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Abstract 

A systematic validation of the computational fluid dynamics code ANSYS CFX for atria 

geometries is presented. Turbulent natural convection, radiation heat transfer and 

conjugate heat transfer are essential to the performance of an atrium and are all validated 

separately. In order to be thorough, the initial validations involve the fundamental 

simulations for each phenomenon. A simulation of a complete atrium is also presented 

using the conclusions reached in the previous validations. 

The validation of each of the phenomena was successful. Turbulent natural 

convection simulations yielded two suitable turbulence models, with the preference for k

CD model being decided by a narrow margin. The radiation validations proved that the 

Discrete Transfer model was an accurate model and the best offered by ANSYS CFX. 

Conjugate heat transfer showed that ANSYS CFX was capable of capturing the 

qualitative aspects of the phenomenon. The final atrium simulations showed the expected 

over prediction of temperature in the atrium, and an under prediction of the stratification. 

The atrium simulation proved insensitive to fac;:ade emissivity. The magnitude of the 

solar radiation heat flux did change the temperature and velocity field. It was shown that 

ANSYS CFX was capable of modeling the important phenomena but more accurate 

boundary conditions are required to obtain the best results possible. 

iii 



Acknow ledgments 

I would like to thank Dr. Lightstone for her assistance during the completion of this 

work. Her support and aid have been invaluable to me. I have learned a great deal from 

her and consider myself lucky to have had her as a supervisor. 

In addition I thank Cathy Strutt, Deep Horne, Salam Ali and everyone else in JHE 

215. They were an excellent source of motivation and help. 

Thanks are more then due to Dr. Athienitis, Dr. Karava and Eleni Mouriki from 

Concordia University for the use of the data they gathered from their atrium, which was 

essential for this research and generally allowing me to ask questions and answering 

them. Without their help this thesis would not have been possible. 

I would also like to thank the Solar Buildings Research Network for their 

financial support. 

I would also like to thank J. Rundle for her irreplaceable help in editing this 

thesis. 

I would like to dedicate this work to my family and Erin. 

IV 



Table of Contents 

Abstract 
Acknowledgments 
List of Figures 
Nomenclature 

111 

IV 

Vll 

Xl 

1 Introduction 1 
1.1 Background.. .... . . .. ... . ...... .. ... .... .. . ... .. ........... . . .. ... ........ .. .. ... 1 
1.2 Objectives and Strategy....... . .. . ......... . .................... ...... ........ 2 
1.3 Thesis Outline. . .. . ... .. . .. . .. . .. . . . ... . . . . ..... . .. . . . . . . . . . . . . ... . . . . ... . .. . .. .. 3 

2 Literature Review 4 
2.1 Impact of Atria. . .. . . . . . . . .. . . . . . . . .. . .. . .. . . . ... . ... . .. . .. . .. . .. . .. . ... .. ....... 4 
2.2 Physical Phenomena.. . . .. . . .. . .. . .. . .. . .. . .. .... .. . .. . .. . .. . .. . .. . . . . .. . ... .. 5 
2.3 Goals of Design ..... ..... . .. ...... . . . .. . .. . ........... . ...... . ............... ... 6 
2.4 Simulation Tools. . ... .. . .. . .. . .. . .. . ... . . . .. . . . . ...... . . . . . . .. . . . . .. ... . .. . ... 9 
2.5 Previous Modeling Work. . . . . .. . .. .. . . .. . .. . .. ... . . . . .. . .. . .. . .. . . .. .. . .. . ... 12 
2.6 Summary.. .. . . .. . .. . .. . .. . .. . . . ... . .. . . . . .. . .. . ... .. . . . . . . . .. . .. . . . . .. . .. .... ... 16 

3 Natural Convection Validation 17 
3.1 Background... . . .. . .. .. ....... . .. . .. . .. ...... . ................................... 17 

3.1.1 Natural Convection in Atria..... . .. ..... ..... ...... . . . ... . . . . . ....... 17 
3.1.2 Definitions .... . ..... . . .. ........ . ................ . ...................... 18 
3.1.3 Models & Theory.. .. .. . . .. .... ......... .. .... ........ . .... . . . . . .. . .... 19 

3.2 Simulations. . .. . .. . . . ... . .. . .. . .. . .. . .. . .. . ... .. ... . ... . . . .. . .. . .. . .. . .. . .. .... .. 28 
3.2.1 Laminar Natural Convection in a Square Cavity.. .. . .... . ... . ..... 28 
3.2.2 Turbulent Natural Convection in a Square Cavity . . ............... 37 

3.3 Conclusion. .. .............. . .. . ......... . ..... . .................... . ..... . . . .. .... 57 

4 Radiation Heat Transfer Validation...................... . ............. . ....... .. .. . 58 
4,1 Background... . . . . .... . .. .. . ......... ... ....... . . ... ........ ... .. . . . ... . . .. . . . . .. 58 

4.1.1 Radiation in Atria.................... . ... . . ................... . ....... . 58 
4.1.2 Definitions .. .. . . . . .. . . . . . . . .. . .. . ... . .. . .. . .. . .. . .. . .. . . . . .. . . .. .. . .. . .. 59 
4.1.3 Models & Theory ............................. .. .................... ... 59 

4.2 Simulations........ ......... ... . . . .. . ....... ... ....... . ... ... . .. ... ... . . . .. ..... . 63 
4.2.1 Specified Heat Flux Simulations.......... . ...... .................... 63 
4.2.2 Specified Temperature Simulations..... .. . . . . .. . ...... ............ . 71 
4.2.3 Solar Radiation Simulations. . .. . . . . .. . .. . .. . .. . .. ... . .. . .. . . . . .. . .. . . 78 

4.3 Conclusions. . .. . .. . .. . .. . . . . . . . .. . . . . .. . .. . .. . . . . .. . . . . . . . .. . .. . .. . . . . . . . .. . . . . .. 84 

v 



5 Conjugate Heat Transfer Validation . . .. ... . .. . .. . .. . . . . . . . . . . .. ... . .. . .. . .. . .. . .. . . 86 
5.1 Background.. ..... . ........ . . . ... . .. . . .. ........... .. . . ....... . . . . . ..... . .. . ..... 86 

5.1.1 Conjugate Heat Transfer in Atria..... .. . ..... . ............ .. . ....... 86 
5.1.2 Definitions . .... .. . ..... ... .. .... ... .... .. .......... .. ... . ... ... .... ...... 87 
5.1.3 Models & Theory ........ ...... .. ............ .. .............. .. .... .. .. 88 

5.2 Simulations . ..... . . . .. . .. .. . .. . . .... . .......... ..... .. .... ......... .. . . . . .... .. ... 90 
5.21 Horizontal Channel with Aluminium Heated Section.. ..... ... .. 90 
5.2.2 End Condition Variation.............. ........ .......... .. .... .. .. .... 102 
5.2.3 Ambient Temperature Variations.... ................................ 105 

5.3 Conclusion.... ............ . .. ... ... .... .. ................... .. .. . . ................ 107 

6 Atrium Validation Simulations.. ........ .... ........ .... ...... .. ............ .. ...... 108 
6.1 Background. . .. . .. . .. . .. . .. ... . .. . .. . .. . .. . . . . . . . .. . . . . .. . . . . .. . .. . .. . . . . . . . . . . .. 108 

6.1.1 Interaction of Phenomena. . .. . ... ... .. . .. ... . . . . .. . .. ... . . . . . . . .. . ... 108 
6.1.2 Definitions.. .. . .. . .. . ..... ... .. .. .. . .. . .. . .. . .. . .. . .. . ... .. ... . .. . .. . .... 109 
6.1.3 Models & Theory. . .. ... . .. . ... .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. ... . .. . . 110 

6.2 Simulations..... .. . .. ...... . ... ... .. ........ . ....... .. . .. .... ... ................. 11 2 
6.2.1 Concordia Atrium Simulation. . .. . .. . .. . .. . .. . .. . ... . . . .. . .. . .. . . . . .. 112 
6.2.2 Fayade Emissivities Simulations.. .. ...... .. .............. .. ..... .... 134 
6.2.3 Solar Radiation Flux Simulations.. ................ ...... .... .. . ... 138 

6.3 Conclusion.. .. . .. . . .. .. . .. . .. . .. .. . . .. . .. . .. . .. . .. . . . . ... .. . .. . .. . ... .. . .. . .. . .. 144 

7 Summary ... .. . .... . .. . .. . .. .. . . ........ ... .. . . .... ..... .... .... .. . ... . . . . ... ......... . 146 
7.1 Summary and Conclusion.. ................................... ...... . .. . .. . .... 146 
7.2 Recommendation for Future Work .. .. .. .. . .. .. .. .. .. . .. .. .. .. .. .. .. .. .. .. .. . 148 

References. .... ... ........ . .. . ..... . .. ... ....... . . . . . . . . ......... . . . .... . . ...... . . .. .. . . 150 

A Two Dimensional Domains in ANSYS CFX .. .. .... .. .... ... .. . .. .... .. .... .. .. ... 154 

B Extrapolation Equations . ... . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. ... . .. . . . . .. . .... 156 

C Conservative and Hybrid Variables..... .. ........ .............. ...... .. .. . ...... . .. 159 

D Radiation Heat Flux Boundary Condition . . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . . 161 

E Solar Opening Analytical Model. . .. . . .. . . . .. . .. . . . . .. . . . . .. .. . . ... . . . ... .. . .. . .. . ... 164 

F Logical Function Using CEL Code .... ............................................ .. 173 

G Solar Position Angles............. . .. .. .. ........ .. .............................. .... .. 189 

H Opening Back Entrance (OBE) ...... . .. .. ...... .... ...... .. .... .... ........ ... ...... 193 

VI 



Table of Figures 

1.1 Common Atria Geometries ............................ .. .. ........ .......... ........ 1 

3.1 Sample Domain for the Laminar Natural Convection Simulations ...... . ..... 30 

3.2 Temperature Distributions in Cavity for Different Rayleigh Numbers . ... . ... 32 

3.3 Average Nusselt Number for Square Cavity with Rayleigh Number 104 vs. 
the Number of Nodes in Each Direction ........................................ .. 33 

3.4 Average Nusselt Number for Square Cavity with Rayleigh Number 105 vs. 
the Number of Nodes in Each Direction......................................... 34 

3.5 Average Nusselt Number for Square Cavity with Rayleigh Number 106 vs. 
the Number of Nodes in Each Direction ....... .. ................................. 34 

3.6 Layout of Cavity Used in Experimental Work.... ........ .......... ...... ....... 38 

3.7 Turbulent Natural Convection Domain with Centerline Indicated.... ....... . 40 

3.8 80x80 Expanding Mesh Used as Standard Mesh for Turbulent Natural 
Convection Simulations.. . .. . .. . .. ... . .. . ... .. . .. . .. ... . ... .. . .. . .. . .. . .. . .. . .. . .. ... 41 

3.9 Velocity v Component for A) k-£ Model, B) k-ro Model C) SST Model and 
Experimental Data . . .. . . . . .. . .. . .. . ... .. . .. . .. ... . .. . .. . .. .... .. . .. . .. . .. . . . . .. . . . . ... 42 

3.10 Temperature Profiles for A) k-£ Model, B) k-ro Model C) SST Model and 
Experimental Data................... . .. ......... . .............. ............. .. .. .. .. 44 

3. 11 The Effect of the Relaxation Number on Otherwise Identical Simulations ... 46 

3.12 Velocity Profile in Boundary Layer Used to Show Grid Independent 
Results.. .. ............................ . .. ...... . ........ . ....... . .... .................. 47 

3.1 3 Temperature Profile in Boundary Layer Used to Show Grid Independent 
Results.............................. . . . ... .. .. . .. .......... .. ... ..................... . . 48 

3.14 Velocity Profile in Boundary Layer by Hot Wall for Standard Models . . .. .. 49 

3.15 Velocity Profile in Boundary Layer for k-£ Model with Varying Levels of 
Buoyancy Turbulence Production ... . . .. .. . . . . . . . ... . .. . .. . .. . .. ... . .. . .. . .. . . . . ... 51 

3.16 Velocity Profile in Boundary Layer for k- ill Model with Varying Levels of 
Buoyancy Turbulence Production .... .... ...... . . .. . ....... . . . . . . . . . . . . . . . . . . . . . ... 52 

3.17 Velocity Profile in Boundary Layer for SST Model with Varying Levels of 
Buoyancy Turbulence Production..... .. ................. ...... ...... ... ........ .. . 53 

3.18 Isothermal Images of SST Models with Varying Levels of Buoyancy 
Turbulence Production............................... .. .... . . ... . .... ............ .... 55 

3.19 Eddy Viscosity in Domain of SST Simulations ...... ........... .... . ....... ..... 56 

Vll 



4.1 Discrete Transfer Rays.. .. ........... .... ..... . . .... . .... ... ..... . .. .. .. . . .... . .. ... . 61 

4.2 Monte Carlo Photon Paths.......................... ........ .. .. . ..... . . . .. ... .. ... . 63 

4.3 Domain for Specified Heat Flux Simulations. .... .. ... . ....... . ... ... ... . ..... .. 65 

4.4 A verage Conservative Temperatures for Different Radiation Models with a 
Specified Heat Flux Boundary Condition. . .............. . ...... .. . ... ... . . .... .. . 66 

4.5 Average Hybrid Temperatures for Different Radiation Models with a 
Specified Heat Flux Boundary Condition.. ........... . ........ ... .. . .... .. .. ..... 67 

4.6 Temperature Distribution Comparison between Hybrid and Conservative 
Values ....... . .......... .. ..... . . . . .. . ......... .. . ... . .. ............................... . 68 

4.7 Temperature Distribution of Hot Wall Boundary for Different Mesh 
Refinements . ............... .... . . . ................................ . . . . . . . . . . . . . . . . . . . . 69 

4.8 Temperature Distribution along Hot Wall of Monte Carlo Model............ 70 

4.9 Percentage Error Based on Nodes per Side of Mesh .... ... . ..... .. .. . ... . . . . ... 75 

4.10 Heat Flux along the Centerline for Discrete Transfer Radiation Model 
Simulation with 50 K Temperature Difference with Uniform Meshes.. . . . .. 76 

4.11 Domain for Solar Radiation Simulation .... . .................. .. . ...... . ......... 79 

4.1 2 Temperature Difference along Wall after Sixty Two Iterations............... 83 

5.1 Area to be Modelled Using Thermal Resistance. ... ............ .. ............ . .. 89 

5.2 Horizontal Channel Domain. . ................... .. ...... .... . ..... . ... . . .. ........ 91 

5.3 Domain and Boundry Conditions .... .. . . . . .... ... .. ... . .......................... 92 

5.4 Meshing Areas of the Horizontal Channel... ... . . . . . .......... . . ...... . . .. .. ... .. 93 

5.5 Temperature Profiles for Standard Simulation at; A) y/H=O, B) y/H=0.5 , C) 
y/H=0.875 . . ............... ... ............ ... .. .. . .... .. .......... .. ... . .. . .. . . ... . . ... . 96 

5.6 Temperature Profiles for Grid Independent Simulation at; A) y/H=O, B) 
y/H=0.5, C) y/H=0.875 .. ............ .. . .. ... . .................... ... . ... . ... . ... . .... 98 

5.7 Recirculating Flow at Channel Exit.......................... .... . . .. . .... .. .... ... 99 

5.8 Temperature Difference between y/H=0 .5 and y/H=O .. ........... . ..... . ... ... 100 

5.9 Temperature Difference between y/H=0.875 and y/H=O .... . ............... ... 101 

5.1 0 Temperature Profiles for Extended Simulation at; A) y/H=O, C) y/H=0. 5, 
C) y/H=0.875 ... .. ............ .. . ................. ... .. . . ........... . ........ .. . . .. . ... 103 

5.11 Extended and Standard Simulation for Entire Channel Length.... . .. . . . . .. . 104 

5.12 Temperatures for Ambient Temperature Simulations at; A) y/H=O, B) 
y/H=0.5 , C) y/H=0.875 ...... ......... . ....... ... . .. ................ ... .... .. .. .. . ... 106 

Vlll 



6.1a Concordia's Atrium .... ............. ...... .... .. .................. .................. . 108 

6.1 Control Volume for Solar Heat Flux Magnitude Calculations. . .. . .. . .. . .. . .. 110 

6.2 Surfaces and Diagrams for Calculation of Solar Radiation Magnitude... . ... 111 

6.3 Atrium Domain and Orientation. . .. ... . .. . .. . .. . .. . .. . .. . . . . ... ... . .. . .. . .. . ... .. 114 

6.4 Atrium Dimension and Sub Domains.............. .. .... .. ................ ........ 115 

6.5 Fayade Specified Temperature Boundary Condition......................... .. 117 

6.6 Isometric View of Mesh .............. ........ .... ........ .......................... 119 

6.7 Mesh in the y Direction............ .. ... ..... ... .......................... . ........ . 120 

6.8 Temperatures along Three Planes in Atrium.......... ...... ...................... 122 

6.9 Floor Temperature for Solar Simulation........ ........ ........................ 123 

6.10 Temperature at Thermocouple Strings; A) East String, B) Center String, C) 
West String....... . ...... .... ....... . ... ... .... ... ...... . ................ ......... . .. .. 124 

6.11 Comparison of Temperature Difference.... .... .. .... .. .... .. .... .. .... .. .... .. ... 125 

6.12 Velocity Vector Plots for Solar Simulation.. .. .... .. .... .. . ... .. .... .. .... .. .. ... 126 

6.13 Heat Flow at Each Boundary of the Standard Solar Simulation .. .... ......... 127 

6.14 Temperature at Thermocouples for Varying Levels of Mesh Refinement . . . 128 

6.15 Temperature Profiles for Varying Mesh Refinement .. .. . .. . ... ... .. . .. . . . ... . .. 129 

6.16 Temperature Profile in Atrium; A) XY plane, B) XZ plane ........ . ... . . . . ... 131 

6.17 Velocity and Temperature Field Comparison; A) Velocity, B) Temperature 132 

6.18 Temperature at Thermocouple Strings for Varying Fayade Emissivities; A) 
East String, B) Center String, C) West String............ ................ ........ 135 

6.19 ~ T for Varying Fayade Emissviites ............................. .......... ...... .. . 136 

6.20 Center String Temperature vs. Fayade Emissivity... .. . ......................... 137 

6.21 Temperature at Thermocouple Strings for Varying Solar Radiation 
Magnitude; A) East String, B) Center String, C) West String.................. 139 

6.22 ~T along Each Thermocouple String for Varying Solar Radiation 
Magnitudes . .................. . .... . ................................ . . . .. ... ........... 140 

6.23 Temperature along Central String vs . SI ................ ........... .. ........ ..... 141 

6.24 Heat Flow at Each Boundary of Simulation with 25% SI. .. .. .......... .... . ... 142 

6.25 Results for Different Solar Radiation Magnitudes for; A) Heat Flux, B) 
Temperature and C) Velocity..................... . .................. . ...... ....... . 143 

ix 



A.1 Actual Three Dimensional Domain Used in Two Dimensional Simulations 
and Cross Section of Nodes in z Direction Mesh.................... . .. . .. .. .. ... 154 

C.1 Finite Difference and Finite Volume Difference Nodes............... ......... 159 

C.2 Interpolation for Conservative Value .. .. . .. .. . . .. . . . .... .. . .. . .. . .. . .. . . . ... . ... 160 

D.1 Heat Fluxes at Boundary Wall ................... . .... . ............... . .......... 162 

E.1 Labeling Conventions for the Cube's Walls. . .. . . . . . . . .. . . .. .. . . . . .. . .. ... . ... .. 165 

E.2 Heat Fluxes for Surface i .... ...... ....... ... ... .......... ...... ........ ... ... ..... 166 

E.3 Deviation as a Function of Angle . . .. . .. . .. . .. . .. . .. . .. . .. .... .. . .. ... . . . . . . ... . .. 172 

F.1 Step Function................................................... . . ............... .. .... 174 

F.2 Area Bounded by Trig Function ... ... ........ ... .............. . ......... ... .... ... . 182 

F.3 Trigonometric Heat Flux in a Box.............. ............... ...... .... ........ ... 183 

F.4 Heat Flux along Line y=2 ..... . . . ....... . ............ . ........ ... ... ......... .. .... 184 

F.5 Area Bounded by Four Lines . ... . ..... .... .. . .. .... ... ...... ... ..... . ... ... .. . .... 185 

F.6 Simulated Square Heat Flux Area. ... . ............. .. .......... .. . .. . . .... . .. .. . .. . 187 

F.7 Heat Flux along y=0.75 .. ... ..... .. ...... .. .. ........ ...... . ... . . .... . ..... . . .... .... 188 

G.1 Earth's Codeclination .. ................ . ... . ......... ... ....... ..... .... ..... .. . ... .. 189 

G.2 Colatitude Angle. ...... . . . ......... .. ....... . ....... ... . . ..... ....... ..... ... . . ....... 190 

G.3 Zenith Angle.. .. . .. .... ........... . . .. ... ...... ....... .. ............ . .. ... . .. ... .. . . .. 191 

H.1 Velocity in Atrium with an Opening on the North End. .. . . ........... ....... . 195 

H.2 Temperature and Velocity Field for Atrium with Opening. . .. . ... . . .. ... . .. . .. 196 

x 



A 

BI 

D' 

F 

FI 

g 

H 

h 

I 

k 

L' 

L 

Q 

q 

R 

SI 

T 

~T 

t 

u 

v 
v 

x 

~x 

y 

N ornenclature 

area 

radiation source for blinds 

co-declination 

view factor 

floor solar heat flux 

acceleration due to gravity 

height 

coefficient of heat transfer 

radiation intensity 

thermal conductivity, turbulent kinetic energy 

co-latitude 

length 

heat flow 

turbulence production 

buoyancy turbulence production 

heat flux 

thermal resistance 

solar radiation heat flux 

temperature 

temperature stratification 

time 

mean velocity 

friction velocity 

velocity 

velocity component in y direction 

horizontal direction 

grid spacing 

vertical direction (opposite of gravity acceleration) 
xi 



+ y 

Z 

a 

~ 

1> 

K 

p 

a 

I-l 

I-lT 

't 

Bs 

co 

u 

amb 

c 

conv 

cool 

h 

hot 

fayade 

ND 

dimensionless distance from wall 

Zenith 

Greek Symbols 

thermal diffusivity 

thermal expansivity 

emissivity, turbulent dissipation 

von Karman constant 

density, reflectivity 

Stefan-Boltzman constant 

dynamic viscosity 

turbulent viscosity 

shear stress 

solar elevation 

turbulent frequency 

kinematic viscosity 

Subscript 

ambient value 

cold value 

convection value 

cool wall value 

hot value 

hot wall value 

fayade value 

dimensionless value 

Xll 



new 

old 

t 

rad 

ref 

solar 

wall 

00 

Pr 

Nu 

Ra 

8 

value from this iteration 

value from previous iteration 

turbulent value 

radiation value 

reference value 

solar value 

wall value 

infinitely extreme value 

Dimensionless Numbers 

Prandtl number Pr = C pJL 
k 

average Nusselt number Nu = QL 
Ak(~, -Tc ) 

Non-dimensional temperature 

{J (T - T )L3 

Rayleigh number Ra = g " c 
va 

Dimensionless velocity vector V
ND 

= v 
~ gj3LCT;, - Tc) 

Theta non dimensional temperature e = T - TAmb 

TRef 

X 111 



M.A.Sc. Thesis - C. Rundle 
McMaster - Mechanical Engineering 

Chapter 1: Introduction 

1.1 Background 

Atria are an important design feature of many modern buildings. They have 

become increasingly popular features of new buildings. They consist of a large open 

space where at least one of the surrounding walls is made of transparent material that is 

usually glazed. This space is usually several stories high and located so that the 

transparent area is also an external fac;ade of the building. There are many different 

atrium designs in use, however, only a few are commonly used [Ted Kesik, Personal 

Communication, Feb 28, 2006]. Figure 1.1 below shows the most common forms of 

atria. 

Lateral Atrium 

Plan View 
r - -- -- -- --- ..., 

GI •• s - - -I 
Atrium 0 
BuidingO 

Isometric View 

Recessed Atrium 

Plan View 

I 

Glass - - - '----II 
Atrium 0 
BuildinaD 

Isometric View 

Figure 1.1 Common Atria Geometries 



MASc. Thesis - C. Rundle 
McMaster - Mechanical Engineering 

There are many reasons for including an atrium; the two most common are 

aesthetic value and environmental concerns. Atria offer the possibility of using passive 

solar energy to reduce the energy demands of a building and therefore, reduce its 

environmental impact. Buildings account for a significant amount of energy usage. For 

example, within the U.K. 43% of the total energy produced is used by non-industrial 

buildings, furthermore buildings are credited with being the source of one third of carbon 

dioxide on a global basis [Bowman et. al. 2000]. For these reasons, reducing the impact 

of buildings on the environment can have a significant effect. For an atrium to reduce 

energy usage it must be designed correctly. New tools are needed to improve the design 

process. An incorrectly designed atrium will increase the energy usage and due to the 

complex heat transfer and fluid flow that occurs in an atrium, traditional design software 

is ill suited to the task of modeling atria. Phenomena such as natural buoyancy induced 

ventilation, radiation heat transfer and conjugate heat transfer are some of the reasons for 

this. Computational fluid dynamics (CFD) offers great potential for modeling atria and 

allowing more accurate predictions of atria performance. 

1.2 Objectives and Strategy 

The objective of this thesis is to assess the suitability and accuracy of applying 

computational fluid dynamics to predict the fluid flow and heat transfer in atria 

geometries. This determination will be based on validation of the important phenomena 

in an atrium using fundamental simulations. The lessons learned from these essential 

validations will be use to run a full atrium simulation. 

2 



1.3 Thesis Outline 

M.A.Sc. Thesis - C. Rundle 
McMaster - Mechanical Engineering 

This thesis offers a systematic validation of ANSYS CFX for atria simulations. 

This includes turbulent natural convection, radiation heat transfer and conjugate heat 

transfer. These validation simulations will be used to determine the sensitivity of the 

models used by ANSYS CFX and develop recommendations for further use in modeling 

atria. In addition, validations will be performed using an actual atrium. This will be 

done to test the conclusions from the previous validations and determine sensitivities to 

input variables. This will provide a basis for suggesting further avenues of study and 

identifying which data must be considered in such a simulation. 

3 
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Chapter 2: Literature Review 

2.1 Impact of Atria 

Atria are important to a building's function in three ways. They are often used as 

sources of natural ventilation, either acting as the sole source of ventilation or in tandem 

with a forced ventilation system. Because of their height, atria allow for temperature 

stratification of air and the formation of a pressure difference that makes the atrium act a 

natural chimney [Holford & Hunt, 2003]. If correctly used, natural ventilation can reduce 

the energy usage of a building. One common practice is to encourage natural ventilation ' 

at night to reduce the amount of energy stored in the building. This reduces and delays 

the temperature peak during the following day [Bressch, Dossaer & Janssens, 2005]. 

Pfafferott et. al. [2004] found that if only natural ventilation was used at night, a 

comfortable environment could still be maintained during the day, while significantly 

reducing the energy usage of the building. Breesch, Bossaer and Janssens [2005] found 

that using ventilation in the office building they studied allowed for peak temperatures to 

occur after business hours. However, if improperly designed, an atrium can prevent 

natural ventilation from occurring [Holford & Hunt, 2003]. 

Atria can act as a free source of natural daylight for a building. When the 

atrium' s transparent wall acts as an external wall, sunlight can enter the atria and the 

connected building. The effect of this natural sunlight is twofold; the natural light can 

replace some electrical lights, reducing the energy consumption of the building and thus 

saving energy; and the presence of natural light can be more aesthetically pleasing 

[Galasiu and Atif, 2002]. 

4 
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Atria also have a significant impact on the thermal performance of the building 

[lEA, 1996]. The most common transparent external fayade allows for significant 

amounts of heat transfer by radiation during a typical day [lEA, 1996]. The amount of 

heat loss or gain varies according to the external conditions; such as time of day and 

season. 

These roles mean that the design of the atrium can have a significant effect on the 

usefulness of the building to which it is attached. The orientation, size, type of 

transparent fayade and shape of the atrium all help determine how the atrium affects the 

building. 

2.2 Physical Phenomena 

There are a variety of physical phenomena that are critical to an atrium's 

performance that are not usually considered in building design. Each of these is the focus 

of validation studies to determine if ANSYS CFX has the capacity to accurately model 

them. These phenomena are natural convection, radiation heat transfer and conjugate 

heat transfer. 

Natural Convection 

Natural convection plays an important role in the heat and fluid flow in an atrium. 

Given the height of atria' s facade, the buoyant air flow is usually turbulent. As an 

example, if an atrium was treated as a two dimensional square cavity the Rayleigh 

number would be calculated according to the following formula: 

g/lt!.TH 3 
Ra.= =...:..--

va (Equation 1.1) 
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The typical values for the physical properties of air, a one degree temperature difference 

and a height and length of ten meters produces a Rayleigh number of order 1011 . This is 

well within the accepted values of turbulent Rayleigh numbers. 

Radiation Heat Transfer 

Radiation accounts for a larger amount of heat exchange in an atrium than in 

normal rooms. The large glazed fayade allows for significant amounts of solar energy to 

enter the atrium. In addition, significant amounts of radiation can exit the atrium when 

the sun is not present. Wall [1997] found that traditional building models do not 

accurately account for radiation in a highly glazed area. 

Conjugate Heat Transfer 

Thermal mass, which allows for energy storage and release, is an important part 

of an atrium. Properly designed thermal mass will absorb excess energy during hot parts 

of the day and release the stored energy during the cooler parts of the day. Thus, the 

atrium will have a more even temperature over the day and minimal thermal extremes. 

Thermal mass often takes the form of solid objects and the heat transfer between the solid 

objects and the air must be modeled accurately. 

2.3 Goals of Design 

Several different criteria must be taken into consideration when designing an 

atrium. These typically include the aesthetic value of the atrium, energy usage and 

thermal comfort. As mentioned previously, there are several different possible reasons 
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for an atrium to be included in a building's design. The relative importance of these is 

dependent on the purpose of the atrium. 

Aesthetic Appeal 

Aesthetic appeal is the general appeal of the design. Atria have traditionally been 

included in buildings for this reason, however, since this goal is difficult to quantify it 

will not be given consideration in this thesis. It should be noted that there has been at 

least a single attempt to quantify the general attractiveness of an atrium's design. This 

was done with the Mass Rapid Transit (MRT) stations in Taiwan [Wang & Huang, 2004]. 

Survey techniques were used in conjunction with sketches of various proposed designs to 

determine which design should be used. One of the criteria considered was the 

appearance of the design. 

Energy Usage 

The energy usage of an atrium can vary significantly with the time of day and 

time of year. The HV AC system is one of the largest sources of energy use for an atrium 

[International Energy Agency, 1996]. Ideally the energy usage should be as low as 

possible. When properly designed, an atrium has the potential to lower the energy usage 

of a building [lEA, 1996]. Natural ventilation can supplement or replace mechanical 

ventilation and thermal mass can be used to store excess energy to reduce temperature 

swings and reduce the need for HV AC. Improperly designed atria can increase the 

energy usage of a building by overheating during the day and overcooling during the 

night. It has been shown that improperly designed atria can have the opposite effect of 
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natural ventilation and increase the requirements of the mechanical ventilation [Holford 

& Hunt, 2003]. 

Thermal Comfort 

Thermal comfort is of importance when the atrium is meant to be occupied. 

Thermal comfort is determined by the temperature and velocity of the air and is related to 

the energy usage of an atrium. Ideally, the temperature of the atrium, without mechanical 

intervention, should be as close to the thermal comfort zone as possible. Federspiel (as 

cited in ASHRAE, 2005) found that 96.5% of complaints of discomfort occurred outside 

of the temperature range of21-24°C. If the temperature leaves this range then the atrium 

may require increased energy usage to adjust the temperature of the air. The issue of 

thermal comfort is further complicated by stratification. The difference in temperature 

within the atrium can exceed the range of temperature in which a person will feel 

comfortable. This means that if the temperature along the bottom of the floor is 

comfortable the top floors connected to the atrium may be excessively hot. One solution 

to this is to extend the atrium past the top floors of the building or isolate it from the top 

floors. This allows the height required to drive the natural ventilation without the high 

temperatures affecting an occupied space. The velocity field also plays a role in making 

an atrium habitable. Berglund, and Fobelets (as cited in ASHRAE, 2005) found that a 

velocity less than 0.25 mls is desired. 
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There are several different tools to model both atria and buildings; energy 

calculations, building energy simulations (BES) and computational fluid dynamics 

(CFD). Each tool offers its own advantages and drawbacks. 

Integral Energy Calculations 

Energy calculations are perhaps the simplest tool available. They use empirical 

correlations to predict energy usage and general temperature in a room [lEA, 1996]. This 

type of model uses gross characteristics of a room such as orientation, window size and 

window type to determine approximate values for temperature and energy usage. This 

offers a quick method to compare gross differences in design. The results are not 

necessarily accurate but provide a good comparison between different designs. Typically 

the empirical equations do not take into consideration some important features of atria. 

Stratification is one such aspect that is ignored by the general assumption of a uniform 

temperature. However, there has been some work to create empirical models that do take 

stratification into account. Work done in Sweden has shown promise using empirical 

models to predict stratification so that it is included in the results [1 EA, 1996]. 

Building Energy Simulations (BES) 

Building energy simulations are popular methods for building simulations. Three 

such programs are EnergyPlus, TRNSYS 15 and ESP-r, which have been generally shown 

to be versatile and reliable [Ibanez et. aI. , 2005]. Typically they use zones which are 
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treated as well mixed. They may have multiple zones; the TRNSYS 15 component Type 

56 'Multi-Zone Building' allows for up to 25 zones, each with a single node [Ibanez et. 

aI. , 2005]. They differ from energy calculations in that they are more complex and allow 

interaction between different zones and more complicated interaction with other 

components such as HV AC systems. BES rarely solve for the fluid flow within a 

building directly. Typically, the flow is determined by either experimental measurement 

or by using an additional program to generate estimates of flow between zones. The 

additional program may be a CFD code [lEA, 1996] or a simpler program, such as 

COMlS that uses pressure difference to calculate flow rates [Breesch, Bossaer & 

Janssens, 2005]. The detailed fields are not solved within each zone. Each zone is 

assumed to be well mixed and have a uniform temperature, if radiation is being 

considered an additional temperature which accounts for wall temperature is also 

considered [Breesch, Bossaer & Janssens, 2005]. The use of the well mixed assumption 

has been associated with the inability to model stratification similar to the limitation of 

integral energy calculations. A recent approach has been to use multiple zones located 

above each other [lEA, 1996]. This allows for the temperature difference between each 

zone to model the stratification and has had some success [lEA, 1996]. BES also 

requires complex empirical models, which may have to be custom fitted to each surface. 

Coefficients of heat transfer for walls are one such type to be considered. Veoltzel et. al. 

[2001] found that a specialized process had to be used to determine the coefficient of heat 

transfer for the wall. In addition, Gao, Zhang and Zhao [2008] found that standard 

empirical models for coefficients of heat transfer were not accurate for surfaces adjacent 
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to stratified air. They showed that CFD had the capacity to produce much more accurate 

predictions of heat transfer coefficients than any empirical model they used. 

Wall [1997] found that BES models were unsuccessful in dealing with solar 

radiation. They were often limited to black surfaces. In addition solar radiation input 

was treated as diffuse. These two factors lead to over predicting the energy gain from 

solar radiation. TRNSYS divides solar energy into three categories; lost, to air and to 

surface [lEA, 1996]. The lost portion is a percentage that is considered lost out the 

room's windows. The 'to air' portion is usually between 10% and 30% and is transferred 

directly to the air. The remaining portion of solar energy heats the surface. Therefore, 

TRNSYS is capable of modeling this phenomena but it requires user input to predict the 

correct portions [lEA, 1996]. The largest concern is the lack of detailed data within each 

zone, especially the velocity. 

Computational Fluid Dynamics (CFD) 

Computational fluid dynamics (CFD) solves the governing equation of heat and 

fluid over a discretized domain. CFD provides a much more detailed solution, including 

both temperature and velocity fields, however, it is much more computationally 

expensive. CFD has been used in several ways in modeling atrium. In common usage, 

CFD is used to calculate velocity fields, either to create input data for the zones in a BES 

or to calculate the velocity field in a specific area of concern. There is significant 

potential for CFD to expand its role [lEA, 1996]. A simulation which includes the entire 

domain offers a much more complete analysis of the atrium but at the cost of 

computational effort. Also there is a lack of data regarding CFD for full simulations. 
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The most complete method of modeling atria uses a variety of design tools [lEA, 

1996]. As the design is refined from the general concept, different tools are used to allow 

for more accurate predictions. The general course of work starts with gross details such 

as orientation and fa<;:ade type combined with energy calculations. BES models are used 

to fit additional systems, such as HV AC and multiple zones to create more detailed and 

accurate temperature estimates. At this stage CFD may be used to estimate the velocity 

field in the atrium to determine the fluid flow between zones. This is typically done with 

an isothermal model and no buoyancy since only general mass flow rates are required, 

not detailed information. Finally, if there is an area where the velocity may be too high 

for comfort then a detailed CFD simulation of that area is done to determine if minor 

changes, such as wind guards need to be added. 

2.5 Previous Modeling Work 

Building Energy Simulation Modeling 

Laouadi & Atif [1999] and Voeltze1 et. al. [200 1] were very successful in 

predicting the temperature distribution. Their simulation using ESP-r was capable of 

predicting stratification in a real atrium and had good agreement in general with 

measured temperatures. However, as mentioned previously the BES program was 

incapable of modeling the airflow in the atrium. Each group of authors used a difference 

method to account of air flow. Laouadi & Atif [1999] used measured airflow from a 

previous experiment in the atrium. This is limiting because it requires an actual atrium to 

perform measurements in and is only accurate for the conditions under which the 
12 
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measurements are taken. Voeltzel et. al. [2001] created a program named AIRGLAZE, 

which solves the mass equation, enthalpy equation and the perfect gas law equation but 

not the momentum equation. They also modified the method of calculating the heat 

transfer coefficients for each different atrium, meaning that the program would require 

specialised adaptation to each case [Veoltzel et. al., 2001]. To work, the programs 

required specific conditions such as isothermal walls which may not be practical in a real 

building [Voeltzel et al., 2001]. The improvement this program represents treats the air 

in the atria as separate zones rather that a homogenous mixture and accommodates long 

wave radiation between objects [Voeltzel et. al. 2001]. Breesch, Bossaer and Janssens 

[2005] used TRNSYS coupled with COMIS, a program to predict airflow, to model night 

natural ventilation in a low energy office building. They produced good average results 

for the temperature peaks in the office building but did not predict the stratification that 

occurred. 

Computational Fluid Dynamics Modeling 

From a computational fluid dynamics perspective these issues can be handled in 

several ways. Gan & Riffat [2004] used FLUENT to model the effects of an opening's 

location on stratification and natural ventilation, however, there was no comparison to 

experimental data. Ozeki, Kato & Murakami [1996] modeled several atria using a low Re 

k-E turbulence model. Their predictions were accurate with steady state simulations but 

no stratification was shown. This contradicts the findings by IEA [1996] that transient 

solutions improve accuracy and can result in significantly different results . IEA [1996] 
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showed that the use of transient simulations can change the average atrium temperature 

by four degrees. 

Combination Modeling 

An increasing popular method is to connect a CFD simulation with a BES simulation. 

The BES simulation is run to determine the boundary conditions of the CFD simulation 

and where the detail of CFD is not required. Then the CFD simulation provides important 

inputs to the BES simulation, such as air flow and heat transfer coefficients. Tan & 

Glicksman [2005] used a program called MMPN which combines a multi-zone BES and 

CFD model using with a RNG k-epsilon model. The atrium was divided into zones for 

the BES then CFD calculations were run within those zones of interest. Pappas and Zhai 

[2008] used a combination of BES and CFD to model a double skin fayade. While this is 

not strictly an atrium, a double facade possesses many of the same characteristics. 

EnergyPlus, which was the BES, calculated the wall temperatures and the effects of 

shading devices. The CFD software then used this information to calculate the 

temperature stratification, air flow and coefficient of heat transfer. These were then used 

by EnergyPlus to solve for the previously mentioned variables. This allowed for more 

accurate boundary conditions for the CFD simulation. 

Size of Validation Atrium 

Many CFD simulations have been validated against data from scaled down atria. 

This was done in the case of Ozeki, Kato & Murakami [1996]. This is also common in 

BES work. The experimental data used for Voeltzel et. al. [2001] was collected from 

model atria only 5 meters in height. This was likely the reason that some of the atria did 
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not show stratification [Voeltzel et. al., 200 1). This practice poses several problems 

because the scale of the atria may not be sufficient for stratification to occur for 

sufficiently turbulent flow to develop. Work has been done on full size atria. For 

example, Breesch, Bossaer and Janssens [2005] used a full scale building to compare 

with their BES simulations. 

Expanding the Role of Computational Fluid Dynamics 

As mentioned CFD already plays a role in building simulations. However, by 

modeling the entire atrium with all features such as buoyancy and radiation included 

much more complete simulations are possible. There has been some work done on this 

expanded use of CFD, however, important phenomena have been usually neglected. The 

final results are typically presented with very little in the way of systematic analysis. So 

far none have used ANSYS CFX. Comparison of models is not common. If CFD is to 

expand its role in atria simulations more detailed analysis and validation is necessary. To 

this author's knowledge there has yet to be a published example of a validated program 

that is practical for design purposes. 
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Atria are becoming more common and accurately modeling their performance is 

an important task. CFD has the potential to improve this modeling but requires a solid 

analysis of its models and capacity. There is a lack of published work that systematically 

validates CFD code. The current BES models can be adapted to account for the 

phenomena discussed, however, to do so requires extension empirical data of 

questionable accuracy. Methodological validations are an important step which must 

still be taken for CFD to fulfill its potential. 
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Chapter 3: Natural Convection Validation 

3.1 Background 

3.1.1 Natural Convection in Atria 

The ability to successfully model natural convection and buoyant flow is essential 

for accurately predicting the environment in an atrium. Natural convection facilitates the 

interaction between the air and the surfaces and serves as a connection between the 

radiation that enters an atrium and the air in the atrium. Since air is a non-participating 

medium for radiation and optically thin, the radiation heats the air by heating the solid 

surfaces, which then transfer the heat to the air through natural convection. Furthermore, 

the buoyant flow and the high ceilings of an atrium allow for the stratification of air, and 

this stratification allows for natural ventilation of an atrium [Holford & Hunt, 2003]. It 

has been shown that natural convection can be used to significantly reduce the energy 

usage while providing a comfortable environment [Pfafferott, Herkel & Wambsganss, 

2004]. However, an incorrectly designed atrium can prevent natural ventilation from 

occurring [Holford & Hunt, 2003]. Hence, natural ventilation is a desirable feature of 

atria but it requires careful atria design. In order to predict a design's natural ventilation 

performance it is necessary to be able to accurately model the underlying physical 

phenomena that are responsible for it. Therefore, it is essential that natural convection be 

able to be accurately modeled. 
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For the purposes of this chapter and all related discussion the variables and 

parameters are defined in Tables 3.1 and 3.2. The properties listed below are for air at 

25°C and standard pressure. 

Sym Definition Value Unit 

A Area of cavity wall ml 

g Gravity acceleration -9 .81 mlsl 

k Thermal conductivity 2.61e-2 W /mK 

L Cavity side length m 

Q Total heat flow W 

T Temperature K 

Tc Cold wall temperature K 

T" Hot wall temperature K 

v Vertical velocity mls 

a Thermal diffusivity 2.1ge-S mLls 

fJ Thermal expansivity 3.36e-3 11K 

v Kinematic viscosity l.S4e-S mlls 

Table 3.1. Variable definitions, units and values 

Variable Equation 

Dimensionless T-T 
Temperature TND = c 

T" -Tc 

Dimensionless v 
Velocity V ND = 

~ gf3L(T" - Tc) 

Average Nusselt - QL 
Nu= Number Ak(T" - Tc) 

Rayleigh Number 
Ra = 

gfJ(T" - Tc )L3 

va 

Table 3.2. Dimensionless variable definitions 
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The k-£ turbulence model is a commonly applied two equation eddy viscosity 

turbulence model. The eddy viscosity is modeled as a function of the turbulent kinetic 

energy and the turbulent kinetic energy dissipation as shown by Launder & Spalding in 

1973 : 

(Equation 3.1) 

Transport equations for the turbulent kinetic energy (k) and the turbulent kinetic 

energy dissipation (£), shown in equations 3.2 and 3.3, are used to close the Reynolds 

Averaged Navier-Stokes (RANS) equations [ANSYS CFX, 'Two Equation Turbulence 

Modeling, 2006]. 

(Equation 3.2) 

(Equation 3.3) 

One of the advantages of the k-£ turbulence model is the value of the constants may be 

adapted to different flow problems [Launder & Spalding, 1973] The constants used in 

these simulations were provided by ANSYS CFX as ['Lists of Symbols', 2006]: 
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The production tenn is defined differently from the one shown by Launder & 

Spalding [1973]. It includes two additional tenns, which are a tenn to model production 

near shocks and a tenn to model production from buoyant flows (Pkb). ANSYS CFX's 

['Two Equation Turbulence Models', 2006] production equation is shown below. 

(Equation 3.4) 

Near Wall Treatment 

Launder & Spalding [1973] suggested two methods to adapt the k -8 turbulence 

model for flows near a wall; wall functions and low Reynolds number modeling. This 

was necessary to account for the boundary layer [Launder & Spalding, 1973]. ANSYS 

CFX ['Near Wall Treatment' , 2006] only offers a wall function model for near wall k-8 

modeling. This wall function, unlike the wall function provided by Launder & Spalding 

[1973] , is scalable. The advantage of which is that the mesh can be arbitrary fine near the 

wall [ANSYS CFX, 'Mathematical Fonnulation, 2006]. The wall function uses the 

following velocity scale: 

(Equation 3.5) 

The scalable wall function acts so that the minimum value of y* that can be used 

by the solver is 11.08, which is based on the value where the log law and viscous 
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sublayer should meet [ANSYS CFX, 'Mathematical Formulation', 2006]. Therefore the 

y* value is defined as flows: 

y* ~ max( PU: I'>y ,11.06 J (Equation 3.6) 

These values are then used to solve for the wall stress and friction velocity as 

shown in equations 3.7 and 3.8 [ANSYS CFX, 'Mathematical Formulation, 2006]. 

u r = 1 
-In(y*) + C 
K 

r =pu*u ()) r 

(Equation 3.7) 

(Equation 3.8) 

ANSYS CFX ['Guidelines for Mesh Generation', 2006] suggests that this wall 

treatment works best when the / value of the first node is between 20</ <100. 

Model Issues 

The k-E model has the advantage of being adaptable and computationally 

inexpensive; however, this model also suffers from several disadvantages. It assumes 

isotropic turbulent viscosity. In flows where is not true, such as in the flow along a 

twisting tape as done by Launder & Spalding [1973], agreement with experimental 

results are inadequate. Furthermore, the k-E model does not model flow separation or 

flow along curved surfaces well [ANSYS CFX, 'The k-E Model ', 2006]. Over prediction 

of turbulence in stagnant areas can also be an issue [ANSYS CFX, 'Model Selection and 

Application' , 2006]. 
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Wilcox k-co Turbulence Model: 

The Wilcox k-co model is a two equation eddy viscosity turbulence model. The 

eddy viscosity is modeled as a function of the turbulent kinetic energy (k) and turbulent 

frequency ( co) [ANSYS CFX, 'Two Equation Turbulence Models', 2006]. 

k f.1, = p
OJ 

(Equation 3.9) 

This turbulence model uses transport equations of the turbulent kinetic energy (k) 

and the turbulent frequency ( co) to close the RANS equations. Equations 3.10 and 3.11 

show these two transport equations [ANSYS CFX, 'Two Equation Turbulence 

Models' ,2006]. 

a(pk) + V • (pUk) = V • [(f.1 + ~Jv k] + Pk - I3'pkOJ at a k 

(Equation 3.10) 

a(pOJ) + V • (pU OJ) = V • [(f.1 + f.1 t Jv OJ] + a OJ (Pk ) - I3pOJ 2 (Equation 3.11) 
& a m k 

The Wilcox k-co turbulence model uses the same equation for the Pk term as the k-

I:: model. The constants used in these simulations were provided by ANSYS CFX ['Two 

Equation Turbulence Models', 2006] are consistent with those provided by Wilcox 

[1993]: 

13' = 0.09 

a =5 / 9 

13 = 0.075 

a k = 2 

a m =2 
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In ANSYS CFX the near wall treatment of the k-co turbulence model is an 

automatic wall treatment. This is a combination of a low Reynolds number model and a 

wall function. ANSYS CFX ['Mathematical Formulation', 2006] uses the following 

equations for the wall function. 

u ~~vLlU 
r ~y 

1 U * 2 
0), =--+

alK Y 

6v 
0) =---::-

s fJ(~y) 2 

Model Issues 

(Equation 3.12) 

(Equation 3.13) 

(Equation 3.14) 

(Equation 3.15) 

The Wilcox k-co turbulence model shows strong dependency on the free stream 

conditions and is dependent on user input [ANSYS CFX, 'Model Selection and 

Application' , 2006]. The model also is insensitive to streamline curvature and rotating 

flows [ANSYS CFX, Model Selection and Application, 2006]. 

Shear Stress Transport (SST) Turbulence Model: 

The shear stress transport model is a two equation eddy viscosity model that 

blends the k-c and the Wilcox k-co model. The k-co model remains unchanged and the k-c 

model is modified as below. 
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a(pk) + 'V . (pUk) = 'V . [[f.l + ~J'V k] + Pk - fJ'pkOJ at (Y k 

(Equation 3.16) 

(Equation 3.17) 

The constants used in these simulations were provided by ANSYS CFX as ['Two 

Equation Turbulence Models', 2006]: 

fJ' = 0.09 

a, = 5/ 9 

fJ, = 0.075 

(Yk' = 2 

(Y "" = 2 
a 2 = 0.44 

fJ2 = 0.0828 

(Yk 2 = 1 

(Y ",2 = 11 0.0856 

A blending function is used to combine the two turbulence models. The k-co 

model equations were multiplied by F 1 and the modified k-£ model equations were 

multiplied by (l-F I), then the two k equations and two co equations were combined. 

Therefore, the coefficients for each term are a combination of the coefficients for each 

model. This is shown in equation 3.1 8, where <D represents a coefficient. 

(Equation 3.18) 

This yields two equations as shown by ANSYS CFX ['Two Equation Turbulence 

Models', 2006] 
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(Equation 3.19) 

(Equation 3.20) 

F I is the blending function and is defined by equations 3.21 to 3.23. 

(Equation 3.21) 

. ( [Jk 500V] 4pk J arg l = mIn max '-2 - , 2 

0.09wy y w CD",p' w2 Y 

(Equation 3.22) 

( 
1 -10) CD"," = max 2p--VkVw,1.0x10 

a w2 w 
(Equation 3.23) 

The SST model uses a blending function to limit the eddy viscosity in the 

boundary layer. The equation for the eddy viscosity is modified to produce the smallest 

eddy viscosity. Equation 3.24 shows the original definition of the eddy viscosity and 

equation 3.25 shows the modified definition. 

V=~ 
{ (Equation 3.24) 

p 

(Equation 3.25) 

The quantity S is an invariant measure of the strain rate equal to au and a I is the 
ay 

Bradshaw constant [Menter, 1996]. The blending function limits the reduction of the 

eddy viscosity to the boundary layer and is defined in equations 3.26 to 3.27. 
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(Equation 3.26) 

(Equation 3.27) 

This makes the SST model different from other blended models in that it uses the 

k-ro model in both the sub layer of and log-law region of the boundary layer [Menter, 

1996]. It also limits the eddy viscosity in the boundary layer to more accurately model 

transport of shear stress [ANSYS CFX, 'Two Equation Turbulence Models' ,2006]. 

Near Wall Treatment 

The near wall treatment IS identical to that of the k-ro model mentioned 

previously. 

Model Issues 

The SST model is designed to increase the accuracy of the model in adverse 

pressure gradients and remove the k-ro model's dependency on free stream quantities. 

Buoyancy Turbulence Production Model: 

ANSYS CFX offers an optional production term for buoyant flows. The 

production term model accounts for the additional production of turbulent kinetic energy 

arising from density gradients [ANSYS CFX, 2006]. This term can be included in either 

one or both of the additional transport equations of a two-equation turbulence model. 

Thus the term can be in only the turbulent kinetic equation or in both the turbulent kinetic 

energy equation and either the dissipation or the frequency equation, depending on the 
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turbulence model used. The actual term is defined, for the Boussinesq buoyancy model, 

in equation 3.28 [ANSYS CFX, 2006] 

f.1J3 kfJ Cl'fJe 
~b=----geVT=----geVT=- geVT 

0.9 p 0.9w 0.9& 
(Equation 3.28) 

When this term is applied to either the c: or the co equation, the definition is 

changed according to equation 3.29 [ANSYS CFX, 2006]. 

Pkb = C3 max(-~ fJg e VT,O) 
0.9p 

(Equation 3.29) 

In the cases dealt with in this thesis it can be assumed that gravity acts solely in 

the negative y direction. This allows for the production term to be further simplified to 

equation 3.30. 

(Equation 3.30) 

Relaxation: 

Relaxation is used in an iterative process to adjust how much the solution changes 

with each iteration. The relaxation factor is multiplied by the change calculated by the 

iterative process to derive what change is actually applied. Equation 3.31 shows this 

principle where R is the relaxation factor. 

TNelV TOld R(T NelV TOld) Actllal = + Calclliated - (Equation 3.31) 

If the relaxation factor is unity then the new value of the variable is the value 

calculated by the equations of the iterative process. If R is a value other than unity the 
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new value of the variable will be different than the one calculated by the equations of the 

iterative process. This effectively either reduces or increases the change in the variable 

between iterations. It has been found necessary to use values of R less than one, known 

as under relaxation, in order for turbulent natural convection simulations to converge. 

This was highlighted in the work by Henkes and Hoogendoom [1995] , which compared 

several different attempts to model turbulent natural convection, all of which required 

under-relaxation. 

3.2 Simulations 

3.2.1 Laminar Natural Convection in a Square Cavity 

Description: 

A square cavity filled with air, which has a temperature difference between the 

vertical walls of 10.65 ·C was simulated. This temperature difference drives a laminar 

natural convection regime, which creates a circulating flow within the cavity. Fluid 

properties used are listed in Table 3.1 . By adjusting the length of the cavity's side the 

Rayleigh number can be adjusted for each simulation, the definition of which is included 

in Table 3.2. 

Measurement: 

The average Nusselt number was used as a measurement of accuracy. Table 3.2 

contains the definition of the average Nusselt number. 

Validation: 
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The paper by Hortmann et. al. [1990] was used to supply the appropriate average 

Nusselt numbers for the three Rayleigh numbers. The simulations were run using a series 

of increasingly fine meshes and the extrapolation technique detailed in Appendix B was 

used to extrapolate the solution for an infinitely fine mesh. 

Variations: 

Each test case dealt with a different laminar Rayleigh number. As stated in the 

description the change in the Rayleigh number is created by a change in the side length of 

the cavity. Table 3.3 outlines the parameters for each Rayleigh number. 

Case Rayleigh Side Benchmark 
Number Number Length Nusselt Number 

lA 104 0.02126 m 2.245 
1B 10) 0.09867 m 4.522 
lC 10D 0.21260 m 8.825 

Table 3.3 LIst of Lammar SImulatIons Run and Related Parameters 

Domain: 

The domain consisted of a two-dimensional square filled by air, with properties 

consistent with a temperature of 25°C and a standard pressure. The value of these 

properties can be found in Table 3.1. Figure 3.1 is an illustration of the domain and its 

relevant features . 
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Figure 3.1 Sample domain for the laminar natural convection simulations 

Boundary Conditions: 

Hot Wall: The hot wall was a no slip wall with a specified uniform temperature of 

285.8 K. 

Cold Wall: The cold wall was a no slip wall with a specified uniform temperature of 

275.15 K. 

Horizontal Walls: The horizontal walls were treated as no slip adiabatic walls. 

Meshes: 

Two-dimensional uniform meshes were used with the number of nodes per side of 

the square starting at twenty and doubling with each level of refinement. The finest mesh 

had three hundred and twenty nodes per side. 
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Table 3.4 shows the calculated average Nusselt numbers for all of the laminar 

natural convection simulations, along with the appropriate percentage error. 

Ra 104 Ra 10' Ra 10° 
Nodes Per Side Average % Error Average % Error Average % Error 

Nusselt Nusselt Nusselt 
Number Number Number 

20 2.432 8.33% 5.362 18.58% 8.968 1.62% 
40 2.290 2.00% 4.815 6.48% 10.206 15.65% 
80 2.254 0.40% 4.595 1.61% 9.284 5.20% 
160 2.245 0.00% 4.538 0.35% 8.937 1.27% 
320 4.518 0.09% 8.822 0.03% 

Extrapolated 2.242 0.1 3% 4.507 0.33% 8.765 0:68% 
Hortmann et. al 2.245 4.522 8.825 

Table 3.4 Average Nusselt Numbers for All Laminar Simulations with Percentage Errors 

Table 3.4 also shows the extrapolated Nusselt number for an infinitely fine grid 

and its percentage error. The extrapolation used is based on the assumption that the error 

in the average Nusselt number is proportional to the grid spacing raised to an exponent, 

as shown in equation 3.32. 

(Equation 3.32) 

Appendix B explores this extrapolation further. It should be noted that even 

without the extrapolation the error was less than one percent at the finest mesh for each 

simulation. Figure 3.2 shows the progression of the temperature distribution in the cavity 

as the Rayleigh number of the simulation increases. 
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Figure 3.2. Temperature Distributions in Cavity for Different Rayleigh Numbers 
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This trend matches that shown in the results of Hartmann et al [1990]. 

Discussion: 

Extrapolated Values 

Figures 3.3, 3.4 and 3.5 show the average Nusselt number plotted against the 

number of nodes per side of the mesh, for the Rayleigh numbers 104
, 105 and 106 

respectively. 
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Figure 3.3 Average Nusselt Number for Square Cavity with Rayleigh Number 104 vs. the 
Number of Nodes in Each Direction 
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Figure 3.5 Average Nusselt Number for Square Cavity with Rayleigh Number 106 vs . the 
Number of Nodes in Each Direction 
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These three figures all show that as the mesh is refined the accuracy of the 

predictions increases. An exception is seen in Figure 3.5, the first data point does not 

follow the standard trend in data. This is likely because the mesh is too coarse for the 

assumptions of the extrapolation model to be valid. This would suggest that higher 

Rayleigh numbers require a finer grid for the same level of accuracy. This is supported by 

the fact that percentage error in the extrapolation is directly linked to the Rayleigh 

number, as shown by Table 3.4 which has the percentage error increasing with the 

Rayleigh number. This is also consistent with the physics since the boundary layer 

becomes thinner as the Rayleigh number increases. 

Sensitivity of Extrapolations 

If the extrapolation were correct then the extrapolated value should be the same 

whether it used the three coarsest meshes or the three finest meshes of a set of four 

meshes that are sufficiently fine. In order to test, this the simulations for each Rayleigh 

number included at least four meshes that showed the expected behaviour. The 

extrapolated values in Table 3.4 used only the three finest of the meshes. However, Table 

3.5 below contrasts the extrapolated values using the three coarsest meshes and the three 

finest meshes. 
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Ra 104 Ra 10' 
Order % Error Nu Order % Error 

1.98 0.14% 4.518 1.95 0.08% 

2.00 0.13% 4.507 1.51 0.32% 

0.020 0.011 0.438 

1.02% 0.24% 22.45% 
.. 

Table 3.5 Change m ExtrapolatlOn wIth AddltlOn ofFmer Meshes 

Ra lOb 

Nu Order % Error 

8.728 1.41 1.11% 

8.765 1.59 0.68% 

0.037 0.183 

0.43% 13.01% 

The change in average Nusselt number was less than half of a percent in each 

sini.ulation. In the simulation with the lowest Rayleigh number the change was less than 

a one thousandth decimal place. It should be noted that the percentage change increased 

with the Rayleigh number, suggesting that the extrapolation require finer grids at higher 

Rayleigh numbers. In addition, the order of the solution becomes lower as the Rayleigh 

number increases. At a Rayleigh number of 104 the extrapolation is second order but 

drops to approximately 1.5 by the Rayleigh number of 106
. 

Conclusions: 

Using the extrapolation CFX was able to predict average Nusselt numbers within 

one percent or less compared to the published benchmark solutions. Even without the 

extrapolation, CFX managed to predict the average Nusselt number for all three cases by 

less than one percent. It is also seen that higher Rayleigh numbers require finer meshes, 

as expected. 
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3.2.2 Turbulent Natural Convection in a Square Cavity 

Description: 

This case considers a two dimensional air filled square cavity with a temperature 

difference between the vertical walls. The simulation is very similar to the laminar cases, 

however, the temperature difference and magnitude of the cavity' s sides are sufficient for 

the natural convection to be turbulent with a Rayleigh number of 1.58x 109 [Ampofo & 

Karayiannis, 2003]. The goal of this section is to assess the capability of various 

turbulence models to predict the measured data. 

Measurement: 

There are three variables that are used to judge the accuracy of a simulation; the 

average Nusselt number, the temperature along the center of the cavity and the velocity 

component v along the center of the cavity. The experimental error in the measurements 

reported by Ampofo & Karayiannis [2003] for the air temperature is 0.1 K, 0.07% for the 

air velocity and 0.25%-1 .13% for the Nusselt numbers. 

Validation: 

The simulation results were validated against the experimental results of a three-

dimensional rectangular cavity of the same Rayleigh number published by Ampofo and 

Karayiannis in 2003. The experimental set up was a long three dimensional rectangular 

cavity filled with air. Two of the sides were 0.75 meters long with the third side 

measuring twice the length at 1.5 meters . The measurements were taken at the mid point 

of the longest side in order to eliminate three dimensional effects and produce two 
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dimensional data in a square area. The measurements included the air velocity and 

temperature along the horizontal centerline of the square cavity. The top, bottom and end 

walls were insulated, although there was still some heat loss through the top and bottom 

walls. The remaining vertical walls were held at different constant temperatures. Figure 

3.6 shows the layout ofthe experimental cavity. 

EXl)eril11el1tal Ca\Tity 
Top ':Vall 

I'deasureillent 
DOlllaill 

0.75 111 

Hot 'Vall 

Cold 'Vall 

O ~-. . .1 ) 111 

BOttOlll 'Vall 

Figure 3.6 Layout of Cavity Used in Experimental Work 

Variations: 

A series of simulations were performed which considered a range of turbulence 

models and buoyancy models. These simulations were classified into two groups. The 

first group compared the results of available turbulence models. This group is referred to 

as the standard simulations. The second compared the effect of an optional buoyancy 
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turbulence production model, which is described in the Models & Theory section. Table 

3.6 below outlines each simulation and its respective parameters. 

Case Turbulence Model Buoyancy 
Number Turbulence 

Production Term 
IA k- & Turbulence Model None 
IB k- OJ Turbulence Model None 
IC SST Turbulence Model None 
2A k- & Turbulence Model Production 
2B k- & Turbulence Model Production & 

Dissipation 
2C k- OJ Turbulence Model Production 
2D k- OJ Turbulence Model Production & 

Dissipation 
2E SST Turbulence Model Production 
2F SST Turbulence Model Production & 

Dissipation 
Table 3.6 Variations of Turbulent Natural Convection Simulation 

Domain: 

The domain consisted of a two dimensional square cavity with sides 0.75 meters 

long. The cavity is filled with air, with physical properties consistent with a temperature 

of 25°C and standard pressure. The fluid is buoyant with acceleration due to gravity in 

the same direction as the negative y-axis. The temperature difference between the vertical 

walls yield a turbulent domain with a Rayleigh number of 1.58xI09 [Ampofo & 

Karayiannis, 2003] . Figure 3.7 below shows the domain and the centerline that the 

measurements of the temperature and velocity were taken along. 
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Figure 3.7 Turbulent Natural Convection Domain with Centerline Indicated 

Boundary Conditions: 

Hot Wall: The hot wall was a no slip wall with a specified uniform temperature of 

321.56 oK. 

Cold Wall: The cold wall was a no slip wall with a specified uniform temperature of 

283.15 OK. 

Horizontal Walls: The horizontal walls were treated as no slip walls. The energy 

boundary conditions were a polynomial specified temperature which was designed to 

match the experimental data. 
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The mesh shown in Figure 3.8 is the mesh used in these validations. 

i, ; 
11 1 

! l-.j-:!+-I--'--+-.--I--+----j 
l! 

Figure 3.8 80x80 expanding mesh used as standard mesh for turbulent natural convection 
simulations 

The mesh was based on a similar grid used by Davidson in the paper presented by 

Henkes and Hoogendoom in 1995. It was an expanding mesh with eighty nodes per side 

of the cavity and an expansion factor of 1.27. An expanding 160x 160 grid was also used 

for confirming grid independence. 

Results: 

Velocity 

The velocity component v, which is in the positive y direction, was used to 

measure the accuracy of the simulations with respect to velocity. The velocity component 

was measured across the entire width of the cavity at a height equal to half of its total 

height. Figure 3.9 below shows the comparison of the simulations and the benchmark 

data. 
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Figure 3.9 Velocity v Component for A) k-c: Model, B) k-co Model C) SST Model and 
Experimental Data 
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Enlarged images of the velocity profiles in the boundary layer are located in the 

discussion section. Even in this level of detail it is clear that the k-c model does not 

match the experimental velocity profile as well as the k-CD and SST model. 

In addition, the magnitude of the velocity peaks in the boundary layers were 

measured and compared with those of the experimental data. Table 3.7 shows the values 

of the velocity peaks and percentage errors for all of the simulations. 

k-c Turbulence Model 
Experimental Standard Production Production & Dissipation 
Wall V [m/s] V [m/s] % Error V [m/s] % Error V [m/s] % Error 

Hot Wall 0.213 0.110 48.4% 0. 119 44.1% 0.119 44.1% 
Cold Wall -0.226 -0.11 1 -50.9% -0.120 -46.9% -0. 119 -47.3% 

k-CD Turbulence Model 
Experimental Standard Production Production & Dissipation 
Wall V [m/s] V [m/s] % Error V [m/s] % Error V [m/s] % Error 

Hot Wall 0.213 0.219 2.8% 0.224 5.2% 0.224 5.2% 
Cold Wall -0.226 -0.219 -3.2% -0.224 -0.88% -0.224 -0.88% 
Shear Stress Transport Turbulence Model 

Experimental Standard Production Production & Dissipation 
Wall V [m/s] V [m/s] % Error V [m/s] % Error V [m/s] % Error 

Hot Wall 0.213 0.259 21.6% 0.244 14.6% 0.249 16.9% 
Cold Wall -0.226 -0.259 -14.6% -0.245 -8.4% -0.250 -10.6% 
Table 3.7 Velocity Peak Magnitudes in Boundary Layers for Simulations 

As the above table shows, there is an asymmetry to the velocity profile for the 

experimental data that was not obvious from the previous figures . Although the 

difference is approximately one hundredth of a meter per second, if considered as a 

percentage the difference is approximately six percent. 

Temperature 

The temperature along the centerline was also compared to the benchmark data. 

Figure 3.10 shows the temperature profile for the simulations and the experimental data. 
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Temperature Profiles at Y/L=O.5 

A) k-Epsilon Model Simulations 
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Figure 3.10 Temperature Profiles for A) k-£ Model, B) k-O) Model C) SST Model and 
Experimental Data 
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It should be noted that all of the simulations under-predicted the temperature in 

the middle portion of the centerline. 

Average Nusselt Number 

The average Nusselt number for each simulation was calculated usmg the 

definition in Table 3.2. The percentage error is based on the experimental values 

provided by Ampofo and Karayiannis [2003]. Table 3.8 shows the experimental average 

Nusselt numbers for the each surface and each of the simulation's corresponding average 

Nusselt numbers and associated percentage errors. 

k-c Turbulence Model 
Experimental Standard Production Prod. & Dis. 

Surface Nu Nu % Error Nu % Error Nu % Error 
Hot Wall 62.9 24.8 60.57% 24.1 61.69% 23.6 62.48% 
Cold Wall 62.6 24.8 60.38% 24.1 61.50% 23 .6 62.30% 
Bottom 13.9 6.1 56.12% 4.9 64.75% 5.3 61.87% 
Top 14.4 5.3 63.19% 4.7 67.36% 5.0 65.28% 
Average 60.07% 63.82% 62.98% 
k-ro Turbulence Model 

Experimental Standard Production Prod.& Dis. 
Surface Nu Nu % Error Nu % Error Nu % Error 

Hot Wall 62.9 56.94 9.48% 57.19 9.08% 58.33 7.27% 
Cold Wall 62.6 57.07 8.83% 59.36 5.18% 58.43 6.66% 
Bottom 13.9 8.69 37.48% 11.25 19.06% 10.04 27.77% 
Top 14.4 8.62 40.14% 9.07 37.01% 9.94 30.97% 
Average 23.98% 17.58% 18.1 7% 
SST Turbulence Model 

Experimental Standard Production Prod. & Dis. 
Surface Nu Nu % Error Nu % Error Nu % Error 

Hot Wall 62.9 55.2 12.24% 57.54 8.52% 56.83 9.65% 
Cold Wall 62.6 55 .26 11.73% 57.68 7.86% 56.87 9.15% 
Bottom 13 .9 10.93 21.37% 11.5 17.27% 11.36 18.27% 
Top 14.4 10.87 24.51% 11.35 21.18% 11.33 21.32% 
Average 17.46% 13.71% 14.60% 
Table 3 .8 Average Nusselt Numbers for all of the Surfaces in the k - OJ Simulations 
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Discussion: 

Under-Relaxation 

In order to converge, the momentum and mass equations had to be under-relaxed. 

The exact value used varied with each simulation, however, the value was typically in the 

range between 0.65 and 0.9. There was no predictable pattern to the correct relaxation 

number. Figure 3.11 shows the effect that the relaxation factor can have by contrasting 

the residual history of simulations that are identical except for the relaxation factors of 

0.9 and 0.8, respectively. 
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Figure 3.11 The Effect of the Relaxation Number on Otherwise Identical Simulations 

46 



M.A. Sc. Thesis - C. Rundle 
McMaster - Mechanical Engineering 

Clearly the relaxation factor plays a significant role m the convergence of 

simulations. 

Grid Independence 

The simulations produced grid independent results. This can be seen in the 

average Nusse1t numbers, the temperature profiles and the velocity profiles. As discussed 

in the mesh section, the mesh which was used for grid independence had twice the 

number of nodes and the same expansion factor. Figure 3.12 contrasts the velocity profile 

within the boundary layer of the two meshes run with the standard k-O) model. 

Comparison of Velocity in Boundary Layer for Different 
Meshes 
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Figure 3.12 Velocity Profile in Boundary Layer Used to Show Grid Independent Results 

Figure 3.12 shows nearly identical profiles. Figure 3.13 contrasts the temperature 

profile within the boundary layer for the two meshes. 
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Figures 3.12 & 3.13 show no significant change in results when the number of 

nodes in the mesh was quadrupled. Also, the average Nusselt number showed a change of 

0.8%, which is smaller than the percentage error when compared to the experimental 

data. 

Comparison o/Turbulence Models 

The k-m model produced the best results for the velocity profile. Figure 3.14 

shows an enlarged section near the hot wall for each of the standard models, showing the 

boundary layer of the velocity profile in greater detail. 
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Figure 3.14 Velocity Profile in Boundary Layer by Hot Wall for Standard Models 

The magnitude of the velocity peak for the k- ill model was closest to the 

experimental results. The boundary layer next to the hot wall over predicts the velocity 

peak magnitude with an error of 2.8 %, based on the experimental peak velocity. The 

SST model over predicted the magnitude of the velocity peak next to the hot wall, with 

an error of 21.6%. The k- ill model also predicted the peak location closest to its 

experimental location. The SST model also produces a much thinner boundary layer than 

either the benchmark data or the k- ill model. As discussed previously the experimental 

results are not symmetric. When compared to the boundary layer next to the cold wall the 

error for the k-co model is similar but under predicts the peak velocity magnitude by 

3.2%. This is still smaller than any other error for velocity peak magnitude. The error in 

the SST model prediction decreases from 21.6% to 14.6%. Therefore, while the k-
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OJ model averages the velocity peaks of the two walls and the SST model does better 

adjacent to the cold wall than the hot wall, the k- OJ model still provides more accurate 

results in both locations. The k-e model prediction of the boundary layer is the worst of 

the three models. It fails to predict a well-defined peak and the magnitude of the velocity 

in the boundary layer is significantly less than the experimental data. The error in the 

peak velocity ranges from 48.4% to 50.9%. The SST model has the lowest average error 

in predicting the average Nusselt number with a value of 17.5%. The k- OJ model has a 

slightly higher average error at 24.0%. However, most of the error in the k-c.o model 

comes from the horizontal surfaces. The predictions for the hot and cold walls is more 

accurate than the SST model. This trend also is shown in the simulations, which used 

buoyancy turbulence production models, suggesting that it may be a general feature of 

the model. The k-e model is the worst predictor of average Nusselt number with an 

average error of 60.1 %. The reason for k-e poor performance has to do with the wall 

treatment. Unlike the k-c.o and SST model the k-e model uses a wall function rather than 

a low Re model near the wall. 

Effect of Buoyancy Turbulence Production Model 

As mentioned in the Models & Theory section, ANSYS CFX offers the option of 

an additional production term for two equation models. Cases 2A to 2F apply these 

production terms with each of the two equation turbulence models used in the standard 

simulations. Figure 3.15 shows the comparison of the boundary layers for the k-e model 

with the buoyancy turbulence production term. 
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Figure 3.15 Velocity Profile in Boundary Layer for k-G Model with Varying Levels of 
Buoyancy Turbulence Production. 

For the k-G model the inclusion of the buoyancy turbulence production model 

does not make a significant improvement in the results. The error in peak velocity 

magnitude does decrease by approximately 4%, however, the error is still significantly 

larger than the other simulations. The average error in the average Nusselt number 

increases with the use of the buoyancy turbulence production model, rising from 60.1 % 

to 63.8% for the production simulation and 63.0% for the production and dissipation 

simulation. Therefore, the k-G model only gains a minor benefit from the buoyancy 

turbulence production model and suffers a modest reduction in thermal accuracy. 

Furthermore, the k-G model has negligible differences in results between the production 

and production and dissipation simulations. Figure 3.16 shows an enlarged comparison 
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of the velocity profile within the boundary layer adjacent to the hot wall for the k- OJ 

model. 
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Figure 3.16 Velocity Profile in Boundary Layer for k-OJ Model with Varying Levels of 
Buoyancy Turbulence Production. 

The figure clearly shows that the simulations using the buoyancy turbulence 

production term have a minimal difference in peak velocity and boundary layer thickness 

with the standard k-w simulation or the experimental data. Adjacent to the hot wall the 

error in velocity peak magnitude increased to 5.2% from 2.8%, however, adjacent to the 

cold wall the error decreased to 0.8% from 3.2%. The velocity profile for the production 

and dissipation simulation is identical to that of the production simulation. There is an 

improvement in the prediction of the average Nusselt numbers of the simulations with the 

buoyancy turbulence production terms. The average error was reduced from 24.0% to 
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17.6% for the production simulation and 18.2% for the production and dissipation 

simulation. Nonetheless both of the simulations which used the buoyancy turbulence 

production term produced similar results. 

The results are opposite for the SST model. Figure 3.17 shows the same 

information when the same comparison is made for the SST turbulence model. 
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Figure 3.17 Velocity Profile in Boundary Layer for SST Model with Varying Levels of 
Buoyancy Turbulence Production. 

Figure 3.17 shows less difference between the standard simulations and the 

buoyancy turbulence production simulations, however, the buoyancy turbulence 

production simulations have a higher peak velocity. The velocity peak magnitude error 

decreases to 14.6% for the production simulation and to 17.0% for the production and 

dissipation simulation from 22.0% adjacent to the hot wall. Adjacent to the cold wall the 

error was reduced to 8.4% for the production simulation and to 10.6% for the production 
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and dissipation simulation from 14.6.0%. There is a slight improvement in the average 

Nusselt number, the average error decreasing to 13.7% for the production simulation and 

14.6% for the production and dissipation simulation from 17.5%. 

All the results demonstrated that the addition of the buoyancy turbulence 

production term in the second equation of the relevant model, as done in the production 

and dissipation simulations, had no significant effect on the results of the simulation. The 

reason for this is in how the production term is included in the second equation. The 

exact production term is the maximum value of either the equation or zero. Therefore, if 

the equation returns a negative value then there is no difference in the equations despite 

including the additional production term. It can be shown for these simulations that the 

production term is almost always less than zero. Figure 3.18 shows the temperature 

pattern for both the standard SST simulation and the production and dissipation SST 

simulation. 
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Figure 3.18 Isothermal Images of SST Models with Varying Levels of Buoyancy 
Turbulence Production. 

It is clear that for most of the cavity the temperature rises with height which 

means that the partial derivative aT ~ O. The density will be positive as well. Figure ay 

3.19, below shows that the value of the turbulence viscosity is also positive throughout 

the cavity for the standard SST simulation and the production and dissipation SST 

simulation. 
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Figure 3.19 Eddy Viscosity in Domain of SST Simulations 

Dissipation 

If these terms are all positive values then the buoyancy turbulence production 

term will always be negative, as shown in equation 3.32. 

_ JlJJ g. \IT = _ 9.81{J1l, aT => _ 9.81(+ve)(+ve) (+ve) > 0 
O.9p O.9p ay O.9(+ve) 

(Equation 3.32) 

Therefore, the buoyancy turbulence production term in the second equation would 

always be zero and the production and dissipation simulation would be identical to the 

production simulation. 

Conclusion: 

The best model depends on the requirements of the simulation. The standard k-

OJ model generated the best velocity results; however, the SST model with buoyancy 

turbulence production generated the best average Nusselt numbers. The k-£ model 

performed the worst of all three models and did not significantly benefit from the use of 

the buoyancy turbulence production model. The k-(j) showed an improvement in the 
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average Nusse1t number but a loss of accuracy for velocity prediction with the use of 

buoyancy turbulence production. The use of the buoyancy turbulence production model 

improved the SST model but the velocity performance was still lower then the standard 

k-co simulation. There was also no significant difference between the production 

simulations and the production and dissipation simulations with the values being within 

approximately 1 % of each other. 

3.3 Conclusion 

ANSYS CFX was able to successfully model natural convection. For laminar 

flow the average Nusselt numbers were predicted with errors all less than one percent. 

The turbulent simulations produced larger errors; however, they are within an acceptable 

range. The turbulent results show a strong indication that the k-co model was superior to 

the other models. It had the most accurate prediction of velocity profile in the boundary 

layer. At the level of turbulence considered, the buoyancy turbulence production models 

did not improve the results. The only exception to this was the prediction of average 

Nusselt, which favoured a production SST model. This may be a result of the low 

Rayleigh number of the cavity. It was also found that under-relaxation was necessary. 

There was no discernab1e pattern in the correct relaxation factor. It is concluded from the 

analysis that the best approach for simulating natural turbulent convection is with an 

under-relaxed k-co model without the inclusion of a buoyancy turbulence production 

term. 
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Chapter 4: Radiation Heat Transfer Validation 

4.1 Background 

4.1.1 Radiation in Atria 

Radiation heat transfer affects the temperature distribution in atria to a greater 

degree than in conventional buildings. The transparent nature of the outer surfaces means 

that radiation transfer through the glass becomes a significant aspect of both lighting 

conditions and heat exchange with the environment [Pfromrner et. aI., 1995]. Wall [1997] 

found that that a highly glazed area can lose 10-70% of the solar radiation that enters, 

compared to conventional buildings which range from 0-5%. As such, it is important not 

only how much radiation enters the atrium but also how it interacts with the atrium 

interior to predict how much is reflected and emitted back to the environment. Complex 

geometry can result in light that has been reflected between fayade elements several times 

before still entering or exiting the atria [Galasiu & Atif, 2002]. This means that 

simplifying the geometry can have significant effects on the final solution. Galasiu & 

Atif [2002] found that simplifying the roof geometry of an atria created errors of as much 

as 30% between their predicted and calculated results for light levels. Furthermore, 

accurate handling of the radiation is essential since the solar energy it provides is 

important in the stratification of the atrium and in providing the energy to create natural 

convection [Voeltzel et. aI. 2001]. Therefore, errors in simulating radiation impact other 

aspects of the final solution. 
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4.1.2 Definitions 

For the purposes of this section and all related discussion the variables and 

parameters are defined in Table 4.1 

Symbol Variable ValuelUnits 
A Area m:.! 

T Temperature K 

Q Heat Flow W 
q Heat Flux W /m 

E Emissivity [ - ] 
es Solar Elevation 0 

a Stephan Boltzman 5.67e-8 W /mLK 4 

Constant 
Table 4.1. Variable Definitions, Units and Values 

4.1.3 Models & Theory 

ANSYS CFX 11 has four radiation models; PI, Roseland, Discn:;te Transfer and 

Monte Carlo [ANSYS CFX, "Radiation Modeling"]. Of these the only two which are 

appropriate for use in an air filled cavity are the Discrete Transfer and Monte Carlo 

models. Both the PI and Roseland radiation models were designed to be used in an 

optically thick environment [ANSYS CFX. "Comparison of the Radiation Models"]' For 

this reason only the Discrete Transfer and Monte Carlo Model were compared. The 

Monte Carlo model also is the only model that has the capability to use directional 

radiation boundary sources [ANSYS CFX, "Comparison of Radiation Models", 2006]. 

These models are further explained in the following sections. 
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Radiation Model Boundary Conditions: 

Both the Discrete Transfer radiation model and the Monte Carlo radiation model 

use the same boundary conditions. The boundary condition is shown as [ANSYS CFX, 

'Radiation Transport ' ,2006]: 

(Equation 4.1) 

Where the radiation intensity at a gIVen position (rw), any gIVen direction (s) and 

frequency (v) is the intensity emitted by the boundary based on its temperature and 

emissivity (E v (r,JI b (v , T)) combined with the incident radiation on the surface 

multiplied by the boundary's reflectivity (Pw (r,J ). The intensity emitted by the 

boundary is modeled as [Siegel & Howell, 1981]: 

aT4 
Ib =--

1r 

Incident Radiation Calculations: 

(Equation 4.2) 

The primary difference between the Discrete Transfer radiation model and the 

Monte Carlo radiation model is in how they calculate the incident radiation. The Discrete 

Transfer model solves a simplified version of the radiation transport equation, which 

assumes that the radiation field is homogenous and that the scattering is isotropic, and is 

shown in equation 4.3 [ANSYS CFX, 'Discrete Transfer Model' , 2006]. 
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(Equation 4.3) 

I v = The radiation intensity felt by the boundary at the end of the ray. 

I vo = The radiation intensity leaving the boundary 

Kav = Absorption Coefficient 

K sv = Scattering Coefficient 

s = path length of ray 

This equation is for a single frequency of radiation and must be integrated to find 

the total values. The Discrete Transfer model solves this equation for a discrete number 

of rays which connect to other surfaces and is therefore able to determine the incident 

radiation at the end of the rays. Figure 4.1 shows this concept. 

Discrete Transfer Rays 

Figure 4.1 Discrete Transfer Rays 
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In transparent medium this equation becomes trivial because K av and K sv are 

zero and the equation can be simplified to equation 4.4. 

(Equation 4.4) 

Iteration is used to reduce error from scattering and reflection. This process is 

dependent solely on the geometry of the simulation and is therefore only performed at the 

beginning of the simulation [ANSYS CFX, 'Comparison of the Radiation Models ' , 

2006]. 

The Monte Carlo model works in a similar manner. The Monte Carlo model 

operates by following the paths of a large number of photons released from the boundary. 

The path of each photon is tracked, however, rather than each path ending when a 

boundary is reached the photon has a chance of either being absorbed by the boundary or 

reflected. Also, for each volume element that the ray passes through there is a chance 

that the photon will either be absorbed or scattered. The path of the particle continues 

until the photon become extinct [Siegal & Howell, 1981]. Unlike the Discrete Transfer 

model this process must be repeated throughout the simulation, this makes it more 

computationally expensive for gray radiation models [ANSYS CFX, 'Comparison of the 

Radiation Models' , 2006]. Figure 4.2 shows some possible paths of photons. 
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I\kmte Carlu Photon PMhs 

Figure 4.2 Monte Carlo Photon Paths 

4.2 Simulations 

4.2. 1 Specified Heat Flux Simulations 

Description: 

A cubic cavity with one hot wall and five cool walls was simulated. The 

temperature of the cool walls and the average heat flux of the hot wall were specified in 

the simulation. The simulations were run in order to predict the temperature of the hot 

wall under those conditions. The geometry and boundary conditions are shown in Figure 

4.3. 

Measurement: Average temperature of the hot wall section: THol 
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For validation purposes the analytical solution for a two surface enclosure was 

used. The fonnula shown below assumes only two surfaces and that the hot surface can 

not see itself and therefore its view factor is one with respect to the other surface 

[Incorpera & DeWitt, 2002, eq.13.4]. 

4 4 
A"ol c"ol G"(T"ol - Tcool ) 

q"ol = A 
C " 01 " 01 (1 - C ) + 1 

A cool 
C cool cool 

(Equation 4.5) 

If both surfaces are black then both emissivities are equal to one, the denominator 

reduces to one and the equation simply becomes: 

(Equation 4.6) 

Variations: 

This simulation was run using both the Discrete Transfer model and the Monte 

Carlo model. Table 4.2 shows the parameters for each simulation presented here. 

Simulation TCool QHol c Cool c Hol 

Analytical 
THol 

Radiation Model 

1A 300K 1000W 1 1 400.5K Monte Carlo 
1B 300K 1000W 1 1 400.5K Discrete Transfer 

Table 4.2 Parameters for Specified Heat Flux Simulations 

Domain: 

The domain was a cubic cavity with one-meter sides filled with a non-conductive 

fluid, which was transparent to the radiation. Figure 4.3 shows the division of the walls 

into the two sections as discussed in the description of the simulation. 
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Cube for Heat Flux Silllulations 
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1m 

y 

Hot Wall 

Figure 4.3 Domain for Specified Heat Flux Simulations 

Boundary Conditions: 

Hot Wall: The hot wall is a no slip wall with a specified heat flux of QHot and an 

emissivity of e Hot 

Cool Walls: The cool walls are no slip walls with a specified temperature of T Cool and an 

emissivity of e Cool 

Mesh: 

Each simulation was run with a series of three-dimensional uniform meshes. The 

coarsest mesh had five nodes per side of the cube and the number of nodes per side of the 

cube was doubled for each level of refinement. The finest mesh had eighty nodes per side 

of the cube. 
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The results depend on whether the conservative or the hybrid temperature is used 

to calculate the temperature of the hot wall. Appendix C goes into further details of the 

difference between the two variables. The ANSYS documentation suggests that for 

calculation purposes that the conservative variables produce a more accurate reflection of 

reality [ANSYS CFX, "Hybrid and Conservative Variables" 2006]. The results of the 

simulations would suggest the same. Figure 4.4 plots the average conservative 

temperature of the hot wall predicted by the Discrete Transfer model, the Monte Carlo 

model and the analytical solution versus the number of nodes in the mesh per side of the 

cube. 
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Both models predict the hot wall temperature within half of a degree, even at the 

coarsest meshes. Figure 4.5 shows the average hybrid temperature of the hot wall, as 

predicted by the radiation models and the analytical solution versus the number of nodes 

in the mesh per side of the cube. 
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Figure 4.5 Average Hybrid Temperatures for Different Radiation Models with a 
Specified Heat Flux Boundary Condition 

90 

Both the Discrete Transfer and Monte Carlo models predict the temperature 

within 1.2 K of the analytical solution at the finest mesh. 
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Hybrid vs. Conservative VariabLes 

The conservative temperatures are significantly more accurate than the hybrid 

temperatures. Using the coarsest mesh, the conservative values predict a temperature 

within 0.1 K of the analytical solution. With the finest mesh, the hybrid temperature does 

not reach grid independence and has an error of 1.2 K. Therefore, with a mesh four times 

as fine, the simulation's hybrid temperature has an error twelve times the magnitude of 

the conservative temperature. 

The reason for the difference between the hybrid and conservative average 

temperatures is evident from a comparison of the temperature distribution between two 

temperatures. Figure 4.6 shows this comparison for simulations using the Discrete 

Transfer radiation model with a mesh with ten nodes per side of the cube. 
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Figure 4.6 Temperature Distribution Comparison Between Hybrid and Conservative 
Values 
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The conservative temperature is uniform across the hot wall and within a tenth of 

a degree of the analytical solution. The hybrid temperature has the same distribution and 

magnitude as the conservative temperature until it reaches the edges of the hot wall. As 

the number of nodes increases, the error caused by the hybrid temperatures decreases: 

Figure 4.7, which plots the hybrid temperature along the hot wall for two different 

meshes for simulations using the Discrete Transfer model, shows the area affected is 

reduced as the number of nodes increases. 

Temperature 
400 . 6 

393.2 

385 . 7 

10 Nodes Per Side 80 Nodes Per Side ~ 

Figure 4.7. Temperature Distribution of Hot Wall Boundary for Different Mesh 
Refinements 

Therefore, as the mesh is refined the area that is not at a constant temperature is 

much smaller and this is reflected in the increased accuracy of the eighty nodes per side 

mesh shown in Figure 4.5. 

69 



M.A.Sc. Thesis - C. Rundle 
McMaster - Mechanical Engineering 

Comparison of Radiation Models 

The Monte Carlo and Discrete Transfer radiation models produce similar average 

temperatures, however, the distribution is significantly different. Figure 4.8 shows the 

temperature distribution along the hot wall for a simulation using the Monte Carlo 

radiation model. 
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Figure. 4.8 Temperature Distribution Along Hot Wall of Monte Carlo Model 

When compared to Figures 4.6 & 4.7, which used the Discrete Transfer model the 

temperature is not as uniform. The average temperature is comparable to the Discrete 

Transfer model, as is shown by Figures 4.4 & 4.5, however, the specific temperatures are 

less accurate. The temperature distribution is varied across the hot wall with a difference 

of at least eight degrees and up to seventeen degrees depending on the grid . The size of 

the areas of variations decreases as the number of nodes increases but the temperature 
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range of the variations increases. This means that across very small areas the simulation 

predicts dramatic variations in temperature. 

Conclusions: 

The conservative temperature produces better results than the hybrid temperature. 

The predicted conservative temperatures were within a tenth of a degree of the analytical 

solution, even at the coarsest mesh. The average hybrid temperatures shown in Figure 

4.3 did not have the same level of accuracy, therefore, conservative values are a better 

measurement to use when evaluating the temperature of a boundary. 

The Discrete Transfer model is preferable to the Monte Carlo model for these 

simulations. It produced a smoother temperature distribution that did not have sudden 

rises and falls in temperature over the surface. 

4.2.2 Specified Temperature Simulations 

Description: 

A cubic cavity was used. The walls were divided into two sections: the hot wall 

and the cool walls. The temperature of each section was defined in the simulation and 

the convective heat transfer was disabled as in the previous section, and as discussed in 

Appendix D. This was done to determine if ANSYS CFX was capable of predicting the 

correct radiation heat flux. 

Measurement: Total wall radiative heat flux from the hot wall: QRW 
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The equations for a two surface enclosure were used from the previous specific 

heat flux simulation, rearranged so that the heat flux was solved for rather than the 

temperature of the hot wall. 

Variations: 

These simulations were run using different ranges between the hot and cool wall 

temperatures as well as different hot wall temperatures. They were also run using both 

the Discrete Transfer model and the Monte Carlo model. The walls were treated as a 

black body, therefore the sections' emissivities were as follows: C Hot = 1 and C Cool = 1 . 

Table 4.3 shows the parameters for each simulation presented here. 

Hot Wall Cool Wall Expected Radiation 
Simulation Temp. (THot ) Temp. (Tcoo/ ) Heat Flow 

Mesh 
Model 

2Ai 350K 300K 391.6W Uniform 
Discrete 
Transfer 

2Aii 350 K 300 K 391.6W Uniform 
Monte 
Carlo 

2Bi 350 K 325 K 218.3W Uniform 
Discrete 
Transfer 

2Ci 300 K 250 K 237.8W Uniform 
Discrete 
Transfer 

2Cii 300K 250 K 237.8W Expanding 
Discrete 
Transfer 

Table 4.3 Parameters for Specified Temperature Simulations 

Domain: 

The domain used was identical to the one used In the Specified Heat Flux 

simulations. 
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Hot Wall: The hot wall is a no slip wall with a specified temperature of THol and an 

emissivity of C HOI 

Cool Walls: The cool walls are no slip walls with a specified temperature of T coo' and an 

emissivity of cCool 

Mesh: 

Each simulation was run with a series of three-dimensional uniform meshes. The 

coarsest mesh had five nodes per side of the cube. The number of nodes per side of the 

cube was doubled at each level of refinement. The finest mesh had eighty nodes per side 

of the cube. In addition, a simulation was run with two expanding meshes. The expanding 

meshes were used in order to create meshes with the same initial grid spacing of 1 mm 

but with a different number of nodes. The reason for this is discussed further in the 

discussion section. 

Results: 

Table 4.4 shows the results for all of the simulations with uniform meshes, 

including the total wall radiative heat flow from the hot wall and the percentage error. 

Total Heat Flux & % Error for Discrete Transfer (DT) & Monte Carlo (MC) 
DT (300K-350K) DT (325K-350K) DT (250K-300K) MC (300K-350K) 

Nodes Per Heat Flow % Error Heat % Error Heat % Error Heat 
Side Flow Flow Flow 

5 266.9 31.85% 148.8 31.83% 162.1 31.83% 269.3 
10 333.5 14.84% 185.9 14.84% 202.5 14.85% 336.1 
20 362.8 7.36% 202.2 7.37% 220.3 7.36% 366.2 
40 376.8 3.78% 210.0 3.80% 228.8 3.79% 381.8 
80 384.3 1.87% 214.2 1.87% 233.4 1.85% 388.9 

Extrapolated 393.3 0.43% 219.1 0.37% 238.8 0.42% 394.8 
Table 4.4 Results for All SpecIfied Temperature SImulatIOns WIth Umform Meshes 
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Included are the heat fluxs calculated using the extrapolation detailed in Appendix 

B. The percentage errors are calculated relative to the analytically calculated total heat 

flux. Table 4.5 shows the results for simulation 2C, and compares the percentage error of 

the two types of meshes. 

Uniform Mesh Expanding Mesh 
Nodes Per Side Heat % Error Heat % Error 

Flux Flux 
5 162.1 31.83% 
10 202 .5 14.85% 
20 220.3 7.36% 
40 228 .8 3.79% 237.7 0.04% 
80 233.4 1.85% 237.5 0.13% 

Extrapolated 238.8 0.42% 
Table 4.5 Results for SimulatlOn 2C wIth a 50 K Temperature Difference with Different 
Meshes 

Wall radiative heat flux does not have hybrid and conservative values since it 

only occurs along the surface of a domain. 

Discussion: 

Relationship between Error and Mesh 

The error is nearly entirely due to the grid SIze of the mesh. In all three 

simulations using the Discrete Transfer model and uniform meshes the percentage error is 

strongly linked to the number of nodes per side. Figure 4.9 shows this trend clearly. 
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Percentage Error VS. Number of Nodes per Side 

• 
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Figure 4.9 Percentage Error Based vs. Nodes per Side of Mesh 

• 
70 80 

There is evidence that the most important grid spaces are those adjacent to the 

I 

90 

wall. Figure 4.10 shows the wall radiative heat flux for simulation 2Ci along half of the 

centerline for all of the uniform meshes. 
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Simulation 2Ci Radiative Heat Flux Along Centreline of Hot Wall VS. 

Number of Nodes per Side 
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Figure 4.10 Heat Flux Along the Centerline for Discrete Transfer Radiation Model 
Simulation with a 50 K Temperature Difference and Uniform Meshes 

0.5 

For each mesh the heat flux remains constant until the node adjacent to the wall at 

z=o. Table 4.6 shows the magnitude of the flat areas of the curve and their relationship to 

the correct heat flux. 

25K Temperature 
Difference Simulation 2Bi 

Nodes Peak Heat % Error 
Per Side Flux 

5 218.8 0.23% 
10 217.9 0.18% 
20 217.9 0.18% 
40 218 .1 0.09% 
80 218.3 0.01% 

Table 4.6 Peak Heat Fluxes for DIscrete Transfer Simulation 
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The peaks are all very accurate and show little variation, as the mesh becomes 

finer. The initial node along the wall however, has a lower value, which is between the 

heat flux along the cold wall and the heat flux along the hot wall. ANSYS CFX-Post 

joins this node with the node nearest the wall with a linear interpolation. Therefore, most 

of the error is produced when CFX-Post integrates over this area between the nodes and 

produces an incorrect solution. To explore this further simulation 2Cii was used to 

examine meshes with different number of nodes but the same initial grid spacing. Table 

3.5 for simulation 2Cii showed that even when the number of nodes was doubled along a 

side that the heat flux was virtually identical with only a 0.08% change in predicted heat 

flux. This simulation had the smallest grid spacing from the wall to the initial node and 

provided a higher degree of accuracy than any of the uniform grid simulations or their 

extrapolated values. 

Conclusions: 

When predicting heat fluxes the more accurate conservation values are not 

available, therefore, the hybrid variables must be dealt with. Since the errors are mesh 

related then the simplest method is to reduce the initial grid spacing in the region where 

two walls meet so that the error is minimized. For the atrium simulation since the initial 

grid space must be small in order to satisfy the turbulence equations requirements the 

error should be minimized in heat flux predictions. 
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4.2.3 Solar Radiation Simulations 

Description: 

A cubic cavity was used with the walls divided into three sections: the floor, the 

walls and the opening. The cavity was filled with a non-conductive fluid that is 

transparent to radiation. The opening was included to allow sunlight to be modeled by 

admitting directed radiation into the cube. 

Measurement: 

The average floor temperatures, TIA and T IB, and the average wall temperature, 

T3. The average floor temperatures were calculated by averaging the temperatures along 

the centerline of each section of floor. 

Validation: 

The analytical solution for the wall and floor temperatures was used to solve for 

the temperatures. The floor was subdivided into two sections: section A, the sunlit 

portion of the floor and section B the unlit portion of the floor. The solution consisted of 

the three-equation system derived from the energy equation for each surface, which was 

solved by iteration. This process is explained in further detail in Appendix E. 

Domain: 

The domain is a cubic cavity with a side length of one meter. The cavity is filled 

with a non-conducting fluid, which is transparent to radiation. The boundary of the 

domain is divided into four sections; Floor Section A, Floor Section B, Walls and the 
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Opening. The opening admits solar radiation that strikes Floor Section A. Figure 4.11 

below shows the domain and its measurements. 

Cube for Solar \Vinelow Simulations 
/ 1111 / 

/ 

1m 

1 
a=--

Tan&-

Opening Floor Section A 

Figure 4.11 Domain for Solar Radiation Simulation 

Boundary Conditions: 

Opening: The opening was an opening boundary condition with the velocity set to zero 

and a specified unifonn temperature of 303.15 K. The simulations that used the Monte 

Carlo model had a directional radiation boundary source. The angle of which was set to 

the appropriate Bs for the simulation. 

Floor: The floor was a stationary no slip wall. The boundary had a specified heat flux 

boundary condition. For the simulations using the Monte Carlo radiation model the heat 

flux was set to zero so the boundary was adiabatic. The simulations using the Discrete 

Transfer radiation model used a heat flux of 1000 W /m2 confined to Floor Section A. 
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The method of using a specified heat flux in this manner is discussed in Appendix D and 

limiting it to Floor Section A was accomplished using CEL code as discussed in 

Appendix F. 

Walls: The walls were stationary no slip walls. The walls were given a heat transfer 

coefficient of20 W /m2K and an ambient temperature of303.15K. 

Variations: 

A variety of radiation angles or solar elevations were used. Both the Discrete 

Transfer model and the Monte Carlo model were used. Only the results from the Discrete 

Transfer simulations are shown. The Monte Carlo model simulations failed to converge 

and this behaviour is discussed in the discussion section. The walls were treated as a 

black body, therefore the sections' emissivities were equal to one. Table 4.7 shows the 

parameters for each simulation presented here 

Simulation Solar Elevation 
3A Bs = 55° 
3B Bs = 65° 
3C Bs = 75° 

Table 4.7 Parameters for Solar RadIation Simulations 

Meshes: 

Each simulation was run with a series of three-dimensional uniform meshes. The 

coarsest mesh had ten nodes per side of the cube. The number of nodes per side of the 

cube doubled with each level of refinement. The finest mesh had eighty nodes per side of 

the cube. 
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Tables 4.8-10 show the prediction of each temperature by the simulations and the 

percentage error using the analytical solution's maximum temperature difference in the 

cavity as a scale. The simulations which used Monte Carlo model failed to converge and 

are not shown here. 

Solar Elevation is 55 Degrees 
# of Nodes TIA % Error TlB % Error T3 % Error 

10 403.4 0.89% 307.3 0.79% 308.9 0.95% 
20 403.5 0.79% 307.1 0.99% 309.1 0.83% 
40 403 .6 0.69% 307.5 0.59% 309.1 0.77% 
80 403.6 0.69% 307.7 0.40% 309.1 0.74% 

Analytical 404.3 308.1 309.9 
Table 4.8 Results for SimulatlOn 3A 

Solar Elevation is 65 Degrees 
# of Nodes TIA % Error TIB % Error T3 % Error 

10 402.8 0.80% 305.2 1.39% 306.7 1.08% 
20 402.9 0.70% 305.4 1.19% 306.9 0.85% 
40 402.9 0.70% 305.5 1.10% 306.8 0.96% 
80 402.9 0.70% 305.6 1.00% 306.9 0.91% 

Analytical 403.6 306.6 307.8 
Table 4.9 Results for Simulation 3B 

Solar Elevation is 75 Degrees 
# of Nodes TIA % Error TIB % Error T3 % Error 

10 402.2 0.80% 303.9 1.40% 304.8 1.24% 
20 402.3 0.70% 304.2 1.10% 305.0 0.96% 
40 402.3 0.70% 304.3 1.00% 305.0 1.01% 
80 402.3 0.70% 304.3 1.00% 305.1 0.93% 

Analytical 403.0 305.3 306.0 
Table 4.10 Results for SImulatIOn 3C 
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Simulations 3A, 3B and 3C showed grid independence. As the mesh was refined 

from forty to eighty nodes per side the predicted temperatures changed by a tenth of a 

degree or less. Tables 4.8-10 show this clearly. 

Monte Carlo Results 

The Monte Carlo model failed to converge in the solar cube simulations. The root 

mean squared residuals never reached lower than 1 E-3 and produced unstable results. 

Various methods were attempted to create convergence including various time steps and 

the use of double precision accuracy in the numbers. The issue became significant 

enough that the aid of the ANSYS CFX technical assistance was requested. With the 

simulation data provided to them they could not get convergence lower than 1E-3 either 

[Email, cfx-support-can, July 13, 2007]. They made three recommendations; It was 

suggested that additional histories would help convergence, that a coarser mesh would be 

easier to converge and that a CCL code could be added to change the radiation under 

relaxation factor [Email, cfx-support-can, August 30, 2007]. The first and third solutions 

were attempted with insignificant progress [Email, cfx-support-ca, August 30, 2007]. 

The second with a coarser mesh was attempted but produced no better results. It should 

also be noted that in a practical application in an atrium a fine mesh would be required 

for convergence of the fluid field. This was seen in early meshes with the full atrium 

simulation, a mesh at least as fine as the one used by the Monte Carlo simulation would 

be necessary for convergence. This result was not particularly surprising since the Monte 
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Carlo model is "somewhat notorious for not being able to get good residuals", and it was 

suggested that high residual would have to be accepted if the Monte Carlo model was 

used [Email, cfx-support-can, July 13, 2007]. Figure 4.12 compares the temperature 

along a wall simulated using the Monte Carlo model at different iterations during one of 

the solar cube simulations. 

Temperature Difference Along Top Wall After Sixty-Two Iterations 
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Figure 4.12 Temperature Difference Along Wall After Sixty Two Iterations 

o 

Clearly the simulation has not reached a steady solution since the temperatures at 

the nodes have fluctuated by as much as sixteen degrees, there is no discernible pattern to 

the change and it is not approaching a solution. 
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The Monte Carlo model did not converge with the direct radiation boundary 

source and since the previous simulations have shown the Discrete Transfer model to be 

more suitable for a specified heat flux boundary condition, the Discrete Transfer model 

should be used where possible. Lastly, since the solution showed grid independence for 

all three temperatures and an error of less than one percent this method of modeling solar 

radiation can be successfully used in ANSYS CFX. 

4.3 Conclusions 

The Discrete Transfer radiation model was the supenor model for these 

simulations. Conservative variables were shown to be significantly superior in predicting 

the correct boundary temperatures. Given that the boundary conditions for the atrium 

simulations will be a combination of heat fluxes and temperature boundary conditions, 

the conservative temperature would be the best type to use to judge temperature along the 

boundaries of the atrium. Although it should be mentioned that since the error in hybrid 

variables decreases with the initial grid spacing a sufficiently small initial grid space 

would reduce the errors below a magnitude of significance. 

The directed solar radiation boundary conditions will have to be simulated using a 

heat flux located on the floor where the radiation would have struck. The Monte Carlo 

model does not converge with the directed radiation boundary source and the Discrete 

Transfer model does not possess the capability to add a directed radiation boundary 
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source. Therefore, the floor heat flux is the only method viable at this time for including 

the directed solar radiation. 
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Chapter 5: Conjugate Heat Transfer 

5.1 Background 

5.1.1 Importance o[Conjugate Heat Transfer in Atria 

Conjugate heat transfer is an important part of the thermal performance of atria. 

As discussed previously, one objective of good atria design is to limit the variation in 

temperature throughout the daily cycle. One way that this can be accomplished is 

through solar thermal storage. At its most basic, solar thermal storage uses mass to absorb 

the solar energy and store it as sensible heat. Then when the surrounding temperature 

decreases the energy is released from the mass to the surroundings. This m;:tss could be a 

specific storage area, such as a tank: of water or container of gravel, or built as part of the 

atrium, such as the floor or the walls [Bahador & Sayigh, 1979]. It essentially offers a 

double benefit of absorbing the excess energy during the day to keep internal 

temperatures lower and releasing it later, which keeps the internal temperature higher 

[Bahador & Sayigh, 1979]. These types of systems have been put into practice in 

numerous locations in a variety of counties. Canadian examples include The Ark, a 

greenhouse with 90 m3 of rock and 72,000 L of water for passive solar heating, and La 

Macaza House, located in Quebec with 32 m3 of rock for both active and passive heating 

[Lawand & Saulnier, 1979]. This type of system has been in use for centuries, including a 

1300 A.D. structure; "Montezuma's Castle that uses the thermal properties of the walls 

the keep the building warm during the winter [Bahador & Sayigh, 1979]. Passive thermal 

storage is therefore an established method and one that should be reasonable to consider 

for use in an atrium. Thus, it is essential that an atrium simulation be able to keep track 
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of the thennal interaction between the air and solids within the atrium so that system 

perfonnance can be accurately predicted when they are included in the design. 

5.1.2 Definitions 

For the purposes of this chapter and all related discussion the variables and 

parameters are defined in Table 5.1 

Symbol Variable Value Units 

A Area mL 

h Coefficient of Heat Transfer W/mL 

H Height of Channel 0.0508 m m 
k Thennal conductivity of heated 47.9 W /mK 

section 
kref 

Reference thennal conductivity 26.3 W/mK 

Pr= Cpf-l Prandtl Number 0.7 [-] 

k 
T Temperature DC 

Tamb Ambient Temperature Unknown K 
qref Heat Flux in Heated Section 12.7 W /ml. 
x Direction along length of channel m 
y Direction along height of channel m 

qrefH Temperature across the channel is 25.3 K K 
T =-- 1-D Stationary flow ref 

k ref 

B= 
T -TAlllb 

Non Dimensional Temperature [-] 

TRef 

Table 5.1 Variables and Non Dimensional Values 

87 



M.A.Sc. Thesis - C. Rundle 
McMaster - Mechanical Engineering 

5.1.3 Models & Theory 

Dimensionless Temperature Theta 

The dimensionless temperature theta is defined as follows: 

(Equation 5.1) 

T Ref is the value of the temperature difference across the channel if it was purely 

conductive heat flow, i.e. the fluid was stationary. 

Thermal Resistance Model 

The convection heat transfer coefficients for the bottom and top of the channel 

were calculated using the thermal resistance model that replaces layers of material with 

an equivalent convection heat transfer coefficient and external temperature. It was used 

in this case to reduce the number of nodes in the mesh and therefore the computational 

requirements. What material was replaced will be discussed in greater detail in the 

relevant boundary condition sections. This section will limit itself to the theory and 

general application. The heat flux is treated as a current with the temperature difference 

being analogous to the voltage and the various substances and convective surfaces being 

analogous to resistances in an electrical circuit. Further information can be found in 

section 3.1.2 of Incropera & DeWitt's Fundamentals of Heat and Mass Transfer. The two 

types of resistances that apply to this section are a solid barrier of thickness L, an area A 

and a conductivity of k, and the convective heat loss of a surface with a coefficient of 

heat transfer h and an area of A. The following equations 5.2 and 5.3 show the equations 

for the types of resistances [Incropera & DeWitt, 2002]. 
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R=~ 
kA 

R=_l 
hA 

(Equation 5.2) 

(Equation 5.3) 

Therefore, heat flux can be expressed as in equation 5.4, where TJ and T2 are the 

temperatures at either end of the section to be modeled as a resistance [Incropera & 

DeWitt, 2002] . 

(Equation 5.4) 

For the simulations in this section this model will be used to replace several layers 

of insulation so that the boundary condition can use a coefficient of heat transfer. Figure 

5.1 shows the configuration considered. 

h,A~ 
~ 

~------------~~-~--------~I~ 
\ 

Tboundary 

Figure 5.1 Area to be Modeled Using Thermal Resistance 

Equations 5.5 and 5.6 show the process of manipulating the previous equations in 

order to develop an effective heat transfer coefficient for the layers of insulation. 

T -T T -T T -T Q = amb bOllI/daly = amb bOlli/daly = A alllb bOlllldalY 

LR ~+~+_1_ _LI + _L_2 +~ 
(Equation 5.5) 

klA k2A hA kl k2 h 
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Q T -T 1 
- -_ h(T - T ) -_ alllb bOlll/dal)' h (E . 5 6) ~ = quatlOn . A alllb bOlll/dal)' L L 1 LI L? 1 _I +_2 +_ _ + __ + _ 

kl k2 h kl k2 h 

5.2 Simulations 

5.2.1 Horizontal Channel with Aluminium Heated Section 

Description: 

This simulation is modeled as a two dimensional flow in a horizontal channel, 

which was heated from below. The heating was supplied to the bottom of an aluminium 

section by electric heaters. The air passed through the channel and over the heated 

aluminium section allowing for conjugate heat transfer. The top and bottom of the 

channel, that was not part of the aluminium plate, were moderately insulated. 

Measurement: 

The temperature was recorded by thermocouples in the heated section and in the 

air above the heated section. The temperature profiles at different heights are used to 

validate the accuracy of the simulations. The bottom temperatures are recorded at the 

surface of the bottom of the channel, or y/H=O. The middle temperatures are recorded at 

y/H=0.5 and the top temperatures are recorded at a height of y/H=0.875. Chiu, Richards 

and Jaluria [2001 ] reported an error in their thermocouples of 0.2 K and a repeatability 

error of 0.15 K, For this reason the experimental data has been given at error range of 

±0.35 K. 
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The experimental data used for validation purposes was drawn from the work of 

Chiu, Richards and Jaluria published in the 2001 Journal of Heat Transfer. The 

experiment consisted of an air filled channel with an aluminium section on the bottom. 

The bottom of the aluminium section had a surface heat source provided by an electrical 

heating pad. The experiment was designed to produce a laminar flow regime with a 

Reynolds Number of 9.48 [Chiu, Richards and Jaluria, 2001]. The paper provided 

temperature profiles for various heights in the channel, which were compared to the 

solutions generated by the simulations described below. 

Domain: 

The standard domain is two-dimensional and filled with air with the physical 

properties for 25°C and standard pressure. The domain includes the aluminum plate and 

the insulation adjacent to the plate. Temperatures in the solid regions are solved for 

directly as a conjugate heat transfer problem. Figure 5.2 shows the overall domain of the 

simulation and the relevant measurements. 

Domain and Dimensions 

~~~,~X==========~~~~==============~1~8cm l." Q????Z??zz>Z?2d J;;..- O 635 em 
~ 30 48 CrTI----+- 1G51 cm -1 I 
~~----------- 91 4 cm-----------~' 

o Ajr 
~ Heated Section 
o Insul;3tiol1 

Figure 5.2 Horizontal Channel Domain 

91 



Boundary Conditions: 

M.A.Sc. Thesis - C. Rundle 
McMaster - Mechanical Engineering 

The boundary conditions are shown schematically in Figure 5.3 . 

Domain and Boundary Conditions .r-Top of Channe l: V~O 0 

/ T,,,,,,=293.15 K 
Entran c e 'Y=O . OOO miS~ / h=O.66Wim2..K 

u=O.003nVs ,,-___ __ -L-_________ --, Exit Opening 

T=293,15"K \/=0-
T= 293, 15

0 1< -I::Z== :::;::====;r==========r=::J:T=293.15"K 
Bottom of Insul at ion 1;,,-,,=293, 15:K 

h=063W1m""K Bottom of Heated Section : q'e; 

Figure 5.3 Domain and Boundry Conditions 

The boundary conditions are further elaborated below: 

P=O. T=293, 15°K 

Bottom of Heated Section: A solid boundary layer with a specified heat flux of QreF12.7 

W 1m2
. This assumes that all of the heat generated passes through the aluminium section. 

Top of Channel: A no slip wall with a coefficient of heat transfer of 0.66 W /m2K to 

simulate two layers of insulation and an ambient temperature of Tamb=293.15 K. 

Bottom of Insulation: A solid boundary with a coefficient of heat transfer of 0.63 W /m2K 

to simulate layers of insulation and an ambient temperature of Tamb=293 .15 K. 

Entrance: An inlet with a uniform velocity profile of 0.003 rn/s in the x direction only 

and a temperature of 293.15 K. 

Exit: An opening with a pressure boundary condition of zero and a temperature of 293 .15 

K. An opening was used because the simulation produced recirculating flow, which 

made the outlet boundary condition unusable. 
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For meshing purposes the channel and bottom plate were divided into three 

sections, with each section having a solid and a fluid region. Figure 5.4 below shows the 

three sections and their regions. 

0 1nretArea 
P.'0I 
~ Middle Area 

~ Outlet Area 

Meshi ng Areas 

Figure 5.4 Meshing Areas of the Horizontal Channel 

The inlet area consisted of the air channel and underlying Plexiglas from the air 

inlet to the beginning of the heated region. This area was meshed in the x direction using 

an expanding grid with the smallest grid size located at the end by the middle section and 

expanding downstream towards the inlet by a factor of 1.05, while the mesh in the y 

direction was uniform. The purpose of this region was to allow sufficient development 

length so that the assumed inlet velocity profile does not influence the flow over the 

heated section. 
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The middle area consisted of the heated section and the air directly above it. The 

mesh was created in a uniform pattern in both the x and y directions. The grid spacing in 

the x-direction was chosen to match the grid spacing at the inlet and outlet areas adjacent 

to the middle area. 

The outlet area consists of the air channel and underlying Plexiglas from the end 

of the heated section to the outlet of the channel. The mesh was also uniform in the y 

direction with an expanding grid in the x direction. The smallest grid size was located 

adjacent to the end of the heated section and it expanded toward the outlet with a factor 

of 1.05. 

Variations: 

In addition to the standard simulation, simulations were run that varied the length 

of the channel and the ambient temperature. Table 5.2 shows all of the simulations 

presented here. 

Simulation Channel Length Ambient Temperature Prandtl Number 
1 Standard 20 Standard 
2 Extended 20 Standard 
3 Standard 25 Standard 
4 Standard 30 Standard 
Table 5.2 Honzontal Channel wIth Heated Alummum SectIOn SImulatIOns 
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Temperature 
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An important measurement of success was the temperature profiles recorded at 

varying heights of the channel. They were provided in non-dimensional form and have 

been converted to absolute terms for ease of presentation. As mentioned in the 

measurement section, the error associated with experimental data is 0.35 K. Figure 5.5 

below compares the temperature of the simulations with the experimental data at the 

bottom, middle and top of the channel over the heated section. 
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A) Temperature Profiles Along Bottom of Channel for Standard Simulation 
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C) Temperature Profile Near Top of Channel For Standard Simulation 
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Figure 5.5 Temperature Profiles for the Standard Simulation at; A) y/H=O, B) y/H=O. 5, 
C) y/H=O.875 
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The ANSYS CFX solver was required to run in double precision to double the 

number of significant digits used from eight to sixteen [ANSYS CFX, "Numerical 

Errors", 2006]. Prior to the use of double precision variables the grid size was limited 

due to the temperature gradient. Given the thickness of the heated section and the heat 

flux of 12.7 W /m2, the temperature difference across the section, in a one-dimensional 

simulation would be 0.00045 K. This difference divided between ten nodes in the section 

would have been insignificant enough that it would only barely appear in the final result 

and not at all during the initial iterations. 

Grid Independence 

It was important to see that the results were independent of the mesh, therefore, 

the space between adjacent nodes in the middle area was halved and a new mesh created 

in the same way as described in the meshing section. Figure 5.6 below compares the 

results of the standard mesh and the refined mesh for three heights over the heated 

section. As seen in the figure, the results are independent of the grid. 
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A)Grid Independence Temperature Profiles for Bottom of Channel 
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Figure 5.6 Temperature Profiles for Grid Independent Simulation at; A) y/H=O, B) 
y/H=O.5, C) y/H=O.875 
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Recirculating Flow 

M.A.Sc. Thesis - C. Rundle 
McMaster - Mechanical Engineering 

As mentioned in the boundary conditions the simulation produced a recirculating 

flow in the outlet section shown in Figure 5.4. Figure 5.7 shows the flow in this section. 

Olltiet Sectiol1 
---------------------=~---

~---. \t ~/ 

y 
0.150 0.300 (m) _ II::::=::J_-===:::J t •• 0-. X ~ 0.075 0 . 225 

Figure 5.7 Recirculating Flow at Channel Exit 

~ 

The experimental data indicated that there was some recirculating flow after the 

heated section but it was not shown how it resolved at the channel exit. This is the reason 

why simulations with an extended channel were run. 

Temperature Profiles 

As seen in Figure 5.5 the error in the simulation increases as the results move 

farther from the bottom of the channel. The maximum error along the bottom of the 

channel is 0.8 K. The general shape of the temperature curve is also correct; only the 

magnitude of the flat section over the heated section is under estimated. The middle 

height of the channel has a maximum error in the temperature profile of 1.1 K and 

although it has the correct general shape it is shifted up and towards the end of the 

channel. The top part of the channel has a maximum error of 1.2 K and has the proper 
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shape but it is shifted up and towards the beginning of the channel. This would suggest 

that the simulation source of error may be in the modeling of the air. Figure 5.5 shows 

that the temperature is under predicted over the heated section and over predicted in the 

aIr. 

Temperature Difference 

In addition to the error in the magnitude of the temperature, the simulation also 

under predicts the temperature stratification in the channel. It should be noted that the 

stratification is in the reverse of what is normally observed in stratified air because the 

heat flux is from the bottom of the channel, which makes the lower air hotter than the air 

at the top. Figure 5.8 show the experimental temperature difference from the middle of 

the channel to the bottom. 

Difference Between Middle and Bottom of Channel 
For Standard Simulation 
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Figure 5.8 Temperature Difference Between y/H=O.5 and y/H=O 
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The predicted temperature difference has the same shape as the experimental data 

but under predicts the magnitude of difference. Figure 5.9 shows the same data for the 

top of the channel with respect to the bottom of the channel. 

Difference Between Top and Bottom of Channel 
For Standard Simulation 
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Figure 5.9 Temperature Difference Between y/H=O.875 and y/H=O 

Figure 5.9 also shows the temperature difference between the top and bottom of 

the channel has the same trend of under prediction with the correct general shape. 
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A) Temperature Profi les at Bottom of Channel for Standard and 
Extended Simulations 
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Figure 5.10 Temperature Profiles for Extended Simulation at; A) y/H=O, B) y/H=O.5, C) 
y/H=O.875 
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Figure 5.10 show that there is almost no change in the temperature profiles above 

the heated section. The temperature profiles after the heated section show a small change 

in the results. The change is more noticeable as the results approach the bottom of the 

channel. At the top there is virtually no difference between the temperature profiles. The 

bottom profiles show the same magnitude of temperature over the heated section but the 

flat area extends farther towards the exit with the extended channel and has smooth 

approaches to the flat area rather than the waves seen in the standard channel. 

If the temperature is shown for the entire channel length, as in Figure 5.11 below, 

there is a greater difference in the result as the flow approaches the exit. 

Temperature Profiles in Middle of Entire Channel for 
Standard and Extended Simulations 
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Figure 5.11 Extended and Standard Simulation for Entire Channel Length. 
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However, this was expected as the exit location changed. Therefore, the solution 

over the heated section was insensitive to the recirculation at the channel exit. 

5.2.3 Ambient Temperature Variations 

Motivation: 

The experimental data is provided in the non-dimensional variable of theta, as 

defined in Table 5.1, however, the data does not provide the ambient temperature at the 

time it was collected. For the purpose of the standard simulation the ambient temperature 

was assumed to be 20°e. It is important to determine if the results are sensitive to the 

ambient temperature otherwise, the precise ambient temperature during the experiment 

must be known. 

Modification: 

The boundary condition variable Tamb was modified to reflect an ambient 

temperature of 25°C and 30°C. This included the surfaces with a coefficient of heat 

transfer, the ends of the insulation, the entrance and the exit of the channel. 

Results: 

The results were shown in the dimensionless temperature theta, as shown in Table 

5.1. This was done so that the results could be compared as shown in Figure 5.12 below. 
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A) Temperature Along Bottom of Channel for DifferentAmbient Temperatures 
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Figure 5.12 Temperatures for ambient temperature simulations at; A) y/H=O, B) 
y/H=O.5, C) y/H=O.875 
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Figure 5.1 2 shows very little sensitivity to the ambient temperature. At all three 

heights there is little change in the solution provided. The differences shown are 

insignificant when compared to the error in the experimental data. 

5.3 Conclusions 

ANSYS CFX was able to model the general trends of the temperatures in the 

horizontal channel. The simulations also under predicted the temperature difference 

between the top and the bottom of the channel and did not match the temperature field in 

terms of magnitude, often over predicting the temperature of the air. The maximum error 

however was 1.2 K. The stratification in the channel was under predicted but the general 

trends were followed. Therefore ANSYS CFX does a good job of simulating the 

qualitative aspects of the simulation, but could improve the quantitative aspects. 
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Chapter 6 Atrium Validation Simulations 

6.1 Background 

6.1.1 Interaction of Phenomena 

Figure 6.1a Concordia's Atrium 
[Photo Credit: Solar Building Research Network & 

Concordia Universit<j, Used with Permission ofMeli Stylianou] 

Atria are an important 

feature of building design. This 

thesis has evaluated ANSYS 

CFX's ability to model the 

individual phenomena that are 

important to an atrium. In order 

to determine ANSYS CFX's 

ability to handle the three 

phenomena together a genuine 

atrium simulation must be made. 

What makes an atrium unique is 

the interaction between these 

phenomena. Scale is also an 

important component. An atrium 

operates with a much higher Rayleigh number than validation data is generally available 

for and with much more complicated radiation interaction. This chapter presents 

simulations of the heat transfer and fluid flow within the Concordia university 

engineering building atrium. Predictions are compared to experimental results collected 

by Eleni Mouriki and Dr. Karava. 
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For the purposes of this chapter and all related discussion the variables and 

parameters are defined in Table 6.1 

Symbol Description Value Units 
BI Diffuse Radiation Source 0.08*SI*cos(SOLAR) [W/mL] 

Magnitude on the Blinds 
FI Heat Flux for Sun on the Floor SI*sin(SOLAR) [W/mL] 
SI Solar Radiation Heat Flux 1370 [W/mL] 

SOLAR Zenith Angle of the Sun 32° [Degrees] 
T Temperature [C] 
~T Temperature Stratification TWT14 [C] 
Tl4 Temperature at 2.1m [C] 
TIs Temperature at 6.3 m [C] 
Tl6 Temperature at 10.3m [C] 
Xl Location marker for floor heat Yl /tan(SOLAR) [m] 

flux 
Xz Location marker for floor heat Y I/tan(SOLAR) [m] 

flux 
X3 Location marker for floor heat Y I/tan(SOLAR) [m] 

flux 
~ Location marker for floor heat Y l/tan(SOLAR) [m] 

flux 
Xs Location marker for floor heat Y I/tan(SOLAR) [m] 

flux 
X6 Location marker for floor heat Y l/tan(SOLAR) [m] 

flux 
Yl Height to beginning of first gap l.00 m [m] 

in blinds 
Y z Height to ending of first gap in 1.26 m [m] 

blinds 
Y3 Height to beginning of second 5.00 m [m] 

gap in blinds 
Y4 Height to ending of second gap 5.26m [m] 

in blinds 
Ys Height to beginning of third gap 9.00m [m] 

in blinds 
Y6 Height to ending of third gap in 9.26m [m] 

blinds 

CFacade Emissivity of the facade [-] 
Table 6.1 Variables and Parameters 
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Solar Heat Flux Magnitudes: 

In order to calculate the magnitude of the solar radiation heat flux of surfaces not 

perpendicular to the solar angle, conservation of energy was used. Figure 6.1 below 

shows the control volume used in the conservation of energy equation. 

Q~olar = ASo1arxqSolar 
/' 

/ ' 
/ ' 

/ ' , ' , ' , ' , ' , ' , ' , ' , ' 'y 
Q = · ·~sur£ x (1 'Surface ~ ace S1..lrrace 

Figure 6.1 Control Volume for Solar Heat Flux Magnitude Calculations 

The side surfaces of the control volume are parallel with the solar radiation; 

therefore, the total energy for the solar radiation must impact on the surface. Since the 

total energy must be conserved QSolar=QSurface' Figure 6.2 shows the dimensions used to 

calculate the areas for the atrium simulation. 
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y 

X 
I----Xl---l 

Figure 6.2 Surfaces and Diagrams for Calculation of Solar Radiation Magnitude 

The general principle was that the amount of heat flux should be uniform on any 

surface struck and that each surface regardless of the relative angle should have the same 

total heat flow. This is expressed in equation 6.1. 

(Equation 6.1) 

The areas can be related by trigonometry as shown in equation 6.2, and therefore 

equation 6.1 can be rearranged into equation 6.3 & 6.4. 

A = AF sine = A8 case 

F1 = SI ~ = Slsine 
AF 

A 
B1 = SI- = SI cose 

A8 

(Equation 6.2) 

(Equation 6.3) 

(Equation 6.4) 

These equations were used to determine the magnitude of the heat fluxes and 

diffuse radiation sources, which resulted from the solar radiation. 
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ANSYS CFX Solar Model: 
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ANSYS CFX does not provide a method to predict the angle or properties of solar 

radiation. As such, the calculations for the sun's zenith angle were done manually. The 

full calculations involved can be found in Appendix G. Furthennore, directional 

radiation sources are only available in the Monte Carlo radiation model. This model was 

not used, for reasons discussed in the Chapter 4. Therefore, the location that the solar 

radiation struck the floor had to be calculated and a heat flux used, as was done in 

Chapter 4. Finally, the heat flux from the solar radiation was only included on the floor 

to simplify the model. This was done by assuming that the sun was positioned directly in 

front of the atrium. In practice, the sun was approximately only three degrees from this 

position at the time at which the experiments took place. 

6.2 Simulations 

6.2.1 Concordia Atrium Simulation 

Description: 

This simulation is based on the atrium in the University of Concordia's EV 

building at St Catherine and Guy in Montreal. The simulation is steady state and based on 

a simplified geometry of the actual atrium. The time of day was set to noon and blinds of 

the atrium were partially closed, in agreement with experimental conditions. 

Measurements: 

The absolute temperature recorded within the atrium was used for validation. The 

temperatures were recorded by thennocouples with an error of ±O.2 K and were hung 

from the ceiling along three strings. These thennocouple strings are referred to as East, 
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Center and West, based on their location in the atrium. Each string held three 

thermocouples, located at 10.3m, 6.3m and 2.1 m from the floor of the atrium. 

Validation Source: 

The data used to validate the simulations and to develop the boundary conditions 

was collected at Concordia University on October 26, 2007. The data collection was 

done when the blinds of the atrium were partially closed and the mechanical ventilation 

In use. 

Domain: 

The simulation was run using a simplified model of the atrium interior. The 

domain was filled with air using constant properties for conditions of 25°C and standard 

pressure. The Boussinesq buoyancy model was used along with the k-w turbulence 

model. The Rayleigh number based on the maximum temperature difference and atrium 

height is 2.3xl012
. The general dimensions of the atrium were followed but for 

convenience the staircase and chairs were ignored, as were small nooks in the design. 

For reasons related to the mesh generator and ANSYS CFX the overall domain was 

divided into twenty-eight sub-domains. Figure 6.2 shows the atrium's orientation and 

general shape. 
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Figure 6.3 Atrium Domain and General Orientation. 

Figure 6.4 shows both the atrium's dimensions and sub-domains. 
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Figure 6.4 Atrium Dimension and Sub Domains 
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Boundary Conditions: 
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Fm;ade: The fa9ade is the transparent wall of the atrium that allows solar radiation to 

easily enter the atrium. The fa9ade was a no slip wall with a specified temperature 

boundary condition. In the experimental atrium the blinds covered most of the fa9ade. 

The specified temperature was developed based on temperature recordings along the 

blinds. The profile is constructed of three sections, each corresponding to one of the areas 

of blinds, combined using the methods discussed in Appendix F. The blinds, which 

partially covered the fa9ade, transmitted approximately 8% of the sunlight into the atrium 

as a diffuse source. As such, the simulations include a diffuse radiation source. The 

diffuse source is only located where the blinds would be and is absent otherwise. The 

equation for the magnitude of this source can be found in Table 6.1. The fa9ade was 

treated as a black body with an emissivity of unity, unless otherwise indicated in specific 

simulations. Figure 6.5 shows how the temperature is distributed on the fa9ade. 

116 



M.A.Sc. Thesis - C.Rundle 
McMaster - Mechanical Engineering 

Facade Specified Telnperature Profile 
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Figure 6.5 Fa<;ade Specified Temperature Boundary Condition 

Floor: The floor of the atrium was bound by a specified heat flux . The areas where the 

sunlight, which passed through the fa<;ade, struck the floor were given a heat flux. 

Therefore, the entire floor is given a specified heat flux with a value of zero except where 
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sunlight struck the floor. The equation for the magnitude of the flux can be found in 

Table 6.1. 

Supply: The supply is the source of mechanical ventilation for the atrium. It supplies air 

at a constant temperature of 17°C and a uniform velocity that creates the correct mass 

flow rate of 0.42 kg/so These values were determined based on measurements taken in the 

atrium at the time considered by the simulation. There is some uncertainty in the values, 

because the measurement was only taken at single point. 

Return: The return serves as the mechanical exhaust for the atrium and is modeled as an 

opening with a pressure of zero and a temperature of 25°C. 

Walls: The walls were adiabatic no slip walls. 

North End: The north end is the boundary on the north end of the atrium opposite of the 

fa9ade. In the experimental atrium the north end opens onto the corridors of the floors 

which connect with the atrium. In the simulation the north end was treated as a no slip 

adiabatic wall. 

Mesh: 

The domain was meshed with an expanding mesh. The initial spacing was set to 

0.006m with an expansion factor of 1.14. This produced a mesh with 740,000 nodes. 

For the grid independence mesh the initial distance was halved and the expansion factor 

kept the same. Figure 6.6 shows the isometric image of the mesh. 
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Figure 6.6 Isometric View of Mesh 

The mesh in the y direction was designed to allow for fine mesh at the supply area 

of the atrium. This was done in a smooth fashion with a uniform mesh across the supply 

area. Figure 6.7 shows the mesh in the y direction. 
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Figure 6.7 Mesh in the y Direction 

Variations: 

The standard simulation was run using full solar radiation. Other simulations 

changed the emissivity of the fa<;ade and the magnitude of the solar radiation . Table 6.2 

shows all of the simulations presented here and their parameters. 
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Simulation Radiation 
Model 

Solar Discrete 
Radiation Transfer 
Fayade Discrete 
Emissivity 1 Transfer 
Fayade Discrete 
Emissivity 2 Transfer 
0% SI Discrete 

Transfer 
25% SI Discrete 

Transfer 
50% SI Discrete 

Transfer 
75% SI Discrete 

Transfer 

M.A.Sc. Thesis - C.Rundle 
McMaster - Mechanical Engineering 

Solar Radiation Fayade 
Magnitude Emissivity 
1370 W/mi. 1.0 

1370 W/mL. 0.5 

1370 W/mi. 0.8 

OW/mi. 1.0 

343 W/mL. 1.0 

685 W/mi. 1.0 

1028 W/mi. 1.0 

Table 6.2 Atrium Simulations Presented 

Further atrium simulations can be found in Appendix H. 
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Results: 
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Figure 6.8 Temperatures Along Three Planes in the Atrium 

y 

The highest temperatures were located on the floor and these are shown in Figure 

6.9. 
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Figure 6.9 Floor Temperature for Solar Simulation 

L 

~ X 

Aside from the general temperature field the temperatures recorded by the 

thermocouples discussed in the measurement section of this chapter were used as a 

measurement of accuracy. Figure 6.10 compares the temperatures recorded during the 

experiment and those of the simulation. 
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Temperature of East String For Solar Simulation 
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Figure 6.10 Temperature at Thermocouple Stnngs; A) East Stnng, B) Center String, C) 
West String 
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The amount of stratification, the temperature difference between the top and 

bottom thermocouple of each string of thermocouples, is also an important measurement, 

a comparison of which is shown in Figure 6.11 below. 
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Figure 6.11 Comparison of Temperature Difference 
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Figure 6.1 2 Velocity Vector Plots for Solar Simulation 

Heat Flow 

y 

Figure 6.13 shows the heat flow for each of the boundaries for the standard solar 

simulation, broken down by type. 
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Heat Flow for Solar Simulation 
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Floor Walls Supply Return 

Figure 6.13 Heat Flow at Each Boundary of the Standard Simulation 

Discussion: 

Grid Independence 

o Diffuse Radiation 
o Radiation 
• Convection 

Mass Flow 

Grid independence was determined using the temperature along the thermocouple 

strings described in the measurement section of this chapter. Figure 6.14 shows the 

temperature for all of the strings compared with the results from the grid independence 

mesh. The GI strings are the results from the mesh with smaller grid spacing. 
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Temperature of Thermocouple Strings For Varying Mesh 
Refinement 
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Figure 6.14 Temperature at Thermocouples for Varying Levels of Mesh Refinement 

The largest difference was a tenth of a degree, located at the lowest level of the 

west thermocouple string. Figure 6.15 shows the temperature profile of the YZ Plane 

which intersects the central string, the thermocouple locations being shown by the yellow 

crosses. 
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Figure 6.15 Temperature Profiles for Varying Mesh Refinement 

Under Relaxation 

Under relaxation was necessary for the simulations to converge, in the same 

manner as the turbulent natural convection simulations. It was discovered that the correct 

relaxation factor was independent of the use of radiation or of the use of heat flux 

boundary conditions. A relaxation factor of 0.9 proved universally correct provided the 

turbulence model and mesh were constant. 

Temperature 

One of the primary interests is the temperature field within the atrium. Figure 6.8 

shows the general temperature field in the atrium along three planes, with the YZ and XZ 

planes intersecting the supply. The simulation over predicted the temperature at the 
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thermocouples by an average of 3.9°C. This was expected because the boundary 

conditions used restricted the flow of heat from the atrium. Adiabatic walls prevent heat 

escaping from the atrium. Most significantly the north end of the atrium was modeled as 

an adiabatic wall instead of allowing air to flow between the atrium and the connected 

corridors; this limited natural ventilation and prevented heat flow through the north end 

of the atrium. The only methods available for energy to leave the atrium are by the 

airflow through the return or heat loss through the fac;:ade. In these simulations the 

convection heat flow is positive because the air is cooler than the fac;:ade . Therefore, to 

balance the energy gained from the sun the air flowing though the return is the only 

option and this means the air must be hotter. The floor is the hottest region of the atrium, 

specifically where the heat fluxes are applied to simulate sunlight. If the same 

temperature range had been used for the floor in Figure 6.8 as the air in Figure 6.7 the 

floor would be almost entirely red. This is further supported by Figure 6.12, which 

shows that the floor is the only surface with a positive radiative heat flux and is therefore, 

the hottest surface. Given the floor's temperature of 77°C under the sunlight, the 

simulation is likely over predicting the floor's temperature. This is probably a result of 

the air and other walls being excessively hot as well. The stratification of the atrium was 

under predicted as shown by the lower values of !1 T for the simulation than the 

experimental data in Figure 6.10. The average error in !1 T for the thermocouple strings is 

41 %, based on the experimental !1T. Nonetheless, the temperature profiles shown in 

Figure 6.8 show that the simulation produced stratification. Figure 6.16 shows the 

temperature profiles for the XY and XZ plane from Figure 6.8 in more detail. 
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Figure 6.16 Temperature Profile in Atrium; A) XY plane, B) XZ plane 
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Figure 6.16A shows that as expected the temperature rises with the height of the 

atrium. Figure 6.16B shows that at a given height there is a nearly constant temperature, 

with the exception of the air coming from the supply. 

Velocity Field 

The velocity fields are also of interest because of how they effect thermal 

comfort. Figure 6.12 shows the velocity vectors along the XY and YZ planes shown in 

Figure 6.7. The velocity field produced by the simulation shows a strong relationship 

between air temperature and velocity. This suggests that despite the mechanical 

ventilation, natural convection is dominating the velocity field. Figure 6.17 show the 

velocity and temperature fields on an YZ plane which intersects with the middle of the 

supply and return. 
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Figure 6.17 Velocity and Temperature Field Comparison; A) Velocity, B) Temperature 
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Notice in figure 6.17B the region outlined in black, which had a lower 

temperature than the air immediately surrounding it. The same region of the velocity 

vector plot show velocities in a downward direction. Except where the air meets the even 

cooler supply air, shown by the area of dark blue. Similarly the supply air drops to the 

bottom of the atrium, despite its velocity only in the negative z direction. The region 

around the supply produces some of the highest velocities in the atrium. 

Heat Flow 

Figure 6.13 shows the heat flow through each of the boundaries of the atrium. It 

should be noted that the walls are acting as predicting in Chapter 4. They are converting a 

radiation heat flux from hotter walls and diffuse radiation sources to a convection heat 

flux to the air. Also, the largest source of energy is from the solar radiation, both the 

diffuse radiation from the blinds and the heat flux on the atrium's floor. The largest of 

the two is the diffuse radiation sources along the blinds with a heat flow of 11.6 kW. The 

heat flux from the floor is from the solar radiation that passes through the fa<;:ade and 

accounts for 4.3 kW. 

Conclusions: 

The absolute temperatures in the atrium were over predicted. The temperature 

stratification, however, was under predicted but was clearly present. There was also a 

clear relationship between velocity and temperature. 
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6.2. 2 Facade Emissivities Simulations 

Motivation: 

The standard simulations assumed that the thermal radiation emitted from the 

blinds was as significant as the convection transfer to the air and therefore the emissivity 

of the fa<;:ade would potentially have a significant effect on the amount of energy that 

enters the atrium. In order to determine the effect that emissivity has the emissivity of 

the fa<;:ade was adjusted. It should be noted that Figure 6.12 shows that the blinds 

actually have a negative net radiation flux which means that they are not the hottest wall 

and absorb more radiation than they provide. However, by changing the emissivity the 

heat flux from the fa<;:ade should still change. 

Modifications: 

The emissivity of the fa<;:ade was changed to two different values. These were 0.5 

and 0.8. All other emissivities were unchanged. 

Results: 

Figure 6.18 shows the temperature predictions of the simulation using various 
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Figure 6.18 Temperature at Thermocouple Strings for Varying Fa<;ade Emissivities; A) 
East String, B) Center String, C) West String 
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Figure 6.19 plots the temperature difference for each fa9ade emissivity. 

Temperature Difference For Varying Fa~ade Emmisvities 

East String Center String West String 

Height [m] 

\_ Experimental Data IEl Emissivity 0.5 {;;J Em iss~/ity 0.8 ~ Emissivity 1.0 \ 

Figure 6.l9 ~T for Varying Fa9ade Emissviites 

Discussion: 

Figure 6.18 and 6.19 shows that the temperature field and stratification is 

essentially insensitive to the emissivity of the fa9ade. None of the ~ T values changes by 

more than one tenth of a degree. None of the temperatures changes by more than one half 

of a degree. Figure 6.20 shows this trend clearly by plotting the temperatures along the 

central string versus the fa9ade's emissivity. 
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Temperature of Central String as a Function of Facade 
Emissivity 
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Figure 6.20 Center String Temperature vs. Fayade Emissivity 
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There is a reduction in temperature as the emissivity drops, as would be expected 

since the same fayade temperature would produce a smaller heat flux. However, at this 

level of solar radiation the thermal radiation from the blinds is insignificant. The 

magnitude is less than a tenth of the diffuse radiation sources along the fayade. Therefore, 

even a drastic reduction in the thermal radiation provided by the blinds did not 

significantly affect the temperature in the atrium. 
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6.2.3 Solar Radiation Flu,'C Simulations 

Motivation: 

One of the uncertain values in the simulation was the magnitude of the solar 

radiation. The simulations used the estimation of the average solar radiation heat flux of 

1370 W /m 2 given by Wieder [1982]. This is based on the optimal solar radiation. 

Factors such as the reflectivity of the fayade's surface and attenuation from the 

atmospheric conditions will change the actually value. Therefore, the sensitivity of the 

simulation to the magnitude of solar radiation must be determined. 

Modifications: 

The boundary conditions were the same as the standard solar simulation with only 

the variable SI adjusted to change the solar heat flux magnitude used. The solar radiation 

magnitudes used were 75%, 50%, 25% and 0% of the standard value of 1370W/m2
. 

Results: 

Figure 6.21 shows the temperature results for the experimental results of four 

solar radiation flux simulations as well as the standard simulation with 100% SI. 
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Figure 6.21 Temperatures at Thermocouple Strings for Varying Solar Radiation 
Magnitudes; A) East String, B) Center String, C) West String 
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Figure 6.22 shows the 11 T values for each level of solar radiation. 

Temperature Difference For Varying Solar Radiation Intensity 
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Figure 6.22 I1T along Each Thennocouple String for Varying Solar Radiation Magnitudes 

Discussion: 

The reduction of solar energy shows a non linear relationship with simulated 

temperatures. Figure 6.23 below shows the temperature along the central thennocouple 

string as a function of solar radiation magnitude. 
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Figure 6.23 Temperatures along Center Thermocouple String vs. SI 

The relationship between the temperature and the solar radiation magnitude is 

linear above the 25% magnitude. All other temperatures drop by approximately half of a 

degree with each reduction of 25%. Thus, the temperature magnitudes decrease but the 

temperature difference does not. However, at 25% of the solar magnitude or 343 W /m2 

the bottom temperature decreases by 1.0 K, twice that of the other temperatures. 

Given the drop in energy input from the solar radiation a larger decrease in 

temperature would be expected. As can be seen in Figure 6.5 the diffuse solar radiation 

and floor heat flows, which are the direct result of the solar radiation, provide 15.8 kWof 

energy to make up 88% of the energy entering the atrium. When this is halved the 

temperature should be altered. At fifty percent of the standard solar radiation the highest 

temperature had only decreased by forty percent of what would be expected if it was a 
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perfectly linear relationship between temperature and solar radiation flux. Furthermore 

the middle and bottom temperature only decreased by thirty and twenty percent 

respectively. As mentioned before the temperature at the top of the atrium is responsible 

for energy leaving the atrium. As such, a small change in temperature should , on the 

surface, not allow for the considerable drop in energy input. On closer inspection the 

average temperature of the return for 2S% of SI, SO% of SI and the standard simulation 

was 2S.8°C, 26°C and 26.S °C respectively. Given the average mass flow rate of the 

atrium of 0.42 kg/s such a small change in temperature does not account for the change in 

solar input. Figure 6.24 shows the energy balance for the 2S% SI simulation. 

Heat Flow for 25% of Solar Radiation Simulation 
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Figure 6.24 Heat flow at Each Boundary of Solar Simulation with 2S% SI 
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Notice that despite the small drop in temperature, there is a significant drop in the 

return heat flow as compared to Figure 6.13. The reason for this difference is found in 

examining the heat flow of the return. The assumption of average temperature change 

being proportional to heat flow is based on an assumption of uniform velocity. Figure 

6.25 shows the return's heat flux, temperature and velocity for several values of solar 

radiation flux. 
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Figure 6.25 Results for Different Solar Radiation Magnitudes for; A) Heat Flux, B) 
Temperature and C) Velocity 

Notice that the very high magnitudes of heat flux occur where the areas of high 

temperature and velocity occur. Essentially, as the atrium gets hotter the return 

concentrates the mass flow through a smaller area providing a much less uniform velocity 

profile. In addition, it begins to allow for air to flow back into the atrium at the lower 
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return boundary condition temperature. The simulation had effectively used a 

combination of velocity and temperature peaks to allow for a large change in heat flux 

with little effect on the average temperature of the return or the rest of the atrium. 

Conclusion: 

This section showed that the magnitude of the solar radiation was significant in 

determining the atrium's temperature field. Furthermore, it was shown that the 

relationship was not as simple as expected. This was due to the effect that solar radiation 

magnitude had on the velocity field, particularly near the return. A modest increase in 

velocity and the temperature allowed for much larger changes in heat flow through the 

return then would be suggested by the change in air temperature alone. Despite the 

smaller than expected change in temperatures the change in solar radiation flux had the 

most dramatic effect on the temperature field. 

6.3 Conclusion 

This chapter presented the results of a number of simulations of Concordia's 

atrium. These simulations were used to determine the simulation's sensitivity to the 

fayade emissivity and the magnitude of solar radiation. The most realistic simulation 

captured two important features of an atrium; the temperature stratification and the 

importance of natural convection. The magnitudes of the temperatures were too high but 

this was expected given the limits of the known boundary conditions. i.e. the presumption 

of adiabatic internal walls and that the north end of the atrium was treated as an adiabatic 

wall. The amount of stratification was also in error by 25-50%. The experimental data 

indicated a stratification of 1.4 K to 1.9 K, compared to the simulation which predicted 
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stratification of 0.7 K to 1.2 K. The results proved insensitive to the fac;ade emissivity 

because the radiation from the fac;ade was minor when compared to the diffuse radiation 

source along the blinds and the solar radiation absorbed by the floor. The magnitude of 

solar radiation did have the most noticeable impact on both the temperature and 

stratification. The temperature at the thermocouples for the simulation with 25% SI 

dropped by an average of 1.8 K from the standard simulation. The stratification for the 

same simulation increased an average of 0.6 K, which decreased the error to 0.26%. The 

impact was less than expected due to the interaction of the velocity field and the 

temperature field, which allowed more energy to leave the atrium than would be 

accounted for by the change in temperature alone. Lastly, it was established that 

additional data would be required to establish a highly accurate simulation. Additional 

energy must be allowed to leave the atrium but it requires the data to impose a velocity 

profile on the north end of the atrium and make accurate assessments of the coefficients 

of heat transfer for the walls. Therefore, ANSYS CFX does capture the general trends in 

an atrium but requires much more detailed boundary condition information to obtain 

good quantitative results. 
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7.1 Summary and Conclusions 

This thesis considers the validation of ANSYS CFX for simulation of the heat 

transfer and fluid flow in atria. This was done, by validating several of the most 

important physical phenomena that influence atria. These included natural convection, 

radiation heat transfer and conjugate heat transfer. Finally, ANSYS CFX was used to 

simulate the working atrium located at Concordia University. 

The validation of natural convection was performed for both laminar and 

turbulent conditions. The laminar natural convection showed excellent agreement with 

published benchmark results. For simulations of turbulent natural convection three 

different two-equation turbulence models were compared. The effectiveness of the 

buoyancy turbulence production model used to increase the turbulence in order to 

account for buoyant flows was also considered. For the turbulent simulations the k-c 

model produced the worst results. The k-CD model and the SST model produced similar 

results with the k-CD model modeling the velocity profiles with greater accuracy and the 

SST model showing fewer errors in the average Nusselt numbers . However, based on the 

velocity peaks accuracy of the k-CD model and the additional time it took for the SST 

model to converge the k -(I) model is recommended for further work. 

The radiation validation was performed for two models; the Monte Carlo model 

and the Discrete Transfer model. The first validations used enclosures with either a fixed 

wall temperature or a fixed radiation heat flux since analytical solutions are readily 

146 



M.A.Sc. Thesis - C. Rundle 
McMaster - Mechanical Engineering 

available. Generally, much better results were obtained with the Discrete Transfer 

model. The placement of the first node was also shown to be crucially important, as 

ANSYS CFX's tendency to try to average the node at the comer of two walls was the 

largest source of error. Otherwise, the accuracy was quite high. The final validations 

modeled solar radiation striking part of the floor of a cubic room. This was done initially 

to test the directional boundary radiation source option of the Monte Carlo model. 

However, it was shown that when it was used the simulation would not converge. 

Therefore, the validation was done in order to show an alternative method to account for 

directional radiation sources using the Discrete Transfer radiation model. This alternative 

method proved successful 

The conjugate heat transfer validation used a horizontal channel with a heat 

source on the bottom of the channel. While the simulations did approximate the 

qualitative results, the temperature curves were somewhat displaced from the 

experimental results. The error in the curves decreased as the measurement location 

approached the conjugate heat transfer surface. This suggests that the problems may be 

related to modeling the air flow rather than the conjugate heat transfer. The stratification 

of the air in the channel was under predicted. 

The atrium simulations were steady state, based on the data recorded on October 

27, 2007 at Concordia's atrium. The blinds were partially closed and the hybrid 

ventilation turned off. The boundary conditions were created from the data recorded at 

the blinds when air temperature readings were taken. The standard simulation used full 

radiation modeling and accounted for solar radiation. Sensitivity to the boundary 
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conditions was tested. These tests included the fa9ade's emissivity and solar radiation's 

magnitude. The fa9ade's emissivity's effect was minimal because the long wave 

radiation from the fa9ade's blinds was a minimal source of energy input. The solar 

radiation's intensity had a more noticeable effect; however, it was not as significant as 

expected. The best simulation over predicted the temperatures and under predicted the 

stratification. The over prediction of the temperatures was expected since the walls were 

adiabatic and no heat was allowed to escape through the north end of the atrium. 

Therefore, ANSYS CFX was moderately successful in simulating atrium 

conditions. The qualitative trends were present, however, the absolute values of air 

temperatures were too high and the stratification was under estimated. These problems 

may be addressed by considering the recommendations for further work included below, 

mainly by making the simulation transient and by finding better boundary conditions for 

the north end of the atrium. 

7.2 Recommendations for Further Work 

a) Transient Simulations 

Transient elements such as thermal mass may be influential in determining the 

conditions in an atrium. Transient simulations were omitted from this thesis in order to 

establish the viability of steady state solutions 

b) North End Boundary Conditions 

A more realistic boundary condition for the north end of the atrium should be 

found. The current method of using a wall limits the possibility of natural ventilation. 
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The most obvious solution of using an opening is explored in Appendix H. Based on the 

work in Appendix H a specified velocity profile at the north end would be required. This 

boundary condition would require more detailed information to implement. 

c) Reference Geometry 

Determine how important the niches in the atrium geometry are to the final 

results. Their presence significantly increased the difficulty of meshing the atrium and if 

they could be omitted it would make for quicker simulations. Furthermore, it would 

simplify the process when using ANSYS CFX for different geometries. 

d) Orientation 

Determine the sensitivity of the simulation to the orientation of the sun, 

specifically the azimuth. The simulations made the assumption that the solar radiation 

only struck the floor and not the walls. This is only valid if the fayade's orientation and 

the sun's orientation is identical. 

e) Seasonal Changes 

Consider the differences between the winter and summer months. 
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Appendix A: Two Dimensional Domains in ANSYS CFX 

It should be noted that in ANSYS CFX it is impossible to create and mesh a two 

dimensional domain. However, two dimensional results are common in the experimental 

data and analytical solutions used to validate CFD code. This was handled by making the 

domain's width in the dimension neglected one tenth of the smallest scale in either of the 

other directions. Figure A.I shows how the domain actually appears in three dimensions, 

where z represents the dimension that is being neglected in the two dimensional 

assumption. 
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Figure A.I Actual Three Dimensional Domain Used in Two Dimensional Simulations 
and Cross Section of Nodes in z Direction Mesh. 
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Meshing this domain and maintaining two-dimensional behaviour requires the use 

of the symmetry boundary condition. The mesh in the z direction is limited to three 

nodes and the boundary areas, denoted by SYM in Figure A.I , are assigned the 

aforementioned symmetry boundary condition. This boundary condition sets the partial 

derivatives of the variables in the z direction to zero. This means that the interior node 

next to the symmetry boundary condition has the same value as the node at the boundary. 

Since there are only three nodes, two exist on a boundary there is only one interior node 

that must be the same as both adjacent symmetry boundary nodes. This requires that all 

three nodes have the value for all variables so there is no variation in the z direction. 

Therefore, two dimensional behaviour is maintained. 
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Appendix B: Extrapolation Equations 

With a sufficient number of simulations it is possible to extrapolate what the 

solution to a simulation would be with an infinite number of nodes. By assuming that the 

error in the calculation is proportional to the length between consecutive nodes raised to 

some power and by using three different lengths between consecutive nodes (L1.:c) the 

extrapolated value can be found. The three different lengths create a system of three 

equations with three unknowns, the proportional constant (A), the exponent (a) and the 

true value of the variable (T). If the error is replaced with the true value minus the 

calculated value (S) the true value can be calculated using the equations below: 

T - S, = A(L1.:c,)a 

T - S2 = A(,6";'C 2 t 
T - S3 = A(L1x3t 

(Equation. B.1) 

(Equation. B.2) 

(Equation. B.3) 

If the grids are designed so that the lengths between consecutive nodes have the 

following relationship the system can be easily solved for the true value of the variable. 

(Equation. B.4) 

(Equation. B.5) 

By dividing equation B.1 by equation B.2 and equation B.2 by equation B.3 the 

variable A can be eliminated and equation B.6 and B.7 formed. 

(Equation B.6) 
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(Equation B. 7) 

Then take the natural logarithm of both sides of equations B.6 and B.7 to bring 

the exponent a down and then divide equation B.6 by equation B. 7 to eliminate it. A 

single equation B.8 is created with the only unknown being the true value of the variable. 

This variable then can be isolated using the properties of logarithms, exponents and the 

previously discussed relationships of the lengths between the consecutive nodes. 

In(T -S2 J 
T-S 3 

(Equation. B.8) 

(Equation B.9) 

Equation B.4 and B.5 mean that both exponents are identical so that they can be 

removed by taking both sides of equation to the inverse power. This produces equation 

B.10, which can be rearranged into equation B.1l. 

(Equation B.1 0) 

(Equation. B.11) 
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Similarly the exponent a can be solved for using previous equations and back 

substituting the true value. 

(Equation. B.12) 

Note that the extrapolated value relies on the accuracy of the equations B.1 , B.2. 

and B.3. Those equations assume that the solution error is determined from the first 

neglected term in the Taylor series expansion. A sufficiently fine grid is required for that 

term to be the dominant term in the error equation. As such, that assumed fonn of the 

error is not valid for coarse grids. 
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Appendix C: Conservative and Hybrid Variables 

ANSYS CFX is a finite volume difference solver, which is the reason for 

conservative and hybrid variables [ANSYS CFX, "Hybrid and Conservative Variables", 

2006]. The difference is in how a finite difference solver and a finite volume difference 

solver treats the nodes near the wall. Figure C.l shows this difference. 
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Figure C.l Finite Difference and Finite Volume Difference Nodes at Wall Boundary. 

Finite difference solvers have no volume around the boundary node and as such 

their boundary or hybrid node does not have any conservation equation, such as 

conservation of momentum, applied to its volume. The finite volume difference boundary 

node will have conservation equations applied because it has a volume associated with 

the node. However, if the boundary were a no slip wall then by using the boundary node 

value, i.e. the boundary condition, there would be no flow through the volume. To solve 

this ANSYS CFX uses the concept of a conservative variable which is used in the 
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conservation equations instead of the value of the boundary condition [ANSYS CFX, 

"Hybrid and Conservative Variables", 2006]. In order to find this value they interpolate 

between the boundary node, or hybrid node and the volume node. Figure C.2 shows a 

rough approximation of the principle. 
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Figure C.2 Interpolation for Conservative Value 

It should be noted that the conservative node is not part of the mesh. It is a 

concept rather than object. The hybrid value is the value assigned to the hybrid/boundary 

node based on the boundary conditions after the final solution is found for the simulation. 
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Appendix D: Radiation Heat Flux Boundary Conditions 

Motivation: 

During the radiation validation it was necessary to be able to input boundary 

conditions for radiation heat fluxes. This was done in two cases; the first where a total 

radiation heat flux had to be specified in order to validate CFX's ability to detennine the 

correct wall temperature, the second when an external radiation source, i.e. solar rays, 

entered through an opening and struck a surface. This appendix shows that the boundary 

conditions used did produce the desired results 

Methods: 

In both cases the heat flux boundary condition was used. This boundary condition 

allows the user to specify the heat flux through the wall. 

Analysis: 

In CFX there are three heat flux variables that exist at a boundary wall; the wall 

convection heat flux (Qcon), the wall radiative heat flux (QRad) and the wall heat flux 

(QBC) [ANSYS CFX, Wall Heat Transfer, 2006]. Figure D.l shows the diagram of the 

heat fluxes at the wall and compares them to the two situations we wish to emulate. 
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1) CFX Boundary Condition 2) Speci fied Hent Flux 3) Sol<lr R<ldiation 
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Figure D.1 Heat Fluxes at Boundary Wall 

To simulate both situations in ANSYS CFX, a specified heat flux boundary 

conditions would be used so that QBC would be set to either Qspec or QSolar. It can be 

shown that this is equivalent to the other situations. To do this the energy balance at the 

boundary will be used as it is defined by CFX, which is shown in equation D.1 [ANSYS 

CFX, Wall Heat Transfer, 2006]. 

(Equation. D.1) 

Specified Radiation Heat Flux 

For the case where a specified wall radiative heat flux is desired, the wall 

convection heat flux is set to zero by setting the thermal conductivity of the material in 

the domain to zero or a very low number. When this is done for the Discrete Transfer 

radiation model the convection heat flux was at most 0.0006 percent of the radiative heat 

flux. This means we can treat QCon as insignificant. Equation D.2 shows the effect of 

removing the convection heat flux from the equation. 

(Equation. D.2) 
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The specified heat flux at the boundary is equal to the radiative heat flux and 

therefore, by detennining one the other is also set to that value. Therefore, using the 

specified heat flux boundary condition produces the same results as specifying the wall 

radiative heat flux . 

Solar Radiation 

For the case where the solar radiation must be simulated it can be shown that if 

the wall would be adiabatic without the solar radiation in the real situation then setting 

the wall heat flux to the desired solar radiation is mathematically identical. By 

rearranging the energy balance and setting QBC to zero equation D.3 shows that the QSolar 

is equal the wall convection heat flux and wall radiative heat flux. 

(Equation D.3) 

When this is compared to equation D.l it is clear that the QSolar is equivalent to the 

QBC in that they are equal to the sum of the convection and radiation heat fluxes. 

It should be noted that this assumes that the wall is a black body and therefore, all of the 

radiation is absorbed. If this is not the case then by changing the QSolar to what energy is 

expected to be absorbed and adding a diffuse radiation source equal to the radiation that 

would not be absorbed at the boundary would produce the desired results. 
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Appendix E: Solar Opening Analytical Model 

Motivation: 

This analytical solution was devised to provide temperature values to compare 

with the values provided by ANSYS CFX for the solar cube simulations in Chapter 4. 

Known: 

Table E.l lists the variables that are considered known quantities for each 

simulation and are treated as constants in the following equations. 

For Each Surface General 
Symbol Description Symbol Description 

h Coefficient of Heat Transfer T2 Temperature of Surface 2 
q Wall Heat Flux Bs Solar Elevation Angle 

Tamb Ambient Temperature a See Figure E.l, a=1/Tan(es) 
A Area of Surface 

Table E.l Known Values 

Unknowns: 

Table E.2 lists the variables for which the solution solves. 

Symbol Description 
TIA Temperature of Surface lA 
TIB Temperature of Surface IB 
T3 Temperature of Surface 3 
Table E.2 Unknown Vanables 

It should be noted that the view factors require calculation but are an aside that is 

dealt with in more detail in Table E.3 
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2) Surfaces are a unifonn temperature 
3) Steady state 
4) No conduction along the walls, i.e. TIA is not the same are TIB 
5) The cube is filled with a non conductive stationary material, i.e. the only heat transfer 

is by radiation 

Domain: 

The domain consists of a cube with the walls numbered as shown in Figure E.1. 

Unfolded Cube 

Folded Cube 

CD 
Directed Solar Radiation 

CD 

@ 
CD CD 

10 
L 

CD 

Figure E.1 Labeling Conventions for the Cube's Walls 

Side 1 is the floor of the cube and divided into two surfaces: the A section that 

receives the solar radiation and the B section which is unlit. Side 2 is an opening, through 

which sunlight enters the cube, it is held at a constant temperature, representing the 

ambient conditions. The remaining sides are grouped together as surface 3 and are black 

bodies with a convective heat transfer co-efficient and an ambient temperature. 
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The equation system is based on the conservation of energy equation for each 

surface. Figure E.2 shows the surface i and its related heat fluxes . 

. \ . F ''r.4 T4 ", 
~'>.1 ij 0""\ 1J - i) 

------r-""'--x------ S\ lrt~')('e i 

CIiAi A ·ll·(T T· )""" 
"'>.1 1" LamE 1 

Figure E.2 Heat Fluxes for Surface i 

Equation E.1 shows what the conservation of energy equation would be with 

these heat fluxes included. 

(Equation E.1) 

Since the simulation is steady state there should be no change with respect to time 

so the equation can be set to zero as in equation E.2. 

(Equation E.2) 

This allows for the equation to be rearranged and the area to be removed from the 

equation as a common factor. This creates equation E.3 as shown below. 
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(Equation E.3) 

Since the sum of all the view factors for a surface is equal to one, it can be 

replaced with that value [Incropera & DeWitt, 2002]. Then Ti with an exponent of one is 

isolated to create an equation for Ti, as in equation EA. 

(Equation EA) 

Equation EA solves for Ti, using Ti as a variable, and therefore iteration should be 

used to solve the equations with the previously calculated Ti used on the right hand side 

of the equation as in equation E.S . 

(Equation E.S) 

Since the only variables in the equation that are unknowns are the temperatures, 

the system of equations has three equations and three unknowns and is therefore solvable. 

Determining View Factors: 

In order to solve the iterative equations the view factors must be calculated. Table 

E.3 below lists the unknown view factors required for the solution. 

Surface lA Surface IB Surface 2 Surface 3 
FIAlA FIBIA F2lA F3lA 
FIA1S F1BIB F21B F31B 
FIA2 FlB2 F22 F32 
F IA3 F IB3 F23 F33 

Table E.3 Unknown VIew Factors 
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The value of the view factors change with each solar elevation angle and require 

the use of three properties of view factors, one equation and one energy balance to 

determine all of the view factors. The first property is the reciprocity relation expressed 

in equation E.6 [Incropera & DeWitt, 2002]. 

(Equation E.6) 

Therefore, if the areas of the surfaces are known then with a view factor from one 

surface to another the reverse view factor can be determined. The second property is the 

summation rule that was previously used in the creation of equation EA and is formally 

expressed by equation E.7 [Incropera & DeWitt, 2002]. 

II 

I=LFij (Equation E.7) 
j=1 

The third property is that a plane or convex surface has a view factor of zero with 

respect to itself [Incropera & DeWitt, 2002] . This is also applies to surfaces lA and IB 

since they are part of the same plane. This allows the elimination of F I A I B, FIB I A, F I A I A, 

F22 and FIBIB as zero. The equation for the view factor between perpendicular rectangular 

surfaces, which have a shared edge, is known [Incropera & DeWitt, 2002]. Equation E.8 

below is based on this equation and is used to calculate the view factor between surfaces 

lA and 2. 

_ 1 ( -1 ( 1 ) - 1 () ( 2 \ )-i - 1 [ 1 ] 1 [2 + 2q 2 (2a 2 + a 4 J
a 2 

(2 + a 2 J-
F1 A2 - - a tan - + tan 1 + 1 + a J ~ tan \ ).S + -In 2 ()2 2 

an a (1 + a 2 J 2 4 2 + a 1 + a2 1 + a _ 

(Equation E.8) 
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The final energy balance is based on the assumption that if surfaces 1 A and 1 B 

are the same temperature then, the radiation energy transfer between the surface 1 and 2 

will be the same regardless of whether or not surface 1 is treated as one or two surfaces. 

Equation E.9 shows this energy balance. 

Sigma and the temperature difference can be eliminated as common factors since 

TI=TIA=T lB. The equation can be then be rearranged, as in equation E.I0, to solve for the 

view factor FIB2 as a function ofF IA2, FI2 and the areas. 

(Equation E.l 0) 

The areas are known from the geometry and F IA2 can be calculated from equation 

E.8. F 12 can be calculated from equation E.8 if a is replaced by 1. Finally because the 

view factor is purely geometric in nature it should be independent of the temperatures of 

the surfaces, as are the areas [Incropera & DeWitt, 2002]. Therefore, this equation for the 

view factor should hold if surfaces lA and IB are not the same temperature. 

This information is sufficient to calculate all of the view factors, since the plane 

surfaces have a view factor of zero and equation E.8 and E.l 0 can be used to find all of 

the view factors for surfaces lA and IB except with respect to surface 3. However, using 

the summation rule, as outlined in equation E.7, on each surface allows for the 

determination ofF IA3 and F IB3 . 

F' A3 = 1- F' A2 

F;B3 = 1- F;B2 
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By Reciprocity 

By Summation 

F 23 = 1- F 21B - F 21A 

By Reciprocity 

By Summation 
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Therefore all of the view factors can be determined. 

Solution: 

By removing the view factors that are zero and applying the boundary conditions 

the general equation E.S can be applied to each surface with an unknown temperature to 

make a three equation system. For surface 1A there is no convective heat transfer to the 

ambient area, however, there is a wall heat flux modeling the sunlight. See Appendix D 

for the details of this boundary condition. Therefore, for surface 1A the equation is as 

shown in equation E.11 . 

(Equation E.11) 
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Surface 1 B is adiabatic and has no wall heat flux or coefficient of heat transfer 

and is represented by equation E.1 2. 

(Equation E.12) 

Surface 2 is a known temperature and therefore does not need to be modeled in an 

equation. Surface 3 has a coefficient of heat transfer but no specified wall heat flux and 

is modeled by equation E.13. 

F T. 4 + F T. 4 + F T 4 + h3Tami 
31 A IA 31B IB 32 2 T New _ (J" 

3 - (T3 Old)3 + hi. (Equation E.1 3) 

In the case where surface 3' s boundary condition is a specified temperature 

equation E.13 is omitted from the solution and equations E.11 & E.12 are used with the 

variable T 3 treated as a constant. 

Checking the Validity of Surface 3: 

In creating the analytical solution four separate walls were treated as a single 

surface with a uniform temperature. Figure E.3 shows the average deviation from the 

average temperature as both an absolute value and a percentage of the total temperature 

difference in the solar cube. 

17 1 



M.A.Sc. Thesis - C. Rundle 
McMaster - Mechanical Engineering 

Average Deviation from Average Temperature for Surface 3 
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Figure E.3. Deviation as a Function of Angle 

The deviation is defined for each node by equation E.14. 

Deviation =1 T - TAVG 1 (Equation E.14) 

There is a clear trend that the deviation decreases as the angle increases. 

Essentially the smaller the solar radiation input the smaller the deviation. The deviation 

percentage is larger then the error in the average temperature which remained unaffected 

by the value of the angle. This would suggest that surface 3 was not as uniform as 

assumed in the analytical solution; however, the average difference is still relatively 

small. This may account for some of the error in comparing the simulation to this 

solution. 
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Appendix F: Logical Functions Using CEL Code 

Motivation: 

ANSYS CFX 11 does not include logical functions, such as "if then" statements, 

that allow the user to set conditions for when or where an effect takes place. For example 

there is no explicit way for a user to limit a boundary source to an area. This very useful 

ability was required for the atrium simulation. The diffuse radiation through the blinds 

was limited to only the areas that had blinds and the temperature profile along the fa<;ade 

required a combination of three functions that occurred in three separate areas that did not 

correspond to the dimensions of the meshed areas. As such, the functions made available 

in CFX CEL code were used to create the required logical functions. This appendix 

explains the process and proves the validity of the method with truth tables and example 

simulations. 
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Basic Functions: 

The Step Function 

The step function serves as the primary logical unit in ANSYS CFX. It is defined 

as follows where x' must be a dimensionless variable. Figure F.l shows the value of the 

step function over its domain. 

x' < 0 -+ step(x') = 0.0 

step(x') ~ if x' = 0 -+ step(x') = 0.5 

x' > 0 -+ step(x') = 1.0 
(EquationF.l)[ANSYS CFX, CEL Functions, 2006] 

Step Function over Values of x 

............................................ 1.2r···· ........................................................... . 

·1 ·0.5 0.5 

x [-) 

Figure F.l Step Function 

This function can be used as an on/off switch. The value at x'=O could be 

problematic, however as it only occurs at a single point it should not effect the result 

significantly. In terms of making x' dimensionless, the simplest solution is to divide the 

value by a scale with the same units as x. 

Minimum Value Function 

The minimum value function returns the least value between two inputs. 

x < y -+ min(x,y) = x 

min(x,y) ~ if x = y -+ min(x,y) = x 

x> y -+ min(x,y ) = y 

(Equation F.2) 

[ANSYS CFX, CEL Functions, 2006] 
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Max:imum Value Function 

The maximum value function returns the highest value between two inputs. 

x < Y ~ max (x, Y) = Y 

max(x,Y) ~ if x = Y ~ max(x,Y) = Y 

x > Y ~ max(x, y) = x 

Logical Statements: 

(Equation F.3) 

[ANSYS CFX, CEL Functions, 2006] 

Logical statements can be either true or false, for this thesis true results will be 

represented by 1 and false results will be represented by O. 

Greater Than Statement 

If statement A is that 'x is greater than a', then A is logically equivalent to step(x-

a). Table F.l is a truth table that shows the logical equivalence of a greater than 

statement and the function step(x-a). 

Location A x-a step(x-a) 
x<a 0 <0 0 
x>a 1 >0 1 

Table F.l. Greater Than Statement 

Less Than Statement 

If statement A is that 'x is less than a', then A is logically equivalent to step(a-x). 

Table F.2 shows the logical equivalence 

Location A a-x step(a-x) 
x<a 1 >0 1 
x>a 0 <0 0 

Table F.2. Less Than Statement 

175 



MASc. Thesis - C. Rundle 
McMaster - Mechanical Engineering 

OR Statement 

OR is the "or" statement which is true if either one or both of the arguments are 

true. This statement can be simulated using the maximum value function and Table F.3 

shows their logical equivalence. 

A B AORB max(A,B) 
1 1 1 1 
1 0 1 1 
0 1 1 1 
0 0 0 0 

Table F.3. Logical OR Statement 

AND Statement 

AND is the "and" statement, which is only true if both arguments are true. This 

logical statement is logically equivalent to a minimum value statement, as shown in Table 

F.4. 

A B AANDB min(A,B) 
1 1 1 1 
1 0 0 0 
0 1 0 0 
0 0 0 0 

Table F.4. Logical AND Statement 

Alternative AND Statement 

This type of "and" statement is simpler for a series of AND statements, such as (A 

,A~ND B) AND (C AND D). It is a multiplication of the statements A and B. Table F.S 

shows the logical equivalence. 
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A B AANDB AxB 
1 1 1 1 
1 0 0 0 
0 1 0 0 
0 0 0 0 

Table F.S. Alternative Logical AND Statement 

XOR Statement 

XOR is the "exclusive or" statement, which is true if only one of the arguments is 

true and false otherwise. To simulate this in CFX the difference of the maximum value 

and minimum value function for the same set must be used. It is important to note that 

C-D never becomes negative since the minimum of a set will always be equal to or less 

than the maximum of the same set. Table F.6 shows that truth table that proves the logical 

equivalence of the function and XOR. 

A B AXORB C=max(A,B) D=min(A,B) (C-D) 
1 1 0 1 1 0 
1 0 1 1 0 1 
0 1 1 1 0 1 
0 0 0 0 0 0 

Table F.6. Logical XOR Statement 

Bounding Regions: 

In order to define variables in a bounded area in CFX which does not match a 

surface it is easiest to bound the area with a logical statement that is only true in the 

desired area. The magnitude of the desired heat flux or other desired \'ariable can be 

multiplied by the logical statement rendering it zero outside of the bounded area and the 

proper magnitude within the bounded area. There are two ways to bound areas, either by 

an AND statement or an XOR statement. 
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AND Bounded Regions 

The first bounding method usess the AND logical statement to combine the 

constraint so that A is defined as x>a and B is defined as x<b, where b>a then the 

statement A AND B will only be true on the interval (a,b). Table F.7 shows the 

equivalency of the logical AND statement and x being bounded by a and b. 

Location A B AANDB 
x<a 0 1 0 

a<x<b 1 1 1 
x>b 1 0 0 

Table B.7. Boundmg ID wIth Logical AND Statement 

It should be noted that if a>b then the statement will always be false, as shown in 

the following Table F.S. 

Location A B AANDB 
x<b 0 1 0 

b<x<a 0 0 0 
x>a 1 0 0 

Table F.S. Logical AND Statement if a>b 

Therefore, if the relative value of a and b change then new code must be used. 

When an area must be bound in multiple directions a combination of AND statements can 

be used. If the area must be bounded by c<y<d and a<x<b, then the statement (A AND B) 

AND (C AND D) will only be true in the bounded area. This assumes that A and Bare 

defined as previously and C is defined as y>c and D is defined as y<d, where d>c. The 

following Table F.9 shows this. 
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x y 

Location Location A 

x<a y<c 0 
a<x<b y<c 1 

x>b y<c 1 
x<a c<y<d 0 

a<x<b c<y<d 1 
x>b c<y<d 1 
x<a y>d 0 

a<x<b y>d 1 
x>b y>d 1 

M.A.Sc. Thesis - C. Rundle 
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B C D AANDB CANDD 

1 0 1 0 0 
1 0 1 1 0 
0 0 1 0 0 
1 1 1 0 1 
1 1 1 1 1 
0 1 1 0 1 
1 1 0 0 0 
1 1 0 1 0 
0 1 0 0 0 

Table F.9. Bounding 2D with Logical AND Statement 

(A AND B) 
AND 

(C AND D) 
0 
0 
0 
0 
1 
0 
0 
0 
0 

This is the case where the alternate definition of AND is useful since it would 

require the multiplication of four step functions rather than four step functions and three 

minimum value functions. 

XOR Bounded Regions 

The second method uses the XOR logical statement. By defining A as x>a and B 

as x>a+e=b where all values are positive it creates the effect that if B is true then A must 

also be true and it creates the following truth table shown in Table F.1 O. 

Location A B AXORB 
x<a 0 0 0 

a<x<b 1 0 1 
v 1 n 

I A> b I 1 I • I I 

Table F.10. Bounding 1D with Logical XOR Statement 
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If the relative value of a and b switch such that a>b the statement will still only 

return a value of one in the area bounded by the two values. As Table F .11 shows the 

statement is only true in the area bounded by (a,b). 

Location A B AXORB 
x<b 0 0 0 

b<x<a 0 1 1 
x>a 1 1 0 

Table F.ll. Bounding ID with Logical XOR Statement when a>b 

In order to bound a multiple dimensional region an AND logic statement can 

combine the two criteria, with statements A,B,C and D are defined in the previous 

section. Table F.l2 shows that the combined logic statement is only true when a<x<b and 

c<y<d. 

x y AXORB 
Location Location A B C D AXORB CXORD AND 

CXORD 
x<a y<c 0 0 0 0 0 0 0 

a<x<b y<c 1 0 0 0 1 0 0 
x>b y<c 1 1 0 0 0 0 0 
x<a c<y<d 0 0 1 0 0 1 0 

a<x<b c<y<d 1 0 1 0 1 1 1 
x>b c<y<d 1 1 1 0 0 1 0 
x<a y>d 0 0 1 1 0 0 0 

a<x<b y>d 1 0 1 1 1 0 0 
x>b y>d 1 1 1 1 0 0 0 

Table F.12. Bounding 2D with Logical XOR Statements 

It should be noted that XOR statements could be used to indicate the area outside 

of a bounded area. By making A mean that x>a and B mean that x<b then the XOR 

statement becomes false only in the bounded area. Table F.l3 shows the truth table that 

demonstrates this. 
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Location A 
x<a 0 

a<x<b 1 
x>b 1 

B 
1 
1 
0 
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AXORB 
1 
0 
1 

Table F.13. OutsIde of bounded area with Logical XOR Statement 

This can also be expanded into two dimensions as with the inclusive bound, 

however, it requires that the AND statement be replaced with an OR statement. Table 

F.14 shows the truth table for this with A and B defined as in Table F.13 , C defined as 

y>c and D defined as y<d. 

x y AXORB 
Location Location A B C D AXORB CXORD OR 

CXORD 
x<a y<c 0 1 0 1 1 1 1 

a<x<b y<c 1 1 0 1 0 1 1 
x>b y<c 1 0 0 1 1 1 1 
x<a c<y<d 0 1 1 1 1 0 1 

a<x<b c<y<d 1 1 1 1 0 0 0 
x>b c<y<d 1 0 1 1 1 0 1 
x<a y>d 0 1 1 0 1 1 1 

a<x<b y>d 1 1 1 0 0 1 1 
x>b y>d 1 0 1 0 1 1 1 

Table F.14. Outside of bounded area in 2D with Logical XOR Statements 

In both cases the bounds can be functions rather than constants. Which method is 

superior depends on the situation. The AND method is simpler to code, especially when 

bounding in multiple directions, however, it requires additional statements if the relative 

values of the f,mctions change, 'vvhereas the XOR bounding does not. The XOR 

statements are more adaptable, since they can be used indicate the region outside of the 

bounded area with a single change in sign within one step function. 
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Test Cases: 

This test case will be a four meter square box with a bounded heat flux on the 

bottom. The remaining sides will have a heat transfer coefficient of 5 W Im2K and an 

external temperature of 280 OK. Two different patterns will be used. 

Pattern One: Trig Functions 

This pattern is bounded by a cosine and sine function and the XOR method of 

bounding will be used. This should show that the code will work even if the functions 

change relative position. The equations are given by equations FA and F.5 . 

Yl = sin(2x) + 2 

Y2 = cos(2x) + 2 

These equations translate into the boundaries: 

(Equation FA) 

(Equation F.5) 

sin(2x) + 2 < Y < cos(2x) + 2 if sin(2x) + 2 < cos(2x) + 2, or 

cos(2x) + 2 < Y < sin(2x) + 2 if cos(2x) + 2 < sin(2x) + 2 , 

This will create the following pattern in Figure F.2. 

Heat Flux Area for Trig Functions 

4 ,-----------------------~ 

3.5 +------------------------

2.5 

I 2 +-----\ 
>-

1.5 t--------" 
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O~----~----~------~--~ 

4 

X [mj 

Figure F.2. Area Bounded by Trig Function 
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The code will take the form of: 

max(step( -sin(2*x/ 1 [m])-2+y/ 1 [m]) ,step( -cos(2*x/ 1 [m])-2+y/ 1 [m]))-min(step(
cos(2*xll [m])-2+y/ 1 [m]),step( -sin(2*xll [m])-2+y/ 1 [m])) 

(Equation F.6) 

For the purposes of the simulation the logical statement was multiplied by a factor 

of ten. Figure F.3 shows the resultant heat flux of the code when run through a steady 

state, stationary simulation. 

Heat Flux 
(Contour 1) 

(W m"-2) 

o .. ____ C===~2::j.000 (m) 

1. 000 

Figure F.3 . Trigonometric Heat Flux in a Box. 
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The basic pattern was produced by the code. Figure F.3 clearly shows the areas 

bounded by the trig functions to have the proper heat flux and the areas outside of the 

bounded areas to have a heat flux of zero. However, there is a band of variable heat flux 

between the heated and adiabatic regions. In order to judge the range of this effect the 

heat flux along the centerline y=2 was plotted in comparison to the expected profile and 

is shown in Figure FA. 

Comparison of Expected and Calculated Heat Flux Along y=2 . 
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Figure FA Heat Flux along Line y=2 
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As Figure FA shows the actual heat flux is not as discontinuous as desired. This is 

partly due to the definition of the step function that produces a 0.5 exactly at the 

transition point. In addition, it appears that CFX attempts to adjust the heat flux to make 
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it more continuous. The area where this occurs is relatively small and it appears that net 

heat flow is preserved since it over and under estimates in approximately the same 

amount. However this may not be true for very small bounded areas. 

Pattern Two: Lines 

The heated area is bounded by the following lines and is depicted in the Figure 
F.5 below. 

Line 1 
y=x 

Line 2 
y = x+l 
Line 3 
y = -x+l 
Line 4 
y = -x+2 
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1- - Line1 •.• ·Line2 - • -Line3 - - • Line4 I 
Figure F.5 Area Bounded by Four Lines 
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This requires two XOR Statements combined with an AND statement 

XOR Statement #1 

This statement describes the area between line 1 and line 2. 

max(step(yll [m]-xll [m J),step(yll [m ]-xll [m ]-1 ))-min(step(yll [m]-xl l [mJ),step(yll [m]
xi I [m]-l)) 

(Equation F .11) 
XOR Statement #2 

This statement describes the area between line 3 and line 4. 

max(step(y/1 [m]+xll [m]-2),step(yll [m]+xl1 [m]-l))-min(step(y/1 [m]+xll [m] -
2),step(yll [m ]+xll [m ]-1)) 

(Equation F .12) 
Therefore the final statement is: 

min(max(step(yll [m]+xll [m]-2),step(yll [m]+xll [m]-l))-min(step(yll [m]+xl l [m]-
2),step(yll [m ]+xll [m]-1 )), max(step(yll [m ]-xl1 [m J),step(yll [m ]-xll [m ]-1 ))-
min(step(y/1 [m]-xll [m J),step(yll [m ]-xl1 [m ]-1)) 

(Equation F.13) 

The simulation resulted in the following heat flux pattern shown in Figure F.6. 
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Figure F.6 Simulated Square Heat Flux Area. 

y 
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Figure F.6 clearly shows the correct heat flux pattern, although the band of 

intermediate heat flux is still present. In order to gauge this band's effect, the total heat 

flux through the floor was compared to that of the expected results. The expected results 

show that the total heat flux should be S W whereas the simulation returned a value of 

4.99 W. Therefore the intermediate heat flux values only create an error of 0.2% in the 

net heat flow through the floor. Further analysis was performed on the heat flux along 

the line y=0.7S. This is shown in Figure F.7. 
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Comparison of Expected and Calculated Heat Flux Along y=O.75 
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Figure F.7 shows the same pattern of intermediate values as in Figure FA. The 

range of error is proportionally larger because of the smaller area of heat flux. This may 

also be from the different angle that the line along which the heat flux was measured is 

intersecting with the pattern. 

It should be noted that this simulation was done with radiation to insure that it did 

not affect the heat flux through the floor. 
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Appendix G: Solar Position Angles 

Motivation: 

It is necessary to be able to describe the position of the sun in order to detennine 

the angle at which solar radiation will enter the atrium. Since the angle of the solar 

radiation detennines both the amount of radiation and the location of its effect, it 

essential for an accurate simulation. The zenith and solar elevation angle, which are the 

relative location of the sun and the direction of the solar radiation respectively, must be 

calculated. The angle depends on the time of day, day of the year and the location of the 

atrium on the earth's surface. These factors are expressed in the hour angle, codeclination 

and colatitude, of which the zenith angle is a function. As such, this appendix reviews 

the relevant factors and demonstrates the calculations used to detennine the angle used in 

the atrium simulations. 

Angle Definitions and Equations: 

Codeclination (D ') 

The codeclination is the angle from the north pole to the 

direction vector that points towards the sun. It varies between 66.5 

degrees at the summer solstice and 113.5 degrees at the winter 

solstice [Wieder, 1982]. Figure G.1 shows the co-declination for 

the earth. It can be calculated using equation G.1 [Wieder, 1982]: 

. . 3600 n 
cos D' = sm 23.5° sm ----

365 .25days 
(Equation G.1) 

where n is the number of days since the vernal equinox. 
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Colatitude (L ') 
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The colatitude is the compliment of the latitude. 

Rather than being measured from the equator the angle is 

measured from the closest pole. Figure G.2 shows the 

colatitude to a location on the earth's surface 

Local Time Until Solar Noon (t) 

North 

South 
Figure G.2. Colatitude 

Angle 

Represents the time since or until the local solar noon, for which t is zero. This 

time is determined by the location's relative longitude from the standard meridian of the 

time zone, and the EOT, which is available in table form for most days of every month 

[Wieder, 1982]. The exact relationship is shown in equation G.2. 

t = TimeLoca' -12: 00 + 4(Long 51 - Long LoJ + EaT (Equation G.2) 

This equation provides a time in minutes but it must be converted to hours to be 

used in the rest of the calculations. 

Hour Angle (H) 

The hour angle is a measurement of how far the sun is from the local solar noon. 

Equation G.3 [Wieder, 1982] shows the relationship between the local time and the hour 

angle. 

H = ± 360
0 

t 
24hr 

(Equation G.3) 
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The zenith angle is the angle between the sun and the 

normal of the earth's surface, ifit were a smooth sphere. Figure 

0.3 shows the zenith angle for a location on the earth's surface. 

It should be noted that as the earth rotates on its axis the zenith 

angle will change. Equation 0.4 [Wieder, 1982] shows this 

relationship. 

cosZ = cosD cosL + sin D sinLcosH 
(Equation 0.4) 

Solar Elevation (Bs) 

To Sun ~-'---7'< 

C' 
,~ 

Figure 0.3 Zenith 
Angle 

N 

The solar elevation angle is angle between the horizon and the sun and is the 

compliment of the zenith angle. 

(Equation 0.5) 

Simulation Calculations: 

The atrium is in Montreal, which is located at 74W and 45N [City of Montreal, 

2008] and the data used was collected at noon on October 26, 2007. This is sufficient 

information to determine the solar elevation angle. By substituting the information into 

the above equations, the angle of the sun can be calculated, as follows. 
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L'= 45° 
n = 217 [Wieder, 1982] 
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t = (1 2: 00 -12: 00 + 4(75 -74) + 16) = 20min = 0.33hr 

H = 360° (0.33hr) = 4.95° 
24hr 

D'= arccos sm23.5°sm = 102.94° [ 
. . 3600 (216daYS)J 

365.25days 

Substituting into the equation for the zenith angle 

Therefore the solar elevation angle for the simulations should be 31.9 degrees. 
[Wieder, 1982] 
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Appendix H: Opening Back Entrance (OBE) 

Motivation: 

An opening boundary condition was initially considered for the boundary at the 

north end of the atrium. In the experimental atrium the north end of the atrium connects 

to rest of the building and allows airflow between the two areas. Only an inlet with a 

specified velocity profile or an opening can model this re-circulating flow. There was 

insufficient data to construct a velocity profile so an opening was the most obvious 

choice for the north end boundary condition. Chapter 6 used an adiabatic wall instead of 

an opening. An opening boundary condition proved unusable. The result of simulations, 

which used an opening boundary condition, is presented here to illustrate the reason for 

the use of an adiabatic wall boundary condition. 

Modification: 

The simulation was run with the boundary at the north end of the atrium modelled 

as an opening rather than an adiabatic wall. The temperature of the opening was initially 

set to 30°C and then to a linear temperature profile to demonstrate the reason for the 

initial results. 

Results: 

Table H.I shows temperature predictions for the simulation with the opening 

boundary condition at the north end of the atrium. 
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Experimental Data Opening Back Entrance 
East Center West East Center West 
Sting String String Sting String String 

Tl 6 24.7 24.5 24.4 29.9 30.0 30.0 

TI s 23.1 23.1 23.6 30.0 30.0 30.0 

Tl4 22.8 22.9 23.0 30.0 30.0 30.0 

~T l.90 l.60 1.40 -0.10 0.00 0.00 
Table H.1 Temperatures for Expenmental Data and Opemng Back Entrance Simulation 

Discussion: 

The opening boundary condition creates a uniform temperature within the atrium. 

The reason for this is clear from a velocity vector plot along the centre of the atrium, as in 

Figure H.I below. 
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Figure H.l Velocity in Atrium with an Opening on the North End 

The velocity magnitudes are clearly too high to be realistic and dominate the flow . 

This is further seen with the simulation where the temperature along the opening was 

given a linear profile. Figure H.2 shows the temperature in the atrium when this occurs. 
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Side Temperature Profile Side Velocity Profile 

3 . 500 7 .000 (m) 
I 

Figure H.2 Temperature and Velocity Field for Atrium with Opening. 

The temperature is entirely dependent on the temperature of the air that enters 

from the opening boundary condition. Essentially advection over powers the other 

sources of heat transfer. Therefore, the opening boundary condition is unusable. If the 

velocity boundary condition was used with the opening then it may work. At this point, 

there is insufficient data to construct such a boundary condition. 
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