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ABSTRACT

Measurements of the external pressure coefficients around
open and sealed 1:20 scale models of a low-rise, naturally
ventilated building with a gable roof for livestock housing
were made in the NRCC wind tunnel. 1In addition, the internal
pressure coefficients were recorded within the open models.
The pressure difference method was used to estimate the local
ventilation rates and calculate ventilation rate coefficients
for various wind angles of incidence. To complete the study
for open models, the concentration decay method was used to
measure an "effective" ventilation rate coefficient.

All structural configuration changes of the building had
an effect on: the external pressure coefficient distributions,
calculated and measured internal pressure coefficients, air
inlet and outlet zones, magnitude oif the local airflows
through individual openings, and on the calculated ventilation
rate coefficients. As well, there were considerable
differences between results for the sealed and open models
especially at the ridge level.

Generally, the comparisons between the ventilation rate
coefficients of the open and sealed model suggest that the
larger the total sidewall, end wall and ridge opening areas
were, the greater the discrepencies were between open and
sealed models' predictions.

From the results of the concentration decay method, it
appears that the addition of end wall openings had major
effects on the "effective" ventilation rate coefficients,
while there was little difference reported when the three
different ridge types were used.

The calculated ventilation rate coefficients (by the
pressure difference method) were generally under~-predicting
the measured "effective® ventilation rates (by the
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concentration decay method) for most building configurations,
except for those using the 400 mm ridge with open end walls.



TABLE OF CONTENTS

Page
ACKNOWLEDGEMENTS i
ABSTRACT iii
TABLE OF CONTENTS ' v
LIST OF TABLES xii
LIST OF FIGURES . xiv
GLOSSARY xxi
CHAPTER 1 INTRODUCTION 1
CHAPTER 2 LITERATURE REVIEW 3

2.1 Pressure distribution around low-rise 3
buildings
2.1.1 Effect of the wind angle of 8
incidence
2.1.2 Effect of building geometry 9
2.1.3 Effect of an open building 11
2.2 1Internal pressure 13
2.3 Discharge coefficient 16
2.4 Pressure difference method for estimating 19
ventilation rates
2.5 Ventilation rate coefficient 25
2.6 Prediction of inlet-outlet zones 26
2.7 Concentration decay method for 27
evaluating ventilation rates
2.7.1 Types of tracer 31
2.7.2 Decay rate measurements with an 32

optical device

2.7.3 Advantages 33



CHAPTER 3

CHAPTER 4

TABLE OF CONTENTS continuaed

2.7.4 Theory

2.7.5 Concentration of particles by
optical density measurements

2.7.6 Change in the particle size
OBJECTIVES
METHODS AND PROCEDURES
Scale model
Wind tunnel facilities
Boundary layer simulation
Turbulence intensity
Turbulence integral scale
Effect of Reynolds number
Blockage effect
Measurement of external pressure coefficients
4.8.1 Scale model description
4.8.2 Description of variables
4.8.3 Measurement of internal pressures
4.8.4 Calculated internal pressures
4.8.5 Data collection and processing
4.8.6 External pressure coefficients
4.8.7 Internal pressure coefficients

4.8.8 External-internal pressure
differences

4.8.9 Plots of the local ventilation rates
4.8.10 Ventilation rate coefficients

vi

33

36

38
39
40
40
40
41
43
45
47

48

48
54
54
56
56

60

60

60

61

62



4.9

CHAPTER 5

5.1

TABLE OF CONTENTS8 continued

Concentration decay method

4.9.1 oOptical density measurements by laser
4.9.2 Model installation in the wind tunnel
4.9.3 Smoke generation

4.9.4 sSampling and data recording

4.9.5 Minimum wind speed for decay rate
measurements

4.9.6 bata processing
RESULTS AND DISCUSSION
External pressure coefficients
5.1.1 Open model
5.1.1.1 General observations

5.1.1.2 Effect of sidewall openings
with closed end walls

5.1.1.3 Effect of end wall openings
5.1.1.4 Effect of ridge openings
5.1.2 Sealed model
5.1.3 Sealed versus open models
5.1.3.1 Tests with chimney

5.1.3.2 Tests with 150 mm and
400 mm ridges

5.1.4 Comparison to previous work

5.1.5 Discussion on the methodology for
Cp measurements over ridge openings

vii

63
64
66

67

67
71
71
71
71

73

74
103
105
116
116

118

119

126



5.2

5.3

TABLE OF CONTENTS continued

Internal pressure coefficients

5.2-1

5.2.5

Open model, calculated Cp,,

5.2.1.1 Effect of sidewall openings

5.2.1.2 Effect of end wall openings

5.2.1.3 Effect of ridge openings

Sealed model, calculated Cp,,

5.2.2.1 Combined effect of sidewall
and end wall openings with

ridge types

Open versus sealed models, calculated
cPin

Open model, measured internal
pressure coefficients

5.2.4.1 Discussion on the methodology
for measuring Cp;,

5.2.4.2 Cp, associated with airflow
paLterns

5.2.4.3 Effect of sidewall and end
wall openings on the measured

cPin
5.2.4.4 Effect of end wall openings
5.2.4.5 Effect of ridge openings

Calculated versus measured Cp;,

Air inlet and outlet zones based on pressure

difference

5.3.1 Open model

5.3.1.1 Effect of wind angles of
incidence

5.3.1.2 Effect of sidewall openings

viii

128

135

135

136

136

137

138

138

139

147

150

150

151

152

153

153

154



5.4

5.5

TABLE OF CONTENTS o¢ontinued

5.3.1.3 Effect of
5.3.1.4 Effect of
5.3.2 Sealed model

5.3.3 Open versus sealed

end wall openings

ridge openings

models

visualization of the local airflows

5.4.1 Open model
5.4.1.1 Effect of
$.4.1.2 Effect of
5.4.1.3 Effect of

5.4.2 Sealed model
5.4.2.1 Effect of
5.4.2.2 Effect of
5.4.2.3 Effect of

5.4.3 Open versus sealed

sidewall openings
end wall openings

ridge openings

sidewall openings
end wall openings
ridge openings
models

Ventilation rate coefficients

5.5.1 Open model

5.5.1.1 General observations

5.5.1.2 Effect of
5.5.1.3 Effect of

5.5.1.4 Effect of

5.5.1.5 Effect of added openings on

predicted

sidewall openings
end wall openings

ridge openings

ventilation rates

ix

Page
154

155
162
162
168
169
169
176
176
177
177
182
182
183
185
135
185
186
189
192

194

5.5.1.6 Discussion on the methodology 196

used



L 1 = -

5.6

TABLE OF CONTENTS ocontinued

5.5;2 Sealed model
5.5.2.1 Effect of sidewall openings
5.5.2.2 Effect of end wall openings
5.5.2.3 Effect of ridge openings
5.5.3 Open versus sealed models
5.5.3.1 Effect of sidewall openings
5.5.3.2 Effect of end wall openings
5.5.3.3 Effect of ridge openings

Effective ventilation rate coefficients
measured by the concentration decay method

5.6.1 General ohservations

5.6.2 Effect of sidewall openings

5.6.3 Effect of end wall openings

5.6.4 Effect of ridge openings

5.6.5 Ridge effect with end wall openings
5.6.6 Concluding remarks

Comparison between the measured C,, and
the calculated C,

5.7.1 General observations
5.7.2 Measured Crat0 less calculated Cgyq

5.7.3 The use of the pressure difference
method for design purposes

5.7.4 Concluding remarks

197
198
199
199
202
205
205
205

206

208
210
215
217
223
224

225

226
226

228

232



CHAPTER 6

6.1

6.2

6.3

6.4

CHAPTER 7

TABLE OF CONTENTS8 continued

SUMMARY AND CONCLUSION
Pressure difference method

Effective ventilation rate coefficients
measured by the concentration decay method

Measured Cyqip VErsus calculated C;,

Use of the pressure difference method for
design purposes

RECOMMENDATIONS FOR FUTURE WORK

REFERENCES

APPENDIX
APPENDIX
APPENDIX
APPENDIX
APPENDIX
APPENDIX
APPENDIX
APPENDIX
APPENDIX
APPENDIX

APPENDIX

w4 o H X e W wm o 0w Y

xi

 JE2)
233
234

238

239

241

242
244
253
266
269
277
281
387
405
430

455



xii
LIST OF TABLES

Table Page
2.1 Average pressure coefficient across the ridge, S

8 = 90°*, full scale and scale model measurements.
For open country situation: a« = 0.14 to 0.18,
reference height = 10 m.

2.2 Average pressure coefficlents across the ridge at 6
three locations along the ridge length, 8 = 0°,
a = 0.14 to 0.18, reference height = 10 m.

2.3 Pressure coefficient differences across building 7
sidewalls; 6 = 90°.
2.4 Pressure coefficient differences across the 8
Euildings at three locations along the sidewalls,
= 0°*,
4.1 Combination of parameters tested in the NRCC's 55

wind tunnel for seven wind angles of incidence.

4.2 configurations for internal pressure measurements 56
with the open model.

5.1 Average pressure coefficient across the ridge, 120
8 = 90°*, full scale buildings and scale models for
open country situation; a = 0.14 to 0.18.

5.2 Average pressure coefficients across the ridge at 121
three locations along the ridge length, 6 = 0°,
full scale buildings and scale models.

5.3 Pressure coefficient differences across the 122
sidewalls of full scale buildings and scale models,
6 = 90°*.

5.4 Pressure coefficient for full scale buildings and 123
scale models at three locations along the
sidewalls, 6 = 0°.

5.5 150 mm ridge opening, average minimum and maximum 148
measured Cp,s and difference between the
calculated and the average measured Cp,:s,
configurations 3, 4 and 5.

5.6 400 mm ridge opening, average minimum and maximum 149
measured Cp,s and difference between the
calculated and the average measured Cp,.s,
configurations 3, 4 and 5.



xiii

LIST OF TABLES continued

Table Page
5.7 Chimney, average, minimum and maximum measured 150

Cp;,8 and difference between the calculated and the
average measured Cp,.s, configuration 5.

5.8 Percent increases of the ventilation rate 191
coefficients with open end walls at 6 = 0°* and 90°.

5.9 Percent increases of the ventilation rate 193
coefficients with the chimney, simulated 150 mm and
400 mm ridge openings for 6 = 0° and 90°.

5.10 Percent increases of the total ventilation rates 195
by adding 24 000 mm® of sidewall, end wall or ridge
opening areas.

5.11 Maximum-minimum C,, values with their wind angle 210
of incidence.

5.12 Effects of the simulated 800 mm and 1100 mm 210
sidewall openings on the 10 vValues for each type
of ridge and end wall opening.

5.13 Effect of sidewall areas on the increase of total 214
ventilation rates, Q;, measured with the
concentration decay method.



xiv

LIST OF FIGURES

Fiqure Page

2.1 Representation of the light attenuation process 35
(Lambert-Beer's Law).

4.1a Vertical wind speed profile (a = 0.1735). 44

4.1b Vertical turbulence intensity profile. 44

4.2 Scale model installation in wind tunnel. 45

4.3 Scale model dimensions and tap locations for the 51
sealed model.

4.4 Tap locations for the open model. 52

4.5 Sealed model - location of the pressure taps for 53

chimney and ridge opening widths simulating 150 mm
or 400 mm.

4.6 Open model - location of the pressure taps for 53
chimney and ridge opening widths simulating 150 mm
or 400 mn.

4.7 Configuration no. 1, internal pressure measurements. 57

4.8 Configquration no. 2, addition of protective 57
cardboard.

4.9 configuration no. 3, six taps installed on the 58
ceiling.

4.10 Configuration no. 4, taps placed at the middle 58
width of the ceiling slopes.

4.11 Configuration no. 5, final wall and ceiling tap 59
locations for Cp;, measurenments.

4.12 Experimental installation for optical density 65
measurements.

5.1 Cps contour lines: open model, chimney, 76-82

simulated 800 mm sidewall openings, closed end
walls, wind angle of: a = 90°, b = 60°, c = 45°%,
d =30, e =20*, £f=10*, g=0°.



LIST OF FIGURES continued

Fiqure . Page
5.2 Cps contour lines: open model, chimney, 83-86

simulated 1100 mm sidewall openings, closed end
walls, wind angle of: a = 90°, b= 60°, ¢ = 30°,
d=0".

Cps contour lines: open model, chimney, 87-90
simulated 800 mm sidewall openings, open end walls,
wind angle of: a = 90°, b = 60°*, ¢ = 30°*, 4 = 0°.

Cps contour lines: open model, chimney, 91-94
simulated 1100 mm sidewall openings, open end
walls, wind angle of: a = 90°, b= 60, ¢ = 30°,
d=0".

cps contour lines: open model, simulated 95-98
150 mm ridge and 800 mm sidewall openings, closed
end walls, wind angle of: a = 20°, b= 60",

c = 30°, d=0°,

Cps contour lines: open model, simulated 99-102
400 mm ridge and 800 mm sidewall openings, closed

end walls, wind angle of: a= 90°%, b= 60°,

c =30, d=0".

Cps contour lines: sealed model with chimney, 106-109
wind angle of: a = 90°, b = 60°, ¢ = 30*, d=0.°

cps contour lines: sealed model with simulated 110-113
156 mm ridge, wind angle of: a = 90°, b = 60°,
C"30', d=0". ‘

Cps contour lines: sealed model with simulated 114-115
400 mm ridge, wind angle of: a = 50°, b =0°.

open model, chimney, internal pressure 129
coefficients, open and closed end walls.

Open model, simulated 150 mm ridge, internal 129
pressure coefficients, open and closed end walls.

Open model, simulated 400 mm ridge, internal 130
pressure coefficients, open and closed end walls.

Open model, simulated 800 mm sidewall, internal 131
pressure coefficients, open and closed end walls.



LIBT OF FIGURES ocontinued

Figure

5.14 Open model, simulated 1100 mm sidewall, internal
pressure coefficients, open and closed end walls.

5.15 Sealed model, chimney, internal pressure
coefficients.

5.16 Sealed model, simulated 150 mm ridge, internal
pressure coefficients.

5.17 Sealed model, simulated 400 mm ridge, internal
pressure coefficients.

5.18 Sealed model, simulated 800 mm sidewall, internal
pressure coefficients.

5.19 Sealed model, simulated 1100 mm sidewall, internal
pressure coefficients.

5.20 Measured Cp;,, open model, chimney, simulated
800 mm sidewall openings, closed end walls, wind
angles = 90*, 60°, 45°*, 30°, 20°*, 10* and 0°.

5.21 Measured Cp,,, open model, simulated 150 mm ridge
and 800 mm sidewall openings, closed end walls,
wind angles = 90°*, 60°*, 45°, 30°*, 20*', 10° and 0°.

5.22 Measured Cp,,, open model, simulated 150 mm ridge
and 1100 mm sidewall openings, closed end walls,
wind angles = 90*, 60°, 45°, 30*, 20°, 10* and 0°.

5.23 Measured Cp;,, opeh model, simulated 150 mm ridge
and 1100 mm sidewall openings, open end walls, wind
angles = 90°*, 60*, 45°, 30°, 20°, 10° and O°.

5.24 Measured Cp,,, open model, simulated 400 mm ridge
and 1100 mm sidewall openings, open end walls, wind
angles = 90°*, 60°, 45°*, 30°*, 20°, 10* and O°.

5.25 Measured Cp,., open model, chimney, simulated
1100 mm sighwall openings, open end walls, wind
angles = 90°*, 60°, 45°*, 30°*, 20°*, 10°* and 0°.

5.26 ACps (in-out), open model, chimney, simulated

800 mm sidewall openings, closed end walls, wind
angles = 90°, 60°, 45° 30°, 20° 10° and 0°.

xvi

131

132

137

133

134

134

140

141

142

143

144

145

156



LIST OF FIGURES continued

Figqure

5.27

5.32

5.33

5.36

5.37

aCps (in-out), open model, chimney, simulated
1100 mm sidewall openings, closed end walls, wind
angles = 90°, 60°,45°, 30°, 20°, 10* and 0°.

aCps (in-out), open model, chimney, simulated
800 mm sidewall openings, open end walls, wind
angles = 90°, 60°, 45°, 30°, 20°*, 10° and 0°.

aCps (in-out), open model, chimney, simulated
1100 mm sidewall openings, open end walls, wind
angles = 90°, 60°*, 45°, 30, 20°*, 10* and 0°.

aCps (in-out), open model, simulated 150 mm ridge
and 800 mm sidewall openings, closed end walls,
wind angles = 90°*, 60°, 45°, 30°, 20°, 10°* and 0°.

aCps (in-out), open model, simulated 400 mm ridge
and 800 mm sidewall openings, closed end walls,
wind angles = 90°, 60°, 45°*, 30°, 20°, 10* and 0°.

ACps (in-out), sealed model, chimney, simulated
800 mm sidewall openings, closed end walls, wind
angles = 90°, 60°, 45°, 30°*, 20°, 10° and 0°.

aCps (in-out), sealed model, chimney, simulated
800 mm sidewall openings, open end walls, wind
angles = 90°, 60°, 45°, 30°, 20° 10° and 0°.

aCps (in-out), sealed model, simulated 150 mm
ridge and 800 mm sidewall openings, closed end
walls, wind angles = 90°, 60°*, 45°, 20°, 20+, 10°
and 0°*.

ACps (in-out), sealed model, simulated 400 mm
ridge and 800 mm sidewall openings, closed end

xvii

158

is9

160

161

163

164

165

166

walls, wind angles = 90°, 60°, 45°, 30°, 20°, 10°

and 0°.

Airflow diagrams, open model, chimney, simulated
800 mm sidewall openings, closed end walls, wind
angles = 90°*, 60°, 45°, 30°, 20°*, 10® and 0°.

Airflow diagrams, open model, chimney, simulated
1100 mm sidewall openings, closed end walls, wind
angles = 90°*, 60°, 45°, 30*, 20°, 10° and 0°.

170

171



xviii
LIST OF FIGURES continued

Pigure Page

5.38 Airflow diagrams, open model, chimney, simulated 172
800 mm sidewall openings, open end walls, wind
angles = 90°, 60°*, 45°*, 30°, 20*, 10° and 0°.

5.39 Airflow diagrams, open model, chimney, simulated 173
1100 mm sidewall openings, open end walls, wind
angles = 90°, 60°, 45°, 30°, 20°, 10° and 0°.

5.40 Airflow diagrams, open model, simulated 150 mm 174
ridge and 800 mm sidewall openings, closed end
walls, wind angles = 90°*, 60°, 45°*, 30°*, 20°*, 10°
and 0°., '

5.41 Airflow diagrams, open model, simulated 400 mm 175
ridge and 800 mm sidewall openings, closed end
walls, wind angles = 90°*, 60°, 45°*, 30°*, 20°*, 10°
and 0°*.

5.42 Airflow diagrams, sealed model, chimney, simulated 178
800 mm sidewall openings, closed end walls, wind
angles = 90°, 60°, 45°, 30°, 20°, 10° and 0°.

5.43 Airflow diagrams, sealed model, chimney, simulated 179
800 mm sidewall openings, open end walls, wind
angles = 90°, 60°, 45°, 30*, 20°*, 10* ard 0°.

5.44 Alrflow diagrams, sealed model, simulated 150 mm 180
ridge and 800 mm sidewall openings, closed end
walls, wind angles = 90°, 60*, 45°, 30°, 20°*, 10°
and 0°*.

5.45 Alrflow diagrams, sealed model, simulated 400 mm 181
ridge and 800 mm sidewall openings, closed end
walls, wind angles = 90°, 60°, 45°, 30°, 20°, 10°

and 0°.

5.46 Open model ventilation rate coefficients, C,, 187
chimney.

5.47 Open model ventilation rate coefficients, Cy,, 187

simulated 150 mm ridge.

5.48 Open model, ventilation rate coefficients, C,,, 188
simulated 400 mm ridge.



LIST OF FIGURES continued

Fiqure

5.49

Open model, comparison among chimney, simulated
150 mm and 400 mm ridges with simulated 800 mm
sidewall.

sealed model ventilation rate coefficients, Cyy:
chimney.

Sealed model ventilation rate coefficients, Cyg.
gsimulated 150 mm ridge.

Sealed model ventilation rate coefficients, Cy,:
simulated 400 mm ridge.

Sealed model, comparison among chimney, simulated
150 mm and 400 mm ridges with simulated 800 mn
sidewall.

Cqoo differences (open - sealed), chimney.

Cat differences (open - sealed), simulated
1%8 mm ridge.

Cqio differences (open = sealed), simulated
433 mn ridge.

Open model, effective ventilation rate
coefficients, C,,s chimney.

Open model, effective ventilation rate
coefficients, Gy, simulaced 150 mm ridge opening.

Open model, effective ventilation rate
coefficients, Cy, Simulated 400 mm ridge opening.

Effects of end walls openings on the airflow
patterns.

Ridge effects on the C,, With the simulated
800 mm sidewall with ciosed end walls.

Ridge effects on the C,,, with the simulated -
800 mm sidewall with open end walls.

Ridge effects on the o with the simulated
1100 mm sidewall with closed end walls.

xix

Page
188

200

200

201

201

203

203

204

211

211

212

218

219

219

220



LIST OF PIGURES continued

Figure

5.64

5.65

5.66

Ridge effects on the C,,, Wwith the simuiated
1100 mm sidewall with open end walls.

chimney, differences between measured C,,, and
calculated Cg,,.

150 mm ridge, differences between measured Cyy,
and calculated Cg,,.

400 mm ridge, differences between measured Cy,,
and calculated Cg,.

Closed end walls, differences between measured
c?o and calculated C,, for 800 mm and 1100
s &ewalls used with c?himney, 150 mm and 400
ridges.

Open end walls, differences between measured
Co and calculated C,, for 800 mm and 1100
s'.sn.éewall used with chgmney, 150 mm and 400
ridges.

BE

EE

XX

220

229

229

230

231

231



o i
o

ref

0

H'_HHNN

-]

2z

©

xxi

GLOSBARY

full scale size of ridge (mm)

full scale size of ridge (mm)

full scale size of sidewall (mm)

full scale size of sidewall (mm)

area (mé)

area of the j* opening (m?)

leeward sidewall opening area (nmﬁ)

reference opening area of the front sidewall (m?)
total area of sidewall openings (m?)

windward sidewall opening area (mm°)

cross sectional area of the aeroscl particle (nm@)
discharge coefficlent, [0]

discharge coefficient for the j*™ opening, (0]

initial tracer gas concentration (ppm)

measured effective ventilation rate coefficient at 10 m
reference height, [0]

ventilation rate coefficient, [0]

calculated ventilation rate coefficient at 10 m
reference height, (0]

tracer gas concentration in the air intake (ppm)
tracer gas concentration within the airspace (ppm)
positive pressure coefficient, [0]

negative pressure coefficient, [0]

difference between external and internal pressure
coefficients, [0]

pressure coefficient at 10 m reference height, [0]
internal pressure coefficient, positive or negative, (0]
external pressure coefficient, positive or negative, [0]
pressure coefficient the ™ opening, [0)

average leeward pressure coefficient, [0]

reference pressure coefficient, [0]

average windward pressure coefficient, [0]

degree (°)

absorption efficiency, [0]

extension coefficient of the aerosol, [0}

extinction efficiency, [0]
scattering efficiency, [0]
scale height for 10 m (m)
reference height (m)
dimmensionless mixing factor ;0]
effective ventilation rate (m’/s)

turbulence intensity (%)

1ight intensity traversing the path length (OD/m)
initial 1ight intensity at source (OD/m)

path length of light beam (m)

typical building dimension (mm)

particle density (number of particles/cm®)
original particle density (number of particles/cmﬁ)



o

B PPLLOPO 2

<< <<an
o

3

<<4

[
[1]

axil
GLOSSARY ocontinued

optical density (bel)

original optical density (bel) '
optical density value of air intake contaminent (bel)
external pressure (Fa)

static pressure (Pa)

pressure difference across the Jt opening (Pa)
volumetric flow rate (m%/s)

ventilation rate by the end wall_openings (m’/8)
airflow across the 3 opening (m‘/s)
ventilation rate by the ridge opening (m’)
ventilation rate by the sidewall openings (n’/8)
total ventilation rate (m%/s)

correlation coefficient

dimensionless Reynold's number ([0]

time (8)

volume of the ajirspace {(m®)

wind speed at 10 m height (m/8)

typical approach wind speed (m/s)

reference wind speed, at the 10 m height (m/s)
average wind speed at height, 2 (m/s)

mean wind speed at height, Z (m/s)

maximum freestream wind speed which occurs at height, Z;
(n/8)

Voltage output from the silicon diode photodetector (mVolt)

w incident wavelength of light (um)

Z; freestream height (m)

a topographical roughness coefficient, [0]
v kinematic viscosity of air (m?/s)

0 wind angle of incidence to the building length (°)
A atmospheric length scale (m)

P air density (kg/m’)

[ standard deviation (also StD), [0]

Gy, standard deviation of the flow wind speed, ([O]
subscripts

3j tap or opening number

o original

Abbreviations

2-D two dimensional

3=-D three dimensional

A/D alternate/direct module

ave. average

c closed end wall

calc calculated Cp,, (also Cal)

CH chimney (also Ch)

dp diameter of particle (mm)

He-Ne helium-neon



max
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min
NRCC
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SE
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raximum

average measured Cp;,

minimum

National Research Council of Canada
open end wall

open model

sealed model

silicon diode photodetector
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CHAPTER 1
INTRODUCTION

During hot weather, naturally ventilated buildings depend
mainly on wind forces to evacuate gases and excess animal heat
from the building. Also, livestock are directly affected by
the inside airflow patterns which can be closely associated
with the distribution and magnitude of inflows and outflows
around the building. The zones of air inlet and outlet change
in response to the wind direction and have often been
considered unpredictable by many authors.

With the pressure difference method, total ventilation
rates, air inlet and outlet zones, as well as the magnitude of
pressure differences between the inside and outside can be
determined from measurements of the pressure coefficients
around a scale model in a wind tunnel.

In addition, measurements of the internal pressure
coefficents (Cp;,) at various locations inside the model are
used to verify the calculated Cp;,.

The effects of structural parameters, such as size and
type of ridge, end wall and sidewall openings can be analyzed
from the pressure coefficient data.

In order to enhance existing knowledge on scale modeling
techniques for natural ventilation of low-rise buildings,
comparisons are made between sealed models and open models
with large wall porosities and different roof openings.

Also, it is extremely important for the designer to know
if the ventilation system is "effective" in evacuating toxic
gases from the livestock building. Measurements .. the
reffective" ventilation rates are done by utilizing the
concentration decay method for various building
configurations. Consequently, the calculated ventilation rate



2

coefficients obtained by the pressure difference method have
to be compared to the measured coefficients using the

concentration decay method.



CHAPTER 2
LITERATURE REVIEW

2.1 Pressure distribution around low-rise buildings

Aynsley e a). (1977), Davenport et al. (1977), Vickery
et al. (1983), Hoxey (1984), Holmes (1983), Chandra (1987), as
well as numerous other authors reported that pressure
distributions around low-rise buildings vary according to many
geometric parameters such as building length, eave height,
width, roof pitch, additional overhang, additional wing walls,
and the opening area in sidewalls, end walls and at the ridge.
Also typical wind characteristics such as the wind angle of
incidence to the building length (8), the turbulent wind
profile, and turbulence levels have some effects on pressure
distribution (Davenport et al., 1977, 1978, Aynsley et al.,
1977). A summary of the available pressure coefficients
around various types of Jlow-rise buildings is found in
Appendix A.

Data are restricted to wind tunnel tests or full scale
tests done in an open country situation. Aynsley et al.
(1977) and Holmes (1983) used exactly the same scale model
except that the power law exponent of the wind profile (a) for
Aynsley et al. (1977) was for a suburban terrain type
(¢ = 0.28) while Holmes (1983) reproduced an open country
situation (a = 0.14). When Aynsley et al.'s (1977) data are
transformed with an o = 0.28 to 0.14, the resultant on
pressure coefficients are completely different to Holmes'
(1983) data for a similar model. This showed the large effect
of the incident wind profile on the pressure coefficients over
low-rise buildings; these data are presented in Appendix A.
Also, the data of Davenport et al. (1977, 1978) and Vickery et
al. (1983) on low-rise buildings for the two terrain types
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(¢ = 0.14 and a = 0.28) confirmed that only the pressure
coefficients obtained from wind tunnel tests using similar
power law exponents can be compared.

Table 2.1 presents previous results on the average
pressure coefficients across the ridge (windward and leeward
roof faces) measured at mid-length of the building for a wind
angle of incidence of 90°. All these coefficients are based
on a 10 m elevation for comparison purposes.

The results for sealed buildings, like those numbered
FBO2 to FB19, and the Dutch Barn, are examples of full scale
measurements of pressure coefficients (Cps) on various farm
buildings performed in the United Kingdom. The data from
vickery et al. (1983) and Holmes (1983) are based on scale
nodels tested in a wind tunnel.

The building, FB02, had been transformed to study the
effect of ridge ventilators, however there were no sidewall
openings; The building, FB06, had an open ridge and small
sidewall openings at the eave. Both were full scale
measurements and more details are presented in Appendix A.
Shrestha et al. (19%0) used a 1:2 scale farm building in an
open field. This building had a continuous ridge opening and
two continuous sidewall eave opening areas.

According to the results it would be difficult to infer
the effects of building 1ength; width, and eave height on the
ridge level Cps.

Table 2.2 presents the pressure coefficients at three
locations equally spaced along the ridge length for 6 = 0°
(wind parallel to the building length). The first data point
was placed at the upwind leading edge while the second and the
third points were placed at the middle and the last third of
the ridge, respectively.

At 8 = 0°, data showed similar pressure coefficients
along the ridge for most of the length of the model even when
using different dimensions. '
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Table 2.2 Average pressure coefficients across the ridge at
three locations along the ridge length, 6 = 0°,
a = 0.14 to 0.18, reference height = 10 m.

Average Pressure Coefficient Roof
Description of Angle
Sealed Buildings LOCﬁF1°n Loci:ion Locifion (degrees)
(1983)
Dutch barn -0.55 -0.11 -0,08 16.7°
Holmes (1983) -0.51 -0.13 -0.06 15°

-0.51 -0.14 -0.08 20°

Down et al.
(1985) -0.47 -0.05 -0.07 11°

Note: No data were available for open structures with a
continuous ridge opening.

Table 2.3 presents the difference in pressure
coefficients (aCps) between the windward and leeward walls at
mid-height and mid-length of the building for a wind angle of
incidence equal to 90°. All pressure coefficients are based
on a reference height of 10 m for an open country situation
(a = 0.14 to 0.18). For the open buildings, the area of
opening is given as a percentage of the total sidewall area.

The 1:25 scale model of Bottcher et al. (1986) had no
ridge opening while the one of Shrestha et al. (1990) had a
continuous ridge opening and the FBO6 had a partial ridge
opening only at the center of the building.

Table 2.4 contains the pfessure coefficient differences
across one sidewall at three locations equally spaced along
the building. They were taken at mid-height of the sidewall
for a wind angle of incidence of 0°. Location 1 is the middle
of the upwind end of the building while locations 2 and 3 are
at the middle and the last third of the building.
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Table 2.4 Pressure coefficient differences across the
buildings at three locations along the sidewalls,
9 = O.I

Pressure Coefficient

Difference Roof
Description of Angle
Sealed Buildings L°°§Fi°“ LOCi:i°" anifi°n (degrees)
vickery et al. -0.37 -0.11 =-0.10 18.4°
(1983)
Holmes (1983) -0.35 -0.13 ~0.07 15°
Holmes (1983) -0.25 -0.11 -0.08 20°
butch barn -0,.30 -0.04 =0.05 16.7°
pown et al. -0.30 -0.03 =0.05 12°
(1985)
2.,1.1 ffect e wi e o ide

All studies showed that changes in the wind angles of
incidence from 90°* (perpendicular to the building length) to
0° (parallel to the building length) caused completely
different distributions of the pressure coefficients. For
example, at 90°, the pressure coefficents over a windward wall
are always positive, the leeward wall are always negative, and
the end walls show high negative pressure coefficients at the
leading edge (closest to the windward wall) and gradually
decrease across the building's width (Appendix A). The
pressure coefficients at the ridge are generally negative
(Tables 2.1 and 2.2).

when the building is rotated to 0°, one of the end walls
faces the wind. The pressure distributions are reversed and
the upwind end wall shows positive pressure while the downwind
end wall shows negative. ©On both sidewalls, the pressure
coefficients are highly negative at the leading edge and are
gradually reduced along the length of the building (Table
2.4).

similar behaviors were reported on other building shapes.



2.1.2 ffe f build o
Vickery et al. (1983) presented a complete data set of

pressure coefficients for low-rise industrial buildings tested

with three eave heights and three roof angles (Appendix B).

For O = 90*, an increase in eave height caused the aCps across

the wall to increase while the ridge's negative Cps (-Cps) did

not change significantly. Also at 90°, an increase in the

roof angle for the same eave height produced an increase in
the aCps across the sidewall, but didn't change the ridge's
~-Cps.

For 8 = 0°, the addition of eave height caused the Cps to
increase along the sidewalls and the ridge. Also, an increase
in the roof angle increased the sidewalls' Cps and ridge's
-Cps.

Moran (1980) and Hoxey (1984) described the research
program undertaken in the United Kingdom in order to obtain
reliable pressure coefficients based on full scale
measurements of various farm buildings. They tested buildings
of different length, width, eave height and rocof angles in
order to observe the effect of each of these independent
variables on the pressure coefficients. They concluded that
geometric factors, such as the ratios of eave height to
building width and to roof pitch could not be considered as
independent variables; they were considered interrelated.

Hoxey and Moran (1983) discussed their results in
establishing a relationship among eave heights, building
lengths and widths with similar roof angles for a wind angle
of incidence of 90°. Additional results are presented in
Table 2.1 and the following conclusions can be drawn:

1 - An increase in the sidewall height caused an increase in

" -Cps located over the ridge (FB02 versus FB16).

2 - For buildings with eave heights between 4.6 m and 5.5 m,
and for building widths ranging from 6.17 m to 18.4 m;
very little difference in -Cps over the ridge were
noticed (FB03, FB16, FB19 and the Dutch Barn).
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4 - For a building width of 28 m (FB05), the ridge's -Cps had
drastically increased as compared to the narrowver
buildings. .

From Table 2.3, with a wind angle of 90°, the full scale
measurements revealed that:

1 - The buildings' widths and eave heights had little effect
on the aCps across the sidewalls (FB01l, FBO2, FB19).
However, the data from the Dutch Barn did not follow this

trend. It showed that for a similar eave height (about

5.0 m), a narrower building had greater aCps across the

sidewalls.

The full scale measurements done in the United Kingdom
and the results from Vickery et al. (1983) (Appendix B) were
in accordance when they showed an increase in -Cps over the
ridge as the eave height increased. However, the full scale
measurements did not show a clear effect in the increase of
aCp across the sidewalls as the eave height increased.

Ashley and Sherman (1984) discussed the effect of
building width and length on the aCps across the sidewalls.
They showed higher aCps in longer buildings with roof angles
between 15° to 30° without any indication on the eave heights.

Tn contrast, Davenport et al. (1977) concluded that when
the length of the building exceeded the width, there was
comparatively little change in the measured pressure
coefficients over the length of the building. Instead, they
emphasized the large effect of roof angle and eave height.

By analysing Tables 2.1 to 2.4, it would appear that
there was no clear trend for the Cps on the ridge and
sidewalls related to the building length.

Davenport et al. (1978) studied the effect of an overhang
on low-rise buildings. They reported that the addition of an
overhang generally reduces the local pressures acting on the
roof surface, but in some cases induces additional loads on
the wall areas.
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The results shown in Tables 2.1 and 2.3 tend to confirm
that buildings without overhangs had generally higher -Cps at
the ridge while buildings with overhangs had generally higher
sidewall aCps.

Further full scale measurements with the addition of
overhangs would be required to clarify the effect of an
overhang on pressure distribution.

At a wind angle of incidence equal to 0°, the results
presented on Tables 2.2 and 2.4 did not identify trends on the
effect of eave height and building lengths, widths and
presence of an overhand.

2.1.3 e of an o u

Davenport et al. (1978) collected Cp data over low-rise
buildings with sidewall porosities of 0%, 0.5% and 3% of the
total building surface. It was observed that certain taps
located next to the openings generally showed lower Cp values,
especially at 3% porosity. This was tentatively explained by
the effect of local flow disturbances close to the holes. In
general, they concluded that all data showed minimal variation
in the external pressure coefficients with wall opening
ratios.

However, many authors have reported that a small roof-
level ridge outlet is commonly used on naturally ventilated
agricultural buildings. When using small roof-level outlets,
Vickery et al. (1983) and Vickery and Karakatsanis (1987)
reported a possible 40% over estimation of the ventilation
rates from the pressure distribution around a sealed model as
compared with the measured internal flows. They discussed the
effects of the flow fields around the roof ridge as being
modified by the airflow from the ridge vents especially for
wind angles from 50° to 90°. Wright and Westgate (1982)
observed in full scale low-rise buildings, such as FBO6
(Appendix A), that a ridge opening produced a different
pressure distribution as compared to a regular closed ridge building.
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Also, the FB06 showed lower -Cps values at the ridge
opening as compared to other full scale measurements on sealed
buildings. Moran et al. (1983) reported a 33% reduction in
the -Cps for the open versus the closed ridge vents on FBO2
(Table 2.1).

Shrestha's (1990) building, FBO2 (Robertson et al.,
1985), and FB06 (Wright and Westgate, 1982) were all similar,
considering the differences in building geometrics.

Further investigations were undertaken by Robertson and
Glass (1988) on the FB19 building with varying continuous
ridge openings up to 60 mm wide. No published data on the
effect of ridge versus non-ridge pressure coefficients are
presently available. Richardson (1989a) studied a plastic
structure for 1livestock housing with a continuous ridge
opening of either 250 mm or 150 mm and presented the results
of flow visualization and full scale pressure coefficient
measurements. He reported that when the continuous ridge was
closed, the smoke used for visualization hugged the building
surface over almost the entire length. When the ridge vent
was opened, there was a marked separation of the flow at the
ridge where the influx of air from within the building
interrupted and slowed the surface flow over the building.
This clearly illustrated the reason for the reduced suction
over the vented roof.

Table 2.3 relates the effect of increasing the sidewall
opening area on the aCps across the building. Bottcher et al.
(1986) reported a gradual drop in aCps across their scale
model with larger sidewall opening areas. Their results
seemed to be in accordance with Ashley and Sherman's (1984)
who reported that wind tunnel measurements showed that wall
openings equivalent to 60% of windward and leeward walls
(inlet opening equal to outlet opening) caused an estimated
33% decrease in the pressure difference coefficient at
8 = 90°. These differences appeared to decline as wind angles
- changed from perpendicular to parallel to the building length.
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Bottcher et al. (1986) used pitot tubes in front of the
windward openings, behind the leeward wall and inside the
scale model in order to measure the pressure drop across the
building. The wind tunnel speed was very low (1 to 2 wm/s},
therefore measuring only very low pressures. They reported a
aCps reduction with larger sidewall openings.

Shrestha et al. (1990) did not report any difference on
the aCps for sidewall openings areas equivalent to 3% and 10%,
and their results were similar to the ones reported for FBO1l,
FBO2 and FB19 (although the U.K. farm buildings did not have
overhangs). However, FB06 showed lower aCps compared to the
other farm buildings.

Aynsley (1979) performed scale model studies on different
types of model houses for hot climates. One model had three
vertical openings from the floor to the eaves and the opening
ratios varied from 0% (sealed) to 80%. As reported in
Appendix A, Table A.2, larger opening areas caused the aCps
across the building to increase quite significantly for
opening ratios of 0% to 25% and then smoothly decrease to a
stable level for an opening area above 45%. Each scale model
studied showed a different behavior. Aynsley (1988) reported
that a sealed model failed to measure the contribution of the
velocity pressure across the opening, which explained the
measured increase in aCps with open models.

It appears that inconsistency exists among the different
authors concerning the effect of opening areas across the
sidewall. Further full and reduced scale model studies would
be required to evaluate the effect of ridge and sidewall
opening areas.

2.2 Internal pressure -

The internal pressure in a building, Cp,,, is directly
related to the opening areas in the walls and ridge as well as
the distribution of the external pressure coefficients around
the building (Aynsley et al., 1977 and Holmes, 1983).
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Vickery (1986) added that the airflow through the
openings, the flexibility and mass of the building skin and
tha volume of the airspace would have an effect on the static
and also on the dynamic values of the internal pressure
coefficients. vickery (1986) reported that the speed of
transmission of pressure waves within the building (350 m/s)
is such that the characteristic travel time ig far less than
the dynamic response time. Hence spatial variations in
jnternal pressure are insignificant and it is only time
variations which are of interest. This would apply to
buildings with informal leakages, not with formal large
openings.

Davenport et al. (1978) and Stathopoulos et al. (1979)
presented data for low-rise buildings with leeward opening
porosities of 0%, 0.5% and 3% of the total building surface
and frontal surface openings ranging between 0% and 100%.
Using a wind angle of 90°, they concluded that there was no or
1ittle variation in internal pressure within the building
except for regions close to dominant openings.

aynsley et al. (1977) and stathopoulos et al. (1979)
presented the effects of the wind angles of incidence on the
internal pressure coefficients. The highest Cp;, was usually
recorded at 90° when the wind blew directly on the open
sidewall. For other wind angles, the Cp;, gradually reduced
to become negative at 0°.

No data were presented on the effect of different wind
angles of incidence on spatial variations among the measured
internal pressure coefficients.

However, Stathopoulos et al. (1979) proposed that the
uniformity of internal pressures is likely to be somewhat
reduced in buildings with significant openings on more than
one wall.

Aynsley (1988) discussed the possible pressure drops and
variations of internal pressure through a naturally ventilated
building with large sidewall openings due to dynamic and
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frictional 1losses of the carculated air. The dynamic
components are associated with flow through an orifice, an
abrupt expansion in cross section of the airflow channel, a
bend in the airflow channel, or dissipation of jet energy from
an outlet. The frictional losses are related to the skin
friction of the airways as the viscous air moves past the
surfaces.

Chandra (1987) reported internal velocities varying
between 0.2 and 0.5 of the external wind speed for a naturally
ventilated test house. No data were presented on the
variation of internal pressure coefficients. Choiniére et al.
(1988a, 1988c) reproduced the 2-D and 3-D airflow patterns
inside a typical naturally ventilated building for livestock
housing. The wind angles of incidence and the various
structural components had different effects on the airflow
patterns. They reported acceleration, deceleration and some
stagnant zones of the airflow according to various corners and
internal partitions. They also observed the creation of
secondary airflow patterns (recirculation) across the building
(Appendix F).

Holmes (1979) showed results on internal pressures for a
typical test house with a large central opening. The 1:50
scale model was built to allow the opening of a windward and
leeward central window with opening areas varying up to a
maximum of 22% of the total wall surface area. Cp,; 8 were
measured at 19 locations in the building ceiling and at the
floor. Even if assumed uniform by Holmes (1979), the data
showed some differences between the total average Cp;, and the
floor's individual Cp;s. No discussion on these differences
and on airflow patterns was presented.

Billsborrow and Fricke (1975) measured external and
internal pressure coefficients for a typical cubic scale model
representing a three story apartment block. 1In a wind tunnel,
they reproduced two different boundary layer wind profiles,
open country and suburban area, with their respective
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turbulence intensities. The predictions of the internal
pressures were done by the pressure difference method which
assumed that the internal pressure adjusted itself in order to
keep the inflow of air equal the outflow. They tested three
types of facade and sidewall openings varying from 0.5% to 5%
of the face area at wind angles of incidence of 0* to 90°.

Their results illustrated the direct effects of different
facade opening areas and locations on the values of internal
pressures. The internal pressures also varied according to
the type of boundary layer wind profile. The internal
pressures were much smaller for the suburban velocity profile
due to the sheltering effect. For a model with only three
openings on oppositing sidewalls, the measured internal
pressures were consistently lower than the calculated values
for wind angles between 30* to 90°'. The larger discrepancy
was noted at 8 = 0* to 15°. They indicated that a larger
proportion of the total pressure difference acting across the
model occurred across the windward wall of the wmodel rather
than across the leeward wall. In order to obtain an
equilibrium between the inflows and outflows, the orifice
discharge coefficients required to be readjusted and
reevaluated. No comments were made on possible variations
among the various Cp;, measurement locations.

2.3 Discharge coefficient

Aynsley et al. (1977) and Aynsley (1979) reported that
the discharge coefficient (C;) is wused for natural
ventilation, instead of the dynamic loss coefficient commonly
utilised by duct engineers (ASHRAE, 1981). They related the
influence of air inlet type, wind angle and inside circulation
pattern on the discharge coefficient. Théy’proposed.different
discharge coefficients for the windward side (inlet) versus
the leeward side (outlet) of the building. Also, the size of
the wall opening area was taken into consideration. They
recommended to use a discharge coefficient of 0.5 to 0.65 for
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windward sidewall porosity less than 10% and 0.6 to 0.7 for
10% to 20% porosity. For the leeward side, the discharge
coefficient varied from 0.64 to 0.69 for a wall porosity of
20% to 50%.

From ASHRAE (1981), it can be seen that the discharge
coefficient depends on the Reynolds (Re) number and the ratio
of the area of opening to the area of the duct before the
opening. They recommend having Re greater than 10° (based on
a square orifice, the width of the orifice being the reference
length) to be in the fully turbulent range. The most
conservative value for a discharge coefficient is 0.6. This
value is recommended for square-edged orifice plates located
in smooth pipes.

Vickery et al. (1983) assumed that the inlet-outlet
situation encountered in natural ventilation would follow the
duct assumption. Their results showed a dependency on Re
below 10°. They attempted to operate the wind tunnel at a
high speed to aveid this situation. They proposed two curves
for the discharge coefficients, based on area ratios of wall
openings to wall surface. For inflows, they used a discharge
coefficient of 0.62 for no sidewall opening, and a discharge
coefficient of 0.75 for a sidewall opening of 50%. For each
of their experiments, the discharge coefficient had to be
reajusted according to the sidewall opening ratio.

Subsequently, Vickery and Karakatsanis (1987) expressed
their concerns about the influence of the wind direction on
the discharge coefficient. They also questioned what was the
appropriate value of Re and discharge coefficient when the
opening area was in the wake region of the building.

Vickery and Karakatsanis (1987) reported a discharge
coefficient of 0.6 for the plate orifice meter with Re above
10* and wind direction normal to the orifice. However, they
noticed that the flow immediately along the building could be
treated as a tangential flow. This flow could be an attached
external flow on the windward side or a separated external
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flow on the leeward side or on any wake region. They
presented correction factors for the discharge coefficient for
inflow-outflow according to the determined pressure ratios and
velocity ratios for each opening.

For naturally ventilated agricultural buildings, Down et
al. (1985) reported a discharge coefficient varying from 0.34
to 0.79. They concluded that a discharge coefficisnt equal to
0.5 should be used for the ventilation rate calculations,
based on thermal effect.

From tests performed in a dairy barn, Zhang et al. (1989)
calculated a discharge coefficient equal to 0.605 for sidewall
and ridge openings. This value was calculated from the
predicted ventilation rates based or. ar energy balance and
their natural ventilation model (wind and thermal forces).
Potential errors could be due to the assumption of steady
state heat production of dairy animals, and the fact that the
weather station used for meteorological data was located 45 km
away from the research site.

Assuming that the air inlets and outlets of naturally
ventilated buildings could be categorized as sharp-edge
openings, Shoda (1950) recommended a discharge coefficient of
0.6 to 0.65, while Bruce (1975) recommended to use 0.6 for all

openings.
Bottcher et al. (1986) measured dynamic loss
coefficients. When these values were transformed into

discharge coefficients, they obtained a value of 0.6 for 1w
wall porosities (10%), but the discharge coefficients tended
to increase with large openings. Similarly, Swami and Chandra
(1987, 1988) recommended using a discharge coefficient of 0.62
for non-agricultural naturally ventilated buildings.
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2.4 Pressure difference method for estimating ventilation
rates
Bruce (1974, 1975, 1977) presented the theory of the
pressure difference method in order to predict the ventilation
rate of a low-rise building. Subsequently, he proposed a
computer program that would calculate wind induced ventilation
rates for livestock facilities. His results were based on
wind tunnel testing of a sealed scale model of a gable roof
barn, with full scale measurements of 22 m by 35 m, (12° roof
angle). Down gt al. (1990), Brockett and Albright (1987),
Zhang et al. (1989), Down and McMahon (1990) and Down (1990),
used the rressure coefficients obtained by Bruce (1974) to
produce models for natural ventilation with wind induced
ventilation in addition to thermally induced ventilation.
For a typical single story poultry building, Bottcher et
al. (1986) used the pressure difference method and
measurements of air inlet velocities to measure ventilation
rates in a 1:25 open scale model. They concluded that an
increase of the sidewall opening areas from 0% to 75% created
a decrease in the pressure differences across the building
shell. Curiously they showed a linear increase in the
ventilation rates with respect to the sidewall opening area.
Their tests were limited to a wind direction perpendicular to
the building length and the scale model did not have a ridge
opening. Shrestha et al. (1990) measured the pressure
difference over a 1:2 open scale model of a low~rise
agricultural building. This building was tested outside in
open country. They reported an inflow of air through the roof
ridge opening for wind parallel to the building length. This
contradicts Bruce (1974), who stated that the ridge opening is
always an outlet (based on sealed model tests). Also,
Shrestha et al. (1990) presented equations to calculate the
ventilation rates based on the pressure difference method.
Aynsley et al. (1977) and ASHRAE (1981) described the
theory of the pressure difference method for some non-
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agricultural applications. Aynsley et al. (1977) reported the

advantages of this method to be:

1 - Ability to make use of the growing sources of wind
pressure distribution data associated with wind load
research.

2 - Estimates of natural ventilation can be made without
resorting to wind tunnel studies provided suitable
pressux» distribution and discharge coefficients are
known. .

They also reported that when openings through a building
are in excess of 20% of the wall area, it becomes increasingly
difficult to determine the effective pressure difference
responsible for airflow through the openings from the pressure
distribution on sealed models. For most of the non-
agricultural applications, the opening area represented less
than 20% of the sidewall, and sealed scale models were used.
Karakatsanis et al. (1986) presented the results of pressure
coefficients for buildings employing wind towers with limited
sidewall area. Bauman et al. (1988) summarized the theory of
natural ventilation by the pressure difference method and
presented results on pressure distribution for Jjack-roof
systems over long building rows. This configuration would be
similar to the open ridge system used in agriculture except
that the design also had the purpose of simultaneously being
an air inlet and outlet.

Vickery et al. (1983) and Vickery and Karakatsanis (1987)
described the theory for the prediction of natural ventilation
by the pressure difference method for low-rise industrial and
domestic buildings comparable in shape to ones used in
agriculture. Their main objective was to compare the airflows
measured with a flow meter inside an open model with .the
predicted values using the pressure difference method based on
pressure coefficients measured over a sealed model. They
studied sidewall porosities from 5% to 89% of the wall area.
They concluded that small openings (less than 23% of the wall
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area) did not significantly affect the accuracy of the flow
model based on sealed building pressure data. This was
verified for a series of different circular hole sizes and
square inlets in the walls. More specifically, for low flows
and low porosities (less than 23% of the wall), the
predictions and the measurements were in good agreement, but
for high flows and wind direction angles not perpendicular to
the building, the predictions generally overestimated the
airflow rates. This phenomenon was tentatively explained
using the flow velocity component parallel to the wall which
may influence the discharge coefficient. Their results showed
an overprediction of airflows using the sealed model for
porosity greater than 25%. A lower static pressure difference
through the open model would have explained this phenomenon
although it was not measured in their experiments. For high
porosity (>25%), they proposed a correction factor for the
determined airflow coefficients using the sealed model.

Ashley and Sherman (1984) studied low-rise residential
buildings. They used a model for predicting natural
ventilation based on wind tunnel measurements of pressure
coefficients. For a typical house with an cpening area equal
to 60% of the windward and leeward wall area, the comparison
between the prediction and the full scale airflow rate
measurements were in agreement within *15%.

Billsborrow and Fricke (1975) measured the ventilation
rates with the orifice plate method and external-internal
pressures for a rectangular scale model. Their results showed
that the calculated ventilation rates were higher than the
measured ones. They discussed the effect of the wind angle of
incidence, internal air circulation and the possible change in
orifice efficiencies (discharge coefficient) on the
calculations of the flows. A maximum difference of 30% was
noticed between the predicted versus measured ventilation
rates.
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Aynsley (1979, 1988) utilized the pressure difference
method to predict natural ventilation for domestic housing.
Aynsley (1988) reported that the current common use of
pressure difference data from wind tunnel studies of sealed
models underestimate the pressure difference by an amount
equal to the velocity pressure at inlet. This would be the
principal reason why current practices tend to underestimate
airflow rates through large openings in building due to wind.
Aynsley (1988) reported that an error up to 10% could be
attributed to the ignored velocity pressure. He demonstrated
that a sealed model could show a underestimation of maximally
10% for the ventilation rates for sidewall openings from 5% to
35%, and an overestimation of the ventilation rates for
sidewall openings above 35%. Since the tests reported by
Aynsley (1979) involved wind blowing perpendicular to the
building length, his results were in contradiction to those of
Bottcher et al. (1986) for wall porosities varying from 5% to
35%.

Chandra et al. (1986) and Chandra (1987) compared the
pressure coefficient data from Vickery et al. (1983) with
their full scale measurements of a domestic house. They
concluded that natural ventilation airflows through windows
could be predicted accurately by the pressure difference
method for wind speeds above 2.5 m/s, but discrepancies were
noted for lower wind speeds.

Handa (1979) presented a simple model for wind induced
ventilation where the contribution of the fluctuating
pressures due to the atmospheric boundary layer turbulence
were taken into account. Increased ventilation rates were
predicted for high turbulence intensities. He did not present
any validation of his model.

Etheridge and Nolan (197%9a) compared the measured
ventilation rates inside a scale model test house to a
prediction model using only the mean pressure difference, and
a second mcdel using the mean pressure difference and the
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turbulent pressure fluctuations. The scale model had circular
holes or cracks around windows representing 0.06% to 0.3% of
the frontal area. The effects of Re and minimum tunnel wind
speed were well illustrated. The values of pressure
coefficients were stable when high wind speed was maintained.
Their results showed that ventilation due to turbulence was
not negligible at these opening areas. Their results
indicated that the prediction would underestimate the
ventilation rates if the wind tunnel is used to meiisure only
mean pressure differences for use in a theoretical prediction
of ventilation rates. The contribution of the fluctuating
pressures was relatively greater for wind angles of incidence
parallel to the building length. They also reported that for
large opening areas and high Re, insignificant differences
were found when neglecting pressure fluctuations, because at
that point, the mean pressure coefficient controlled the flow
direction and magnitude.

Swami and Chandra (1987, 1988) reported that the
ventilation prediction from local pressure coefficients over
a wall surface would be very similar to predictions based on
an average surface pressure coefficient (error within 5%).
They developed an empirical equation to calculate the Cps as
a function of the building's shape and the incident wind
direction relative to the building length. They presented a
complete procedure for calculating natural ventilation
airflows in low-rise buildings assuming that:

1 - There was no stack effect.

2 - No pressure drop inside the building due to partitions.

3 - Perfect mixing was achieved.

4 - The airflow was due to mean pressure differences alone
and fluctunating pressure effects were ignored.

5 - Average Cps were used over the entire wall surface.

6 - There was no ridge opening.
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The first part of the pressure difference method consists
of measuring the wind pressure coefficient, Cp, over a solid
surface. It is defined as:

Cp =% (2.1)
-5PV3.3
where
P = external pressure measured at each location, Pa
P, = static pressure in the wind tunnel, Pa
p = air density, kg/m’
V. = reference wind speed, m/s

According to Vickery and Karakatsanis (1987), theoretical
estimates of airflow rates can be calculated using the
external pressure distribution around an open or a sealed
model assuming that:

1 = The internal flow does not disturb the external pressure
fields.

2 - The configuration of external wall openings and internal
partitioning is known.

3 - The flow rates through a given opening'can be calculated
from the following relationship,

2AP
Qj..cdej(_p_l)llz (2.2)
where
Q, = airflow through the opening, j, m’/s
Cy = discharge coefficient of the opening, j
A = area of the opening, m
Ab] = pressure difference across the opening, Pa

Aynsley (1979) and Bottcher et al. (1986) reported the
variation in the external Cps for open models. As also
discussed by Cermak et al. (1984), a fraction of the airflow
through a model with relatively large openings may be
controlled by the momentum of the external flow. This would
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bias the results of the prediction based on static pressure
differences across the ocpenings. For the present study, it is
assumed that Eq. 2.2 is adequate.

In order to calculate the airflow in the building, an
internal pressure coefficient, Cp, , was needed. Then Eq. 2.2
becones: |

ij“cz)‘{n
lej-CpInlua

. 0;=CqsA3Vror (2.3)

The sign associated with (Cp; - Cpy,) determines the
direction of the airflow at the j'*" opening: positive implies
inward and negative implies outward. As explained by Aynsley
(1977), Vickery et al. (1983) and Swami and Chandra (1987),
the internal pressure coefficient is assumed to be uniform
inside the ventilated air space.

Since the tests were performed for isothermal conditions,
the inflow was equal to the outflow to satisfy continuity,
then:

i;ofo (2.4)

From this procedure, the internal Cp,, was determined by
iteration using a computer.

2.5 Ventilation rate coefficient

_ ASHRAE (1981), Hellickson et al. (1983), Krishnakumar et
al. (1985), Vickery and Karakatsanis (1987) and Vickery et al.
(1983) presented a simpler model for wind induced natural
ventilation, which is

Q = C VA, (2.5)

where

C, = flow coefficient
A, = total area of sidewall openings, m?
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In fact, C, contains the combination of the discharge
coefficient and pressure coefficient differences. ASHRAE
(1981) and Hellickson et al. (1983) proposed that C, values
range from 0.2 to 0.3 for a wind angle of 0* and 9.5 to 0.6
for a wind angle of 90°. This method is then very easy to use
by designers but it is very unprecise.

vickery et al. (1983), Vickery and Karakatsanis (1987)
and Krishnakumar et al. (1985) demonstrated that any change in
the opening areas of the sidewall and the ridge would produce
a different C, curve.

The results of Etheridge and Nolan (1979a) with those of
vickery et al. (1983) and Vickery and Karakatsanis (1987)
suggested that a minimum wind speed should be maintained in
the wind tunnel in order to have a constant value for C,.
Their results showed dependency of C, on the Re.

2.6 Prediction of inlet-outlet Ezones

Bruce (1974) and Hellickson et al. (1983) discussed the
influence of pressure distribution around naturally ventilated
buildings in order to identify the air inlet and ocutlet zones
on the sidewall and ridge openings. Mitchell and Ross (1977),
strém (1987) and Choiniére et al. (1988a) all described the
interior airflow patterns and the air inlet and outlet zones
for a two dimensional scale model of a gable roof barn with
large sidewall openings and a continuous ridge opening.
Similar airflow patterns were shown by Bottcher et al. (1986)
for a naturally ventilated building without a ridge opening.
Kelly et al. (1986) presented results from flow visualization
of a three dimensional model of a naturally ventilated calf
barn using a water flume.

A 1:20 scale model of a naturally ventilated swine
finishing barn with a gable roof and sloped ceiling was built
and tested in a wind tunnel by Choiniére et al. (1988c) .
Smoke was injected into the model to observe the airflow
patterns under isothermal conditions (wind induced ventilation
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only). Tests to determine the effect of different sidewall,
ridge and end wall openings were completed for four wind
directions (0°, 30°, 60° and 90°). The zones of air inlat and
outlet were identified, but airflows were only compared
qualitatively.

In order to obtain more precision on the air inlet and
outlet zones around a naturally ventilated agricultural
building, Bruce (1974, 1975) recommended using the pressure
coefficient method.

Shrestha et al. (1990) presented a fairly complete
description of the inlet-outlet zones around a low-rise
agricultural building by using the mean of a set of graduated
contour lines around the building.

2.7 Concentration decay method for evaluating ventilation

rates

The concentration decay method has been used extensively
for studies in air infiltration, as well as for naturczl and
mechanical ventilation rate measurements inside fu'li scale
buildings (Shaw, 1984). Hitchin and Wilson (1967), EHunt
(1980), ASHRAE (1981), Barber and Ogilvie (1984a, 1984b),
Charlesworth (1988) and many other authors explained the
theory of the concentration decay method. Basically, a tracer
gas is introduced into an airspace until an equilibrium
concentration is obtained. Then the injecting of the tracer
is stopped and the rate of decay of the tiacer concentration
within the airspace is monitored. The rate of change in
concentration of the gas is given by the difference in the
amount of gas leaving the airspace from the amount of gas
entering the airspace. Hunt (1980) and Charlesworth (1988)
presented the basic equation for the concentration decay
uwethod, which is:
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— - v ‘2.6)

where
C, = tracer gas concentration within the airspace, ppm
c, = initial tracer concentration, ppm
Q = volumetric flow rate, m'/s
v = yolume of the airspace, m
T = time, 8

To accept the equation, the following assumptions are
made. '
1

Perfect mixing.
constant flow rate.

No contamination of the incoming air.
constant specific volume.

n s W N
I

Isothermal conditions.
Hitchin and Wilson (1967) reported that the efficiency of
the measure of the air exchange rate depends on the constant

volume of air and on the perfect mixing assumption. "Perfect
mixing" means that at any given moment, at any location inside
the airspace, the tracer gas has an instantaneous and
homogenous concentration. Where there is "no mixing", the
incoming fresh air by-passes the contaminated inside air and
there is a short circuit or ventilation.

West (1977), Barber and ogilvie (1982, 1984a, 1984b), and
Ogilvie and Boyd (1985) introduced the concept of "mixing
factor" and elaborated on the basic equation in function of
the possible tracer gas concentration at the air intake. They
proposed the following equation:
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Cy~Cs -5$5
- 2.7
5o e ( )

where

Cs = tracer concentration in the supply air, ppm
= mixing factor
if KX ) 1, stagnant zone
K {( 1, short circuit, air inlet to the outlet
(Barber and Ogilvie, 1984b)

West (1977) studied the perfect mixing assumption and
tried to characterize the dispersion and dilution of air
contaminants in an enclosed airspace to verify the departure
from perfect mixing. The ventilation rates, the source
locations of the injected tracer gas and the sampling points
were the three variables investigated in function of the
tracer concentrations and mixing. West (1977) identified four
basic zones in any ventilated airspace:

1 - Entrainment region.

2 - Turbulent mixing region.
3 - Still air region.

4 - Exhaust air.

He reported that the source locations had no effect on
the concentration of the tracer and on the mixing. The data
show more noise when the source was located in the turbulent
mixing region. He recommended that the source of the tracer
gas should be located in the entrainment region because when
the gas was released in a region of high air velocity, the gas
was dispersed rapidly with fair uniformity.

The sampling points had an effect on the readings of the
tracer concentrations but not on mixing. Using a large number
of sampling points may alleviate this problem. The
ventilation rates had a direct effect on the tracer
concentrations and mixing, since increasing the ventilation
rates would change the tracer concentration. However, the
effect of increasing the ventilation rates created a decrease
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in the mixing. Barber and Ogilvie (1984a) and Boyd (1985)
reported similar results. As reported by Timmins (1984) and
choiniére (1988a) a threshold Reynold's number for flow
stability (airflow patterns) should be maintained. The low
ventilation rates used by West (1977) may have introduced
differences in the mixing quality due to the change of airflow
patterns if the fully turbulent regime was not obtained.

According to Barber and ogilvie (1984a, 1984b) the
reasons for incomplete mixing in a ventilated airspace were
the short-circuiting and the presence of stagnant zones in a
fully turbulent regime. The existence of secondary flow zones
would be a cause of incomplete mixing. They introduced the
"n,m" model to take in account the well mixed region and the
fraction of air which was short-circuited to the outlet.
Ishizu et al. (1983) proposed to take into consideration the
effect of the source location of tracer gas with a mixing
factor and a position fraction, called a "n,p" model.

West's study (1977) on the effects of parameter
combinations such as, ventilation rates with source locations,
ventilation rates with sampling points, and source locations
with sampling points revealed that the use of multi-sampling
and multi-source locations may prevent errors on ventilation
rate measurements because of the reduction of effects of
tracer concentration variations inside the building and local
nixing problems (Barber and Ogilvie, 1984b).

In order to predict the interior ventilation rates with
the concentration decay method, the assumption that
ventilation rates have no effect on the mixing factor had to
be made. 1In fact, Ogilvie and Boyd (1985) discussed that
measurements from the concentration decay method would be more
representative of an "effective ventilation rate" or "RQY,

West (1977) and Boyd (1985) reported excellent data
replications by tracer gas measurements. They recommended
that only limited replications were necessary to obtain
accurate values for the tracer's rate of decay.
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Hunt (1980) presented typical result curves expected when
both perfect mixing and tracer refeeding from the air intake
occurred. Hitchin and Wilson (1967), Costello et al. (1982)
and many others reported that the introduction of "Cs" in Eq.
2.7 solved the problem of tracer gas concentration in the
supply air.

2.7.1 Types of tracer

Shaw (1984) reviewed the effect of different tracer gases
on the accuracy of the air change rate measurements for full-
scale tests. He concluded that many different gases could be
used independently of their molecular weight as long as the
airspace tracer concentration was well mixed.

Shoda (1950) studied wind and stack effects for various
scale models of naturally ventilated buildings. He measured
the ventilation rates with the concentration decay method
using CO, as the tracer gas. From his tests on scale models
with relatively small opening areas and low wind tunnel
speeds, he showed that stratification of CO, occurred in the
scale models. Then, he created some additional mixing with a
small stirring fan and obtained data very close to the desired
theoretical concentration decay model.

Etheridge and Nolan (1979a, 1979b) tested the effect of
fluctuating components of the wind pressure on the ventilation
rates of a typical low-rise residential building. They used
the concentration decay method to measure the ventilation
rates which provided data for the combined effects of the
average and fluctuating pressures. They reported that an
error could be introduced because of the extraction of a
certain amount of air for sampling purposes, especially at low
wind speed and when only cracks were simulated (long decay
period).

ogilvie and Boyd (1985) tested a 1:20 scale model of a
naturally ventilated building for swine housing with an
opening area up to 50% of the frontal area. CO, was the
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tracer gas used. They discussed the mixing problem due to the

occurrence of short-circuiting through the model when high

wind speeds were associated to large opening areas. They

raeport.ed the following problems:

1 - A stable initial concentration of tracer gas was
difficult to obtain because of the large amount injected.

2 - Due to the high ventilation rates, the rate of decay
measurements had to be taken within seconds, which was
readirg the limits of the monitoring equipment.

3 - The presence of many sampling tubes and their supports
may have affected the mixing inside the model.

2.7.2 Decay rate measurements with an optical device
Etheridge and Nolan (1979b) utilized an optical technique

for measuring ventilation rates in scale models. They used a
light emitting diode and an appropriate detector to sense the
rate of decay of smoke from tobacco or ventilation smoke
tubes. To release smoke into the model the test tube was
broken or the tobacco was burned inside. When combustion was
completed, a mixing fan was started and the decay rate was
measured during 3 to 5 minutes according to the wind tunnel
speed and the opening areas of the cracks around the scale
model. They presented comparable results of the rate of decay
between the optical density measurements versus the
conventional helium decay technique. In order to minimize
the noise problem, they recommended use of a monochromatic
light source to prevent interferences and build the models
with opaque materials.

The key to the system was to use optical density
measurements instead of tracer gas concentration, then,
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where

OD = optical density at time, T
oD, = initial optical density

2.7.3 Advantages

Zollars (1980), Melik and Fogler (1983), Gulari et al.
(1987) and Gllder (1989) used similar optical techniques to
evaluate particle size distributions and their concentrations
with time of various aerosocls.

Melik and Fogler (1983) listed some advantages to using
optical density measurements for studying the dispersion of
particle sizes of aerosols.

1 - The measurements are rapid and simple,

2 - Sampling problems are minimized for jin situ study.

3 - Measurement causes no disturbances of the system which is
simply illuminated with a beam of light.

Some extra advantages listed by Etheridge and Nolan (1979b)

are:

1 - No extraction of air inside the model.
2 - Instantaneous response.
2.7.4 Theory

The presence of an aerosol alters the visibility across
an airspace. Visibility is measured in terms of optical
density or by its inverse, transmissivity (Hinds, 1982).

As shown on Fig. 2.1, optical density is the measure of
the attenuation of a light beam traversing a scattering
medium. Hinds (1982) reported that the attenuation is given
by Bouger's Law (also known as the Lambert-Beer's Law),
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T _ g5t (2.9)

[-]

where E_ is the extinction coefficient of the aerosol and L is
the path length of the light beam through the aerosol. I/I,
is the ratio of the light intensity traversing the aerosol, I,
(ob/m), to the initial light intensity at the source, I,
(ob/m) . As stated by Clark (1985), the Lambert-Beer's Law is
strictly valid for a monochromatic light source. Many authors
defined the optical density as being

I, T

-

Rasbash and Phillips (1978) reported that the appropriate
unit for optical density (OD) is the bel. Clark (1985)
explained that an optical density of about 0.5 per metre
(ob/m) reduces visibility to about 2 m; to obtain 10 m
visibility, a density < 0.1 OD/m is required.

According to Hawksley et al. (1977), the optical density
of smoke depends on the concentration, size distribution, and
optical properties of the particles.

E,~ N Ap Ee (2.11)
where
N = number of particles per cm®
Ap = cross sectional area of the aerosol particle, cm?
Ee = extinction efficiency

According to Friedlander (1977), light could be scattered
and/or absorbed by the aerosol particle, then the extinction
efficiency corresponds to

Ee = radiant power scattered and absorbed by a particle
radiant power geometrically incident on the particle
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Scattering is defined as a reradiation of the incident
light in all but usually with different
intensities. Where adsorption corresponds to radiant energy
transformed into other forms of energy such as heat, chenical

directions,

reactions, or radiation of a different wavelength. For
example, the loss of visibility through water droplets is
mainly due to scattering. Also, black smoke would attenuate
visibility by absorption and scattering, but white smoke would
cause little absorption.

Then the extinction efficiency of a particle is the sum

of its scattering efficiency and its absorption efficiency.
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Pigure 2.1 Representation of the light attenuation
process (Lambert-Beer's Law).
(2.12)

Ee = Es + Ea

No single equation gives the extinction efficiency for

all particle sizes.

Ee depends on the particle refractive

index and shape and its size relative to the wavelength of

light.

According to Hinds (1982) and many authors, three

regions could be identified in function of the particle size.
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They are:

1 - Rayleigh region; dp/w {{ 1

2 - Mie region; .1 dp/w ({ 1

3 - Extinction Paradox region; dp/w )) 1
where

dp = particle diameter, mm
w = incident wavelength, mm

The Rayleigh region applies for small particles with a
diameter smaller than 0.05 pm. It is possible to assume that
a geometric optic attenuation applies. The cross-section of
the light scattered corresponds to the cross-section area of
the particle. For this particular region, it is possible to
calculate Ee with a specific refractive index value.

In contrast, for particles larger than 2 mm, (Hinds,
1982) the scattering efficiency approaches 2. This means
that, a large particle removes from the beam twice the amount
of light intercepted by its geometric cross-sectional area.
This is the extinction paradox.

But for most of the visible light (3.5 pm ( w { 8 pm),
the light scattering and absorption process is not simple.
This is within the Mie region. In this region, there is a
specific, Ee for each particle size of a particular aerosol.
Friedlander (1977), Hinds (1982) and Gulari et al. (1987)
presented curves for the variation in extinction efficiency in
function of different refractive indices, particle sizes and
light wavelengths.

2.7.5 concentration of particles by optical density

measurements
Rea et al., (1985) tested the visibility of exit signs
through smoke. In order to compare the results, they used an
apparatus to measure the changes in optical density through
smoke over time. Clark (1985) described how a simple helium-
neon laser could be used to measure the optical density
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through various types of smoke. He calibrated this instrument
according to the ASTM Standard F814-845 (1988).

They used a helium-neon laser (w = 0.632 pm) with
vaporized oil preoduced by a MDG smoke generator. According to
Hinds (1982), the particle size distribution is from 0.01 pm
to 10 pm for a mist of liquid. No data exist on the particle
size distribution of the vaporized oil, which depends on the
temperature and pressure used to perform the vaporization.
Also, its white appearance would indicate that it covers the
entire range of the visible light.

Equation 2.10 could be transformed by the following,

I
OD = -0.4343 1n (=% (2.13)
IO
where
OD = -0.4343 1ln(e 5L) (2.14)
OD - 0.4343 E_L (2.15)
OD = 0.4343 N Ap Ee (2.16)

into the rate of decay equation,

OD _ 0.4343 N Ap Ee

oD, ~ 0.4343 N, Ap Ee (2.17)
then
oD _ N
A | (2.18)

which would be a measure of the change in smoke concentration.
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This equation was used by Etheridge and Nolan (1979b) .
The assumption of the stability of the particle size
distribution function and their particular refractive index
wculd have to be made.

2.7.6 Change in the particle sgize
Friedlander (1977) and Hinds (1982) also discussed the

fact that most of the aerosols are polydisperse, which means
that they do not have a specific diameter but mainly a large
particle size distribution. This distribution changes with
time due to the initial particle concentration by the
coagulation and/or colloidation of particles. Clark (1985)
expressed concern about the change in the particle size
distribution due to the possible coagulation of the vapour
particles, even if this fact did not disturb the full scale
experiment of Rea et al. (1985).

Etheridge and Nolan (1979b) reported the rapid
condensation of the vaporized oil on the interior surface of
the scale model. They recommended to not use oil for
experiments with long term residential times above 1 minute.
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CHAPTER 23
OBJECTIVES

The objectives of this study were to use a 1:20 scale
model of a low-rise, naturally ventilated building in the NRCC
wind tunnel to measure external and internal pressure

coefficients as well as the rate of decay of injected smoke in
order to:

1 - Visualize the effect of various structural configurations
on the distribution of the exterral pressure coefficents,
Cps, around the building and on the variations of the
internal pressure coefficients, Cps.

2 - Observe the airflow inlet and outlet zones and the
relative magnitude of aCps and Q; over each opening area.

3 - calculate the ventilation rate coefficients, Cy,.

4 - Compare the Cps' distributions, calculated Cp,, , aCps
and Q; distributions and magnitudes and the C,; values of
the open versus sealed scale model.

5 - Compare the calculated ventilation rate coefficients,
Cosor Obtained with the pressure difference method to the
measured "effective" ventilation rate coefficients, C,,,
obtained with the concentration decay method.
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CHAPTER 4
METHODS AND PROCEDURES

4.1 Scale model

pifferent scale models have been used for the purpose of
flow visualisation and airflow measurements in natural
ventilation studies. Choiniére et al. (1988a, 1988c) used a
geometric 1:20 scale model, while, Ogilvie and Boyd (1985)
used a 1:10 and a 1:25 scale model, Bottcher et al. (1986) a
1:25 scale model, and Cermak et al. (1984) a 1:25 scale model.
They discussed the effect of scaling on the interior velocity
and natural ventilation measurements. Tieleman et al. (1978)
and Allen (1984) reported that scalings of 1:50 to 1:100 are
necessary for low~rise buildings in order to model relatively
small surface features which are important for flow
separation. In addition, at such a size, the effect of the Re
distortion does not influence the flow phenomenon's modelling.

The present 1:20 scale model represents a typical dairy
or swine, gable roof barn, 12.2 m wide by 24.4 m long, with
2.7 m high sidewalls and a roof with a 4/12 slope and a 300 mm
eave overhang. There are no interior partitions and the
ceiling has the same slope as the roof. This model is based
or Canada Plan Service's plan M-3434.

4.2 WwWind tunnel facilitles

The 2 x 3 m low speed wind tunnel of the National
Research Council of Canada (NRCC), located in Ottawa, Ontario,
was the testing site for this study. Brown (1986) and Hansen
(1986) have provided complete information on the facilities
and monitoring equipment.
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4.3 Boundary layer simulation
Cermak (1975), Cermak et al. (1984), Aynsley et al.

(1977), Tieleman et al. (1978), Holmes (1983) and Allen (1984)
described the necessary conditions for the simulation of an
isothermal boundary layer flow representative of the wind for
the lower neutral atmospheric surface in order to study the
wind loading over low-rise buildings. They are:
1 - Undistorted scaling of the model geometry.
2 - Vertical profile of wind specd.
- Turbulence intensity.
- Turbulence integral scale.
- Small blockage of the wind tunnel.

Davenport (1960) used the power law (Eq. 4.1) to describe
a vertical wind speed profile over an open country field.

L4 T R

Vz Z..
Ve (—2:) (4.1)

where
v, = the mean wind speed (m/s) at any given height, 2
V,; = the max..uum free wind speed (m/s) which occurs at
height, Z;
a = the topcgraphical roughness coefficient

Aynsley et al. (1977) reported that a typical 2, of
300 mm to 600 m and @ = 0.15 is used for an open country with
low scrub and scattered trees. Ogilvie and Boyd (1985) and
Choinieére et al. (1988c) used an a = 0.17, while Davenport et
al. (1977) used an a = 0.14 for smooth terrain in their
studies on low-rise buildings. Allen (1984) explained that
the use of a large, 1:50 scale model required a profound
simulation of the atmospheric boundary layer. However, Cook
(1978) demonstrated that only the lower portion of the wind
profile, which envelopes the model and the vicinity, has to be
simulated in the wind tunnel. This allows the use of large
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scale models if the wind tunnel is not large enough. Irwin
(1979) described the design method for the construction of
spires for natural wind simulation. The spires were prepared
in order to produce a 350 mm thick boundary layer with an.
a = 0.1735, as shown in Figs. 4.1a and 4.2.

For this study, only the horizontal wind speed component
of the airflow along the wind tunnel was measured using a hot
wire anemometer system (TSI, model 1054). The anemometer was
ijnstalled on a 2-axis traverse apparatus described by Brown
(1986) and the measurements were made 10 cm in front of the
1800 mm diameter turntable (Hansen, 1986). Measurenents were
made over a three minute period at each indicated elevation.
Wind speeds at tha 350 mm and 500 mm height were not used for
the calculation of a, since these speeds were above the ridge
line. Since the model had to rotate, the flow properties were
measured at 1 m in front of the model's center. Wind speed
measurements were made after the installation of the scale
model, when the wind was perpendicular to the building length.
An assumption was made that the upwind flow would remain
similar when the model rotated. The boundary layer velocities
produced by the spires in the wind tunnel were measured with
a freestream wind speed of 10 m/s. However, the tests for
pressure coefficients were performed at freestream wind speeds
approximating 20 m/s. Since Irwin (1979) had demonstrated the
independence of the x-axis wind speed component as long as the
turbulent range was achieved, it would be expected that a
similar shear flow was obtained. To compute the pressure
coefficient for each test, the reference wind speed, V_,, Was
measured at an elevation of 110 mm above the floor, 1100 mm in
front of the model center, at the center of the tunnel width,
and at mid-height of the scale model sidewall openings. The
measurements were made with a pitot tube as described by Brown
(1986). The freestream wind speed was also continuously
monitored by a pitot tube located at the top section of the
wind tunnel. All pressure coefficients were transformed to a
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reference height of 0.5 m (10 m, full scale) with Eq. 4.2
because of the following advantages: it is readily available
to be used with standard meteorological data and it is
independent of the building form (Allen, 1984).

Hy, \2*
Zho | (4.2)

reof

CP10=CPyres

where

Cp;, = pressure coefficient at 10 m reference height
H,, = scaled height for 10 m

4.4 Turbulence intensily

According to Aynsley et al. (1977) the turbulence
intensity, I, is defined as:

g
I- =

(4.3)

X
which is the ratio of the standard deviation of the flow wind
speed over the average wind speed, at a particular height, 2.
In this study, turbulence intensity was restricted to along
the wind direction. Values of the turbulence intensity were
automatically computed with the TSI hot wire anemonmeter
system. Data are reproduced on Fig. 4.1b.

These intensity curves are similar to values shown by
Davenport et al. (1977) and Handa (1979) for smooth terrain.
They are also similar to values presented by Irwin (1979) for
an a = 0.16 or higher. However, they are higher than the
turbulence intensities used by Vickery et al. (1983). Holmes
(1983) reported that the simulations at eave height and the
lower portions of the building are important for exact mean
pressure coefficients and especially for peak pressure
coefficients. The present turbulence intensity profile was
therefore considered as satisfactory.
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4.5 Turbulence integral scale

As explained by Cermak (1975), the integral length scale
is a basis for comparing turbulence spectra for similarities.
He reported on the work of Kolmogorov who reported that a high
wave number range exists in the turbulent spectrum, which is
governed by kinematic viscosity and energy dissipation. He
showed results where similar energy spectra, as compared to
neutral atmosphere flow, were obtained in a long wind tunnel.
He proposed that a scale of 1:100 be the minimum to respect
the length scale condition. Tieleman et al. (1978) obtained a
length scale of 0.23 m at their reference velocity (10 m
height) for a study on a 1:50 scaled low-rise building. They
operated the wind tunnel at 12 m/s and used a spire
disposition similar to the present study, except that some
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additional roughness blocks were added to induce a higher
turbulent intensity (19.5% at reference height). Since the
average atmospheric length scale for a crowded suburban area
(¢ = 0.29) is about £0 m, they were working to obtain a length
scale of about 0.7 m as compared to 0.23 m. Full scale
measurements of the tested structure revealed good agreement
with the mean pressure coefficient obtained in the wind
tunnel, even 1if the turbulence integral scale was about one-
third the value required for a 1:50 scale flow simulation.

Aynsley et al. (1977) and Handa (1979) reported values of
length from 50 m to 200 m for an open country situation. To
correctly reproduce the energy spectra, the length scale in
the wind tunnel should be about 5 m to 10 m. Holmas (1983)
and Allen (1984) reported the difficulty to match the length
scale at 1:50 to 1:300 scale, but some relaxation could be
made as long as the turbulence scale, related to eddy sizes,
was larger than the building dimensions. Irwin (1979)
reported that with the spire design method used at the NRCC
2 X 3 wind tunnel, the resultant length scales measured were
in agreement with the atmospheric length scale for various
scales from 1:100 to 1:2000 and for ¢ = 0.10 to 0.42. It was
assumed that the length would be reproduced in an appropriate
manner although not measured.

In order to relax the length scale simulation and obtain
precise mean pressure coefficients, Wardlaw (1989) recommended
testing over three recording periods: 1 second, 3 seconds and
5 seconds, The freestream wind speed of the wind tunnel was
increased to 20 m/s in order to generate enough wavelengths
over the building. A sampling frequency of 200 Hz was
selected as being the standard. Results are in Appendix C.

There have been very few differences among the testing
periods. From the analysis of the differences between the
18, 38 and 5 8 recording period, there was an absolute
average Cp difference of 0.024 (0 = 0.019) between 1 s and
3 8, an absolute average Cp difference of 0.025 (¢ = 0.019)
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between 1 8 and 5 s, and finally an absolute average Cp
difference of 0.017 (0 = 0.013) between 3 5 and 5 s. Also,
the test (5 8 - 3 s8) showed the lowest maximum difference
between two measurements of a particular tap to be 0.065. Due
to the very small difference between 5 s and 3 s, a recording
period of 3 5 was used for all the other wind tunnel tests.
Also, it was assumed that a +aCp equal to 0.02 would be
attributed to experimental error.

The effects of 1 8, 3 8 and 5 s recording time were also
analyzed for the global error introduced when many points are
used to calculate the ventilation rates. The strict average
of the Cp differences for the test (5 s -~ 3 s) showed an
average difference of -0.002, ¢ = 0.021. This value indicated
that the use of many points for the calculation of the
ventilation rates for each opening area may help to minimize
the experimental error.

Subsequent tests were carried out using a 3 s interval
which would theoretically allow about 12 wavelengths
[(20 m/s8 X 3 8)/(5 m/A)].

4.6 Effect of Reynolds number

From previous research work, Choiniére et al. (1988c)
reported that a threshold Re has to be respected in order to
obtain stable airflow patterns inside the ventilated airspace.

Etheridge and Nolan (1979a) reported on the effect of the
Re on the ventilation rate coefficient, C,. They noticed a
stable C, for wind speeds above 5 m/s even Wwhen the scale
model had small openings.

Choinieére et al. (1988c) used a three dimensional 1:20
scale model for flow visualisation. They reported the
stability of the airflow patterns for reference velocities of
0.5 m above the floor varying between 0.9 and 2.0 m/s. Cermak
et al. (1984) reported that for bluff bodies with sharp edges
such as low-rise buildings tested in isothermal flows, the
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pressure distributiorn would be independant of the Re above a
value of 2 x 10%.

Re = —% 2 2x10¢ (4.4)

where

L, = typical building dimension, m
v, = typical approach wind speed, m/s
v = kinematic viscosity, m»'/s

For the present study, the reference wind speed was about
16 m/s (freestream wind speed was 20 m/s) which would maintain
a Re of 6.5 x 10°, based on L, = width of the building. The
selection of a scale of 1:20 and a freestream wind speed of
20 m/s was appropiate with respect to the recommendations of
Cermak et al. (1984).

4.7 Blockage effect

As recommended by Cermak (1975), Aynsley et al. (1977)
and others, the blockage of the wind tunnel should not exceed
5%. For this particular study, the scale model had a maximum
blockage of 5%. Also, a minimum space of 450 mm was left
between the end of the building and the bcttom light system on
the sidewalls of the wind tunnel (Hansen, 1986) to avoid a
side effect.

4.8 Measurement of external pressure coefficients

4.8.1 Scale model description
Figures 4.3 and 4.4 present the dimensions of the scale

model and the pressure tap locations used for the sealed model
¢nd the open model. The model was constructed of plexiglass
and attached to a wooden base.

Both figures show 10 windows on both sidewalls and 2
windows on both end walls. In the open model, two sets of



49

sidewall windows were used, each having a dimenrsion of
110 mn X 40 mm which simulated a continuous opening of 800 mm,
or a dimension of 110 mm x 55 mm which simulated a continuous
opening of 1100 mm. The former set of sidewall windows was
equal to 27% of the sidewall surface and the later set equal
to 37%. A vertical support was left between each window,
which represented the building's posts, 2.4 m apart. Two end
wall windows of 60 mm X 100 mm were employed. The building
had a 4/12 roof slope with a 15 mm eave overhang above the
sidewall.

Three roof opening configurations were tested. As shown
in Figs. 4.3 and 4.4, four chimneys of 26 mm x 26 mm (interior
dimensions) (600 mm x 600 mm, full scale) were built in order
to respect the recommendations for a minimum ridge opening by
Choiniére et al. (1988b, 1989). Also, continuous ridge
openings of 7.5 mm and 20 mm (150 mm and 400 mm, full scale)
were built because they are commonly used in agricultural
buildings.

The pressure tap locations for the sealed model are shown
on Fig. 4.3. A pressure tap was installed in the center of
each window simulating a continuous opening of 800 mm. The
same tap locations were used for the prediction of ventilation
rates of the window openings of 1100 mm, assuming minor
changes for the Cp measurements (Vickery et al., 1983, Swami
and Chandra, 1987). The airflow through the end wall openings
was predicted using an average Cp from the four surrounding
pressure taps.

For a sealed model, Vickery (1989) recommended using
pressure taps inside each chimney and along the continuous
ridge (Fig. 4.5) in order to measure the inside pressures
generated by the presence of such openings. Consequently, Fig.
4.3 shows one pressure tap in each chimney and 10 taps along
the open ridge. Taps were concentrated at the end of the ridge
in order to measure the end effects discussed by Davenport et
al. (1977), Hellickson et al. (1983) and many others. Also,
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expected high negative pressures at the ends of the building
explain the higher concentration of taps near the ends on the
sidevalls.

Pigure 4.4 presents the‘pressura locations used with the
open model. The calculation of airflow rates for each sidewall
or end walls openings were calculated using the average Cp
measurements of the three or four closest taps. Etheridge and
Noland (1979a) stated that the average Cp measurements would
be representative of the center orifice measurement. A total
of 26 pressure taps were utilised on each sidewall.

Figure 4.6 shows how the pressure taps were installed for
the chimneys and the open ridges. For each chimney, the Cp
measurements of the four nearest taps were averaged in order
to obtain a single value. For example, for the first chimney,
the average of measurements at pressure taps 17, 18, 27 and 28
was used. These taps were installed as close as physically
possible to the ridge line (8 mm from the side) in order to
sense the pressure in the jmmediate vicinity of the opening
where large negative pressure peaks have been reported by
Aynsley et al. (1977) and Holmes (1983). The continuous
ridges were separated in 10 sections with a specific area in
which the average of two pressure taps were used to calculate
the airflow rate for that area. For example, pressure taps 11
and 12 were used for the first section. For both chimney and
continuous ridge openings, a total of 20 taps were installed,
10 on each side of the ridge.

All pressures were measured by low range pressure
transducers, Setra Systems, Inc., Model 237. Their range was
+ 750 Pa, with 0.1% precision. Since five pressure
transducers were available, they were used with scanivalves,
as described by Brown (1986).
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4.8.2 Description of variables
Table 4.1 indicates the tests performed on the cpen model

in relation to the three structural variables:

1 - Three types of roof openings (chimney or continuous ridge
of 150 mm or 400 mm width, full scale).

2 = Two sidewall opening areas.

3 - The use of two openings in the barn end walls.

With the sealed model, three types of roof openings were used,
but the sidewall and end wall openings remained closed. Each
of these variables were studied for seven wind angles of
incidence relative to the building length: 0°, 19%°, 20°, 30°,
45°, 60° and 90°. A wind parallel to the building length would
be referred to as a wind at 0°*. More measurements were made at
angles between 0° and 45° due to expected changes in the
results, as demonstrated by Vickery et al. (1983). A total of
84 and 21 tests were performed for the open and sealed model,
respectively.

4.8.3 Measurement of internal pressureg

According to Davenport et al. (1978), Stathopoulos et al.
(1979) and Vickery et al. (1983), the internal pressure
coefficient, Cp,,, should repain uniform across the ventilated
airspace. Based on these studies, only 10 taps were allocated
to measure the internal pressure in the open scale model.
However, during the wind tunnel tests, large Cp,, differences
among these tap locations were recorded at various wind angles
of incidence. Figures. 4.7 to 4.11 relate all the tap
location changes which occurred during testing.

Table 4.2 summarizes tests done with the arrangements for
internal pressure. Figure 4.7 shows the first arrangement of
internal pressure taps. The taps were simply mounted on the
sidewall with little plexiglass blocks. In Fig. 4.8, a piece
of cardboard was added to protect the pressure tap from any
direct air currents inside.
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Table 4.1 Combination of parameters tested in the NRCC's wind
tunnel for seven wind angles of incidence.

Parameters
Test
catagories . Simulated
Simulated Sidewall End cConfiguration
Roof* Opening#* Wall Number
(mm)
Open model Ch 800 0 1
Ch 800 C 2
Ch 1100 o 3
Ch 1100 C 4
150 mn 800 o 5
150 mm 800 C 6
150 mm 1100 0 7
150 mm 1100 c 8
400 mm 800 o 9
400 mm 800 Cc 10
400 mm 1100 0 11
400 mm 1100 c 12
7 angles x 12 = 84 tests
Sealed model Ch - - 1
150 mm - - 2
400 mm - - 3
7 angles x 3 = 21 tests
. Total = 105 tests
Note: Ch = Chimney € = Closed 0 = Open

* The measurements are full scale values.

Consequently, six taps weres moved to the ceiling to check if
the same Cp,, differences would be recorded (Fig. 4.9). Since
large fluctuations were still noticed, the ceiling taps were
moved to their final positions, shown in Fig. 4.10. Finally,
four pressure taps on the walls were installed extending

perpendicularly to the walls (Fig. 4.11).

This was to avoid
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the possibility that the blocks themselves may have disturbed
the flows.

Table 4.2 Configurations for internal pressure measurenents
with the open =odel.

Configuration Simulated Simulated Sidewall End

Number Roof Opening (mm) wall
1l Ch 1100 C
2 ch 800 C

Ch 800 0

3 150 mm 800 C
150 mm 800 O

4 400 mm 800 Cc
5 400 mm 800 0
400 mnm 1100 0

150 mm 1100 C

150 mm 1100 o)

Ch 1100 0

400 mm 1100 C

4.8.4 Calculated internal pressures

The standard pressure difference method was used to
obtained a calculated internal pressure based on Egs. 2.2, 2.3
and 2.4. The iteration process was stopped when a2 difference
of 0.001 between the predicted inflows and outflows was
obtained.

All basic assumptions of uniformity for the interior
pressure coefficient and an equal pressure drop across the
windward and leeward walls were respected.

4.8.5 Data collection and processing

Average pressure coefficients, Cp, Cp RMS, freestream
wind speed, reference wind speeds and dynamic pressures of the
wind tunnel were transferred from the wind tunnel's computér
centre to an IBM~-PC for storage. The calculations of the
airflow rates, Q, and internal pressure coefficiants were done

" on site to compare them with measurements during the tests.
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4.8.6 External pressure coefficients

contour lines were used to plot the external pressure
coefficients over the building surfaces. The mapping progranm,
Macdrain, (Tremblay, 1987) was adapted to produce contour
lines similar to those in Davenport et al. (1978) and Holmes
(1983). The program interpolates between tap values and
extrapolates over the control surface. For the sealed model,
30 tap locations were used on each sidewall and 8 taps on each
end wall. With the open model, 26 tap locations were used on
each sidewall and the same eight taps on each end wall. For
poth model conditions, the Cp distributions for the chimney
and continuous 150 mm and 400 mm ridge were numerically
represented for the 10 sealed and 20 open tap locations.

4.8.7 Internal pressure coefficients
A program written in Quick Basic 4.5, was prepared to

produce the measured internal pressure data in graphic form.
The calculated Cp; 8 were plotted against the wind angles of
incidence using lLotus 1-2-3.

4.8.8 External-internal pressure differenceg

Another program, also written in Quick BASIC 4.5,
calculated and plotted the aCp values (ch"cPin" using the
calculated internal pressure coefficient. The directions of
the arrows in Figs. 5.26 to 5.35 indicate the inflows or
outflows of air. For all drawings, the length of the arrows
are proportional to the magnitude of the pressure coefficient
differences. It occasionally occurred that no arrows were
plotted along the walls or the ridge, leaving a blank space;
this indicated a zone where aCp = 0.

For the sealed model simulating the 400 mm ridge opening
width, presented on Fig. 4.3 the third pressure tap on the
left side of the ridge opening had been obstructed during the
test (pressure tap 70, Fig. 4.3). There were no arrowvs
plotted at this location, however the airflow was approximated
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by averaging the two neighboring pressure coefficients
(pressure taps 62 and 78).

Also, errors of -Cps measurements over the ridge occurred
for the OP-400-800-C tests for 8 = 0* to 45°*, for taps 77, 48,
54 and 36. The data were processed but the predictions have
been impaired by these erratic measurements.

4.8.9 Plots of the local ventilation rates

In addition to the plots of the inside-outside pressure
coefficlent differences, plots of the local ventilation rates,
Q;, for each opening added extra information on the relative
magnitude of the airflow rates, which are linearly affected by
the area of each respective opening. For this study, the
airflow rate of each opening was calculated by Eq. 2.3,

Cpi‘CPm

of |ij_cpm|1/2 (2-3,

Oj = C‘d AJVZ

0.6 for all openings
calculated internal pressure

?

The total ventilation rate, Q,, is equal to the total
inflow and the total outflow. The values for the C, presented
in the literature varied from 0.35 to 0.85. The conservative
value of 0.60 was used according to recommendations from
ASHRAE (1981) and Vickery et al (1987).

The continuous line method of Shrestha et al. (1990) was
used to illustrate the airflow rates through each opening.
Lines outside the model indicate outflows and the reverse
inflows. A Quick BASIC 4.5 program was written to plot these
continuous lines. The magnitudes of the lines were adjusted
in order to obtain clear drawings and visualize the effects of
the different ridge opening types and sidewall openings on the
local ventilation rates.
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4.8.10 ventilation rate coefficiente
The procedure of Etheridge and Nolan (1979a), Vickery and

Karakatsanis (1987) and Vickery et al. (1983) was followed and
Eq. 2.5 was transformed in order to calculate the ventilation
rate coefficients for each tests. The following formula was
used:

- 0o
Co1o _Vm a, (4.5)

The use of a non-dimensional ventilation rate coefficient
or ventilation efficiency factor “E" (ASHRAE, 1981, Hellickson
et al., 1983) is a simple and rapid method for designers to
calculate the ventilation rates of any structures. There will
be a different C;, value for each building orientation,
reference velocity height and each type of opening areas.

The reference area of opening, A;, differs according teo
the various authors. Etheridge and Nolan (1979a), Vickery and
Karakatsanis (1987) and Vickery et al. (1983) used the total
opening area on both sidewalls of their scale models while it
is common in agriculture to use only the frontal sidewall
opening area (Hellickson ek al., 1983). For this study, the
advantages for using only the frontal sidewall area as a
reference opening are:

1 - Visualisation of the ridge's effects.

2 - Visualisation of the end wall openings'® effects.

3 - Visualisation of the respective sidewall opening areas’
effects.

All visualisations are in reference to the flow coefficients,

Cqior at each wind angle of incidence. The values of C,, for

the sealed and open models were tabulated and then plotted

using Lotus 1-2-3.
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4.9 Concentration decay method
4.9.1 Qptical density measurements by laserx

. The optical density equipment described by Clark (1985)
was used. A 0.5 mW, random polarization, He-Ne laser was the
light source. The signal receiver was a silicon diode
photodetector (S.D.P.) with 1 cm’ active area (Silicon
Detector Corporation, Model SD-444-12-12-171). A He-Ne laser
line filter (band width, 10 nm at mid-peak) was installed just
over the photodetector to eliminate any other 1light
frequencies from other light sources. The laser and the
mirror were installed in a sealed enclosure to prevent smoke
infiltration between the laser and the light entrance in the
model. Smoke infiltration also alters the laser output when
condensing on the emitting laser tube. During tests, the
laser and the mirror had to be cleaned when the S.D.P. was
indicating abnormally 1low output voltages. Since the
plexiglass deformed the light beam, two holes were drilled in
the plexiglass model to install two pleces of clear glass.
This allowed the laser beam to go through the end walls
unaltered. These two glass slides reguired regular cleaning
to prevent the deposition of oil droplets.

4.9.2 od insta

Figure 4.12 is a schematic dlagram of the experimental
scale model with the optical density measuring devices.

The laser had to be mounted below the floor surface in
order to prevent interference with the pressure measurements.
The laser output had to be calibrated on site with optical
filters after its installation in the wind tunnel, as
described by Clark (1985). The calibration curve was:
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OD = 14.195x Voltage+5.6196 (4.6)

where

2 = 0,9998
oD = optical density
Voltage = output of the silicon diode photodetector, mV

The silicon diode photodetector sent an output voltage to
a high speed A/D module (Sciemetric Instrument, Model 233),
which was relayed to an IBEM PC. Graphical representations of
the output are found in Appendix D.

As shown in Fig. 4.12, the laser beam travelled across
the entire length of the building, mid-width of the building
and at an elevation of 75 mm (1.5 m full scale) above the
. floor surface. This location was selected because farm
operators spend most of their time in this control corridoer.

The optical density technique presented many advantages
for this study, such as:

1 - An average measurement of the rate of decay along the
entire building length.

2 - No extraction of gases.

3 - Near instantaneous response.

4 - Very sensitive tool.

4.9.3 Smoke geperatjon

A smoke generator similar to the one described by Rea et
al. (1985) was used. The MDG Smoke Generator, Model 3020,
(Les Entreprises MDG, Inc., Montréal) was used in this
experiment. At high temperatures, this smoke generator
vaporises an odourless oil mixed with carbon dioxide
pressurized at 900 kPa. According to the manufacturer, high
CO, pressure produces smaller vaporized oil particles, ranging
from 0.5 pm to 4.5 um.

The vaporised oil was sent through a pressurized
distribution manifold to enter into the scale model by eight
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equally distributed plastic tubes. The smoke was injected
into a zone of high air speed. Due to the large opening area
and the high wind speed in the tunnel, the distribution of the
smoke inside the building was very rapid and the airflow
patterns corresponded to observations made by Choiniére et al.
(1988c). A remote control was available to stop the smoke
generation in order to prevent subsequent oil entrance.
Flexible plastic valves were installed over each entrance
hole. Their weight was enough to shut the entrance from
vaporized oil for most cases even if the pressure was negative
inside the scale model and residual positive pressure remained
in the manifold.

4.9.4 Sampling and data recording

optical density measurements were done at a sampling
frequency of 200 Hz or 250 Hz during a 6 s to 10 s interval,
depending on the scale model's orientation and opening areas.
These were the operator's tasks:

1 - Injection of large quantities of vaporized oil within a
period of 58 to 10 s, until the smoke was evenly
distributed along and across the scale model.

2 - Data reccrding commenced within 5 s after halting the
injection.

3 = Read the instantaneous velocity from the wind tunnel
velocity meter.

4 - The whole operation was repeated five times.

The rate of decay of the smoke was monitored by measuring
the optical density as it decreased over time. Data gathering
was done from the completely opaque stage to tha totally
cleared scale model. Most of the useful measurements cccurred
within a period of 0.5 8 to 2 s.

The assumption of no change in the refractive properties
and particle sizes of the vaporised oil was supported by the
data presented by Hinds (1982). He reported that vaporised
hot o0il used in a stagnant airspace starts to coagulate and
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condense after a period varying from nminutes to hours
depending on the airspace surface temperature and the inside
air temperature. Therefore, the short duration of the
experiments may eliminate thisz potential problem.

A total of 420 tests were recorded during the testing
periods (84 configurations x 5 replicates).

4.9.5 Minimum wind speed for deca ate measurements

choinieére et al. (1988c) observed the internal airflow
patterns of the same scale model with vaporized oil at a
velocity of 2 m/s within a low wind speed tunnel. A minimum
wind speed of 0.64 m/s was necessary to obtain stable airflow
patterns inside the 1:20 scale model. The rate of decay tests
were performed at a freestream velocity of 10 m/s because it
was close to the minimum stable wind speed available with the
low wind speed tunnel at NRCC, Ottawa (Brown, 1986).

4.9.6 Data processing
The rate of decay of smoke could be calculated by using
Egs. 2.6 and 2.18,

.or
Cr . v (2.6)
Cﬂ
and
oD _ N
b " W (2.18)

Since the ratio ¢,/C, is directly proportional to the number
of particles in the airspace N/N,, it could be assumed that
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= v ‘u?
oD, e ( H
then
oD . T
1n —_ s - — 4.8
[OD;) KD‘, ( )
where

-KQ = effective ventilation rate

In fact, the data from the optical density measurements
were an indication of KQ.

With these tests, it was neither possible nor was it the
intent of this work to calculate the mixing factor, K. The
laser beam was used to potentially obtain an average
"effective" ventilation rate through the over ventilated and
under ventilated zones in the building.

Appendix D contains the complete methodology for the
calculation of the effective ventilation rate, KQ. Basically,
the voltage outputs were transformed by Eq. 4.6 to obtain oD
values. Etheridge and Nolan (1979b) used the voltage output
directly. This procedure could be used, but the simple
transformation to OD provided information on the potential
refeeding of smoke into the model, or smoke contaminating the
laser.

After the first 10 to 20 tests, the closed circuit wind
tunnel was already contaminated with smoke. The OD
measurenents at the end of later tests did not decrease to 0.
From this fact, the calculation procedures were changed to
take account of the C,, air contaminants in the intake, and
obtain the following formula:
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OD-0D, T
—_— = -KD— 4.9
in ( on,-on,) e (4-9)

where
ob, = optical density value of air intake contaminant

The value of OD, for each test was obtained from the
difference between the measured OD at the end of the test and
0.0 (clear model). The effect of air intake concentration of
smoke was then eliminated.

According to the procedure of Etheridge and Nolan
(1979b), Hunt (1980) and Shaw (1984), the KQ value was
calculated from the slope of the logarithmic curve (Appendix
D). They also discussed choosing the initial and final values
to be used for these calculations. This creates some
differences in the KQ values. Generally, the curve is fairly
flat at the initial stage. When the laser beam passed through
the smoke, the measurements of the rate of decay were started.
From the average initial points, initial starting points for
the calculations were selected when the variation between the
opague stage and the decay stage was above 0.6 OD. At the end
of the process, the selection of a difference in OD from the
last values ranged between 0.44 to 0.35. These differences
were selected due to spikes or bumps, occurring in the final
stage of the curve.

The bumps were mainly caused by infiltration of dense
smoke through the injection tubes and the manifold because the
simple gravity valves used were not perfectly sealed. As soon
as extra smoke entered and passed in front of the laser beanm,
a bump in the curve would appear. The OD measurements nearer
to the smoke-free stage were very sensitive.
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All KQ values were calculated using a program written in
Quick BASIC 4.5. They were transformed ¢to obtain a
dimensionless effective flow coefficient of:

C
p10 V1° A.

(4.10)

where
Croo = ©ffective airflow coefficient at 10 m.

The data were tabulated and plotted using Lotus 1-2-3.
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CHAPTER 5
RESULTS AND DISCUSSIOM

5.1 External pressure coefficients

5.1.1 Qpen model

The results of the open model are used as the standard
for comparisons and all pressure coefficients are based on the
10 m reference height. Appendix E contains a complete set of
pressure coefficient contour lines.

$.1.1.1 General observations

Figures S5.1a through 5.19 present the results for the
chimney, simulated 800 mm sidewall openings and closed end
wall tests, (OP-CH-800-C). The results at 0 = 90° (Fig. 5.1a)
show a uniform Cp distribution along the windward sidewall.
The contour lines indicate 2 slight increase in the Cps from
the base to the top of this wall (near the overhang). This
phenomenon was also indicated by Holmes (1983). Cps decrease
rapidly at both ends, near the corners. Aynsley et al.
(1977), ASHRAE (1981) and many other authors have previously
discussed the acceleration of the flow at corners which causes
this decrease. The pressure distribution on the leeward
sidewall is fairly uniform along its length. On the vertical
axis, there is an average Cp difference of 0.15 from the base
of the wall to the overhang height. Hoxey (1984) showed
similar behaviour for full scale buildings. Both end walls
are subjected to a large Cp gradient from the upwind to the
downwind edge and similar contour lines have been shown by
Aynsley et al. (1977), Davenport et al. (1977) and Holmes
(1983).



72

The Cps are generally negative at the ridge level.
Higher negative Cps were recorded on the leeward side of the
_ridge as compared to the windward side. This result was
reported by Aynsley et al. (1977), Vickery et al. (1+83) and
many other authors. As compared to most of the previcus tests
with continuous ridge opening or regular closed ridge, these
Cps do not show uniform values along the ridge line. For
example, the second set of pressure taps from the top part of
Fig. 5.1a are very close to the upstand of the first chimney
and both Cps are lower than their closest taps. The same
phenomenon is noticed with the two last pressure taps at the
bottom part of Fig. 5.1a.

At 6 = 60* and 45", the Cps are higher at the upwind end
of the windward sidewall for about a quarter of the building
length and they rapidly drop and stabilize on the remainder of
this wall. The negative Cps are fairly uniform over the
leeward sidewall at 60°, but a high negative corner on the
upwind end is visible at 6 = 45°.

Bauman et al. (1988) reported that upstands and jack roof
covers over the ridge drastically changed the pressure
distribution over the ridge line. Local flow disturbances may
be created by the chimney. Since there are no data on the Cps
around a building, this may potentially change the local -Cps.
Instrumentations of many pressure taps around and inside a
chimney may provide more information on the effects of the
chimney design. For the present study, it was assumed that
the average of the four closest pressure taps around each
chimney could be used to calculate the ventilation rates.

At 6 = 30°, the windward sidewall shows some =-Cps over
the upwind end (about 15% of the length) indicating a complete
change in the airflow distribution over the windward sidewall.
The upwind end of the leeward sidewall shows high -Cps. The
upwind end wall is entirely positive and the Cp gradient at
the downwind endwall is less. The effects of air circulation
tend to disappear around the chimneys. For example, at 8=20°,
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only the first windward chimney is surrounded by high -Cps.
The upwind end wall shows a vertical gradient of pressure
which may be due to the upwind airflow over the building and
the air stream divided to flow around and above the building
(ASHRAE, 1981). The downwind end wall shows stable -Cps. The
chimneys still create local flow disturbances as shown by the
two -Cps values recorded for the second set of taps on the top
part of Fig. 5.1e.

At 6 = 10°, about 50% of the upwind windward sidewall
shows high -Cps; the behaviour is echoed on the leeward
sidewall. At 6 = 0°*, the Cp distribution along both sidewalls
is nearly symmetrical. Negative Cpz decline for 50% of the
upwind length and stabilize for the remaining part of the
sidewall. The upwind end wall behaves in the same way as the
windward sidewall did at 8 = 90° except that the verticzl Cp
gradient is influenced by the shape of the roof. At the
ridge, high -Cps are noticed on the upwind part only and are
stabilized shortly after. These pressure distrikutions are
fairly similar to the data of Aynsley et al. (1977), Davenport
et al. (1977, 1978) and Holmes (1983).

5.1.1.2 Effect of sidewall openings with closed end walls

Figures 5.la-g (OP~CH-800-~C) and Figs. 5.2a-d
(OP-CH-1100~C) reveal that at 8 = 90°*, the windward sidewall
has higher Cps with the 1100 mm opening versus the 800 mm
opening. However, the leeward sidewall -Cps have been
consistently increased by -0.05 for the 1100 mm opening. The
same increase in -Cps on the leeward sidewall have been
noticed in Figs. 5.3a versus 5.4a and for the other tests with
150 mm and 400 mm ridge (Appendix E). The end wall and the
chimney Cp distributions were not affected by the increase of
the sidewall area.

At 6 = 60° and 45°, Figs. 5.1b, 5.1c, 5.2bh, 5.2c and Fig.
E.2c (Appendix E) show different Cp distributions over the
windward sidewall surface. Higher Cps are recorded with the
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800 mm opening as compared to the 1100 mm opening at the
upwind corner of the sidewall. The larger sidewall opening
area (1100 mm) may allow air to go through the opening area,
reducing the biockage or the turbulent upwind effect at the
corner. On the other hand, the increase in outflow through
the leeward sidewall seems to create slightly more negative
-Cps. The upwind and downwind end walls and the chimney show
fairly similar Cps.

At 6 = 30°, 20°, and 10°, the 1100 mm sidewall opening
shows higher -Cps at the upwind corner of the windward wall
while both end walls, leeward sidewall and chimneys are
jdentical. At 6 = 0°, there is no effect by the opening area
on the Cps. The comparison among the data with continuous
ridge openings of 150 mm and 400 mm (Appendix E) shows similar
effects of the sidewall opening areas on the Cp distribution.
The increase in the ridge opening accentuates the difference
in -Cps for the leeward sidewall at 8 = 90°*, 60°*, and 45°, and
shows very similar results for the upwind windward corner at
@ = 30°, 20°, 10* and O°.

From all tests, increasing the sidewall area from 800 mm
to 1100 mm, with the closed end walls, produce the following:
1 - Higher Cps over the upwind windward corner for the 800 mm

at 6 = 90°, 60* and 45°.

2 - Higher -Cps over the upwind windward corner for the

1100 mm at 6 = 30°, 20° and 10°.

3 - Higher -Cps over the leeward wall for the 1100 mm for

0 = 90° and 60°.

4 - Negligible effect at 6 = 0°.
The same behaviours are noted with either ridge opening width
of 150 mm or 400 mm.

5.1.1.3 Effect of end wall openings

By comparing Figs. 5.la-g (OP-CH-800-C) and 5.3a-d
(OP~CH-800-0) , similar Cp distributions over the windward wall
at 6 = 90° as observed. The leeward wall shows a small
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increase in -Cps when the 1100 mm sidewall opening is usad.
Major changes in Cp distributions occur &t both end walls.
The Cp distribution is completely changed when the end wall
windows are open. Rather than a gradual decrease in Cps over
the end walls, the distribution show a lower -Cp zone at the
center of both end walls. Negligible changes in the Cp
distribution occur at the chimney level.

At 8 = 60°, 45° and 30°, the Cp distribution over the
windward and leeward sidewalls are not affected by the opening
of the end wall windows. However, the Cp distributions over
the upwind and downwind end walls are different, depending on
whether the end walls are open or clcsed. It appears that the
-Cps over the ridge are not affected by opening the end walls.

For angles of 6 = 20° and 10°, the model with the open
end walls show a reduction in the -Cps at the upwind corner of
the windward wall and on the upwind corner of the leeward
sidewall. Both end walls differ from the closed end wall
model.

At 6 = 0°, both the sidewall and chimney pressure
distributions show no difference with either closed or open
end walls. However, the Cp distribution over the upwind end
wall surface shows a large increase of about 0.05 to 0.1. The
-Cps were slightly higher at the downwind end wall also.

The comparison between Fig. 5.2a-d (OP-CH-1100-C) versus
Fig. 5.4a-d (OP-CH-1100-0) with the larger sldewall area of
1100 mm showed similar effects on the Cp distribution compared
to the effect presented by Fig. 5.la-g (OP-CH-800-C) and Fig.
5.3a-d (OP-CH-800-0).

when the data of Figs. 5.5a-d (OP-150-800-C) and 5.6a-d
(OP-400-800-C) are compared to the results contained in
Appendix E for open end walls, it appears that the same
effects on both end walls are noticed. Very small effects
were noticed on the sidewalls.
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Figure 5.44 Cps contour 1lines: open model, chinmney,
simulated 1100 mm sidewall openings, open end
walls, wind angle of 0°.
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400 mm ridge and 800 mm sidewall openings,
closed end walls, wind angle of 0°.
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With both 150 mm and 400 mm ridges, there is a general
tendency to have slightly lower -Cps at the ridge level when
open end walls are used with wind angles between 60° and 0°.

From the observations of the Cp distribution around the
models it appears that:

1 - End wall openings have a very small effect on the Cp
distribution at both sidewalls and a negligible effect on
the chimney area.

2 - Major changes in the Cp distribution over both end walls
are noticed for all wind angles.

3 - At both 150 mm and 400 mm ridge openings, for 8 = 60* to
0°, slightly lower -Cps are recorded when open end walls
are used.

5.1.1.4 Effect of ridge openings

Figure 5.la-g (OP-CH-800-C), Fig. 5.5a-d (OP-150-800-C)
and Fig. 5.6a-d (OP-400-800-C) are used to compare the effect
of the ridge opening on the Cp distribution. At 0 = 90°, the
windward sidewall Cps are not affected by the use of any ridge
type, but on the leeward sidewall, the 150 mm and 400 mm ridge
both had an increase in -Cps from about -0.1 to =0.2 as
compared to the chimney. Also, the -Cps at the ridge with the
chimneys versus the 150 mm and 400 mm ridge opening are about
4 times higher. The higher -Cps with the chimney accompanied
with lower leeward sidewall -Cps may be explained by a
different flow circulation over the building with the chimney.
During full scale observations, Richardson (1989b) reported
that outflow through the continuous ridge opening had a large
effect. The outflow disturbed the typical flow separation
pattern at the ridge 1line. Also, from Figs. 5.5a-d
(OP-150-800-C) and 5.6a-d (OP-400-800-C), it appears that the
larger outflow exhausted by the 400 mn ridge generates
slightly higher -Cps at the ridge and over the leeward
sidewall.
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At 0 = 60°, Figs. 5.1b (OP-CH-800-C), 5.5b (OP-150-800-C)
and 5.6b (OP-400-800-C) show identical contour lines among the
three ridge types over the windward sidewall. The -Cps on the
leeward sidewall are always lower in magnitude with the
chimney compared to the 150 mm and 400 mm ridge, while the
400 mm ridge presents higher -Cps over the leeward sidewall as
compare to the 150 mm ridge. The Cps over the upwind end wall
are identical, but the downwind end wall present lower -Cps
with larezr ridge. The chimney -Cps are consistently higher
(about twice more negative) than the 150 mm and 400 mm ridges,
and the -Cps for the 400 mm ridge are slightly higher than the
150 mm ridge. At 6 = 30°, all ridges and walls show fairly
similar Cp distributions.

At 6 = 20°* and 10°*, all respective walls are similar.
The 400 mm ridge data show slightly higher -Cps as compare to
the 150 mm ridge. Some recording problems occurred during the
OP-400-800-C test; certain tap readings at the ridge level
were fairly high (-Cps), especially at 6 = 0° to 20°. The
results for the sidewalls and end walls are reliable, but not
for the ridge.

Finally, at 6 = 0°, the chimney -Cps do not show a
gradual reduction from the upwind to the downwind end, instead
variations in =-Cps that are probably due to local flow
disturbances induced by the chimney upstands and roofs. At
@ = 0°, in general, the -Cps are fairly similar for all three
types of ridge opening.

The ridge opening types have the following general
effects:

1 - The chimney -Cps are higher than 150 mm and 400 mm for
8 = 90°*, 60° and 45°.

2 - At O = 90°, the 400 mm ridge shows slightly higher -Cps
at the ridge versus the 150 mm, but they have similar
-Cps for all other angles.

3 - The larger ridge has higher -Cps over the leeward
sidewall for B = 90°, 60° and 45°.



105

4 - Using 1100 mm versus 800 mm sidewall openings causes only
small differences in the magnitude of the ridge -Cps with
similar Cp distributions around the building.

5.1.2 Sealed model
The contour lines of Cps distributions around the sealed

scale models are presented in Figs. 5.7a-d (SE-CH), S5.8a-d
(SE-150) and 5.9a-b (SE-400). Figs. 5.7a (6 = 50°),
b (0 = 60°) and d (6 = 0°) show countour lines which are very
close to the results of Holmes (1983} for a residential low-
rise building with an overhang. Similar Cp distributions are
also presented by Aynsley et al. (1977) and Davenport et ai.
(1977) .

The ridge opening types have an effect on the Cp
distributions. At @ = 90°, the positive Cps over the windward
sidewall slightly increase as the ridge type changes from
400 mm to 150 mm, and finally they are the highest with the
chinney. For the leeward sidewall, the 400 mm shows the
lowest -Cps with a gradual increase with the 150 mm and the
highest ~-Cps are noticed with the chimney. The reverse
situation occurs with the ridge opening types: The lowest
-cps are noticed with the chimney and the -Cps rapidly
increase through 150 mm to reach their peaks with the 400 mm
ridge.

At @ = 60° and 30°, the contour lines of Figs. 5.7b and
c are very similar to the results of Davenport et al. (1977)
and Hol»ns (1983). There is a gradual change from the vniform
Ccp distributions over the windward and leeward sidewalls to
high positive Cps at the upwind windwall sidewall and high
-Cps at the upwind leeward sidewall. Generally, the leeward
sidewall's -Cps are higher with the 150 mm and 400 mm ridge
types as compared to the chimney. The chimney shows higher
-Ccps values at the upwind end wall.
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Pigure 5.7a Cps contour lines: sealed model with chimney,
wind angle of 90°.



107

60°

Figure 5.7b Cps contour lines: sealed model with chimney,
wind angle of 60°.
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Figure 5.
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Figure 5.8a Cps contour lines: sealed model with simulated
150 mm ridge, wind angle of 90°.
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60°

Figure 5.8b  Cps contour lines: sealed model with simulated
150 mm ridge, wind angle of 60°.
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30°

Figure 5.8¢c Cps contour lines: sealed model with simulated
150 mm ridge, wind angle of 30°.
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Figure 5.84 Cps contour lines: sealed model with simulated
150 mm ridge, wind angle of 0°. )
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Figure 5.9a Cps contour lines: sealed model with simulated
400 mm ridge, wind angle of 90°.
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At 6 = 0°, there is really no difference among the Cp
distributions over the sidewalls and end walls for the
chimney, 150 mm and 400 mm ridges. Only at the ridge level,
the two downwind chimneys show higher -Cps compared to the
150 mm and 400 mm. This might be due to the effects of the
upstands of the chimney.

From the results of the sealed models, the following
peints could be obtained:

1 - At 6 = 90*, 60* and 30°, all three ridge opening types
have different effects on the Cp magnitudes over the
windward and leeward sidewalls.

2 - At 6 = 90°, 60" and 30°*, the larger ridge types show the
higher -Cps at the ridge opening.

3 - At 6 = 0*, no difference in Cps is noticed over the
sidewalls and end walls. Only the two downwind chimneys
show higher -Cps.

5.1.3 Sealed versus open wodels

5.1.3.1 Tests with chimney

The comparisons between Figs. 5.la-g (OP-CH-800-C) and
5.7a-d (SE-CH) reveal large differences in Cp distributions
and magnitudes. At 6 = 90°, the Cp distributions over the
open model's windward and leeward sidewalls are fairly uniform
along the building length while with the sealed model, there
are higher Cps at the center of the windward sidewall and a
reduction in the -~Cps at the center of the leeward sidewall.
Similar data for sealed models are presented by Aynsley et al.
(1977), Vickery et al. (1983) and Holmes (1983). The effect
of porosity in the open model, in allowing air to go through,
may help to obtain a more uniform distribution of the Cps over
the wall surfaces. The -Cps at the ridge are considerably
higher for the sealed model than for the open model.
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At & = 60°, both the windward sidewall and both end
walls' Cp distributions are simila:r for the sealed and open
models. The Cp distributions are .more uniform over the
leeward sidewall with the open model as compared to the sealed
model. The chimney -Cps are higher with the sealed model. At
@ = 45°, higher Cps are recorded over the upwind windward
sidewall corner and upwind end wall corner with the open
model.

At @ = 30*, 20°, 10° and 0° the windward and leeward
sidewalls have different Cp distributions. A larger gradient
of Cps occur with the sealed model from the upwind to the
downwind end of the buildings. Both end walls behave
similarly and the chimney -Cps are consistently higher with
the sealed model.

For larger sidewall openings, Figs. 5.2a-d (OP-CH-1100-C)
and 5.7a-d (SE-CH) show similar comparisons that were cbtained
with the OP-CH-800~C versus the SE-CH. The enlargement of the
sidewall opening changes the Cp distributions slightly, but
has a large effect on the difference in magnitudes between the
sealed and open models.

The effects of opening the end walls are shown by
comparing Fig. 5.3a-d (OP-CH-800-0) to Fig. 5.7a-d (SE-CH).
The largest differences are noticed at both end walls where
the Cp distributions and magnitudes are completely different.

Generally the comparisons between the sealed versus the
open models with the chimney show that:

1 - For all wind angles, the -Cps are higher at the sealed
model's chimneys.

2 -~ For all wind angles except 60°, the windward and leeward
sidewalls show considerably different Cp distributions.

3 - For larger sidewall openings of 1100 mm, the differences
in Cp magnitudes between the sealed versus the open
models are accentuated.
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4 - The opening of the end walls in the open model completely

changes the pressure distributions and magnitudes over
the end walls.

5.1.3.2 Tests with 150 mm and 400 mm ridges
The comparisons between Figs. 5.5a-d (OP-150-800-C) and

5.8a-d (SE-150), as well as between Figs. 5.6a-d (OP-400-800-
¢) and 5.9a-b (SE-400) tend to show that the larger the
opening areas are, the larger the differences in Cp
distributions and magnitudes are between the open and sealed
models. For all wind angles, very high -Cps at the ridge
level are recorded with the sealed model while -Cps over the
leeward sidewall are 1lower. Larger differences on the
uniformity of the Cp distributions over the windward sidewall
at 9 = 90* and 0°* are accentuated.

For open versus sealed models, the results in Appendix E
show that the Cp distributions over both end walls are
completely reversed, with the open versus sealed models for
most wind angles. The air flowing around and through the
building may create this inversion in pressure distribution.

From the results of the sealed versus open models, with
150 mm and 400 mm ridge, the following points can be made:

1 - The -Cps at the ridge are considerably higher with the
sealed model.

2 - The -Cps over the leeward walls are higher with the open
models.

3 - With the end walls open, the Cp distributions over both
end walls are totally reversed for the sealed models
versus the open models.

4 - When the sidewall opening areas in the open model are
increased, larger differences in Cp distributions and
magnitudes.occur.
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5.1.4 Comparison to previous work

Appendix A contajins a complete review of pressure
coefficients for comparable full scale and scale model
experiments. They were selected based on similarity of the
wind profile (open country) and basic shapes. Tables 5.1 and
5.2 provide a summary of the average Cps recorded over the
ridge opening for sealed and open models at 8 = 50° and 0°
while Tables 5.3 and 5.4 present the results of the pressure
differences across the building sidewalls at 6 = 90 and 0°.
The dimensions of each building are added in order to compare
results among buildings with similar shapes. All reported
data for the open model have closed end walls. The reference
height is 10 m.

For @ = 90°, the pressure coefficients at the ridge line
reported on Table 5.1 show large differences among the various
past experiments for sealed buildings. The full scale
measurements from the U.K. show generally higher -Cps than the
scale models. With the exception of the SE-400 test, there is
no evident trend for the effects of the building lengths,
widths, eave heights or the presence of an overhang on the
pressure coefficients at the ridge line.

For the open buildings, the results are also widely
spread for all the reported tests. The chimney tests show
considerably higher -Cps than the others. The limited opening
area and the local flow disturbances around the chimney may
cause higher -Cps by the chimney compared to the continuous
150 mm and 400 mm ridge openings.

The results from Shrestha et al. (1990) can be compared
to the OP-400 and OP-150 tests. The two building widths and
heights are very close, but the opening area ratio was smaller
for Shrestha et al.'s (1990) tests. The 1100 mm sidewall
opening areas produced very little effects on the -Cps for the
150 mm and 400 mm ridge. With the chimney tests, there were
higher -Cps with the 800 mm sidewall compared to the 1100 mm
opening. The experiments with the FB02 and FB06é were
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Table 5.1 Average pressure coefficlent across the ridge,
6 = 90°, full scale buildings and scale models for
open country situations; a = 0.14 to 0.18.

Building Bave Roof

Description Length Width Height Angle Overhang
Cp (m) (m) () {degrees) Present

Sealed buildings
FBOS <142 41.0 28 40 15.0
SE-00 ~1.32 244 12.1 27 184 Yy
FBO3 -1.03 185 119 46 16.0
FB19 0.94 358 184 5.0 150
FB16 0.93 120 6.7 45 15.0
Dutch barn 0.84 243 11.0 55 16.7
SE-150 0.718 244 12.1 27 184 y
FBO2 £0.60 185 T4 n 15.0
SE-CH 057 244 12.1 27 184 y
Holmes (1983) 0.42 122 6.1 26 150 Y
Vickery et al. 032 381 244 49 184 y
(1983)
Holmes (1983) 0.19 122 6.1 26 20.0 y
Open buildings
OP-CH-800-C 0.83 2.4 12t 27 184 y
OP-CH-1100-C 0.79 4.4 1212 27 ‘ 184 y
FBO2 043 135 74 1.77 15.0
FBOS 033 344 24.6 266 11.0
Shrestha et al. 028 146 10 30 184 y
(19%0)
OP-400-800-C 0.2z 44 12.1 27 184 y
OP-400-1100-C 0.21 244 121 27 184 y
OP-150-800-C 0.20 244 121 27 18.4 y
OP-150-1100-C -0.20 244 121 27 184 y
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Table 5.2 Average pressure coefficients across the ridge at
three locations along the ridge length, 6 = 0°,
full scale buildings and scale models.

Cp Locations

Description Roof
1 2 3 (aﬁgiiis)

Sealed buildings !
SE-CH -0.72 -0.19 -0.25 15:4°
Vickery et al. -0.58 -0.16 -0.11 18.4°
(1983)

SE-400 -0.58 -0.06 -0.06 18.4"
SE-150 -0.57 -0.06 -0.06 18.4"°
Dutch barn -0.55 -0.11 -0.08 16.7°*
Holmes (1983) -0.51 ~-0.14 -0.08 20.0°
Holmes (1983) -0.51 -0.13 -0.06 15.0°
Down et al. -0.47 ~-0.05 -0.07 12.0°
(1985)

Open buildings

OP-400-800--C* -0.62 -0.18 -0.07 18.4°
OP-150-1100-~C -0.59 -0.11 -0.07 18.4°
oP-CH~1100-C -0.57 -0.09 -0.09 18.4°
OP=150~800=C** -0.56 -0.11 -0.06 18.4°
OP-400-1100-C -0.56 -0.11 -0.06 18.4°
OP~-CH-800-C -0.55 -0.08 -0.08 18.4°
* The -Cps measurements at the ridge level were impaired by

recording problems during the wind tunnel test. The -Cps
at Location 2 is too high as compared to the others at
this location.

*k In Fig. 5.1g versus Figs. 5.2d and 5.3d, the alignment of
OP-150-800-C was not exactly 0°.



Table 5.3 Pressure

coefficient

differences
sidewalls of full scale buildings and scale models,

across

6 = 90°.
Buikling Esve Roof
Description Length Widih Height Angle Overhang
aCp (m) (m) {m) (degrees) Present

Sealed buildings
Dutcii barn 0.89 243 11.0 55 167
Boticher ¢t al. 0.78 19.0 10.0 25 184°
(1986)
SE-CH 0.78 244 122 27 184° y
SE-150 068 244 122 27 184* y
Vickery et al. 0.66 381 244 49 184° y
(1983)
Holmes (1983) 0.60 122 6.1 26 2
SE-400 059 244 122 27 184° y
FB19 0.57 368 184 50 15
Holmes (1983) 054 122 6.1 26 15 y
FBO2 051 385 74 Wy 15°
FBOt 0.51 278 215 43 15
Open buildin
OP-400-1100-C 0.94 A4 12.1 27 184° ¥y
OP-150-1100-C 0.90 244 12.1 27 18.4° y
OP-400-800-C 0.82 244 12.1 217 184* y
OP-150-800-C 0.0 A4 12.1 27 18.4* y
OP-CH-1100-C 0.75 2.4 12.1 2.7 18.4° y
OP-CH-800-C 072 244 121 27 18.4° ¥
Bottcher et al.
(1986)
Opening = 10% 0.70 19 i0 27 184°
area = 0.64 19 i0 27 184°

= 30% 0.59 19 10 27 184°

= 40% 054 19 10 27 18.4°
Shrestha et al.
(1990) y
Opening = 3% 051 146 98 3.0 18.4° y
arca = 10% 051 146 98 30 184°
FBO6 037 3425 246 2.66 1n

122

the
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Table 5.4 Pressure coefficient for full scale buildings and
scale models at three 1locations along the
sidewalls, 8 = 0".

Cp Eave Roof

Dexcription Length  Width  Height Angle
! 2 3 (m) (m) (m)  (degrees)

Sealed buildings
Vickery ¢t a}- 037 011 010 381 294 49 18.4°
(1963)
Holmes (1983) 035 013 007 122 6.1 26 150
Holmes (1963) £25 011 008 122 6.1 26 20.0*
SE400 036 012 006 244 122 27 18.4*
SE-150 035 0312 006 244 122 27 18.4°
SE-CH 035 013 006 244 122 27 18.4°
Dutch barn 030 004 005 243 11 55 16.7*
Down et al 030 003 005 35 2 22 12
(1985)
Open buildings
OP-400-1100-C 037 020 -0.10 244 12.1 2.7 18.4*
OP-150-1100.C 036 D20 010 244 121 27 18.4*
OP-CH-1100-C 035 019 009 244 121 27 18.4*
OP-400-800-C 034 016 008 244 121 a7 18.4°
OP-150-800-C 034 015 008 244 12.1 27 184
OP.CH-800-C 032 015 007 244 121 27 18.4*

performed with and without a limited sidewall opening area
(Appendix A), and this may have presented different airflow
patterns at the open ridge level.

For 8 = 0*, all the experimental results for the sealed
and the open structures are similar (Table 5.2). Only the
SE-CH test shows higher -Cps at the upwind end. For the open
building, there was no difference among the 150 mm and 400 mm
ridge openings except for the case of O0P-400-800-C. At
@ = 0*, the differences in -Cps may be attributed to the
reported monitoring errors during the wind tunnel tests (Fig.
5.6d). There was no sidewall opening area effect on Cps.
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The pressure coefficient difference across the building
was equal to the average windward Cp (Cp,) minus the average
leeward Cp (Cp,) at mid-length of the sidewall. For & = s0°,
the presented Cps were an average of the central Cps shown on
the contour lines of Figs. 5.1 to 5.9 and Appendix E. Table
5.3 reviews the Cp, - Cp, differences across full scale
buildings and sealed scale models at 8 = 90°. Again, there
were large differences among the previous research work
combined with the present data. No specific trend for the
effect of building length, width, eave height and overhang
could be determined. The ridge design effects of chimney,
150 mm and 400 mm openings were evident with a aCp reduction
of about 0.1 between each test.

For the open structures, Table 5.3 presents a controversy
between the present results and the data of Bottcher et al.
(1986). The scale models with continuous ridges of 150 mm and
400 mm showed that, the larger sidewall opening area of
1100 mr. present higher aCps across the building. For both
continuous ridge openings, the effect of the sidewall opening
area was dominant over the ridge width effect on these
particular cases. The chimney tests with 1100 mm and 800 mm
showed the same effect of the sidewall opening area. Bottcher
et al. (1986) presented results which are completely in
contradiction to the results of this experiment. However, it
should be noticed that the measuring techniques of the
windward and leeward pressure coefficients were different.
Bottcher et al. (1986) installed pitot tubes across the
opening windows as compared to pressure taps installed flat
over the surface of the scale model. The aACp results of
Shrestha et al. (1990) are lower than the present results for
the sidewall openings of 800 mm and 1100 mm. When they wvere
coppared with the sealed models, SE-150 or SE-400, the
differences were limited to only a aCp of 0.17 and 0.08,
respectively. The FB06 shows a considerably lower aCp. The
two building shapes differ in length, width, roof angle and
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also, the FB06 had very small sidewall openings compared to

the present study.

Comparisons between sealed versus open buildings help to
study the relative effect of the ridge openings on the aCps
across the building. The 150 mm ridge results for SE-150
(aCps = 0.68) versus OP-150-800-C (aCps = 0.80) and
OP-150-1100-C (aCps = 0.90), show that creating an opening in
the model increases the aCp across the building. This would
be in contradiction with Bottcher et al. (1986) and Ashley and
Sherman (1984), since they studied buildings without any ridge
opening.

For the cases of the continuous open ridge, 150 mm and
400 mm, the pressure distributions at the ridge‘are completely
disturbed and this may have caused the increase in aCps with
the larger opening areas. Aynsley (1979) reported that aCps
across the sidewall should be greater than the aCps of a
sealed model for scale models with sidewall openings between
5% to 35%. These results are in accordance with Table 5.3,
where the aCps are higher with 37% (1100) versus 27% (800) of
open sidewall areas for both 150 and 400 mm ridge.

For 6 = 0°, the results of Table 5.4 show very little
difference among all the open and the sealed building tests.
For the open model, there was a trend for the larger sidewall
opening area of 1100 mm to generate higher aCps along the
sidewalls.

Generally, observations done from the results in Tables
5.1, 5.2, 5.3 and 5.4 reveal that:

1 - At 6 = 90°, the results on -Cps at the ridge opening and
aACps across the building vary widely among all
experiments.

2 - At 6 = 0°, the results on -Cps at the ridge opening and
ACps across the building are very similar among all
experiments.
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No specific trends could be established on the effects of

building length, width, eave height and the addition of an
overhang for wind angles of 90°.

As shown on Figs. 5.la-g and 5.7a-d, the Cp distributi -~s
for the chimney models present little differences between the
open and the sealed models. The measurements were made on the
edge of the ridge line (Figs. 4.5 and 4.6). It appears that
they are not affected by the flow through the chimney, but
only by the interferring effects of the upstands.

The comparisons of open and sealed models, such as Figs.
5.5a-d versus 5.8a-d and Figs. 5.6a-d versus 5.9a-b, display
large differences in the magnitudes of the Cps. Figures
5.8a-d and 5.9a-b show high negative areas over the ridge
which is consistent with the data presented by Aynsley ef al.
(1977), Davenport et al. (1977), Vickery et al. (1983) and
many others.

However, with continuous ridge openings the -Cps are
completely different for the open model as compared to the
sealed model. This fact would confirm the presumption of
Vickery et al. (1983) concerning the effect of the outflow
through the ridge altering the negative pressure distribution
and in agreement with the full scale Cp observations for low-
rise buildings performed by Wright and Westgate (1982), Moran
et al. (1983), Richardson (1989a) and Shrestha et al. (1990).

The method used for estimating the -Cps for the chimney
in the open model requires further investigation. With the
present method it is assumed that the effective -Cps applied
to the chimney are the average of the four nearest pressure
tap readings. This assumption means that the -Cps generated
by the ridge line apply directly to the chimney without any
extra air outflow effects. The presence of the upstand over
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the ridge line may create even a higher negative pressure, as
demonstrated by Froehlich et al. (1974).

5.2 Internal pressure coefficients

The calculated Cp, s for the sealed and open models and
the plots of the measured Cp,, for the open models are all
contained in Appendix F. cChoiniére et al. (1988c) studied the
wind direction effects on the airflow patterns in naturally
ventilated scale models for livestock housing. Some drawings
of the airflow patterns which apply in this case are added in
Appendix F.

5.2.1 open model, calculated Cpy,
Figures 5.10, 5.11 and 5.12 show the calculated internal

pressure coefficients with respect to the wind angles of
incidence for the three ridge openings: chimney, continuous
150 mm and 400 mm ridges. The Cp, 8 are also presented in
function of the sidewall opening areas of 800 mm and 1100 mm
in Figs. 5.13 and 5.14.

The results of Figs. 5.10 (chimney) and 5.11 (150 =mm
ridge) with the closed end walls show a gradual decrease in
the Cp,, frxom 6 = 90° to 0°. Similar types of curves are
presented by Bilsborrow and Fricke (1975}, Aynsley et al.
(1977), Holmes (1979) and Stathopoulos et al. (1979) for
different models without a ridge opening.

With open end walls, the Cp;, results of Bilsborrow and
Fricke (1975), for their scale model with open sidewalls and
no ridge opening, show very similar curve shapes and compared
to the results presented on Figs. 5.10 and 5.11. The Cp; at
90* increases as the wind angle becomes equal to 45° or 60°.
The angle when the Cp;, peak occurs is directly related to the
model type and the relative end walls and sidewall opening
areas.



128

5.2.1.1 ERffect of sidewall openings

The results of the sidewall openings of 800 mm and
1100 mm (open or closed) for the chimney case are presented in
Fig. 5.10. The Cp,,;8 for the 800 mm and 1100 mm with closed end
walls are similar for 6 = 90°, 60* and 45°, but for 0 = 0* to
30°, the 1100 mm sidewall Cp,s are lower. For the open end
walls, the Cp, s for the 1100 mm sidewall are lower for 6 = 0°*
to 20®" and are similar for both 800 mm and 1100 mm openings
for 8 = 30°* to 90°*. The general effects of the 800 mm versus
the 1100 mm for the open and closed end walls are fairly
similar with the 150 mm ridge opening (Fig. 5.11).

For the 400 mm ridge with the closed end walls, the
800 mm sidewall shows the lowest Cp, for all angles except
90°. When the end walls are open, the 1100 mm shows lower Cp,,
at 8 = 90°* to 45° and higher Cp,, with 6 = 0" and 10°. The
results of the OP-400-800-C should be treated with care,
especially at 8 = 0°* to 45* because soma Cp monitoring
problems occurred during the wind tunnel tests.

Then, both sidewall openings with open or closed end
walls have an effect on the calculated internal pressures
according to the type of ridge opening used. According to
Holmes (1979, 1983), the internal pressures should not be
affected by the sidewall opening areas for buildings without
ridge openings if their area ratios are equal (A /A,) and if
the Cp, and Cp; are equal. For the 800 mm and 1100 mm sidewall
opening, thc area ratio was always equal to 1l (A, = A). Then
the difference in the predicted Cp,, may be attributed to the
difference in (Cp, -~ Cp,) for 800 mm and 1100 mm openings
noticed on the pressure contour lines and reported in Table
2.3 for each combination of sidewall and ridge opening types.
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Figure 5.12 Open model, simulated 400 mm ridge, internal
pressure coefficients, open and closed end
walls.
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coefficients.
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pressure coefficients.
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$.2.1.2 Effect of end wall openings

As reported by Bilsborrow and Fricke (1975), the Cp,,
curves for open and closed end walls are different. Figs.
5.10 and 5.11 show lower Cp;s for 800 mm and 1100 mm walls
with open end walls at 8 = 60° and 90°, and higher Cp;, at
@ = 0°, 10°, 20° and 30°. For the ridge opening of 400 mm
(Fig. 5.12), the lowest Cp;s are recorded with open end walls
for both sidewall openings.

Generally, the curves of Cp,, with open end walls tend to
be more uniform or equal for all wind angles while the curves
with closed end walls show large differences between 6 = 0°
versus 6 = 90°.

5.2.1.3 Effect of ridge openings

Figures 5.13 and 5.14 illustrate the effects of the three
ridge opening types for the 800 mm and 1100 mm sidewall
openings with closed or open end walls. The highest Cp, s are
noticed with the chimney followed closely by the 150 mm ridge.
The Cp;,8 recorded with the 400 mm ridge are the lowest.

At 8 = 90°, the combined effects of the ridge opening Cps
and the pressure difference across the sidewalls (aCps)
presented in Tables 5.1 and 5.3 would explain the large effect
of the ridge opening on the Cp;,. Also, the areas of the
respective ridge and sidewall openings are directly
proportional to the airflow balance Egs. 2.3 and 2.4, which
are used for the calculation of the internal pressure
coefficient. Then, at 8 = 90°, the lower -Cp,, recorded with
the 400 mm ridge opening would be attributed to the larger aCp
across the sidewalls, the higher -Cps over the ridge and the
large ridge opening area with the 400 mm width.

At @ = 0°, the aCps across the sidewalls and the -Cps at
the ridge (Tables 5.2 and 5.4) are similar for all ridge
types. Consequently, the calculated internal pressures are
fairly similar to closed end walls or open end walls (Figs.
5.13 and 5.14).
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Generally, the open model results for the Cp,, reveals the
following:
1 - Both 800 mm and 1100 mm sidewall openings with closed or
open end walls have an effect on the calculated Cp,s.

2 - The curves for Cp,, with open end walls tend to be more
uniform for all wind angles as compared to the closed end
walls.

3 - The Cp;;s are largely influenced by the ridge opening
types due to the combined effects of the changing aCps
{(Cp, - Cp,) across the sidewalls by some differences in
-Cps at the ridge level and the respective opening areas
of each ridge types.

5.2.2 Sealed model, calculated Cp;,

Figures 5.15, 5.16 and 5.17 show the calculated Cp;, with
respect to the wind angles of incidence for the three ridge
openings; chimney and continuous ridges of 150 mm and 400 mm.
The Cp;s are also presented in function of the sidewall
opening areas of 800 mm and 1100 mm in Figs. 5.18 and 5.19.

The curves of the calculated Cp;, for the sealed model are
comparable to the results presented by Bilsborrow and Fricke
(1975) and Aynsley et al. (1977).

5.2.2.1 Combined effect of sidewall and end wall openings
with ridge types

There is little effect with both 800 mm and 1100 nm
sidewalls and open or closed end walls on the Cp, curves for
the chimney (Fig. 5.15). Some differences appear for the
150 mm ridge and are evident with the 400 mm ridge (Figs. 5.16
and 5.17, respectively). Also the Cp,, with the open end walls
are more uniform for all 6 with each ridge types. Figures
.18 and 5.19 demonstrate the large effect of the ridge
opening types on the Cp;, for the sidewalls openings of 8§00 mm
and 1100 mm.
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The same general conclusions for the effect of various
openings on Cp;, could be drawn with the sealed model Cp;, as
compared to the open Cp,,..

5.2.3 open versus sealed models, calculated Cp,

The comparisons among Figs. 5.10 (OP-CH) and 5.15
(SE-CH), Figs. 5.11 (OP-150) and 5.16 (SE-150) and Figs. 5.12
(OP-400) and 5.17 (SE-400) show that the differences in Cp,,
between the 800 mm and 1100 mm sidewall opening areas increase
in open models as compared to sealed models. This is
attributed to the differences in aCp (Cp,-Cp|) at the sidewalls
and different -Cps at the ridge for open models, in contrast,
the aCps and -Cps were identical for both sidewall openings
for the sealed model.

When Figs. 5.13 (OP-800) and 5.14 (OP-1100) are compared
to Figs. 5.18 (SE-8G0) and 5.19 (SE-1100), the Cp,s are
generally more negative with the open model for all ridge
types and all angles. Also, for the £00 mm and 1100 mm
sidewalls, the differences in Cp;, for the chimney and 400 mm
ridge are always greater with the open model. For example
with the open model, at 8 = 90*, the Cp, for OP-CH-1100-C is
0.08 and the Cp,, for the OP-400-1100~C is -0.15, a difference
of 0.23. While with the sealed model, the Cp;, for
SE-CH-1100-C is 0.09 and the Cp,, for the SE-400-1100-C is
-0.06, a difference of 0.15. It appears that when the larger
sidewalls and ridge opening areas are used, the discrepancies
between the sealed model Cp; s and the open model Cp;,s have
increased.

The following points are obtained when the calculated
Cp, 8 for the sealed versus open models are compared:

1 - The general shape of the Cp,, curves for both sidewalls
with open or closed end walls are fairly similar for each
ridge type.
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2 - The discrepancies between the calculated Cp,, with the
sealed versus the open models increase when larger
sidewall ridge and end wall openings are used.

5.2.4 Open model, measured jnternal pressure coeffjcients

Initially, the interior pressure taps were installed
inside the scale model with the assumption that equal Cp,,
measurements would be obtained. This was based on the
statements of Aynsley et al. (1977), Davenport et al. (1978),
Holmes (1979), Stathopoulos et al. (1979) and Vickery (1986).
Table 4.2 shows that the pressure tap locations for measuring
the Cp,, were changed five times during the experiment. Also,
since it was not originally one of the objectives to study the
internzl pressures, only a limited number of pressure taps
were used and there was no repetition of any test with each
Cp;,, arrangement.

5.2.4.1 Discussion on the methodology for measuring Cp,,

The three first tests were done with the pressure taps
along the sidewalls, 15 mm above the interior floor surface.
The results of the first test with configuration no. 1 showed
large variations in Cp;, across and along the building. It was
thought that the high air speed inside the model created this
problem. The little blocks were then ccvered with a bent
piece of cardboard to protect the taps from direct air speed
thereby obtaining a static pressure reading.

Figure 5.20 (OP-CH-800-C} shows the results obtained with
the second configuration. Large variations along and across
the building are recorded, meaning that the difference in Cp;
was not be attributed to the air speed hitting the little
blocks where the taps were installed.

Six pressure taps were moved to the roof, as in
configquration no. 3 (Fig. 5.21). Again, large Cp,
fluctuations are noticed along and across the building and
also, there are differences between the roof and the floor
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Cp;,- Bnsed on the statement of Davenport et al. (1978) that
a possible error in Cp,, could be attributed to the proximity
of the tap location to depressions or zones of high air
circulation near the inlets, the roof taps were moved to the
center of the roof, with the configuration no. 4. However,
the same fluctuations across the building are recorded.
Finally, to solve the problem of air circulation with the
1ittle sidewall blocks, the sidewall taps were installed flush
with the interior wall surface to obtain the last
configuration no. 5 (Figs. 5.22 to 5.25). From that point,
all the tests were'performed with configuration no. 5. The
previous test were not redone because of the time constraint
in the NRCC wind tunnel.

5.2.4.2 Cp,, associated with airflow patterns

Aynsley et al. (1977) reported that internal air speeds
vary between 0.1 to 0.6 of the reference wind speed for
naturally ventilated buildings with large openings. For a
naturally ventilated test house, Chandra et al. (1986)
measured internal air speeds between 20% of the reference wind
speed for winds parallel to the building and 50% for
perdendicular winds. These high air speeds inside the scale
model with perpendicular winds and 1low air speeds with
parallel winds were reported by Cheiniére et al. (1988c).

At 8 = 90°, the results of Fig. 5.20 indicate that the
air direction should be from the positive Cp at the bottom
part of the rectangular toward the upper surface. This air
direction would be in the opposite direction to the incoming
wind. The results from Choiniére et al. (1988c) on airflow
patterns for a similar model are in Appendix F. The direction
of the observed airflow patterns with the Cp,, at 6 = 90°, 60°,
30* and 0* are very closely related. At 8 = 0°*, the floor
airflow patterns show a recirculation movement from the
downwind to upwind end. Cp; 8 indicate a lower -Cps at the
upwind end and attract the air according to airflow patterns.
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The close relationship between the inside floor airflow
patterns and the Cp;, variations are remarkable.

When a third dimension is udded with the roof taps (Figs.
5.21 to 5.25), the association between the inside airflow
patterns and the Cp;, becomes more compliated. At 0 = 90°,
the air enters by the windward opening and follows the ceiling
towards the leeward sidewall. However, when the air reaches
the leeward wall, it is forced to bend, then a certain part of
the ailr exhausts through the leeward opening while the other
fraction recirculates to the windward sidewall at the floor
level. On Fig. 5.21, the taps were close to the opening on
the windward sidewall and on the leeward sidewall. These high
-Cps noted on the windward sidewall may be due to the
turbulence caused by the entering air. Also, the leeward Cp.s
are positive, which indicates a drastic reduction of the air
speed when the leeward sidewall is reached (increase in static
pressure) .

When the taps are moved further away from the sidewalls
toward the center (Figs. 5.22 to 5.25), the large differences
among the windward-leeward taps diminish. This would be
mainly due to the minimal reduction of the air speed due to
the slight change in wind direction at the roof peak and also
the limited amount of air exhausting by the ridge.

The direct relationship between the airflow patterns and
the Cp,s are evident when the roof airflow patterns at
® = 90*, 60°, 30° and 0° are over-imposed with the Cp.s
reported in Figs. 5.21 to 5.25.

The effect of the end wall openings from Figs. 5.23 to
5.25 are also well illustrated by *the observation of the
airflow patterns in Appendix F. Some differences could be
noticed because the sidewall opening areas and the simulated
building lengths are different.

From the comparisons of the results, it was concluded
that the configurations no. 3, 4 and 5 provide a fairly good
overview of the variations of Cp;, along and across the
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building at the floor and roof level as well as providing
information on the difference between the roof and the floor
levels.

Detailed studies are required to evaluate the optimum
number of interior pressure taps and their locations in order
to obtain an accurate picture of the Cp,, variations inside
naturally ventilated buildings with large continuous gidewall
ridge or chimney and end wall openings.

From the results on the methodology of recording the
internal pressures, the following points could be obtained:
1 - Large 3-dimensional Cp,, variation should be anticipated

inside these types of naturally ventilated buildings.

2 - The observed and reported airflow patterns seems to
coincide with the gradients of Cpy,.

3 - The ten taps installed according to configuration no. §
would be a minimum basis for the analysis of internal
pressure.

5.2.4.3 Effect of sidewall and end wall openings on the
measured Cp;,

Tables 5.5 to 5.7 present the average, minimum and
maximun values of the measured Cp,,s for each wind angle of
incidence. Also, the differences between the calculated
values of the internal pressure by standard pressure
difference method (Eqs. 2.3 and 2.4) and the average measured
Cp,,8 are included.

The effects of the sidewall opening areas, 800 mm versus
1100 mm, are illustrated in Fig. 5.21 (OP-150-800-C) and Fig.
5.22 (OP-150-1100-C). The results presented on Table 5.5
demonstrate that the Cp, s are slightly higher with the 1100 mm
sidewall opening, for 6 = 90° to 45°, and they are more
negative for & = 0* to 20°. With the 400 mm ridge (Table
5.6), the measured Cp;;s are not influenced by the change in
sidewall opening for the closed end walls. With the open end
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Table 5.5 150 mm ridge opening, average minimum and maximum
measured Cp, s and difference between the calculated
and the average measured Cp, 8, configurations 3, 4
and 5.
Angle Description
(degrees)
OP-150-800-C OP-150-800-O
Ave. min max sCal- Ave. min max aCal-
meas meas
90 002 -0.14 017 -0.01 012 -029 007 -0.01
60 006 -019 010 - -0.10 -0.33 0.04 0.03
45 -0.08 -0.17 006 - -0.09 -0.27 0.03 0.03
30 -0.13 023 00 -0.01 -0.12 -023 0.04 0.03
20 -0.14 -0.19 -0.04 -0.02 -0.12 -022 005 -0.01
10 -0.16 -020 -0.09 -0.02 013 -022 0.01 0.0
0 -0.19 -022 -0.14 - 013 -0.23 0.07 0.03
0OP-150-1100-C OP-150-1100-O
Ave. min max aCal- Ave. min max aCal-
meas meas
%0 004 -001 012 -0.04 008 -0.12 0.01 -0.02
60 002 -008 011 0.04 006 -0.15 008 -0.01
45 007 -0.17 0.08 -0.01 -0.08 -0.24 006 0.01
30 -0.13 -0.23 0.07 -0.01 -0.13 -0.26 0.03 0.03
20 -0.17 -0.25 -0.05 -0.01 -0.15 -023 -0.06 0.0
10 020 0.22 0.17 0.0 016 -022 -0.12 0.02
0 <022 023 -0.19 -0.01 -0.16 -0.19 -0.i3 0.01
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Table 5.6 400 mm ridge opening, average, minimum and maximum

measured Cp, s and difference between the calculated
and the average measured Cp,s, configurations 3, 4
and 5. _

Angle Description
(degrees)
OP-400-800-C OP-400-800-O
Ave. min max aCal- Ave. min max aCal-
meas meas
90 003 -009 -012 -0.13 015 -0.19 -0.06 -0.05
60 009 -0.16 -0.06 -0.18 012 -0.19 -0.03 -0.11
45 -0.12 -0.19 0.03 -0.14 -0.11 -022 -0.02 -0.12
30 -0.16 -0.22 -0.03 -* -0.14 -026 -0.05 -0.06
20 -017 <023 -0.03 -* 014 -022 -007 -0.05
10 019 -021 -0.10 -* £.15 -022 -0.10 -0.01
0 021 -021 -0.18 -* -0.13 -0.19 -0.09 -0.01
OP-400-1100-C OP-400-1100-O

Ave. min max aCal- Ave. min max aCal-
meas meas
90 -002 -0.07 007 -0.13 -0.10 -0.14 0.0 -0.08
60 -0.08 -0.14 006 -0.15 008 -0.17 0.04 -0.12
45 012 -022 003 -0.11 -0.10 -024 004 -0.10
30 0.16 -0.27 0.04 -0.07 -0.13 -027 0.02 -0.07
20 018 026 -0.04 -0.06 -0.15 023 -0.04 -0.05
10 -021 -023 -017 0.0 0.16 -0.23 -0.11 -0.01

0 021 024 -0.16 0.0 -0.15 -021 -0.11 0.0

* Recording problems during wind tunnel test.



150

Table 5.7 Chimney, average, minimum and maximum measured Cps
and difference between the calculated and the
average measured Cp, s, configuration 5.

Angle Description
(degrees)
OP-CH-1100-O
Ave. min max aCal-meas
90 0.01 -0.05 0.08 -0.08
60 0.02 -0.06 0.14 -0.02
45 -0.03 -0.18 0.09 0.01
30 -0.10 -0.23 0.06 0.02
20 -0.13 -0.20 -0.05 -0.01
10 -0.16 -0.22 -0.12 -0.02
0 -0.16 -0.20 -0.14 0.0
Note: Tests OP-CH-800-C, OP-CH-800-0 and OP-CH-1100-C are

not available for comparison (configurations 1 and
2).

walls, the 1100 mm sidewall shows generally lower -Cp;s as
compared to the 800 mm openings. No data are available to
study the effects of 800 mm sidewall with the chimneys.

5.2.4.4 Effect of end wall openings

The Cp;, Values are equal for open end walls for both
800 mm and 1100 mm sidewalls and all types of ridge opening.

5.2.4.5 Effect of ridge openings

For the open end walls, the results of Tables 5.5 to 5.7
demonstrate that the 150 mm and 400 mm ridge openings have
fairly similar Cp;s. The chimney presents higher Cps for
all angles especially when compared to the 400 mm ridge.
Then, with the open end walls, the ridge opening widths of
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150 mm and 400 mm have little effect on the average Cp;s but
the chimneys present higher Cp; 8.

With the end walls closed, some differences are noticed
between the 150 mm and 400 mm ridge at 6 = 90°*, 60°, 45° and
10*. Generally, the small differences in Cp, s are measured
among two continuous ridges. No data are available to compare
with the chimney.

5.2.5 Calculated versus measured Cp;,
For the 150 mm ridge opening, the differences between the

average measured Cp;, and the calculated Cp,, values are very
scall (Table 5.5). The only available data for the chimney
(Table 5.7) show a small differences, except for © 90°.
With the 400 mm ridge, (Table 5.6) large differences are
reported and the calculated Cp,,8 are always lower than the
average Cp;, measurements, especially at 6 = 90°* to 30°.

|

Also, Table 5.5 shows the maximum and minimum measured
Cp,,S inside the building. For example, at 6 = 90°, with the
OP-400-800-C test, there would be a maximum-minimum difference
of aCp,, = 0.21 inside the building. The maximum difference
occurred with the OP-150-800-0 tests at 6 = 60°, where the
maximum = 0.09 and the minimum = 0.33, for a total difference
of aCp;, = 0.37.

The 150 mm ridge presents the larger aCp, s (max-min) as
compared to the chimney (only OP-CH-1100-0) and to the 400 mn
ridge. Also, the largest aCp;, (max-min) occurred at wind
angles from 45°to 90°, where tbe highest internal air speeds
were observed during the wind tunnel test.

Differences between predicted and measured internal
pressures have been reported by Billsborrow and Fricke (1275).
They measured generally lower Cp; s on average, which indicated
higher pressure drops through the windward openings, but a
lower drop through the leeward wall. The only method to
alleviate this unbalance in pressure drop is to adjust the
discharge coefficient between the air inlet and outlet zones.
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The difference in Cp, 8 inside the building may produce
local effects on the air inlet and outlet zones as well as on
the ventilation rates. Sufficient data are not available to
be able to study the effects of the variations of Cp, on the
local and total ventilation rates.

The observations of the effects of the two sidewall
areas, the open or closed end walls and the three ridge
openings tend to show:

1 - For the 800 mm versus the 1100 mm sidewalls with open or
closed end walls, some differences in Cp;, are recorded
at 8 = 90° and 60*, only for the 150 mm and 400 mnm
ridges.

2 - The distributions of the Cp,, are more uniform through
the building when the end walls are open.

3 - There are only small differences for the 150 mm and
400 mm ridge openings on the measured Cp, s for both
800 mm and 1100 mm with open or closed end walls.

4 - The differences between the calculated and the average of
the measured Cp,, were small with the chimney and 150 mm
ridge, but larger with the 400 mm ridge.

§ - Although not studied, the observed differences in Cp,
across the building may have an effect on the local and
total ventilation rates.

5.3 Air inlet and outlet zones based on pressure differaence

The measurements and observations of the Cps allowed
visualisation of the effects of wind angle and various
structural configurations on the pressures exerted on the
building surfaces and, calculation of a value of Cp,, per test.

The differences between the exterior Cps over the
building surfaces and the calculated Cp,, provide the basic
information on the directions of air inflows and outflows.
This difference is annotated as aCp. Figures 5.26 to 5.35
help to visualise the effect of various structural
configurations on the airflow inlet and oulet zones, and the
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relative magnitude of aCps over each opening area. Also, the
aCp distributions and magnitudes are compared with respect to
the open models versus the sealed models. Appendix G contains
a complete set of drawings for the aCps.

5.3.1 Open model

5.3.1.1 Effect of wind angles of incidence

The results on the open model are used as the standard
for comparisons. Figure 5.26 presents the results for the
chimney tests with chimney, simulated 800 mm sidewall
openings, and closed end wall, (OP-CH-800-C) . The results at
© = 90° show uniform positive aCps over the windward surface
and uniform negative aCps on the leeward surface. These
results are comparable to Down et al. (1985). The chimney
acts as an outlet. With 6 = 45° and 60°, the aCps uniformity
disappears. This pressure distribution change was also noted
by Aynsley et al. (1977) and Davenport et al. (1977). At
@ = 20° and 30°*, the wind pressure distributions at the
leading edge of the building change. Flow reversal is
observed at the top left corner of the windward sidewall.
Inflows are visible at the bottom right corner of the leeward
sidewall. At ©® = 0° and 10°, air enters by both sidewalls to
exit at the upwind edge. Such high negative pressures were
also noted by Bruce (1974). The leftmost chimney acts as an
outlet while the other three act as inlets. This phenomenon
has been observed by Shrestha et al. (1990).

The qualitative observations of the zones of inlet-outlet
made by Choiniere et al. (1988c) on a similar model appear to
be in agreement with the present measurements. Similar zones
of air inlets and outlets were observed in a full scale swine
barn by Choiniére et al. (1987). The zones of air inlet and
outlet associated with colder and warmer temperature zones,
created a temperature gradient along the naturally ventilated
warm building for swine housing.
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5.3.1.2 Effect of sidewall openings

Sidewall openings of 800 mm (OP-CH-B00-C) versus 1100 wmm
(OP-CH-1100-C) present similar aCp distributions for all
angles (Figs. 5.26 and 5.27). Only a slight reduction in the
aCps is observed on the sidewall and the ridge with the larger
sidewall openings. The only exception is the aCp for the
chimney at 8 = 90°*, which is higher with the 1100 mm sidewall
opening than with the 800 mm sidewall opening.

5.3.1.3 Effect of end wall openings

Comparison of Figs. 5.26 (OP-CH-800-C) versus 5.28
(OP-CH-800-0) and Figs. 5.27 (OP-CH-1100-C) versus 5.29
(OP-CH-1100-0) show a slight reduction of aCps over both
sidewalls with openings in the end walls, for 6 = 45°, 60° and
90°*. At & = 0°*, 10°*, 20" and 30°, the addition of the end
wall openings does not change the inlet and outlet zones along
the walls, however, the extra air entering the building
contributes to reducing i:he aCp magnitudes for both inlets and
outlets, except for the zones shown at the bottom left corners
(highly negative zones), where aCps have increased.

Similar changes in the aCp distributions are observed
with larger ridge openings simulating 150 mm and 400 mm. The
increase of the sidewall openings area from 800 mm to 1100 mm
with open end walls does not cause significant changes in aCp
distributions around the building and the same general
decrease in aCps for the inlet zones.

The addition of the end wall openings for both sidewall
openings (800 mm and 1100 mm) as well as with the three ridge
configuration creates the following:

1 - A reduction in aCps for the windward and leeward walls
for 6 = 45°*, 60° and 90°,

2 - A reduction in aCps on sidewalls for 6 = 0°*, 10°, 20° and
30°, except for the exhaust corner where aCps were
increased.
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3 - A reduction in aCps over the ridge opening for 0 = 60°
and 90°.

4 - An increase in aCps over the ridge for 6 = 0°, 10°,.20°,
30° and 45°.

5.3.1.4 Effect of ridge openings

A comparison of Figs. 5.26 (OP-CH-800-C) and 5.30
(OP-150~800-C) reveal similar pressure distributions on the
windward and leeward sidewalls. Also, the effect of
increasing the sidewall openings to 1100 mm and/oxr adding end
wall openings show effects similar to those noted with the
chimney test. The major differences occur at the ridge where
the aCps noted with the simulated 150 mm ridge opening are
drastically reduced as compared to those noted with the
chimneys. This phenomenon is consistent for angles from 30°
to 90°. Similar aCps are observed for 6 = 0°, 10° and 20°,
mainly because of the complete change in the pressure
distribution patterns.

The results of Figs. 5.30 (OP-150-800-C) and 5.31
(OP-400-800-C) indicate that an increase in the continuous
ridge opening width czuses a reduction in the aCp over the
ridge area, an increase in aCps for the inlet zones and a
slight reduction in the aCps for the outlet zones. It should
be noticed that some -Cp measurements problems occurred at the
ridge level with the 400 mm ridge for 6 = 45° to 0°.

The observations of the Cp distributions around the
buildings for 400 mm versus 150 mm would indicate slightly
higher -Cps at the ridge, similar or lower +Cps on the
windward sidewall and higher -Cps on the leeward sidewalls
which would be exactly the opposite picture of the results
from aCps. The reverse effects for aCps are directly related
to the lower Cp, calculated for the 400 mm ridge versus the
150 mm.
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From the study with the three ridge configurations, it
can be concluded that a larger ridge opening does not change
the aCp distribution zones around the building except for:

1 - A slight increase of aCps over the inlet zones..
2 = A decreagsie of aCps over the outlet zones.
3 -~ A decrease of ACps over the ridge opening.

Similar behavior was observed for 1100 mm sidewall, with

open end walls,

5.3.2 Sealed model

Figures 5.32 (SE-CH-800-C) and 5.33 (SE-CH-800-0) show
similar zones of aCp distributions with closed or open end
walls. Also, the magnitudes of the aCps are fairly constant
for all angles.

Figures 5.34 (SE-150-800-C) and 5.35 (SE-400-800-C) show
that an increase in the ridge width causes an increase in the
aCps over the ridge. With the simulated 400 mm ridge, the
sidewall aCps decrease for 8 = 45°*, 60* and 90°. Different
inlet and outlet zones were observed for 8 = 0°*, 10°, 20,° and
30°.

The results presented are similar to the results obtained
with the larger 1100 mm simulated sidewall openings.

5.3.3 Open versus sealed models

Comparison could be done with Figs. 5.26 (OP-CH-800-C)
and 5.32 (SE-CH-800-C) for the open versus sealed models with
chimney, simulated 800 mm sidewall openings and closed end
walls. The aCp distributions shows similar inlet-outlet zones
around the building walls. The open model data show higher
ACps for the inlets and outlets, but the sealed model data
show severe increases of aACps over the ridge area (the only
exception being at 6 = 90°). The observations of Vickery et
al. (1983) showed that sealed model pressure coefficient would
over-predict the flow through the ridge vents for angles of
50* to 90° by 40%.
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When the end walls are open, the aoCps over the ridge area
are higher with the sealed model according to Figs. 5.28
(OP-CH-800~0) and 5.33 (SE-CH-800-0). From the results
presented in Appendix G, for the simulated 1100 mm sidewall
opening, the aCp distributiona around the building are
similar, although there is a noticeable increase in the
magnitudes of the aCps over the walls.

Figures 5.30 (OP-150-800-C) and 5.34 (SE-=150-800-C)
present the results with a simulated 150 mm ridge opening
width. For wind angles of 30° to 90°, the aCps are reduced
over the sidewalls with the sealed model. There also is a
noticeable difference in the inlet-outlet zones for 6 = 0' to
20°. The aCps for the ridge are completely different for
@ = 20* to 90°, but similar for 6 = 0* and 10°.

With open end walls, the sealed model shows higher aCps
at the end walls for 6 = 90°* (Fig. 5.33, SE-CH-800-0) versus
the open model (Fig. 5.28, OP-CH-800-0).

The results for the open versus sealed mocdel with the
simulated 150 mm ridge opening and 1100 um sidewall openings
are included in Appendix G. It was noted that some changes in
the inlet-outlet zones are accentuated at 6 = 0*, 10*, and 20°
for the larger ridge.

Figures 5.31 (0OP-400-800-C) and 5.35 (SE-400~-800-C)
demonstrate that the aCps over the sidewalls are lower with
the sealed model versus the open model for 8 = 60° and 90°.
Apparently this tendency is reversed for 6 = 0*, 10*, 20°, 30°
and 45°*, when the wall aCps are higher with the sealed model.
For all angles, the ACps over the ridge opening are much
greater with the sealed model.

For the 400 mm ridge, results of Appendix G show that by
opening the end walls, similar aCps are observed for 6 = 45°,
60° and 90°. The end walls aCps are considerably higher with
the sealed model. For 6 = 0°, 10°*, 20° and 30°, the aCps are
increased over the inlet zones but decreased over the outlet
zones, with the sealed model.
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With 2 400 mm ridge opening, when sidewall openings
simulating 1100 mm are used, drastic changes in the inlet-
outlet zones are noticed at 8 = 30°*, 45° and 60°. The sealed
model predicts inflows at 8 = 60° over the leeward wall, while
the open model predicts inflows at @ = 30°. The aCps over the
ridge are also much higher with the sealed model for 6 = 10°
to 90°, but similar for 6 = 0°, For the sealed model with
oper: end walls and sidewall openings simulating 1100 mm, a
reduction in the aCps over the outlet zones at the leeward
walle is observed. The previous flow reversal between the
open and sealed model is accentuated. The open model predicts
inflows on the leeward wall at 6 = 10* while the sealed model
shows an inflow on the leeward wall at 6 = 60°.

Generally, the comparisons of the results for the open
model versus the sealed model indicate:

1 - Some differences in the aCps distributions around the
building.

2 — A difference in aCps magnitudes for inlet and outlet
zones over the walls.

3 - A different aCps with open end walls at 6 = 90°, and also
flow reversal at 6 = 0* and 10°.

4 - For all ridge opening configurations, the sealed model
would over-predict the airflow through the ridge openings
as compared to the open model.

These observations are consistently accentuated for the
larger sidewall openings of 1100 mm versus the 800 mm
openings, which would lead one to believe that the larger the
total opening area is, the larger the discrepencies in aCps
distribution zones and magnitudes are between the open and
sealed model.

5.4 Visualigation of the local airflows

The aCp distributions with various opening areas are
helpful to visualise the inlet and outlet zones as well as the
magnitude of the pressure differences over the building
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envelopa. However, the quantity of air entering or exhausting
a building is also directly proportional to the discharge
coefficient, C,, and each opening area for the ridge,
sidewalls and end walls. The airflow (Q;) for various types
of openings has been plotted in Figs. 5.36 to 5.45 for the
open and sealed wnodels. Inflows are indicated when the
continuous line is inside the enclosure, and outflows when the
contour line is outside. For the chimney cases, the airflow
lines are only representative over the chimney itself; they
were joined to help in visualisation. For the 150 mm and
400 mm ridge openings, the entire surface under the airflow
line is proportional to the inflow or outflow. The magnitude
of the airflow lines are adjusted equally for all tests in

order to fit the drawing space available and for proportional
conparison purposes.

5.4.1 Open model

The results for the open model are used as a standard for
comparisons. Fig. 5.36 (OP-CH-800-C) presents the results for
the chimney, simulated 800 mm sidewall openings, and closed
end walls. The distribution of the airflow lines on both
sidewalls are fairly identical to the aCp distributions.
However, at the chimney level, the outflows or inflows are
small due to the effect of the restricted opening area as
compared to the flows across the sidewalls. Complete data
sets are in Appendix H.

5.4.1.1 Effect of sidewall openings

sidewall openings of 800 mm (OP-CH-800-C) versus 1100 mm
(OP-CH-1100-C) present similar zones of air inlet and outlet.
For all 0, the results for the 800 mm or 1100 mm sidewall show
negligible differences in the airflow through the chimney.
Even if a reduction in aCps has been noticed with the 1100 ma
as coppared to the 800 mm sidewall, the airflow through the
1100 nm sidewalls are increased due to the larger opening areas.
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5.4.1.2 Effect of end wall openings

For 6 = 45°*, 60°* and 90°, the results presented in Figs.
5.36 (OP-CH-800-C) versus 5.38 (OP-CH-800-0) and Figs. 5.37
(OP-CH-1100~C) versus 5.39 (OP-CH-1100-0) show small increases
in the inflow on the windward sidewalls and a slight reduction
of the outflow on the leeward wall, with open end walls. For
all tests (Appendix H), at 6 = 0*, 10° and 20°, the models
with open end walls show a reduction in the inflow by the
downwind leeward sidewall and an increase of outflow by the
upwind windward sidewall. For all wind angles, there is
little effect on the chimney flows. The effects of end wall
openings are even smaller when the 1100 mm sidewall openiags
are used.

5.4.1.3 Effect of ridge openings

For © = 30°, 45°, 60° and 90°, comparisons of Figs. 5.36
(OP-CH-800~-C) versus 5.40 (OP-150-800-C) reveal an increase in
the inflow through the windward wall, similar leeward wall
outflow and an incresse in ridge exhaust flow with the 150 mm
ridge versus the chimney. At 8 = 0°, 10° and 20°*, both
sidewalls show very similar inflows and outflows; however it
appears that there is more inflow and ocutflow by the 150 mnm
ridge than the chimney.

The results of Figs. 5.30 (OP-150-800-C) versus 5.31
(OP-400-800-C) also indicate an increase in windward inflow,
a decrease in leeward outflow and an increase in the ridge
outflow for © = 20°*, 30°, 45° 60° and 90'. Similar to the
chimney results, at 6 = 0* and 10*, the OP-400-800-C results
show more inflow by both sidewalls at the downwind end and a
reduction of the ocutflow at the upwind end of the building.
Also, there are more inflow and outflow through the 400 mm
ridge than the 150 mm ridge. .

Generally, larger ridge openings have the following
effects:
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1 - An increase of the windward inflows, a decrease of the
leeward outflows and an increase of the outflows through
the ridge at 8 = 30*, 45°*, 60* and 90°.

2 = At 6 = 0* and 10°*, there are similar sidewall flows for
the chimneys and 150 mm ridge and also more inflows and
outflows through the 150 mm ridge itself. The 400 mm
ridge show more inflows but less outflows through both
sidewalls, while there would be more inflows and outflows
at the ridge level.

5.4.2 ealed mode

The complete set of airflow diagrams for the sealed
models are added in the Appendix H. Similarly to the open
model results, the wind angles of incidence dictate the
magnitude and direction of the airflow rates through each
opening. At 6 = 90°, Fig. 5.42 (SE-CH-800-C) shows uniform
airflows through the sidewall openings and the chimney while

other wind directions have different distribution patterns for
the airflow rates.

5.4.2.1 Effect of sidewall openings

From the comparisons among Figs. 5.42 (SE-CH-800-C), 5.44
(SE~150-800-C), 5.45 (SE-400-800-C), and with the data in
Appendix H, it is observed that a larger sidewall opening
(1100 mm) produces larger inflows and outflows for all model
configurations.

By enlarging the sidewall opening from 800 mm to 1100 mnm,
the chimney tests show that there is no difference on the
zones of inflows and outflows, only an increase in magnitude
of the airflows. With the 150 mm ridge opening, both the
inflow-outflow zones and the airflow magnitudes are affected
for 6 = 30° to 0*. More effects on zones and magnitudes are

noticed with the 400 mm ridge opening, especially for 6 = 60°
to 0°*.
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5.4.2.2 Effect of end wall openings

The comparison of Figures 5.42 (SE-CH-800-C) versus 5.43
(SE-CH-800-0) as well as the comparison of Figs. 5.44
(SE-150-800-C) and 5.45 (SE-400-800-C}, with results of
Appendix H indicate that opening the end walls has little
effect on the inflow-outflow zones at the ridge level and on
the windward walls for all wind angles. For 6 = 90°, a
reduction of outflows through the leeward wall is noticeable,
while, in contrast, general increases of outflows through both
sidewalls are visible for 8 = 60°* to 0°.

5.4.2.3 Effect of ridge openings

The comparison among Figs. 5.42 (SE-CH-800-C), 5.44
(SE-150-800-C) and 5.45 (SE-400-800-C) confirms that larger
outflows through the ridge would generally occur with the
increase of the ridge opening width. Also, for the 150 mn and
400 mm ridges, some inflows would occur at the ridge level at
0 = 0° and 10°. This is in contradiction with Bruce (1974)
and Down et al. (1985), but in accordance with the results of
Shrestha et al. (1990).

By enlarging the ridge opening, some changes in airflow
directions and magnitv~es on both sidewalls are noticeable for
most wind angles.

Generally, observations of the airflow diagrams for the
sealed model indicate that:

1 - An increase of the sidewall opening area causes more
inflows and outflows through the model for all wind
angles.

2 - Any changes of sidewall opening areas, end walls opening

or ridge types would have an effect on the inflows-
outflows zones and their relative magnitudes.

3 - Large outflows are predicted by the continuous 150 mm and
400 mm ridge openings. |
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5.4.3 Open_versus sealed models

The observations of the airflow diagrams provide
important extra information over the aCps alone because they
take into account the opening area factor, which has a linear
effect on the magnitude of the inflows and outflows for each
opening area. The ventilation rate through each opening
differs when the pressure coefficient data used changes from
the sealed to the open model.

The results of Figs. 5.36 (OP-CH-800-C) and 5.42
(SE~CH-800-C) reveal no difference in the airflows at the
chimney 1level. However, for 6 = 30" to 0°, there are
different inflow and outflow zones and relative magnitudes at
the sidewall with the 1100 mm sidewall {(Appendix H). There
are inflows at the chimney levels with the open model for
6 = 10* and 0°. This is attributed to the lower Cp;, observed
in Fig. 5.10, with large sidewall openings in the open model.

With open end walls, Figs. 5.38 (OP-CH-800-0) and 5.43
(SE-CH-800-0) shows more inflow through the chimney for
8 = 20°* to 0° with the open model versus the sealed one. At
8 = 90°, the sealed model predicts more outflow by both end
walls. For 6 = 60°* to 0°, there‘is always more outflow
through the downwind end wall openings with the sealed model.
The effects of the conmpletely different exterior Cp
distributions observed in Figs. 5.3 (OP-CH-800-0) and 5.4 (OP-
CH-1100-0) versus Fig. 5.7 (SE-CH) are reflected by the
airflow diagrans.

With the continuous 150 mm ridge opening, Figs. 5.40
(OP-150-800-C) versus 5.44 (SE-150-800-C) show inflows at the
downwind part of the ridge for 6 = 10°* and 0* with the open
model, while some inflows are visible only at 8 = 0° with the
sealed model. Also, the relative magnitude of the chimney
outflow is higher with the sealed model for all wind angles.
on the leeward wall, inflows are present at 8 = 45° with the
sealed model, as compared to 6 = 20°* with the open model. The
combinations of higher =-Cps over the roof and lower aCps
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across the sidewalls observed with the sealed model on Fig.

5.8 (SE-150) and Table 5.3 result in the over-prediction of

the ridge outflow and under-prediction of the leeward wall

outflow when compared to the open model tests.

With the 150 mm ridge, enlarging the sidewall opening to
1100 mm creates larger differences in the ridge and leeward
wall inflows and outrlows when comparing open and sealed
models (Appendix H).

For the 400 mm ridge opening, the comparisons bhetween
Figures 5.41 (OP-400-800-C) and 5.45 (SE-400-800-C) indicate
that the sealed model shows larger ridge outflows for all
angles, lower outflows by the leeward sidewall and more
inflows by the leeward sidewall. By using the 1100 mm
sidewall opening, these effects are accentuated.

Generally, from the observations of the inflow and
outflow distribution and magnitude for the open versus the
sealed mcdels, for all wind angles and the various model
configurations; it can be inferred that:

1 - The sealed model results always predict inflows through
the leeward wall at a higher wind angle of incidence.

2 - For all 6 with the sealed model, the ridge and the
downwind end wall outflows are considerably over
ﬁredicted and the leeward wall outflows are under
predicted as compared to the open model.

3 - More inflows at the ridge level are predicted with the
open model (6 = 20° to 0°*).

4 - Maximum discrepancies between the sealed versus the open
model are always noticed with the larger ridge, larger
sidewall openings and open end walls.
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5.5 Ventilation rate coefficients

5.5.1 Qpen model

5.5.1.1 General observations
Vickery et al., (1983), ASHRAE (1989) and many others
transformed their data on ventilation rates in order to obtain

dimensionless ventilation rate coefficients described by
Eq. 4.5

Q
Coto0 = (4.5)
%0 Ve Ag

With this formula it is very easy to predict the
building's ventilation rates, as well as to use it in
conjunction with meteorological data (Choini&re, 1989).
Being a dimensionless coefficient, it is very convenient to
study the effect of any changes to sidewall, end wall and
ridge opening areas on the ventilation rate coefficient, Cg,.

Figures 5.46, 5.47 and 5.48 present the results of the
ventilation rate coefficient as a function of the wind angle
of incidence for the chimney, and 150 mm and 400 mm ridge
openings, respectively. The complete data sets are in
Appendix I. For example, at 6 = 90*', the OP-CH-800-C has a
Cqo ©f 0.39 while at 8 = 0°, C,, equals 0.20. The results
predict a 50% reduction in the ventilation rate when the wind
is parallel to the building length versus when it blows
perpendicularly to the building.

These values may seem low when compared to a conventional
discharge coefficient of 0.6, which applies to a sharp edge
square orifice. However, the ventilation rate coefficient,
Cior Can be defined as in Eq. 5.1. It depends on the
discharge coefficient and difference between external and
internal pressure coefficient, which are all less than 1.0
with the present data.
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Wl

Cpy-Cp
Coro =Cq E[ Z = ] (5.1)
|ij-Cp1n|

Then C,,, values from 0.20 to 0.40 mean that only 20% to
40% of the theoretical potential ventilation rates are
obtained through these specific arrangement sidewall openings
and chimney, according to a reference wind speed at a 10 =
height.

The data in Figure 5.46 show that the lowest Cqi0 OCCurs
at 6 = 10°. This interesting phenomenon has been observed by
Choini&ére (1989) for similar ventilation rate coefficient
measurements in a full scale swine building. Also, the Caoro
values for 8 = 90° and 60° are fairly close and they are
rapidly decreasing between 8 = 45°* to 20°. This coincides
with the major changes in the Cp distrisution arourd the
building observed in Figs. 5.l1la-g to 5.4a-d.

Similar curve shapes are observed on Figs. 5.47 and 5.48
with the simulated 150 mm and 400 mm ridges. Exceptidnally,
the C,,, curves of the 400 mm ridge with open end walls show
higher C,, values at 8 = 60°, 45* and 30° as compared to
0 = 90°. For all tests with both ridges, the lowest Cato
values always occur at 6 = 10°.

5.5.1.2 Effect of sidewall openings

In Figs. 5.46 (chimney) versus 5.47 (150 mm ridge) the
Cayp Values are similar with both 800 mm and 1100 mm sidewall
openings at 8 = 90* to 30°* with closed end walls. At @ = 20°
to 0°, the 1100 mm sidewall presents slightly lower Car0
values. With open end walls, the C,,, values with the 1100 mm
sidewall openings are always lower than the 800 mm sidewall.

The C,o Vvalues are influenced by the aCps over the
sidewall and end wall openings and by the ridge types. When
the sidewall area is increased from 800 mm to 1100 mm, the

aCps across the building are greatly increased at 8 = 90°
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(Table 5.3) which should normally lead to an increase in the
Cqi0 Value. For the total flow calculation, the extra airflows
through the ridge and both end wall openings break this simple
estimation. Figures 5.10 to 5.14 show the large effects of
the ridge types, as well as end wall and sidewall openings on
the internal pressure coefficients, Cp,,, which completely
change the total ventilation rate, Q, through each opening.
Even with an increase of aCps across the sidewall with the
1100 mm sidewall, the extra ventilation rates produced by
enlarging the sidewall area from 800 mm to 1100 mm are just
sufficient to have similar C,, values for 8 = 90° to 30°, but
not enough for 6 = 20°* to 0°*, with closed end walls. With
open end walls, the extra ventilation rates through the end
walls added to the ridge ones are the main cause of the lower
Cu1o Values with the 1100 mm sidewall openings.

With the 400 mm ridge, the results in Fig. 5.48 show
higher C,,, values with the 800 mm sidewall for closed and open
end walls, for all angles.

The results in Figs. 5.46 (chimney) and 5.47 (150 mm
ridge) with closed end walls suggest that the sidewall opening
area has a linear effect on the Q, since the C;,, values are
nearly identical. fThen, if the sidewall opening area are
doubled, the Q, would also be doubled. With open end walls,
this direct relationship dces not apply anymore. By doubling
‘the sidewall area, the ventilation rates would be increased by
a slightly lower factor.

With the 400 mm ridge, C,, values of Fig. 5.48 suggest
that the linear relationship between the 800 mm and 1100 mm
sidewall openings and the Q, would never apply since the C,,
values with the 1100 mm sidewall are always different for both
closed or open end walls.

5.5.1.3 Effect of end wall openings
The results in Figs. 5.46 (chimney), 5.47 (150 mm ridge)
and 5.48 (400 mm ridge) indicate that the addition of end wall
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openings greatly increases the C;, values for all wind angles.
Figures 5.26 (OP-CH-800-C) to 5.29 (OP-CH-1100-0) show that
open end walls create various changes in aCps around the
sidewalls and ridge openings as well as cause large effects on
the internal pressure coefficients (Figs. 5.13 and 5.14).
However, the major contribution to the increase of the
ventilation rates are due to the extra ventilation by the end
wall openings themselves.

For example, the chimney tests with 800 mm side.all, at
@ = 0°, Cy = 0.26 with open end walls and C,, = 0.20 with
closed end walls. This would mean a 30% increase in the
ventilation rates (0.26-0.20)/0.20 x 100% = 30%). When they
are open, the end wall openings produce 24 000 mm® of opening
area (4 x 60 mm X 100 mm) while the total sidewall area is
g8 000 mm? (20 X 40 mm X 110 mm) witl: the 800 mm sidewall and
121 000 mm? (20 x 55 mm X 110 mm) with the 1100 mm sidewall.
Then, the addition of the end wall openings cause a 27%
increase in the total sidewall openings
(24 000 mm’/88 000 mm?) x 100% = 27% with the 800 mm sidewall
and a 20% increase with the 1100 mm sidewall. This quick
estimation would lead one to say that an increase in the total
sidewall area with open end walls would lead to a higher
percent increace in the ventilation rates at 8 = 0° with
chimney. Table 5.8 presents a compilation of the percentages
in ventilation rate increases, from the C,, values for closed
versus open end walls at 86 = 0° and 90°.

The results show that open end walls have a different
effect for each building configuration. The percent increases
are higher for all ridge types and thei: respective sidewall
opening at 8 = 0° versus @ = 90°. This is mainly due to the
fact that the reference initial C,, values are always higher
with 6 = 90°. Generally, the C,, Vvalues with open end walls
are about 0.05 to 0.06 higher with the chimney and 150 mm
ridge and 0.04 higher with the 400 mm ridge at 9 = 0°.
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Table 5.8 Percent increases of the ventilation rate
coefficients with open end walls at = C* and 50°.

6 = 0° 6 = 90° % Increase
in Total

Description Cero 3 Cato % Sidewall

Increase Increase Area
CH-800-C 0.20 0.39
CH-800-0 0.26 30% 0.46 18% 27%
CH-1100-C 0.19 0.39
CH-1100-~0 0.24 26% 0.45 15% 20%
150-800-C 0.22 0.43
150-800-0 0.27 23% 0.48 12% 27%
150-1100-C 0.20 0.43
150-1100~-0 0.25 25% 0.46 7% 20%
400-800-C* 0.27 0.50
400-800-0 0.41 52% 0.51 2% 27%
400-1100-C 0.33 0.49
400-1100-0 0.36 9% 0.50 2% 20%
* At 6 = 0°, some -Cps measurement errors at the ridge

level occurred during the wind tunnel tests.

The addition of end wall openings is more efficient when
the chimney and the 150 mm ridge are used because the relative
percentage increase on the total ventilation rate is higher
with smaller ridge openings. Generally, at 6 = 0°, the
addition of 20% or 27% of total sidewall area with open end
walls causes an increase in the C,, value from 23%
(OP-150-800-0) to 30% (OP-CH-800-0). Therefore, end wall
openings are very effective for increasing ventilation rates.
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5.5.1.4 Effect of ridge openings

The C,, values for the chimney, simulated 150 mm and
400 mn ridge openings with 800 mm sidewall are presented in
Fig. 5.49. The highest C,, values are obtained with the
400 mm ridge opening for all 6, with the exception of
OP-400-800-C at 6 = 0° to 30° due to experimental error. The
OP-CH-800-C test presents the lowest C,, values for all
angles. It appears that the addition of two end wall openings
produces higher C,, values than replacing the chimneys by the
150 mm ridge opening. The graph with the 1100 mm sidewall
opening data (Appendix I) shows similar curve shapes.

Comparisons on the ventilation rate efficiencies among
the ridge types are presented in Table 5.9. The increase in
the C,, values are based on the reference C,, value. For
example, at 8 = 0°*, with OP-CH-800-C, Cy, = 0.20 and with
OP-150-800-C, Cg = 0.22; then the percent increase is:
(0.22-0.20)/0.20 x 100% = 10%. The first value in the
grouping indicates the reference C,, value. Compared to open
end walls, it is not possible to establish a percent increase
of the sidewall opening area with the ridge openings. The
relative percent increase of ventilation rate coefficient is
compared with the relative percent of the ridge opening area
over the sidewall area. For example, the chimneys have
2 704 mm® of opening area over 88 000 mm® for the 800 mm
sidewall, representing a 3% of the sidewall area.

At 6 = 0°*, the use of the 150 mm ridge versus the chimney
(800 mm - closed end walls) provides an increase of 10% for
the C,, with a ridge opening area increase from 2 704 mm?
(chimney) to 9 000 mm? (150 mm ridge). Generally, using a
150 mm ridge versus a chimney produces a small increase of
between 4% to 10%, in the Cg,. This would represent a ridge
opening area increase from 3% to 12% of the total sidewall
area. When the chimney is replaced by a 400 mm ridge, the Cy,
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Table 5.9 Percent increases of the ventilation rate
coefficients with the chimney, simulated 150 mm and
400 mm ridge openings for 8 = 0° and 90°.

6 = 0° 6 = 90° % Ridge/
Sidewall
Description C,, % Increase C,, £$ Increase Area
CH-800~C 0.20 0.39 33
150-800-C 0.22 10% 0.43 10% 10%
400-800-C#* 0.37 23% 135% 0.50 16% 28% 27%
CH-800-0 0.26 0.4€ 3%
150-800-0 0.27 4% 0.49 7% 7%
400-800-0 0.41 52% 58% 0.51 4% 11% 22%
CH-1100-C 0.19 0.39 33
150-1100-C 0.20 5% 0.43 10% 10%
400~-1100-C 0.32 60% 65% 0.49 14% 26% 27%
CH-1100-0 0.24 0.45 Kt
150-1100-0 0.25 4% 0.46 2% 7%
400-1100-0 0.36 36% 50% 0.50 9% 11% 22%
Percent of ridge/sidewall area Sidewall area
Ridge area 88 000mm?® 121 00O0mm?
chimneys, 4 x 26mm x 26mm = 2 704mm? 3% 2%
150 mm, 1 200mm X 7.5mm = 9 000mm® 10% 7%
400 mm, 1 200mm X 20mm = 2 400mm? 27% 22%
*  Potentially a too high ¢, value at 6 = 0' for
OP-400-800-C, due to -Cps experimental measurement

errors.

value for the 800 mm sidewall, closed end walls, would be
increased by 35% if this value had not been affected by some
recording problems in the wind tunnel. Now, the ridge opening
area represents 27% of the total sidewall area instead of only
3%.
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The increase in C,;, values among the chimney, 150 mm and
400 mm ridges reflects the noticed changes in Cp distributions
around the building, and Cp,, due to the ridge types and the
effective opening areas which 1linearly influence Q,. The
comparisons between the OP-150-800-C versus the OP-400-800-C,
show that there would be a C,,, value increase of 23% with only
17% increase in area based on the total sidewall.

Generally, the percentages of increase for C;,, values are
the highest for the model with the smallest opening areas for
the ridge, sidewall and closed end walls.

At 8 = 90°, there is generally an increase of the Cg,
values when larger ridge opening areas are used, but at a
lower percent when compared to 8 = 0°. With the present data,
the most remarkable benefits of using a 400 mm ridge would
come with the 1100 mm sidewall and closed end walls.

5.5.1.5 Effect of added openings on predicted ventilation
rates

Most designers desire to know what would be the most
efficient and economical type of opening to enlarge in order
to increase the ventilation rates if needed. The direct
comparisons among the present Cj,, curves provide the relative
effect of end walls and ridge, but if the sidewall area is the
reference opening area, it would appear as though sidewall
area is added without an increase in the ventilation rate.
Table 5.10 presents calculations on the predicted ventilation
rates where the sidewall, end walls and ridge opening have
been enlarged by 24 000 mm?
OP-CH-800-C test.

For this particular building shape, the most efficient
way to increase the ventilation rate, if a 24 000 mm® area had
to be added, is to considerably enlarge the ridge opening area
to 400 mm. The second most profitable option would be to

place 24 000 mn® of end wall openings or, finally, to enlarge

as compared to the basic
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Table 5.10 Percent increases of the total ventilation
rates by adding 24 000 mm? of sidewall, end
wall or ridge opening areas.

Sidewall Ventilation
Description Velocity Area Rate
Cano (m/s) (mm?) Qr  Increases by
CH-800-C 020 X 1 X 8000 = 17000
150800-C' 022 X 1 X 8000 = 19360 10%
CH-1100-C 019 X 1 X 112000 = 22280 27%
CH800-0° 026 X 1 X 83000 = 22800 30%
400-800-C' 027 X 1 X 8000 = 23760 40%
1 - Adding 6 296 mm? of ridge area.
2 - Adding 24 000 mn® of sidewall area.
3 - Adding 24 000 nmﬁ of end wall area.
4 - Adding 21 296 mm? of ridge area (24 000 mm? - 2 704 mm?),
the strict addition of 24 000 mm® would probably produce
a slightly higher C,, value. Note that the C, o Value at
8 = 0* may have been impaired by -Cp experimental errors
in the wind tunnel with OP-400-800-C.
the total sidewall area by 24 000 mm?, An interesting

phenomenon is that opening the side:alls or end walls would
produce 27% and 30% greater ventilation rate as compared to
only 10% if the chimneys are replaced by a 150 mm ridge
opening. This fact shows the non-linear relationship between
the increase of the ridge opening area and the total
ventilation rates.

It should be remembered that these percentages apply only
when the OP-CH-800-C model is used as the starting basis. As
reported on Table 5.9, each change in the basic building
configuration would have different effects on the increase of
the total ventilation rate.

Careful designers should assess the costs/ratios of using
one or another type of building openings in order to provide
the desired ventilation rate at the lowest cost.



196

5.5.1.6 Discussion on the methodology used

The use of the sidewall opening area, A, as a reference
opening area may have been very appropriate to Vickery et al.
(1983), ASHRAE (1989) and many other authors where no ridge or
end wall openings were used. For these building prototypes,
it would be recommendable to use only a C,, coefficient which
would also contain the total opening areas around the
building, as Eq. 5.2.

Cpy;—-Cp
Coro = ch 2 ml X Ay (5.2)
|CP,1"Cp1n| 2
where:
A = total opening areas

With this procedure, the effects of the ridge versus end
wall versus sidewall openings would be reflected directly by
the dimensionless Cj, value. '

Generally, the comparisons of the ventilation rate
coefficients, C,, , and the predicted ventilation rates among
the chimney, simulated 150 mm or 400 mm ridges used in
combination with the simulated 800 mm or 1100 mm sidewall
opening with closed or open end walls reveal that
1 - Generally, C,, curves plotted against 8, have similar

shapes, with the maximum C,, value at 6 = 90°, the

minimum Cg, value at 6 = 10°, and most curves show the
largest drop in C,,, between 8 = 45° to 20°.

2 - Using the chimney and 150 mm ridge, the C,, values are
not influenced by the 800 mm sidewall openings versus the

1100 mm sidewall opening when the end walls are closed.

The C,, values are generally lower with the 1100 mm

sidewall as compared to the 800 mm sidewall opening.

3 - According to the present building configurations with

chimney or 150 mm ridge, the total ventilation rates, Q

would be increased by a linear factor or less by
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enlarging the sidewall opening areas. Then, if the

sidewall area is doubled, the @, would be doubled or

slightly less than doubled.

4 - The use of end wall openings generally increase the Cato
values and consequently the total ventilation rate for
both 800 mm and 1100 mm sidewall opening used with each
tyr2 of ridge opening.

5 - The greatest effects of end wall openings are noticed at
8 = 0* with the building configuration presenting the
smallest openings, such as the chimney with 800 mm
sidewall openings. The end wall opening efficiency
reduce gradually when larger sidewall and ridge opening
areas are used.

6 - At 8 = 0°, the use of the 150 mm ridge opening versus the
chimney would increase the C,, values between 4% to 103%
for all tested sidewall and end wall opening areas while
enlarging the ridge to 400 mm would increase C,, values
from 23% to about 65%.

7 - From the present data, it appears that the relationship
between the ridge opening areas and the ventilation rate
coefficients would not be linear at 8 = 0° based on using
the OP-CH-800-C as the basic model and the sidewall
opening area as the standard value for the
calculations.

For studying naturally ventilated buildings with
sidewall, end wall and ridge openings, it is recommended that
the total opening area of the building should be used as the
reference area for the calculation of the Cgy,.

Cato

5.5.2 Sealed mode}l

The results of the C,,, values for the chimney, simulated
150 mm and 400 mm ridges are presented in Figs. 5.50 to 5.52.
The complete data set is in Appendix I. With the chimney and
the 150 mm ridge, the maximum Cq0 Value occurs at 6 = 90°
while the lowest one are at 6 = 0°. With the 400 mm ridge
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(Fig. 5.52), the maximum C,, value is noticed at 6 = 60° and
the minimum at @ = 10°* with the closed end walls, and 6 = o0°
with the open end walls.

With the closed end walls, the C,, values are reduced by
40% to 45% (for SE-400-800-C and SE-CH-1100-C, respectively)
from 6 = 90°* to 0°. The Cy, vValues appear to be less affected
with open end walls. When the wind angles change from 50° to
0°, a C,, reduction of 35% to 40% (for SE~400-800-0 and
SE-CH-1100-0 tests, respectively) is calculated.

5.5.2.1 Effect of sidewall openings

Since the sidewall opening areas are used as the basic
reference area for the calculation of the Cp, values, it is
expected that the C,, values should remain unchanged if the
sidewall opening area is enlarged by a given percent and the
total ventilation rate is also increased by the same percent.
However, the total ventilation rate is equal to the sum of the
airflow rates through the sidewall, end walls and ridge
openings.

The results in Figs. 5.50 (chimney), 5.51 (150 mm ridge)
and 5.52 (400 mm ridge) demonstrate that the C,, values with
the 800 mm sidewall openipgs are always higher for all wind
angles. This phenomenon is explained by the tact that, by
enlarging the sidewall area from 800 mm to 1100 mm, the
ventilation rate through the sidewall increases linearly, but
the airflows through the ridge and the end wall openings
remain unchanged. When the C, , value is calculated from the
new total ventilation rate and divided by the new reference
opening area (1100 mm sidewall), the increase in the total
ventilation rate is not sufficient to compensate for the
enlargement of the new sidewall opening area. The difference
between the C,, values with 800 mm and 1100 mm sidewalls is
increased when larger ridge openings and open end walls are
used.
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In Fig. 5.52 (400 mm ridge), C;, values with the 800 mm
gidewall are always higher for all angles, but the SE-400-800-
C curve crosses the SE-400-1100-0 at 8 = 45*. Since the aCps
across the sidewall are never changed with the simulated 800
or 1100 mm sidewall, and the extremely high negative aCps
recorded over the ridge opening, and the higher Cp, with open
end walls all suggest that the sealed model results predict
greater ventilation rate coefficients occurring at 6 = 90* to
30° with the 800 mm sidewall with closed end walls versus the
1100 mm sidewall with open end walls.

5.5.2.2 Effect of end wall openings

Generally, the addition of end wall openings strictly add
inflows and outflows to the total ventilation rate. Then, for
each ridge type and simulated 800 or 1100 mm sidewalls, all
the C,,, values increase when end walls are opened.

5.5.2.3 Effect of ridge openings

The ridge effects could be visualised in Fig. 5.53 where
the C,, curves for the chimney, simulated 150 mm and 400 mm
ridges are plotted using the same 800 mm sidewall, with closed
or open end walls. With closed end walls, as well as with
open end walls, the lowest to the highest C;, values are
observed with the chimney followed by the 150 mm ridge and
finally by the 400 mm ridge. Large differences among the
three ridge types are noticeable, especially at 8 = 60* to 20°
when the aCps over the 400 mm ridge (Fig. 5.28) are
considerably higher than the chimney and 150 mm aCps (Figs.
5.26 and 5.27). For 6 = 20° to 0°*, the aCps are similar over
the three ridges, but the larger effective ridge opening areas
directly increase the total ventilation rates.
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Generally, the results for the ventilation rate

coefficients, C,,, with the sealed model reveal that:

1 - With the chimney and 150 mm ridge, the maximum C,,, values
are calculated for 6 = 90°, the ninimum C;, are at
@ = 10°. With the 400 mm ridge, the maximum and minimun
Cqio Values are calculated for 6 = 60° and 6 = 10° to 0°,
respectively.

2 - C,, values with the 800 mm sidewall are always higher
than the 1100 mm sidewall for all angles and ridge types.

3 - Opening end walls substantially increases the C,, values
for each ridge type, and both sidewall openings for all
wind angles.

4 - For all angles, 800 mm or 1100 mm sidewall with closed or
open end walls, the larger ridge opening area always
causes the C,, values to increase.

5.5.3 Open versus sealed models

Figures 5.54 (chimney), 5.55 (150 mm ridge) and 5.56
(400 mm ridge) present the C, value differences between the
open and the sealed model. The tabulated results are added in
Appendix I.

With the chimney, the Cj,, values of Fig. 5.54 are
generally higher for 6 = 90° to 30° and then lower for 6 = 20°
to 0°. Then the results of the open model versus the sealed
model suggest higher ventilation rates for wind perpendicular
to the building length down to & = 30° with the open model
while the results constantly show lower ventilation rates for
the critical wind angles of 6 = 20* to 0°. Similar results
are shown in Fig. 5.55 with the 150 mm ridge. In Fig. 5.56,
the C,,, values are generally higher with the open model for
all angles except with the 400-800-C tests.
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5.5.3.1 Effect of sidewall openings

From Fig. 5.54 (chimney) there are few effects by the
800 mm or 1100 mm sidewall opening on the differences between
the C;, values of the open and the sealed model. With the
150 mm ridge and the 400 mm ridge, the 1100 mm sidewall show
higher departures of the sealed model's C;,, values with closed
or open end walls.

5.5.3.2 Effect of end wall openings

The results in Figs. 5.54 (chimney) and 5.55 (150 mm
ridge) indicate that the C,, value differences are higher for
6 = 90°* to 30* with both 800 mm and 1100 mm sidewall when with
open end walls than with any others. The results in Fig. 5.56
(400 mm ridge) follow that trend with the exception of the
400~800-C test. The contrast, between wind angles of 0* to
20°, the higher C,, differences between the sealed and open
model occur with the closed end walls.

5.5.3.3 Effect of ridge openings

Comparisons between Figs. 5.54 (chimney) and 5.55 (150 mm
ridge) show consistently higher differences of C,, values
between the open and sealed model with the 150 mm ridge versus
the chimney for 6 = 90* to 20°. The C,, differences are
similar for both ridge types at 6 = 0* and 10°. With the
400 mm ridge (Fig. 5.56), the curves are more dispersed. This
indicates that the C,, values with the sealed model are
consistently under-predicting the ventilation rate
rzoefficients. The absolute values for the differences are
generally higher with the 400 mm ridge as compared to the
chimney or 150 mm ridge.

From the observations of the differences of C,, values
between the open and sealed models, the results show that:
1 - The C,, values with the chimney and 150 mm ridge for the

open models are higher than the sealed models at 8 = 90°

to 30° and lower at 6§ = 20°* to 0'. The Cj,, values are
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usually higher with the open model for all angles with

the 400 mm ridge.

2 - The C,, differences (open-sealed) are consistently higher
with the 1100 mm versus the 800 mm sidewall for all ridge
types and both open or closed end walls.

3 - The C,,, differences (open-sealed) with open end walls are
considerably higher for 8 = 90° to 30°, but in contrast,
the C,, differences with closed end walls are higher for
8 = 0* to 20°.

4 - The differences between the C,, values of the open and
the sealed model are generally higher when the ridge
opening area is increased from the chimney to the 400 mm
ridge.

Generally, the results on the differences of C,, values
(open-sealed) would lead one to believe that the larger the
total opening areas are on the sidewalls and end wall openings
and at the ridge level, the larger the discrepancies in Cg,
values are between the open and sealed model.

5.6 Effective ventilation rate coefficients measured by the
concentration decay method

An attempt was made to obtain the effective ventilation
rate coefficiente, C,,, based on the concentration decay
method. An optical density device (laser and silicone diode
detector) was used to measure the rate of decay of injected
smoke in the scale model. The optical density readings were
then transformed according to the rate of decay model in order
to obtain a measurement of C,,,, (Appendix Dj}.

These measured ventilation rate coefficients were
neffective® because they represent an average C,,, for the
entire building length at the center width and 1.5 m above the
floor (full scale). The effective ventilation rate, KQ,
measurements include the controversial mixing factor.

As reported in Appendix J, most of the curve correlation
factors were very high (between 0.980 and 0.999) which shows
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a relatively good application of the rate of decay model from
Eg. 4.9, even with the smoke contamination in the wind tunnel.

Five repetitions were done for each wind angle and
building configurations. The complete results are in Appendix
J.

Table J.1 presents the results of the average C,, values
and their standard deviations based on the five replicates.
Figures J.1 to J.3 show the standard deviation (StD) for the
Cwio for each wind angle of incidence. Generally, higher
values of StD are obtained for 6 = 30° to 60°, but overall,
the standard deviations are fairly low.

There is no apparent relationship on the 800 mm or
1100 mm sidewall, open or closed end walls, or types of ridge
opening on the different StD values.

It should be noticed that the higher standard deviations
occur mainly for 8 = 30* to 60* which coincide with higher
ventilation rate coefficients C,,,, (Figs. 5.57 to 5.59}).
With the concentration decay method, higher ventilation rates
mean lower a number of data points and consequently a shorter
decay period. This may lead to a potentially larger error
margin. The selection of the lowest possible wind speed in
the wind tunnel would be one way to alleviate this problen.
One other way would be to use multiple optical density devices
and then, reduce the path length, L. One added advantage of
multiple point sampling would be the possibility to study the
mixing phenomenon at different building locations.

The values for the standard deviations should be regarded
with care simply because of the 1limited number of
replications. The observation of the five (,,,, values reveals
very low variations among them (Appendix J). There are some
exceptions, such as the test OP-CH-800-0 at 6 = 30° where the
stbh = 0,10. By coincidence, the average curve fitting
correlation factor is about 0.90. During this experiment,
some problems with the smoke injection system occurred and the
rate of decay curve showed bumps and irregularities. The same
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phenomenon occurred for the OP-150-1100-C test at 8 = 30°
where StD = 0.17 and the average curve fit correlation factor
is equal to 0.96. It appears that leakages through the
gravity valves of the smoke injection system was one of the
major sources of error. Sealed shut-off valves should be used
for subsequent experiments.

For the OP-400-1100-C at 8 = 60°, the average correlation
curve fit is about 0.98, but the G, values differ widely and
the standard deviation is equal to 0.11. This shows that the
optical density techniques require some refinements. One
major avenue of work would be on the mathematical treatment of
the data. Preseutly, the initial and final cut-off points
have to be decided by the interpreter. Even if consistency
was attempted, there are always some variations among the
tests concerning which part of the curve is representative of
the rate of decay or not. Also, the use of a simple
correlation factor for each curve and standard deviation for
the five replicates should be changed in order to evaluate a
more realistic average C,, standard deviation and standard
error for all the data points of the five replicates. This is
beyond the scope of these preliminary triails.

Consequently, the major part of the average C,q, values
nay be considered to be fairly accurate, but the ones with low
curve fit correlation factors (below 0.98) and high standard
deviations should be regarded with scepticisnm.

5.6.1 Geperal observations

Figures 5.57 (chimney), 5.58 (150 mm ridge) and 5.59
(400 mm ridge) show the C,,, curves for the simulated 800 mm
and 1100 mm sidewall, with closed and open end walls. At
8 = 90°, the C,,, values vary from 0.40 (OP-400-1100-C) to
0.48 (OP-150-800-C) and at 6 = 0°, from 0.21 (OP-CH-1100~0) to
0.35 (OP-400-800-C). The range of 0.2 to 0.3 for 9 = o0°
recommended by ASHRAE (1989) would be appropriate, but the
values of 6 = 0.5 to 0.6 at 6 = 90° would be too high.
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surprisingly, this range of the naximum C,,, values is
obtained for 8 = 45° and 60° according to the various building
configqurations.

All curves show an increase in Ciato Values from 0 = 30°
to 45" and 60°. This means that the effective ventilation
rates would be higher when the wind angles of incidence are
not perfectly perpendicular to the building length. The C,,
values at B8 = 90° are fairly close together for all tests of
Figs. 5.57 to 5.59. The data points are more spread for
@ = 45° to 60°. The major drops of C,,, values occur between
8 = 45* to 20°.

Generally, the highest and lowest values of Cioo are
obtained with the closed end walls situation.

In all Figs. at 6 = 30°, there is a crossing of the high
Cyo1o Values with closed end walls to become the lowest values
at 6 = 20°* or 10°. This switch is evident in Figs. 5.58
(150 mm ridge) and 5.59 (400 mm ridge). Also, the C,, drops
occur at a smaller wind angle of incidence when the 400 mm
ridge is used as compare to the chimney.

Choiniére et al. (1988c) reported the major changes of
airflow matterns and observed recirculation and stagnant zones
at wind angles of incidence from 0* to 30°. Finally, the
lowest C,,,, values occur for angles between 0° to 20°.

Table 5.11 reports the maximum-minimum C,,, values and
their respective wind angles of incidence.

The highest peak obtained for the OP-CH-1100-C test (Fig.
5.57) may be disregarded because of the poor curve fit
correlation factor and its high standard deviation (Table
5.11). Most of the high StD are observed with the high C,,,
values and especially with the closed end walls. Most of the
measurements of low ventilation rates showed very little
standard deviation.
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wind

Table 5.11 Maximum-minimum C,,, values with their

angle of incidence.

Crar0 Wind angles (degrees)

Description Maximum Minimum Maximum Minimum
CH-800-C 0.57. 0.21 60° 20°
CH-800-0 0.52“» 0.25 45° 10°*
CH-1100~-C 0.76 0.20 60" 10°*
CH-1100-0 0.47 0.21 60° 10°
150-800-C 0.54 0.25 60° 10°
150-800-0 0.48 0.26 90" 0
150-1100-C 0.62 0.27 45" 10°
150-1100-0 0.52 0.22 45* 0*
400-800~-C 0.64" 0.26 45* 20°
400-800-0 0.48" 0.25 45°* 10°*
400-1100-C 0.64‘ 0.24 60° 10°
400-1100-0 0.48 0.23 45° 0*
* standard deviation, 0.5 < stD { 0.1

ddk
*hdk

standard deviation,
standard deviation,

5.6.2 si

0.1 < stb { 0.15
0.15 < StD

(o} ings

The results in Table 5.12 suggest that the sidewall
opening effect is related to the wind angle of incidence, but
is independent of the end walls' status.
that all the differences between the C,,, values with the
800 mm and 1100 mm sidewall are fairly small.

It should be noted

Table 5.12 Effects of the simulated 800 mm and 1100 mm
sidewall openings on the C,, values for each
type of ridge and end wall opening.

Ridge Wind Angles Sidewall End Wall
Type (degrees) Effects Openings
on C.0 Values
Chimneys 0® < 8 < 45° 800 ) 1100 open and closed
150 mm 10* < 8 < 30° 800 )} 1100 open and closed
45° < 0 < 60° 1100 ) 800 open and closed
400 mm 0* <0 < 20° 800 ) 1100 open and closed
30° £ 8 < 60° 1100 ) 800 open and closed
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It appears that for low wind angles of incidence, the C,,,
values with the 800 mm sidewall are higher than with the
1100 mm sidewall and the reverse is observed for higher wind
angles.

Equation 5.3 indicates that the total ventilation rate is
equal to the addition of the sidewalls, ridge and end walls

inflows and outflows, knowing that continuity must be
respected.

Q =Q +Q +Q (5.3)
where

Q, = total ventilation rate, w'/s

Q = ventilation rate by the sidewall { n/s

Q, = ventilation rate by the ridge, m’/s

Q = ventilation rate by the end walls, mw'/s

The concentration decay method only provides an estimate
of Q.

Since the C,,,, values are calculated with Eq. 5.1 with the
sidewall area as the basic denominator, there would be no
sidewall opening effect if the C,, values were identical. On
the basis of Q;, this means that if the sidewall area is
increased by 37.5% (800 mm to 1100 mm), then Q, will be
increased by 37.5% for both situations with closed or open end
walls. Table 5.13 reports two examples extracted from Fig.
5.58 using the data of Appendix J, Table J.1.

At 8 = 45°, Q; increases by 58.4%. Since the end walls
are closed, there are only three possibilities: Q; or Q
increases; Q, increases and Q; stays the
same; or, Qg is stable and Q; increases. The Cp distributions
in Pigs. E.S5c (OP-150-800-C, 6 = 45") and E.6c (OP-150-1100~C,
® = 45°) of Appendix E reveal that the -Cps over the ridge are
identical, that the Cps on the upwind corner of the windward
side are reduced, but the =-Cps on the leeward side are
generally increased with the 1100 mm sidewalls. The results
of the cp,, in Figs. 5.21 (OP-150-800-~C) and 5.22
(OP-150-1100-C) show only minor local Cp,, differences inside
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Table 5.13 Effect of sidewall areas on the increase of
total ventilation rates, Q,, measured with the
concentration decay method.

wind Increase in
Description Angles Crato Q" Sidewall 2Q,
(degrees) Area (%)
oP-150-800~-C 45° 0.54 23.8
OP-150-1100-C 45° 0.62 37.7 37.5%° 58.4%°
OP-150-800-C 10° 0.25 11.0
oP-150-1100-C 10° 0.23 13.9 37.5% 26.4%
a: 0p = Cguo X Area x1m/s  b: 37.5% H&ﬂnom)
37.7-23.8
: A% = |22l 220" x 10
c: 58.4% 22 x o%)

the model, but the same Cp,, average. From the pressure
difference method, this would mean that Q, would be hardly
affected by the larger sidewall and the major part of Q's
increase could be directly attributed to the sidewall's Q.
With the present data obtained from the concentration
decay method, there is no possibility to evaluate Q; and Q,
gseparately. However, there are three hypotheses which could
explain this 58% increase in Q. Firstly, the pressure
difference method is under-predicting the sidewall effect (too
low a C, value or an erratic Cp;, evaluation). Secondly, the
mixing effectiveness is increased by the larger sidewall
openings, producing a higher Q. Thirdly, the laser beam
passed through a short circuit zone which would show a higher
effective ventilation rate on that specific line of reference.
ogilvie and Boyd (1985) reported a reduction in the
mixing factor with larger sidewall openings for a scale model
of a monoslope naturally ventilated swine building. Although
not measured, Choiniére et al. (1988a) observed a potential
short circuit effect during flow visualization in a wind
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tunnel test of a similar gable roof building. A large clear
zone along the ceiling occurred when the larger sidewall
openings were used. During these present wind tunnel tests,
the laser beam was too low above the floor to be in this short
circuit zone, but it still may have been affected by the
phenomenon.

On the other hand, at 6 = 10°, the effective ventilation
rate has been increased by 26.4% with the 1100 mm sidewall.
puring the wind tunnel tests, stagnant zones have been
observed at the upwind end of the scale model as reported by
choiniére et al. (1988c) (Appendix F). The question again is
to know if the laser beam is effectively measuring the average
ventilation rate or if it was only measuring the rate of decay
of this stagnant zone.

Generally, the sidewall opening areas showed the
following effects for all ridge types, with closed or open end
walls:

1 - For O = 45° and 60*, the 1100 mm sidewall opening shows
higher C,,,, values than the 800 mm sidewall which would
indicate a higher percent of increase for the effective
ventilation rates as compare to t1e percent increase of
the sidewall area.

2 - For low wind angles, 6 = 0° to 20°, the C,,, values with
the 800 mm sidewall are generally higher than with the
1100 mm sidewalls.

5.6.3 ffect of end wa openings

Figures 5.57 (chimney), 5.58 (150 mm ridge) and
especially Fig. 5.59 (400 mm ridge) show the clear effects of
end wall openings on the C,,, values. Using the results in
Table 5.11, for all types of ridges with 800 mm or 1100 mm
sidewalls it is noticed that:
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1 - The maximum C,, Values with the closed end walls are
always higher than with open end walls.

2 There are few differences in the minimum C,,, values
with the 150 mm and 400 mm ridges except with the
chimney, where the C,,, Vvalues with open end walls are
definitively higher.

3 - Generally, the C,,, Values with closed end walls are
higher than with open end walls at & = 0°.

Figure 5.60 presents observations of the effects of open
end walls on the airflow patterns. The flow vigualisations
show that there would be a strong possibility of short circuit
of the incoming air when the end wall openings are used
pecause of the short distance to travel between the air inlet
and outlet zones. While the end walls are closed, the
incoming air often has to cross the entire building width or
a part of its length before reaching the outlet zones. As
stated by Choiniére et al. (1988c), the main advantages of
open end walls are to eliminate the stagnant zone which occurs
at the upwind end of the building with closed end walls and to
show a more uniform rate of decay of the smoke throughout the
building length. This is reflected by the results in Figs.
5.61 (800-C) versus 5.62 (800-0) and Figs. 5.63 (1100-C)
versus 5.64 (1100-0), which demonstrate that the (., curves
with open end walls are less subject to high and low peaks as
compare to the closed end walls situation.

puring the present wind tunnel tests at 8 = 0* to 20°,
the observations of the airflow patterns with open end walls
reveal that the smoke at the upwind and downwind ends
disappears faster than the smoke at the center of the
building, which coincides with the trajectory of the laser
bean.

There are definitely zones of under- and over-ventilation
within this naturally ventilated airspace and the present
concentration decay measurements indicate only the average
effective ventilation rates through the building length at the
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center width. From the results of the end wall opening

effects on C,,,, the following points could be obtained:

1 - The maximum C,,,, values are always measured with closed
end walls.

2 -~ There is little effect by the end wall openings on the
minimum C,,,, values, except with the chimney when the
closed end walls produce the lowest C,, values.

3 - At 6 = 0°*, the Ciaip Values with the closed end wall are
always higher as compared to the open end walls.

4 - Generally, the open end wall situations show more uniform
Cio Curves.

5.6.4 ec (s o s

Figures 5.61 to 5.64 present the C,,, curves for the
chimney, 150 mm and 400 mm ridges with each combination of
sidewall and end wall openings.

With the closed end walls, Fig. 5.61 (800-C) shows
similar C,,, values for all ridge types at 6 = 90° and 60°.
For 6 = 45° to 0°, the chimney C,,, values are the lowest
while the 400 mm C,,, are the highest. The same general
observations can be done in Fig. 5.63 (1100-C). It should be
noticed that the C,,, of 150 mm and 400 mm ridges are very
close for all wind angles. Only the chimney C(,,,, values are
visibly lower for 8 = 0° to 45°.

With open end walls, Fig. 5.62 (800-0) shows little C,,,
differences among the three ridge types. In Fig. 5.64
(1100-0) the C,;,, Values with the 150 mm ridge are the highest
for 8 = 90* to 45° and they coincide with the 400 mm ridge for
6 = 30° to 0°. The C,,, values for the chimney are slightly
lower than for the 150 mm and 400 mm ridge for 6 = 45° to 0°.
Again, there are only slight differences among the three types
of ridges.
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Choiniére et al. (1988c) studied the effects of three
continuous ridge opening widths of 150 mm, 300 mm and 600 mm
(full scale) with closed and open end walls on the airflow
patterns inside a scale model. Although not measured, they
reported that the closed end wall models with larger ridge
openings showed a slightly faster rate of decay of injected
smoke for 6 = 0°to 30°*. However, the overall rates of decay
of the smoke did not seem to change much among the three ridge
widths when open end walls were used.

The results of the airflow diagrams provide indications
on the calculated inflows or outflows for each openings. For
low wind angles (0 = 0* to 20*), when Figs. 5.36 (OP-CH-800-C)
and 5.40 (OP-150-800-C) are compared, it appears that the
inflows or outflows of the sidewall openings are not
influenced by either ridge type. In contrast, there are more
inflows and outflows by the 150 mm ridge. When the 400 mm
ridge is used, the inflows by the sidewalls increase while the
outflows are reduced. Again, there appear to be more inflows
and outflows with the larger rifge. With closed end walls,
there is a gradual increase in the effective ventilation rate
from the chimney to the 400 mm ridge which is basically shown
in Fig. 5.61.

When the 1100 mm sidewall openings are used, for 6 = 0°
to 30°, there are fewer differences in the sidewalls inflows
and outflows for the 150 mm versus the 400 mm ridge (Appendix
H, Figs. H.7 and H.11). Only the ridge inflows and outflows
appear to increase with the 400 mm ridge. With the 1100 mm
sidewall, Fig. 5.63 shows that the differences in the
effective ventilation rates between the 150 mm versus the
400 mm ridge are minimal. There might be a possibility that
the predicted extra airflows through the 400 mm ridge may also
be a short-circuit from the downwind end of the ridge to the
upwind end.
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when Fig. 5.37 (OP-CH-1100-C) is compared to Flg. H.7
(OP-150-1100-C, Appendix H), the sidewall inflows and ocutflows
are similar. Consequently, the increase of the ridge opening
from the chimney to the 150 mm width would have some benefit.
Figure 5.64 shows that the extra inflows and outflows of the
ridge level or movement from the incoming sidewall air to the
150 mm ridge exhaust has a positive effect on the effective
ventilation rate coefficients.

For O = 60* and 90°, it appears that there are very few
differences among the chimney, 150 mm and 400 mm ridges in
Figs. 5.61 (800-C) and 5.63 (1100-C) for all sidewall and end
wall openings. As stated by choiniére et al. (1988a, 1988c),
the airflow patterns show that incoming air from the windward
sidewall closely follows the inside windward ceiling and
reaches the chimney or open ridge. At this moment, definite
clear zones are visible at the ceiling level. This presents
a potential for a direct short circuit of ventilation from the
sidewall inlets to the exhaust ridge, which would then reduce
the quality of mixing. Accordingly, the average effective
ventilation rates are reduced by the occurrence of a short
circuit of ventilation.

choiniére et al. (1989) studied a full scale natuarally
ventilated building for swine housing which had similar
dimensions to the present scale model. It also had continuous
sidewall openings and closed end walls. The building had a
continuous ridge opening which was tested at three positions:
closed, 30 mm wide (equivalent to chimney opening area) and
120 mn wide. The ventilation rates were measured using the
equilibrium concentration method with carbon dioxide as the
tracer gas. Carbon dioxide is produced by finishing hogs'
metabolism and the differences of interior-exterior
concentrations were recorded continuously as wel)l as the
exterior wind speed and direction. Knowing the sidewall
opening areas, C,,, curves were produced for the three ridge
openings. They reported a limited increase of the ventilation
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rate coefficient between the 30 mm and 120 mm ridge which

would be very similar to the results in Figs. 5.57 and 5.58

for the 800-C situations.

From the results of the effective ventilation rate
coefficients with the closed end walls, it appears that:

1 -~ With the 800-C situation, larger ridge openings show
higher C,,, values for 8 = 0° to 45° while similar ¢,
are obtained at 6 = 60°* and 90° for all ridge types.

2 - With the 1100-C sidewall, the chimney shows lower C,,,
values at 6 = 0°* to 45°, but there are only few
differences between C,,, values of the 150 mm and 400 mm
ridges for all angles.

5.6.5 Ridge effect with end wall openings

With the use of end wall openings, Fig. 5.63 (800-0)
hardly shows any differences between the chimney, 150 mm or
400 mm ridges for all angles. In Fig. 5.64 (1100-0), the
chimney C,,, is slightly lower than the 150 mm and 400 mm
ridges for 6 = 0* to 45° while the 150 mm ridge shows the
highest C,,,, values for 6 = 45°* to-90*. Again, there are only
small differences between the three types of ridge opening.

The observations of the airflow diagrams in Fig. 5.38
(OP-CH-800-0) versus Fig. H.6 (OP-150-800-0, Appendix H)
reveal similar sidewall and end wall inflows and outflows with
extra exhaust with the 150 mm ridge. For all angles, the
contribution of the 150 mm ridge to the total ventilation rate
is not large as compared to the ventilation produced by the
end walls and sidewall openings. On the other hand, the use
of the 400 mm ridge (Figs. H.6, OP-150-300-0) over the 150 mm
ridge (H.10, OP-400-800-0) causes more inflows by the windward
sidewall, less outflows by the leeward sidewall and more
exhaust by the 400 mm ridge for @ = 45" to 90°. Again, there
is a potential for short-circuiting between the windward
sidewall and the open ridge.
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For 6 = 0* to 30*, the ridge inflows and outflows are
increased with the 400 mm ridge, but the airflow diagrams for
both sidewall and end wall openings appear to be fairly
similar among the three ridge types. Again, as presented in
Fig. 5.60, there is a possibility that the end wall and
sidewall effects with their respective potential short-
circuits may overcome the ridge effects.

With the 1100 mm sidewall opening, the same general
effects on the airflow patterns and airflow diagrams are
produced. This explains the minimal differences in Ci
petween the three ridge types for 6 = 0°* to 90" in Fig. 5.64.

Generally, the following points can be noticed from the
observations in Figs. 5.61 to 5.64 on the ridge effects for
both 800 mm and 1100 mm sidewall with closed or open end
walls:

1 - With the closed end walls, for 8§ = 0° to 45*, the chimney
Ciaio Values are slightly lower for both 800 mm and
1100 mm sidewall while the 150 mm and 400 mm ridges show
similar C,,, values for all angles especially with the
1100 nmm sidewall.

2 - By using open end walls, it appears that the type of
ridge has minimal effects on the Cg,, values for all
angles with both 800 mm and 1100 mm sidewall openings.

5.6.6 Concluding remarks
The analysis of the effects of the 800 mm versus the

1100 mm sidewall, with closed or open end walls combined with

the chimney, 150 mm or 400 mm ridge openings on the effective

ventilation rate coefficients C,,, reveal that:

1 - The sidewall effects vary with each type of ridge and are
also dependent on the wind angle of incidence.

2 - The addition of end wall openings appears to have major
effects on the uniformity of the C,, curves by
attenuating the large m_inimum-maximum differences noticed
for all ridge types with closed end walls.
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3 - The use of the chimney, 150 mm or 400 mm ridges has some
effects on the C,,, values with closed end walls, but
there are minimal C,,, differences between the three
types of ridge openings when end walls are open.

The use of an optical device (laser and silicone diode
detector) seems to be a promising technique to accurately
measure the "effective" ventilation rate based on the
concentration decay method. Further work on airflow mixing
could also be done if multiple-sampling locations are used.

5.7 Comparison between the measured C,,, and the calculated

Cao

In order to compare the results between the “effective"
ventilation rate coefficient, C,,,, and the calculated
ventilation rate coefficient, C,,, it should be remembered
that the differences between these results may be attributed
to the main arsumptions previously made. With the pressure
difference method, (Eq. 2.3), there are two potential sources
of error which are: the use of a uniform discharge
coefficient equal to 0.6 for each type of opening and for all
wind angles, and the use of the calculated value for the
internal pressure coefficient for the ventilation rate
computation. The use of the measured Cp,;, may create local
differences on the ventilation rates, but this is beyond the
scope of this project.

For the concentration decay method, no attempt was made
to evaluate the mixing coefficient, K. Also since stagnant or
short-circuit zones have been reported by Choiniéré et al.
(1988a, 1988c) Ogilvie and Boyd (1985) and many others, the
measured effective ventilation rate coefficients, C,,, apply

only to the specific line along the building through which the
laser beam passed.
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5.7.1 General observations
When the curve shapes of the calculated Cj, (Figs. 5.46

to 5.48) are compared with the measured C, (Figs. 5.57 to
5.59), four major differences are noticed. First, C,, curves
show definite effects of both 800 mm and 1100 mm sidewall
areas on the C,, values with closed or open end walls for all
wind angles of incidence, while the Cg,, curves for both
sidewalls and end walls tend to cross themselves at different
wind angles of incidence, therefore showing wind angle
effects. Second, the maximum C,,, values are generally
reported for 6 = 45°to 60° (Table 5.11) rather than at 6 = 90"
(or 60°* for the 400 mm ridge with open end walls).

Third, the use of open end walls causes the Cy,, curves to
shift upward proportionally to the added amount of inflows or
outflows. In contrast, the use of open end walls produces
lower effective ventilation rate coefficents for 6 = 45° to
60°. Surprisingly, at 8 = 0°*, the C,,, values with the open
end walls are always lower than with closed end walls.

Finally, the concentration decay measurements show
limited C,,, differences for the three types of ridge
openings, which is remarkable especially with open end walls.,
wWhile the results from the pressure difference method show
some C,, differences between the chimney and the 150 mm ridge,
there is a large C,, increase with the 400 mm ridge.

5.7.2 Measured C,., less calculated Cato

Table J.2 (Appendix J) presents the differences between
the measured C,,,, and the calculated C, obtained with the open
and sealed models. Figures 5.65 to 5.69 present the
differences between the C,,, versus the C,, of the open model
classified by ridge type or end wall opening status. The
curves above the 0.0 line indicate an under-prediction of the
pressure difference method while an over-prediction is
indicated for C,y,,~Cy, differences below the 0.0 line.
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In Figs. 5.65 (chimney) and 5.66 (150 mm ridge), the
1100 mm sidewall generally shows higher C,, — C,,, differences
with closed and open end walls, but the C,,-C., difference are
negligible at 6 = 90* for both 800 mm and 1100 mm sidewall
with closed or open end walls. This indicates that the use ot
the external Cps with the calculated Cp,, and a C, = 0.6 is
fairly adequate in all cases, in order to coincide with the
effective ventilation rate coefficients.

At 6 = 30* to 60°, the C ~Cyp with the closed end walls
indicate a large under-prediction with the pressure difference
method while the C;~Cyp With open end walls are relatively
small. Specifically, the C,,,~Cy, for the OP-150-800-0 are
equal to 0.0.

Using the pressure difference method, there are two
unknowns, the exact C; for the ridge, sidewall and end wall
openings as functions of the wind angles (Aynsley et al.
(1977), Vickery and Karakatsanis (1987)), and the exact Cp,,
to use knowing that spatial variations within the model have
been measured. with the concentration decay method, the
unknown factor is the measured average effective ventilation
rate coefficient.

Assuming that the C,,, measurements are the reliable basis
for design, the results with the closed end walls indicate
that the sidewall C, might be increased by specific factors
for 6 = 0° to 60°' in order to obtain similar predictions
between C,, and C,. Then, if the sidewall C; is increased,
the curves with the open end walls would be shifted downward,
indicating an over-prediction with the pressure difference
method. To alleviate this problem, the C; of the end walls
and/or the ridge may have to be reduced in order to compensate
for the excessive ventilation rate prediction. Then the
iteration process would have to be redone with closed and open
end walls with all ridge types in order to estimate different
C,;s applicable to each type ot opening. This is beyond the
scope of the present study.
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The other factors to consider are the large end wall
effect and the visible zones of over— and under-ventilation
observed during the wind tunnel tests. It may be possible
that the predictions of the ventilation rate with the pressure
difference method are exact, but the maasured Cu=Cao
differences are fully attributable to the mixing phenomenon.

For the 400 mm ridge opening with closed end walls,
Cra10~Coto 2re positive for 6 = 30° to 60° and negative for
@ = 0° to 20° and 90°. In contrast, the pressure difference
method generally over-predicts the effective ventilation rate
when open end walls are used. For Cg, predictions, major
differences between the calculated and the measured Cp; s are
reported in Table 5.6. This factor may have effects on the
predictions with the pressure difference method. Also, the
Cya10—Coto Values with closed end walls differ more widely than
with open end walls.

Information on end wall and ridge effects are provided in
Figs. 5.68 and 5.69. With end walls closed, it appears that
there is a general over-prediction for all angles, but greater
differences in C,g,=Cyyo are noticed at 6 = 45°* and 60°. Under-
predictions are only noticed with the 400 mm ridge at 6 = 0°
to 20° and 90°. With end walls opened, the data (Fig. 5.69)
show only minor C,,y=Caio differences with the chimney and the
150 mm ridge. Only the 400 mm ridge seems to be over-
predicted with the pressure difference method.

5.7.3 e us he pressure difference me or desi
purposes

With the present comparisons between the Cyy~Cqyy data for
buildings with closed end walls, designers using the
predictions obtained with the pressure difference method have
a built-in safety factor. This factor comes from the under-
prediction at angles of 45° and 60°, an accurate prediction at
10* to 30°, and 90°, and the over-prediction at 0° (400 mm
ridge, only).
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with open end walls, the prediction by pressure
difference method with the chimney and 150 mm ridge appears to
be very accurate. The designer should expect a general over-
prediction with the 400 mm ridge for all angles.

5.7.4 concluding remarks
At the present stage of knowledge, the pressure

difference method may be used to design naturally ventilated
buildings with large sidewall openings, closed and open end
walls, and chimney or 150 mm ridge using the calculated Cp,
and a C; = 0.6 for each type of opening and for all angles.
care should be taken with the 400 mm ridge, especially with
the open end walls because of the possible over-prediction
with the pressure difference method.
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CHAPTER 6
SUMMARY AND CONCLUSION

Measurements of the external pressure coefficients around
the 1:20 open and sealed models of a low-rise, naturally
ventilated livestock building with gable roof were made in the
NRCC wind tunnel. In addition, the internal pressure
coefficients were recorded in the open models. The pressure
difference method was used to estimate the local ventilation
rates and calculate the ventilation rate coefficients C,, for
various wind angles of incidence.

Comparisons between the open and sealed models were based
on graphical representations of the external pressure
coefficients, Cps, internal pressure coefficients, Cp;, , local
external-internal pressure differences, aCps, airflow diagrams
showing the predicted ventilation rate for each opening, Q.
and the ventilation rate coefficients, Cg,, for all building
configurations.

An attempt was made to measure the effective ventilation
rate, XQ, for open models by the concentration decay method.
buring a test, smoke was injected inside the scale model and
the rate of decay was measured by an optical device (laser and
silicone diode detector). The calculated ventilation rate
coefficients, C,,, were said to be weffective™ because they
were measuring an effective average ventilation rate along the
entire building length including all the potential zones of
under- or over-ventilation and possible short circuits of
ventilation.

For the open models, the predicted ventilation rate
coefficients, Cg,, Using the pressure difference method were
compared with the measured effective ventilation rate
coefficients, Cygg-
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A total of 105 tests were done with open and sealed
models. The model was transformed in order to study the
following structural parameters:

1 - Three ridge opening configurations -asisting of
intermittent chimneys, simulated 150 mm or 400 mm wide
continuous ridge openings.

2 - fTwo sidewall opening areas, simulating 800 um or 1100 mm
high continuous sidewall openings.

3 - fThe use of two end wall openings in the open or closed
position.

Each building configuration was investigated for seven
wind angles of incidence.

6.1 Pressure difference method
The general observations of the Cps distributions around

the scale model reveal the following observations:

With the open model:

1 - The highest -Cps at the ridge were recorded with the
chimney, not the 150 mm or 400 mm ridges.

2 - The 800 mm and 1100 mm sidewalls do not produce large
changes in the Cp distributions, except at 8 = 60* and
90*, where the 1100 mm sidewall generates higher pressure
differences across the building.

3 - fThe use of closed or open end walls completely changes
the Cp distributions at both end walls of the open model.

With the sealed model:

1 - The -Cps at the ridge are increased considerably when
using the 400 mm ridge versus the chimney.

2 - The ridge types affect the leeward pressure coefficients.

Open versus sealed model:

1 = The -Cps at the ridge level are considerably higher with
the sealed model.

2 = The -Cps over the leeward sidewalls are slightly higher
with the open model.
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With the open end walls, the Cp distributions over both
end walls are totally reversed with respect to the sealed
versus open models.

When the opening areas of the open model are increased,
larger differences in Cp distributions and magnitudes
occur.

The internal pressure coefficients, Cp, , were calculated

for the open and sealed models using the pressure difference
method and, in addition, 10 measurements of Cp, were made
inside the open model. The results show that:

Open
1_.

Open
1_

model, calculated Cp;.:

All modifications of the building sidewall, end walls and
types of ridge openings in function of the wind angles of
incidence have an effect on the Cp;,,.

model, measured Cp,:

Large 3-dimensional Cp,, variations should be anticipated
inside these types of naturally ventilated buildings.
The observed and reported airflow patterns seem to
coincide with the gradient of the measured Cp,..

The differences between the calculated and the average of
the measured Cp,s are small with the chimney and 150 mm
ridge, but rather large with the 400 mm ridge.

versus sealed, calculated Cp,:

The general shape of the Cp;, curves for sidewalls with
closed or open end walls are fairly similar.

The discrepancies between the calculated Cp;, of the
sealed versus open models are increased when larger
sidewall, open end walls and ridge opening areas are
used.

The difference between the exterior Cps over the building

surfaces and the calculated Cp; provide the basic information
on the directions and magnitudes of the air inflows and
outflows for each opening area.
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model:

The use of the simulated 800 mm or 1100 mm sidewall
openings show zuinor effects for all angles, except for
8 = 90° where the 1100 mm sidewall show higher aCps on
the leeward sidewall.

The use of open end walls have various effects on the
sidewall and ridge aCps for most angles.

From the study of the three ridge configurations, it
appears that the 400 mm ridge opening is the only one of
the three that has changes, a slight increase in aCps
over the inlet zones, decreases in aCps over the ocutlet
zones and a decrease in aCps over the ridge opening.
versus sealed model:

Some differences in alp distributions and magnitudes over
the sidewall (especially the leeward wall) and end walls
openings are visible for most angles.

For all types of ridge openings, the sealed model show
considerably higher aCps through the ridge as compare to
the open model.

The use of the airflow diagrams for the sealed and open

models helped to visualise the effects of the discharge
coefficient, to estimate the effect of the area for each
opening on the local inflows and outflows, and to evaluate the
magnitude of Q;. From the results, the following could be
inferred,

Open
1-

model:

When the sidewall openings are enlarged from the
sirulated 800 mm to the 1100 mm opening width, the
percent increase of the total flow varies according to
the types of ridge and end wall openings used as well as
the wind angle of incidence.

With open end walls, the inflows and outflows over the
sidewall and the ridge are slightly different for all
angles.
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3 - The larger ridge openings show an increase in the
windward inflows, decrease in the leeward outflows and an
increase in the outflows through the ridge at 8 = 30" to
S0°*.

4 - At 06 = 0° and 10°, there are similar sidewall flows for
the chimney and 150 mm ridge and also more inflows and
outflows through the 150 mm ridge itself. The 400 mm
ridge shows more inflows over both sidewalls, and also
reduced outflows through both sidewalls while there were
more inflows and outflows at the ridge level.

Open versus sealed model:

1 - For all angles with the sealed model, the ridge and the
downwind end wall outflows are considerably over-
predicted and the leeward wall outflows are under-
predicted as compare to the open model.

2 - More inflows at the ridge level are predicted with the
open model (8 = 0° to 20°).

The dimensionless ventilation rate coefficient, Cg,, is
very convenient in order to study the effect of any structural
changes of the sidewall, end walls and ridge openings. Also
it utilises all the basic buiiding information to predict the
total ventilation rate, Q,, when used in conjunction with
meteorological data of wind speed and direction. The C,
values are plotted against various wind angles of incidence.
From the study of the C,, curves for the open and sealed
models, the following conclusions were drawn.

Open model:

1 - When the larger 1100 mm sidewall openings are used
instead of the 800 mm opening, similar or slightly lower
Cgio Values are obtained. This indicates that the total
ventilation rates, Q,, are enhanced proportionally to the
percent increase in sidewall area.

2 - The addition of two end walls openings generally
increases the C,, values for all angles with each
building configuration. This is an extremely efficient
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way to provide higher C,, values especially at 8 = 0° to

20°.

3 - Small increases of the C,, values are produced when the
chimney is replaced by the 150 mm ridge, but the 400 mm
ridge shows considerably larger C,, increases compared to
the chimney and the 150 mm ridge.

Open v:rsus sealed model:

1 - WwWith the chimney and the 150 mm ridge, the C,, values
with the open model predict higher total ventilation
rates, Q,, compared to the sealed model at 6 = 90° to 30°
and lower Qs at 6 = 20° to 0°.

2 - With the 400 mm ridge, the Cj,, values of the open model
generally predict higher total ventilation rates for all
angles.

Generally, the comparisons between the C,, values of the
open and the sealed models would lead one to believe that the
larger the total opening areas are on the sidewall, end walis
and ridge openings, the larger the discrepancies in Cg,
values.

For future research work of naturally ventilated
buildings with large sidewall, end walls and ridge opening
areas, it appears that the use of open models should be
recommended basically because of the reported large
3~-dimensional Cp,, variations within the open model and the
different external pressure coefficients measured with various
structural building configurations.

6.2 Effective ventilation rate cocefficients measured by the
concaentration decay method
An attempt was made to obtain the effective ventilaton
rate coefficients, C,,,, based on the concentration decay
method. An optical density device (laser and silicone diode
detector) was used to measure the rate of decay of injected
smoke into the scale model.
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These measured ventilation rate coefficients are said to
be "effective® because they represent an average C,,, for the
entire building length at the center width and 1.5 m above the
floor (full scale). The C,,, measurements include the
controversial mixing factor.

The analysis of the effects of the 800 mm versus 1100 mm
sidewall with closed or open end walls combined with the
chimney, 150 mm or 400 mm ridge openings on the effective
ventilation rate coefficients C,,, revealed the following:

1 - The sidewall effects vary with each type of ridge and are
also dependent upon the wind angle of incidence.

2 - The addition of end walls openings appears to have major
effects on the uniformity of the C(,,,, curves by
attenuating the large minimum-maximum differences noticed
for all ridge types with the closed end walls.

3 - The use of chimney, 150 mm or 400 mm ridges has some
effects on the C,,, values with closed end walls but it
appears that there were minimal ¢, differences among
the three types of ridge openings when open end walls
were used.

The use of an optical device (laser and silicone diode
detector) seems to be a promising technique to accurately
measure the "effective" ventilation rate based on the
concentration decay method. Further work on airflow mixing
could also be done if multi-sampling locations are used.

6.3 Measured C,,,, versus calculated Cgyy

The effective ventilation rate coefficients, C,g,.
measured by the concentration decay method were compared to
the calculated ventilation rate coefficients, C,,, with the
pressure difference method. Four major points of difference
were noticed.

Firstly, for all wind angles, the general C,, curves show
definite effects of both 800 mm and 1100 mm sidewall areas
with closed or open end walls while the C,,, curves tend to
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cross themselves at different wind angles of incidence.
Secondly, the maximum C,,, values were recorded at 8 = 45° to
60* as compared to 8 = 90° for the C,, values.

Also, the addition of two end wall openings caused the
calculated C,,, values to increase proportionally to the added
amount of inflows and outflows. In contrast, when open end
walls are used, the effective ventilation rate coefficients,
are generally lower than the gy for 6 = 45° and 60°.
surprisingly, at 8 = 0°, the G values with the open end
walls are always lower than with closed end walls.

Finally, the results from the pressure difference methed
generally show C,, differences between the chimney and the
150 mm ridge but very large C,, increases when the 400 mm
ridge was used. At the opposite end, the results of the
concentration decay method show only limited Cyg differences
for the three types of ridge openings with closed end walls.
With open end walls, there are about no G, differences among
the three ridge types.

puring the wind tunnel tests, zones of over and under-
ventilation were visualised from the smoke's rate of decay.
Also, there are potential short circuits of ventilation with
the incoming air which may go directly through the exhaust
openings, especially because of the proxinity of the inlet and
outlet zones. Short circuits from the windward sidewall to
the ridge opening at 8 = 60° and 90* as well as from the open
end walls to the sidewalls or the ridge openings at 6 = 0* to
30° are possible. The effective ventilation rates would be
impaired due to these short circuits.

With the pressure coefficient method, poss ible prediction
errors of the C,, values are likely to occur because the
values are calculated with C, = 0.6 for all types of sidewall,
end wall and ridge openings at all wind angles. Also, the
reported 3-dimensional variations of Cp;, may change the
calculation of the total ventilation rates.
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6.4 Use of the pressure difference method for design purposes

At the present stage of knowledge, the calculation of C,,
with the pressure difference method may be used to design
naturally ventilated buildings with large sidewall openings,
with closed or open end walls for all wind angles. The
designer must remember that with the chimney versus the 150 mm
ridge, the use of a uniform C; = 0.6 for all openings and the
calculated Cp,, will cause a slight under-prediction of the
Cqio Values for 6 = 0°, 10°*, 45" and 60° compared to the
measured C,,, values. From the designer's point of view,
under-prediction of the ventilation rate coefficents provides
a safety factor. Care should be taken with using the 400 mm
ridge especially with open end walls where over-prediction
with the pressure difference method are reported for all wind
angles.
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CHAPTER 7
RECOMMENDATIONS FOR FUTURE WORK

The comparison between the open and sealed models
revealed major differences at the ridge level, at the end wall
openings and some differences on both sidewall openings. It
should be considered that future work on natural ventilation
for buildings with large sidewall, end wall or ridge openings
must be done with open models.

The prediction of the inflows and outflows at each
opening is based on the local differences between Cp,,, and
cp,,- Large differences in Cp,, values have been generally
recorded along and across the building. Even if the averages
of tne measured Cp, s are close to the calculated Cp, 6 values
with the chimney and the 150 mm ridge, localised variations in
Cp;, may have sone effect on the total ventilation rates, as
well as on local zones of inflow and outflow and their
respective magnitudes. Definitively, the predictions would
have been impaired with the 400 mm ridge where the measured-
calculated Cp; s are completely different. The spatial
variations in Cp;, with their potential effects on the
ventilation rates should be investigated. Then, it would be
recommended to substantially increase the number of CP;,
measurements taken for subsequent research work.

The measurements of the Yeffective" ventilation rate
coefficients using the concentration decay method with
injected smoke and an optical device appears to be very
promising. The rate of decay method is adequate as indicated
by the very good curve fitting correlations obtained with the
majority of the tests. The optical devices (laser and
silicone diode detector) provide accurate measurements as
indicated by the fairly low standard deviations obtained from
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the average C,y,, values for the five replicates. Further work
would be required on the mathematical treatments of the data,
especially to reduce the problem of the initial and final cut-
off points used for the calculation of the rate of decay and
obtain a more accurate estimation of the standard deviation
and standard error.

With the present study, it was possible to obtain an
average value of the ‘“effective" wventilation rate
coefficients, but zones of under- and over-ventilation were
still visible within the scale model. For further studies, it
is recommended to use multiple recording locations along and
across the model. This would obtain relatively accurate
values for the average C,,, and data to study the "mixing"
rhenomenon.

| Finally, if precise measurements of Cp,, and Cp,; 6 are done
with the addition of measurements of the ventilation rates by
the concentration decay method, it would then be possible to
calculate the C, for each type of sidewall, end wall and ridge
opening in function of the wind angles of incidence.

Also, there would be a possibility to wvalidate more
complicated models, including the effects of wind turbulence
(Handa, 1979; Gustén, 1989) which would not change the average
Cps and C,, but may change the "effective" ventilation rates.
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APPENDIX A

Reference pressure coefficients

Pressure coefficients were gathered and summarized in
order to compare the results among previous researchers and
the present work. Only the pressure coefficients obtained for
an open country situation (¢ = 0.14 to 0.18) were kept, with
the exception of Aynsley et al. {1977) which were used to
compare the effect of the power law exponent on the Cps. All
data were also transformed to a reference height of 10 m in
order to use it with meteorological data.
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List of previous tests on pressure coefficients around
buildings.

NB: transformed to 10 m; a = 0.14 to 0.18, open country
situation.

Holmes (1983)

Model house (sealed)

Length = 12.2 m, width = 6.1 m, eave height = 2.6 m
overhang = 1.1 m, roof angle = 10*, 15°, 20°*, 6 = 0*, 45°*,
90°*, rural terrain, a = 0.17

Aynsley et al. (1977)

Model house (sealed)

length = 12.2 m, width = 6.1 m, eave height = 2.6 m
overhang = 1.1 m, roof angle = 10°*, 6 = 45*, 90°
city area, a = 0.28

Vickery et al. (1983) from Davenport et al. (1977, 1978)
Model industrial building (sealed)

length = 38.1 m, width = 24.4 m, height = 4.9 m

overhang = 1.5 m, roof angles = 4.7* and 18.4°, 6 = 0°, 45°,
90°*, open country, a = 0.14

Aynsley (1979)

Model house (open)

length = 12.2 m, width = 6.1 m, eave height = 2.6 m,
overhang = 1.1 m, roof angle = 10°*, 6 = 90°,

city area, a = 0.28

sidewall opening area = 0%, 10%, 20%, 30%, 40%

Ashley and s8herman (1984)

Model house (sealed)

length/width ratio = 1, 2, 3, and 4, height = unknown,
no overhang, roof angle = between 15° and 30°', 6 = 90°,
country with scattered windbreaks, a = 0.20
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Agricultural buildings

Down et al. (1985), data from Bruce (1974)

Sealed model

length = 35 m, width = 22 m, eave height = 2.2 m,
roof angle = 12°*, 8 = ¢°, 30°*, 60°*, 90°,

open country, a = 0.15 to 0.17

Brockett and Albright (1987)

Sealed model

full scale length = 60 m, width = 12 m, eave height = 2.5 m,
no overhang, 6 = 0°*, 45°, 90°, roof angle = 14.0°

open country

Bottcher et al. (1986)

Open model (1:25 scale)

length = 762 mm, width = 400 mm, eave height = 100 mm
roof angle = 18.4°, no overhang

open country

ghrestha et al. (1990)

open model (1:2 scale), with ridge opening

length = 7.3 m, width = 4.9 m, eave height = 1.5 m
overhang = 0.30 m, roof angle = 18.4°, 6 = 920°
ridge opening width = 89 mm; = 1.8% of floor area
open country
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sSca asu e

wright and Westgate (1982), Richardson (1989b)

Full scale, open versus closed ridge, (FB06)

length = 34.25 m, width = 24.6 m, eave height = 2.66 n,
ridge height = 4.79 m, roof angle = 11°,

partial ridge opening width = 200 mm,

sidewall opening (top part) = 100 mm, no overhang

open country, a = 0.17, 6 = 90°

Moran et al. {(1983)

Full scale, with or without intermittent ventilators, (FB02)
length = 18.5 m, width = 7.4 m, eave height = 1.77 m,

roof angle = 15°. intermittent ventilators with covers, no
sidewall opening, no overhang, 8 = %0°

open country, a = 0.17

Hoxey and Moran (1983)

1) Full scale sealed building (FBOl)

length = 27.8 m, width = 21.5 m, eave height = 4.3 m,
roof angle = 15*, no overhang

open country, a = 0.17

* TLow confidence level because of close leeward interferences
(Robertson et al., 1988)

2) FB16

length = 120.0 m, width = 6.7 m, eave height = 4.5 m,
roof angle = 15°, no overhang,

open country

3) FBO3

length = 18.5 m, width = 11.9 m, eave height = 4.6 m,
roof angle = 16°, no overhand,
open country
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4) FBOS5

length = 41.0 m, width = 28.0 m, eave height = 4.0 m,
roof angle = 15°, no overhang,

open country

Robertson et al. (1985)

Full scale, Dutch barn, with all sclid walls

length = 24.3 m, width = 11.0 m, eave height = 5.5 m,

roof angle = 16.7*, no overhang, 6 = 0°*, 90°,
open country

Robertson et al. (1988)

FB19, Full scale

length = 36.84 m, width = 18.4 m, eave height = 5.0 m,

roof angle = 15°, no overhang, but rain gutter 0.15 m wide,
copen country

10
| 7 4
.
96454@
2 8 5
3 9 5]
11
Figure A.1 Reference locations for pressure coefficients

around the building.
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Table A.2 Pressure coefficient difference accross low rise
building at 8 = 90° (CP,i yuerd ~ CPleewara) = 10 M height

reference.
Author Average aCp
Industrial Buildings
Holmes (1983)
rool = 10 0.34 L =122, W = 1.1, H = 26 Overhang
roof = 15° 0.54
roofl = 20 0.60
Vickery et al. (1983)
rool = 4.7* 044 L =381, W =244, H = 49 Overhang
roof = 184° 0.66
Aynslcy (1979)
sidewall opening area = 0% 0.36
10% 0.56
20% 057
30% 0.54
40% 050
Ashlcy and Sherman (1984)
length/width ratio = 1 052
2 0.58
3 0.77
4 0.80
Agricultural Buildings
Down et al. (1985) 0.48 L=3W=2H=22
e=10°
Brockett and Albright (1984) 0.70
Boticher et al. (1986)
Sidewalt openings are = 0% 0.78 L=19W=10mH=25
8 = 18.4°
10% 0.70
20% 0.64
0% 0.59
40% 055




Table A.2 Cont'd.
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Author Average aCp

Shrestha et al. (1990} (open ridge)

Sidewall opening area 33% 051 L =146, W =98 H = 3.0 Overhang 8 = 18.4°
10% 051

Full Scale Study

Robertson ¢ al. (1985) 0.89 L=243,W=11,H =535, 8 =167

Dutch baro

Wright and Westgate (1982)

FBO6, apen ridge 0.37 L = 3425, W =246, 1l = 260, 8 = 11"

FB06, closed ridge 0.27

Moran ¢t al. (1983)

Fi302, open ridge 0.51 L=885,W=74 =179, B=15

FB02, closed ridge 051

Hoxey and Moran (1983)

FBo1* 0.51 L=278, W=215H=43, 8=15

Robertson ¢t al. (1988)

FB19 0.57 L=37,W=184,H=50, 8=15

Choinidre (present study)

SE-150 0.67

SE-400 0.61

SE-CH 0.74

OP-150-800-C 0.80

OP-400-800-C 0.80

OP-CH-800-C 0.75

OP-150-1100-C 0.90

OP-400-1100-C 0.85

OP-CH-1100-C 0.75

* Data has been reevaluated by Robertson et al. (1988) with

FBl19..
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AVPIENDIX B

Results from Vickery et al. (1983)

Tables B.1 and B.2 contain the results of the pressure
coefficient differences across a scale model of a low-rise
industrial building. The effect of three eave heights and
three roof angles can be analysed. All the data from Vickery
et al. (1983) were transformed to a reference height of 10 m.
For these tests, the wind tunnel was calibrated to reproduce
an open country situation (a = 0.14). only the results for
wind angles of incidence parallel to the building length
(6 = 0*) and perpendicular (6 = 90%) are presented. The
average pressure coefficient differences were taken at mid-
length and mid-height of both the windward and leeward
sidewalls. The pressure coefficients at the ridge are based
on the average of -Cps across the ridge line at mid-length of
the building.

Table B.1 Effect of eave heights on the average pressure
coefficient difference across the sidewalls and
average pressure coefficients across the ridge,
® = 90°, roof angle = 18.4°.

Eaves Heights (m} aCp Sidewalls -Cp Ridge
4.9 0-66 _0032
7.3 0.74 -0.33

9.7 0.77 -0.32
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Table B.2 Effect of roof angles on the average Cp difference
across the sidewalls and the average pressure

coefficient across the ridge, 6 = 90°*, eave
height = 4.9 m.

Roof Angles ACp Sidewalls -Cp Ridge
(degrees)
4.7° 0.66 =-0.32
i8.4° 0.74 -0.33
45° 0.77 =-0.32

Tables B.3 and B.4 present the pressure coefficients at
three locations equal distant along the mid-height of the
building for a wind angle of incidence parallel to the
building length (6 = 0°*). The Cps distributions were similar
on both sidewalls. The -Cps at the ridge are the average -Cps

on each side of the ridge line for three equal lengths along
the building.

Table B.3 Effect of eave heights on the average Cps at three
locations along the sidewalls and the ridge,
0 = 0°, roof angle = 18.4°.

Eaves Heights Cp Sidewall Cp Ridge
(m) Locations Locations
1 2 3 1 2 3
4.9 -¢,37 -0.,21 -0.10 -0.58 -0.16 -0.11

-0.45 <-0,15 -0.10 -0.65 =-0.16 -0.12
9.7 -0.51 =-0.19 -0.17 =0.75 -0.30 -0.13
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Table B.4 Effect of roof angles on the average Cps at three
locations along the sidewalls and the ridge,
8 = 0°, eave height = 4.9 n.

Roof Angles Cp Sidewall Cp Ridge
(degrees) Locations Locations
1l 2 3 1 2 3
4.7" -0.26 -0.08 -0.06 =0.41 -=0.08 -0.08
18.4° -0.37 =-0.11 -0.10 =-0.58 =0.16 -0.11
45° -0.54 ~-0.15% =-0.10 =0.78 =0.23 -0.14

Table B.5 Summary of the effect of eave heights and roof
angles.

Sidewalls
8 = 90° if Eave Height t, aCp t, Cp Ridge similar
6 = 0° if Eave Height 1, Cp t, Cp Ridge t

Roof Angles
6 = 90*, if Roof Angle t, aCp t, Cp Ridge similar
0 = 0* , if Roof Angle t, Cp t, Cp Ridge t
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APPENDIX C
Preliminary tests in wind tunnel, recording period

Objective:
Study the effect of recording period of 1 second,
3 seconds and 5 seconds on the pressure coefficients.

Brocedures:
1 - Calculate the differences between the tests 3 s - 1 s,
5s~-1s and 5 s - 3 s on absolute Cp values to obtain
1.1 average |ACd
1.2 ST of | Ac:pl
1.3 max aCp
1.4 min aCp
2 - Calculate the difference between 3 s - 1s, 5s -1 s,
5 s - 3 s on global Cp values, and calculate
2.1 average aCp
2.1 STD of aCp
2.3 max aCp
2.4 nin aCp



0.0439
0.0373
0.0183
0.0174
0.0046
0.0056
0.0107
0.0054
0.0045
0.0233
0.04136
0.0154
0.0300
0.0236
0.0284
0.0215
0.0176
0.0320
0.0057
0.0039
0.0174
0.0598
0.0186
0.0360
0.0660
0.0495
0.0472
0.0058
0.0198
0.0208
0.0651
0.0049
0.0394
0.0081
0.0912
0.0355
0.0153
0.0143
0.0341
0.0254
0.0482
0.0100
0.0678
0.0562
0.0284
0.0127
0.0369
0.0020
0.0032
0.0331
0.0103
0.0251
0.0091
0.0074
0.0185

Table C.1 Absolute Cp differences.
h=110m Time Time Time
Location ls s 58

Number Ccp Cp Cp

1 =-0.7423 =-0.78627 -0.75016

2 =-0.7691 -0.73176 =-0.72063

3 =-0.5215 -0.53974 -0.57099

4 =-0.7350 =-0.71757 -0.72199

5 -0.1691 -0.17373 -0.17533

6 =0.1940 =-0.19968 -0.20667

7 =0.1955 -0.18478 =-0.17932

8 =0.1635 =-0.15809 =-0.16146
9 0.3920 0.387463 0.399086
10 0.5218 0.498579 0.514216
11 0.4908 0.534365 0.517063
13 =0.3274 =-0.31192 ~0.30348
14 =-0.3275 =-0.29754 =-0.28995
15 0.4223 0.461911 0.467677
16 0.5508 0.522395 0.578539
17 =-0.3434 -0.32183 ~-0.31927
21 =-0.3153 -0.33285 -0.30788
22 =-0.3453 =-0.31333 -0.32180
23 0.5263 0.520612 0.574713
24 0.4812 0.485081 0.512u90
25 0.5306 0.522134 0.535574
26 0.5248 0.584614 0.573904
27 0.5122 0.493569 0.496010
28 =-0.6433 ~0.60733 -0.64835
29 -0.2689 -0.33488 ~0.33139
30 =-0.2823 -0.33184 -0.31696
31 -0.2547 -0.30193 -0.31312
32 -0.3328 -0.33857 =-0.35495
K] 0.4714 0.451578 0.491204
34 0.5134 0.534215 0.545612
35 -0.2403 -~-0.30539 -0.28028
36 -0.5696 -0.57453 -0,.55162
37 -=0.3405 -0.30111 -0.31409
38 -=0.3102 =-0.30213 -0.32741
41 0.4640 0.555207 0.540515
42 0.4785 0.513936 0.491103
43 0.5028 0.518126 0.583182
44 0.5750 0.560652 0.570944
46 -0.2482 -0.21408 -0.24162
47 -~0.2816 -0.25618 -0.23508
49 -=0.2766 =-0.22840 -0.25961
50 =-0.2168 -0.22683 -0.23337
51 0.4504 0.518251 0.519140
52 0.5174 0.573612 0.601738
53 0.5140 0.542413 0.551546
54 -0.5763 -0.56352 -0.58723
55 =0.2488 -0.21192 ~0.22766
56 ~-0.2412 -0.24314 -0.25013
57 0.5022 0.498991 0.529021
58 0.5521 0.585151 0.590048
61 =0.2541 ~-0.26442 =0.26956
63 =-0.2761 -~0.30120 -0.30480
64 =0.2977 -9.30679 =0.,34328
65 0.5370 0.544359 0.562918
66 0.4966 0.478146 0.486836
67 0.5324 0.527773 0.529896

0.0046

Absolute Differences
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|3s-58| |Ss-1s]

0.0361
0.0111
0.0312
0.0044
0.0016
0.0070
0.0055
0.0034
0.0116
0.0156
0.0173
0.0084
0.0076
0.0058
0.0161
0.0026
0.0250
0.0085
0.0541
0.0270
0.0224
0.%107
0.0024
0.04.0
0.0035
0.0149
0.0112
0.0164
0.0396
0.0114
0.0251
0.0229
0.0130
0.0253
0.0147
0.0228
0.0651
0.0103
0.0275
0.0211
0.0312
0.0065
0.0009
0.0281
0.0091
0.0237
0.0157
0.0070
0.0300
0.0049
0.0051
0.0036
0.0365
0.0186
0.0087
0.0021

0.0078
0.0485
0.0495
0.0130
0.0062
0.0126
0.0162
0.0020
0.0071
0.0076
0.0263
0.0239
0.0376
0.0294
0.0123
0.0241
0.0074
0.0235
0.0484
0.0309
0.0050
0.0491
0.0161
0.0050
0.0625
0.0347
0.0584
0.0221
0.0198
0.0322
0.0400
0.0180
0.0264
0.0172
0.0765
0.0126
0.0804
0.0040
0.0066
0.0465
0.0170
0.0165
0.0687
0.0843
0.0375
0.0110
0.0211
0.0050
0.0269

‘0.0379

0.0154
0.0287
0.0455
0.0259
0.0098
0.0025



Table

h=10m
Location
Number

C.1 (cont'd.)

Time
1l s
Cp

Time
38
Cp

Absolute Cp differences.

Time
58
Cp
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Absclute Differences
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0.5879
=0.3478
=-0.3298
-0.2993
-0.3209

0.4403

0.5470

0.5155
-0.5900

=0.29017
-0.32102
0.364783
0.540893
~-0.28379
-0.26720
=-0.31827
~0.17856
-0.18960
-0.29719
-0.15442
-0.53709
=0.73642
=0.81680
-0.74801

0.584143
-0.30584
=0.31091
=0.29499
-0.33538
0.421712
0.551474
0.474833
-0.61781
-0.31815
-0.33738
0.350087
0.508794
-0.28878
-0.28720
-0.28694
-0.17172
-0.19027
-0.28718
-0.16000
-0.57374
-0.76961
=-0.75511
=0.75730

0.593604
-0.32877
-0.33285
~-0.32297
=-0.35177
0.442236
0.565276
0.480542
-0.26693
=0.31591

=0.32989

0.392073

0.52394
-0.30678
=0.30243
-0.30988

-0.18006

-0.18589
-0.29404
-0.17173
-0.57760
-0.78711
=-0.78297
-0.76771

0.0038
0.0420
0.0189
0.0043
0.0145
0.0186
0.0045
0.0407
0.0278
0.0280
0.0164
0.0147
0.0321
0.0050
0.0200
0.0313
0.0068
0.C007
0.0100
0.0056
0.0366
0.0332
0.0617
0.0093

0.0095
0.0229
0.0219
0.0280
0.0164
0.0205
0.0138
0.C057
0.0509
0.0022
0.0075
0.0420
0.0151
0.0180
0.0152
0.0229
0.0083
0.0044
0.0069
0.0117
0.0039
0.0175
0.0279
0.0104

0.0057
0.0190
0.0030
0.0237
0.0308
0.0020
0.0183
0.0350
0.0230
0.0257
0.0089
0.0273
0.0170
0.0230
0.0352
0.0084
0.0015
0.0037
0.0031
0.0173
0.0405
0.0507
¢.0338
0.0197

Average 0.024084 0.016959 0.025022

std.

Dev.0.018671 0.012898 0.018930

Maximum 0.091168 0.065056 0.084290
Minimum 0.000671 0.000888 0.001494



Table C.2 Cp differences.
h = 10 m Differences with signs
Location
Number 3s~1s 38-58 58-18
1 -=-0.0439 -0.0361 -0.0078
2 0.0373 =0.0111 0.0485
3 =0.0183 0.0312 -0.0495
4 0.0174 0.0044 0.0130
5 =0.0046 0.0016 =0.0062
6 =-0.0056 0.0070 =0.0126
7 0.0107 -0.0055 0.0162
8 0.0054 0.0034 0.0020
9 =0.0045 -0.0116 0.0071
10 -0.0233 -=0.0156 -~0.0076
11 0.0436 0.0173 0.0263
.5 0.0236 -0.0058 0.0294
A -0.0284 -0.0161 -0.0123
17 0.0215 -0.0026 0.0241
2 ~0,0176 ~0,0250 0.0074
22 0.0320 0.0085 0.0235
23 -0.0057 =0.0541 0.0484
24 0.003%9 =0.0270 0.0309
25 =-0.0174 -0.0224 0.0050
26 0.0598 0.0107 0.0491
27 -0.0186 -0.0024 -=0.0.61
28 0.0360 0.0410 -0.0050
29 =0.0660 =0.0035 -~-0.0625
30 -0.0495 -=0.0149 -0.0347
31 -0.0472 0.0112 -0.0584
32 -=0.0058 0.0164 -0.0221
33 -0.0198 -=0.0396 0.0198
34 0.0208 -0.0114 0.0322
35 -0.0651 -0.0251 =0.0400
36 =-0.0049 -0.0229 0.0180
37 0.0394 0.0130 0.0264
38 0.0081 0.0253 =0.0172
41 0.0912 0.0147 0.0765
42 0.0355 0.0228 0.0126
43 0,0153 -0.0651 0.0804
44 =0.0143 =-0.0103 -0.0040
46 0,0341 0.0275 0.00686
47 0.0254 -0.0211 0.0465
49 0.0482 0.0312 0.0170
50 =0.0100 0.0065 =0.0165
51 0.0678 =-0.0009 0.0687
52 0.0562 -0.0281 0.0843
53 0.0284 -=0.0091 0.0375
54 0.0127 0.0237 -=0.0110
885 0.0369 0.0157 0.0211
56 =-0.0020  0.0070 -0.0090
57 =-0.0032 -0.0300 0.0269
58 0.0331 -0.0049 0.0379
61 =-0.0103 0.0051 -0.0154
63 =-0.0251 0.5036 -0.0287
64 =-0.0091 0.0365 =-0.0455
65 0.0074 -=0.0186 0.0259
66 =-0.0185 -0.0087 =-0.0098
67 -0.0046 -0.0021 -0.0025
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Table C.2 (cont'd)
h = 10 m Differences with signs

Location
Numnmber 3s-1s 3s-58 Sg-1s

68 ~0.0038 =0.0095 0.0057
71 0.0420 0.0229 0.0190
72 0.0189 0.0219 -0.0030
73 0.0043 0.0280 =0.0237
74 -0.0145 0.0164 -0.0308
75 =0.0186 -0,0205 0.0020
76 0.0045 -0.0138 0.0183
77 -0.0407 =~-0.0057 +«0.0350
78 -0.0278 -0.0509 0.0230
81 -0.0280 -0.0022 <=0.0257
82 -=0.0l64 +-0.007% -=0,.0089
83 -0.0147 -=0.0420 0.0273
84 =0.,0321 -0.0151 -=0.0170
85 =0.0050 0.0180 =0.0230
87 -0.0200 0.0152 -0.0352
88 0.0313 0.0229 0.0084
89 0.0068 0.0083 -0.0015
90 -0.0007 -0.0044 0.0037
91 0.0100 0.0069 0.0031
92 +~0.0056 0.0117 -0.0173
93 «0.0366 0.0039 =0.0405
94 -=0.0332 0.017% -0.0507
95 0.0617 0.0279 0.0338
96 -0.0093 0.0104 -0.0197

0.002833 -0,00152 0.004357

0.030342 0.021252 0.031072

0.091168 0.041013 0.084290

-0.06600 -0,06505 =-0.06251

Cp differences.
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Figure C.1 Cps contour lines: sealed model with chlmney,
1 second, wind angle of 90°.
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Figure C.2 Cps contour lines: sealed model with chimney,

3 seconds, wind angle of 90°.
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Figure C.3 Cps contour lines: sealed model with chimney,
5 seconds, wind angle of 90°.
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APPENDIX D

Concentration decay method with optical density
data processing

The following four figures present the methodology to
calculate the effective ventilation rate coefficient, Cg .,
from the voltage ocutput of the silicone diode photodetector
and laser. Figure D.1 shows a typical voltage output versus
time. The useful part of the rate of decay curve was fairly
short. The data presented in Figs. D.1, D.2 and D.3 shows
that this useful data were collected during a period of 0.5 s
to 2 s. Therefore, the sampling rate was established at
200 Hz and about 200 data points were available for data
processing.

Some spikes are visible in Figs. D.1 and D.2. Also,
other tests, not presented here, show large bumps during the
decay period. These can be attributed to the recirculation of
smoke in front of the laser beam. This is mainly attributable
to the infiltration of residual smoke from the tubes and
manifold below the scale model. As an effect, these spikes
and bumps elongated the rate of decay process, causing an
underestimation of C,,,- In future work, the smoke injection
system should have sealed shut-off valves.

The initial voltage varied between 170 to 205 mV. Fig.
i;.2 shows that the optical density value (0OD) was about 3 at
those voltages. This indicates that the visibility inside the
model was about 0.33 m. This also indicated that the laser's
light beam was scattered and did not reach the photodetector.
As soon as the laser beam was able to pass through the smoke,
the voltage output increased (Fig. D.1). Accordingly, the
optical density dropped until it reached a value of 0.0,
indicating that the scale model was totally clear of smoke.
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In Fig. D.3, the final value of the optical density was
about 1.0. This final value may indicate:

1 - A high concentration of smoke in the wind tunnel and in
the air intake.
2 - Contamination of the laser enclosure.

Since the NRCC wind tunnel is a closed 1loop, the
concentration of the smoke was increasing during the day. The
maximum levels of smoke contamination were reached by the end
of the week. Large final OD values were recorded when smoke
was able to infiltrate the prntective enclosure of the laser.
To solve this problem, the tests were halted, the laser lenses
cleaned, and the enclosure carefully resealed. The effect of
smoke contamination was not considered critical because the
effect of refeeding and the final optical density values were
substracted, as in Eg. 4.9.

Figure D.4 shows the basic methodology for the
calculation of the effective ventilation rate. At the
beginning of the test, the first part of the curve is fairly
flat. The actual rate of decay started when the difference
from 0.0 was about 0.2 for this test and ended when a vertical
difference of 0.4 was recorded at the end of the process. For
the example in Fig. D., the value of KQ was =-0.363 with a
linear correlation of -0.9866. This indicates that the
effective ventilation rates for this particular test was

KQ - -0.363m?*/s

The dimensionless C,,, could be evaluated knowing that

—KQ
- - 0.61
szo V:I.QAS 2

where

V‘IU
As

9.8 m/s (fer most tests)
0.0605 m?

nn
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Figure D.1 Typical voltage output for optical density
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Figure D.4 Calculation of KQ from the concentration decay

method, correlation = -0.9866, slope = -0.363.
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APPENDIX B

Contour lines of the external pressure coefficients,
complete data

Appendix E contains the contour lines for the external
pressure coefficients for the 84 open model tests and the 21
sealed model tests.
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Figure E.la Cps contour lines: open model, chimney,
simulated 800 mm sidewall openings, closed end
walls, wind angle of 90°.
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Figure BE.1b Cps contour 1lines: open model, chimney,

simulated 800 mm sidewall openings, closed end
walls, wind angle of 60°.
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Figure E.1lc Cps contour 1lines: open model, chimney,
simulated 800 mm sidewall openings, closed end
walls, wind angle of 45°.
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3o*

Figure BE.1d Cps contour lines: open model, chimney,
simulated 800 mm sidewall openings, closed end
walls, wind angle of 30°.
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Figure E.1lf Cps contour 1lines: open model, chimhey,

simulated 800 mm sidewall openings, closed end
walls, wind angle of 10°.
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Figure E.1lg Cps contour 1lines: open model, chimney,
simulated 800 .mm sidewall openings, closed end
walls, wind angle of 0°.



289

~88 -4
o

-5 -9

-% -.02
]

-1 L%
-0 -1.2
0
-® -.82
-5 -1

Figure E.2a Cps contour 1lines: open model, chimney,

simulated 1100 mm sidewall openings, closed
end walls, wind angle of 90°.
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Figure E.24 Cps contour 1lines: open model, chimney,
simulated 1100 mm sidewall openings, closed
end walls, wind angle of 30°.
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Figure E.2e Cps contour 1lines: open model, <chimney,
‘simulated 1100 mm sidewall openings, closed
end walls, wind angle of 20°.
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Figure E.2f Cps contour 1lines: open model, chimney,
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end walls, wind angle of 10°.
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Figure E.3c Cps contour lines: open model, chinmney,
simulated 800 mm sidewall openings, open end
walls, wind angle of 45°.
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Figure E.4a Cps contour 1lines: open model, chimney,
simulated 1200 mm sidewall openings, open end
walls, wind angle of 90°.
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Figure E.4Db Cps contour 1lines: open model, chimney,
simulated 1100 mm sidewall openings, open end
walls, wind angle of 60°.
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Figure E.4c Cps contour 1lines: open model, chimney,
simulated 1100 mm sidewall openings, open end
walls, wind angle of 45°.
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Figure BE.44 Cps contour 1lines: open model, chimney,
simulated 1100 mm sidewall openings, open end.
walls, wind angle of 30°.
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Figure E.4e Cps contour 1lines: open model, chimney,
simulated 1100 mm sidewall openings, open end
walls, wind angle of 20°.
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Figure E.4g Cps contour 1lines: open model, chimney,

simulated 1100 mm sidewall openings, open end
walls, wind angle of 0°,.



Figure E.5a

-

-,03
0.0d

01

01

o.0q

=0

01

0.04

=41
=41

=40
- 41

T

Cps contour lines:
150 mm ridge and 800 mm sidewall openings,

closed end walls, wind angle of 90°.

open nmnodel,

310

simulated



311

-8 =43
=00l —.44
- 09| =43
-.08|| ~.43
-08| —.47
-.7 -.5%
-.0f] —-.74
~-13| -.08
=] =117
- -.

Figure E.Sb Cps contour 1lines: open model, simulated

150 mm ridge and 800 mm sidewall openings,
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Figure E.5c¢ Cps contour 1lines: open model, simulated
150 mm ridge and 800 mm sidewall openings,
closed end walls, wind angle of 45°.
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Figure BE.5d Cps contour lines: open model, simulated
150 mm ridge and 800 mm sidewall openings,
closed end walls, wind angle of 30°.
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Figure E.5e Cps contour 1lines: open model, simulated
150 mm ridge and 800 mm sidewall openings,
closed end walls, wind angle of 20°.
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Figure E.5f Cps contour lines: open model, simulated

150 mm ridge and 800 mm sidewall openings,
closed end walls, wind angle of 10°.
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Figure E.59 Cps contour 1lines: open model, simulated
150 mm ridge and 800 mm sidewall openings,
closed end walls, wind angle of 0°.
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Figure E.6a Cps contour lines: open model, simulated

150 mm ridge and 1100 mm sidewall openings,
closed end walls, wind angle of 90°*.
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Figure E.6b Cps contour lines: open model, simulated
150 mm ridge and 1100 mm sidewall openings,
closed end walls, wind angle of 60°.




319

Figure E.6¢c Cps contour lines: open model, simulated
150 mm ridge and 1100 mm sidewall openings,
closed end walls, wind angle of 45°.
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Figure B.6d Cps contour lines: open model, simulated

150 mm ridge and 1100 mm sidewall openings,
closed end walls, wind angle of 30°.
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Figure E.6Ge Cps contour 1lines: open model, simulated
150 mm ridge and 1100 mm sidewall openings,
closed end walls, wind angle of 20°.
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Pigure E.6f Cps contour 1lines: open model, simulated

150 mm ridge and 1100 mm sidewall openings,
closed end walls, wind angle of 10°.
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Figure E.6g Cps contour 1lines: open model, simulated
150 mm ridge and 1100 mm sidewall openings,
closed end walls, wind angle of 0°.
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Figure E.7a Cps contour 1lines: open model, simulated
150 mm ridge and 800 mm sidewall openings,
open end walls, wind angle of 90°.
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Figure E.7b Cps contour lines: open model, simulated
150 mm ridge and 800 mm sidewall openings,
open end walls, wind angle of 60°.
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Figure E.7¢ Cps contour 1lines: open model, simulated
. 150 mm ridge and 800 mm sidewall openings,
open end walls, wind angle of 45°.
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Figure E.74 Cps contour 1lines: open model, simulated
150 mm ridge and 800 mm sidewall openings,
open end walls, wind angle of 30°.
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contour lines:
150 mm ridge and 800 mm sidewall
open end walls, wind angle of 20°.

open model,

simulated
openings,
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Figure B.7f Cps contour 1lines: open model, simulated

150 mm ridge and 800 mm sidewall openings,
open end walls, wind angle of 10°.
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Figure E.7g Cps contour 1lines: open model, simulated

150 mm ridge and 800 mm sidewall openings,
open end walls, wind angle of 0°.
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Figure E.8a Cps contour 1lines: open model, simulated
150 mm ridge and 1100 mm sidewall openings,
open end walls, wind angle of 90°.
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Figure E.8b Cps contour lines: open model, simulated
150 mm ridge and 1100 mmn sidewall openings,
open end walls, wind angle of 60°.
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Figure E.8c Cps contour 1lines: open model, simulated
: 150 mm ridge and 1100 mm sidewall openings,
open end walls, wind angle of 45°.
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Figure B.8d Cps contour lines: open model, simulated
150 mm ridge and 1100 mm sidewall openings,
open end walls, wind angle of 30°.
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Figure E.8e Cps contour lines: open model, simulated

150 mm ridge and 1100 mm sidewall openings,
open end walls, wind angle of 20°.
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Figure B.8f Cps contour lines: open model, simulated
150 mm ridge and 1100 mm sidewall openings,
open end walls, wind angle of 10°.
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Figure E.8g9 Cps contour lines: open model, simulated
150 mm ridge and 1100 mm sidewall openings,
open end walls, wind angle of 0°.
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Figure E.9%a Cps contour 1lines: open model, simulated

400 mm ridge and 800 mm sidewall openings,
closed end walls, wind angle of 90°.
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Pigure E.9b Cps contour lines: open model, simulated
400 mm ridge and 800 mm sidewall openings,
closed end walls, wind angle of 60°.
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Figure E.9%c Cps contour lines: open model, simulated

400 mm ridge and 800 mm sidewall openings,
closed end walls, wind angle of 45°.
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simulated

400 mm ridge and 800 mm sidewall openings,
closed end walls, wind angle of 30°.
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Figure E.9%e Cps contour lines: open model, simulated

400 mm ridge and 800 mm sidewall openings,
closed end walls, wind angle of 20°.
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Figure E.9f Cps contour 1lines: open model, simulated

400 mm ridge and 800 mm sidewall openings,
closed end walls, wind angle of 10°.
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Figure E.9g Cps contour 1lines: open model, simulated
400 nm ridge and 800 mm sidewall openings,
closed end walls, wind angle of 0°.
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Figure E.10a Cps contour lines: open model, simulated
400 mm ridge and 1100 mm sidewall openings,
closed end walls, wind angle of 90°.
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Figure B.10b Cps contour 1lines: open model, simulated
400 mm ridge and 1100 mm sidewall openings,
closed end walls, wind angle of 60°.
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Figure B.10c¢ Cps contour 1lines: open model, simulated
400 mm ridge and 1100 mm sidewall openings,
closed end walls, wind angle of 45°.
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Cps contour 1lines:
400 mm ridge and 1100 mm sidewall openings,

closed end walls, wind angle of 30°.
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Figure E.1l0e Cps contour 1lines: open model, simulated
400 mm ridge and 1100 mm sidewall openings,
closed end walls, wind angle of 20°.
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Cps contour lines:

open model,
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simulated

400 mm ridge and 1100 mm sidewall openings,

closed end walls, wind angle of 10°.



351

-.08) : ~.08
-08] | -.08
—-.08| | =07
~-.07] | -.08

=10 | =t

ol

—.11 -.18

- -4
- -8

Figure E.1l0g Cps contour 1lines: open model, simulated
400 mm ridge and 1100 mm sidewall openings,
closed end walls, wind angle of 0°.
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Figure B.1la Cps contour 1lines: open model, simulated
400 mm ridge and 800 mm sidewall openings,
open end walls, wind angle of 90°.
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Figure E.llc Cps contour 1lines: open model, simulated
400 mm ridge and 800 mm sidewall openings,
open end walls, wind angle of 45°.
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Figure E.11d Cps contour 1lines: open model, simulated
400 mm ridge and 800 mm sidewall openings,
open end walls, wind angle of 30°.
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Figqure E.1lle Cps contour 1lines: open model, simulated
400 mm ridge and 800 mm sidewall openings,
open end walls, wind angle of 20°.
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Figure E.11f Cps contour lines:

400 mm ridge and 800 mm sidewall openings,
open end walls, wind angle of 10°.
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Figure E.11g Cps contour 1lines: open model, simulated
400 mm ridge and 800 mm sidewall openings,
open end walls, wind angle of 0°.
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Figure B.12a C{ps contour lines: open model, simulated
400 mm ridge and 1100 mm sidewall openings,
open end walls, wind angle of 90°.
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Figure E.12b Cps contour 1lines: open model, simulated
400 mm ridge and 1100 mm sidewall openings,
open end walls, wind angle of 60°.
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Cps contour lines:

400 mm ridge and 1100 mm sidewall openings,
open end walls, wind angle of 45°.
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Figure E.124 Cps contour lines: open model, simulated
400 mm ridge and 1100 mm sidewall openings,
open end walls, wind angle of 30°.
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Figure E.1l2e Cps contour lines: open model, simulated
400 mm ridge and 1100 mm sidewall openings,

open end walls, wind angle of 20°.
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Figure E.12f Cps contour lines: open model, simulated
400 mm ridge and 1100 mm sidewall openings,
open end walls, wind angle of 10°.
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Figure E.12g Cps contour 1lines: open model, simulated
400 mm ridge and 1100 mm sidewall openings,
open end walls, wind angle of 0°.
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Figure E.13a Cps contour lines: sealed model with chimney,
wind angle of 90°.
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Figure B.13b Cps contour lines: sealed model with chimney,
wind angle of 60°.
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Figure E.13¢ Cps contour lines: sealed model with chimney,
wind angle of 45°*.
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Figure E.13e Cps contour lines: sealed model with chimney,
wind angle of 20°.
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Figure E.13f Cps contour lines: sealed model with chimney,
wind angle of 10°.
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Figure E.14a Cps contour lines: sealed model with simulated
150 mm ridge, wind angle of 90°.
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Figure E.14b Cps contour lines: sealed model with simulated
150 mm ridge, wind angle of 60°.
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Figure E.14c Cps contour lines: sealed model with simulated
150 mm ridge, wind angle of 45°.
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Figure E.14d4 Cps contour lines: sealed model with simulated
150 mm ridge, wind angle »f 30°.
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Figure E.1l4e Cps contour lines: sealed model with simulated
150 mm ridge, wind angle of 20°.
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Figure E.14f Cps contour lines: sealed model with simulated
150 mm ridge, wind angle of 10°.
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Figure B.14g Cps contour lines: sealed model with simulated
150 mm ridge, wind angle of 0°.
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Figure E.15a Cps contour lines: sealed model with simulated
400 mm ridge, wind angle of 90°.
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Figure B.15b Cps contour lines: sealed model with simulated
400 mm ridge, wind angle of 60°.
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Figure B.15c Cps contour lines: sealed model with simulated
400 mm ridge, wind angle of 45°.
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Pigure E.154 Cps contour lines: sealed model with simulated
400 mm ridge, wind angle of 30°.
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Figure E.15e Cps contour lines: sealed model with simulated
400 mm ridge, wind angle of 20°.
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Figure B.15f Cps contour lines: sealed model with simulated
400 mm ridge, wind angle of 10°.
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Figure E.15¢ Cps contour lines: sealed model with simulated
400 mm ridge, wind angle of 0°.
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APPENDIX F

Internal pressure coefficients

1 - Measured Cp;..
2 - 1Internal airflow patterns.

3 - cCalculated Cp,,.
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Figure F.13 Airflow patterns with standard ridge opening

(150 mm full scale), doors open (30°) both
sides, wind at 90°® and 60*' (Choiniére et al.,
1988c) .
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Figure F.15 Effect of openings in end walls, wind at 60°,
30° and 0°* (Choiniére et al., 1988c).



Table F.1 Calculated Cp, for the sealed meodels.
Sidewall: 1100 mm 1100 mm 800 mm 800 mm
End Wall: open closed open closed

Wind Angles 150 mm Ridge
g0 -0.0138 0.0641 -0.0558 0.0341
60 -0.0087 -0.0147 -0.0327 -0.0447
45 -0.0372 -0.0612 -0.0492 =-0.0792
30 -0.0676 -0.0916 -0.0736 -0,1096
20 -0.1074 -0.1314 -0.1074 -0.1434
10 -0.1080 -0.1439 -0.1080 -0.1499
0 -0.1040 -0.1459 -0.0980 -0.1459%
400 mm Ridge
90 -0.0908 -0.0549 -0.1208 =-0.1088
60 -0.1098 -0.1218 -0.1578 -0.1817
45 -0.1217 -0.1517 -0.1636 -0.2116
30 -0.1314 -0.1614 -0.1554 -0.2033
20 -0.1454 -0.1813 -0.1573 -0.2053
10 -0.1289 -0.1529 -0.1289 -0.1589
0 -0.1098 -0.1397 -0.0978 -0.1457
Chimney
90 -0.0061 0.0887 -0.0420 0.0768
60 -0.0022 0.0218 -0.0022 0.0098
45 0.0028 -0.0212 c.0028 -0.0332
30 -0.0505 -0.0804 ~-0.0445 -0.0864
20 -0.0918 -0,1158 -0.0918 -0,1218
10 ~-0.1021 =-0.1321 ~0.0961 -0.,1321
0 -0.1077 ~0.1496 -0.1017 -0.1556
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Table F.2 Calculated Cp,, for the open models.
Sidewall: 1100 mm 1100 mm 800 mm 800 mm
End Wall: open closed open closed

wind Angles 150 mm Ridge
90 -0.1048 0.0004 -0.1268 0.0089%
60 -0.0657 -0.0572 -0.0682 -0.0605
45 -0.0678 -0.0791 -0.0616 -0.0813
30 -0.0992 -0.1392 -0.0896 -0.1363
20 -0.1463 -0.1813% -0.1253 -0.1630
10 -0.1439 ~0.1974 -0.1308 =0.1764
0 -0.1536 -0.2256 -0.1220 -0.1908
400 mm Ridge
90 -0.1770 -0.1466 =-0.2004 -0.1639
60 -0.1977 -0.2269 -0.2346 -0.2726
45 -0.1960 -0.2267 -0.2250%* -0.2624
30 -0.1984 ~-0.2303 =-0.2048%* =-0.2717
20 ~-0.1985 -0.2384 -0.1940% -0.2848
i0 -0.1713 -0.2050 -0.1593* -0.2692
0 -0.1471 -0.2116 ~0.1203* -0.2668
Chimney
90 -0.0868 0.0821 -0.0735 0.0844
60 -0,0002 0.0208 -0.0060 0.0195
45 -0.0205 ~0,.0428 -0.0272 -0.0434
30 -0.0778 -0.1282 -0.0726 -0.1156
20 -0.1363 -0.1826 =0.1082 -0.1592
10 -0.1443 -0.2101 -0.1238 -0.1765
¢] -0,.1591 -0.,2228 -0,1237 -0.1876

* Recording problems at ridge level during wind

tunnel tests.
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APPENDIX G

Air inlet and outlet zones based on pressure differences,
complete data

The local aCps for the open and sealed models are

presented in Figs. G.1 to G.24.
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APPENDIX H

Alrflow diagrams, complete data

Appendix H contains the airflow diagrams which represent
the local inflows and outflows over each roof, sidewall and
end wall opening. There are 12 figures for the open model and
12 for the sealed model.
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APPENDIX I
Ventilation rate coaefficients
Appendix I contains the calculated ventilation rate

coefficients, Cg,, for open and sealed models. The
differences between these two model types are presented.



Table I.1

——.——-_———-——------——n——

150~1100-c1

150-800-op

150-800~c1

400-1100-0p

400~1100-c1

400-800-op

Co1o for open and sealed models.

0.462789
0.456046
0.413956
0.344391
C.264446
0.229532
0.249713
0.429472
0.405475
0.355589
0.281691
0.204257
0.194083
0.199838
0.482880
0.481826
0.444932
0.383376
0.311612
0.264277
0.273708
0.426760
0.406734
0.355059
0.285925
0.22149%91
0.21co089
0.220708
0.498525
0.527410
0.505996
0.441833
0.375173
0.323609
0.357209
0.488685
0.473319
0.443088
0.365448
0.304357
0.292992
0.319450
0.511935
0.566803
0.544713
0.520364
0.441844
0.376223
0.406061

0.431609
0.406677
0.386648
0.328066
0.289499
0.2593%54
0.262543
0.397913
0.377373
0.336627
0.283720
0.244031
0.221057
0.231714
0.447723
0.437076
0.420071
0.366196
0.321185
0.286194
0.282904
0.409353
0.391649
0.347594
0.302637
0.259684
0.229294
0.238133
0.457689
0.480308
0.469876
0.402340
0.343565
0.292122
0.290688
0.443265
0.445653
0.430815
0.358251
0.296461
0.246830
0.257921
0.492378
0.564900
0.549538
0.467046
0.394272
0.326299
0.315160

456

Cq(open-sealed)

TR e -

0.031180
0.049370
0.027309
0.016326
=0.025053
=-0.0298s62
=0.012830
0.031559
0.028102
0.018963
=0.002028
=0.039774
~0.026974
-0.031876
0.035158
0.044751
0.024862
0.017181
-0.009572
-0.021916
=0.009195
0.017408
0.015085
0.007465
=0.016711
-0.038192
-0.019205
-0.017425
0.040837
0.047103
0.036121
0.039494
0.031608
0.031487
0.066521
0.045421
0.027667
0.012274
0.007197
0.007897
0.046162
0.061530
0.019558
0.001903
~-0.004824
0.053318
0.047572
0.049925
0.090901



Table I.1 (cont.)
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Cq¢ fOor open and sealed models.

Cq sealed

T T R L A ey e e e D P L o o S . W S s . T i ———

400-800-cl

ch-1100-0p

ch-1100-cl

ch-800-0p

ch-800~-cl

0.499794
0.497537
0.475947
0.327157

0.279843

0.262119
0.272856
0.445240
0.417043
0.385891
0.330528
0.253414
0.217316
0.236947
0.389682
0.366405
0.328062
0.258720
0.1879233
0.187063
0.187961
0.460240
0.431802
0.408865
0.350424
0.295373
0.248908
0.256760
0.388548
0.367823
0.328143
0.266647
0.203429
0.198378
0.201735

0.463349
0.513131
0.487980
0.402278

0.330749

0.262656
0.278638
0.437056
0.388590
0.365191
0.311006
0.262416
0.246709
0.256236
0.396381
0.361222
0.321020
0.256693
0.214523
0.207551
0.222846
0.449922
0.403888
0.385973
0.334395
0.285436
0.264570
0.273751
¢.399880
0.365476
0.324899
0.259047
0.219912
0.210390
0.225670

Cq(open-sealed).

e — —— - - ———

0.036445
-0.015593
=-0.012032
-0.075121
-0.050906

-0.000536
-0.005781
0.008185
0.028454
0.020700
0.019522
-0.009001
-0.029392
=0.019289
-0.006698
0.005183
0.007042
0.002027
-0.026589
-0.020488
=-0.034885
0.010319
0.027915
0.022892
0.016030
0.009938
-0.015662
=0.016990
=0.011332
0.002348
0.003244
0.007600
=-0.016483
-0.012011
-0.023935
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APPENDIX J

Effective ventilation coefficients, Ci,»
measured by the decay rate method
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Table J.1 Results fronm measurements of the concentration
decay metod to calculate the dimentionless
effective ventilation rata coefficient.

Curve Wind Sidewal l
Flow Correl-~ Speed Opening Standard
Rate, kQ ation at 10 m Area Averaged Deviation
Description Angle (m*3/s) Factor (m/3) 2 Cka 10 CkQ 10 for Cka 10

0P-150-1100-0 90 0.2668 0.%938 10.12  0.0605  0.4359  0.435% 0.0142
0.2534  0.9947 10,10 0.0605  0.4145
0.2616  0.9933 10.05  0.0605  0.4301
0.2717  0.9934 .77 0.0805  0.4597
&0 0.2797  0.9932 9.88  0.0605 0.4677  0.4850 0.0098
0.2927  0.9945 9.90  0.0605 0.4838
0.2927  0.9918 .78 0.0805  0.4%44
0.2949  0.9930 10.05  0.0805 0,4849
0.2981 0.9930 9.98  0.0805  0.4540
&5 0.2905  0.9941 9.76  0.0605 0.4922  0.5202 0.0182
0.3162  0.%928 9.56  0.0405  0.5456
0.29%2  0.9933 9.68  0.0605 0.5110
0.3006  0.9905 9.52  0.0605 0.,5217
0.3064 0.9923 9.56  0.0805  0.5296
30 0.2393  0.9932 9.76  0.0605 0.4054 0.4072 0.0153
0.2520  0.9925 9.5  0.0605 0.4353
0.2357  0.9910 9.95  0.0805 0,393
0.2385 0.9916 9.86  0.0805  0.3999
0.2323 0.9925 9.59  0.0605  0.4005
20 0.1739  0.9930 9.86  0.0505 0.2932  0.2962  0.0087
0.1690 0.9912 9.95  0.0605 0.2808
0.1770  0.9%937 9.63  0.0605- 0.3039
0.1813  0.9925 9.87  0.0805  0.3049
0.1713  0.9915 9.47  0.0605 0.2989
10 0.1392  0.9930 10.04  0.0605 0.2202  .2301 0.005¢9
0.1536  0.9914 9.99  0.0605 0.2376
0.1419  0.9899 10.01 0.0605 0.2342
0.1357  0.9935 9.78  0.0605  0.2263
0.1303  0.9938 9.78  0.0605 0,2202
0 0.1397  0.9938 9.88  0.0605 0.233% 0.2212 0.6087
0.1365  0.9933 10.36  0.0605 0.21%1
0.1316  0.9923 10.50  0.0605 0.2071
0.1357  0.988¢ 9.95  0.0605  0.2254
0.1357  0.9908 10.46  0.0605 0.2209
0P-150-1100-C 90 0.2642  0.9885 1017 0.0605 0.429¢  0.4175 0.0104
0.2481 0.9951 9.83  0.0605  0.4137
0.2524  0.9945 9.9  0.0805 0.419%9
0.2361 0.9958 9.77  0.0605 0.3995
0.2549  0.989%9 9.9 0.0605 0.4251
60 0.3248  0.9803 9.59  0.0605 0.55%%  0.5859 0.0653
0.3361 0.9761 9.7  0.0605 0.5672
0.3190  0.9904 9.82  0.0605 0.5235
0.3391 0.9803 9.90  0.0805 0,5663
0.4166  0.9816 9.67  0.0605 n.7124
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Table J.1 (cont'd.) Results from measurements of the
concentration decay metod to calculate
the dimentionless effective ventilation
rate coefficient.

Curve Wind Sidesall
Flow Correl- Speed Opening Stendard
Rate, k& sation ot W0 m Area Averaged Deviation

bescription Angle (m*3/%) Factor (/) w2 cke 10 c€ka 10 for Cka 10

&5 0.3762  0.9657 9.52 0.0605 0.6529 0.6223  0.0356
0.3850 0.9588 9.82  0.0805  0.5480
0.3379  0.9880 o.92 0.0605  0.5623
03729 0.9806 9.51 0.0605  0.6481
0.3468  0.9638 9.56 0.0805 0.5%5
30 0,2003  0.9563 9.85 0.0605 0.3360  0.4002  0.1694
0.2339  0.9743 2.91  0.0605 0.3901
0.1185  0.9719 9.9  0.0605 0.1971
0.2156  0.97%¢ 9.73  0.0605  0.3563
0.4321  0.9383 10.06  0.0805 0.71%4
20 0.1566  0.9834 9.95 0.0605 0.2602 0.2517  0.0097
0.1468  0.9835 9.65 0.0805  0.251%
0.1437  0.9755 0.79  0.0605  0.2425
0.145¢  0.9844 10.05 0.0605 0.23%
0.1565  0.9900 9.77  0.0605  0.2648
10 0.1350  0.9944 9.77 0.0605 ©.2284 0.2308  0.0107 '
0.1463  0.9916 ¢.85  0.0605  0.2453
0.1365  0.9952 ©.63  0.0805  0.2344
0.128%  0.9908 10.00  0.0605  0.2124
0.1368  0.9933 9.68  0.0605  0.2336
0 0.1628  0.9958 9.68 0.0805 0.2780 0.2721 0.0094
0.1557  0.9964 9.29 0.0605 0.2770
0.1647  0.99%47 9.77  0.0605  0.2787
0.1504  0.9960 9.79  0.0605 0.2538
0.1632  0.9932 9.88 0.0805 0.2729
op-150-800-0 90 0.2062  0.9924 10.36 G.044 0.4523  0.4779  0.0206
0.2201  0.5887 10.25 0.044  O.4222
0.2046  0.99%4 10.25 0.044  0.4532
0.2245  0.9776 10.23 0.044  0.4986
0.2185  0.9887 10.00 0.044  0.4965
60 0.2029 0.9%907 10.09 0,044  0.4570  0.4695 0.0222
0.2182 0.98s8 10.07 0.044  0.4527
0.218%  0.9942 0.3 0.044  0.4814
01977 0.9953 10.40 0.046  0.4320
0.2168  0.9943 10.17 0.044  0.4846
&5 0,931 0.9083 10.36 0.0k  0.4235 0.4314  0.0777
0.1678  0.9462 10.50 0.044  0.3631
0.1830  0.94B84 10.25 0.044  0.4059
0.1760  0.9545 10.44 0.044  0.3832
0.25711  0.9762 10.05 0.044  0.5813 .
30 0.1507  0.8856 10.34 0.044  0.3314  0.3768  0.0589
0.174%  0.9167 9.86 0.044  0.4032
0.1301 0.8714 10.26 0,044 0.2882
0.1839  0.8734 10.49 0.044  0.4092
0.2057  0.8590 10.34 0.044  0.4583
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Table J.1 (cont'd.) Results from measurements of the
concentration decay metod to Calculate

the dimentionless effective ventilation
rate coefficient.

Curve Wind Sidewall

Flow Correl- Speed Opening Standard
Rate, k@ ation at 10 m Area Averaged Deviation
Bescription angle (m*3/s) Factor (/) m2 cka 10 CkQ 10 for Cka 10

20 0.1336  0.9440 10.28 0.044  0.2¢52 0.3317 0.0498
0.1481 0.9788 10.00 0.044  0.3346
0.1333  0.9708 10.17 0.044  0.2079
0.1431 0.9832 10.76 0.044  0.3022
0.1897  0.9831 10.10 0.044  0.4267
10 0.1 0.9921 10.36 0.044  0.2437  0.273¢ '0.0402
0.129¢  0.9931 10.45 0.044  0,2824
0.1050  0.9937 10.32 0.044  0.2312
0.1241 0.9904 10.65 0.044  ©0.2649

0.1550  0.9a53 10.18 0.044 0.3450
0 0.1044  0.9903 10.21 0.044 0.2325 0.2353 0.0229

0.1116  0.9%922  10.38  0.046  0.2¢45
0.1279  0.9906  10.52  0.044  0.2764
0.1055  0.9907  10.31  o0.046 0.2%a
0.1327  0.9918 10,45 0,046  0.2885

0P-150-800-C 90  0.2046 0.9%928  10.59  op.044 0.4389  0.4294  0.0131
0.1903  0.99%1  10.09  0.044  0.4286
0.2031  0.9950 1030  0.044  0.4482
0.1857  0.9960  10.26  0.04%  0.4114
0.1884  0.9955  10.19  0.044  0.4200

60 0.2299  0.9936  10.39  0.04  0.5030  0.5408 0.0357
0.2601  0.9925  10.40  0.044 0.5683
0.2693  0.9880  10.76  0.044  0.5687
0.2629  0.9924  10.44  0.044  0.572%
0.2367  0.9873  10.%  0.044  0.4916

¢ 0.2393 0.9850 1039 0.046  0.5235  0.5379 0.0857
0.2730  0.985  10.72  0.044  0.578%
0.2389  0.9888  10.74  0.044  0.5057
0.1927  0.9684  10.66  0.046  0.4109
0.3192  0.9918  10.81 0.044  0.6709

30 01814 0.987% 1058 0.4 0.3896  0.3a77 0.0199
0.1925  ©0.9809  10.87  0.044 0.4026
0.1807 0.9900  10.78  0.046  0.3811
0.1703  0.9873  10.9%  0.046  0.3537
0.1936  0.9829  10.70  0.044  0.411%

20 0.1583  0.9870  10.57  0.044 0.3404 0.327% 0.0283
0.1712  0.9%87  10.70  0.044  0.3637
0.1547  0.9903  10.72  0.044  0.3279
0.1519  0.9826  10.56  0.044 0.3270
0.1332  0.978¢  10.92  0.04k 0.2773

W 0.1%1  0.9850  10.62  0.046  0.2642  0.2520 0.0219
0.1355  0.9734  10.98  0.044 0.2804
0.1098 0.9908  10.72  0.044 0.2327
0.1069  0.9911  10.68  0.0k&  0.227¢
0.1323  0.9881 10.92 2.0 0.2754



Table J.1 (cont'd.) Results

concentration

from

measurements of

462

the

decay metod to calculate

the dimentionless effective ventilation

rate coefficient.

Curve Wind Sidewall
Flow Correl- Speed  Opening Standard
Rate, k@ ation at 0 m Area Averaged Deviation
Description Angle (m"3/s) Factor (w/2) w2 cka 10 tka 10 for Cka 10
0 0.1482  0.9806 10.79 0.044 0.3122 0.2957  0.0419
0.1301 0.9888 10.43 0.044 0.2781
0.1116 0.9792 10.75 0.044 0.2360
0.1371 0.9835 10.78 0,044 0.2892
0.1706  0.9665 10.67 0.044 0.3533
0P-400-1100-0 90 0.2504 0.9%45 10.30 0.0605 0.4019  0.4132 0.0104
0.2529  0.9944 10,28  0.0605 0.4064
0.2516 0.9955 10.09  0.0805 0.2
0.2683 0.9951 10.26 0.0605 0.4323
0.2643 0.9954 10.57  0.0405 0.4133
60 0.2998  0.8715 10.13  0,060% 0.4892 0.4676  0.0449
0.3324 0.7810 10.05 0.0505 0.5465
0.2723 0.3780 10.32 0.0605 0.4360
0.2435 0.8974 10.14 0.0505 0.4294
0.2689  0.9218 10.47  0.0&05 0.4371
45 0.26k4 0.9811 10.04 0.0605 0.4353  0.48%8  0.0722
0.2484 0.9756 10,28 0.0605 0.3992
0.3776  0.9868 10.61 0.0605 0.5884
0.3083 0.9748 10.10 0.0605 0.5043
30 0.2812 0.9563 10.23 0.0505 0.4542 0.3965 0.0670
0.2557 0.9124 10.54 0.0605 . 0.4009
0.1918 0.9558 10.34 0.0605 0.3067
0.3012 0.9254 10.30 0.0505 0.4835
0.2078  0.9464 10.18  0.0605 0.3373
20 0.1854 0.9939 10.26 0.0560% 0.2987 0.3075 0.0089
0.1972 0.9901 10.14 0.0605 0.3214
0.1935 0.9950 10.23 0.06035 0.3125
0.1813  0.%954 10.08  0.0605 0.2973
0.1917 0.9934 10.31 0.0605 0.3073
10 0.148% 0.9947 10.23 0.0605 0.2373  0.2337 0.0110
0.1506  0.9931 10.26  C.0605 0.2426
0.1346  0.9947 10.41 0.0505 0.2133
0.1502 0.9955 10.19 0.0605 0.243%
0.1436 0.9953 10.25 0.0605 0.2377
0 0.182¢  0.9966 10.21 0.0505 0.2314 0.2288  0.0022
0.14684 0.9%67 10.49  0.0605 0.2307
0.14862  0.9962 10.56 0.0605 0.2289
0.1447  0.9944 10.49 0.0605 0.2280
0.1435 0.9962 10.53  0.0605 0.2253
oP-400-1100-C 90 0.2461 0.9956 %.583 0.0605 0.4137  0.4018 0.0094
0.2429 0.9959 10.16  0.0605 0.3953
0.2422 0.9949 9.82  0.0805 0.4077
0.2422 0.9961 10.34 0.0605 0.3873
0.2407 0.9956 9.82 0.0505 0.4051



Curve Wind Sidewall

Flow Correl- Speed Opening Stanclard
Rate, k4 ation at 10 m Ares Averaged Deviation
Description Angle (m*3/g) Factor (m/5) w2 Cka 10 Ckd 10 for ckg 10

&0 0.5120  D.9%18 10.07  0.0605 0.8408  0.6347 0.1127
0.3080  0.%59 10.14  0.0605 0.5019
0.3745 0.9903 10.07  0.0605 0.5150
0.3904 0.9932 10,14 0.0605 0.58382
0.3561 0.9844 10.16  0.04805 0.5796

45 0.4735  0.9435 10.18  0.0805 0.7687  0,4343 0.0382
0.309%0  o0.9a3% 10.10  0.0605 0.505%
0.4046  0.9917 10.38  0.0605 0.6446
0.4169  0.9910 10.46  0.0805 0.6601
0.3739  o0.9803 10.43  o0.0605 0.5927

30 0.2091 0.9595 .81 0.0605 0.3524 0.4542  o0.2382
0.2311 0.97%7 10.10  o.0605 0.3780
0.1824 0.9662 1..26  0.0805 0.2939
0.5791 0.9550 10.32  0.0605 0.9272
0.1987  0.9446 10.28  0.0605 0.3193

20 0.1499  0.9913 10.18  0.0605 0.2433 0.2560  0.0173
0.148%  0.9900 10,07  0.0605 0.2445
0.1731 0.9871 .91 0.0805  0.2887
0.1505  o0.58s7 10.17  0.0605 0.2444
0.1554 0.9917 9.92  0.0805 0.2588

10 0.1359 0.9939 9.99  0.0605 0.2266  0.23s5 0.0055
0.1482  0.996p 10,14 0.0605 0.2382
0.1488  .9959 10,16 0.0605 0.2422
0.%462 0,993 10.27  0.0805 0.2353
0.149 0.9958 10.26  0.0605 0.2402

0 0.1852  0.9920 9.9¢  0.0505 0.3058  0.2941 0.0124
0.1905  0.9952 10.39  0.0605 0.3031
0.1881 0.9951 10.23  0.0605 0.3038
0.1725  0.9954 10.22  0,0805 0.2790
0.1735  0.9%7 10.28  0.0405 0.2783

0P-400-800-0 oo 0.2195  0.9%¢s 10.53 0.044  0.4738 0.4523  0.0122
0.2154  0.9958 10.71 0.044  0.4571
0.2067  0.9940 10.52 0.064  0.4467
0.2132  0.94n n.oz 0.046  9.4397
0.2076  0.994p 10.62 0.044  0,4443

60 0.2283  p.99s5 10.81 0.044  0.4798 0.4656  0.0077
0.2188  0.9984 10.79 0.044  0.4509
0.2195  0.9048 10.73 0.064  0.4830
0.2202  0.9967 10.94 0.044  0.4573
0.2181 0.9972 10.62 0.044  D.4867

45 0.22¢3 0.9909 10.8 0.04¢  0.4703 0.4768  0.04%9
0.2224  0.9915 10.9¢ 0.064  0.4519
0.2611 0.9740 10.88 0.044  0.5455
0.1937  0.9885 11.10 0.044  0.3947
0.2465 0.99%49 10.9% 0.044  0.5005
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Table J.1 (cont'd.) Results from measurements of the
concentration decay metod to calculate
the dimentionless effective ventilation
rate coefficient.

Curve Vind Sideuall

Flow Correl- Speed Opening Standard
Rate, kU stion at 0m Area Averaged Deviation
Description Angle (m*3/s) Factor {n/8) 2 cko 10 Ckd 10 for cke 10

30 0.1907  0.9%536 11.20 0.046  0.3859 0.3793  0.0934
0.2545  0.9086 10.93 0.044  0,5292
0.1459  0.9566 11.08 0.044 0,297
0.145% 0.9596 10.99 0.044  0.3020
20 0.1503  0.9934 10.98 0.0k 03111 0.3134 0.0372
0.164%  0.9909 10.89 0.044  0.3441
0.1779  0,9870 1.06 0.044  0,3456
0.1351 0.9933 11.% 0.044  0.2757
01317 0.9945 11.06 0.044  0.2707
10 0.1089  0.9852 10.9% 0.044  0.2251 0.2511 0.0334
0.1152 0.99% 10.57 0.064  0.2387
0.1553  0.99%48 11.24 0.044  0.3140
0.1082  0.W19 11.02 0.044  0.2231
0.1247  0.9900 1.4 0.0k  0.2545
0 0.1419  0.9932 11.20 0.046  0.287%  0.2654 0.0184
0.1316  0.9962 1.0 0.044  0.2717
0.1103  0.9964 1.36 0.044  0.2348
01375 0.991 n.zs 0.046  0.2733
0.1230  0.9944 11.07 0.044  0,2525
oP-400-800-C 90 0.1826  0.9963 10.31 0.044  0.4025 0.4193  0.0162
0.1874  0.9943 10.26 0.044  0.4152
0.199%  0.9966 10.16 0.046  0.4462
0.1939  0.9%60 10.30 0.044  0.4279
0.1869  0.9950 10.49 0.044  0.4049
&0 0.2654  0.9912 10.26 0.044  0.5902 0.5565  0.0423
0.2512  0.9875 10.36 0.044  0.5509
0.2810  0.9866 10.48 0.044  0.60%5
0.2434  0.9881 10.14 0.044  0.5454
0.2289  0.9838 10.68 0.044  0.4849
45 0.2750  0.9%901 10.54 0.046  0.5928  0,8345 0.0872
0.2899  0.9819 10.52 0.044  0.6265
0.2654  0.9906 10.65 0.044  0.5666
0.2653  0.9676 10.22 0.044  0.5900
0.3737  0.9024% 10.53 0.044  0.3086
30 0.1973  o0.9782 10.48 0.046  0.427%  0.4377  0.06%
0.2146  0.95%0 10.58 0,044  0.4609
0.1965  0.9908 10.40 0.044  0.429%
0.1556¢  0.8812 10.40 0.044  0.3400
0.2418  0.9640 10.35 0.044  0.5303
20 0112 0.9886 10.30 0.044  0.2520 0.2434  0.0308
0.099%¢  0.9853 °  10.40 0.044 0.2172
0.117  0.9870 10.04 0.044  0.2529
0.1355  0.9801 10.19 0.044  0.3021
0.1323  0.9885 10.27 0.044  0.2927



Table J.1 (cont'd.)

rate coefficlient.

Results

from

measurements of
concentration decay metod to calculate
the dimentionless effective ventilation

Curve Wind Sidewall

Flow Correl- Speed Opening Standard

Rate, k0 ation at 0w Ares Averaged Daviation

Description Angle (m*3/s) Factor {(n/s) =2 cka 10 CkQ@ 10 for Cka 10

10 0.1318  0.9%43 10.28 0.044 0.2912  0.2931 0.0088
0.1298  0.97 10.44 0.044 0.2826
0.1318 0.W23 10.35 0.046 0,289
0.1345  0.9915 10.44 0.064  0.2928
0.1401 0.9924 10.30 0.044  0.3092

0 0.1615 0.9895 10.09 0.044 0.3837  0.3497  0.0%44
0.159%0 0.9916 10.13 0.044 0.3567
0.1639 0.9935 10.44 0.044 0.3558
0.1624 0.9895 10.58 0.044 0.3458
0.1437  0.9915 10.13 0.044  0.3224

0P-CH-1100-0 90 0.2434  0.9958 9.88 0.0805 0.4070  0.4077 0.0091
0.2493  0.9965 10.05  0.0605  0.4099
0.2682  0.9964 10.32 0.0405 0.3942
0.2542 0.9956 10.01 0.0405 0.4196

60 0.2697  0.9942 9.64 0.0605 0.4624  0.46861 0.0196
0.2973 0.9952 10.05 0.0505 0.4838
0.2947  0.9950 9.9  0.0805 0.4383
0.2708  0.9961 10.16  0.0805  0.4407
0.27%  0.9960 10.26 0.0505  0.4502

&5 0.2893  0.9934% 10.26 0.0605 0.4661 0.4628  0.015¢
0.268%  0,9%952 10.23 0.0605 0.4335
0.2893  0.9954 10.25 0.0505 0.45667
0.2950 0.9941 10.12  0.0605 0.4820
0.278% 0.9945 9.90  0.0605 0.4658

30 o. 211 0.9909 9.50 0.0805 0.3 0.3545 0.0142
0.2079  0.9938 9.99 0.0805  0.3440
0.2207  0.9956 10.35  0.0605  0.3525
0.2265 0.9946 9.9  0.0505 0.3748
0.2059  0.9948 16.00 0.0605 0.3403

20 0.1587 0.9943 9.95 0.0605 0.7436 0.2638 0.0092
0.1572  0.993¢9 10,28  0.0605 0.252%
0.1619  0.9943 10,23  0.0605 0.25615
0.1573  0.9942 9.98  0.0605 0.2606
0.1701 0.9937 10.01 0.0505  0.2808

10 0.1223 0.9940 9.86 0.0605 0.2050 0.2110 0.0052
0.1262 0.9951 9.83 0.0605  0.212%
0.129  0.9958 10.04  0.0605 6.2056
0.1234 0.9938 9.59 0.04605 0.2127
0.1306  0,9942 9.85 0.0505 0.2192

0 0.1322  0.9943 9.58  0.0605 0.2282 0.2113 0.0124
0.1243  0.9962 9.85 0.0505 0.2087
0.1282 0.99&3 9.54 0.0505 0.2222
0.1193 0.9963 10.16 0.0605  0.1942
0.1218 0.9962 .M 0.0605 0.2031
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Table J.1 (cont'd.) Results from measurements of the
concentration decay metod to calculate
the dimentionless effective ventilation
rate coefficient.

Curve Vind Sidewall
Flow Correl- Speed Opening Standard
Rate, kO ation at 0 m Araa Averaged Deviation
Pescription Angle (m"3/s) Factor (m/8) 2 cka 10 CkQ 10 for Cka 10

OP-CH-1100-C 90 0.2528  0.994% 10.36  0.0605  0.4032  0.4085  0.0110
0.2687  0.9966 10.3%  0.0405 0.4265
0.2517  0.9951 10.19  0.0605  0.4081
0.2455  0.9940 10.30  0.0605  0.39%41
0.2476  0.9966 10,22  0.0605  0.4004

&0 0.5399  0.9854 10.09 0.0805 0.B843  0.7613  0.1580
0.4082  0.98533 10.97  0,0405 0.6703
0.6086  0.9780 10.01 0.0605 1.0046
0.3621 0.9846 9.99  0.0605 0.5992
0.3877 0.9919 9.88 0.0605  0.4483

45 0.2725  0.9823 10.12  0.0605  0.4452  0.4611% 0.0385
0.3063  0.9528 10.19  0.0505  0.4966
0.3106 0.9771 10.32  0.0605  0.4973
0.2420  0.981% 10.14  0.0605  0.3944
0.2881 0.9736 10.09 0.0605  0.4719

30 0.2728  0.9630 10.25  0.0605  0.4401 0.3266  0.057%
0.1932  0.9886 10.28 0.0605 0.3105
0.1749  0.9857 10.30  0.0405 0.2807
0.1815 0.9918 10.07 0.0805  0.2980
0.1886  0.9M1 10.26  0.0805 0.3039

20 0.1117  0.9950 977  0.0505 0.1890 0.1TN 0.0078
0.1065  0.9892 10.05 0.0605  0.1751
0.1020  0.9929 9.99  0.0605 0.1688
0.1056  0.9932 9.54 0.0605 0.1830
0.1038  0.5924 10.12  0.0&05 0.1696

10 0.1255 0.9938 10.18  0.0605 0.2037  0.2044  0.0113
0.1209  0.9955 10.40  0.0605  0.1921
0.11%% 0.9942 9.90  0.0505 0.1994
0.1236  0.9944 10.17  0.0805  0.2009
0.1379  0.9922 10.10  0.0805 0.2256

0 01762  0.9943 9.3 0.0605  0.3025 0.2621 0.0220
0.1547  0.9954 9.86  0.0605 0.25%
0.1437  0.9905 .98  0.0605 0.2381
0.1589  0.9918 10.00  0.0605 0,2626
0.1529  0.9941 10.19  0.0605 0.2679

oP-CH-800-0 90 0.19%5 0.9866 10.44 0.0446  0.4343  0.4464  0.0108
0.2007  0.9866 10.36 0.044  0.4402
0.2083  0.9693 10.34 0.044  0.4580
0.1978  0.%85% 10.25 0.044 0.4387
0.2177  0.9841 10.44 0.046  0.4509

&0 0.1968  0.9617 10.45 0.044 0.4279 0.4318  0.0250
0.1867  0.9649 10.57 0.044  0.4015
0.2201 0.9632 10.48 0.044 0.4774
0.1917  0.9%679 10.34 0.046  0.4215
0.1983  0.9786 10.47 O ukb 0.4306
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{cont'd.) Results from measurements of the

Flow
Rate, kQ

Description Angle (m*3/s)

concentration decay metod to calculate
the dimentionless effective ventilation
rate coefficient.

Curve Wind Sidewall

Correl- Speed Opening Standard
stion at 10 m ATea Averaged Daviation
Factor {m/3) a2 cka 10 ckQ 10 for CkQ 10

0P-CH-800-C

45

30

20

10

90

45

30

0.2647
0.2910
0.2362
0.1589
0.2129
0.1638
0.2506
0.1624
0.1067
0.171%4
0.1386
0.1541

0.1464
0.1356

0147
0.1226
0.1175
0.1216
0.1129
0.1309
0.1072
0.1010
0.1009
0.1844
0.1859
0.1918
0.1879
0.1760
0.2422
0.2736
0.2655
0.23%0
0.2629
0.2218
0.2232
0.21%0
0.2110
0.2652
0.170%
0.1622
0.1598
0.1579
0.13N

0.9647 10.58 0,044  0.5685  0.5200 0.0675
0.9350 10.63 0.044  0.6220
0.9239 10.41 0.044  0.5061
0.9679 10.40 0.044  0.4346
0.9715 10.32 0.044  0.4587
0.9195 10.80 0.046  0.3447  0.3637  0.%002
0.910% 10.52 0.044  0.5415
0.9223 10.80 0.044  0.3417
0.9124 10.52 0.044  0.2306
0.8990 10.81 0.044  0.3602
0.9964 10.59 0.04s  0.2073 0.3028 0.0118
0.9939 11.10 0.044  0.315%

0.99%62 10.56 0.044  0.3152
0.9941 10.% 0.04%  0.2843

0.9965 10.47 0.044  0.3018
0.9955 10.67 0.044  0.2611  0.2503  0.013
0.9966 10.96 0.044  0.2437
0.9962 10,50 0.044  0.26%1
0.9941 10.99 0.044  0.2334
0.9925 10.76 0.044 0.2764  0.2293  0.0284
0.9955 10.75 0.044  0.2267
0.9967 1.07 0.044 0,2073
0.9963 11.10 0.044  0.2066
0.9962 10.22 0.044  0.4101  0.4059  0.0088
0.9952 10.39 0.044  0.4067
0.9959 10.54 0.044  0.4135
0.9964 10.40 0.044  0.4106
0.9962 10.28 0.044  0.3889
0.98%9 10.13 0.044  0.5434 0.5670  0.0267
0.9881 10.52 0.044  0,5912
0.9925 10.13 0.046  0.5957
0.9956 10.28 0.044 0.5281
0.9906 10.40 0.044  0,5766
0.9932 10.44 0.044  0.4829  0.4923  0.0470
0.9873 10.54 0.044 0.4811
0.9886 10.45 0.044  0,4782
0.9817 10.89 0.044F  0.4403
0.9847 10.33 0.044 0.5809
0.9829 10.65 0.044  0.3648  0.3445  0.0243
0.9924 10.18 0.044 0.3621
0.9851 10.16 0.044 0.3576
0.9921 10,59 0.044  0.3387
0.9797 10.56 0.044 0.2995
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Table J.1 (cont'd.) Results from measurements of the
concentration decay metod to calculate
the dimentionless effective ventilation
rate coefficient.

Curve Wind Sidewall
Flow Correl- Speed  Opening Standard
Rate, k0 ation at 10 m Area Averaged Deviation
bescription Angle (m*3/8) Factor (m/3) 2 cka 10 cka 10 for CkQ 10

20 0.0969  0.9953 10.45 0.044 0.2107  0.2075 0.0115
0.0963 0.9908 10.08 0.044 0.2172
0.0880 0.9923 10.63 0.044 0.1881
0.1023 0.9947 10.85 0.044 0.2142

10 0.1042 0.9943 10.45 0.044 0.2266 0.2239  0.0086
0.0977  0.9935 10.74 0,044 0.2068
0.1052 0.9950 10.54 0.044 0.2268
0.1079  0.9960 10.67 0.044 0,22%8
6.1071 0.9945 10.61 0.044 0.2295

0 0.1312  0.9%950 10.70 0.044 0.2787 0.2878 0.0158
0.149%% 0.9941 10.65 0.044 0.3189
0.1361 0.9968 10.97 0.044 0.2820
0.1337  0.9952 11.02 0.044 0.2757
0.1338  0.9963 10.72 0.044 0.2836
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Table J.2 Differences between the measured C,,, (by
concentration decay) and the calculated C,,
(by pressure difference method).

ca 10 cQ 10
Averaged Open Sealed CkQ10-CQ10 Cka10-CQ10
Deszription Angle Cka 10 Model Model Open Sealed

P-150-1100-0 90 0.4351 0.4628  0.4316  -0.0277 0.0035

60 0.4860 0.4560  0.4047 0.029%% 0.0793

45 0.5202 0.4140 0.3868 0.1063 0.1336

30 0.4072 0.3444 0.3281 0.0628 0.0791

20 0.2962 0.2644  0.2895 0.0:17 0.0067

10 0.2301 0.2295 0.25% 0.0006  -0.0293

0 0.2212 0.2697  0.2625 -0.0285 -0.0413
oP-150-1100-C  $0 0.4175 0.4295 0.3979  -0.0120 0.0196
&0 0.5859 0.4055  0.37T74% 0.1804 0.2085
45 0.6223 0.3556  0.3386 0.2667 0.2856
30 0.4002 0.2817  0.2837 0.1185 0.1165
20 0.2517 0.2043  0.2440 0.0475 0.0077
10 0.2308  0.1941 0.2211 0.0367 0.0098
Q 0.2721 0.1998  0.2317 0.0722 0.0404
0P-150-800-0 %0 0.4779 0.4829  0.4477  -0.0050 0.0302
60 0.46%5 0.4818  0.43N -0.0123 0.0324
45 0.4314 0.4449  0.4201 -0.0136 0.0113
30 0.3768 0.3834  0.3862 +0.0065 0.0107
20 0.3517 0.3116  0.3212 0.0201 0.0105
10 0.2736 0.2643  0.2862 0.00% -0.012¢6
0 0.2553 0.2737  0.2829  -0.0184 -0.0276

0P-150-800-C 90 0.4294 0.4268  0.4094 0.0027 0.0201
&0 0.5408  0.4067  0.3916 0.134% 0.14%1
&5 0.537%  0.35%1 0.3476 0.1829 0.1903
30 0.3877  0.2859  0.3026 0.1018 0.0850

20 0.3273 0.2215  0.2597 0.1058 0.0676
10 0.2520 0.2101 0.2293 0.0419 0.0227
0 0.2957 0.2207 0.2381 0.0750 0.0576

op-400-1100-0 90 0.4132 0.4985  0.4577  -0.0853 -0.0445
0.4676  0.5274  0.4803  -0.0598  -0.0127

45 0.4818  0.5060  D.4699  -0.0242 0.0119

30 0.3965 0.4418  0,6023  -0.0453 -0.0058

20 0.3075 0.3752  0.3436  -0.0677  -0.03&1

10 0.2337  0.3236 (.29 -0,0899  -0.0584

0 0.2288  0.3572  0.2907  -0.1284 -0.0618

0P-400-1100-C 90 0.4018  0.4887  0.4433 -0.0859 -0.04%
&0 0.6347  0.4733  0.4457 0.1614 0.1899

45 0.6343 0.4431 0.4308 0.1912 0.2035

30 0.4542  0.3656  0.3523 0.0887 0.0959

20 0.2560  0.3044  0.2965  -0.0484 -0.0405

10 0.2365 0.2930  0.2468  -0.0565 -0.0103

0 0.2941 0.3195 0.2579  -0.0253 0.0362
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Table J.2 (cont'd.) Differences between the measured C,.., (by
concentration decay) and the calculated
Cyo (PY pressure difference method).

10 i1
Averaged Open Sealed Cka10-CQ10 CkQ10-£Q10
Description Angle Cka 10 Model Model Open Sealed

0.4523  0.5119 0.4924 =0.0597  -0.0401

OP-400-800-0 90
0 0.4656  0.5668 0.5649  -0.1012  -0.0993

45 0.4768  0.5447  0.5495  -0.0679  -0.0728
30 0.3793  0.5204 0.4570 -0.1410  -0.0877
20 0.3134  0.4418 03943 -0.1284  -0.0808
10 0.251% 0.3762  0.3263 ~0.1251 =0.0752
0 0.2654  0.4061  0.3152 ~0.1406  -0.0497
0p-400-800-C 90 0.4193  0.4998  0.4633 =0.0805 ~0.0440
60 0.5566 04975  0.5131 0.0590 0.0434
45 0.6365  0.475¢  0.4830 0.1605 0.1485
30 0.4377  0.3272  0.4023 0.1106 0.0354
20 0.263%  0.2798  0.3307 -0.0165  -0.047%
10 0.2931 0.2621 0.2627 0.0309 0.0304
0 0.3497 0.2729  0.2788 0.0768 0.0711
OP-CH-1100-0 %0 0.4077  0.4452 0.4371 -0.0376  -0.029%%
60 0.4661  0.4170  0.383% 0.0491 0.0775
45 0.4628  0.3859  0.3452 0.0769 0.0976
30 0.3565 0.3305 0.3110 0.0260 0.0455
20 0.2638  0.2534  0.262% 0.0104 0.001%
16 2170 0.2173  0.2/67  -0.00%% =0.0358
0 0.2113  0.2389  0.2562  -0.0257  -0.0450
OP-CH-1100-C 90 0.4065  0.3897  0.3964 0.0168 0.0101
60 0.7613  0.3564  0.3692 0.39%49 0.4001
45 0.4611 0.328t  0.3210 0.1330 0.1401
30 0.3266  0.2587 0.2567 0.0679 0.0699
20 e. 177 0.1879  0.2145 -0.0108  -0.0374
10 0.2044  0.1871  0.2076 0.0173 -0.0032
0 0.2562% 0.1830  0.2228 0.0741 0.0393
OP-CH-800-0 90 0.4464  0.4602  0.44%9 -0.0138  -0.D035
60 0.4318  0.4318  0.4039  -0.0000 0.0279
45 0.5200  0.4089  0.3850 0.1111 0.1340
30 0.3637  0.3504  0.3344 0.0133 0.0293

20 0.3028B  0.2954  0.2854 0.0075 0.0174
10 0.2503  0.2489  0.2646 0.004  -0.0142
0 0.2293  0.2568 0.2738  -0.0275  -0.0445

OP-CH-800-Cc 90 0.4059  0.3885  0.3999 0.0174 0.006%
60 G.5670  0.3678  0.3655 0.1992 0.2015

45 0.4923  0.3281 0.3249 0.1641 0.1674

30 0.3445  0.2666  0.25%0 0.0779 0.0855

20 0.2075  0.2034  0.219% 0.0041 -0.0124

10 0.2239  0.1984  0.2104 0.0255 0.0125

o 0.2878  0.2017  0.2257 0.0851 0.0521
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Standard Deviation for Ck040

Angle (degreat)
o 1100 mm, op. + 100 mm, cl. ¢ BOD mm, op. A BOO mm, cI.

Figure J.1 Standard deviation for C,,,, versus wind angles,
chimney.

Standard Deviatlon for CkQ10

Angle (oegrees)
0 1100 mm, op. + 1100 mm, ¢, ¢ 600 mm, op. & BOQ mm, <.

Figure J.2 Standard deviation for C g, versus wind angles,
simulated 150 mm ridge.
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Standard Devistion for (x010

Angle [degreas)
o 1100 mm, OP. + 1100 mm, cl. o B0D mm, op. a BOD mm, ¢,

Figure J.3 Standard deviation for C,, versus wind angles,
simulated 400 mm ridge.
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APPERDIX K

Adjusted data for OP-400-800-C,
complete set

Appendix K contains the contour lines, internal pressure
coefficients (Cp;,), air inlet and outlet zones, airflow
diagrams, calculated ventilation rate coefficients (Cg,,) with
the differences between open and closed mocdel types, and the
differences between the effective ventilation coefficients
(Cya1o) and calculated ventilation coefficients (Cp,) for all
wind angles of incidence, especially those adjusted for: 45°,
30°*, 20°, 10° and 0°.
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Pigure K.1a Ccps contour 1lines: open model, simulated
400 mm ridge and 800 mm sidewall openings,
closed end walls, wind angle of 90°.
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Figure K.1b Cps contour 1lines: open model, simulated

400 mm ridge and 800 mm sidewall openings,
closed end walls, wind angle of 60°.
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Figure K.1lc Cps contour lines: open model, simulated
400 mm ridge and 800 mm sidewall openings,
closed end walls, wind angle of 45°.
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Figure K.14 Cps contour lines: open meodel, simulated

400 mm ridge and 800 mm sidewall openings,
closed end walls, wind angle of 30°.
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Figure K.le Cps contour lines: open model, simulated

400 mm ridge and 800 mm sidewall openings,
closed end walls, wind angle of 20°.
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Figure K.1f Cps contour lines: open model, simulated
400 mm ridge and 800 mm sidewall openings,
closed end walls, wind angle of 10°.
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ol

Figure K.1lg Cps contour 1lines: open model, simulated
400 mm ridge and 800 wm sidewall openings,
closed end walls, wind angle of 0°.



o
< ‘b
uoT3zeanbIFUOD ‘@OUPTOUT JO sSaThue purs L ‘sT1es pu? Ummoh_mo ‘sputuado

TTema2pTs W Q0TT pue mm-mu._”.n mu oob pejleInulrs ‘! Topou uado ::dp paanseai A | OH?@MN
MYd 8O0 WYl HOOU W OO NYd HOOU
rTps - - Ly £0* T~ zl $0*
t- - 0z~ 51— *o- o 80"~ 80"~
W d H00d W 008 N 008 NYd 004
gL- w- - - - s . Sl St Y'- $0- €O~
+ +* - + - * + + + + + *
- * * - + + + * + + * -+
- IZ'- - 2 Sl ¥ Sl | S 1= §i'=  §i— 0= f0'=_ 80"~
12~ :seauw -— L1~ iEeaw e Z1'— :ceaw / £O*- igeaw —
61°- :07€d Bep O ONIM 0z~ :o1e Bep 07 ONIM 91"~ 27€2 Bop Gy ONW 91"~ :271€D Bep 08 ONIM
W4 H00d W YoOou NYd HOOd
V- 81~ £0°- z- 90* o
- iz §i= - 4= €1
NYId J00H NYd 004 NYd J004
- 1IT- 1T w'- 8l'= - 90'= 80~ i’
+ + + - + + +* * *
+ + + + * + + * +
8= 1T=__ T~ A G < At V-t (TR 1 St 4 e
61°- :seau —~ 91*~ :seau ™ 60°- :seaw /
61"~ :oTe Bep 01 ONWM g1~ fo1ed Bep OF GHUM Lz = o7e Bep OQCHM




482

0.1
Q.03 |-

Q
=-0.03 |-

&8
-0.43 -
-0.2 - "-“\/jﬂ:\__.;_‘\
-0.25 -
-0.3 1 1 Il 1 1 1 1 1 1
0 20 40 &0 :1n)
A le Cdegreas)

O 1100 wm, oOp. + 100 mm, <. ¢ 600 s, . & 800 em, cl.

Figure K.3 Open model, simulated 400 mm ridge, internal
pressure coefficients, open and closed end
walls.
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Argla [degroon)
o 150 mm, op. + 150 mm, cl. ¢ 400 mn, op. a4 400 mm, <. »* chimney, op.
T chimmay, cl.

Figqure K.4 Open model, simulated 800 mm sidewall,

internal pressure coefficients, open and

closed end walls.
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Cyo for open and sealed models.

Cq sealed

———— —— S S A D L SEL W W I 4GP GRA (R SN AN My Y G Ty S T W -

150~1100-0p

150-1100~-cl

150-800-0p

150~-800-cl

400-1100-0p

400-1100~cl

400-800-0p

0.462789
0.456046
0.413956
0.344391
0.264446
0.229532
0.249713
0.429472
0.40547%5
0.355589
0.281691
0.204257
0.194083
0.199838
0.4828890
0.481826
0.444932
0.383376
0.311612
0.264277
0.273708
0.426760
0.406734
0.355059
0.285925
0.22149]1
0.210089
0.220708
0.498525
0.527410
0.505996
0.441833
0.375173
0.323609
0.357209
0.488685
0.473319
0.443088
0.365448
0.304357
0.292992
0.319450
0.511935
0.566803
0.544713
0.520364
0.441844
0.376223
0.406061

0.431609
0.406677
0.386648
0.328066
0.289499
0.259394
0.262543
0.387913
0.377373
0.336627
0.283720
0.244031
0.221057
0.231714
0.447723
0.437076
0.420071
0.366196
0.321185
0.286194
0.282904
0.409353
0.391649
0.347594
0.302637
0.259684
0.229294
0.238133
0.457689
0.480308
0.469876
0.402340
0.343565
0.292122
0.290688
0.443265
0.445653
0.430815
0.358251
0.296461
0.246830
0.257921
0.492378
0.564900
0.549538
0.467046
0.394272
0.326299
0.315160

Cg(open-sealed)

0.031180
0.0492370
0.027309
0.016326
=0.025053
-0.029862
=0.012830
0.031559
0.028102
0.018963
=0.002028
-0.039774
-0.026974
-0.031876
0.035158
0.044751
0.024862
0.017181
-0.009572
-0.021916
=0.009195
0.017408
0.015085
0.007465
-0.016711
~0.038192
=-0.019205
-0.017425
0.040837
0.047103
0.036121
0.039494
0.031608
0.031487
0.066521
0.045421
0.027667
0.012274
0.007197
0.007897
0.046162
0.061530
0.019558
0.001903
-0.004824
0.053318
0.047572
0.049925
0.090901
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Table K.1 (cont.)

C

Cq sealed

———_————-———_————---—————--.————--———-—

400-800-cl

ch-1100-0p

ch-1100-cl

ch-800-op

ch-800-cl

0.499794
0.497537
0.398504
0.322867
0.268254
0.245871
0.258406
0.445240
0.417043
0.385891
0.330528
0.253414
0.217316
0.236947
0.389682
0.366405
0.328062
0.258720
0.187933
0.187063
0.187961
0.460240
0.431802
0.408865
0.350424
0.295373
0.248908
0.256760
0.388548
0.367823
0.328143
0.266647
0.203429
0.198378
0.201735

0.463349
0.513131
0.487980
0.402278
0.330749
0.262656
0.278638
0.437056
0.388590
0.365191
0.311006
0.262416
0.246709
0.256236
0.396381
0.361222
0.321020
0.256693
0.214523
0.207551
0.222846
0.449922
0.403888
0.385973
0.334395
0.285436
0.264570
0.273751
0.399880
0.365476
0.324899
0.259047
0.219912
0.210390
0.225670

a0 fOr open and sealed models.

Cq({open-sealed)

0.036445
-0.015593
-0.089476
-0.079411
-0.062495
~-0.016785
-0.020232

0.008185

0.028454

0.020700

0.019522
-0.009001
-0.029392
-0.019289
-0.006698

0.005183

0.007042

0.002027
-0.026589
-0.020488
-0.034885

0.010319

0.027915

0.022892

0.016030

0.009938
-0.015662
-0.016990
-0.011332

0.002348

0.003244

0.007600
-0.016483
-0.012011
-0,023935
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Figure K.8
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Angle Cdegroes)
1100 »m, op. 4+ 1100 mm, cli. Q B00 wm, op. & BOO mm, <.
open model ventilation rate coefficients, C,,
simulated 400 mm ridge.
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e0 40 60 a0
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op. + 30 em, cl. @ 400 wm, ©p. A 400 mm, €. X chimrey, op.
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Figure K.9 Coo Gifferences (open - sealed), simulated
400 mm ridge.



Table K.2

489

Differences between the measured <« ,, (by
concentration decay method) and the calculated
Cyo (by pressure difference method).

ca 10 ca 10

Averaged Open Sealed CkQ10-CQ10 ckQ10-CQI0
Description Angle CkQ 10 Model Hodel Open Sealed

oP-150-1100-0 0 0.4351 0.4628  0.4318 «0.0277 0.0035
60 0.4B50 0.4560  0.4067 0.0299 0.0793

45 0.5202 0.4140  0.3846 0.1043 0.1336

30 0.4072 0.3444 0.3281 0.0628 0.0

20 0.2962 0.2644 0.2895 0.0317 0.0067

10 0.2301 0.2295 0.2594 0.0006 =0.0293

0 0.2212  0.2697  0.2625 +0.0285 -0.0413

0P-150-1100-C 90 0.4175 0.4295 0.397¢  -0.0120 0.0196
60 0.5859  0.4055 0.3774 0.1304 0.2085

45 0.6223  0.3556 0.3356 0.2667 0.2856

30 0.4002 0.2817  0.2837 0.1185 0.1165

20 0.2517  0.2043  0.2440 0.0475 0.0077

10 0.2308 0,194 0.2211 0.0367 0.0098

0 0.2721 0.1998  0.2317 0.0722 0.0404

0P-150-800-0 %0 0.4779  0.4B29 0.4477 -0.0050 0.0302
60 0.4695 0.4818 0,437 -0.0%23 0.0324
43 0.4314 0.4449  0.4201 ~0.0136 0.0113

30 0.3768  0.3834 0.3662 -0.0055 0.0107
20 0.33177 0.3116  0.3212 0.0201 0.0105
10 0.2736  0.2643 0,2862 0.0094 -0.0126

0 0.2553  0.2737  0.282¢9 -0.0184 -0.0276

oP-150-800-C 90 0.4294  0.4268  0.4094 0.0027 0.0201
0.5:08  0.4067 0.3916 0.1341 0.1491
0.5379  0.35%1 0.3476 0.1829 0.1903
30 0.3877  0.2859  0.302% 0.1018 0.0850
20 0.3273  0.2215  0.2%7 0.1058 0.0676
10 0.2520 0.2101 0.2293 0.0419 0.0227
0 0.2957  0.2207  0.238% 0.0750 0.0576

&3

0P-400-1100-0 90 0.4132  0.4985  0.4577  -0.0853 -0.0445
0.4676  0.5274  0.4803  -0.05%38 -0.0127
0.4818  0.5060  0.4699  -0.0242 0.0119
30 0.3965  0.4418  0.4023  -0.0453 -0.0058
20 0.3075  0.3752  0.3436  -0.0677 -0.0361
10 0.2337  0.3236  0.292% -0.0899 -0.0584

0 0.2288  0.3572  0.2907  -0.1284 -0.0618

&8

0P-400-1100-C 90 0.4018  0.4887  0,4433  -0.0869 -0.0414
&0 0.6347  0.4733  0.4457 0.1614 0.1890

45 0.6343  0.4431 0.4308 0.1912 0.2035

30 0.4542  0.3654  0.3583 0.0887 0.095¢9

20 0.2560  0.3044  0.2965  -0.0484 =0.0435

10 0.2365  0.2930  0.2468  -0.0565 -0.0103

0 0.2941 0.3195  0.257¢  -0,0253 0.0362



Table X.2 (cont.)
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Differences between the measured C,,,, (by
concentration decay method) an the
calculated C,, (by pressure difference
method) .
e 10 ca 10
Averaged Open Sealed CkQ10-CQ10 CkQ10-CQ10

Description Angle CkQ 10 Hodel Nodel Open Sealed

oP-400-800-0

oP-400-800-C

OoP-CK-1100-0

OP-CH-1100-C

oP-CH-800-0

OP-CH-B00-C

90 0.4523  0.5119 0.4924 =0.0597 -0.0401
60 0.4856  0.5668  0.5649  -0.1012 ~0.0993
45 0.4768  0.5447  0.5495 -0.0679  -0.0728
30 0.3793  0.5206 0.467C  -0.1410 -0.0877
20 0.3134  0.4418 03943 -0.1284 -0.0808
10 0.2511 0.3762 0.3263  -0.1251 -0.0752

0 0.2654  0.4081 0.3152 ~0.1406  -0.0497

%0 0.4193  0.4998  0.4633 =~0.0805 ~0.0440
60 0.5566 0.4975  0.5111 0.05%0 0.0434
&5 0.6365  0.3985  0.4880 0.1605 0.1485
30 0.4377 0.3229  0.4023 0.1106 0.0354
20 0.263%  0.2683 0.3307  -0.0165 -0.0674
10 0.2931  0.2459  0.2827 0.0309 0.0304

0 0.3497  0.2584  0.2786 0.0768 0.0

90.  0.4077  0.4452  0.4371 ~0.0376  -0.0294
60 0.4661  0.4170  0.3886 0.049 0.0775
45 0.4628  0.3859  0.3452 0.0769 0.0976
30 0.3565 0.3305 0.3110 0.0250 0.0455
20 0.2638  0.2534  0.2624 0.0104 0.0014
10 0.2110  0.2973  0.2867  -0.0064 -0.0358

0 0.2113  0.23¢%9  0.2562  -0.0257  -0.0450
90 0.4065  0.3897  0.3964 0.0158 0.0101
60 0.7613  0.3664  0.3612 0.394% 0.4001
&5 0.4617  0.3281 0.3210 0.1330 0.1401
30 0.3266  0.2587  0.2547 0.0579 0.0699
20 0.1771 0.187%  0.2145 -0.0108 -0.0374
10 0.204¢  0.1871 0.2076 0.0173 -0.0032

0 0.2621  0.1880  0.2228 0.0741 0.0393

%0 0.4464  0.4602  0.4499  -0.0138  -0.0035
&0 0.4318  0.4318  0.403%  -0.0000 0.0279
&5 0.5200 0.4029  0.3840 6.1 0.1340
30 0.,3837  0.3504  0.3344 0.0733 0.0293
20 0.3028 0.2954  0.2854 0.0075 0.0174
10 0.2503  0.248%  0.264% 0.0014 -0.0142

0 0.2293  0.2568 0.2738  -0.0275 -0.0445

0.4059  0.3885 0.3999 0.0174 0.0061
0.5670  0.3678  0.3655 0.1992 0.2015
0.4923  0,328% 0.3249 0.1641 0.1674
30 0.3465  0.2666  0.2590 0.0V 0.0855
20 0.2075  0.203%  0.2%99 0.0041 =0.0124
10 0.2239  0.198  0.210% 0.0255 0.0135

0 0.2878  0.2017  0.2257 0.0841 0.0621
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400 mm ridge, differences between measured C,,,

and calculated Cg,.
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Closed end walls, differences between measured
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