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ABSTRACT 

As in-suite heat recovery ventilator (HRV) use increases, cases of cross-contamination and odour 

transmission in MURBs are beginning to appear. To mitigate these issues and maximize HRV 

benefits, a better design and construction methodology specific to MURBs is required. 

Previously conducted condition surveys suggest the possibility of the fresh air supply becoming 

contaminated by the exhaust air stream from adjacent units. It is suggested that the intake and 

exhaust configuration has a significant influence on the potential for cross contamination. 

The results show cross contamination is an issue in high-rise condominiums. With a low exhaust 

vent angle and the right wind direction and speed, contaminants can travel from an exhaust 

source to a fresh air supply in a significant quantity. The potential impact here is to protect the 

health and safety of all home owners living in high-rise condominiums that utilize in-suite 

ventilation systems.  



iii 

 

Acknowledgements 

 

I would like to acknowledge several people who have helped me along the way in completing 

my thesis. I would not be in the position I am today without their everlasting support. 

First off to my Supervisor Professor Kim Pressnail who has helped me endlessly from beginning 

to end. I cannot thank you enough for all of the support and encouragement you have provided 

throughout my Masters. 

To David DeRose at Halsall for supporting my thesis and helping me get in contact with 

numerous helpful people. 

To Gord Cooke and Kevin McCabe at Air Solutions for providing me with Venmar equipment 

and the best literature review I could ask for. 

To Renzo Basset, I am genuinely sorry for driving you crazy in the structural laboratory. 

To Marianne Touchie and Ekaterina Tzekova, thank you for all of your knowledge and help that 

you have provided along the way. 

Finally, to my parents Carol and Stephen Parker who not only got me hooked on engineering 

before grade 9, but have somehow encouraged my curiosity and aspirations to no end. To my 

siblings Ira, Jaclyn and Soda, you will never know how much your words of insight have helped 

me in all of my accomplishments. 

  



iv 

 

Table of Contents 

1. INTRODUCTION .................................................................................................................. 1 

1.1. HISTORY OF VENTILATION SYSTEMS.................................................................... 1 

1.2. BACKGROUND .............................................................................................................. 3 

1.3. OBJECTIVE..................................................................................................................... 5 

1.4. OUTLINE OF THE THESIS ........................................................................................... 6 

1.4.1. LITERATURE REVIEW ......................................................................................... 6 

1.4.2. LABORATORY TESTING...................................................................................... 6 

1.4.3. COMPUTER MODELING ...................................................................................... 6 

1.4.4. DATA ANALYSIS ................................................................................................... 7 

1.4.5. GUIDELINE DEVELOPMENT .............................................................................. 7 

2. BACKGROUND AND CURRENT ISSUES ON VENTILATION SYSTEMS ................... 8 

2.1. THE NEED TO PROVIDE FRESH AIR ........................................................................ 8 

2.1.1. RELATIONSHIP BETWEEN MURB VENTILATION AND OCCUPANT 

HEALTH................................................................................................................................. 9 

2.1.2. RELATIONSHIP BETWEEN MURB VENTILATION AND ENERGY 

SAVINGS ............................................................................................................................. 10 

2.1.3. RELATIONSHIP BETWEEN MURB VENTILATION AND HUMAN 

COMFORT ........................................................................................................................... 11 

2.2. EARLY DEVELOPMENT OF VENTILATION SYSTEMS ....................................... 12 

2.2.1. LOW-RISE APPLICATION .................................................................................. 12 



v 

 

2.2.2. HIGH-RISE APPLICATION ................................................................................. 13 

2.2.2.1. CLASSICAL ENVELOPE INFILTRATION METHOD .................................. 13 

2.2.2.2. CONTINUOUSLY PRESSURIZED CORRIDOR VENTILATION SYSTEM 14 

2.2.2.3. DIRECT SUPPLY APPROACH ........................................................................ 14 

2.2.2.4. IN-SUITE VENTILATION ................................................................................ 15 

2.3. GOVERNING CODES AND GUIDELINES................................................................ 17 

2.3.1. OBC AND NBCC REGULATIONS ...................................................................... 17 

2.3.2. CAN/CSA CODE ................................................................................................... 18 

2.3.3. ASHRAE STANDARDS ....................................................................................... 19 

2.4. VENTILATOR TYPES ................................................................................................. 20 

2.4.1. HEAT RECOVERY VENTILATORS (HRVs) ..................................................... 21 

2.4.2. ENERGY RECOVERY VENTILATOR (ERVs) .................................................. 23 

2.5. KNOWN ISSUES FOR HEAT AND LATENT RECOVERY DEVICES ................... 23 

3. LABORATORY TESTING FOR CROSS CONTAMINATION ........................................ 25 

3.1. BACKGROUND OF LABORATORY TESTING ....................................................... 25 

3.2. DESIGN AND CONSTRUCTION OF THE MOCKUP ............................................... 26 

3.3. EQUIPMENT SETUP.................................................................................................... 27 

3.3.1. ERVs ....................................................................................................................... 28 

3.3.2. CARBON DIOXIDE REGULATION ................................................................... 28 

3.3.3. SENSORS, MONITORING AND SAMPLING .................................................... 30 



vi 

 

4. COMPUTATIONAL FLUID DYNAMIC MODELING ..................................................... 34 

4.1. GEOMETRIC MODELING/MESHING ....................................................................... 35 

4.2. MODEL SETUP AND BOUNDARY CONDITIONS .................................................. 39 

4.3. FLUENT SOLVER PREFERENCES ............................................................................ 41 

5. RESULTS & DISCUSSION................................................................................................. 42 

5.1. EXPERIMENTAL RESULTS ....................................................................................... 42 

5.2. TUNING THE ANSYS MODEL RESULTS ................................................................ 47 

5.3. ALTERNATE COMPUTER MODELS ........................................................................ 51 

5.4. DETERMINING EXHAUST PATHS ........................................................................... 52 

5.5. ANSYS TESTING – BASE MODEL RESULTS ......................................................... 53 

5.6. ANSYS TESTING – VENT ANGLE MODEL RESULTS (SIDE VIEW) .................. 56 

5.7. ANSYS TESTING – EXHAUST SPEED MODEL RESULTS .................................... 59 

5.8. ANSYS TESTING – WIND (HEAD/SIDE/CROSS/CROSS-MAX) MODEL 

RESULTS ................................................................................................................................. 62 

5.9. CONVENTIONAL INTAKE AND EXHAUST ARRANGEMENTS ......................... 73 

6. IMPLICATIONS OF EXPERIMENTAL & COMPUTER MODELING RESULTS ......... 75 

6.1. CONVENTIONAL AND ALTERNATE VENTILATION SYSTEM DESIGNS........ 77 

6.1.1. SUGGESTED SOLUTION - 90 DEGREE EXHAUST ........................................ 77 

7. CONCLUSIONS................................................................................................................... 79 

8. FURTHER RESEARCH ...................................................................................................... 82 



vii 

 

1. ON-SITE TESTING OF CROSS CONTAMINATION IN HIGH-RISE 

CONDOMINIUMS................................................................................................................... 82 

2. ADVANCED/DETAILED CFD ANALYSIS ................................................................... 82 

3. WIND TUNNEL EXPERIMENTS ................................................................................... 83 

9. REFERENCES ..................................................................................................................... 84 

APPENDIX A – TWO STOREY MOCKUP CONSTRUCTION ............................................... 89 

APPENDIX B – LABORATORY TEST RESULTS ................................................................... 93 

APPENDIX C – COMPUTATIONAL FLUID DYNAMIC MODEL SETUP ........................... 99 

APPENDIX D – ANSYS CALIBRATION TO LABORATORY TESTING ........................... 105 

APPENDIX E – ANSYS SOLVER ITERATION CALIBRATION ......................................... 109 

APPENDIX F – ANSYS BASE MODEL RESULTS ................................................................ 113 

APPENDIX G – ANSYS VENT ANGLE RESULTS SUMMARY ......................................... 115 

APPENDIX H – ANSYS VENT SPEED RESULTS SUMMARY ........................................... 121 

APPENDIX I – ANSYS WIND RESULTS SUMMARY ......................................................... 125 

 

 

 

 

 



viii 

 

List of Tables 

Table 1 - Two storey condominium dimensions as entered into Ansys. ...................................... 36 

Table 2 - Entire 3D model dimensions as entered into Ansys. ..................................................... 37 

Table 3 - Fresh air supply intake details in Ansys. ....................................................................... 40 

Table 4 - Exhaust air vent details in Ansys................................................................................... 40 

Table 5 - Resultant distances from the exhaust vent..................................................................... 72 

Table 6 - Cross contamination levels on a wall face at their respective distances from an exhaust 

vent. ............................................................................................................................................... 72 

Table 7 - Intake and exhaust separation distances on four high-rise condominiums in Toronto, 

Ontario. ......................................................................................................................................... 73 

Table 8 - Levels of dilution along the cross wind exhaust plume centerline. ............................... 74 

Table 9 - Laboratory results showing the dilution levels at various sensor tested locations. ....... 94 

Table 10 - Mesh sizing restraints as entered into ICEM CFD. ................................................... 102 

Table 11 – Boundary conditions as entered in Ansys. ................................................................ 103 

  



ix 

 

List of Figures 

Figure 1 - Matrix of possible supply and exhaust design configurations (Canada Mortgage and 

Housing Corporation, 2003). .......................................................................................................... 4 

Figure 2 - Incidences of suspected health problems due to indoor air quality by air quality rating 

(Statistics Canada, 2009). ............................................................................................................. 10 

Figure 3 Visual representation of a HRV (Natural Resources Canada, 2009). ............................ 11 

Figure 4 – Summer and winter comfort zones (ASHRAE - Fundamentals Handbook, 2009). .... 12 

Figure 5 - Stack effect in a high-rise condominium with central air (Lstiburek, 2006). .............. 15 

Figure 6 - Stack effect in a high-rise condominium without central air (Lstiburek, 2006). ......... 16 

Figure 7 - Ventilation system setup in a standard condominium(Canada Mortgage and Housing 

Corporation, 2003). ....................................................................................................................... 21 

Figure 8 - Fixed-plate heat exchanger (ASRHAE - HVAC Systems & Equipment Handbook, 

2008). ............................................................................................................................................ 22 

Figure 9 - Rotary wheel (enthalpy wheel) heat/moisture exchanger(ASRHAE - HVAC Systems 

& Equipment Handbook, 2008). ................................................................................................... 22 

Figure 10 - Two storey condominium mockup in the structural laboratory. ................................ 25 

Figure 11 - Mockup construction photos in the structural laboratory. ......................................... 27 

Figure 12 - Venmar Constructo 1.0 Air Exchanger (Venmar, 2012). .......................................... 28 

Figure 13 - CO2 regulator providing flow at a maximum speed of 7.1 L/s. ................................. 29 

Figure 14 - CO2 controller with digital display in the upper suite of the mockup. ....................... 29 

Figure 15 – Temp, relative humidity and CO2 sensors as provided by SMT Research and COZIR.

....................................................................................................................................................... 31 

Figure 16 - Sensors placed in the exhaust duct behind the vent. .................................................. 32 



x 

 

Figure 17 - Sensors used for ambient readings. ............................................................................ 32 

Figure 18 – An example of a sensor location in line with the exhaust vent and plume. .............. 33 

Figure 19 - Geometry of the CFD model as designed in Ansys DesignModeler (isometric view).

....................................................................................................................................................... 36 

Figure 20 – Quadrilateral meshing along the external faces of the model. .................................. 38 

Figure 21 – Interior side of the model showing various mesh elements. ..................................... 38 

Figure 22 - Model setup and boundary conditions as shown in Ansys. ....................................... 39 

Figure 23 - Location of points monitored during experimental testing with respect to the wall 

face and floor. ............................................................................................................................... 43 

Figure 24 – Expected and modeled exhaust paths plotted against experimental sensor tested 

locations. ....................................................................................................................................... 44 

Figure 25 – Experimental and model dilution levels for vent angle of tested locations. .............. 46 

Figure 26 - A picture of water vapour exhausting from the mockup for the purpose of 

demonstrating the CO2 exhaust plume's path during experimental testing. ................................. 48 

Figure 27 - Graphical results from Ansys showing a vertical slice through the CO2 exhaust 

plume (30° nominal vent angle). ................................................................................................... 48 

Figure 28 - Exhaust ventilation ductwork with a sensor inside and the cap off to the left. .......... 49 

Figure 29 - Photos demonstrating how the concentration of CO2 slowly fades with each 

additional interval. These photos are just samples and do not correspond to a given test. ........... 54 

Figure 30 - Side view of the base model results. .......................................................................... 55 

Figure 31 - Side view of the 30 degree vent angle model results (1.32m/s vent speed). .............. 56 

Figure 32 - Side view of the 45 degree vent angle model results (1.32m/s vent speed). .............. 56 

Figure 33 - Side view of the 60 degree vent angle model results (1.32m/s vent speed). .............. 56 



xi 

 

Figure 34 - Side view of the 90 degree vent angle model results (1.32m/s vent speed). .............. 56 

Figure 35 – Model exhaust paths by vent angle. .......................................................................... 58 

Figure 36 - Side view of the increased vent speed model results (1.65m/s vent speed). .............. 60 

Figure 37 - Side view of the decreased vent speed model results (0.99m/s vent speed). ............. 60 

Figure 38 - Exhaust paths for an increased and decreased exhaust speed in Ansys. .................... 61 

Figure 39 - Four modeled wind scenarios in Ansys. .................................................................... 62 

Figure 40 - 3D view of the contaminant flow in head wind as it appears in Ansys. .................... 63 

Figure 41 - Side view of the head wind model results. ................................................................. 64 

Figure 42 - 3D view of the contaminant flow in a side wind as it appears in Ansys. ................... 65 

Figure 43 - Side view of the side wind model results. .................................................................. 66 

Figure 44 - 3D view of the contaminant flow in a 0.25m/s wind angled at 45 degrees as it appears 

in Ansys. ....................................................................................................................................... 67 

Figure 45 - Side view of the 0.25m/s cross wind model results. .................................................. 68 

Figure 46 - 3D view of the contaminant flow in a 0.35m/s wind angled at 45 degrees as it appears 

in Ansys. ....................................................................................................................................... 69 

Figure 47 - Side view of the 0.35m/s cross wind model results. .................................................. 70 

Figure 48 – The level of dilution at various distances from the exhaust vent, sorted by wind type 

and direction.................................................................................................................................. 71 

Figure 49 - XY cut a few centimeters parallel to the face of the building during a cross wind 

model scenario. ............................................................................................................................. 76 

Figure 50 - Suggested vent cap design. ........................................................................................ 78 

Figure 51 - Four k-frame walls on top of each other during pre-construction in the building 

science laboratory. ........................................................................................................................ 90 



xii 

 

Figure 52 - Additional pre-construction photos from the building science laboratory. ................ 91 

Figure 53 - Construction photos in the structural laboratory. ....................................................... 92 

Figure 54 - CO2 tank behind the two storey mockup. .................................................................. 92 

Figure 55 - Geometry of the CFD model as designed in Ansys DesignModeler (bottom view).

..................................................................................................................................................... 100 

Figure 56 - Clear isometric view of the 3D model showing the two storey mockup and the larger 

body of influence in front. .......................................................................................................... 101 

Figure 57 - Meshing along a XY slice showing the interior mesh along the condominium’s walls 

and vents. .................................................................................................................................... 102 

Figure 58 - Volume versus vertex based meshing(ANSYS, 2010). ........................................... 104 

  



xiii 

 

List of Abbreviations & Acronyms 

 

ASHRAE American Society of Heating, Refrigeration, and Air-Conditioning Engineers 

CSA Canadian Standards Association 

ERV Energy Recovery Ventilator 

HRV Heating Recovery Ventilator 

HVAC Heating, Ventilation and Air Conditioning 

ISVS In-Suite Ventilation Systems 

MURB Multi-Unit Residential Building 

NBCC National Building Code of Canada 

OBC Ontario Building Code 

 

 

 



1 

 

1. INTRODUCTION 

1.1. HISTORY OF VENTILATION SYSTEMS 

Since the introduction of heat and energy recovery ventilators (HRVs/ERVs) in the mid 1970’s, 

ventilation systems have seen numerous advancements including the codes governing their 

installation and operation (Cooke, Gord, 2008). The distance between intake and exhaust vents 

for standard residential combustion appliances has been a debate for decades (Cooke, Gord, 

2008). CAN/CSA, OBC, NBCC and ASHRAE have all outlined codes and guidelines pertaining 

to the installation and distance between such ducts. 

Historically, three significant problems exist with air to air exchangers in high-rise residential 

applications. They include the formation of frost, intake duct blockage and contamination from 

other house exhausts (Cooke, Gord, 2008). Collectively, these issues have been the focus of 

ventilation system design and discussion since their introduction in condominiums. 

To minimize the formation of frost, heat and energy recovery ventilators have experimented with 

three methods; preheating supply air, reducing the HRV/ERVs effectiveness and airstream 

bypass (ASRHAE - HVAC Systems & Equipment Handbook, 2008). The effect of frost 

blockage if not handled correctly creates a pressure drop across the system causing a reduction in 

air flow and ultimately a reduced effectiveness of the ventilation system (ASRHAE - HVAC 

Systems & Equipment Handbook, 2008). The outdoor temperature at which frost control should 

be implemented can be estimated by an equation provided by ASHRAE (ASRHAE - HVAC 

Systems & Equipment Handbook, 2008). 
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The effects of fresh air intake duct blockage by means of dust and other small particle 

accumulation (also known as fouling) is similar to that of frost formation (ASRHAE - HVAC 

Systems & Equipment Handbook, 2008). Any type of blockage in a ventilation system will cause 

a reduction in air flow and ultimately a reduced HRV/ERV effectiveness (ASRHAE - HVAC 

Systems & Equipment Handbook, 2008). 

The third issue and primary focus of this thesis pertains to the cross contamination of air flow. 

There are three common methods for cross contamination to occur in a ventilation system. The 

first two come as a result of imperfections in the construction of a ventilation system. An ERV 

contains an enthalpy wheel or fixed plate system to transfer both sensible and latent heat between 

air streams (ASRHAE - HVAC Systems & Equipment Handbook, 2008). Since ERVs require 

moisture transfer between inlet and outlet air streams (as opposed to heat transfer only in an 

HRV), two known deficiencies may occur. The first is cross-flow leakage and refers to the air 

flow through small gaps or imperfections in the ventilator (ASRHAE - HVAC Systems & 

Equipment Handbook, 2008). The second is carryover which is the transfer of contaminants 

between streams by means of a rotating enthalpy wheel (ASRHAE - HVAC Systems & 

Equipment Handbook, 2008). For HRVs, carryover and cross-leakage are less likely to occur 

since the exchanger is typically fixed plate. The third method known as cross contamination is 

the result of exhaust air reaching the fresh air supply on the exterior side of the envelope. 

It is suggested that outdoor and exhausted contaminants have several methods of delivery to a 

fresh air supply vent (Halsall Associates Limited, 2010). The exhaust originates from residential 

appliances that vent to the outdoors, including gas stove range hoods, furnaces, clothes dryer and 

recovery ventilation exhaust systems (Canada Mortgage and Housing Corporation, 2003). 
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Furthermore, if the exhaust system vents are not carefully positioned on the exterior façade the 

combined effects of wind and buoyancy will allow air flow from exhaust system vents to reach 

the fresh air supply vents. 

1.2. BACKGROUND 

Recovery ventilators were introduced to maintain an acceptable indoor air quality (ASRHAE - 

HVAC Systems & Equipment Handbook, 2008). The advantage to these devices is that they not 

only increase indoor air quality by diluting the interior air with outdoor air, but they also 

minimize energy consumption and safety concerns (ASRHAE - HVAC Systems & Equipment 

Handbook, 2008). 

Starting in the mid 1960’s, high-rise condominiums have attempted to achieve adequate 

ventilation from either central (roof-mounted) or in-suite ventilation equipment (Condobusiness, 

2009). An indication of health problems along with experimental testing shows that previous 

methods of ventilation have been insufficient (Statistics Canada, 2009). As such it is instinctively 

known that many ventilation systems require adaptation. 

Condition surveys have been conducted over the last few years at numerous downtown Toronto 

condominiums posing questions of air quality (DeRose, 2011). In one such survey, a 

condominium built in 2009 with in-suite ventilation systems reported several complaints of 

odours including tobacco and cooking aromas (DeRose, 2011). In the past, these odours have 

been suspected to be a result of air transfer between suites (Canada Mortgage and Housing 

Corporation, 1998). Specifically, the effect of air flowing through interior walls and/or the 

corridors (Canada Mortgage and Housing Corporation, 1998). However, for various reasons new 
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construction has led designers to compartmentalize suites as best as possible along with 

pressurizing corridors preventing a back draft in the event of a fire (Smoke-Free Housing 

Ontario, 2010). For this reason it is suspected that contaminated air must be entering the suite 

through the only other possible penetration path allowing air flow in the ventilation system, the 

HRV inlet. 

After considering the above mentioned design requirements it is believed the cross 

contamination is occurring as the result of one owner’s suite exhaust reentering another suite’s 

fresh air supply. There are theoretically 36 possible fresh air supply/exhaust ventilation system 

options that can exist in any high-rise condominium (Canada Mortgage and Housing 

Corporation, 2003). Figure 1 shows that of these 36, only 21 have the potential to provide 

adequate indoor air quality (Canada Mortgage and Housing Corporation, 2003). 

 

Figure 1 - Matrix of possible supply and exhaust design configurations (Canada Mortgage and 

Housing Corporation, 2003). 
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The mechanical systems constitute the use of a constant flow fan running at either a suite, floor 

or central level (Canada Mortgage and Housing Corporation, 2003). The passive systems rely on 

induced pressures typically induced as a result of stack effect (Canada Mortgage and Housing 

Corporation, 2003). Passive exhaust cannot be implemented on a suite or floor level because the 

pressures due to stack effect would be insufficient (Canada Mortgage and Housing Corporation, 

2003). In addition, the mechanical supply and passive exhaust combination cannot exist for 

safety reasons (Canada Mortgage and Housing Corporation, 2003). A positively pressurized suite 

could potentially result in condensation issues especially in a cold climate (Canada Mortgage and 

Housing Corporation, 2003). 

The focus of this study pertains to in-suite ventilation systems which on the chart shown above 

refers to the highlighted box (mechanical supply and exhaust at a suite based level). This 

combination is being installed in an increasing number of high-rise condominiums as a result of 

its exceptional ventilation performance and minimal suite space requirement (Canada Mortgage 

and Housing Corporation, 2003). 

1.3. OBJECTIVE 

The purpose of this project is to develop an alternative exhaust strategy for new install and 

retrofitting of in-suite ventilation systems. The guidelines will be created based on the results of 

computational fluid dynamic modeling, experimental testing and analysis. The design strategies 

will reference both new and retrofit type construction and will guide designers in positioning 

intake and exhaust ductwork so as to minimize the risk of cross contamination. 
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1.4. OUTLINE OF THE THESIS 

1.4.1. LITERATURE REVIEW 

Relevant literature, journal articles and previous research performed on in-suite ventilation 

systems in multi-unit residential buildings (MURBs) will be collected and synthesized. The 

literature will include references from codes, guidelines and standards including the OBC, 

NBCC, CAN/CSA and ASHRAE. 

1.4.2. LABORATORY TESTING 

A two storey mockup of condominium suites with an active in-suite ventilation system will be 

designed and constructed. The two suites will be compartmentalized to eliminate the possibility 

of cross contamination through the walls, floor and ceiling. The top suite is filled with 

approximately 2500ppm of carbon dioxide and then exhausted at a steady state to the 

surrounding ambient air environment. Carbon dioxide sensors are placed at various coordinates 

both in-line with and horizontal of the exhaust plane to determine the level of cross 

contamination at several locations. 

1.4.3. COMPUTER MODELING 

Simulations similar to the previous experimental tests will be performed in ANSYS 

(computational fluid dynamics modeling program). The model is then calibrated to match the 

experimental results as best as possible. Upon completion of the calibration and normalization of 

the computer models, further simulations such as alternate winds, exhaust vent angles and more 

can be tested to determine the effects and levels of cross contamination for various scenarios.  
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1.4.4. DATA ANALYSIS 

Data gathered from experimental testing will be analyzed and compared to the computer model 

simulation results. Based on these analyses, relationships between in-suite ventilation system 

design factors and the level of contaminant dilution at given distances from an exhaust vent are 

developed with a view to assisting designers. It is essential that the results of each test be 

normalized to the level of dilution downwind of the original exhaust as the carbon dioxide 

concentration in each of the experimental tests will vary. 

1.4.5. GUIDELINE DEVELOPMENT 

Guidelines and tools will be drafted for practitioners to use in new construction or retrofit 

applications. These guidelines will incorporate both design and installation tools for utilizing in-

suite ventilation systems, and establishing a best practices method for minimizing the risks of 

cross contamination. 
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2. BACKGROUND AND CURRENT ISSUES ON VENTILATION SYSTEMS 

Historically several types of ventilation system configurations have been used since their 

introduction to high-rise condominiums (Canada Mortgage and Housing Corporation, 2003). 

They include exhaust only, pressurized corridors, direct supply and in-suite ventilation systems 

(Canada Mortgage and Housing Corporation, 2003). Each one of these systems has its 

advantages and disadvantages related to air quality, energy savings, human comfort and safety 

(Canada Mortgage and Housing Corporation, 2003). These relationships are discussed in the 

following sections. 

2.1. THE NEED TO PROVIDE FRESH AIR 

There are several air quality guidelines proposed by Health Canada to ensure the health and 

safety of condominium residents (Health Canada, 2012). These guidelines are typically in the 

form of recommended exposure limits (Health Canada, 2008). An exposure limit as defined by 

the Seton Resource Center is a given concentration of a known contaminant that if not exceeded 

will not induce potentially dangerous adverse affects on the person being exposed (Tricor Direct, 

Inc. and IntraWEB, 2008).  Everyday indoor pollutant sources such as stoves, furnaces and the 

CO2 from human exhalation can potentially put home owners at risk (Health Canada, 2008). 

Each source may contaminate the indoor air and can contribute towards an unhealthy and 

potentially dangerous living environment (Health Canada, 2008). The concentrations of 

odourless contaminants such as carbon monoxide and carbon dioxide can increase significantly 

before a home owner has any idea that he or she may be at risk (Health Canada, 2008). Since 

carbon dioxide is produced by nearly every pollutant source and is always in the ambient air, it is 

commonly used to measure indoor air quality (Canada Mortgage and Housing Corporation, 
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1998). Ambient outdoor air contains approximately 0.04% (~ 400 ppm) carbon dioxide, however 

this number often changes by location and environment (U.S. Department of Commerce, 2012). 

Health Canada and nearly every other body governing indoor air quality has set some safe and 

acceptable level of carbon dioxide concentrations in the air (Health Canada, 2008). The 

concentration of carbon dioxide in the air is often a good indicator of ventilation quality indoors. 

As such a maximum limit of approximately 1000ppm is considered safe and well within comfort 

range (Schell & Int-Hout, 2001). Exceeding exposure limits of carbon dioxide can result in 

people becoming drowsy and experiencing other reversible side effects (Health Canada, 2008). 

At carbon dioxide levels well beyond the exposure limits (~35,000-50,000ppm), people can be 

permanently affected (Health Canada, 2008). These levels of carbon dioxide are not particularly 

an issue in high-rise condominiums. However from experience, indoor levels are commonly 

found above the suggested 1000ppm guidelines.  

2.1.1. RELATIONSHIP BETWEEN MURB VENTILATION AND OCCUPANT 

HEALTH 

A direct correlation can be made between a lack of ventilation in a high-rise condominiums and 

health problems (Statistics Canada, 2009). Contaminants such as carbon monoxide, carbon 

dioxide, radon, mould, dust and volatile organic compounds may potentially pose health risks to 

home owners (Statistics Canada, 2009). Statistics Canada states that five percent of one of their 

nationwide surveys (~1.7 million people assuming a total population of 34 million) identified 

someone in their household with a health problem directly related to reduced indoor air quality 

(Statistics Canada, 2009). As seen in Figure 2, 69 percent of the surveyors previously reported 

either fair or poor indoor air quality (Statistics Canada, 2009). 
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Figure 2 - Incidences of suspected health problems due to indoor air quality by air quality rating 

(Statistics Canada, 2009). 

Twenty percent of Canadian home owners reported that they have seen condensation on the 

inside surface of their windows not including their shower and kitchen areas (Statistics Canada, 

2009). An increase in moisture can cause mould, mildew and other health issues. The importance 

here is that home owners do not have adequate ventilation if they are observing condensation on 

the interior side of their windows (Statistics Canada, 2009). It is suggested that several of the 

above noted poor and fair indoor air quality cases are a result of home owners not having a 

furnace fan or recovery ventilator to provide adequate air circulation or ventilation (Statistics 

Canada, 2009). 

2.1.2. RELATIONSHIP BETWEEN MURB VENTILATION AND ENERGY 

SAVINGS 

The potential for energy savings increases with MURB ventilation (Canada Mortgage and 

Housing Corporation, 2003). If condominium owners choose to receive fresh air with a recovery 

ventilator, the resulting energy consumption of their heating and cooling load will be reduced 

(Canada Mortgage and Housing Corporation, 2003). A heating or energy recovery ventilator as 
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shown in Figure 3 allows fresh air intake and stale air exhaust to exchange heat in order to 

minimize the load on a furnace or air conditioner (Natural Resources Canada, 2009). 

 

Figure 3 Visual representation of a HRV (Natural Resources Canada, 2009). 

HRVs are capable of being over 80 percent effective in recovering heat from the exhaust stream 

and exchanging it to the intake stream (Natural Resources Canada, 2009). The two in one 

process carried out by the HRV allows fresh air into a condominium and reduces the energy load 

with recovered heat. Similarly, an ERV capable of recovering both heat and moisture can be 

even more effective depending on the geographical location and outdoor environment. 

2.1.3. RELATIONSHIP BETWEEN MURB VENTILATION AND HUMAN 

COMFORT 

Human comfort in any type of building occupancy is directly proportional to both the indoor 

temperature and humidity levels (ASHRAE - Fundamentals Handbook, 2009). The following 

diagram (see Figure 4) shows acceptable indoor temperature and humidity levels to provide 

adequate human comfort. 



12 

 

 

Figure 4 – Summer and winter comfort zones (ASHRAE - Fundamentals Handbook, 2009). 

When considering an HRV or ERV it is important for a home owner to determine their typical 

outdoor environment conditions. A HRV is only capable of recovering sensible heat (ie. 

controlling the indoor temperature), while an ERV is capable of recovering both sensible and 

latent heat (ie. controlling the indoor temperature and humidity level). 

2.2. EARLY DEVELOPMENT OF VENTILATION SYSTEMS 

2.2.1. LOW-RISE APPLICATION 

Low-rise ventilation systems are similar to that of high-rise applications with a few exceptions. 

On average, low-rise homes have significantly larger floor spaces than high-rise condominiums 

(Natural Resources Canada, 2009). As such, additional aspects such as the ventilator’s fan power 

and duct location must be considered. The placement of the ventilator must also be conditional 
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upon the home’s external surroundings (ie. exhaust vents from neighboring house, large trees or 

other obstructions). Low-rise homes are not discussed further in this project. 

2.2.2. HIGH-RISE APPLICATION 

As previously noted, several approaches to high-rise ventilation systems have been attempted 

since their introduction. These systems have been modified and upgraded as they become 

ineffective or and/or prohibited by code. The details of a few alternate ventilation methods are 

outlined below. 

2.2.2.1. CLASSICAL ENVELOPE INFILTRATION METHOD 

The first ventilation systems implemented in high-rise condominiums were nothing more than 

exhaust vents positioned in a few locations within a suite (Canada Mortgage and Housing 

Corporation, 2003). In an exhaust only system, the ventilation strategy is to exhaust air to the 

outdoors from contaminant sources including washrooms, kitchen ranges and clothes dryers (Air 

Solutions, 2005). Make-up air for these high-rise residential suites comes from adjacent suites 

and through the exterior envelope (Air Solutions, 2005). The exhaust only ventilation system 

failed because of inadequate fresh air supply to suites. The fresh air being provided to suites in a 

exhaust only system significantly relies on the outdoor environmental conditions (ie. wind, 

temperature, etc). In addition, modern buildings are constantly increasing air tightness 

(compartmentalization), which creates a larger resistance to (if not completely preventing) air 

flow (Air Solutions, 2005). The solution to this problem is to provide fresh air supply to suites 

with a pressurized system. 
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2.2.2.2. CONTINUOUSLY PRESSURIZED CORRIDOR VENTILATION 

SYSTEM 

Central air ventilation allows for one large mechanical unit to exist on the roof with damper 

controls on air flow to each floor level (Canada Mortgage and Housing Corporation, 2003). The 

idea is that air flows through a centralized shaft in the center of the building and is then forced 

into the corridors and suites (Canada Mortgage and Housing Corporation, 2003). Residents are 

then required to leave an unobstructed gap at the bottom of their door to allow for fresh air to 

enter their suite (Cooke, 2011). Problems with this solution include corridor pressure losses due 

to stairwells, elevators, renovations that remove the gap, moisture issues in pressurized suites, 

increased stack effect with no compartmentalization, fire code issues and residents covering the 

gap with a mat (Cooke, 2011). 

2.2.2.3. DIRECT SUPPLY APPROACH 

The second solution presented is a direct supply ventilation system by which pressurized air is 

supplied directly to each suite. Newer condominium suites are constantly increasing air tightness 

to reduce energy demands and as such require directly supplied ventilation as opposed to relying 

on air infiltration through the envelope or under a door (Cooke, 2011). The problem with this 

solution is more of an operations issue. While a few of the previous issues still exist, it is both 

costly and energy consuming to leave the entire building’s ventilation system running at full 

capacity. Since building owners do not know when individual suite owners will require 

ventilation, they are forced to leave the system running at all times. In addition, the level of 

ventilation provided is typically the minimal amount required by code, which will not help 

eliminate point source odours (Canada Mortgage and Housing Corporation, 2003). Home owners 
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have no control over the level of ventilation supply to their suite. The resolution to this problem 

is the introduction of in-suite HRV and ERV systems. 

2.2.2.4. IN-SUITE VENTILATION 

In-suite ventilation systems change the control of operation from the building manager to 

individual home owners. Given the proper training to use a ventilation system or an 

automatically controlled system, home owners can receive proper ventilation on demand as their 

suite requires it (ASRHAE - HVAC Systems & Equipment Handbook, 2008). 

There are several advantages to in-suite ventilation systems over and above the energy savings 

and on-demand controls. In-suite ventilation systems allow condominium owners to ensure they 

are receiving exceptional indoor air quality (Canada Mortgage and Housing Corporation, 2003). 

Additional minor benefits include reduced stack effect pressures and increased home space due 

to a reduction in central air ducts (Canada Mortgage and Housing Corporation, 2003). Figure 5 

and Figure 6 provide a visual representation of the benefits. 

 

Figure 5 - Stack effect in a high-rise condominium with central air (Lstiburek, 2006). 



16 

 

 

Figure 6 - Stack effect in a high-rise condominium without central air (Lstiburek, 2006). 

 

Similar to every other ventilation system, there are negative aspects of an in-suite ventilation 

system (Canada Mortgage and Housing Corporation, 2003). The most significant is the capital 

cost of purchasing hundreds of in-suite ventilators for one condominium plus the operating cost 

for maintenance on a yearly basis (Canada Mortgage and Housing Corporation, 2003). Where a 

typical centralized system requires one large and relatively expensive ventilation unit, a 200 unit 

apartment building, requires 200 ventilators at a greater cost. That being said, if home owners 

receive even minimal training they are capable of saving money over a period of several years 

through reduced operating and energy costs (ASRHAE - HVAC Systems & Equipment 

Handbook, 2008). The training includes how to clean and replace an HRV/ERV filter once a 

year, control the system to operate at optimal intervals and knowing when to have a mechanic 
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come in for inspection (ASRHAE - HVAC Systems & Equipment Handbook, 2008). Another 

minor disadvantage is the loss of interior home space due to the requirement of a mechanical 

closet for the ventilation system (Canada Mortgage and Housing Corporation, 2003). 

2.3. GOVERNING CODES AND GUIDELINES 

For as long as HRVs and ERVs have been installed in condominiums the question always arises, 

“what separation distance do you need between intake and exhaust ducts” (Cooke, Gord, 2008). 

Gord Cooke of Air Solutions wrote a white paper analyzing the codes and guidelines that exist 

today with respect to the separation distance between intake and exhaust vents. After 25 years of 

experience he noted the industry standard as a 1.8m (6’) separation between the intake and 

exhaust vents (Cooke, Gord, 2008). Additionally, all vents are required to be 0.46m (18”) from 

the ground (Cooke, Gord, 2008). As the installation of HRVs and ERVs increase, so does the 

need for guidelines on installing and operating the systems (Cooke, Gord, 2008). The Ontario 

Building Code (OBC), National Building Code of Canada (NBCC), CAN/CSA and ASHRAE 

have all adopted their own codes, standards and guidelines. 

2.3.1. OBC AND NBCC REGULATIONS 

Section 9.32.3.12 of the Ontario Building Code, 2006 is referred to as “Outdoor Intake and 

Exhaust Openings (Ontario Building Code, 2006).” The subsections are as follows: 

¶ (1) Separate air intake and exhaust outlet openings, when located on the same wall or 

roof, shall be installed so as to avoid contamination of the ventilation air by the exhaust 

air. 
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¶ (2) Intake openings shall be located so as to avoid contamination of the ventilation air 

from other local sources such as automobile exhausts and exhaust from adjacent 

buildings. 

¶ (3) The distance from the bottom of an air intake opening to finished ground level or to 

any nearer and lower permanent horizontal surface shall be not less than 450mm or the 

depth of expected snow accumulation, whichever is greater. 

¶ (4) The distance separating air intakes from building envelope penetrations that are 

potential sources of contaminants, such as gas vents or oil fill pipes, shall be not less than 

900mm (~ 3ft.). 

From the above noted subsections it is apparent that although no clear separation distance 

between intake and exhaust vents is defined, there is a 900mm (~ 3ft.) separation distance 

between fresh air supply (intake duct) and gas vents (exhaust duct)(Cooke, Gord, 2008). 

2.3.2. CAN/CSA CODE 

The CAN/CSA code is quite similar to that of the OBC and NBCC with one significant addition. 

The addition is outlined in Section 5.6 and states that no more than 15 percent cross 

contamination may occur between a fresh air supply and an exhaust vent (CSA Group, 2010). 

CAN/CSA F326 M91 identifies the following relevant subsections: 

¶ Section 5.6 - …leakage from the exhaust air stream to any supply air stream shall not 

constitute more than 15% of the exhaust airflow provided by the packaged ventilator. 

¶ Section 8.8.1 – Separate air intake and exhaust openings, when located on the same wall 

or roof, shall be installed so as to prevent contamination of the ventilation air by the 
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exhaust air. Concentric or immediately adjacent air intake and exhaust openings shall be 

constructed and installed so as to prevent cross-contamination. 

¶ Section 8.8.3 – The distance separating outdoor air intakes from building penetrations 

that are potential sources of contaminants, such as gas vents or oil fill pipes, shall not be 

less than 900mm. 

An excerpt from Section 8.8.1 states “concentric or immediately adjacent air intake and exhaust 

openings shall be constructed and installed so as to prevent cross-contamination” (CSA Group, 

2010). The problem is that CAN/CSA along with the OBC and NBCC do not define cross 

contamination. It could be assumed that the 15 percent transfer as outlined in Section 5.6 of 

CAN/CSA F326 M91 is the guideline for the above noted excerpt, but this is not defined 

anywhere in the CAN/CSA regulations. Furthermore, the OBC and NBCC do not even make 

reference to a safe level of cross-contamination. 

2.3.3. ASHRAE STANDARDS 

The ASHRAE standards pertaining to high-rise residential air intake and exhaust vent separation 

are not entirely clear at this point. There are two standards of significance; ASRHAE 62.1 – 

Ventilation for Acceptable Indoor Air Quality (includes high-rise residential buildings), and 62.2 

– Ventilation and Acceptable Indoor Air Quality in Low-Rise Residential Buildings. Since 

ASHRAE 62.1 governs high-rise buildings it is the first to be referred to when looking for a 

separation distance between vents for a condominium. According to ASHRAE 62.1, only Class 3 

and Class 4 exhaust air require separation from fresh air supply vents (ASHRAE, 2010). The 

standard also identifies high-rise residential exhaust air as Class 1 with the exception of the 

kitchen range hoods (Class 2) (ASHRAE, 2010). As such, the standard does not require any 
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separation distance at this time (ASHRAE, 2010). The confusion lies in ASRHAE 62.2, which 

deals with the same concepts except related to low-rise residential buildings. In ASRHAE 62.2 a 

3.0m (10’) separation is required between fresh air supply and exhaust terminations (ASHRAE, 

2010). Section 6.8 states “Air inlets… shall be located a minimum of 10 ft (3m) from known 

sources of contamination such as stack, vent, exhaust hood, or vehicle exhaust” (ASHRAE, 

2010). This requirement is more conservative than the OBC, NBCC and CAN/CSA F326 M91 

standard, however it does not yet apply to ASHRAE’s high-rise building guidelines. 

2.4. VENTILATOR TYPES 

Sensible and latent heat recovery ventilators are essential to providing excellent indoor air 

quality at a low operating cost and minimizing energy consumption (ASRHAE - HVAC Systems 

& Equipment Handbook, 2008). Every HRV or ERV has a different effectiveness whether it 

utilizes a plate or rotary system. The effectiveness is calculated based on the heat and moisture 

exchanged between an airstream of high temperature or high moisture to an airstream of low 

temperature or low moisture (ASRHAE - HVAC Systems & Equipment Handbook, 2008). An 

ideal ventilation system would also minimize the cross contamination between the two 

airstreams (ASRHAE - HVAC Systems & Equipment Handbook, 2008). Below is a typical 

schematic of how a ventilation system would be installed in a condominium. 
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Figure 7 - Ventilation system setup in a standard condominium(Canada Mortgage and Housing 

Corporation, 2003). 

From the schematic shown above in Figure 7, it is evident the ventilation system only recovers 

exhaust air from the washroom and general living areas. At this time, ventilation systems are 

only capable of exhausting range hoods and clothes dryers directly to the outdoors (Canada 

Mortgage and Housing Corporation, 2003). This is because a dryer creates lint and the range 

hoods vent oil vapour. Both lint and oil vapour can potentially be flammable if they build up in a 

ventilation system’s ductwork. 

2.4.1. HEAT RECOVERY VENTILATORS (HRVs) 

Heat recovery ventilators allow sensible heat only to transfer from an airstream of high 

temperature to an airstream of low temperature (ASRHAE - HVAC Systems & Equipment 

Handbook, 2008). An HRV can be classified by one of the two common types of exchangers 

found in the system; fixed-plate or rotary (ASRHAE - HVAC Systems & Equipment Handbook, 

2008). 
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Figure 8 - Fixed-plate heat exchanger (ASRHAE - HVAC Systems & Equipment Handbook, 

2008). 

A fixed plate rotary system as seen above in Figure 8 allows the air to exchange heat along 

several highly conductive plates connected together and commonly composed of aluminum 

(ASRHAE - HVAC Systems & Equipment Handbook, 2008). 

 

Figure 9 - Rotary wheel (enthalpy wheel) heat/moisture exchanger (ASRHAE - HVAC Systems 

& Equipment Handbook, 2008). 
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A rotary wheel system has a conductive wheel in between the two airstreams that is constantly 

rotating (ASRHAE - HVAC Systems & Equipment Handbook, 2008) (see Figure 9). The high 

temperature airstream heats the one side of the wheel, which in turn rotates and releases the heat 

to the low temperature airstream (ASRHAE - HVAC Systems & Equipment Handbook, 2008). 

2.4.2. ENERGY RECOVERY VENTILATOR (ERVs) 

ERVs are similar to HRVs with one additional component. They are capable of transferring not 

only sensible heat but latent heat (moisture) as well. The construction can still be either fixed-

plate or rotary, however the difference is ERV exchangers are coated with a desiccant to absorb 

and release moisture from the air (ASRHAE - HVAC Systems & Equipment Handbook, 2008). 

The effectiveness of these systems varies significantly by the type of exchanger, the seals 

between airstreams, the outdoor temperature and maintenance (ASRHAE - HVAC Systems & 

Equipment Handbook, 2008). ASHRAE denotes the equation for effectiveness of an HRV or 

ERV as the following: 

‐  
ὥὧὸόὥὰ ὸὶὥὲίὪὩὶ έὪ ὩὲὩὶὫώ

άὥὼὭάόά ὴέίίὭὦὰὩ ὸὶὥὲίὪὩὶ ὦὩὸύὩὩὲ ὥὭὶίὸὶὩὥάί
 

(ASRHAE - HVAC Systems & Equipment Handbook, 2008). 

2.5. KNOWN ISSUES FOR HEAT AND LATENT RECOVERY DEVICES 

Several known problems may arise when operating a ventilation device. They include; air 

leakage, air capacity limits, corrosion, pressure drops, maintenance and filtration (ASRHAE - 

HVAC Systems & Equipment Handbook, 2008). The deficiency of interest to this project is that 
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of air leakage, which can be defined as exhaust air flow reaching the fresh air supply (ASRHAE 

- HVAC Systems & Equipment Handbook, 2008). 

Air leakage is identified in Chapter 25 of ASRHAE’s HVAC Systems and Equipment Handbook 

as cross flow between improperly sealed holes in a fixed plate or rotary system along with 

improperly sealed gaskets around an enthalpy wheel (ASRHAE - HVAC Systems & Equipment 

Handbook, 2008). Both of these potential deficiencies create minimal problems in comparison to 

the third air leakage issue, which is not mentioned. The third problem is the contaminated 

exhaust air flow moving back into the fresh air supply inlet from the exterior side of a building. 

This process as previously mentioned is known as cross contamination. The methods by which 

exhausted air reaches the fresh air supply will be discussed in Section 5 and is the main focus of 

this project. 
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3. LABORATORY TESTING FOR CROSS CONTAMINATION 

3.1. BACKGROUND OF LABORATORY TESTING 

A two storey mockup of condominium suites was built in the structural laboratory within 

Sanford Fleming at the University of Toronto (see Figure 10). 

 

Figure 10 - Two storey condominium mockup in the structural laboratory. 
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The purpose of the mockup was to be able to exhaust carbon dioxide and measure the resulting 

concentration at several locations downstream (ie. in front of the mockup). The testing was 

carried out indoors as opposed to outdoors in an attempt to create calm steady state atmospheric 

conditions (assuming that the indoor airflow in the lab was minimal). The testing was performed 

after hours with the doors closed and the ventilation system off. The height of each suite was 

approximately 2.44m (8’) plus the height of the headers (approx. 2.59m in total – per suite). The 

depth and width of the mockup was sized to allow enough room for the ventilation and the 

experimental measuring equipment. In addition to this, the interior volume of each suite had to 

be large enough that significant pressures would not build up as a result of running the ERV 

system slightly unbalanced. 

3.2. DESIGN AND CONSTRUCTION OF THE MOCKUP 

The construction of the two storey mockup started with building several wall pieces in the 

building science laboratory at U of T. Four 3.66m x 2.44m k-frames along with four 1.22m x 

2.44m laterally reinforced side walls were constructed, squared and moved into the structural 

laboratory as seen in Figure 11. Additional pieces such as the floor and ceiling were also 

preassembled in the building science laboratory (see Figure 51, Figure 52, Figure 53 and Figure 

54 in Appendix A). Upon completion of the preassembly and moving the pieces into the 

structural laboratory, the main construction was carried out. 
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MOCKUP CONSTRUCTION PHOTOS 

 
TWO STOREY CONSTRUCTION LOWER SUITE INTERIOR SETUP 

  

Figure 11 - Mockup construction photos in the structural laboratory. 

Special care was taken in sealing the interior side of each condominium (see Figure 11). Details 

are outlined in the next section. 

3.3. EQUIPMENT SETUP 

The following sections outline the specific details involved in installing and operating the ERVs, 

carbon dioxide regulation and the sensors/monitoring/sampling system. 
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3.3.1. ERVs 

The ERVs used are Venmar Constructo 1.0 Air Exhchangers and are provided by Air Solutions 

(see Figure 12). The system is both Energy Star and HVI approved and has a capacity of 21.1 L/s 

(45cfm) on low speed and 49.6 L/s (105cfm) on high speed. The majority of the experimental 

testing is performed on low ventilation speeds in order to maximize the likelihood of cross 

contamination. 

 

Figure 12 - Venmar Constructo 1.0 Air Exchanger (Venmar, 2012). 

The fresh air supply and stale air exhaust ports were connected to the outer face of the two storey 

mockup with five inch insulated ductwork (also provided by Air Solutions). 

3.3.2. CARBON DIOXIDE REGULATION 

Carbon dioxide (CO2) is delivered to the upper suite using a tank of CO2, a standard CO2 

regulator and a CO2 controller. The tank provides a constant flow of CO2 and the regulator, as 

shown in Figure 13, then controls the high pressure of the tank (12,400 kPa or 1800 psi) and 

allows CO2 to flow constantly at a slower rate of 7.1 L/s (15cfm). 
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Figure 13 - CO2 regulator providing flow at a maximum speed of 7.1 L/s. 

The controller, as shown in Figure 14, sits in the upper suite and monitors the concentration of 

CO2 in the air. If the concentration of CO2 falls below the set point level (typically between 2000 

and 3000ppm depending on the test) the controller activates an electronic switch and allows the 

regulator to provide CO2 flow from the tank and regulator. 

 

Figure 14 - CO2 controller with digital display in the upper suite of the mockup. 
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This particular CO2 controller has the capability of allowing CO2 into the upper suite at a slower 

or faster speed as needed to keep the concentration relatively constant. Fans were used in the 

upper and lower suites to ensure uniform CO2 distribution. CO2 is heavier than air and as such 

would sink to the ground and create unwanted readings by the sensors without the fans. 

3.3.3. SENSORS, MONITORING AND SAMPLING 

There are two types of sensors that were used for sampling the air at various locations. The first 

was a combined of a temperature and relative humidity sensor with two additional auxiliary 

ports. The temperature and relative humidity sensor was a custom product created by SMT 

Research. The device is capable of wirelessly transmitting all the data back to a computer on 

demand. The second device monitors carbon dioxide in the air and is connected through the first 

device. This device is manufactured by COZIR, a company whose sole purpose is creating 

various CO2 sensors. Both sensors together can be seen below in Figure 15. The accuracy of the 

sensor is the larger of +/- 50ppm and +/- 3% of the reading. With the exception of the exhaust 

vent monitor which was consistently reading approximately 2500ppm, a majority of the readings 

fell within the +/- 50ppm accuracy range. The sampling rate for all three sensors was set for once 

every 30 seconds.  
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Figure 15 – Temp, relative humidity and CO2 sensors as provided by SMT Research and COZIR. 

In most experimental testing scenarios, three groups of sensors were used. The first was located 

inside the exhaust vent to ensure the accuracy of the concentration exiting the upper suite. A 

visual representation of this can be seen in Figure 16 below. 
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Figure 16 - Sensors placed in the exhaust duct behind the vent. 

The second was located in the laboratory, approximately 30 feet away from the mockup to 

improve the accuracy ambient CO2 concentration readings (see Figure 17). 

 

Figure 17 - Sensors used for ambient readings. 
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The third was constantly moved to test the level of contaminant dilution at various locations in 

what is considered to be the outdoor air. One example of this can be seen below in Figure 18. 

 

Figure 18 – An example of a sensor location in line with the exhaust vent and plume. 

Upon completion of all the experimental testing, the results were compared to the Ansys model 

results and then calibrated. Details are outlined in the next section. 

 



34 

 

4. COMPUTATIONAL FLUID DYNAMIC MODELING 

The computational fluid dynamic modeling serves as a method of ensuring the accuracy of the 

experimental results and allowing alternate tests to be completed without performing them in the 

laboratory. The difficulty in predicting the level of cross-contamination between suites stems 

from the ability to empirically calculate a solution for 3D air flow problems. Several approaches 

were analyzed in order to come up with what could be considered even a reasonable estimate. 

The first was an attempt to use the Gaussian Dispersion Model (GDM) to calculate the transfer 

of any given contaminant from one source to another. The key problem with the GDM is that it 

is not intended for micro scale analysis (Beychok, 2005). Specifically, the graphs used to model 

air turbulence in the GDM are meant for downwind measurements no less than 10m from the 

source (Beychok, 2005). Other factors include the model’s limited ability to precisely calculate 

such a unique case of contaminant transfer due to winds and other distinctive factors. 

Other attempts at measuring levels of cross-contamination include simple dilution calculations 

that can be found in the ASHRAE handbooks (ASHRAE - HVAC Applications Handbook, 

2007). The problem with the formulations found in ASHRAE is they are not capable of modeling 

the levels of cross-contamination between condominium suites. The reason for this is again 

similar to the issues arising with the GDM, the models and equation cannot incorporate certain 

factors such as wind. The result of this initial research was that Computational Fluid Dynamics 

(CFD) would have to be used. For this thesis and the rest of the computer model analysis a CFD 

analysis program known as Ansys will be used. 

A condominium setup will be modeled in Ansys in attempt to replicate the physical mockup that 

will be built for experimental testing. The computer model will be used to determine if cross 
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contamination is an issue with in-suite ventilation systems in various scenarios. The first and 

‘base’ model is intended to simulate the mockup construction of two condominium suites that 

will be built in the University of Toronto (U of T) structural laboratory. Through the calibration 

and comparison of the computer model and mockup, further analysis on the issue of cross 

contamination and the potential fixes will be examined and tested. 

The details pertaining to these models and the CFD analysis setup in Ansys is described 

moderately below and in detail in Appendix C. The computer modeling is a five step process that 

includes geometric modeling, applying a mesh to the geometry, setting up boundary conditions, 

key solver preferences, running the simulation and viewing a graphical representation of the 

results. All five steps must be done sequentially in the order in which they are described below. 

This means that the first steps take precedence and requires additional accuracy in order to 

ensure proper setup and reasonable results. 

4.1. GEOMETRIC MODELING/MESHING 

The initial model rendering can be broken down into three major aspects; the two storey 

condominium, the surrounding air space and the location of the HVAC intake and exhaust ducts. 

The 3D model shown below in Figure 20 is used as the basis for all further analysis. In the CFD 

model, the steady state air flow surrounding the condominium is the only volume of interest. The 

air flow within the condominium is not important because we are only concerned with the 

contaminant transfer between an exhaust and fresh air supply vent. As such, the interior volume 

has been removed from the CFD model. 
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Figure 19 - Geometry of the CFD model as designed in Ansys DesignModeler (isometric view). 

The model above in Figure 19 shows the entire model rendering as created in Ansys 

DesignModeler. The rectangular outline within the large rectangular volume in grey is a scaled 

replica of the experimental mockup to be built in the structural laboratory at U of T. 

The dimensions of the interior condominium are listed below in Table 1. 

Interior Two Storey Condominium 

Width 3.66m (~12’) 

Depth 1.22m (~4’) 

Height 5.18m (~17’) 

Vent-Vent Distance 2.44m (~8’) 

Table 1 - Two storey condominium dimensions as entered into Ansys. 
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In addition, the dimensions of the entire model are listed below in Table 2. 

Surrounding Air Space 

(entire model) 

Width 7.66m (~25.1’) 

Depth 11.22m (~36.8’) 

Height 7.18m (~23.6’) 

Table 2 - Entire 3D model dimensions as entered into Ansys. 

 

Upon completion of the geometric modeling in DesignModeler, the second step is to mesh the 

volume space in Ansys’s meshing program, ICEM CFD. Specific sections of the model have an 

increased mesh density in an attempt to improve accuracy in the results (ie. the volume space in 

front of the vents). Details are outlined in Appendix C. 

Meshing was applied using the hex dominant method in ICEM CFD. This particular meshing 

method is important for increased accuracy as it attempts to maximize the number of 

quadrilateral elements as opposed to triangular elements (ANSYS, 2010). For visual 

representation of the meshing, see Figure 20 and Figure 21 below. For additional screenshots and 

details on the ICEM CFD meshing process see Figure 55, Figure 56, Figure 57 and Figure 58 in 

Appendix C. 
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Figure 20 – Quadrilateral meshing along the external faces of the model. 

 

 

Figure 21 – Interior side of the model showing various mesh elements. 
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4.2. MODEL SETUP AND BOUNDARY CONDITIONS 

The setup of the computer model is similar to that of a wind tunnel experiment. In nearly every 

test, the air flow path is parallel to the Z-axis (as seen in Figure 22 below). 

 

Figure 22 - Model setup and boundary conditions as shown in Ansys. 

The double sided arrows represent openings in which air flow is free to exchange with outdoor 

ambient conditions. The smaller arrows on the remaining sides represent symmetry boundary 

conditions where environmental conditions are assumed to be the same on both sides. The floor 

and ceilings are considered to be walls similar to the conditions which would be seen in the 

structural laboratory at U of T. The most important factor of the model setup is ensuring the 

atmospheric conditions are similar to that of the conditions tested in the laboratory. 

Following the external boundary conditions, further details must be applied to the intake and 

exhaust vent faces on condominium wall within the model (see Table 3 and Table 4). These 

details outline how the intake and exhaust vents will perform in Ansys. 
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Intake Ventilation Conditions 

Boundary Type Outlet (Air flow out of the model and into 

the condominium) 

Boundary Condition Normal Speed 

Ventilation Speed 1.40m/s 

Table 3 - Fresh air supply intake details in Ansys. 

For the fresh air supply (condominium suite intake vent) conditions, a speed of 1.40m/s is used 

to simulate the same speed that is used during experimental testing in the laboratory. This speed 

was tested using a fan-blade anemometer. 

Exhaust Ventilation Conditions 

Boundary Type Inlet (Exhausting from the condominium into 

the surrounding outdoor model space air) 

Boundary Condition Cartesian Velocity Components (CVC) 

CVC – U direction 0 m/s 

CVC – V direction -0.85 m/s 

CVC – W direction 1.01 m/s 

Exhausted Air (CO2) 0.002 (2000ppm) 

Exhausted Air (Air) 0.998 (998,000ppm) 

Table 4 - Exhaust air vent details in Ansys. 

For the exhausting air, Cartesian velocity components are used to simulate the angle and speed of 

the exhaust. The above noted Cartesian coordinates produce a 50 degree exhaust vent angle 

(from the wall) along with an exhaust speed of 1.32m/s (as measured in the lab with the fan-
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blade anemometer). The intake and exhaust speeds are somewhat different due to the slight 

variations in the upper and lower suite setup of the ERV during experimental testing. 

4.3. FLUENT SOLVER PREFERENCES 

The solver preference used for all simulations presented is known as Ansys Fluent. There are two 

significant differences between Ansys Fluent and the standard CFD choice, Ansys CFX. The 

difference is in the transition ratio and the value entered for collision avoidance (ANSYS, 2010). 

Both of these aspects come into play during the meshing of the geometry. Details are outlined in 

Appendix C. 
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5. RESULTS & DISCUSSION 

5.1. EXPERIMENTAL RESULTS 

The laboratory testing was carried out in order to see whether or not cross contamination was 

likely to occur under calm air conditions using standard inlet/outlet separation distances. In the 

first test, the exhaust vent was positioned one floor level directly above the inlet vent 

(approximately a 2.5m separation). By using CO2 as the exhaust contaminant from the upper 

suite and knowing that the path of the plume would be in a downwards direction, it was assumed 

that this would be the worst case scenario. With a CO2 sensor in the lower suite, the results 

showed little to no recognizable cross contamination during this test. These results suggest that 

the path of the exhausted CO2 plume may be further from the building face than previously 

expected. 

In an attempt to trace the contaminant’s path, sensors were placed at multiple locations in front 

of the exhaust vent in areas that were suspected to be along the exhaust plume centerline (see 

Table 9 in Appendix B). The locations are identified in Figure 24. The exhaust vent height is 

labeled and identified with an arrow in Figure 23, Figure 24 and Figure 25. 
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Figure 23 - Location of points monitored during experimental testing with respect to the wall 

face and floor. 

Figure 23 shows where the sensors were placed with respect to the building face and floor. The 

randomly tested locations are chosen in an attempt to follow the highest concentration of the 

plume as it exhausts from the exterior face of the building. Figure 24 shows the expected exhaust 
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paths from the vent assuming a vent height of 3.71m, a nominal vent angle of 30 degrees from 

vertical and an approximate discharge velocity of 1.32m/s. 

 

Figure 24 – Expected and modeled exhaust paths overlaid on the experimental tested locations. 
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Figure 24 represents a few critical results from both the laboratory and model testing. First off, it 

can be seen that a majority of the laboratory tested locations fall below the expected nominal 30 

degree exhaust path. When comparing the expected nominal 30 degree exhaust path to the 

modeled exhaust path, it is evident that the exhausted contaminants are falling to the floor much 

quicker than expected. This is assumed to be the result of acceleration due to gravity overcoming 

the horizontal exhaust speed of the contaminant. It is important to note that the contaminant 

being exhaust is CO2 and has a relatively high molecular weight. 

The testing locations were chosen by obtaining the dilution level at one point and then 

systematically attempting to follow the plume. Evidentially, the model suggests the exhaust path 

varies significantly from the original expected path. Again, this is likely due to the exhaust speed 

of the ventilation system and the weight of the contaminant. However, varying the exhaust vent 

angle could impact these results and will be discussed further in the next section of this thesis. In 

this laboratory test, the nominal exhaust vent angle was 30 degrees. It should be noted that the 

CO2 is capable of deflecting back and forth behind the vent cap and releasing at an alternate 

angle. The resulting angle of contaminant release measured from the wall will be here on 

referred to as the apparent vent angle. 

Another significant result is that the exhaust plume did not run from the exhaust vent to the fresh 

air supply vent as previously expected. This means that under static environmental conditions 

(no wind or large fluctuations in temperature), cross contamination is not likely to occur. In fact, 

cross contamination is primarily the result of the vent angle, wind speed and direction. 
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The recorded concentrations at each of the experimentally tested sensor locations are identified 

in Figure 25. The vent angle, outdoor air conditions and discharge velocity are the same as noted 

for the previous figure. 

 

Figure 25 – Experimental and model dilution levels for vent angle of tested locations. 
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It is evident that the experimental results vary from the modeled results. The data markers in 

above shown figure represent percent dilution of the CO2 source. There are a few differences in 

the modeling along with potential sources of error that could contribute to this variation. On the 

modeling side it is very difficult to precisely simulate turbulence. In addition to this, more 

iterations can always be carried out in an attempt to improve accuracy in the solutions however 

the simulation time would exponentially increase and would not be feasible for this project. On 

the laboratory side, the sensors and the conditions in the lab are the two largest sources of error. 

The sensors are only capable of carbon dioxide readings to an accuracy of +/-50ppm, whereas 

the computer model does not have this issue. The accuracy of the computer model is solely based 

on the information provided by the user. In addition, the laboratory may have had a minimal 

draft from the HVAC system which in turn could potentially impact the results.  

5.2. TUNING THE ANSYS MODEL RESULTS 

One of the first steps taken after the completion of the experimentation was to compare the 

results. The purpose of the comparison was to reconcile the results so that other variables such as 

wind, ventilation speed and vent angle could be modeled. 

During the laboratory experimentation, two sets of tests were performed. The first set involved 

testing various CO2 concentrations in the vertical plane of the outlet and exhaust plume. The 

second set involved testing various concentrations to the side of the exhaust plume. The first set 

of data were expected to outline the level of dilution of the contaminant as it travels further from 

the exhaust and the second set was used to determine the width of the plume. Since the focus of 

this project pertains to the centerline of the plume, the Ansys model results was tuned by 

changing the vent angle, discharge velocity and turbulence intensity to closely match the first set 
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of experimental data (concentration of carbon dioxide in line with the exhaust plume). Figure 26 

and Figure 27 are graphical representations of the laboratory experimentation and the modeled 

results. Since the reader would not be able to see carbon dioxide exhausting from the mockup, a 

glycol/water vapour mix was used in place of CO2 for the purpose demonstrating the exhaust 

plume path. 

  

Figure 26 - A picture of water vapour 

exhausting from the mockup for the purpose of 

demonstrating the CO2 exhaust plume's path 

during experimental testing. 

Figure 27 - Graphical results from Ansys 

showing a vertical slice through the CO2 

exhaust plume (30° nominal vent angle). 
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To tune the Ansys model so that the results correspond to the experimental results only certain 

variables can be altered. These variables include the angle of the exhaust vent cap and the level 

of exhaust turbulence. Other features such as the height of the exhaust vent and the exhaust 

speed were both fixed during testing and as such should not be changed. One might argue the 

exhaust vent angle is fixed and should not be altered. However, it is nearly impossible to 

determine the angle at which the carbon dioxide is being released since the air is capable of 

deflecting after reaching the vent cap (see Figure 28). Although the nominal vent angle is 30 

degrees, the effective vent angle appeared to be greater. In addition, it is noted that the exhaust 

ventilation speeds were tested without a vent cap. As such, during the initial stages of calibration, 

a lower exhaust speed was tested as it was suspected the vent cap may act as a damper to the 

exhaust flow. 

 

Figure 28 - Exhaust ventilation ductwork with a sensor inside and the cap off to the left. 
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The following models were tested in order to find which test best matched the experimental 

results (for detailed results see Appendix D): 

1. 45 degree vent cap @ 5% turbulence 

2. 45 degree vent cap @ 5% turbulence and a 10% reduction in exhaust flow 

3. 50 degree vent cap @ 5% turbulence and a 10% reduction in exhaust flow 

4. 40 degree vent cap @ 5% turbulence and a 10% reduction in exhaust flow 

5. 50 degree vent cap @ 5% turbulence and a 5% reduction in exhaust flow 

6. 50 degree vent cap @ 1% turbulence 

7. 50 degree vent cap @ 5% turbulence 

After analyzing the modeling tests, it was determined that the 50 degree vent cap angle with 1% 

turbulence provided results which were most similar to the 30 degree nominal vent angle results 

from the lab observations. It should be noted that the turbulence intensity is simplified down to 

1% for low turbulence, 5% for mid turbulence and 10% for high turbulence in Ansys. 

Turbulence intensity can be calculated with the following formula: 

Ὅ πȢρφὙὩ  

Where, 

I = Turbulence intensity 

Re = Reynolds number for the exhaust vent 

 

The second step in the modeling process focused on the number of iterations required to be 

completed in order to achieve a reasonable “average” model result. For this project, the goal was 

to find some level of acceptable convergence on the numbers produced by the Ansys model with 
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a 50 degree vent cap at one percent turbulence. This particular model was tested several times, 

with an increasing number of iterations. The first test was performed with 100 iterations, while 

each additional test would double the previous amount (ie. 100 iterations, 200, 400, 800, etc). 

The goal is to achieve results whereby the next simulation with an increased level of iterations 

produces results all within a 100 percent difference from the previous test. The results being 

compared are the concentration levels at various points around the laboratory mockup and the 

computer model. For detailed results, see Appendix E. 

The results show that the difference between results in the 800 and 1600 iteration simulations 

were all within 100 percent of each other. As such the 800 iteration solution was identified as the 

“base model”. The 1600 iteration model could have been used however the increased simulation 

time would not be worth the marginal increase in accuracy for these types of tests. 

The final step of the modeling process involved comparing the results of the laboratory testing to 

the tuned Ansys base case model. The results from each experimental test were normalized based 

on their respective exhaust concentrations.  For the laboratory testing, the exhaust levels varied 

by test while the Ansys models had a consistent CO2 exhausting concentration of 2000ppm. 

5.3. ALTERNATE COMPUTER MODELS 

The base model in Ansys was used to model tests that could not be performed during laboratory 

testing. These tests include variations of exhaust ventilation cap angles variations in ventilation 

speeds and various directional winds. All Ansys models from here on out are solved with 800 

iterations and were a modification of the original base case. The following simulations were 

carried out in Ansys: 
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1. 30° Vent cap angle (see Figure 31) 

2. 45° Vent cap angle (see Figure 32) 

3. 60° Vent cap angle (see Figure 33) 

4. 90° Vent cap angle (see Figure 34) 

5. Increased ventilation speed (1.65m/s) (see Figure 36) 

6. Decreased ventilation speed (0.99m/s) (see  

7. Figure 37) 

8. Head wind (0.25m/s towards the wall) (see Figure 40 and Figure 41) 

9. Side wind (0.25m/s  from the side) (see Figure 42 and Figure 43) 

10. Cross wind (0.25m/s at a 45° angle towards the wall) (see Figure 44 and Figure 45) 

11. Cross wind (0.35m/s at a 45° angle towards the wall) (see Figure 46 and Figure 47) 

Each of the above tests were analyzed based on the direction of the exhaust plume. The plume 

was cut into 0.5m intervals progressively from the wall face until the CO2 concentration level 

was insignificant. The coordinates of the highest concentration point on each interval was 

recorded for further analysis. Several graphs identifying the relationship between the 

contaminant distance travelled and the levels of dilution were created for each test. Since the 

path of the exhaust plume is typically curved, the contaminant distance is broken down into 

horizontal distance from the wall and vertical distance from the exhaust vent. 

5.4. DETERMINING EXHAUST PATHS 

An important step in analyzing the experimental data is to normalize all the results based on the 

concentration of CO2 in the exhaust stream. This process produces a set of results (discussed 

previously and can be found in the appendices) from both the experimental and computer model 
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testing that can be compared to one another. The data from each set of tests was broken down 

into a relationship between the contaminant distance travelled versus the difference in 

concentration between the two points (percent dilution of exhaust). The exhaust paths of the 

plume were also outlined to show the relationship between the ventilation design factors and the 

level of dilution at a given distance from the exhaust vent. It is important to note that the exhaust 

paths were plotted based on the highest concentration point at each interval cut made from the 

Ansys modeling. 

The dilution calculation in each graph was calculated using the following equation: 

ὖὩὶὧὩὲὸ ὈὭὰόὸὭέὲ ρππ
ὛὥάὴὰὭὲὫ ὧέὲὧὩὲὸὶὥὸὭέὲ ὥὸ ὥ ὫὭὺὩὲ ὧέέὶὨὭὲὥὸὩί

ὉὼὬὥόίὸ ὧέὲὧὩὲὸὶὥὸὭέὲ
 ὼ ρππ 

5.5. ANSYS TESTING – BASE MODEL RESULTS 

The base model results are the basis of all the additional tests to be completed in Ansys. The 

model assumes a 50 degree exhaust vent, 1.32m/s exhaust speed and no wind (see Figure 30). 

The base model was also tuned to match the experimental results more closely. The following 

series of photos represents the graphical results of each alternate test as simulated by Ansys. The 

graphical result for each test represents a side view of the exhaust plume. Specifically, the model 

is cut through the centerline of the plume. Additional cuts parallel to the wall face were produced 

and can be found in the Appendices. These cuts start at the front face of the building and 

progress away at intervals of 0.5 meters until the highest point of CO2 concentration on the next 

interval is insignificant. An example of these cuts can be found in Figure 29 below. 
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SAMPLE: ANSYS MODEL RESULTS 

Wall Face 0.5m From Wall Face 1.0m From Wall Face 1.5m From Wall Face 

    

Figure 29 - Photos demonstrating how the concentration of CO2 slowly fades with each 

additional interval. These photos are just samples and do not correspond to a given test. 

The purpose of these photos is to be able to identify and trace the maximum concentration of 

CO2 in the exhaust plume starting at the wall face. Each photo in the series shown above would 

be tied to a set of data where the highest concentration point can be obtained and then plotted for 

additional discussion and visual representation. 
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BASE MODEL 

SIDE VIEW: CENTERLINE THROUGH EXHAUST 

 
Figure 30 - Side view of the base model results. 

MODEL DETAILS 

VENT ANGLE: 50 Degrees 

VENT SPEED: 1.32m/s 

WIND ANGLE: None 
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5.6. ANSYS TESTING – VENT ANGLE MODEL RESULTS (SIDE VIEW) 

30 DEGREE NOMINAL VENT ANGLE 45 DEGREE NOMINAL VENT ANGLE 

 
Figure 31 - Side view of the 30 degree vent 

angle model results (1.32m/s vent speed). 

 
Figure 32 - Side view of the 45 degree vent 

angle model results (1.32m/s vent speed). 

60 DEGREE NOMINAL VENT ANGLE 90 DEGREE NOMINAL VENT ANGLE 

 
Figure 33 - Side view of the 60 degree vent 

angle model results (1.32m/s vent speed). 

 
Figure 34 - Side view of the 90 degree vent 

angle model results (1.32m/s vent speed). 



57 

 

It is evident that the trajectory path of the carbon dioxide remains high and furthest from the wall 

face when the vent angle is increased. After analyzing each of the above shown simulation 

results, the 90 degree exhaust vent cap angle is the optimal choice for a building. It can be seen 

in Figure 34 that the exhausted contaminants are travelling the furthest from the face of the wall. 

The nominal 30 degree vent angle scenario would be considered the worst case as the 

contaminants remain closest to the wall face. The graphical results shown above were converted 

to a single graph in an attempt to show all four simulated trajectories in one diagram, Figure 35. 
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Figure 35 – Model exhaust paths by vent angle. 

Each point on the graph represents the location of the highest concentration at any one of the 

0.5m interval cuts in front of the face of the building. For the 90 degree vent angle simulation, 

the highest concentrations remain the furthest from the face of the building at any given point. It 
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should be noted that the height of the exhaust vent is 3.71m. The following graphs depict the 

relationship between the level of dilution and any given horizontal or vertical distance from the 

face of the building or exhaust vent, respectively. It should be noted that the further the 

contaminant travels from the wall face, the less likely the contaminant will be capable of 

reaching a fresh air supply inlet. 

5.7. ANSYS TESTING – EXHAUST SPEED MODEL RESULTS 

The exhaust speed simulation results are displayed similarly to the previous vent angle ones. The 

only difference is that the vent angle remains at 50 degrees while the exhaust speeds are 

increased and decreased by 25 percent in each of the tests, respectively. A comparison of the 

exhaust paths can be found in Figure 38. It is evident that the exhaust speed minimally impacts 

the path of the contaminants. In addition, it should be noted that the CO2 concentrations at each 

of the measured locations varied insignificantly between the exhaust speed tests performed. 
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INCREASED VENTILATION SPEED 

(50 DEGREE VENT ANGLE) 

DECREASED VENTILATION SPEED 

(50 DEGREE VENT ANGLE) 

 

Figure 36 - Side view of the increased vent 

speed model results (1.65m/s vent speed). 

 

Figure 37 - Side view of the decreased vent 

speed model results (0.99m/s vent speed). 
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Figure 38 - Exhaust paths for an increased and decreased exhaust speed in Ansys. 
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5.8. ANSYS TESTING – WIND (HEAD/SIDE/CROSS/CROSS-MAX) MODEL RESULTS 

The wind simulation results are similar to the previous tests with one additional photo. A three 

dimensional view of the contaminant flow is used to show the exhaust path and concentration of 

the CO2. Figure 39 below shows a plan view of the model and all of the wind simulations 

performed with their respective speed and angle towards the wall. 

 

Figure 39 - Four modeled wind scenarios in Ansys. 
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HEAD WIND 

THREE DIMENSIONAL VIEW OF CONTAMINANT FLOW 

 
Figure 40 - 3D view of the contaminant flow in head wind as it appears in Ansys. 
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HEAD WIND (continued) 

SIDE VIEW: CENTERLINE THROUGH EXHAUST 

 
Figure 41 - Side view of the head wind model results. 

MODEL DETAILS 

VENT ANGLE: 50 Degrees 

VENT SPEED: 1.32m/s 

WIND SPEED: 0.25m/s 

WIND DIRECTION: From the side 
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SIDE WIND 

THREE DIMENSIONAL VIEW OF CONTAMINANT FLOW 

 
Figure 42 - 3D view of the contaminant flow in a side wind as it appears in Ansys. 
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SIDE WIND (continued) 

SIDE VIEW: CENTERLINE THROUGH EXHAUST 

 
Figure 43 - Side view of the side wind model results. 

MODEL DETAILS 

VENT ANGLE: 50 Degrees 

VENT SPEED: 1.32m/s 

WIND SPEED: 0.25m/s 

WIND DIRECTION: From the front 
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CROSS WIND - A 

THREE DIMENSIONAL VIEW OF CONTAMINANT FLOW 

 
Figure 44 - 3D view of the contaminant flow in a 0.25m/s wind angled at 45 degrees as it appears 

in Ansys. 
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CROSS WIND - A (continued) 

SIDE VIEW: CENTERLINE THROUGH EXHAUST 

 
Figure 45 - Side view of the 0.25m/s cross wind model results. 

MODEL DETAILS 

VENT ANGLE: 50 Degrees 

VENT SPEED: 1.32m/s 

WIND SPEED: 0.25m/s 

WIND DIRECTION: 45 Degrees horizontal from the wall face 
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CROSS WIND - B 

THREE DIMENSIONAL VIEW OF CONTAMINANT FLOW 

 
Figure 46 - 3D view of the contaminant flow in a 0.35m/s wind angled at 45 degrees as it appears 

in Ansys. 
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CROSS WIND - B (continued) 

SIDE VIEW: CENTERLINE THROUGH EXHAUST 

 
Figure 47 - Side view of the 0.35m/s cross wind model results. 

MODEL DETAILS 

VENT ANGLE: 50 Degrees 

VENT SPEED: 1.32m/s 

WIND SPEED: 0.35m/s 

WIND DIRECTION: 45 Degrees horizontal from the wall face 

 

It can be seen from the graphical results that the movement of the exhaust plume varies largely 

with the speed and direction of the wind. As such, the exhaust plume was again cut into 0.5m 

slices. The highest concentration and distance travelled from the exhaust vent was recorded and 

plotted for each interval. The results are shown below in Figure 48. 
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Figure 48 – The level of dilution at various distances from the exhaust vent, sorted by wind type 

and direction. 

It can be seen that the head wind analysis ends at a 1.0m distance from the exhaust vent. This is 

because the exhaust plume travelled around the side of the building and was deemed irrelevant at 

this point. In addition, a fourth order polynomial line of best fit was added to the ‘Cross Wind – 

A’ scenario. When considering cross contamination, this case is considered to be the worst case 

scenario. As such it is used for calculating the areas of concern or ‘danger zones’ around an 

exhaust vent. 
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DISTANCE FROM EXHAUST VENT (m) 

  

HORIZONTAL DISTANCE FROM VENT (m) 

0.00 0.50 1.00 1.50 2.00 2.50 3.00 

VERTICAL 
DISTANCE 

FROM VENT 
(m) 

0.00 VENT 0.50 1.00 1.50 2.00 2.50 3.00 

0.50 0.50 0.71 1.12 1.58 2.06 2.55 3.04 

1.00 1.00 1.12 1.41 1.80 2.24 2.69 3.16 

1.50 1.50 1.58 1.80 2.12 2.50 2.92 3.35 

2.00 2.00 2.06 2.24 2.50 2.83 3.20 N/A 

2.50 2.50 2.55 2.69 2.92 3.20 N/A N/A 

3.00 3.00 3.04 3.16 3.35 N/A N/A N/A 

Table 5 - Resultant distances from the exhaust vent. 

Table 5 is a list of resultant distances from an exhaust vent. For example, a point located 2m 

horizontal and 1.5m below an exhaust vent has a resultant distance of 2.50m. These resultant 

distances will be used in conjunction with the equation shown in Figure 48 to calculate dilution 

levels at various locations on any wall face.  

CROSS CONTAMINATION (%) 

  

HORIZONTAL DISTANCE FROM VENT 

0.00m 0.50m 1.00m 1.50m 2.00m 2.50m 3.00m 

VERTICAL 
DISTANCE 

FROM VENT 

0.00m VENT 53 32 25 24 23 21 

0.50m 53 42 29 25 24 23 21 

1.00m 32 29 26 24 24 23 21 

1.50m 25 25 24 24 23 22 20 

2.00m 24 24 24 23 22 20 N/A 

2.50m 23 23 23 22 20 N/A N/A 

3.00m 21 21 21 20 N/A N/A N/A 
Table 6 - Cross contamination levels on a wall face at their respective distances from an exhaust 

vent. 

Table 6 outlines the level of cross contamination on a wall face at various distances from an 

exhaust vent. These numbers are based on the results from the Cross Wind – A model. The cells 

outlined in red represent a level of cross contamination between 25 and 100 percent. Areas 

shaded with yellow range between 20 and 25 percent. It is important to note that the CAN/CSA 

guidelines state that an exhaust and fresh air supply vent should be installed so as to minimize 
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the risk of cross contamination and keep it below 15 percent. The data provided from the Cross 

Wind – A wind model only provides contaminant transfer data up to approximately 3.25m from 

the exhaust vent. At 3.25m from the exhaust vent the cross contamination can still potentially be 

greater than 15 percent as shown in the table above. It should also be noted that the industry 

standard is to install fresh air supply and exhaust vents approximately 1.80m from each other. 

Details to follow in Section 5.9. 

5.9. CONVENTIONAL INTAKE AND EXHAUST ARRANGEMENTS 

When referring to conventional intake and exhaust arrangements, the key focus is their 

separation distance. Several new construction projects located in Toronto, Ontario were 

examined. Specifically, projects utilizing in-suite ventilation systems are used to determine how 

high-rise condominiums are being built today. Although the details of the buildings cannot be 

identified for privacy reasons, the shortest distance between any intake and exhaust vent was 

measured on four new high-rise condominiums. 

BUILDING NUMBER INTAKE/EXHAUST SEPARATION 

1 1.80m (5’-11”) 

2 1.83m (6’-0”) 

3 2.15m (7’-1”) 

4 2.30m (7’-7”) 

Table 7 - Intake and exhaust separation distances on four high-rise condominiums in Toronto, 

Ontario. 

Table 7 show that a separation distance as short as 1.80m can be expected on any given high-rise 

building in the Toronto area. By the computer model results from the cross wind scenario 

(0.25m/s wind at a 45 degree angle to the wall), it can be expected that cross-contamination is an 
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issue. For the purpose of discussion and identifying worst case cross contamination scenarios, 

the exhaust plume from the cross wind model was sliced at 1.80m, 1.83m, 2.15m and 2.30m. The 

results were as follows: 

BUILDING 

NUMBER 

HORIZONTAL DISTANCE 

FROM EXHAUST VENT 

CROSS 

CONTAMINATION 

1 1.80m (5’-11”) 24.2 % 

2 1.83m (6’-0”) 24.1 % 

3 2.15m (7’-1”) 23.4 % 

4 2.30m (7’-7”) 23.0 % 

Table 8 - Levels of dilution along the cross wind exhaust plume centerline. 

The values shown above in Table 8 illustrate that more than 23 percent of the original exhausted 

contaminants can reach a fresh air supply vent 2.30m downwind. Although high concentration 

results shown above may not be occurring right next to the wall face, the correct wind speed and 

direction can guide the contaminants anywhere. 
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6. IMPLICATIONS OF EXPERIMENTAL & COMPUTER MODELING RESULTS 

The purpose of the experimental testing and computer modeling is to investigate the rate at 

which air-born contaminants move from an exhaust vent to a fresh air supply vent. Specifically, 

the focus is on the level of cross contamination at any given point downwind of an exhaust or 

contaminant source. Whether the wind is blowing upwards, sideways or downwards, the goal is 

to determine on average the concentration of a tracer gas at given intervals from the source (0m, 

0.5m, 1.0m, etc.). The importance here is twofold; one to determine the potential for cross 

contamination in existing buildings with in-suite ventilation systems and two to help design 

future buildings. That being said, standards and guidelines will have to adopt these 

recommendations in order for them to implemented into building design. 

The first experimental tests demonstrated that contaminants have the capability of maintaining 

high concentrations near a building wall after they are exhausted. It was determined that factors 

such as the wind and the angle of the exhaust vents were key components to the distance from 

the wall in which contaminants would travel. Since the purpose of this project is to show that a 

significant level of contaminated air can potentially make it to a fresh air supply vent, various 

computer models were tested in Ansys. Each type of test examines another potential flaw of 

existing ventilation systems. 

The first computer model comparing the angle of the vents showed that a smaller angle will keep 

the exhausted contaminants near the wall, while a larger angle (ideally 90 degrees) will disperse 

the contaminant furthest from the wall. The second model has to do with the speed at which the 

ventilation system exhausts air. The results showed minimal changes from the base model, 

however a 25 percent increase in speed did disperse the contaminated air slightly more than the 
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other two cases with lower speeds. The final set of simulations were completed with varying 

speeds and directions of wind. The results show that higher speeds will allow the wind to 

disperse contaminants more quickly, thereby preventing high levels of cross contamination. The 

wind models also show that the direction of the air flow reaching the building is of great 

importance to the levels of dilution near the wall. In side winds and headwinds, the carbon 

dioxide seemed to disperse quickly by flowing past the building or dispersing in every direction. 

In the final cross wind test with air flowing towards the face of the building at a 45 degree angle 

horizontal to the wall, cross contamination is potentially a significant issue. Figure 49 is a cut 

through the model just a few centimeters in front of the face of the building. 

 

Figure 49 - XY cut a few centimeters parallel to the face of the building during a cross wind 

model scenario. 
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A point taken 1.8m to the right of the exhaust vent was sampled to determine the potential of 

cross contamination in a scenario with cross wind. The level of dilution was approximately 92 

percent (or 8 percent cross contamination) within 10cm from the wall. However, the level of 

dilution 30cm from the wall and 1.8m horizontal of the exhaust vent is 76 percent (or 24 percent 

cross contamination). This means that more than 15 percent of the original contaminants are still 

near the wall several meters downwind of a vent. Given a low wind speed and a wind direction 

that would move the air closer to the building face, an exhaust plume is more than capable of 

flowing directly past an inlet vent with a significant level of contaminant concentration. In 

addition, if the exhausted contaminants from a home owners suite was unusually high for any 

particular reason, the risk to another home owner downwind would be increased. 

6.1. CONVENTIONAL AND ALTERNATE VENTILATION SYSTEM DESIGNS 

The following sections outline conventional ventilation system designs as seen in many high-rise 

condominiums throughout the Province of Ontario. In addition to this, a strategy to minimize 

cross contamination is discussed. 

6.1.1. SUGGESTED SOLUTION - 90 DEGREE EXHAUST 

By now it is understood that cross contamination between an exhaust vent and a fresh air supply 

vent can potentially be an issue depending upon the velocity of the wind. The problem is 

proportional to the building’s geometry, outdoor environmental conditions, the angle of the vent 

cap and several other factors. Based on the research carried out during this project, it is suggested 

that the inlet and exhaust vent installation be altered to minimize cross contamination. The 

recommendation is to provide a 90 degree exhaust vent that extends from the building no less 
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than 0.30m. Since rain caps are a necessity on high-rise condominiums, it is suggested that a tip 

of the exhaust vent be cut backwards and sloped to drain. A graphical representation is shown in 

Figure 50 below. 

 

Figure 50 - Suggested vent cap design. 

It is recommended that the fresh air supply vent be installed with the same suggested vent cap 

design as presented for the exhaust vent. The idea of the vent cap design extending from the wall 

face will help with prevention of cross contamination on both the inlet and outlet vents. For the 

fresh air supply vent the extension of the vent cap from the face of the wall will help prevent any 

contaminants forced towards the wall as a result of wind from entering the ducts. 
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7. CONCLUSIONS 

By means of experimental analysis and computer modeling, research related to cross 

contamination has been carried out and has resulted in the following conclusions. 

1. A standard ventilation system running on low (0.0212m
3
/s / 45cfm) or high speed 

(0.0496m
3
/s / 105cfm) will not create any risk of cross contamination without any 

additional environmental conditions if the fresh air supply and exhaust vents are 

separated by a minimum distance of 1.80m (current industry standard). However, this 

assumes standard construction and heat/energy recovery ventilator installation in high-

rise condominiums within Toronto, Ontario only. 

2. Cross contamination levels were found to be above 21 percent approximately 3.0m from 

a fresh air supply vent in the model simulating wind angled towards the wall at 45 

degrees. Although this concentration was found approximately 15cm from the wall, a 

slightly alternate angle in the wind or the suction force from a fresh air supply vent may 

be enough to draw in that contaminated air. This would mean that the CAN/CSA 

guideline of 15% max cross contamination could be easily broken with an industry 

standard exhaust to fresh air supply vent separation distance of 1.80m. As such, it is 

recommended that the separation distance be increased. The exact recommended length is 

not yet known at this point in time, however a suggestion of a least 3.0m would be 

recommended. 

3. The trajectory path of an exhaust plume given zero wind conditions and no temperature 

difference between the outdoors and indoors is directly proportional to the exhaust 

velocity, flow and the angle of the exhaust vent rain cap. Provided that the low and high 
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speed settings on most residential recovery ventilators are similar, the exhaust plume is 

closely related to the angle of the vent cap. Typically exhaust vent cap angles range from 

about 10 to 90 degrees with respect to the wall face of a condominium. A 90 degree 

exhaust vent cap will allow the exiting air flow to disperse furthest from the face of the 

building. The closer a contaminant remains to a wall face, the more likely it is to reach a 

fresh air supply vent. 

4. Outdoor wind conditions have the largest effect on the levels of cross contamination 

between an exhaust vent and a fresh air supply vent. Both computer modeling and 

experimental data show that under no wind conditions, the width of the exhaust plume is 

minimal and would not create cross contamination in a standard condominium in 

Toronto, Ontario. As such, it is evident that the predominant transportation method of 

contaminants on the exterior side of a building is wind and buoyancy. The buoyancy will 

vary based on the molecular weight of the contaminant. The direction and speed of the 

wind have a significant impact on the dispersion of the exhaust. Higher wind speeds will 

create more turbulence on the face of the building and disperse the air more quickly. 

Slower speeds can be lead to cross contamination as they can guide the flow of air in an 

alternate direction or along the face of the building. As for wind direction, each bearing 

will have an alternate effect. Wind acting a 90 degree angle to the building face will 

increase turbulence and disperse contaminants more quickly. Wind flowing across the 

face of the building from the side may help prevent the fresh air supply from drawing in 

contaminants depending on the outline of condominium. Wind flowing at an angle to the 

wall at a slow speed can potentially guide the exhausted air directly towards the fresh air 

supply vent at high concentrations. The computer model simulating cross wind showed 
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the highest levels of cross contamination and should be the largest consideration factor 

when designing the separation distance between any exhaust and fresh air supply vents. 

Short of creating some kind of filter that will absorb any smell or contaminant before exhausting, 

it can be assumed that cross contamination will always be a design consideration for new 

construction and rehabilitation in the future. The recommended 90 degree and sloped drain 

exhaust and fresh air supply vent is a good solution because it allows contaminated air to travel 

furthest from the building while preventing rain from entering the ductwork. 
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8. FURTHER RESEARCH 

There is an opportunity to continue or expand on the research provided within this project. 

1. ON-SITE TESTING OF CROSS CONTAMINATION IN HIGH-RISE 

CONDOMINIUMS 

For this project, it is recommended that at least five high-rise condominiums be field tested for 

cross contamination. The idea would be to introduce a constant concentration of a known 

contaminant and exhaust it through the ventilation system. The concentration of the contaminant 

would be monitored at several locations along the wall and near other surrounding home owners 

suites’ fresh air supply intakes to determine the exhaust paths. Conditions such as indoor 

temperature, outdoor temperature, wind speed, wind direction and the buoyancy of the 

contaminant would have to be taken into consideration. The purpose of this project would be to 

identify the levels of cross contamination in a real life scenario. It is assumed that the effects of a 

non-smooth wall (varying building shapes) would impact the results differently from previously 

conducted experimental and computer modeling tests. 

2. ADVANCED/DETAILED CFD ANALYSIS 

Computational fluid dynamics is a very complex subject. As such, there is room for 

improvement in the accuracy of the CFD models. An entire research project could be devoted to 

improving the accuracy of the base case model in Ansys. Specifically focusing on the two storey 

mockup (or larger) with a steady state environment surrounding it. Upon completion, additional 

models could be created based on slight variances to try and identify potential worst case 

scenarios for cross contamination. 
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3. WIND TUNNEL EXPERIMENTS 

An alternative to computational fluid dynamics would be to create a miniature version of a 

scaled high-rise building replica within a wind tunnel. A known level of contaminants could be 

released from certain locations along the building. The concentration of these contaminants 

could then be calculated downstream of the exhausting source using flame ionization. This 

project could also work in conjunction with the advanced CFD model as outlined in the previous 

section. 
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APPENDIX A ɀ TWO STOREY MOCKUP CONSTRUCTION  
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Figure 51 - Four k-frame walls on top of each other during pre-construction in the building 

science laboratory. 

Additional photos from the building science laboratory pre-construction phase can be seen 

below. 

 

 

 

 

 

 



91 

 

PRE-CONSTRUCTION PHOTOS 

 
WHEEL CONNECTION SQUARING OF K-FRAME WALLS 

  

 

FLOOR CONSTRUCTION (W/O WHEELS) 

 

FLOOR CONSTRUCTION (W/O WHEELS) 

  

Figure 52 - Additional pre-construction photos from the building science laboratory. 
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LOWER SUITE CONSTRUCTION LOWER SUITE CONSTRUCTION 

  

Figure 53 - Construction photos in the structural laboratory. 

 

Figure 54 - CO2 tank behind the two storey mockup. 
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APPENDIX B ɀ LABORATORY TEST RESULTS  
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LABORATORY RESULTS 

TEST # 
HEIGHT 

(m) 
3.71m-
HEIGHT 

D F W 
(m) 

CO2 
(%) 

DILUTION 
(%) 

Test 1 2.44 1.27 0.00 1.35 98.7 

Test 2 2.34 1.37 0.41 6.17 93.8 

Test 3 2.34 1.37 1.07 21.68 78.3 

Test 4 2.34 1.37 1.98 2.78 97.2 

Test 5 3.45 0.26 0.30 67.77 32.2 

Test 6 3.15 0.56 0.41 35.24 64.8 

Test 7 2.90 0.81 0.46 33.16 66.8 

Test 8 2.59 1.12 0.71 27.32 72.7 

Test 9 2.34 1.37 0.61 17.31 82.7 

Test 10 1.75 1.96 0.61 13.80 86.2 

Test 11 1.47 2.24 0.51 5.61 94.4 

Test 12 1.47 2.24 0.91 11.97 88.0 

Test 13 1.47 2.24 1.22 14.28 85.7 

Test 14 1.47 2.24 1.52 15.04 85.0 

Test 15 1.47 2.24 1.83 14.48 85.5 

Test 16 1.17 2.54 0.23 3.70 96.3 

Test 17 1.17 2.54 0.61 1.49 98.5 

Test 18 1.17 2.54 1.22 7.81 92.2 

Test 19 1.17 2.54 1.83 11.58 88.4 

Test 20 1.98 1.73 0.23 3.05 96.9 

Test 21 1.24 2.47 0.00 4.28 95.7 

Test 23 1.98 1.73 0.23 24.92 75.1 

Start 3.71 0.00 0.00 100.00 0.00 

Table 9 - Laboratory results showing the dilution levels at various sensor tested locations. 
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APPENDIX C ɀ COMPUTATIONAL FLUID DYNAMIC MODEL SETUP  
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GEOMETRIC MODELING/MESHING 

The entire model volume with the exception of the interior outlined condominium mockup is an 

air flow space that will be meshed and included in the programs calculations. To clarify, the 

photo shown below is a picture from the bottom side of the model showing the removal of the 

two storey mockup from the CFD model. 

 

Figure 55 - Geometry of the CFD model as designed in Ansys DesignModeler (bottom view). 

As stated previously, the rectangular prism was deleted from the total volume so that only the air 

flow around the condominium would be considered in the computer simulations. The faintly 

outlined square next to the interior opening is known by Ansys as a “body of influence.” This 

area along with volume space above it will have an increased mesh density for additional 

accuracy of the airflow in front of the intake and exhaust vents. This process helps increase the 

accuracy of the results in areas of interest. 
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Figure 56 - Clear isometric view of the 3D model showing the two storey mockup and the larger 

body of influence in front. 

The two rectangular prisms within the volume space represent the removed condominium 

volume space and the larger body of influence directly in front. The body of influence 

rectangular prism was extended along the z-axis via trial and error to reach approximately one 

meter past the furthest point of exhaust from the wall. This ensures that the results pertaining to 

the air flow from the exhaust lie within the volume of space with increased mesh density for 

optimal solutions. 
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Figure 57 - Meshing along a XY slice showing the interior mesh along the condominium’s walls 

and vents. 

Mesh sizing restraints were placed on various sections of the model for increased accuracy. They 

are as follows: 

Mesh Sizing Restraints 

Body Sizing (body of influence) Max element size = 0.1m 

Body Sizing (entire model) Max element size = 0.3m 

Face Sizing (condominium wall face) Max element size = 0.1m 

Face Sizing (bottom inlet vent face) Max element size = 0.05m 

Face Sizing (top exhaust vent face) Max element size = 0.05m 

Table 10 - Mesh sizing restraints as entered into ICEM CFD. 

 



103 

 

MODEL SETUP AND BOUNDARY CONDITIONS 

The boundary conditions are listed in the table below. 

Model Boundary Conditions 

Model Face Boundary Condition 

Side faces (parallel to the x-axis) Symmetry 

Front and back faces (parallel to the along z-axis) Opening 

Floor and ceiling (parallel to the y-axis) Wall 

Table 11 – Boundary conditions as entered in Ansys. 

 

FLUENT SOLVER PREFERENCES 

The transition ratio is a method by which the Ansys meshing program can control the rate of 

growth between the last inflation layer of any given face and the first layer of tetrahedral 

cells(ANSYS, 2010). Tetrahedral cells are used by Ansys to fill volume spaces where the 

program cannot use the ideal quadrilateral cells(ANSYS, 2010). Ansys starts with a quadrilateral 

mesh at the outside of the model and works its way to the center one layer at a time (inflation 

layers)(ANSYS, 2010). The Fluent transition ratio is approximately three times slower than that 

of the CFX transition ratio(ANSYS, 2010). This ensures accuracy by minimizing the possibility 

of elongated or skewed tetrahedral cells wherever possible(ANSYS, 2010). This means that as 

the program begins to mesh towards the center of the model, the size of each additional cell 

grows or shrinks at a decreased rate. The Fluent solver also utilizes volume based meshing as 

opposed to vertex based meshing(ANSYS, 2010). Given that our model is focused on air flow 
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and not a mechanical system, we are more concerned with volume based solutions as opposed to 

vertex based ones. 

 

Figure 58 - Volume versus vertex based meshing(ANSYS, 2010). 

The collision avoidance feature in Ansys attemptes to minimize the number of skewed triangles 

that may occur during meshing(ANSYS, 2010). When all of the inflation layers meet in the 

center of the model, skewed tetrahedral cells typically become an unwanted result(ANSYS, 

2010). Layer compression is typically best for avoiding these pyramids and is the default method 

used with the Fluent solver(ANSYS, 2010). 
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APPENDIX D ɀ ANSYS CALIBRATION TO LABORATORY TESTING 
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APPENDIX E ɀ ANSYS SOLVER ITERATION CALIBRATION 
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APPENDIX F ɀ ANSYS BASE MODEL RESULTS 
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BASE MODEL 

XY CUT @ FACE OF BUILDING XY CUT @ 0.5m FROM FACE OF BUILDING 

  
 

XY CUT @ 1.0m FROM FACE OF BUILDING 

 

XY CUT @ 1.5m FROM FACE OF BUILDING 

  

XY CUT @ 2.0m FROM FACE OF BUILDING 3D VIEW OF EXHAUST PLANE AND CUTS 
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APPENDIX G ɀ ANSYS VENT ANGLE RESULTS SUMMARY 
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30 DEGREE NOMINAL VENT ANGLE MODEL  

XY CUT @ FACE OF BUILDING XY CUT @ 0.5m FROM FACE OF BUILDING 

  

 

XY CUT @ 1.0m FROM FACE OF BUILDING 

 

XY CUT @ 1.5m FROM FACE OF BUILDING 

  

XY CUT @ 2.0m FROM FACE OF BUILDING 3D VIEW OF EXHAUST PLANE AND CUTS 
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45 DEGREE NOMINAL VENT ANGLE MODEL 

XY CUT @ FACE OF BUILDING XY CUT @ 0.5m FROM FACE OF BUILDING 

  

 

XY CUT @ 1.0m FROM FACE OF BUILDING 

 

XY CUT @ 1.5m FROM FACE OF BUILDING 

  

XY CUT @ 2.0m FROM FACE OF BUILDING 3D VIEW OF EXHAUST PLANE AND CUTS 
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60 DEGREE NOMINAL VENT ANGLE MODEL 

XY CUT @ FACE OF BUILDING XY CUT @ 0.5m FROM FACE OF BUILDING 

  

 

XY CUT @ 1.0m FROM FACE OF BUILDING 

 

XY CUT @ 1.5m FROM FACE OF BUILDING 

 
 

XY CUT @ 2.0m FROM FACE OF BUILDING 3D VIEW OF EXHAUST PLANE AND CUTS 
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90 DEGREE NOMINAL VENT ANGLE MODEL 

XY CUT @ FACE OF BUILDING XY CUT @ 0.5m FROM FACE OF BUILDING 

  

 

XY CUT @ 1.0m FROM FACE OF BUILDING 

 

XY CUT @ 1.5m FROM FACE OF BUILDING 

  

XY CUT @ 2.0m FROM FACE OF BUILDING 3D VIEW OF EXHAUST PLANE AND CUTS 

  
  



121 

 

 

 

APPENDIX H ɀ ANSYS VENT SPEED RESULTS SUMMARY 
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INCREASED VENT SPEED MODEL 

XY CUT @ FACE OF BUILDING XY CUT @ 0.5m FROM FACE OF BUILDING 

  

XY CUT @ 1.0m FROM FACE OF BUILDING XY CUT @ 1.5m FROM FACE OF BUILDING 

  

XY CUT @ 2.0m FROM FACE OF BUILDING 3D VIEW OF EXHAUST PLANE AND CUTS 
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DECREASED VENT SPEED MODEL 

XY CUT @ FACE OF BUILDING XY CUT @ 0.5m FROM FACE OF BUILDING 

  

 

XY CUT @ 1.0m FROM FACE OF BUILDING 

 

XY CUT @ 1.5m FROM FACE OF BUILDING 

 
 

XY CUT @ 2.0m FROM FACE OF BUILDING 3D VIEW OF EXHAUST PLANE AND CUTS 
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APPENDIX I ɀ ANSYS WIND RESULTS SUMMARY 
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HEAD WIND MODEL 

YZ CUT @ 0.5m FROM EXHAUST PLANE YZ CUT @ 1.0m FROM EXHAUST PLANE 

  

XY CUT @ FACE OF THE BUILDING XY CUT @ 0.5m BEHIND FACE OF BUILDING 

  

XY CUT @ 1.0m BEHIND FACE OF BUILDING 3D VIEW OF EXHAUST PLANE AND CUTS 
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SIDE WIND MODEL 

YZ CUT @ 0.5m FROM EXHAUST PLANE YZ CUT @ 1.0m FROM EXHAUST PLANE 

  

YZ CUT @ 1.5m FROM EXHAUST PLANE YZ CUT @ 2.0m FROM EXHAUST PLANE 

  

YZ CUT @ 2.5m FROM EXHAUST PLANE 3D VIEW OF EXHAUST PLANE AND CUTS 
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CROSS WIND – 0.35m/s MODEL 

YZ CUT @ 0.5m FROM EXHAUST PLANE YZ CUT @ 1.0m FROM EXHAUST PLANE 

  

YZ CUT @ 1.5m FROM EXHAUST PLANE YZ CUT @ 2.0m FROM EXHAUST PLANE 

  

YZ CUT @ 2.5m FROM EXHAUST PLANE 3D VIEW OF EXHAUST PLANE AND CUTS 
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CROSS WIND – 0.25m/s MODEL 

YZ CUT @ 0.5m FROM EXHAUST PLANE YZ CUT @ 1.0m FROM EXHAUST PLANE 

  

YZ CUT @ 1.5m FROM EXHAUST PLANE YZ CUT @ 2.0m FROM EXHAUST PLANE 

  

YZ CUT @ 2.5m FROM EXHAUST PLANE 3D VIEW OF EXHAUST PLANE AND CUTS 

  
 


