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A B S T R A C T   

The thermal comfort of the occupants in a naturally ventilated structure is significantly impacted by improper window sizing. The goal of this study is to optimize 

the size of the windows in the auditorium for the Faculty of Earth and Environmental Science (FEES) at Bayero University Kano's new campus. The objective 

function for optimization was Predicted Mean Vote (PMV). Solidworks software was used to create the auditorium model, and ANSYS Fluent was used to 

numerically calculate the PMV of the occupied room. The numerical findings demonstrate that the best PMV values of +0.28, +0.19, and -0.47 were produced by 

WWR in the 20% to 30% range, with the best PMV value of +0.19 being attained at 25% WWR. This 25% WWR can provide sufficient thermal comfort for 

auditorium occupants as the values obtained are within the recommendations of ASHRAE Standard 55. Structural engineers and designers may find this information 

helpful in making building design decisions.  
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1. Introduction 

Buildings play an important role in creating a comfortable living environment. The auditorium is a space that requires a high degree of intellectual 

concentration. Under normal circumstances, a person spends about 25% of his day's time indoors, especially in public services. Therefore, student 

productivity, focus, morale, efficiency, and happiness are primarily functions of the internal environment (Kim et al., 2016, Ravat et al., 2017 and Sun et 

al., 2018). In this context, thermal comfort and indoor air quality (IAQ) are the most important indoor environments, so achieving thermal comfort in 

lecture halls is essential for improving student performance (Urge, Carlbeza and Serrano, 2015).   

The state of being satisfied with the thermal environment is called thermal comfort. Therefore, providing thermal comfort for building occupants is 

fundamental. A comfortable building is one whose thermal environment satisfies 80% of her occupants (Kranteng, Essel and Nkurumah, 2015). 

In thermal analysis of buildings, windows are considered a special type of component with a total heat transmission rate approximately five times that of 

other building components such as roofs, walls (Sun et al., 2016 and Lee et al., 2012). Windows account for up to 60% of the total energy consumption 

of a building envelope (Sun, Yupeng and Wilson, 2018). When designing modern buildings, designers tend to use large window areas for aesthetic 

requirements and visual comfort (Kiet et al., 2016).  Increasing the window area of a building significantly increases the cooling load and consequently 

reduces the thermal comfort of the occupied space (Kiet et., 2016 and Almasrani et al., 2018). Window area, often expressed as the window-to-wall area 

ratio (WWR), therefore plays an important role in a building's energy use for cooling, heating, and thermal comfort (Yemo, et al., 2020). 

Many studies have been conducted to examine the effect of window geometry on the thermal comfort and air quality of a naturally ventilated occupied 

space. The optimization of window opening design for thermal comfort in a naturally ventilated building was conducted by (Stravakakiset al., 2011). The 

thermal comfort indices predicted mean vote (PMV) and modified PMV obtained from the CFD-ANN coupled simulation was used to optimize the 

building window design. The authors stated that PMV was only suitable for air-conditioned rooms against the naturally ventilated room. Prakash and 

Ravikumar (2015) investigated the effect of roof vent and window wall vent in a room with windows on adjacent walls on the thermal comfort of a 

residential room. CFD simulation was used to determine the best position of the roof vent and the window wall vent, and the thermal comfort scenario in 

the room in these two cases was evaluated using PMV thermal comfort index. Rudraprasad and Sandhyata (2014) investigated the effects of window size 

and location on natural ventilation and thermal comfort in a residential building characterized by a hot and humid climate. Koranteng, Essel, and 

Nkurumah (2015) investigated the effects of window size and position on indoor comfort for residential rooms in Kumasi, Ghana using parametric 

simulation. Prakash and Ravikumar (2015) studied the thermal comfort and airflow characteristics of a residential room with adjacent window openings 

under a generalized position of window openings. Despite numerous studies conducted to investigate the effect of window size and position in a naturally 

ventilated building, a research is missing in the investigation of the effect of window geometry of a auditorium on the thermal comfort of the occupants. 

Therefore, this study is aimed at numerical investigation of the effect of window geometry on the thermal comfort of the occupants of a auditorium.   
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The two thermal comfort measures in the Fangers model are Predicted Mean Votes (PMV) and Predicted Dissatisfaction Rate (PPD). The PMV index 

predicts the thermal comfort of a space based on a 7-point ASHRAE scale of thermal sensitivity ranging from -3 to +3. A score of 0 is thermal neutrality 

(Koranteng, Essel, and Nkurumah, 2015). 

The range of PMV values from -0.5 to +0.5 on the thermal sensitivity scale represents the range in which occupants are thermally comfortable. For this 

purpose, we numerically investigate the effect of window geometry in relation to the window-to-wall area ratio (WWR) on the thermal comfort of an 

auditorium using the PMV index. 

2. STUDY building 

The research building was the auditorium of the Faculty of Earth and Environmental Sciences (FEES) on the new campus of the Bayero, University 

Kano. The complex has his two auditoriums with a capacity of 120 people, one of which he considered for this study. The theater has a flow area of 263 

m2, a volume of 1368 m3 and a compactness factor of 0.25. Because of the epileptic mains, it is most often naturally ventilated. The window-to-wall area 

ratio is about 10% (Sani, 2018). Figure shows a pictorial representation of the FEES Auditorium. 

 

 

 

 

 

 

 

 

Figure 1: The FEES Auditorium of Bayero University, Kano 

3. METHODOLOGY 

3.1. Numerical Study 

Numerical research was carried out in two stages: 

(1) External CFD analysis of airflow through window openings under natural ventilation settings. (2) Internal CFD analysis to numerically determine the 

thermal comfort PMV inside the auditorium at a height of 1.1 m above the floor using ANSYS Fluent software. 

3.1.1 Creation of model of the auditorium 

The auditorium was modeled using Solidworks software, the dimensions of the model are 20m x 13.2m x 5.2m and the door is considered an insulating 

wall. The auditorium is a single zone, and its block and zone levels are shown in Figures 2(a) and (b), respectively. 

 

 

 

 

 

 

 

 

(a)                                                                              (b) 

Figure 2: Zone and Block Level of the Auditorium Model 
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3.1.2 Mesh generation and sensitivity analysis 

Mesh generation and independence testing with good computational meshes are essential for a successful and accurate solution (Rahmati, Mohammad 

and Hoidarria, 2018). Studies have shown that an overall mesh that is too coarse will result in inaccurate solutions, while an overall mesh that is too fine 

will result in accurate solutions, but at the expense of computational time and cost. It can be illegal. Essentially, solution cost and accuracy are functions 

of power quality. A uniform rectilinear coordinate mesh was used to generate the mesh for the building model. 

The mesh was generated using default coarse mesh parameters representing the geometry of a single zone model and containing the minimum number of 

elements required to satisfy the default mesh rules. A default mesh spacing of 0.300, grid line join tolerance of 0.0300, and 42147 elements were used, 

as shown in Figure 3(a). "Max. X size", "Max. Y size" and "Max. Z size". These refined meshes are shown in Figure 3 (b,c,d).  

                 

                                 

 

 

 

 

 

 

                                              (a) Coarse mesh   (b) Refined mesh 1 

 

                             

 

 

 

 

 

 

                                                (c) Refined mesh 2    (d) Refined mesh 3 

Figure 3: Coarse and refined mesh of the geometrical model 

On each grid (coarse and fine), the temperature distribution was measured at a height of 1.1 m above the floor, as recommended in (Ashara EE-55, 2010). 

This corresponds to the shoulders of a seated occupant. The coarse mesh of 42147 elements differs from the finest mesh of 634,256 elements by about 

15%, while refined meshes 1 and 2 differ from the finest mesh by 3.2% and 1.3%, respectively. Therefore, a refined mesh 2 of 205917 elements was 

deemed sufficient for numerical simulation purposes. 

3.1.3 Assigning the boundary conditions 

In this study, the boundary conditions employed for the CFD analysis are summarized in Table 1. 

                   Table 1. Boundary conditions for internal and external CFD simulations 

Internal CFD Analysis  External Analysis 

South window Airflow rate: 78 l/s 

Temperature: 27.4℃ 

 

 

 

 

Wind analysis 

Grid spacing (m): 2.0000 

Grid line merge  

Tolerance (m):      0.2000 

Eastern wall 

Southern wall 

Fixed heat flux: 0.421 kW   

Fixed heat flux: 0.238 kW 

Velocity (m/s): 3.12 

Other walls, ceilng 

and floor 

Isenthalpic Direction : South 

Occupants  One occupant, fixed heat flux: 

8.11W/m2 

Exposure: Suburban 
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Equipment 12 laptops, fixed heat flux: 3.37 

W/m2 

 

Site domain 

factors 

Length (m): 3.00 

Metabolic rate 1.0 met (58.2 W/m2) Width (m): 3.00 

Clothing level 0.5 clo (0.08 ℃. m2/W) Height (m); 1.40 

Zone air temperature 31℃  

Zone relative humidity 62% 

Number of sphere segments 

in mean radiant temperature 

calculation 

24 

3.1.4 The governing equations 

The numerical method employed is known as a primitive variable method, which involves the solution of a set of equations that describe the conservation 

of heat, mass, and momentum. 

The equation of mass conservation, known as the continuity equation, is given by equation 1 (Phonekeo Lopez and Guillimon (2016).  

   
𝜕

𝜕𝑥𝑖
(𝜌𝑢𝑖) = 0      (1) 

The equation for momentum conservation is given in equation 2. 

   
𝜕

𝜕𝑥𝑗
(𝜌𝑢𝑖𝑢𝑗) =

𝜕𝑃

𝜕𝑥𝑖
+

𝜕𝜏𝑖𝑗

𝜕𝑥𝑗
+ 𝜌𝑔𝑖      (2) 

The equation for total energy conservation is given in equation 3. 

  
𝜕

𝜕𝑥𝑖
(𝜌𝑢𝑖ℎ) =

𝜕

𝜕𝑥𝑖
(𝑘

𝜕𝑇

𝜕𝑥𝑖
) + 𝑢𝑖

𝜕𝑃

𝜕𝑥𝑖
+ 𝜏𝑖𝑗

𝜕𝑢𝑖

𝜕𝑥𝑗
      (3) 

Where:  𝜌 = Density; 𝑢𝑖 = Velocity component in the 𝑖 direction; 𝑃 = Static pressure; 𝜏𝑖𝑗 = Stress tensor; 𝑥𝑖 = Cartesian coordinate; 𝑔𝑖 = Gravitational 

acceleration in the 𝐼 − direction; ℎ =Static enthalpy; 𝑘 = Thermal conductivity; 𝑇 = Temperature. 

Numerical CFD methods associated with the above set of equations specifically account for the most important environmental factors, including heat, 

temperature, mass, conservation of momentum, and where turbulence models are used. The equations consist of a set of coupled second-order nonlinear 

PDEs with the following general form, with the dependent variable given by Equation 4.  

   
𝜕

𝜕𝑡
(𝜌∅) + div(𝜌𝑢∅) = div(𝜏grad∅) + S    (4) 

The rate of change and convection are represented by the first and second terms on the left, respectively, and the diffusion and source terms are represented 

by the first and second terms on the right, respectively. Turbulence models are considered important in numerical modeling for describing flow behavior 

in thermal chamber climates [16]. Therefore, the standard k-e turbulence model, a method established in natural ventilation studies, was used in this study 

(Hughes, Calauti and Ghani, 2012). The upwind scheme was also used to discretize the transport equations. 

3.1.5 Determination of airflow through the windows 

An external CFD analysis was performed to determine the airflow velocity through the auditorium windows. A 3D contour plot showing the CFD outdoor 

airflow around and into the building is shown in Figure 4. 

 

  

 

 

 

 

 

 

 

 

 

Figure 4: External CFD Analyses of the Airflow around the Building 
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3.1.6 Model validation 

After mesh independence investigation, model accuracy was determined through a validation process. The model was validated by comparing the 

simulated PPD values with those obtained using the Center of Built Environment (CBE) thermal comfort tool.  

 

 

 

 

 

 

 

 

 

 

Figure 5: Comparison between Measured and Simulated Indoor Temperature 

The correlation coefficient between the simulated PPD and the value obtained from the CBE tool at 95% confidence level using SPSS software was 

0.813. A high correlation indicates the high accuracy of the building models used in this study. 

3.2. Determination of Thermal Comfort of the Building Model 

Indoor parameters such as temperature, relative humidity, air velocity, occupant clothing insulation, and occupant metabolic rate were obtained from 

experimental data in the FEES auditorium. These building interior parameters were used as inputs for his CFD simulations to determine the PMV Fanger's 

thermal comfort index. 

3.3. Parametric Analysis of the CFD Model 

A parametric analysis was used in which the WWR was varied from 10% to 60% in 5% increments while keeping the boundary conditions constant. We 

then performed CFD simulations to determine the effect of the window geometry expressed as WWR. The thermal comfort of the auditorium occupants 

using the PMV index was used as the optimization objective function. 

4. RESULTS AND DISCUSSION 

The window geometry in a naturally ventilated building determines how comfortable the occupants of a space would be. The 3D contour plots of the 

PMV of the study building with representative WWR of 10%, 20%, 30%, 40%, 50%, and 60% are shown in Figure 6. 

  

WWR=10% WWR=20% 
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WWR=30% WWR=40% 

  

WWR=50% WWR=60% 

Figure 6: 3D Contour Plots of some selected WWR of the FEES Auditorium 

 

The parametric simulated PMV values of the study building with WWR of 10% to 60% step 5% is shown in Fig. 7. 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: Plot of PMV vs WWR (%) 

Selected 3D contour plot results of the parametric simulation of the FEES auditorium with WWR of 10%, 20%, 30%, 40%, 50% and 60% are shown in 

Fig. 6 for WWR PMV values. A range of 10% to 60% in 5% increments is shown in Figure 7. We find that the PMV values at 20%, 25%, and 30% WWR 

are within the thermal comfort band of -0.5 to +0.5, based on the recommendation of (Ashra-EE-55, 2010). This means that the thermal comfort of the 

occupied space improves when the WWR is in the range of 20% to 30%. However, as shown in the figure, the best results were obtained with a WWR 

of 25, as a PMV value of +0.19 is closest to thermal neutrality. 
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These results were consistent with a study reported by Korateng, Essel, Nkurumah (2015) who found that thermal comfort in naturally ventilated buildings 

improves when RHE is between 10% and 40%. Shaeli et al. (2019) and Lee et al. (2012) Another study agreed with this result and found that improvements 

in th ermal comfort and energy consumption are achieved in independent buildings when the WWR is between 20% and 30%, or exactly 25%. This 

finding is consistent with a WWR of 22% to 24% recommended for achieving thermal comfort in naturally ventilated buildings, according to Ashra EE-

55(2010). 

5. CONCLUSION 

We numerically investigated the effect of window geometry in relation to WWR on the thermal comfort of residents of Bayero University Kano FEES. 

At PMV values of +0.28, +0.19, and -0.47, the WWRs that gave better results were 20%, 25%, and 30%, respectively. The best PMV value of +0.19 was 

obtained at a WWR of 25%. Therefore, using WWR in the range of 20% to 30% may improve thermal comfort for occupants of the FEES auditorium or 

other buildings with similar characteristics. 
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