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ABSTRACT 

An Experimental and Computational Study of Natural and Hybrid Ventilation in Buildings 

Jun Cheng 

 

This thesis presents a few empirical formulas established by previous studies and considers their 

viability for more general use to determine natural ventilation airflow rates under both ventilation 

strategies, i.e. single-sided ventilation and cross-ventilation. By utilizing computational fluid 

dynamics (CFD), a series of computational simulations are conducted to determine decisive 

ventilation variables such as the wind incidence angle and the height of the building. Both main 

turbulence models, the Reynolds-averaged Navier-Stokes (RANS) two-equation standard k-ε 

model and the Large Eddy Simulation (LES) model are used in CFD simulations for model 

validation and results are compared with experimental data under steady state. The natural 

ventilation energy saving potentials for both ventilation strategies are determined and compared 

based on the empirical equations with newly developed coefficients. Additionally, such a method 

of evaluating natural ventilation energy saving potential can be applied during the building’s early 

design stage as shown by a case study. Nevertheless, as a practical application of natural ventilation 

in a high-rise building, the hybrid ventilation system in Concordia University’s EV building is 

studied for greater understanding and optimization of its performance. Throughout the full-scale 

measurements and whole-building simulations (by CONTAM), it is determined that the five-zone 

simplified model is accurate and helpful for further developing predictive control strategies in real 

buildings. A demo case study of damper opening optimization is also presented.   
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1 Introduction 

1.1 Background 

Ventilation, by definition, is the process of replacing stale or noxious air with fresh air. 

Furthermore, natural ventilation is the act of ventilation without the use of any mechanical forces. 

Building ventilation performance is directly related to the popular topic of Sick Building Syndrome 

(SBS). The prevalence of SBS symptoms in air-conditioned buildings is up to 200% higher than 

in buildings using natural ventilation [1]. Other than its improvement of indoor air quality and 

reduction of the risk of SBS, natural ventilation is also widely applied for its energy-saving 

potential. The United States Department of Energy indicates that the building sector, including 

residential and commercial buildings, accounts for 41% of annual energy usage, nearly half of 

which is consumed by space heating and cooling [2]. In Canada, this number is even higher: more 

than 55% of annual building energy consumption is used for space heating and cooling [3]. 

Specifically, it shows a total growth of 84.2% for space cooling and 1.4% for space heating in two 

decades according to Natural Resources Canada’s Energy Use Data Handbook [4]. All the figures 

mentioned above indicate that the utilization of natural ventilation should be strongly considered 

during the early stages of building design.       

Typically, there are two main types of natural ventilation: single-sided ventilation and cross-

ventilation (see Figure 1.1). In single-sided ventilation, only one façade is designed to have 
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openings. In contrast, in cross-ventilation there are two or more openings on adjacent or opposite 

façades.  

 

Figure 1-1. Single-sided ventilation (left) and cross-ventilation (right) 

The driving forces for natural ventilation are temperature differences (buoyancy) and wind 

pressure differences (wind). For cross-ventilation, wind is the main driving force as long as the 

openings are at the same height. However, if the openings are placed at different heights, the 

thermal buoyancy will affect the airflow rate and either work with or against the wind depending 

on the location of the openings and the direction of the wind. Normally, when the ventilation is 

designed to be driven by thermal buoyancy (stack effect), the outlet opening is best placed on the 

roof in order to optimize the influence of the wind. In single-sided ventilation, the air change rate 

per hour (ACH) is related to the shape of the opening. Highly-placed openings are affected more 

greatly by thermal buoyancy than lower openings. Wider openings are affected more greatly by 

the wind than small and narrow openings. The size of the turbulent eddies and pulsations in the 

flow is also significant in single-sided ventilation. 
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Natural ventilation is often applied in residential buildings such as single-family houses. A two-

story Danish family house located in Lystrup maximizes both cross-ventilation and the stack effect 

by equipping automatically controllable windows on all façades as well as the roof. With the 

addition of solar shading devices, the energy consumption in this house is significantly decreased 

[5]. The Frederick Lanchester Library at Coventry University, UK, uses tapering lightwells and 

perimeter stacks to enhance natural air movement throughout the building. By operating a Building 

Management System (BMS), the energy consumption is down to 0.049 kWh/m2/hour which is half 

less than typical air-conditioned offices [6].  

However, due to the difficulty of controlling airflow rates and indoor air distribution, natural 

ventilation throughout a building is sometimes either inadequate or inadvisable since it could 

decrease the comfort level of its occupants. Thus, hybrid ventilation (natural ventilation plus a 

mechanical fan exhaust system) is a practical choice, especially in high-rise buildings, as a solution 

that combines natural and mechanical forces. When natural forces do not suffice, mechanical fans 

can be used as a supplement to natural ventilation in order to keep building ventilation performance 

at an optimum and electricity consumption at an acceptable level. One of the best examples of the 

application of a hybrid ventilation system is in a school building in Grong, Norway. The hybrid 

ventilation system concept being used in this school is based on the fan-assisted natural ventilation 

principle [7]. 
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1.2 Motivation 

Determining the airflow rate of natural ventilation is always challenging as there are dozens of 

empirical equations which consider both natural ventilation strategies (single-sided and cross-

ventilation) and the different driving forces (wind, buoyancy and mixed). Due to the limitations of 

each equation, there is no universal formula or guideline for coefficient selection that can be used 

for the analysis of natural ventilation potential. 

In any case, as they draw advantages from both natural and mechanical forces, hybrid ventilation 

systems have gradually been applied for use in buildings. However, there are few on-site studies 

of hybrid ventilation systems in high-rise buildings. As a typical high-rise institutional building 

with a fan-assisted hybrid ventilation system, the Engineering, Computer Science, and Visual Arts 

Integrated Complex (EV building) of Concordia University is an ideal object of study for the 

exploration of hybrid ventilation system control strategies such as model predictive controls 

(MPC).  
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Figure 1-2. Schematic of the hybrid ventilation system in EV building [8] 

 

1.3 Objectives 

In this thesis, the main objectives are to conduct a coefficient selection for naturally ventilated 

buildings with a common shape through existing empirical formulas and to develop a quick and 

relatively accurate method of evaluating natural ventilation potential for energy-saving analysis 

based on such equations. A demonstrative case study would be conducted to discuss the variables. 

In addition, this thesis also aims at deriving a simplified and practical model for system 

optimization study and implementing MPC that can be calibrated in a real high-rise building (EV 

building) with a hybrid ventilation system. Moreover, this model must support further 

development in order to integrate energy balance calculations for thermal mass analysis for MPC 

applications of building thermal storage in the next research stage. 
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1.4 Approaches of the research 

By reviewing the existing empirical models for calculating natural ventilation airflow rate, two 

representative wind-driven models for two different ventilation strategies were selected and 

combined with a set of computational fluid dynamics (CFD) simulations to generate the coefficient 

selection guideline. Excel-VBA was used to develop a method of evaluating natural ventilation 

energy-saving potential which takes into consideration building terrain, window type, window-to-

wall ratio, etc. Nonetheless, through a series of on-site measurements in the EV building under 

different weather conditions and different conditions of fan operation, a calibrated, simplified 

dynamic model was created in CONTAM to carry out full-building simulations in order to 

optimize the performance of the hybrid ventilation system.  

 

1.5 Thesis outline 

Chapter 1 introduces the general concepts, driving forces and strategies of natural ventilation, the 

importance of using natural ventilation to save energy and one of the practical applications of 

natural ventilation in high-rise buildings, i.e., hybrid ventilation. 
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Chapter 2 provides a literature review including existing empirical equations for the calculation of 

the airflow rate of natural ventilation, an overview of the EV building and related studies and a 

review of exemplary existing buildings with different ventilation strategies. 

Chapter 3 presents the study of natural ventilation in building early design stage, including 

determining the value of coefficients, proposing a method of evaluating natural ventilation 

potential, followed by energy saving analysis and a case study.   

Chapter 4 describes the study of hybrid ventilation in a high-rise building for predictive control 

based on full-scale measurements and whole-building simulation. A demo study is included to 

discuss the optimization of hybrid ventilation performance. 

Chapter 5 summarizes the research conclusions and suggests future work.
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2 Literature Review 

This chapter firstly determines the key parameters which can quantify and qualify ventilation 

performance, then provides a review of a series of existing empirical formulas for natural 

ventilation under different scenarios. It also provides an overview of the EV building’s hybrid 

ventilation system and related studies. A review of exemplary existing buildings with different 

ventilation methods follows.  

 

2.1 Key parameters to quantify and qualify ventilation performance 

When determining the natural ventilation airflow through openings, there are many key parameters 

such as outdoor weather conditions (outdoor temperature and wind characteristics), opening details 

and thermal comfort which can make a difference.  

2.1.1 Outdoor weather conditions 

As mentioned previously, the driving forces of natural ventilation are temperature and wind. Thus, 

the outdoor weather conditions are key to the study of everything related to natural ventilation. 

Historical weather data are often used in modeling, prediction and simulation [9], [10]. For 

building simulations carried out under Canadian and North American conditions, typical weather 

data sets like TMY (Typical Meteorological Year) and CWEC (Canadian Weather for Energy 

Calculations) were commonly used [11], [12]. The TMY files were created by the U.S Department 

of Energy’s (DOE) National Renewable Energy Laboratory (NREL) in 1981 and derived from 

records dating from 1948 to 1980. Each file contains a set of hourly data concerning solar radiation 

and meteorological elements for a 1-year period from a specific weather station. Similarly, the 
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CWEC files include hourly weather records representing an artificial 1-year period specifically 

designed for building energy calculations. These files are produced by Numerical Logics in 

collaboration with Environment Canada and the National Research Council of Canada [13]. 

However, it is recommended that building simulation users regularly use more than one weather 

file to capture a range of building performance [14]. 

Wind characteristics play an important role in terms of the calculation of natural ventilation air 

flow. The amount of air coming through the openings depends highly on the outdoor wind velocity 

and direction, especially in wind-driven single-sided natural ventilation where the pulsating flows 

dominate the air exchange [15].  

Since wind velocity data is often measured in large open spaces like airports, a correction is thus 

needed for wind in other locations such as urban areas. A universal expression can be applied to 

do so: 

𝑈 = 𝑈𝑟 × 𝐾 × 𝑍𝛼 
Eq. 2-1 

where the coefficients 𝐾 and 𝛼 depend on the terrain as shown in following table: 

 

Table 2-1. Wind velocity coefficients K and α under different terrain [16] 

Terrain 𝑲 𝜶 

Open flat countryside 0.68 0.17 

Countryside with scattered wind breaks 0.52 0.20 

Suburban area 0.35 0.25 

Urban area 0.21 0.33 
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2.1.2 Opening type 

Karava et al. [17] points many aspects of openings can affect the airflow, such as the window-to-

wall ratio, inlet-to-outlet ratio, and location, etc. Specifically, the airflow through openings varies 

considerably when different discharge coefficient CD values are used [18]. In Wang et al. [19], 

factors like window area, height-width ratio, the opening rate of the windows and the temperature 

difference between the inside and outside of the windows are discussed regarding three different 

types of windows: (see Figure 2-1). 

 

Figure 2-1. Typical types of window, side-hung window (left), hung window (middle) and 

sliding window (right)  

 

Figure 2-2 shows the relation between the discharge coefficient CD and the area of windows. It 

shows that when the window height-width ratio is 1, all windows are fully opened and the 

temperature difference between the inside and outside of the window is 0 °C, the average CD is 

0.65, 0.55 and 0.35 for side-hung window, hung window and sliding window respectively where 

the window area varies from 1 m2 to 5 m2.  
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Figure 2-2. The relation between CD and window area [19] 

 

Besides the parameters mentioned previously, Karava et al. [20] also supplements the wind angle 

and Reynolds number as variations of the discharge coefficient CD as well. It also points out that 

using constant CD might be one of the source of error since significant difference was found by 

comparing previous studies, especially in wind-driven cross ventilation.   

2.1.3 Thermal comfort 

When building occupants are not satisfied with their thermal environment, not only does it affect 

their ability to function effectively, it can also lead to health issues. Thermal comfort (TC) is 

achieved by a combination of many factors: 

 Air temperature – both ambient air temperature and mean radiant temperature 

 Relative humidity 

 Relative air velocity 

 Basic clothing insulation 

 Metabolic energy production 
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The 2013 ASHRAE Handbook: Fundamentals [21] recommends comfort zones (see Figure 2-7) 

in both summer and winter with acceptable ranges of operative temperature and humidity with air 

speed less than 0.2m/s for people wearing 1.0 and 0.5 clo clothing during primarily sedentary 

activity which is less than 1.1 met. 

However, a simplified linear regression model derived by Brager et al. [22] shows the relationship 

between the mean thermal sensation (TS) and the mean indoor operative temperature (Top) in order 

to judge the thermal comfort of occupants in naturally ventilated buildings:  

                                       

𝑇𝑆 = 0.27 × 𝑇𝑜𝑝 − 6.65 (𝑇𝑜𝑝 𝑖𝑛 ℃) 

                            Eq. 2-2 

In Eq.2-2, TS represents a vote on the familiar ASHRAE seven-point thermal sensation scale, 

where TS=0 means neutral, TS=+3 means hot and TS=-3 is cold. Traditionally, a “neutral thermal 

sensation” is assumed to be the ideal condition. This equation was conducted based on 36 out of 

44 naturally ventilated office buildings with almost 8900 subjective votes. The selected buildings 

were located on four continents and covered seven climate zones [23], [24]. However, through 

field studies, it was found that Eq.2-1 had overestimated the TC perception for warmer regions 

and resulted in a lower neutral temperature (when TS=0) [25]–[27]. Nonetheless, Eq.1 is still 

suggested for universal application in natural ventilation buildings regardless of the climatic 

conditions due to its simplicity [25].  

 

2.2 Empirical models for single-sided natural ventilation 

Since the turbulence in the wind and the variation in the pressure differences play significant roles 

in single-sided ventilation, thus, unlike the calculation of cross-ventilation, it is not reasonable just 
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to look at the average wind velocity and pressure difference when it comes to calculate the airflow 

rate in the case of single-sided ventilation. Moreover, because of the instability of these factors, it 

would be much harder to calculate accurately. However, in recent decades, more and more 

empirical expressions were found from full-scale outdoor experiments and/or wind tunnel 

experiments. These equations are classified into three main groups: wind-driven, thermal 

buoyancy-driven and a combination of wind and thermal buoyancy. 

2.2.1 Airflows driven by wind  

As emphasized, turbulence and fluctuations in the wind significantly affect the airflow rate in cases 

of single-sided natural ventilation. In Warren’s early study [28], the dependence of the local wind 

velocity in front of the opening (UL) and a reference velocity (UR) on the incidence angle of the 

wind were considered. 

The expressions found which originated from theoretical considerations of both wind tunnel and 

full-scale experiments were improved in [29]. 

The wind tunnel tests are described as follows: 

 The box was 0.5 x 0.5 x 0.5 m and the side faced towards the wind tunnel. 

 It was only possible to test wind directions parallel to the following type of openings. 

 Square openings; 

 Slot openings (longest dimension perpendicular to the flow direction and equal to 

the box height); 

 Single opening with vane. Three models of casement windows with different aspect 

ratios (1.0, 1.6 and 2.5) were tested with four different opening angles (0°, 30°, 60° 
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and 90°), three directions of the flow (0° 90° and 180°) and up to six different 

velocities in the tunnel; 

 Two openings with vane. 

Two full-scale experiments were carried out in two different buildings (one was a single-story 

building, another was a three-story school building) to compare with theoretical and experimental 

data. From all the experiments described, two equations are derived without the influence of 

temperature difference, in addition, it is noted that the combinations of window shapes, certain 

wind directions and high-rise building might lead to higher ventilation flow rates: 

𝑄v = 0.1 × A × UL 
                                                  Eq. 2-3 

        𝑄v = 0.025 × A × UR         
Eq. 2-4 

It is noted that the numbers 0.1 and 0.025 are flow numbers from experiments. L stands for local, 

T stands for top of building and R stands for reference velocity (in Eq. 2-4) this reference velocity 

was measured at the height of 10 m. 

Crommelin et al. [30] also proposed few correlation methods for wind-driven single-sided 

ventilation calculations. Specifically, a correlation between the airflow and the standard deviation 

of pressure, the velocity and the area of the opening was found via a wind tunnel experiment. As 

the results, it can be found that increasing wind speed results in a growing volume of airflow 

through the opening, because the shorter upstream length has a higher turbulence in the flow, 

meaning there is an increase in the fluctuating airflow. Therefore, an obvious difference in the 

airflow depending on the upstream length towards the fan was observed.  
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The final expressions are as follows: 

𝜎∆𝑃 = 𝛼1 × 𝑈2 
Eq. 2-5 

𝑄 = 𝛼2 × (𝜎∆𝑃)𝛽1 = (𝛼1)𝛽1 × 𝛼2 × 𝑈2𝛽1 

Eq. 2-6 

𝑄 = 𝛼3 × 𝐴𝛽3 
Eq. 2-7 

where: 

𝜎∆𝑃 is the standard deviation of pressure (m/s)  

𝛼 is the empirical coefficient  

𝛽 is the empirical coefficient  

For an upstream length of 0.35 m,  𝛼1 = 0.029 , 𝛼2 = 0.0018 ,  𝛼3 = 0.0608,  𝛽1 =

0.32, 𝛽3 = 0.92. 

By reviewing Wang, H et al. [31], a new empirical model was developed to predict the mean 

ventilation rate and fluctuating ventilation rate due to the pulsating flow and eddy penetration of 

single-sided, wind-driven natural ventilation in buildings. 

The empirical models are as following: 

 Ventilation rate due to mean airflow as: 

                   

𝑄 =
𝐶𝑑𝑙√𝐶𝑃 ∫ √𝑧

2
7 − 𝑧𝑜

2
7ℎ

𝑧𝑜
𝑑𝑧

𝑧𝑟𝑒𝑓
1/7

𝑈 

Eq. 2-8                   

 Fluctuating ventilation rate contributed by pulsating flow as: 
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𝜎𝑞𝑝
2 = (𝐶𝑑𝑙

1

𝑧𝑟𝑒𝑓
1/7 √𝐶𝑃 ∫ √𝑧2/7 − 𝑧0

2/7

ℎ

𝑧0

𝑑𝑧) 𝜎𝑢
2 

                          Eq. 2-9 

 Fluctuating ventilation rate due to eddy penetration as: 

𝜎𝑞𝑒
2 = 𝐶2𝐴2𝑈 ∫ 𝑆(�̃�)𝑑�̃�

∞

𝑈/𝑙

 

                                          

                                   Eq. 2-10 

where: 𝑙 = opening width, z0 = position of the neutral plane, S = power spectrum. 

In Cockroft et al. [32], the air change rate was analyzed for a single-sided ventilation driven by 

wind only. A mathematical pulsation model was derived from a single opening pulsation flow. 

The expression was also examined via a wind tunnel experiment on a wooden box of 1.2 x 1.2 x 

2.4 m with a single opening of 15.2 cm2. 

 

Figure 2-3. Coordinated representation of the expression (after Cockroft et al. [32], modified) 
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𝑞 =
𝑑𝜈

𝑑𝑡
= ± 𝐶𝐷 × 𝐴 × √|𝑢𝑥,𝑎

2 − (
2𝛾𝑃𝑎

𝜌𝑉
) ∗ 𝜈| 

Eq. 2-11 

𝑞𝑒𝑓𝑓̅̅ ̅̅ ̅̅ =
1

2
× 𝑓 × 𝑞 

Eq. 2-12 

where:  

q is the air flow rate (m3/s) 

𝑞𝑒𝑓𝑓̅̅ ̅̅ ̅̅  is the net mean effective flow rate (m3/s) 

f is the correction factor between 0 to 1 for how thoroughly the inflow air mixed with the 

inside air 

dV is the change in volume (m3) 

𝛾 is the ratio of specific heat of air, 1.4 for adiabatic flows and 1.0 for isothermal flows 

𝐶𝐷  is the discharge pressure coefficient equals 0.65 in this case 

Pa is the pressure of air (Pa) 

𝜌 is the density of air (kg/ m3)  

𝑢𝑥,𝑎 is the wind velocity in x direction (m/s) 

As shown in Eq.2-20, the effective ventilation rate qeff̅̅ ̅̅ ̅ is defined as the ratio f multiplied by the 

air going into the space. It was found that 37% of the airflow rate contributed to the effective air 

change by using the tracer gas decay method [32]. 

As with the others, this model has some limits and assumptions: 
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 Wind turbulence is disregarded since only low frequency airflow is driven in this model; 

 The flow is quasi-steady, and the stagnation pressure of the airstream is generated immediately 

outside the opening; 

 The opening behaves as a sharp orifice; 

 The Reynolds’s number is high enough for Bernoulli's theorem to apply; 

 Internal pressure is assumed to be a constant; 

 The enclosure is assumed to be an adiabatic system. 

 

2.2.2 Airflows driven by buoyancy  

Buoyancy force is another main factor to drive outdoor air coming into building through openings 

and/or indoor air moving from the bottom to the top of building (i.e. stack effect). Before any 

approaches were proposed, researchers assumed the indoor air temperature was constant; indoor 

temperature stratification and varying air density were neglected. 

 

Figure 2-4. Flow through an upper and a lower opening (left) and flow through a single opening 

(right) (after Warren et al. [29], modified) 
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From Warren et al. [29], two expressions were applied for airflow calculation. Firstly, for single-

sided ventilation through upper and lower openings of equal area, A, the volume flow rate through 

each one is about: 

�̇� = 𝐶𝐷𝐴 √𝑔ℎ
∆𝑇

𝑇𝑜𝑢𝑡
 

Eq. 2-13 

Where h is the distance between the center of two openings, CD is equal to 0.6 for the doorway. 

As this literature mentions, this equation is valid when the difference between the outside and the 

average inside temperature ∆𝑇 is less than 10°C. 

Another equation was used to calculate the volume flow rate through a single large opening:  

�̇� =
𝐶𝐷𝐴

3
 √𝑔ℎ

∆𝑇

𝑇𝑜𝑢𝑡
 

Eq. 2-14 

where h is the height of the window. 

2.2.3 Airflows driven by wind and buoyancy  

As a result of de Gids and Phaff’s method [33], a general expression is proposed for the ventilation 

rate Q through an open window as a function of temperature difference, wind velocity and 

fluctuating terms. In the case of single-sided ventilation, the effective velocity Ueff is defined as 

the flow through half of a window opening: 

𝑈𝑒𝑓𝑓 =
𝑄

𝐴
2

=  √[
2

g
× (∆P𝑤𝑖𝑛𝑑 + ∆P𝑠𝑡𝑎𝑐𝑘 + ∆P𝑡𝑢𝑟𝑏)] 

Eq. 2-15 

Leading to the form: 
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𝑈𝑒𝑓𝑓 =
𝑄

𝐴
2

=  √(𝐶1𝑈𝑟
2 + 𝐶2𝐻∆𝑇 + 𝐶3) 

Eq. 2-16 

 

where:  

Ur = reference wind velocity, m/s 

H = vertical size of the opening, m 

C1 = 0.001, a dimensionless coefficient depending on the wind  

C2 = 0.0035, a boundary constant, 

C3 = 0.01, a turbulence constant. 

Thus, to calculate the airflow rates driven by both wind and buoyancy, the expression could be 

written as: 

  

𝑄 =
𝐴

2
× 𝑈𝑒𝑓𝑓 =  

𝐴

2
× √(0.001𝑈𝑟

2 + 0.0035𝐻∆𝑇 + 0.01) 

Eq. 2-17 

According to Larsen [15], a series of wind tunnel experiments in a full-scale building were 

conducted at the Japanese Building Research Institute (BRI) in 2002. The details about this 

experiment are listed below: 

 The wind speed in the tunnel could be varied between 1 and 5 m/s with a turbulence 

intensity of less than 5%. 
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 The test building was made as a full-scale model sized 5.56 x 5.56 x 3 m, (wall thickness 

=0.1m) 

 The room volume used in the calculations is 68.95 m3. 

 During the experiments, the model was rotated between 0° and 345° 

After many wind tunnel and outdoor experiments were conducted, a new design expression for 

single-sided ventilation was found by Larsen [15] that included the shape of the building and the 

incidence angle of the wind by comparing the experimental results with previous studies. 

The new design expression is shown as Eq.2-18. 

                                                   

𝑄 = √𝐶1|𝐶𝑃|𝑈𝑟
2 + 𝐶2ℎ∆𝑇 + 𝐶3

∆𝐶𝑃,𝑜𝑝𝑒𝑛𝑖𝑛𝑔∆𝑇

𝑈𝑟
2  

                                 Eq. 2-18 

where the constants C1, C2 and C3 are defined as Table 2-4: 

Table 2-2. Constants C1, C2 and C3 under different scenarios 

 C1 C2 C3 

Windward 0.0012 0.0006 -0.0006 

Leeward 0.0026 0.0006 0.0273 

Parallel 0.0012 0.0004 0.0097 

 

and ΔCp,opening is calculated from： 

𝛥𝐶𝑝, 𝑜𝑝𝑒𝑛𝑖𝑛𝑔 = 9.1894 × 10 − 9 × 𝜑3 − 2.626 ∙ 10 − 6 × 𝜑2 −  0.0002354 × 𝜑 + 0.113 
Eq. 2-19 
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Figure 2-5. Comparison between measured and calculated results when ΔT = 0 °C [15], [29], 

[33] 

 

 

Figure 2-6. Comparison between measured and calculated results when ΔT = 5 °C 

[15], [29], [33] 

 

2.3 Empirical models for cross natural ventilation 

Cross-ventilation has been studied by many researchers due to its widespread use and conciseness 

in comparison with single-sided ventilation. Similar to previous section, this section introduces 

airflows driven by either wind, thermal buoyancy or a combination of the two.  
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2.3.1 Airflows driven by wind  

Allard et al. [34] introduced the British Standard method which wind-driven, cross natural 

ventilation is included, and this method assumes two-directional flow through a building and 

ignores all internal partitions.  

 

Figure 2-7. Cross ventilation with two opposite openings 

The expression is shown below: 

Q =  
√

Cp1 − Cp2

1
A1

2 ∗ CD1

2 +
1

A2
2 ∗ CD2

2

∙ Ur 

Eq. 2-20 

where: 

Ur = velocity at reference height, m/s 

CD = discharge coefficient  

Cp = pressure coefficient 

A  = opening area, m2 
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2.3.2 Airflows driven by buoyancy  

In order for airflow to be induced by thermal buoyancy, openings must be situated at different 

heights in the building. However, it does not matter whether the openings are located in different 

walls of the building. This section is thus also valid for single-sided ventilation with more than one 

opening. 

The pressure difference generated by thermal buoyancy and a general method to calculate airflow 

can be derived as Etheridge et al. proposed [35]: 

       ∆Pbuoyancy = ρe × g × (H0 − H1) ×
Ti −  Te

Ti
 

Eq. 2-21 

              Qv = ∓CD × A × √
2 ∗ |∆P|

ρ
 

                            Eq. 2-22 

If ∆Pbuoyancy is substituted into Qv, the airflow rate induced by thermal buoyancy through one 

opening can be written as seen in Eq.2-23: 

Qv = ∓CD × A × √
2 × |ρe × g × (H0 − H1) ×

Ti −  Te
Ti

∆P|

ρ
  

Eq. 2-23 

where: H0 = the height of neutral plane, 

 H1 = the height below the neutral plane. 
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2.3.3 Airflows driven by wind and buoyancy  

Most often, the airflow in natural ventilation is produced by a combination of wind and thermal 

buoyancy. In such situations, the pressure differences derived from Eq. 2-20 and Eq. 2-23 are 

combined to summarize the resultant pressure difference and thereby also the airflow [36].  

Qv = 1
2⁄ ∑ 𝐶𝐷,𝑗 ∙

𝑛

𝑗=1

𝐴𝑗 ∙ √
|1 2⁄ 𝐶𝑝,𝑗ρe𝑈𝑟

2 − 𝑃𝑖 +
ρ𝑒∆𝑇

Ti
g(H0 − H𝑗)|

1
2⁄ ρ𝑗

  

Eq. 2-24  

It is noted that the neutral plane is found from mass balance, CD is the same for each different 

opening and the internal pressure is found from an iterative solution of the mass balance.  

 

2.4 Existing empirical models of airflow rates estimation summary  

Table 2-3. Existing empirical models of airflow rate estimation. SS=single-sided ventilation, 

CV=cross-ventilation, W=wind-driven, B=buoyancy-driven, W&B=wind- and buoyancy-driven 

Configuration Equation Reference 

SS, W 𝑄𝑣 = 0.1𝐴𝑈𝐿 

𝑄𝑣 = 0.025𝐴𝑈𝑅 
where  

𝑈𝐿= local wind velocity in front of opening 

𝑈𝑅= reference wind velocity 

wind tunnel tests and full-

scale experiments in two 

real buildings by Warren at 

al. [29] 

SS, W 
𝑄 =

𝑑𝜈

𝑑𝑡
= ± 𝐶𝐷 ∙ 𝐴 ∙ √|𝑈2 − (

2 ∙ 𝛾 ∙ 𝑃𝑎

𝜌 ∙ 𝑉
) ∙ 𝜈| 

𝑄𝑒𝑓𝑓
̅̅ ̅̅ ̅̅ =

1

2
∙ 𝑓 ∙ 𝑄 

 

pulsation model derived 

from wind tunnel 

experiment by Cockroft et 

al. [32]  

SS, W 𝑄 = (𝛼1)𝛽1 ∙ 𝛼2 ∙ 𝑈2𝛽1 

𝑄 = 𝛼3 ∙ 𝐴𝛽3 
where 

𝛼1 = 0.029 , 𝛼2 = 0.0018 , 𝛼3 = 0.0608,  𝛽1 =
0.32, 𝛽3 = 0.92 for an upstream length of 0.35 m 

wind tunnel experiment by 

Crommelin [30] 
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SS, W 

𝑄 =
𝐶𝐷𝑙√𝐶𝑃 ∫ √𝑧

2
7 − 𝑧𝑜

2
7ℎ

𝑧𝑜
𝑑𝑧

𝑧𝑟𝑒𝑓
1/7

𝑈 

pulsation flow derived from 

CFD large eddy simulation 

by Wang et al. [31] 

SS, B 

𝑄 =
𝐶𝐷𝐴

3
 √𝑔ℎ

∆𝑇

𝑇𝑜𝑢𝑡
 

semi-analytical model by 

Allocca et al. [37] 

SS, W&B 
𝑄 =  

𝐴

2
× √(0.001𝑈𝑟

2 + 0.0035𝐻∆𝑇 + 0.01) 
theoretical expression and 

full-scale experiments by de 

Gids et al. [33] 

SS, W&B 
𝑄 = √𝐶1|𝐶𝑃|𝑈𝑟

2 + 𝐶2ℎ∆𝑇 + 𝐶3

∆𝐶𝑃,𝑜𝑝𝑒𝑛𝑖𝑛𝑔∆𝑇

𝑈𝑟
2  

 

wind tunnel test and full-

scale measurements on real 

buildings by Larsen [15] 

CV, W 

Q =  
√

Cp1 − Cp2

1
A1

2 ∗ CD1

2 +
1

A2
2 ∗ CD2

2

∙ Ur 

 

The British Standards 

introduced by Allard et al. 

[34] 

CV, B 

Qv = ∓CD ∙ A ∙ √
2 × |ρe × g × (H0 − H1) ×

Ti −  Te
Ti

∆P|

ρ
 

multiple openings model 

derived by Etheridge [38] 

CV, W&B 

Qv = 1
2⁄ ∑ 𝐶𝐷,𝑗 ∙

𝑛

𝑗=1

𝐴𝑗 ∙ √
|1 2⁄ 𝐶𝑝,𝑗ρe𝑈𝑟

2 − 𝑃𝑖 +
ρ𝑒∆𝑇

Ti
g(H0 − H𝑗)|

1
2⁄ ρ𝑗

 

combined model derived by 

Heiselberg [36] 

 

 

Another interest of this section is to explore the difference between existing empirical equations. 

As can be found from the table above, there are four different expressions for wind-driven, single-

sided natural ventilation airflow rate. Specifically, in Warren’s expression and Crommelin’s 

expression, besides the opening area A and wind velocity U, the rest of parameters are constants 

which directly come from experimental results to specific models. In Cockroft’s equation, since 

the discharge coefficient 𝐶𝐷  could be represented by constant empirical value. Thus, there is 

actually only one unknown 𝑓 needs to be determined. However, in Wang’s equation, besides the 

wind pressure coefficient 𝐶𝑃, the existence of another unknown would complicate the problem. 

Because the determination of the height of neutral plane 𝑧0  depends on many other unknown 
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parameters. Therefore, for purpose of generalization and simplification, only the equations with one 

unknown would be selected for further study in this research.  

 

2.5 Review of exemplary existing buildings with various ventilative technologies 

Since natural and/or hybrid ventilation has already been widely applied in buildings around the 

world, it is worth reviewing some representative existing buildings with different ventilation 

methods. The Executive Committee of the International Energy Agency’s Energy in Buildings and 

Communities Programme (IEA ECB) [5] has released a publication that surveyed 26 existing 

buildings from 14 European and Asian countries. Plenty of ventilative technologies such as wind-

driven, buoyancy-driven, single-sided, cross, stack, and night ventilation using natural or 

mechanical forces were used or combined in these exemplary buildings in order to reduce cooling 

demand and the risk of overheating.  

Twelve out of the 26 buildings were selected and summarized in Table 2-4 based on their 

uniqueness, typicality and representative qualities. The buildings are located in many different 

climatic areas, from zones with hot summers and cold winters to more temperate zones. The sizes 

and functions of the selected buildings also span a diverse range, from a single-story kindergarten 

with an area of only 190 m2 to a six-story university library with an area of 22,667 m2. As the 

results of using various ventilative strategies, some buildings could reach the expected energy 

consumption. For example, the energy needs for a school building in Lisbon, Portugal, were 

assessed as low as 6.6 kWh/m2 for heating and 25 kWh/m2 for cooling comparing with the 

regulation for buildings in Lisbon, of  51.5 kWh/m2 for heating and 32 kWh/m2 for cooling [39]. 



 

28 

 

On the contrast, another school building in Helsinki, Finland, consumes 63 kWh/m2 for lighting, 

HVAC and equipment, while the average electricity usage in Helsinki schools is 52 kWh/m2 [40]. 

By reviewing all these low-energy buildings, the following can be summarized: 

1) Studies of ventilation in high-rise buildings are essential and lacking. 

2) Hybrid ventilation is practical considering the limitations of natural ventilation. 

3) Solar chimneys are quite useful for ventilation and enhancement of daylight.   

4) It is highly recommended to incorporate CO2 concentration sensors into the building 

control system. 

5) Energy consumption might not reach the expectation during building operation due to 

improper system operation. BMS is recommended.  

6) Occupant behavior can affect the performance of ventilation systems, especially in low- 

and mid-rise buildings. It is thus important to instruct occupants on how to behave to 

maximize the saving of energy. 
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Table 2-4. Summary table of exemplary existing buildings [5] 

No. Building info 

 

Net floor area & No. of 

floors 

Ventilative technologies Main components 

1 C-DdI Arfrisol PSA 

Office building, 

Tabernas, Spain 

 

1,007.4 m2, one floor Night cross-ventilation by 

solar chimneys; 

Buoyancy-driven cross-

ventilation 

Solar chimneys; 

Height difference (high windows) 

2 GRUPO LINCE 

Headquarters, 

Office building, 

Valladolid, Spain 

 

1,000 m2, one floor Night ventilation; 

Cross-ventilation; 

Mechanical ventilation 

Lucernaires (for night ventilation); 

Air collectors integrated in ventilated 

façade in summer; 

Internal ventilation grilles for cross-

ventilation 

3 Police office Schoten, 

Office building, 

Schoten, Belgium 

 

2,514 m2, two floors High thermal mass; 

Natural ventilation (day 

and night) 

(buoyancy-driven) 

Motorized bottom hung windows to 

supply and exhaust air; internal grilles; 

BMS with sensors 

4 Mellomhagen, 

School, 

Larvik, Norway 

 

3,500 m2, three floors  Hybrid ventilation system 

(mainly wind-driven 

cross-ventilation for 

natural ventilation)  

Smart control motorized windows 

integrated with air exhaust damper; 

Exhaust fan 

5 Solstad, 

Kindergarten, 

Larvik, Norway 

 

788 m2, two floors Hybrid ventilation system 

(combined cross- and 

stack ventilation for 

natural ventilation) 

Smart control motorized windows; 

Internal hatches; 

Energy-efficient fan 

6 Home for life 

Residential building, 

Lystrup, Denmark 

 

190 m2, two floors Natural ventilation (single-

sided, cross and stack 

ventilation); 

Thermal mass 

Operable windows on all facades and 

roof;  

External solar shadings; 

Automatic control 

7 CHH-

Christophorushaus 

Multifunctional, 

Miva, Austria 

 

1,215 m2, three floors + 

a basement 

Mechanical ventilation; 

Night natural ventilation 

(stack ventilation) 

High level of insulation and limited 

glazing area;  

Atrium to enhance airflow movement; 

Mechanical ventilation with heat 

recovery 
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8 Edificío solar XXI, 

Office and laborary, 

Lisbon, Portugal, 

 

1,500 m2, two floors +    

a basement 

Natural ventilation (cross- 

and stack ventilation); 

PV panel-assisted 

ventilation (convection 

from heat loss); 

Fan-driven ventilation 

(through buried pipes) 

Openings in roof, facades and between 

interior spaces; 

Gap behind PV panels; 

Fans and buried pipes for air pre-

cooling; 

5cm EPS external insulation in walls 

and roof slab 

 

9 Frederick Lanchester 

Library, 

Library, 

Coventry, UK 

 

9,103 m2, four floors +    

a basement 

Natural ventilation (stack 

ventilation); 

Night ventilation 

Ventilation towers; 

Controllable dampers and windows; 

Tapering light wells for both lighting 

and ventilation 

10 Poikkilaakso School, 

School, 

Helsinki, Finland 

 

3,132 m2, two floors  Mechanical ventilation 

with heat recovery; 

 

Rooftop air-handling unit; 

Speed-controlled fan; 

Management system with sensors 

11 Energy Flex House 

Residential, 

Taastrup, Denmark 

 

216 m2, two floors Two different systems to 

be compared: 

Demand-controlled 

mechanical ventilation 

with heat recovery; 

Demand-controlled natural 

ventilation with night 

cooling and mechanical 

free night-time cooling 

with daytime cold 

recovery 

Automatically controlled windows and 

skylights; 

External solar shading; 

Windows with controllable angle of 

opening; 

Sensors in all rooms 

12 Library of Shandong 

Jiaotong University, 

Library, 

Jinan, China 

22,667 m2, six floors Natural ventilation (stack 

ventilation); 

 

Draft chimney; 

Controllable shutter grille in atrium air 

curtain wall; 

Wind tunnel 
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2.6 Overview of the EV building and related studies  

Concordia University’s EV building, one of the latest landmarks of downtown Montreal, was 

designed and constructed to use natural ventilation in order to reduce cooling load. This 17-story 

high-rise institutional building houses research labs, studios and offices for faculty and students. 

The total floor area is approximately 53000 m2 and the building has two large main façades facing 

southwest and southeast respectively to maximize solar heat gains in winter. Nevertheless, 

manually and automatically operated blinds are installed in perimeter zones to prevent overheating 

and glare in summer. The building has five stacked atriums extending from the second to the 

sixteenth floor, spanning three floors each and separated with concrete slabs for fire/smoke safety 

concerns. Each of the five atria has dimensions of 9 m long × 12 m deep × 12 m high, with the 

glazed façade 35° west of South. To connect all five atria, grilles and motorized dampers can be 

opened when hybrid ventilation mode is on, causing the whole atrium to serve as a solar chimney. 

The cooling period for the EV building lasts from April to October or even possibly early 

November. An estimated 4000-5000 occupants, a huge amount of plug loads plus the high solar 

gains mean cooling is in high demand for the EV building even while the outdoor air is of a lower 

temperature than the indoor air. In late 2015, a set of six variable speed fans were installed on the 

roof of the EV building to enhance air movement and control the ventilation system’s performance 

by integrating the fans into the existing automated system for toggling the atrium grilles and 

motorized dampers.     

Tzempelikos et al. [41] used this building as a simulation case study of preliminary façade and 

envelope design options during the early design stage. Specifically, the choices of façade, glazing, 

shading devices and controls, electrical lighting control options and natural and hybrid ventilation 

were studied and analyzed. The aim was to maximize the use of daylight, eliminate the need for 
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perimeter heating and reduce peak heating, overall heating and cooling demand. For hybrid 

ventilation, it was suggested that variable speed fan-assists are necessary to ensure a total flow of 

30,000 L/s, while small vents in perimeter offices and inlet grilles with motorized dampers at the 

ends of the corridors are needed to complement the atrium grilles in order to improve ventilation 

performance.  

 

Figure 2-8. Typical floor plan in EV building and expected airflow path [8] 

 

Another study carried out by Mouriki et al. [42] focused on the relation between an atrium with 

high solar gains and the hybrid ventilation system. By monitoring the performance of the hybrid 

ventilation system of the EV building, it was learned that there is significant natural ventilation 

potential in Montreal from April to October. In particular, during the months of June, August and 

September, the natural ventilation mode was ON 45-51% of the time when the outdoor temperature 

was between 15°C and 25°C and the relative humidity was less than 60%. It was found that the air 

temperature stratification difference in an atrium could be 2°C whether the natural ventilation 
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system was ON or OFF. In addition, a very large night cooling potential was observed with night 

air temperatures reaching as low as 12°C during the cooling season. This can be used to further 

cool the building mass from midnight to morning. 

A further study based on the previously mentioned research showed that the in-flowing air stream 

has a much higher cooling capacity at lower temperatures, resulting in higher amounts of cooling 

stored in the thermal mass. More precisely, an air stream at 12°C could surprisingly remove 5 times 

more heat than an air stream at 18°C. Karava et al. [43] concluded that their findings are worth 

using to generalize some guidelines for commercial buildings with similar hybrid ventilation 

systems since it has been proven that free cooling can cover a significant part of the cooling 

requirements.  

In this study, the overall concept of the EV building’s hybrid ventilation system was also well-

summarized. When the outdoor temperature was between 15°C to 25°C and the RH was less than 

70%, the system would: 

(a) open the atrium grilles and motorized dampers at two ends of the corridors; 

(b) decrease the mechanical airflow rate of the air supply outlets in the atrium to the minimum 

number; 

(c) open the exhaust vents on the top atria open; 

(d) stop the air supply to the corridors. 
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Figure 2-8. Hybrid ventilation system concept of EV building [43] 

 

2.7 Conclusion 

In general, outdoor weather conditions such as outdoor air temperature, wind velocity and wind 

direction are essential for utilizing natural ventilation potential. The types of openings (mainly 

windows) specific to each building can decide the exact airflow rate coming through. Thermal 
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comfort is the most significant factor in determining whether the ventilation performance in a 

building is acceptable to the occupants. 

By reviewing all the existing airflow flow rate equations for natural ventilation, it shows the 

ubiquity of limitations among the empirical expressions. For instance, in some of the general 

empirical models, the effects of the wind incidence angle (wind direction) which might make 

substantial discrepancy as to the ventilation airflow rate. Overall, there is a lack of an evaluation 

method in the form of empirical equations to determine natural ventilation potential. Functionally, 

the method should cover coefficients selection to energy saving potential calculation. In addition, 

considering it would be mainly applied in the early design stage, this evaluation method needs to 

be quick and accurate comparing to the equations with very few variables and/or coefficients. 

Through studying on the exemplary existing buildings, it indicates the viability and great potential 

of utilizing natural and/or hybrid ventilation system in terms of saving energy. Specifically, solar 

chimney plus mechanical exhaust fan is proved to be a practical application in the buildings using 

hybrid ventilation system. The concept of the EV building hybrid ventilation system was illustrated 

through previous studies. As a high-rise institutional building, the EV building could be an ideal 

case study and supplement to IEA-ECB’s study since a hybrid ventilation system with solar 

chimney is using in EV building. In order to optimize the performance of hybrid ventilation system 

and maximize energy saving in EV building, it requires a comprehensive model with better 

accuracy calibrated by experimental data.
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3 Natural Ventilation Study in Early Design Stage 

3.1 Problem statements 

Since the use of natural (or hybrid) ventilation is closely related to the wind regime and the 

building’s location, orientation, shape, window/wall ratio etc., a decision regarding its use needs 

to be made during the early stages of building design, i.e. the conceptual design stage. Therefore, 

the analysis of the energy-saving potential of natural ventilation demands a quick and relatively 

accurate method, such as a set of empirical equations, to determine natural ventilation airflow rates 

and compare ventilation strategies. 

A review of previous studies [15], [20], [21], [28]–[33], [36], [37], shows that plenty of empirical 

equations exist for both single-sided ventilation and cross-ventilation, which are mainly driven by 

wind, buoyancy or a mix of the two. However, each of the empirical equations has its own 

limitations. In other words, there is no general equation which can be directly used with a clear 

guideline for the selection of coefficients. The foundation of this study is to determine a guideline 

for coefficient selection based on existing equations for naturally ventilated buildings with a 

common shape. Eventually, based on empirical equations with newly developed coefficients, a 

quick method with acceptable accuracy was developed to estimate the natural ventilation energy 

saving potential. 

 

3.2 Methodology of evaluation approach 

For the purpose of generalization, only wind-driven natural ventilation is considered in this study, 

as the effective use of the force of buoyancy depends more greatly on the building’s interior layout. 
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The building is assumed to be flat, symmetrical and non-high-rise, and the effect of internal 

partitions is neglected. The two equations listed below were selected from the literature [32], [34] 

because of their better applicability comparing to others, for the separate calculation of wind-

driven single-sided ventilation and cross-ventilation flow rates:   

Single-sided ventilation:                     

𝑄 =
𝑑𝜈

𝑑𝑡
= ± 𝐶𝐷 ∗ 𝐴 ∗ √|𝑈2 − (

2 ∗ 𝛾 ∗ 𝑃𝑎

𝜌 ∗ 𝑉
) ∗ 𝜈| 

Eq. 3-1                                    

𝑄𝑒𝑓𝑓 =
1

2
∗ 𝑓 ∗ 𝑄 

Eq. 3-2                                                                            

Cross-ventilation:                            

𝑄 =  
√

𝐶𝑝1 − 𝐶𝑝2

1
𝐴1

2 ∗ 𝐶𝐷1

2 +
1

𝐴2
2 ∗ 𝐶𝐷2

2

∗ 𝑈𝑟 =
√

∆𝐶𝑝

1
𝐴1

2 ∗ 𝐶𝐷1

2 +
1

𝐴2
2 ∗ 𝐶𝐷2

2

∗ 𝑈𝑟 

Eq. 3-3         

Specifically, f and ΔCp were selected for two ventilation strategies since they are the two key 

undetermined coefficients for calculating the air flow rates. Although many researchers were 

interested in researching these two coefficients and carried out some wind tunnel experiments 

based on cubic shape models due to the dimensional limits[32], [44]–[46], there are as of yet no 

universal standards for determining them. It is commonly believed that they are highly dependent 

on the building configuration, location of openings, opening configuration, etc.      
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To summarize the whole process of evaluating natural ventilation potential, see the flow chart 

below:  

  

Figure 3-1. Schematic approach to evaluating natural ventilation potential 

 

Other critical coefficients such wind velocity coefficients 𝐾and 𝛼 for wind profile correction and 

discharge coefficients CD for window type selection are determined according to literature [15], 

[19], [47] as introduced in previous chapter. 

Once the air flow rates through the openings are simulated, two key coefficients f and ΔCp for 

ventilation can be calculated accordingly. By applying cubic spline interpolation, coefficients f 

and ΔCp along all incidence angles (0° - 180°) can then be generated. 

Nonetheless, the internal heat gain Qin is considered when determining the viability of natural 

ventilation, which is quantified as annual available natural ventilation hours. Specifically, indoor 
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direction data
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5. Choose terrain
6. Determine 

wind coefficients 
(k and α ) 
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9. Enter other 
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14. Calculate 
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air temperature is used to determine whether natural ventilation is acceptable for the occupants of 

the building.    

                                   

𝑄𝑖𝑛 = 𝑚 × 𝐶 × ∆𝑇 = 𝑚 × 𝐶 × (𝑇𝑖 − 𝑇𝑜) 

Eq. 3-4                                                           

                                                           

𝑇𝑖 =
𝑄𝑖𝑛

𝑚 × 𝐶
+ 𝑇𝑜 

Eq. 3-5                                                                               

For simplicity, some parameters and coefficients are assumed to be constant in the calculations, 

while the others such as wind velocity, wind direction and outdoor temperature are based on 10 

years hourly meteorological data [13]. 

Table 3-1. Constants assumed in calculation 

Parameter Number 

outdoor air pressure (kPa) 101.3 

specific heat (kJ/kg∙K) 1.005 

molecular weight of air (kg/kmol) 29 

ideal gas constant (J/kmol∙K) 8314.5 

 

Once all the calculations are completed based on hourly natural ventilation rates, the indoor air 

temperature can be determined for each hour. Therefore, the annual available natural ventilation 

hours would be counted according to the building occupants’ acceptable indoor temperature range. 
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For simplification, natural ventilation potential only counts when the indoor air temperature is 

within a certain acceptable range based on 10 years of hourly historical weather data. 

 

3.3 Wind tunnel tests and validations 

To develop the evaluation approach, the use of computational fluid dynamics (CFD) is necessary 

and crucial since the utilization of CFD has been widely used as an effective method [48]–[55] for 

the simulation of natural ventilation. In this study, ANSYS FLUENT 16.2 was used for all 

simulations. There are two main turbulence models, Reynolds-averaged Navier-Stokes (RANS) 

and Large Eddy Simulation (LES), to choose between for the simulation [54]–[60]. Thus, in order 

to determine which model is more efficient to achieve the final objective, two cases were 

conducted for validation using both turbulence models.   

3.3.1 Single box model  

Two 250 mm × 250 mm boxes were created. One has only one 84 mm × 125 mm opening in one 

wall, and the other has two openings of the same size in opposite walls. The thickness of the walls 

was neglected since heat transfer is not considered in this case. 
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Figure 3-2. Schematic view of single-opening model and air velocity measurement locations 

In the CFD simulation, the building model was placed within a larger computational domain which 

had an upstream length of 4H (H=250 mm), a downstream length of 8H, a lateral length of 4H on 

both sides of the building, and a vertical length of 3H above the building height. The velocity in 

the X axis, U, was measured at five locations which were all at the center plane of the model along 

the streamline (Y axis). 

After acquiring the simulation results, the mean velocity distributions were compared with the 

wind tunnel test results from [52]. Both LES and RANS (two-equation standard 𝑘 − 휀 models, 

precisely) were used and the comparisons are demonstrated below (Figure 3-3): 

As can be seen from the figures below, the distributions behind the building model were 

overestimated, especially in LES model results. This was potentially caused by the difference 

between the wind profile (resulting from linear-regression of experimental data) applied in the 

simulation and in the real experimental setting. The overall arrangement between the CFD 

predictions (LES and RANS) and experimental results is fairly similar along the streamline 

direction, which is close to the results from [52]. The difference in results is not obvious between 

two models. 
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Figure 3-3. Mean velocity distributions for windward, single-sided ventilation (left column); 

leeward, single-sided ventilation (middle column) and cross-ventilation (right column). Dots: 

Experiment; Solid line: RANS model; Dashed line: LES model. 

 

3.3.2 Block model with surroundings 

In order to improve the accuracy of this study, a series of wind tunnel experiments were carried 

out using a commercial wind tunnel in an engineering consulting firm [61]. The dimensions of the 

wind tunnel were 8 ft x 6 ft x 100 ft (W x H x L) with a 40 ft upwind portion. 

The core building model (as the red block shows at the bottom of Figure 3) used in the wind tunnel 

experiments was 266.7 mm x 83.3 mm x 48 mm (L x W x H) with a scale of 1:300. The exponent 

(α) is set to be 0.25 for the wind profile in both experiments and simulations. 111 pressure sensors, 
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each tested for all wind directions (36 directions at 10° increments) were placed on the test model. 

The wind tunnel experiment results are finalized with the pressure coefficient Cp values and 

normalized with the wind speed at reference height. 

 

Figure 3-4. Wind tunnel model view from south and location of selected sensors [61] 

After the wind tunnel experiment results were provided, CFD simulations with the same conditions 

as the experiments were performed for validation. In the simulations, a transient state model with 

large eddy simulation (LES) was selected for relatively accurate natural ventilation simulation 

considering the complexity of the surrounding models. The full model used in the simulations 

contains approximately 750,000 elements and more than 12,000 time steps with each time step at 

0.1 seconds. The final results are the average number of the last half of the time steps. 

A suburban wind profile was chosen for the wind tunnel experiments. Thus, according to the 

information provided, the wind profile power law used in the computer simulations was: 

                                                           

𝑈 = 15 × (
𝑍

600
)0.25 

Eq. 3-4                                                             
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However, in the wind tunnel test results, the pressure coefficient Cp values were scaled to the wind 

speed in an airport (open wind profile with α = 0.14) at the height of 10 meters. Therefore, the 

reference wind speed equals: 

𝑈𝑎𝑖𝑟𝑝𝑜𝑟𝑡 = 15 × (
10

600
)0.14 = 8.46 𝑚/𝑠   

To normalize the Cp values, an equation was applied as below, where the static pressure Ps could 

be read from the CFD simulation results. 

                                                          

𝐶𝑝 =
𝑃𝑠

0.5 × 𝜌 × 𝑈𝑎𝑖𝑟𝑝𝑜𝑟𝑡
2  

Eq. 3-5                                                               

 

Figure 3-5. Flow pattern of CFD simulation in XY plane 
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Figure 3-6 compares the Cp results between the simulations and the experiments. For conciseness, 

15 well-distributed sensors were selected and illustrated where the solid blue line and red dots 

demonstrate the simulation and experiment results respectively from 0° to 350°.  

 

Figure 3-6. Cp values on the roof and south, east, north and west facade (from the first row to the 

fifth row respectively) of the test model.  Dots: Experiment; Solid line: CFD simulation (LES 

model). 

As can be found from the figure above, the comparison shows a rough agreement between 

experimental data and simulation result. However, disparities do exist in many locations. This is 

mainly due to the limited mesh quality of the surrounding models which may influence the airflow 
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surrounds the core building model. Since most of these models are larger, higher and more 

complex than the core model, it requires huge amount of meshes and much longer time for them 

to be simulated more accurately. Otherwise, the error accumulates remarkably and the simulation 

accuracy would be affected significantly. Besides, there was another disparity between the sensor 

locations in the experiments and the sampling locations in the simulations due to the limitations of 

the software. In experiments, all sensors were mounted to the surfaces of model. However, in 

computational simulation, the distance between sampling location and model surface cannot be 

less than 10-2 m which is not negligible in such small scale experiment. Additionally, whether there 

was any experimental error is uncertain. 

Overall, by analyzing the validation results, considering the final building model has no 

surroundings. Thus, the RANS standard 𝑘 − 휀  model was selected to conduct the rest of 

simulations considering it is acceptably accurate, time-efficient comparing to the LES model [62], 

[63].  

 

3.4 Simulation and Results 

In this study, ANSYS Fluent 16.2 was used to simulate and determine airflow rates through 

building openings to obtain the two key coefficients f and ΔCp. As mentioned previously, the 

effects of buoyancy flow and internal building layout are neglected.   

3.4.1 Geometry and meshing 

The standard building is 80 m x 25 m x 14.4 m (L x W x H) and is placed within a larger 

computational domain which has an upstream length of 4W, a downstream length of 6W, a lateral 
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length of 4L on both sides and a vertical length of 4H above the building height. The building has 

four floors and thirty-two windows (6 m x 1.8 m) on each long side. Thus, there are sixty-four 

windows in total. With consideration to the balance between energy-saving and daylighting 

requirements, the window-to-wall ratio (WWR) is set to be 30% in all scenarios [64]–[66].  

Considering the model is a cube, CutCell was selected as the assembly meshing method. Most of 

the meshes are hexahedral, while a few of them are unstructured. In total, approximately 500,000 

meshes were generated with a minimum size of 0.3 m.  

 

Figure 3-7. Schematic view of the model with outer domain (W=width, L=length and H=height) 

 

3.4.2 Turbulence model 

Due to a synthesis of different factors such as feasibility and computation time, a steady state 

Reynolds-Averaged Navier-Stokes (RANS) standard 𝑘 − 휀 turbulence model was selected. The 
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governing equations for the incompressible turbulent flow encountered in this research are 

expressed as follows: 

𝐶𝑜𝑛𝑡𝑖𝑛𝑢𝑖𝑡𝑦 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛: 

                                                                  

𝜕

𝜕𝑥𝑖

(𝜌𝑢𝑖) = 0 

Eq. 3-6                                                                               

𝑀𝑜𝑚𝑒𝑛𝑡𝑢𝑚 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛: 

                      

𝜕

𝜕𝑥𝑗
(𝜌𝑢𝑖𝑢𝑗) = −

𝜕𝑝

𝜕𝑥𝑖
+

𝜕

𝜕𝑥𝑗
[𝜇 (

𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
−

2

3
𝛿𝑖𝑗

𝜕𝑢𝑙

𝜕𝑥𝑙
)] +

𝜕

𝜕𝑥𝑗
(−𝜌𝑢′𝑖𝑢′𝑗) 

Eq. 3-7                    

Since the energy equation is redundant in the case of incompressible fluid flow, −𝜌𝑢′𝑖𝑢′𝑗 is the 

Reynolds stresses. By utilizing the Boussinesq assumption, the Reynolds stresses can be given by: 

                                      

−𝜌𝑢′
𝑖𝑢′

𝑗 = 𝜇𝑡 (
𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
) −

2

3
(𝜌𝑘 + 𝜇𝑡

𝜕𝑢𝑖

𝜕𝑥𝑖
) 𝛿𝑖𝑗 

Eq. 3-8                                            

It can be found that determining 𝜇𝑡 is the key to determining the turbulence. Therefore, in the 

standard k-ε turbulence model, the turbulent kinetic energy (𝑘) and its rate of dissipation (휀) are 

obtained from the transport equations below [67]: 
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𝜕

𝜕𝑡
(𝜌𝑘) +

𝜕

𝜕𝑥𝑖

(𝜌𝑘𝑢𝑖) =
𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝑘
)

𝜕𝑘

𝜕𝑥𝑗
] + 𝐺𝑘 + 𝐺𝑏 − 𝜌휀 − 𝑌𝑀 + 𝑆𝑘 

Eq. 3-9                 

                

𝜕

𝜕𝑡
(𝜌휀) +

𝜕

𝜕𝑥𝑖

(𝜌휀𝑢𝑖) =
𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝜀
)

𝜕휀

𝜕𝑥𝑗
] + 𝐶1𝜀

휀

𝑘
(𝐺𝑘 + 𝐶3𝜀𝐺𝑏) − 𝐶2𝜀𝜌

휀2

𝑘
+ 𝑆𝜀 

Eq. 3-10          

Therefore, the turbulent viscosity (𝜇𝑡) could be computed by combining 𝑘 and 휀 as follows: 

                                                                   

𝜇𝑡 = 𝜌𝐶𝜇

𝑘2

휀
 

Eq. 3-11                                                                        

where 𝐶1𝜀 = 1.44, 𝐶2𝜀 = 1.92, 𝐶𝜇 = 0.09, 𝜎𝑘 = 1.0 and 𝜎𝜀 = 1.3 are default constants. 

The standard wall functions were employed for near-wall calculation. 

3.4.3 Boundary conditions and discretization scheme 

The airflow model was solved using the conditions for the velocity inlet, pressure outlet and solid 

walls. For the velocity inlet, a user-defined function of the wind profile for an open area was 

employed where the exponent is 1/7 and the wind velocity at reference height equals 3.8 m/s 

(derived from meteorological data). 
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The common SIMPLE pressure-velocity coupling algorithm was used to solve the airflow 

equations. All residuals reached at least 5×10-4 of convergence. Table 3-4 demonstrates the 

discretization scheme applied in the simulations. 

Table 3-2. Discretization scheme 

Pressure Momentum 𝒌 𝜺 

Standard 2nd-order upwind 1st-order upwind 1st-order upwind 

 

3.4.4 Results 

Firstly, in order to investigate the meshing independency, two angles of 45° and 90° with almost 

three times the number of meshes used in the original model were applied to compare the airflow 

rates for both single-sided and cross-ventilation as shown in Figure 6 below: 

 

Figure 3-8. Comparison of airflow rates with different numbers of meshes. SS: Single-sided 

ventilation; CV: Cross-ventilation 
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Figure 3-7 above shows that the difference varies from 0.07% to 15% which is acceptable 

considering the difference in time consumption between the two scenarios.   

Figure 3-9 illustrates the simulation results of airflow rates for single-sided and cross-ventilation 

with different numbers of building floors at every 15 degrees of wind incidence angle. Then, by 

utilizing Equation 3-1, 3-2 and 3-3, coefficient f and coefficient ΔCp (see Figure 3-10) could be 

determined with the use of few number constants (i.e. Outdoor air pressure Pa=101.3 kPa, specific 

heat C=1.005J/(kg∙°C) and the ratio of the specific heat of air γ=1 since the ambient temperature 

in all simulations is constant). 

 

Figure 3-9. Airflow rates for single-sided ventilation (left) and cross-ventilation (right) under 

different scenarios 

0

50

100

150

200

250

0

1
5

3
0

4
5

6
0

7
5

9
0

1
0
5

1
2
0

1
3
5

1
5
0

1
6
5

1
8
0

A
ir

fl
o

w
 r

at
es

 (
m

3
/s

)

Incidence angle °

Single-sided Ventilation  
Three Floors Four Floors Five Floors

0

150

300

450

600

750

0 15 30 45 60 75 90

A
ir

fl
o

w
 r

at
es

 (
m

3
/s

)

Incidence angle °

Cross Ventilation
Three Floors Four Floors Five Floors



 

52 

 

 

Figure 3-10. Coefficients f for single-sided ventilation (left) and ΔCp for cross-ventilation (right) 

under different scenarios 

To verify the continuity of coefficient ΔCp and coefficient f, four different angles were selected to 

be simulated and compared with the existing results as shown in Figure 3-10. As can be seen, the 

distribution of verification results basically corresponds with the existing arrangement. In addition, 

the values of ΔCp and f are axisymmetrical based on the incidence angle of 90° and 180° 

respectively because the building and its windows are assumed to be symmetrical by default. 

 

3.5 Case study and Discussion 

As an application of this study, a fast evaluation tool was developed in the form of empirical 

equations based in Microsoft Excel for the quick estimation of annual natural ventilation and 

energy saving potential. A simplified four-story rectangular building located in an open area in 

Toronto was chosen as a base case for the tool.  
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Table 3-3 below defines the baseline input parameters such as the size of the building, window-

to-wall ratio and the type of window. 

Table 3-3. Baseline input parameters  

Building location: Toronto Window-wall ratio: 40% 

Terrain: Open area Internal heat gain (W/m2): 70 

Window type: Casement Min. design temp. (°C): 21.5 

Building size (m): 80×25×14.4 Max. design temp. (°C): 27.8 

Number of floors: 4 Number of rooms per floor 30 

A/C consumptions per room (kW): 1.06 

 

After inputting key building parameters, the corresponding coefficients (i.e. ΔCp, f and CD etc.) 

from the tables and figures above were then applied. Equation 3-1, 3-2 and 3-3 were then used to 

calculate hourly airflow rates for both single-sided and cross-ventilation since the input parameters 

were known from Table 3-3. Equation 3-6 was then applied to calculate hourly indoor temperature 

using 10 years of hourly meteorological data. The annual available natural ventilation hours and 

energy saving for this building are shown below with different window facing and ventilation 

strategies. 
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Figure 3-11.Statistics of annual available natural ventilation hours (top) and energy saving 

(bottom) 

 

As can be seen from Figure 3-11, a building in Toronto with windows facing southeast has a 

maximum natural ventilation potential of 1644 annual available hours under the single-sided 

ventilation strategy with the current settings. Specifically, the indoor design temperature range 

(21.5°C – 27.8°C) achieved 80% thermal comfort acceptability based on the Adaptive Model for 

naturally ventilated buildings [22], [23], [25], [68]. This building is set to be an office building 

with a combined internal heat gain of 70 W/m2 [69] [70], which affects natural ventilation potential 

significantly and will be discussed later. Additionally, annual energy saving calculations are 

directly related to A/C unit energy consumption in addition to the total number of rooms and annual 

available natural ventilation hours. In this case, the A/C unit energy consumption is 1061 watts 

(EER of 11.3) which represents the most common product on the market for middle size offices.  
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Figure 3-12. Annual available natural ventilation hours under different window-wall ratios 

 

Figure 3-13. Annual available natural ventilation hours under different window types 

 

Figure 3-14. Annual available natural ventilation hours with different building terrain 
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Figure 3-12 to Figure 3-14 show that a smaller window-wall ratio tends to mean a greater amount 

of energy saved. Nevertheless, an addendum to ASHRAE 189.1, “Standard for the Design of High-

Performance, Green Buildings Except Low-Rise Residential Buildings" twice proposed that the 

window-wall ratio be decreased from 40% to 30% in order to reduce building energy consumption. 

In other words, an explanation for this tendency could be that lower flow rate leads to more energy 

saving. By comparison, a WWR of 0.3 has about 5% more energy saving potential than same 

building but with 0.4 of WWR and this building could save up to 10% of energy by using sliding 

windows rather than the others. Besides, building terrain only make obvious difference in cross 

ventilation. To further explain, A WWR of 0.3, sliding windows and an urban environment mean 

a smaller opening area, a smaller CD and slower wind velocity which result in lower flow rate. 

Thus, when the internal heat gain Qin is constant, lower flow rate m causes a higher temperature 

difference ∆T, as expressed in Eq. 3-5. 
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Figure 3-15. Comparison at Qin=70W/m2 (top), Comparison at Qin=300W/m2 (middle) and Daily 

temperature data (bottom) 

 

The scenario with the maximum natural ventilation potential in the base case, which is the scenario 

of single-sided ventilation with windows facing southeast, was chosen as the baseline. The same 

parameters were then applied to Vancouver for the sake of comparison. The top figure shows the 

natural ventilation potential in Vancouver is lower than in Toronto and all the available hours are 

concentrated in the traditional period for natural ventilation use (summer plus the transition 

season). This is because the average daily temperature in Vancouver is lower than in Toronto and 

thus indoor air temperature in Vancouver is also lower than in Toronto with Qin = 70 W/m2. In 

other words, Vancouver needs a higher Qin to achieve the same natural ventilation potential as 

Toronto. However, when Qin is high enough, as in a high-tech office or data center which normally 
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has a Qin even higher than 300 W/m2, the natural ventilation potential of Vancouver would be 

much higher than Toronto’s with the potential mainly being distributed in winter and the transition 

season due to the higher average daily temperature as in the middle figure shown above.   

 

3.6 Conclusion 

In summary, a fast evaluation method in the form of empirical equations for the quick estimation 

of natural ventilation and energy saving potential was developed with multiple parameters taken 

into account, such as building location, terrain, opening size and orientation, etc. The relation 

between the wind incidence angle and the two coefficients f and ΔCp was studied and discussed. 

The model validation, sensitivity study and continuity verification proved the credibility of the 

simulation. 

This fast evaluation approach was turned into an Excel-VBA-based natural ventilation evaluation 

tool which could be widely used to evaluate the viability of natural ventilation to save energy 

during early building designs. By setting the necessary parameters, architects and engineers could 

have access to direct impressions of natural ventilation performance and be able to make their own 

judgments quickly. 

However, in reality, natural ventilation performance can be significantly affected by many factors 

such as the surrounding environment, the internal layout of the building and the location of the 

openings. In future studies, we are interested in developing a map of natural ventilation potential 

for North America to determine more possible tendencies and study natural ventilation under both 

wind- and buoyancy-driven conditions, which is more practical for real buildings and particularly 

high-rise buildings.  
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4 Hybrid Ventilation Study for Predictive Control 

4.1 Problem statements 

As one of the effective measures to reduce cooling energy consumption, hybrid ventilation 

combines the benefits of natural and mechanical ventilation and it could reduce cooling load 

significantly when it is used with proper control strategy [71], [72]. Many previous studies have 

been conducted on hybrid ventilation systems by carrying out on-site measurements under one 

specific or different control strategies [68], [73] and [74].  

Most of these previous researches focused on single houses or low-rise buildings and a full-scale 

hybrid ventilation study, especially on-site measurements in actual high-rise buildings, is rather 

limited. As reviewed in previous chapter, although the IEA EBC Annex 62 [5] includes a series of 

different buildings, there is still a lack of whole-building and full-scale data for high-rise buildings 

with hybrid ventilation. On the other hand, a high-rise building often consumes more energy than 

low-rises, and its mechanical system is more complex. It is still a challenge how to optimally 

operate a high-rise hybrid ventilation system under variable weather conditions while keeping 

acceptable comfort conditions.  

Predictive controls based on simulation models, i.e. model predictive controls (MPC), have been 

shown to be very effective to ensure the performance of a hybrid ventilation system, especially 

under a variable ambient environment [75]. However, it is not practical to use a detailed model of 

considering all the complexities of the building including its interior structure, thermal mass, 

mechanical system, cooling/heating loads, and weather conditions, for implementing MPC in a 

real building (so-called on-line MPC), because MPC often requires certain level of simplifications 

of the building so it can be easily implemented and used for on-line controls. Therefore, there is a 
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need for research to develop a relatively simple and practical model for MPC that can easily be 

calibrated, while capturing the essential airflow and thermal physics of hybrid ventilation at an 

adequate level for achieving its on-line operations. 

 

4.2 Methodology 

To address the research needs, this study presents a full-scale measurement study in a 17-story 

institutional high-rise building (i.e. EV building) with hybrid ventilation system [43], [76], and a 

simple hybrid ventilation model based on the method of multizone airflow network. Measurements 

including mechanical fan flow rates, ambient temperatures and wind conditions, natural ventilation 

rates at different floors were conducted for two different days. In the present study, the building 

was first simulated by a detailed 15-zone multizone model using CONTAM, one of the most 

popular programs to model ventilation for different types of buildings [77]–[79]. The detailed 

model includes 5 stacked 3-story atriums and defines each floor as one zone exclude the 1st floor 

and 17th floor that do not have inlets. Based on the detailed model, a simplified 5-zone model is 

developed and validated by comparing the results to those of the detailed model and the 

measurement data. An example of using the simplified model is then illustrated for the 

optimization of the hybrid ventilation of the full-size building. 

 

4.3 Full-scale measurements 

The measurements were conducted in a 17-story institutional high-rise building located at the 

downtown Montreal, Canada (45.5°N, 74°W). The building is with two main large facades facing 

approximately southwest and southeast respectively. The total floor area is about 53,000 m2. The 
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hybrid ventilation system in the building comprises five vertically-stacked atriums, inlet motorized 

dampers at both ends of the corridor at each floor, and variable speed mechanical fans at the roof 

(Figure 4-1). The five atriums in the buildings are from the second to the sixteenth floor, spanning 

three floors each (note: floor 17 is the mechanical room). They are separated with a floor slab and 

connected with 4-m2 floor grilles with motorized dampers. The dimensions of each atrium are 9 m 

(W) × 12 m (L) × 12 m (H). The atrium is used as a solar chimney in the hybrid ventilation mode 

[41]. The area of the inlet dampers is about 1.4 m2 when fully opened but can be adjusted by motors.  

 

 

Figure 4-1. Schematic of hybrid ventilation system in a 17-story institutional high-rise building 

[8] 

 

The measurements were conducted on two different days (See detailed measurement results in 

Appendix A). Weather conditions, including wind speed and direction, and outdoor temperature, 

were measured by a weather station at the roof (Table 4-1). Though the outdoor temperature was 

as low as less than 2 °C in Day 1 (Nov 18th,2015), the cool air was warmed as it flows deeper into 
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the building due to mixing with the indoor environment, and was around 22°C at the atriums. Since 

there were few occupants near the inlets, no complaints were reported. Note that due to the 

different weather conditions and potentially different stack effects, the airflow rate of the roof fans 

are different even at the same fan frequency, e.g. 40% fan frequency in Day 1 and Day 2 (Nov 

8th,2016). Except the fan frequency, all the other data are averaged over time. Table 4-2 shows the 

opening area percentage of the inlet dampers for natural ventilation: they were fully open on Day 

1 but closed for the floors 2, 3, 14-16 on Day 2.  

 

Table 4-1. Measurement conditions. 

Day 

Roof fan 

frequency (%) 

Roof fan flow 

rate (L/s) 

Outdoor temperature 

(°C) 

Wind speed 

(m/s) 

Day 1 

20 17291 1.45 3.55 

40 24325 1.70 2.84 

60 31810 1.35 1.54 

80 36707 1.85 1.21 

Day 2  40 18117 14.64 1.80 

 

Table 4-2. Inlet dampers opening percentage. 

Floor section 1 2 3 4 5 

Day 1 100% 100% 100% 100% 100% 

Day 2*  90% 40% 65% 100% / 

* Dampers on floors 2, 3, 14-16 were closed. 
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Figure 4-2. Weather station and variable speed fans location. 

 

Natural ventilation velocities near the inlet dampers were measured by hot-wire anemometers with 

sampling time of 60 seconds, and collected by a data logger (Omega HHF-SD1) as shown in Figure 

4-3. The measurement range of the air speed is 0.2 ~ 25 m/s and the accuracy is ± (5%+0.1 m/s). 

The velocity was measured only for the 5th floor on Day 1 and for the 5th, 8th and 11th floors on 

Day 2. The velocity measurements were then used to calculate mass flow rates through the inlet 

damper based on their effective opening areas. 
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Figure 4-3. Natural ventilation velocity measurement near inlet dampers. 

    

 

4.4 Simulation 

Figure 4-4 shows a schematic of the detailed simulation model in CONTAM, which includes all 

corridors, dampers, offices, atriums, stairwells and elevator shafts. Since this detailed model was 

based on the floors, there is a total of 15 sections (1st floor and 17th floor are not included since 

they do not have inlets). Based on the number of atrium sections, a simplified model is developed 

to model each atrium as one zone, so there are five zones for the simplified model, i.e. the so-

called 5-zone model. 
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Mass flow rate through each inlet damper is one of the key parameters for a hybrid ventilation 

system because it indicates the amount of free cooling available from natural ventilation. In 

CONTAM, it is modeled by Eq. 4-1, the power-law flow model [80], with the flow exponent, n = 

0.5 in this study. ṁ is the mass flow rate in kg/s; ρ0 is the outdoor air density, kg/m3; Δp is the 

pressure difference across the damper, Pa; C is the flow coefficient, m2. The flow coefficient, C, 

was calibrated by comparing the simulated and measured mass flow rates for the tests on both days. 

                                                                   npCm  0                                                   Eq. 4-1 

 

Figure 4-4. The detailed CONTAM simulation model. 

 

4.5 Results 

By definition, the value of the flow coefficient, C, is empirical and variable with different weather 

conditions. In this study, the flow coefficients were calibrated and obtained for both days of tests. 



 

66 

 

In this section, the results of the calibration are first presented for both Day 1 and 2, and followed 

by a comparison study of the detailed model and the simplified 5-zone model for Day 1. 

4.5.1 Simplified model calibration in Day 1 

In Day 1, the inlet damper velocity at the 5th floor was monitored under different desired flow rate 

settings (frequency setting of the variable speed drive) of the roof fan. Figure 4-5 compares the 

corresponding inlet natural ventilation flow rates between the measurements and the simulations 

after calibrations. The calibrated flow coefficient, C, for the simplified model varies between 0.57 

and 0.64 with an average value of 0.62 for all fan frequencies. 

 

 

Figure 4-5. Inlet damper flow rate at the 5th floor for different roof fan frequencies (20% ~ 80%) 

and corresponding flow coefficients after calibration (Day 1) 

With the average flow coefficient, the predicted mass flow rates through the inlet damper at the 5th 

floor were compared to the measured data in Table 4-3. The relative difference is within 4% and 

7%.  
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Table 4-3. Predicted and measured mass flow rates through the damper at the 5th floor for 

different frequencies of the roof fan. 

VFD of roof fan 20% 40% 60% 80% 

Measured data (kg/s) 1.98 2.01 1.81 1.78 

Predicted result (kg/s) 1.89 1.89 1.91 1.91 

Relative difference 4.5% 6.3% 4% 7% 

 

4.5.2 Simplified model calibration in Day 2 

With the average value of coefficient, C = 0.62, obtained from the calibration on Day 1, we 

simulated the whole building for Day 2. Figure 4-6 shows that there exists a significant discrepancy 

of up to 80% between the simulation results and the measurements. Therefore, the flow coefficient 

needs to be re-calibrated for the new weather and operating conditions for Day 2. The values of C 

of the inlet dampers were thus adjusted for each atrium section as shown in Table 4-4. After the 

re-calibration, Figure 4-6 shows that the simulated flow rates at the 5th, 8th, and 11th floors were 

more uniform, and closer to the measured data than before the calibration. To be specific, the 

difference between the simulation results and the measurements is reduced greatly, it varies from 

0% to maximally 30% in different floors of building. 
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Figure 4-6. Inlet damper flow rates at different floors and the calibrations of the flow coefficients 

(Day 2). 

 

Table 4-4. Modified value of flow coefficients, C, in the detailed CONTAM model (Day 2). 

Section 1 2 3 4 

Floor 4 5-7 8-10 11-13 

Value of C  1.11 0.15 0.19 0.28 

 

Table 4-5. Predicted and measured mass flow rates through the damper at the different floors for 

40% frequency of the roof fan. 

Floor number 5th 8th 11th 

Measured data (kg/s) 0.47 0.74 0.93 

Predicted result (kg/s) 0.67 0.74 1.08 

Relative difference 29.8% 0% 13.9% 
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4.5.3 Comparison between detailed model and simplified model  

Figure 4-7 compares the simulation results of the detailed and simplified models. Normalized root-

mean-square deviation (NRMSE) is used here to quantify the difference between the two models 

Eq. 4-2 [81]. idm ,
  and ism ,

 are the mass flow rates through the damper at ith floor for the detailed 

model and simplified model. N is the total number of the sections modeled. A smaller value of 

NRMSE indicates that the results of the simplified model are closer to the detailed model. In this 

study, the calculated NRMSE is 0.014, showing that the results of the two models are very close. 

Therefore, the simplified model can be used to replace the detailed model as the hybrid ventilation 

model for the building’s predictive control of the inlet damper openings in each atrium based on 

anticipated/predicted weather conditions.   
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Figure 4-7. The comparison of predicted flow rates at the inlet dampers between the detailed and 

simplified models. 

 

4.6 Discussion 

To demonstrate the simplified model for potential use for predictive control applications, an 

example was used here for achieving evenly distributed natural ventilation flows through all the 

inlet dampers at different floors so as to naturally cool all 15 floors. This is realized by adjusting 

the damper opening areas. 

Figure 4-8 presents the flow rates under the weather conditions of Day 1 for the fan frequency of 

40% (i.e. desired flow rate about 40% of maximum). It shows that the flow rate is quite non-

uniform when all the dampers are fully opened. The flow rates of the 1st, 2nd and 5th sections are 

much larger than the middle sections. In order to make all floors equally benefit from the natural 
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cooling, it is preferred to distribute the inlet flow rates evenly by adjusting the damper opening 

sizes: reduce the opening percentage of the 1st, 2nd, and 5th sections as shown in Table 4-6.  

The effect of the optimization can be shown by quantifying a non-uniformity factor of the flow 

rate, the non-uniformity coefficient, k, as defined by Eq. 4-3 [82]. Here, m  is the average flow 

rate through the dampers at different floors; N is the total number of the sections modeled. A better 

uniformity of the flow among all inlet dampers means a smaller value of k. It is found that the 

value of k drops significantly from 0.74 before the optimization to 0.06 after the dampers opening 

sizes are adjusted. Therefore, the optimization of the damper opening area is an effective approach 

to achieve uniform natural ventilation flow among dampers at different floors. 

                                                                        
m

k



                                                             Eq. 4-3 

                                                             where 
 

N

mmi 



  

 

Figure 4-8. Comparing the natural ventilation inlet flow rates when all dampers are fully opened 

and when the damper openness are adjusted for achieving better uniformity at fan frequency 40% 

(Day 1). 
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Table 4-6. Damper opening percentage after the optimization. 

Section 1 2 3 4 5 

Floor 3 5-7 8-10 11-13 14-16 

Day 1 15% 45% 100% 100% 40% 

 

4.7 Conclusion 

This chapter reports a series of full-scale measurements of hybrid ventilation in a 17-story 

institutional building and associated whole-building simulations using both a 15-zone detailed and 

a 5-zone simplified multizone models. Full-scale measurements were conducted in two different 

days with significantly different ambient weather conditions. Mechanical fan flow rates at different 

fan frequencies, mass flow rates through dampers at different floors, outdoor temperature and wind 

conditions were measured. The simplified model of the whole building was calibrated by the 

measured data for both days. The simulated results were also compared to a detailed model of the 

building using CONTAM. To illustrate the optimization of the high-rise hybrid ventilation system 

using the simplified model, an example was also provided. 

This study shares many important experiences of full-size high-rise building measurements and 

whole-building simulations. For example, it is found that the variations of weather conditions and 

their dynamic interactions with hybrid ventilation systems can be accounted for by flow 

coefficients in the simplified model of the building. Although the simplified model only needs five 

zones, the difference of the predictions between the detailed and simplified models is within 10%, 

indicating that it is possible to model the whole building in a simple way for the future on-line 

model-predictive control (MPC) applications of this high-rise building. The demo case study in 
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the discussion section shows that the optimization of the damper opening area is an effective 

approach to achieve uniform natural ventilation flow through dampers at different floors.  

Future studies are needed to implement the simplified model for actual on-line MPC applications 

of the building. The simplified model will also be further developed to include energy balance 

calculations for thermal mass analysis for future MPC applications of thermal storage for the 

building. More measurements are expected in 2017 to collect more data under different weather 

conditions, which will be used for the further analysis of hybrid ventilation systems in high-rise 

buildings and validation of the simplified model with energy balance equation. 
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5 Conclusions 

5.1 Summary and Conclusions 

This thesis firstly studied the existing empirical models for the calculation of natural ventilation 

airflow rates. Two crucial coefficients, f and ΔCp, which stand for single-sided and cross-

ventilation respectively, were researched by conducting CFD simulations in order to determine 

how the two coefficients would be affected by factors such as wind incidence angle, building 

height, etc. Both the steady RANS standard two-equation k-ε model and the LES model were used 

in the computational simulations. Additionally, the credibility of the simulation was verified via 

model validation, sensitivity study and continuity verification. 

With newly-determined coefficients, a quick and relatively accurate evaluation method was 

developed in the form of empirical equations for the estimation of natural ventilation energy saving 

potential by considering multiple parameters such as building location, terrain, opening size and 

orientation. According to the Toronto case study, a building with a window-to-wall ratio of 30% 

has around 5% more natural ventilation energy saving potential than buildings with a window-to-

wall ratio of 40% under both ventilation strategies, i.e. single-sided and cross-ventilation. Sliding 

windows were found to have up to 10% more natural ventilation energy saving potential than 

casement and tilt windows when other parameters were kept constant. Natural ventilation could 

also be used to save energy during transition season and winter, especially, in buildings with high 

internal heat gain such as high-tech offices or data centers, which are more suitable with relatively 

lower summer and higher winter average daily temperatures to maximize energy savings from 

natural ventilation. 
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This thesis also illustrates research towards optimizing hybrid ventilation performance in a 17-

story institutional building, i.e. the Concordia University EV building. A series of on-site 

measurements of inlet air velocity and temperature were conducted under different conditions to 

compare and calibrate the 5-zone simplified CONTAM model. In addition, this 5-zone simplified 

model was compared with a 15-zone detailed model which showed only minor differences (within 

10%), indicating that it is feasible to model the whole building in a relatively simple way for future 

on-line model-predictive control (MPC) applications in the EV building. Moreover, in such a 

simplified model, variations in weather conditions and their dynamic interactions with the hybrid 

ventilation systems can be accounted for by flow coefficients. A demo case study showed that 

hybrid ventilation performance can be optimized by adjusting the damper opening area, achieving 

uniform natural ventilation flow through dampers on different floors of the building. 

 

5.2 Contributions 

An Excel-VBA tool is developed to estimate natural ventilation energy saving potential based on 

the empirical equations formed fast evaluation method. This tool can be used by engineers and 

architects under different: 

 Ventilation strategies (single-sided or cross ventilation) 

 Building locations (city and terrain) 

 Building details (floor area, number of floors, etc.) 

 Opening details (window-to-wall ratio and window type) 

 Indoor design temperature range 

 Internal heat gains 
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A five-zone simplified model is conducted that is capable of studying the performance of hybrid 

ventilation system in EV building, Concordia University. This model can be used to simulate 

different weather conditions, exhaust fan operating conditions (i.e. exhaust flow rate and working 

frequency) and inlet damper opening areas. 

 

5.3 Future work 

It would be interesting to generate a Graphics Processing Unit (GPU)-based rendering map of 

natural ventilation energy saving potential in North America (see Figure 5.1) based on public 

weather files, not only to explore possible existing tendencies, but also to render the Excel-VBA-

based evaluation tool fully functional and less time consuming for use by architects and engineers 

by being able to provide intuitive impressions of natural ventilation energy saving potential during 

the building’s conceptual design stage. Specifically, besides showing the annual hour of natural 

ventilation potential and annual possible energy saving (in kWh) by natural ventilation, this map 

would also be capable of presenting the optimum range of internal heat gain for North American 

buildings, and the energy saving potential would be subdivided into whole day hour and night 

hour, working hour and weekend hour respectively. Once this GPU-based rendering map is 

capable of serving North American buildings’ natural ventilation energy saving potential, it could 

be further developed into a worldwide natural ventilation energy saving potential map. Besides 

wind-driven ventilation, the buoyancy force is more specific and independent to buildings with 

various internal layout. For example, the existence of solar chimney could improve the ventilation 

performance significantly. Thus, the force of buoyancy should not be neglected since many 

existing buildings use the force of buoyancy to enhance ventilation performance.   
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Figure 5-1. Demo North American natural ventilation energy saving potential map (night hour 

only, single-sided ventilation) 

 

The simplified model also needs to be developed further to combine energy balance calculations 

for MPC applications in terms of thermal mass analysis. To do so, more full-scale measurements 

under various weather conditions are required to gather more data. Besides the air temperature in 

the dampers, also the surface temperature of walls and floor adjacent to the dampers needs to be 

measured and the temperature change is necessary to be compared with the data of dampers to 

explore potential links. In addition, small-scale experiments based on the full-scale EV building 

measurements could be conducted as supplements to validate and calibrate the computational 

simulations. Eventually, the simplified model needs to be implemented into actual on-line MPC 

applications of the EV building. 
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Appendix A: EV Building Measurement Results 

The representative measurement results are shown, including the data of wind velocity and outdoor 

temperature from EV rooftop weather station, VFD fan flow rate and frequency and damper inflow 

velocity and temperature measured by anemometer. 

 

  

Figure A-1. Wind velocity and outdoor temperature data from rooftop weather station 

(measurement 1, Nov. 18th 2015) 
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Figure A-2. Average VFD fan flow rates under different frequencies (measurement 1, Nov. 18th 

2015) 

 

 

Figure A-3. Measured inflow velocity and temperature on 5th floor southeast facade comparing 

with wind velocity and outdoor temperature data from rooftop weather station (measurement 2, 

Oct. 5th 2016) 
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Figure A-4. Average wind velocity and temperature from rooftop weather station used for 

simulation (measurement 2, Oct. 5th 2016) 

 

 

Figure A-5. Average VFD fan flow rate used for simulation (measurement 2, Oct. 5th 2016) 
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Figure A-6. Measured inflow velocity and temperature on 11th floor southeast facade at three 

different heights (measurement 3, Oct. 18th 2016) 

 

 

Figure A-7. Average wind velocity and temperature from rooftop weather station used for 

simulation (measurement 3, Oct. 18th 2016) 
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Figure A-8. Average VFD fan flow rate used for simulation (measurement 3, Oct. 18th 2016) 

 

 

Figure A-9. Measured inflow velocity and temperature on 5th floor southeast facade 

(measurement 4, Nov. 8th 2016) 
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Figure A-10. Average wind velocity and temperature from rooftop weather station used for 

simulation (measurement 4, Nov. 8th 2016) 

 

 

Figure A-11. Average VFD fan flow rate used for simulation (measurement 4, Nov. 8th 2016) 
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