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Abstract

 

Predicting Natural Ventilation in Residential Buildings in the 

Context of Urban Environments

 

By
Adil M. K. Sharag-Eldin

 

Doctor of Philosophy in Architecture

University of California, Berkeley

Professor Edward E. Arens, Chair

The objective of this dissertation was to develop, through systematic research and experi-

mentation, a mathematical model for predicting exterior surface pressures and indoor air

velocities for small-scale buildings in urban settings. The resulting model is a step-by-step

series of functions that produce these results while accounting for various possible geo-

metric relationships between the building and the urban surroundings.

This study was conducted in two phases. The first phase developed an empirical Pressure

Prediction Model (PPM) for shielded surfaces using a sequence of wind tunnel tests. The

model produces a non-dimensional Pressure Modification Coefficient ( ) using a set of

geometric variables that describe urban surroundings in terms of obstruction blocks and

the gaps between them. A number of empirical corrections account for horizontal dis-

placement of obstructions and for wind direction effects.  is then used to calculate the

average pressure coefficient on shielded surfaces. The wind tunnel tests show that the

shielding effect of an obstruction block is significant within a 

 

±

 

70˚ arc around the wind

direction, and that it is possible to predict the shielding effect of multiple obstruction

Cpm

Cpm



 

2

 

blocks within this arc by averaging the shielding effects of individual obstruction blocks

and summing the effects of all the gaps.

The second phase concentrated on the development of an Indoor Velocity Prediction

Model (IVM). The IVM uses the PPM-predicted surface pressures on shielded walls as

input to a model developed by Ernest (1991) to determine the Indoor Velocity Coefficients

(IVC). The IVM model also adopts a procedure developed by Arens 

 

et al

 

 (1986) to convert

remote weather station data into site-specific wind speeds. Arens’ procedure corrects for

the differences in height between the weather station and the site, the differences in terrain

roughness characteristics between the two locations, and wind acceleration due to site

topography. 

The PPM was verified against Wiren’s (1984) tests of an instrumented model in different

arrays of similarly configured obstruction blocks, and against an instrumented model in a

more complex layout. The predicted and the measured pressure values showed a reason-

ably good fit in both cases. The successes and limitation of the model are discussed.

The IVM predictions of interior airflow were not validated here. Ernest has validated his

model in both unobstructed and simply-obstructed conditions, and the PPM is not

expected to change the nature of the interior flows predicted by Ernest’s model.



                   
TOC

Table of Contents
....2
....4
.....4

...9

.10
.11
.13
..18
18
21
..27

.30

.30
1

.31
Acknowledgments iii
Table of Contents iv
List of Figures x
List of Tables xvii
List of Symbols xviii

Chapter 1: Introduction
1.1 Prelude.....................................................................
1.2 General Objectives...................................................
1.3 Scope ......................................................................

Chapter 2: Notes on Natural Ventilation in the Context of the 
Built Environment

2.1 Introduction ..............................................................
2.2 Climatic Determinants in Architecture and Urban 

Form .........................................................................
2.3 Climate and The Built Form.....................................
2.4 Wind and the Built Form ..........................................
2.5  Examples ................................................................

2.5.1 Examples form Warm-humid Climates............
2.5.2 Examples form Hot-dry Climates.....................

2.6 Conclusion...............................................................

Chapter 3: Ventilation Research: Background
3.1 Introduction ..............................................................
3.2 Ventilation.................................................................

3.2.1 Airflow Cooling Effects ...................................3
3.2.2 Ventilation Requirements................................
3.2.3 Mechanisms Affecting Natural Ventilation Air-
iv



   

32
32
32
.34
35
36
.37
.38
.38
.40
41
.41
.41
42
.42
2

..42
.43
44
44
..45

  

.48

..48

..49

..51
5

  

6

60
64
4

64
5
5

66
66
67
7

..70
Table of Contents

flow ..................................................................
3.2.3.1 Thermal Forces..................................
3.2.3.2 Wind Forces.......................................

3.3 Natural Ventilation Research ....................................
3.3.1 Mean Wind Speed Coefficient Method............
3.3.2 Discharge Coefficient Method .........................

3.4 Shielding Effects.......................................................
3.5 Methods for Predicting Wind Pressures ...................

3.5.1 Empirical Pressure Models..............................
3.5.2  Computational Models ...................................

3.5.2.1 Advantages ........................................
3.5.2.2 Disadvantages...................................

3.5.3 Field Measurements at Full Scale....................
3.5.3.1 Advantages ........................................
3.5.3.2 Disadvantages...................................

3.6 Summary of Variables affecting Airflow ...................4
3.6.1 Layout Patterns...............................................
3.6.2 Compactness of Layout ...................................
3.6.3 Boundary Layer and Terrain Effects ................
3.6.4 Effects of Vegetative Windbreaks....................

3.7 Conclusion...............................................................

Chapter 4: Development of an Empirical Model for the Predic-
tion of Surface Pressures in Shielded Environments

4.1 Introduction ..............................................................
4.2  The Proposed Model...............................................
4.3 Approach..................................................................
4.4 Background..............................................................
4.5  Multiple Rows of Obstruction Blocks ......................5

4.5.1 Tsutsumi et al’s Experiments ...........................5
4.5.2 Verifying the Effect of Multiple Obstruction 

Rows ................................................................
4.6 Definition of Variables...............................................

4.6.1 Wind Direction Angle ......................................6
4.6.2 Obstruction Block Description .........................

4.6.2.1 Horizontal Angle ...............................6
4.6.2.2 Vertical Angle ...................................6
4.6.2.3 Model Spacing ..................................
4.6.2.4 Obstruction Spacing ..........................
4.6.2.5 Displacement Angle ..........................

4.7 Angular Description of Obstruction Blocks ..............6
4.8 Summary and Conclusions ......................................
v



   

70
71
.74
.74
5

75
.76
 
8
.81
.82
..84

5

8
88
89

0
90
1

93
5
96
8
.99
99
00

2
03
04
06
08

09
09
11
13

3
14
Table of Contents

4.9 Developing the Mathematical Model ........................
4.10 Pressure Shielding Modification Coefficient...........
4.11 The Unobstructed Model ........................................

4.11.1 Swami and Chandra’s Model ........................
4.11.2 The Modified Unobstructed Model ................7

4.11.2.1 Setup of Experiment ........................
4.11.2.2 Results ............................................
4.11.2.3 Relating to Wind Direction and Side

Aspect Ratio .....................................7
4.12 The Orthogonal Configurations..............................

4.12.1 Tested Configurations ...................................
4.12.2 General Discussion.......................................

4.12.2.1 Effect of Spacing on Pressure 
Coefficients ......................................8

4.12.2.2 Changing the Horizontal Angle of 
Obstruction .......................................8

4.12.2.2.1  Results .................................. 
4.12.2.2.2 Discussion.............................. 

4.12.2.3 Changing the Vertical Angle 
of Obstruction...................................9

4.12.2.3.1 Results ................................... 
4.12.2.3.2 Analysis ................................. 9

4.12.3 Deriving the Model.........................................
4.12.3.1 Analysis of Variables: .....................9
4.12.3.2 The Functions ..................................

4.12.4 Limitation of the Orthogonal Model ..............9
4.13 The Displacement Correction.................................

4.13.1 Varying Displacement Angle .........................
4.13.1.1 Setup of Experiments ....................1
4.13.1.2 The Choice of the Displacement 

Angle ..............................................10
4.13.1.3 Results ...........................................1
4.13.1.4 Discussion......................................1

4.13.2 Deriving the Correction Function.................1
4.13.3 Effect of Roof Shapes...................................1
4.13.4 Additional Corrections .................................1

4.14 Effect of Changing the Wind Direction.................1
4.14.1 Wind Direction Scenarios.............................1
4.14.2 The Equivalent Obstruction Block ...............1

4.14.2.1 Premise of Wind Direction 
Analysis..........................................11

4.14.2.2 Redefining the Angles ...................1
4.14.3 Scenario I: Wind Direction Change with 
vi



   

14
15
16

0
20
20
1
3

25
25
26
33
35
35
35

137
43

144
45
49

51
51
52
52
53
6

56
58
59
60

2

2

3
63
67
168
Table of Contents

respect to both Model and Obstruction..........1
4.14.3.1 Experiment setup ...........................1
4.14.3.2 Discussion of the Results...............1
4.14.3.3 Redefining the   Angles of 

Obstruction .....................................12
4.14.3.4 Corrected Displacement Angle......1
4.14.3.5 Corrected Displacement Angle......1
4.14.3.6 Corrected Vertical Angle...............12
4.14.3.7 Predicting Accelerated Effects ......12

4.14.4 Scenario II: Wind Direction Change with 
respect to Model only.....................................1

4.14.4.1 Experiment Setup ..........................1
4.14.4.2 Discussion of the Results...............1
4.14.4.3 Scenario II Functions.....................1

4.15 Multiple Obstructions............................................1
4.15.1 The Premise of the Experiments...................1
4.15.2  Experiment Setup ........................................1
4.15.3 The Results ...................................................
4.15.4 Discussion of the Results..............................1
4.15.5 The Gap Rule................................................
4.15.6 Deriving the Function...................................1

4.16 Complex Instrumented Models .............................1
4.17 Verification of the Model .......................................1

4.17.1 Wiren’s Experiments ....................................1
4.17.2 Wiren’s Single obstruction Experiments......1

4.17.2.1 Description ....................................1
4.17.2.2 Results and Discussion ..................1

4.17.3 Wiren’s Multiple Obstructions .....................15
4.17.3.1 Description ....................................1
4.17.3.2 Discussion of Results ....................1

4.17.4 The Realistic Model .....................................1
4.17.4.1 Description ....................................1
4.17.4.2 Difference from Other Physical 

Models............................................16
4.17.4.2.1 Non-parallel Obstruction 

Blocks .................................. 16
4.17.4.2.2 Complex Obstruction 

Model................................... 163
4.17.4.2.3 Partially Hidden Obstruction 

Blocks .................................. 16
4.17.4.3 Results ...........................................1
4.17.4.4 Discussion......................................1

4.18 Conclusions ...........................................................
vii



    

72

73
74
75

76

80
1

2
3

4
4
4

4
 
6
 
-
8

0
93
94
6

197
.197
198

98
00

2
03
03
4
4
06
Table of Contents

Chapter 5: Implementations of the Prediction Model
5.1 Introduction .............................................................1
5.2 Application of Pressure Modification Coefficient 

Method.....................................................................1
5.3 Inputting Model Description Variables....................1

5.3.1 Conventions....................................................1
5.3.2 Graphically Determining Angles of 

Obstruction Blocks.........................................1
5.3.3 Calculating the Angles to Obstruction 

Blocks ............................................................1
5.3.3.1 Wind Direction ................................18

5.3.3.1.1 Weather Station Wind 
Direction ............................. 181

5.3.3.1.2 Model Wind Direction .......... 18
5.3.3.1.3 Relative Wind Direction........ 18

5.3.3.2 The Mathematical Definition of 
the Angles.......................................18

5.3.3.2.1 Model Wind Direction........... 18
5.3.3.2.2 Relative Wind Direction........ 18

5.3.3.3 The Equivalent Obstruction Block 
(EOB) .............................................18

5.3.3.4 Calculating the Angles of Description
of Real Obstruction Blocks ............18

5.3.3.5 Calculating the Angles of Description
of Equivalent Obstruction Block (Gen
eral Form).......................................18

5.3.3.6 Defining the 140˚ Shielding Effective-
ness Zone (SEZ) .............................19

5.3.3.7 Defining a Gap ................................1
5.3.4 Complex Obstruction Blocks .........................1

5.4 Predicting Indoor Air Velocity.................................19
5.5 Weather Data ...........................................................
5.6 Pressure Data ..........................................................
5.7 Wind Speeds at Site .................................................

5.7.1 Terrain Roughness and Height above the 
Ground ...........................................................1

5.7.2 Hills and Escarpments ....................................2
5.7.3 Application of SITECLIMATE Factors.........20

5.8 Predicting Indoor Ventilation Coefficients ..............2
5.8.1 Advantages of IVC Model..............................2
5.8.2 Limitations of the IVC Model ........................20

5.9 The IVM Calculation Algorithm .............................20
5.10 Example of IVM use .............................................2
viii



   

206

  

09
11

213
14
4
15

                
Table of Contents

5.11 Conclusion.............................................................

Chapter 6: Conclusions and Recommendations
6.1 Summary of Findings ..............................................2
6.2 Impact of Study .......................................................2
6.3 The Model as a Design Tool ....................................
6.4 Unique Features of the IVM Model ........................2
6.5 Limitation of the IVM Model..................................21
6.6 Future Work .............................................................2

Chapter 7: Bibliography

Appendix A 250
Appendix B 260
Appendix C 266
Appendix D 292
Appendix E 311
Appendix F 320
Appendix G 340
Appendix H 363
ix



   

...9

  

10

  

11

  

12

  

. 14

  

 
.15

  

16

  

.17

  

.17

  

a, 
.19

  

20

  

0

  

..22

  

.23

 
LOF
 

List of Figures
Figure 2-1 Cool Towers in Hyderabad, Source: Melaragno 
(Ref. 161) ..................................................................

Figure 2-2 Determinants of built form. ........................................

Figure 2-3 Climatic effects on building form. Examples for 
Hot-dry climate (left), and for Warm-humid region 
(right). Source: Konya (Ref. 260). .............................

Figure 2-4 Window Configuration in Hot-arid Climates, 
Source: Norberg-Schulz (Ref. 273). ..........................

Figure 2-5 Sketch of housing layout at Kahun, Source: (Ref. 30)

Figure 2-6 Settlement in hot dry climate, Source: Koenigsberger
et al (Ref. 259). .........................................................

Figure 2-7 Alley ways, Omdurman, Sudan. Dimensions of the 
alley guarantee shading throughout most of the 
day hours. Source: Norberg-Schulz (Ref. 273). ........

Figure 2-8 Row Housing in Southeast Asia. Source: (Ref. 34). ..

Figure 2-9 Naturally ventilated traditional building, 
Source: (Ref. 289) ....................................................

Figure 2-10 House (converted rice granary), Sigumpar, Indonesi
Source: (Ref. 267) ....................................................

Figure 2-11 Example of porous wall construction in Java, 
Source: Author’s collection. ......................................

Figure 2-12 University of Indonesia Campus, Source: 
Author’s Collection. ..................................................2

Figure 2-13 Tower head designs, Source: (Ref. 283). ................

Figure 2-14 Multi-opening wind catcher in Kerman Bazaar, 
Iran. Source: (Ref. 238). ...........................................
x



    

, 
23

  

4

  

25

  

26

  

26

  

32

  

3

  

.. 43

  

44

  

52

  

54

  

54

  

55

  

6

  

57

  

58

  

59

  

61

  

61

  

62

  

 63

  

4

List of Figures

Figure 2-15 Example of a single-opening wind catchers in Al-Kufa
Iraq, Source: (Ref. 246) ...............................................

Figure 2-16 Single-opening tower head is located at position 
where effect of surrounding buildings is minimal. ...... 2

Figure 2-17 Examples of Hassan Fathy’s reintroduction of 
traditional architectural design features. .....................

Figure 2-18 Modern Design Solutions, University of Qatar, S
ource: (Ref. 287). ........................................................

Figure 2-19 Bird’s eye-view of the University of Qatar. 
Source: Ibid. ................................................................

Figure 3-1 Schematic illustration of ventilation requirements, 
adapted from van Straaten (Ref. 200) .........................

Figure 3-2 Forces Affecting Natural Airflow ................................. 3

Figure 3-3 Tested Patterns in Shielded Studies ............................

Figure 3-4 Gradient height depends on the roughness of the 
terrain. .........................................................................

Figure 4-1 Comparison between examples from Hussain et al, 
Wiren, and Ernest shielding experiment results ..........

Figure 4-2 An example of Wiren’s test configuration (the 
one-row Grid-iron pattern) ..........................................

Figure 4-3 An example of Lee et al experiment 
(the Normal Pattern) ....................................................

Figure 4-4 Ernest’s shielded model configuration .........................

Figure 4-5 Multiple discrete obstruction windward blocks. .......... 5

Figure 4-6 Tsutsumi et al experimental setup (Ref. 212). ..............

Figure 4-7 The result of increasing the number of obstruction 
blocks. Source: Tsutsumi et al (Ref. 212). ..................

Figure 4-8 The three airflow regimes between two identical 
blocks, Source: Lee et al (Ref. 149) ............................

Figure 4-9 Setup of an initial experiment to study the effect of 
windward multiple rows on surface pressures. ...........

Figure 4-10 Surface pressure measurement results for 
obstruction width=20 cm .............................................

Figure 4-11 Surface pressure measurement results for 
obstruction width=61 cm .............................................

Figure 4-12 Flow regimes around lows of long obstruction blocks.

Figure 4-13 Definition of Wind Direction angle ............................ 6
xi



    

. 65

              

67

  

68

  

68

  

. 69

  

1

      

7

  

77

      

78

  

80

  

82

  

 84

  

84

  

85

  

85

  

n 
86

  

87

  

88

  

9

List of Figures

Figure 4-14 Location of representative point on instrumented 
Surface ........................................................................

Figure 4-15 Basic variables: Horizontal Angle (ah) ........................ 65

Figure 4-16 Basic variables: Vertical Angle (av). ............................ 66

Figure 4-17 Basic variables: Spacing (Sm)...................................... 66

Figure 4-18 Basic variables: Displacement Angles.........................

Figure 4-19  Comparison of Ernest’s and Wiren’s experiments .....

Figure 4-20 Ernest’s and Wiren’s tested configurations .................

Figure 4-21 Obstruction angles coincident with measured 
surface pressure coefficients........................................

Figure 4-22 The Shielding Effect of an Obstruction Block. .......... 7

Figure 4-23 Definition of the Side Aspect Ratio (As) .................... 75

Figure 4-24 Effect of Side Aspect Ratio () on average pressure 
coefficients relative to wind direction ......................... 7

Figure 4-25 Effect of Side Aspect Ratio on mean normalized 
pressure coefficients relative to wind direction ...........

Figure 4-26 Self-shielding when wind direction ≥120˚ ................. 78

Figure 4-27 Pressure Coefficient of windward surface is relative 
to the Side Aspect Ratio of the model .........................

Figure 4-28 Effect of changing wind direction on surface 
pressure coefficients. A comparison between the 
existing and proposed models. ....................................

Figure 4-29 Orthogonal configurations. .........................................

Figure 4-30 Tested obstruction widths (Orthogonal configurations)

Figure 4-31 Tested Obstruction Heights (Orthogonal 
Configurations) ............................................................

Figure 4-32 Pressure coefficient on windward side (ww) ..............

Figure 4-33 Pressure modification coefficients on windward 
side (ww). ....................................................................

Figure 4-34 The only test condition when  values of two obstructio
blocks were identical with reference to Spacing. ........

Figure 4-35 The long wake generated behind an infinitely 
long obstruction block. ................................................

Figure 4-36 The relatively short wake generated behind a small 
obstruction block. ........................................................

Figure 4-37 Effect of varying the horizontal angle of obstruction . 8
xii



    

. 90

  

1

  

 92

  

93

  

95

  

96

  

97

  

8

  

00

  

00

  

01

  

02

  

03

  

03

  

04

  

05

  

107

  

107

  

09

  

10

  

111

  

2

  

13
List of Figures

Figure 4-38 The shielding effectiveness zone. ..............................

Figure 4-39 The effect of varying vertical angle of obstruction .... 9

Figure 4-40 The wake length is proportional to obstruction height.

Figure 4-41 For the same obstruction vertical angles, remained 
largely unaffected by the obstruction height. ..............

Figure 4-42 Measured pressure modification coefficients for 
orthogonal configurations. ...........................................

Figure 4-43 Basic variables in orthogonal function .......................

Figure 4-44  Predicted vs. measured values of surface pressure 
coefficients-Equation (4-12). .......................................

Figure 4-45 Model contour graphically represents the 
mathematical function in Equation (D-1). .................. 9

Figure 4-46 Varying the displacement angle. ............................... 1

Figure 4-47 Shielding Effect of displacement of obstruction 
block. ......................................................................... 1

Figure 4-48 Displacement configuration variables. ..................... 1

Figure 4-49 Displacement angle () growth relative to 
obstruction block. ...................................................... 1

Figure 4-50 Alternative definition of . .......................................... 1

Figure 4-51 Effect of displacement angle on the pressure 
coefficients. ............................................................... 1

Figure 4-52 Effect of displacement angle  on the pressure 
modification coefficients. .......................................... 1

Figure 4-53 Displacement correction of  values as predicted 
by the Orthogonal Model. ......................................... 1

Figure 4-54 Predicted vs. measured  values. ................................

Figure 4-55  Correcting  value based on displacement angle. .....

Figure 4-56 Gable roof angular description. ................................ 1

Figure 4-57 The relationship between the (SEZ) and the 
horizontal angle. ........................................................ 1

Figure 4-58 Spacing correction as a result of wind direction 
changes. .....................................................................

Figure 4-59 The possible instrumented model-obstruction block 
relationship with respect to wind direction. .............. 11

Figure 4-60 Scenario III represents a combination of Scenarios 
I and II. ...................................................................... 1
xiii



    

14

  

15

  

16

  

7

18

18

19

20

21

22

25

26

28

28

29

30

30

31

31
List of Figures

Figure 4-61 The equivalent obstruction retains the same 
horizontal angle. ........................................................ 1

Figure 4-62 Experiment setup for scenario I. ............................... 1

Figure 4-63 Pressure coefficients variation with wind direction. . 1

Figure 4-64 Most of the variation in the value of Cpm occurs 
between 0°-60° and 140•-180•. ................................. 11

Figure 4-65 Pressure coefficients variation with wind direction 
(unobstructed side). ................................................... 1

Figure 4-66 Except for few exceptions, the unobstructed side 
is not affected by the shielding block on the 
opposite side. ............................................................. 1

Figure 4-67 Leeward blocks increase the pressure at the 
obstruction-facing surface. ........................................ 1

Figure 4-68 Modified angles of obstruction. ................................ 1

Figure 4-69 Wind flows behind rotated obstruction block 
raising surface pressure coefficients. ......................... 1

Figure 4-70 The vertical angle appears to diminish with 
increase in wind direction relative to normal and 
displacement angle. ................................................... 1

Figure 4-71 Pressurization of leeward surface depends on the 
relative position of the adjacent block and wind 
direction. .................................................................... 1

Figure 4-72 Experiment setup for scenario II .............................. 1

Figure 4-73 The Pressure coefficients lines in Scenario II 
consist of two parts. ................................................... 1

Figure 4-74 Effect of changing the wind direction on  for a 25 
cm wide obstruction block. ....................................... 1

Figure 4-75 Effect of changing the wind direction on  for 
a 25 cm wide obstruction block. ............................... 1

Figure 4-76 Effect of changing the wind direction on  for 
a 61 cm wide obstruction block. ............................... 1

Figure 4-77 Effect of changing the wind direction on  fo
r a 61 cm wide obstruction block. ............................. 1

Figure 4-78 Effect of changing the wind direction on  for 
a 86 cm wide obstruction block. ............................... 1

Figure 4-79 Effect of changing the wind direction on  for 
a 86 cm wide obstruction block. ............................... 1
xiv



32

32

36

137

40

41

45

50

50

51

52

53

56

7

57

58

61

61

62

64
List of Figures

Figure 4-80 Effect of changing the vertical Spacing of a 
200 cm wide obstruction block. ................................ 1

Figure 4-81 Effect of changing the wind direction on  for 
a 200 cm wide obstruction block. ............................. 1

Figure 4-82 Setup of experiment. The drawing shows the 
studied variables. ....................................................... 1

Figure 4-83 The tested three shift positions. ................................

Figure 4-84 Effect of changing spacing (So) and gap width (g). .. 138

Figure 4-85 Effect of changing gap width (g) and spacing (So). 139

Figure 4-86 Effect of changing displacement (d) and gap 
width (g). ................................................................... 1

Figure 4-87 Effect of changing gap width (g) and 
displacement (d). ....................................................... 1

Figure 4-88 The Gaps are the spaces between the obstruction 
blocks and lie within the SEZ. .................................. 1

Figure 4-90 Self-shielding should be treated as an obstruction 
block. ......................................................................... 1

Figure 4-91 Self-shielding of the instrumented model. ............... 1

Figure 4-92 Surface pressures on L-shaped building, 
Sources: Ernest (Ref. 74). ......................................... 1

Figure 4-93 Wiren’s single obstruction experiments. ................... 1

Figure 4-94 Comparison between the prediction model and 
Wiren’s results. .......................................................... 1

Figure 4-95 The average pressure coefficients at the gable wall 
is lower when unobstructed than when shielded. ...... 1

Figure 4-96 Wiren multiple blocks grid-iron configuration. ........ 15

Figure 4-97 Wiren’s grid-iron layout and spacing. ...................... 1

Figure 4-98 Comparison between the prediction model and 
Wiren’s results. .......................................................... 1

Figure 4-99 Plan of the complex layout model. ........................... 1

Figure 4-100 Instrumented model used in the complex 
layout experiments. ................................................... 1

Figure 4-101 View from the southwest corner of the tested model 
and the surrounding blocks. ...................................... 1

Figure 4-102 Comparison between predicted and measured 
values of  on the North side of the model. ................ 1
xv



65

66

67

3

75

76

178

78

79

80

81

82

82

3

85

87

89

90

2

93

194

96

96

01
List of Figures

Figure 4-103 Comparison between predicted and measured 
values of  on the South side of the model ................. 1

Figure 4-104 Comparison between predicted and measured 
values of  on the East side of the model. ................... 1

Figure 4-105 Comparison between predicted and measured 
values of  on the West side of the model. .................. 1

Figure 5-1 The Different phases of the Indoor Velocity Model 
(IVM). ....................................................................... 17

Figure 5-2 Using the polar coordinates as basis for describing 
obstruction blocks. .................................................... 1

Figure 5-3 Polar coordinates for an obstruction block with one 
corner not visible from surface in question. .............. 1

Figure 5-4 The base layer of the protractor ..................................

Figure 5-5 Wind directions relative to model surfaces. ................ 1

Figure 5-6 The wind direction layer and cursor. .......................... 1

Figure 5-7 An example of protractor use. .................................... 1

Figure 5-8 For the same wind direction, each surface 
experiences a different view of the wind. .................. 1

Figure 5-9 Weather station wind direction. .................................. 1

Figure 5-10 Wind direction as used in the prediction model. ...... 1

Figure 5-11 Wind direction as used in the determination of the 
relative location of the obstruction blocks. ............... 18

Figure 5-12 Equivalent obstruction widths. ................................. 1

Figure 5-13 Calculating the obstruction angles based on the
 polar coordinates when wind direction=0˚. .............. 1

Figure 5-14 Polar coordinates of the EOB. .................................. 1

Figure 5-15 The determination of the values of the SEZ relative 
to polar coordinates ................................................... 1

Figure 5-16 Defining the 140˚ limit of the obstruction block. ..... 19

Figure 5-17 Self-shielding reduces the horizontal angle of view 
and consequently reduces the shielding effect of 
the obstruction block. ................................................ 1

Figure 5-18 The Gap should be treated as a solid object. ............

Figure 5-19 Complex obstruction blocks. .................................... 1

Figure 5-20 Partially. hidden obstruction blocks ......................... 1

Figure 5-21 Aerodynamic acceleration over a low hill without 
separation (Source: Arens et al (Ref. 10) .................. 2
xvi



 

xvii

 

Table 

 

2-1 Summary of Climatic Impact on Building Form in 
Selected Hot Climates.......................................... 13

 

Table 

 

4-1 Angular Description of the Obstruction in tested 
Configurations ..................................................... 69

 

Table 

 

4-2  Tested Configurations for the Unobstructed 
Model (13 Wind Directions)................................ 76

 

Table 

 

4-3  Tested Orthogonal Configurations with Variable 
Spacings () ........................................................... 82

 

Table 

 

4-4 Displacement Experiments Setup ....................... 101

 

Table 

 

4-5 Scenario II Functions .......................................... 133

 

Table 

 

4-6 Tested Variables in the Multiple Obstruction 
Block Configuration .......................................... 136

 

Table 

 

4-7  Wiren’s Single Obstruction Configurations ...... 152

 

Table 

 

4-8 Wiren’s Multiple Obstruction Configurations.... 157

 

Table 

 

5-1  Maximum Fractional Speed-up Ratios for 
Different Hill Shapes ......................................... 202

 

List of Tables

 
LOT



                              
LOS

 

List of Symbols
Nomenclature

= Open inlet area, mm2 or m2

= Open outlet area, mm2 or m2

= Interior area of wall, mm2 or m2

= Face Aspect Ratio, ND

= Side Aspect ratio, Equation (4-7), NDa

= Discharge Coefficient, ND

= Mean Surface pressure coefficient, 

Equation (4-1), ND

= 

= Surface pressure coefficient at point 

= Mean surface pressure coefficient at 

wind direction , ND

= Pressure Coefficient on a shielded sur-

face, Equation (4-2), ND

= Pressure Coefficient on an unshielded 

surface, Equation (4-2), ND

= Pressure Shielding Modification Coeffi-

cient Equation (4-3), ND

= Pressure Shielding Modification Coeffi-

cient, Equation (4-8), ND

Ai
Ao
Aw
Af
As

Cd
Cp

Cpav
Cpi

i

CpΘ
Θ

Cp shielded( )

Cp unshielded( )

Cpm

Cpm ortho( )
xviii



             

, 

              
List of Symbols

=  Corrected to account of wind dis-

placement angle  effect, Equation (4-

9), ND

=  Corrected to account for wind 

direction  effect, Equation (4-9), ND

= Normalized Pressure Coefficients, Equa-

tion (4-2), ND

= Coefficient of spatial variation, ND

= Average velocity coefficient, Equation 

(5-29), ND

= Zero plane displacement height, Equa-

tion (A-1), mm

= Model depth, mm

= Gap or spacing between adjacent blocks

Equation (4-21), m or mm

= Model height, m or mm

= Obstruction height, m or mm

k = von Karman’s constant, Equation (A-1), 

ND

= Normalized surface pressure, Equation 

(4-7), ND

= Mean dynamic pressure at surface, Pa

= Mean pressure at model surface, Pa

= Interior partition type, Equation (5-29), 

ND

 = Mean static reference pressure, Pa

= Radial coordinate of calculated corner 

point of an equivalent obstruction block, 

Equation (5-9), So
b

= Radial coordinate of point n, expressed 

in obstruction heights ( ), Section 

5.3.1, So

Cpmαd corr( )
Cpm

αd

CpmΘ corr( )
Cpm

Θ
Cp Norm( )

Csv
Cv

d

dm
g

htm
hto

NCp

Pdyn
Pm
Pn

Ps
rcalc

rn
hto
xix



       

-

  

t 

-

 

                
List of Symbols

= Radial coordinate of the point connect-

ing the mid points of both the surface 

and the equivalent adjacent block, Equa-

tion (5-10), So

= Roughness wind speed modification fac

tor, Equation (5-21), ND

= Spacing or distance between an adjacen

block and the surface for which the pres

sure is predicted, m or mm

= Spacing expressed in model heights 

( ), ND

= Spacing expressed in obstruction heights

( ), ND

= Slope wind acceleration factor, Equation 

(5-24), ND

= Maximum fractional speed-up ratio at 

ground level, Equation (5-27), m/s

= friction velocity, Equation (A-1), m/s

= Mean wind velocity at eave height, 

Equation (3-3) m/s

= Mean wind velocity at gradient height, 

m/sec

= Indoor velocity, m/sec

= Outdoor velocity, m/sec

= Velocity at reference height, m/sec

= Velocity at weather station, m/sec

= Mean wind velocity at height , Equa-

tion (A-1), m/s

= Model width, mm

= Obstruction width, m or mm

= Height above ground level, Equation (A-

1), m

= Height at point i, m

rw
2
----

ROGRAT

S

Sm
htm

So
hto

SLPFAC

Smax

U f
Ve

Vg

Vi
Vo
Vr
Vw
Vz z

Wm
Wo
z

Zi
xx



 

List of Symbols

a. ND = Non Dimensional.

b.  = Obstruction spacing.

Greek Letters

= Gradient Height, m

= Roughness length, Equation (A-1), m

Zg
z0

S0

= Velocity profile exponent, Table B-1, ND

= Horizontal angle of obstruction descrip-

tion, Section 4.6.2.1, degree

= Vertical angle of obstruction description, 

Section 4.6.2.2, degree

= Displacement angle of obstruction block

relative to the surface under consider-

ation, Section 4.6.2.5, degree

= Absolute value of difference

= Wind direction, degree

= Wind direction as presented in weather 

data (0˚-360˚), Section 5.3.3.1.1, degree

= Wind direction used in the prediction 

model, Section 5.3.3.1.2, degree

= Wind direction relative to the surface for 

which the pressure is predicted, Section 

5.3.3.1.3, degree

= Angular polar coordinate of point n, Sec-

tion 5.3.1, degree

= Multiplication notation

= Density of air, kg/m3

= Summation notation

= Wall porosity (window area/wall area), 

Equation (5-29), ND

α
αh

αv

αd

∆
Θ
Θws

Θm

Θrel

λn

Π
ρ
Σ
ϕ

xxi



 

1

 

Chapter 1



       
1

Introduction
s a

der-

nts

 for

i-

atic

 are

al

nd

al

r

di-

m-

 of

ng
1.1 Prelude Wind is one of the most noticeable of the invisible element

person may encounter. Throughout history, a general un

standing of the effects of wind on shaping human settleme

has evolved. This understanding has been intuitive, a product

of a long trial-and-error process. Since the requirements

human habitability vary for different climates, different arch

tecture and urban plans have evolved in the different clim

regions of the world. These traditional vernacular designs

usually able to provide their occupants with effective therm

comfort, often in spite of constraints in available materials a

energy for space conditioning. In many climates, therm

comfort is provided by allowing fresh air to flow into interio

spaces (natural ventilation).

Since the introduction of electricity and mechanical air-con

tioning, building designers could create islands of indoor co

fort isolated from their climates. The result is that the art

designing for comfort via natural ventilation is disappeari

among the building design community. 
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As a result of the technical advances in aerodynamics, scien-

tific understanding of natural ventilation has become possi

Engineers have used wind tunnels to study the strength

structures against wind forces by measuring wind pressure

building surface.

Since the second half of the nineteenth century, the engin

have established a link between indoor airflow and surf

pressures on buildings. In fact, the earliest recorded us

wind tunnels for studying pressures on model buildings w

by W. C. Kernot in Australia and Irminger in Denmark in th

1890’s (Ref. 30). Kernot studied building models includin

the effect of parapet walls and surface pressures on gable 

of various angles of inclination. In Denmark, Irminger worke

on flat plates, airfoil sections, and simple building models1.

Researchers have used methods developed for studying s

tural wind problems in natural ventilation studies. These ap

cations began in the 1940’s and 50’ with the work of J. 

Dick et al on the studies of infiltration in houses (Ref. 69), a

Smith, White, and Caudill in the Texas Engineering Expe

ments (Refs. 187, 221, & 47) on natural ventilation. Curren

building aerodynamic studies are concerned with the follo

ing aspects of design:

• To provide thermal comfort through allowing cooler ou

side air to remove solar and internal heat gains.

1-1 From class notes, Prof. Arens, E. 1993.
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• To reduce energy consumption by using natural ventilat

to cool the structure at night (often applied to hot-dry c

mates).

• To cool building occupants by air movement (warm hum

climates).

• To understand the effects of surrounding buildings and v

etation on airflow through buildings openings.

1.2 General 
Objectives

The objective of this study is to develop, through systema

research and experimentation, a numerical model for the 

diction of natural ventilation in small-scale buildings with

urban settings. There are already generic models for pre

ing natural ventilation, but these models depend on publis

surface pressure data to predict interior airflow. Most of ex

ing published data have been collected either for isola

buildings or for buildings in highly prescribed layouts o

obstruction blocks. This study concentrates on the deve

ment of a mathematical model to predict surface pressure

shielded buildings that is independent of layout. This mat

matical model is based on a flexible system of obstruct

block description that is intended to allow the model 

accommodate many urban patterns. The is also develope

be easy to use by designers.

1.3 Scope The dissertation is divided into three parts. The first p

(Chapter 2) uses vernacular examples to illustrate the effe

natural ventilation in shaping architectural and urban desig

The second part (Chapters 3 and 4) deals with developing
4
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scientifically-based ventilation prediction tools. Wind tunn

testing and mathematical correlation techniques were use

provide functions that can be generalized to apply in a w

variety of urban situations. The third part (Chapter 5) app

the functions to predict natural ventilation for a buildin

located in the heart of complex urban surroundings.

Chapter 2 includes examples of how to incorporate clima

requirements in the design of individual building and urb

planning. These examples illustrate the adaptation of envir

ment responsive design features in both hot-arid and wa

humid climates.

Chapter 3 includes a discussion of the requirements for na

ventilation and the mechanisms affecting indoor airflow. T

chapter also provides a comprehensive background cove

of natural ventilation research and prediction techniques. 

Chapter 4 encompasses the development of the mathema

functions needed for predicting building surface pressu

The experiments were conducted in four phases. The 

phase was to establish a basic relationship between mea

pressures on the wall surfaces of a target model building a

geometric description of the individual building bloc

obstructing it. The second phase dealt with the displacem

of the obstruction block relative to each surface on wh

pressure was measured. Phase two concluded that the eff

this displacement could be treated as a correction to the f

tions provided in phase one. The third phase was an added

rection based upon the effect of changing the wind direct
5
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relative to the model and its obstruction. The fourth pha

involves the effect of multiple obstruction blocks and t

spaces between them on the target building. Chapter 4 

cludes with the verification of the mathematical model us

data obtained from previous experiments and from comp

urban patterns tested in the wind tunnel facility.

Chapter 5 discusses the application of the developed ma

matical model referred to as the Pressure Prediction Mo

(PPM). The first part of the chapter deals with the determi

tion of the inputs to the model. These inputs include the de

opment of mathematical and geometric functions for 

description of obstruction blocks relative to the target s

faces. Other inputs include weather and pressure data. 

application of the mathematical model includes an illustrat

of a method for transforming weather station data to site s

cific conditions. The chapter also describes the integration 

mathematical model developed by Ernest (Ref. 74) for the p

diction of indoor velocity coefficients using surface pressu

data provided by the mathematical model developed

Chapter 4.

Appendix A describes the wind tunnel, the instrumented a

obstruction models and the various instruments used throu

out the research.

Appendix B describes a detailed calculation of the effect

using different boundary layers from the one used in 

experiments. The resulting boundary layer conversion fac

are tabulated.
6
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Appendix C is a documentation of pressure measurement

unobstructed models of various sizes and shapes under d

ent wind directions. These unobstructed pressures are

basis for the mathematical functions provided in the PPM.

Appendix D documents test results of shielded surface p

sures used in the derivation of the mathematical function

phase one of Chapter 4. 

Data used for deriving the displacement corrections are sh

in Appendix E .

Appendix F shows the result of changing wind direction 

surface pressures for the various tested surfaces and obs

tion geometries.

Appendix G illustrates the results of the multiple obstructi

study.

Appendix H , demonstrates the use of the mathematical m

els, its input, and the different phases of calculations use

produce the indoor velocity values. These calculations are 

formed on the complex model pattern used for the verificat

of the mathematical model in Chapter 4.
7
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Notes on Natural 
Ventilation in the Context of 
the Built Environment

 

2.1 Introduction 

 

Natural ventilation has always affected the environment

within which human settlements have evolved. Among the

many physical factors involved in creating buildings, climate

plays a major role in shaping the built environment. Natural

ventilation has manifested itself in dramatic architectural

design solutions (Figure 2-1). However, building layout also

affects the movement of wind around and within buildings.

This chapter describes the reciprocal relationship between cli-

mate and the built form.

 

Figure 2-1 Cool Towers in 
Hyderabad, Source: 
Melaragno (Ref. 161)
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2.2 Climatic 
Determinants in 
Architecture and 
Urban Form

 

The unique combination of various forces that determine the

built form creates an urban context unique to the place and

time in which the building is situated (Ref. 279). At the indi-

vidual building level, climate has an essential role in defining

the most suitable architectural form.

Determinants of architectural form can be divided into physi-

cal and non-physical components. While the emphasis in this

study, is on the role of climate as a force shaping architectural

form, the author recognizes the complex interaction between

the built form and its many determinants. This understanding

is illustrated in the following conceptual model:

 

Figure 2-2 Determinants of 
built form.

 

Non-physical forces include defense, religion, and socio-eco-

nomic factors. Although more difficult to circumscribe than

the physical influences, non-physical determinants offer

broader range of explanations to match the diversity in the

architectural form. In contrast, the physical factors are easy to

define and their effects are easy to detect. Climate, site, tech-

nology, and other material resources are among those physical

forces that determine the built form.

The proposed model shows two-way links between the built

form and its determinant forces (Figure 2-2). This two-way

Physical Forces Non-physical Forces

The Built Form
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relationship suggests that the built form affects its determi-

nants as well as it is affected by them. With the multiplicity of

determinants, the role of each form-generating force is limited

to modifying the built form instead of deciding it.

This chapter will concentrate on the role of climate in modify-

ing the built form in both individual and urban scales. Exam-

ples of buildings in two climatic regions will be used to

demonstrate the range of built form adaptation to climate.

 

2.3 Climate and 
The Built Form

 

Shelter

 

 is one of the basic purposes of the house. By defini-

tion, it protects against climatic elements and provides com-

fortable, safe, and defensible domain. Depending on the

climatic conditions, the built environment has taken various

forms to provide the basic requirements of shelter (Ref. 260).

 

Figure 2-3 Climatic effects 
on building form. 
Examples for Hot-dry 
climate (left), and for 
Warm-humid region 
(right). Source: Konya (Ref. 
260).

 

Figure 2-3 shows schematics of two primary patterns of build-

ing form adaptation to hot-arid and warm-humid climates. In

a b
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order to maintain cool interior surfaces for midday and after-

noon indoor space uses, buildings in hot-dry climates require

high mass to delay heat transfer to the interiors (Figure 2-3a).

Windows in this pattern are as small as possible (Figure 2-4)

to reduce passage of hot air and solar radiation (Ref. 282).

Another characteristic of the windows in this climate is their

location at higher levels in the room to promote a thermal

stack effect

 

1

 

. Finally, buildings in hot-arid climates are often

as compact as possible to reduce the surface area of the struc-

ture exposed to the solar radiation and the hot surroundings.

 

2-1 Thermal stack effect occurs when air is allowed to move freely from an inlet 
source at low level to the outlet usually at higher level.

 

Figure 2-4 Window 
Configuration in Hot-arid 
Climates, Source: Norberg-
Schulz (Ref. 273).

 

In warm-humid climates the pattern is more towards the side

of lightness and airiness (Figure 2-3b). Examples of this pat-

tern can be found in most parts of the warm-humid regions of
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the world except in a few cases where cultural and social rea-

sons override environmental requirements

 

2

 

.

TABLE 2-1 shows a summary of the impact of the hot-dry and

warm-humid climates on the built form. These climatic

responses carry design decisions that influence the architec-

tural style most suited for each climate.

 

2-2 Examples of anticlimatic designs were observed by the author in Java, Indone-
sia where thermal stack effect is used instead of direct ventilation through win-
dows because of the fear of air penetrating human body and disturbing its 
balance.

 

2.4 Wind and the 
Built Form

 

Although the field of building aerodynamics is relatively new,

designing for wind is as ancient as buildings themselves. Since

the beginning of human settlements, traditional plans have

maintained formal structures that responded to climate. The

TABLE 2-1

 

Summary of Climatic Impact on Building Form in 
Selected Hot Climates  

 

Building Element

Climate

Hot Dry Warm Humid

 

Geometry As compact as possible
Elongated perpendicular 
to wind direction

Walls Massive Light

Windows
Aperture should be as 
small as possible

As open as possible to 
allow for maximum air 
velocity for occupants’ 
comfort

Shading
Important to shade at all 
times Shading is important

Surface to Volume 
Ratio As small as possible not as important

Relation to ground
Close or even under-
ground

Elevated from the ground 
if possible
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archeological digs of the ancient city of Kahun in Egypt 2000

B.C. showed urban zoning based on separating the city into

favorable and unfavorable wind sites. Public buildings and

officials’ housing were located in zones that enjoy the flow of

pleasant northerly winds, while the less affluent groups were

housed at the west side of town where they were exposed to

the hot westerly wind. In addition, the houses on the west side

shielded the more affluent area from the unfavorable wind.

Other examples include the Feng Shui principles in ancient

China which encouraged the integration of elements of wind

and light in building designs. Greek writings also show that

the integration of wind in the design of settlements was a con-

scious decision shared by both the designers and settlers (Ref.

216).

 

Figure 2-5 Sketch of 
housing layout at Kahun, 
Source: (Ref. 30).

 

Tests of traditional settlements in Dubai (Ref. 251) show that

the orientation, the high and massive walls, the narrow alleys,

and the compactness of the open spaces were successful at

ameliorating its harsh climate. These elements are typical
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urban morphological characteristics of settlements in hot arid

climates (Figures 2-6 and 2-7).

 

Figure 2-6 Settlement in hot 
dry climate, Source: 
Koenigsberger et al (Ref. 
259).
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Figure 2-7 Alley ways, 
Omdurman, Sudan. 
Dimensions of the alley 
guarantee shading 
throughout most of the day 
hours. Source: Norberg-
Schulz (Ref. 273).

 

In contrast, warm-humid planning strategies involved promot-

ing natural ventilation of individual buildings and increasing

wind speeds in outdoor spaces (Figure 2-8).
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Figure 2-8 Row Housing in 
Southeast Asia. Source: 
(Ref. 34).

Figure 2-9 Naturally 
ventilated traditional 
building, Source: (Ref. 289)
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2.5  Examples

 

This section includes examples demonstrating the influence of

wind on traditional Indonesian and Middle Eastern architec-

ture. These examples illustrate the adaptation of architectural

elements such as roofs and cool towers to meet the demands of

warm-humid and hot-dry climates respectively.

 

2.5.1 Examples form 
Warm-humid Climates

 

The climate of the Indonesian Archipelago is predominantly

warm-humid with a brief hot-dry season. The similarity of

architectural forms

 

3

 

 are due to the uniformity of climatic con-

ditions. To provide thermal comfort for building occupants in

this climate, traditional buildings have large openings on their

exterior walls (Ref. 260 and 240) to maximize indoor airflow

 

4

 

.

Figures 2-9 to 2-11 show examples of design solutions to pro-

vide interior spaces with high airflow rates through large win-

dows, louvered walls and roof openings.

 

2-3 Based on author’s observation.

2-4 Table TABLE 2-1.
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Figure 2-10 House 
(converted rice granary), 
Sigumpar, Indonesia, 
Source: (Ref. 267)

 

In addition to direct ventilation schemes, examples of thermal

stratification-promoting designs can be found in east Java.

Removal of the buildup of warm air to provide thermal com-

fort of occupants is achieved by venting stratified interior air

through roofs and high ceilings (Figure 2-9).To maximize air-

flow through roof openings, many exterior walls in Javanese

houses are porous to permit the displacement of indoor hot air

with cooler outdoor air (Figure 2-11).
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Figure 2-11 Example of 
porous wall construction in 
Java, Source: Author’s 
collection.

Figure 2-12 University of 
Indonesia Campus, Source: 
Author’s Collection.

 

Figure 2-12 demonstrates an example of the use of traditional

Indonesian architectural elements in modern buildings. The

building in the University of Indonesia’s new campus uses a

multi-layered roof configuration to shade the continuous win-

dows on the various floors. The function of the upper roof

(cupola) is to create a suction zone similar to the one illus-

trated in Figure 2-9. The combination of the continuous opera-

ble windows at the lower floors and the cupola causes the



 

Chapter 2

 

21

 

wind to flow upwards, replacing hot interior air with cooler

outside air.

 

2.5.2 Examples form 
Hot-dry Climates

 

In many locations in the Middle East, North Africa, and the

Northwestern corner of the Indian subcontinent, a traditional

ventilation and cooling system has developed. This system is

known as wind towers or wind catchers (

 

Malqafs

 

) in Egypt

(Ref. 246), 

 

Badgirs 

 

in Iran the Gulf area (Ref. 238, 6, and

223), and recently referred to as cool towers or ventilation

towers (Ref. 282 and 264). These are all vented towers or ver-

tical projections in the roof intended to catch or remove air

from the interior spaces (Ref. 237). 

Ventilation towers -in most cases- act as wind scoops captur-

ing air at roof level and diverting it to indoor spaces. The tem-

perature of inlet air is sometimes cooled by passing it through

underground enclosures. In dry climates, the air is cooled and

humidity raised by passing the airflow over water-filled jars or

though wetted pads.

The design of the inlet portion of ventilation towers (tower

head) depends on the prevailing wind direction. A single-

opening tower suits cases where the prevailing wind comes

from a single direction, while a multi-opening tower head best

suits cases where the wind comes from different compass

directions (Figure 2-13).
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Figure 2-13 Tower head 
designs, Source: (Ref. 283).

 

The tower head configuration affects interior and exterior

building design. Because it requires maximum exposure to

different wind directions, a ventilation tower with a multi-

opening head usually becomes a dominant architectural fea-

ture (Figure 2-14). This exterior dominance is often reflected

in the interior plan. The multi-opening tower is usually con-

nected to a large interior space where the cool air is delivered.

In contrast, single-opening towers are usually less prominent

in both the exterior and interior plan. This configuration is a

product of restricting tower head to a single wind direction. To

maximize exposure to prevailing wind direction, the ventila-

tion tower is often located at the perimeter facing the roof of

the building instead of the exterior (Figure 2-15). This loca-

tion allows the wind tower to face the airflow unaffected by

surrounding buildings (Figure 2-16).

Single-opening Tower Head Multi-opening  Tower Head
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Figure 2-14 Multi-opening 
wind catcher in Kerman 
Bazaar, Iran. Source: (Ref. 
238).

Figure 2-15 Example of a 
single-opening wind 
catchers in Al-Kufa, Iraq, 
Source: (Ref. 246)
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Figure 2-16 Single-
opening tower head is 
located at position where 
effect of surrounding 
buildings is minimal.

 

Hassan Fathy is one of the most influential leaders of the

revivalist movement in the Arab world. His traditionalist work

exemplified in Gourna (Refs. 247 and 246) involved the rein-

troduction of construction materials and climate responsive

solutions suitable for the project site. Figure 2-17

 

5

 

 illustrates

the use of massive walls, small windows and 

 

mashrabiahs

 

6

 

.

 

This shading device doe not only reduce solar radiation but

also provides relatively large openings on building exteriors

and/or courtyards.

 

2-5 Source of Image: “Omaggio ad Hassan Fathy” in 

 

Italian

 

 at http://www.trien-
nale.it/expo/monograph/fathy.htm.

2-6 A mashrabiah is a screen made of timber and located over large windows for 
privacy and shading. 
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Figure 2-17 Examples of 
Hassan Fathy’s 
reintroduction of traditional 
architectural design 
features.

 

Figure 2-18

 

7

 

 shows a view from the University of Qatar. The

university campus contains design features that reflect revived

traditional elements such as wind towers and courtyards. The

designers used multi-opening ventilation towers in combina-

tion with water fountains to evaporatively cool the interior

spaces. Other features include the use of

 

 mashrabiahs

 

 and

light towers. The latter is an attempt to minimize the use of

windows. This was attained by separating the functions of a

window into ventilation and daylighting, each of which is pro-

vided by a separate design element. This separation gives the

designer the freedom to control airflow for ventilation and

cooling of interior spaces without concern about lighting

needs through the same opening. The result is an architectural

style responsive to the climate and unique in morphology

(Figure 2-19).

 

2-7 Mimar, April 1985, pp. 20-27.
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Figure 2-18 Modern 
Design Solutions, 
University of Qatar, Source: 
(Ref. 287).

Figure 2-19 Bird’s eye-
view of the University of 
Qatar. Source: Ibid.
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In all the examples, wind plays an important role in shaping

the form of individual buildings as well as the architectural

style of the region. The examples also demonstrate the effect

of the wind in shaping the urban morphology. To incorporate

wind in the design of individual buildings or urban layouts,

knowledge of wind behavior around buildings is paramount.

Tools and/or algorithms -if available- should be used to predict

wind flow patterns in urban areas. 

 

2.6 Conclusion

 

Traditional buildings provide rich examples to architects and

urban planners of how to promote natural ventilation. This

chapter gave a few selected examples characterizing ventila-

tion design in the opposite poles of humid and arid climates.

Most the examples discussed in this chapter demonstrate the

effect of wind on the built form except the example of the city

of Kahun in ancient Egypt (Figure 2-5). The builders of the

city used the general layout to direct favorable breezes

towards and diverted unfavorable winds from certain sections

of Kahun. This exemplifies the use of urban layout to manipu-

late wind movement around buildings.

Although the effect of wind in determining street sizes and

building spacing is generally understood, other factors affect-

ing zonal layout and street pattern often prevail. Designing for

natural ventilation in such conditions requires an understand-

ing of the effect of building layouts on wind movement. To

provide a comprehensive understanding of wind movement

around buildings, wind design should account for the individ-
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ual buildings as well as the urban layout. Inversely, relative

sizes and shapes of buildings and the spacing between build-

ings can also be manipulated to produce the desired wind flow

patterns. This study will attempt to provide a set of tools to

allow the designers to determine indoor airflow of buildings in

urban settings.
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Ventilation Research: 
Background
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3.1 Introduction This Chapter deals with the description of natural ventilat

and the progression in knowledge leading to the developm

of a mathematical model for the prediction of indoor a

speeds. The chapter begins with a brief description of the 

of ventilation, its requirements, and flow mechanisms. F

lows, is a section that discusses the potential impacts of a

diction model on energy, building standards, and therm

comfort.

The subsequent sections of the chapter describe prev

research studies that dealt with ventilation prediction direc

or indirectly. The indirect methods use wind pressures 

building surfaces to compute infiltration and interior airflo

through windows located on those surfaces. Finally, the ch

ter dedicates a section to the variables affecting airflow

urban areas.

3.2 Ventilation Natural ventilation is defined as desirable air exchange (s

as through open windows) capable of cooling either the sp
30
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the structure, or the occupants’ bodies. Ventilation cools in

rior spaces by displacing the hot inside air with cooler outs

air. This displacement can be obtained naturally through wi

induced pressure or thermal stack effect.

3.2.1 Airflow Cooling 
Effects

The amount of heat removed is a function of the ambient t

perature, outdoor temperature and airflow rate. Ventilat

may be used to cool buildings when the outdoor temperatu

less than that of the indoor air. This occurs most often at ni

By removing the sensible heat stored in the building mass 

ing nighttime ventilating, interior mean radiant temperature

lowered throughout the early part of the next day. When 

outdoor temperature is higher than the indoor temperature,

flow may be cooled evaporatively or through passing air o

shaded spaces.

In humid climates, ventilation is most effective in coolin

building occupants directly. This takes place through conv

tion and evaporation off the skin.

3.2.2 Ventilation 
Requirements

The requirements of ventilation can be categorized (Refs

and 200) under thermal comfort and health (Figure 3-1). By

satisfying both requirements, residential buildings can ben

from the potential energy saving of natural ventilation use

an alternative to compressor-based cooling during warm 

transitional seasons [Givoni (Ref. 102), Byrne et al (Ref. 45),

Arens et al (Refs. 11 and 13)].
31
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Figure 3-1 Schematic 
illustration of ventilation 
requirements, adapted from 
van Straaten (Ref. 200)

3.2.3 Mechanisms 
Affecting Natural 
Ventilation Airflow

Wind-induced airflow is a result of a pressure differen

between the outside and inside a structure, or between the

faces within which fenestration is located. This pressure gr

ent may be caused either by the difference in interior-exte

temperature (thermal forces) or by external wind flow (wi

forces).

3.2.3.1 Thermal Forces When two openings are at different heights and the ind

temperature is higher than the outside, a pressure gradie

generated causing the inside air to move out of the hig

openings and the outside air into the lower openings [Wat

and Labs (Ref. 219)]. The airflow in this regime is depend

on the temperature difference between inlet and outlet as 

as the aperture difference in height (Figure 3-2).

3.2.3.2 Wind Forces The difference in dynamic wind pressure creates a poten

for the air to flow from a point to another point where the pr

sure is lower [Givoni (Ref. 102)]. When wind strikes a wa

perpendicular to its direction of flow, the surface of the w

Removal of body
and other odorsRemoval of

internally gener-
ated pollutants

Provision of suffi-
cient oxygen for
respiration

Dilution of respi-
ratory pathogens

THERMAL COMFORTHEALTH

VENTILATION BENEFITS

Cooling and/or
heating of struc-
ture

Air movement for
body cooling

Removal of
excess heat
in occupied
spaces
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experiences pressure higher than that of the atmospheric 

sure. The leeward surface experiences pressures lower 

that of the atmosphere with less variation in pressure distr

tion than the windward side (Figure 3-2). The side walls ho

ever, experience negative pressures around the windward 

and positive pressures at the leeward end.

Cross ventilation occurs when a pressure difference ex

between two exterior openings, whether they are located in

same or different surfaces. This pressure difference cause

indoor air to flow from inlet/s to outlet/s located in buildin

walls at lower surface pressure. In addition, even when 

measured pressure difference between the two aperture

equal to zero, some airflow can still occur as a result of ine

from wind entering the window [Ernest and Evans (Refs. 

and 78)], or from differences in pressure along the heigh

each window (Ref. 102).

Natural airflow inside buildings is a combination of the effec

of both thermal and wind forces. However, the airflow gen

ated from combing the two forces does not exceed 40% of

windflow generated by the greater force even when the 

forces are in the same direction (Ref. 102).

Figure 3-2 Forces 
Affecting Natural Airflow

Wind Forces Thermal Forces

+ +-

-
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3.3 Natural 
Ventilation 
Research

Recent studies have quantified and developed models for:

• Indoor ventilation velocities for occupant cooling [Chan

et al, Ernest et al, Bauman et al (Refs. 50, 74-76, 35)].

• Air changes for space cooling [Vickery et al (Ref. 215)].

• Heat transfer coefficients for high air change rates to qu

tify structural cooling under natural ventilation [Pedersenet

al,   Spitler (Refs. 172 and 194).

• Infiltration [ASHRAE (Ref. 19)]. 

The common denominator for these wind effect models is 

the designer needs to know wind pressures on building 

faces to implement these models.

At present, the designer cannot use weather station wind 

to obtain pressure distributions on building surfaces beca

most of the available building pressure data apply to buildi

in open terrain conditions. There are, however, models 

take into account generalized effects such as the upwind

rain roughness in the surrounding 5 km, the effect of la

hills, and the height of the building being modeled above 

ground surface (Ref. 19). 

Although these are useful models, they describe effects 

have little impact on building pressures in most actual build

sites. The most important factor influencing wind on buildin

is the large-scale obstruction blocks, i.e., other buildin

trees, etc. in the immediate vicinity of the building being mo

eled. These obstruction blocks cast various forms of wa

downwind. The combined effect of these surroundings sha

wind pressures on other buildings situated within their wak
34
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It is not easy to describe these wakes for modeling purpo

For one thing, the number of potential configurations of mu

ple upwind obstructions is virtually infinite, and to rationaliz

them into a set of useful dimensions requires some inform

decisions about the importance of wake-shaping proper

For another, the building being modeled interacts with 

wake from its surroundings, so it is not enough just to char

terize the wake-generating properties of the surroundi

alone. 

Finally, researchers of this subject have not conducted t

experiments in a consistent way, but have bounded the p

lems they worked on in whatever way was convenient for 

study at hand. Their studies of wind pressure in built-up s

roundings can not be generalized for application in a build

energy simulation program such as DOE-2, CALRES 

BLAST (Ref. 132).

From the literature review, two categories of empirical venti

tion prediction models could be identified; 

3.3.1 Mean Wind 
Speed Coefficient 
Method

The first category is the Mean Wind Speed Coefficient Meth

where velocity coefficients are used to predict indoor 

speeds. This method relies on data obtained through wind 

nel studies of indoor air velocities and presented as ratios t

outdoor reference velocity [Equation (3-1)]. The referen

velocity ( ) is usually taken at 10 m height above grou

(Ref. 25). 

Vo
35
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Where

Models in this category are by Aynsley (Refs. 30 and 2

Givoni (Ref. 102), and Chandra (Ref. 54).   Despite the app

ent simplicity of the speed coefficient method, obtaining wi

tunnel results may be too difficult and costly, especially 

small designs.

3-1 Source: Aynsley 1977 (Ref. 30).

3.3.2 Discharge 
Coefficient Method

The second category uses the discharge coefficient ( )

the prediction of the natural ventilation. The mean wind spe

 entering a space is a function of the difference betw

the windward and leeward pressure Coefficients ( ), o

door air velocity ( ), and the discharge coefficient ( ):

(3-2)

Where

Cv

Vi

Vo
------=

Vi indoor air speed (m/s)=

Vo wind speed at site (m/s)=

Cv velocity Coefficient (ND)=

Cd

Vw

Cp∆

Vo Cd

Vw Cd CpV0
2∆[ ]

1 2⁄
⋅=

Vw mean wind speed through an opening (m/s)=

Cd discharge coefficient (ND)=

Cp∆ mean pressure difference coefficient  betwe=

windward and leeward surfaces (ND)

V0 wind speed at site (m/s)=
36
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Wind flow creates pressure differences between the diffe

sides of a building. Surface pressures are usually presente

non-dimensional coefficients relating wind pressures to pr

sures measured at eave height. The numerical value of p

sure coefficients is determined using the following formula:

(3-3)

Where 

=mean surface pressure coefficient for each point in th

facade (ND)

=mean pressure at each point on the facade (Pa)

=mean static reference pressure (Pa)

 =density of air (kg/m3)

 =mean reference velocity at eave height (m/s)

Examples of the discharge coefficient indoor velocity pred

tion methods are found in Ernest (Ref. 76), Chand (Ref. 5

Allard et al (Ref. 5), and Murakami (Ref. 167).

3.4 Shielding 
Effects

There are a few ways to account for upwind shielding in bu

ing energy simulation, but most of these methods do not 

dict surface pressures. For infiltration calculations, ASHRA

Handbook Chapter 23 describes the approach of the LBL in

tration model, which is implemented in most building ener

simulation programs. It uses coefficients based on five lo

shielding classes2 which, when multiplied by the square of th

3-2 Tables 6 and 8, ASHRAE Fundamentals Handbook, 1989, pp. 23.17-18.

Cpi

Pm Ps–( )

0.5 ρ Ve
2⋅ ⋅( )

-------------------------------=

Cp
i

Pm

Ps

ρ

Ve
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wind speed, give an estimate of outdoor wind velocity. Th

shielding coefficients do not consider the effects of any s

cific obstructions in the vicinity of the building (Ref. 79).

For natural ventilation through large area window openin

the situation is equally inadequate. CALRES, for examp

uses a single factor to predict the local wind speed from 

weather tape values. The local wind speed is then converte

air changes using a simple model for airflow through w

dows. In energy code simulations using CALRES, lit

energy effect can be observed from implementing various 

ural ventilation strategies. The credit given to designers is l

ited to the potential benefits of introducing natural ventilati

on reducing mechanical system requirements of the desig

space.

3.5 Methods for 
Predicting Wind 
Pressures

Most of the existing wind pressure data have been collec

for structural engineering purposes where the interest is in

maximum or minimum pressure values the wind exerts on 

ious building shapes. Such data are therefore obtained f

wind tunnel tests on models of unshielded buildings.

3.5.1 Empirical 
Pressure Models

Swami and Chandra (Ref. 203) summarized many such s

ies for their applicability to natural ventilation design, an

produced functions describing the wind pressures on var

unshielded building shapes through the full range of w

approach angles. However, the vast majority of real buildin

is shielded from the wind by vegetation, topography, or ot
38
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buildings. Such shielding, considerably changes the w

pressures on building surfaces. 

Few researchers have studied the effects of obstruction bl

on building surface pressures. Lee and Soliman, Cha

Wiren, and Balazs have studied the pressures on arra

cubes, and Ernest and Bauman have studied pressures on

of buildings. These studies have resulted in coherent relat

ships defining building surface pressures (Cp), or often the dif-

ference between building windward and leeward surfa

( ), as a function of array spacing and arrangement of

arrays. According to those studies two or three rows of upw

obstructions were sufficient to define the upwind obstructio

(Refs. 13 and 149), similar to the underlining assumption

the program SITECLIMATE (Ref. 10). 

The study of Lee et al (Ref. 149) analyzed the shieldin

effects of windward buildings on wind pressure differenc

( ) across the modeled building. In this study, the dista

between the model and the windward obstruction was va

until the effect of the windward block was no longer dete

able. The experiment showed that three wake flow regim

were formed between the two blocks. The same study sho

that for wind direction between 0˚-60˚ from normal, there w

little effect on the pressure difference from changing the w

direction. However, when the wind direction exceeded 6

from the normal to the surface of the tested model, the p

sure difference of the shielded building approached that of

equivalent unobstructed (isolated) model. 

Cp∆

Cp∆
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Recently, mathematical relationships have been develope

account for the effect of surrounding buildings on buildin

surface pressures. Among those, Swami and Chandra (

203) used Wiren’s set of experiments (Ref. 226) to develo

function that predicts the pressure shielding of any obstruc

block based on its position relative to the tested surface. 

problem with Swami and Chandra’s approach is that it is li

ited to the specific layouts tested in Wiren’s study. Knoll et al

(Ref. 140), on the other hand, related the surrounding bu

ings to the tested surfaces through a Cartesian coordinate

tem. The result is a more flexible model where individu

adjacent blocks are considered despite the layout in which

building is set. Knoll’s approach is however limited by th

inability of the algorithm to take into account complex buil

ing shapes and the effects of gaps between the buildings.

3.5.2  Computational 
Models

Computational Fluid Dynamic Modeling (CFD) is a nume

cal solution of fluid flow problems using mathematical equ

tions based on fundamental laws of conservation 

momentum, energy, and mass (Refs. 131 and 222). Comp

tional techniques for predicting wind velocities, surface pr

sures and fluid temperature distributions were first develo

for nuclear and aerospace industries. With the advanceme

computational speeds and capacities, these methods 

found their way into building-oriented applications.

CFD models in buildings may be used to determine the 

lowing (Ref. 131):
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• Thermal comfort parameters such as air speed and temp

ture.

• Effectiveness of ventilation systems.

• Efficiency of energy distribution in spaces.

3.5.2.1 Advantages In general, current models are capable of simulating most 

ical indoor airflows. However, a limited set of outdoor win

environments may be simulated with reasonable resembla

to results obtained from wind tunnel comparisons [Gadilheet

al (Ref. 90)]. These models offer the following advantag

over other ventilation prediction tools;

• CFD models do not require physical modeling such as

wind tunnels.

• They are usually less expensive than full-scale experime

• They proved to be useful in parametric studies (Refs. 1

and 195).

3.5.2.2 Disadvantages Computation Fluid Dynamic models require specializ

expertise to run, monitor, and analyze generated results

addition, substantial computing power and time are neede

run them. With the advancement in computers, however, C

models may represent attractive alternatives to other pre

tion tools in the future. Currently, these algorithms are mai

used in research instead of design because of the followin

• The difficulty to input and establish boundary conditio

which have major effects on the simulation.

• The difficulty to validate results of the simulation.

3.5.3 Field 
Measurements at Full 
Scale

Full scale measurement studies use full-scale models or a

structures to test parameters that cannot be modeled at sm
41
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scale (Ref. 187). Indoor airflows can be measured directly

through the detection of the decay of a tracer gas introdu

into the space in question. Pressure sensors can als

attached to building surfaces both inside and outside build

(Ref. 112).

3.5.3.1 Advantages • High confidence in results.

• Used for the verification of other prediction methods; e.

wind tunnel and CFD methods [Ashley (Ref. 15

Katayama et al (Ref. 133)].

3.5.3.2 Disadvantages • For design purposes, field measurements are usually m

costly to do than simulation (mathematical or wind tunn

modeling).

• Limited parameters for generalized studies.

• Often difficult to maintain steady state conditions throug

out tests (Ref. 217).

3.6 Summary of 
Variables 
affecting Airflow

Despite the large number of variables that can affect airfl

around buildings (and consequently the airflow inside bu

ings), four general categories of variables can be identifi

These are the pattern of urban layout, the compactness o

layout, terrain effect on the boundary layer, and the porosit

obstructions such as trees.

3.6.1 Layout Patterns Because of the enormous number of possible urban layo

only few regular layouts have been tested (Figure 3-3). T

predominant layouts are; normal patterns (Grid-iron) and s

gered patterns. Examples of these configurations are desc

in Soliman (Ref. 191), Wise (Ref. 228), Wiren (Ref. 225), a
42
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Chand et al (Ref. 50). Their studies prove that wind pressur

of shielded building surfaces are drastically different fro

those of unshielded buildings.

Figure 3-3 Tested Patterns 
in Shielded Studies

3.6.2 Compactness 
of Layout

Compactness of the layout is a general term that includes

distances between the obstruction blocks and the tested

faces as well as the spaces between the blocks thems

(Refs. 149 and 192). In general, the more compact the lay

the lower the local wind speeds and surface pressures. S

the compactness of layout is a function of the spacing betw

blocks, it can be concluded that there is an inverse rela

between wind speeds and surface pressures and the sp

between blocks.

Normal Pattern

Staggered Pattern

Instrumented Block whose
surface pressures are tested
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Figure 3-4 Gradient height 
depends on the roughness 
of the terrain.

3.6.3 Boundary Layer 
and Terrain Effects

The terrain affects the degree of exposure of the site un

investigation. Different terrain roughnesses generate diffe

boundary layers and exponential functions can be used

determine wind speeds at any height from a known locatio

reference height. These characteristic boundary layers 

shown in Figure 3-4.

Effects of terrain on boundary layers are well documented 

can be estimated using any of the methods suggested

ESDU (Refs. 72 & 73), Murakami et al (Ref. 168), Arens et al

(Ref. 10), or Aynsley (Ref. 24)]. 

Local topography such as hills and valleys also can hav

strong influence on the boundary layer. Such non-flat surfa

redirect the airflow, changing its strength, steadiness 

direction (Refs. 12, 96, &127). 

3.6.4 Effects of 
Vegetative 
Windbreaks

Some studies have been conducted to assess the effect of

on the wind environment, particularly of shelterbelts for t

275 m

365 m

460 m

Wind Velocity

H
ei

gh
t  
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e 
G

ro
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d
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Country
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reduction of ground wind speeds over crops. Shelterbelts

also applicable in areas where pedestrians and other hu

activities might be adversely affected by high wind levels. 

Wind speeds downwind of shelterbelts are reduced (fr

15%–68%) depending on their density or permeability (R

161). The higher the density of the vegetation, the shorter

distance to where the wind regains most of its energy (

occurs 8–17 times the height of the wind screen). Rob

White’s investigation (Ref. 221) of the effect of trees, shru

and hedges on the natural ventilation of buildings found t

the type of vegetation, and its distance from the openi

greatly influences the airflow inside the sheltered structure

The analysis of the effect of vegetation on airflow is a comp

issue (Ref. 96). However, some studies have establis

empirical coefficients through which the wake behind a sh

terbelt can be predicted (Ref. 10). These estimates are b

on the freestream wind speeds, profile, density of vegeta

and the distance behind the shelterbelt. Seasonal correc

may be applied to account for leaf loss of deciduous tree

winter.

3.7 Conclusion The wind is an integral ingredient in the determination of th

mal comfort for the occupants of a naturally ventilated bui

ing. Early consideration of thermal comfort may be necess

if acceptable climate responsive solutions are desired.

Recently, mathematical models have been developed 

apply building surface pressure data to predict indoor 
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velocities, and flow patterns in simple single and partition

spaces. However, very few surfaces pressure data are ava

for situations where the building is surrounded by other bu

ings that affect the wind on its surfaces. The few database

measured pressures are limited by the specificity of the te

layout configurations.

Computational fluid dynamics methods, on the other hand,

in most cases inaccessible to the designers by virtue of t

complex input and the computation time they require.

The few available pressure prediction models that consider

shielding effects of surroundings are simple and do 

address the complex variations in urban form that might c

front the modeler.
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Development of an 
Empirical Model for the 
Prediction of Surface 
Pressures in Shielded 
Environments
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4.1 Introduction Pressure differences on building surfaces drive the airflo

through openings in those surfaces. The distribution of w

pressure on building walls and windows varies with the geo

etry of the building, wind direction, the adjacent roof shap

and the surrounding building blocks. The wakes genera

behind windward obstruction blocks cause the pressures

surfaces falling within these wakes to vary significantly fro

surface pressures in similar unshielded circumstances. 

shielding effect is a factor of the number of obstruction bloc

their size, and position relative to the surface.

This chapter describes the development of a mathema

model to predict the pressures on wall surfaces located wi

wakes of windward buildings. The model is based on emp

cal results of wind tunnel tests, developed in a stepwise m

ner to retain simplicity in the final mathematical model.

4.2  The Proposed 
Model

The general objective of the intended model is to predict 

effect of the surrounding buildings on the indoor airflow
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through building fenestration. To do this, new work w

required for predicting wind pressures on building exter

vertical surfaces behind or adjacent to obstruction blocks. 

To be useful in design, the pressure prediction model (PP

should use simple techniques for characterizing the surrou

ing buildings. The method should not require from t

designer any knowledge of the fundamentals of architect

aerodynamics. The input should be limited to a description

the surrounding buildings in terms that can either be ea

taken off site plans or measured using conventional site 

veying methods.

 The model should be in the form of an algorithm compati

with existing wind databases so it can be used with ene

analysis programs. The model should allow direct estimate

the effect of wind shielding on building surface pressur

given the configuration of surrounding obstructions, and 

terrain roughness. The outcome of such an algorithm sho

be hourly pressure values in a format matching that 

recorded hourly wind speed and direction data.

Finally, as a by-product of the physical experiments neede

produce this model, an extensive database of surface pres

could be accumulated. 

4.3 Approach The first step in developing the algorithm for the prediction

surface pressures was to investigate the validity of using a

gle obstruction block to represent multiple rows of obstruct

blocks.
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The second was to establish a simple-to-obtain and eas

use set of model variables. These variables were base

angular description of individual obstruction blocks relative

the surface on which air pressure was to be determined.

Third, in developing a non-dimensional coefficient for stud

ing the shielding effects, a function for predicting pressu

coefficients of the unobstructed instrumented surfaces 

needed. This was done by adapting a mathematical rela

ship developed by Lee et al (Ref. 149).

Fourth, these simple relationships were studied for vari

arrangements of the instrumented model and a single w

ward obstruction block. Both the width of the obstructio

block and the distance from the instrumented model surf

were varied. In these tests, the center-to-center line betw

the model and obstruction block was parallel to the w

direction1. Variables such as the obstruction height and dep

the size and shape of the instrumented model, and the bo

ary layer characteristics were kept constant.

The fifth step involved varying the displacement of t

obstruction block so that the center-to-center line was 

longer parallel to the wind direction. This was achieved 

sliding the obstruction block parallel to the instrumented s

face and simultaneously maintaining both blocks perpend

lar to the wind direction.

4-1 This setup is referred to as the orthogonal Configuration (Section 4.12).
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Sixth, the effect of changing the wind direction was analyz

under two scenarios. These scenarios based on whethe

obstruction is parallel to the instrumented model or not. T

two scenarios involved rotating both the instrumented mo

and obstruction block on the wind tunnel turntable (Figure

1) to simulate wind direction change.

The seventh step was the study of the effect of multi

obstructions blocks on the instrumented surface. This 

accomplished by comparing the shielding effect of individu

blocks to the measured pressure values of the multiple blo

These tests involved rotating two obstruction blocks of va

able gap widths, spacing, and displacement from the ins

mented surface.

Eighth, the mathematical model needed to include the eff

of roof shapes and more complex building plan forms. B

had been analyzed in previous research and could be inco

rated into the algorithm.

The ninth step was to verify the resulting mathematical mod

This verification used results from two sources. The first d

were obtained from a study conducted at the National Swedish

Institute for Building Research (Refs. 225 and 226). The sec

ond source of data was a wind tunnel study of a comp

urban setting, conducted by the author. 

4.4 Background A number of research studies have analyzed the shield

effects of surrounding buildings on wall surface pressu

[Lee et al (Ref. 149), Hussain et al (Ref. 124), Ernest (Ref.
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74), and Wiren (Ref. 225)]. To take urban layouts into accou

they tested standardized configurations; e.g. grid-iron (n

mal), staggered, and free layouts (Figure 3-3). The result

the different studies vary because of the difference in tes

model configurations. The variation can be attributed to 

many variables involved in describing the surrounding bui

ing configurations, e.g. spacing between model and obst

tions, relative position of obstruction to model, and t

number of windward blocks (Figures 4-3, 4-2, and 4-4).

Figure 4-1 Comparison 
between examples from 
Hussain et al, Wiren, and 
Ernest shielding experiment 
results

Figure 4-1 shows a comparison of the results obtained f

urban layout effect studies conducted by Hussain et al (Ref.

124), Wiren (Ref. 225), and Ernest (Ref. 74). The data in 

graph are represented in pressure coefficient differences2 as a

function of the distance between the instrumented models

4-2 The pressure coefficient is a non-dimensional ratio between the average su
pressure and wind pressure at a specific reference height (Eq.3-3). Pressure 
coefficient difference in these studies refers to the absolute value of the press
coefficient difference between the windward and leeward surfaces of the in
mented models. 
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the obstruction blocks3. Ernest’s results are noticeably diffe

ent from the other two studies. This difference can be att

uted to differences in the test models and in the numbe

obstruction blocks. Wiren’s results4 were obtained by testing a

gable-roofed model amid a normal layout (Figure 4-2) of th

rows of identical obstruction blocks. Hussain’s experime

tested a cubic model with a flat roof in the middle of simila

configured array of obstruction blocks (Figure 4-3). The sim

larity in configuration between these two experiments resu

in an almost identical distribution of surface pressures o

spacing5 despite the differences in roof shapes. Ernest’s te

on the other hand, used a single flat-roofed obstruction bl

extending the width of the wind tunnel (200 cm) upwind o

flat-roofed model. The long obstruction block causes a fun

mentally different shielding effect.

This result demonstrates the problems of applying predic

models based on specific layouts such as the one suggest

Lee et al (Ref. 149). However, all studies showed that t

outer or peripheral obstruction blocks and rows did not aff

the pressure values on the measured surfaces. More

increasing the number of rows of obstruction bloc

(upstream) showed little effect on surface pressures after

third row (Refs. 34, 225, and 212). This means that add

more blocks beyond the closest rows of obstructions does

4-3 The distance was expressed as spacing, or the ratio between the distance
between the instrumented model and the obstruction blocks and the height
the obstruction block/s.

4-4 Wiren’s experiments are described in details in Section 4.17.1.

4-5 Data are corrected for boundary layer characteristics and reference pressu
eave height.
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significantly change the shielding effect of the surroundin

(Figure 4-7).

Figure 4-2 An example of 
Wiren’s test configuration 
(the one-row Grid-iron 
pattern)

Figure 4-3 An example of 
Lee et al experiment (the 
Normal Pattern)

Spacing
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Figure 4-4 Ernest’s 
shielded model 
configuration

In summary, most of the available prediction models apply

specific urban layout configurations. These models use v

ables such as the spacing and the number of upwind obs

tion rows to predict surface pressure in a shield

environment. However, they do not address other factors s

as; the effect of changing the position of the individu

obstruction blocks relative to the instrumented surface, 

effect of multiple blocks of different size and shapes, and 

size and position of the gaps between these blocks.

4.5  Multiple Rows 
of Obstruction 
Blocks

As described above, beyond three rows of windward obst

tion blocks there was no effect on the pressure on the ins

mented surface. This might be attributed to the appa

impermeability of the windward obstructions despite the f

that the blockage was formed by several discrete blo

(Figure 4-5). The question would then be, should only 

obstruction blocks visible to the surfaces under considera
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be included in the definition of obstruction blocks in predi

ing the shielding effects?

Figure 4-5 Multiple 
discrete obstruction 
windward blocks.

4.5.1 Tsutsumi et al ’s 
Experiments

In a series of experiments conducted by Tsutsumi et al (Ref.

212), surface pressures were measured for a block embe

within arrays of identical blocks in normal grid and stagger

layouts (Figure 4-6). The number of rows and the spac

between the block were varied to evaluate their respec

effects on measured surface pressures. 

Plan View

View of Windward Obstruction

Wind Direction
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Figure 4-6 Tsutsumi et al 
experimental setup (Ref. 
212).

The results shown in Figure 4-7 indicate that adding m

rows beyond the first or second does not significantly aff

the surface pressures. However, Figure 4-7a shows a no

able jump in the measured pressures between one and

rows of upwind obstruction blocks. This might be caused

the conditions of this experiment. There are no windwa

roughness elements for simulating a boundary layer on 

windward section of the wind tunnel (Figure 4-6). 
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Figure 4-7 The result of 
increasing the number of 
obstruction blocks. Source: 
Tsutsumi et al (Ref. 212).

The resulting high wind speed incident on the first row 

windward obstructions causes a large wake within which th

are low surface pressures on the second row (one row up

of the model in Figure 4-7a). A fully developed bounda

layer appears to be generated only beyond three upwind r

of obstruction blocks. This can be attributed to the devel

ment of a flow regime where the distance between the upw
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elements allows stable vortices to form between the elem

(Figure 4-8c). This flow pattern is similar to the skimmin

regime described by Lee et al (Ref. 149) and shown in

Figure 4-8. With multiple rows of obstruction blocks, a boun

ary layer develops where stable pressure coefficients are m

sured on the instrumented model surfaces. 

Figure 4-8 The three 
airflow regimes between 
two identical blocks, 
Source: Lee et al (Ref. 149)

Figure 4-7a shows that wind pressures measured on the m

surface in the staggered layout experiments were consiste

lower than in the normal grid layout. By staggering t

obstruction blocks, the wind was less able to flow through 

gaps than in the case of normal grid layout where the win

channeled through the gaps.

Figure 4-7b, on the other hand, does not show significant v

ations in the measured values of surface pressures on

a. Isolated Roughness Flow Regime

b. Wake Interference Flow Regime

c. Wake Skimming Flow Regime
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instrumented model after the first row (normal) or second r

(staggered). Unlike the smaller obstruction blocks (Figure

7a), the tested configuration blocks in Figure 4-7b genera

skimming airflow regimes very early in the wind tunnel. Th

staggered grid needed two rows to stabilize while the grid-i

layout needed one. This is because the staggered layout n

two rows upwind to have one obstruction directly upwind.

4.5.2 Verifying the 
Effect of Multiple 
Obstruction Rows

In order to determine the possibility of substituting an array

discrete obstruction blocks with a single block, the author c

ducted a number of preliminary wind tunnel tests. Figure 

shows the variables tested in these experiments. These ar

obstruction widths (20 and 61 cm), number of rows (one, tw

and three), the spacing (Sm) between the instrumented mode

and the first windward row6 (2, 3, 4, and 6 Spacings), and th

spacing between the first and second rows7 (2, 3, and 4). To

avoid the anomalous first two rows described in Tsutsum

experiments, the setup of experiments included a fully de

oped boundary layer upwind of the instrumented model.

4-6 Spacing#1 (Figure 4-9).

4-7 Spacing#2.
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Figure 4-9 Setup of an 
initial experiment to study 
the effect of windward 
multiple rows on surface 
pressures.

Figure 4-10 Surface 
pressure measurement 
results for obstruction 
width=20 cm
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Figure 4-11 Surface 
pressure measurement 
results for obstruction 
width=61 cm

Figure 4-10 shows that upon adding a second row of obst

tion blocks (20 cm in width), surface pressures on the ins

mented model increased by a maximum of 20% (from 0.4-

Cp) above those measured when using a single obstruc

row. The maximum difference in pressure between obstruc

and unobstructed models occurred when Spacing#1 and S

ing#2 were equal to 2. At all tested spacing#1, the effec

increasing the spacing between the obstruction rows (s

ing#2) was negligible. 

When the obstruction block width was 61 cm, the effect

adding a second obstruction row at spacing#1 equals to 2,

very apparent (Figure 4-11). This effect diminishes with t

increase of the spacing#1. This can be attributed to forma

of airflow regimes similar to those described in Lee et al (Ref.

149). Figure 4-12a shows that when spacing of obstruc

rows was small, the two rows acted as a single row. As a re

the wake behind the two rows is smaller than that of a sin
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block (Ref. 79). Figure 4-12c represents a flow regime wh

the wake generated behind the first row does not interfere 

the one behind the second row. As a result, the wake gene

behind the second row is similar to one behind a single 

(Figure 4-12d). Figure 4-12b represents a flow regime wh

the space between the two rows is not small enough to dev

a stable vortex and at the same time not large enough for

lated roughness flow regime to take place. These results a

with the conclusions of Gowda et al (Ref. 108).

Figure 4-12 Flow regimes 
around lows of long 
obstruction blocks. 

In conclusion, additional rows of obstruction blocks can 

ignored in any proposed mathematical model if the obstr

tion blocks have the same widths as the model of conc

This is especially true for any obstruction block not visib

from the instrumented surface. The proposed mathema

model however, should account for the effect of multiple ro

of obstruction blocks when wake interference and isola

roughness flow regimes are encountered.

An additional conclusion that can be interpreted from the p

vious study is that a single windward obstruction block m

a. Skimming
Flow Regime

b. Wake Interference
Flow Regime

c. Isolated Rougness
Flow Regime

d. Single Obstruction

Wake Length
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be used to predict the effect of an array of windward obstr

tion blocks when the array forms an impermeable bar

windward of the building (Section 4.5). This conclusio

agrees with the supposition set by Ernest (Ref. 75).

4.6 Definition of 
Variables 

The following sections describe the general definition of 

variables and terminology used throughout the study. The 

inition of some of these variables is refined in later section

account for complexities in the mathematical model.

4.6.1 Wind Direction 
Angle ( )

The wind direction angle is defined in this study as the an

(in degrees) between a line denoting the wind direction an

line perpendicular to the surface of interest. The angle is m

sured clockwise and ranges between 0˚-360˚ (Figure 4-13)

Figure 4-13 Definition of 
Wind Direction angle

4.6.2 Obstruction 
Block Description

Individual obstruction blocks are described using geome

angles from a point established at the bottom center of 

obstruction-facing surface (Figure 4-14). Figures 4-15 to 4

represent the four geometric variables used in this model.

Θ

Wind Direction Angle (Θ)360˚
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Figure 4-14 Location of 
representative point on 
instrumented Surface

4.6.2.1 Horizontal Angle 

( )

The horizontal angle ( ) is defined as the angle originat

from the center of the instrumented surface and encompas

the visible limits of the obstruction block from the center 

the instrumented model (Figure 4-15). 

Figure 4-15 Basic 
variables: Horizontal Angle 
(αh)

4.6.2.2 Vertical Angle ( ) The definition of the vertical angle ( ) is that angle betwe

a line connecting the bottom center of the instrumented 

face to the center of the obstruction block and a line t

encompasses the highest visible edge on the vertical plan

the obstruction block (Figure 4-16).

Elevation

Pressure Measurement Locations

Representitive Point Location

Instrumented Model Surface

αh

αh

2

31

αh1
αh2

αh3

Instrumented
Surface

αv αv
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Figure 4-16 Basic 
variables: Vertical Angle 
(αv).

4.6.2.3 Model Spacing (S m) Model spacing is defined as the perpendicular distance f

the center of the instrumented surface to the center of

obstruction block divided by the height of instrumented mo

(Figure 4-17).

Figure 4-17 Basic 
variables: Spacing (Sm).

4.6.2.4 Obstruction Spac-
ing (S o)

The obstruction spacing represents the same dista

described in Section 4.6.2.3 divided by the height of 

obstruction block instead of the instrumented model. Wh

the line connecting the two centers coincides with the nor

wind direction, the obstruction spacing can be expressed 

function of the vertical angle as follows:

αv

αv

1

2

3

S1

S2
S3

Instrumented
Model

Obstruction
Blocks
66



 

Chapter 4

   

the

the

  

f pre-

si-

cific

  

effi-

 by

nts

ind

ent

plot-

 of

oth
4.6.2.5 Displacement 

Angle ( )

The displacement angle  (Figure 4-18) is defined as 

angle between the wind direction and the line bisecting 

horizontal angle ( ) of an obstruction.

Figure 4-18 Basic 
variables: Displacement 
Angles

The choice of the these angles was based on a number o

liminary experiments. The criterion for choice was the sen

tivity of measured surface pressures to changes in the spe

geometric variable.

4.7 Angular 
Description of 
Obstruction 
Blocks

Figure 4-19 shows a comparison between the pressure co

cient  results obtained from shielded model experiments

Ernest and Wiren (Refs. 74 & 225). These experime

involved locating models with instrumented surfaces beh

windward obstruction blocks. The shown pressure coeffici

values were measured at the windward shielded surfaces 

ted against obstruction spacing. By comparing the effects

the single obstruction on pressure coefficient values in b

experiments the following can be observed:

So αv( ) 1–
tan=

αd

αd

αh

W
in

d 
D

ire
ct

io
n

1

2

αh1/2

αd1

αd2

αh2/2

Cp
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At  equal to about 0.0 (points A and B in Figure 4-19), t

corresponding values of spacing on the x-axis were 2.3 

7.4 in Wiren’s and Ernest respectively. Both these spacing 

ues corresponded to geometric relationships illustrated

Figure 4-20. This relationship can also be described in te

of obstruction angles from a representative point on the ins

mented surface (Figure 4-14). The measured obstruc

angles both configurations are described in TABLE 4-1 .

Figure 4-19  Comparison of 
Ernest’s and Wiren’s 
experiments

Figure 4-20 Ernest’s and 
Wiren’s tested 
configurations

Cp

  

B

B
B

B

J

J J

H

H

H

H

H
H

H
H H

-1.4

-1.2

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

1 2 3 4 5 6 7 8 9 10

P
re

ss
ur

e 
C

oe
ffi

ci
en

t @
 w

in
dw

ar
d 

su
rf

ac
es

 (
C

p)

Spacing (S/H)

B Wiren's Single

J Wiren's Multiple

H Ernest's Long

A B

Wiren's Experiment Ernest's Experiment
68



Chapter 4

hor

d an

the

ntil

 The

tted

he

ere

ip

scrip-
In addition to Ernest’s and Wiren’s experiments, the aut

tested surface pressures on an instrumented model behin

89 cm wide obstruction block. The spacing between 

obstruction block and the instrumented model was varied u

the measured pressure coefficient  was equal to zero.

angles of view at that location were measured and plo

against Ernest’s and Wiren’s experiments (Figure 4-21). T

three points can be connected with straight line wh

. This simple relation may indicate a relationsh

between surface pressures and the proposed angles of de

tion of the windward obstruction blocks.

Figure 4-21 Obstruction 
angles coincident with 
measured surface pressure 
coefficients ( )=0

TABLE 4-1 Angular Description of the Obstruction in tested 
Configurations

Experiments Horizontal Angle of View Vertical Angle of View

Ernest 110˚ 40˚

Wiren 7˚ 23˚

Cp

Cp 0=

Cp
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4.8 Summary and 
Conclusions

The following are four points that can be concluded from 

analysis thus far:

• In most cases only visible obstruction blocks affect t

pressure values on surfaces of concern.

• In most cases, multi-row obstruction blocks can be rep

sented by a single block located at the location of the c

est obstruction block.

• If an array of obstructions form an impermeable blocka

in the windward direction, a single obstruction block can

used to represent the array.

• A number of geometric angles may be used to predict 

effect of obstruction blocks on the surfaces of concern.

4.9 Developing 
the Mathematical 
Model

The following sections describe the development of a mat

matical model to predict mean surface pressures on shie

surfaces.

Based on the premise that a smaller or a distant obstruc

block produces less shielding effect on an instrumented mo

than a close or a large one (Ref. 10), the mathematical m

was structured in such way that the average surface press

determined by averaging the shielding effects of the obst

tion blocks visible from the instrumented model (Figure 

22). The prediction of the shielding effect of individu

obstructions is based on the solid angle describing each bl
70
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Figure 4-22 The Shielding 
Effect of an Obstruction 
Block.

The proposed mathematical functions were built upon th

components:

• Surface pressures on the unobstructed block (Section 4

• Surface pressures on the shielded bock (Section 4.12).

• The development of a non-dimensional factor that uses

ratio two above pressures (Section 4.10).

4.10 Pressure 
Shielding 
Modification 
Coefficient 

Swami and Chandra (Ref. 203) showed that the proportion

a building surface affect the values of wind pressure incid

on that surface. To eliminate the effects of differences in s

face dimensions, Swami et al used a non-dimensional facto

This factor is calculated by normalizing the average surf

W
in

d 
D

ire
ct

io
n

Tested
Model

Obstruction blocks

Shielding Effect of
Individual Obstruction Blocks

Cpm
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pressure coefficients ( ) to those at wind directi
8.

In their model, the mean Pressure Coefficient ( ) is an ar

metic average of individual pressure coefficients measure

an even array on the surface of the instrumented mo

[Equation (4-1)]. The local Pressure Coefficient for each po

on the surface ( ) is defined as a non-dimensional ratio

the surface dynamic wind pressure averaged over time to

free-stream dynamic pressure at the model eave height9. For

this work, the dynamic pressure of the free-stream wind tun

at eave height was obtained in a separate wind tunnel test

pressure coefficient for each point at the instrumented sur

was calculated according to Equation (3-3).

The Pressure Coefficient averaged for the whole facad

determined using the following function:

(4-1)

In order to describe the shielding of surrounding buildings, 

measured pressure coefficient had to be referenced to the 

sure coefficient on the same instrumented model with

upstream obstructions. For any wind angle Θ, the mean pres-

sure coefficients of shielded instrumented surfaces could

4-8 In Swami and Chandra’s (Ref. 203), Normalized Pressure Coefficient was 

defined as .

4-9 Eave height is 3.0 m or 10 cm model at scale (Section A.3 in Appendix A).

Cp

Θ( ) 0°=

CpΘ

Cpat Θ 0°=
-------------------------

Cp

Cpi

Cp

Cpi

i 1=

n

∑
n

-------------------=
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divided by the mean pressure coefficient on the unshiel

model resulting in normalized mean pressure coefficie

(  in Equation 4-2).

(4-2)

Examining wind direction effects on  showe

that zero pressure coefficients can be found. To avoid divid

by zero, Equation (4-2) was modified to an exponential fo

This form has the added advantage of being more sensitiv

variation in small values of the unshielded surface pressu

than is the normalized form. The result is a non-dimensio

coefficient that characterizes the degree of shielding of

obstructed building surface compared to an identical un

structed surface in similar boundary layer conditions. T

Pressure Modification Coefficient ( ) is defined math

matically as follows:

(4-3)

Where

Cp Norm( )

Cp Norm( )

Cp ShieldedΘ( )

Cp UnshieldedΘ( )
----------------------------------------=

Cp UnshieldedΘ( )

Cpm

Cpm
e

Cp ShieldedΘ( )

e
Cp UnshieldedΘ( )

------------------------------------=

e
Cp ShieldedΘ( ) Cp UnshieldedΘ( )–[ ]

=

Cpm Pressure Modification Coefficient=

Cp ShieldedΘ( ) Pressure Coefficient on shielded surfac=

  at  wind direction Θ
Cp UnshieldedΘ( ) Pressure Coefficient on unshielded=

 surfaces at wind direction Θ
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from Equation 4-3:

(4-4)

(4-5)

(4-6)

4.11 The 
Unobstructed 
Model 

Today, there are numerous sources of pressure data on u

structed building surfaces. The following sections describ

mathematical function that uses these data to estimate

effects of wind direction and building geometry on the pre

sure coefficients.

4.11.1 Swami and 
Chandra’s Model

Swami and Chandra of the Florida Solar Energy Center (Ref.

203) consolidated a large database of measurements obt

from wind tunnel experiments. The purpose of their work w

to establish a relationship between average wind pres

measured on building surfaces and wind direction and bu

ing geometry. Their derived function for  dem

onstrated that an empirical function can be constructed

predict the average surface pressure coefficients. 

Because of the diverse datasets from which the relation

was derived, and the sensitivity of the proposed  to sm

changes in , Swami et al’s function needed be

refined for use in the proposed model. A new set of exp

ments was conducted in a controlled wind tunnel environm

whenCp Shielded( ) Cp Unshielded( )=

C∴ pm 1=

whenCp Shielded( ) Cp Unshielded( )>

Cpm∴ 1>

whenCp Shielded( ) Cp Unshielded( )<

 ∴ 0 C< pm 1<

Cp Unshielded( )

Cpm

Cp Unshielded( )
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The following section describes this set of experiments a

addresses the derivation of a new ( ). Th

modification of Swami and Chandra’s model involved chan

ing their equation coefficients.

4.11.2 The Modified 
Unobstructed Model

The experiments devised to predict the wind direction eff

on model surface wind pressure involved testing unshiel

instrumented models of different geometries.

4.11.2.1 Setup of Experi-
ment

Nine model configurations were tested relative to 13 w

directions (0˚-180˚ in 15˚ intervals). The difference in mod

configuration was expressed in terms of the Side Aspect R

( ) or ratio between the length ( ) to the width ( ) 

the model (Figure 4-23).

Figure 4-23 Definition of 
the Side Aspect Ratio (As)

The following table shows the tested configurations:

Cp UnshieldedΘ( )

As Lm Wm

 

Side Ratio (As) = W
m

/dm

Wm

dm

W
in

d 
D

ire
ct

io
n
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a. The total number of tests in this experiment was 117.

4.11.2.2 Results Figure 4-24 shows the effects of changing the wind direct

on the mean Surface Pressure Coefficients ( ). It should

noted that the  values at wind direction ( ) may 

divided into two groups. The first group corresponds to con

urations with Side Aspect Ratios , while the seco

applies when . All the values of  in the firs

group had the same value (Figure 4-24). This should 

expected since all tested configurations had the same 

Aspect Ratio ( ) or windward surface dimension

( ) cm. The Face Aspect Ratio is defined 

the ratio between the width and height of the wind-facing s

face. The second group of configurations ( ) show

variation at  caused by the difference in their cor

sponding .

TABLE 4-2  Tested Configurations for the Unobstructed 
Model (13 Wind Directions) a

Unobstructed Block Configurations

Dimensions

Side Ratios 
(As)

1:1

(1.0)

2:3

(0.67)

1:2

(0.50)

2:5

(0.40)

1:3

(0.33)

Dimensions _____

Side Ratios 
(As) _____

3:2

(1.50)

2:1

(2.0)

5:2

(2.50)

3:1

(3.0)

25 25× 25 37.5× 25 50× 25 62.5× 25 75×

37.5 25× 50 25× 62.5 25× 75 25×

Cp

Cp Θ 0
°

=

As 1.0≤

As 1.0> CpΘ 0=

Af

25 long 10 high×

As 1.0>

CpΘ 0=

Af
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Figure 4-24 Effect of Side 
Aspect Ratio ( ) on 
average pressure 
coefficients relative to wind 
direction

Figure 4-25 Effect of Side 
Aspect Ratio on mean 
normalized pressure 
coefficients relative to wind 
direction

Figure 4-24 represents the same data in Figure 4-25 expre

as  values. The latter Figure shows consistently low

values of  when  than when  betwee

. However, at , the configura

tions with  maintained higher  values. Th

behavior at  can be explained by the lar
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self-shielding where . This in effect tends to redu

the values of measured  below those with smaller S

Aspect Ratios (Figure 4-26). On the other hand, 

, the relatively large wind-facing surface in con

figurations where  causes the values of  to 

higher than those with smaller Side Aspect Ratios (Figure

27).

Figure 4-26 Self-shielding 
when wind direction ≥120˚

Figure 4-27 Pressure 
Coefficient of windward 
surface is relative to the 
Side Aspect Ratio of the 
model

4.11.2.3 Relating  to 
Wind Direction and Side 
Aspect Ratio

In order to neutralize the Face Aspect Ratio10 ( ) effect and

in agreement with Swami and Chandra (Ref. 203), the d

4-10 The Face Aspect Ratio is the ratio between the model length to its height

As 1.0>

NCp

0
° Θ 90

°≤=

As 1.0> NCp

Wind Direction

(-) (-)

Instrumented Surface

Wind Direction

(+)
(+)

Instrumented Surface

NCp Af
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sion was made to normalize the values of the pressure co

cients to the value of  at  or ( ).

In the interest of modifying Swami and Chandra’s functi

instead of proposing a new one, the same variables were u

These variables are the Side Aspect Ratio ( ) and the w

direction. As a result, new coefficients were introduced

achieve the desired degree of refinement. A linear regres

routine was used to determine the equation coefficients giv

the highest fit between the measured data and Swami 

Chandra’s function (Ref. 203):

(4-7)

where;

The new coefficient of Equation 4-7 are:

Cp Θ 0°= NCp

As

NCp C0 C1
Θ
2
---- 

 sin⋅ C2 Θ( )sin⋅[ ] 2
+ + +

ln=

C3 2 Θ G××( )sin[ ] 3⋅ C4
Θ
2
---- 

 cos⋅+ +

C5 G
2 Θ

2
---- 

 sin
2

⋅ ⋅ C6
Θ
2
---- 

 cos
2

⋅+




NCp Normalized Cp=

Θ Wind direction in degrees=

G As( )ln=

As Side Aspect Ratio=
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Figure 4-28 Effect of 
changing wind direction on 
surface pressure 
coefficients. A comparison 
between the existing and 
proposed models.

Figure 4-28 shows a comparison between Swami and Ch

dra’s mathematical relationship and the modified vers

developed in this section applied to the same configurat

The adoption of the modified version of the equation in con

quent analyses provides consistency in the data used thro

out the development of the shielded-surfaces-press

prediction model.
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4.12 The 
Orthogonal 
Configurations

The number of different positions of an obstruction block re

tive to the surface of concern can be infinite. With such po

tional changes, all four geometric variables describing 

location of the obstruction block (Section 4.6.2) will var

However, changing one variable such as the spacing (

between the obstruction block and the instrumented sur

involves changing derivative variables such as the horizo

( ) and vertical ( ) angles. 

At this stage of investigation, the research was restricted

configurations in which the model and obstruction bloc

were always perpendicular to the wind direction. These c

figurations are referred to in the study as the Orthogonal C

figurations and the mathematical relationship produced

these tests is described as the orthogonal model.

This section includes a description of the orthogonal mode

terms of the tested configurations, variables, and deriva

of a mathematical function. The orthogonal configurations

this research were defined as those which fulfill the follow

geometric criteria (Figure 4-29):

•  Only one obstruction block was tested. The initial tests h

shown that a single windward block causes most of 

shielding for the surface of interest (Section 4.5).

• Both model and obstruction block were placed with cent

lines aligned with the wind direction (Figure 4-29). Inc

dences when the instrumented model and obstruction b

were not symmetrical were discussed as a part of 

expansion of the model to include non-orthogonal config

rations. Thus;

So

αh αv
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• The wind direction was always 0°. Effect of changing wind

direction will be discussed in later stages of the research

• Finally, both the instrumented surface and the obstruct

surface facing it remained parallel to each other. Additio

configurations where the two blocks were not parallel 

handled in later experiments.
Figure 4-29 Orthogonal 
configurations.

4.12.1 Tested 
Configurations

The following table (TABLE 4-3) lists the tested variables 

the orthogonal configurations. 

CL

W
in

d 
di

re
ct

io
n 

Θ
=0

°

Instrumented Model
(dimensions remained

constant)

Single Obstruction Block

Obstruction block width

Obstruction block
height

S
pa

ci
ng

Instrumented  Surface #2

Instrumented  Surface #1

TABLE 4-3  Tested Orthogonal Configurations with 

Variable Spacings ( ) a  

Obstruction 
Model Height 

(cm)

Obstruction Block Width (cm)

200 150 89 61 25

7 - - - - Xb

10 Xc Xc Xb Xd Xb

Sm
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a. Refer to definition in Section 4.6.2.3.

b. Spacings =1-10.

c. Spacings =2-10.

d. Spacings = 2, 3, 4, and 6.

A total of 61 tests were performed resulting in 122 values

the mean Pressure Modification Coefficient ( ) for bo

windward and leeward surfaces of instrumented model.

To understand the effect of obstruction width, five blocks w

the same height 3.0 m (10 cm model scale) and varying wid

were tested (TABLE 4-3). The effect of obstruction blo

height was analyzed using four obstruction configuratio

with a single width 7.5 m (25 cm) and four heights 2.1, 3

5.1, and 7.5 m (7, 10, 17, and 25 cm respectively). In addi

to width and height of the obstruction blocks, the effect 

spacing from the instrumented model was also conside

Figures 4-30 and 4-31 show the tested obstruction config

tions and the instrumented model. In order to comply with 

angular description concept discussed in Section 4.7, he

width, and spacing of the obstruction width were expresse

angular format (  and ).

17 - - - - Xb

25 - - - - Xc

TABLE 4-3  Tested Orthogonal Configurations with 

Variable Spacings ( ) a  (Continued)

Obstruction 
Model Height 

(cm)

Obstruction Block Width (cm)

200 150 89 61 25

Sm

Cpm

αh αv
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Figure 4-30 Tested 
obstruction widths 
(Orthogonal 
configurations)

Figure 4-31 Tested 
Obstruction Heights 
(Orthogonal 
Configurations)

4.12.2 General 
Discussion

Appendix D contains the results of the 122 surface meas

ments using the orthogonal configurations. The collected 

and  values in Appendix D, Figures 4-32 and 4-33 rep

sent the arithmetic mean of 27 measurement points on e

surface (Equation 4-1). 

200 cm

150 cm

89 cm

25 cm

25 cm

2
5

 c
mInstrumented Model

Obstruction Blocks

1
0

 c
m

1
0

 c
m

1
0

 c
m

1
0

 c
m

25
 c

m

17
 c

m

10
 c

m

7 
cm

10
 c

m

Cp

Cpm
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4.12.2.1 Effect of Spacing 
on Pressure Coefficients

Figures 4-32 and 4-33 illustrate the relationship between

surface pressures and model spacing (Sm)11. The highest pres-

sure modification coefficient values ( ) were obtain

behind the smallest obstruction block ( ) while the low

est  values were measured when the widest bl

( ) was tested. 

4-11 Definition in Section 4.6.2.3, page 66

Figure 4-32 Pressure 
coefficient on windward 
side (ww)

Figure 4-33 Pressure 
modification coefficients on 
windward side (ww).
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At the same spacing, measured  values on the ins

mented model were almost identical for both obstruct

blocks  and  (Figure 4-34). This may b

attributed to an equality caused by a similar combined ef

of the two angles of obstruction. This supports the discuss

in Section 4.7 in which a function based of the combination

the angles of obstruction was suggested to determine

shielding effect of an obstruction block. 

Figure 4-34 The only test 
condition when  values 
of two obstruction blocks 
were identical with 
reference to Spacing.

Surface pressures measured at the leeward side of the in

mented model were virtually unaffected12 by the windward

obstruction configuration and spacing (Figure D-15

Figure D-18  in Appendix D). The only exception was wh

the obstruction block extended across the whole wind tun

width13. This long obstruction block is referred to in the re

4-12 Confirming Givoni 1981 (Ref. 102), page 283.

4-13 Obstruction width equals 200 cm.
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of the study as the infinitely long obstruction block. It could

represent a row-housing type of development where 

deflected wind does not have a chance to reattach from

sides. The only reattachment of the wind possible was over

top of the obstruction block (Figure 4-35). The  valu

(Figure D-15 ) measured behind the  obstructi

block at the closest Spacing (Sm=2) from the instrumented sur

face showed about a 20% reduction when compared w

spacings ≥ 5. This was caused by the extraordinarily lon

wake generated behind the block. Other smaller blocks (wh

might represent more realistic adjacent buildings) did 

show any effect on the  values measured in the leew

surface of the instrumented model.

Figure 4-35 The long wake 
generated behind an 
infinitely long obstruction 
block.

Cp

200 10×

Cp

Instrumented Model
Obstruction Block

Wake
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Figure 4-36 The relatively 
short wake generated 
behind a small obstruction 
block.

4.12.2.2 Changing the Hor-
izontal Angle of Obstruc-
tion 

Based on the definition of the horizontal angle in Sect

4.6.2.1, the variation in the value of the horizontal angle (

can be achieved through one of two ways;

• by physically varying the obstruction width and,

• by varying the distance of obstruction from the instr

mented model (Spacing).

Both techniques were used in the experiments to prod

Figure 4-37 in which Normalized Pressure Coefficien

( ) were plotted against the Horizontal Angle o

Obstruction ( ).Values of  were calculated fro

the relationship described in Equation (4-2).

4.12.2.2.1  Results 

The complete results of varying the Horizontal Angle 

Obstruction ( ) are documented in Appendix D (Figure 

19 to Figure D-22 ). 

Instrumented Model Obstruction Block

Wake

αh

Cp Norm( )

αh Cp Norm( )

αh
88



Chapter 4

ri-

en

-

alue

k

the

ee

 in

ct

g

e

he

the 
Figure 4-37 Effect of 
varying the horizontal 
angle of obstruction 

 

4.12.2.2.2 Discussion 

Plotting the Pressure Coefficients  against the Ho

zontal Angle of Obstruction ( ) shows the following:

• The data points where the Horizontal Angle lies betwe

15˚ and 140˚ ( ) show that  val

ues tend to decrease with the increase of . As the v

of  decreases,  approaches unity14.

• When , neither the size of obstruction bloc

nor its distance from the instrumented surface affects 

pressure coefficients. This range of  coincides with L

et al’s Isolated Roughness Flow Regime (Ref. 149).

• In most of the obtained values, at , an increase

obstruction width or reduction of spacing does not affe

the  value. When  exceeds 140˚, the resultin

airflow behind the obstruction block is similar to that of th

skimming flow regime discussed in Lee et al (Figure 4-8).

This skimming flow phenomenon can occur in spite of t

4-14 The only exception is when testing the infinitely long obstruction block at 
smallest spacings (2).
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spacing. The 140˚ arc within which most pressure coe

cients values are affected will be referred to as the Shield-

ing Effectiveness Zone (SEZ) of the surface unde

consideration (Figure 4-38).

• At , the measured  values repre

sent the Wake Interference Regime (Figure 4-8). This z

contained the highest density of points (Figure 4-37).

should also be noted that the largest variation in value

 occur in this zone.
Figure 4-38 The shielding 
effectiveness zone.

4.12.2.3 Changing the Ver-
tical Angle of Obstruction 

The variation of the vertical angle of obstruction αv, as defined

in Section 4.6.2.2, can be obtained through the variation of

inter-model spacing and the height of the obstruction blo

The experiments included the two approaches to study the

of the vertical angle in shielding effect of obstruction block.

4.12.2.3.1 Results 

The effect of varying the vertical angle on the value 

 is plotted in Figure 4-39 as well as Appendix 

(Figure D-23 to Figure D-26 ).

15° Θ 140°< < Cp Norm( )

Cp Norm( )

Shielding Effectiveness Zone (SEZ)

Obstruction Block

Instrumented
Model

140˚

Instrumented Surface

Cp Norm( )
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Figure 4-39 The effect of 
varying vertical angle of 
obstruction 

4.12.2.3.2 Anal ysis 

Arthur Bowen of the Conseil National de Researches in Can-

ada (Ref. 42) conducted experiments that determined sur

pressures for four model-building heights. His measureme

of surface pressures clearly demonstrated an inverse rela

between the height of the model and the surface pressur

the leeward side. As the height of instrumented blo

increases, the surface pressure measured at its leeward s

reduced and consequently the length of the wake behind 

increased15. The longer the wake behind a block, the larger 

magnitude and extend of its shielding effect (Figure 4-40).

4-15 This is also evident from Evans experiments (Ref. 79).
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Figure 4-40 The wake 
length is proportional to 
obstruction height.

My tests (Figure 4-39) supported Bowen’s conclusion. In a

lyzing the measured  values, the following could 

observed:

• There is an inverse relationship between the surface p

sure coefficients and the vertical angle describing the wi

ward obstruction block.

• At , which is equivalent to Lee et al ‘s (Ref.

149) Isolated Roughness Flow Regime at 2.6 model spac-

ing (Sm), no noticeable shift could be observed in t

obtained data. This shows that neither the spacing nor

vertical angle alone can fully describe the wake genera

behind an obstruction block. The spread of Normaliz

pressure data demonstrates the significance of the w

and the horizontal obstruction angle of the obstruct

block.

• There were not enough data points of  

, which corresponded roughly to the 1.2 spaci

Skimming Flow Regime at Lee et al ‘s experiments, to

observe any shift in the measured surface pressures.

• Similarly, the  range which corresponded 

the Wake Interference Flow Regime, showed not significant

difference from the rest of the measured vertical angles.

Wake1

Wake2

H
ei

gh
t 1

H
ei

gh
t 2

Cp Norm( )

0° α< v 25°<

Cp Norm( )
αv 45°>

25° αv 45°> >
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It should also be noted that regardless of the obstruc

height, the 25 cm wide obstruction block maintained virtua

the same  values with the same  This means th

for the same vertical angle,  value remains un

fected by a small change in the horizontal angle Figure 4-4

Figure 4-41 For the same 
obstruction vertical angles, 

remained largely 
unaffected by the 
obstruction height.

4.12.3 Deriving the 
Model 

As seen in Figure 4-1, expressing  in terms of the mo

spacing (Sm) did not explain the differences between th

results of the three experiments16. The angular description o

the obstruction blocks from the vantage point of the surfac

question, on the other hand, has provided the proposed pr

tion model with a more comprehensive set of variables (S

tion 4.7). In addition, the identification of the “lines of sight”

to the obstruction block enhances the ability of the designe

input the actual description of the surrounding blocks. 

4-16 Wiren’s, Lee et al and Ernest.

Cp Norm( ) αv

Cp Norm( )

Cpm

αv

Cp
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I proposed a formula using the two angles required to desc

the outline of the obstruction block in an orthogonal config

ration17. The generic form was as follows:

(4-8)

In the cases when the centerlines of the obstruction block

the instrumented surface do not coincide with the wind dir

tion i.e. the obstruction asymmetrically shields the surface

question, I suggest the following correction function (generic

form):

(4-9)

Where (Equations 4-8 and 4-9)

Figure 4-42 shows a contour graph of the Pressure Modifi

tion Coefficients ( ) of the tested configurations plott

against both angles of description (αh, αv). It can be noted that

the  values formed two shapes around the line where;

4-17 Refer to the discussion in Section 4.12 on page 81.

Cpm ortho( ) Ci f αh αv( , ),=

Cpmαd corr( ) f Cpm ortho( ) αd,( )=

Cpmαd corr( )
 Displacement-corrected Modification=

Coefficient

Cpm Pressure Modification Coefficient=

Ci Formula Constants=

i 0 1 … N, , ,=

αh Horizontal Angle=

αv Vertical Angle=

αd Displacement Angle=

Cpm

Cpm
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(4-10)

The lines connecting the  values above the bisection 

were all convex while those below the line were concave. T

means that above the bisection line, values of  were 

sensitive to αv with the increase of  αh. On the other hand,

below the line, with the increase of αh,  became very sen-

sitive to the increase in the value of αv. Thus, the bisection line

describes the zone where the value of  is neutral to

acceleration of both angles of view. Consequently, a func

was developed based on the relationship between αh and αv

shown in Equation (4-10).

Figure 4-42 Measured 
pressure modification 
coefficients for orthogonal 
configurations.

4.12.3.1 Analysis of Vari-
ables:

The function coefficients were determined using a stepw

nonlinear regression routine18 in which the parameters in

Figure 4-43 were used. 

4-18 Software used in the statistical analysis of the data is SPSS 6.0 Graduate
age for the Macintosh platform.
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Figure 4-43 Basic variables 
in orthogonal function

4.12.3.2 The Functions The stepwise regression analysis was conducted twice re

ing in two Functions. The first function would suffice as 

easy-to-use, simple, and less accurate (adjusted 

function for hand and quick calculations [Equation (4-11)]. 

(4-11)
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0.967=

Cpm ortho( ) C0
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The second function resulted in a lengthy expression w

high-fitting regression value (adjusted )19. The

more complex relationship would be suitable for compu

applications and is documented in equation (D-1) 

Appendix D.

4-19 Figure 4-44

Figure 4-44  Predicted vs. 
measured values of surface 
pressure coefficients-
Equation (4-12).

The more complex of the two equations was used in plott

the contour diagram shown Figure 4-45. This diagram can

used to graphically predict  knowing both  an

. Based on the parameters of the experiments, the ang

variables of Equations (4-11) and (D-1) were bounded by 

following limits:
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(4-12)

Figure 4-45 Model contour 
graphically represents the 
mathematical function in 
Equation (D-1).

4.12.4 Limitation of 
the Orthogonal Model 

The limitations of the mathematical orthogonal model can

summarized in the following:

• The model is based on tests conducted on cubical mo

that represent single-floor buildings.

• Tested obstruction blocks had the same depth (10 c

Deeper obstruction blocks have shorter wakes and 

shielding effect than shallower blocks with similar angu

description (Ref. 79). However, some initial tests were c

ducted with a deeper block (25 cm) and the pressure co

cients on the instrumented surface varied only slightly fro

those of the 10 cm deep block.

0° αh 140°≤ ≤

0° αv 60°≤ ≤
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• The orthogonal model -by definition- cannot predict su

face pressures on occasions when the obstruction bloc

not symmetrical around the line connecting the mid poi

of the block and the instrumented model. The prima

example of this asymmetry would be a horizontal displa

ment of the obstruction block from the center line of t

instrumented model.

• Since the derived orthogonal model was based on confi

rations where wind direction was always perpendicular

both the obstruction block and the instrumented model, 

effect of the wind direction on the values of  wa

unaccounted for.

• The effect of multiple obstruction blocks on  was n

considered in the orthogonal model.

4.13 The 
Displacement 
Correction 

Displacement as defined in Section 4.6.2.5, occurs when 

instrumented surface does not fall directly behind the obstr

tion block thus causing misalignment between the obstruc

block and the model (Figure 4-18).

4.13.1 Varying 
Displacement Angle 

Increasing the displacement angle ( ) shifts the obstruc

block laterally relative to the instrumented model surfa

(Figure 4-46). The premise under which the displacem

effect was studied is as follows; 

With the increase in  angle, the Pressure Modificat

Coefficient  increases until it reaches unity or t

unshielded condition (Figure 4-46). As the displacement an

increases, the portion of the instrumented surface falling un

the obstruction block wake is reduced (Figure 4-47). T

Cpm

Cpm

αd

αd

Cpm
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the
result is an average  value between those obtained f

an unshielded surface and a symmetrically shielded surfa20

in similar terrain conditions.

4-20 Orthogonal configuration.

Figure 4-46 Varying the 
displacement angle.

Figure 4-47 Shielding 
Effect of displacement of 
obstruction block.

4.13.1.1 Setup of Experi-
ments

A total number of 63 experiments were conducted to de

mine the effect of varying the displacement of the obstruct

block. TABLE 4-4  lists the tested configurations. Three va

ables were tested (Figure 4-48): the obstruction width, 

spacing, and the horizontal shift of obstruction block. The lat-

ter is defined here as the distance between the mid poin

the obstruction block and the instrumented surface. In 

Cpm

1 2 3

αd1 αd2 αd3

W
in

d 
di

re
ct

io
n

Orthogonal
Configuration

Displaced Obstruction
Configurations
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be
analysis however, the horizontal displacement will 

expressed in angular terms ( )21. The dimensions of the

instrumented model in all experiments remained constant.

4-21 The displacement angle is defined in Section 4.6.2.5.

a. Figure 4-48 illustrates the definitions of the experiment’s three variables.

Figure 4-48 Displacement 
configuration variables.

αd

TABLE 4-4 Displacement Experiments Setup a  

Obstruction 
Width (cm) 25 61 86

Spacing (Sm) 2 3 4 6 2 3 4 6 2

Shift (cm)
Shift.
(cm)

Shift. 
(cm)

0.0 X X X X 0.0 X X X X 0.0 X

6.25 X X X X 7.63 X X X X 21.5 X

12.5 X X X X 15.25 X X X X 43.0 X

18.75 X X X X 22.88 X X X X - -

25.0 X X X X 30.5 X X X X - -

31.25 X X X X 38.13 X X X X - -

37.5 X X X X 45.75 X X X X - -

- - - - - 53.63 X X X X - -

Obstruction Width

S
pa

ci
ng

Horizontal
Shift

Mid Points

Instrumented
Model

25 cm

25
 c

m
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4.13.1.2 The Choice of the 
Displacement Angle

Before starting the discussion of the tests results, it is esse

to explain the reason for defining the displacement angle 

bisecting of an obstruction’s horizontal angle of view (Secti

4.6.2.5). This definition is more sensitive to horizontal shi

than to an asymmetrical elongation of the obstruction blo

(Figure 4-49). The shielding effect of a displaced obstruct

block is lower than that of a fully obstructing block (Figure 

49a). On the other hand, the shielding effect of a long as

metric obstruction block is not much different than that of 

obstruction block in orthogonal relationship with the instr

mented surface (Figure 4-49b). The suggested definition of

displacement angle  is responsive to both requireme

mentioned above.

Figure 4-49 Displacement 
angle ( ) growth relative 
to obstruction block.

Preliminary tests verified the sensitivity of  as compared

the equivalent angle using the actual center of the obstruc

block. That alternative definition exaggerates the effect

obstruction elongation (Figure 4-50), relative to its actu

shielding effect. 

αd

αd Displaced Obstruction Block Elongated Obstruction Block

a b

αd1 αd2

αd
102



Chapter 4

d in

 4-
Figure 4-50 Alternative 
definition of .

4.13.1.3 Results The results of Displacement experiments are documente

detail in Appendix E  and summarized in Figures 4-51 and

52.

Figure 4-51 Effect of 
displacement angle ( ) 
on the pressure coefficients.

αd Dispalced Obstruction Block Elongated Obstruction Block

a b
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Configuration s-w

Where:

s=spacing (TABLE 4-4 )

w=obstruction width
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Figure 4-52 Effect of 
displacement angle  on 
the pressure modification 
coefficients.

4.13.1.4 Discussion The results shown in Figures 4-51 and 4-52 support 

premise suggested in Section 4.13.1 about the relation

between surface pressures and displacement angles. The

ues of  approached 1.0 with displacement ang

. In addition, measured  values wer

influenced by the size of the obstruction block as well as 

spacing from the instrumented surface. 

Since both the size of the obstruction and its spacing can

expressed using the angles of obstruction description,

orthogonal value of  can be predicted. Figure 4-53 i

contour graph demonstrating the error/correction when 

orthogonal prediction was used for a displaced obstruc

block. It should be noted that at values of , t

orthogonal model did not greatly overestimate . Ho

ever, with the increased ,  values quickly approach

unity.
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Figure 4-53 Displacement 
correction of  values as 
predicted by the 
Orthogonal Model.

Appendix E contains graphs illustrating the  pr

files on both the obstructed and unobstructed surfaces. An

sis of these results demonstrates that the wake behind

obstruction block maintains its rectangular shape even w

the instrumented model is located within it. As a result, 

pressure profile on the obstruction-facing surface was divi

-in most of the tested configurations- into two sections. Th

two parts were directly related to the wake created by 

obstruction block wake. This was demonstrated in Figure

2 to Figure E-8 where  value on the unshielded22

portion of the surface equaled unity. The shielded portion,

the other hand, was affected by the windward shielding effe

similar to the orthogonal configurations.

4-22 Presented in Appendix E  with a shaded area.
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4.13.2 Deriving the 
Correction Function

Based on the above discussion, only two variables are ne

to correct for the displacement effects. These variables are

orthogonal estimation of the Pressure Modification Coeffici

( ) and the displacement angle. Accordingly, th

following function was developed using a stepwise regress

routine, resulting in a correlation fit with an adjusted R2=0.94

(Figure 4-54):

(4-13)

Where

and;

It should be noted that if;

therefore;

and if;

therefore;

Cpm ortho( )

Cpmαd corr( )
Cpm ortho( ) C1 2 αd⋅( )

C2 2 αd⋅( )sin[ ] 2⋅ C3 1 e
2 αd⋅( )sin[ ]

Cpm ortho( )

–
 
 
 

⋅+ +

sin⋅+=

C1 0.5046
C2 0.2216
C2 0.4718

=
=
=

0° αd 90°<≤

Cpm 1.0=

Cpm corr_d( ) Cpm=

1.0=

αd 0°=

Cpm corr_d( ) Cpm=
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Figure 4-54 Predicted vs. 
measured  values.

Figure 4-55 shows a graphical representation of equation

13) where the displacement corrected  was plot

against the displacement angle ( ). This graph can be us

within the limits of its variables- to manually determine th

displacement correction. 

Figure 4-55  Correcting 
 value based on 

displacement angle.
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4.13.3 Effect of Roof 
Shapes

Even though in all of the experiments both the instrumen

model and the obstruction block had flat roofs, the propo

prediction model suggests the following;

• In case of an obstruction block with a gable roof (non-fl

roof), the vertical angle ( ) is to be measured from t

highest visible point (ridge line). The corresponding ho

zontal angle ( ) is then taken off at the location of t

ridge line on the plan (Figure 4-56). As a result, the hig

the roof pitch, the higher the  and the longer its wa

(Evans 1974, Ref. 79). This proposition has been teste

Section 4.17.1 with reasonable success. 

• Ernest’s experiments23 1991 (Ref. 74) showed that on th

windward side of an instrumented unobstructed surfa

roof shape and slope have minimal effect on the aver

surface pressures. Similarly, Kindangen et al’s (Ref. 137)

CFD24 calculations showed insignificant variation in th

average velocity coefficient in most of the studied ro

geometries25.

• Both Evans and Ernest26 agreed that extended eaves ha

very limited effect on surface pressure coefficients m

sured at the surface under the eave. In the prediction mo

the eave is neglected in describing both the obstruc

block and the building under investigation.

In conclusion, the proposed prediction model will not ta

into account the effect of roof shape aside from extending

viewable plane to the ridge or to the highest viewable line

the obstruction block. The horizontal angle may be sligh

4-23 pp. 58-61.

4-24 Computational fluid dynamics.

4-25 The only significant variation was found at wind direction Θ=0˚

4-26 pp. 77-78.

αv

αh
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reduced in this definition because it extends the obstruc

plane to the ridge line instead of the closest surface of obst

tion block.

Figure 4-56 Gable roof 
angular description.

4.13.4 Additional 
Corrections

Three additional corrections to the pressure prediction mo

were studied: 

• The effect of changing the wind direction on the value a

distribution of the pressure coefficients (Section 4.14).

• The shielding effects of multiple windward obstructio

blocks (Section 4.15).

• The effect of the geometry of the instrumented model (S

tion 4.16).

4.14 Effect of 
Changing the Wind 
Direction

In all the previous experiments wind direction was constan

Θ=0˚. Based on the definitions of the angles of obstruct

(Section 4.6), a change in the wind direction from 0˚ w

affect the angles of view in the following ways:

αv

αh

Section

Plan

Eave Line
Ridge Line
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• Wind direction is not included in the definition of the Hor

zontal Angle27 ( ). However, since there exists a 140˚ a

(SEZ) within which the shielding effect is most prom

nent28, the following should be considered. If the limits o

the SEZ arc extend over the arc encompassing the hori

tal angle ( ), the horizontal angle will only be measur

within the SEZ (Figure 4-57).

• The vertical angle is reduced as a consequence of

reduction in width of the obstruction block (Figure 4-58

The effect was found to be insignificant.

4-27 Section 4.6.2.1, page 65.

4-28 Refer to Section 4.12.2.2, page 88.

Figure 4-57 The 
relationship between the 
(SEZ) and the horizontal 
angle.

αh

αh

140˚ SEZ
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140˚ SEZ

αh
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Figure 4-58 Spacing 
correction as a result of 
wind direction changes.

4.14.1 Wind Direction 
Scenarios

Because wind direction experiments involve the rotation re

tive to the wind direction, of the model and/or the obstructio

three scenarios could be envisaged (Figure 4-59);

In the first scenario, the obstruction block is positioned pa

lel to the instrumented model and the wind changes w

respect to both instrumented model and obstruction bl

(Figure 4-62). In the second scenario, the obstruction bl

remains perpendicular to the wind direction while the wi

changes only with respect to the model. In this scenario

non-orthogonal (non-parallel) relation exists between 

instrumented model and the adjacent surface.

W
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n

S1S2
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Figure 4-59 The possible 
instrumented model-
obstruction block 
relationship with respect to 
wind direction.

Similar to the second scenario, the third scenario involve

non-orthogonal relationship between obstruction and mo

However, in this case, the wind direction remains constant 

ative to the instrumented model rather than the obstruc

block. As can be seen in Figure 4-60, scenario III is a com

nation of scenarios I and II. The prediction model correctio

can therefore be based on tests of the two scenarios.

W
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Orthogonal Configurations Wind Direction Scenarios
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Figure 4-60 Scenario III 
represents a combination 
of Scenarios I and II.

4.14.2 The Equivalent 
Obstruction Block

The two-steps of the orthogonal model (Section 4.12) c

rected for horizontal displacement (Section 4.13) might 

called the Displacement Pressure Prediction model. 

orthogonal model was developed from tests of obstructi

that were always perpendicular to the wind direction. 

imaginary equivalent obstruction plane could be used to re

sent the rotated obstruction block (Figure 4-61). This pla

has the same horizontal angle( ) of the actual obstruc

block and differs only in the fact that it always remains p

pendicular to the wind direction.

4.14.2.1 Premise of Wind 
Direction Analysis

The premise of my research at this stage was that the eq

lent orthogonal plane can mathematically substitute for 

actual obstruction block when the latter was not perpendic

W
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W
ind
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W
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Scenario II Scenario III

Orthogonal Configurations Scenario I
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to the wind direction. Thus, by simplifying the relationsh

between the obstruction block and instrumented model, 

mathematical model can use the orthogonal algorithm a

basis for wind direction effect prediction.

Figure 4-61 The equivalent 
obstruction retains the 
same horizontal angle.

4.14.2.2 Redefining the 
Angles

Based upon an approach of the equivalent obstruc

(Figure 4-61), the definition of the angles of obstruction (S

tion 4.6) will be measured from the equivalent rather than 

actual obstruction blocks. As a result, the vertical and d

placement angles of the Equivalent Obstruction Block (EO

are slightly different from those of the real obstruction bloc

Additional refinements will be discussed when the need ar

in the next sections.

4.14.3 Scenario I: 
Wind Direction 
Change with respect 
to both Model and 
Obstruction

In scenario I the windward obstruction block is parallel to t

instrumented model (Section 4.14.1). In this case, the w

flows onto both the shielding block and model at the sa

angle. 

Equivalent Obstruction

Actual Obstruction

Model

αh
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4.14.3.1 Experiment setup In the boundary layer wind tunnel, wind direction change w

achieved through the rotation of the models on the turnta

(Figure A-1). The following variables were tested (Figure

62):

• Three actual obstruction widths  (25, 61, and 86 cm)

• Four spacings ( ) between the model and the obstruc

block (2, 3, 4, and 6).

• Seven wind directions (Θ = 0°-180° in 15° intervals.)

Surface Pressure Coefficients were measured on two surf

on opposite sides of the model. One surface always faced

obstruction block while the opposite side never ‘saw’ the

block (Figure 4-62).

The total number of tested configurations was 12, tested u

seven (7) wind directions, and for two (2) surfaces (a tota

168 surfaces were measured). 

Figure 4-62 Experiment 
setup for scenario I.

Wo

Sm

Θ

w=25, 61, and 86 cm

Obstructed Side

Unobstructed Side

Sm = 2, 3,4, and 6
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4.14.3.2 Discussion of the 
Results

Figures 4-63 and 4-64 show the Pressure Coefficients (

and Pressure Modification Coefficients ( ) measured

the obstructed surface while Figures F-2 (a and b) 

Appendix F show  and  values presented in po

plots. 

Figure 4-63 Pressure 
coefficients variation with 
wind direction.
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Figure 4-64 Most of the 
variation in the value of 
Cpm occurs between 0°-60° 
and 140•-180•. 

In all figures, the graphs are divided into three sectio

Figure 4-63 shows that between wind directions 0˚ to 6

 values rapidly increased to peak in all tested configu

tions between 15˚-45˚. The variation of the Pressure Modifi

tion Coefficients in this sector of wind direction was due to 

shielding effect of the obstruction block and its location re

tive to the instrumented surface. Obstruction blocks with 

largest obstruction angles maintained the lowest  val

while smaller blocks produced the highest values of . 

Limited variation could be observed in the tested configu

tions for wind directions 60˚-140˚. The lack of variation ca

be attributed to the decrease in the values of both the hori

tal  and vertical angles  for the EOB with the rotation 

the wind beyond the 60˚ mark. This was true regardless of

size and distance of the block from the model (Figure 4-5
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The same was true for the unobstructed side or the side

which both  and  are equal to zero (Figures 4-66 and

2 c and d).

Figure 4-65 Pressure 
coefficients variation with 
wind direction 
(unobstructed side).

Figure 4-66 Except for few 
exceptions, the 
unobstructed side is not 
affected by the shielding 
block on the opposite side.
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When wind direction was , most of the me

sured surface pressures for the obstructed surface exce

those of an unshielded block i.e  (Figure 4-64 a

F-2 b). The reason for such an increase in  can be at

uted to the increase in pressure caused by the leeward obs

tion that obstructs the flow and directs it to the enclosed a

between the two blocks (Figure 4-67). The resulting press

ization is related to the width of the leeward block, with t

longest blocks causing higher pressure coefficients t

smaller ones (Figure 4-64).

Figure 4-67 Leeward 
blocks increase the pressure 
at the obstruction-facing 
surface.

The width of obstruction blocks does not affect the Press

Modification Coefficients  on the unobstructed side in 

wind directions except normal (Figure 4-66). At this win

direction, the wake of the long obstruction block (86 cm) ca

a long wake within which even the leeward side falls, th

reducing its pressure.

140
° Θ 180

°≤ ≤

Cpm 1.0>

Cpm

Θ = 180°

Cpm
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4.14.3.3 Redefining the   
Angles of Obstruction

As mentioned in Section 4.14.2.2, when rotating the obstr

tion block relative to the wind direction, some of the angles

description had to be modified. This modification was done

such a way that did not overrule the previous definitions 

rather encompassed the orthogonal model in the modified 

inition.

4.14.3.4 Corrected Dis-

placement Angle 

Based on the research premise discussed in Section 4.14.

horizontal angle remains the same after using an equiva

obstruction block within the SEZ’s 140˚ arc (Figure 4-68

However, on increasing the wind direction, more of t

obstruction block falls outside the SEZ and consequently 

value of  gets smaller than .

Figure 4-68 Modified 
angles of obstruction.

4.14.3.5 Corrected Dis-

placement Angle 

On the other hand, the definition of the displacement angle

on the equivalent obstruction block does not take into acco

the rotation of the obstruction block relative to the wind dire

tion. This rotation causes the wind to flow behind the shield

block and to flow parallel to the model. This in turn, results

αh corr( )

αh corr( ) αh

20.0°
αh

αh/2

αd(measured)

αh/2

W
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αd corr( )

αd
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further reducing the shielding effect as compared to 

orthogonal Obstruction block (Figure 4-69).

Figure 4-69 Wind flows 
behind rotated obstruction 
block raising surface 
pressure coefficients.

In order to estimate the pressure effect of this flow channe

around rotating obstruction block, the following correctio

was devised:

(4-14)

This correction should be used in calculating the Press

Modification coefficient correction  by replacin

 with  in Equation (4-13). The correction pro

vides the function in equation (4-13) with the accelera

growth in surface pressure brought about by the wind dir

tion change. The resulting correction in equation 4-14 d

not affect the orthogonal configurations since  will be eq

to zero.

4.14.3.6 Corrected Verti-

cal Angle 

In addition to the effect of the corrected , the vertical an

had to be corrected to account for the perceived reductio

height of the obstruction block (Figure 4-70). This effe

αd corrected( ) αd measured( ) αh 2⁄cos⋅=

Cpmαd corr( )

αd αd corrected( )

αd

αv corr( )

αd
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causes the vertical angle to appear to diminish with 

increase in wind direction as viewed from the instrumen

surface. 

Figure 4-70 The vertical 
angle appears to diminish 
with increase in wind 
direction relative to normal 
and displacement angle.

Because of the diminishing effect of the rotating obstruct

block, the Vertical Angle  has to be corrected to reflect 

perspective effect. This correction was determined by corr

ing the measured  based on the degree of displaceme

the obstruction block (Figure 4-70). The correction of the 

uses expressed as follows:

(4-15)

This correction should be used in the orthogonal mode

Equations 4-13 and (D-1), substituting either the calculated

Height of obstruction #2 appears
smaller than obstruction block #1

1

2

W
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d
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io

n

αd1 αd2

αd1<αd2

αv

αv

αv

αv corr( ) αv αd corr( )cos⋅=
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the
measured values of  by . The wind direction co

rected version of the orthogonal model is as follows29:

(4-16)

It should be noted that if  in the orthogonal mod

therefore , and consequently 

Figure 4-64 is a plot of  measured values of on 

shielded surface for all (12) tested configurations. Correct

both  and  as shown in Equations 4-14 and 4-15 w

found to suffice with an adjusted  equal to 0.96 for the fi

two parts of the curve i.e. ( ). At wind direction

, the obstruction block can not be seen with

the SEZ ( ). As a result,  values    alway

equals to 1.0.

4-29 Use the same equation coefficients of Equation (4-13).

4.14.3.7 Predicting Accel-
erated Effects

At Θ ( ), the wind-direction-corrected Pres

sure Shielding Modification Coefficient curve ( ) i

above unity. This pressurization is caused by redirecting 

wind to the obstruction-facing surface between the obstruc

block and the model and is proportional to the horizon

angle . As the obstruction block gets larger or closer, 

αv αv corr( )

CpmΘ Corr( )
C0

αh corr( )
2

------------------ 
 sin αv corr( )( )sin⋅ ⋅ +=

C1

αh corr( )
2

------------------ 
 

αv corr( )( )sin

cos⋅ +

C2 αv corr( )( )cos

αh corr( )
2

------------------ 
 sin

ln⋅

αdcos 0=

αd corr( )cos 1= αv corr( ) αv=

Cpm

αd αv

R
2

0
° Θ 140

°<≤

90
° Θ 140°<≤

αh 0°= CpmΘ corr( )

140° Θ 180°≤<

Cpmαd corr( )

αh
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he
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7. 

sur-
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ere

ore

EZ, 
catchment area of airflow is increased (Figure 4-67). T

expression that was derived to predict the pressure build

accounting of changes in wind direction is as follows:

When 

(4-17)

Where

Because of the way the simulation model is structured30, the

calculated value of  at  will

always equal 1.0, therefore equation 4-17 will be:

(4-18)

The resulting total fit of the data has an adjusted  value

0.96 and is represented in Appendix F in Figures F-2 to F-

It should be noted that the pressurization of the leeward 

face facing a downwind obstruction block occurs only wh

the obstruction block falls directly behind the instrument

surface. If the block is displaced relative to the surface, th

will be no pressurization at the surface and theref

 (Figure 4-71).

4-30 The model assumes that if the obstruction does not fall within the 140˚ S
the obstruction block has no shielding effect on the instrumented model.

140
° Θ 180

°<≤

CpmΘ corr( )
Cpmα corr( )

C+
1

αh 2⁄cos⋅

C2 Θcos⋅ C3 αh 2⁄cos( ) Θcos⋅+ +

=

C1 0.6364
C2

–
1.0530

C3

–
0.2610–

=
=
=

Cpmαd corr( )
140

° Θ< 180
°≤

CpmΘ corr( )
1.0 C+ 1 αh 2⁄cos⋅ C2 Θcos⋅+ +=

C3 αh 2⁄cos( ) Θcos⋅

R
2

CpmΘ corr( )
Cpmαd corr( )

=
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Figure 4-71 Pressurization 
of leeward surface depends 
on the relative position of 
the adjacent block and wind 
direction.

4.14.4 Scenario II: 
Wind Direction 
Change with respect 
to Model only

This set of experiments was designed to account for the ty

of urban layout in which the building of interest is not paral

to the surrounding buildings. Even though the mathemat

model thus far can substitute an obstruction block that is 

perpendicular to the wind direction with an equivale

obstruction31, the dynamic relationship between the wa

behind the obstruction block and the instrumented surf

makes it necessary to consider special corrections in these

cumstances.

4-31 Section 4.14.2.

4.14.4.1 Experiment Setup The second scenario was envisaged to contain a non-pa

model-to-obstruction relationship. However, in this configu

tion, the wind changes its direction with respect to the ins

mented model only in 15˚ increments while the obstruct

block remains perpendicular to all wind directions. An ad

tional obstruction block (200 cm) was tested to simulate

infinitely long obstruction of which no edges could be ‘seen’

W
in

d 
D

ire
ct

io
n

Q
 =

18
0

°

a b

Instrumented Surfaces
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within the 140˚ viewing Shielding Effectiveness Zon

(SEZ)32. The following is a description of the tested variabl

in this set of experiments:

• Four obstruction widths (25, 61, 86, and 200) were teste

• For all obstruction widths except the 200 cm block, fi

spacings between the obstruction block and the ins

mented model (2, 3, 4, 6, and 8) were tested. The 200

block was tested under 9 spacings (2-10 in intervals o

Spacings).

• Due to the asymmetry of this setup (Figure 4-72), 13 w

directions were tested for each configuration (0˚-180˚

15˚ intervals).

The resulting total number of tested configurations was 31

(624 surfaces). 

4-32 The cross section width of the wind tunnel is approximately 210 cm, thus
200 cm wide obstruction entirely blocks the flow of air around its sides. 

Figure 4-72 Experiment 
setup for scenario II

4.14.4.2 Discussion of the 
Results

Graphs demonstrating the effect of changing the wind dir

tion on the surface pressure coefficients ( ) and Pres

Θ

w=25, 61, 86 , and 200 cm

Obstructed Side

Unobstructed Side

S=2–10*

*3, 5, 7, 9 Additional spacing (S) for obstruction width = 200 cm only

Cp
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Modification Coefficients ( ) are documented 

Appendix F (Figure F-10).

Similar to scenario I (Section 4.14.3), all curves represen

the Surface Pressure Coefficients ( ) demonstrate the s

behavior in terms of being composed of two parts (Figure

73). However, the following is observed:

• Unlike Scenario I, the separation points between the 

parts do not always fall at 140˚ wind direction (Figure 

73). Instead, it varies with the horizontal angle of view 

(Figures 4-74 to 4-81). The point separating the two cur

coincides with the point where the obstruction block can

longer be seen within the Shielding Effectiveness zo

This is true for values of horizontal angle .

• Branching out from the above observation, the right par

the curve ( ) is affected by the spacing rather th

by angles of view since  -according to the definitio

equals to zero.

•  at the left part of the curve however, is a function 

the shielding effect as well as of the wind direction. 

• The infinitely long obstruction (200 cm) demonstrates si

ilar two-part behavior at spacings 6-10 (Figures 4-80 and

81). However, at small spacings (2-5), the curve is mu

flatter and the two sections of the graphs were hardly dis

guishable. This can be explained by the lack of airfl

from the sides. This in turn, prevents the wake from dim

ishing by forcing the air to flow only over the top of th

obstruction model. The result is a much larger wake zo

behind the infinitely long obstruction.

Cpm

Cp

αh

0° α≤ h 10°≤

αh 10°=

αh

Cpm
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Figure 4-73 The Pressure 
coefficients lines in 
Scenario II consist of two 
parts.

Figure 4-74 Effect of 
changing the wind direction 
on  for a 25 cm wide 
obstruction block.
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Figure 4-75 Effect of 
changing the wind direction 
on  for a 25 cm wide 
obstruction block.

Because of the small width of the 25 cm obstruction blo

variation in the spacing affects the values of the Press

Coefficients ( ) only between 0˚-60˚. Beyond this win

direction range, measured  almost coincides with the un

structed block. However, Figure 4-75 shows that the 

graph demonstrates a need for correction at wind direction≥

105˚. The 105˚ wind direction corresponds to the aver

wind direction after which the obstruction is no longer visibl
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Figure 4-76 Effect of 
changing the wind direction 
on  for a 61 cm wide 
obstruction block.

Figure 4-77 Effect of 
changing the wind direction 
on  for a 61 cm wide 
obstruction block.
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Figure 4-78 Effect of 
changing the wind direction 
on  for a 86 cm wide 
obstruction block.

Figure 4-79 Effect of 
changing the wind direction 
on  for a 86 cm wide 
obstruction block.

With longer obstruction widths (61 and 86 cm), the differen

between the unobstructed  value and the shielded mod

the 0˚-90˚ range can be largely explained by the orthogo

model (Figures 4-76 and 4-78). However, a slight correct

was needed to account for the depressurization caused b

obstruction block (Figures 4-77 and 4-79). When compa

with the unobstructed block, and to a lesser extent, the 25
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wide block, it is evident that the correction is dependent on

wind direction ( ) and the visibility of the obstruction block

Figure 4-80 Effect of 
changing the vertical 
Spacing of a 200 cm wide 
obstruction block.

Figure 4-81 Effect of 
changing the wind direction 
on  for a 200 cm wide 
obstruction block.

The infinitely long obstruction blocks (200 cm wide) a

found to behave in a similar fashion to the smaller wid

Θ

    

B
B

B
B

B B B
B

B
B B B B

J
J J

J J J J
J J J

J J J

H H H H H H H H H H H H H

F F F F F F
F F F F F F F

M M M
M

M

M

M

M
M

M
M M M

-1.4

-1.2

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

0 15 30 45 60 75 90 105120 135150165180

S
ur

fa
ce

 P
re

ss
ur

e 
C

oe
ffi

ci
en

t (
C

p)

Wind Direction (°)

B 200-2

J 200-3

H 200-4

F 200-5

200-6

200-7

200-8

200-9

M 200-10

Unobstructed

Measured Surface Pressure Coefficients

Obstruction Width = 200 cm

Cp

   

B B
B B

B

B

B

B

B

B B
B

B

J J
J

J

J

J

J

J

J

J J

J

J

H H
H

H

H

H

H

H
H

H
H

H

H

F F
F

F

F

F

F

F
F

F
F

F

F

M M
M

M

M

M

M
M

M

M M
M

M

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 15 30 45 60 75 90 105120135150 165180

P
re

ss
ur

e 
S

hi
el

di
ng

 M
od

ifi
ca

tio
n 

C
oe

ffi
ci

en
t (

C
pm

)

Wind Direction (°)

B 200-2

J 200-3

H 200-4

F 200-5

200-6

200-7

200-8

200-9

M 200-10

Measured Surface Pressure Shielding Modification Coefficients

Obstruction Width = 200 cm
132



Chapter 4

arge

ived

ck

s of

en

and

II

tion 
except that the curves were much flatter because of the l

wake bubble formed behind the obstruction block.

Based on the above discussion, two formulæ were der

based on the horizontal visibility of the obstruction blo

( ). The purpose of these functions is to correct the value

predicted Pressure Modification Coefficients  wh

the geometric relationship between the obstruction block 

the instrumented model resembles those of Scenario 33.

These relationships were organized in the following order:

4-33 Non-orthogonal relationship between the instrumented model and obstruc
block.

4.14.4.3 Scenario II Func-
tions

When;

Therefore;

αh

Cpmαd corr( )

TABLE 4-5 Scenario II Functions 

Obstruction Visibility Formula

Equation 4-19

Equation 4-20

αh 10°>

αh 10°≤

αh 10
°>
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(4-19)

Where

When;

Therefore;

(4-20)

CpmΘ corr( )
=

Cpmαd corr( )
C1 1 Θcos–( ) +⋅+

C2 1 Θcos–( )
αh

2
------sin⋅ ⋅ +

C3 1 Θcos–( ) αvsin⋅[ ] 2⋅ +

C4 1 Θcos–( ) αdsin⋅[ ] 3⋅ +

C5 Θsin
αh

2
------sin⋅ 

 
3

⋅ +

C6 1 Θcos–( )
αh

2
------sin⋅

3
⋅ +

C7 Θsin αvsin⋅( )3⋅ +

C8

αh

2
------sin αvsin αdsin Θsin⋅ ⋅ ⋅ ⋅

C1 0.2496= C2 0.7224=

C3 7.1652= C4 0.2397–=

C5 0.8735–= C6 3.5514–=

C7 9.6–= C8 4.618–=

αh 10
°≤

CpmΘ corr( )
C1 RadiansΘ( )⋅ +=

C2 Θsin So⋅ ⋅ +

C3 Θsin So⋅( )2⋅
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Where

The result of these corrections is a data correlation fit of

adjusted  for the left part of the curve while th

right side function has an adjusted . A comparis

between the measured and predicted values of Pressure 

ficients are presented in Appendix F, Figures F-9 to F-12. 

4.15 Multiple 
Obstructions 

So far all the experiments and functions were based on a

gle obstruction block. In this set of tests the objective was

identify the shielding effects of multiple obstruction blocks.

4.15.1 The Premise of 
the Experiments

The shielding effect of a group of obstruction blocks could

estimated based on averaging the shielding of the individ

component blocks of the group and the gaps between

obstruction blocks. 

4.15.2  Experiment 
Setup

In order to test the effect of the multiple obstruction bloc

two identical and horizontally aligned obstruction blocks we

located parallel to the instrumented model (Figure 4-82). T

relationship between these two blocks and the instrumen

was varied to analyze the effect of the variables listed in Ta

4-6.

C1 0.3179=

C2 0.113=

C3 0.0064–=

R
2

0.92=

R
2

0.98=
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 fol-
Figure 4-82 Setup of 
experiment. The drawing 
shows the studied variables.

The shielding effect was analyzed based upon varying the

lowing parameters:

TABLE 4-6 Tested Variables in the Multiple Obstruction 
Block Configuration  

Description of the Variables Variation (#)

• The gap between the obstructions blocks
(g).

12.5, 25, and 37.5 cm 
(4).

• Spacing between the obstruction blocks
and the instrumented model (So). 2, 3, and 4 (3).

• Horizontal shift (d). This was performed
for one spacing only (2).

Three shift configura-
tions were tested. See 
Figure 4-83.

• Wind Directions (Θ). 0˚-90˚ in 15˚ intervals 
(7).

g

So

Horizontal Shift (d)

W
in

d
 D

ir
e

ct
io

n

Θ = 0˚-90˚

g = Gap

So = Obstruction Spacing
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Figure 4-83 The tested 
three shift positions.

The resulting total number of conducted tests was 105.

4.15.3 The Results Figures 4-84 to 4-87 show the various test results presente

comparative form to show the effect of each variable ver

wind direction on the average surface pressure coefficie

( ). Each figure contains three smaller figures that sho

third variable. In each of the small figures, a fourth variable

represented by three curves. Data representing the Pre

Modification Coefficient ( ) are similarly presented i

Appendix G  (Figure G-3 ).

In general, the larger the gap, the higher the surface press

When the gap is wide enough, the airflow between 

obstruction blocks causes the  values to equal those o

unobstructed surface. This observation agrees with the con

sion of Chand et al (Ref. 50). However, the gap width is no

the operative factor in increasing the value of the measu

. In analyzing the data, it was found that with large g

widths, the obstruction blocks tend to be further apart. This

turn, reduces the shielding effect of each obstruction blo

The value of  for the multiple obstruction was similar 

that of the block at a closer distance to the instrumented 

Shift 1 Shift 2 Shift 3

Cp

Cpm

Cp

Cp

Cp
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 that

 the

tive

ich
face regardless of the gap width (Figure G-4 ). This means

the effect of the gap is a function of its separation between

obstruction blocks. Therefore, the location of the gap rela

to the instrumented surface should be the variable by wh

the gap effect is determined.
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Figure 4-84 Effect of 
changing spacing (So) and 
gap width (g).
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Figure 4-85 Effect of 
changing gap width (g) 
and spacing (So).
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Figure 4-86 Effect of 
changing displacement (d) 
and gap width (g).
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Figure 4-87 Effect of 
changing gap width (g) 
and displacement (d).

Figures G-2.1.-G-2.15 in Appendix G represent the profiles

the Pressure Modification Coefficients  values distribu

alongside the obstructed and unobstructed surfaces. The
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files are plotted for each wind direction for each of the 1

tested configurations. 

4.15.4 Discussion of 
the Results

The averaging of the obstruction blocks within the Shieldi

Effectiveness Zone (SEZ) could be achieved by one of 

methods; 

The first method establishes an average shielding block re

senting all existing blocks within the SEZ, and then calcula

the Pressure Modification Coefficients . The proble

with this approach is that the prediction model already u

equivalent obstruction blocks in estimating individual blo

shielding effects with respect to changes in wind direction (

section 4.14.2). The multiple steps needed to determine

equivalent obstruction block geometry and the result

shielding will have very little to do with the actual layout an

geometry of the obstruction blocks. 

The second method calculates the  value for each indi

ual block, and then averages the coefficients rather than

dimensions of the obstruction block. The problem with th

approach is that the averaging is not linear, i.e. the obta

 values do not correspond well to the arithmetic avera

of individual values of . However, the author found th

the geometric average of the  values might be correc

using the relative location of the gaps between the obstruc

blocks. This means that a block that is located in front of 

instrumented model, relative to the wind direction, has 

largest effect. In addition, the more perpendicular the gap

the instrumented surface, the higher the corresponding 

Cpm

Cpm

Cpm

Cpm

Cpm

Cpm
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These gaps tend to offset the shielding effect of the obst

tion blocks by increasing the surface pressures. Correcting

these factors results in a prediction model that is not only s

sitive to the relative location of each obstruction block to t

surface but also to the gaps in between.

4.15.5 The Gap Rule The gap in the mathematical model is defined as the sp

between and around the obstruction blocks within the Shie

ing Effectiveness Zone (140° windward arc). If the gap exists

between two objects, but part of it lies outside the 140° arc,

then only the part of the gap that lies within the SEZ is cons

ered (Figure 4-88). 

Figure G-4 in Appendix G  shows a comparison between 

 measured behind the two obstruction blocks and the 

dicted  value of each of the individual blocks. In a

cases, the combined shielding did not equal the avera34

shielding of the individual blocks. The analysis of Figure G

showed that it was necessary to add an element in the fun

that represents the gap between the blocks. To take the

into account in the determination of the weighted avera

Pressure Modification Coefficient, the gap should be de

with as an object of zero height (Figure 4-88). This means 

the displacement angle of the gap should be measured u

the same definition that is used for measuring obstruc

blocks.

4-34 Arithmetic or geometric.

Cpm

Cpm
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Figure 4-88 The Gaps are 
the spaces between the 
obstruction blocks and lie 
within the SEZ.

Since the gap is a void, the gap rule is a location funct

rather than a function that denotes the magnitude of an ef

This means that only the location of the gap relative to 

instrumented surface is accounted for in the derived relat

ship. 

4.15.6 Deriving the 
Function

The fitting function was derived using a nonlinear regress

routine to determine the power to which each variable w

raised (Equation 4-21). The general form of the relations

is:

(4-21)

The First part of the right side of the equation deals with 

averaging of the effects of the individual shielding blocks (d

cussed in section 4.15.3). The second part, was added to

into account the effect of the location of the gaps betwe

obstruction blocks (section 4.15.5). The resulting formula w

as follows;

αdg 2

αhg 2

Gap 2Gap 1

Gap 3SEZ

Cpmmultiple
Cpmi

( )
k1( ) n⁄ αd gapi( )cos( )k2

n
---------------------------------------∑+∏=
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(4-22)

Where;

and;

Cpmmultiple
Cpm1

Cpm2
⋅ …( )

k1 +=

C1

αdgap1

cos αdgap2

cos …+ +

n
------------------------------------------------------------------

 
 
 

k2

+

C2

αdgap1

cos αdgap2

cos …+ +

m
------------------------------------------------------------------

 
 
 

2 k⋅ 2

Cpmmultiple
Pressure Modification Coefficient of=

multiple objects

Cpmi
Predicted corrected individual Pressure=

Modification Coefficient

CpmΘ corr( )
=

αdgapn

Displacement angle of Gap=

n Number of adjacent blocks seen by the surface=

m Numbe of visible gaps within SEZ=

i 1 2,=

C1 0.481=

C2 0.5874–=

k1 1.0907=

k2 1.8738=
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Figure 4-89 Comparison between measured and predicted values of a. (Figure G-5 shows the comparison 

between the measured and predicted values of ) .
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a. For the description of the variables in the left margin of the graphs, refer to TABLE 4-6 .

It should be noted that there are many visible obstruct

blocks whose shielding is small or negligible, i.

, the resulting  will be exaggerate

when applying Equation (4-22). Such blocks should not 

included in the equation. Similarly, on analyzing surface pr

sures above those obtained from unshielded surfaces whe

wind direction exceeds 140˚, the value of calculat

 was higher than 1.0. As a result, the blocks that f

fill the following condition are not to be included in the Equ

tion (4-22):

(4-23)

Figure 4-89 shows the comparison between the predicted

the measured values of the multiple obstruction funct

Legend: 

Figure 4-89 Comparison between measured and predicted values of a. (Figure G-5 shows the comparison

between the measured and predicted values of ) (Continued).
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. In general, the prediction fits the measured data with

adjusted correlation coefficient . 

4.16 Complex 
Instrumented 
Models

This part deals with the estimation of  values for comp

building forms. These include L, U, Z-shaped building 

which wall surfaces may be shielded from the wind by the r

of the building. In these cases, only the obstruction build

blocks that are seen from the surface of interest are consid

(Figure 4-90). This case is similar to situations where 

obstruction block is not fully visible from the mid point of th

surface of a simple rectangular model (Figure 4-91). In eit

case, only the obstruction blocks located within the visi

portion of the shielding effectiveness zone are included in 

model.

The major difference between the simple and complex mo

forms, however, is that each has a different value of m

unobstructed Pressure Coefficient ( ). As a res

the denominator in equation (4-3) for the L-shaped model,

example, will reflect the effect of the self-shielding o

 values35 (Figure 4-92).

4-35 For a full description of the sources of pressure data of unobstructed bloc
refer to Section 5.6, page 197.

Cpm

R
2

0.95=

Cpm

CpUnshielded

CpUnshielded
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Figure 4-90 Self-shielding 
should be treated as an 
obstruction block.

Figure 4-91 Self-shielding 
of the instrumented model.

The consequence of this suggestion is that surface press

coefficients ( ) of a rectangular model will be different th

those for an L-shaped model when identical conditions ex

This occurs despite the fact that there is no difference in

value of predicted Pressure Modification Coefficient ( )

either configuration. 

Θ˚

Equivalent Obstruction I

Equivalent Obstruction II

Surface

(Not included in model)

20˚

Wind Direction Θ

20˚

Cp

Cpm
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Figure 4-92 Surface 
pressures on L-shaped 
building, Sources: Ernest 
(Ref. 74).

4.17 Verification 
of the Model 

In this section the Pressure Modification Coefficient (

model was subjected to verification in two stages. First,

compare the predicted pressure coefficients values to alre

obtained values from previous research projects and; sec

to verify the mathematical model with pressure modificati

coefficients obtained by testing a realistic model of a hy

thetical urban area. This model is described fully in Sect

4.17.4 and used in the example discussed in Appendix H .

4.17.1 Wiren’s 
Experiments

Wiren’s earlier experiments at the National Swedish Institute

for Building Research (Ref. 227) were used to verify the 

model. These experiments investigated the wind pressure

tribution of a model of a typical Swedish house with doub

pitched (gable) roof under various shielding configuratio

The studied variables were the number of surrounding bu

ing rows (1, 2, and 3), and the spacing between the surro

ing buildings as well as between the surroundings blocks 

the model (1, 1.5, 2, and 3 spacings). These experiments

illustrated in Figures 4-93 and 4-96.

0˚ -90˚90˚

C
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Wind Direction
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4.17.2 Wiren’s Single 
obstruction 
Experiments 

The most basic configuration in Wiren’s experiments was 

single windward obstruction (Figure 4-93). His pressure co

ficients for the four surfaces were then compared to an un

structed model (A00). This setup was used to verify the ba

orthogonal mathematical prediction model.

The variables in this set of experiments began with variat

of the spacings of the windward block from the model (Ta

4-7). Both model and obstruction block were centered, thus

displacement was considered. Second, seven wind direct

0˚-90˚, in 15˚ intervals were tested obtaining pressure coe

cients for the four model surfaces.

4.17.2.1 Description The mathematical model for a single obstruction (sect

4.14.2) was used to estimate the average pressure coeffic

on both facade and gable end walls.

Figure 4-93 Wiren’s single 
obstruction experiments.

 

Wind Direction

Facade

Gable

TABLE 4-7  Wiren’s Single Obstruction Configurations

Configuration A10 A20 A30 A40

a/l 1 1.5 2 3
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4.17.2.2 Results and Dis-
cussion

The following section discusses the results of predicting 

surface pressures on four model surfaces and explains

results for each of the configurations.

Figure 4-94 Comparison 
between the prediction 
model and Wiren’s results.

Figure 4-94 shows four graphs of the model predicting av

age Pressure Coefficients  on the facade and gable

walls for both windward and leeward directions and compa

the results with the measured data36. This comparison shows a

good agreement on the windward facade wall (top left cor

of Figure 4-94). 

However, the measured values for the leeward side of 

facade wall (top right corner of Figure 4-94) show an inve

4-36 The measured data was extracted from a scanned copy of a graph in the 
(Ref. 227) using dataThief© 2.0b by Kees Huyser and Jan Van der Laan.
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effect between the spacing of the obstruction building blo

and the average surface pressures between 0˚-15˚. This r

could not be predicted by the pressure shielding model as

unobstructed side (leeward side) did not see the obstruc

block at any of the relative positions at any wind directio

Thus, no effect was predicted and the resulting values c

cided with those of the unobstructed model. In fact, this p

nomenon was not encountered while testing the configurat

in The Effect of Changing Wind Direction (Section 4.14.3)

where very little variation occurred in the pressure coefficie

on the unobstructed side between 0˚-15˚. When the w

directions is greater than 30˚, the prediction fits the measu

results well. The disagreement (between 0˚ and 15˚) can

explained by the following; at wind directions normal or clo

to normal to the surface under consideration, the wake size

Wiren’s experiments were larger than those generated by

this experiment’s simple cubical model used for deriving t

mathematical relationships. Evans’ experiments (Ref. 79)

the size and extend of the wake behind various block sizes

configurations showed that double-pitched roofs tend to cre

longer wakes (maximum 35% longer wake37) than those gen-

erated behind blocks with flat roofs. As a result, Wiren

instrumented model at this wind direction was within the wa

of upwind block, preventing it from fully developing its ow

wake, and consequently increasing the surface press

above those of the unobstructed model.

4-37 The study that was conducted on various building geometries, roof shape
showed that the wake length of a 1:2 roof slope increased the by about 35%
ative to the flat roof, however this increase was inversely correlated with bu
ing lengths 
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At wind directions , the instrumented model falls ou

side the generated wake, thus remaining virtually unshiel

by the obstruction block. The result in this range is well p

dicted by the model and both the measured and predi

 values coincide with the unobstructed block.

In the other two walls (gable walls), the prediction model fa

short by overestimating the shielding effects when the win

parallel or near parallel (0˚-15˚) to the surface under invest

tion38. The probable reason for this discrepancy is that 

model assumes no shielding is taking effect since the fac

cannot ‘see’ the obstruction block. As a result, predicted va

ues of  equal those obtained from the unshielded confi

ration (Figure 4-94). Similar to the case on the leeward s

the wake generated by the windward block engulfs the s

parallel to the wind direction. Consequently, the value of 

is increased by the elimination of the separation zone at

windward corner of the block (Figure 4-95).

4-38 At wind direction 0˚, the gable wall is actually at 90˚ relative to the wind 
direction. In Chapter 5, this issue will be thoroughly discussed.

Θ 30°≥

Cpav

Cpav

Cpav
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Figure 4-95 The average 
pressure coefficients at the 
gable wall is lower when 
unobstructed than when 
shielded.

4.17.3 Wiren’s 
Multiple Obstructions

The second part of the verification of the mathematical mo

was to investigate the applicability of the functions to a co

plex layout similar to those conducted in Wiren’s Experime

(Ref. 226). In addition to the orthogonal function, the corre

tion for displacement, wind direction, and effect of multip

obstruction blocks and gaps were also included for the de

mination of surface pressure coefficients of a model amidst

tested urban setting (Figure 4-96).

4.17.3.1 Description The number of tested configurations was three correspon

to three rows of obstruction blocks (H11, H12, H13) as sho

in Figure 4-97. Only one spacing (a/l = 2)39 was compared to

the prediction model (Figure 4-96). 

4-39 Refer to Table 4-7 for tested configurations.

(-) (-)

a b
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Figure 4-96 Wiren multiple 
blocks grid-iron 
configuration.

Figure 4-97 Wiren’s grid-
iron layout and spacing.

a/l=b/l

TABLE 4-8 Wiren’s Multiple Obstruction Configurations

Configuration H11 H12 H13

a/l=b/l 1 1.5 2
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Figure 4-98 Comparison 
between the prediction 
model and Wiren’s results.

4.17.3.2 Discussion of 
Results

Figure 4-98 shows a comparison between the measured va

of  when 48 adjacent obstruction blocks surround 

instrumented model. The following can be observed from 

comparison:

• The predicted values of  at the windward facade s

face (top left corner Figure 4-98) fit the measured cu

except at the 0˚-15˚ wind directions. This is true for 

tested configurations except for the single row configu

tion (H11). The reason for the discrepancy is the inher

problem of the multiple effect function (equation 4-2

where the averaging of a large number of obstruct
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blocks with high modification coefficients ( )

tend to favor the high values and produce slightly exagg

ated values of .

• The predicted  values for leeward side (top right c

ner Figure 4-98) show a good fit from 0˚-30˚ as a resul

the correction for pressurization effect analyzed in Sect

4.14.3. However, at wind directions ≥ 45˚, the model does

not account for any shielding by obstruction blocks the s

face does not see.

• The predicted values of the  at the gable walls (bott

two graphs of Figure 4-98) demonstrates similar behav

to those calculated for the single obstruction, with t

exception of the leeward gable side at wind direction ab

60˚, where the pressurization correction reduces the shi

ing effect40.

4-40 Increased the value of the Pressure Modification Coefficients.

4.17.4 The Realistic 
Model

The intention of this section is to demonstrate the ability of 

mathematical (PMC) model to predict surface pressures

buildings located at complex urban layouts. The tested lay

did not represent an actual site, but attempted to include 

eral geometric and spatial complexities that might not 

occur in one site. The result was a simple rectangular mo

with its four wall surfaces facing different quadrants of a co

plex hypothetical urban layout (Figure 4-99).

The surface pressures were measured in boundary condi

similar to those of a small town or a suburban setting (Table

1). 

Cpm 1.0≈

Cpav

Cpav

Cpav
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4.17.4.1 Description The instrumented model was constructed out of transpa

2mm thick plexiglass measuring  mm

(Figure 4-100). Two adjacent surfaces of the model w

rigged with 24 pressure taps connected to the data acquis

system described in Section A.2 in Appendix A. In order

measure the surface pressures on the other two sides

model was rotated 180˚. Finally, to take into account 

change of wind direction, the whole layout setup (model a

surroundings) was rotated from 0˚-360˚ at 10˚ intervals.

The surrounding obstructions were made of extruded poly

rene blocks of different heights and located at different d

tances from the instrumented model. In addition, two of 

obstruction blocks were not parallel to the instrumented mo

and positioned on the northwestern quadrant of the site. A

of obstructions made up of three blocks of different heig

and positions relative to the instrumented model was loca

on the east side of the site.

200 100 98××
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Figure 4-99 Plan of the 
complex layout model.

Figure 4-100 Instrumented 
model used in the complex 
layout experiments.

N
Θ = 0˚-360˚

0510 10 20 cm

Instrumented Model

1

2 3

4 5
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Figure 4-101 View from the 
southwest corner of the 
tested model and the 
surrounding blocks.

4.17.4.2 Difference from 
Other Physical Models

The difference between this configuration and most of the p

vious studies lies in the level of complexity in both the geom

try of the obstruction blocks and the relationship between 

instrumented and the surrounding blocks. The major f

areas of difference are as follows:

4.17.4.2.1 Non-parallel Obstruction Bloc ks

Two blocks (9 and 10) were chosen to represent this geom

configuration. The two blocks were located to the northwes

the model site (Figure 4-99).
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4.17.4.2.2 Comple x Obstruction Model

An obstruction block that was made up of three simple cu

blocks (7a, b, and c) was located at the northeastern side o

model facing the east side. These three blocks varied in sh

height, and relation to the surfaces from which they could

seen.

4.17.4.2.3 Partiall y Hid den Obstruction Bloc ks

The model contained two categories of partially visib

obstruction blocks. The first category was when an obstruc

block could be seen over a relatively shorter block 

. An example of this was posi

tioned behind the non-parallel obstruction block and the co

plex obstruction block (10 and 7c). The second categ

occurred when a long obstruction block was located beh

shorter one and parts of it were still visibl

( ). Such conditions were included

in the model on the western side of the site (11).

4.17.4.3 Results Following the steps explained in Chapter 5, the predicted 

ues were compared to the measured Pressure Coefficient

in Figures 4-102 to 4-105.

αvback block αv front block>

αv back block αv front block>

Cp
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Figure 4-102 Comparison 
between predicted and 
measured values of  on 
the North side of the model.

Cp
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Figure 4-103 Comparison 
between predicted and 
measured values of  on 
the South side of the model

Cp
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Figure 4-104 Comparison 
between predicted and 
measured values of  on 
the East side of the model.

Cp
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Figure 4-105 Comparison 
between predicted and 
measured values of  on 
the West side of the model.

4.17.4.4 Discussion In general, the predicted values are close to the measured

However, there are some exceptions where the pressure

diction model fell short:

Figure 4-102 shows a comparison between the predicted, m

sured and unobstructed values of  on the north surfac

Cp
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the instrumented model. In wind directions between 330˚-1

the prediction model overestimates the pressure coefficie

The high value of  could be attributed to the gap loca

upwind which in the mathematical model tends to increase

value of . However, the orientation of obstru

tion block (9) in relation to the instrumented model chann

the flow and shifts the wake towards the north surface.

Figure 4-102 shows that between 70˚-125˚ the mathema

model underestimates  values. The same can be obse

in Figure 4-104 (110˚-150˚). In both cases, the pressuriza

is caused by airflow through gaps that could not be seen f

the surface under investigation.

4.18 Conclusions A mathematical model has been developed for the predic

of surface pressure coefficients in a shielded environment. 

model uses three angles of description for the individ

obstruction blocks relative to surface for which pressure is

be estimated. A number of corrections were added to the fu

tion to account for building geometric relationships other th

orthogonal symmetrical configurations.

Wind direction affects airflow around buildings in such a w

that the generated wakes are shifted either towards or a

from the surface in question. These effects are found to

influenced by the relationship between the obstruction bl

and the model, wind direction, and whether the obstruct

block could be visible to the surface under consideration. L

ward blocks affect the surface pressures of the surfaces fa

Cp

Cpm multiple( )

Cp
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them by increasing the pressures as a result of airflow di

sion into the wake of the instrumented model. 

The effect of multiple obstructions is estimated based on 

geometric averaging of the shielding effect of the individu

blocks. Passageways or gaps between the obstruction b

increase the surface pressures as a function of their loca

relative to the instrumented surface. 

An arc of 140˚ around the axis formed by the wind directi

striking the surface is found to be the limit beyond which m

obstruction blocks do not affect the surface pressures.

The verification of the model using Wiren’s experimen

results shows that the proposed procedure produces a go

to data obtained from some of his experiments. This despit

Wiren’s use of gable-roof models for both instrumented a

surrounding blocks instead of the flat-roof models used

deriving the mathematical model. 

When the mathematical model was tested against a mode

hypothetical urban setting that contained complex build

configurations, multiple gaps and building relationships, a

various block heights, a reasonable fit was produced. This 

true except for wind directions where the gaps between 

surrounding blocks channeled the air causing press

increases even on surfaces from which these gaps could n

seen. Another effect, a shifting of wake could not be fu

described or predicted by the mathematical model, resultin

predicted surface pressure values higher than those obta

from the tests.
169



Chapter 4

ore

uts,

t of

face

was

ings
In many ways the gap effects in the verification are m

extreme than would normally be encountered in urban layo

where there are more obstructions beyond the gaps.

In general, the proposed model was found to predict mos

the possible relationships between the instrumented sur

and the obstruction blocks. This meant that the model 

flexible enough to predict surface pressures in urban sett

unrestricted by a pre-tested layout.
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5.1 Introduction This Chapter deals with developing the tools for predicting 

surface pressures of shielded buildings. This determina

follows the mathematical relationships discussed in Chapte

The tools include methods for describing obstruction blocks

the form needed by the mathematical model. In addition

method for predicting local wind speeds from weather stat

data is described.

The second part of the chapter deals with the integration of

Pressure Prediction Model (PPM) with the Indoor Ventilati

Coefficient (IVC) Model developed by Ernest (Ref. 74). T

IVC model uses pressure coefficient values and local w

speeds to predict indoor air velocities, turbulence, as wel

other descriptives of indoor airflow.

Figure 5-1 shows how the PPM, IVC, and SITECLIMATE a

combined in this chapter to produce a method for predict

indoor air velocities of shielded buildings using wind da

obtained at remote stations. This model is called the Ind

Velocity Model (IVM). 
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Figure 5-1 The Different 
phases of the Indoor 
Velocity Model (IVM).

5.2 Application of 
Pressure 
Modification 
Coefficient Method

Natural ventilation is predicted by the Pressure Modificat

Coefficient Method (PMC) through the following steps:

• Obtain Surface pressure data for an unobstructed surfac

• Calculate the pressures for wind directions other than p

pendicular to the surface.

• Determine the angles describing the individual obstruct

blocks visible to the surface under consideration.

• For the surface under consideration, calculate the pres

modification coefficients of the visible individual obstruc

tion blocks.

Unobstructed
Surface Pressures

Pressure Prediction
Model (PPM)

Indoor Velocity
Coefficient (IVC) Model

Complex
Shapes

Rectangular
Shapes

Pressure Modification
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• Calculate surface pressures using the pressure modifica

coefficients and the pressure coefficients of the wind-dir

tion-coincident unobstructed surfaces.

• Use the calculated pressure values at the different surf

to predict indoor air velocities using the IVC model deve

oped by Ernest (briefly discussed in Section 5.8).

5.3 Inputting 
Model Description 
Variables

The research thus far has concentrated on the geometric 

ables from which the mathematical functions were deriv

(i.e. , , , and ). These angles represent a st

description of the relationship between the obstruction blo

and the surface for which the pressure is calculated. On ch

ing the wind direction, these angles have to be re-measure

recalculated to account for the newly created geometric r

tionships between the blocks and the model. This process 

ously complicates implementation of the mathematical mod

To simplify the input to the mathematical model, a univer

system of obstruction description was developed that u

polar coordinates to describe the individual obstruction blo

and the gaps in between them. A similar system was use

Taylor et al (Ref. 208) to describe windward obstructio

blocks. The advantages of using polar coordinates over

using cartesian angles of description were as follows:

• The polar coordinates are measured once. The change

the geometric relationships caused by the wind direct

changes are calculated from the same coordinates.

• The polar coordinates of the visible corners of the obstr

tion blocks are easier to measure, whether from plans o

site specially when large number of wind directions a

involved.

αh αv αd αdg
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5.3.1 Conventions In order to use a single function for calculating the angles

description, a standard convention for measuring the p

coordinates was established (Figure 5-2). 

Figure 5-2 Using the polar 
coordinates as basis for 
describing obstruction 
blocks.

In the proposed polar coordinate system, the radial distanc(r)

is measured in terms of the obstruction spacings1 ( ) from

the center of the surface to the outermost visible corner of

obstruction block. If a corner of is obscured by anoth

obstruction block, the furthest visible point of the surface c

be used instead (Figure 5-3). The polar angular coordinate(λ)

is measured from a line perpendicular to the surface of 

model (polar axis). As a convention, any angle left of the ax

is negative while on the right is positive (Figure 5-2).

5-1 Distance of obstruction block expressed in terms of its height, for more det
refer to the definition in Section 4.6.2.4, page 66.
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λ2b

λ1b Pt.1b

Pt.2b
−λ2a

−λ1a

P
ol

ar
 A

xi
s

-Θ +Θa

b
Pt.1a

Pt.2a

r1a
r2a

r1b r2b

So
175



 

Chapter 5

    

rdi-

ro-

the

he-

 to

sur-

tion

ce

oor-

face

yer

 is

eft,

.3.3

ri-
Figure 5-3 Polar 
coordinates for an 
obstruction block with one 
corner not visible from 
surface in question.

5.3.2 Graphically 
Determining Angles 
of Obstruction Blocks

A special protractor was devised to measure the polar coo

nates of the visible corners of obstructing buildings. This p

tractor can either be used directly for measuring 

coordinates, as will be shown in this section, or for the mat

matical derivation of the obstruction angles (equations 5-7

5-20). 

The protractor consists of two layers and a cursor for mea

ing both the angular and radial coordinates of the obstruc

block and the wind direction acting on the building surfa

under considerations (Figure 5-6). 

The first layer (Figure 5-4) is used to measure the polar c

dinates of obstruction blocks and gaps, seen from the sur

for which the pressure coefficient to be determined. This la

is composed of two concentric circles. The inner circle

marked 0˚-180˚ on the right side and 0˚-(-180˚) on the l

corresponding to the convention established in Section 5

and illustrated in Figure 5-2. At the center of the circle, a ho

Surface

λ2

Pt.2

−λ1 P
ol

ar
 A

xi
s

Pt.1
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 N

ons
zontal bar representing the surface under investigation is u

to align the transparent protractor over a plan of the mo

The (F) and (B) letters denote the Front and Back sides of

building relative to the wind direction. Sides F and B can sta

for surfaces N and S (Figure 5-8) when the wind direction

equals 0˚ respectively. The same is true for surfaces E an

when  equals 90˚. 

When measuring the coordinates of the visible corners of e

obstruction block, the F/B bar should be positioned such th

coincides with the surface under consideration. The cur

should then be rotated to intersect with the corner or the 

thest visible point on the obstruction block. The inner circ

(Figure 5-4) is used to measure the angular coordinate of

corner while the cursor is used to measure the radial coo

nate from the markings on the cursor itself.

The outer circle (Figure 5-4) represents the wind direction 

ative to the surface under investigation. Both circles work

unison so that when the wind is perpendicular to surface

(Figure 5-5) surfaces, E, S, and W, experience wind directi

-90˚, 180˚, and -90˚ respectively.

Θ

Θ
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Figure 5-4 The base layer 
of the protractor

Figure 5-5 Wind directions 
relative to model surfaces.

The second layer (Figure 5-6) is used in determining 

Shielding Effectiveness Zone component of the mathemat

model. This layer contains a line indicating the wind directi
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in the middle of a transparent sector covering an arc of 1°

representing the shielding effectiveness zone (SEZ). This z

of the protractor is used to determine what the surface ‘sees’ at

a certain wind direction. Obstruction blocks that show un

the transparent SEZ are the ones to be used in the estim

of the shielding effect. Any block lying in the shaded sec

Pressure Prediction Model (PPM). 

Figure 5-6 The wind 
direction layer and cursor.

The cursor (Figure 5-6 left) is the pointing, marking, and m

suring scale of the protractor from the center of the surfac

the building. It is designed for two purposes. The first is

mark the polar angles of the visible edges of an obstruc

block. The second, is to measure the distance to these edg

Figure 5-7 shows an example of using the protractor. First,

user aligns the first layer on top of the model plan so that

F/B bar coincides with the surface of interest. In the exam

two obstruction blocks appear in view of surface N. Howev

w
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when the second layer is positioned to match the wind dir

tion (Θ˚), the left block is no longer visible. The polar coord

nates (r1,-λ1) and (r2,λ2) of the remaining block are then take

off using the inner circle of the first layer and the cursor.

Figure 5-7 An example of 
protractor use.

5.3.3 Calculating the 
Angles to Obstruction 
Blocks

Repeating such measurements for all wind directions us

the protractor (Section 5.3.2) would be difficult for any lar

number of obstructions. Instead, a number of mathemat

equations can be used to calculate the angles of descriptio

the polar coordinates (rn,λn) of all the visible corners of

obstruction blocks. The equations are expanded to determ

the visibility of obstruction blocks within the Shielding Effec

tiveness Zone.

W
D (Θ

˚)-λ1

r1
Surface N

+-
λ2

r2
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5.3.3.1 Wind Direction The discussion in Section 5.3.2 shows that for a wind direc

(Θ=0˚), the four surfaces of the model experience differ

relative wind directions. Therefore, the conventional2 defini-

tion of the wind direction has to be expanded. Three defi

tions are proposed in this section. The first definition is 

conventional weather station wind direction, while the oth

two are relative to the surface under investigation. Ev

though the three definitions refer to the same actual wind, e

definition is used differently in the equations for the calcu

tions of the angles of obstruction.

5-2 Wind direction measured at weather stations indexed to North (0°) and 
expressed as  following a clock-wise direction. 

Figure 5-8 For the same 
wind direction, each 
surface experiences a 
different view of the wind.

5.3.3.1.1 Weather Station Wind Direction ( )

This definition is based on the reported wind directions fr

weather stations expressed in angles from 0˚-360˚ (Figur

9). It is the base from which other wind direction definitio

are computed.

0° Θ 360°≤ ≤

Θ=0˚

N (0˚)

E
 (

-9
0

˚)

W
 (

9
0

˚)

S (180˚)

Θws
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Figure 5-9 Weather station 
wind direction.

5.3.3.1.2 Model Wind Direction ( )

This definition is used in the calculation of all Pressure Mo

fication Coefficients3. The range of this angle is defined a

 (Figure 5-10). Hence, for surface N, th

wind direction 340˚ is handled in the prediction model t

same as 20˚. The only difference is the relative position of

surrounding obstruction blocks seen from the vantage poin

that surface.

5-3 Used in all the surface pressure calculations in Chapter 4.

Figure 5-10 Wind direction 
as used in the prediction 
model.

Θws=0˚-360˚

Θmod

0° Θmod 180°≤ ≤

Θmod=0˚-180˚

N
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5.3.3.1.3 Relative Wind Direction ( )

The relative wind direction is used in the determination of 

position of the obstruction blocks relative to the surface

interest. The relative wind direction range is 0˚-±180˚

(Figure 5-11). 

Figure 5-11 Wind direction 
as used in the 
determination of the 
relative location of the 
obstruction blocks.

Figure 5-11 shows that for surface N, the wind direction 

the right side of the line perpendicular to the surface is de

nated a positive sign while the left of the line is negative.

wind direction , Figure 5-8 shows that the relativ

wind direction  depends on the relative position of t

surface to the wind direction. The sign of  at the fo

sides correspond to the previously discussed convention. 

following is the values of  for all the surfaces 

:

(5-1)

Θrel

Θrel=0˚-±180˚

N

+-

Θws 0°=

Θrel

Θrel

Θrel

Θws 0°=

Surface NΘrel Θws 0°=@, 0°=

Surface SΘrel Θws 0°=@, 180°=

Surface EΘrel Θws 0°=@, 90°–=

Surface WΘrel Θws 0°=@, 90°=
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5.3.3.2 The Mathematical 
Definition of the Angles

In order to mathematically determine the value of the t

derivative wind direction angles (  and ), the follow

ing algorithms have been derived;

5.3.3.2.1 Model Wind Direction ( )

if 

then, (5-2)

else, (5-3)

5.3.3.2.2 Relative Wind Direction ( )

if 

then, (5-4)

else, (5-5)

5.3.3.3 The Equivalent 
Obstruction Block (EOB)

In Section 4.14.2, the concept of equivalent obstruction was

introduced. The objective then was to accommodate 

orthogonal model to wind directions that were not perpendi

lar to the obstruction block. The same equivalency schem

extended to encompass all non-orthogonal configurati

including those created by changing the wind direction. 

The polar coordinate system is used determine the four b

variables4 for both real and equivalent obstructions. Figure 5-

12 shows that the polar coordinates of two equivalent obst

tion blocks are based on those of the actual blocks (a an

The choice whether the EOB is located on the near side o

block [block (a) in Figure 5-12] or on the far side [block (b) 

5-4 , and spacing.

Θmod Θrel

Θmod

Θrel Θws 0°=@ Θws+( ) 180°≥

Θmod Θrel Θws 0°=@ Θws 360°–+=

Θmod Θrel Θws 0°=@ Θws+=

Θrel

Θrel Θws 0°=@ Θws+( ) 180°≥

Θrel Θrel Θws 0°=@ Θws 360°–+=

Θrel Θrel Θws 0°=@ Θws+=

αh αv αd, ,
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Figure 5-12] depends on the selection of the first point fr

which the equivalent would be calculated (Pt1 a&b).

It is therefore, essential to define which point is to be des

nated as Point 1 (Pt.1), since the mathematical description o

the equivalent depends on it. Figure 5-12 shows that poi

was chosen in such a way that the obstruction block with la

windward depth (block b in Figure 5-12) will have an equiv

lent block of a spacing larger than the one with a shallow

depth (block a). Since the vertical and displacement angles

measured from the EOB, the shielding effect of block (a)

larger than that of block (b)5. This selection of points orde

takes into account the relatively shorter wake length of blo

(b) in accordance with the results of Evans (Ref. 79). T

slightly wider equivalent width does not lead to the over e

mation of the shielding effect since the large displacem

angle will guarantee the insignificance of this extension to 

obstruction width.

5-5 Refer to Section 4.14.2.2, page 114.

Figure 5-12 Equivalent 
obstruction widths.

a

b

Pt1a

Pt2a

Pt2b

Pt1b
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In general, the rule of thumb is that the Point 1 is alwa

located at the edge of the longer visible surface (Figure 5-

The following is a description of a mathematical algorith

that checks the selection of the points. The purpose of the 

metric relation presented in Equation (5-6) is to eliminate 

need for the user of the mathematical model to predeterm

the order of each visible corners of each block.

After randomly choosing the polar coordinates of the two c

ners of the obstruction building (rx,λx and ry,λy), the following

function will determine whether the order is correct or nee

to be changed;

if (5-6)

Therefore, choose point with higher absolute value of λ to be 
Point 1.

Else, choose point with lower absolute value of λ to be point 
1.

5.3.3.4 Calculating the 
Angles of Description of 
Real Obstruction Blocks

This section is limited to the special case when both obst

tion and equivalent obstruction block are parallel to the ins

mented surface6. It occurs when the obstruction is parallel 

the surface and the wind direction is 0˚. This special cas

used as a base for general equations involving non-orthog

configurations and wind directions other than 0˚. Figure 5

illustrates the input of polar coordinates of the two outer m

5-6 This means that the geometric function described in this section can not be
in the derivation of the four variables in either Scenario II or Scenario III or 
when .

r x λxsin⋅ r y λysin⋅–

r y λycos⋅ r x λxcos⋅–
------------------------------------------------------ 1≤

Θ o°≠
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visible corners of the block (pt.1 and pt.2) as well as the

derived variables used to calculate the angles of obstruc

, , and .

Figure 5-13 Calculating the 
obstruction angles based on 
the polar coordinates when 
wind direction=0˚.

When the wind direction  (for orthogonal configura

tions), the angles of description for the real obstruction block

are calculated as follows:

(5-7)

(5-8)

(5-9)

(5-10)

(5-11)

αh αv αd

Pt.1(r1,λ1)

Pt.2(r2,λ2)

r 1

r 2

r w/2

λ1

λ2

Obstht

αd

αh

Modelht

Θ 0°=

αh λ1 λ2–=

Spacing So( ) λ1cos r1⋅=

rcalc

So

λ2cos
--------------=

rw 2⁄
λ1sin r1⋅ λ2sin rcalc⋅+

2
----------------------------------------------------------- 

 
2

So
2

+=

αv

hto
rw 2⁄
-----------

 
 
 

atan=
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(5-12)

Where

However, it should be noted that when the obstruction blo

falls outside the SEZ,  should be equals to 1.0 (Equati

4-11 and 4-13). In order to obtain , the followin

values of the angles should be used:

(5-13)

5.3.3.5 Calculating the 
Angles of Description of 
Equivalent Obstruction 
Block (General Form)

For the likely occasions when the wind direction is not p

pendicular to the obstruction block, a group of modified ge

metric functions are needed to describe the equiva

obstruction block. To avoid complicating the data input, t

new derived coordinates are based on the measured p

coordinates of the visible corners (Equations 5-14 to 5-17)

In order to calculate the polar coordinates of the equiva

obstruction plane, the polar coordinates of point Pt.calc have to

be determined (Figure 5-14). This involves calculating t

radial distance of the intercept to the equivalent plane and

line of vision ( ).

αd

λ1 λ2+

2
---------------------=

λn Polar angular coordinate of visible obstruction corne=

So
Distance of obstruction block from surface

hto
------------------------------------------------------------------------------------------------------=

rn Radial distance coordinate in Spacings So( )=

hto Obstruction height=

Cpm

Cpm 1.0=

αh 0°=

αv 0°=

and αd 90°=

rcalc
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Figure 5-14 Polar 
coordinates of the EOB.

 (use Equation 5-7).

(5-14)

(5-15)

∴  polar coordinates are  -Figure 5-14

(5-16)

 use equation 5-117.

5-7 It should be noted that the above calculation of the value of  is an appro
mation since the value  of the equivalent obstruction is large than that 
the original. Thus, the result will always be smaller than the actual value of 

r 1

r w
/2

r ca
lc

Equivalent Obstruc-
tion Plane

W
in

d 
D

ire
ct

io
n 

Θ

Pt.calc(rcalc,λ2)

Pt.1(r1,λ1)
Pt.2(r2,λ2)

λ1

λ2

αh/2

αd

S
pa

ci
ng

s 
(S

)

Pt.2(r2,λ2)

P
olar A

xis

Bottom Plane

αh

SpacingSo( ) Θrel λ–
1

cos r1⋅=

rcalc

Θrel λ–
1

cos r1⋅

Θrel λ–
2

cos
--------------------------------------------=

rcalc λ2,( )

rw 2⁄

Θrel λ–
1

sin r1⋅ Θrel λ–
2

sin rcalc⋅+

2
-------------------------------------------------------------------------------------------------- 

 
2

So
2

+=

αv

αv
rw 2⁄

αv
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5.3.3.6 Defining the 140˚ 
Shielding Effectiveness 
Zone (SEZ)

The 140˚ limit of the shielding effectiveness zone of t

obstruction block8 is measured relative to the wind directio

(Figure 5-16a). The limits of this zone always supersede th

of the outer most visible angles that define the obstruc

block (Figure 5-16b). However, since the 140˚ limit is bas

on the wind direction, while the polar coordinates are m

sured from the polar axis (Figure 5-15), the following relatio

ships is developed to reconcile the two:

(5-18)

and 

(5-19)

5-8 The 140˚ Shielding Effectiveness Zone is discussed in Section 4.12.2.2.2 
page 89 and illustrated in Figure 5-16a.

Figure 5-15 The 
determination of the values 
of the SEZ relative to polar 
coordinates

αd

λ1 λ2+

2
--------------------- Θrel–=

λ70 70° Θws Θrel 0=–( )–=

λ 70– 70–( )° Θws Θrel 0=–( )–=

-70˚

λ70
λ−70

(WD)Θrel = Θws-Θrel=0

WD

P
ol

ar
 A

xi
s

70˚
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Consequently, the horizontal angle  can be defined as

visible portion of the obstruction block that lies within th

140˚ zone of shielding effectiveness (Figure 5-16a to 5-16c9.

As a result of this definition, Equation (5-20) represents 

the polar coordinates of the point where the shielding eff

tiveness arc intercepts the equivalent obstruction block:

if , or ;

∴  (5-20)

5-9 The model self-shielding is also treated in the same way (Figures 5-16b an
16c).

αh

λn 70°≥ λm 70–( )°≤

Ptcalcrcalc 70°±( ) Θws Θrel 0=–( )–( ),[ ]
191



Chapter 5

e of

the

the
Figure 5-16 Defining the 
140˚ limit of the obstruction 
block.

Figures 5-16c demonstrates an instance when the surfac

the model under consideration obstructs the full view of 

shielding block. In such cases, the self-obstruction of 

20˚

Ptcalc(2)(rcalc,λ=20)

Wind Direction Θ

20˚

Wind Direction Θ

20˚

20˚

W
in

d 
D

ire
ct
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n 

Θ

20˚

Equivalent Obstruction Plane

Shielding Effectiveness Zone (SEZ)

a

b

c
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model surface should be taken into account in determining

horizontal angle of view. This should take place when mea

ing the polar coordinates of the visible corners of the obstr

tion block. 

The self-shielding of the model surface reduces the viewa

area of the obstruction block and consequently reduces

horizontal angle of obstruction. Similar to the 140˚ shieldi

effectiveness zone, this reduction supersedes the visible 

ners of the obstruction block.

In the example shown in Figure 5-17, Pt.1 is determined by the

self-shielding of the model surface. As a result, the polar co

dinate of point Pt.1 is (r1,λ1).

Figure 5-17 Self-shielding 
reduces the horizontal 
angle of view and 
consequently reduces the 
shielding effect of the 
obstruction block.

5.3.3.7 Defining a Gap The angle that describes a gap10 can be calculated using th

polar coordinates of the points encompassing the 

5-10 The gap is defined in Section 4.15.5, page 144.

20˚20˚

Pt.1(r1,λ1)

Pt.2(r2,λ2)

Polar A
xis

−λ1 -λ2

W
in

d 
D

ire
ct

io
n 

Θ
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(Figure 5-18). These coordinates are then plugged into e

tion 5-17 to determine the displacement angle  of 

equivalent gap whose horizontal angle of obstruction is ide

cal to that of the original gap. 

Figure 5-18 The Gap 
should be treated as a solid 
object.

5.3.4 Complex 
Obstruction Blocks

The obstruction angles discussed in sections 5.3.2 and 5

are for simple obstruction block configurations. More co

plex obstruction configurations can include:

• Multiple obstruction blocks surrounding the surface und

consideration. This level of complexity is addressed in S

tion 4.15 where the weighted average of the shielding ef

of individual blocks and gaps was determined11. That

approach allows the angle determination functions of in

vidual blocks to be used in describing complex surroun

ings. An example of this concept is demonstrated in 

verification of the model using Wiren’s multiple grid-iro

setup (Section 4.17.3).

5-11 See Equation 4-22.

αdg

W
in

d 
D

ire
ct

io
n

Gap

Equivalent Gap

Pt.1(r1,λ1)

Pt.2(r2,λ2)

Pt.calc(rcalc,λ2)
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• Complex individual obstruction blocks such as the juxtap

sition of building blocks with different heights and form

The determination of the shielding effect of the these co

plex forms can be obtained by breaking the complex bu

ing block into simpler components (Figure 5-19). Th

shielding effect of the whole complex is then determin

using the multiple obstruction formula derived in Secti

4.15.

• Hidden buildings are encountered either horizontally o

vertically12. Figure 5-20 demonstrates the concept of t

partially hidden adjacent block where only a part of 

obstruction block is visible from the surface. The horizo

tally hidden block (left model in Figure 5-20) causes t

longer block to be divided into two blocks. The high

block on the other hand, is measured as if it were fully v

ble despite the fact that the lower part is hidden behind

shorter and closer block (top side of the model).

• When a non-uniform layout of surrounding buildings 

being considered, the method for determining the to

shielding effect is not different from that of a uniform lay

out. The reason for this is that the non-uniform layout c

be broken into individual blocks each of which can 

related to the surface of concern. 

5-12 Explained in Section 4.17.4.2.3.
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Figure 5-19 Complex 
obstruction blocks.

Figure 5-20 Partially. 
hidden obstruction blocks

5.4 Predicting 
Indoor Air Velocity

The following sections describe a model to predict the ind

velocity using the pressure prediction model (PPM) discus

in Chapter 4, a model for predicting indoor velocity coef

cients (IVC) developed by Ernest (Ref. 74), and a site-spec
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weather data conversion procedure (SITECLIMATE) dev

oped by Arens et al (Ref. 10). The combination of the thre

models constitutes the prediction algorithm that will 

referred to as the Indoor Velocity Model (IVM).

5.5 Weather Data Wind data come from a variety of sources. In applying them

the proposed model, one should consider the following (R

10):

• Location of the station.

• Terrain and geographic features affecting climatic con

tions at the location of the station.

• Height at which wind measurements were taken.

• Distance from site under consideration and a general un

standing of the nature of the terrain between the site and

weather station.

• Location and setting of the sensors and the relations

with the buildings or structures in their immediate vicinity

5.6 Pressure Data Building surface pressure data have long been available fo

structural design community (Ref. 7). Data exclusively c

lected for infiltration and ventilation studies have been r

until recently. Most data are for unshielded buildings. So

included the effects of surroundings in arrays of obstruct

blocks (Section 4.4). The problem with these studies is 

their geometries are quite specific making their results har

generalize. Despite these limitations, researchers have d

oped a large body of pressure data that describe specific

face pressure for simple building blocks under numero
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conditions (Ref. 27). The proposed algorithm modifies 

available pressure data for use in the IVM model by correc

for the terrain effects, the location of data sources, and 

effects of immediate surrounding buildings.

5.7 Wind Speeds 
at Site

Available weather data are most likely to be measured at lo

tions remote from the sites of concern such as weather sta

located at airport and atop of high-rise buildings. These dat

are of little use in the design of buildings located amid s

rounding terrains different from those where the weather d

were collected. Since the conditions at the sites may sig

cantly differ from those at the weather station, design de

sions based on the data collected at the latter can be erron

This section uses a method developed by Arens et al (Ref. 10)

in 1985 to create site-specific weather data.

The SITECLIMAE routine corrects the weather station wi

data to account for the factors affecting wind characteristic

the site. The factors include the terrain roughness, hills 

escarpments, and wakes behind upwind obstructions. The

two factors will be incorporated directly in the IVM while th

wake effect of obstruction blocks is accounted for by the pr

sure prediction part of the model (PPM) developed in this t

sis.

5.7.1 Terrain 
Roughness and 
Height above the 
Ground

In order to account for the roughness of the terrain and the

ference in height between the weather station and the site

which the wind speed is determined, the logarithmic wind p

file equation (A-1) in Appendix A is used. If the distanc
198
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between the weather station and the site of concern is less

500 m, the routine assumes that no significant change in w

characteristic takes place. However, when the dista

between the weather station and building site exceeds 50

the procedure assumes a fully developed boundary layer 

file downstream of the site. To modify the weather station d

to account for the site roughness, the following equation

used to calculate the roughness factor13 (ROGRAT).

(5-21)

Where

According to Bietry et al (Ref. 36), all roughness factors ar

defined in terms of a particular reference height and roughn

length. The reference height is 10 meters above the groun

open terrain ( ) to match typical airport weather s

tion conditions. With these values and using the notation:

(5-22)

Equation (5-21) can be written as:

5-13 The roughness factor is defined as a non-dimensional ratio that describe
modification level of wind speed downstream of a surface roughness (Ref. 

ROGRAT
uf

uf 1
--------

 
 
 

z
z0
----- 

 ln

z1
z10
-------- 

 ln
-------------------⋅=

uf friction velocity characteristic of the site=

uf 1 friction velocity characteristic of the weather sation=

z0  site roughness length (see Appendix A.1.2)=

z10  weather station roughness length=

z0 0.07=

p
uf

uf 1
--------

 
 
 

=
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(5-23)

When multiplied by the measured wind velocity at the ref

ence weather data location, the roughness factor (ROGR

predicts the velocity at height  downwind of a change

roughness from open terrain having a characteristic rough

length of . Note that when  is not equal to 10 mete

Equation (5-23) also accounts for changes in height betw

the measurement and site locations. Table H-7 in Appendi

lists typical values of  and the ratio  to apply in Equai

(5-23).

5.7.2 Hills and 
Escarpments

The SITECLIMATE routine also accounts for the accelerati

effect of wind flowing up moderately-sloped hills. Th

changes in velocity at any height above a hill can be estim

using a slope factor (SLPFAC) that is defined as;

(5-24)

Where (refer to Figure 5-21);

ROGRAT 0.2p
z

z10
-------- 

 ln⋅=

z

z0 z

z0 p

SLPFAC (x,∆z) U x ∆z,( )
U0 ∆z( )
---------------------=

x upwind distance from the top of the slope=

z∆ vertical height above the local terrain=

U x z∆,( ) mean wind speed at any point=

U0 z∆( ) undisturbed upstream wind profile=
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Figure 5-21 Aerodynamic 
acceleration over a low hill 
without separation (Source: 
Arens et al (Ref. 10)

Since the velocity perturbation is defined as:

(5-25)

Which, in its normalized form, is defined as fractional speed-

up ratio:, or;

(5-26)

This algorithm is applicable to moderately-slope

( ), approaching wind ( ), and constricte

to windward side of the hill, and wind directions within ±45˚

of normal.

In order to calculate the SLPFAC, the fractional speed-up is

estimated to be -25% of  which occurs at the grou

level at the top of the hill (TABLE 5-1). A linear interpolatio

is then used to determine the fractional speed-up ratio at the

ground level at the building site ( ). An exponenti

reduction factor (RF) is calculated to account for the reduct

with height of  from its maximum value at the surface. T

slope factor in Equation (5-26) can be rewritten as:

U0(∆z) U0(∆z)

U(x,∆z)

∆z

x

Wind

L

h

h/2

Z

U∆ U x z∆,( ) U0 z∆( )–=

S x z∆,( )∆ U x z∆,( )
U0 z∆( )
---------------------=

SLPFAC 1.0–=

h L⁄ 0.5< U0 3 m/s>

Smax∆

Smax∆ site,

S∆
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(5-27)

Where14:

and;

5-14 Taylor and Lee (Ref. 207).

a. Arens et al (Ref. 10).

5.7.3 Application of 
SITECLIMATE Factors

By applying the following equation, the designer would g

reference wind speed values that approximate those at win

level at the site of concern:

(5-28)

SLPFAC 1.0 RF( ) Smax∆ site,×+=

RF e
φ z L⁄∆–

=

Smax∆ site, maximum fractional speed-up ratio at=

ground level at building site

φ 4.0 for the three-dimensional hills, and=

3.0 for the two-dimensional hills=

2.5 for two-dimensional escarpment=

TABLE 5-1 Maximum Fractional Speed-up Ratios 

( ) for Different Hill Shapes a  

Hill Description

Two-dimensional ridge.

Two-dimensional escarpment.

Combination two-dimensional ridge and escarpment.

Three-dimensional axisymmetric hill.

Combination two-dimensional ridge and three-dimen-
sional axisymmetric hill.

Smax∆

Smax

2.0 h L⁄( )

0.8 h L⁄( )

1.4 h L⁄( )

1.6 h L⁄( )

1.8 h L⁄( )

Vo Vw ROGRAT SLPFAC××=
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5.8 Predicting 
Indoor Ventilation 
Coefficients

Ernest (Ref. 74) developed a set of empirical functions t

predict the interior velocity coefficients, coefficient of spat

variation, and turbulence coefficients of interior wind flow

The mathematical relationships take into account sev

building configurations such as relation to wind directio

pressure on external surfaces, number, location and size15 of

openings as well as inlet-outlet relationship. Other configu

tions included wing walls, roof shapes, and interior partitio

This model is referred to in this study as the Indoor Veloc

Coefficients (IVC) prediction model.

5-15 Wall porosity  of floor area.

5.8.1 Advantages of 
IVC Model

• Ease of use as it is designed to be used by non-tech

users.

• The model requires only few input environmental va

ables16 in addition to the ones that can be taken off direc

from architectural drawings.

• The broad spectrum of predicted outputs, such as velo

coefficients, turbulence levels, velocity distribution is us

ful for analyzing indoor thermal comfort analysis pro

grams.

5-16 These variables include pressure data, boundary layer conditions, wind d
tions.

Vo reference site velocity m/s=

Vw weather station velocity m/s=

0.06 ϕ 0.25≤ ≤( )
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• The ventilation coefficients (IVC) and shielding modifica

tion (PPM) prediction models are compatible because b

studies were conducted in the same facility, using the sa

instrumentations, boundary layer, and pressure model. 

5.8.2 Limitations of 
the IVC Model

• The pressure difference coefficients  in the IVC mod

were derived from models with openings on the oppos

sides of the instrumented model at the same height f

ground surface. Thus, the functions do not apply to airflo

through windows located at wall surfaces perpendicula

each other. 

• The model does not account for multiple openings on a 

gle surface.

5.9 The IVM 
Calculation 
Algorithm

The following is a summary of the steps required in the imp

mentation of the model:

• STEP1: Determine the reference site velocity using the r

tine described in Section 5.7. Using the SITECLIMAT

routine, correct for the effects of boundary layer differenc

and terrain.

• STEP 2: Determine the unobstructed surface press

from available pressure data. This study’s Pressure Mod

cation Coefficients (PMC) model can be used to correct

the shielding effects of visible obstruction blocks on t

surface pressures.

Cp∆
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• STEP 3: Determine the average indoor velocity coeffici

( ) using Ernest’s IVC model (Ref. 74). This step is com

puted in four stages using four different functions accou

ing for wind direction ( ), window size ( ), interior

partitions ( ), and window accessories17 ( ).

(5-29)

Where

• STEP 4: Determine indoor turbulence levels. The outco

of this step is to produce an average turbulence coeffici

a dimensionless indicator of the indoor turbulence intens

levels in the space under investigation. 

• STEP 5: Determine indoor velocity distribution. This distr

bution describes the percentage floor area in which w

exceeds a specified speed. It is determined in three 

steps: First, the determination of the coefficient of spa

distribution ( ). Second, calculated the veloci

exceeded for a certain percentage of the space. Third,

culate the percentage of the space in which a certain s

is exceeded. It is important to note that the second and t

substeps are interchangeable, i.e. if the percentage of s

is given, the velocity can be estimated, and vice versa.

5-17 Window accessories in this context are referred to window type and in ter
of presence and porosity of screens.

Cv

f 1 f 2
f 3 f 4

Cv f 1 Cp Θ,( ) f 2 ϕ( ) f 3 pn Θ,( ) f 4⋅ ⋅ ⋅=

Cv average indoor velocity coefficient=

Cp pressure coefficient=

Θ wind direction=

ϕ building porosity=

pn interior partition type=

Csv
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5.10 Example of 
IVM use

Appendix H  demonstrates the use of the IVM to pred

indoor air velocities in the single-space flat-roofed rectangu

building located in a complex urban setting described in S

tion 4.17.4. The tested building has two large openings

opposite sides (north and south) and shielded by obstruc

blocks on all sides. The example shows how the IVM uses

three prediction models (SITECLIMATE, PPM, and IVC) t

calculate the indoor air velocity for all wind directions.

The wind rose in Figure H-22 shows the sensitivity of t

mathematical model (IVM) to the surrounding obstructio

blocks and their relative positions to the openings. The low

indoor air speeds correspond to a wind direction facing 

windowless sides of the instrumented model. However, 

wind direction facing the window did not produce the highe

predicted indoor velocities. Instead, these coincided with 

wind directions flowing through the gaps between the obstr

tion blocks.

5.11 Conclusion This chapter is devoted to the implementation of the Pres

Prediction Model (PPM) developed in Chapter 4. A set 

functions has been developed in the first part of the chapte

calculate the obstruction angles for visible blocks at any w

direction. These functions were formulated so that the 1

shielding effectiveness zone, self-shielding, and obstruc

visibility in relation to wind direction, are all taken into con

sideration.
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The study sets the rules governing the treatment of mult

and complex obstruction blocks by breaking them into in

vidual units of simple rectangular geometries. Partially visib

objects are also handled by rules set in the chapter. If

obstruction block is seen above a closer and shorter one

model deals with it as a completely visible block. On the ot

hand, parts of a model that can be seen behind the sides

shorter and closer model are considered as separate obs

tion blocks.

The second part of the chapter deals with the combinatio

the PPM with an indoor velocity coefficient prediction mod

developed by David Ernest (Ref. 74). A third routine is add

to convert weather station data to outdoor air velocities at

site. This routine is developed by Arens et al (Ref. 10) to

determine the wind speeds at the site from measuremen

the weather station considering the differences in the terra

the two locations and the topography at the site. The comb

tion of the three models is referred to as the Indoor Veloc

Model (IVM) and its use is demonstrated in Appendix H . 
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Conclusions and 
Recommendations
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6.1 Summary of 
Findings

Thermal comfort issues in designed spaces should not be 

led as fixes to environmental problems rising form the spec

design solution. Instead, early consideration of clima

impact on space and form should be an integral part of 

design process.

Airflow is among the climatic elements that a designer m

manipulate to achieve thermal comfort for occupants of arc

tectural spaces. This study aims at providing designers w

the ability to predict indoor air velocity of buildings located 

an urban setting.

In developing a tool for predicting building pressure and a

flows, the traditional measure of spacing between obstruc

blocks and the test building was not the only variable to p

dict pressure coefficients. For the same spacing, one w

find substantially different wind pressure coefficients, resu

ing from factors such as size, shape, and number of obs

tion blocks and their relative position to the wall surface 

concern.
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On the other hand, the proposed angular description of vis

surrounding buildings was found to successfully describe 

shielding effect of the tested building. The reason is that th

angles include in their definition the spatial description of 

obstruction blocks and their locations and heights relative

the tested surfaces. The obstruction and gap visibility criter

was true in most tested situations, except in instances whe

is channeled to surfaces that cannot see the gaps. When

happens, the result is always underestimating the wind p

sures.

The study showed that a three dimensional block can be re

sented (geometrically) by a two dimensional equivalent pla

This plane has the same horizontal angle of obstruction of

3-D object it replaces. The advantage of using an equiva

plane is that, for wind directions other than 0˚, the mo

assumes that the obstruction block is always perpendicula

the wind direction. The resulting 2-D obstruction is easier

describe mathematically and does not sacrifice accuracy o

model.

The shielding effect of multiple obstruction blocks can 

computed or estimated by averaging1 the shielding effect of

individual blocks. However, averaging alone produces

weighted value that does not take into account the effect of

gaps between the surrounding buildings. The effect of g

can be added to the average shielding effect of windw

6-1 Using geometric averaging of Pressure Modification Coefficients of individ
obstruction blocks. (See Section 4.15.6).
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obstruction blocks. Thus providing a complete description

the obstruction field of view as seen by the surface of inter

Analysis shows that neither the gap width nor its distan

from the surface influences the gap effect. Instead, the effe

directly correlated to the position of the gap relative to 

building surface.

Since the product of this mathematical model is an estimat

surface pressures, any of the ventilation prediction algorith

that use these values can be used to predict the ventila

rates within a space. Accurately predicted surface pres

coefficients will allow these existing ventilation models 

respond well to the urban setting in which the building is si

ated.

6.2 Impact of 
Study

The proposed Indoor Velocity Model (IVM) is aimed at pr

viding the designer with a tool to predict natural ventilation

indoor environments based on the knowledge of the surrou

ing buildings. With this knowledge, the designer would 

able to incorporate natural ventilation into the design of re

dential and other comparable low-rise buildings in the cont

of a built-up area. The benefits of this incorporation can

categorized in the following;

The IVM developed in this study can be used to help 

designers to predict energy uses of a space. The pressure

diction component of the model provides a key step towa

predicting energy uses resulting from infiltration-driven the

mal loads. Indoor velocity estimation derived from  can Cp
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used to predict thermal comfort and nighttime structural co

ing.

If indoor thermal comfort in ventilated buildings could b

accurately predicted, one would expect energy efficiency

benefit from such knowledge. The designer has an acces

tool for studying the effect of changing window location, siz

building orientation on the overall energy usage of a space

considering the surrounding buildings and gaps, the desig

can obtain more realistic predictions of natural ventilation

urban settings.

Infiltration-driven thermal loads depend in part on the diffe

ence between the exterior and interior surface pressures.

infiltration algorithms in energy analysis programs can ben

from the input of this model. Through such programs, ene

standards may better account for ventilation and infiltrati

Thus, by rewarding the designer for her/his application of v

ious ventilation strategies, reliance on air-conditioning may

reduced.

With the IVM, operable windows for ventilation can be bett

incorporated in the architectural design. Since surround

buildings affect airflow in or around the building wall su

faces, this model could play a role in the selection of wind

location and sizing.

The ability to accurately and reliably predict natural venti

tion, can help reduce air-conditioning use as a supplemen

the overall cooling system. As a result of the partial reduct

in cooling loads, smaller air-conditioning units would be use
212
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In addition, by accounting for the effects of the surroundi

buildings, the resulting surface pressures which are usu

lower than those of published data (for isolated buildings)

may further reduce the air-conditioning component sizes a

result of the lower expected infiltration rates.

6.3 The Model as 
a Design Tool

The model can be used as a tool that allows the designe

evaluate different ventilation-promoting design solutions ea

in the design process. The variation may include the loca

of windows, spacing and location of walls relative to neig

boring buildings. 

The example demonstrated in Appendix H  shows how 

model can also be used to predict natural ventilation know

the surrounding buildings, and some design elements of

building. This usage represents a post-design evaluation 

proposed or even an existing structure.

Window sizing is another way the proposed model can be u

as design tool. Arens and Watanabe (Ref. 13) have publish

method for designing naturally ventilated buildings using b

climate data in which the window sizing procedure requi

surface pressures2. A component of IVM model (Pressure Pre

diction Model) can produce site-specific pressure values 

replace the tabulated data3 and surrounding building correc

tion factors4 suggested by the authors.

6-2 Steps 8 and 9 in the window sizing procedure (Ref. 13).

6-3 Tables A-1 and A-2 (ibid).

6-4 Table A-3 (ibid).
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6.4 Unique 
Features of the 
IVM Model 

The following is a summary of the of advantages of the p

posed mathematical model and prediction method;

• The prediction model takes into account the effect of b

the spacing between the obstruction buildings and the g

between individual blocks.

• It links between the effect of the individual obstructio

building and the effect of multiple obstructions.

• It can be used to predict indoor airflows in most urban l

outs.

• The pressure prediction component of the model can

used as source of input data for many ventilation predict

methods that use pressure coefficients in their calculatio

• The IVM model may be used as source of input data 

various energy estimation and thermal comfort predict

algorithms.

6.5 Limitation of 
the IVM Model 

As in any model based on empirical studies, the applicatio

the suggested coefficients is limited by the range of variab

included in the determination of those coefficients. The f

lowing is an itemization of the limitations of the proposed pr

cedure:

• Only simple single-space models were used in the deriv

tion of the functions.

• Average coefficients do not help in identifying the press

distribution across the surface which may vary drastica

in the same surface.

• The model allows velocity prediction only for rectangul

buildings with sharp edges, since the model is based

wake shapes of rectangular blocks.
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• No vegetation or permeable obstruction were studied.

• The model overestimates the shielding effect of the d

placed wake configurations.

• The model does not predict pressures on the roof surfa

or the effect of roof pitch on the surface pressures.

• The model does not predict the effect of any gaps that c

not be seen from the surface. These gaps can affec

pressure if the gap redirects the wind.

• No model spacing ( ) was tested.

6.6 Future Work the follwing is a list of items and topics for future work:

• The development of a simplified manual method f

quickly and roughly estimating the impact of surroundi

buildings on specific building wall. This method should 

developed to help the designer during the early des

stages.

• Expand the model to include high-rise buildings.

• Include roof form, pitch, and eaves in the model.

• Develop functions to predict surface pressure distribut

on shielded building surfaces.

• Expand the model to predict pressure at any point of 

surface and where windows are located rather than 

mean for the whole surface.

• Correct for, and take into account the effect of displac

wakes.

• Consider gaps that can not be seen from the surface bu

as channels for the wind to reach the site and the surfac

concern.

• Test model spacings .

Sm 1<

Sm 1<
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• Include functions to determine the shielding effects of p

meable object such as trees, wind screens or fences.
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A.1 General Setup 
of the Experiments

This Appendix includes a description of the general setup

the experiments, the boundary layer, instrumentation, 

the measurement procedures.

A.1.1 The Boundary 
Layer Wind Tunnel 

The systematic parametric study discussed in the text 

conducted in a Boundary Layer Wind Tunnel (BLWT)1 in

which only small number of variables were tested at a tim

The BLWT is of an open circuit design with interior dimen

sions of 1.5 m high, 2.1 m wide, and 19.5 m in length. 

shown in Figure A-1, the flow processing section occup

the first 12.8 m of the wind tunnel. This processing sect

contains a combination of turbulence-generating devi

and roughness blocks that cover the floor to simulate fl

characteristics of the wind approaching the instrumen

model2. Immediately downwind of the processing sectio

there is a 3.5 m testing section in which the scale models

placed on a 2.0 m diameter rotating turntable. The pres

and velocity data processing instrumentation are loca

under the turntable. A PC-based data acquisition system

located at an adjacent room and is used for data collec

and analysis of obtained data. 

A-1. The facility is located in the Building Science Laboratory, Department o
Architecture at the University of California, Berkeley.

A-2. For a break down of the processing section, refer to TABLE A-1 .
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Figure A-1 Boundary layer 
wind tunnel.

Figure A-2 Model and 
boundary layer growth 
acceleration roughness 
blocks -inside view of the 
BLWT.

A.1.2 Boundary Layer The variation of wind velocity with height in the lower level o

the atmospheric boundary layer can be represented by the

lowing relationship (Ref 202):

(A-1)

 Where

1.0 2.0 m 3.5 m 3.0 m 4.5 m 0.6 1.8 mFan
Turn table Wood Blocks

on Side
Wood Blocks

on End
Bricks on Side Bellmouth

1.
24

 m

0.9 m

Reference Pitot Tube

Model 1.
5 

mTurbulence Grid
Spires and Trip Fence

Filter and Flow Straightner

Vz

Uf

k
------- 

  z d–( )
z0

----------------ln⋅=
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For this study, the roughness length was maintained at 0

m (full scale), corresponding to a relatively smooth terra

typical of a village or outskirts of small towns. The mod

roughness was purposefully kept low to increase wind spe

near the ground, thus maintaining a high Reynold num

while still simulating realistic flow conditions. Methods t

artificially accelerate the development of a boundary layer o

sufficient depth in a short wind tunnel were used [Cook (R

62)]. The following wind tunnel devices and roughness e

ments were used to produce the desired boundary layer 

model of 1:30 scale (Figure 1): 

Vz mean velocity at height z (m/s)=

U f friction velocity (m/s)=

k von Karmans constant=

0.4=

z height above ground level (m)=

d zero plane displacement height (m)=

z0 roughness length (m)=

TABLE A-1 Boundary Layer Description   

Description

Distance 
from 
Trip 

Fence 
(m)

Length 
of 

Section 
(m)

Element 
Geometry 

(mm)

 
Density

 (%) 

1

a filter and a square mesh 
turbulence grid at 
entrance to wind tunnel  -0.6 _____ _____ _____

2

four spires 0.9 m high 
spaced 0.42 m c/c with a 
0.34 m high sawtooth (0.2 
m high teeth) and a trip 
fence 0.6 m downwind of 
grid  0.0 _____ _____ _____ 

3 Bricks placed on side 0.6 4.5

100 high 
210 wide 
60 deep 16.5 
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With a reference mean velocity of 9.4 m/s, velocity and tur

lence intensity profiles were measured in the wind tun

immediately upwind of the model location to document t

approaching wind conditions. These measured profiles 

presented in Figure A-3. The solid line represents the reg

sion fit (R2 = 0.984) of the measured to predicted data. The

produced a full-scale roughness length (z0) of 0.079 m for a

displacement height (d) of 0.0 m, in reasonable agreem

with the expected range of values described by ESDU (R

72 and 73). The measured turbulence intensities are also 

to correspond well to ESDU values for the lower region of 

atmospheric boundary layer (Ref 73). 

4
wood blocks placed on 
end 5.1 3.0

88 high
 88 wide 
38 deep 5.5 

5
wood blocks placed on 
side 8.1 3.5

38 high 
88 wide 
88 deep 12.8

TABLE A-1 Boundary Layer Description  (Continued) 

Description

Distance 
from 
Trip 

Fence 
(m)

Length 
of 

Section 
(m)

Element 
Geometry 

(mm)

 
Density

 (%) 
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Figure A-3 Mean velocity 
and turbulence intensity 
profiles.

A.2 Measurement 
Instrumentation

Two Validyne Model DP103 differential pressure transduc

(TRANS#1 & 2) were connected to Validyne Model CD1

sine wave carrier demodulator (SIG COND), which genera

the analog signals to be read by the data acquisition sys

(Figure A-4). The voltage read by the computer was then c

verted into a pressure reading based on the calibration curv

the transducer. Each pressure tap on the model surface

connected by 0.60 m long 1.6 mm vinyl tubing to a rota

valve that allowed each tap to be sequentially connec
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through a 4-meter long 1.6 mm O.D. tubing to a single pr

sure transducer. The rotary valve consists of three 24-

Scanivalve Corp. Model W0602/1P-24T fluid switch waf

(FSW) allowing up to 72 ports to be sequentially scanned b

single transducer. Computer-controlled switching betwe

each pressure port was made possible by Scanivalve M

WS5-24 solenoid stepper drive (DRIVE) and a Model CTR

solenoid controller (CTLR). The Dwyer Model 166-12 refe

ence Pitot tube was mounted at 0.25 m below the wind tun

ceiling and 0.90 m upwind the front end of the turntable. T

location, away from the building models, was chosen to eli

nate potential flow interference with the building model co

figurations. 

Figure A-4 Pressure 
measurement setup.
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A.3 The 
Instrumented 
Model 

A single-room model square in plan was fabricated out o

mm thick transparent acrylic sheet  cm in dime

sions (scale 1:30). Fifty four (54) pressure taps were moun

on two opposite wall surfaces of the model (Figure A-5). T

model is positioned at the center of the wind tunnel’s tu

table and connected to the pressure transducer throug

opening in the wind tunnel floor.

The setup where the model is tested without any surround

blocks formed the basic configuration upon which all t

shielded configurations throughout the research were re

enced. 

Figure A-5 Instrumented 
model.

A.4 The 
Obstruction 
Blocks

Several Styrofoam blocks of different sizes were used to si

late obstruction blocks (Figure A-6). Both the size of t

blocks and their relative position to the instrumented mo

were varied to analyze the specific variables described in

various sections in this study. 

25 25 10××

25 cm

10
 c

m

25 cm
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Figure A-6 Upwind 
obstruction and 
instrumented model 
configurations.

A.5 Measurement The instrumented model (Section A.3) was located the ce

of the turn table (Figure A-3) while a single or multip

obstruction blocks were positioned at specified locations. T

pressure was then measured using the data acquisition sy

described in Section A.2. 

Each measured location point (tap–Figure A-5) was samp

at 15 scans per second for 30 seconds. The mathematical 

age of the 450 scans was then used to represent the press

that point. From previous analyses of the wind tunnel per

mance, the data collected for the same point tend to be 

mally distributed, thus the average represents an unbiased

robust measure for the central tendency of the data obtaine

Twenty seven (27) surface wind pressure readings were a

aged to determine the mean pressure on each of the two o

site surfaces of the instrumented model. The average pres

Obstruction

Model

Wind Direction
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-

was then used in equations (3-3) and (4-1) to determine

pressure coefficient values3.

In all tests, an unobstructed instrumented model was teste

the beginning of the experiments. The pressure coefficient

the obstructed and unobstructed were then used to deter

the Pressure Modification Coefficient ( )4.

A-3. Defined in Section 4.10.

A-4. Refer to Section 4.10 for the definition of the Pressure Modification Coeffi

cient ( ).

Cpm

Cpm
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Boundary Layer Conversion 
ere

tion

er

tion

er-

 for

the

ifi-
B.1 Derivation of 
the Conversion 
Factor

Because all the tests needed to determine  values w

conducted under a single boundary layer condition (Sec

A.1.2), a correction factor would be applied when oth

boundary layer characteristics are encountered. This sec

explains the algebraic derivation of the boundary layer conv

sion factors. These factors should be used to correct

boundary layer conditions not used in the derivation of 

mathematical model for the prediction of the Pressure Mod

cation Coefficient.

Since;

(B-1)

and from equation 4-3 in text of report;

(B-2)

(B-3)

and;

(B-4)

Cpm

Cp

Pm Ps–( )

0.5 ρ Ve
2⋅ ⋅( )

-------------------------------=

Cpm e
Cp Shielded( ) Cp Unshielded( )–[ ]

=

Cpmi
e

Pmi
Ps–( )

0.5 ρ vei

2⋅ ⋅
--------------------------

Puni
Ps–( )

0.5 ρ vuni

2⋅ ⋅
-----------------------------–

=

Cpm1

Cpm2

------------- e
Cp ob1( ) Cp unob1( )–( )

e
Cp ob2( ) Cp unob2( )–( )

----------------------------------------------=
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From equations A-3 and A-4

(B-5)

Since;

(B-6)

and;

(B-7)

Therefore;

(B-8)

Therefore by substituting value of  from equation A

in A-5;

(B-9)

From the exponential function that describes the decrease
mean wind speeds due to terrain roughness (Ref 18):

(B-10)

Cpm1

Cpm2

------------- e

2 Pm1
Ps–( )⋅

ρ ve1

2⋅
----------------------------------

2 Pm2
Ps–( )⋅

ρ ve2

2⋅
----------------------------------–

=

Pdynamic Pmi
Ps–=

P 0.5 ρ v
2⋅ ⋅=

Pmi
Ps– 0.5 ρ v

2⋅ ⋅=

Pmi
Ps–

Cpm1

Cpm2

------------- e

2 0.5 ρ v1
2⋅ ⋅( )⋅

ρ ve1

2⋅
-------------------------------------

2 0.5 ρ v2
2⋅ ⋅( )⋅

ρ ve2

2⋅
-------------------------------------–

 
 
 
 
 

=

e

v1
2

ve1

2
-------

v2
2

ve2

2
-------–

 
 
 
 

=

Vz Vg

Zi

Zg
------

 
 
  α

⋅=
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Where

Substituting  from A-10 into A-9, therefore;

(B-11)

(B-12)

 or;

 (B-13)

Vz Mean wind speed at heightZi Z0+( )=

Vg Mean wind speed at gradient height =

Zi Height at point i=

Zg Gradient height=

α Velocity profile exponent=

Vi

Cpm1

Cpm2

------------- e

Vg1

Z1

Zg1

--------
 
 
  α1

⋅

2

Vg1

Ze1

Zg1

--------
 
 
 

α1

⋅

2
------------------------------------------

Vg2

Z2

Zg2

--------
 
 
  α2

⋅

2

Vg2

Ze2

Zg2

--------
 
 
 

α2

⋅

2
------------------------------------------–

 
 
 
 
 
 
 
 
 
 
 

=

Cpm1

Cpm2

------------- e

Z1

Zg1

--------
 
 
 

Ze1

Zg1
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 
 
 
--------------

2 α1⋅ Z2

Zg2
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 
 
 

Ze2
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 
 
 
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2 α2⋅

–

 
 
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 
 
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 
 
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FIGURE A-1. Boundary Layer Conversion
Pressure Shielding Modification Coefficient 

Assuming a  to be equal to half the height of the model o

cm (1.67 m) and eave height to be 10 cm (3.33 m) -Figure A
and since all the tests are conducted under a boundary lay
with a full-scale roughness height ( ) value of 0.08 and a

velocity profile exponent of about 0.2, therefore; 

 or; (B-14)

(B-15)

B.2 Boundary 
Layer Conversion

The following table shows the conversion factors for vario

boundary layer conditions. 

Cpm

275 m

365 m

460 m

H
ei

gh
t  

ab
ov

e 
G

ro
un

d

Open
Country

Suburban

City

Zi

Z0

Cpm1

Cpm2

------------- e

Z1

Ze1

--------
 
 
  2α1

e

1.67 0.08–
3.33 0.08–
--------------------------- 

  2 0.2×----------------------------------------------=

Cpm1

Cpm2

-------------
e

Z1

Ze1

--------
 
 
  2α1

e
0.75

-------------------------- e

Z1

Ze1

--------
 
 
  2α1

2.12
--------------------------==
263



Appendix B

er-

fer-

er

se

 is

ca-

2

a. ESDU Ref. 72

b. Value of  is interpolated

c. Reference Boundary Layer

Figure A-2 shows the effect of boundary layer (BL) charact

istics on the value of . The difference between the re

ence BL (velocity profile exponent ) and anoth

e.g.  can be summarized in the following. Becau

at the same height, wind speed in the  profile

lower than that of the reference profile, the Pressure Modifi

tion Coefficient ( ) should be multiplied by 0.9

(TABLE B-1 ) to account for the rougher terrain. 

FIGURE A-2. Boundary Layer differences

TABLE B-1 Boundary Layer Pressure Modification 

Coefficient  Conversion Table  

Description of Roughness 
Terrain a

Conversion
 factor

City Center and Forest 0.7 600 0.36 0.77

Small Towns and Suburbs 0.3 450 0.25 0.92

Outskirts of small Towns 0.1 350 0.20b 1c

Open Level Country 0.03 300 0.15 1.06

Grass Plains and Some Trees 0.01 280 – 1.10

Airport (Runways) 0.003 260 0.11 1.11

Flat Deserts or Arid Areas 0.001 250 1.11

Cpm

Z0 m( ) Zg m( ) α

α

Cpm

α 0.20=

α 0.25=

α 0.25=

Cpm

3.
33

 m

1.
67

 m

V/Vref

H
ei

gh
t Z

i

Z0 = 0.7 m

Z0 = 0.1 m

α1 = 0.25

α2 = 0.20

Ze2Ze1

Z1 Z2

Z01 Z02
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Appendices

         
Appendix C
The Unshielded Model
Figure C-1. A Contour showing Cp values plotted against bott Aspect 
Ratio and wind direction as Predicted by Swami and Chandra’s 

Model

Figure C-2. Normalized Pressure Coefficients NCp
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Figure C-3. Contour plot showing the measured surface pressure 
coefficients Cp

Figure C-4. Measured NCp values plotted against Aspect Ratio (As) 

and wind direction ( )
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Figure C-5 Surface Pressures
As=1.00, Wind Direction=noted in front of surface
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Figure C-6 Surface Pressures
As=1.00, Wind Direction=noted in front of surface
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Figure C-7 Surface Pressures
As=1.00, Wind Direction=noted in front of surface
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Figure C-8 Surface Pressures
As=1.00, Wind Direction=noted in front of surface
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Figure C-9 Surface Pressures
As=2 and 0.5, Wind Direction=noted in front of surface

   

0.4

0.5

0.5

0.5 0.6

0.6
0.7

100
90
80
70
60
50
40
30
20
10

0

0 50 100 150 200 250 300 350 400 450 500

0°

-0.45-0.45
-0.4

-0.4
-0.5

0
10
20
30
40
50
60
70
80
90
100

0 50 100 150 200 250 300 350 400 450 500

-1.1

-1

-0.9

-0.8

-0.7

-0.6

-0.5

-0.4

250

200

150

100

50

0

10
0

90 80 70 60 50 40 30 20 10 0

-1.1

-1

-0.9

-0.8

-0.7

-0.6

-0.5

-0.4

250

200

150

100

50

0

0 10 20 30 40 50 60 70 80 90 10
0

90°90°

180°
272



 

Appendix C

      
Figure C-10 Surface Pressures
As=2 and 0.5, Wind Direction=noted in front of surface
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Figure C-11 Surface Pressures
As=2 and 0.5, Wind Direction=noted in front of surface
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Figure C-12 Surface Pressures
As=2 and 0.5, Wind Direction=noted in front of surface
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Figure C-13 Surface Pressures
As=2 and 0.5, Wind Direction=noted in front of surface
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Figure C-14 Surface Pressures
As=2 and 0.5, Wind Direction=noted in front of surface
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Appendix C

      
Figure C-15 Surface Pressures
As=2 and 0.5, Wind Direction=noted in front of surface
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Appendix C

           
Figure C-16 Surface Pressures
As=3 and 0.33, Wind Direction=noted in front of surface

Figure C-17 Surface Pressures
As=3 and 0.33, Wind Direction=noted in front of surface
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Appendix C

           
Figure C-18 Surface Pressures
As=3 and 0.33, Wind Direction=noted in front of surface

Figure C-19 Surface Pressures
As=3 and 0.33, Wind Direction=noted in front of surface
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Appendix C

           
Figure C-20 Surface Pressures
As=3 and 0.33, Wind Direction=noted in front of surface

Figure C-21 Surface Pressures
As=3 and 0.33, Wind Direction=noted in front of surface
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Appendix C

      
Figure C-22 Surface Pressures
As=3 and 0.33, Wind Direction=noted in front of surface
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Appendix C

           
Figure C-23 Surface Pressures
As=1.5 and 0.67, Wind Direction=noted in front of surface

Figure C-24 Surface Pressures
As=1.5 and 0.67, Wind Direction=noted in front of surface
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Appendix C

           
Figure C-25 Surface Pressures
As=1.5 and 0.67, Wind Direction=noted in front of surface

Figure C-26 Surface Pressures
As=1.5 and 0.67, Wind Direction=noted in front of surface
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Appendix C

           
Figure C-27 Surface Pressures
As=1.5 and 0.67, Wind Direction=noted in front of surface

Figure C-28 Surface Pressures
As=1.5 and 0.67, Wind Direction=noted in front of surface
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Appendix C

      
Figure C-29 Surface Pressures
As=1.5 and 0.67, Wind Direction=noted in front of surface
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Appendix C

           
Figure C-30 Surface Pressures
As=2.5 and 0.4, Wind Direction=noted in front of surface

Figure C-31 surface Pressures
As=2.5 and 0.4, Wind Direction=noted in front of surface
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Appendix C
Figure C-32 surface Pressures
As=2.5 and 0.4, Wind Direction=noted in front of surface

Figure C-33 surface Pressures
As=2.5 and 0.4, Wind Direction=noted in front of surface
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Appendix C
Figure C-34 surface Pressures
As=2.5 and 0.4, Wind Direction=noted in front of surface

Figure C-35 surface Pressures
As=2.5 and 0.4, Wind Direction=noted in front of surface
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Appendix C
Figure C-36 surface Pressures
As=2.5 and 0.4, Wind Direction=noted in front of surface

Figure C-37 surface Pressures
As=2.5 and 0.4, Wind Direction=noted in front of surface
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Appendix D
Orthogonal Configurations
ns

effi-

)

n the

ted
D.1 Experiments 
Results

The following are the results of the orthogonal configuratio

experiments (refer to Section 4.9, page 70).

D.1.1 Spacing Figures D-1 to D-18 represent the measured Pressure Co

cients ( ) and Pressure Modification Coefficients (

expressed as a function of the obstruction spacing betwee

instruemented model and the obstrcution block1. The graphs

in figures D-15 to D-18 represent a summary of the collec

data and are used for comparison purposes.

D-1. Expressed in obstruction heights.

Cp Cpm
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Appendix D

          
Figure D-1 Measured pressure coefficients on windward2 and leeward3 surfaces 
( ) obstruction block

Figure D-2 Measured pressure coefficients on windward and leeward surfaces 
( ) obstruction block
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Appendix D

     
Figure D-3 Measured cressure Coefficients on windward and leeward surfaces 
( ) obstruction block

Figure D-4 Measured pressure coefficients on windward and leeward surfaces 
( ) obstruction block
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Appendix D

     
Figure D-5 Measured pressure coefficients on windward and leeward surfaces 
( ) obstruction block

Figure D-6 Measured pressure coefficients on windward and leeward surfaces 
( ) obstruction block
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Figure D-7 Measured pressure coefficients on windward and leeward surfaces 
( ) obstruction block

Figure D-8 Measured pressure modification coefficients on windward and leeward
surfaces ( ) obstruction block
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Figure D-9 Measured pressure modification coefficients on windward and leeward
surfaces ( ) obstruction block

Figure D-10 Measured pressure modification coefficients on windward and leeward
surfaces ( ) obstruction block
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Figure D-11 Measured pressure modification coefficients on windward and leeward
surfaces ( ) obstruction block

Figure D-12 Measured pressure modification coefficients on windward and leeward
surfaces ( ) obstruction block
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Figure D-13 Measured pressure modification coefficients on windward and leeward
surfaces ( ) obstruction block

Figure D-14 Measured pressure modification coefficients on windward and leeward
surfaces ( ) obstruction block
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Figure D-15 Effect of spacing on pressure coefficients ( ) on windward (ww) and
leeward (lw) sides

Figure D-16 Effect of spacing on pressure coefficients ( ) on windward (ww) and
leeward (lw) sides
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Figure D-17 Effect of spacing on pressure modification coefficients ( ) on 
windward (ww) and leeward (lw) sides

Figure D-18 Effect of spacing on pressure modification coefficients ( ) on 
windward (ww) and leeward (lw) sides
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D.1.2 Horizontal 
Angle

Figures D-19 to D-22 represent the measured Pressure Co

cients ( ) and Pressure Modification Coefficients (

expressed as a function of the horizontal angle4 ( ).

D-4. For the definition of the obstruction angles, refer to Section 4.6, page 64

Figure D-19 Effect of horizontal angle ( ) on pressure coefficients ( ) on the 
obstruction facing side
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Figure D-20 Effect of horizontal angle ( ) on pressure coefficients ( ) on the 
obstruction facing side

Figure D-21 Effect of horizontal angle ( ) on pressure modification coefficients 
( ) on the obstruction facing side
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Figure D-22 Effect of horizontal angle ( ) on pressure modification coefficients 
( ) on the obstruction facing side

D.1.3 Vertical Angle Figures D-23 to D-26 represent the measured Pressure Co

cients ( ) and Pressure Modification Coefficients (

expressed as a function of the Vertical Angle ( ).
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Figure D-23 Effect of vertical angle ( ) on pressure coefficients ( ) on the 
obstruction facing side

Figure D-24 Effect of vertical Angle ( ) on pressure coefficients ( ) on the 
obstruction facing side
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Figure D-25 Effect of vertical angle ( ) on pressure modification coefficients 
( ) on the obstruction facing side

Figure D-26 Effect of vertical angle ( ) on pressure modification coefficients 
( ) on the obstruction facing side
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D.2 Complex 
Function

Section 4.12.3 in Chapter 4 describes the derivation of 

orthogonal model. Two functions were developed: the first 

ease of use5, and the second for accuracy. For increased ac

racy6, the following function i.e. Equation D-1 represents t

long version of the Orthogonal function used in determini

the Pressure Modification Coefficient  values shown

Figure 4-457. This function is also intended to be used in t

algorithm described in Chapter 5 and Appendix H .

D-5.Equation 4-11, page 96.

D-6.Increase the sensitivity of the function to predict minute variations in  v
ues relative to the simple function described above. 

D-7. page 98.

Cpm

Cpm
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(D-1)

where

Cpm(ortho) C0

αh

2
------ 

 sin αv( )sin C1

αh

2
------ 

 cos
αv( )sin

C2

αh

2
------ 

 cos
αv( )sin 2

C3 αv( )cos

αh

2
------ 

 sin

C4 αv( )cos

αh

2
------ 

 sin
2

C5

αh

2
------ 

 cos
αv( )sin

αv( )cos

αh

2
------ 

 sin

C6

αh

2
------ 

 cos
αv( )sin 2

αv( )cos

αh

2
------ 

 sin
2

C7 αv( )cos

αh

2
------ 

 sin
3

C8

αh

2
------ 

 cos
αv( )sin 3

⋅

C9 αv( )cos

αh

2
------ 

 sin
ln⋅ C10

αh

2
------ 

 cos

αh

2
------ 

 sin αv( )sin⋅

⋅

C11 αv( )cos[ ]

αh

2
------ 

 sin αv( )sin⋅
⋅

C12

αh

2
------ 

 cos

αh

2
------ 

 sin αv( )sin⋅

αv( )cos[ ]

αh

2
------ 

 sin αv( )sin⋅
⋅ ⋅

+

+ +

+

+

⋅+

⋅ ⋅+

⋅ ⋅+⋅+

⋅+⋅+

⋅+⋅ ⋅=

C1 10.4352–= C7 16.7205–=

C2 72.0518–= C8 60.1141=

C3 12.5624–= C9 11.7711=

C4 41.4130–= C10 4.4688–=
308
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C5 107.5238–= C11 54.1139=

C6 72.5058= C12 85.4555=

C13 32.6831–=
309
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Appendix E
Displacement Effects
ent
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This appendix was created to document the displacem

effects of the obstruction model on the pressure coefficient

profile across the shielded model surface. The objective of

set of experiments was to locate the effects of horizon

obstruction model displacement. Three variables were tes

1) obstruction width, 2) displacement, and 3) the horizon

spacing. The specifics of the tested configurations were li

in Table 4-4. A full discussion of the displacement effect

presented in Section 4.13.1, page 99. 

Figure E-1. Displacement Shielding.

All data in the following figures were based on the Norm

ized Pressure Coefficients (see definition below).

Cp
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ci
ng
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(E-1)
Cp Norm( ) Normalized Pressure Coefficient=

Cp Shielded( ) Cp Unshielded( )⁄=

Figure E-2 Displacement profiles for obstruction width=25 cm and spacing =20 cm 
(shaded area = shielded area).
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Figure E-3 Displacement profile for obstruction width=25 cm and spacing =40 cm.
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Appendix E

   
Figure E-4 Displacement profile for obstruction width=25 cm and spacing =60 cm.
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Appendix E

   
Figure E-5 Displacement profile for obstruction width=61 cm and spacing =20 cm.

  

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

C
p(

N
or

m
)

  

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

C
p(

N
or

m
)

  

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

C
p(

N
or

m
)

  

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

C
p(

N
or

m
)

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5
C

p(
N

or
m

)
 

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

C
p(

N
or

m
)

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

C
p(

N
or

m
)

  

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

C
p(

N
or

m
)

315



 

Appendix E

   
Figure E-6 Displacement profile for obstruction width=61 cm and spacing =30 cm.
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Appendix E

   
Figure E-7 Displacement profile for obstruction width=61 cm and spacing =40 cm.
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Appendix E

   
Figure E-8 Displacement profile for obstruction width=61 cm and spacing =60 cm.
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Appendix F
Effect of Changing Wind Direction
Model and Obstruction are always parallel:

Figure F-1 Setup of experiment and variables 
(Scenario I)

Θ

w=25, 61, and 86 cm

Obstructed Side

Unobstructed Side

Sm = 2, 3,4, and 6
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Appendix F

           
Figure F-2 Effect of changing wind direction-measured data 

a.Effect of changing the 
wind direction on pres-
sure coefficients (Cp)

(Obstruction-facing side)

b.Effect of changing the 
wind direction on pres-
sure modification coeffi-
cients (Cp.m)

(Obstruction-facing side)
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c.Effect of changing the 
wind direction on pres-
sure coefficients (Cp)

(Unobstructed side)

d.Effect of changing the 
wind direction on pres-
sure modification coeffi-
cients (Cp.m)

(Unobstructed side)

Figure F-2 Effect of changing wind direction-measured data (Continued)
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Figure F-3 Comparison between measured and predicted values of  on the 
obstructed side. (obstruction width=25 cm) 
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Figure F-4 Comparison between measured and predicted values of  on the 
obstructed side. (obstruction width=61 cm) 
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Spacing=40 cm Spacing=60 cm
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Figure F-5 Comparison between measured and predicted values of  on the 
obstructed side. (obstruction width=86 cm) 
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Figure F-6 Comparison between measured and predicted values of  on the 
unobstructed side. (obstruction width=25 cm) 
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Appendix F

    
Figure F-7 Comparison between measured and predicted values of  on the 
unobstructed side. (obstruction width=61 cm) 

Spacing=20 cm Spacing=30 cm

Spacing=40 cm Spacing=60 cm
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Appendix F

    
Figure F-8 Comparison between measured and predicted values of  on the 
unobstructed side. (obstruction width=86 cm) 

Spacing=20 cm Spacing=30 cm

Spacing=40 cm Spacing=80

Legend:
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Appendix F

    
Obstruction is always perpendicular to wind direction:

Figure F-9  Setup of experiment for scenario II

Θ

w=25, 61, 86 , and 200 cm

Obstructed Side

Unobstructed Side

S=2–10*

*3, 5, 7, 9 Additional spacing (S) for obstruction width = 200 cm only
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Appendix F

            
Figure F-10 Effect of changing wind direction-measured data 

a.Effect of changing the 
wind direction on  surface 
pressure coefficients (Cp)

Obstruction Width=25 cm

b.Effect of changing the 
wind Direction on  surface 
pressure coefficients (Cp.m)

Obstruction Width=25 cm
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Appendix F

             
c.Effect of changing the 
wind Direction on  surface 
pressure coefficients (Cp)

Obstruction Width=61 cm

d.Effect of changing the 
wind direction on  surface 
pressure coefficients (Cp.m)

Obstruction Width=61 cm

Figure F-10 Effect of changing wind direction-measured data (Continued)
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Appendix F

             
e.Effect of changing the 
wind direction on  surface 
pressure coefficients (Cp)

Obstruction Width=86 cm

f.Effect of changing the 
wind direction on  surface 
pressure coefficients (Cp.m)

Obstruction Width=86 cm

Figure F-10 Effect of changing wind direction-measured data (Continued)
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Appendix F

             
g.Effect of changing the 
wind direction on  surface 
pressure coefficients (Cp)

Obstruction Width=200 cm

h.Effect of changing the 
wind direction on  surface 
pressure coefficients (Cp.m)

Obstruction Width=200 cm

Figure F-10 Effect of changing wind direction-measured data (Continued)
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Appendix F

    
Figure F-11 Comparison between measured and predicted values of . 
(obstruction width=25 cm)

Spacing=20 cm Spacing=30 cm

Spacing=40 cm Spacing=60 cm

Spacing=80 cm

Legend:
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Appendix F

    
Figure F-12 Comparison between measured and predicted values of . 
(obstruction width=61 cm)

Spacing=20 cm Spacing=30 cm

Spacing=40 cm Spacing=60 cm

Spacing=80 cm

Legend:
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Appendix F

    
Figure F-13 Comparison between measured and predicted values of . 
(obstruction width=86 cm)

Spacing=20 cm Spacing=30 cm

Spacing=40 cm Spacing=60 cm

Spacing=80 cm

Legend:
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Appendix F

   
Figure F-14 Comparison between measured and predicted values of . 
(obstruction width=200 cm)  

Cp

 

200-2

[ [ [ [ [ [ [ [ [ [ [ [ [

-1.4
-1.2

-1
-0.8
-0.6
-0.4
-0.2

0
0.2
0.4
0.6
0.8

1
0

15 30 45 60 75 90 10
5

12
0

13
5

15
0

16
5

1 8
0P

re
ss

ur
e 

C
oe

ffi
ci

en
t (

C
p)

Wind Direction (°)

 

200-3

[ [ [ [ [ [ [ [ [ [ [ [ [

-1.4
-1.2

-1
-0.8
-0.6
-0.4
-0.2

0
0.2
0.4
0.6
0.8

1

0
15 30 45 60 75 90 10

5
12

0
13

5
15

0
16

5
18

0P
re

ss
ur

e 
C

oe
ffi

ci
en

t (
C

p)

Wind Direction (°)

200-4

[ [ [ [ [ [ [ [ [ [ [ [ [

-1.4
-1.2

-1
-0.8
-0.6
-0.4
-0.2

0
0.2
0.4
0.6
0.8

1

0
15 30 45 60 75 90 10

5
12

0
13

5
15

0
16

5
18

0P
re

ss
ur

e 
C

oe
ffi

ci
en

t (
C

p)

Wind Direction (°)

200-5

[ [ [ [ [ [ [ [ [ [ [ [ [

-1.4
-1.2

-1
-0.8
-0.6
-0.4
-0.2

0
0.2
0.4
0.6
0.8

1

0
15 30 45 60 75 90 10

5
12

0
13

5
15

0
16

5
18

0P
re

ss
ur

e 
C

oe
ffi

ci
en

t (
C

p)

Wind Direction (°)

200-6

[ [ [ [ [ [ [ [ [ [ [ [ [

-1.4
-1.2

-1
-0.8
-0.6
-0.4
-0.2

0
0.2
0.4
0.6
0.8

1

0
15 30 45 60 75 90 10

5
12

0
13

5
15

0
16

5
18

0P
re

ss
ur

e 
C

oe
ffi

ci
en

t (
C

p)

Wind Direction (°)

200-7

[ [ [ [ [ [ [
[ [ [ [ [ [

-1.4
-1.2

-1
-0.8
-0.6
-0.4
-0.2

0
0.2
0.4
0.6
0.8

1

0
15 30 45 60 75 90 10

5
12

0
13

5
15

0
16

5
18

0P
re

ss
ur

e 
C

oe
ffi

ci
en

t (
C

p)

Wind Direction (°)
337



 

Appendix F

    
Legend:

Figure F-14 Comparison between measured and predicted values of . 
(obstruction width=200 cm)  (Continued)
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Appendices

             
Appendix G
Multiple Obstruction Blocks
si-

del.

eri-

.

n 
This appendix shows the effect of two obstruction blocks po

tioned on the windward side of the of the instrumented mo

Figure G-1 illustrates the variables studied in this set of exp

ments and these are:

1. The spacing between the obstruction blocks (gap).

2. The spacing between the obstruction blocks and the model

3. Wind direction.

4. Horizontal shift or changing the position of the two obstructio

blocks relative to the instrumented surface.

Figure G-1 The studied variables
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Appendix G

   
Figure G-2.1  Pressure modification coefficients  profiles as shielded by two 

obstruction blocks 2 spacings and 12.5 cm between blocks 
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Appendix G

   
Figure G-2.2  Pressure modification coefficients  profiles as shielded by two 

obstruction blocks 2 spacings and 25 cm between blocks 
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Figure G-2.3  Pressure modification coefficients  profiles as shielded by two 

obstruction blocks 2 spacings and 37.5 cm between blocks 
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d 
Figure G-2.4  Pressure modification coefficients  profiles as shielded by two 

obstruction blocks 2 spacings and 12.5 cm between blocks and horizontally displace
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Figure G-2.5  Pressure modification coefficients  profiles as shielded by two 

obstruction blocks 2 spacings and 25 cm between blocks and horizontally displaced

Cpm

Θ

W
DS=2

s=25 cm

d=12.5 cm

  

1.51.5

1

0.5

0

-0.5

-1

0 250

-1

-0.5

0

0.5

1

1.5

0 250

C
pm

Θ=0°

1.51.5

1

0.5

0

-0.5

-1

0 250

-1

-0.5

0

0.5

1

1.5

0 250

C
pm

Θ=15°

1.51.5

1

0.5

0

-0.5

-1

0 250

-1

-0.5

0

0.5

1

1.5

0 250

C
pm

Θ=30°

1.51.5

1

0.5

0

-0.5

-1

0 250

-1

-0.5

0

0.5

1

1.5

0 250

C
pm

Θ=45°

1.51.5

1

0.5

0

-0.5

-1

0 250

-1

-0.5

0

0.5

1

1.5

0 250

C
pm

Θ=60°

1.51.5

1

0.5

0

-0.5

-1

0 250

-1

-0.5

0

0.5

1

1.5

0 250

C
pm

Θ=75°

1.51.5

1

0.5

0

-0.5

-1

0 250

-1

-0.5

0

0.5

1

1.5

0 250

C
pm

Θ=90°
345



 

Appendix G

   

d

Figure G-2.6  Pressure modification coefficients  profiles as shielded by two 

obstruction blocks 2 spacings and 37.5 cm between blocks and horizontally displace
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Figure G-2.7  Pressure modification coefficients  profiles as shielded by two 

obstruction blocks 2 spacings and 12.5 cm between blocks and horizontally displace
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Figure G-2.8  Pressure modification coefficients  profiles as shielded by two 

obstruction blocks 2 spacings and 25 cm between blocks and horizontally displaced
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Figure G-2.9  Pressure modification coefficients  profiles as shielded by two 

obstruction blocks 2 spacings and 37.5 cm between blocks and horizontally displace

Cpm
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Figure G-2.10  Pressure modification coefficients  profiles as shielded by two 

obstruction blocks 3 spacings and 12.5 cm between blocks and horizontally centere
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Figure G-2.11  Pressure modification coefficients  profiles as shielded by two 

obstruction blocks 3 spacings and 25 cm between blocks and horizontally centered
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Figure G-2.12  Pressure modification coefficients  profiles as shielded by two 

obstruction blocks 3 spacings and 37.5 cm between blocks and horizontally centere
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Figure G-2.13  Pressure modification coefficients  profiles as shielded by two 

obstruction blocks 4 spacings and 12.5 cm between blocks and horizontally centere
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Figure G-2.14  Pressure modification coefficients  profiles as shielded by two 

obstruction blocks 4 spacings and 25 cm between blocks and horizontally centered
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Figure G-2.15  Pressure modification coefficients  profiles as shielded by two 

obstruction blocks 4 spacings and 37.5 cm between blocks and horizontally centere
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Figure G-3  Effect of two shielding blocks on obstructed surface of model  
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Figure G-3  Effect of two shielding blocks on obstructed surface of model  (Continued)
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Appendix G

   
Figure G-4 . Comparison between the predicted value of  for the individual 

shielding blocks and the measured values.  
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Figure G-4 . Comparison between the predicted value of  for the individual 

shielding blocks and the measured values.  (Continued)
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Figure G-5  Comparison between measured and predicted values of   Cpm
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Figure G-5  Comparison between measured and predicted values of   (ContinuedCpm
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Appendices

      
Appendix H
Model Application and Algorithm
H.1 Algorithm

Figure H-1  Diagram showing the procedural flow of the model for predicting 
velocity coefficients Cv
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H.2 Sample 
Calculations

This part contains a sample calculation of the Indoor Ventilat

prediction Model (IVM) with a detailed description of the proc

dure used. The site and model configuration were the same a

ones used for the verification of the model using the comp

urban layout1. 

H-1. For a more detailed description of the tested model and configuration of the 
obstruction blocks refer to Section 4.17.4 in page 159.

H.2.1 Inputting Terrain 
Types

The terrain types around the building of concern was identi

and input using Table B-1. The terrain information is used in 

IVM in two ways:

• Conversion from weather station data to site’s street le

velocities. Examples of these conversion methods are foun

Arens 1985 (Ref. 10), Aynsley 1989. (Ref. 24), ASHRAE (R

16), Swami and Chandra 1987 (Ref. 203). For this example

adapted version of SITECLIMATE method was used to pred

the wind speeds at the site (Section 5.7).

• Correcting  value using Table B-1 to account for the d

ference in terrain type from the one used in deriving the pre

tion model. 

H.2.2 Inputting the 
Obstruction 
Coordinates

As discussed in Chapter 5, the input for the model is based on

polar coordinates of the outermost visible corners/edges of e

visible obstruction block. Figure H-2 demonstrates how the co

dinates of the corners/edges were taken off. A list of the meas

polar coordinates of all adjacent blocks for each surface is sh

in Table H-1.

Cpm
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Figure H-2  Description of surrounding blocks.
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Table H-1  Polar coordinates of the corners of the 
surrounding obstruction blocks relative to the four 

surfaces  .

Surface Blocka
Block 
Height Point r (S)b c (°°°°)

N
or

th

7B 7 1 8.1 63.8

2 7.2 90

7C 17 1 3.8d 67.3

2 4.4 76.2

8 25 1 2.1 41.2

2 2.0 11.4

9 10 1 3.4 -8.9

2 8.3 -50.1

10 24.7 1 2.9 -28

2 3.0 -40.3

11 10 1 7.5 -60.4

2 6.5 -90

λ
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a. Refer to Figure H-2.

b. The radial coordinate is measured in terms of obstruction Spacing (So).

S
ou

th

2 10 1 5.4 68.1

2 4.2 45.2

3 10 1 2.3 26.6

2 2.3 -26.6

4 10 1 7.1 44.9

2 6.6 27

6 10 1 6.7 -72.4

2 4.4 -43.9

11 10 1 6.8 72.8

2 6.5 90

E
as

t

6 10 1 5.9 25.1

2 4.2 61.2

7A 25 1 1.6 7.0

2 1.6 -7.0

7B 7 1 7.2 -36.4

2 5.8 -7

7C 17 1 4.0 -20

2 3.4 -31.2

8 25 1 2.1 -60.9

2 1.8 -90

W
es

t

1 10 1 2.1 13.9

2 2.1 -13.9

2 10 1 4.7 -32.1

2 4.0 -11.3

4 10 1 6.3 -60.7

2 6.8 -73.1

9 10 1 8.0 47.3

2 3.0 90

10 24.7 1 2.9 58.1

2 2.9 71

11ae 10 1 6.9 37.3

2 5.7 14.1

11b 10 1 5.7 -14.1

2 6.0 -24.4

Table H-1  Polar coordinates of the corners of the 
surrounding obstruction blocks relative to the four 

surfaces  (Continued).

Surface Blocka
Block 
Height Point r (S)b c (°°°°)λ
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c. Angular coordinate of visible edge of obstruction block.

d. Refer to Section H.2.3

e. Note that for the west surface, obstruction block has been divided into two 
sections: 11a and 11b (Figure H-2)

H.2.3 Running a Point 
Order Check

Following the rules stated in Section 5.3.3.3, the point coordin

in bold font in Table H-1 have been flagged for order errors. T

three points were then reversed in the calculation in the next 

tion. However, the corner coordinates of block 9 were kept

ordered in Table H-1. This exception was used to account for

shifted wake effect discussed in Section 4.17.4.4. By selec

point 1 to be the one with the smallest absolute value of the a

lar polar coordinates, the equivalent obstruction plane app

closer to the north surface, thus decreasing the predicted valu

. 

H.2.4 Determining the 
Relative Wind 
Direction 

Based on the discussion in Section 5.3.3.1, the relative wind d

tions for the four facades were determined. At 0˚, the value

 were 0˚, -90˚, 180˚, and +90˚ for the North, East, South, 

West facades respectively2. For wind directions , Equa-

tions (5-4) and (5-5) were used.

H-2. Refer to Equation (5-1).

H.2.5 Calculating the 
Angles of Obstruction

Using the geometric relationships discussed in Chapter 5,

angles of obstructions were calculated [Equations (5-7), (5-14

(5-20)]. Figures H-3 to H-6 show the result of the calculations

the three angles of obstruction for the four surfaces for the 

wind directions. As a visual hint, it should be noted that wi

direction at  roughly coincides with the wind direction 

which the shielding effect of that obstruction block is maximum

Cpm

Θrel
Θrel

Θrel 0°>

max αh
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Figure H-3  Angles of obstruction for the North facade.
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Figure H-4  Angles of obstruction for the South facade.
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Figure H-5  Angles of obstruction for the East facade.
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Figure H-6 c Angles of obstruction for the West facade.
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H.2.6 Inputting the 
Gap Description

As defined in Section 5.3.3.7, the gaps’ polar coordinates 

taken off from the plan (Figure H-7). Similar to the obstructi

blocks, only gaps visible from the surface are considered in de

mining the overall shielding effect. 

Figure H-7  Determination of the Gaps coordinates
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a. Refer to Figure H-7.

H.2.7 Running a Point 
Order Check for the 
Gaps

Similar to the procedure discussed in H.2.3, a point order ch

was run to determine the correct order of the gap coordinates.

coordinates in Bold letters in Table H-2 show the points t

needed re-ordering.

Table H-2  Coordinates of visible Gaps.

Surfacea Gap
Block 
Height Point r (S)  (°°°°)

N
or

th

g1 10 1 8.4 -50.1

10 2 7.5 -60.4

g6 7 1 8.0 63.8

25 2 2.1 41.2

7g 25 1 1.7 14.1

10 2 3.4 -8.9

S
ou

th

g2 10 1 5.4 68.1

10 2 6.8 72.9

g4 10 1 2.3 -26.6

10 2 4.4 -43.7

g5 10 1 6.7 -72.6

25 2 2.0 -90

E
as

t

g4 10 1 4.2 61.3

10 2 2.5 90

g5 25 1 1.7 7

10 2 5.9 25.1

g6 7 1 7.2 -36.4

25 2 2.1 -60.9

W
es

t

g1 10 1 6.9 37.3

10 2 8.0 47.3

g2 10 1 6.0 -24.4

10 2 4.7 -32.1

g3 10 1 6.8 -73.1

10 2 5.5 -90

λ
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H.2.8 Determine the 
Angular Description 
of the Gaps

The lone parameter needed to define the gap is the displace

angle ( ) and was calculated using Equation (5-17) and 

rected in Equations (5-18) to (5-20). Table H-2 shows the ca

lated displacement angles of all visible gaps for the four surfa

of the model.

αdg
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Figure H-8  Calculated Displacement Angle of visible Gaps.
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H.2.9 Calculate  
for Individual Blocks

The determination of the shielding effect of the individu

obstruction blocks on the four model surfaces described in the

lowing sections adheres to the algorithm presented in Chap

and illustrated in Figure H-1. 

H.2.9.1 Orthogonal Model This calculation is performed on all obstruction blocks visib

from the surface for which  was determined. Based on 

angles of obstruction determined in STEP H.2.5, formula (D
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was used to calculate the value of  for all surfac

based on the individual shielding of all visible blocks3.

H-3. A simpler version of the relationship was described in Equation (4-11), Section
4.12.3.2.

H.2.9.2 Correction for Dis-
placement

Similarly, the correction for displacement ( ) wa

implemented using formula (4-13) for all obstruction blocks. T

resulting values were then categorized based on the geom

relation between the considered surface and the individ

obstruction block.

H.2.9.3 Correction for 
Wind Direction (Scenario 
I)

The effect of changing the wind direction for blocks that follo

scenario I configuration4 was performed for all obstruction block

except for blocks 9 and 10 (Figure H-2). This means that no 

rection was needed except that was applied when 

When this latter condition was met, the correction in Equation

17) was applied. However, only blocks 1, 3 and 7a cause the p

surization effect described in Equation (4-17). The other blocks

not cause this pressurization and thus 

(Figure 4-71)

H-4. Section 4.14.3 on page 114.

H.2.9.4 Correction for 
Wind Direction (Scenario 
II)

Even though obstruction blocks 9 and 10 fit Scenario III desc

tion, the discussion in Section 4.14.1 explained that Scenar

correction was to be used. The applied correction for 

was described in Equation (4-19) in Section 4.14.4.3. Howe

when  the pressurization is non-effectual since block

and 10 are shifted relative to the considered surface. In th

cases, the value of  and pressurizati

is expected (Figure 4-71).

Cpm ortho( )

Cpmαd corr( )

αh 140°>

CpmΘ corr( )
Cpmαd corr( )

=

αh 10°>

αh 10°<

CpmΘ corr( )
Cpmαd corr( )

=
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H.2.9.5 Correction for 
Boundary Layer

The boundary conditions under which the model is tested w

described in Section 4.17.4. The correction factor for that bou

ary layer is 0.92 (TABLE B-1 ). Each value of calculated indivi

ual  was multiplied by the boundary layer correctio

factor.

H.2.10 Calculating 
 for the Multiple 

Obstruction

Based on the input from Section H.2.9 and Section H.2.8, the

culated values of  and  were used in Equation 

22) to determine the average shielding effect of surround

obstruction blocks ( ). Figures H-9 to H-12 show th

result of calculating the shielding effect of multiple obstructi

blocks on each surface.

Figure H-9  Predicted pressure modification coefficients on the 
North surface
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Figure H-10  Predicted pressure modification coefficients on the 
South surface

Figure H-11  Predicted pressure modification coefficients on the 
East surface
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Figure H-12  Predicted pressure Modification coefficients on the 
West surface

H.2.11 Determination 
of Unobstructed  
Values

This section deals with the conversion of the calculated Pres

Modification Coefficients  to Pressure Coefficient values t

can be used in existing models for predicting indoor airflo

Based on Equation (4-3), the calculated values of  were c

verted to  using the following relationship;

(H-1)

H.2.11.1   at Wind 

Direction 

Some of the sources for the unshielded surface pressure c

cients on building surfaces are described in Section 5.6. In a

tion to these sources, the data from this research are docum

in Appendix C, and can also be used. 
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For this experiment, the values of  for all win

directions for the two surfaces (N or long and E or short side5

were measured in the wind tunnel. Figure H-13 shows the va

of the pressure coefficient of the unobstructed model used in

determination of  values as in Figures G- 14 to G-17.

H-5. Refer to Figure 4-100, pp. page 161.

H.2.11.2 Calculate  at 

Wind Direction 

When the wind direction is larger than 0˚, models such as Sw

and Chandra (Ref. 203) or the modified function developed in 

research (Section 4.11.2) and illustrated in Equation (4-7) ma

used. Figures 4-24 and 4-28 can also be used to provide

designer with the row data needed to establish the value

. The latter will be used in the determination 

the Pressure Modification Coefficient  using the relations

described in Section 4.10 and shown in Equation (H-1). It sho

be noted that the slight difference between the two curves in 

ure H-13 is due to the difference in their respective aspect r

( ). In Equation (4-7), the aspect ratio of the surface under c

sideration is accounted for in the prediction of the .

Cp Unshielded( )

Cpm

Cp

Θ 0°>

Cp Unshielded( )

Cpm

As

Cpm@Θ
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Figure H-13  Pressure modification coefficients of the 
unobstructed instrumented model 

 

H.2.12 Determination 
of the Shielded 
Pressure 
Coefficients 

Based on the values of  calculated in Section H.2.10 

Equation (H-1), the Pressure Coefficients of the shielded m

( ) were calculated and presented in Figures G- 14

G-17.
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Figure H-14  Predicted pressure coefficients on the North 
surface

Figure H-15  Predicted pressure coefficients on the South 
surface
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Figure H-16  Predicted pressure coefficients on the East surface

Figure H-17  Predicted pressure coefficients on the West surface

H.2.13 Building 
Characteristics

The building in our case is a single storey with a flat roof, rect

gular plan, and single space with no interior partitions. 
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As shown in Figure H-18, the windows in the experiment 

located on the long sides opposite to each other6. The windows in

both walls have the same dimensions, location, and surface 

(Figure 18).

Figure H-18  The Windows Configurations

H-6. Surfaces N and S.

H.3 Determining 
Indoor Velocity

The transformation of the predicted pressure data involves

implementation of Ernest mathematical model discussed in S

tion 5.8. The determination of the indoor air velocity of the phy

cal model follows a step-by-step calculation of the differe

variables described in Equation (5-29).

H.3.1 Effect of 
Pressure Distribution 
and Wind Direction 
(f1)

The function that is used to determine effect if pressure distr

tion and wind direction7 is as follows8:

(H-2)

Where

H-7. Refer to Equation (5-29).

H-8. Ernest 1991, ((Ref. 74)), Equation A.3-2 pp. 249. 

Ai= 44.3 sq. cm

Ao= 44.3 sq. cm

Long side

Short Side

f 1 Cp Θ,( ) C1 ∆Cp⋅ C2 Cpw Θcos⋅ ⋅+ +(=

C3 Cpl Θwscos⋅ ⋅ C4 Θwscos⋅ C5+ + )0.5
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The empirical coefficients are:

Since Ernest’s Model limits wind direction to 

wind direction  had to be broken into thre

quadrants 90˚ each. In both the first and fourth quadrants w

 and  respectively, surface N wa

the windward surface while S was the leeward side in Equa

(H-2). In the second and third quadrants (  a

), surface N becomes the leeward while S

the windward surface in Equation (H-2).

Table H-3  Result of calculating f1 (First Quadrant)

0 0 0.4143 -0.3014 0.71566 0.40591

10 10 0.21888 -0.3295 0.54836 0.35594

20 20 -0.0814 -0.4554 0.37401 0.30032

30 30 -0.1382 -0.5658 0.42766 0.32428

40 40 -0.0129 -0.6684 0.65546 0.39732

50 50 0.07248 -0.7343 0.80675 0.4357

60 60 -0.0867 -0.772 0.68537 0.39935

70 70 -0.3001 -0.6927 0.39264 0.30233

80 80 -0.4921 -0.5874 0.09526 0.16049

90 90 -0.6498 -0.5063 0.14352 0.18583

Θ Wind direction 0° Θ 90°≤ ≤( )=

Cpw Pressure coefficient at windward side=

Cpl Pressure coefficient at leeward side=

Cp∆ Cpw Cpl–=

C1 0.0203=

C2 0.0296=

C3 0.0651–=

C4 0.0178–=

C5 0.0054=

0° Θ 90°≤ ≤

90° Θws< 360°≤

0° Θ 90°≤ ≤ 270° Θ 360°≤ ≤

90° Θws 180°≤ ≤

180° Θws 270°≤ ≤

Θws Θ Cpw Cpl Cp∆ f Cp Θ,( )
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Table H-4  Result of calculating f1 (Second Quadrant)

Table H-5  Result of calculating f1 (Third Quadrant)

Table H-6  Result of calculating f1 (Fourth Quadrant)

180 0 0.13062 -0.3014 0.43198 0.31429

170 10 0.21498 -0.3295 0.54446 0.35466

160 20 0.29556 -0.4554 0.75101 0.42096

150 30 0.29906 -0.6343 0.9334 0.47212

140 40 0.19773 -0.8326 1.03031 0.49691

130 50 0.02241 -0.8431 0.86548 0.45316

120 60 -0.1761 -0.8336 0.65751 0.39307

110 70 -0.3299 -0.7748 0.44486 0.32176

100 80 -0.4269 -0.7113 0.28438 0.25668

90 90 -0.5063 -0.6498 0.14352 0.18583

Θws Θ Cpw Cpl Cp∆ f Cp Θ,( )

180 0 0.13062 -0.3014 0.43198 0.31429

190 10 0.20101 -0.3295 0.53049 0.35006

200 20 0.21157 -0.4554 0.66702 0.39727

210 30 0.12107 -0.6343 0.7554 0.42685

220 40 0.14458 -0.8015 0.94605 0.47651

230 50 -0.0831 -0.7929 0.70978 0.41188

240 60 -0.1891 -0.775 0.58585 0.37129

250 70 -0.3303 -0.5829 0.25267 0.24544

260 80 -0.5458 -0.287 0.25886 0.23515

270 90 -0.7129 -0.1583 0.55466 0.3435

360 0 0.4143 -0.3014 0.71566 0.40591

350 10 0.29602 -0.3295 0.62551 0.38026

340 20 0.05105 -0.4554 0.5065 0.34753

330 30 -0.1376 -0.6343 0.49673 0.35079

320 40 -0.137 -0.7405 0.60357 0.38486

310 50 -0.1001 -0.7958 0.69574 0.40815

300 60 -0.0425 -0.7999 0.75742 0.41912

290 70 -0.0948 -0.7981 0.7033 0.39861

280 80 -0.2226 -0.788 0.56539 0.35334

270 90 -0.1583 -0.7129 0.55466 0.3435

Θws Θ Cpw Cpl Cp∆ f Cp Θ,( )

Θws Θ Cpw Cpl Cp∆ f Cp Θ,( )
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Since it is assumed in this example that the reference velocity

measured at eave height, the ratio of  should equal u

and no correction for the value of f1 was needed.

H.3.2 Effect of 
Window Size (f 2)

In Section H.2.13, the porosity ( ) of the two walls were est

lished (Figure 18). The effect of window size is determined ba

on the following function9:

(H-3)

 Where;

The resulting value of is;

The derived value of porosity  is within the limits i.

.

The function accounting for building porosity is10:

(H-4)

Where;

H-9. Ernest, D. Op. Cit, Equation A.3-3 on pp. 250.

H-10. Ibid. Equation A.3-4 on pp. 250.

Ve Vr⁄

ϕ

ϕ
2 Ai Ao⋅ ⋅

Aw 2 Ai
2⋅ 2 Ao

2⋅+( )
0.5

⋅
--------------------------------------------------------------=

ϕ Building porosity=

Ai Open inlet area=

Ao Open outlet area=

Aw Interior of wall containing opening=

ϕ 2 44.3 44.3××

192 2 44.3
2× 2 44.3

2×+( )
0.5

⋅[ ]
---------------------------------------------------------------------------------=

0.23=

ϕ

0.06 ϕ 0.25≤ ≤

f 2 ϕ( ) C1 ϕ⋅ C2+=
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and
The resulting f2 for the model is 1.22.

H.3.3 Effect of 
Interior Partitions (f 3)

Since no partitions were inside the model, the value of f3 is 1.0.

H.3.4 Effect of 
Window Accessories 
(f4)

Since no insect screen or awning is specified f4 will be 1.0.

H.3.5 Calculating 
Velocity Coefficient 
(Cv)

Based on Equation (5-29), the values of  were calculated 

shown in Figure H-19.

Figure H-19  Calculated velocity coefficient (Cv)

C1 3.48=

C2 0.42=

Cv
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Other indoor airflow characteristics can be predicted based on

velocity coefficient values. Based on Ernest’s model, the ca

lated velocity coefficient values can be used to determine 

indoor turbulence11 and indoor velocity distribution12 of the

building for which indoor airflow was to be studied13.

H-11. Turbulence Coefficient (Ct).

H-12. Coefficient of Spatial Variation (Csv).

H-13. Ernest op. cit. pp. 254-261.

H.3.6 Determining the 
Wind Speed at Site

Wind data can be in hourly, tri-hourly, daily, monthly formats. 

all cases the wind speeds are associated with cardinal wind d

tion. The indoor velocity prediction routine can use all these f

mats resulting in indoor airflow predictions related to seaso

variation as well as diurnal in the case of hourly data.

Based on a hypothetical wind rose14 and an adapted site wind

velocity prediction routine from SITECLIMATE (Section 5.7), 

year-round wind speed and corresponding probability of exce

ance was determined (Figure H-21). For ventilation purposes

1% and 5% exceedance lines were reasonable levels for desig

Section 5.7 discusses the correction of weather station wind 

to the specific site conditions for use by the Indoor Velocity Mo

(IVM). The two correction factors applied to the data from hyp

thetical wind rose mentioned above, are calculated below;

H-14.Reference: ASHRAE Handbook of Fundamentals 1989, pp. 14.8.
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H.3.6.1  Effect of Terrain 
and Height

Arens et al (Ref. 10) state that if the reference is located in 

open terrain15 –typical airport weather station conditions–, equ

tion (5-21)16 can be rewritten as:

(H-5)

Where

The boundary conditions of the tested model were equivalen

those of a small town or a suburban development (

From Table H-7, the value of p in equation (H-6) is equal to 1.15

Since the eave height was taken to be 2.5 m, therefore;

Table H-7  Mean Wind Profile Parameters17

In the example, the assumption is that the boundary condition

the eight cardinal wind direction to be the same. Therefore,

H-15. or  and .

H-16. page 199.

H-17. Source: Bietry et al (Ref. 36).

0.005 0.83

0.07 1.00

0.3 1.15

1.00 1.33

2.50 1.46

z10 10 m= z0 0.07=

ROGRAT 0.2p
z

z10
-------- 

 ln⋅=

p
uf

uf 1
--------

 
 
 

=

z height of eave (m)=

z10 0.3 m=

ROGRAT∴ 0.2 1.15
2.5
0.3
------- 

 ln××=

0.49=

z0
p

U f

U f 1
--------- 

 =
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value of ROGRAT=0.49 should be multiplied by the wind data 

all wind directions (Figure H-20).

Figure H-20  Application of SITECLIMATE: eight cardinal wind 
directions to correspond with different boundary layers and 

topography around the site

H.3.6.2 Effect of Topogra-
phy

The effect of topography was not included in this example si

the urban layout was assumed to be flat. Therefore, SLPFA

taken to be 1.0.

Figure H-21 shows the result of weather station wind data con

sion to site wind speeds at a point located in the middle of the 

sidered model18.

H-18. The location of the point is take without the model in place.
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Figure H-21  Wind Speeds and probability of exceedance at the 
Building Site.

H.3.7 Determining 
Indoor Wind Velocity 

Figure H-22 demonstrates the result of calculating the predic

interior velocity of the space19. 

(H-6)

Where

The polar diagram shows that indoor wind speeds were at min

levels when wind direction is parallel to the windows (90˚ a

270˚). However, at wind direction equals to 270˚, the surround

buildings were lower in height that those facing the eastern 

H-19. Based on Equation (3-1).
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Vi Cv Vo×=

Vi Indoor air speed m/s=

Vo Wind speed at site m/s=
393



Appendix H

fer-

ind

hest

ngs.

tries

s,
(90˚). The mathematical model was able to predict these dif

ence resulting in lower indoor wind speeds at corresponding w

angles.

The wind directions at which the space experienced the hig

indoor air speeds coincided with the gaps between the buildi

This proves that the model can handle complex urban geome

where multiple surrounding buildings of various sizes, form

interacting with each other. 

Figure H-22  Predicted interior wind velocities.
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