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Abstract 

Maintaining IAQ (Internal Air Quality) and thermal comfort of occupants in buildings have been a 

challenge to overcome satisfying the two ends: criteria for sustainability and cost effectiveness. 

Although there was a movement for mechanical ventilation systems in the recent past, in addition to the 

cost involved, they are found to not deliver the desired air quality, lead to social consequences such as 

sick building syndrome, contribute to environmental consequences related to ozone-depleting 

substances with increasing energy consumption, generate noise and having difficulties in cleaning and 

maintaining. These consequences compelled research on natural ventilation systems, which were used in 

ancient buildings. Although it has been found that natural ventilation of buildings can become a 

substantial architectural design tool that leads to “breathing architecture,” fluctuations in indoor 

temperature and air quality makes depending entirely on natural ventilation less effective. The 

combination of natural and mechanical ventilation, the hybrid ventilation or mixed-mode ventilation, 

systems utilizes advantages and eliminates drawbacks from both mechanical and entirely dependent 

natural ventilation systems. Hybrid ventilation systems, which have been utilized in historical buildings, 

with less investment cost and reduction of energy usage have been found to be a solution to provide 

acceptable standards of IAQ and thermal comfort through natural air circulation in buildings. This 

research study was carried out to verify the effectiveness of a hybrid ventilation system in an auditorium 

built around 60 years back for its effectiveness as a provider of thermal comfort to its occupants. 

Computational Fluid Dynamic (CFD) modeling was carried out on a Finite Element (FE) model owing 

to its capability of offering a wide range of flexible analytical solutions, lower realization time and 

comparative cost effectiveness to experimental methods of modeling. This verification of the system 

has revealed that hybrid ventilation systems could provide effective thermal comfort in buildings 

designed specifically to allow circulation of air through the system. The results of the study were in 

agreement with measured data and the expected flow of air through the building when the thermal load 

due to metabolism of occupants was not included in the analysis. In addition, the expected results 

complied with similar studies on natural/hybrid ventilation systems. With the addition of the thermal 

load, as a uniform heat flux from the flow of the auditorium, it was observed that the conditioning of 

the air throughout the space was better than the without thermal load scenario. In the case modeling 
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people as cylinders, with a convective heat flux, it was observed that the air flow direction changes and 

the seating level of the auditorium do not get sufficient air flow to maintain a comfortable air quality.  

Ineffective simulation of the inlet louver was assumed to be the primary reason for this scenario and 

other reasons such as the seating arrangement modeling too could have effects on the result. As 

conclusions of the study it was found that the whole building system properties have to be selected, as 

the control component to produce operating commands, to circulate air through the building in 

accordance with the air flow: both velocity and patterns, required to maintain thermal comfort of all 

occupants. Air inflow could be through windows as acquisition components to collect indoor and 

outdoor climatic parameters and air outflow could be mechanically controlled through exhausted fans 

turning on or off as the operating component in the system. The result of the study ensures the method 

of solutions through CFD to be utilized to provide effective and less costly path to verify systems such 

as natural or hybrid air flow systems through buildings.  The system studied could be applied with 

suitable contextual modifications to any new location, with similar cost effective modeling, to produce 

less fuel consuming building systems leading to sustainability of built environment.  
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1 Chapter One: Introduction 

Natural ventilation is an effective passive cooling technique in buildings since it not only cools the 

building but also improves the indoor air quality (IAQ) of a building (Fu and Wu, 2015; Zhaia, El 

Mankibib and Zoubirb, 2015; Balocco, 2008). As cited by Zhaia, El Mankibib and Zoubirb (2015) the 

acceptable thermal comfort range for natural ventilated buildings is larger than for buildings with 

standard mechanical Heat, Ventilation and Air Conditioning (HVAC) systems (De Dear and Brager, 

2002; Sepannen and Fisk, 2002 cited in Zhaia, El Mankibib and Zoubirb, 2015) But, depending only on 

the natural ventilation techniques such as cross-section ventilation, stack-induced ventilation, suitable 

facing of buildings, and wind catcher (Fu and Wu, 2015; Wang and Chen, 2015) will not be sufficient to 

meet IAQ criteria since it would be highly dependent on the outdoor environmental conditions such as 

wind speed, outdoor air quality and outdoor temperature (Fu and Wu, 2015; Ohba and Lun, 2010; 

Kleiven, 2003). In contrast, mechanical or the artificial ventilation systems to meet the thermal comfort 

criteria in buildings will lead to a high percentage of cost of the total investment of a building although 

they provide acceptable IAQ levels if designed adequately. But the costs of such systems are escalating 

with advanced technological improvements to system. In this milieu, introducing hybrid ventilation 

systems could achieve both reliability as well as reduction in the cost of a system to maintain thermal 

comfort and IAQ of a building. Furthermore, reducing the carbon footprints of buildings has become 

mandatory to trim down the global warming impacts relative to the high consumption of fossil fuels in 

the building industry (Zapata-Lancaster, 2014; Cândido et al. (2011); Yoshino, Hasegawa, and 

Matsumoto, 2007; Herbert, 1998) and therefore adopting less fuel consuming systems will be an added 

advantage. Thus, adoption of innovative low energy consuming systems would ensure sustainability of 

system solutions for thermal comfort in built environment.  

 

The primary objective of this study was to model the air flow through an existing auditorium building, 

built around 75 years back, to verify the effectiveness of its hybrid ventilation system. Analysis of air 

flow velocity field inside the auditorium was performed by using an appropriate 3-D (three-

dimensional) model simulation. The model was tested using commercially available FE (Finite Element) 

code Comsol with CFD (Computational Fluid Dynamic) modeling using laminar and turbulent flow 

interfaces. Results were compared with measured data of velocity.  

 

The heat transfer calculations were performed using Predicted Mean Vote (PMV) and Adaptive 

Comfort Standard (ACS) models to verify the thermal comfort within the building with randomly 

measured data.  The building was first modeled with a 2-D (two-dimensional) simulation to verify the 

boundary conditions of the model before creating the 3-D model for detailed investigation of the 

comfort zone of the entire building. Modeling of the building for its hybrid ventilation system was 

assisted with the version 4.4 of the software COMSOL Multiphysics. This CFD tool has been validated 

for heat transfer in buildings by Gerlich, Sulovská and Zálešák (2013) and natural ventilation by Balocco 
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(2008). The results of the 3-D model were verified for validity by comparing with measured data. After 

establishing the correct model, it was tested for better performance with varying boundary conditions 

and system settings for detailed investigation of the effectiveness of the system.  

After building the full model with valid configuration the air flow patterns through the building were 

studied to identify any stagnation effects in the building to investigate for the accumulation of 

contaminated air in the high head volume of the auditorium. The secondary aims were to propose 

possible improvement techniques for the system to make it more effective in the entire comfort zone 

necessary by modeling under various inlet or outlet conditions. The effects on the air flow development 

with front and rare entrance/exit at open position too were verified.   

 

This report presents the results of 3-D FE modeling of the auditorium and its hybrid ventilation system 

with its air flow patterns and discusses the effectiveness in relation to the contextual standards of IAQ. 

The model results were in agreement with measured data and it was found that the performance of the 

hybrid ventilation system gives satisfactory levels of comfort according to IAQ standards. The findings 

of the research will be useful in further energy saving and IAQ improvements of the existing 60 year old 

auditorium building. The solution would be applicable to future construction industry as a highly 

sustainable system with low cost, low energy consumption and renewable hybrid ventilation system 

providing thermal comfort.  

 

Research Objective: 

 

The objective of this study was to model a hybrid ventilation system of an auditorium building and 

investigate its effectiveness in relation to the expected air flow patterns and the standards of IAQ in its 

context for optimum thermal comfort of occupants.  

 

The specific objectives are to: 

a) simulate of the auditorium building with its hybrid ventilation system for FE modeling and CFD 

analysis and comparing the results of the simulation with measured data of air velocity. 

b) verify the effectiveness of the hybrid ventilation system of the auditorium through the FE model 

behavior. 

c) test the model with different scenarios such as the disturbance from Entrance/Exit openings. 

d) identify system properties. 

e) verify the effects of metabolism heat transfer of people at full capacity. 

f) propose improvements for the system by modeling with system modifications.  
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2 Chapter Two: Literature Review 

In view of literature, maintaining IAQ and thermal comfort of occupants has been a challenge to 

overcome while investigating the possibilities of low cost, secure, sustainable and reliable energy supply 

and efficient utilization of energy.  Many research studies have been focused on identifying better 

strategies to meet both these ends by investigating into possibilities of using natural/hybrid ventilation 

systems with less investment cost and achieving acceptable standards of IAQ and thermal comfort 

through natural air circulation. Research have been carried out on study models (Fu and Wu, 2015) as 

well as on simulation models built on ancient building systems (D’Agostino, Congedoa and Cataldoa, 

2013; Balocco, 2008) to verify the effectiveness of natural ventilation systems. CFD modeling has been 

utilized in many of these studies owing to its capability to offer wide range of flexible analytical 

solutions, lower realization time and comparative cost effectiveness to experimental methods 

(D’Agostino, Congedoa and Cataldoa, 2013; Balocco, 2008).  

 

2.1 Mechanical Ventilation 

Mechanical ventilation offers stable airflow possibilities for air treatment and dominated over natural 

ventilation in the twentieth century. But as mechanical ventilation systems constitute a great share of the 

building’s construction and maintenance costs and the systems itself was developing into complexity, 

natural ventilation has experienced a strongly growing interest over mechanical ventilation systems 

during the recent past (Kleiven, 2003). As many mechanical ventilation systems do not deliver the 

desired air quality and leading to social consequences such as sick building syndrome (Kleiven, 2003), 

environmental consequences related to ozone-depleting substances and increasing of energy 

consumption, generating of noise and difficulties in cleaning and maintaining (Zapata-Lancaster, 2014; 

Yoshino, Hasegawa, and Matsumoto, 2007; Kleiven, 2003; Herbert, 1998) too adds to the interest in 

research on natural ventilation systems.  

 

2.2 Natural Ventilation 

As many research studies (Fu and Wu, 2015; Zhaia, El Mankibib, and Zoubirb, 2015; Guo, Liu, and 

Yuan, 2015; Balocco, 2008; Kleiven, 2003) point out natural ventilation is the most efficient passive 

cooling system and have been used in traditional buildings to improve thermal efficiency and indoor 

comfort. According to Stavridou (2015), natural ventilation of buildings can become a substantial 

architectural design tool that leads to “breathing architecture” and as he states this process enables the 

supply of fresh air into buildings and supports the healthy breathing of the building inhabitants, 

provides oxygen and removes air contaminants promoting good indoor air quality and constitutes a 

process that is subjected to the laws of fluid mechanics enabling analytical elaborations. Natural 

ventilation is supposed to be crucial for conserving energy and reducing carbon emission too (Guo, Liu, 
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and Yuan, 2015). Although fluctuations in indoor temperature and air quality may be experienced in 

depending entirely on natural ventilation systems these systems too are facilitated with contemporary 

developments in computer technology to enable satisfactory control and prediction of airflow (Kleiven, 

2003) mostly coupled with hybrid systems. 

 

2.3 Hybrid Ventilation 

The combination of natural and mechanical ventilation, the hybrid ventilation or mixed-mode 

ventilation, systems utilizes advantages and eliminates drawbacks from both mechanical and entirely 

natural ventilation systems (Fu and Wu, 2015; Balocco, 2008; Kleiven, 2003). According to Fu and Wu 

(2015) a hybrid ventilation system normally includes three components: “an acquisition component to 

collect indoor and outdoor climatic parameters, a control component to produce operating commands, 

and an operating component to drive a variety of mechanical devices.” As further elaborated by Fu and 

Wu (2015) the inflow could be through windows which could be operated with opening machines or 

manually.  The exhaust air could be mechanically controlled through fans turning on or off (Fu and Wu, 

2015). Many such systems have been studied for their effectiveness in thermal comfort and other 

purposes such as suitable conditions for interior preservations through CFD modeling (Zorpas and 

Skouroupatis, 2016; Fu and Wu, 2015; Zhaia, El Mankibib and Zoubirb, 2015; D’Agostino, Congedoa 

and Cataldoa, 2013; Balocco, 2008). 

 

2.4 Thermal Comfort in Buildings 

 

Thermal comfort is one of main objectives of any HVAC systems (Cheng, Niu and Gao, 2012) 

including natural and hybrid ventilation systems (Fu and Wu, 2015). Out of the many variables that 

influence, the environmental factors: the velocity of air over a person, the radiant field around the 

person, temperature and humidity of the surrounding air and the personal factors: clothing worn and 

the activity of the person are the most prominent factors in modeling thermal comfort (Fu and Wu,  

2015; Cheng, Niu and Gao, 2012). Recently used thermal comfort standards are ASHREA 55 - 2004 

which recommends ACS model forward by Dear (2002) (as cited in Fu and Wu,  2015) and ISO 7730 based 

on Fanger model: PMV (Cheng, Niu and Gao, 2012; EVS-EV ISO 7730, 2006).  

 

Fu and Wu (2015) has experimented a room well sealed as the model of investigation with natural 

ventilation. They have selected two control models to investigate thermal comfort in buildings as PMV 

and ACS in order to be used in synchronizing with window opening mechanisms. As stated by Fu and 

Wu (2015), “PMV model combines the effect of four environmental factors (air temperature, air relative 

humidity, air flow and mean surface radiant temperature) and two personal factors (human activities 

and clothes) on human thermal perception” and as reported by them the thermal environment could be 

http://www.sciencedirect.com/science/article/pii/S0360132311001508
http://www.sciencedirect.com/science/article/pii/S0360132311001508
http://www.sciencedirect.com/science/article/pii/S0360132311001508
http://www.sciencedirect.com/science/article/pii/S0360132311001508
http://www.sciencedirect.com/science/article/pii/S0360132311001508
http://www.sciencedirect.com/science/article/pii/S0360132311001508
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considered as comfortable when the PMV value is between [-0.5, 0.5]. According to them ACS model 

has a comfort bandwidth which is identified in a plot representing the interior comfort temperature and 

its relationship with monthly mean outdoor air temperature as depicted in Figure 2.1. Weather sensors 

for collecting the temperature and RH in the chamber and wind simulator for driving outside natural 

wind into the test room have been fixed and data have been collected combined to modeling of internal 

as well as external heat gain. Fu and Wu (2015) concluded that ACS model has more efficiency and 

larger comfort percentage than PMV model in warm and slightly hot climate for naturally ventilated 

buildings. 

 

Figure 2.1: Comfort bandwidths with ACS model 

Source: Fu and Wu (2015) 

2.5 Indoor Air Quality 

 

According to Lim, Ito, and Sandberg (2014) controlling indoor air quality is essential for maintaining 

the health and performance of the occupants and since ventilation rate and the contaminant 

concentration are inversely proportional, if ideal mixing conditions in the room are assumed, to 

improve the indoor air quality the ventilation rate could be increased. As they state to overcome the 

trade-off of this process, related to energy consumption and ventilation requirements, ventilation could 

be designed by considering a non-uniform concentration distribution of the contaminant in the room.  

  

According to Cândido et al. (2011), in regions with hot humid climate natural ventilation combined with 

solar protection is the most effective building bioclimatic design strategy in order to improve thermal 

comfort by static means. In addition, the change of values of air velocity is considered to be an essential 

variable to improve thermal comfort. As stated by Cândido et al. (2011) although maximum limits are 

established typically for air velocity in cold climates to avoid dissatisfaction due to draft, this limits are 

questionable for warm climates. Their study reveals that “more air movement” has been a preference of 

occupants in such climates and it has been found that for operative temperatures higher than 26°C 

complimentary ventilation will be required.  
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Figure 2.2: Minimal values for air velocity corresponding to 80 and 90% air movement acceptability 

Source: Cândido et al. (2011) 

 

As depicted in Figure 2.2 the minimum air movement acceptable is around 0.2 m/s for 80% 

acceptability for a hot and humid climate for operative temperatures of around 18 to 24°C. These 

acceptable levels could depend on behavioral, physiological and psychological as stated by Cândido et 

al. (2011). As they state, orientation, site planning, bioclimatic design strategies applied according to 

specific zone, openings design, complementary devices for ventilation enhancement will be assessed as 

minimal design requirements to maintain the required comfortable standards in air quality for natural 

ventilation systems.  

 

2.7 Heat Transfer from Human Body due to Metabolism 

 

Based on ISO and ASHRAE standards metabolic heat gain from persons for seated very light work will 

be around 120W per person. In analysis of thermal comfort and indoor air quality in a mechanically 

ventilated theatre, Kavgic et al. (2008) has considered a value of 115.5W total heat per person with 

sensible heat of 60.5W per person and latent heat of 55W/person. 

 

In spaces with air movement occupants’ comfort depends on the interaction of the supplied ventilation 

flow with the thermal plume generated by human body and convective cooling of the body at warm 

environment improves peoples’ thermal comfort (Kurazumi, Rezgals and Melikov, 2014). de Dear et al. 

(2013) reported convective and radiative heat transfer coefficients for individual body segments 

exposed to a wide range of microclimatic conditions. By conducting tests for a range of wind speeds, 

for both standing and seated postures and for eight different wind azimuth angles the natural 

convection coefficient was found to be 3.4 and 3.3 W/m2 per K when standing and seated respectively. 

As they report wind direction had little effect on convective heat transfers from individual body 

segments. Based on the analyses done by Kurazumi, Rezgals and Melikov (2014) the convective heat 

transfer coefficient of the whole body (hc [W/(m2•K)]) was proposed: hc=4.088+6.592V1.715 for a 
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seated naked body at 20ºC and hc=2.874+7.427V1.345 for a seated naked body at 26ºC  for still air and 

0.73 m/s of air velocity. 

 

2.8 Modeling Hybrid Ventilation Systems 

In modeling ventilation systems analytical models are only derived for simple geometries. Network 

models are adopted for more complex, multi-zone structures (Zhaia, El Mankibib and Zoubirb, 2015; 

Balocco, 2008).  According to Zhaia, El Mankibib, and Zoubirb (2015) most analytical models are 

developed by applying the mass and energy conservation equations to particular configurations and as 

stated by them pulsation theory and mixing layer theory have been used in single zone and one opening 

models. Guo, Liu, and Yuan (2015) states that the technology of CFD involves fluid mechanics, 

computing methods, computer graphics and many other disciplines combined together.  Such a 

combination gives a better forecast and more intuitive description on the building wind environment 

and a design scheme could be carried out to make comparisons among various options and improve the 

design scheme.  They compare this approach with analytical approaches where it was unable to precisely 

describe the micro-environment of a building and states that only brief predictions were possible mostly 

based on design architects personal experience. 

  

Balocco (2008) studied the natural ventilation system of a historic building to predict the efficiency and 

energy performances by analyzing the air flow patterns, air temperature and air velocity distribution 

inside the building. She states that,  

 

“natural ventilation systems existing in historic buildings are conceptually simple, but involving a 

complex system of physical phenomena and different and various factors they are really difficult to 

analyze and predict. Several thermodynamic and thermo-physical parameters are linearly variable, 

not correlated, time dependent and not easily evaluated (Balocco, 2008).”   

 

Balocco (2008), also states that wind tunnel tests for ventilation modeling are time consuming, costly 

and cannot be easily generalized since measurement data confines to a few points. Most recent 

modeling has been developed with CFD codes based on the FE modeling to predict the indoor airflow 

(D’Agostino, Congedoa and Cataldoa, 2013; Balocco, 2008) and they have found that CFD simulation 

has advantages due to flexibility, lower realization time and costs compared with experimental 

measurements of a scaled model performed inside the boundary layer wind tunnel.  

 

Although most systems with small and simple openings general models could be used to obtain accurate 

result for systems, with larger and especially complicated openings the model’s predictions have been 

found to be less accurate (Zhaia, El Mankibib, and Zoubirb, 2015). Zhaia, El Mankibib, and Zoubirb, 
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2015 has also found that if the openings are large the model is heavily dependent on several ambiguous 

coefficients such as wind profile exponent, pressure coefficient and discharge coefficient which lead to 

more complex situations in modeling. Wang and Chen, 2015 found that the ventilation rate of single-

sided ventilation is hard to predict due to the strong turbulence effect and bi-directional flow occurred 

at the openings and the effect could be quantified for simple openings. They found that the impact of 

different types of windows on the ventilation rate varied greatly with wind directions due to change of 

flow pattern introduced by the windows and also the turbulent effect. Three types of complex windows: 

awning, hopper and casement are modeled using CFD with different opening angles and various wind 

conditions to get the different effects.  

 

D’Agostino, Congedoa and Cataldoa (2013) has modeled an ancient building for its indoor conditions 

since it has appeared that the ventilation system to be the reason of the efflorescence deterioration. 

They have developed a CFD code based on FE modeling to predict the indoor airflow with different 

possible ventilation strategies to determine how to preserve the monument controlling the indoor 

ventilation. Experimental data has been used to validate the model and set as boundary conditions to 

analyze the whole volume of the building with particular attention to the areas more vulnerable to 

external factors. Balocco (2008) too has used the application of CFD based on FE method to model a 

cultural heritage building three dimensionally specifically oriented to study the natural heat convection 

systems inside the building. She has found that the air velocity and distribution are in agreement with 

the experimental data obtained by boundary-layer wind tunnel tests.  

 

2.9 CFD Modeling  

 

Many researches (D’Agostino, Congedoa and Cataldoa, 2013; Gerlich, Sulovská and Zálešák,  2013; 

Balocco, 2008) have used the the commercially available Comsol Multiphasics code which uses FE 

method to solve equations of conservation for the different transported qualities in the flow. Balocco 

(2008) has used the multhiphysics method of Comsol software as it provides a strong useful tool to 

address and solve complex problems. The thermal and air flow velocity field inside the building that was 

studied has been modeled by an appropriate three-dimensional model transient simulation. A software 

validation of Comsol for heat transfer in buildings has been done by Gerlich, Sulovská and Zálešák 

(2013). They have validated the heat transfer calculation in the Comsol Multiphysics using an analytical 

model as well as experimental data. Gerlich, Sulovská and Zálešák (2013), have used the comparative 

verification provided by the International Energy Agency in the Task 34, and by the comparison with 

measured data in real building segment and reached results with minor dissimilarities.  

 

As stated by Balocco (2008), particularly for three dimensional model simulations concerning natural 

ventilation, difficulties in achieving convergence due to buoyancy effects have been reported. It has 
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been noted that defining boundary conditions at the ventilation openings have been difficult and this 

causes problems of convergence and mismatch of ideal situations in modeling. Although there are 

problems on convergence, the time and cost spent on modeling through CFD programs have found to 

be convenient than experimental modeling of buildings with the increasing of hardware capacities and 

availability of suitable codes for modeling (Balocco, 2008).  
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3 Chapter Three: Methodology and Data Gathering 

Data gathering was done to verify the thermal comfort zone necessary in the context of the auditorium. 

In order to carry out the CFD simulation, building measurements were collected. The intricate areas 

such as out flow grid and inflow louver were measured as window panels with equivalent areas and the 

rest of the building data were modeled as per the actual scenario.  

 

The air flow patterns outside the building were considered to be at atmospheric conditions of pressure 

although there could be a fluctuation when the wind direction changes from SW monsoon to NE 

monsoon in the region. The air inlets would fall either on windward or leeward side depending on the 

natural wind direction in different seasons. Therefore, the analysis was done considering the inlet 

velocity to be at a minimal value. The only variation considered for this analysis is air flow: velocity and 

direction, and it was considered to be moving as a cross ventilated system by a drag force applied by the 

exhausted fans placed at the air outlet.  CFD simulations were then carried out to verify the 

effectiveness of the ventilation system with and without thermal load due to metabolism. 

 

3.1 Data for verification of Thermal Comfort Level 

The thermal comfort level of the building is measured in relation to PMV and ACS models gathering 

data at random locations in the vicinity of the occupying areas of the auditorium. The general standards 

in metabolism data are used to identify the heat generation and thermal comfort level of occupants as 

presented in Table 3.1.  

Table 3.1: Date gathered for verification of thermal comfort 

Identification of zone Volume 10.5x6.5x(13+16.6)/2+16.6x28.5x(7.6+3.8)/2=3710 m3 

Flow area 36.3x(13+16.6)/2=574 m2 

Capacity 600 students 

Inlet 6x0.5x0.2=0.6 m2 (effective area) 

Outlet 8x1x0.5x0.25= 1 m2(effective area) 

Thermal comfort level 
 

Activity Seated very light work 

Sensible heat= 70  70 W 

Total heat (adjusted) 115 W 

SHF 70/115 = 0.609  

Dry bulb temperature/ 
supply temperature 

25~28 oC Measured for a months period 

Outdoor Humidity  63~77% 

Activity level 600x115/574 ~120 (use 116) W/m2 

Clo 0.5 Table C.1 (assume and average value) 

Relative air velocity 0.5 ~  0.2 Measured velocity at random locations 

Operative temperature 
(measured randomly at full 
capacity) 

26 ~30 oC  

Air changes per hour 
required 

ASHRAE standard 8 liters per second per person 

Metabolic heat gain 
from people at full 
capacity 

Heat generated per m2 

(seated very light work ` 
120 W per person) 

=600*120/[(13+16.8)*22.8/2] ~ 212 W/m2 

Adopted capacities Fan capacity  2X15,000 = 30,000 m3/hr (a higher capacity is used) 

Static pressure @ 150 Pa static pressure 

Please Note: Solar gain is not considered due to the thick walls of the buildings  
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3.2 Data for Simulation of the Auditorium 

At the first level of modeling, the building and its active ventilation system is modeled with CFD code, 

to obtain the air flow patterns at its full capacity. The mechanical system, exhausted fan, data and 

thermal comfort data are used to identify the air replacement rates for the modeling. The first modeling, 

basically a 2-D simple model with small openings to simulate the system components, is generated to 

match the system with available measurements in order to identify the best fitting model by comparing 

the air flow patterns with the actual airflow measurements while the system is in operation. After 

achieving the best inlet and outlet combinations from the 2-D model a 3-D model was generated to 

study the airflow patterns within the entire building to investigate the effectiveness of the system. As the 

next step the model developed was used to find the most effective solution to generate acceptable 

standards within the entire occupational zone by introducing possible changes to inlet and outlet 

conditions. Since the ventilation system is exchanging a considerably large volume of air and the head 

room of the building is high it was expected to have many zones of stagnation and disturbances due to 

openings. But these were not considered at the first level of the study and the first level was focused on 

the comfort zone required to maintain by the system as depicted in Figure 3.1. After modeling the 

actual situation the comfort levels were compared with the expected standards of comfort levels using 

the ACS model to get a measure of the effectiveness of the system. Figure 3.1 and Figure 3.2 presents 

the expected air flow patterns through the auditorium building. Expected air velocity was considered to 

be above 0.3 m/s for hot and humid climates. The measured data were within a range of 0.2 to 0.5 m/s. 

 

Figure 3.1: Side elevation of the building and expected air flow direction 

Source: Author 
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Figure 3.2: Plan view of the auditorium and expected air flow patterns 

Source: Author 
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4 Chapter Four: Simulation and Modeling  

This chapter presents the modelling of the selected auditorium with simulations of boundary conditions 

of the openings for inflow and out flow of the ventilation system. The initial 2-D modelling of the 

building to verify the suitable modelling of inlet and outlet conditions and the 3-D symmetrical model 

developed with actual dimensions are presented  in the following sections. The analaysis of thermal 

comfort levels according to the measured data were used to obtain the out flow velocity required by the 

system to initite the movement of air since only the pressure difference for wind driven conditions were 

very slow at converging to a solution.  

The fluid-flow physics interfaces available with the CFD Module in Comsol code: single phase laminar 

and turbulent flow, was used to identify the air flow patterns in this simulation study. The flow 

interfaces have been built with equations, boundary conditions, and volume forces for modeling freely 

moving fluids using the Navier-Stokes equations solving for the velocity field and the pressures. 

Theoretical equations inbuilt to the interface for defining the flow with fluid properties were used for 

the study.   

4.1 Thermal Comfort Level in the Building 

The analysis of thermal comfort level using measured data and subsequent flow rates requred is 

presented in Table 4.2. Although the thermal comfort level according to the measured data could be 

considered reasonable since the measurements were limitted to only a few locations this will not give a 

generalised condition of acceptability.  

 

Table 4.2: Date presentation and analysis for verification of thermal comfort level of the building 

Thermal 

comfort level 

PMV 

Activity Seated very light work 

Sensible heat= 70  70 W 

Total heat (adjusted) 115 W 

SHF 70/115 = 0.609  

Dry bulb/supply temperature 25~28 oC Measured out door temperature for a 

months period Outdoor Humidity  63~77% 

Activity level 600x115/574 ~120 (use 116) W/m2 

Clo 0.5 Table C.1 (assume and average value) 

Relative air velocity 0.6 ~  0.2 Measured velocity at random locations 

PMV Around  

1.15, 1.1, 1.02 

Slightly warm to warm 

Note: if the air velocity is higher at this state 

it would reach a better comfort state.  
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Table 4.2 continued….. 

Air changes 

per hour 

required 

ASHRAE standard 8 liters per second per person 

Fresh air rate  600x8= 4800 l/s = 4.8 m3/s 

4.8x3600/3710 = 4.7 air changes per hour 

(10 air changes per hour has been considered in selecting the fan) 

Adopted 

capacities 

Fan capacity  2X15,000 = 30,000 m3/hr (a higher capacity is used) 

Static pressure @ 150 Pa static pressure 

Acceptable air 

velocity  

occupant comfort for operative 

temperatures greater than 26°C 

Greater than 0.2 m/s for hot and humid climates 

Source: Cândido et al. (2011) 

 

4.2 2-D Experimental Model 

A 2-D model was initially created to get a rough estimation of the conditions of the building and the 

response of the Comsol code to the applied boundary conditions. Several inlet and outlet conditions 

were tested in the experimental 2-D model with modifications of flow parameters. Since the openings, a 

set of louvers, are represented with a rectangular window panel,  many inflow conditions had to be 

tested considering both laminar and turbulent interfaces until the model converged to a suitable 

solution. Although a laminar flow represents the inflow condition through a set of louver openings with 

a low Reneolds Number achived with configuration data, a turbulent interface too were studied to 

observe the behaviour of results. Both stationary and time dependent sudied were carried out to verify 

the suitability of the two approaches. The following steps were adopted to build the 2-D Model and 

carryout analysis: 

 

Step 1: Selection of material propoerties 

The material properties that dependent on a system variable and that does not vary much in reality were 

made closer to the real values to maka the computational time effective. They were compared with 

actual values. 

 

Step 2: Selection of physics 

Since the real world is full of different physical phenomena it was necessary to select the best physics 

which models the system well. The initial model was modeled with only ventilation through model for 

better understanding of the model behaviour under one physical phenomena. It was assumed the heat 

transfer due to radiation is negligible since the thick walls of the auditorium prevents solar radiation to 

heat the inside of the building during the hours of its usage. The avarage time the auditorium is used for 

activities is around 1 to 3 hrs and this too makes the effect of solar radiation minimum for any activitiy. 

 

Since different flow conditions require  different equations to describe them it was first modeled using 

many interfaces to find the ideal senario. Although the system looks simple the flow patterns were 

complicated in the modelling process. The actual flow directions were modelled using the changing of 

inflow directions to represent the best direction of the inflow for a louver system and while modelling  
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with both laminar and turbulent interfaces for best convergence of the solution. Both the time 

dependent and stationary senarios were taken into consideration to find the best physical phenomena. 

Outlet velocity was modelled with different settings of velocity and pressures to reach a best velocity 

profile to be comparable with actual conditions. This was done inorder to get the best physical model 

for 3D modelling.  The parameteres used were made closer to the actual conditions to get the best 

fitting of the model.  

 

Step3: Coosing the right model and setting 

As all most all fluid-flow applications can be described by the Navier-Stokes equations the basic set of 

equations for k-e flow was considered as the governing equations of the flow. Any other effects for the 

flow due to the increase of the temparature or any minor boundary conditions where the seating 

arrangement is designed, a suitable roughness for the ground,  were ignored to at the level of modelling 

to obtain a smooth model to save computational time. Although the choice of the best 3-D model was 

left to be decided by the comparison to actual flow patterns in the 3-D model, the 2-D model results 

too were compared with actual measurements to identify suitable boundary conditions for a 3-D model. 

The simple 2-D problems were solved with different input and out put flow characterrics inorder to 

fine-tune the more complex 3-D form. Different physical interfaces were checked on the initial 2-D 

model to get an idea of the flow that could be possible in a 3-D mesh. 

 

Step4: Selection of the mesh 

Providing an optimal mesh was allowed the system to generate through the physics-controlled mesh 

since the flow phenomina was not derectly identified starting with a coarser mesh. 

 

Figure 4.1: 2-D Experimental FE Mesh 

 

Once the results were converging to solutions with the outlet conditions becoming in agreement to 

measured data, the 3-D model was built as described in the section 4.3. 

 

4.3 3-D Model of the Auditorium 

 

In this step the analysis of air flow patterns inside the auditorium was performed by using a 3-D 

simulation model using Comsol finite element code. A three dimensional model of the auditorium was 
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produced taking into consideration of the symmetry of the system. An extension to the 2-D model was 

created first and then modified to a real shape 3-D model with a tapering effect of the seating area of 

the auditorium. The modeling was limited to indoor air patterns and the outdoor was linked to the 

simulation as inflow and outflow air to the system since thermal transactions due to solar radiation were 

assumed to be negligible. The modeling was started with a simple 3-D model since there were 

uncertainties of convergence of the solution. Figure 4.2 depicts the 3-D FE model of the auditorium for 

CFD analysis.  

 
 

 

 

a) 3-D view of Solid Model b) Wire frame Model of y-z plane with thin 

windows representing inlet and outlet  

c) Wire Frame Model of x-y planne 

and 3-D view 

Figure 4.2: 3-D Model of the Auditorium 

A simple model was created first with the openings for inflow and out flow simulated as windows while 

avoiding a complicated louver system as the inflow and complicated grill as the outflow as depicted in 

Figure 4.3. The inflow at this stage was considered to be at a normal direction, which was different to 

the actual scenario with a slightly opened set of louvers.  

 

 

 

 

Inlet 

 

 

 

Outlet 

Figure 4.3: Actual inlet and outlet of the Auditorium 
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As the next step the model was fine-tuned by reducing the height and increasing the width of inlet 

window to represent a louver effect at inlet and getting the same thin opening effect at the outlet to 

represent a set of grills with an equivalent area to actual inlet and outlet. These models were tested with 

an inflow velocity directed at an angle to represent the louver effect. The flow directions were specified 

to get the slightly opened louver effect at the inlet. The velocity of the outflow representing the drag 

effect of the mechanical hybrid system was modeled to be a normal outflow velocity starting at a level 

of 4 m/s for the purpose of modeling. This step was carried out for different out flow velocity settings 

while changing the outlet dimensions to match with an air flow rate of around 5 to 10m3/s.  

 

Then modeling the openings for the inflow were modeled as thin set of openings simulating the actual 

scenario of louvers. The outflow openings too were modeled with same thin openings although the 

actual scenario, a grid depicted in the Figure 4.3, was different and difficult to model with the FE code 

unless it is modeled as a separate entity. The velocity controls through these openings were simulated to 

get the louver effect and the drag effect of the mechanical system by having a normal out flow at the 

exit. A symmetry wall was considered and only a half of the model was taken into consideration to 

reduce the time taken for the computational analysis and converging at each of these levels.   

  

The models were verified with both stationary and time dependent solvers while maintaining the other 

conditions applied at each level same. The models were also tested with two different physical 

interfaces: laminar flow interphase and turbulent flow interface, where both were from the single-phase 

flow interfaces of the CFD code Comsol.  The results of the models that converged to a solution were 

compared with the actual measurements of air flow at random locations until a reliable model was 

achieved.   

 

As the final step the auditorium was modeled with heat generated due to metabolism of people at full 

capacity to verify the changes in the air flow patterns and air velocity. Standard metabolic heat gain 

from persons for seated very light work of 120W per person was taken into consideration as an inward 

flux from the seating area of the auditorium as the first alternative.  Secondly, each person was 

simulated with a cylinder using a convective coefficient of around 4 W/m2 per K based on the analyses 

done by Kurazumi, Rezgals and Melikov (2014) for low velocities and a temperature around 26ºC for a 

seated human body. The flow was modeled with cylinders to get the chimney effect, around and above 

the head of persons together with the added flow resistance of the cylinders representing people in the 

cross flow of ventilation air. 
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5 Chapter Five: Results and Discussion 

 

The results of the modelling of the auditorium are discussed under two different cases: 2-D model and 

3-D model for building up the senario of modelling process. The 3-D model was tested without and 

with people effects. The conditions without people were used to examine flow patterns and  the 

disturbanses due to the openings in the autitorium. System properties too were verified using these 

results. Interation of the themla plume generated by human body was represented by a convective heat 

flux from the seating area surface of the auditorium. Both CFD and heat tranfer modules of the Comsol 

code was used at this level of investigation. The expected outcome, results and any deviations to the 

expected outcome are discussed at each level of presenting the results of the modelling process. 

 

5.1 Results of 2-D Experimental Modeling 

 

In the final laminar flow model which matched the inflow conditions, the results were converging to a 

higher velocity in the occupant area than the actually measured velocity, as indicated in the Figure 5.1. 

This was identified as a problem with modelling the inlet conditions with a rectangular opening in 

comparison to a thin set of louvers in the actual senario which allows only thin layers of air to creep in. 

The model created with a thin set of openings and the inflow velocity direction representing the louver 

effect was not converging to a solution.  The louvers could be modelled only as window panels and this 

was found to be a drawback of the modelling process specially for the selected laminar inflow 

conditions. Further consideration was not paid to changing the interface to turbulant with different 

setting since the flow inside the auditorium although slightly higher than expectd reflected a smooth 

flow through the 2-D plane, which was sufficient to identify the behaviuor of the code. In addition, 

further elaboration of the 2-D model was not considered since the simulated and actual results of the air 

velocities were not directly comparable with a 2-D model since the actual auditorium was made to have 

a 3-D effect in the flow patterns with the placement of the openings at two different verticlel planes in 

the flow direction. Since the flow was made to be diverted to the outlet by the drag force applied by the 

mechanical systam it was assumed that the actual senario is better represented with a 3-D model. 

Therefore, after the initial identification of the behaviour of the Comsol code the modelling process was 

converted to a 3-D modeling.  
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a) FEM Mesh for 2-D experimental model 

 

b) Velocity distribution with laminar inflow conditions 

and at 1 m/s outflow normal velocity. 

 

Figure 5.1: Results of 2-D Experimental Model 

 

5.2 Results of 3-D Modeling of the Auditorium 

 

The 3-D models were built as described in the section 4.3 in Chapter Four. The 3-D models were 

having convergence problems with laminar inflow interface and stationary solver for most of the 

attempts with different model settings. But the models with turbulent flow and stationary solver 

converged to give a solution for the condition of normal air flow velocity at the inlet.   

 

Although the modeling did not represent the actual scenario at the inlet to a higher percentage, with 

normal inflow velocity, the simulation results, concerning the air velocity and distribution, were in 

agreement with the actual measurements at selected locations. The results of this model are depicted in 

Figure 5.2 a) to h) with different planes selected to present the air flow patterns in regions closer to the 

occupant seating area.  
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Extract of the model with a different scale on velocity to 

elaborate outflow area with a normal outflow velocity of 5 

m/s drawing around 2.5 m3/s of air to represent a 5 m3/s in 

the full model.  . 

a) Flow pattern developed closer to the head level of the occupants while seated. 

This result shows a clear flow direction of the air in the auditorium from inlet to outlet. Agreement in 

stimulated trend of air flow and measured air flow direction was found from this model. There were 

discrepancies of velocity magnitudes and direction towards the inlet area. But towards the outlet the 

results were comparable. The stagnated areas are visible towards the right upper corner of the model 

where the center of the auditorium is simulated and left lower corner of the seating plane. The 

occupant exit is located at this left lower corner and the measured data were gathered while the exit 

door was in a closed position. The simulated flow was in agreement with the actual measurements with 

very slight deviations in some locations while the entrance door at the left lower corner was closed. 

These results depict the expected air flow patterns in the auditorium.  

 
Areas of less than 0.2 m/s air velocity in the planes selected. 

b) Vertical planes of flow patterns representing along the inlet and outlet 

This result shows the results of spread of flow in the vertical plane closer to the inlet and outlet areas. 
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Also the areas of air flow velocity lower than 0.2 m/s is represented from the extract of this result. 

This result does not agree with the measured air velocity at the inlet. That could be due to the flow at 

inlet specified as an almost normal flow rather than representing the actual flow through the louver 

system. Only a very slight angle at inlet could be provided for the purposes of convergence of the 

solution. The interesting phenomena to notice here is, although the stage area is not situated between 

the inlet and outlet, the air velocity on the stage has developed to substantially acceptable values for 

comfort.   

 

 

 

 

 c) Flow patterns representing the stagnated areas  

This result depicts the flow patterns representing the stagnated areas with less than 0.1m/s air flow 

through the head level of occupant seating areas. A flow velocity of less than 0.1 m/s can not be 

accepted as comfortable for contexts of hot and humid climates as stated by Cândido et al. (2011). 

 
 

d) Stage standing level velocity distribution  
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This result depicts the flow patterns on the stage area at a level of the head of a person standing on the 

stage. Checking this plane was important since during the use of auditorium for stage dramas and 

other similar activates the occupants should have sufficient level of thermal comfort. This result clearly 

shows that towards the center of the stage a good velocity distribution is maintained. Towards the wall 

representing the symmetry of the auditorium (wall through x-axis) the velocity is greater than 0.2 m/s 

and varies up to 0.44 m/s.  This result is in agreement with the measured data of the front center of 

the auditorium which was at 0.35 to 0.4 m/s. 

 

 
 

e) Stage seating level velocity distribution  

This result depicts the flow patterns on the stage area at a level of the head of a person while seated on 

the stage. Checking this level was important since while the auditorium was used for conferences 

occupants will be made to sit on the stage. This result too shows that towards the center of the stage a 

good velocity distribution is maintained. Towards the wall representing the symmetry of the 

auditorium (wall through x-axis) the velocity is greater than 0.2 m/s and varies up to 0.47 m/s.  This 

result too is in agreement with the measured data of the front center of the auditorium which was at 

0.35 to 0.4 m/s. 
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f) Regions of air velocity greater than 0.2 m/s 

These figures depict that generally air velocity is greater than 0.2 m/s in the seating zones of the 

auditorium. When the symmetry of the model is considered the center of the seating zone and two 

sides gets a good distribution of air flow. The seating are designed on these stretches and the comforts 

of the occupants are met by the system. The areas with velocity less than 0.2 m/s in the seating zones 

is very less in these regions and  it does not affect the occupants negatively since such zones falls along 

the stair way as depicted in the part g) below demonstrating air velocity less than 0.05 m/s.   

 
 

g) Regions of air velocity less than 0.05 m/s 

Air velocity in the seating zones s very less in these regions it does not affect the occupants negatively 

since the stair way through the seating falls through this zone. Although the air velocity is very less in 

these regions it does not affect the occupant comfort level  since the stair way through the seating area 

falls in this zone. Part h) of this figure depicts the zone of the stairway. 
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h) Velocity level - less than 0.05 m/s along the stairway 

Although the air velocity is very less in these regions it does not affect the occupant comfort level  

since the stair way through the seating area falls in this zone.  

 

 

Figure 5.2: Velocity distribution of selected planes of the model  

 

In order to refine the model further the inlet flow was assigned with a steeply downwards directing 

angle of was tested with a range of angles from around 60° to 80° to represent the louver action. These 

simulations were not converging for any interface, both laminar and turbulent under any solvers. Time 

dependent solver runs for more than 24hrs iterating for a solution but does not indicate any 

development of flow. Therefore, since the slight angle used in the model that converged to a solution 

was assumed to be adequate to model the effect of openings since the results in 90% of the area were in 

agreement with measured data. The mismatching of measured data and model results were found 

towards the inlet of the model which was identified to be due to the modeling direction of the wind 

velocity as an almost horizontal component.  

 

5.3 Effects of the Front and Rare Entrance/Exit on the Air 

Flow Development 

Once the model was set with converging CFD results, it was then modeled with the Entrance/Exit at 

open position to verify for any effects on the development of the flow patterns. The results of this 

simulation exhibited that there could be disturbances for the development of the flow through the drag 

effect of the mechanical system as depicted in Figure 5.3. 

Stair way 

Stair way 
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a) Effects on Front Entrance at open position while the system is in operation 

The velocity generating away from the outlet clearly shows that when the entrance is at an open 

position expected flow does not form in the system. The generation of velocity patterns expected too is 

not initiating and development is getting disturbed by this scenario.  

  

b) Effects on Rare Entrance at open position while the system is in operation 

The velocity generating near to both Entrances/Exits clearly shows that when they are at an open 

position expected flow does not form in the system. The generation of velocity patterns expected too is 

not initiating and development is getting disturbed by this scenario. The inlet and outlet areas are very 

small compared to the Entrance/Exit areas and the expected flow getting disturbed with such openings 

become obvious through the flow patterns obtained through these results.   

Figure 5.3: Effects of the Front and Rare Entrance/Exit on the air flow development 
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5.4 Identification of the system properties 

As stated by Fu and Wu (2015), the hybrid ventilation system comprised of three major components. 

The components in the system studied were identified as: the mechanical operator to initiate the flow in 

the system by removing the exhaust air from the system, the flow controlling mechanism through the 

design of the building to allow the air flow to circulate evenly in the space of the building and the 

acquisition component of fresh air to the system. The operating component in the system studied is a 

system of ducts collecting the exhaust air and made to exit through two exhaust fans fixed at the rear 

end of the ducts where the air is collected to a chamber and then disposed. The collector of outdoor 

conditions were was identified as through a set of louvers slightly opened to get a laminar effect 

although it could not be modeled with laminar interface due to problems of converging.  The 

controlling which produced operating commands was the design of the auditorium given consideration 

to bioclimatic design. The shape of the auditorium provided the necessary controlling of the air through 

the system to evenly distribute air in seating area as well as the stage areas for occupant comfort.  

 

5.5 Simulation of presence of people in the auditorium 

The results of the auditorium simulated with the effect of people seated at full capacity, taking into 

consideration of the heat generated due to metabolism is presented in Figure 5.5. Two cases of heat 

load were considered: thermal load due to metabolism represented as a uniform heat flux generated 

from the seating area of the auditorium and heat load due to metabolism as a convective heat flux from 

people simulated as cylinders. As observed there was a reduction of velocity of air in the head level as 

thermal load due to metabolism was added.  In the case of uniform distributed heating load, a spreading 

of air velocity equally in the seating level was noted although it was observed that the patterns do not 

get affected significantly due to the change of heat load.  But in comparison to this, in representing 

people as cylinders, an upward flow of air was noted reducing the air flow in the necessary comfort 

zone.  
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Without thermal load 

 

With thermal load 

 

a) Comparison of thermal load due to metabolism of the occupants modeled as an inward flux  

When the auditorium was modeled with heat generated due to metabolism of people at full capacity as 

an inward flux from the seating area of the auditorium it was observed that the condition of the head 

level in seating area smoothens out. When compared this to the condition without the thermal load it 

gave a better quality of IAQ for the occupants.  

 

It was observed that the addition of a second physics to the model allowed a smoother convergence of 

the solution too in the Comsol code.  

 

  

b) Effects of thermal load due to metabolism – velocity between 0.1 and 0.3 m/s 

As depicted from the above figure the general condition of air velocity in the space of head level has 

become better with the thermal load due to metabolism is added for the seating area of the auditorium 

in the simulation. The direct effects of a high velocity at the inlet area smoothen out due to the thermal 
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loading.  

  

c) Effects of thermal load due to metabolism of the occupants modeled with cylinders   

When each person was simulated with a cylinder using a convective heat flux with a heat transfer 

coefficient of around 4 W/m2 per K the model showed that the air flow/velocity was spreading 

throughout the auditorium. But the comfortable range at head level was not achieved.   

Case 1- Without the effect of thermal load due to metabolism 

 

d) Comparison of thermal load in the 

vertical plane  

 

The three figures presented represent the 

velocity distribution in the vertical planes 

in the seating areas for the case without 

the effect of people, thermal load due to 

metabolism represented as a uniform heat 

flux from the ground level of the seating 

area and people represented as cylinders 
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 Case2 - With thermal load due to metabolism represented as a 

uniform heat flux from the ground of the seating area 

with a convective heat flux generating to 

represent the heat load due to 

metabolism respectively. It is very clearly 

seen from these figures that there is a 

uniform spreading due to the addition of 

the heat flux as a uniform lead from 

ground level. But when a scenario more 

closer to the actual state, representing 

people as cylinders with a convective heat 

flux were taken into consideration the air 

starts moving upwards and the velocity at 

the seating level reduces.  

 

This could be due to the louver effect not 

being able to simulate closer to the actual 

scenario. When the louver was simulated 

closer to the actual scenario there were 

convergence problems with the solution. 

Only possibility was to represent the 

louver as a inlet velocity in the direction 

of the louver opening which does not 

prevent the velocity direction to change 

just after the opening. This could be 

different to the actual case since the 

velocity of inflow could be directed to the 

bottom level of the seats of the 

auditorium in the rare portion of the 

auditorium. The analysis code does not 

respond positively to the representing the 

inlet as a louver system. 

 

Case 3 - With thermal load due to metabolism represented as a 

convective heat transfer from a cylinder representing people as  

cylinders 

Figure 5.4: Effects of thermal load due to metabolism of occupants 
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6 Chapter Six: Conclusions and Recommendations 

As the primary outcome of the research it was expected to identify low energy system applications for 

thermal comfort in considerably large building environments with hybrid ventilation systems. This 

identification is expected to be an effective, low cost solution for future built environments to reduce 

the carbon footprint since many similar built environments especially for educational institutions are 

being developed in the region of Asia. Therefore, as an initial step an auditorium created around 60 

years ago with a hybrid ventilation system was modeled to verify the effectiveness of its ventilation 

system to provide a satisfactory thermal comfort level to all its occupants at full capacity. After the 

modeling is done to comply with the actual situation, suitable system modifications were identified to 

have better efficiency and effectiveness by modifying the model. This model then is proposed to be 

used with different context specifications especially for tropical climates which would be highly cost 

effective than experimental modeling of such systems.  

 

6.1 Conclusions 

Conclusions of the study are summarized under the objectives of the study as follows: 

a) Simulation of the auditorium building with its hybrid ventilation system for FE modeling and CFD 

analysis and comparing the results of the simulation with measured data of air velocity 

The air flow velocities within the auditorium studied by using CFD FE codes were in agreement 

with the measured data at random locations. The air flow patterns too are in agreement with 

expected air flow patterns in a 3-D model of the auditorium. This agreement indicates that the 

hybrid ventilation system used in the auditorium could be modeled effectively by the incorporation 

of CFD FE models to achieve effective results.  

 

b) Verifying the effectiveness of the hybrid ventilation system of the auditorium through the FE 

model behavior 

As observed by the air flow patterns generated through the modeling of auditorium, the hybrid 

ventilation system used to circulate air in the space has a very effective condition in air flow 

patterns within the space of the occupants. As depicted in Figure 5.2 a), the flow velocity indicates a 

satisfactory level, above 0.2 at all levels of occupant area and above 0.3 m/s in critical areas in the 

center of audience. This is a satisfactory level for occupants in a hot and humid climatic condition 

which is in accordance with minimal values for air velocity corresponding to 80 and 90% air 

movement acceptability as indicated in Figure 2.2 (Cândido et al., 2011).  

 

c) Testing the model with different scenarios such as the disturbance from Entrance/Exit openings  

It was clear that when the Entrance/Exit was at open position there were disturbances for the 

generation of the required air flow patterns within the system as depicted in Figure 5.3. Therefore it 
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could be concluded that, if the system to be effective in generating the expected air flow the 

openings other than inlet and outlet for the air flow should be in a closed position while an activity 

is taking place and the system is under operation.   

 

d) Identification of system properties 

The system properties that should prevail in a hybrid ventilation system is identified through this 

study to be the exhaust air controller with a drag effect, the design shape of the building as the 

controlling mechanism of the air flow patterns through the auditorium and the inlet to collet natural 

ventilation from the outdoor environment. This confirms the findings of Fu and Wu (2015), where 

it was stated that a hybrid ventilation system normally includes three major components: an 

acquisition component to collect indoor and outdoor climatic parameters, a control component to 

produce operating commands, and an operating component to drive a variety of mechanical 

devices. The inlet louver system of the auditorium acts as the collector of outdoor climatic 

parameters which a slight opening to let the air freely flow with very less turbulence with an effect 

of wind driven ventilation towards the lower pressures created by the set of exhausted fans at the 

outlet of the auditorium. The design shape of the building allows the air to flow freely toward the 

outlet covering the entire seating space of the auditorium acting as the control component to 

produce operating commands for the air flow within the system. The exhaust fans at the far end of 

the duct collecting exhaust air from the outlet acts as the mechanical device which could be 

operated to drive the flow through the system.  

 

e) Verification of the effects of metabolism heat transfer of people at full capacity. 

As for the verification simulation for the addition of the thermal load as a uniform distribution of 

heat flux from the seating area it was observed that the thermal load smoothen the situation of air 

quality in the seating area at head level of the auditorium. This was a positive result for of the 

performance of the auditorium.  The spread of air throughout the auditorium increases. The higher 

velocities which might be a discomfort to the audience at the entrance and exit it getting smother 

due to the thermal load of people in the auditorium seating space. Therefore, it could be concluded 

by the simulation study with the thermal load due to metabolism the performance of the 

auditorium increases and no negative effects due to the thermal load could be observed.  But once 

the thermal load was represented as a convective heat flux from people simulated as cylinders the 

whole scenario changed to give an upward movement of air reducing the air velocity in the comfort 

zone necessary for the audience. This was assumed to be due to the inlet not being able to simulate 

with a very good louver effect which may cause a change in the velocity in the inlet area.   

 

f) Proposing improvements for the system by modeling with system modifications.  

Further improvements were not modeled as it was found that the system provided a very effective 

solution for the comfort level of the occupant in a hot and humid climatic condition. But few 



-39- 
 

factors were identified to maintain the system effectiveness while it is in use. First, the inlet louver 

system if not effectively functioning and maintaining this appropriately could give further benefits 

in maintaining IAQ standards in the auditorium. Secondly, ineffective use of the outlet area was 

found while the system was in use. The users of the auditorium for different activities display 

banners in the area where the outlet grill is placed covering almost the entire effective area of the 

outlet. This prevents the exit air flow through the system. In addition, it was noticed that while an 

activity is taking place the entrance/exit doors are at an open position frequently. According to the 

modeling this makes the system less effective and the disturbance from the entrance and exit area 

prevents the expected air flow patterns generating in the model. This could be the case with actual 

scenario too.   

The filter mechanism could not be model with the whole system since problems of convergence of 

the system occurs with a larger system when specific minor details are incorporated to the system. 

The lover system too was modeled with a window to reach a converging solution with the CFD 

code. It was identified that intricate details of a larger system should be modeled separately to get 

their effects to better reach acceptable solutions from CFD modeling.  

 

6.2 Recommendations 

Recommendations to improve the effectiveness of the ventilation system, for further studies and future 

applications of similar systems are specified in this section of the report as follows: 

a) Recommendations for maintaining and improving the effectiveness of the system: 

The inlet and outlet areas of the systems to be maintained with sufficient opening space while an 

activity is taking place in the auditorium with clear instructions to the users of the auditorium. At 

occasions when the auditorium is hired by different parties for activities they tend to hang banners 

covering the outlet area as observed by the researcher. This should be prevented by a very clear set 

of instructions place in the operating area of the auditorium. The inlet area is almost closed during 

activities and proper maintenance of the inlet louver system could generate a better distributed flow 

in the occupant area of the auditorium. It was found that the measured velocity in some areas were 

below 0.2 m/s in one side of the auditorium where the louver system was partially closed. 

It is recommended that the Entrance/Exit openings to be always at a closed position if the system 

is in operation while an activity is taking place and while the ventilation system is in operation to get 

the maximum effect of the system. If the system is in operation, and if the Entrance/Exit is in open 

position, it will be a waste of energy for the hybrid ventilation system since the disturbance from 

the openings will not allow the generation of the flow patterns effectively.  
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b) Recommendations for further studies 

Further studies could be performed on the inlet of the system, considering it to be a separate entity 

to model the effective position of the lover system to generate a better laminar flow to not disturb 

the audience occupying the rear seats while the auditorium is operating under full capacity. 

Although, according to the study model the flow direction at the inlet does not affect the majority 

seated at the center locations, it clearly shows that an increased higher velocity is created at the inlet 

area with inlet modeled as a window for the convergence of the solution of the entire model. But a 

smaller model for the inlet area could be generated to verify the actual condition effectively through 

CFD modeling. In addition, the inlet could be separately modeled with a filter mechanism and the 

pressure drop necessary to draw air through the filter could be analyzed. The capacity of the 

exhausted mechanism should then be designed with the necessary drag effect to maintain the 

pressure drop needed by the inlet zone to maintain a fair flow of air within the system. 

Investigation of the capability of the mechanical system to draw natural air from polluted 

environments with filtering mechanisms could be a good investment, since the tendency towards 

outdoor air pollution is high in local as well as global scenario which would affect local context. 

 

The outlet area under the stage of the auditorium could be modeled separately to verify the pressure 

drop along the duct to achieve a better simulation for the pressure at the outlet from the grilled area 

of the auditorium. This could be used to verify the effectiveness of the modeling process of the 

system.  

 

c) Recommendations for future applications 

Both entirely mechanical and purely natural ventilation systems have their own draw backs in lesser 

cost effectiveness and fluctuations with natural conditions respectively. Hybrid ventilation tries to 

balance these ends   and come out with solutions with acceptable thermal comfort levels for 

occupants in the built environment. As an outcome of this research finding, it could be said that 

hybrid ventilation systems are very effective solutions especially when the building could be in 

accordance with bioclimatic design and when the ventilation is combined with solar protection. The 

hybrid ventilation systems could provide a stable and confortable internal environment while 

reducing the global warming potential related to the energy consumption. CFD FE modeling of 

systems could provide substantial preliminary analysis for system effectiveness at the design stage of 

the buildings.    
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