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i ABSTRACT 

 

ABSTRACT 

The HVAC system is one of the main parts of each building and uses about 50% of its total 

energy, which equals 10 to 20% of the total energy consumption of the developed countries. 

Incidentally, people spend almost all of their time in closed spaces, and to have a 

comfortable environment, as well as a vigorous protective effect against contagious 

diseases, like COVID-19, well-conditioned buildings are necessary. It was shown that the 

protective effect of a well-conditioning system is as high as five times in comparison to the 

face-covering and other proposed procedures. In this context, the age of air, as well as the 

type of filtration systems in closed spaces, became the critical criteria to compare the 

capability of ventilation systems. So, any improvement in the energy consumption of the 

sub-systems drastically saves energy.  

As a practical solution, perforated duct diffusers (PDDs) benefit from the equal static 

pressure alongside the duct, which results in a more uniform air distribution pattern with a 

lower inlet airflow, i.e., lower energy consumption. The more efficiency of the mixing, the 

less energy is required by the system. Generally, this problem bifurcates into two classic 

physical problems, namely the airflow inside the duct and the injected flow into the free 

stream. Yet, there is no theoretical solution for the combined problem. However, to 

investigate the physics of phenomena and create a comprehensive database, one requires 

both numerical modeling and empirical correlation (objective).  

To quantify the amount of energy-saving using PDDs a numerical model was 

developed at the isothermal and heating mode. Based on the ASHRAE standard, the 

required airflow for four different geometries has been calculated. In order to perform 

numerical simulations for these geometries, k-ε Realizable turbulence models with 4.3 and 

4.6 million mesh elements for the isothermal and heating mode have been preferred over 

the tested two-equation turbulence models. Thermal comfort indices such as the age of air, 

terminal velocities, air-change effectiveness, air exchange efficiency, effective draft 

temperature, and thermal efficiency were calculated for all the cases under various initial 

conditions, like air change per hour. To validate the results, an office room facility was 

equipped for full-scale experiments akin to numerical simulation. The details of each 

approach are explained consecutively.  
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Both models have high accuracy for air velocity (94.81%) and temperature 

(96.75%). The results determine an up to 30% decrease of the residence time of the 

infectious nuclei in the breathing zone, with 20 to 35% lower required airflow (energy 

consumption), and more than 90% occupant’s satisfaction. Besides the significant energy 

saving, high rate of satisfaction, and strong protective effect of these new prototypes, namely 

non-uniform PDDs, determining the local age of air for each diffuser under the procedure 

of ASHRAE standard is extremely expensive. Given the hazardous side effects of the tracer 

gas, a special collector is required, and it’s rather extravagant to spend tens of thousand 

CAD for each test. Developing an accurate numerical model following the ASHRAE 

standard methods would decrease the design cost drastically. The outcome of this project, 

the so-called design diagrams, will be transformed into commercial software, which all 

rights will be reserved by the University of Sherbrooke and its industrial partner. 

 

Keywords: Ventilation, HVAC Systems, Perforated Duct Diffuser, Numerical Simulations, 

Experimental Measurements. 
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1. Chapter 1   INTRODUCTION 

 

Historically, human-kinds had looked for comfortable places to live and work. Shapes of 

these places have been changed continuously, and nowadays, towering skyscrapers and 

bustling workplaces are becoming the symbols of the developed countries. The way to 

control and maintain the interior environment in an acceptable condition became the main 

design criteria for such buildings, especially after the evolution of the global pandemic on 

11 March 2020. Subsequently, designers shall consider more stringent aspects like thermal 

comfort, sound level, pollutant particles concentration, airborne transmission, and 

occupants’ preferences following the predominant standards. In this context, the Heating, 

Ventilation, and Air Conditioning (HVAC) systems have been adjusted to provide the 

required fresh air and maintain the comfort level of the buildings at a satisfactory level. 

However, the balance between the energy consumption and efficiency of the system is a 

design bottleneck for engineers. Given the large population density and demand for 

continuous air motion in the recent designs, a higher portion of the energy in the buildings 

allocates HVAC systems. So, lowering the energy usage of HVAC subsections, even for the 

small percentages, considerably cut the annual prices. Hereupon, customers are always 

interested in energy-saving features.  

The efficiency of the HVAC systems strongly depends on the ventilation 

effectiveness and uniformity of the air motion in the room. Recently, perforated duct 

diffusers (PDDs) have become popular in the market due to their high ventilation 

effectiveness. Since these novel prototypes follow the method of uniform ventilation, they 

ought to have a profound impact on thermal comfort, energy consumption, and exposure 

time to infectious nuclei. Also, these diffusers are designed for easy installation and low-

cost maintenance. Despite astounding efficiency improvements in the preliminary tests using 

PDDs, their performance shall be characterized for further modifications and optimization. 

As stated before, experimental or numerical models can determine the performance 

of the diffusers under various circumstances. The accuracy of the experimental 

measurements is under question while requiring a large number of sensors and detective 

devices. Performing many tests for different scenarios is often time-consuming, expensive, 

and even hazardous. Hence, numerical models are proposed as a reliable and safe alternative 

to empirical models, especially for tests dealing with toxic and hazardous materials, high 

heat load, and different scales. Computational Fluid Dynamics (CFD) is a numerical tool to 

display the behavior of the fluid flow toward various conditions before fabrication. However, 

CFD simulations require validation against experimental measurements, assuring the 

accuracy of results. Meanwhile, there is no optimum model for the entire physics 

phenomena. Thereupon, before any implication of the CFD simulations, it’s vital to find a 

thorough understanding of the numerical models and the physics behind them. In simple 

words, the CFD model must capture dominant phenomena, from the smallest to the largest, 

completely. It happens that the calculation time is out of the scope of the project’s timeline, 



INTRODUCTION 

  
2 

 

 

even using high-speed computers (or supercomputers). Also, these phenomena are not 

necessarily on the same scale leads to higher computational costs. As a matter of these facts, 

there's a decision point on the simplification assumptions based on the acceptable accuracy 

level and computational costs. As a general rule, a model shall be developed following the 

predominant standards and theories for the best-case scenario then, performing a parametric 

study to find the proper system behavior. 

This project has been defined as a part of a project, defined by the NAD Klima 

company, to develop design software for its ventilation packages. These systems utilize 

PDDs with non-uniform perforations (making unidirectional flows), which are not 

considered by the standards, in special. Following the recommendations of the nearest 

applications led to wrong results, so PDDs require a modified design procedure using 

empirical parameters. Accordingly, the test benches are equipped to find these parameters. 

Given the tailormade design process of these systems, comparison indices are required to 

evaluate their performances against the conventional ones. To begin with this project, HVAC 

systems are classified based upon their ventilation approaches, and configurations. 

Afterward, thermal comfort indices are comprehensively reviewed, whereby previous works 

have been addressed for more details. Also, the obsolete and fully operational comfort 

indices are differentiated, surveying the most updated references. Later, the main objectives 

of the project, by considering the present hypothesis, are defined in order to answer the 

research questions, adequately. Meanwhile, the theories of the perforated duct diffuser and 

room ventilation have been explained. The following chapters (author’s publications) 

investigate different aspects of the PDDs, including room air distribution, thermal comfort, 

energy consumption, and protective effects against contagious diseases (like COVID-19), 

under various modes of ventilation and initial conditions. In this sense, classical approaches, 

experimental setup, and numerical modeling are determined, step by step, using the graphs 

and tables. In the end, four different perforated patterns are compared as a case study, using 

the most used comfort indices by Refs., explaining their limitations, contrasts, and algorithm 

for finding the best scenario for each application. 
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2. Chapter 2   LITERATURE REVIEW 

This literature review concentrates on the application of air ventilation for buildings and offices 

from thermal comfort, energy consumption, and exposure time to infectious nuclei points of view. 

Most of the surveyed articles were focused on the numerical simulations or experimental 

measurements of air ventilation in the large zones using different types of diffusers. In this section, 

the concept of ventilation was defined, and a comprehensive review has been performed on 

ventilation systems, thermal comfort indices, and diffusers. Then, three basic theories of perforated 

duct diffuser modeling, including analytical, numerical simulation, and experimental 

measurements were mentioned in detail. Afterward, the main parameters required for the field 

measurements were introduced as the most practical tools for the comparison of the ventilation 

systems. At the end of this chapter, previous works on diffuser modeling from the CFD point of 

view were summarized.   

2.1 Introduction to Air Ventilation 

As a general definition of ventilation, it means the act of circulation and exchange of fluid or heat, 

especially in closed places (room, office, gymnasium, etc.) [1-2]. According to this definition, two 

categories of ventilation systems are existed, namely air ventilation systems and heat ventilation 

systems. The principal purpose of air ventilation, which could be in shape mechanical or natural, 

is to dilute and displace the air in a particular area. As stated earlier, air ventilation is used for the 

following environmental means [3, 5]: 

• Thermodynamics: Control temperature, pressure, humidity, etc. 

• Acoustics: Omit disturbance noises and improve sound quality. 

• Pollution: Decreasing the pollution concentrations following the dominant standards. 

• Comfort: Favorable scent, air and oxygen concentrations, and so forth. 

• Other: Entertainment, sportive, and scientific applications like Newton fluidize bed, 

micro-gravity rooms, wind tunnels, portable smoke probes, etc. 

Generally speaking, applications of air ventilation bifurcate to comfort air conditioning and 

process air conditioning systems [5]. However, process air conditioning systems less considered in 

this context, and higher weight applied to comfort air-conditioning systems. Commercial, 

residential and lodging, institutional, transportation, and health care sectors benefit from comfort 

air conditioning systems to create a plausible atmosphere for their tenants, and customers. On the 

other side, for textile miles, producing electronic parts and devices, pharmaceutical applications, 

precision manufacturing, and modern refrigerator warehouses, process air condition systems 

control the fabrication and storage of goods [5]. Also, ventilation and air distribution systems could 

be categorized from other perspectives such as the type of supplier. Cao et al. [6] and Sørensen [7] 

have reviewed ventilation systems comprehensively, concentrating on their performance from 

different perspectives. Some of the principal kinds are highlighted as follows. 



LITERATURE REVIEW 4 

 

   

Mixing Ventilation (MV): firstly, illustrated systematically by Messrs. Boyle [8] in 1899, whereby 

the uniform air condition let the momentum forces mix the air in the room. Mixing ventilation is 

based on the diluting of the contaminants using mixed fresh air and indoor air. Apparently, the 

mixing process could be in form of active or passive resulting in proper temperature and 

contaminant concentration in a room. This type of ventilation has been used for more than a hundred 

years by many Refs. [9-17]. While testing mixing ventilation, one should carefully notice the effect 

of thermal plumes, avoiding underestimation in cases that convective flow is dominant [6]. 

Displacement Ventilation (DV): tries to relocate the polluted air and substitute by the fresh air 

from outside. Ordinary displacement ventilation systems use thermal forces (thermal plumes) in 

order to move the air (typically with 0.5 [m s-1] or less) from the floor to the ceiling extracts 

[18-19]. Incidentally, active displacement ventilation systems move low-temperature air from top 

to down using the buoyant forces [20-24]. Usually, temperature-based method is applied to calculate 

the rate of airflow in DV system. However, DV systems, first introduced almost five decades ago, 

suffer from two weaknesses, in general. First, they are not a preferred option in the heating mode to 

prevent full mixing in the room. Second, in a room with concentrated heat sources, the air jets from 

the diffusers cannot penetrate far away [6, 25-27]. 

Personalized Ventilation (PV): directly supplies high-quality air through various air supply 

devices to the exposed locals. The PV systems require lower energy in comparison to the MV 

systems and provide air consisting of up to 80% of fresh air with less than 3.0 [l s-1] flow rate 

[28-32]. For the past two decades, the usage of PV systems has been increasing compared to the 

other systems. Many recent researches allocated to the key role of PV systems in protecting against 

airborne disease transmission [33-36]. Zhai and Metzeger [37] investigate critical parameters and 

condition to improve PV systems by summarizing the pros and cons of each category, including 

desk-mounted, chair-direct, partition, chair-mounted, floor-based, and overhead jet systems. Xu et 

al. [38] showed that only improved PV systems with a high ventilation efficiency at the breathing 

zone could protect occupants against infection.  

Hybrid Air Distribution (HAD): is an integrated MV-DV system exploiting the strength of both 

ventilation systems and could be in various types, including the impinging jet (IJ) [39-46] and the 

confluent jets (CJ) system [47-50]. The main idea behind the IJ systems (sometimes known as 

Swedish Air Queen (AQ)) is to inject air downwards with high momentum, let them expand all over 

a vast area on the floor, then subside with enough force to reach far distances [39]. Incidentally, in 

the CJ systems, a bunch of jets interact through initial, converging, merging, and combined regions. 

All types of CJ systems, namely wall confluent jets (WCJ) and impinging confluent jets (ICJ), deal 

with complex physics while multiple central, side, and corner jets interactions, before merging. 

Interestingly enough, CJ systems have shown slightly better performance concerning thermal 

comfort and air quality [51-52]. 

Stratum Ventilation (SV): was developed to regulate the temperature elevation in the room, 

following the East Asian governmental recommendations, especially in the heavily polluted region 
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with high concentration of PM2.5 and PM10 particles [53-54]. While working with SV systems, one 

shall compare their removal performance of the infectious nuclei with other types, whether it has an 

advantage or not [55]. Li et al. [56] reported 76% improvement in local and overall comfort 

sensation using SV systems on space heating in comparison to the radiant floor heating. Due this 

significant improvement a big portion of works (especially at East Asia) on decreasing the airborne 

transmission using ventilation systems are allocated to the SV systems [57-64]. 

Protected Occupied Zone Ventilation (POV): firstly, has been modeled theoretically by Cao et 

al. [65] to split an office room into several subzones using a low turbulent plane jet following the 

federation of European heating, ventilation, and air-conditioning associations (REHVA) ventilation 

and smoking guidebook [66]. The guidebook named "reducing the exposure to environmental 

tobacco smoke (ETS) in buildings" concentrates on people's exposure to ETS using POV ventilation 

systems. In this context, a designated smoking area with proper ventilation is required whereby the 

tobacco smoke does not transmit to the other subzones. Historically, many Refs. [67-73] have tried 

to find a solution for smoke transmission among subzones using an air curtain that mostly creates a 

thermal barrier between cold air and heated space. Later, the characteristics of POV systems have 

been given thoughtful attention to provide fresh air in a protected occupied zone (POZ) efficiently. 

Cao et al. [74] tried to minimize the human-to-human cross-infection risk via breaking their 

exhalation airflow using POV systems. Later, Cao and his colleagues utilized POV systems for 

different applications [75-77].  

Local Exhaust Ventilation (LEV): aims to remove contaminants effectively from the local sources 

using extractor hoods. For the past three decades, LEV systems have been used in various 

applications to control the pollution at its source before spreading in the room. Kromhout et al. [78] 

investigated the different aspects of occupational exposure to chemical agents in the industrial zones 

with and without LEV systems, using a comprehensive database of approximately 20000 chemical 

exposures. The results have shown LEV has a significant effect on between-worker exposure. 

Gliński [79] determines the dust emission and the pollution removal efficiency of local exhaust 

ventilation for cast iron grinding following Standard No. EN 1093-3:1996 [80]. Gliński’s model 

demonstrates dust concentrations removed from the zone with efficiency greater than 90% using 

LEV systems. Later, LEV systems have been customized to improve pollution removal efficiency 

and indoor air quality for different applications, including hospital patient room [81], chamber with 

a gas-burning appliance [82], office room [83-84], surgical smoke control [85-86], aviation fire-test 

lab [87], semiconductor manufacturing industries [88], anatomy laboratory [89], dental aerosols and 

droplets [90], etc. 

Piston Ventilation (PiV): is an extreme variant of the displacement system method in which the 

low-speed air (usually 0.2-0.4 [m s-1]) passes through the zone like a piston type flow [7, 91]. This 

unidirectional flow removes contaminants effectively, however, requires change air 200-600 times 

per hour to keep flow stable and laminar. Hence, in some critical applications like cleaning rooms 

[92-93], operating theaters [94-97], and so forth that need a high percentage of cleanness, the PiV 
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systems with minimum turbulence are applied. Ironically, due to the similarity of the PiV systems 

and subway applications, similar studies were found in the piece of literature [98-99]. 

The construction considerations and the operation characteristics present another classification for 

the air-conditioning systems as below [3, 5]. These systems might use the same or a mix of the 

abovementioned ventilation systems. 

Individual Room: Heat the air or water at a higher temperature via a heat pump that extracts heat 

from a heat source. It contains a single self-contained room air conditioner, a packaged terminal, 

a separated indoor-outdoor split unit, or a heat pump [100]. This system is suitable for units in 

each room and the independent units (room air conditioner (window-mounted) [101-102] or 

packaged terminal air conditioner (PTAC) [103-104], installed in a sleeve through the outside 

wall). In recent years, some works allocated to the optimal control of these systems, especially 

during COVID [105-107]. 

Evaporative-Cooling: Cool an airstream directly or indirectly by the cooling effect of the 

evaporation of liquid water. This system is composed of an intake chamber, filter(s), supply fan, 

a direct-contact or indirect-contact heat exchanger, an exhaust fan, the water sprays, recirculating 

water pump, and the water sump [108-111]. These systems are mainly suitable for use in arid 

areas. 

Desiccant-Based: In this system, the desiccant dehumidification is used for the latent heat 

cooling. Incidentally, refrigeration or evaporative cooling is applied for sensible cooling. 

However, the entire system includes rotary desiccant, dehumidifiers, heat pipe heat exchangers, 

direct or indirect evaporative coolers, DX coils, vapor compression unit or water-cooling coils and 

chillers, fans, pumps, filters, controls, ducts, and piping [110, 112-119]. 

Thermal Storage: The electricity-driven refrigeration compressors consist of chilled-water tanks 

or ice storage tanks, storage circulating pumps, and controls that operate during off-peak hours. 

This system is recommended for buildings’ cooling during peak hours [120-125]. 

Clean-Room: The quality of the indoor environment is controlled based upon desired criteria. 

This system is used where, there is a need for critical control of particulates, temperature, relative 

humidity, ventilation, noise, vibration, and space pressurization. In this sense, a combination of 

dampers, pre-filters, coils, fans, high-efficiency particulate air (HEPA) filters, ductwork, piping 

work, pumps, refrigeration systems, and related controls except for a humidifier in the makeup 

unit are required [126-130]. 

Space Conditioning: Cooling, dehumidification, heating, and filtration are performed 

predominately by the fan coils, water source heat pumps, or other devices within or above the 

conditioned space, or very near it. So, this system is usually employed with a dedicated (separate) 

outdoor ventilation air system to provide outdoor air for the occupants in the conditioned space 

and often have comparatively higher noise level and need more periodic maintenance inside the 
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conditioned space. A fan coil consists of a small fan and a coil. While a water-source heat pump 

usually consists of a fan, a finned coil to condition the air, and a water coil to reject heat to a water 

loop during cooling or to extract heat from the same water loop during heating [131-134]. These 

systems consume one-tenth of the world's total energy, and due to climate change, this is 

increasing portion [135]. 

Unitary Packaged: These packages are applicable for central systems in which either a single, 

self-contained packaged unit or two split units are employed. According to their application at the 

single or multiple rooms, they mainly have a single packaged unit contains fans, filters, DX coils, 

compressors, condensers, and other accessories, as well as a split system containing mainly fans, 

filters, DX coils, refrigeration system, compressors, and condensers [136-138]. 

Given the building structure and applications, any kinds of Heating, Ventilation, and Air 

conditioning (HVAC) systems provide fresh air to the domain and recirculate the air inside the 

subzones. These systems shall provide the most favorable atmosphere for the occupants via the 

control of pressure, temperature, humidity, sound level, and pollution. HVACs maintain the 

comfort condition, which could be determined using comfort indices, via proper air distribution 

throughout whole rooms. In this context, the most common expressions are defined, following 

dominant standards. 

Room Air Distribution: Characterizing how air introduces into, flows through, and removes from 

spaces [4]. 

The Breathing (Occupied) Zone: The region within an occupied space between planes 3 in and 

72 in (75 mm and 1800 mm) above the floor and more than 2 ft (600 mm) from the walls or fixed 

air-conditioning equipment – 1 ft from each side [4]. 

The Adjacent Zone: Any portion of the room where discharge velocities exceed 40 fpm [4]. 

Grille: Any combination of the square or rectangular face, neck, and louver facial appearance, for 

deflecting the air, which acts as an air intake or outlet [139]. 

Register: A kind of grill that has one or more adjustable blade or dampers that control the amount 

of air which flows through the domain [139]. 

Diffuser: An air outlet is used by air distributing and directing devices like louver, vanes, and 

perforations [139]. 

GRD: Grille, Register, and Diffusers [139]. 

Attenuator: A device that is gained from resistors to decrease the radio or audio signal strength  

[140]. 

Primary Air: Air fed to the ventilation zone before mixing with any locally recirculated air [4]. 

The meaning of primary air is the air discharged by the supply outlet for conditioning, Figure 2-1. 

This air caused the movement of room air. 
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Supply Air: An air that consists of any combination of outdoor, recirculated, or transfer air that 

reached space by mechanical or natural ventilation [4]. 

Total (Indoor) Air: As shown in Figure 2-1, Total Air is the entire air in the room located under 

the Primary Air, or at the occupant zone. Total Air defined as the integration of Primary Air and 

entrained room air, and it is dependent on supply outlet conditions [4]. 

Room Air: The remaining air within the space that excluded from the total air package [140]. 

Throw: The distance from the center of the face of the outlet to a point where the velocity of the 

air stream reduces to a particular velocity, usually 150 (0.75), 100 (0.50), or 50 fpm (0.25 m/s), 

Figure 2-1.a or Figure 2-2. These velocities refer to Terminal Velocity and known as T150 (T0.75), 

T100 (T0.50), or T50 (T0.25), respectively [140]. 

Spread: The divergence of the air stream in a horizontal or vertical plane (Figure 2-2) which is a 

function of the outlet geometry. It is the horizontal width of the air jet being discharged by the air 

outlet [140]. 

Drop:  Vertical Spread of the airstream due to entrainment of Room-Air, and the buoyancy effect 

due to the density discrepancy between the Total-Air package and the surrounding Primary-Room-

Air lead to the Drop of cool Total-Air, Figure 2-1.a. Drop dependents on the mass flow of the 

Total-Air, and density is an important term consequently [140]. 

Characteristic Length (L): The horizontal distance between the diffuser and the nearest wall 

boundary or distance to the occupied zone plus half of the distance between opposing flows and 

diffusers [141]. 

Convection Currents: As shown in Figure 2-1, the air movement results from a hot outside wall 

during cooling or a cold outside wall during heating [140]. 

Surface (Coanda) Effect: When supply air velocity is sufficiently high, a negative or low-

pressure area is created between the moving air mass and the ceiling at or near the supply air outlet, 

Figure 2-1. This low-pressure area causes the moving air mass to cling to and flow close to the 

ceiling surface. This phenomenon is noticed for the first time in the 1930s by Romanian 

aerodynamicist Henri-Marie Coanda (1885-1972) when he saw the exit flow of nozzles tend to 

follow nearby flat or curved surfaces [140-141]. 

Stratification: is defined as the room air temperature variation from the roof to the ceiling [140]. 

Static Pressure: It refers to the pressure of a fluid on a body whenever it is in the same velocity 

by fluid [142-147]. 

Dynamic (Velocity) Pressure: Pressure on the fluid that is caused by the motion [142-147].  

Total Pressure: It’s the total of all types of pressure in the fluid, including static and dynamic 

pressures, and indicates the total energy or air stream [142-147]. 
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Mechanical Ventilation: Ventilation which is provided by mechanically powered equipment such 

as motor-driven fans and blowers, but not by devices such as wind-driven turbine ventilators and 

mechanically operated windows. 

Natural Ventilation: Ventilation that is provided by thermal, wind, or diffusion effects through 

doors, windows, or other intentional openings in the building [4]. 

Indoor Air Quality (IAQ): An index that shows the concentration of detrimental particles that 

harm the occupants’ health like volatile organic or biological components, nicotine, combustion 

products, etc. [5].  

 
Figure 2-1: Conventional air diffusion with overhead; a) Cooling and b) Heating [140] 

 
Figure 2-2: Schematic of Ventilation Parameters [140] 



LITERATURE REVIEW 10 

 

   

 

 
Figure 2-3: Typical Ventilation System [139] 

Generally speaking, HVAC systems provide occupants with the most favorable indoor 

condition, considering different configurations, criteria, and standards that may vary from place to 

place. Leadership in energy and environmental design (LEED) and the American Society of 

Heating, refrigerating, and air-conditioning engineers (ASHRAE) propose design procedures for 

different applications in North America. However, one shall follow local regulations in advance. 

In this framework, comfort indices have been introduced to compare the performance of different 

HVAC systems to promote indoor air quality.  

2.2 Indoor Air Quality Improvement 

2.2.1 Definition of Indoor Air Quality 

By the end of the 70s, the issue of the energy in tighter buildings introduced the concept of sick 

buildings vs healthy buildings. Insufficient outdoor air ventilation causes the sick building 

syndrome (SBS) and lower performance of occupants in consequence. The indoor air quality (IAQ) 

and the occupant’s health are in a closed deal. Moreover, IAQ and thermal comfort indicate the 

quality of the environment and the functionality of HVAC systems. After the 90s, there was more 

intent on the improvement of IAQ in all aspects. There are three principal strategies to have a 

satisfactory IAQ: using the air cleaner to remove contaminants, control the source of contaminants, 

and dilute the air by ventilation. These strategies are based on controlling the source of 

contaminants or decreasing the concentration of polluted zone(s). In this framework, designers 

consider the concentration of organic compounds, small particles, and even the emission of 

occupants (especially after global pandemic) in the initial designs. They use the active carbon or 

high-efficiency air filters to control the contaminants in the zone. Sufficient outdoor air is an 

essential and economical prerequisite for the improvement of the IAQ. It’s always important to 

control not only the amount of outdoor air that came into the system, but also the required ventilated 

air and energy consumption. However, the amount of indoor-outdoor air recirculation determines 
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the efficiency of the ventilation system. It seems that the mode of minimum recirculation of outdoor 

air (minimum ventilation control) has the highest efficiency. Variable air volume (VAV) systems 

use the minimum ventilation control method beside the control of zone temperature control, 

discharge air temperature, the static pressure of duct, and space pressurization [148-151]. ASHRAE 

standard 62.1 [4] suggested three ventilation procedures for improvement of IAQ: ventilation rate, 

indoor air quality, and natural ventilation. The effectiveness of these procedures depends on the 

number of occupants, the amount of outdoor air that is used or recirculated by multi-zone systems, 

requirements of the critical zone, or the ventilation control of highly crowded spaces [5, 147]. 

 In multizone places with disparate conditions, the outdoor air may be supplied at different 

ratios to each subzone. So, a correction factor is required to control excessive outdoor air in 

recirculating air, which depends on the number of occupants, their activity levels, and local 

ventilation effectiveness. Furthermore, for the large and congested areas, the volume flow rate shall 

be varied regarding the local number of occupants [4, 147]. 

 When the concentration of the particles and contaminants increases in the buildings, a 

higher amount of outdoor air is needed. In the transient constant-volume ventilation control method 

[152-154], the outdoor air dilutes the occupied zone with a constant volume rate. This method is 

independent of the number of occupants in the room. As another option, the demand-controlled 

ventilation (DCV) method [155-159] calculates the necessary amount of outdoor air by tracing the 

number of occupants in the field. This is the minimum amount of air to decrease the concentration 

level of contaminants to an acceptable level. DCV can decrease the energy consumption of the 

system by up to 30%, with the same air quality, at heating or cooling modes. The air dilution is 

occurred by the infiltrated outdoor air, and it results in lower energy consumption. Another key 

fact is, in DCV controllers, the system feedback comes from CO2 or a group of mixed gaseous 

concentrations, instead of an outdoor air volume flow rate. In general, it is hard to measure the 

exact amount of air volume flow rate. But the CO2 air sensors (air transmitter) and volatile organic 

compound (VOC or mixed-gases1) air sensors are two precision instruments for this means [160-

163]. Numerous authors measured CO2 concentration on their works and mentioned the best 

sensors location [164-167]. 

 ASHRAE Standard 62.1 recommends that “maintaining a steady-state CO2 concentration 

in a space no greater than about 700 ppm above outdoor air levels will indicate that a substantial 

majority of visitors entering a space will be satisfied with respect to human bioeffluents (body 

odor).” ASHRAE Standard 62.1 also declared that usage of CO2 as an indicator of bioeffluents 

does not vanish the request for tracing other contaminants [4-5].  

Generally speaking, augmentation of contaminants such as CO2, VOC, and infectious 

nuclei decreases the IAQ drastically. Hence, outdoor air has to be mixed with return air before 

ventilation and then recirculate in the zone. This process requires adequate information about the 

number of occupants, the concentration of the single or mixed-components of the air in the field, 

 
1 - Lower cost and less maintenance are required. 
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the lag time between sensation and action, etc. In fact, by choosing the more proper procedure, 

pollution will be diluted more effectively. 

It's noteworthy to mention that there is a minimum limit for using the outdoor air in the absence 

of occupants in the zone, so-called base ventilation, at HVAC systems. It is the lowest amount of 

ventilation, which is required to dilute the contaminants that came from other sources than 

occupants such as VOCs. The base ventilation is used to maintain the positive pressure of the 

zone(s) in the favorable ranges. Interior design, the material of equipment, and local exfiltration 

could affect the base ventilation [168-171]. 

 

2.2.2 Comfort Parameters 

Comfort is a qualitative concept that needs to be explained quantitatively for engineering purposes. 

Historically, many authors have defined indices determining the comfort in the buildings. They 

concentrated on different aspects of comfort, including thermal, pollution, sound level, etc. These 

parameters are sensitive to time and applications, making it hard to find their exact amounts. Some 

of them have been transformed into local or international standards. However, one shall follow a 

single standard for the entire design procedure. For instance, Table 2-1 shows how the thermal 

comfort criteria may vary for a specific application (operating room (OR)) within the standards. 

Henceforth, all the calculations and explanations in this text follow the ASHRAE standard unless 

it mentions. Also, when it comes to comfort in this study, it only refers to the thermal aspect. 

Table 2-1: Thermal comfort criteria at OR 

Name of Standard Country  Temperature [K] Relative Humidity [%] 

ASHRAE 170, 9/05 [172] USA and Canada 290-300 adjustable 45–55 

NF-S 90-351 [173] France and Belgium 292-299 45–65 

DIN 1946-4 [174] Germany 292-299 adjustable as per DIN 13779 [175] 

GB 50333 [176] China 294-298 Level I 

GOST-R 52 539 [177] Russia 291-297 ±1K minimum value 30 

SWKI 99-3F [178] Switzerland 291-297 adjustable 30–50 

UNI 11425:2011 [179] Italy 
Summer: ≤ 297 

Winter: ≥293 

≤ 60 

≥40 

  In the design procedure of HVAC systems, designers encounter with two principal concepts 

to create a general thermal satisfaction. First, the thermal pleasure, which is a temporary manner, 

is a change from the unpleasant thermal sensation state, like sweating, shivering, and so forth, to 

the pleasant state, through positive thermal alliesthesia (pleasure or displeasure sensation). Second, 

thermal neutrality or comfort, which is a permanent manner, defined as maintaining the 

temperature of the core body of occupants on their functional ranges. Since people have different 

psychological and physiological satisfaction, it is hard to find the optimum temperature in which 

everyone satisfies. In the case of the continuous change of occupants' clothes and their activity 

levels, one should consider the local considerations. Epstein and Moran [180] comprehensively 

reviewed these parameters and categorized them into three different categories: Empirical, 

Rational, and Direct indices. The first two indices are highly dependent on physiological and 

environmental variables. Due to this fact, it is hard to use these two indices in this field. In contrast, 
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scientists used the direct indices, which are extracted from measurements of the principal 

environmental variables, for more than five decades. 

As it states earlier, preferences of people depend on their physiological or psychological 

manners. But, when the normal metabolic rate of humankind equals the received energy from the 

surrounding environment, the internal temperature remains constant, i.e., thermal comfort. 

ASHRAE Standard 556 [181] defines thermal comfort as “the condition of mind that expresses 

satisfaction with the thermal environment.” Unfortunately, there is no unique index that simply 

specifies thermal comfort for all the conditions [182-183]. Many thermal comfort indices have been 

reviewed by Refs [6, 164, 180, and 184-188] historically, whereas a limited number of them are 

still in use. Table 2-2 lists most of the ventilation and comfort indices chronologically with the 

correspondent author(s). Each index has some limitations and presumptions shall be investigated 

before use. 

Table 2-2: Ventilation and Comfort Indices. 

Year Index First Author(s)  Most Recent Refs. 
1905  Wet-Bulb Temperature (WBT) Haldane [189] [190-192] 

1916  Katathermometer Hill et al. [193] [194-196] 

1923 Effective Temperature (ET) Houghton and Yaglou [197] Not Available 

1929 Equivalent Temperature (Teq) Dufton [198] Not Available 

1930 Globe-Thermometer Temperature1 (GTT) Vernon [199] [200-201] 

1932 Corrected Effective Temperature (CET) Vernon and Warner [202] Not Available 

1935-1937 
Thermo Integrator 

Winslow et al. [203, 205] 
[204] 

Operative Temperature (OPT) [206-208] 

1937   Humiture Hevener [209] [210-212] 

1941 Standard Operative Temperature (SOPT) Gagge [213] [214-216] 

1945 

Thermal Acceptance Ratio (TAR) Ionides et al. [217] Not Available 

Index of Physiological Effect (Ep) Robinson et al. [218] Not Available 

Wind Chill Index (WCI)  Siple and Passel [219] [220-222] 

1946 Corrected Effective Temperature (CET) Bedford [223] Not Available 

1947 Predicted 4-hour Sweat Rate (P4SR) McArdel et al. [224] [225-226] 

1948   Resultant Temperature (RT) Missenard et al. [227] [228] 

1949 Effective Draft Temperature (EDT) Rydberg [229] [230-233] 

1950 Craig Index (I) Craig [234] [235] 

1955 Heat Stress Index (HSI) Belding and Hatch [236] [237-239] 

1957 Wet-Bulb Globe Temperature (WBGT) Yaglou and Minard [240] [241-244] 

Oxford Index (WD) Lind and Hallon [245] [246] 

1958 Thermal Strain Index (TSI) Lee [247] [248-252] 

1959  Temperature-Humidity Index (THI) Thom [253] [254-257] 

Equatorial Comfort Index Webb [258] [259] 

1960 Index of Physiological Strain (Is) Hall and Polte [260] [261-263] 

Humiture Revisited Lally and Watson [264] Not Available 

1961  Cumulative Discomfort Index (Cum DI) Tennenbaum et al. [265] Not Available 

1962 Cumulative Effective Temperature (Cum ET) Sohar et al. [266] Not Available 

Index of Thermal Stress (ITS) Givoni [267] [268-269] 

1966  Heat Strain Index (Corrected) (HSI) McKarns and Brief [270] Not Available 

Prediction of Heart Rate (HR) Fuller and Brouha [271] [272-274] 

1967 Effective Radiant Field (ERF) Gagge et al. [275] [276-277] 

1970 Predicted Mean Vote (PMV) Fanger [278] [279-283] 

Prescriptive Zone Lind [284] Not Available 

1971 

New Effective Temperature (ET*) Gagge et al. [285] Not Available 

Wet Globe Temperature (WGT) Botsford [286] [287-288] 

Humid Operative Temperature Nishi and Gagge [289] Not Available 

Apparent Temperature (AT) Steadman [290] [291-294] 

1972 Predicted Body Core Temperature Givoni and Goldman [295] [296-297] 

Skin Wettedness Kerslake [298] [299-302] 

1973 Predicted Heart Rate Givoni and Pandolf [303] [304-305] 

1974-1978 
Standard Effective Temperature (SET) 

Gonzales et al. [306, 310] 
[307-309] 

Skin Wettedness [299-302] 

 
1 - Also known as Black Globe Temperature 
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1979 
Fighter Index of Thermal Stress (FITS) Nunneley and Stribley [311] [312] 

Humidex Masterton and Richardson [313] [314-317] 

1980 Equivalent Uniform Temperature (EUT) Wray [318] [319-320] 

1981 Effective Heat Strain Index (EHSI) Kamon and Ryan [321] Not Available 

1982 

Predicted Sweat Loss (MSW) Shapiro et al. [322] [323-324] 

Humisery 
Weiss [325] 

Not Available 

Humiditure Not Available 

1983 Air Diffusion Efficiency Sandberg and Sjoberg [326] Not Available 

1984 
Munich Energy Balance Model for Individuals (MEMI) Höppe [327] [328-330] 

Ventilation Efficiency Janssen [331] [332-335] 

1985 
Skin Temperature Energy Balance Index (STEBIDEX) 

De Freitas [336] 
Not Available 

Heat Budget Index (HEBIDEX) [337-338] 

1986 
Predicted Mean Vote (modified) (PMV*) Gagge et al. [339] [340-341] 

Tropical Summer Index (TSI) Sharma and Ali [342] [343-346] 

1987 

Survival Time Outdoors in Extreme Cold (STOEC) De Freitas and Symon [347] Not Available 

Physiological Equivalent Temperature (PET) Höppe and Mayer [348] [349-351] 

Summer Simmer Index (SSI) Pepi [352] [353-355] 

1988 Wind Chill-Equivalent Temperature (WET) Beshir and Ramsey [356] [357-359] 

1989 Required Sweating (SWreq)  ISO 7933 [360] Not Available 

1992 Relative Ventilation Efficiency Kim and Homma [361] [362-364] 

1994 Man–Environment Heat Exchange Model (MENEX) Blazejczyk [365] [366-367] 

1996 
Cumulative Heat Strain Index (CHSI) Frank et al. [368] [369-370] 

Air-Exchange Efficiency Etheridge and Sandberg [371] [372-375] 

1998 
Physiological Strain Index (PSI) 

Moran et al. [376, 381] 
[377-380] 

Modified Discomfort Index (MDI) [382-383] 

1999 Local Mean Age of Air (MAA) Federspiel [384] [385-387] 

2000 New Summer Simmer Index (New SSI) Pepi [388] [353-355] 

2001 Environmental Stress Index (ESI) Moran et al. [389] [390-392] 

2002 CIBSE Guide J Criterion CIBSE [393] [394-395] 

2005 

Wet-Bulb Dry Temperature (WBDT) 
Wallace et al. [396] 

[397-399] 

Relative Humidity Dry Temperature (RHDT) Not Available 

Percentage Outside Range 

ISO 7730 [400] 

[401] 

Degree-Hour Criterion [401] 

PPD-Weighted Criterion [401] 

Average PPD Not Available 

Cumulative PPD [402] 

2006 CIBSE Guide A Criterion CIBSE [403] [404-405] 

2007 Degree-Hour Criterion (Modified) EN 15251 [406] Not Available 

2008 
Overheating Risk Robinson and Haldi [407] [408] 

New Overheating Risk Nicol et al. [409] [408] 

2010 ExceedanceM Borgeson and Brager [410] Not Available 

2014 Thermal Comfort Index for Cities Dry Areas (IZA) Ruiz and Correa [411] Not Available 

2018 
Pupillary Stress Neto et al. [412] Not Available 

Combined Thermal, Acoustic, And Visual Comfort Index Buratti et al. [413] Not Available 

2021 
Ez Correction Factor Raphe et al. [414] Not Available 

Street Walkability and Thermal Comfort Index (SWTCI) Labdaoui et al. [415] Not Available 

Most of the indices are time-dependent, and they are a combination of four environment’s 

thermal condition factors: air temperature, radiant temperature, air speed, and humidity, and two 

occupants’ characteristics: metabolic rate, and clothing insulation [181]. Charles [416] and Alfano 

[417] surveyed these six parameters, comprehensively, mentioning the strength and weaknesses of 

the Fanger’s models. Charles [416] also studied the local draught dissatisfaction as a result of the 

air temperature, turbulence intensity, and mean air velocity. Among all of these parameters 

mentioning by Charles [416], Alfano [417], Epstein and Moran [180], and other Refs. [164-165], 

the following models and indices are ranked top. 

Predictive Mean Vote (PMV): The predicted mean vote or PMV index firstly proposed by Fanger 

[418] to model level of the thermal comfort on the air-conditioned building applications. Within 

this model heat balance characteristics and empirical measurements of skin temperature, i.e. six 
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famous factors, integrated into a single index (Figure 2-4). Based on ASHRAE 55 [181] definition, 

the PMV model ranges from -3 to +3 to predict the thermal sensation votes (TSV); Self-reported 

perceptions by a large group of people. As shown in Figure 2-4, each number corresponds to 

sensations categorized as cold, cool, slightly-cool, neutral, slightly-warm, warm, and, hot [419]. 

However, Figure 2-5 shows why measuring of the occupants’ characteristics comes with many 

uncertainties [420-421]. As a result, Fanger’s PMV model cannot predict actual thermal sensation, 

adequately. Although, in some applications, like air-conditioned buildings, this model provides 

satisfactory results. It recommends finding the limitations of this model before applying it, like 

what is mentioned by numerous authors in their works [187, 422-437]. 

 
Figure 2-4: Schematic of Predicted Mean Vote (PMV) Model [419] 

 
Figure 2-5: The environment and a human body thermal interaction [421] 

A general PMV model of Fanger follows the Eq. (1), whereby M, L and α are metabolic heat 

production [W m-2], thermal load on the body [W m-2], and sensitivity coefficient, to relate the real 

heat flow imbalance between human body and given environment. Historically, many authors tried 

to simplify this model to be more practical for specific applications [421, 439-443]. Djongyang et. 

al [187] reviewed the rational and adaptive thermal comfort models and summarized most of 

required coefficients to calculate these indices, including the predicted mean vote (PMV). One of 

these simplified models in a sedentary manner was proposed by Orosa [444] in a shape of Eq. (2), 
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where T and Pv are dry-bulb temperature and the pressure of water vapour in ambient air1, and 

coefficients a, b, and c are given by Refs [187, 444-446] as a function of time and sex. 

𝐏𝐌𝐕 = [𝟎. 𝟑𝟎𝟑𝒆−𝟎.𝟎𝟑𝟔𝑴 + 𝟎. 𝟎𝟐𝟖]𝐋 = 𝛂𝐋 (1) 

𝐏𝐌𝐕 = 𝒂𝑻 + 𝒃𝑷𝒗 − 𝒄 (2) 

Predictive Percentage of Dissatisfied (PPD): Following Fanger’s PMV model and ASHRAE 55 

Standard Appendix K [181] the percentage of dissatisfied people could be quantitively calculated 

using Eq. (3). The predicted percentage of dissatisfaction or PPD curve is an empirical profit for 

thermal sensation (TSENS) that linked dissatisfied members on any distinct PMV level, 

 Figure 2-6. There are some assumptions behind this formula including equality of air temperature 

and a mean radiant temperature, 50% of relative humidity, 1.2 [met] metabolic rate, 0.15 [m s-1] 

or less mean relative velocity, and season-based clothing insulation (0.9 and 0.5 clo in winter and 

summer, respectively) [187]. PDD used to create a pleasing symmetry between occupants’ 

sensation and thermal neutrality. For instance, when the PMV of ±0.5 speaks about 90% 

satisfaction, PPD gained a value of 10% - dissatisfied population. The probability of discomfort 

depends on the efficiency of air-conditioning systems and can vary from 10% to 20% PPD with 

PMV ±0.5. However, even the neutral condition (PMV=0) takes a minimum rate of dissatisfaction 

(PPD=5%) due to a different person to person thermal comfort preferences. 

𝑷𝑷𝑫 = 𝟏𝟎𝟎 − (𝟗𝟓 × 𝒆−(𝟎.𝟎𝟑𝟑𝟓𝟑×𝑷𝑴𝑽𝟒+𝟎.𝟐𝟏𝟕𝟗×𝑷𝑴𝑽𝟐)) (3) 

 
Figure 2-6: The Relationship between PMV and PPD [187] 

Wet-bulb Globe Temperature (WBGT): It’s one of the most wide-used thermodynamic 

properties for expressing heat stress and belongs to a mixture of water vapor and air. Firstly, this 

index came from the US Navy and is a correlation of three temperatures, including Globe (Tg), 

Dry-Bulb2 (Td), and Wet-Bulb (Tw), with different weight, as per Eq. (4). Since these coefficients 

 
1 - Calculated by Magnus formula, also known as August-Roche-Magnus or Magnus-Tetens equation. 
2 - Measuring in the room using a thermometer 
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have no physiological correlations, they must be determined empirically. ISO 7243 [400] 

recommends this index for applications that workers exposed to hot environments. 

𝑾𝑩𝑮𝑻 = 𝟎. 𝟕𝑻𝒘 + 𝟎.𝟏𝑻𝒅 + 𝟎. 𝟐𝑻𝒈        (4) 

Standard Effective Temperature (SET): SET or Pierce Two-Node model that developed firstly 

by A.P. Gagge, explains the response of humans to the thermal environments. ASHRAE 55 [181] 

defines SET as “the temperature of an imaginary environment at 50 percent relative humidity, less 

than 0.1 meters per second air speed, and the mean radiant temperature equals the air temperature, 

in which the total heat loss from the skin of an imaginary occupant with an activity level of 1.0 

met and a clothing level of 0.6 clo is the same as that from a person in the actual environment, 

with actual clothing and activity level”. This model is following the same calculation of the PMV 

model except applying the two-node method. Within this model, skin temperature, and wettedness 

are measured to express human physiology [339]. However, some researchers conclude the 

tendency of this model to either underestimate skin wettedness or overestimate skin temperature 

in comparison to experimental data [447-449]. 

To calculate SET, one has to find the curvature in the psychometric chart correspondent to 

the zone dry bulb temperature and relative humidity, Figure 2-7. Then, draw a vertical line in the 

same chart for defined dry-bulb temperature. The intersection of this line and the curvature 

indicates the value of the wet-bulb temperature. In the next step, one has to draw a line between 

the amount of dry-bulb temperature and the wet-bulb temperature in the effective temperature 

chart for a certain amount of clothing level. The point that this line crosses the air speed curvature 

represents the value of the effective temperature [450]. 

 

Figure 2-7 : A Schematic Sample of SET Calculation Procedure [450] 

Adaptive Model: Humankind is an adaptive creature at different seasons and temperatures. So, 

the effects of outdoor climate on indoor comfort are supposed as the principal idea in this model. 

For example, people in cold climate zones prefer colder indoor temperatures than people living in 

warm climate zones. Moreover, occupants applied tools to recreate thermal comfort while exposed 
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to uncomfortable weather conditions. If this model is used for naturally ventilated spaces, the mean 

air outdoor temperature specifies the border of satisfied contours on empirical models [451]. In 

the past ten years, numerous Refs. [452-458] have been concentrating on improvement of the 

adaptive models under ASHRAE Standard 55 [181], the European EN 15251 [406] (and its 

revision prEN 16798), the Dutch ISSO 74 [459], and the Chinese GB/T 50785 [460].  

Mean Age of the Air (MAA): Local age of air from a Lagrangian perspective mentions an air 

particles’ journey time from the supply area to the target location in the zone or removed-out. Age 

of air is an indicator of the ability of a system to provide fresh air to any point and the uniformity 

of distributed air per unit volume. Authors [182, 461-467] have proposed several experimental and 

numerical methods to calculate the age of air, mostly based on the retrieval of tracer gas (Sulfur 

Hexafluoride (SF6), Nitrous Oxide (N2O), Carbon Dioxide (CO2), Dichlorodifluoromethane or 

Freon12 (CCl2F2), Helium (He), and Perfluoro hexane (C6F14) [468-473]). Also, the volume 

average of this parameter at each zone (mean age of air or MAA) gives a rough estimation of the 

required time to replace aged air with fresh air. By the way, all the determination methods for the 

value of the local age of air in the domain belong to one of three general classifications, namely 

step-down (decay), step-up, and pulse injection. If the ventilation system in the room has more 

than one zone, or there are several injection points in the domain, then it should be decided about 

the portion of injection in each supply device. In the case of having multiple zones, homogeneous 

techniques [474-478] might come into consideration besides the previous methods. ASHRAE 

Standard 55 [181] proposes a transport equation to compute MAA as per Eq. (5), in which the 

source term on the right side of this equation akin to density of the mixture.  

𝝏

𝝏𝒙𝒊
(𝝆𝒖𝒊𝑴𝑨𝑨 − (𝟐.𝟖𝟖𝝆 × 𝟏𝟎−𝟓 +

𝝁𝒆𝒇𝒇

𝟎.𝟕
)

𝝏𝑴𝑨𝑨

𝝏𝒙𝒊
 ) = 𝑺   (5) 

𝝁𝒆𝒇𝒇 = 𝝁𝒕 + 𝝁𝒍 (6) 

where ρ, ui, μeff, S, μt and μl are air density [kg m-3], air velocity component in corresponding 

direction [m s-1], effective viscosity [Pa s], source term, turbulent viscosity [Pa s], and laminar 

viscosity [Pa s], respectively. When consulting the literature [143-145, 479-480], one often finds 

the user-defined functions have been used on the commercial solvers such as Fluent and CFX to 

add this new set of equations. 

Effective Draft Temperature (EDT): The combination of the local air velocity and temperature 

affects the occupant's comfort at any specific location. Also, the non-uniformity of the distribution 

pattern of these fluid parameters increases the discomfort zones. To quantify the mixing effect of 

these parameters and the deviation of temperature from its spatial average, the effective draft 

temperature is defined, specifying the local thermal comfort. The definition of this calculated 

temperature has been modified many times since the first proposed version in the 1949 by Rydberg 

et al. [229]. At first, EDT was used only for the cooling mode as a part of the ADPI method. Later, 

following the ANSI/ASHRAE 113 procedure [481], a modified version of EDT was proposed for 

the heating mode. Within this modification, a calculated temperature difference defined as EDT 

in which local air velocity and dry-bulb temperature are combined. 
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Assuming no heat sources or sinks in a room, Norbäck [482] firstly found a relationship 

between dry-bulb air temperature difference (Ti) and local air velocity (Vi). Norbäck states that the 

coefficient of 8.0 at the Eq. (7) is akin to the cooling effect of temperature drop (1.8 °F or 1 °C) 

due to the air speed rising (24.6 fpm or 0.125 [m s-1]), and Ta is the average (set-point) room dry-

bulb temperature. 

𝛉 = (𝑻𝒊 − 𝑻𝒂) − 𝟖. 𝟎𝑽𝒊 (7) 

However, Koestel et al. [483] mentioned that due to the thermal buoyancy of a subject in the 

thermal neutral condition a thermal plume move at a velocity of 0.15 to 0.2 [m s-1]. As a result, a 

modified EDT for the cooling mode is defined as Eq. (8). Aziz et al. [145] used Eq. (8) to 

characterize the air flow of swirling diffuser.  

𝛉 = (𝑻𝒊 − 𝑻𝒂) − 𝟖(𝑽𝒊 − 𝟎. 𝟏𝟓) (8) 

Given the 50% relative humidity, 0.5 [Clo] clothing insulation, 1.15 [Met] metabolic rate, and 

80% thermal acceptance for a typical office space (cooling mode in summer), in a piece of 

literature [484-489], the value of EDT between -1.7 and 1.1, is assumed as the comfortable 

condition, and other amounts, lower or upper than these ranges, causing cool or warm sensation, 

respectively. Historically, the usage of EDT for evaluating the performance of the diffusers did 

not conform to the standards, but it’s remarkable nonetheless [488]. Eq. (9) is the general formula 

calculating EDT for all applications including heating mode, where k is a thermal sensation 

coefficient connecting temperature difference to air velocity, and θ1 and θ2 are lower and upper 

comfort limits [490-491]. 

𝛉𝟏 < 𝛉 = (𝑻𝒊 − 𝑻𝒂) − 𝐤(𝑽𝒊 − 𝟎. 𝟏𝟓) < 𝛉𝟐 (9) 

Air Diffusion Performance Index (ADPI): To have a uniform air distribution in the space, ADPI 

is used for the selection and configuration of the air terminals outlets. ADPI is defined as a 

percentage of the taken measurements within an occupied space, where the effective draft 

temperature is between -1.5 K and +1 K, and the air velocity is less than 0.35 m/s [141]. ADPI 

strongly depends on the dimension of the room, the type of diffuser and outlet, the throw of air, 

and the inlet-outlet air layout. In general, systems are designed for ADPI of 80% or above [141]. 

𝐀𝐃𝐏𝐈 = (
𝐍𝛉

𝐍
) × 𝟏𝟎𝟎%  (10) 

where: 

θ: Effective draft temperature (K); 

Nθ: Number of measured points in the occupied space that falls within –1.5 K<θ< +1 K; 

N: Total number of measured points in the occupied space. 

Since this is an index for the entire system, it’s not using for evaluating the performance of the 

single units such as a diffuser, a nozzle jet, and an air grill. In this sense, manufacturers should not 

use it for representing the test data or certification of such products. Incidentally, this index is just 
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applicable for cooling mode, and its usage for other applications is the wrong statement, unless 

using modified EDT criteria [141, 490, 492-493]. 

Ventilation Effectiveness: A series of different ventilation effectiveness indices are defined to 

evaluate the efficiency of the ventilation systems. They relate the ratio of characteristics of the 

outlet air to the occupant zones specifications. Liddament [494-495] reviewed a wide variety of 

these indices include: “Relative Ventilation Efficiency,” “Overall Relative Efficiency,” “Absolute 

Ventilation Efficiency,” “Transient Relative Ventilation Efficiency,” “Relative Air Diffusion 

Efficiency,” “Air Exchange Efficiency,” “Relative Contaminant Removal Effectiveness,” “Removal 

Efficiency,” and “Ventilation Effectiveness.” Even though these indices are pertinent to the air 

movement, human perception, and pollutant removal capabilities, ASHRAE Standard 62.1 [4] 

recommends zone air distribution effectiveness to compare the performance of the ventilation 

systems. 

Zone Air Distribution Effectiveness (Ez): The amount of required outdoor air intake flow (Vot) 

speaks of the energy usage of ventilation systems. Each ventilation system mixed a specific amount 

of outdoor air with recirculated air to supply fresh air into one or more zones. According to the 

ASHRAE 62.1 [4], the algebraic summation of the entire zone outdoor airflows (Voz) determines 

the outdoor air intake flow (Vot). It’s apparent that for the single-zone systems Voz and Vot are 

equal. Moreover, the value of Voz depends on the breathing zone outdoor airflow (Vbz) and zone 

air distribution effectiveness1 (Ez). ASHRAE 62.1 [4] defines Ez as “a measure of the effectiveness 

of supply air distribution to the breathing zone.” Since for the same geometry and applications, 

different ventilation systems have the same value of Vbz, the only parameter that can compare the 

capability of the ventilation systems would be Ez.  

ASHRAE 62.1 [4] proposed upper limits for the Vbz and Ez as a must follow criterion, 

Table 2-3. Furthermore, for a single-zone room with one extract (exhaust airstream or outlet), one 

could calculate the Ez using Eq. (11), under section 7 of ASHRAE Standard 129 [496]. A prior 

knowledge of the local age of air in the room, mentioned in the previous sections, is necessary for 

the calculation of Eq. (11), whereby τn and τavg are nominal time constant (half of AoA at outlet) 

and MAA in the breathing zone, respectively. 

𝑬𝒛 =
𝝉𝒏

𝝉𝒂𝒗𝒈

=
𝑽𝒃𝒛

𝑽𝒐𝒛

 (11) 

Interestingly enough, some ventilation systems (like PiV and HAD that create 

unidirectional flow patterns) have the real values of Ez higher than ASHRAE Standard limits. 

Given the lower value of the Ez might leads to extra outdoor air intake flow, i.e. waste of energy. 

To compensate for this loss of energy, a correction factor shall be determined for these systems 

[414]. 

  

 
1 - It’s also called ventilation effectiveness and air change effectiveness (ACE). 
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Table 2-3: Zone Air Distribution Effectiveness Values [4] 

 

Heat Transfer Efficiencies: In terms of energy, it’s noteworthy finding the actual supply of 

energy reached a certain level of thermal comfort in the breathing zone. Following the basic 

thermodynamics calculation in the room, the heat removal coefficient is defined as the inlet-outlet 

temperature difference over the discrepancy of the inlet and the mean temperature of room. This 

coefficient shows whether the inlet energy is allocated to the warming breathing zone or removed 

from the room. Gan [144] used Thermal Efficiency (Eq. (12)) and Ventilation Efficiency1 (Eq. (13)) 

adjacent to his thermal comfort model to explain overall ventilation effectiveness. Te, Ts, Tm, Ce, 

Cs, and Cm symbolizes the extract, supply, and room (mean value) temperature and contaminant 

concentration at Eq. (12). The overall ventilation effectiveness combines different aspects of 

 
1 - In some articles this index is defined as Personal Exposure Effectiveness. 
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diffuser performance, including indoor air quality, thermal comfort, and energy consumption to 

compare the ability of ventilation systems [229, 482, 497-500]. Although, in the present project, 

it’s assumed no pollution in the room for the sake of simplification. Thus, only thermal efficiency 

would be practical to compare the performance of the diffusers. 

𝜼𝒕 =
𝑻𝒆 − 𝑻𝒔

𝑻𝒎 − 𝑻𝒔

 (12) 

𝜼𝒄 =
𝑪𝒆 − 𝑪𝒔

𝑪𝒎 − 𝑪𝒔

 (13) 

When the temperature at the outlet is less than the mean temperature of the room, then thermal 

efficiency finds values of more than one. In a better word, the hot air enters the room from the 

inlet, increasing the total temperature until it reaches a set point. Meanwhile, the temperature at 

the outlet relies on temperature distributions. In the case of poor ventilation, a large portion of heat 

flow leaves the room with no influence on the temperature of critical points. 

Apparent Temperature (AT): To represent thermal sensation in different indoor conditions, the 

AT is designed in the late 1970s. This is a mathematical model of an adult who is walking outdoors 

in the shade [501]. In this sense, the AT is defined as the temperature in which the discomfort 

amount in the reference humidity level equals the ambient temperature and humidity that one 

experiences. This index adjusts the ambient temperature, following the humidity level, dew point 

at 287 K, as a reference. In pieces of literature, the AT is used as the heat index and the wind chill, 

too [291-294, 502]. The AT combines the humidity and the air speed effects into the actual air 

temperature. So, it’s more intuitive than the WBGT to use. 

Discomfort Index (DI): Another adjustment to the air temperature to consider the effect of dry 

bubble temperature and wet bubble temperature is the so-called discomfort index - which is 

introduced by E. Thom in 1959 [253], Eq. (14). Thom stated that, if the amount of this index 

proceeds 70, then people feel the discomfort. The more the DI, the less the comfort is happened. 

When it passes 80, a serious discomfort will occur. Later, other modified forms of this formula  

(Eq. (15) or Eq. (16)) are used by authors [382-383, 503] to measure the discomfort degree in the 

zones.  

 

𝐃𝐈 = 𝟎. 𝟒(𝑻𝐝 + 𝑻𝐰) + 𝟏𝟓  (14) 

𝐃𝐈 = 𝟎. 𝟓𝟓𝑻𝐝 + 𝟎.𝟐𝑻𝐝𝐩 + 𝟏𝟕. 𝟓 (15) 

𝐃𝐈 = 𝐓 − (𝟎. 𝟓𝟓 × (𝟏 − 𝟎. 𝟎𝟏𝑯) × (𝐓 − 𝟏𝟒. 𝟓)) (16) 

where Td, Tw, and Tdp are dry bulb temperature, wet bulb temperature, and dew point temperature 

in Fahrenheit, and T and H are actual air temperature in Celsius and air relative humidity, 

respectively. 
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2.3 Perforated Duct Diffusers  

Diffusers, as a part of HVAC systems, provide and recirculate the air in buildings to improve 

indoor air quality. Diffusers are in different shapes, from conventional inlets to sophisticated 

geometries, regarding the type of HVAC systems, ventilation method modes, dimension of the 

ventilation zone, etc. Yet, there is no general classification for the types of diffusers in the pieces 

of literature. However, HVAC manufacturers consider different parameters, including geometry 

(single or duct), flow patterns (simple jets or swirl), material (rigid or flexible), injected flow 

direction (horizontal, vertical, or mixed), inlet face (square, round, etc.), and ventilation type (from 

the top, bottom, or side), to classify their products. Figure 2-8 illustrates a sample classification 

utilized by the NAD-Klima company. Providing detailed information on each diffuser type is out 

of the scope of this work. Despite the allocation of numerous works to the different prototypes, 

perforated duct diffusers (PDDs) have not been investigated adequately. 

 

Figure 2-8: A Sample of Diffuser Type1 [504-511] 

2.3.1 PDD Concept and Geometry 

It’s inefficient to distribute the air in large spaces via a single opening. Since high-speed injected 

air creates stratification in a room, diffusers with multiple air entrances are utilized. In such 

buildings, the long duct diffusers, which have more than one inlet, inject the fresh air into the 

domain. In some applications, designers substitute these inlets with the number of holes or slots. 

Within this method, the discreet ventilation pattern transforms into a continuous pattern, and the 

 
1 - https://www.nadklima.com/en/products 

https://www.nadklima.com/en/products
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air distribution will be more uniform. To have such uniformity, it’s desired to perforate the surface 

of the ducts. It is also vital to control the air volume and pressure at these perforations. However, 

the detailed calculation of these holes is out of this project scope. 

From geometry point of view, one can classify diffusers into three different types include 

simple, standard duct diffusers with uniform perforation, and partial perforated duct diffusers. 

Amongst numerous articles in this domain, almost all of them studied simple diffusers, and there 

are only a few numbers contributed for the 2nd type. Anthony Fontanini et al. [512] compared first 

and second type of these diffusers for green buildings. They used ADPI as a thermal comfort index 

for two sedentary people in the room with medium size (2.43×2.43×2.43 m3). They compared the 

flow pattern of a fabric ductwork system (Perforated Duct) against ceiling rectangular inlet for two 

sedentary people using smoke visualization, PIV, and PLIF. They also modeled the same geometry 

numerically to calculate mean air speed, standard air speed, mean temperature, standard 

temperature, power absorbed by the room, used energy, taken time to heat the room, Mach number, 

(Courant-Friedrichs-Lewy) CFL number, and Richardson number.  NAD-Klima group firstly 

created a new concept of perforation on their design. This innovative concept is patented and 

applied at some projects, but there’s no work on 3rd type in the articles. 

 During the last ten years, there are plenty of works, which are allocated to the diffuser 

characterization. Chowa et al. [513] designed a bunch of tests for several sedentary people with 

conventional cloths. Each test session was involved four subjects, and each of them has been sitting 

by a working desk and with a tower fan at about 1 m aside. The fan, with variable-speed control, 

had a 0.5 m vertical slot outlet, which was centered at 0.6 m above the floor carpet and shifted 30 

degrees towards the subject’s back. The air temperature, air speed, humidity, operative 

temperature, and radiant temperature have been measured. They prepared questionnaires using the 

PMV-PDD method to find out the thermal sensation of the occupants, who are exposed to the 

ceiling diffusers. At the same time, Cehlin and Moshfegh [514] placed a flat low-velocity diffuser 

at 0.09 m above the floor level against one of the walls at the room with the dimension of 

3.4×4.1×2.7 m3. The room temperature, air velocity, and air flow were measured by using a 

traversing system, an infrared camera for thermography, streamline CTA anemometer system, and 

smoke visualization system. Later, Sajadi et al. [515] determined the air velocity for the swirling 

diffuser using numerical models and calculation of evacuation time, jet decay coefficient, and 

ASHRAE’s entrainment ratio. Mikeska  and Fan [516] by using 12 manikins and tracer-gas 

measurement calculated draught rating, ventilation effectiveness, and the local mean age of air. In 

this framework, they installed a set of perforated ceiling diffusers made of gypsum boards at the 

room with the dimension of 6.05×3.25×2.65 m3 and measured air velocity and temperature during 

the test. Liu et al. [517] studied the effects of heat flux boundary conditions for the very large space 

with a dimension of 135×4.6×5 m3 (subway) using rectangular ceiling diffuser and spherical 

nozzles. Since it’s a case of a highly occupied place, their work was dedicated to studying the 

mixing ventilation, stratified air ventilation, and air curtain ventilation. They used relative warmth 

index (RWI) to calculate dimensionless velocity and age of air by measuring air velocity and 

temperature. In 2017, Park et al. [518] studied the mechanical ventilation for the three complexes 
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with several apartment buildings. The buildings were a typical flat type with at least four single-

story housing units on each floor. The floor area of the sample homes ranged from 82 to 163 m2. 

The ventilation system of these complexes were mechanical fan operation conditions (diffusers 

were mounted on the ceiling of the rooms with the section area of the ducts ranges from 78.5 to 

120 cm2). In short, there were fifteen occupied single-family homes (two children, two adults) at 

these complexes. Park and his colleagues investigated the short-time particle resuspension by 

calculating the mass loading of particles and the number loading of particles. There is no 

information for the thermal comfort or air motion visualization method. Caoa et al. [519] used dry 

ice to visualize CO2 concentration and air distribution via four different rectangular inlet/outlet in 

the room with a dimension of 3.5×3.4×2.5 m3. The diffusers including one up-supply and down-

return in the side wall, (3 inlets near the ceiling and 3 outlets near the floor), one inlet in the wall 

near to the ground and one outlet on the ceiling, single inlet-single outlet on the ceiling, and one 

inlet on the ceiling and one outlet in the wall near to the ground. They applied a self-defined 

ventilation evaluation index which is following methodology of low-dimensional linear ventilation 

models (LLVM)-based ANN (Artificial Neural Network). The same project for the larger space 

(40×3.2×3.15 m3) was conducted by Zhou et al. [520] using far-pressing-near-absorption (FPNA) 

ventilation system. They measured air distribution and the dust concentration with AR866A 

anemometer, at this empty long round duct with a single outlet. Landsman et al. [521] 

comprehensively studied the night ventilation with three different types of ventilation, i.e., 

automated mechanical, automated natural, and manual natural. They selected two places (3000 m2 

with conventional windows and ceiling fans) for the test, one without and other with occupants, 

using the temperature prediction model. These places were followed the adaptive comfort model 

and equipped with HOBO U12 data loggers, Extech HT 30 globe, and temperature meter. In 

general, eight parameters include daily indoor maximum air temperature, daily maximum 

damping, daily indoor temperature range, decrement factor, daily time lag, daily energy removed, 

area normalized daily energy removed, and potential energy efficiency, have been calculated to 

determine the discomfort degree hours (DDH). They also measured outdoor air temperature, 

indoor air temperature, mass wall temperature, mass floor temperature, supply temperature, 

airflow rate, window state, relative humidity, internal load, solar radiation, and persistence of 

excitation (PE). Montazeri and Montazeri [522] modeled the windcatcher’s cross-ventilation. The 

windcatcher (6×8×3 m3) was scaled into a smaller size in order to measure the surface static 

pressure and indoor air speed in the test stand (3.6×0.46×0.46 m3). Then, the induced airflow rate, 

age of air, and air change efficiency have been calculated at the numerical simulations. 

Suszanowicz [523] thoroughly investigated the gravitational ventilation, mechanical ventilation, 

and supply-exhaust ventilation systems with heat recovery at three apartments and four houses 

(Apartment 1 with a floor space of 48 m2 and mechanical exhaust ventilation, Apartment 2 with a 

floor space of 37 m2 and natural ventilation, Apartment 3 with a floor space of 69 m2 and natural 

ventilation, House 1 with a floor space of 170 m2 and natural ventilation, House 2 with a floor 

space of 117 m2 and natural ventilation, after an energy efficient upgrade, House 3 with a floor 

space of 158 m2 and mechanical ventilation-intake and exhaust with heat recovery, House 4 with 

a floor space of 204 m2 and mechanical ventilation-intake and exhaust with heat recovery and 
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ground exchanger). A number of three or four occupants at each place have been ventilated by 

micro ventilation openings and wall diffusers. Suszanowicz used Kestrel 2000 anemometer, 

Commeter C4130 thermo-hygro-barometer, and multifunction carbon dioxide meter AZ 77535 to 

measure and calculate average concentrations of pollutants in the outdoor air, air temperature, the 

relative humidity of the air, the correction coefficient of the standard ventilation rate (no unit-

empirical). Also, CO2 concentration and the unit heat flow were chosen as thermal comfort indices 

in this work. 

2.3.2 Analytical Model of PDD 

The piping calculation depends on the characteristics of the fluid, which flows inside the ducts. 

These ducts may combine or divide in some parts, and the general characteristics of the mixed or 

separated flow affected consequently. Regarding the configuration of the pipelines, many 

simplification assumptions were applied in the calculations to drive case-based equations. In the 

perforated duct diffusers, the fluid particles start to move from the inlet of the duct and then inject 

into the main domain through the holes. The theoretical analysis of the perforated duct diffuser 

deals with two classical problems, i.e., the flow inside the pipe and the flow injected into the free 

stream (confluent jets). The theory of these two problems is highlighted in the next subsections. 

2.3.2.1 Theoretical Analysis of the Flow inside the Perforated Ducts 

A perforated duct is a simple pipe with abundant holes on its surface. As a result, when the 

flow crosses the holes, the mass flow of the fluid in the duct changes. These ducts have a wide 

range of applications like drained water pipes, flame burners, and air ventilation. To characterize 

the fluid in such ducts, one has to apply theories of fluid dynamics like the conservation equations 

and Bernoulli’s theorem. Based on the size and the number of the holes, the simplification 

assumptions were applied to these general theories. The effects of the mass and pressure changes 

in the ducts had not been investigated comprehensively until the late 1920s. Enger and Levy [524] 

studied the pressure changes in the manifold pipes. They converted the velocity head to the static 

pressure head in their calculation of the frictionless duct with a long narrow slot, Eq. (17), whereby 

h, 
𝑉2

2𝑔
, and ho are static pressure head, velocity head, and static pressure head at the dead end of 

duct, respectively.  

𝐡 = −(
𝑽𝟐

𝟐𝒈
) + 𝐡𝐎 (17) 

To capture the mass transfer via the holes, Enger and Levy [524] defined the coefficient of 

discharge, which has the opposite behavior in comparison to the fluid velocity in the pipe. They 

conducted some experiments for different holes’ sizes and tabulated the coefficient. Keller [525] 

stated that both the inertia and the friction forces determine the flow distribution. In a more proper 

word, when a part of the fluid exits from the holes (Figure 2-9), the velocity of the fluid in the duct 

decrease. On the other hand, friction forces reduce the pressure of fluid along the duct. In general, 

the interaction of the friction and the inertia forces leads to constant pressure mode. Keller proved 

two equations for inlet-manifold (Eq. (18)) and discharge-manifold (Eq. (19)). He also developed 
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Eq. (20) to calculate the velocity of the fluid at ducts with constant cross-section and uniform holes 

distribution. Since there is no theoretical solution for this second-order differential equation, the 

numerical method is used to find the velocity distribution. Keller introduced an area ratio, which 

equals the sum of areas of all discharge-openings divided by the cross-sectional area of the 

manifold. Then, he showed that both the active length and the diameter of the duct determine the 

uniformity of discharge fluid. 

𝐏 = 𝐏𝐋 + 𝐰(
𝐕𝐋

𝟐

𝟐𝐠
) [𝟏 − (

𝒙

𝑳
)
𝟐

] − (
𝒇𝒘𝑳

𝟑𝑫
)(

𝐕𝐋
𝟐

𝟐𝐠
)[𝟏 − (

𝒙

𝑳
)
𝟑

] (18) 

𝐏 = 𝐏𝐋 + 𝐰(
𝐕𝐋

𝟐

𝟐𝐠
) [𝟏 − (

𝒙

𝑳
)
𝟐

] + (
𝒇𝒘𝑳

𝟑𝑫
)(

𝐕𝐋
𝟐

𝟐𝐠
)[𝟏 − (

𝒙

𝑳
)
𝟑

] (19) 

[
𝐀

𝐂𝐝𝐛
]
𝟐 𝒅𝟐𝑽

𝒅𝒙𝟐
= −𝑽 +

𝒇

𝟐𝑫

𝑽𝟐

𝒅𝑽 𝒅𝒙⁄
 (20) 

 

where: 

P: Static pressure at any distance from the dead end; 

PL: Static pressure at Active length of the main duct;  

w: Specific weight of fluid; 

𝑽𝟐

𝟐𝒈
: Velocity head; 

x: Distance from the dead end of the main duct; 

L: Active length of the main duct; 

f: Friction factor; 

D: Diameter of duct or pipe; 

A: Cross-section of duct; 

Cd: Coefficient of discharge; 

b: Slot width or hole’s diameter. 

 
Figure 2-9: Perforated Duct Schematic [526] 

Later, authors like Stevens [527], Favre [528], Oakey [529], Gladding [530], Edwards [531], 

Dow [532], Holdsworth [533], Gilman [534-536], Allen-Albinson [537], Soucek-Zelnick [538], 

McNown [539], Horlock [540], and Howland [541-543] manipulated the Enger-Levy [524] and 

Keller [525] formula for other applications and studied the effects of the friction, slots, holes, the 

hole’s diameter, the length of the duct, intersecting pipes, Reynolds number, etc. They concluded 

that the variation of static pressure in the perforated ducts is the sum of changes in the static 

pressure due to the friction forces. The more velocity alongside the fluid flow, the more friction 

loss, the less static pressure is going to happen, and vice-versa. Generally speaking, static pressure 
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changes in a way to control losses. This fact is known as Static Pressure Regain [544]. Hence, the 

authors scrutinized the friction and pressure changes in the ramification fluid flows. Shove [526], 

first, studied a frictionless perforated duct (Figure 2-10) in detail, and then developed a 

dimensionless formula (Eq. (21)) considering the friction effects and the following assumptions: 

• The longitudinal velocity (u) is a constant portion of the total velocity (V); 

• The intake area or discharge opening is a small fraction of the total area of the duct's wall; 

• The friction term gains positive and minus signs in the dividing and combining flows, 

respectively. 

 

Figure 2-10: Perforated duct diagram for the combining flow without friction [526] 

 

Figure 2-11: Fluid Element Forces at Frictionless Perforated Duct [526] 

 

∆𝐡 ± ∆𝐡𝐟

𝑽𝒅
𝟐 𝟐𝒈⁄

= −𝒌 [
𝒒

𝑸𝒅

(𝟐 − (
𝒒

𝑸𝒅

))] (21) 

where: 

∆h: Total static pressure head; 

∆hf: Total head differential in Darcy-Weisbach equation;  

K: Constant of velocity head change (K= (2V-u)/V); 

𝑉𝑑
2 2𝑔⁄ : Velocity head at downstream cross section;  

𝑞

𝑄𝑑
: Flow ratio (the flow rate at the perforation to the flow rate of the main duct). 

2.3.2.2 Theoretical Analysis of the Flow Injected into the Free Stream 

The fluid enters the room through the pipe perforations as a plunging jet. This jet changes the mass, 

energy, and momentum of the fluid in the room. From the center to the perimeter, the velocity 
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magnitude differs, which has a consequent on the momentum. To trace the behavior of the flow 

by time, one has to apply the conservation equations and the Bernoulli theorem. For an 

axisymmetric jet with no external pressure gradient, Blevins [545] simplified the Navier-Stokes 

equations (Figure 2-12). The Eq. (22) shows the velocity distributions in the field, where M, x, 

and r are the momentum flux, axial, and radial distance from the jet center, respectively. The fluid 

viscosity, the velocity at the hole, and flow rate are not referenced in the Eq. (22), in spite of the 

jet momentum that is the dominant property of the free stream. Moreover, the velocity profile is a 

Gaussian curve (Bell-shaped), and the fluid velocity decreases in the flow direction. The turbulent 

properties affect these variables. The remaining parameters came from the equations of the state 

and turbulence models. 

𝒖(𝒙, 𝒓) =
𝟕.𝟖√𝑴

𝒙
 𝒆

−𝟗𝟒(
𝒓

𝒙
)
𝟐

   (22) 

𝑴 = 𝟐𝝅∫ 𝒖𝟐𝒓𝒅𝒓
∞

𝟎

 (23) 

 

Figure 2-12: Axisymmetric Turbulent Jet Schematic [546] 

2.3.3 Numerical Model of PDD  

Computational Fluid Dynamics (CFD) is a vigorous tool to study the physics of the phenomenon 

in the domain. Historically, CFD codes developed to solve thermofluidic models, and some authors 

modified these codes in their works [512, 514-522]. To find a numerical solution for these 

problems, one has to discretize the partial differential equations. Finite differences, finite elements, 

and finite volume methods are the most practical discretization approaches used by the solvers. 

Commercial CFD software are prevailed based on these discretization approaches. Depends on the 

application, designers choose to use special CFD software or write the CFD code to modify these 

models. Since multiple phenomena happen in the field, the behavior of the fluid flow changes by 

time and space. Yet there is no general model to solve the entire problems, and each model has its 

advantages and disadvantages. Computational cost, calculation equipment, errors, and 
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uncertainties are some of the designer considerations to select a numerical model. Numerous 

authors modeled HVAC systems and especially diffusers during the last 30 years. The geometry 

of the diffusers has been transforming, and international standards dictated new criteria as well. 

Table 2-4 dives into the details of some of these contexts. 

Table 2-4: Numerical Simulations of Diffusers [512-523] 

Author(s) CFD Experiment 
Scale  

(Full/ Reduced) 

Approach 

(Transient / 

Steady State) 

Turbulence Model / I.C. 

& B.C. 
Type of Diffuser 

Standard  

(ASHRAE/IS

O/Others) 

Sensitivity Analysis 

(Mesh/ Model/ others) 

Ventilation/Thermal 

Comfort Indices  

Chowa et al. No Yes Full Scale Steady-State N/A Ceiling Diffusers 
ASHRAE 

55-2004 

1- Gender Thermal 

Sensation;  

2- Educated vs Not-
educated Thermal 

Sensation. 

Questionnaire on 

Thermal Sensation 

Cehlin and 
Moshfegh 

Yes Yes Full Scale 

Micro/Macro-

Level 

Approach 

(MMLA) / 
Steady-State 

Steady Reynolds Stress 
Model (RSM);  

SIMPLE Algorithm;  

Standard Wall Function;  

The micro-level model 
prediction at the perforated 

plate was coupled to the 

macro-level model by 

using the boundary profile 
input/output in FLUENT. 

Flat Low-Velocity 

Diffuser 

Located 0.09 m 
above the Floor 

Level against one 

of the Walls 

N/A 

1- Grid Dependence;  

2- The Ratio between 

the Cell-Sizes at the 
Interface;  

3- Uncertainty 

Sensitivity. 

N/A 

Fontanini 

et al. 
Yes Yes Full Scale Transient 

Standard k-ε; 

No slip conditions; 
Adaptive meshing 

technique; 

The momentum, turbulent 

kinetic energy, turbulent 
dissipation rate, and 

energy equations were 

solved using second order 

spatial upwind methods; 
The transient formulation 

used a first order implicit 

algorithm; 
Least Squares Cell-Based. 

1- Fabric 

Ductwork System 

(Perforated Duct);  
2- Ceiling 

Rectangular Inlet. 

ASHRAE 

62.1 - 2004 

1- Different Flow Rates; 

2- Efficiency; 
3- Mesh Sensitivity; 

4- Convergence and 

Error Analysis; 

5- Turbulence model 
analysis for the near-

wake, intermediate-

wake, and far wake 

regions of a turbulent 
jet. 

Air Distribution 

Performance Index 
(ADPI), 

Sajadi et al. Yes No Full Scale Steady-State 

Hybrid 

(Tetrahedral/Hexahedral) 
Mesh; 

Boussinesq’s Turbulent 

Hypothesis; 

Isothermal Airflow; 
Standard k-ε Model; 

Standard Wall Function; 

Second Order Upwind 

Scheme; 
SIMPLE Algorithm 

Swirling diffuser ASHRAE 

1- Swirling blades 

angle; 

2- Mesh Element Size; 
3- Slots Geometry; 

4- Airflow Rate. 

1- Evacuation Time; 

2- Jet Decay 

Coefficient; 
3- ASHRAE’s 

Entrainment Ratio 

Mikeska and 
Fan 

Yes Yes Full Scale Transient Large Eddy Simulation 

Perforated Ceiling 

Diffuser made of 

Gypsum Boards 

EN 
15251:2007 

1- Mesh Independency 
with 4 Grid; 

2- Hexahedral Grid; 

3- Divergence of 

Steady-State Models. 

1- Draught Rating;  
2- Ventilation 

Effectiveness;  

3- Local Mean Age 

of Air. 

Liu et al. Yes No Full Scale Steady-State 
RNG; 

SIMPLE Algorithm; 

1- Rectangular 

Ceiling Diffuser;  

2- Spherical 

Nozzles. 

ASHRAE 

1- Mesh Independency 

with 3 Grid; 

2- Unstructured Hybrid 

Element Mesh; 

1- Age of Air; 
2- Dimensionless 

Velocity. 

Park and Jeong No Yes Full Scale  N/A N/A 

Mechanical Fan 
Operation 

Conditions 

(Diffusers 

Mounted on the 
Ceiling of the 

Rooms, Section 

Area of the Ducts 

Ranges from 78.5 
to 120.0 cm2) 

 N/A N/A  
1- Short-Time 
Particle Resuspension 

Caoa and Ren Yes Yes Full Scale Steady-State 

RNG k-ε;  
Enhanced Wall Function;  

SIMPLE Algorithm;  

second-order upwind 

scheme was used for 
momentum, turbulent 

kinetic energy and 

turbulent dissipation rate. 

Rectangular 

Inlet/Outlet. 
N/A 

1- Grid sensitivity 

analysis was conducted 

with double mesh 

numbers, resulting in the 
relative errors within 5% 

2- Error sensitivity for 

four methods by 

introducing 
discretization error (ε). 

Self-Defined 
Ventilation 

Evaluation Index 
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Zhou et al. Yes Yes Full Scale 

Steady-state for 

continuous phase 

model; 

 

Transient for 

discrete phase 

model, 

Standard k-ε; 

Discrete Model; 

Convergence criteria were 
set to 10–5 for all 

variables; 

Energy is inactivated; 

No-slip wall boundary; 
Scheme SIMPLEC (SS) 

and PISO (Transient); 

Roadway outlet was set as 

the outflow; 
for the dust particles, the 

“reflect” boundary 

condition was selected for 

the roof, floor, and sides of 
the roadway; 

the “escaped” boundary 

condition was set for the 

pressure air duct outlet, 
exhaust air duct inlet, and 

the roadway outlet; 

Long Round Duct 

with Single Outlet. 
NIOSH 

1- Ventilation 

Arrangement 

Parameters; 
2- Mesh Sensitivity; 

3- Distance of pressure 

air duct outlet from 

working face (Lp 
outlet); 

4- The distance of 

exhaust air duct inlet 

from working face (Le-
inlet); 

5- The ratio of pressing 

air volume to absorption 

air volume (K); 
6- The installation 

height of the air duct 

(H). 

N/A 

Landsman et 

al. 
Yes Yes Full Scale Transient N/A 

Windows, 

Ceiling Fans 

ASHRAE 

Std 55 

1- Ventilation Type; 

2- Outdoor Condition; 
3- Thermal Properties of 

walls and windows. 

4- Error Sensitivity 

Analysis. 

1-Outdoor variables 

(air temperature, 

relative humidity and 
wind velocity),  

2- Indoor variables 

(air temperature, 

humidity, and mass 
temperature); 

3- Temporal inputs 

(season and hour). 

 
In general 8 

parameters include: 

1-Daily indoor 

maximum air 
temperature; 

2- Daily maximum 

damping; 

3- Daily indoor 
temperature range; 

4- Decrement factor; 

5- Daily time lag; 

6- Daily energy 
removed; 

7- Area normalized 

daily energy 

removed; 
8- Potential energy 

efficiency.  

 

discomfort degree 
hours (DDH)  

Montazeri and 

Montazeri 
Yes No Reduced Scale Steady-State 

Realizable k-ε; 

Hybrid Grid (Prismatic 
and Hexahedral cells.); 

SIMPLE Algorithm; 

Pressure-Velocity 

Coupling; 
Second Order; 

Convergence: e-6 for x, y 

momentum, e-5 for y 

momentum and e-7 for k, ε 
and continuity. 

No-slip Walls with Zero 

Roughness Height; 

Standard Wall Functions; 
Zero static gauge pressure; 

Wind Catcher, 

cross-ventilation 
N/A 

1- Sizes and Types of 

Outlet Openings; 

2- Sensitivity Analysis; 

1- Induced Airflow 
Rate; 

2- Age of Air; 

3- Air Change 

Efficiency. 

Suszanowicz No Yes Full Scale Transient N/A 
1- Micro Ventilation 

Openings; 

2- Wall Diffusers. 

Polish 

Regulation 

(PN-EN 
13779:2007) 

1- Different Times of 

the Year; 

2- Different Weather 
Conditions. 

1- CO2 

Concentration; 

2- The Unit Heat 
Flow; 

 

2.3.4 Experimental Model of PDD 

Although CFD simulations predict the behavior of the air motion in the room, their outcomes shall 

be validated against experimental measurements. One of the principal problems regarding the 

experimental model is the lack of standardized procedures. Furthermore, field measurements 

might have many uncertainties, errors, and limitations due to equipment weakness, wrong 

procedure, financial matter, lack of time, and hazardous inherent of the phenomena. Dealing with 

the experimental measurements of thermal comfort and ventilation effectiveness, a great many 

works were published [547-552]. Van Craenendonck et al. [548] reviewed human thermal comfort 



LITERATURE REVIEW 32 

 

   

experiments in controlled and semi-controlled environments in five main themes, including 

subjects (number and age), climate chamber (surface area), thermal environment, experimental 

procedure (phases and duration), and questionnaire. Pisselo et al. [551] comprehensively 

investigate 187 existing test rooms worldwide (396 papers), identifying their common features. 

They mentioned that the number of publications related to human comfort in the buildings has 

increased by 46% from 2016 until 2021, especially for non-thermal sensory domains (visual and 

air quality) and multi-domain studies about occupants' whole comfort [551]. Despite basic 

differences among these experimental models, a few parameters should be measured, which are 

explained below. 

2.3.4.1 Temperature 

When one speaks of comfort in the domain, the term “Thermal” follows instantaneously. Facts 

like inlet conditions, heat exchange system, occupants’ metabolic rate, occupant’s activity, 

radiation, and tenant cloths change the temperature in the field. Since the sensation of humankind 

strongly depends on the ambient temperature, it’s vital to know the temperature distribution. 

Measuring the air temperature to determine thermal comfort is pragmatic in nature. For instance, 

high variation of the dry-bulb temperature might lead to stratification. This phenomenon creates 

local discomfort areas. The more stratification, the less ventilation efficiency has been occurred in 

the system. Although, it’s not feasible to design a system only based on the local temperature and 

neglect the room air motion and local humidity. Typically, these parameters are considered 

ensemble. Despite everything, the heat content of a room could be expressed by the dry-bulb 

temperature, measuring in the room using a thermometer. 

2.3.4.2 Pressure 

The pressure drop is a common fact in fluid transportation applications. Many of thermal comfort 

models have been simplified for the atmospheric pressure. So, they might provide wrong results 

for non-atmospheric conditions. Also, the air static pressure changes in the duct before the 

injection. This pattern of static pressure creates non-uniform air distribution. Due to the fact, to 

transfer a particle to different points in the domain, higher amounts of static pressure required. The 

most effective design of the system leads to a uniform pattern. Within this, ventilation systems 

require lower static pressure to inject the air into the domain, which means lower energy 

consumption [553-554]. 

2.3.4.3 Humidity 

The concentration of water vapor in the atmosphere affects the rate of heat exchange among 

occupants and the room. In this sense, one may feel different temperatures for various amounts of 

humidity in the same room temperature. The sensation of the relative humidity links to the 

metabolic rates of the occupants. For instance, men are more resistant to temperature changes, 

while women do not follow the same trend. In a better world, the range of men and women's 

endurance against variation of temperature and humidity are different. As a result, to determine 

the comfort zone, designers have to consider the humidity effects in their calculations [555-558]. 
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2.3.4.4 Air Speed 

The final goal of the HVAC systems is to provide fresh air and circulates it inside the room. The 

room air motion is determined based on the magnitude and direction of the air velocity [481]. Poor 

air motion results in stagnant points, whereby the aged air has been trapped for a long time. On the 

contrary, a high magnitude of the air velocity at one or more directions creates windy zones 

exacerbating the air condition. Hence, a field study of the air velocity is an essential step towards 

calculating various fluid flow and comfort parameters. ASHRAE Standard 62.1 [4] defines a range 

for the air speed for the building's spaces in which the air is neither stagnant nor blowy. An 

optimum design follows this standard to create proper air distribution. 
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3. Chapter 3   Problematic, Research Question, Objectives, and Hypothesis 

 

3.1 Problematic 

The fast-paced lifestyle and the heavily crowded places are two main features of modern societies. 

Nowadays, multifunctional buildings, like commercial offices, introduce new concerns related to 

their indoor air quality. Ironically, people spend almost all of their time in closed spaces, and a 

low level of indoor air quality would be destructive for occupants in the long term. Hence, well-

conditioned buildings are essential to maintain a plausible environment and lower the transmission 

rate of infectious nuclei, like the SARS-CoV-2 virus. After the evolution of the global pandemic 

in 20202, HVAC systems have become increasingly important in the design procedures of 

buildings due to their vigorous protection effects against contagious diseases. Incidentally, the 

HVAC systems use about 50% of buildings' energy, equal to 10 to 20% of the total energy 

consumption of the developed countries. Also, the protective effect of a well-conditioning system 

is as high as five times compared to face-covering and other protection methods. As a result, the 

age of air, and the type of filtration systems in closed spaces, have become the critical criteria to 

compare the capability of ventilation systems. So, any improvement in the energy consumption of 

the sub-systems drastically saves energy.  

By increasing the size of the places and the number of tenants, the conventional ventilation 

systems won’t be applicable anymore. Moreover, the limit of the energy sources will tighten up 

the usage of these systems. Ventilation systems were modified historically to provide a unique 

engineering solution for various requirements, which is fascinating for the customers. But energy 

consumption and environmental concerns were the main challenges in this context. As a practical 

solution, perforated duct diffusers benefit from the equal static pressure alongside the duct, leading 

to a more uniform air distribution pattern under a lower inlet airflow, that is, lower energy 

consumption. Within this concept, the equipment’s price will increase, on the one hand, and the 

energy consumption (energy cost) will decrease, on the other hand. NAD Klima, the manufacturer 

of the HVAC system, has prominently displayed two new types of PDDs, namely FDD (Flexible 

Duct Diffuser) and RDD (Rigid Duct Diffuser). Despite astounding improvements in thermal 

comfort using PDD at preliminary measurements, these diffusers require more characterization for 

further adjustments. In addition to the high level of satisfaction, being an energy-efficient device, 

and strong protective effect of these new prototypes, the age of air calculation based on the 

experimental procedure of ASHRAE standards is exorbitant. Since the tracer gases are hazardous 

substances, a special collector is required, which is rather extravagant to spend 15000 to 30000 

CAD for each test. Developing an accurate numerical model following the ASHRAE standard 

methods would decrease the design cost drastically. So, a validated numerical model is requested 

to quantify the amount of energy-saving using these PDDs at different modes. Afterward, the 

required airflow for different perforation patterns will be calculated under the ASHRAE standards. 

Finally, a comprehensive database will be prepared for the commercial design software, using the 

parametric study of the essential parameter. 
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3.2 Research Question 

Given the problem description, the results of this work shall answer the following research 

questions. 

1. What are the dominant standards or local regulations in different applications? 

2. Which indices explain thermal comfort and ventilation effectiveness, and how to measure 

or calculate them in the domain? 

3. How to set up an experimental test room under different conditions? 

4. Owing to the presence of phenomena by different scales, what is the most accurate 

numerical model with the lowest computational cost? 

5. Which diffuser(s) is more suitable for each application? (PDDs selection procedure). 

6. How to compare the protective performance of PDDs against infectious transmission? 

3.3 Objective 

In the present moment, conventional duct diffusers follow uniform perforations or slots. This type 

of perforation leads to non-uniform static pressure distribution, resulting in a higher pressure load 

contributing to the end of the ducts. Under such circumstances, while some occupants experience 

comfortable conditions, others may suffer from the breeze or stationary air. The selection of the 

lower or higher inlet air velocities leads to an increase in the discomfort zones and energy 

consumption. Although NAD Klima's diffuser with non-uniform perforations corrects this 

problem somehow, a practical comparison method for their performance under the dominant 

standard is required. Incidentally, their performance in lowering the airborne transmission of 

infected nuclei (decreasing the exposure time) has not yet been investigated. 

Another essential factor is the absence of the global standard(s) for the PDDs. Applying 

the recommended values for the nearest application might lead to underrating or overrating the 

required energy and comfort zones, manufacturers often reported. One probable reason for such 

discrepancy is the unidirectional type of flow produced by the PDDs, not considered by the 

assumptions of the standards. To rectify these errors of the nonstandard applications, one has to 

consider measurements’ values instead of the standards’ default values or find their correction 

factors. So as a part of this project, a test stand should be equipped to measure initial parameters 

in the room. Then, the correction factors for each application shall be found by comparison the 

proposed values of standards and the results of the validated numerical model. 

Generally speaking, a better understanding of the air motion and thermal comfort in the room 

evolves from the contours of critical parameters like temperature, air velocity, age of air, etc. Also, 

proper comfort indices are required to compare the efficiency of ventilation systems and their 

protective abilities against contagious diseases. They are sensitive to the physics of phenomena 

and shall be selected based on field measurements. Incidentally, some applications, like isothermal 

mode, have not been considered in the standards need more data to expand the available database. 

At the end of the project, a series of parametric studies will perform using a validated numerical 

model to create a comprehensive database for the commercial design software (all the rights 

reserved for the UdeS and NAD Klima). 
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3.4 Hypothesis and Proposed Approach 

The present work on ventilation systems using PDDs consists of two classic problems, a flow in 

the pipe and confluent jets in a room, where diffusers are hung from the ceiling and have different 

perforation patterns. Since there is no theoretical solution for the dominant equations, a mixed 

numerical-experimental model is required. To begin the simulations, below simplification 

assumptions are considered, then the validated model investigates more complex conditions. 

1. The whole occupants are in a sedentary manner. There is no moving heat source in the 

domain unless it mentions. So, moving mesh is not required, resulting in lower 

computational costs and uncertainties. Incidentally, the heats of the test equipment like data 

collectors, lamps, monitors, etc., are negligible.  

2. Measurements perform under fixed boundary conditions, which means there is no gap, 

opening, moving wall, or moving partitions, assuring a steady-state condition in a fully 

isolated room. Within this framework, the indoor and outdoor conditions of the test room 

are monitored online during the measurements. Such arrangements are essential for the 

isothermal ventilation mode, especially. 

3. PDDs are the only sources of mechanical air ventilation in the zones, and there is no other 

type of diffusers in the room. In this setting, fresh air enters the room only through 

perforations over the duct surface. The room is completely closed, and there is no mass or 

heat transfer between the room and the outside environment. 

4. The geometry of diffusers and the number of holes were fixed before simulations using 

NAD Klima’s patented software.  So, four different perforation patterns are selected to 

perform parametric studies. 

5. There is no reacting element, volatile substance, or any other source of pollution in the 

room. The only mixture in the test room is the atmospheric air with constant volume and 

mass fractions. Also, the transmitted gas or heat from the room's equipment is negligible. 

6. Even though perforated duct diffusers are not mentioned directly in the standards, either 

simulation or experiments shall follow ASHRAE Standard. If applicable, the general 

recommendations of the ASHRAE standards will be modified using the outcomes of the 

measurements.  

In the experimental phase of the project, the measuring procedure was defined, and 

accordingly, the test room of the NAD Klima company was equipped to perform the preliminary 

measurements. Regarding the initial parameters, ventilation modes (cooling, heating, and 

isothermal), diffuser geometries, and so forth, the test procedure might need modifications at each 

step. Furthermore, the visualization methods (like smoke tests) are applied to capture the physics 

of the phenomena and trace their variation during the tests. 
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CFD methods are utilized to perform numerical simulations for the effective parameters, fast 

and accurate, using ANSYS-Fluent. Whenever required, a new set of equations or special 

boundary conditions are added to the default solver using user-defined functions (UDF). As a 

result, the validated model solves the governing equations several times to find the comfort indices. 

Finally, a correlation between the effective parameters and indoor air quality will be found using 

results from different simulations.  

In general, the isothermal simulations require lower computational cost and time comparing 

heating/cooling ventilation mode. Despite some limitations due to the number of licenses and the 

pre-reservation of the high-speed supercomputer of the University of Sherbrooke (Mammouth 

system), this system would carry out the whole simulations and parametric studies of the model. 

Furthermore, a myriad of measurements and simulations are required to establish a comprehensive 

and practical database, increasing the time and cost of the project to a large extent. Thus, the 

problem shall be categorized based on diffuser types, modes of ventilation, comfort indices, and 

specified parameters. Afterward, the trends of each category will be demonstrated using validated 

models, extendable to similar scenarios. For instance, a validated model for the isothermal mode 

of the empty room can predict the air distribution under different inlet airflows for the same room. 

However, this model might have some errors for other geometries or modes of ventilation. At the 

end of this project, the entire outputs create a comprehensive database for the PDDs that 

complements the available design tools. 
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4. Chapter 4   Ventilation Effectiveness of Uniform and Non-uniform 

Perforated Duct Diffusers at Office Room 

L’article contribue à la thèse :  Dans ce chapitre, la méthode expérimentale, la simulation 

numérique et la procédure de validation des PDD en mode isotherme sont expliquées en détail. 

Aussi, comme premier objectif du projet, les valeurs réelles de l'efficacité de distribution d'air de 

la zone (Ez) en mode isotherme ont été calculées en utilisant les calculs d'âge de l'air selon les 

normes ASHRAE. Enfin, les facteurs de correction et les économies d'énergie de chaque 

perforation sont tabulés.  

Le titre : Efficacité de la ventilation des diffuseurs à conduit perforé uniformes et non uniformes dans les bureaux. 
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Résumé : La moitié de la consommation d'énergie dans les bâtiments est due aux systèmes  

CVC-R, et l'efficacité des sous-sections jouent un rôle essentiel dans l'évaluation de la 

consommation totale d'énergie. Les travaux antérieurs sur les systèmes de ventilation utilisant des 

diffuseurs en conduit perforé (PDD) se sont principalement concentrés sur le calcul des indices de 

confort thermique, tandis que leur consommation d'énergie et leur efficacité de ventilation ont été 

omises. Dans cet article, une méthode mixte expérimentale-numérique a été développée pour 

évaluer l'efficacité réelle des PDD avec différents motifs de perforation. Ainsi, une salle de bureau 

est utilisée pour les expériences grandeur nature et la validation des simulations numériques. 

Incidemment, cinq modèles RANS ont été étalonnés pour mettre en évidence le modèle numérique 

le plus précis pour cette application spécifique. En conséquence, un modèle de turbulence k-ε 

réalisable avec 4,3 millions d'éléments de maille a été préféré aux modèles de turbulence à deux 

équations testées pour déterminer les paramètres du diffuseur tels que l'âge de l'air, les vitesses 

terminales, l'efficacité du changement d'air et l'efficacité de l'échange d'air. Dans ce modèle, le 

débit d'air extérieur requis pour quatre types de PDD a été calculé selon la procédure standard 

ASHRAE. L'écart entre l'efficacité réelle et la valeur calculée pour l'application la plus proche 

dans les normes montre que les performances des PDD sont sous-estimées et qu'ils nécessitent en 

réalité un débit d'air plus faible. Plus tard, il est démontré que pour les systèmes utilisant des PDD, 

le débit d'air requis et la consommation d'énergie diminuent jusqu'à 18,4 %, et une distribution 

d'air plus uniforme est obtenue en utilisant un motif de perforation non uniforme.   
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Abstract: Half of the energy usage in buildings is due to HVAC systems, and the efficiency of the 

subsections plays an essential role in the evaluation of the total energy consumption. Previous 

works on ventilation systems using perforated duct diffusers (PDDs) were mainly concentrated on 

the calculation of the thermal comfort indices, while their energy consumption and ventilation 

effectiveness were omitted. In this paper, a mixed experimental-numerical method has been 

developed to evaluate the real efficiency of PDDs with different perforation patterns. So, an office 

room facility is used for the full-scale experiments and the validation of the numerical simulations. 

Incidentally, five RANS models have been benchmarked to highlight the most accurate numerical 

model for this specific application. As a result, a k-ε Realizable turbulence model with 4.3 million 

mesh elements has been preferred over the tested two-equation turbulence models to determine the 

diffuser parameters like age of air, terminal velocities, air-change effectiveness, and air exchange 

efficiency. Within this model, the required outdoor airflow for four types of PDDs has been 

calculated following the ASHRAE standard procedure. The discrepancy of the real efficiency and 

the calculated value for the nearest application in the standards shows that the performance of 

PDDs is underestimated, and they require lower airflow in reality. Later, it is shown that for the 

systems using PDDs, the required airflow and energy consumption decrease by up to 18.4%, and 

more uniform air distribution is achieved using a non-uniform perforation pattern. 

Key words:  Perforated duct diffuser, HVAC system, Ventilation effectiveness, Age of air, Energy 

consumption. 
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4.1 Introduction 

One of the main design criteria for buildings is the way to control and maintain the interior 

environment in an acceptable condition. Meanwhile, the increasing demand for energy and its 

related cost introduce some limitations. During the last two decades, Canada, like other developed 

countries, has paid more attention to the energy aspect in buildings. Thereunder, standards and 

regulations have been updated to their more rigorous versions, and the customers drastically ask 

for high-performance products with lower energy consumption. According to the Energy Fact 

Book 2019-2020 [559], more than 81% of CO2 emissions in Canada come from the energy sector 

(while approximately 15% of this amount is related to the building section), and the average energy 

cost for the Canadian households in 2017 was about $4,281 per year. A compromise between 

energy consumption and comfort level could be achieved by increasing the efficiency of the 

ventilation devices. Statistically, from 1990 to 2016, the energy usage in Canada has grown by 

26%, while this growth would have been 56% without efficiency improvements. Incidentally, 

during the same period, a 51% efficiency improvement in the residential section led to 721 PJ 

energy-saving representing a $15 billion cost reduction [559]. Also, about 50% of building energy 

usage is related to HVAC systems, and this amount in developed countries equals 10-20% of the 

total energy consumption [560]. Generally speaking, the energy consumption of HVAC systems 

is proportional to the required outdoor airflow, the efficiency of the subsections, the environmental 

conditions, and the number of occupants. Incidentally, their performance depends on the indoor 

air quality (IAQ) as well as the occupant comfort, and one could compare these systems 

quantitatively using numerical indices. In this context, many indices have been proposed to 

compare the efficiency of HVAC systems in terms of energy [5, 107, 561-564], comfort [180, 187, 

486, 517, 565-566], and performance [6, 162, 567-569]. Later, the most practical ones have been 

turned into requirements of the local or international standards [4]. Even a slight improvement in 

the efficiency of the HVAC system (especially the amount of required airflow) leads to significant 

cost reduction due to the high contribution of these systems to the energy section.  

The indoor air quality (IAQ) and the comfort of the occupants are somehow in a close deal. 

Long term exposure to the environment with poor ventilation would be deteriorative, and the 

comfort of occupants would decrease drastically [5]. The increase of the contaminant 

concentrations, such as CO2, would decrease the IAQ too. Hence, outdoor air has to be mixed with 

return air before ventilation and then recirculated in the zone. This process requires adequate 

information about the number of occupants, the lag time between sensation and action, the 

concentration of the single or mixed components of air in the field, and so forth [161-164]. 

Choosing the proper procedure leads to a more effective way to dilute pollutions and increase the 

comfort of the inhabitants. But, how can one express comfort quantitatively? The concept of 

comfort depends on various parameters. Hence, the comfort indices have varied during the last 

decades, and some of them were obsoleted or substituted by new ones. Epstein and Moran [180] 

comprehensively reviewed the most practical indices and categorized them into Empirical, 

Rational, and Direct indices. The first two groups of indices are highly dependent on physiological 
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and environmental variables, which makes their usage cumbersome. In contrast, the direct indices 

are extracted from measurements of the principal environmental variables and have been used for 

more than five decades to characterize the ventilation systems. Therefore, these indices are chosen 

by standards like ASHRAE 55 [181], EN 15251 [406], and ISO 7730 [400] to calculate the 

efficiency and the energy consumption of new HVAC systems.  

In general, 12.5% of the energy in buildings is consumed by the ventilation section of the 

HVAC systems [4, 107, and 560]. It is noteworthy that there is a minimum limit for using the 

outdoor air in the absence of occupants in the zone, named the base ventilation. It is the lowest 

required amount of ventilation to dilute the contaminants that came from other sources than 

occupants such as volatile organic compounds. The base ventilation maintains the positive 

pressure of the zone(s). It is affected by the interior design, the material of equipment, and local 

exfiltration [4]. All in all, the critical parameter to design a ventilation system is the amount of the 

required outdoor airflow.  

ASHRAE 62.1 [4] has proposed a general method to calculate the outdoor airflow for different 

applications using the zone air-change effectiveness (Ez). Applying the default values of  

ASHRAE 62.1 for the nearest application might lead to the lowest amounts of Ez for the high-

performance diffusers, i.e., an overestimation of the required outdoor airflow. This extra value 

causes a higher energy consumption due to the calculation error, which could be rectified by 

characterization of the diffusers before usage. Since all applications are not covered by  

ASHRAE 62.1, an alternative procedure has been proposed by ASHRAE 129 [496] to measure Ez 

as a function of the air distribution pattern, age of air, and terminal velocities in the breathing zone. 

The geometry of the room as well as the type and efficiency of the diffusers influence these 

parameters. 

In recent years, Perforated Duct Diffusers (PDDs) have been more considered as they provide 

more uniform air distribution pattern, lower draft, higher performance, and lower maintenance cost 

in comparison with the conventional single outlets [472, 512, and 570]. Yet, there is no specific 

standard for PDDs, and designers should follow the same procedure for the conventional ones like 

ASHRAE 62.1. Chanteloup and Mirade [472] have computed the age of air for the pilot cheese 

ripening room (4.2×3.6×3 m3) using a flexible PDD. The results showed that the sensitivity of the 

local mean age of air (MAA) is the most important parameter compared to the mean air velocity 

to identify the poorly ventilated (or discomfort) zone. Later, Fontanini et al. [512] used the Air 

Diffusion Performance Index (ADPI) as a thermal comfort index in a small room 

(2.43×2.43×2.43 m3) and compared the flow pattern of a fabric ductwork system (PDD with 14 

holes) against the ceiling rectangular inlet for two sedentary people using smoke visualization, 

Particle Image Velocimetry (PIV), and Planar Laser-Induced Fluorescence (PLIF) methods. They 

also modeled the same geometry numerically to calculate air speed, temperature, power absorbed 

by the room, used energy, taken time to heat the room, Mach number (Ma), and Richardson 

number (Ri). However, previous works on PDDs concentrated on the calculation of the thermal 

comfort indices, and their comparison from the energy and ventilation efficiency perspectives has 
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been missed. Moreover, without this information, it is not possible to indicate the flow pattern for 

PDDs. Generally, this problem bifurcates into two classic physical problems, namely the airflow 

inside the duct and the injected flow into the free stream. Yet, there is no theoretical solution for 

the combined problem. The present work represents a numerical procedure to calculate the 

ventilation effectiveness and real energy consumption of PDDs. In this context, a combined CFD-

experimental method has been developed to compare the air distribution patterns for four types of 

PDDs with different perforation layouts. Incidentally, the effects of the perforation pattern on the 

air distribution, age of air contours, and ventilation effectiveness have been investigated. In light 

of these results and using the ASHRAE Standards procedure, the minimum required outdoor 

airflow has been calculated for all the diffusers. However, there is no suggested value for the 

isothermal mode in the ASHRAE standards, and applying the nearest application may result in the 

wrong value of the required airflow, i.e., more energy losses. So, the main contribution of these 

numerical modeling is to find an exact required airflow for PDDs working under the isothermal 

mode by proposing correction factors. This procedure could be repeated for each zone to indicate 

the exact amount of the total energy consumption of the ventilation systems and select the most 

proper diffuser. 

4.2 Definition of the problem 

The perforation patterns of the duct diffusers directly affect the air distribution pattern due to the 

variation of the static pressure. Schematics of the duct diffusers are illustrated for different 

perforation patterns on Figure 4-1 and the corresponding dimensions are given in Table 4-1. As is 

depicted in Figure 4-1, the duct with horizontal perforations has all the holes on both sides of the 

duct, while these holes are located on the bottom of the duct with vertical perforations. The 

principal idea behind this work is to get the highest uniformity of static pressure contours, which 

leads to higher mixing efficiency and lower energy consumption. However, new prototypes shall 

be compared against the conventional PDDs (with uniform perforation patterns, Figure 4-1-a and 

Figure 4-1-c), from an energy consumption and ventilation effectiveness point of view. In general, 

the holes at diffusers with the uniform perforation patterns are equidistance (l1 = … = li = … = ln 

(as shown in Figure 4-1-a and Figure 4-1-c)), while it’s not compatible for the non-uniform 

diffusers (l1 ≠ … ≠ li ≠ … ≠ ln (as shown in Figure 4-1-b and Figure 4-1-d)). For the non-uniform 

perforation pattern, the first hole is repeated half the length with a factor of 1 and for the other half, 

the hole is repeated with a factor of 0.5. Within this perforation pattern, the number of holes in the 

non-uniform case is smaller (Table 4-1), which allows increasing the pressure parameter. 

Standards used the ventilation efficiencies as a criterion to compare the performance of the 

diffusers and the ventilation systems. ASHRAE 62.1-2016 [4] defines the zone air distribution 

effectiveness (Ez) as “a measure of the effectiveness of supply air distribution to the breathing 

zone.” Depending on the types of diffusers and ventilation modes, there is an upper limit for this 

index. By the way, it must consider that the diffuser characteristics, as well as the boundary 

conditions, affect this value. Furthermore, the values given in Table 6.2.2.2 of ASHRAE 62.1 [4] 

are dependent on the terminal velocities, and there is no value for the isothermal mode. For the 

unconventional diffusers and new prototypes (with non-uniform perforation patterns), the zone air 
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distribution effectiveness and outdoor air flow shall be compared with the value of the nearest 

application, to be in the acceptable range. This procedure should be repeated for each zone in the 

system individually. 

  
(a) (b) 

  
(c) (d) 

 
(e) 

Figure 4-1: Isometric view of the duct diffusers; (a) Uniform Horizontal, (b) Non-uniform Horizontal, (c) Uniform 

Vertical, (d) Non-uniform Vertical, and (e) sample cut of the duct diffuser with relevant parameters. 

Table 4-1: Dimensions of the duct diffuser 

Types of diffuser Uniform Horizontal Non-uniform Horizontal Uniform vertical Non-uniform Vertical Unit 

Inlet diameter 0.203 0.203 0.203 0.203 m 

Duct diameter (ϕ) 0.203 0.203 0.203 0.203 m 

Total length of duct (ld) 3.075 3.075 3.075 3.075 m 

Total height of duct (hd) 0.507 0.507 0.507 0.507 m 

Holes diameter (Dj) 0.013 0.013 0.013 0.013 m 

Holes distance (li) 0.041 variable 0.02 variable m 

Number of holes (n) 57×2 43×2 114 86 - 

Note:  

“Horizontal perforations” means all the holes are located on both sides of the duct (as shown in Figure 4-1-a and Figure 4-1-b). 

           “Vertical perforations” means all the holes are located on the bottom sides of the duct (as shown in Figure 4-1-c and Figure 4-1-d). 

There is another alternative method for calculating Ez, following the ASHRAE Standard 129 

section 7.4 [496]. Within this method, the aging procedure of the tracer at different locations 

determines the zone and total air change effectiveness. However, this alternative method has some 

restrictions and cannot be applied to the unidirectional flow (required for the calculation of the age 

of air). The underestimation of Ez values for the high-performance diffusers leads to the wrong 
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outdoor air intake airflow, which causes higher energy consumption and excess losses in the 

ventilation system. To rectify these errors, at first, one should determine the air distribution pattern, 

and then calculate the age of air in the different zones and the correction factors for Ez. Finally, 

the uniformity of the air distribution patterns in the whole domain, as well as the efficiency of the 

diffusers with different perforation patterns shall be compared. 

4.3 Experimental measurements 

4.3.1 Test room layout 

A small office space (3.964×2.430×3.050 m3, see in Figure 4-2) has been equipped to measure the 

comfort parameters. The ventilation system using a PDD has been adjusted to work in the 

isothermal mode. In general, two people work there during the day, while the office remains empty 

at night. The occupants are in a sedentary manner, and there is no other source of heat, pollution, 

etc. in the room. Table 4-2 provides detailed information about the test room specifications and 

conditions. Moreover, all the walls, ceiling, and floor are completely isolated, and the sensors are 

not exposed to the sunlight assuring the independence of the data acquisition procedure. To trace 

the time variation of the room air characteristics, three thermocouples are installed at different 

locations to measure the temperature continuously with a ±0.1 K tolerance and 10kΩ thermistor. 

The first TC/TS ceiling mounted temperature sensor is installed at the center of the ceiling, the 

RTS400 room temperature sensor is installed along the right wall near the ceiling, and the RTS400 

is installed on the right wall under the table. Furthermore, a 10kW–800CFM unit (comfort room) 

purifies the outside air by passing it through filters, then two heaters (with capacity of 2.5 kW and 

7.5 kW) and one cooler adjust the temperature of the fresh air before entering the room (test room). 

All the processes from air supply to the inlet can be monitored and controlled automatically or 

manually using automation system and continuous measurements of the delta temperature (to be 

5°C). 

 
Figure 4-2: Test room geometry and dimensions 
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Table 4-2: Test room general specifications [571] 

Initial Parameters Amount Unit 

Air changes per hour or air change rate, (ACPH or ACH) 9.5 - 

Inlet Temperature 295.0 K 

Inlet Velocity 2.40 m s-1 

Room Pressure 101,325 Pa 

Room Temperature 295.0 K 

Room Dimension 3.964×2.430×3.050 m3 

Room Outlet Dimension 0.6×0.15 m2 

   

4.3.2 Measurement methodology 

The local temperature and air velocity are two dominant characteristics that should be measured 

in the field. In order to fully cover the field, 357 measuring points have been defined over four 

planes shown in Figure 4-3. At each measuring point, 22 samples per minute are collected via the 

sensors to minimize the experimental errors. The origin of the Cartesian coordinate system is 

anchored to the inlet of the duct with the X, Y and Z axes aligned, respectively, with the duct 

length, vertical, and transverse directions of the test room. The sampling points (SN1 to SN8) are 

distributed on six lines at the left side (LS1 to LS6) and seven lines at the right side (RS1 to RS7 

(or RS6 for plane 4)) of the diffuser. In this project, both room temperature and air velocity are 

measured simultaneously, using the TVS-1132 Kit that contains an 8-channel hot wire 

anemometer. These portable omnidirectional sensors average the collected data from 360°, and 

they are not sensitive to the flow direction. Moreover, these sensors ignore the results of the non-

isothermal air flow to decrease the test error (outlier rejection due to the wrong measurement). The 

candlestick style and the size of these sensors makes it possible to measure the flow characteristics 

at different locations in the room without affecting the air distribution pattern. The candlestick 

sensors measure the velocity in the range of 0 to 20 m s-1 (4000 ft min-1) with ±2% at velocity. The 

eight sensors are installed over the hung cable (narrow but tight) that is fixed on both sides, 

avoiding the vibration of the sensors during the test. Also, the distance between sensors is adjusted 

in a way that they have no impact on each other. Meanwhile, due to the higher velocity magnitude 

and more flow instability, the space resolution of the measuring points near the diffuser is higher 

(Figure 4-3-b). The data are recorded after three minutes to ensure a steady-state flow in the room. 

After that, 22 samples are saved every one minute at each measuring point. 
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Figure 4-3: Measuring points configurations; (a) Office test room isometric view with four YZ planes, (b) Sensor 

vertical locations.  

4.4 Numerical simulations 

4.4.1 Geometry 

In accordance with the initial and boundary conditions, the duct diameter is calculated, and the 

same geometry as the test stand is used for the numerical simulations. Also, four diffusers having 

the same diameter, but different perforation patterns are modeled. These PDDs convey the inlet 

flow from the vertical opening at the ceiling to the horizontal line and then spread it into the domain 

via the holes over the bottom or side surfaces. Depending on the hole locations, the diffuser is 

named hereafter horizontal or vertical perforations (Figure 4-1). Moreover, the diffusers with a 

uniform perforation pattern have identical hole distances through the duct (Table 4-1).  

 

4.4.2 Numerical method 

Many authors like Lin et al. [572] and Mikeska et al. [516] performed CFD simulations to find the 

ventilation effectiveness of the different ceiling inlets. Recently, Liu et al. [573] made a 

comprehensive review of the RANS methods used for the CFD modeling of personalized 

ventilation systems. Yet, there is no consensus about the best turbulence model for this specific 

application due to its complex flow physics, which is a combination of pipe and jet flows with 

both laminar and turbulent flow regions. In this sense, the problem is here solved using five 

different turbulence models, namely k-ε (STD, RNG, and Realizable), and k-ω (STD, and GEKO), 

for four diffusers. The steady-state problem is solved under isothermal condition, by a pressure-

based solver considering the gravity effects. Air is considered as an incompressible fluid with a 

constant density (1.225 kg m-3). A second-order upwind spatial discretization scheme is applied to 

the pressure, momentum, and turbulence equations. The SIMPLE algorithm enables to overcome 

the pressure-velocity coupling. Also, the gradients are evaluated by using least square cell base 

method, and default values for the pressure-correction and under-relaxations factors are used. 

Finally, the mass flowrate difference below 10-7, as well as residuals level-out below 10-5 for the 



CHAPTER 4 VENTILATION EFFECTIVENESS 47 

 

 

age of air, 10-4 for the continuity equations, and 10-3 for the rest of the parameters including 

velocities, k, ε, and ω, have been set as the convergence criteria.  

4.4.3 Boundary and initial conditions 

All the walls are stationary with a no-slip shear condition, which follows the standard roughness 

model. The average air velocity at the inlet is 2.4 m s-1 with 0.08 m3 s-1 (170 CFM) volume flow 

rate, Table 4-2. Moreover, the turbulent intensity at the inlet is set to 5% with a ratio of 10 for the 

turbulent viscosity. While the room temperature is constant (295 K) and the room pressure has 

initially set to be 101325 Pa, the outlet of the room has an outflow condition. 

4.4.4 Mesh grid 

Since the geometry of the PDDs contains many holes and edges, linear elements are preferred for 

the mesh generation. Also, the demand for high smoothing can be reduced by choosing a smaller 

element size, but it would increase the computational cost [574]. In this sense, a code was written 

by using the wall coordinate Y+ definition and local Reynolds numbers (based on the duct 

diameter, diameter of the holes, and length of the room as characteristic lengths of the critical 

regions) to find the optimum mesh element size, without using inflations. Then, the simulation has 

been repeated for larger mesh elements to evaluate the computational cost, mesh independency, 

model robustness, uncertainties, and errors. 

 The generated meshes with an element size of 0.05 m or lower are able to capture all the 

dominant phenomena, including the surface (Coanda) effect [141]. Furthermore, the volume 

average of air velocities in the test room and breathing zone (in accordance with the AHSRAE 

62.1 [4] definition) have been selected to check the sensitivity of the solution to the mesh size. 

Table 4-3 shows the model independency to the mesh size for element sizes lower than 0.03. The 

differences between the calculated velocities and the corresponding value for the finest mesh size 

(0.02m) in the room defines the error of the generated meshes. Although choosing the smaller 

element size decreases the maximum value of Y+ (Table 4-3), it increases the computational cost 

significantly without changing the results. For instance, the calculation time for the 0.02 m element 

size is 2.5 times greater than for the 0.03 m one. Also, five layers of smooth transition refinement 

with 0.272 transition ratio and 1.2 growth rate have been applied close to the critical surfaces like 

holes, walls, table, inlet, and outlet. Finally, the mesh grid with 4.3 million unstructured linear 

elements (high quality of 0.84) will be used in the following sections to investigate the turbulent 

flow inside the duct and in the room, Figure 4-4. Furthermore, the enhanced wall treatment will 

be applied for all the turbulence models.  
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(a) 

 
 

(b) 
Figure 4-4: Generated mesh: (a) Test room with installed PDD, (b) Diffuser plane (A-A) 

Table 4-3: Grid sensitivity analysis obtained for the k-ε Realizable turbulence model. Mesh with an element size of 

0.02 m is considered as the reference grid. 

Element 

size [m] 

Number of 

elements [million] 

Volume average of the velocity magnitude 

[m s-1] 

Error on the volume average value of the 

velocity magnitude [%] Max Y+ 

Breathing zone Test room Breathing zone Test room 

0.02 8.6 0.2098 0.2505 0 0 50.75 

0.03 4.3 0.2144 0.2502 2.2 0.1 66.38 

0.04 3.2 0.2336 0.2665 11.3 6.4 69.12 

0.05 2.7 0.2425 0.2779 15.6 10.9 76.48 

0.06 2.5 0.249 0.2868 18.5 14.5 80.14 

0.1 2.3 0.2585 0.2916 23.2 16.4 111.85 

Note:  

Breathing zone: “the region within an occupied space between planes 3 and 72 in (75 and 1800 mm) above the floor and more than 2 ft 

(600 mm) from the walls or fixed air-conditioning equipment.” [4]. 

 

4.4.5 Validation 
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Figure 4-5 illustrates the air velocity magnitude for some selected points at Plane 1 and Plane 3 

using the non-uniform horizontal perforations. The air velocity above the diffuser is higher than 

in the lower area (breathing zone), still low and in the comfort range. For the points near the 

diffuser, the peak value is located in front of the holes. However, far from the diffuser, the peak 

shifts to the right (near to the ceiling) highlighting the Coanda effect. In the middle of the room, 

the velocities are too low (<0.5 m s-1) and highly fluctuated, whereby the equipment precision is 

questionable. To be more specific, air velocity measurements at this range are quite complex and 

their accuracy is dependent on the characteristics of the sensor used (which is explained in section 

3.2). For each point in the room, only the average value of 22 samples over 1 minute is considered, 

and the error bars are systematically added to the graphs, showing that most models remain within 

the uncertainty range of the measurements. The comparison of the turbulence models indicates 

that there is no unique solution to this problem. For the regions in the middle of the room, the k-ε 

models predict the air velocity magnitude well. For the near-wall regions, the k-ω models are more 

capable of predicting the right velocity profiles. Also, the required outcome of these sets of 

simulations is the air distribution patterns within the room, and some phenomena, like the effect 

of the boundary layer at holes exit, adverse pressure gradient, reactions, combustion, small particle 

interactions, and so forth, which require high precision models like LES, are out of the scope of 

the present paper. In a nutshell, Table 4-4 shows that the k-ε Realizable model is more accurate 

than the others for most of the locations, and the correspondent graphs have been located within 

the acceptable ranges. Moreover, it’s common to use the same model in a piece of literature, as the 

works by Refs. [467, 575-576]. So, it will be used in the forthcoming sections. Later, the same 

validation procedure using the k-ε Realizable model is repeated for the three other diffusers, and 

the results (not shown here for sake of brevity) led to similar conclusions. 

Table 4-4: Standard deviation for turbulence models. 

Turbulence Model k-ε STD k-ε RNG k-ε Realizable k-ω STD k-ω GEKO 

Standard Deviation [m s-1] 0.198 0.166 0.131 0.151 0.242 
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Figure 4-5: Validation of the turbulence models using non-uniform horizontal perforations. (a), (c), (e), and (g) 

Plane 1; (b), (d), (f), and (h) Plane 3. 
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4.5 Results and discussion 

In general, PDDs have a lower draft and higher efficiency than conventional diffusers, and the 

eligibility and prior presumptions should be checked before using standards. Calculation of the air 

velocity and mean age of air (MAA) is the main prerequisite for the ASHRAE 62.1 [4] and 

ASHRAE 129 [496] procedures. Historically, there are three classical methods to measure local 

MAA experimentally by adding single tracer gas from the room inlet, namely Pulse injection, 

Step-up, and Step-down (Decay) [577]. However, it is hard to study the effects of buoyancy and 

wind on the air distribution with experimental approaches [578]. Numerous numerical models 

have been proposed to calculate the MAA and diffuser performance using CFD techniques for 

food plants [472], offices [12 and 579], museum [580], isolation room [498], and small chamber 

[492]. Since the transient methods follow the same procedure as decay and step-up methods, they 

require prior knowledge of the tracer gas concentration. Also, they have a higher computational 

cost than the steady-state method that uses the particle marker technique. In this context, Bartak et 

al. [479], and Chanteloup [472] reported the over-prediction of the calculated age of air up to 20% 

via the transient numerical models. Incidentally, under non-isothermal conditions, the 

stratification, and buoyancy effects would change the air distribution pattern as well. In the case 

of changing temperature, these two factors, as well as the static pressure pattern, will affect the air 

distribution. By performing the isothermal calculation, only the effect of static pressure can be 

studied. So, in this work, the performances of the diffusers are investigated under isothermal 

conditions using the steady-state method. Within this, the transport equation of the local age of air 

is decoupled from the mean and turbulent flow fields, and the calculation time is then drastically 

reduced. The following subsections are meant to avoid excess energy consumption due to the 

wrong selection of the suggested values by ASHRAE 62.1 [4]. Incidentally, the uniformity of the 

air distribution is crucial for the practical design.  

4.5.1 Terminal velocity 

Since the isothermal mode is not considered by ASHRAE 62.1 [4], two near applications are been 

examined here, namely Ceiling supply of cool air (cooling mode) and Ceiling supply of warm air 

less than 15°F (8°C) above space temperature (heating mode). Under the notes of table 6.2.2.2 in 

ASHRAE 62.1 [4], the upper limit for the Ez value is not identical for these applications and 

depends on the draft of the diffusers.  

Literally, a point where the velocity magnitude of the air stream reduces to a particular velocity, 

usually 150 (0.8), 100 (0.50), or 50 fpm (0.25 m s-1), refers to Terminal Velocity and known as 

T150 (T0.8), T100 (T0.50), or T50 (T0.25), respectively. Also, the suggested value for Ez by the 

standards depends on the draft of the diffusers. Due to the fact, one needs to know whether the 

T150 isoclips reach the area under the 4.5 ft (1.4 m) or not, then choose the corresponding value 

from Table 6.2.2.2 of ASHRAE 62.1 [4]. So, all the T150 isoclips have been drawn for different 

planes to ensure the correct value selection for the near applications. Figure 4-6 demonstrates that 

the T150 supply air jets of the diffusers with the horizontal perforations do not reach to 4.5 ft (1.4 

m) above the floor level. Meanwhile, the diffusers with the vertical perforations (Figure 4-7) have 
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a higher draft, and the T150 contours reach below the height of 4.5 ft (1.4 m) from the floor level. 

So, the diffusers with the horizontal perforations have a lower Ez value than the vertical 

perforations at the heating mode as per ASHRAE 62.1 [4]. Though, the value of Ez does not 

depend on the diffuser draft in the cooling mode. Interestingly, the isoclips for the horizontal 

perforation (Figure 4-6) tend to move upward far from the diffuser, highlighting the Coanda effect 

[141]. In fact, this result shows that using the horizontal perforation creates a negative or low-

pressure area between the moving air mass and the ceiling at or near the holes and increases the 

presence of the Coanda effect. 

It is noteworthy that the spread and throw of the velocity iso-clips for the diffusers with the 

uniform perforation patterns are varied from plane 1 to plane 4, having their highest values around 

plane 3 (see Figure 4-6). In contrast, the corresponding iso-clips for the diffusers with non-uniform 

perforations have a lower dissimilarity from plane 1 to plane 4 (Figure 4-7). It can be explained 

by a more uniform static pressure distribution occurring using diffusers with non-uniform 

perforations. In other words, under the same operating conditions, the velocity contours of the air 

particles in the room (especially in the breathing zone) have a lower variance using diffusers with 

non-uniform perforations. 
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(a) Plane 1 

 
(b) Plane 1 

 

(c) Plane 2 

 

(d) Plane 2 

 

(e) Plane 3 
 

(f) Plane 3 

 

(g) Plane 4 
 

(h) Plane 4 

 
Figure 4-6: T150 contours for the horizontal perforations: (a), (c), (e), and (g) uniform horizontal perforations; (b), 

(d), (f), and (h) non-uniform horizontal perforations 
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(a) Plane 1 

 

(b) Plane 1 

 

(c) Plane 2 

 

(d) Plane 2 

 

(e) Plane 3 

 

(f) Plane 3 

 

(g) Plane 4 

 

(h) Plane 4 

 

Figure 4-7: T150 contours for the vertical perforations: (a), (c), (e), and (g) uniform horizontal perforations; (b), (d), 

(f), and (h) non-uniform horizontal perforations. 
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The complete survey of the T150 contours for four diffusers (Figure 4-6 and Figure 4-7) shows 

the competitive advantages of non-uniform perforations in producing a more uniform flow pattern. 

Basically, alongside the duct with uniform perforations, the flow loses its pace, and the pressure 

drops gradually. To be more precise, the non-uniform case allows a pressure change of about 6% 

between the start and the end of the diffuser, while in the uniform case, this amount is of the order 

of 35%.  Due to the fact, at the earlier holes, the injected air jets are inclined toward the end of the 

duct, whereby the exit flow is normal to the holes’ surfaces. As a result of injected flow 

coincidence, the velocity contours at the domain have stretched toward the end of the duct and 

produce a non-uniform air distribution pattern, Figure 4-8-a. In contrast, non-uniform perforations 

eliminate the inclination of the injected flow and creates more uniform velocity contours, 

Figure 4-8-b. Interestingly, as a result of lower pressure variations alongside the duct and lower 

number of holes, the exit velocity at the holes for the non-uniform perforations is higher than the 

uniform one, which means the same inlet air velocity improves the velocity of the injected flow 

and keeps it constant through the duct length, as shown in Figure 4-9-a (approximately 3 m s-1 

higher). Also, the air velocity has undergone lower variations from the first hole (x=-0.4 m) to the 

last hole (x=-2.8 m) using non-uniform perforations. The same trend has prevailed for the vertical 

perforations, which is not mentioned here to avoid repetitions. Furthermore, in the middle of the 

room (position of the SN3 (y=-1.107 m), Figure 4-9-b shows the sudden jump of the air velocity 

magnitude using uniform perforations, while the corresponding graphs for the non-uniform 

perforations are smoother. By moving alongside the duct, using uniform perforations, there are 

areas with low velocity (stationary points) at the beginning of the room and areas with high 

velocity (windy points) at the end of the room while using non-uniform perforations compensate 

this undesired variation. A better understanding of the air distribution pattern and velocity vectors 

inside the room for different perforations is provided in Figure 4-10. 

 

  

(a) (b) 

 

Figure 4-8: Contours of the velocity magnitude at the holes level; (a) Uniform horizontal; (b) Non-uniform 

horizontal perforations. 
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(a) (b) 

Figure 4-9: Effect of the perforation patterns on the air exit velocity along the x-direction; (a) node RS1-SN3s at 

y=-0.405 and z=-0.102 m, and (b) node RS3-SN5s at y=-1.107 m and z=-0.406 m. 

Furthermore, the normalized velocity vectors of the diffusers with horizontal perforations 

are compared at four planes for the two diffusers with uniform and non-uniform perforation 

patterns in Figure 4-10. The results indicate more similarity of velocity vectors among planes using 

non-uniform perforations. As a result, the air distribution patterns are more uniform, and there is 

no much discrepancy alongside the duct. Incidentally, using uniform perforations, the majority of 

the vectors on the left side of the room (typically blue vectors-stagnant points) have lower velocity 

than the vectors on the right side (typically green yellowish vectors-windy zone). Also, by moving 

from plane 1 to plane 4, the area of the stagnant points increases drastically. The same pattern is 

repeated for the vertical perforations, which is not mentioned here to avoid repetition. 
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(a)     plane 1 (b)     plane 1 

  

(c)      plane 2 (d)     plane 2 

  
(e)      plane 3 (f)     plane 3 

  

(g)     plane 4 (h)      plane 4 

 

Figure 4-10: Normalized velocity vectors; (a), (c), (e) and (g) Uniform horizontal; (b), (d), (f) and (h) Non-uniform 

horizontal perforation patterns. 
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4.5.2 Age of air 

To find the flow pattern, the room MAA has been calculated using the CFD model. In the literature 

[13, 143, 472, 578, 581-583], three types of methods have been used for the age of air calculation; 

one steady-state and two transient (step-down (decay) and step-up) methods. Since the age of air 

is a passive quantity in the steady-state method and does not influence the air distribution, the 

validated steady-state numerical model is used here to quantify the mean age of air. In fact, the 

transport equation could be solved separately and has the advantage of a lower computational cost 

(5.3 to 12.7 times) providing similar results [472]. Other weaknesses of the transient methods are 

the unpredictability of the equilibrium time and the fact that they require the prior knowledge of 

the tracer gas or contaminants concentration. In this context, the local mean age of air was defined 

by a new user-defined scalar (UDS), and a new set of transport equations has been added to the 

default equations via a user-defined function (UDF). The convection-diffusion equation for the 

local age of air has a general form as per below: 

𝜵. (𝝆�⃗⃗� 𝛕𝐢 − 𝜞𝝉𝒊
𝜵𝛕𝐢) =  𝑺𝛕𝒊

  (1) 

with ρ the fluid density (kg m-3), 𝑣  the fluid velocity vector (m s-1), 𝛤𝜏𝑖
 the diffusion coefficient of 

the scalar τi and 𝑆τi
 the source term of the scalar τi. 

It is assumed that the tracer gas and the airflow have the same behavior in the room. So, the 

diffusion term has been calculated using the effective viscosity of air (μeff) through Eq. (2), [143]: 

𝜞𝝉𝒊
= 𝟐.𝟖𝟖 × 𝟏𝟎−𝟓𝝆 +

𝝁𝒆𝒇𝒇

𝟎. 𝟕
 (2) 

Moreover, zero gradient boundary conditions at the outlet and walls, as well as a zero value at 

the inlet and normalized source term (𝑆𝜏𝑖
=1), have been applied to the model [578, 581-583]. Then, 

for all the diffusers, the contours of the age of air have been compared at different planes 

(Figure 4-11 and Figure 4-12). The results show that the diffusers with non-uniform perforations 

provide more uniform patterns in all planes. Then, occupants experience the same feeling of 

comfort in the room using non-uniform perforation diffusers, no matter where they are. 

Meanwhile, it could be concluded that the diffusers with uniform perforations could lead to more 

stratification (applicable for non-isothermal applications), stagnant points, or windy areas. Also, 

the diffusers with vertical perforations circulate the air particles through the domain with a lower 

age of air.  
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(a) Plane 1 

 
(b) Plane 1 

 
(c) Plane 2 

 
(d) Plane 2 

 
(e) Plane 3 

 
(f) Plane 3 

 
(g) Plane 4 

 
(h) Plane 4 

 
Figure 4-11: Comparison of the local age of air for the horizontal perforations at four different planes: (a), (c), (e), 

(g) uniform horizontal perforations and (b), (d), (f), (h) non-uniform horizontal perforations. 
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(a) Plane 1 

 
(b) Plane 1 

 
(c) Plane 2 

 
(d) Plane 2 

 
(e) Plane 3 

 
(f) Plane 3 

 
(g) Plane 4 

 
(h) Plane 4 

 
Figure 4-12: Comparison of the local age of air for the vertical perforations at four different planes: (a), (c), (e), (g) 

uniform vertical perforations and (b), (d), (f), (h) non-uniform vertical perforations. 
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4.5.3 Air exchange efficiency 

By default, ASHRAE 62.1 [4] and ASHRAE 129 [496] suggest the value of the perfect mixing 

flow pattern as the upper limits of the zone air-change effectiveness (Ez) of the diffusers. However, 

PDDs exhibit a higher efficiency than the conventional type, and theoretically, they can produce 

unidirectional flow patterns. Generally, Eq. (3) is used to evaluate the air exchange efficiency, 𝜂𝑎, 

as an index for flow pattern determination [326 and 584]:  

𝜼𝒂 =
𝝉𝒏

𝝉𝒂

 (3) 

where 𝜏𝑛 is the nominal time constant (s) and 𝜏𝑎 is the average required time to replace the air 

present in the space (s). 

In the present paper, 𝜏𝑛 is supposed to be equal to the mean age of air at the exhaust (𝜏̅𝑒)  

[326 and 584], and 𝜏𝑎 is calculated based on the flow patterns, as shown in Table 4-5. Within these 

hypotheses, the results will be more accurate for all the flow patterns. 

Table 4-5: Ventilated flow types vs air exchange efficiency [326 and 584]  

Flow pattern Air exchange efficiency (𝜂𝑎) Relationship of the average time of exchange 

Short circuiting 0 – 0.5 τa > 2τn 

Perfect mixing 0.5 τa = 2τn 

Unidirectional flow 0.5 – 1.0 τn < τa < 2τn 

Following the above-mentioned procedure, it was shown that the diffusers with vertical 

perforations create a unidirectional flow pattern, while the horizontal perforations follow the same 

trend as perfect mixing (Table 4-6). Consequently, the vertical perforation diffusers exhibit a 

higher exchange efficiency in this application, and the zone air distribution effectiveness has 

higher value in reality. Furthermore, the maximum age of air within the domain has been calculated 

for all diffusers to find the stagnant points. Even though vertical perforation diffuser has a lower 

maximum age of air than the corresponding horizontal perforations, Table 4-6 shows that 

generally, there is no significant difference between the maximum age of air and MAA. In fact, 

the lower difference between the value of the maximum age of air and MAA results in a more 

uniform air pattern by the ventilation system or les stagnation points. In simple words, PDDs 

provide uniform air distribution with lower stagnant points. 

Table 4-6: Comparison of the flow patterns of the PDDs 

Type of Diffuser Max Age of Air (s) MAA (s) 
Nominal Time Constant (s) 

(AoA at room outlet) 
𝜂𝑎  (%) Flow Pattern 

Uniform horizontal perforations 399 314 311 49.52 Perfect Mixing 

Non-uniform horizontal perforations  398 322 319 49.53 Perfect Mixing 

Uniform vertical perforations 363 293 312 53.24 Unidirectional 

Non-uniform vertical perforations 363 294 312 53.06 Unidirectional 
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4.5.4 Air-change effectiveness 

The value of the air-change effectiveness, 𝐸, is calculated by Eq.(4) and Eq.(5), under section 7 of 

ASHRAE 129 [496]. In the present paper, as the room has one exhaust airstream (E = Ez), the 

mean age of air at the exhaust (𝜏̅𝑒) and the nominal time constant (𝜏𝑛 given by Eq.(5)) are equal.  

𝑬 =
𝝉𝒏

𝝉𝒂𝒗𝒈

 (4) 

where τavg is the arithmetic average of the ages of air measured at breathing level within the test 

space.  

𝝉𝒏 =
∑ (𝑸𝒆𝒙,𝒎𝝉𝒆,𝒎)𝒎

∑ 𝑸𝒆𝒙,𝒎𝒎

 (5) 

where m is an identification number unique for each exhaust airstream, Qex,m the rate of airflow in 

exhaust airstream m,  𝜏𝑒,𝑚 the age of air in exhaust airstream m (s). 

Table 4-7 shows that for some applications (like unidirectional flow patterns) the real values of 

E are higher than the proposed upper limits by ASHRAE Standard. So, it could be concluded that 

for room ventilation with PDDs, lower amounts of airflow are required, i.e., lower energy 

consumption. 

Table 4-7: Comparison of the air-change effectiveness of the diffusers 

Type of Diffuser 𝜏𝑛 (s) MAA at BZ (s) MAA at Room (s) E Ez (ASHRAE 62.1) E Ez
-1 

Uniform horizontal perforations 311 319 314 0.97 

1.00 (C) 0.97 

0.80 (H) 1.21 

Non-uniform horizontal 

perforations 
319 327 322 0.98 

1.00 (C) 0.98 

0.80 (H) 1.22 

Uniform vertical perforations 312 292 293 1.07 1.00 1.07 

Non-uniform vertical perforations 312 293 294 1.07 1.00 1.07 

Note: C: Cooling mode 

          H: Heating mode 

 

4.5.5 Outdoor airflow 

To find the required outdoor airflow for two peoples in a small office, the section 6.2 of  

ASHRAE 62.1 [4] has been followed. Also, Eq. (6) gives the zone outdoor airflow (Voz), which is 

equal to the total outdoor airflow in the present case: 

𝐕𝐨𝐳 =
𝐕𝐛𝐳

𝐄𝐳
           (6) 

where Vbz is the breathing zone outdoor airflow calculated using Eq.(7) and Table 6.2.2.1 of 

ASHRAE 62.1[4]: 

𝐕𝐛𝐳 = 𝐑𝐩 × 𝑷𝒛 + 𝑹𝒂 × 𝑨𝒛                       (7) 

where Rp is the outdoor airflow rate required per person (cfm person-1), Pz the zone population, Ra 

the outdoor airflow rate required per unit area (cfm ft-2) and Az the zone floor area (ft2). 
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By applying the corrected factors to the amount of the outdoor airflow, the results indicate that 

the PDDs with the horizontal perforations are more sensitive to the applications (Table 4-8).  It is 

shown that the nearest application for the PDDs with horizontal perforations in the isothermal 

mode remains the cooling mode, in which no correction factor is needed. In the meantime, PDDs 

with vertical perforations (as a result of the unidirectional flow pattern) are always required a lower 

outdoor airflow than the standard suggested values. Incidentally, the non-uniform perforation 

pattern slightly improves the final energy consumption. 

Table 4-8: Comparison of the required outdoor airflow of the diffusers 

Type of diffuser Voz Standard (CFM) Voz Corrected (CFM) Airflow Reduction (%) 

Uniform horizontal perforations 
17.81 (C) 

18.36 
- 

22.26 (H) 17.5 

Non-uniform horizontal perforations 
17.81 (C) 

18.17 
- 

22.26 (H) 18.4 

Uniform vertical perforations 17.81 16.64 6.6 

Non-uniform vertical perforations 17.81 16.64 6.6 

Note: C: Cooling mode, H: Heating mode.    

    

4.6 Conclusion 

The Perforated Duct Diffusers (PDDs) benefit from uniform air distribution and continuous 

ventilation, which leads to a higher performance of the HVAC systems. Since there is no specific 

standard for this type of ventilation system, designers have to follow the nearest applications 

defined in general standards. This fact causes a principle source of errors in design calculations 

and higher energy losses. In this paper, four types of PDDs with different perforation patterns have 

been compared from the energy and efficiency point of view, using a mixed CFD-experimental 

method. Following ASHRAE standards, the performances of the diffusers have been compared by 

evaluating the terminal velocities, local age of air, air exchange efficiency, and the zone air-change 

effectiveness (Ez). In this context, a full-scale test stand (3.964 × 2.430 × 3.050 m3) has been 

equipped to measure the flow characteristics through domain via the omnidirectional TVS-1132 

Kit. Data acquisition has been repeated 22 times at each sampling point to minimize the experiment 

errors. In parallel, a validated numerical model with 4.3 million unstructured linear mesh elements 

using the k-ε Realizable turbulence model has been developed to calculate the required parameters. 

The age of air has been evaluated by an additional transport equation to the default steady-state 

equations. In light of these results, it was shown that the flow pattern would be unidirectional for 

some applications, and ASHRAE 62.1 [4] underestimates the Ez upper limits and overestimates 

the required outdoor airflow, in consequence. Hence, under the ASHRAE 129 [496] alternative 

procedure, correction factors were added to the dominant formula to determine the exact required 

airflow. The distributions of the air velocity and the age of air indicate that the diffusers with the 

non-uniform perforations provide more uniform contours for both horizontal and vertical 

ventilations. Also, the ventilation effectiveness of the diffusers has been improved somewhat using 

non-uniform perforations, i.e., more comfort area and lower stagnant points in the room. As it was 
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shown, the contours of the uniform perforations have a sudden jump in velocity magnitude in the 

plane of perforation after a short distance from the holes, which leads to a non-uniform air 

distribution pattern (exit jets are more inclined toward the end holes). The final results highlight a 

18.4% reduction in the amount of the required airflow and energy consumption by using PDDs, 

which is surprisingly high improvement. High-performance diffusers like PDDs that produce 

unidirectional flow open a new field for the researcher, and there are still a few numbers of works 

in this field. For further works, the same procedure could be applied for the non-isothermal 

applications, especially at the highly elevated areas. Moreover, there are many different 

applications in the ASHRAE standard 62.1 [4] based on the geometries and number of occupants, 

which introduce a vast research area in the context of PDDs. 
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5. Chapter 5  Parametric Study on the Age of Air in a Full-Scale Office 

Room Using Perforated Duct Diffusers 

L’article contribue à la thèse :  Après la pandémie mondiale, il a été mentionné que les systèmes 

de ventilation peuvent réduire considérablement la transmission aérienne dans les espaces clos. 

Ainsi, dans ce chapitre, une autre caractéristique du confort qu'est la dépollution est étudiée, en se 

concentrant sur les maladies contagieuses. Étant donné que le temps d'exposition aux noyaux 

infectés et l'âge de l'air sont liés, le modèle validé est utilisé pour quantifier les effets protecteurs 

dans diverses conditions et configurations. De manière générale, ce chapitre complète la 

simulation des PDD en mode isotherme.  

Le titre : Étude paramétrique sur l'âge de l'air dans une salle de bureau à grande échelle à l'aide de diffuseurs à 

conduit perforé. 
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Résumé : Suite à la récente pandémie de COVID-19, les scientifiques ont déployé de nombreux 

efforts pour trouver une solution sécurisée dans le monde entier. Cependant, il a été démontré que 

l'effet protecteur d'un système de bien-conditionnement est jusqu'à cinq fois supérieur à celui du 

couvre-visage et des autres procédures proposées. Dans ce contexte, l'âge de l'air, ainsi que le type 

de systèmes de filtration dans les espaces clos, sont devenus des critères critiques pour comparer 

la capacité des systèmes de ventilation. Dans cet article, un modèle numérique validé pour les 

diffuseurs à conduit perforé est utilisé pour étudier le comportement de l'âge local de l'air dans le 

bureau à grande échelle avec une hauteur de 8 pieds (2,44 [m]), sous diverses conditions initiales 

telles que la vitesse initiale et changement d'air par heure. En outre, différentes géométries pour 

les conduits ont été étudiées dans la même condition initiale, ainsi que l'effet de la direction, de 

l'efficacité de la ventilation et du modèle d'écoulement. Enfin, la moyenne volumique de l'âge de 

l'air dans différentes zones a été désignée pour effectuer l'analyse de sensibilité de chaque variable 

en fonction de la variation du débit d'air. Les résultats montrent que pendant la pandémie, les 

diffuseurs à perforations verticales seraient plus efficaces que les autres types en termes 

d'atténuation aéroportée. De plus, le débit d'air disponible le plus élevé doit être réglé jusqu'à ce 

qu'il n'y ait plus de vent dans la zone de respiration. Dans le cadre de ces modifications, le temps 

de séjour des noyaux infectieux dans la zone respiratoire peut diminuer jusqu'à 30 %.  
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Abstract: Following the recent pandemic of COVID-19, scientists have made many efforts to find 

a secure solution worldwide. However, it was shown that the protective effect of a well-

conditioning system is as high as five times in comparison to the face-covering and other proposed 

procedures. In this context, the age of air, as well as the type of filtration systems in closed spaces, 

became the critical criteria to compare the capability of ventilation systems. In this paper, a 

validated numerical model for the perforated duct diffusers is used to study the behavior of the 

local age of air at the full-scale office with 8 feet (2.44 [m]) height, under various initial conditions 

like initial velocity and air change per hour. Also, different geometries for the ducts have been 

investigated under the same initial condition, as well as the effect of direction, ventilation 

effectiveness, and flow pattern. Finally, the volume average of the age of air at different zones has 

been nominated to perform the sensitivity analysis of each variable based on the variation of the 

airflow. The results show that during the pandemic, diffusers with vertical perforations would be 

more effective than the other types in terms of airborne mitigation. Moreover, the highest available 

airflow shall be set until such time there is no windy area in the breathing zone. Within these 

modifications, the residence time of the infectious nuclei in the breathing zone may decrease by 

up to 30%. 

Key words:  Perforated duct diffuser, HVAC system, COVID-19, Airborne, Contagious Disease, 

Age of Air.
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5.1 Introduction 

People spend more than 90 % of their time in enclosed spaces. A large fraction of that time is spent 

in different kinds of closed offices. That creates an elevated need for high air quality ventilation 

systems in buildings. However, indoor air quality in the occupied zone can be dependent on many 

factors such as outdoor air quality, airflow rate, indoor generation of pollutants, moisture content, 

thermal environment, and how the air is supplied into the human-occupied zone [4]. One needs to 

acknowledge the importance of air distribution, which clearly affects the comfort of occupants. 

Heating, Ventilation, and Air Conditioning (HVAC) systems provide fresh air to the domain and 

recirculate the air inside the occupant zone. In other words, HVACs maintain the desired 

conditions by a proper air distribution all around the zones. To have the most comfortable 

conditions in the space, different configurations, and criteria are considered. These considerations 

may vary from place to place in general or from a zone to zone in special. The leadership in energy 

and environmental design (LEED) certifications and ASHRAE standards provide many rules and 

considerations based on statistical or experimental data for different applications and buildings 

[4, 585-587]. However, local standards and frameworks have higher priority, and designers have 

to follow them in advance. By the widespread of COVID-19 and lack of information about the 

physics of the involved phenomena, a bunch of temporal restrictions like social distancing, regular 

hand washing, and face-covering has been applied to local users. Meanwhile, for the long-term 

usage, a more safe and secure environment is associated with the modifications to operation 

conditions of the HVAC systems (especially the ventilation section). It was shown that the 

protective effect of a well-conditioning system is as high as five times in comparison to the face-

covering and other proposed procedures [588]. In this context, the flow physics should be clearly 

investigated to omit the source of the problem. Particularly, it is inefficient to distribute the air in 

large spaces via a single opening, and it might be substituted by a number of holes or slots to have 

a more uniform air distribution pattern, i.e. less stagnant points within the room. 

Basically, the virus laden fluid particles coming from an infected patient are determined as the 

main source of COVID-19 transmission [589-591]. These particles are very small in size 

(10 nm - 1 μm) and mainly propagated via the droplets and aerosols (0.1 μm - 1 mm) of the 

sneezing, coughing, or breathing [591]. Wells [592] firstly mentioned that these droplets are 

affected by evaporation, inertia, and gravity. So, based on the temperature and the humidity of the 

field, there is a critical size (50-150μm) whereby the evaporation rate is higher than the settlement 

rate for the smaller droplets, which leads to suspended nuclei [592-593]. Alongside this statement, 

the concept of social distancing has been introduced to reduce the risk of contagion, especially in 

the indoor environment. Also, being in close interaction (less than 2 meters away) for more than 

15 minutes (900 seconds) is defined as prolonged exposure [594]. However, the sneeze large 

droplets may throw more than 20 ft [593 and 595]. In the meantime, the small particles could last 

for hours in the room and travel by air current in the room, but the HVAC systems could substitute 

them with fresh air to mitigate the contagion risk nonetheless. 
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The ASHRAE Design Manual for Hospitals and Clinics (DMHC) [596] defines the age of air 

at any arbitrary point as the elapsed time of the air after entrance. Hence, the ventilation 

effectiveness of HVAC systems to remove the infectious particles could be compared using the 

mean age of air (MAA) as well as local age of air. Since each fully mixed zone has one local mean 

age, one could calculate all MAA at the field (n MAA for n zones) with a single test. ASHRAE 

standard 129 [496] explains the test procedure, the equipment precision, and the general 

requirements of the step-up and step-down (decay) methods. Also, the method selection depends 

on the test space and the type of HVAC systems. The COVID-19 is a highly contagious virus and 

required extremely safe and secure test stand. Even after evaporation, the infectious particles could 

last for a long time over the surfaces or suspend in the air, and propagate in the room following 

the air current.   

Designing a ventilation system, which considers all aspects of room ventilation, can only be 

achieved by computer modelling. In the literature [143, 472, 577, 579, 581-583], three types of 

methods have been used for the age of air numerical calculations in the single zone applications; 

one steady-state and two transient (step-down (decay) and step-up) methods. Incidentally, there 

are two more methods (Homogeneous Constant Emission, and Pulse Homogeneous), especially 

for the multiple zone applications, in which the tracer gas is injected in the zone instead of a single 

inlet [474-477]. All methods follow the fundamental mass balance equation in the room (single or 

multiple zones). Variant solutions have been proposed by Afonso et al. [598], Axley and Persily 

[599], and Etheridge and Sanberg [600] to calculate the mean age of air. However, to the author’s 

best knowledge, all of these studies mainly concentrated on the value estimation of MAA, and 

there is no work on the MAA evaluation for different parameters in office rooms. Basically, 

prolonged exposure elimination won’t come off without prior knowledge of the room's age of air 

distribution patterns. The main objective of this paper is to study the effects of the different design 

parameters on the age of air distribution at the single zone applications. Within this parametric 

study, the ability of the ventilation systems to decrease the risk of any contagious nuclei will be 

compared. Furthermore, as a secondary objective of this paper, the sensitivity of the ventilation 

effectiveness of the perforated duct diffusers and the uniformity of the air inside the room as well 

as the breathing zone have been analyzed.  

5.2 Theory and Mathematical Model 

Numerous numerical models have been proposed to calculate the local MAA to compare the 

performance of diffusers for deep mines [601], clean rooms [581 and 602], extremely large open 

spaces [603-604], classical ventilated rooms [582, 605-606], food plants [472], or comparison of 

ventilation systems [607-610]. Among these methods, one steady-state and two transient methods 

provided results with high accuracy and low computational cost. Basically, the transient methods 

follow the same procedure as decay and step-up methods. Though, they have a high computational 

cost in comparison to the steady-state method that uses particle marker method [597 and 611]. So, 

the formulation and the concept of these three methods should be clearly understood before 

applying them to the numerical models. 
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5.2.1 Transient Step-up Method 

Following the ASHRAE 129 [496] experimental step-up procedure, the contaminants or the tracer 

gases born at the inlet and age through the zones until they reach a specific location in the room. 

The highest age of air belongs to the particles in stagnant zones or at the farthest locations from 

the inlet [582]. Generally speaking, poor air distribution would increase the mean age of air, and 

this is the main factor to represent the effectiveness of the ventilation systems.  

According to the time history of the contaminant or the tracer gas and using the trapezoidal 

method, CFD codes calculate the MAA and air exchange efficiency of the ventilation system using 

Eq. 1 and unsteady approaches for all the zones. 

𝜏𝑖 = ∫ (1 −
𝑐𝑖(𝑡)

𝑐𝑖(∞)
)𝑑𝑡

∞

0

 (1) 

where τi is the local MAA at position i (s), ci (t) is contaminant or tracer gas concentration at 

position i and time t (kg contaminant or tracer gas kg mixture-1), and t is time (s). 

5.2.2  Transient Step-down (Decay) Method 

In accordance with the decontamination concept of the experimental decay method and prior 

knowledge of the concentration history, CFD codes solve Eq. 2 in the unsteady regime. It was 

assumed that at the start point, the tracer gas has reached a homogenous concentration in the room. 

The calculation continues until the room is empty of any contaminants.  

𝜏𝑖 =
1

𝑐𝑖(𝑡0)
∫ 𝑐𝑖(𝑡)𝑑𝑡

∞

𝑡0

 (2) 

5.2.3 Steady-State Method 

Unlike transient methods, the MAA might be calculated using transport equations without prior 

knowledge of the tracer gas or contaminant concentration. To do so, a new set of transport 

equations (which is decoupled from the continuity and momentum equations) should be defined 

for the age of air by defining a new scalar (τi). So, the transport equation could be solved separately, 

leading to a lower computational cost. Owing to the fact that the tracer gas and the airflow should 

have the same behavior in the room, ignoring the diffusion term leads to an over-predicted age of 

air after Gan and Awbi [597]. Abnato [606] calculated the diffusion term of this transport equation 

using the effective viscosity of the air (μeff), appearing in Eq. 3. One solves then a general 

convection-diffusion equation (Eq. 4). 

Γ𝜏𝑖
= 2.88 × 10−5𝜌 +

𝜇𝑒𝑓𝑓

0.7
 (3) 

∇. (ρ𝑣 τi − Γ𝑖∇τi) =  𝑆τi
      (Steady-state) (4) 

where ρ is the fluid density (kg m-3), 𝑣  the fluid velocity vector (m s-1), Γ𝜏𝑖
 the diffusion coefficient 

of the scalar τi and 𝑆τi
 the source term of the scalar τi. To solve these equations, a zero gradient 

boundary condition at the outlet and walls as well as a zero value at the inlet and normalized source 

term (𝑆𝜏𝑖
=1) have been suggested by many Refs. [581-583]. 
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5.3 Numerical Simulation 

In the steady-state method, the age of air is a passive quantity and does not influence the air 

distribution. Moreover, steady-state models have lower computational time in comparison to the 

transient models while having the same accuracy [472]. So, the age of air in this paper has been 

calculated using the steady-state models of Raphe et al. [414] for the perforated duct diffuser 

(PDD).  

It’s assumed that the airflow is isothermal (295 K), and suspended droplet nuclei have no effect 

on the turbulence [612]. There are no reacting elements, volatile substances, or any other sources 

of pollution in the room. The only mixture in the office room is the atmospheric air with constant 

volume and mass fractions, and just the age of air and air distribution pattern in the steady-state 

speak of the diffuser’s capability to replace the unhealthy air with the fresh air. Also, the entire 

room boundaries (except room inlet and outlet) are fully isolated, and the friction coefficients of 

the walls and duct of the diffuser are very low. 

5.3.1 Geometry 

Figure 5-1-a illustrates the configuration of the small office room, while the room outlet dimension 

is 0.6×0.15 m2, and all the diffusers and the room inlet have the same radii (203 mm). Following 

the validated model [414], perforated duct diffusers were selected to perform the parametric study. 

These types of diffusers have horizontal or vertical equidistance perforations, and the duct is a 

dead end.  Figure 5-1-b shows the general dimensions and configuration of the fixed PDDs. From 

now and on, if all the holes are located on both sides of the duct, it's called a horizontal perforation 

(shown with red arrows in the Figure 5-1-c). Contrary, vertical perforation ducts having holes on 

their bottom side (shown with blue arrows in the Figure 5-1-c). Also, the entire diffusers that have 

been used in this paper having equidistant perforations (uniform perforation), but the number of 

the holes is double in the horizontal duct diffusers nonetheless. 

 
Figure 5-1: (a) Small office room with installed diffuser, (b) General dimension of the duct diffusers, (c) The 

direction of the perforation; The red is horizontal, and the blue is vertical.  
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5.3.2 Numerical Method 

In accordance with the reference model [414], the validated k-ε realizable turbulence model with 

4.3 million unstructured linear elements is used to solve the isothermal, steady-state, fully turbulent 

flow. A pressure-based solver is used by considering air as an incompressible fluid with a constant 

density (1.225 kg m-3), and gravity effects are accounted for (g=9.81 [m s-2]) on simulations. The 

governing equations are discretized by second-order upwind spatial schemes, and the SIMPLE 

algorithm is used to overcome the pressure-velocity coupling. The residuals level-out below 10-5 

for the age of air, 10-4 for the governing equations are also considered as convergence criteria.  

5.3.3 Initial and Boundary Conditions 

For the inlet velocity of 2.4 [m s-1], which corresponds to 9.5 ACH, the ratio of turbulence viscosity 

equals 10, and 5% turbulent intensity, the simulations have been performed following the reference 

model [414]. Regards to the standard roughness model, walls have a no-slip shear condition, and 

there is no moving wall. Moreover, the room pressure is initially set to 101325 Pa, and an outflow 

condition is imposed at the room outlet. There is no heat flux in the room, indeed. 

5.4 Results and Discussion 

As it mentioned previously, the infected droplet nuclei of disease like COVID-19 might suspend 

for hours in the room without proper conditioning. As a matter of fact, the amount of the fresh air 

flow and its aging time at the breathing zone (BZ) are two critical parameters that indicate the 

cleanness of the room at the long-term. ASHRAE 62.1 [4] defines the breathing zone as the region 

within an occupied space between planes 75 and 1800 mm above the floor. Furthermore, the 

breathing level for the standing and sedentary occupants are 1500 mm and 1100 mm above the 

floor, respectively. In a nutshell, the sensitivity analysis should be performed for the distribution 

of the age of air at these levels as well as inlet velocity and air change per hour (ACH), which 

affects air flow directly (Eq. 5).  

�̇� = 𝑉. 𝐴𝐶𝐻 = 𝑈𝑖𝑛𝑙 . 𝐴𝑖𝑛𝑙 (5) 

where �̇� [m3 s-1], V [m3], Uinl [m s-1], and Ainl [m
2] are air flow rate, total volume of the room, air 

velocity at the inlet, and inlet area, respectively. It’s noteworthy to repeat that the dimension of the 

room and diameter of the ducts are kept constant for all the cases considered hereafter for the 

parametric study. 

5.4.1 Effects of Air flow variation 

Principally, the value of the air flow depends on inlet air velocity or ACH (Eq. 5). Considering the 

fact, the behaviour of the key parameters at this paper was studied against the inlet air velocity 

variation. Later, the minimum, maximum, and mean value of the age of air at the room and 

breathing zone for different air flows (Table 5-1) have been calculated. Figure 5-2 shows that the 

general trend of the mean age of air for all the scenarios is descending with different slopes when 
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the inlet air velocity increases. However, using the horizontal perforations leads to higher values 

of the MAA either in the breathing zone or room. 

Table 5-1: Room inlet air flow values 

�̇� [m3 s-1] Uinl [m s-1] ACH [hr-1] 

0.065 2 7.9 

0.071 2.2 8.7 

0.078 2.4 9.5 

0.084 2.6 10.3 

0.091 2.8 11.1 

Note:  

         Room volume = 29.38 m3; Inlet area = 0.0324m2 

 

 

 
Figure 5-2: Effect of inlet air velocity on the mean age of air.  

To fully understand the distribution of the fresh air in the room and finding the stagnant or 

windy zones, it’s important to detect the room maximum AoA and the breathing zone minimum 

one (Figure 5-3). The results show that vertical perforation diffusers have provided a lower amount 

of AoA in general. In the meantime, using the vertical perforation leads to a lower difference 

between the AoA of the room and the breathing zone. Incidentally, by 40% increasing the inlet air 

velocity, the values of the AoA have been decreased by 25-35% approximately for all the cases. 

Furthermore, the value of the maximum AoA is more sensitive to the variation of the inlet air 

velocity, especially for the horizontal perforations. One reason for this fact is related to the exit jet 

inclination from the earlier holes. When the inlet air velocity increase, the earlier holes are 

subjected to the higher longitudinal component of the air velocity, which leads to exit jets that 

inclined toward the end of the duct affecting the shape of air distribution at the holes plan. Due to 

this fact, the horizontal velocity components of the fluid near the exit jets have different values 

alongside the duct, and there is a critical speed (2.4 m s-1 in Figure 5-4) at which the interaction of 

the ceiling surface and fluid flow creating the Coanda effect. As a result, a small stationary area is 

created near the diffuser whereby the maximum AoA will increase despite the increasing inlet air 

velocity; Which leads to bumpy curves. However, the uniformity of the AoA and air distribution 
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shall be considered in the decision-making process for choosing the most efficient inlet air 

velocity. Figure 5-3 and Figure 5-4 show that not only the value of MAA has a descending trend 

by the increase of inlet air velocities, but also the discrepancy of the maximum and minimum AoA 

of the room has decreased. 

 
Figure 5-3: Effect of inlet air velocity on the minimum and maximum age of air. 

 
Figure 5-4: Effect of inlet air velocity on the age of air discrepancy at BZ. 

5.4.2 Effects of ventilation direction 

Three different vertical levels are defined, namely headline (1.8 m), standing breathing line (1.5 

m), and sedentary breathing line (1.1 m above the floor), to study the effects of key parameters. 
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Similarly, four longitudinal levels (Planes 1 to 4, with 0.954, 1.578, 2.174, and 2.821 m distance 

from the front wall) are defined to study the variation of these parameters alongside the duct. 

Figure 5-5 compares the distribution of the age of air at these vertical levels using horizontal and 

vertical perforations for five different initial velocities. As shown, the value of the age of air for 

the vertical perforation is lower than the horizontal perforation for each level with the same inlet 

velocity. The reason for this fact is the higher vertical air velocity that injects into the breathing 

zone. However, higher air velocity might lead to windy zones, known as discomfort zones. So, the 

combination of the age of air (Figure 5-5 to Figure 5-7) and air velocity contours (similar to the 

proposed contours by Ref. [414]) at different levels should be used for the selection of the proper 

diffuser. The comparison of Figure 5-5 to Figure 5-7 has shown the contours of the age of air via 

the horizontal perforations have a more uniform distribution than the vertical ones, especially 

alongside the duct and near the walls. Furthermore, while moving downward from the headline to 

the sedentary breathing line, the contours of the age of air for the horizontal perforation having 

lower changes. When the air velocity is in the satisfactory range (for instance, lower than 0.25 m 

s-1 for the cooling mode [4]), the vertical perforation has a better performance to mitigate the 

polluted air, especially at the standing levels.  

Another important fact is by increasing the inlet air velocity the contours of AoA alongside of 

the duct for both scenarios find a more uniform shape (Figure 5-6 and Figure 5-7). Besides, the 

mean age of air discrepancy (Figure 5-4) shows the more uniformity of the fresh air at the breathing 

zone using horizontal perforation, which is crucial for airborne mitigation. The presence of zones 

with high AoA increases the risk of infection, no matter where they are. Figure 5-4 suggests that 

by increasing the inlet air velocity, the AoA is going to be more uniform with lower variance, even 

though the horizontal perforation won’t follow the linear trend. 
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Figure 5-5: AoA contours at different levels (1.8, 1.5, and 1.1 m above the ground) and inlet air velocities (2, 2.2, 

2.4, 2.6, and 2.8 [m s-1]) using horizontal and vertical perforation duct. 
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Figure 5-6: AoA contours at different planes and inlet air velocities (2, 2.2, 2.4, 2.6, and 2.8 [m s-1]) using 

horizontal perforation duct. 
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Figure 5-7: AoA contours at different planes and inlet air velocities (2, 2.2, 2.4, 2.6, and 2.8 [m s-1]) using vertical 

perforation duct. 

5.4.3 Ventilation effectiveness sensitivity analysis 

The elements of the air (nitrogen and oxygen) do not age inherently, and the aging indices report 

the molecules of the air while entering the room. These molecules are prone to be contaminated 

by pollutants as far as the residence time increases. Hence, the air exchange efficiency (ηa) has 

been defined to the flow pattern and compare the performance of the diffusers. Figure 5-8 

illustrates the range of the air exchange efficiency for different ventilation modes in accordance 

with the flow pattern. The unidirectional (piston) ventilation mode has higher efficiency than the 

others as a result of its lower dead zones. Nevertheless, this is a theoretical value range, and it’s 

impossible to reach the amounts near to the one (very high efficiency), in reality, using the 

conventional diffusers. Table 4-6 represents the values of the air exchange efficiency and modes 

of ventilation for each diffuser for different airflows. Furthermore, the air change effectiveness (E) 

is developed to indicate the efficiency of the ventilation systems to refresh the aged air in the 

breathing zone. Regards to the value in Table 4-6, the efficiency of the diffusers with uniform 



CHAPTER 5 ISOTHERMAL PARAMETRIC STUDY  79 

 

   

horizontal perforations doesn’t follow a unique pattern by the variation of the inlet velocity. In 

contrast, uniform vertical perforations are insensitive to the initial velocity from a ventilation 

effectiveness point of view. Incidentally, the vertical perforations have a higher value of ηa and E 

with a more uniform flow pattern in comparison to the horizontal perforations. 

 
Figure 5-8: Air exchange efficiency range at different modes of ventilation 

Table 5-2: Comparison of the flow patterns of the PDDs 

Type of 

Diffuser 
Uinlet [m s-1] Max AoA BZ [s] MAA [s] 

Nominal Time Constant [s] 

(AoA at room outlet, τa) 

Air Exchange 

Efficiency (𝜼𝒂) 

Air-Change 

Effectiveness (E) 
Flow Pattern 

Uniform 

Horizontal 

Perforation  

2 437.2 381.3 374.6 0.48 0.97 Short Circuiting 

2.2 389.4 343.2 340.3 0.49 0.98 Perfect Mixing 

2.4 399.4 314.3 311.4 0.49 0.98 Perfect Mixing 

2.6 349.7 293.7 287.6 0.48 0.96 Short Circuiting 

2.8 299.3 261.0 267.4 0.51 1.01 Unidirectional 

Uniform 

Vertical 

Perforation  

2 386.8 351.3 374.5 0.53 1.07 Unidirectional 

2.2 353.4 320.3 340.4 0.53 1.07 Unidirectional 

2.4 323.8 292.8 312.0 0.53 1.07 Unidirectional 

2.6 300.5 270.6 287.8 0.53 1.07 Unidirectional 

2.8 275.4 251.5 267.4 0.53 1.07 Unidirectional 

 

5.5 Conclusion 

The highly contagious diseases like COVID-19 are easily widespread at the closed space without 

or with poor air conditioning. Since the small droplets evaporate soon and the droplet nuclei 

suspend in the room air for a long time, the aging process of the air play a key role in lowering the 

contagious rate. In this paper, alongside with the previous work of the authors [414], the validated 

numerical models are used to perform the sensitivity analysis focusing on the age of air 

distribution. The generated model finds the air distribution at the isothermal mode using the k-ε 

Realizable turbulence model with enhanced wall treatment. Amongst different diffusers, PDDs are 

able to produce more uniform air distribution with lower stagnant points (especially at the large 

spaces) in comparison to the single outlets. So, two types of duct diffusers with same holes distance 

but different perforation pattern have been investigated. By 40% increasing the inlet air velocity, 

the values of the AoA have been decreased by 25-35% approximately for all the cases. In general, 

the values of the AoA and MAA for the vertical perforation are lower than the horizontal 
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perforation at the same conditions. Also, the results indicate that the vertical perforation patterns 

have shown linear trend with the air flow variation. Furthermore, to fully understand the AoA 

distribution at the room, three vertical levels, namely headline (1.8 m), standing breathing line 

(1.5 m), and sedentary breathing line (1.1 m above the floor) as well as four longitudinal levels 

(planes 1 to 4, with 0.954, 1.578, 2.174, and 2.821 m distance from the front wall) have been 

defined. The AoA contours of these levels acknowledged the higher performance of the vertical 

perforation diffusers in order to mitigate the airborne transmission at the room. In conclusion, 

during the pandemic, diffusers with vertical perforation would be more effective than the other 

type in terms of renewing the contaminated air. Though, the highest available air flow shall be set 

until such time there is no windy area at the breathing zone. 
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6. Chapter 6  Effects of Perforation Pattern on the COVID-19 Exposure 

Time at Office Rooms Using Perforated Duct Diffusers 

L’article contribue à la thèse :  Suite aux chapitres précédents, cette fois, des calculs d'âge de 

l'air en mode chauffage ont été effectués, en se concentrant sur les effets de la variation de 

température sur la transmission aérienne. Dans ce cadre, le temps d'exposition aux noyaux infectés 

et l'âge de l'air dans la zone respiratoire sont comparés pour différentes géométries. Plus tard, ces 

configurations sont étudiées paramétriquement sous diverses conditions initiales.  

Le titre : Effets du modèle de perforation sur le temps d'exposition à la COVID-19 dans les bureaux utilisant des 

diffuseurs à conduit perforé. 

Auteurs :  

• Peyman Raphe, Étudiant de Doctorant, Département de génie mécanique, Université de Sherbrooke. 

• Hachimi Fellouah, ing., Ph.D., Professeur titulaire, Département de génie mécanique, Université de Sherbrooke. 

• Sébastien Poncet, ing., Ph.D., Professeur titulaire, Département de génie mécanique, Université de Sherbrooke. 
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ID : 1609  

Résumé : Les systèmes de ventilation ont un impact important sur la qualité de l'air et le confort 

thermique. Il est donc essentiel d'améliorer l'efficacité de la ventilation pour atteindre 

parallèlement une répartition plus uniforme de l'âge de l'air (AoA) et pour réduire la consommation 

totale d'énergie (moins de débit d'air extérieur requis). Dans cet article, un modèle numérique 

validé a été utilisé pour étudier les effets du motif de perforation et de la direction des diffuseurs 

d'air sur le temps d'exposition au COVID 19. Quatre types de diffuseurs à conduit perforé (PDD) 

ont été simulés à l'aide d'un modèle de turbulence k-ε réalisable en mode chauffage. Compte tenu 

des procédures des normes ASHRAE et des enquêtes AoA locales, il est démontré que les 

perforations verticales seraient plus efficaces que les autres types en termes de réduction du temps 

d'exposition. En outre, les résultats prouvent que les PDD créent un motif unidirectionnel indiquant 

leurs performances de prévention élevées, en général. 
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Summary: Ventilation systems have a high impact on air quality and thermal comfort. So, it is 

vital to improving the ventilation efficiency to parallelly reach a more uniform age of air (AoA) 

distribution and to decrease the total energy usage (less required outdoor airflow). In this paper, a 

validated numerical model has been used to investigate the effects of the perforation pattern and 

direction of air diffusers on the COVID-19 exposure time. Four types of perforated duct diffuser 

(PDD) were simulated using a k-ε Realizable turbulence model at the heating mode. Given the 

ASHRAE standards procedures and local AoA investigations, it is shown that vertical perforations 

would be more effective than the other types in terms of lowering exposure time. Besides, the 

results prove PDDs create a unidirectional pattern indicating their high preventing performances, 

in general. 

Keywords: Perforated Duct Diffuser, HVAC System, COVID-19, Required Outdoor Airflow, 

Ventilation Effectiveness, Age of Air. 
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6.1 INTRODUCTION 

HVAC systems have been used for many years to maintain thermal comfort inside the buildings, 

especially office rooms, whereby people spend most of their time. All the components of these 

systems consume 50% of the total building energy usage [560]. Hence, improving the efficiency 

of the ventilation system should be in accordance with energy-saving policies. Also, the control 

and maintaining of the interior environment under acceptable conditions became the main design 

criteria of these buildings, especially after the evolution of the global pandemic on 11 March 2020. 

Consequently, there has been an increasing demand for more effective ventilation systems to lower 

the transmission risk of contagious viral diseases in closed spaces. 

The respiratory droplets propagated by infected patients are the primary source of  

SARS-CoV-2 (and many others) human-to-human transmission [614]. Notwithstanding the social 

distancing and prevention policies, the viruses can be spread through closed spaces by particles 

having a diameter smaller than 5 μm [615]. The infected particles stay in a room for a long time 

after evaporation and could transmit to other people unless they have been replaced by fresh air. 

As of the time of writing this paper, the transmission risk from infectious individuals based on the 

growing pieces of evidence defines “community exposure” as “being exposed within less than 6 

feet for 15 minutes or more”, only for public health contact identification and management 

purposes [594, 616-618]. Srikrishna [588] examined the rate of virus transmission in a closed, 

crowded room with poor ventilation using the Wells-Riley infection risk model. The author 

showed that the risk of being exposed to infectious nuclei, such as COVID-19, at well-conditioned 

places is as low as five times comparing other protective procedures, including face covering, hand 

washing, etc. Within this frame of reference, one might control infectious airborne droplets using 

a proper indoor airflow distribution [619-621]. There are many models like Wells-Riley relating 

the probability of infection to the air exchange rate and the AoA. So, the performance of the 

ventilation systems to mitigate the infectious nuclei could be compared via local AoA calculations. 

The mean age of air (MAA) at each zone gives a rough estimation of the required time to replace 

aged air with fresh air. ASHRAE standard 129 [496] determines the test procedure and the general 

requirements of the AoA measurements using step-up and step-down (decay) methods. However, 

working with hazardous viruses and studying various scenarios using experimental methods might 

be time-consuming, expensive, and even sometimes impossible. Due to this fact, a bunch of 

numerical methods is proposed in the literature [414, 597 and 622] to determine the local AoA in 

the room. It is noteworthy mentioning the principal assumption beyond these numerical models is 

the similar trait of the virus-laden tracer gas and room air. 

Considering two preliminary aspects of the ventilation systems, namely thermal comfort and 

pollution removal, the ventilation effectiveness of HVAC systems could be compared utilizing the 

AoA distribution. In this context, the main objective of this paper is to investigate the MAA of 

various PDD prototypes following the former work by the present authors [414]. Later, the effects 

of geometry and ventilation direction are studied from the exposure time point of view. Also, local 

infected areas have been compared for the case of the uniform distribution of the AoA. 
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6.2 METHODS  

6.2.1 Measurements 

The field measurements of the air velocity and temperature were performed in a full-scale test 

room (3.964×2.430×3.050 m3, see Figure 6-1) with completely isolated walls under normal 

atmospheric conditions. Table 6-1 provides details of the four selected perforation patterns over a 

similar round duct having a diameter of 0.203 m, a length of 3.075 m, and a height of 0.507 m. A 

number of 336 sampling points over four planes was pinpointed to fully cover the field (four 

longitudinal levels (0.954, 1.578, 2.174, and 2.821 m), seven vertical levels (-2.43, -2.308, -1.908, 

-1.508, -0.708, -0.405, and -0.178 m), and twelve horizontal levels (±0.102, ±0.254, ±0.406, 

±0.711, ±1.102, and ±1.143)). 

Table 6-1: Dimensions of the duct diffuser 

Types of Diffuser 
Uniform 

Vertical 

Non-uniform 

Vertical 

Uniform 

Horizontal 

Non-uniform 

Horizontal 
Unit 

Holes Diameter (Dj) 0.013 0.013 0.013 0.013 m 

Holes Distance (li) 0.02 variable 0.041 variable m 

Number of Holes 114 86 57×2 43×2 - 

 
(a) 

 
(b) 

Figure 6-1: A full-scale test room configuration. (a) 3D view of the room and the measurement planes, (b) 2D CAD 

of the perforated duct. Dimensions are given in m. 
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An 8-channel hot wire anemometer measures the velocity in the range of 0 to 20 [m s-1] with 

an accuracy of ±2%. The TVS-1132 Kit also contains thermometers measuring the temperature 

with ±0.1 K tolerance. The room temperature was monitored continuously at three fixed locations, 

assuring the same operating conditions during all tests. 

6.2.2 Numerical Simulation 

From a Lagrangian perspective, the journey time of air particles from the supply area to the 

pinpoint location in the zone or removed out from the room is called the age of air (AoA). This 

index is an ability indicator of ventilation systems to provide fresh air to any point and the 

uniformity of distributed air per unit volume. In a piece of literature, there are three practical 

experimental methods, namely decay, step-up, and pulse injection, to calculate AoA. Accordingly, 

many authors [579, 605-606, 609-610] proposed transient and steady-state methods to find AoA 

numerically for different applications. In general, transient methods require the history of the tracer 

gas concentration and have laborious calculations. As a result, in this paper, a steady-state 

convection-diffusion equation (Eq. 1) conjointly with the effective viscosity of the air (μeff) has 

been added to the set of base transport equations to calculate the age of air: 

𝛁. (𝛒�⃗⃗� 𝛕𝐢 − 𝚪𝝉𝒊
𝛁𝛕𝐢) =  𝑺𝛕𝐢

      (1) 

where ρ is the fluid density [kg m-3], 𝑣  the fluid velocity vector [m s-1], 𝛤𝜏𝑖
 the diffusion coefficient 

of the scalar τi, and 𝑆τi
 the source term of the scalar τi. Regards to [472, 581-583], a zero gradient 

boundary condition at the outlet and walls and a zero value at the inlet and normalized source term 

(𝑆𝜏𝑖
=1) have been applied to the model. The AoA depends on the air motion (Eq. 1), and the static 

pressure variation, which is affected by diffuser geometry, has a profound impact on it. So, four 

different perforation patterns have been chosen in this study to alleviate the COVID-19 

transmission. 

A mixed experimental-numerical model is applied to a ventilated office room under the heating 

mode to evaluate the COVID-19 exposure time. Akin to the actual test room, diffusers in a room 

are modeled. A k-ε Realizable turbulence model with 4.6 million mesh elements is preferred over 

the other tested two-equation turbulence models. Air with constant density at 308 K entered the 

domain via the PDDs with 2.4 [m s-1] velocity, and 101325 [Pa] ambient pressure. Walls are 

stationary, non-slipping, with no heat flux, and following standard roughness models. The 

Reynolds-Averaged Navier-Stokes and conservation equations were solved using ANSYS-Fluent 

2021-R2, and the convection-diffusion equation of the new scalar (AoA, Eq. 1) was coupled to the 

principal equations using UDF. The governing equations are discretized by second-order upwind 

spatial schemes using a SIMPLE algorithm to overcome the pressure-velocity coupling. The 

convergence criteria for the residuals is level-out below 10-5 for the AoA and energy equation, as 

well as 10-4 for the rest of governing equations. Given the experimental data, the numerical model 

has been validated (not shown here) with high accuracy for both parameters (air velocity (94.81%) 

and temperature (96.75%), see in [605]). 
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6.3 RESULTS 

Measuring the air temperature and velocity to determine thermal comfort is pragmatic in nature. 

However, the comprehensive information of the AoA is necessary to investigate the COVID-19 

transmission in a room. Hence, the AoA sensitivity analysis has been performed for different PDDs 

at various inlet velocities using the above-mentioned validated model. 

 
Figure 6-2: Comparison of AoA discrepancy at breathing zone (BZ) using PDDs. 

 
Figure 6-3: AoA contours obtained for the uniform horizontal perforated duct. 
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Figure 6-4: AoA contours obtained for the non-uniform horizontal perforated duct. 

 
Figure 6-5: AoA contours obtained for the uniform vertical perforated duct. 



CHAPTER 6 COVID-19 INVESTIGATION 88 

 

   

 

Figure 6-6: AoA contours obtained for the non-uniform vertical perforated duct. 

6.4 DISCUSSION 

Concerning the exposure time of occupants to the infected nuclei in the BZ, it is crucial to get the 

lowest possible difference of AoA. As depicted in Figure 6-2, augmentation of the inlet airflow 

reduces the AoA discrepancy via the vertical perforations, while horizontal perforations do not 

follow the same pattern. Also, the presence of dead zones with a high AoA value increases the risk 

of air-born propagation. The results speak of a general decrease in the AoA by increasing the inlet 

airflow with the same ratio for all the cases. However, the room local AoA using horizontal PDDs 

(Figure 6-3 and Figure 6-4) is higher than for vertical ones (Figure 6-5 and Figure 6-6). 

Interestingly, the AoA distribution for non-uniform perforations (Figure 6-4 and Figure 6-6) finds 

a similar pattern alongside the duct leading to more uniform contours at the entire planes. The 

reason for such uniformity of AoA distribution evolved from the more uniform air motion using 

non-uniform perforations. Basically, vertical perforations inject air directly to the BZ, resulting in 

non-uniformity of the air motion and higher AoA discrepancy in the BZ, especially in the area 

under the holes. Parenthetically, the same reason causes insensitivity of the vertical perforations 

to the holes’ distribution over the duct in terms of AoA ranges. 
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6.5 CONCLUSIONS 

The propagation of the infectious nuclei in the room is the root of human-to-human COVID-19 

transmission. However, the contagion could be controlled by lowering exposure time using 

effective ventilation systems. In this paper, a validated numerical model has been extended to 

determine the distribution of the AoA. Overall, the results of a system using uniform vertical and 

non-uniform horizontal perforations in the heating mode have shown the highest and the lowest 

AoA discrepancies in the BZ. Incidentally, the non-uniform vertical and the uniform horizontal 

perforations exhibited the best and the worst performances to replace the infected air by fresh air. 

Yet, it might have much AoA discrepancy in the BZ using special perforation, but still, the highest 

value of the local AoA is lower than the other prototypes. So, the contours of AoA, MAA, AoA 

discrepancy in the BZ, and the value of the highest AoA in the BZ shall be considered ensemble 

while facing highly contagious diseases like COVID-19. Although, the MAA of PDDs for all 

scenarios is much less than the community exposure limit (15 minutes) indicating high preventing 

performances of these ventilation systems. 
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7. Chapter 7 How to Compare the Performance of the Perforated Duct 

Diffusers at Heating Mode Using Thermal Comfort Indices 

 

L’article contribue à la thèse :  Dans ce chapitre, la méthode expérimentale, la simulation 

numérique et la procédure de validation des PDD en mode chauffage sont expliquées en détail, en 

trouvant l'effet mixte du mouvement de l'air ambiant et de la variation de température. De plus, 

comme autre objectif du projet, les valeurs réelles de l'efficacité de la distribution d'air de la zone 

(Ez) en mode chauffage ont été calculées, complétant la base de données isothermes. Incidemment, 

divers indices de confort thermique ont été examinés de manière exhaustive et étudiés pour 

différentes configurations afin de répondre aux questions de recherche. Enfin, les facteurs de 

correction et les économies d'énergie de chaque perforation sont tabulés. Aussi, plusieurs modèles 

de confort ont été comparés pour trouver le meilleur diffuseur.  

Le titre : Comment comparer les performances des diffuseurs à conduit perforé en mode chauffage à l'aide des 

indices de confort thermique ? 
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Résumé : Historiquement, de nombreux indices ont été définis pour comparer les performances 

des systèmes de ventilation, et des normes telles que ASHRAE, DIN, ISO, MoHURD, GOST-R, 

SWKI, et UNI en recommandent certains. Parfois, les indices de confort donnent des résultats 

différents, voire contraires, en raison d'une mauvaise sélection ou de leurs limites. Par conséquent, 

les auteurs ont modifié, intégré ou introduit de nouveaux indices pour des applications spécifiques 

au cours du siècle dernier. Le premier objectif de la présente étude est d'aborder les indices de 

confort disponibles et toujours utilisés. Ensuite, comme deuxième objectif, comparer les 

performances de certains diffuseurs similaires en utilisant les indices sélectionnés. Dans ce 

contexte, quatre diffuseurs à conduits perforés (PDD) de géométries différentes ont été 

sélectionnés pour l'étude de cas. Les PDD bénéficient d'un modèle de distribution d'air uniforme 

avec un débit d'air d'entrée inférieur, ce qui entraîne une consommation d'énergie inférieure par 

rapport aux autres diffuseurs. Un modèle numérique a été développé en mode chauffage pour 

quantifier le niveau de confort et la consommation énergétique des PDD sélectionnés. Les débits 

d'air requis pour quatre géométries différentes ont été calculés, conformément à la norme 

ASHRAE. Le modèle de turbulence k-ε réalisable avec 4,6 millions d'éléments de maille a été 

préféré aux modèles de turbulence à deux équations testées. Des indices de confort thermique et 

des modèles tels que la température du bulbe sec, l'âge de l'air, l'efficacité de l'échange d'air, 

l'efficacité de la distribution d'air de zone (Ez), l'efficacité thermique, la température de tirage 
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effective, le vote moyen prévu et le pourcentage prévu d'insatisfaits ont été calculés pour tous les 

cas dans diverses conditions initiales. Par ailleurs, une salle d'essai similaire à la maquette 

numérique a été équipée pour des expérimentations grandeur nature afin de valider les résultats. 

Le modèle montre une grande précision pour la vitesse de l'air (94,81 %) ou la température (96,75 

%). Selon les résultats, en utilisant les PDD, le temps de séjour des noyaux infectieux dans la zone 

respiratoire a été réduit jusqu'à 30 % avec un débit d'air requis inférieur de 20 à 35 % 

(consommation d'énergie). Au final, les meilleurs et les pires scénarios ont été déterminés pour 

chaque indice. Compte tenu de tous les scénarios pour une application spécifique, les auteurs 

suggèrent d'utiliser un modèle basé sur le poids pour trouver le prototype le plus efficace.  
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Abstract: Historically, numerous indices were defined to compare the performance of ventilation 

systems, and standards such as ASHRAE, DIN, ISO, MoHURD, GOST-R, SWKI, and UNI 

recommend some of them. Sometimes, comfort indices provide different results, and even 

contrary, due to wrong selection or their limitations. Hence, authors have been modifying, 

integrating, or introducing new indices for specific applications for the past century. The first 

objective of the present study is to address comfort indices that are available and still in use. 

Afterward, as a second objective, compare the performance of some similar diffusers using the 

selected indices. In this context, four perforated duct diffusers (PDDs) with different geometries 

were selected for the case study. PDDs benefit from the uniform air distribution pattern with a 

lower inlet airflow leads to lower energy consumption comparing other diffusers. A numerical 

model was developed in the heating mode to quantify the comfort level and energy consumption 

of selected PDDs. The required airflows for four different geometries has been calculated, 

following the ASHRAE standard. The k-ε Realizable turbulence model with 4.6 million mesh 

elements was preferred over the tested two-equation turbulence models. Thermal comfort indices 

and models like dry-bulb temperature, age of air, air-exchange efficiency, zone air distribution 

effectiveness (Ez), thermal efficiency, effective draft temperature, predicted mean vote, and the 

predicted percentage of dissatisfied were calculated for all the cases under various initial 

conditions. Besides, a test room similar to the numerical model has been equipped for full-scale 

experiments to validate the results. The model shows high accuracy for either air velocity (94.81%) 

or temperature (96.75%). According to the results, using PDDs, the residence time of the infectious 

nuclei in the breathing zone has been decreased up to 30% with 20-35% lower required airflow 

(energy consumption). In the end, the best and worst scenarios were determined for each index. 

Given all the scenarios for a specific application, the authors suggest using a weight-based model 

to find the most efficient prototype. 

Key words:  Perforated Duct Diffuser, HVAC System, Thermal Comfort Indices, Energy 

Consumption, Contagious Disease, Indoor Air Quality. 
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7.1 Introduction 

At the end of the 70s, the energy issue in tighter buildings introduced the concept of sick buildings 

vs healthy buildings. Insufficient fresh air motion causes sick building syndrome (SBS), and 

consequently, low indoor air quality (IAQ) lowers the performance of occupants. Generally 

speaking, augmentation of contaminants such as CO2, the volatile organic compound (VOC), and 

infectious nuclei decreases IAQ drastically. Hence, outdoor air has to be mixed with return air 

before ventilation and then recirculated in the zone, needs adequate information about occupants' 

behavior, the concentration of air components in the field, the lag time between sensation and 

action, etc. ASHRAE standard 62.1 [4] suggested three ventilation procedures for IAQ 

improvement, ventilation rate, indoor air quality, and natural ventilation. The efficiency of these 

procedures depends on the number of occupants, amount of used or recirculated outdoor air in 

multi-zone systems, critical zone(s) requirements, or the ventilation control of bustling spaces 

[5, 147]. After the 90s, there was more intent on IAQ improvement in all aspects using HVAC 

systems, and concentration of organic compounds, the trajectory of small particles, and even the 

emission of occupants (especially after the global pandemic in 2020) came into consideration at 

preliminary design. Meanwhile, numerous comfort indices were defined to compare IAQ under 

different conditions using ventilation systems. These indices focused on different aspects of 

comfort, including thermal, pollution, sound level, etc. These parameters are sensitive to time and 

applications, making it hard to find their exact amounts. Although, some of them have been 

transformed into local or international standards. However, one shall follow a single standard for 

the entire design procedure. Henceforth, all the calculations and explanations in this text follow 

the ASHRAE standard unless it mentions. Also, when it comes to comfort in this study, it only 

refers to the thermal aspect and improving IAQ.  

Because people have different psychological preferences and physiological satisfaction, it is 

hard to find the optimum temperature in which everyone is satisfied. But, when the normal 

metabolic rate of humankind equals the received energy from the surrounding environment, the 

internal temperature remains constant, i.e., thermal comfort. ASHRAE Standard 55 [181] defines 

thermal comfort as “the condition of mind that expresses satisfaction with the thermal 

environment.” In the case of the continuous change of occupants' clothes and their activity levels, 

one should consider the local considerations. Unfortunately, there is no unique index that simply 

specifies thermal comfort for all the conditions [182-183]. Epstein and Moran [180] 

comprehensively reviewed three different categories: Empirical, Rational, and Direct indices. The 

first two indices are highly dependent on physiological and environmental variables, making their 

usage hard. In contrast, direct indices were extracted from measurements of the principal 

environmental variables and have been in use for more than five decades. Moreover, numerous 

comfort indices have been reviewed by Refs [6, 164, 180, and 184-188] historically, whereas a 

limited number of them are still in use. Table 7-1 lists most of the ventilation and comfort indices 

chronologically with the correspondent author(s). Each index has some limitations and 

presumptions, shall be investigated before use. 
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Table 7-1: Ventilation and Comfort Indices. 

Year Index First Author(s)  Most Recent Refs. 

1905  Wet-Bulb Temperature (WBT) Haldane [189] [190-192] 

1916  Katathermometer Hill et al. [193] [194-196] 

1923 Effective Temperature (ET) Houghton and Yaglou [197] Not Available 

1929 Equivalent Temperature (Teq) Dufton [198] Not Available 

1930 Globe-Thermometer Temperature1 (GTT) Vernon [199] [200-201] 

1932 Corrected Effective Temperature (CET) Vernon and Warner [202] Not Available 

1935-1937 
Thermo Integrator 

Winslow et al. [203, 205] 
[204] 

Operative Temperature (OPT) [206-208] 

1937   Humiture Hevener [209] [210-212] 

1941 Standard Operative Temperature (SOPT) Gagge [213] [214-216] 

1945 

Thermal Acceptance Ratio (TAR) Ionides et al. [217] Not Available 

Index of Physiological Effect (Ep) Robinson et al. [218] Not Available 

Wind Chill Index (WCI)  Siple and Passel [219] [220-222] 

1946 Corrected Effective Temperature (CET) Bedford [223] Not Available 

1947 Predicted 4-hour Sweat Rate (P4SR) McArdel et al. [224] [225-226] 

1948   Resultant Temperature (RT) Missenard et al. [227] [228] 

1949 Effective Draft Temperature (EDT) Rydberg [229] [230-233] 

1950 Craig Index (I) Craig [234] [235] 

1955 Heat Stress Index (HSI) Belding and Hatch [236] [237-239] 

1957 
Wet-Bulb Globe Temperature (WBGT) Yaglou and Minard [240] [241-244] 

Oxford Index (WD) Lind and Hallon [245] [246] 

1958 Thermal Strain Index (TSI) Lee [247] [248-252] 

1959  
Temperature-Humidity Index (THI) Thom [253] [254-257] 

Equatorial Comfort Index Webb [258] [259] 

1960 
Index of Physiological Strain (Is) Hall and Polte [260] [261-263] 

Humiture Revisited Lally and Watson [264] Not Available 

1961  Cumulative Discomfort Index (Cum DI) Tennenbaum et al. [265] Not Available 

1962 
Cumulative Effective Temperature (Cum ET) Sohar et al. [266] Not Available 

Index of Thermal Stress (ITS) Givoni [267] [268-269] 

1966  
Heat Strain Index (Corrected) (HSI) McKarns and Brief [270] Not Available 

Prediction of Heart Rate (HR) Fuller and Brouha [271] [272-274] 

1967 Effective Radiant Field (ERF) Gagge et al. [275] [276-277] 

1970 
Predicted Mean Vote (PMV) Fanger [278] [279-283] 

Prescriptive Zone Lind [284] Not Available 

1971 

New Effective Temperature (ET*) Gagge et al. [285] Not Available 

Wet Globe Temperature (WGT) Botsford [286] [287-288] 

Humid Operative Temperature Nishi and Gagge [289] Not Available 

Apparent Temperature (AT) Steadman [290] [291-294] 

1972 
Predicted Body Core Temperature Givoni and Goldman [295] [296-297] 

Skin Wettedness Kerslake [298] [299-302] 

1973 Predicted Heart Rate Givoni and Pandolf [303] [304-305] 

1974-1978 
Standard Effective Temperature (SET) 

Gonzales et al. [306, 310] 
[307-309] 

Skin Wettedness [299-302] 

 
1 - Also known as Black Globe Temperature 
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1979 
Fighter Index of Thermal Stress (FITS) Nunneley and Stribley [311] [312] 

Humidex Masterton and Richardson [313] [314-317] 

1980 Equivalent Uniform Temperature (EUT) Wray [318] [319-320] 

1981 Effective Heat Strain Index (EHSI) Kamon and Ryan [321] Not Available 

1982 

Predicted Sweat Loss (MSW) Shapiro et al. [322] [323-324] 

Humisery 
Weiss [325] 

Not Available 

Humiditure Not Available 

1983 Air Diffusion Efficiency Sandberg and Sjoberg [326] Not Available 

1984 
Munich Energy Balance Model for Individuals (MEMI) Höppe [327] [328-330] 

Ventilation Efficiency Janssen [331] [332-335] 

1985 
Skin Temperature Energy Balance Index (STEBIDEX) 

De Freitas [336] 
Not Available 

Heat Budget Index (HEBIDEX) [337-338] 

1986 
Predicted Mean Vote (modified) (PMV*) Gagge et al. [339] [340-341] 

Tropical Summer Index (TSI) Sharma and Ali [342] [343-346] 

1987 

Survival Time Outdoors in Extreme Cold (STOEC) De Freitas and Symon [347] Not Available 

Physiological Equivalent Temperature (PET) Höppe and Mayer [348] [349-351] 

Summer Simmer Index (SSI) Pepi [352] [353-355] 

1988 Wind Chill-Equivalent Temperature (WET) Beshir and Ramsey [356] [357-359] 

1989 Required Sweating (SWreq)  ISO 7933 [360] Not Available 

1992 Relative Ventilation Efficiency Kim and Homma [361] [362-364] 

1994 Man–Environment Heat Exchange Model (MENEX) Blazejczyk [365] [366-367] 

1996 
Cumulative Heat Strain Index (CHSI) Frank et al. [368] [369-370] 

Air-Exchange Efficiency Etheridge and Sandberg [371] [372-375] 

1998 
Physiological Strain Index (PSI) 

Moran et al. [376, 381] 
[377-380] 

Modified Discomfort Index (MDI) [382-383] 

1999 Local Mean Age of Air (MAA) Federspiel [384] [385-387] 

2000 New Summer Simmer Index (New SSI) Pepi [388] [353-355] 

2001 Environmental Stress Index (ESI) Moran et al. [389] [390-392] 

2002 CIBSE Guide J Criterion CIBSE [393] [394-395] 

2005 

Wet-Bulb Dry Temperature (WBDT) 
Wallace et al. [396] 

[397-399] 

Relative Humidity Dry Temperature (RHDT) Not Available 

Percentage Outside Range 

ISO 7730 [400] 

[401] 

Degree-Hour Criterion [401] 

PPD-Weighted Criterion [401] 

Average PPD Not Available 

Cumulative PPD [402] 

2006 CIBSE Guide A Criterion CIBSE [403] [404-405] 

2007 Degree-Hour Criterion (Modified) EN 15251 [406] Not Available 

2008 
Overheating Risk Robinson and Haldi [407] [408] 

New Overheating Risk Nicol et al. [409] [408] 

2010 ExceedanceM Borgeson and Brager [410] Not Available 

2014 Thermal Comfort Index for Cities Dry Areas (IZA) Ruiz and Correa [411] Not Available 

2018 

Pupillary Stress Neto et al. [412] Not Available 

Combined Thermal, Acoustic, And Visual Comfort 

Index 
Buratti et al. [413] 

Not Available 

2021 
Ez Correction Factor Raphe et al. [414] Not Available 

Street Walkability and Thermal Comfort Index (SWTCI) Labdaoui et al. [415] Not Available 
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Most of these indices (Table 7-1) are time-dependent, and they are a combination of four 

environment’s thermal condition factors: air temperature, radiant temperature, air speed, and 

humidity, and two occupants’ characteristics: metabolic rate, and clothing insulation [181]. Charles 

[416] and Alfano [417] surveyed these six parameters, comprehensively, mentioning the strength 

and weaknesses of the Fanger’s models. Charles [416] also studied the local draught dissatisfaction 

as a result of the air temperature, turbulence intensity, and mean air velocity. Among all of these 

parameters mentioning by Charles [416], Alfano [417], Epstein and Moran [180], and other Refs. 

[164-165], dry-bulb temperature, age of air, air-exchange efficiency, zone air distribution 

effectiveness (Ez), thermal efficiency, effective draft temperature (EDT), PMV, and PPD are the 

most common indices and models that have been selected to compare the performance of the PDDs. 

In this context, two uniform and two non-uniform duct diffusers with horizontal and vertical 

perforations have been used to perform the experimental measurements at the small office room. 

Then, the outcomes of the experiment were used for the validation of the numerical simulation at 

the heating mode for the specific initial condition. Calculation of the local air characteristics and 

age of air is the main prerequisites for the ASHRAE 62.1 [4] and ASHRAE 129 [496] procedures. 

So, the validated numerical model is used for the investigation of the effects of the inlet air velocity 

variation as well as the perforation patterns and direction on the selected parameters. Also, Using 

the aforementioned model, the real ventilation effectiveness and flow pattern of each duct diffuser 

have been determined and compared. Since almost all of the previous works only concentrate on 

one or two aspects of comfort to compare the efficiency of the ventilation systems, it might happen 

to address contrary conclusions on the effectiveness of the similar diffuser. Hence, a general 

procedure is introduced in this paper to correct these wrong conclusions about the diffuser's 

selection (PDDs in especial), using a combination of most practical indices and comfort models. 

7.2 Measurements 

Following the previous works of the authors [414], a small office space (3.964×2.430×3.050 m3, 

see in Figure 7-1) has been equipped to measure the comfort parameters. The ventilation system 

using a PDD has been adjusted to work in the heating mode (Tinl = 308 K). Generally, two people 

work there during the day, while the office remains empty at night. The occupants are sedentary, 

and there is no other source of heat, pollution, etc. Table 7-2 and Figure 7-2 provide details of the 

four selected perforation patterns over a similar round duct having a diameter of 0.203 m, a length 

of 3.075 m, and a height of 0.507 m. A number of 336 sampling points over four planes was 

pinpointed to fully cover the field (four longitudinal levels (0.954, 1.578, 2.174, and 2.821 m), 

seven vertical levels (-2.43, -2.308, -1.908, -1.508, -0.708, -0.405, and -0.178 m), and twelve 

horizontal levels (±0.102, ±0.254, ±0.406, ±0.711, ±1.102, and ±1.143)). An 8-channel hot wire 

anemometer measures the velocity in the range of 0 to 20 [m s-1] with an accuracy of ±2%. 

Thethermometers of TVS-1132 Kit measures the temperature with ±0.1 K tolerance and 10kΩ 

thermistor. The room temperature was monitored continuously at three fixed locations, assuring 

the same operating conditions during all tests. 
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Table 7-2: Test room general specifications 

Types of Diffuser 
Uniform 

Vertical 

Non-uniform 

Vertical 

Uniform 

Horizontal 

Non-uniform 

Horizontal 
Unit 

Holes Diameter (Dj) 0.013 0.013 0.013 0.013 m 

Holes Distance (li) 0.02 variable 0.041 variable m 

Number of Holes 114 86 57×2 43×2 - 

 

 
(a) 

 
(b) 

Figure 7-1: Small office room with installed diffuser; (a): 3D model with dimensions, (b) test room. 
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Figure 7-2: 2D CAD of selected perforated ducts (a) uniform horizontal, (b) non-uniform horizontal, (c) uniform 

vertical, (d) non-uniform vertical, and (e) sample cut of the PDD with relevant parameters [414]. 

7.3 Numerical Method 

In accordance with the reference model [414] and results of the mesh and turbulence model 

sensitivity analysis, the steady-state, fully turbulent flow has been solved using the k-ε realizable 

turbulence model with 4.6 million unstructured linear elements. The selected mesh is able to 

capture all the dominant phenomena, including the Coanda effect. The value of the wall 

coordinates Y+ and local Reynolds numbers are checked, assuring the selection of the appropriate 

mesh.  The maximum value of Y+ for the selected mesh is 71.94 and the enhanced wall treatment 

are applied. The governing equations are discretized by second-order upwind spatial schemes, and 

the SIMPLE algorithm is used to overcome the pressure-velocity coupling. Air is considered as an 

incompressible fluid with a constant density (1.191 kg.m-3), and gravity effects are accounted for 

(g=9.81 [m.s-2]) in the simulations. 

The turbulent intensity at the inlet was set to 5% with a ratio of 10 for the turbulent viscosity. 

Regards to the standard roughness model, walls have a no-slip shear condition with fix 

temperature, and there is no moving wall. The residuals level-out below 10-5 for the user defined 

scalars (age of air) as well as energy equation, and 10-4 for the governing equations are also 
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considered as convergence criteria. Other initial and boundary conditions have been set in 

accordance with the real test conditions (Table 7-3). 

Table 7-3: Test room general specifications 

Initial Parameters Amount Unit 

Air changes per hour or air change rate, (ACPH or ACH) 9.5 hr-1 

Inlet Temperature 308.0 K 

Inlet Velocity 2.40 m s-1 

Room Pressure 101,325 Pa 

Room Temperature 295.0 K 

Wall Temperature 291.0 K 

Window Temperature 283.0 K 

 

7.4 Validation 
Two essential properties of the air, namely air velocity, and temperature were selected to perform 

the validation process. So, the outcomes of the numerical simulation for four perforation types 

were validated against the experimental measurements to investigate the accuracy of the model. 

In sum, for each perforation type, the value of the air velocity and temperature of the 336 

measuring points have been compared, and Table 7-4 summarizes the validation process indicating 

how accurate the model is for each parameter. This validated model is used to investigate the 

effects of different parameters all the way through. 

Table 7-4: Error of PDD simulations using k-ε Realizable turbulence models. 

Air property Velocity  Temperature  

Tolerance of the sensors 2% [m s-1] ±1 [K] 

Range of the Sensor 0 – 20 [m s-1] 243 – 423 [K] 

Standard deviation of the simulation 0.075 [m s-1] 0.276 [K] 

Error of the simulation 5.19 % 3.25 % 

Accuracy of the numerical model 94.81% 96.75% 

7.5 Results and Discussion 
In the previous sections, many thermal comfort indices have been reviewed chronologically, and 

the most used of them were selected for the more investigation. In this section, the selected indices 

are explained in detail, and calculated for four nominated PDDs using the validated numerical 

model. The results show the effects of inlet airflow variations on these indices, focusing on the 

energy usage and local comfort. 

7.5.1   Room Air motion 

The room air motion is determined based on the magnitude and direction of the air velocity [481]. 

Poor air motion results in stagnant points, whereby the aged air has been trapped for a long time. 

On the contrary, a high magnitude of the air velocity at one or more directions creates windy zones 

exacerbating the air condition. Hence, a field study of the air velocity is an essential step towards 

calculating various fluid flow and comfort parameters. Within this framework, contours of the air 
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velocity at different planes for the various inlet airflows have been plotted in Figure 7-3 to 

Figure 7-6. The results for the uniform perforations (Figure 7-3 and Figure 7-5) show that the air 

motion in the middle of the room (planes 2 and 3) is higher than other places, while using non-

uniform PDDs (Figure 7-4 and Figure 7-6) ensures more uniformity of the room air motion, 

especially at the breathing zone. The reason for this fact is the more uniform static pressure 

alongside the duct using non-uniform perforations. In general, the higher inlet air velocity, the 

higher air motion occurs in the room, but non-uniform perforations are more sensitive to the 

variation of the initial airflow, nonetheless. Furthermore, using uniform perforations always 

creates stagnant zones, independent of the initial airflow. Figure 7-3 illustrates the poor air motion 

near the floor, whereas the same thing happens near the head-line (1.5 to 1.8 m above the floor) in 

Figure 7-5. Incidentally, having a windy zone in the middle of the room is an inevitable character 

of the vertical perforation in all cases. 

 
Figure 7-3: Uniform horizontal perforated duct’s air velocity contours. 
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Figure 7-4: Non-uniform horizontal perforated duct’s air velocity contours. 

 
Figure 7-5: Uniform vertical perforated duct’s air velocity contours. 
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Figure 7-6: Non-uniform vertical perforated duct’s air velocity contours. 

7.5.2   Dry-bulb Temperature 

Measuring the air temperature to determine thermal comfort is pragmatic in nature. For instance, 

high variation of the dry-bulb temperature might lead to stratification. Although, it’s not feasible 

to design a system only based on the local temperature and neglect the room air motion and local 

humidity. Typically, these parameters are considered ensemble. Despite everything, the heat 

content of a room could be expressed by the dry-bulb temperature, measuring in the room using a 

thermometer. The contours of the air temperature for all the cases (Figure 7-7 to Figure 7-10) have 

been plotted using the validated model against real dry-bulb temperatures. Generally speaking, 

horizontal perforations (Figure 7-7 and Figure 7-8) lead to cool-feet and warm-head zones, not 

preferred by the occupants. In the meantime, vertical perforations (Figure 7-9 and Figure 7-10) 

provide a favorable condition of warm-feet and cool-head zones. In addition, detached from initial 

airflow, the non-uniform perforations (Figure 7-8 and Figure 7-10) have fewer temperature 

discrepancies. Also, they are not as sensible as the uniform perforations (Figure 7-7 and 

Figure 7-9) on airflow changes. Considering the fact and circumstances, non-uniform vertical 

perforation (Figure 7-10) is the best option for the heating mode from a dry-bulb distribution point 

of view. Conversely, uniform horizontal perforation (Figure 7-7) as the worst option for the heating 

mode, always creates cooler zones near the floor, at the first, and the end of the duct in special.  

Although the uniform distribution of the dry-bulb temperature stresses the importance of the 

local thermal comfort, be that as it may, there has been an interest in the total temperature 

discrepancy in the breathing zone. Figure 7-11 illustrates the maximum difference between the 
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hottest and coldest points in the breathing using different perforation patterns. As shown, the total 

temperature discrepancy is not sensible to the variation of the air change per hour (correspond to 

inlet airflow or inlet air velocity), but there is another story for the perforation pattern nevertheless. 

Generally, horizontal perforations create less temperature difference in comparison to vertical 

perforation. All vertical patterns have the same differences, and various perforation distributions 

over the duct diffuser won’t change the results. In the meantime, non-uniform horizontal 

perforation transfers fresh air with lower speed, but more uniform, into the breathing zone lead to 

the lowest temperature discrepancy. 

Sometimes comparing the temperature contours and total temperature discrepancy might 

propose paradoxical outcomes. For instance, horizontal perforations under the present boundary 

conditions have lower temperature discrepancy in the BZ, even though they are the worst option 

at the heating mode from a dry-bulb distribution point of view. So, one cannot rely only on 

temperature measurements explaining thermal comfort. Within the following sections, some 

thermal indices study the combined effects of the air characteristics in the room. 

 
Figure 7-7: Uniform horizontal perforation duct’s temperature contours. 
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Figure 7-8: Non-uniform horizontal perforation duct’s temperature contours. 

 
Figure 7-9: Uniform vertical perforation duct’s temperature contours. 
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Figure 7-10: Non-uniform vertical perforation duct’s temperature contours. 

 
Figure 7-11:  Comparison of the temperature discrepancy at breathing zone using PDDs. 

7.5.3   Age of air 

Local age of air from a Lagrangian perspective mentions an air particles’ journey time from the 

supply area to the target location in the zone or removed-out. Age of air is an indicator of the 

ability of a system to provide fresh air to any point and the uniformity of distributed air per unit 

volume. Authors [182, 461-467] have proposed several experimental and numerical methods to 

calculate the age of air, mostly based on the retrieval of tracer gas (Sulfur Hexafluoride (SF6), 

Nitrous Oxide (N2O), Carbon Dioxide (CO2), Dichlorodifluoromethane or Freon12 (CCl2F2), 
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Helium (He), and Perfluoro hexane (C6F14) [468-473]). Also, the volume average of this parameter 

at each zone (mean age of air or MAA) gives a rough estimation of the required time to replace 

aged air with fresh air. By the way, all the determination methods for the value of the local age of 

air in the domain belong to one of three general classifications, namely step-down (decay), step-

up, and pulse injection. If the ventilation system in the room has more than one zone, or there are 

several injection points in the domain, then it should be decided about the portion of injection in 

each supply device. In the case of having multiple zones, homogeneous techniques [474-478] 

might come into consideration besides the previous methods. ASHRAE Standard [181] proposes 

a transport equation to compute MAA as per Eq. (1), in which the source term on the right side of 

this equation akin to density of the mixture.  

𝝏

𝝏𝒙𝒊
(𝝆𝒖𝒊𝑴𝑨𝑨 − (𝟐.𝟖𝟖𝝆 × 𝟏𝟎−𝟓 +

𝝁𝒆𝒇𝒇

𝟎.𝟕
)

𝝏𝑴𝑨𝑨

𝝏𝒙𝒊
 ) = 𝑺   (1) 

𝝁𝒆𝒇𝒇 = 𝝁𝒕 + 𝝁𝒍 (2) 

where ρ, ui, μeff, S, μt and μl are air density [kg m-3], air velocity component in corresponding 

direction [m s-1], effective viscosity [Pa s], source term, turbulent viscosity [Pa s], and laminar 

viscosity [Pa s], respectively. When consulting the literature [143-145, and 479], one often finds 

the user-defined functions have been used on the commercial solvers such as Fluent and CFX to 

add this new set of equations. In this context, a new user-defined scalar was defined for the age of 

air, and the correspondent contours of all cases at four predefined planes have been illustrated in 

Figure 6-3 to Figure 6-6.  

The results speak of a general decrease in the age of air by increasing the inlet airflow with the 

same ratio for all the cases. However, the local age of air for the rooms with vertical perforation 

diffusers (Figure 6-5 and Figure 6-6) is lower than the horizontal perforations (Figure 6-3 and 

Figure 6-4). Interestingly, the age of air distribution for the non-uniform perforations (Figure 6-4 

and Figure 6-6) finds a similar pattern alongside the duct leading to the more uniform contours at 

the entire planes. The reason for such uniformity of age of air distribution evolved from the more 

uniform air motion using non-uniform perforations. To conclude, the non-uniform vertical and the 

uniform horizontal perforations have the best and the worst performance to replace the aged air 

with fresh air in the heating mode.  
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Figure 7-12: Uniform horizontal perforated duct’s AoA contours. 

 
Figure 7-13: Non-uniform horizontal perforated duct’s AoA contours. 
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Figure 7-14: Uniform vertical perforated duct’s AoA contours. 

 
Figure 7-15: Non-uniform vertical perforated duct’s AoA contours. 
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Figure 7-16: Comparison of age of air discrepancy at breathing zone using PDDs. 

Concerning the exposure time of occupants to the infected nuclei in the breathing zone, it's vital 

to have the lowest possible difference of age of air. That is to say, the presence of the dead zones 

with a high value of the age of air increases the risk of air-born propagation. In this framework, 

the difference between the highest and lowest local age of air in the breathing zone using four 

perforation patterns has been compared, similar to the air temperature. As depicted in Figure 6-2, 

augmentation of the inlet airflow reduces the AoA discrepancy via the vertical perforations, while 

horizontal perforations don't follow the same pattern. Basically, vertical perforations inject air 

directly to the breathing zone, resulting in non-uniformity of the air motion and higher AoA 

discrepancy in the breathing zone, especially in the area under the holes. Parenthetically, the same 

reason causes insensitivity of the vertical perforations to the holes’ distribution over the duct in 

terms of age of air ranges length. Overall, a system using the uniform vertical and non-uniform 

horizontal perforations will have the highest and lowest age of air discrepancies in the breathing 

zone. Yet, there are some contrasts among different terms that shall be prioritized based on the 

applications. It might have much age of air discrepancy in the breathing zone using special 

perforation, but still, the highest value of the local age of air is lower than the other prototypes. So, 

the contours of AoA, MAA, AoA discrepancy in the breathing zone, and the value of the highest 

AoA in the breathing zone shall be considered ensemble, when facing highly contagious diseases. 

7.5.4   Air Exchange Efficiency 

The intolerability of the thermal discomfort for the occupants could be perceptive all of a sudden. 

Nonetheless, it takes a while to receive an occupants’ response to the poor air quality. Given the 

background of the air quality indicators, the number of air changes or air changes per hour (ACH), 

air exchange efficiency (εa), and air-change effectiveness (E) are the three most widely used ones. 

Also, these indices appear to be applicable to all ventilation systems. Ironically, ACH provides 

information about the ventilation intensity, not the quality of the air motion. Meanwhile, air 

exchange efficiency and air-change effectiveness (presented in this section and next section) 

determine the flow pattern and effectiveness of the ventilation system, respectively. 

For the first time, Etheridge and Sandberg [371] proposed the air exchange efficiency (Eq. (3)) 

to relate the average time for exchange air in the room, τa, (two times of the MAA) with the shortest 

required time to replace it, τn, (reciprocal value of ACH or age of air at the outlet [145 and 371]). 

𝜺𝒂 =
𝝉𝒏

𝝉𝒂

 (3) 
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Air exchange efficiency ranges from zero to one, and the higher value indicates the better air 

quality in a room. When the bypass area and recirculation area are completely separated, εa has a 

value near to zero. In contrast, complete and instantaneous mixing occurs in the zone while the air 

exchange efficiency of the ventilation system is 0.5. The higher values of the εa (more than 0.5 and 

near to 1) impeccably represent the ideal piston flow in a domain. Figure 7-17 compares the value 

of the εa for different perforations under various air changes per hour. Non-uniformity of the holes’ 

distribution is an advantage in terms of air exchange efficiency, for the horizontal perforations in 

especial. Almost all of the εa of the non-uniform perforations located at the ideal piston flow region 

(εa>0.5), indicate more favorable air quality. Careful study of the graph shown in Figure 7-17 proof 

that using vertical perforations for the heating mode substantially improve the quality of the air in 

a room. Also, vertical perforations shown less sensitivity to the variation of the ACH (and inlet air 

velocity indeed). 

 
Figure 7-17: Comparison of the air exchange efficiency using different PDDs. 

7.5.5   Zone Air Distribution Effectiveness 

The amount of required outdoor air intake flow (Vot) speaks of the energy usage of ventilation 

systems. Each ventilation system mixed a specific amount of outdoor air with recirculated air to 

supply fresh air into one or more zones. According to the ASHRAE 62.1 [4], the algebraic 

summation of the entire zone outdoor airflows (Voz) determines the outdoor air intake flow (Vot). 

It’s apparent that for the single-zone systems Voz and Vot are equal. Moreover, the value of Voz 

depends on the breathing zone outdoor airflow (Vbz) and zone air distribution effectiveness1 (Ez). 

Since for the same geometry and applications, different ventilation systems have the same value 

of Vbz, the only parameter that can compare the capability of the ventilation systems would be Ez. 

ASHRAE 62.1 [4] proposed upper limits for the Vbz and Ez as a must follow criterion. Furthermore, 

for a single-zone room with one extract (exhaust airstream or outlet), one could calculate the Ez 

using Eq. (4), under section 7 of ASHRAE 129 [496]. A prior knowledge of the local age of air in 

 
1 - It’s also called ventilation effectiveness and air change effectiveness. 
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the room, mentioned in the previous sections, is necessary for the calculation of Eq. (4), whereby 

τn and τavg are nominal time constant (half of AoA at the outlet) and MAA in the breathing zone, 

respectively. 

𝑬𝒛 =
𝝉𝒏

𝝉𝒂𝒗𝒈

 (4) 

Interestingly enough, some ventilation systems (that creates unidirectional flow patterns) have 

the real values of Ez higher than ASHRAE Standard limits. Given the lower value of the Ez might 

lead to extra outdoor air intake flow, i.e. waste of energy. To compensate for this loss of energy, a 

correction factor shall be determined for these systems. 

ASHRAE 62.1 [4] proposed 0.8 and 1.0, respectively, for the upper limit value of Ez using 

horizontal and vertical ventilation, albeit perforated duct diffusers shown working more efficiently 

[414]. Due to the fact, PDDs can provide the same air quality (satisfactory for the standard) with 

lower inlet airflow in comparison to the conventional diffusers, which means applying lower 

values to PDDs leads to more energy loss. Following the above statement, the real value of the Ez 

was calculated for each application. Figure 7-18 compares the air change effectiveness of four 

perforation patterns against different ACH. For the reason that the value of Ez mostly depends on 

the geometry rather than the initial conditions of the ventilation system, each diffuser 

approximately has the same value for all inlet air velocities. Meanwhile, PDDs with horizontal 

perforations have Ez 22-27% higher than the upper limits of the standard at the heating mode. 

Although PDDs with vertical perforations hadn't such improvement, yet their values stand 4-7% 

higher. In general, the non-uniformity of the perforation slightly improves the value of Ez. Diving 

through details of the Table 4-6 shows that using PDDs remarkably ameliorate the air change 

effectiveness. On top of that non-uniform perforations transform the flow pattern into a 

unidirectional shape. Applying the calculated correction factors results in 7-20% lower required 

outdoor air intake flow in reality. 

 
Figure 7-18: Comparison of the Air Change Effectiveness using different PDDs. 
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Table 7-5: Comparison of the flow patterns of the PDDs. 

Type of 

Diffuser 

Uinlet 

[m s-1] 

MAA 

Room [s] 

MAA 

BZ [s] 

Nominal 

Time 

Constant [s] 

Air Exchange 

Efficiency (𝜺𝒂) 
Flow Pattern 

Air-Change 

Effectiveness (Ez) 

Correction 

Factor 

U
n

if
o
rm

 H
o
ri

zo
n

ta
l 

P
er

fo
ra

ti
o
n

 

2 370.1 375.4 374.2 0.51 Unidirectional 1.00 1.25 

2.2 343.7 348.6 339.7 0.49 Short Circuiting 0.97 1.22 

2.4 311.7 316.9 311.7 0.50 Perfect Mixing 0.98 1.23 

2.6 289.1 293.2 287.5 0.50 Perfect Mixing 0.98 1.23 

2.8 268.7 272.4 266.9 0.50 Perfect Mixing 0.98 1.22 

N
o
n

-U
n

if
o
rm

 

H
o
ri

zo
n

ta
l 

P
er

fo
ra

ti
o
n

 

2 371.5 376.2 382.7 0.52 Unidirectional 1.02 1.27 

2.2 343.7 348.5 348.2 0.51 Unidirectional 1.00 1.25 

2.4 315.5 319.9 319.3 0.51 Unidirectional 1.00 1.25 

2.6 295.0 298.9 294.7 0.50 Perfect Mixing 0.99 1.23 

2.8 271.4 275.2 273.9 0.50 Perfect Mixing 1.00 1.24 

U
n

if
o
rm

 V
er

ti
ca

l 

P
er

fo
ra

ti
o
n

 

2 352.7 351.5 374.8 0.53 Unidirectional 1.07 1.07 

2.2 320.8 319.8 340.6 0.53 Unidirectional 1.07 1.07 

2.4 293.8 292.8 312.1 0.53 Unidirectional 1.07 1.07 

2.6 271.0 270.3 288.0 0.53 Unidirectional 1.07 1.07 

2.8 251.2 250.6 267.4 0.53 Unidirectional 1.07 1.07 

N
o
n

-U
n

if
o
rm

 V
er

ti
ca

l 

P
er

fo
ra

ti
o
n

 

2 359.6 359.8 374.1 0.52 Unidirectional 1.04 1.04 

2.2 323.0 322.9 340.2 0.53 Unidirectional 1.05 1.05 

2.4 295.5 295.3 311.9 0.53 Unidirectional 1.06 1.06 

2.6 270.9 270.4 287.9 0.53 Unidirectional 1.06 1.06 

2.8 253.0 252.4 267.3 0.53 Unidirectional 1.06 1.06 

 

7.5.6   Heat Transfer Efficiencies 

In terms of energy, it’s noteworthy finding the actual supply of energy reached a certain level of 

thermal comfort in the breathing zone. Following the basic thermodynamics calculation in the 

room, the heat removal coefficient is defined as the inlet-outlet temperature difference over the 

discrepancy of inlet and mean temperature of room. This coefficient shows whether the inlet 

energy is allocated to the warming breathing zone or removed from the room. Gan [144] used 

Thermal Efficiency (Eq. (5)) and Ventilation Efficiency1 (Eq. (6)) adjacent to his thermal comfort 

model to explain overall ventilation effectiveness. Te, Ts, Tm, Ce, Cs, and Cm symbolizes the extract, 

supply, and room (mean value) temperature and contaminant concentration at Eq. (5). The overall 

ventilation effectiveness combines different aspects of diffuser performance, including indoor air 

 
1 - In some articles this index is defined as Personal Exposure Effectiveness. 
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quality, thermal comfort, and energy consumption to compare the ability of ventilation systems 

[229, 482, 497-500]. Although, in the present project, it’s assumed no pollution in the room for 

the sake of simplification. Thus, only thermal efficiency would be practical to compare the 

performance of the diffusers. 

𝜼𝒕 =
𝑻𝒆 − 𝑻𝒔

𝑻𝒎 − 𝑻𝒔

 (5) 

𝜼𝒄 =
𝑪𝒆 − 𝑪𝒔

𝑪𝒎 − 𝑪𝒔

 (6) 

When the temperature at the outlet is less than the mean temperature of the room, then thermal 

efficiency finds values of more than one. In a better word, the hot air enters the room from the 

inlet, increasing the total temperature until it reaches a set point. Meanwhile, the temperature at 

the outlet relies on temperature distributions. In the case of poor ventilation, a large portion of heat 

flow leaves the room with no influence on the temperature of critical points. Figure 7-19 compares 

the thermal efficiency of different perforation patterns to investigate their heat removal 

effectiveness, and Table 7-6 expands these patterns in detail. As depicted, vertical perforations 

work more effectively than horizontal perforations yet have more temperature discrepancies in 

BZ. Non-uniform horizontal perforations with the minimum discrepancy at BZ create the lowest 

stratification among all. However, uniform vertical perforations have maximum thermal 

efficiency. Also, changing the inlet air velocity doesn’t have many effects on the thermal 

efficiency, i.e., this index skips the effects of the local air velocity. Basically, thermal efficiency 

states the general performance of the diffuser and shall be used adjacent to another index like EDT 

to specify local thermal comfort in the room. Interestingly enough, horizontal patterns are more 

sensitive to the uniformity of perforation in terms of temperature discrepancy and thermal 

efficiency. Also, the temperature at the outlet is lower than room means temperature using vertical 

perforations for the entire inlet air velocities, indicating their higher performance. 

 
Figure 7-19: Comparison of the thermal efficiency at the room using different PDDs. 
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Table 7-6: Comparison of the thermal efficiency of the PDDs. 

Type of 

Diffuser 
Air Flow [m3 s-1] 

BZ Temperature 

Discrepancy[K] 

Room Thermal 

Effectiveness 

BZ Thermal 

Effectiveness 
U

n
if

o
rm

 H
o
ri

zo
n

ta
l 

P
er

fo
ra

ti
o
n

 
0.065 11.64 1.01 0.99 

0.071 12.36 0.98 0.96 

0.078 11.93 0.98 0.96 

0.084 12.38 0.99 0.97 

0.091 11.66 0.98 0.96 

N
o
n

-U
n

if
o
rm

 

H
o
ri

zo
n

ta
l 

P
er

fo
ra

ti
o
n

 

0.065 8.85 1.02 1.01 

0.071 8.00 1.01 0.99 

0.078 8.79 1.01 0.99 

0.084 8.54 0.99 0.98 

0.091 9.05 1.00 0.99 

U
n

if
o
rm

 V
er

ti
ca

l 

P
er

fo
ra

ti
o
n

 

0.065 15.10 1.08 1.09 

0.071 14.93 1.09 1.09 

0.078 14.92 1.08 1.09 

0.084 15.06 1.08 1.09 

0.091 15.03 1.08 1.08 

N
o
n

-U
n

if
o
rm

 

V
er

ti
ca

l 

P
er

fo
ra

ti
o
n

 

0.065 15.14 1.06 1.06 

0.071 14.88 1.06 1.06 

0.078 15.54 1.06 1.06 

0.084 15.10 1.07 1.08 

0.091 14.87 1.08 1.09 

 

7.5.7   Effective Draft Temperature 

As mentioned previously, the combination of the local air velocity and temperature affects the 

occupant's comfort at any specific location. Also, the non-uniformity of the distribution pattern of 

these fluid parameters increases the discomfort zones. To quantify the mixing effect of these 

parameters and the deviation of temperature from its spatial average, the effective draft 

temperature is defined, specifying the local thermal comfort. The definition of this calculated 

temperature has been modified many times since the first proposed version in the 1949 by Rydberg 

et al. [229]. At first, EDT was used only for the cooling mode as a part of the ADPI method. Later, 

following the ANSI/ASHRAE 113 procedure [481], a modified version of EDT was proposed for 

the heating mode. Within this modification, a calculated temperature difference defined as EDT 

in which local air velocity and dry-bulb temperature are combined. 

Assuming no heat sources or sinks in a room, Norbäck [482] firstly found a relationship 

between dry-bulb air temperature difference (Ti) and local air velocity (Vi). Norbäck states that the 

coefficient of 8.0 at the Eq. (7) is akin to the cooling effect of temperature drop (1.8 °F or 1 °C) 
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due to the air speed rising (24.6 fpm or 0.125 [m s-1]), and Ta is the average (set-point) room dry-

bulb temperature. 

𝛉 = (𝑻𝒊 − 𝑻𝒂) − 𝟖. 𝟎𝑽𝒊 (24) 

However, Koestel et al. [483] mentioned that due to the thermal buoyancy of a subject in the 

thermal neutral condition a thermal plume move at a velocity of 0.15 to 0.2 [m s-1]. As a result, a 

modified EDT for the cooling mode is defined as Eq. (25). Aziz et al. [145] used Eq. (25) to 

characterize the air flow of swirling diffuser.  

𝛉 = (𝑻𝒊 − 𝑻𝒂) − 𝟖(𝑽𝒊 − 𝟎. 𝟏𝟓) (25) 

Given the 50% relative humidity, 0.5 [Clo] clothing insulation, 1.15 [Met] metabolic rate, and 

80% thermal acceptance for a typical office space (cooling mode in summer), in a piece of 

literature [230, 233, 484-489], the value of EDT between -1.7 and 1.1, is assumed as the 

comfortable condition, and other amounts, lower or upper than these ranges, causing cool or warm 

sensation, respectively. Historically, the usage of EDT for evaluating the performance of the 

diffusers did not conform to the standards, but it’s remarkable nonetheless [230]. Eq. (26) is the 

general formula calculating EDT for all applications including heating mode, where k is a thermal 

sensation coefficient connecting temperature difference to air velocity, and θ1 and θ2 are lower and 

upper comfort limits [490-491]. 

𝛉𝟏 < 𝛉 = (𝑻𝒊 − 𝑻𝒂) − 𝐤(𝑽𝒊 − 𝟎. 𝟏𝟓) < 𝛉𝟐 (26) 

Following the abovementioned procedure for the 50% relative humidity, 1.0 [Clo] clothing 

insulation, 1.15 [Met] metabolic rate, and 80% thermal acceptance for typical office space (heating 

mode in winter), the value of k, θ1, and θ2 have been calculated as 9.1, -2.2, and 2 in this project. 

The results for four perforation types are shown in Figure 7-20 to Figure 7-23. Even though vertical 

perforations create a warmer breathing zone comparing horizontal perforation, higher air motion 

results in the occupant's colder sensation. As a matter of fact, from a perforation direction point of 

view, vertical PDDs have lower EDT (Figure 7-22 and Figure 7-23) in the breathing zone, 

especially in the middle of the room. Furthermore, augmentation of the inlet air velocity increases 

the area of discomfort zones for all the cases. So, the higher the air is motioned in the room, the 

colder sensation by the occupants will be reported. However, using horizontal uniform perforation 

(Figure 7-20) many of these discomfort areas are located outside of the BZ borders. Set side by 

side the uniform (Figure 7-20 and Figure 7-22) and non-uniform (Figure 7-21 and Figure 7-23) 

perforations reveal that occupants feel cold feet regardless of the more uniformity of EDT contours 

alongside the duct (from Planes 1 to 4) using non-uniform perforations. Despite the equivalency 

of different perforation patterns at low inlet velocities, non-uniform perforations are weaker 

options for the higher ones. All in all, considering the 80% occupants' thermal preferences at the 

heating mode, horizontal uniform (Figure 7-20) and vertical non-uniform (Figure 7-23) ranked as 

the best and worst options.   
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Figure 7-20: Uniform horizontal perforated duct’s  EDT contours; (Green: Comfort; Blue: Cool; Red: Warm area). 

 
Figure 7-21: Non-uniform horizontal perforated duct’s EDT contours; (Green: Comfort; Blue: Cool; Red: Warm area). 
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Figure 7-22: Uniform vertical perforated duct’s  EDT contours; (Green: Comfort; Blue: Cool; Red: Warm area). 

 
Figure 7-23: Non-uniform vertical perforated duct’s EDT contours; (Green: Comfort; Blue: Cool; Red: Warm area). 
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7.5.8  Predictive Mean Vote (PMV) 

The predicted mean vote or PMV index firstly proposed by Fanger [418] to model level of the 

thermal comfort on the air-conditioned building applications. Within this model heat balance 

characteristics and empirical measurements of skin temperature, i.e. six famous factors, integrated 

into a single index. Based on ASHRAE standard 55 [181], the PMV model ranges from -3 to +3 

to predict the thermal sensation votes (TSV); Self-reported perceptions by a large group of people. 

Each number corresponds to sensations categorized as cold, cool, slightly-cool, neutral, slightly-

warm, warm, and, hot [419]. However, measuring of the occupants’ characteristics comes with 

many uncertainties [416 and 421]. As a result, Fanger’s PMV model cannot predict actual thermal 

sensation, adequately. Although, in some applications, like air-conditioned buildings, this model 

provides satisfactory results. It recommends finding the limitations of this model before applying 

it, like what is mentioned by numerous authors in their works [187, 422-437]. 

A general PMV model of Fanger follows the Eq. (9), whereby M, L and α are metabolic heat 

production [W m-2], thermal load on the body [W m-2], and sensitivity coefficient, to relate the real 

heat flow imbalance between human body and given environment. Historically, many authors tried 

to simplify this model to be more practical for specific applications [421, 439-443]. Djongyang et. 

al [187] reviewed the rational and adaptive thermal comfort models and summarized most of 

required coefficients to calculate these indices, including the predicted mean vote (PMV). One of 

these simplified models in a sedentary manner was proposed by Orosa [444] in a shape of Eq. (10), 

where T and Pv are dry-bulb temperature and the pressure of water vapour in ambient air1, and 

coefficients a, b, and c are given by Refs [187, 439-444] as a function of time and sex. 

𝐏𝐌𝐕 = [𝟎. 𝟑𝟎𝟑𝒆−𝟎.𝟎𝟑𝟔𝑴 + 𝟎. 𝟎𝟐𝟖]𝐋 = 𝛂𝐋 (9) 
𝐏𝐌𝐕 = 𝒂𝑻 + 𝒃𝑷𝒗 − 𝒄 (10) 

Table 7-7 summarizes the value of PMV for different perforation patterns under various inlet 

air flows. The outcome of the Fanger model for these perforations finds negative values, ranging 

from -1 to 0, in general, which means slightly cool conditions, especially for women. Even though 

the absolute value of the largest PMV difference belongs to women sensation after 3 hours under 

the condition of non-uniform vertical perforations, it’s still in the comfort region even for the long 

ventilation time. Also, increasing the initial airflow, for the most part, decreases the absolute value 

of PMV. According to Fanger’s model, the uniform horizontal and the non-uniform vertical 

perforations are the best and worst patterns from a thermal comfort point of view. It’s noteworthy 

to mention that these results might vary for other scenarios, like standing or sleeping conditions, 

and one couldn’t present a general conclusion based on this model. Consequently, usage of the 

PMV index for the determination of thermal comfort was subsided as quickly as it arose. 

 

 

 
1 - Calculated by Magnus formula, also known as August-Roche-Magnus or Magnus-Tetens equation. 
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Table 7-7: Comparison of Fanger’s PMV model using different PDDs in a sedentary condition. 

Type of 

Diffuser 

Air Flow 

 [m3 s-1] 

PMV 

1hr 2hr 3hr 

Men Women Both Men Women Both Men Women Both 

U
n

if
o
rm

 

H
o
ri

zo
n

ta
l 

P
er

fo
ra

ti
o
n

 

0.065 0.04 -0.40 -0.21 -0.24 -0.66 -0.45 -0.31 -0.83 -0.57 

0.071 0.01 -0.43 -0.23 -0.26 -0.69 -0.48 -0.33 -0.86 -0.59 

0.078 0.08 -0.35 -0.16 -0.20 -0.61 -0.41 -0.27 -0.78 -0.52 

0.084 0.11 -0.31 -0.12 -0.17 -0.57 -0.37 -0.23 -0.74 -0.49 

0.091 0.09 -0.34 -0.15 -0.19 -0.60 -0.39 -0.25 -0.77 -0.51 

N
o
n

-U
n

if
o
rm

 

H
o
ri

zo
n

ta
l 

P
er

fo
ra

ti
o
n

 

0.065 -0.03 -0.48 -0.28 -0.31 -0.75 -0.53 -0.37 -0.91 -0.64 

0.071 -0.04 -0.49 -0.29 -0.32 -0.75 -0.53 -0.38 -0.92 -0.65 

0.078 0.00 -0.44 -0.24 -0.28 -0.71 -0.49 -0.34 -0.87 -0.61 

0.084 -0.03 -0.48 -0.27 -0.30 -0.74 -0.52 -0.37 -0.90 -0.64 

0.091 0.02 -0.42 -0.23 -0.26 -0.69 -0.47 -0.33 -0.85 -0.59 

U
n

if
o
rm

 

V
er

ti
ca

l 

P
er

fo
ra

ti
o
n

 

0.065 0.01 -0.44 -0.24 -0.27 -0.70 -0.49 -0.34 -0.87 -0.60 

0.071 0.04 -0.40 -0.21 -0.24 -0.66 -0.45 -0.31 -0.83 -0.57 

0.078 0.05 -0.38 -0.19 -0.23 -0.65 -0.44 -0.29 -0.81 -0.55 

0.084 0.07 -0.36 -0.17 -0.21 -0.63 -0.42 -0.28 -0.79 -0.53 

0.091 0.08 -0.36 -0.16 -0.20 -0.62 -0.41 -0.27 -0.78 -0.52 

N
o
n

-U
n

if
o
rm

 

V
er

ti
ca

l 

P
er

fo
ra

ti
o
n

 

0.065 -0.10 -0.56 -0.35 -0.38 -0.82 -0.60 -0.44 -0.99 -0.71 

0.071 -0.08 -0.53 -0.33 -0.35 -0.80 -0.58 -0.42 -0.96 -0.69 

0.078 -0.05 -0.51 -0.30 -0.33 -0.77 -0.55 -0.39 -0.94 -0.66 

0.084 -0.02 -0.47 -0.27 -0.30 -0.74 -0.52 -0.37 -0.90 -0.63 

0.091 0.00 -0.44 -0.24 -0.27 -0.70 -0.49 -0.34 -0.87 -0.60 

           

7.5.9  Predicted Percentage of Dissatisfied (PPD) 

Following Fanger’s PMV model and ASHRAE 55 Standard Appendix K [181] the percentage of 

dissatisfied people could be quantitively calculated using Eq. (11). The predicted percentage of 

dissatisfaction or PPD curve is an empirical profit for thermal sensation (TSENS) that linked 

dissatisfied members on any distinct PMV level, Figure 7-24. There are some assumptions behind 

this formula including equality of air temperature and a mean radiant temperature, 50% of relative 

humidity, 1.2 [met] metabolic rate, 0.15 [m s-1] or less mean relative velocity, and season-based 

clothing insulation (0.9 and 0.5 clo in winter and summer, respectively). PDD used to create a 

pleasing symmetry between occupants’ sensation and thermal neutrality. For instance, when the 

PMV of ±0.5 speaks about 90% satisfaction, PPD gained a value of 10% - dissatisfied population. 

The probability of discomfort depends on the efficiency of air-conditioning systems and can vary 

from 10% to 20% PPD with PMV ±0.5. However, even the neutral condition (PMV=0) takes a 

minimum rate of dissatisfaction (PPD=5%) due to a different person to person thermal comfort 

preferences. 

𝑷𝑷𝑫 = 𝟏𝟎𝟎 − (𝟗𝟓 × 𝒆−(𝟎.𝟎𝟑𝟑𝟓𝟑×𝑷𝑴𝑽𝟒+𝟎.𝟐𝟏𝟕𝟗×𝑷𝑴𝑽𝟐)) (11) 
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Figure 7-24: The Relationship between PMV and PPD [438] 

Similar to the PMV index, the results of the PPD model for different perforation patterns in a 

sedentary condition are summarized in Table 7-8. Intriguingly, using PDDs provides 90-95% 

satisfaction for men in all the cases. Also, for a mixed-gender cases, 85-95% satisfaction is 

reported. According to data in Table 7-8, the highest dissatisfaction (26%) occurs for women after 

3 hours while using non-uniform vertical perforation at the lowest inlet airflow. Though, the total 

dissatisfaction of the non-uniform horizontal is higher in general. On the contrary, uniform 

perforations (vertical in especial) have the lowest PPD values, showing their outstanding 

performance in providing a well thermally conditioned environment with more than 90% general 

satisfaction. There are many uncertainties in the boarders of the comfort and discomfort using 

Fanger’s model. Oraso [444] defines three kinds of comfort zones according to PPD and PMV 

values, namely level-one (PPD<6 or -0.2<PMV<0.2), level-two (PPD<10 or -0.5<PMV<0.5), and 

level-three (PPD<15 or -0.7<PMV<0.7). Following Oraso’s classification, men will experience 

level-one and level-two of comfort using PDDs, while mixed-gender occupants find level-two and 

level-three. Incidentally, sedentary women feel discomfort after 2 and 3 hours using non-uniform 

and uniform perforations, respectively. 

Considering the measured data besides the previously mentioned comfort indices, it concluded 

that using Fanger’s PMV model and PDD for perforated duct diffusers leads to a slightly warm 

room at the heating mode. Overheating the room requires higher inlet airflow or preheating outdoor 

air, which means higher energy consumption. Many Refs [623-628] allocated to the comparison 

of experiential realism of Fanger’s climate chamber work with Real World reporting on significant 

discrepancies. Due to this fact, it recommends avoiding using these two indices solely for the 

diffuser selection and determining the thermal comfort level. In this context, field studies and 

occupant’s reported thermal sensation have become more favorable than Fanger’s model. Some 

authors like Orosa [444] proposed mixed methods based on measured and calculated indices to 

compensate for the weakness of Fanger’s model. Others [629-634] investigate adaptive approaches 

that evolved from the field studies depending on the behavior and expectation of the occupants as 

well as physiological and psychological adaptions. 
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Table 7-8: Comparison of PPD model using different PDDs in a sedentary condition. 

Type of 

Diffuser 

Air Flow 

[m3 s-1] 

PPD [%] 

1hr 2hr 3hr 

Men Women Both Men Women Both Men Women Both 

U
n

if
o
rm

 H
o
ri

zo
n

ta
l 

P
er

fo
ra

ti
o
n

 

0.065 5.03 8.38 5.89 6.21 14.29 9.29 6.97 19.56 11.79 

0.071 5.00 8.82 6.10 6.44 15.03 9.75 7.25 20.48 12.36 

0.078 5.13 7.58 5.53 5.81 12.88 8.42 6.46 17.77 10.69 

0.084 5.25 7.05 5.32 5.57 11.90 7.84 6.13 16.52 9.94 

0.091 5.16 7.40 5.46 5.73 12.56 8.23 6.35 17.37 10.44 

N
o
n

-U
n

if
o
rm

 

H
o
ri

zo
n

ta
l 

P
er

fo
ra

ti
o
n

 

0.065 5.02 9.84 6.62 6.98 16.70 10.81 7.91 22.53 13.66 

0.071 5.03 10.01 6.70 7.07 16.96 10.98 8.02 22.85 13.87 

0.078 5.00 9.10 6.23 6.58 15.48 10.04 7.43 21.04 12.71 

0.084 5.01 9.71 6.55 6.91 16.49 10.68 7.83 22.27 13.50 

0.091 5.01 8.74 6.06 6.39 14.89 9.66 7.20 20.31 12.25 

U
n

if
o
rm

 V
er

ti
ca

l 

P
er

fo
ra

ti
o
n

 

0.065 5.00 9.00 6.18 6.53 15.32 9.93 7.36 20.84 12.59 

0.071 5.03 8.36 5.88 6.20 14.25 9.27 6.96 19.51 11.76 

0.078 5.06 8.07 5.74 6.05 13.74 8.95 6.77 18.87 11.36 

0.084 5.10 7.77 5.61 5.90 13.22 8.63 6.58 18.21 10.96 

0.091 5.12 7.62 5.55 5.83 12.96 8.47 6.49 17.88 10.75 

N
o
n

-U
n

if
o
rm

 

V
er

ti
ca

l 
P

er
fo

ra
ti

o
n

 

0.065 5.20 11.55 7.56 7.93 19.35 12.55 9.02 25.71 15.74 

0.071 5.12 10.97 7.23 7.60 18.46 11.96 8.64 24.65 15.04 

0.078 5.06 10.35 6.89 7.26 17.50 11.33 8.24 23.50 14.29 

0.084 5.01 9.65 6.52 6.88 16.39 10.61 7.79 22.15 13.42 

0.091 5.00 9.05 6.21 6.56 15.41 9.99 7.40 20.95 12.65 

7.5.10  Conclusion 

In the past century, numerous authors have been proposing methods and indices to determine the 

thermal comfort in buildings using different ventilation systems. In this study, a comprehensive 

survey has been performed on comfort indices, focusing on ventilation and thermal performance. 

Given the criteria of the ASHRAE standards, the performance of four PDDs has been investigated 

in the heating mode using some chosen indices. In this context, a series of field measurements 

were performed for all patterns, and correspondingly a numerical model was developed using the 

ANSYS-Fluent. The numerical model shows 95% and 97% accuracy for the velocity and 

temperature, respectively. The results imply no unique index capable of the best prototype. 

However, the integrated analysis of different scenarios might lead to finding the optimum solution. 

Table 7-9 summarizes the PPD in terms of comfort from different perspectives.  
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Table 7-9: Comfort Indices Analysis 

Index Best scenario Worst scenario 

Room air motion Non-uniform horizontal Uniform vertical 

Dry-bulb Temperature distribution Non-uniform vertical Uniform horizontal 

BZ Temperature discrepancy Non-uniform horizontal Uniform vertical 

Age of Air distribution Non-uniform horizontal Uniform vertical 

BZ MAA Uniform vertical Non-uniform horizontal 

Air-exchange efficiency Non-uniform vertical Uniform horizontal 

Zone Air distribution effectiveness Non-uniform horizontal Non-uniform vertical 

Room Thermal efficiency Uniform vertical Uniform Horizontal 

EDT Uniform horizontal Non-uniform vertical 

PMV Uniform horizontal Non-uniform vertical 

PPD Uniform vertical Non-uniform horizontal 

Note: the results of PMV and PDD models are only applicable for the occupant in a sedentary condition. 

As a suggestion from the author, one can give a normalized weight to each index, based on the 

given application, and find the total score of each prototype (not mentioned here). Apparently, the 

optimal prototype shall gain the highest score. In short, the results speak of slightly improvement 

the value of Ez using the non-uniform perforation, especially for the horizontal perforations that 

reach Ez 22-27% higher than the upper limits of the standard at the heating mode. Also, the entire 

cases have high thermal efficiencies. Interestingly enough, the residence time of the infectious 

nuclei in the breathing zone has been decreased up to 30% indicating high protective effects of 

PDDs against contagious diseases like COVID-19. 



 CHAPTER 8 FUTURE WORK 123 

 

   

8. Chapter 8  Future work 

Seeing that PDDs (that benefit from uniform static pressure) have a profound impact on the air 

distribution and significantly improve indoor air quality while consuming lower energy compared 

the conventional diffusers. The present work develops a step-by-step procedure to calculate 

essential indices and compare PDDs in terms of ventilation effectiveness, thermal comfort, and 

airborne mitigation. However, some points are not covered thoroughly, which could be a subject 

for future works. Using the current validated model, one could investigate issues that need to tackle 

for the foreseeable future. 

1- Already stated that some indices and thermal models only apply to the cooling mode, which 

didn't need to mention in the present work. Therefore, to expand the current database, 

PDDs shall be characterized under the same procedure in terms of ventilation effectiveness, 

thermal comfort, and airborne mitigation in the office room. 

2- The present work only concentrates on small room and office applications. Meanwhile, 

many other applications presented in the ASHRAE standard tables ask for different criteria. 

Changing the geometry or scalability of the system could be investigated using the 

Buckingham Pi Theorem and dimensionless numbers, especially for the high ceiling 

buildings. 

3- Investigation of the mixed effect of the PDDs and air curtains while door opening is another 

important aspect of the work that could be the subject of future work. Door openings not 

only cause a significant heat loss and increase the energy consumption of buildings but 

also let indoor conditioned air be substituted with unconditioned outdoor air, lowering the 

indoor air quality, especially in cold seasons and polluted areas. As a result, energy analysis 

of the conditioned room using PDDs and air curtains simultaneously under various outdoor 

conditions (changing temperature, wind, etc.) 

4- Energy and cost analysis for the commercial buildings having a large number of rooms 

impacts the buildings' construction significantly. Having said the HVAC systems require 

lower energy using PDDs, but the comprehensive analysis of the energy-saving for the 

commercial buildings (case study) didn't have done. Moreover, the maintenance cost 

calculations and the predicted energy saving analysis will bring feasible conclusions about 

the future commercial building’s expenses. 

5- Assuming the identical behaviour of the viruses (tracer gas) and room air, the investigation 

of the airborne transmission has been performed in the steady-state using the definition of 

the age of air and exposure time. However, the impact of the particles, aerosols, and 

droplets on different scenarios, including breathing, coughing, sneezing, etc., could be a 

subject of further work. In this context, particles are defined as a new scalar, and their sets 

of equations are added to the governing equations using UDF. Later, their motion paths in 

the room demonstrate the polluted area with a high concentration of the infected particles. 

Given the particle distribution contours, the ventilation systems are optimized for the 

highest pollution removal mode by modifying the perforation patterns or adding local 

ventilation systems. 
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6- The CFD part of the present work is carried out by ANSYS Fluent software, and the 

numerical model has proven to be extremely precise. Hence, this model could be coupled 

with other modules and software like Ansys Discovery Live to provide visual selection 

software. For example, under the same condition, the effect of the PDD location, room 

outlet, ceiling height, partitioning, and so forth could be found fast and easy. The outcome 

of these coupled models helps to find correlations and scaling factors.
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9. CONCLUSION 

This research study proposes a mixed CFD-experimental approach to design the ventilation system 

that benefits from the perforated duct diffusers. The main objectives of the problem have been 

defined in response to a demand for commercial design software for PDDs - Case study: NAD-

Klima’s RDD and FDD. A comprehensive literature review on ventilation systems and diffusers 

prevailed that almost all of the previous works concentrated on the conventional diffusers, and a 

few works noticed the perforated duct diffusers in particular. However, recent studies show that 

the concept of continuous ventilation improves the air distribution patterns, and in consequence, 

decreases the energy consumption of the HVAC system. Furthermore, the risk of propagation of 

the contagious diseases in the properly ventilated room is low. Historically, different comfort 

indices have been developed to express the favourability of the indoor air quality in a quantitative 

manner. These indices were classified into various categories like ventilation effectiveness, 

thermal comfort, and pollution removal. Needless to say, that each index has been developed for 

a certain condition, and the generalization of their applications won’t come off well. Hence, before 

solving the problem, general knowledge of the phenomena and their theories is required, 

explaining the theoretical, numerical, and experimental approaches in detail. Generally speaking, 

there are two dominant physics dealing with the PDDs, namely the flow inside the duct and the 

confluent jets injected through the perforation, that their combination remains unsolved 

theoretically. So, a mixed CFD-experimental approach should be applied to find a better 

understanding of the system. 

In the preliminary analysis, isothermal mode had been chosen to focus on the air distribution 

patterns far from the effects of the buoyancy forces, radiation, heat sources, etc. As a first objective 

of the project, the real values of the zone air distribution effectiveness (Ez) at isothermal mode 

have been calculated using the age of air calculations under the ASHRAE standards. Later, the 

correction factors and energy savings of each perforation are tabulated. The same procedure has 

been followed for the heating mode to add effects of temperature variations under various 

conditions. 

At the early step of experiments, a small test room had been equipped to measure the essential 

parameters at different locations. Four round-duct diffusers with side or bottom perforations were 

installed at the test room, and the isothermal measurements have been recorded. The outcomes of 

these measurements were used as a reference for the validation of the numerical simulations, and 

the test procedure is applied to the similar experiments. 

Incidentally, similar diffusers have been modeled numerically using ANSYS-Fluent 2022 R1. 

Different sensitivity analyses, for the mesh element size and type, turbulent model, and relaxation 

factors, lead to a numerical model with 4.3 (isothermal) and 4.6 (heating) million unstructured 

meshes that have been solved by the k-ε Realizable turbulent model. This model has been validated 

against experimental measurements and showed outstanding accuracy for different scenarios (air 

velocity (94.81%) or temperature (96.75%)), making it trustworthy for parametric studies and 
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creating a database. So, it was concluded that this numerical model could be applied for similar 

conditions, and the results for the new cases will be reliable too. 

After the global pandemic in 2020, it has been mentioned that ventilation systems can reduce 

airborne transmission in closed spaces significantly. Hence, another feature of comfort that is 

pollution removal was investigated, focusing on contagious diseases. Since exposure time to 

infected nuclei and age of air are connected, the validated model is used to quantify the protective 

effects under various conditions and configurations. The results speak of decreasing the residence 

time of the infectious nuclei in the breathing zone up to 30% with 20-35% lower required airflow 

(energy consumption), using PDDs. However, diffusers with vertical perforation would be more 

effective than the other type in terms of renewing the contaminated air. 

At the final stage of the project, the most used comfort indices have been investigated to find 

the optimum diffuser. Although the entire cases have high thermal efficiencies, the results imply 

no unique index capable of determining the best prototype. For instance, it might have a diffuser 

with high ventilation effectiveness, but consuming more energy. Considering the thermal comfort, 

ventilation effectiveness, energy consumption, and infectious nuclei removal, the integrated 

analysis of different scenarios might lead to finding the optimum solution. Hence, one can give a 

normalized weight to each index, based on the given application, and find the total score of each 

prototype. Apparently, the optimal prototype shall gain the highest score. 
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