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Abstract. This study presents the numerical results of the flow problem induced by natural convection 

in a channel between asymmetrically heated vertical parallel glass sheets of a ventilated double glass 

window. The model is based on the equations of conservation of mass, energy and momentum in its 

two-dimensional forms. The Finite Volume Method was used in the resolution with discretization 

schemes of central differences for diffusive terms and Power Law for the convective terms. For the 

coupling of pressure and velocity the SIMPLE algorithm is used, while the TDMA method is used in 

the solution of the systems of equations. The numerical code is used to determine the velocity and 

temperature fields between the glass sheets under real ambient conditions and asymmetric heating 

conditions. The results were validated with available literature results indicating that the model is 

adequate to solve this type of problem. 
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1  Introduction 

The thermal performance and energy efficiency of a building are themes that have renewed the 

interest of their investigation in today's society. With regard to human thermal comfort, it is extremely 

important for the high performance of human beings in their daily life and the execution of their 

activities until rest (day and night). Thermal performance and energy efficiency are concepts associated 

with thermal comfort, which refers to the mental state that expresses man's satisfaction with the 

surrounding thermal environment.  

Most buildings (especially commercial types) usually have external envelopes with large glazed 

areas where solar radiation heat can penetrate (or escape) causing undesirable heat gain (or loss) inside 

the buildings provoking increase of the energy consumption. To reduce this energy consumption (winter 

heating and summer cooling) and consequent reduction of CO2 emissions to the atmosphere, windows 

of different concepts were investigated among which ventilated double glass windows have emerged as 

an alternative to improve indoor comfort conditions and enhance energy efficiency of buildings. 

The flow of a fluid between the two glass sheets of a window has been pointed out as an efficient 

solution for cold and hot climates. This type of windows is known as ventilated window, composed of 

double or triple glass sheets with open ends and an air flow duct formed by the glass sheets. Several 

studies on this type of ventilated window can be found in the literature. 

The use of movable shutter installed between the glass plates for the double-glazed window system 

reached an energy saving of about 36% during the winter, and 47% during the summer by using this 

type of window in typical Canadian weather conditions [1]. Zhang et al. [2] investigated numerically an 

insulated shutter installed inside a cavity formed by two glass sheets. The authors focused their analysis 

on the effect of the shutter on the temperature distribution, the flow field due to natural convection in 

the cavity and on the global coefficient of heat transfer.  

The ventilated window can be used continuously to satisfy the required ventilation of the space 

with a small penalty on the cooling load during the summer [3]. A new ventilated window incorporating 

a rotating frame with two glass sheets, in summer, absorbs the incident solar radiation through the 

absorbent glass facing the outside environment and heats the air which is expelled outwards. In winter, 

the window is rotated so that the absorbent surface is in contact with the internal environment reducing 

heat losses and allowing heated air to enter the building [4]. The effect of determining the ideal width 

of a double glass channel and the temperature of the cold wall allows stablishing flux value in the closed 

double glass channel. The effects of the external convective coefficient have no significant effect on the 

heat transfer towards the internal space [5, 6]. 

Ismail and Henriquez [7, 8, 9] developed three studies on two-dimensional transient numerical 

model for the heat transfer through a simple glass window, double glass and double glass ventilated 

window with forced airflow, respectively.  The authors concluded that for a clear glass and different 

thicknesses, the solar heat gain coefficient remains almost constant, and that the spacing between the 

glass sheets has little effect on the Solar Heat Gain Coefficient, SHGC, and on the Shading Coefficient. 

Besides, that the effect of the increase of the mass flow rate over the thermal behavior of the ventilated 

glass window is to decrease the mean Solar Heat Gain Coefficient and the Shading Coefficient and that 

the radiative exchange effect has no significant influence.  

The use of absorbing gases between glass sheets in the double glass ventilated window is an 

alternative solution for thermally insulated glass windows. Other options one can incorporate filling 

materials such as silica aerogel or a PCM. The glass sheets filled with PCM or an absorbent gas are 

more effective than single glass and double glass window as reported in [10, 11]. 

Window of single-and dual-channel airflow, including a reversible window frame was presented in 

[12, 13]. These window systems are not suitable for subtropical or tropical climates and that during 

summer significant energy consumption can be required. Chow et al. [14] introduced a water-flow 

window. Three cases were studied in order to reduce air conditioning load and enhancing thermal and 

visual comfort and concluded that the combination of tinted glass-water-clear glass is the best energy 

saving arrangement. 

Recently, a precise study based upon the spectral effects on the transmittance and solar heat gain 

was applied to analyze a glazing layer [15]. The bulk properties spectral quantities (τ, ρ and α) were 
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calculated using software Window. Energy-10 [16, 17] also software was developed to be used for the 

calculation of thermal parameters in studies related with solar control films in single and multiple glass 

window units. 

In the present study, the thermal behavior of a ventilated double glass arrangement is numerically 

investigated. The model is based on the conservation equations of mass, momentum and the energy. The 

discretization of conservative equations is done by using the finite volume method. The model is 

validated against available results and then used to calculate the temperature and flow fields as well as 

the solar heat gain coefficient. 

 

2  Mathematic of model 

The double glass window system is an efficient arrangement for windows where the air flows in 

the gap between the glass sheets absorbing the solar radiation, reducing penetrated heat to the internal 

ambient and providing natural ventilation as shown in Fig. 1. A model for the double glass window is 

made by following the incident rays that propagate through the system, incident solar radiation is shown 

on the left hand side, in the second region heat is exchanged by convection between the outer surface 

and the external environment while in the third region heat flux is exchanged by radiation with the 

internal environment. 

Figure 1 shows the physical model of the problem to be studied where air flow is induced by natural 

convection in a channel formed by two parallel glass sheets with non-symmetric heating. The air flow 

is induced up into the channel by the buoyancy forces due to the thermal effects. When the solar energy 

strikes the external glass, part of it is reflected, part is absorbed and another part is transmitted. The 

energy passing through the external glass (Io1) is directed to the internal glass, part of this energy is 

reflected while another part is absorbed and transmitted to internal environment. 

 

 

Figure 1. The physical model of the ventilated double glass window. 

The computational domain of the model is represented by the double glass sheets of height (H), 

and a gap of width (b) between the glass sheets as shown in Fig. 2. Glass 1 facing the external 

environment at temperature (Text) is exposed to solar radiation (Io), and glass 2 facing the room with an 

inside temperature (Tint). The external surface of the external glass sheet is subjected to convection and 

radiation (qconv-ext ) and (q_rad-ext) while the inner surface of the internal glass sheet exchanges heat with 
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the internal environment (qconv-int  and qrad-int). The air flow in the channel is subjected to convection 

effects (qconv-1 and qconv-2) due to the energy absorbed by both glass sheets and radiation surfaces (qrad-1 

and qrad-2). 

 

Figure 2. Computational domain of the problem. 

2.1 Conservation equations for the fluid in the channel 

The following hypotheses are adopted to write the conservation equations for the natural convection 

in the airflow field in the vertical channel. These hypotheses include that the fluid is Newtonian, and 

that the flow is incompressible, two-dimensional, laminar, in permanent regime and incorporates the 

Boussinesq approximation on the buoyancy term. The governing equations are written as: 

Continuity, 

 0
u v

x y
 (1) 

Momentum, 

 
2 2

2 2

1
0

f

u v p u u
u v
x y x x y

 (2) 

 
2 2

2 2

1
( )o

f

u v p v v
u v g T T
x y y x y

 (3) 

and Energy, 

 
2 2

2 2

f

f f

kT T T T
u v
x y cp x y

 (4) 

 



Taynara G. S. Lago, Kamal A. R. Ismail, Mario V. Mondlane 

CILAMCE 2019 

Proceedings of the XL Ibero-LatinAmerican Congress on Computational Methods in Engineering, ABMEC, 

Natal/RN, Brazil, November 11-14, 2019 

2.2 Conservation equations for glass sheets 

The velocity components u and v are zero on the glass surface. As a result of the energy balance on 

the glass region, the differential equation for the temperature distribution over the wall domain is: 

 
2 2

2 2

1
0g

g g g g

k T T I

cp cp xx y
 (5) 

 

The term ∂I⁄(∂x=I_o exp[κ(t-x)] ), in Eq. (5), where κ is the glass extinction coefficient and t is the 

glass thickness, Siegel [18]. This term will be used to compute the solar radiation absorbed by the glass 

sheets since this region is semitransparent to solar radiation. On the other hand, in the region of channel, 

the air does not absorb solar radiation and therefore the source term in the energy equation will be null 

when the equation is applied to the fluid region. 

 

2.3 Boundary conditions for the channel 

Figure 2 shows the general layout of the problem and the associated boundary conditions. In the 

channel region u=v=0, there is no slip velocity on the glass surfaces. The air enters the channel at 

temperature Tint while the temperature gradient in vertical direction at exit is null. These conditions are: 

Channel entry, 

 int0,
u v

T T
y y

 for x1<x<x2 and y=0 (6) 

Channel exit, 

 0
u v T

y y y
 for x1<x<x2 and y=H (7) 

Internal surfaces of the channel, 
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2.4 Boundary conditions on the glass sheets 

For glass 1, at x=0 the vertical boundary exchanges heat by radiation and convection with the 

external air (Text=32°C). At x=x1 conduction occurs on the glass sheet and convection towards the 

enclosed air between the sheets. Glass-2 exchanges heat by convection and radiation with the internal 

environment (room) at Tint=24°C. The horizontal boundaries are kept thermally insulated. Hence the 

energy balance can be written as: 

Glass 1, 
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Glass 2, 
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2.5 Evaluation of SHGC 

The quantity that allows the thermal evaluation of the double glass window is the total heat flux 

(qtotal-int), which passes through the double glazing and reaches the internal ambient. The components of 

the total heat flux are: convective flux (qconv-int), radiative flux (qrad-int), and the energy transmitted directly 

(qtotal-int=Io2).  

According to Fig. 2, one can write: 

 int int int 2total conv rad oq q q I  (18) 

According to Fig. 2, one can write The Solar Heat Gain Coefficient (SHGC) is a useful parameter 

to indicate the efficiency of a system formed by one or several glass sheets. To calculate the SHGC, Eq. 

(18) is divided by the incident solar radiation Io, to obtain: 

 SHGC int int 2conv rad o

o

q q I

I
 (19) 

3  Numerical treatment 

The FORTRAN home-built simulation code has been developed based on the finite volume 

technique to solve the governing differential equations and the associated boundary conditions. The 

Power-law scheme is used for discretizing the convective and diffusive energy fluxes. The 

computational code uses SIMPLE (Semi-Implicit Method for Pressure Linked Equations) algorithm for 

the coupling of pressure and velocity, Patankar [19] and the line-by-line TDMA (Tridiagonal Matrix 

Algorithm) with block correction method for the solution of the systems of equations sequentially and 

iteratively. 

The domain is divided into a uniform grid in such a way that the solid-fluid interface and the domain 

boundaries coincide with the faces of the control volumes. The harmonic mean is used to determine the 

diffusive coefficients at the interfaces of the control volume, Patankar [19]. The component velocities 

are allocated in a staggered grid. The criterion of convergence used is global convergence. This occurs 

when mass balance on each control volume and all domains are within a value of 10-8 and the residuals 
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for u, v, T and p are about 10-8. Figure 3 shows the simplified flowchart of the home-built numerical 

code. 

In order to achieve convergence and stability, a mesh study was performed for the two glass sheets 

of 8 mm thickness and 1m length, with the grids of 62x42, 88x50 and 120x80 volumes. The parameters 

taken as base for comparison are the fluid velocity v and the temperature, both at mid height of the 

channel. The variations of the temperature profile and velocity component at the center of double glass 

window were lower than 2% with volumes increasing from 88x50 to 120x80. Hence, the mesh of 88x50 

volumes was adopted for the subsequent calculations of all considered cases. The total number of grid 

points across the window system subdivided as 11 grid points for each glass sheet and 30 grid points for 

the channel. 

 

Figure 3. Simplified flowchart of the home-built numerical code. 

4  Validation of the model 

The FORTRAN home-built computational code was validated against available results in the 

literature. The first comparison was made with natural convection in laterally heated square cavity. 

Another comparison was made for natural convection between parallel vertical plates under constant 

temperature. The natural convection with surface radiation in a square cavity was also used for validation 

of the present code. 

4.1 Comparison with the results of laterally heated square cavity 

To validate the numerical code, the predicted average Nusselt number by the present code is 

compared with the values given by Davis [20], Frederick [21] and Palanigounder et al. [22] for different 

values of Rayleigh number as shown in Fig. 4. Figure 5 shows another comparison of Davis [20] 

temperature lines (isotherms) with isotherms found in the present study for different Rayleigh numbers. 

The agreement is good and confirms the adequacy and the accuracy of the present numerical method to 

study natural convection in a cavity with thermally active side walls. 
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Figure 4. Variation of average Nusselt number with Rayleigh number for Pr = 0.71. 

 
(a) 
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(c) 

 
(d)  

 
(e)  

 
(f)  

 

Figure 5. Comparison of isotherms within the cavity. (a) - (c) results from Vahl Davis [20] for Ra = 

103,104,105. (d) - (f) results of the present study for Ra = 103,104,105. 

4.2 Comparison with the results of Natural convection between parallel vertical plates with 

symmetric heating under constant temperature 

In this section a comparison is made with the natural convection problem between parallel vertical 

plates with symmetrical heating. Figure 6 shows the physical model of vertical plate flow used for 

numerical code verification. 
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Figure 6. Symmetrical heating parallel vertical plates. 

In order to generalize the numerical solution of the problem the following dimensionless variables 

are introduced: 
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The results have been obtained for Pr=0.7,  range of b/L (0.01 to 0.30) and Ra of (10 to 108). 

Comparison between the predicted average Nusselt number and the results developed by other 

investigators shows good agreement as in Fig. 7. 
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Figure 7. Symmetrical heating parallel vertical plates. 

 

4.3 Natural convection with surface radiation in a square cavity 

In order to verify the irradiative model, the results reported by Akiyama and Chong [27] for the 

conditions To=293.5 K; Ra=(a)104,105,106; ε=0.5; θ=29.35 were reproduced in Fig. 8 which shows the 

comparisons of the isotherms. Surface radiation alters the distribution of the temperature on the insulated 

walls. The temperature rises at the bottom wall and decreases at the top wall, resulting in variations of 

the flow and temperature fields. The temperature gradients near the isothermal walls are relatively 

weakened, and the thermal boundary layers thicken by surface radiation. Symmetric contours of 

approximate center can also be observed because the smaller temperature difference between the two 

walls was generated in this place. It can be seen that good agreement is obtained in all the validation 

tests. Then, it can be concluded that the numerical code gives satisfactory results for the heat transfer 

problem. 
 

(a) 
 

(b) 

 

(c) 
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Figure 8. Effect of surface radiation on isotherms: (top a, b, c) from Akiyama and Chong [27] and 

(bottom d, e, f) predictions from the present study. 

5  Results and discussion 

The results of the present investigation in a ventilated double glass window system are shown and 

discussed below. The thickness of the glass plates was considered to be 8 mm and the temperatures of 

the indoor and outdoor environments are considered as 24°C and 36 °C, respectively. The temperature 

at the inlet of the channel will be equal to the temperature of the internal environment and the 

emissivities of the glass plates is equal to 0.84. The incident solar radiation is assumed to be 600 W/m2. 

The results presented below were obtained for permanent regime. 

Figure 9 shows curves of the temperature profile of the fluid flowing through the ventilated window 

channel to the average channel height and obtained for different distance conditions between the glass 

plates (channel width). The distance between plates has been normalized in Fig. 10 to facilitate 

comparison of results. The distance between plates was varied from 0.5 cm to 5 cm. It can be observed 

that for distances of 5 cm only layers very close to the walls feel the effect of heating, whereas in the 

central region of the channel the fluid continues practically with the same inlet temperature (24°C). As 

the distance between plates decreases, the fluid layers closer to the centerline of the channel feel the 

effect of heating and the temperature profile has a shape that is closer to an inverted asymmetrical 

parabolic profile as in the case of plate distances smaller than 5 cm. For plate spacing of 0.5 and 1.0 cm 

the temperature profile is getting closer and closer to a linear profile, as in the case of pure diffusion. 

The reason for this is that for short distances between plates natural convection is compromised and the 

speed of induced flow will be small, making conduction heat transfer dominant in the process. This can 

be corroborated by the velocity curve v of the fluid in the channel, shown in Fig. 11. 

In Fig. 11 it can been see the behaviour of velocity v for the case where the distance between plates 

is 5 cm. In this case, it is observed that the velocity profile is almost uniform, presenting a higher velocity 

region near the left wall due to its higher temperature level in relation to the right wall. As the channel 

width decreases, the velocity profile v tends to be parabolic and symmetrical as if the plates were 

symmetrically heated. In fact, observing the temperature curves, we can verify that for the shortest 

distance between plates investigated the temperature difference is only 2° C. It is also observed in Fig. 

11 that the magnitude of the velocity component v decreases as the distance between plates becomes 

smaller. 
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Figure 9. Temperature profiles. 
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Figure 10. Comparison between temperature profiles at average window height as a function of 

normalized transverse distance. 
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Figure 11. Comparison between the velocity profile v at the average window height as a function of 

the normalized transverse distance. 

Figure 12 shows the variation of the percentage of heat gain as a function of the glass thickness for 

various spacing between the glass sheets of double glass window and for simple glass window. As can 

be verified the increase of thickness reduces the heat gain up to glass sheets spacing of about b ≥ 0.025 

m, after which the heat gain reaches a steady state value. The reduction of the heat gain is more 

pronounced for the case of glass of thickness 8mm. For the case of simple glass window, as glass 

thickness increases, solar heat gain decreases. 
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Figure 12. Variation of solar heat gain coefficient as a function of the glass thickness  
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6  Conclusions 

A mathematical model developed to simulate fluid flow under natural convection conditions in a 

channel formed by parallel plates was presented here. It is verified that the computer program is able to 

determine in detail the velocity field and the temperature field of the fluid in the channel, and the 

distributions of these fields in the transverse direction of the channel can be presented at any position 

along the flow that generally is quite difficult to obtain experimentally. The code was used to simulate 

the thermal behaviour of a ventilated double glass window. The results show that for very close plate 

distances, natural convection is compromised and the fluid in the channel remains virtually stagnant, 

increasing the heat gain coefficient. 
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Nomenclature 

𝑏 width of channel (m) 

𝑏/𝐿 width-to-length ratio 

𝑐𝑝 specific heat (J kg−1 K−1) 

𝑔 gravitational acceleration (9.81ms−2) 

ℎ convective heat transfer coefficient (W/m2K) 

𝐻 height of the glass (m) 

𝐼𝑜  incident solar radiation (W/m2) 

𝑘 thermal conductivity (W/mK) 

𝐿 channel length (m) 

𝑁𝑢 local Nusselt number (hb/k) 

𝑁𝑢̅̅ ̅̅  average Nusselt number (h̅b/k) 
𝑝 pressure (N/m2) 

𝑃 dimensionless pressure (pb
2
/ρα2) 

𝑃𝑟 Prandtl number (ν/α) 
𝑞 heat flux (W/m2) 

𝑅𝑎 Rayleigh number (gβ(Ts-To)b
3

να⁄ ) 

𝑅𝑎∗ modified Rayleigh number (Ra x b/L) 

𝑆𝐻𝐺𝐶 solar heat gain coefficient 

𝑡 glass thickness (m) 

𝑇 temperature (K) 

𝑇𝑔 glass temperature (K) 

𝑇𝑜 ambient temperature (K) 

𝑇𝑠 wall temperature (K) 

𝑢 velocity components in the x direction (m/s) 

𝑈 dimensionless velocity components in the x direction (ub/α) 

𝑣 velocity components in the y direction(m/s) 

𝑉 dimensionless velocity components in the y direction (vb/α) 
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𝑥 horizontal cartesian coordinates (m) 

𝑋 dimensionless Cartesian coordinate (x/b) 

𝑦 vertical Cartesian coordinates (m) 

𝑌 dimensionless Cartesian coordinate (y/b) 

  

Greek symbols 

𝛼 thermal diffusivity (m2/s) 

α𝑔 absorptance of clear glass 

𝛽 thermal expansion coefficient (K−1) 

𝜃 dimensionless temperature (T-To/Ts-To) 

𝜅 extinction coefficient (m−1) 

𝜇 dynamic viscosity (kgm−1 s−1) 

𝜌 density (kg m−3) 

𝜐 kinematic viscosity (m2/s) 

  

Subscripts 

𝑐𝑜𝑛𝑑 conduction heat transfer 

𝑐𝑜𝑛𝑣 convection heat transfer 

𝑒𝑥𝑡 external ambient 

𝑔 glass 

𝑖𝑛𝑡 internal ambient 

𝑟𝑎𝑑 radiation heat transfer 

1,2 glass number 

 

 


