irradiance. There are many factors of the 
fenestration that can affect the U-factor such as glazing, 
framing, and shading devices. Also, there are three modes of 
heat transfer that define the ways that heat can transfer, first 
mode is conduction, the second one is convection, and the last 
mode is radiation. To save energy, the best ways to reduce 
these modes are to add frame thermal barriers, enclosed air 
spaces, and low value of emissivity for glass coatings. The 
basic topic of this work is free convective flow and heat 
transfer in vertical window. Free convection is a mechanism 
of heat transfer, which is caused by density differences of the 
fluid as a result of temperature gradients, in which buoyancy 
exists as a driving force. The current numerical study of this 
work is solving a pure conduction and free convection 
problem where a cavity holding air dissipates thermal energy. 
The main interest is to estimate the Nusselt number to know 
the amount of heat loss or gain. 

II.  LITERATURE REVIEW 
 

 Machine was the first one who studied the interaction 
between the window and the blinds at the laminar free 
convection heat transfer. The study was done between an 
isothermal plate and aluminum blinds. The vertical plate was 
electrically heated to give uniform temperature distribution in 
order to simulate the outdoor temperature. In this study, 
photographs were taken by Interferometer for each case, then 
these photographs were used to determine the local Nusselt 
number[2]. Machin found that the presence of the blind affects 
the temperature field and local heat transfer rates. There was a 
strong periodic variation in local Nusselt number along the 
vertical wall corresponding to the location of the blind. Stable 
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laminar eddies between the blinds were present for slat angles 
0° and 45°.  

An experimental study of the interaction of a heated blind 
and a window glazing was done by Naylor. To simulate the 
heat absorption from solar radiation, a set of blinds was 
electrically heated and was placed adjacent to an isothermal 
plate. The experiment was done for a variety of blind angles 
and heat flux into the blind. A sheet of laser light was used to 
obtain the flow field visualization, while interferometer was 
used to obtain the temperature field visualization[3]. From this 
experiment, it was found that the blind heat flux has a strong 
effect on the local and average heat transfer rates. There were 
periodic variations in the heat transfer rates similar to Machin. 
The heat transfer rate from the blind to the window decreased 
as the blind flux increased. 

Collins did a study to solve a coupled convection, 
conduction, and radiation numerical model at night time 
conditions in order to simulate the work done by Machin on a 
larger scale using seventeen louvered blinds. This numerical 
solution was validated with experimental results for the same 
geometry and conditions. The numerical model solved the 
governing equations for steady laminar flow[4]. It was found 
that for the center glass region, the numerical model is in 
agreement with the experimental results. But, for certain 
conditions near the top regions of the blind assembly, there 
was disagreement in the convective heat flux.  

In a later paper using the same model, Collins decoupled 
the radiation and convective heat transfer rates and performed 
the analysis on a larger range of Rayleigh numbers[5]. Limited 
results were found due to convergence problems. Due to the 
high numbers of 𝑅𝑎 used in the numerical model, the flow 
was unsteady; the solution diverged because of the model 
assumptions. 

Some Simplified Models and correlations have been 
developed from these studies. Correlations were developed by 
Collins in order to determine the solar heat gain and thermal 
gain of an interior Venetian blind. Naylor and Collins 
performed a simplified method for determining the effect of a 
louvered blind on the center glass U-value[6]. 

An experimental study of between-pane Venetian blinds 
was done by Naylor and Lai. The study consisted of seventeen 
unheated blinds. Measurements were taken at various blind 
angles and Rayleigh numbers corresponding to different wall 
spacings using interferometer. Also, local and average heat 
transfer rates and temperature field measurements were 
taken[7]. It was found that the blinds had a great influence on 
the convective heat transfer within the enclosure. The 
aluminum blinds acted like a thermal bridge in the horizontal 
position as a result of conducting heat through the enclosure. 
This would increase the rate of heat transfer. In the vertical 
position of the blinds, they would be in the closed position that 
divides the enclosure in two sections, which resulted in a 
reduction in the heat transfer rate.  

A study on the thermal interaction between a window and a 
blind was done by Naylor. They used one-dimensional heat 
transfer model, where the radiative heat transfer is recoupled 
with the numerical data obtained from the convection-only 

simulation[8]. It was found that when the blind is open, the 
lowest blind emissivity results in the least reduction in the 
radiative heat flux. This is exists due to an increase in the 
amount of radiation that strikes the blind and reflects into the 
room. Also, they found that in the closed position, a low 
emissivity blind reduces the overall heat transfer rate through 
a standard double-glazed window. They reported that on high 
performance windows, the blinds reduced the radiative heat 
exchange with the room interior. 

A full numerical model has been developed by Naylor and 
Collins. In their work they considered the conjugate 
conduction, convection, and radiation heat transfer through the 
window enclosure. For a range of slat angles they determined 
the U-value numerically using a full CFD model and verified 
the results from a Simplified Model. It should be mentioned 
that the results determined from the Simplified Model yielded 
with an accuracy that is whithin 1.5% of a full CFD model. 
Besides, the decoupling of the radiation reduced many 
additional variables from the problem; this can give a more 
general solution[9].   

III. PROBLEM DESCRIPTION 
 

A vertical double glazed window with a between-pane blind 
has been studied numerically in order to investigate the effect 
of the blind on the convective heat transfer by computing the 
Nusselt number. The cavity is formed by two temperature-
controlled aluminum plates and has insulated top and bottom 
ends. It is filled with gas. The cavity has a constant height 𝐻𝑐 , 
and width 𝑊𝑐. The hot and cold walls have temperatures of 𝑇ℎ 
and 𝑇𝑐, respectively. The blind consist of several aluminum 
slats separated with a pitch 𝑃; it has a constant width 𝑊𝑏, 
thickness of 𝑡, curvature 𝑐𝑠. The slats can rotate about their 
centers with angle 𝜙. 

The cavity height is chosen to be constant for all the studied 
cases with a certain number of slats 𝑛𝑠, but the width cavity 
𝑊𝑐 is varied for every case. In this study, the considered model 
geometry of the window is clearly shown in Fig. 1 

 
Fig. 1 Model geometry and thermal boundary conditions; obtained 

from Reference [9] 

International Conference on Advances in Engineering and Technology (ICAET'2014) March 29-30, 2014 Singapore

http://dx.doi.org/10.15242/IIE.E0314212 504



It should be mentioned that some of the parameters depend 
on the cavity width 𝑊𝑐. They can be evaluated as follows. The 
constant value of the blind width has a corresponding value of 
the cavity width that can be calculated by the following width 
ratio equation as: 
 

𝑊𝑖𝑑𝑡ℎ 𝑟𝑎𝑡𝑖𝑜 =
𝑊𝑏

𝑊𝑐
 (3) 

The number of slats 𝑛𝑠 is given as: 
 

𝑛𝑠 = 17 (4) 
 

The pitch is calculated as: 
 

𝑃 =
𝐻𝑐
𝑛𝑠

  (5) 

The blind 𝑦 offset in meters, and it can be expressed as: 
 

𝑦𝑜𝑓𝑓𝑠𝑒𝑡 =
𝑃
2

 (6) 
 

By setting the cavity height to a constant value, then the 
aspect ratio is calculated as follows: 
 

𝐴 =
𝐻𝑐
𝑊𝑐

 (7) 
 

The thickness and slat curvature can be obtained based on 
the blind width by the following equations: 
 

𝑡 = 0.0075 𝑊𝑏 (8) 
 

𝑐𝑠 = 0.075 𝑊𝑏 (9) 
 

The thermal conductivity ratio is: 
 

𝑘𝑏
𝑘𝑓

= 4617 (10) 

Where, 𝑘𝑏 is the thermal conductivity for the Aluminum 
blind, which is equal to 120 W/m.K, while 𝑘𝑓 is the thermal 
conductivity of the fluid -which is Air- and it has a value of 
0.026 W/m.K. It should be mentioned that the type of 
Aluminum that was used in this problem called Aluminum 
Brass. And in the current study, the Nussult number is 
calculated as follows: 

𝑁𝑢𝑊𝑐 = �
ℎ 𝑊𝑐

𝑘𝑓
� (11) 

Where, ℎ is the convective heat transfer coefficient in 
W/m2K. It is a function of: 
 

- The aspect ratio 𝐴 
- The thermal conductivity ratio 𝑘𝑏

𝑘𝑓
 

- The slat angle 𝜙 
- The Rayleigh number 𝑅𝑎 

Rayleigh number 𝑅𝑎 is a function of the cavity width 𝑊𝑐. It 
should be noted that the change in Rayleigh number has a 
great effect on Nussult number. Increasing the width of the 
cavity leads to increase the Rayleigh number. 

The Rayleigh number can be evaluated using the following 
equation: 

 

𝑅𝑎𝑤𝑐 =
𝑔𝛽(𝑇ℎ − 𝑇𝑐)𝑊𝑐

3

𝑣𝛼
 (12) 

 

 Where, 𝛽 is the volumetric thermal expansion coefficient 
in K-1 : 

𝛽 = �
1
𝑇𝑚
� (13) 

 

where, 𝑇𝑚 is the mean temperature between the hot and 
cold walls that can be evaluated as: 
 

𝑇𝑚 = �
𝑇ℎ + 𝑇𝑐

2
� (14) 

  
 

𝑣 is the kinematic viscosity in m2/s: 
 

𝑣 = �
𝜇
𝜌
� (15) 

 

𝛼 is the thermal diffusivity in m2/s. 
 

𝛼 = �
𝑘𝑓
𝜌 𝑐𝑝

� (16) 
 

The following equations are used to solve the heat transfer 
in fluids. The momentum equation is: 
 

𝜌(𝑢.∇)𝑢 = ∇. [−𝑝𝑖 + 𝜇(∇𝑢 + (∇𝑢)𝑇) −
2
3
𝜇(∇.𝑢)𝑖]

+ 𝐹 
(17) 

 

And the continuity equation is: 
  

𝜌(𝑢.∇)𝑢 = 0 (18) 
 

The main equation used for heat transfer in solids is: 
 

𝜌𝐶𝑝𝑢.∇𝑇 = ∇. (𝑘∇𝑇) + 𝑄 (19) 

For the thermal insulation, the boundary condition used is: 
 

−𝑛. (−𝑘∇𝑇) = 0 (20) 

The equation used to solve the radiation part is: 
 

−𝑛. (−𝑘∇T) = 𝜀(G − σ𝑇4) (21) 
  

The boundary conditions for the model as shown in Fig. 1 
are listed as follows. Left vertical hot wall: 

 

𝑢 = 𝑣 = 0,𝑇 = 𝑇ℎ at    𝑥 = 0  for  0 ≤ 𝑦 ≤ 𝐻𝑐  (22) 
 

Right vertical cold wall: 
 

𝑢 = 𝑣 = 0,𝑇 = 𝑇𝑐 at    𝑥 = 𝑊𝑐  for  0 ≤ 𝑦 ≤ 𝐻𝑐 (23) 
 

Bottom adiabatic end-wall: 
 

     𝑢 = 𝑣 = 0, 𝜕𝑇
𝜕𝑦

= 0      at    𝑦 = 0    for   0 ≤ 𝑥 ≤ 𝑊𝑐     (24) 
 

Top adiabatic end-wall: 
  

      𝑢 = 𝑣 = 0, 𝜕𝑇
𝜕𝑦

= 0 at   𝑦 = 𝐻𝑐  for 0 ≤ 𝑥 ≤ 𝑊𝑐 (25) 
   

The three modes of heat transfer are shown in Fig. 2 as: 
conductive heat transfer within the blind slat, convective heat 
transfer due to the blind’s interaction with the fluid flow, and 
radiative heat transfer between the two surfaces -hot and cold 
walls- due to blocking as a result of the blind. 
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Fig. 2 Modes of heat transfer in window system; obtained from 
Reference [9] 

 

  In order to understand the interactions between the 
window and the blind, some parameters are chosen with 
different values for each one. Starting with Rayleigh number 
𝑅𝑎, it is a dimensionless number, which describes the ratio of 
buoyancy and viscosity forces times the ratio of momentum 
and thermal diffusivities in fluids. A wide range of 𝑅𝑎 is 
considered in order to vary the body force on the fluid. For 
simulating a conduction dominated regime, Rayleigh number 
should be at a range of 10 to 104, while it is at a range of 104 to 

105 for a convection dominant regime. One important 
parameter should be considered is the aspect ratio. It 
represents the actual width and height for any shape. For a 
fixed height, the cavity width will change, thus the Nusselt 
number will change. The width ratio is very important 
geometrical dimension. Since the blind width is constant, the 
width ratio will change the cavity width, which can affect the 
Nusselt number. For aluminum and air, the thermal 
conductivity ratio was studied has a value of 4617. The ratio 
could show the conductive effects of the blind. The last 
parameter is the blind slat angle. It can describe the cavity if it 
is fully open 0°, or partially open 45°. 

IV. RESULTS AND DISCUSSION 
 

The main objective of this work is to save energy by 
minimizing the heat transfer rate across the cavity. There are 
many ways to reduce the heat transfer rate. After validating 
the experimental measurements with the present numerical 
ones, and getting results that match them, some studies were 
done for a flat aluminum blind slat to achieve the objective. 
These studies worked on parametric simulations that include 
the effect of the blind slats, aspect ratios, and 𝑥𝑜𝑓𝑓𝑠𝑒𝑡 on the 
cavity. 

 

A. Effect of Blind Slat Angle 
 

In this study, the following values of blind slat angles were 
taken to illustrate their effect on the Nusselt number: 0°, 45°, 
and 90°. Figs 3, 4, and 5 show the geometry model for the 
different cases. 

 

 
 

Fig. 3 Geometry model for 0° blind slat angle 
 

 
 

Fig. 4 Geometry model for 45° blind slat angle 
 

 
 

Fig. 5 Geometry model for 90° blind slat angle 
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Table I shows a comparison of Nusselt number between the 
three blind slat angles for 𝐴 = 13.3. It is clear that the higher 
Nusselt number is found at the smallest angle, which is 0° and 
at the biggest angle (𝜙 = 90°), the Nusselt number is very 
low. This means that as the blind slat angle increases, the 
Nusselt number decreases. 
 

TABLE I 
COMPARISON OF NUSSELT NUMBER FOR DIFFERENT BLIND                              

SLATE ANGLES 
Angle [𝝓] 𝑵𝒖 

0° 2.39 
45° 1.78 
90° 1.04 

 

Fig. 6 represents a comparison of Nusselt number for the 
three blind slat angles. It can be notice that the lowest Nusselt 
number occurs at 𝜙 = 90°, so it has the minimum heat 
transfer rate. Otherwise the highest heat transfer rate can be 
found at 𝜙 = 0°, where Nusselt number is high. Also it is 
clear from the figure that for each angle at the top of the 
cavity, Nusselt number hat its maximum value, then it is going 
to be constant. At the bottom of the cavity, Nusselt number is 
minimum. 
 

 
 

Fig. 6 The effect of different blind slat angles on Nusselt            
number 

B. Effect of Aspect Ratio 
To investigate the effect of the aspect ratio on the heat 

transfer rate, the following values were studied for 𝜙 = 0° and 
Nusselt number was computed for each value. 𝐴 = 13.3, 11.6, 
and 9.3. The following table shows a comparison of Nusselt 
number between the different values of the aspect ratio. 
 

TABLE II 
A COMPARISON OF NUSSELT NUMBER FOR DIFFERENT ASPECT RATIONS 

𝑨 𝑵𝒖 
𝜙 = 0° 𝜙 = 45° 𝜙 = 90° 

13.3 2.39 1.81 1.04 
11.6 2.39 1.81 1.04 
9.3 2.39 1.81 1.04 

 

It can be seen from Table II that Nusselt number is 
independent of aspect ratio. Another studies were done similar 
to the previous one but with 𝜙 = 45°, 90°. They have the 
same conclusion that the Nusselt number does not depend on 
the aspect ratio.  

Figs 7, 8 and 9 show comparisons of Nusselt number for 
different aspect ratios and two different angels. It is very clear 
that the data are identical for all the cases. As been said for 

90° angle the Nusselt number is less than 0° angle, so the high 
heat transfer rates can be found when the blind slats are 
rotated to 0° angle. Also it can be observed that the bottom of 
the cavity has a maximum value of Nusselt number, while the 
minimum value of Nusselt number exists at the top of the 
cavity.  

 
 

Fig. 7 The effect of different aspect ratios on Nusselt                  
number for 𝝓 = 𝟎° 

 

 
 

Fig. 8 The effect of different aspect ratios on Nusselt number for 
𝜙 = 45° 

 
 

Fig. 9 The effect of different aspect ratios on Nusselt number for 
𝜙 = 90° 

C. Effect of 𝒙𝒐𝒇𝒇𝒔𝒆𝒕 
In the current study, the 90° angle was chosen for the blind 

slats to act as a vertical partition. A parametric study was done 
for seven values of 𝑥𝑜𝑓𝑓𝑠𝑒𝑡 , where the partition can move in 
the cavity. Fig. 10 represents the geometry model used for this 
study. It shows that the positive offset is measured from the 
center of the cavity width. At the center of the cavity width 
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𝑥𝑜𝑓𝑓𝑠𝑒𝑡 = 0. Table III shows a comparison of Nusselt number 
for different values of 𝑥𝑜𝑓𝑓𝑠𝑒𝑡 . The following parameters were 
used in this parametric study: 𝑊𝑐 = 29.7 𝑚𝑚 , 𝐴 = 13.3 , and 
𝜙 = 90° 

 

TABLE III 
A COMPARISON OF NUSSELT NUMBER FOR DIFFERENT 𝑥𝑜𝑓𝑓𝑠𝑒𝑡 

𝒙𝒐𝒇𝒇𝒔𝒆𝒕 𝑵𝒖 
3𝑊𝑐

8
= 0.01076 𝑚𝑚 1.50 

𝑊𝑐

4
= 0.00718 𝑚𝑚 1.22 

𝑊𝑐

8
= 0.00359 𝑚𝑚 1.08 

0 1.05 
−𝑊𝑐

8
=  −0.00359 𝑚𝑚 1.09 

−𝑊𝑐

4
=  −0.00718 𝑚𝑚 1.23 

−3𝑊𝑐

8
=  −0.01076 𝑚𝑚 1.52 

 

One can notice from Table I that as the partition moves 
away from the center of the cavity width, the Nusselt number 
increases for both negative and positive directions. This 
happened because of the creation of the conduction and 
convection heat transfer in the regions. When the partition 
moves away from the center of the cavity, two regions will be 
formed. In the smaller region the conduction will be dominant, 
while in the bigger region the convection will be dominant, so 
the overall heat transfer rate will be higher than the case when 
the partition is placed at the center of the cavity. In order to 
get low values of the heat transfer rates, small values of 
𝑥𝑜𝑓𝑓𝑠𝑒𝑡 should be taken. Also, it should be mentioned that the 
best position for the partition is at 𝑥𝑜𝑓𝑓𝑠𝑒𝑡 = 0, where the 
Nusselt number has the lowest value. Fig. 11 shows the 
distribution of Nusselt number along the hot wall of the cavity 
for the different offsets. It can be seen that all the cases have 
the same nature, and the optimum Nusselt number occurs at 
𝑥𝑜𝑓𝑓𝑠𝑒𝑡 = 0. 
 

 

 
 

Fig. 10 Geometry model for a cavity with moving partition 
 

 
 

Fig. 11 The effect of different 𝑥𝑜𝑓𝑓𝑠𝑒𝑡 on Nusselt number 

V. CONCLUSIONS 
 

The present numerical study was done using COMSOL 
Multiphysics for a double-glazed window with a between-
pane Venetian blind to investigate the free convective heat 
transfer. In order to understand the thermal interaction 
between a window and a blind, wide range of parameters were 
considered. This numerical solution is used to validate the 
experimental results for the same study. It was found from the 
results that the blind can either reduce or enhance the 
convective heat transfer of the window. This work aims to 
conserve the energy, so it was focused on the reduction of the 
heat transfer rates.  

The numerical solution showed a closed agreement to the 
experimental results for 0° blind slat angle more than 45°.  

For 0° blind slat angle, the numerical and the experimental 
results have the same nature. Increasing Rayleigh number can 
reduce the Nusselt number. Also, as Rayleigh number is 
increased, the percentage difference of the Nusselt number 
between the results obtained from the numerical method and 
the experiment is increased. The percentage difference has a 
range of (0.72-4.64%). For 45° blind slat angle, the numerical 
results have a good agreement with the experimental ones, but 
there was a small differences. 

The blind slats are conductive materials; there is a 
temperature difference between their temperatures and the 
temperature of the wall. This indicates that the blind slats act 
as thermal bridges, which allow conducting heat. It was found 
that in the case of 0° rotation, the bridging is very clear, while 
it is less evident in the case of 45° rotation because of the 
inclination. There is a critical point for 0° blind slat angle at 
𝑅𝑎 = 650000, where Nusselt number has two opposite 
natures. Before this point Nusselt number is going to decrease 
as Rayleigh number increases, but after this critical point 
Nusselt will increases as Rayleigh number increases.       

Along the hot wall, increasing the spacing between the two 
walls reduces the convective heat transfer rates. As this 
spacing increases, the effect of the blind angle decreases. At 
the widest space, the blind angle has almost no effect. The 
parametric studies on the cavity show that the Nusselt number 
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is independent of the aspect ratio. It was found that the Nusselt 
number is affected by the variation of the blind slat angle, and 
the location of the vertical partition, which is created by the 
rotation of the blind slats with 90° angle.       

In order to reduce the heat transfer rate across the cavity, 
Nusselt number should be reduced by setting the blind slat 
angle to 90°. Small angles give high values of Nusselt number 
and vise-versa. The position of the vertical partition has a 
great influence on the Nusselt number. As it moves away from 
the center of the cavity width, the Nusselt number increases. 
The optimum position of the partition that reduces the heat 
transfer through the cavity is at the center of the cavity width, 
where 𝑥𝑜𝑓𝑓𝑠𝑒𝑡 = 0. 
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