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 Convective heat transfer through a large aperture has been studied theoretically and 

experimentally using reduced scale models for many years. This paper describes the effect 

of the width of a large opening on the convective heat flow in an enclosure for  5.6𝑥108 <
𝑅𝑎𝑦𝑙𝑒𝑖𝑔ℎ 𝑛𝑢𝑚𝑏𝑒𝑟 (𝑅𝑎) < 2.8𝑥1010 . In our case a full scale realistic calorimetric 

chamber (5.5m x 2.5m x 2.5m) was used in this study. This chamber contains two zones 

connected by a large aperture of height H. A hot and cold wall on each side of the aperture 

will create a temperature difference between the two zones. Empirical equations are 

expressed in terms of varying door aspect ratio 𝐴𝐷𝑆, i.e.: 
𝑁𝑢

𝑃𝑟
 = (α + β 

𝑊

𝐻
)*𝐺𝑟𝑏, at various 

temperature differences between the two zones. It was clearly found that as the width 

decreases the convective flux increases substantially. The instability of the air flow due to 

the apparition of a small turbulence increased when the opening width gets larger. It was 

also noticed that the neutral axis (air velocity = 0) goes up when the width of the opening 

decreases resulting in an acceleration of the air flow above the neutral axis. The liability of 

these experimental results could be useful for the validation of simulation models. 
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1. THE STATE OF THE ART AND OBJECTIVES OF 

THIS STUDY 

 

The air flow crossing a large opening in a building (door or 

window) have a great influence in the heat and mass transfer 

between two residential zones. 

We are interested mainly in the air flow produced by natural 

convection. It is important today for architects to have a clear 

idea about the quantity of heat flow by convection that crosses 

doorways or large apertures separating two zones at different 

temperatures in buildings in order to obtain an optimum design 

in terms of heat loss and thermal comfort. A lot of work in this 

field has been carried out during the past years but using 

reduced scale models and generally the results are expressed 

in terms of Nusselt (Nu), Grashoff (Gr) and Prandlt (Pr) 

numbers. The mathematical models were greatly simplified 

considering one-dimensional laminar flow.  

As the air flow through the opening shows some instability, 

authors consider a turbulent flow and they usually use the k-ε 

model which is not a good adaptation for low Reynold (Re). 

In fact, the k-ε model has been tailored specifically for planar 

shear layers and recirculating flows. It is usually useful for 

free-shear layer flows with relatively small pressure gradients 

as well as in confined flows where the Reynolds shear stresses 

are most important. 

Indeed, the problem of natural convection through an 

opening is in the limit of laminar and turbulent flow, and 

Davidson [1] says that actually, we dispose of some models of 

turbulence for low Re but, they can be used only in the vicinity 

of the walls and not in the free layer. In the experimental field, 

we found some experiments in reduced scale [2] and also in 

real scale [3, 4], the results obtained in both cases were not 

always in good agreements. The full scale model will measure 

direct values whereas the reduced scale will use similarity laws 

that don’t take necessarily into account all the parameters. 

According to Baraka’s review [5] the a coefficient in the 

equation Nu = a*Pr*Grb is largely dependent upon the value 

of ΔT between the hot and cold zone. Through a large aperture, 

Sanvicente et al. [6] showed clearly that the convective heat 

flow was neither fully laminar nor turbulent. 

Oztop et al. [7] have used finite volume method in order to 

perform three-dimensional computational analysis of entropy 

generation due to natural convection in partially open 

enclosure. The study has been performed for different 

governing parameters such as opening ratio 0. 25 ≤ h ≤ 0.75, 

center of opening 0.25 ≤ d ≤ 0.75 and Rayleigh number 103 ≤ 

Ra ≤ 105. It was observed that edge of openings was the most 

effective parameter on entropy generation and after comparing 

many cases, both the highest heat transfer and entropy 

generation were observed for the fully opened cavity.  

Doghmi et al. [8] have studied numerically mixed 

convection heat transfer in a 3-D ventilated cavity. The results 

are presented in terms of streamlines, temperature distribution, 

velocity fields, and average Nusselt number for different 

combinations of thermal and geometrical controlling 

parameters, namely, Reynolds number, Re = 100, Richardson 

number (0.01 ≤ Ri ≤ 10), relative height of the openings (B = 

h/L = 1/8) and relative width (0.5 ≤ A = w/L ≤ 1).  

In order to get the best heat transfer between the two zones, 

various positions of the active walls were obtained using a 

numerical simulation for different aspect ratios of the doorway 

1.5, 2 and 4 in a partially heated enclosure, at 103<Ra<106 and 
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Prandlt number = 0.71 [9]. More recently, Abaas et al. [10] 

investigated numerically an enclosure at the base and an 

opposite outlet at the top using finite element method. The heat 

was applied to the side wall of the enclosure away from the 

inlet opening at various Richardson numbers. Average and 

local Nusselt number was determined during the investigation 

as well as the streamlines and the isothermal patterns. Al-

Zuhairy et al. [11] Performed a numerical investigation of the 

convection heat transfer in a square cavity that have been 

vented vertically. Different values of Reynolds number were 

used (50, 100, 200, and 250) with three different opening to 

side length ratio (S/L) in the cavity (0.1, 0.2, and 0.3). The 

results showed that as Reynolds number increase inside the 

cavity, the Nusselt number increased.  

In the literature it is generally assumed that the temperature 

in each zone is homogenous which is a totally wrong 

assumption. Indeed, there are temperature gradients in all x, y 

and z directions. This is why it remains the question of which 

is the best temperature difference ΔT to choose between the 

hot and cold zone in order to express the best correlation. 

Sebbar [12] has experimented in a full scale partitioned 

chamber the influence of the choice of the temperature 

difference upon the value of the convective heat flow through 

a large aperture; he presented a series of empirical relations in 

terms of various temperature differences used. 

The objective of our present experimental work is to 

develop convective heat transfer equations through a large 

realistic opening. These empirical relations will clearly show 

the impact of the opening width i.e., different ADS 0.690m< 

width < 1.265m maintaining the height of the aperture H 

constant on the convective heat flow between the hot and cold 

zone. The experiment was carried out for 5.6𝑥108 < 𝑅𝑎 <
2.8𝑥1010 , the air temperature difference between the two 

zones was increased from 0.5℃ to 6.5℃. Study state was 

maintained inside the chamber using a regulating system at 

different heating power (from 100 W to 1300 W). 

 

 

2. THE EXPERIMENTAL ARRANGEMENT  

 

2.1 The calorimetric chamber 

 

Figure 1 shows the calorimetric chamber where 

experiments were performed. The dimensions of the chamber 

are 5.5m x 2.5m x 2.5m with a central partition having a large 

opening of height H = 2.05m with an adjustable opening 

varying from 0.690m to 1.265m. This chamber is made 

perfectly adiabatic using isolating polystyrene foam and an air 

envelop contained in an extra enclosure. The temperature of 

the air envelop is controlled in order to ensure study state 

inside the chamber.  

Two opposite walls on each side of the partition are 

mounted in order to create a temperature difference between 

the two zones one is heated uniformly whereas the other is 

being cooled permanently. 

 

2.2 Experimental measuring techniques 

 

The temperatures of the air at various positions in the space 

of the chamber as well as the temperature of the surface of the 

walls were measured using 140 thermocouples scattered at 

various positions inside the volume of the calorimeter. In the 

plane of the aperture sensors were used to measure air velocity 

(in the horizontal and vertical directions). 

 
 

Figure 1. The experimental set up–the calorimetric enclosure 

 

2.3 Choice of temperature differences used in our analysis 

 

∆𝑇𝑤𝑎𝑙𝑙: temperature difference between hot and cold walls. 

∆𝑇𝑚𝑒𝑎𝑛−𝑑𝑜𝑜𝑟 : temperature difference at the plane of 

opening between average temperatures above and under the 

midpoint of the door.  

∆𝑇𝑚𝑎𝑥−𝑚𝑖𝑛 : difference between the highest and lowest 

temperatures measured above and under the axis of the 

doorway respectively.  

∆𝑇𝑐𝑒𝑛𝑡𝑟.𝑐𝑜𝑙 : difference between average temperatures 

measured by thermocouples placed on columns positioned 

centrally in the hot and cold zones. 

∆𝑇𝑎𝑙𝑙.𝑐𝑜𝑙.𝑝𝑎𝑟: difference between average temperatures taken 

on parallel columns positioned on each side of the partition.  

 

 

3. RESULTS OBTAINED  

 

For Rayleigh number comprise between 5.6𝑥108 <
𝑅𝑎𝑦𝑙𝑒𝑖𝑔ℎ 𝑛𝑢𝑚𝑏𝑒𝑟 (𝑅𝑎) < 2.8𝑥1010 and for net convective 

heat transfers �̇�𝑐𝑜𝑛𝑣  between the hot and cold zone ranging 

from 71W to 952W, more than 30 tests were performed at 

various aperture widths comprise between 0.690m and 1.265m.  

 

 
 

Figure 2. Comparison between calculated and measured 

values of mean air flow through the door - 𝛥𝑇𝑑𝑜𝑜𝑟 max 𝑚𝑖𝑛 for 

various door width 

 

The Grashoff and Nusselt numbers were calculated using 

the height H of the opening as characteristic length. As an 

example the influence of the door width on the air flow is 

clearly shown on Figure 2. This figure also indicates the 
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comparison between the calculated volume flow rate and the 

measured one based on velocity values obtained through the 

aperture. It can be clearly observed that the measured and 

calculated curves are very close for all aperture width. These 

curves were obtained on the basis of Gr calculated using the 

Δ 𝑇𝑚𝑖𝑛−𝑚𝑎𝑥  i.e. the difference between the maximum and 

minimum temperatures above and under the axis of the 

opening respectively. 

When plotting Nu/Pr vs Gr, in Figures 3 and 4, we can easily 

notice that as the width decreases the convective flux increases 

substantially. In order to calculate Grashoff number Δ𝑇𝑐𝑒𝑛𝑡𝑟.𝑐𝑜𝑙  

and Δ𝑇𝑚𝑒𝑎𝑛 𝑑𝑜𝑜𝑟 were used in these cases. 
 

 
 

Figure 3. Heat flux at various Grashoff number for different 

opening width - Δ𝑇𝑐𝑒𝑛𝑡𝑟.𝑐𝑜𝑙  
 

 
 

Figure 4. Heat flux at various Grashoff number for different 

opening width - Δ𝑇𝑚𝑒𝑎𝑛 𝑑𝑜𝑜𝑟 
 

In Table 1 the influence of the opening width on the 

convective heat flux is stated for different temperature 

differences used to determine the convective heat transfer. The 

aspect door ration W/H is used, where W is the opening width. 
 

Table 1. Some experiment correlations at various aspect ratio 

𝐴𝐷𝑆 =
𝑊

𝐻
 for Nu/Pr=f(Gr) 

 

Temperature 

differences 

Criteria equations for different 

∆𝑻 

𝑇𝑊𝑎𝑙𝑙 (4.01 – 4.470 W/H) 𝐺𝑟0.27 

𝑇𝑐𝑜𝑙.𝑐𝑒𝑛𝑡𝑟 (1.83 – 1.01 W/H) 𝐺𝑟0.41 

𝑇𝑑𝑜𝑜𝑟 𝑚𝑒𝑎𝑛 (2.54 - 0.32 W/H) 𝐺𝑟0.39 

𝑇𝑑𝑜𝑜𝑟 max 𝑚𝑖𝑛 (1.666 - 0.728 W/H) 𝐺𝑟0.39 

𝑇𝑎𝑙𝑙 𝑐𝑜𝑙 
 𝑃𝑎𝑟

 (1.93 – 1.03 W/H) 𝐺𝑟0.41 

The values of the exponent b found in the above table are 

approximately identical b≈0,40 for all temperature differences 

taken except when the difference between the hot and cold 

walls are considered where b=0.27 which corresponds to the 

general normal results [13].  

 

Table 2. Some experimental correlations between Nu, Pr and 

Gr at various ΔT 

 
Openings width 1.265 0.979 0.690 

Nu/Pr 

Walls  

 𝑇𝑤𝑎𝑙𝑙 

500 – 1100 

1.353 

𝐺𝑟0.267 

900 – 

1300 

1.692 

𝐺𝑟0.271 

1300 – 

2000 

2.597 

𝐺𝑟0.273 

Nu/Pr 

Column  

𝑇𝑐𝑒𝑛𝑡𝑟−𝑐𝑜𝑙 

5000 – 

12000 

1 .284 

𝐺𝑟0.388 

6000 – 

12000 

1.260 

𝐺𝑟0.411 

9000 – 

16000 

1.529 

𝐺𝑟0.414 

Nu/Pr 

Door mean 

 𝑇𝑑𝑜𝑜𝑟 𝑚𝑒𝑎𝑛 

6500 – 

13000 

2.34 𝐺𝑟0.381 

10000 – 

14000 

2.4 

𝐺𝑟0.393 

9000 – 

16000 

2.43 

𝐺𝑟0.399 

Nu/Pr 

Door max min 

𝑇𝑑𝑜𝑜𝑟 𝑚𝑎𝑥 𝑚𝑖𝑛  

4000 – 8500 

1.232 

𝐺𝑟0.390 

6500 – 

8500 

1.296 

𝐺𝑟0.392 

5000 – 

13000 

1.43 

𝐺𝑟0.397 

Nu/Pr 

All col. 

𝑇𝐶𝑜𝑙.𝑝𝑎𝑟𝑎 

4500 – 

11000 

1.328𝐺𝑟0.40 

8000 – 

12500 

1.387 

𝐺𝑟0.410 

10000 – 

15000 

1.616 

𝐺𝑟0.413 

 

The above table (Table 2) shows at various Nusselt numbers 

corresponding to different power injection levels in the hot 

wall, equations resulting from experimental data of Nu/Pr in 

terms of a*𝐺𝑟𝑏 . We can clearly see that the highest a and b 

coefficients appear for the smallest width of the opening.  

Figures 5, 6 and 7 show the velocity profiles of the air 

through the opening at different width, the position of the 

neutral axis corresponds to v=0 cm/s. Its position lays between 

0,5m and 0,7m depending on the opening width taken. It can 

be clearly observed that the neutral axis goes up as the opening 

width gets smaller. In all cases, the position of this axis is never 

at the mid-height of the opening as it is usually admitted. This 

can be explained by the fact that the Bernoulli model used 

assuming steady state 2-D and ideal flow was not quite 

appropriate. In fact it seems that the flow through the doorway 

is 3-D and slightly unsteady. Some low turbulence appears as 

it will be seen later in this paper. As expected we measured 

higher velocities for the narrowest opening. 

 

 
 

Figure 5. Variation of the velocity of the air in the plane of 

the opening. (W=0.690m) 
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Figure 6. Variation of the velocity of the air in the plane of 

the opening. (W=0.979m) 

 

Velocity measurements at the opening show that the air 

flow is unstable (Figure 8 and 9) and therefore the 

conventional methods based on laminar flow analysis 

probably need to be improved. Indeed, the problem of natural 

convection through an opening is in the limit of laminar and 

turbulent flow. 

 
Figure 7. Variation of the velocity of the air in the plane of 

the opening. (W=1.265m) 
 

Davidson [1] states that we dispose of some models of 

turbulence for lower Re but they can only be used in the 

vicinity of the walls and not in the free layer. Comparing 

Figures 8 and 9 we can easily see that the instability of the flow 

increases with the width of the door opening. That can be 

explained by the fact that we have lower Reynolds number for 

wider openings. 
 

 
8a: Height H=0.25m                                                                  8b: Height H = 0.75m 

  
8c: Height H = 1.5m                                                                  8d: Height H = 2.0m 

 

Figure 8. W= 0.690m. Velocity measurements at different heights on the plane of the opening showing slight turbulence at low 

Re 
 

 
9a: Height H = 0.25m                                                                 9b: Height H = 0.5m 
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9c: Height H = 1.25m                                                             9d: Height H = 2,0m 

 

Figure 9. W= 1.265m. Velocity measurements at different heights on the plane of the opening showing slight turbulence at low 

Re 

 

 

4. GENERAL CONCLUSION 

 

As a result of this experimental work, empirical relations 

were obtained for the convective heat transfer through a large 

opening separating a hot and cold zone in Tables 1 and 2. 

These relations take into account the influence of the width W 

of the opening on the heat transfer. Some experiment 

correlations at various aspect ratio 𝐴𝐷𝑆 =
𝑊

𝐻
 for Nu/Pr=f(Gr) 

are presented in Table 1 in the form of Nu/Pr = (α+βW/H)Grb, 

these relations correspond to various temperature differences 

taken between different positions in the hot and cold zone. The 

influence of the door aspect ratio ADS clearly appears.  

From Table 2, where the relation Nu/Pr = a*Grb is presented, 

we can note that the coefficient a has the highest value 

corresponding to the smallest width of the door opening. As 

the width increases the value of a decreases for all temperature 

differences we consider. The exponent b remains more or less 

constant for all cases i.e. 0.39 < b <0.41 at the exception of the 

case where ΔTwall is considered b = 0.27. 

Knowing that: 

 

∆𝑇𝑤𝑎𝑙𝑙 > ∆𝑇𝑚𝑎𝑥−𝑚𝑖𝑛 > ∆𝑇𝑐𝑒𝑛𝑡.𝑐𝑜𝑙 > ∆𝑇𝑚𝑒𝑎𝑛 𝑑𝑜𝑜𝑟  

 

the best results were obtained when calculating the air volume 

flow rate per unit area by using the door mean temperature 

difference ∆𝑇𝑚𝑒𝑎 𝑑𝑜𝑜𝑟 in the plane of opening. This was 

confirmed by comparing the net heat balance between the two 

zones and the convective heat flux through the opening using 

the measured air flow rate.  

It was clearly observed that as the opening width decreases 

the convective flux increases substantially. The instability of 

the air flow due to the apparition of a small turbulence 

increased when the opening width gets larger. It was also 

noticed that the neutral axis (air velocity = 0) goes up when 

the width of the opening decreases resulting in an acceleration 

of the air flow above the neutral axis. 

These experimental results can be used to validate 

numerical simulation models and those of experiments 

performed on reduced scale models. Of course as this 

investigation took place in a realistic chamber, all results can 

be taken for building design purposes. 
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NOMENCLATURE 

ADS Door Aspect ratio W/H 

a coefficient 

b exponent 

H height of the opening (m) 

ℎ𝑛 height of neutral axis 

T temperature (K) 

�̇� heat flow rate (W) 

v air velocity (m/s) 

W width of the opening (m) 

Greek symbols 

 coefficient 

 coefficient 

Δ difference 
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