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CHAPTER I 

INTRODUCTION 

Quantifying wind-induced pressures on buildings is a fundamental objective of 

wind engineering. These wind pressures are used in building codes and standards for the 

design of buildings and other structures thus directly influence the economics of 

construction and the structure's reliability. The vast majority of this quantification is 

done in wind tunnels, using scale models, where researchers have control over the wind 

environment. In order to obtain results that duplicate full-scale wind effects on buildings 

using scale models, non-dimensional scaling criteria must be satisfied. Unfortunately all 

the appropriate scaling criteria cannot be practically met, thus the results obtained from 

the wind tunnel are imperfect. As a result, differences in full-scale and model-scale 

pressures are often noted, particularly in the peak instantaneous pressures. Thus wind

tunnel resuhs must be validated and the magnitude of the errors estimated using full-scale 

test results. 

This need for high quality full-scale wind-induced pressure data, particularly on 

low-rise buildings, for comparison to model scale results led to construction of the full

scale test facility at Texas Tech University known as the Wind Engineering Research 

Field Laboratory (WERFL). This facility consists of a 30 ft x 45 ft x 13 ft high metal 

building that can be rotated to achieve the desired angle of attack of wind, a 160 ft high 

meteorological tower, appropriate instrumentation to measure both wind-induced 

pressures on the surface of the building and boundary layer characteristics at six heights 

on the tower, and a data acquisition system (Levitan and Mehta, 1991a, 1991 b). 
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1.1 Statement of Problem 

Producing high quality field data is expensive and time consuming. A major portion 

of this expense is the investment in personnel to insure that the collected data is valid and 

not corrupted with signals from instruments that are malfunctioning or signals that exhibit 

anomalies such as electronic spikes. For a single 15-minute duration run, the processing, 

printing, plotting and validation process often take over two hours, with the majority of 

that time spent in the validation of the data. With over 1000 15-minute duration runs 

collected per year the required time investment is intractable for the number of 

researchers and the amount of resources available to perform the task. This required high 

investment of time has several consequences: ( 1) experienced wind researchers cannot 

perform the validation of all the data. Since much of the validation depends upon 

judgement and experience (which inexperienced researchers do not have), inconsistencies 

in the validated data naturally arise; and, (2) instrument malfunctions can go undetected 

for several weeks, which results in a loss of data and extends the experiment duration 

significantly. The existing validation procedure that is used by Texas Tech University is 

rather timed consuming. There is a need for a faster and better way to validate the 

processed data. 

1.2 Objectives 

The objective of this research is to: (1) develop a validation procedure for full 

scale wind-induced pressure data from the WERFL facility based on historical validated 

data that (a) can be automated and (b) results in a significant reduction in the time 
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required to validate the data and (2) lays the groundwork for near real time assessment of 

instrument performance using established quality assurance and quality control methods 

to determine when an instrument is out of control. The scope of this research is limited to 

a few selected pressure taps on the building, however the selected taps are representative 

of all the flow regimes that a low-rise building experiences. To accomplish this 

objective, several tasks are required: 

1. Compile a database of historical validated data for each tap investigated; 

2. Establish increments for the angle of attack of wind on the building which are 

sufficiently narrow to detect erroneous data yet wide enough to encompass 

sufficient data to make any statistical tests meaningful; 

3. Determine what statistical technique( s) will be used to validate new data using 

validated historical data; 

4. Test the new validation procedure on a pressure tap in a well-behaved flow 

regime to see if the procedure is tractable (a wall tap is selected for this test); 

5. If the results for the single pressure tap are reasonable, then extend the testing 

of the procedure to taps in other flow regimes; and, 

6. Investigate the possibility that validated historical data from adjacent existing 

taps can be used to validate data from locations where no historical 

information currently exists. 

The historical data that will be used is this research is validated data from Modes 

04, 15, and 28. The unvalidated data is from Modes 48, 49, 51, and 52. 
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As background information, Chapter II gives a brief overview of wind effects on 

low rise buildings focusing on the various flow regimes that can exist and associated 

wind-induced pressures, information about WERFL, a discussion of the full scale data to 

be validated, the data collection system, the current validation procedure, and the 

statistical methods that will be used to develop the validation procedure. Chapter III 

develops the validation procedure using data from a single wall tap. The extension of the 

new validation procedure to data from pressure taps in not so well behaved flow regimes 

(such as under the conical vortex in the roof comer area and under the roof separation 

bubble) is presented in Chapter IV. In Chapter V, the possibility of extending the 

validation procedure to data from new tap locations (without historical data available) 

using validated data from adjacent taps is investigated. Chapter VI presents the 

conclusions arising from this research and suggestions for future research. Appendices 

are supplied for supporting information related to the study. 
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CHAPTER II 

LITERATURE REVIEW 

There are many considerations involved in validating the wind-induced pressure 

data from a low-rise structure. This review provides background information that is 

important in understanding these considerations. As basic information, a brief discussion 

of wind effects on low-rise buildings is presented in Section 2.1. The focus of this 

background information is to define the various flow regimes which result from wind 

interacting with the building and how the wind-induced pressures at a point vary as the 

flow regime changes with angle of attack of wind on the building. A brief discussion of 

the Texas Tech Wind Engineering Research Field Laboratory (WERFL), and the data 

collected there is presented in Section 2.2. Information on the current validation 

procedure is presented in Section 2.3. Background information on the statistical 

techniques used in establishing the new validation procedure is given in Section 2.4. 

2.1 Wind Effects on a Low-Rise Building 

A vast majority of buildings and structures are within the lower part of the 

atmospheric boundary layer (ABL) where wind flow is highly turbulent. Instantaneous 

wind speed and direction vary randomly with time and are unpredictable by any 

deterministic function. When an incident wind impinges on a building, wind flow cannot 

negotiate the eaves and thus separates sharply from these edges. This interaction between 

the building and approaching wind brings additional turbulence to the flow near building 

surfaces resulting in high wind induced pressures acting in the edge regions. 
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Wind pressures at any specific location on a building are influenced by many 

factors, including wind speed and direction, the surrounding terrain. overall building 

shape and architectural features such as eaves and mullions (Yin, 1996). Wind tunnel 

techniques have been employed extensively in investigating the aerodynamic phenomena 

around three-dimensional obstacles with sharp edges. A conceptual model on the flow 

pattern near a cubic building in an atmospheric boundary layer has been developed as 

shown in Figure 2.1. 

INCIDENT WIND 
PROFILE 

SEPARATED ZONES 
ON ROOF AND SIDES 

REATTACHMENT LINES 
ON ROOF AND SIDES 

LATERAL EDGE AND 
ELEVATED VORTEX PAlR 

TURBULENT~-----
WAKE 

====== 

Figure 2.1 Conceptual flow model near a cube-like obstacle in a deep boundary layer 
(after Woo, 1977) 
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To better understand the building aerodynamics, flow structures formed next to 

the cubic-like building are discussed in the following sections. Section 2.1.1 discusses 

the wind effects on windward walls and 2.1.2 will present the wind effects on side walls. 

The flow on leeward walls is presented in section 2.1.3 and section 2.1.4 will discuss the 

wind effects over roofs. Section 2.1.5 will discuss how pressure coefficients change with 

angle of attack. 

2.1.1 Wind Effects on Windward Walls 

The surface of the building that is acted upon by approaching wind is defined as 

the windward wall. The windward wall is experiences inward acting or positive 

pressures. Figure 2.2 illustrates the flow structure in front of, and in turn the pressure 

distribution on the windward wall, of a building immersed in atmospheric boundary layer 

(ABL) flow. 

z 

mean pressure 
distribution 

-----1~--t----•stagnation 

point 

Figure 2.2 Flow pattern and pressure distribution on windward wall (after Cook, 1990) 
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The stagnation point is formed at about two-thirds the building height. The flow above 

the stagnation point goes up and separates along the upper edge of the windward surface. 

The flow below the stagnation point goes downward until it hits the ground and rolls up 

into a vortex in front of the windward wall. This action is known as a horseshoe vortex. 

The shape of horseshoe vortices is shown in Figure 2.1. The existence of this vortex has a 

significant effect on the distribution of wind pressures on the windward wall (Cook, 

1985). 

2.1.2 Wind Effects on Side Walls 

The side walls are subjected to suction or negative pressures due to flow 

separation along the edges of the windward surfaces, as illustrated in Figure 2.3. 

Line of separation at corner 

Separation streamlines 

~ 

Figure 2.3 Flow pattern on side wall (after Cook, 1990) 
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The flow pattern A is located above the stagnation height on windward surface two-thirds 

the building height; flow Bis designated for the flow below the stagnation height. Flow 

B moves much faster than the incident wind at corresponding height because of the 

horseshoe vortices formed in front of the windward surface. The resultant pressure 

distribution along the upstream edge of the side wall is found uniform (Yin, 1996). 

For an elongated building, the separated streamlines reattach to the building walls 

in the manner is shown in Figure 2.4. 

separation bubble 

____ / 
reattachment point 

separation point 

roof 

Figure 2.4 Flow pattern on side walls for elongated building (Yin, 1996) 

This phenomenon is termed reattachment. The zone covering the leading edge of the 

building to the reattachment point is usually defined as the separation bubble. In 

reattachment regions, wind pressures recover from their low values in separation bubbles, 

i.e., there is less suction in reattachment regions than in separation bubbles (Yin, 1996). 
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2.1.3 Wind Effects on Leeward Walls 

The flow trailing the building is called the wake. The flow pattern in the wake 

immediately after the leeward wall is depicted in Figure 2.5. 

Figure 2.5 Flow structure in the wake of a building (after Cook, 1990) 

A pair of vertical vortices are induced by the horseshoe vortex through the shear 

layers on the side walls of a building. Letter A marks the vertical vortices in Figure 2.5. 

A relatively uniform pressure distribution has been observed in the region close to the 

vertical sides of the leeward face (Cook, 1985). The flow marked as Bis driven by the 

shear layer over the roof The flow in the wake is also found to be highly turbulent (Yin, 

1996). 
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2.1.4 Wind Effects on Roofs 

A separation bubble is formed along the upstream edge of the roof \\·ith a normal 

approaching flow. The streamline pattern is demonstrated graphically in Figure 2.6 for 

buildings in an ABL flow. 

v 

separatioo 
point 

"-.stagnatioo 
point 

Momentmn from 
Reynolds s~ 

reattachment 
point 

Figure 2.6 Flow separation and reattachment on roofs (after Yin, 1996) 

The flow above the stagnation point goes up and separates along the roof edge 

and reattaches to the roof in the same manner as shown in Figure 2.4. The joint effect of 

the wind profile, vorticity in the shear layer along the separation boundary, and the 

Reynolds stress of ABL lowers the separated streamlines and leads to an earlier 

reattachment of the separated flow of the roof (Cook, 1990). High suctions are 
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encountered along the leading edge of the roof. The suction decreases in magnitude 

downstream in a pattern similar to that on side walls. 

Strong conical vortices, called delta wing vortices are produced at the roof comer 

when the incident flow is skewed from the direction normal to the windward wall The 

general pattern of the delta-wing vortices is illustrated in Figure 2.7. 

·oelta-wing · 
vortex 

Wedge of 
attached flow 

Figure 2. 7 General pattern for delta-wing vortices (after Cook, 1990) 
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The flow around a delta wing demonstrates strong three dimensionality. The 

delta-wing vortices contain primary (P) and secondary (S) vortices that roll up to form a 

pair of trailing vortices, which is presented in Figure 2.8. 

........ --

p 
• I 

c. - ---- f 
---;~, ~ 

' .... _ ,, .... \ 

- ....... I \I 
- ... ..,. l I/ .. _,, 

, 
, , , 

' -- , .... ...._ , 
-.... -'"""" ..... ~..... , ,_ , 

' , ' , 
' I , ' , 
', ' • I , .... , . \ , , 

..... ' - _,.' .... , x ...... _.,,,, 

Figure 2.8 Delta wing vortices (after The Japanese Society of Mechanical Engineers) 

Bienkiewicz and Sun (1992) verified the observations with the aid of both flow 

visualization and pressure measurements under the delta-wing vortices. Along the axis of 

the primary vortex, denoted AP in Figure 2.8, highly negative pressures are developed 

near the comer as result of centrifugal force action on the rotating fluid. Mean pressures 

under delta-wing vortices decrease rapidly in magnitude as the distance from the roof 

comer increases. Fluctuating pressures below the vortex comer are judged to be 

independent of the turbulence intensity level in the incident flow (Tieleman, 1994). 
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2.1.5 Changes of Pressure Coefficients with Angle of Attack 

As the angle of attack of wind on building changes, the flow-regime at a point on 

the building will correspondingly change. This is illustrated using data form pressure 

taps 42206, 50501, and 50523 from the Texas Tech's Wind Engineering Research Field 

Laboratory (see section 2.2 for discussion of WERFL). Mean pressure coefficients for 

these three taps are given in Figures 2.10 to 2.12. 

Figure 2.9 shows the location of tap 42206 (located on West wall ( 4) and 22 ft in 

the x direction of wall and 06 feet in they direction of wall) is located on the 

experimental building as well as the mean pressure coefficient as a function of angle 

attack. The pressure tap is located near mid-height and the middle of the wall . 

....... 
........ 

' ....... 
....... 

• 50523 
....... 

....... 
....... 

....... 

• 42206 

•1"0 

. ,.., ., 
C\I -

Figure 2.9 Location of Taps 42206, 50501 and 50523 on one-story test building 
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-0.4 
-0.6 
-0.8 

-1 

0 

Mode 04 and 15 validated data for Tap 42206 

45 90 135 180 

AOA 

225 270 315 

j•M4 I 

~ 

360 

Figure 2.10 Mean pressure data as a function of angle of attack for Tap 44206 

Wall tap 42206 is on the windward wall when the angle of attack is around 270 degrees, 

side wall at angle of attack ofO and 180 degrees and the leeward wall at and angle of90 

degrees. For and angle of attack of 270 degrees, the pressure acting on the wall is 

positive (windward wall pressure). As the angle of attack of270 degrees changes 

towards 180 degrees, the wall begins to experience suctions as side wall pressures. 

Figure 2.11 shows were tap 50523 is located on the roof of the test building and 

illustrates the changes in pressure coefficients of tap 50523. 
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Figure 2.11 Mean pressure data as a function of angle of attack for Tap 50523 

0 0 • 

From an angle of attack of 0 through 180 the tap expenences the effect of 

360 

reattached flow and has correspondingly small (in magnitude) pressure coefficients.. The 

tap is under the separation bubble starting at an angle of attack of about 220 ° and has 

larger magnitude pressure coefficients. Figure 2.12 shows where tap 50501 is located on 

the test building and illustrates the changes in pressure coefficients with angle of attack 

for tap 50501 (located near the roof edge). 
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Figure 2.12 Mean Pressure Data for Tap 50501 
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At an angle of attack of 0 ° the tap is in a reattached flow region, as the angle of attack 

changes approaching 180 ° the point begins to experience the effects of flow separation. 

At about 220° the minimum mean Cp is attained as the pressures at the point are induced 

by the conical vortex. 

2.2 Wind Engineering Research Field Laboratory (WERFL) 

WERFL is a very important research tool in the field of Wind Engineering 

because it provides high quality full-scale data for comparison with that obtained from 

wind tunnel tests. Background information on the experimental building is provided in 

Section 2.2.1. Section 2.2.2 presents the instrumentation of the test building. Section 

2.2.3 discusses the pressure measuring system used at the field site. Section 2.2.4 details 

the data acquisition system. 

2.2.1 Background on WERFL 

In 1987 at Texas Tech University, the WERFL one-story test building was 

established to measure wind speeds and associated wind effects on low-rise structures. 

The facility was sponsored by the National Science Foundation (Mehta, Smith, and 

Yeatts, 1994). The field laboratory is located on Texas Tech University property in 

Lubbock Texas. The city of Lubbock is situated on the high plains of Texas (elevation 

3300 ft above sea level). The high plains of Texas experience strong winds often 

throughout the year. The passage of fronts from the north to the northwest in late autumn 

and spring brings sustained winds of20-35 mph (9-16 mis). Prevailing winds during the 
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summer months are from the south to southwest at speeds of 10-20 mph (4.5-9 mis). The 

test facility is located on a flat, open site about 2 miles from the main campus (Levitan 

and Mehta part I, 1991 ). Figure 2.13 shows a map of the field site and the surrounding 

terrain. The immediately surrounding land is cultivated, the chief crop being cotton. The 

30 ft x 45 ft x 13 ft high (9.1 m x 13.7 m x 4.0 m) one-story test building and the 160-ft 

( 50-m) tall meteorological tower are constructed in an open field to record wind and 

building surface pressure data (see Figure 2.14). The WERFL building is supported on a 

circular track that allows the building to be rotated in order to obtain a desired angle of 

attack (AOA) of wind (see Figure 2.15). Inside the experimental building there is a 12 ft 

x 12 ft x 8 ft (3.7 m x 3.7 m x 2.4 m) data acquisition room that does not rotate. The test 

building is a prefabricated metal building, which has no architectural features, making the 

form as simple as possible. The building cladding consists of two layers, a corrugated 

steel cladding covered by a layer of flatstock material. The flatstock is used to prevent 

possible anomalies in pressure measurements due to the corrugations. The building has 

one door and one window. The entire test building is constructed on a rigid frame 

undercarriage. This undercarriage has a wheel at each comer of the building, which is 

connected to the circular steel track. Hydraulic jacks are installed at each wheel to raise 

the building, enabling it to be rotated by a motorized system (Levitan, Mehta, Chok, and 

Millsaps, 1990). 
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Figure 2.13 Map of field site and surrounding terrain (after Levitan and Mehta, 1991 b) 

19 



Figure 2 .13 Test building and surrounding terrain (after Levitan et al., 1990) 
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Figure 2.14 Cutaway view oftest building (after Levitan et al, 1990) 
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The building position is defined as the angle between the longitudinal axis of the 

building and true north. Wind angle of attack (AOA) is defined as the wind azimut~ a, 

minus the building positio°' J3, as shown in Figure 2.16 (Levitan and Meh~ part I, 1991 ). 

North 

a- wind azimuth 
13 - building position 
e - angle of attack 

Figure 2.16 Wind azimuth and angle of attack (after Levitan and Meh~ 199la) 

Wind induced pressures are measured at various locations on the building. At 

each of these locations differential pressure transducers are connected to the surface of 

the building using a pressure tap and flexible tubing. The details of the pressure 

measuring syste~ the meteorological instrumentatio°' and the data acquisition system 

are described by Levitan and Mehta (1991a,b). More than 100 pressure taps have been 

installed on the building surface. Figure 2.17 shows the layout of the taps on the test 

building (Levitan and Meh~ part I, 1991 ). 

21 



Fr----

• • .. 
• 

• ••• 
• ••• 
• ••• 
• ••• • ••• • ••• 

! BUILDING T NORTH 

~j_ __ 7_. s_7 ___ 3_. o_o-------~ 

~~o • 

30 . 25 

15. 13 :1 
• 

• 

• 

• 

•• • •• • • • • • 

• • • 

• • • 

• •• • • • 
• • • • • • 
• .. . • . 

• • •• • • • • •• • • . 
~ •• • • • • 

Ill 

"' 0 

••• • • • 2 . 83 9.25 ••• • • • ••• • • •--i (Tl I") 

tD D Cl) 

••• • • • 

"' 
31'407 "' 

~ ,..... -
IO 

Ul 

"' • • 
Ul 
~ 

FEET 

0 5 10 

~~w I I 1 I 
0 1 2 3 

Figure 2.17 Pressure tap layout (after Levitan and Mehta, 199la) 

22 

• 

~ 

15 

I 
4 M 



To understand where the taps are on the building, a tap numbering scheme based on the 

nominal tap coordinates is used. Each tap is assigned a five-digit number, sxx;y. The s 

indicates which building surface the tap is located, walls (l-4) or roof (5). The building 

north wall, the short wall with the door, is number 1. The other walls are numbered in a 

clockwise manor. The two pairs of digits xx and Y.Y represent the nominal coordinates (in 

feet) of the tap on the given surface (Levitan et al). For example, Tap 22306 indicates a 

tap on the building east wall, nominally 23 ft from the left edge and 6 ft high on the wall. 

2.3 WERFL Data 

The typical 15-minute duration run collected at the Wind Engineering Research 

Field Laboratory (WERFL) consists of time series for: wind speed; wind direction; 

differential pressures (measured on building surface); barometric pressure, temperature 

and relative humidity. The data collected is either stationary or non stationary. A 

random process that is a function of time is called stationary if its statistical properties are 

not dependent upon the choice of the time origin. (Simiu, 1996) Sampling rates are 

different for different instruments. The wind speed at 13 feet, the barometric pressure, 

and relative humidity are combined to compute the mean dynamic pressure, 0.5pV2
. The 

mean dynamic pressure is used to normalize the differential pressure time histories to 

obtain pressure coefficient time histories for each tap location in the following form: 
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c (t) = p( t) - p 0 ( t) 
p 1 -2 

2PV 

Where: 

p( t) = Surface Pressure 

Po( t) = Reference Pressure 

p = 15 minute mean air density 

V = mean wind speed at 13 ' height 

Examples of pressure coefficient time histories for taps 42206, 50523, and 50501 for an 

angle of attack of 270.6 degrees are presented in Figures 2.18-2.20. 

Q. 
0 

Pressure Coefficient Time History Tap 42206 

2 ~---
! 

1 

0 100 200 300 400 500 600 900 
-1 ------- - - ---- - ------ -----------

Time (sec) 

Figure 2.18 Pressure coefficient time history plot for tap 42206 

For the angle of attack of 270 degrees the pressure coefficients measured on the wall (tap 

42206) are positive since the tap is on the windward wall. For this angle of attack taps 

50523 and 50501 are in the separation bubble and experience suctions. 
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Figure 2.19 Pressure coefficient time history for tap 50523 

Pressure Coefficient Time History Tap 50501 
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Figure 2.20 Pressure coefficient time history for 50501 

As part of the data processing, summary statistics are computed for each time 

series collected. The summary statistics computed are the mean, standard deviation, 

minimum and maximum. Table 2.1 presents these summary statistics for each of the 

pressure coefficient time histories for taps 42206, 50501 and 50523. 
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Table 2.1 Summary statistics used for time history plots 

Tap Mean SD Min Max 

42206 0.27884 0.223923 0.58 1.67 

50501 -0.90031 0.319944 -4 0.05 

50523 -0.96389 0.387073 -3.88 0.32 

These summary statistics are compiled into a database so the data can be used 

easily. From this database, data for a tap as a function of angle of attack can be queried 

and plotted. The summary statistics mean and standard deviation are the most stable 

estimates of the underlying process since they use all the data available in their 

calculation. Because these are the most stable statistics, the new validation procedure is 

based on them. 

2.4 Current Data Validation Procedure 

Probably one of the most important issues for the Texas Tech researchers is that 

of data validation. There are three main components: (1) a daily check of the field 

laboratory; (2) frequently scheduled instrument calibrations and maintenance; and (3) 

analysis of the collected processed data. 

The daily check of the field laboratory consists of someone making a trip to the 

test building to check a number of items. Anything that is not working correctly is 

written in the daily log. The daily log is used later in the validation procedure to ensure 

quality data. 
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Making sure that the instrumentation is calibrated and maintained in good 

working order is very important to the quality of data collected. The anemometers are 

calibrated and tested at least three times a year. The calibration for the rest of the 

meteorological instruments is performed once a year. Pressure transducers are calibrated 

twice a month. Results of the calibration are maintained for use in the validation 

procedure. 

Once the raw data collected from the test building is processed, printed, plotted 

and stored for future use, it is validated in order to identify and discard the outliers (bad 

data). The validation is performed in a two step process, the steps are termed Stage I/II, 

and Stage ill validation. The validation allows for the early detection of problems with 

the instrumentation and data acquisition system. 

Stage I/II validation is typically used for non-thunderstorm winds and associated 

pressures measured on the WERFL building. The processed data that is currently being 

validated on a run by run basis. The step by step procedure to complete the validation 

procedure is detailed in Gardner and Smith (1997). The validation involves checking the: 

• Initial zero readings; 

• Muhiplexor noise levels; 

• Wind speed data; 

• Wind direction and corrected UVW data; 

• Meteorological and miscellaneous data; 

• Check of plots to determine if data is reasonable; 

• Check the wind direction and establishing the wind angle of attack; 
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• Check for reasonableness of the pressure coefficient values; and 

• Check of the values of the velocity profile parameters; 

• Check of and the meteorological data. 

The stage I/II validation procedure identifies the obviously bad and questionable data for 

the Stage III validation process. 

Stage III is the final step in the current validation procedure. This process 

provides a review of all the collected data by an experienced researcher. After the data is 

edited from the stage I/II validation, it is plotted and the outliers are identified. The 

records that contain the outliers are pulled and re-examined. Outliers are either deleted or 

retained based on the examination of the data. Once the Stage III validation the data is 

complete, the data is available for further use (Campbell et al., 1995) and archived. 

2.5 Confidence Intervals for Data 

Statistical confidence intervals can be used to identify outliers in data, which has 

the potential for data to be validated in a rapid manner. Depending on whether the 

underlying density function for the data is known or not, confidence intervals can be 

established using parametric or non-parametric methods. Confidence intervals 

established using the known underlying distribution (parametric) are more powerful than 

these using nonparametric techniques. Error bounds (confidence intervals) are generally 

expressed in terms of a range of data using an expression such as mean + two standard 

deviations. Associating these error bounds with a parametric or non-parametric 
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distribution allows us to establish the probability associated with the error bounds. For 

example, Chebychev's theorem states: 

Where: 

P = Probability 

X = random variable 

µ=Mean 

cr =Standard deviation 

This equation states that the probability that a value deviates from the mean by more than 

k standard deviations is less than or equal to 1/k2
• Thus the probability that a value will 

be greater than four standard deviations from the mean is Y42 or 1/16. This is 

approximately 6.25%. This theorem is useful when the underlying distribution is 

unknown. 

If the underlying distribution is known, a more powerful (in a probabilistic since) 

error bound can be formulated based on the known distribution. For example, if the 

statistic is normally distributed the probability that a value deviates from the mean by 

more than four standard deviations is 0.03%. Unfortunately, the underlying probability 

distributions for each tap for each angle of attack of wind are not known. As a result, we 
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are nonnally limited to using the non-parametric Chebychev's theorem to establish 

probabilities associated with identifying outliers in the data. 
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CHAPTER III 

VALIDATION PROCEDURE 

Data validation is a very important function of the wind engineering research at 

Texas Tech University. The current validation procedure does a good job in the 

determination of outliers, but is time consuming and inconsistent when validated by 

inexperienced individuals. Another downfall for the current procedure is that it only 

allows for only one run to be validated at a time. Approximately 1000 15-minute duration 

runs are collected each year. The procedure developed in this study will take less time 

and be more consistent than the current procedure. 

Section 3.1 discusses the proposed validation process including establishing of 

confidence intervals and azimuth increments for the validation procedure. Section 3.3 

presents the procedure used to validate the processed data The procedure is illustrated 

for the data from tap number 42206 (a wall tap) in section 3.4. 

3 .1 Proposed Validation Process 

To develop a statistically based procedure, a database of historic validated 

information on the wind-induced pressures must be available. Therefore, the first step in 

this study is to compile this data. The base data was obtained from Modes 04 and 15 

since these two Modes had been extensively reviewed and validated. The Mode number, 

run number, angle of attack, the mean, rms, maximum and minimum pressure coefficient 

data were collected. 
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For the statistical procedure to provide optimal results, large amounts of data are 

necessary at every angle of attack for each pressure tap. With large amounts of data at a 

given angle of attack, confidence is high when a data point is identified as bad. 

Unfortunately we do not have a large amount of data sets at each angle of attack to start 

the process. Therefore, a range of angles of attack is used to obtain sufficient data to 

develop confidence intervals. Confounding the inherent lack of data at a given angle of 

attack, wind-induced pressure coefficients are a function of angle of attack. Thus two 

competing criteria must be balanced: (1) the need for sufficient data to have meaningful 

confidence intervals; and (2) as small a range of angle of attack as possible to avoid 

mixing of data from two distinctly different flow regimes. 

Figure 3.1 shows the flow-chart that is used to develop and verify the Mode 04, 

15, and 28 databases which are the base data from which subsequent data is validated. 

The Mode databases contain all of the historical validated data for each of the Modes 

considered. To develop this base data, a k-value of two is used to identify potential 

outliers in the manually validated data. If a value falls outside this confidence interval 

then it is manually re-validated. Using this tight confidence interval on the base data 

assures a high quality historical database with which to compare new data. 
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Figure 3 .1. Flow chart for procedure to develop base data 
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Section 3 .1.1 discusses establishing the confidence intervals for the validation 

procedure. Since the pressure coefficients at a tap are a function of angle of attack it is 

desirable to divide the data into segments compatible with the underlying physical 

processes for testing. The process is discussed in Section 3 .1.2. 

3. I. I Confidence Intervals 

Confidence intervals, which form the basis of establishing whether a 

measurement is an outlier, can be based on a known distribution (e.g., the normal 

distribution) or based on non-parametric statistics which does not require the underlying 

distribution be known. Since the underlying distribution for the pressure coefficients for 

each tap for each angle of attack are not known, non-parametric confidence intervals 

developed using Chebychev' s theorem are used in this work. 

The k value establishes the size of the confidence interval. Table 3.I compares 

the probabilities that data fall inside of the mean plus or minus k standard deviations 

using Chebychev's theorem and using the normal distribution for a given k-value. 

Chebychev's theorem encompasses a smaller range of probability than does the normal 

distribution. The probability that a value falls outside the confidence interval is one minus 

llk2 given in Table 3.1 
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Table 3.1 Probabilities for Chebychev's theorem and the normal 
distribution for various values ofk 

k Probability that data is within kcr of the sample mean 

Normal Distribution Chebychev's Theorem 

1 0.68 0 
2 0.95 0.75 
3 0.99 0.889 
4 0.9997 0.9375 

3 .1.2 Azimuth Increments 

Establishing azimuth increment range for the angle of attack is important to the 

success of this study. The azimuth increment governs data available for statistical testing 

for outliers. If the increment is too large pressure coefficients from two very different 

flow regimes can be included. This can result in an artificially large standard deviation 

that can result in identifying bad data as good. If the increments are too small there may 

not be sufficient data to form meaningful confidence intervals. 

A process of trial and error is used to establish the azimuth increment for a tap. 

The process is illustrated for tap number 42206. Mean pressure coefficient data from 

Modes 4 and 15 were combined and plotted (see Figure 3.2). The data from the two 

Modes match up well. An angle of attack of270° is chosen to initiate the study. This 

angle of attack is selected because at this angle of attack the slope of the pressure 

coefficient curve is relatively flat, but begins to increase at angle of attacks away from 

270°. Ten increments are initially selected for investigation; +I°, +1.5°, ±2°, ±2.5°, +4°, 

0 0 0 0 0 

+5 , ±6 , +8 , + 10 , and + 15 . 
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Modes 04 and 15 for Tap 42206 
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Figure 3.2. Modes 4 and 15 combined for Tap 42206 

It is desirable to have a small amount of scatter (data range) and a large number of 

data points. For each of the 10 increments the Cp, mean, and Cp, rms data was collected 

from the combination of Modes 4 and 15 and the mean, standard deviation, the minimum 

and the maximum values were computed for each increment. The Cp, mean data is shown 

in Table 3.2 and Figure 3.3 and the Cp, nnsdata in Table 3.3 and Figure 3.4. As shown in 

Figures 3.3 and 3.4, as the azimuth increment range become large and the data from 

slightly different flow regimes is incorporated into the increment, valid data from Modes 

04 and 15 begins to fall outside the bounds of the mean plus or minus two standard 

deviations, yet is still bounded by the mean+ four standard deviation range. This implies 

that over a wide range of angle of attack that data within two standard of the mean can 
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appropriately be identified as good data. Further, it implies that good data is unlikely to 

fall outside the mean + four standard deviations even when a large range of angles of 

attack is used in the investigation. 

Table 3.2 Information on each of the trial increments centered at AOA 270 degrees for 
Cp, mean 

- -- - _, 

Azimuth Number of Mean Std. Dev. Minimum Maximum 
Increment Points, n Cp, mean Cp, mean CP, mean Cp, mean 

I 

I 

±1° I 6 0.592 0.127 0.45 0.73 
I 
I ±1.5° 7 0.610 0.117 0.45 0.73 
I ±20 7 0.610 0.117 0.45 0.73 
I 

I ±2.50 7 0.610 0.117 0.45 0.73 
I ±40 17 0.576 0.100 0.43 0.73 

I 
±50 21 0.576 0.092 0.43 0.73 

I ±60 21 0.576 0.092 0.43 0.73 
I 

±80 ! 26 0.588 0.086 0.43 0.73 
±10° 28 0.605 0.120 0.43 0.98 

I ±15° 41 0.616 0.127 0.38 0.98 
-

• 2 deg ree 
in crement 

1.2 • 3 degree 
increment - -- - - ... 4 degree ---- .. -

' I increment 1 -... _.., • 5 degree 
• _.,,, 
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0 
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- mean + 2sd 0 5 10 15 20 25 30 35 -
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Figure 3 .3 Chart of comparison of azimuth increments for Cp, mean 
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Table 3.3 Information on each of the trial increments centered at AOA 270 degrees for 
CP. rms 

Azimuth 
Increment 

±f 
±1.5° 
±20 

±2.50 
±40 
±50 
±60 
±80 
±10° 
±15° 

0.90 

0.80 

0.70 

0.60 

e o.5o .. 
Q. 
0 0.40 

0.30 

0.20 

0 .10 

0 .00 

0 

Number of Mean Std. Dev. 
Points, n Cp, rms Cp, rms 

6 0.361 0.058 
7 0.383 0.070 
7 0.383 0.070 
7 0.383 0.070 
17 0.378 0.091 
21 0.378 0.081 
21 0.378 0.081 
26 0.384 0.079 
28 0.378 0.089 
41 0.390 0.096 

• 

~· 
- • I • - - • • • -I --...... 

tltl • -I! • -• 
- -- -

' 
5 10 15 20 25 30 

Degree increment 

Minimum Maximum 
Cp, rms CP,rms 

0.287 
0.287 
0.287 
0.287 
0.249 
0.249 
0.249 
0.249 
0.249 
0.249 

0.427 
0.471 
0.471 
0.471 
0.517 
0.517 
0.517 
0.517 
0.577 
0.672 

• 2 degree 
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Figure 3.4 Chart of comparison of azimuth increments for Cp_ nns 
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This effort is now extended to other angles of attack for tap 42206 to verify this 

observation. The data from Modes 04, 15 and 28 over angles of attack from 0° to 180° 

are used for the expanded study. Five azimuth increments+ 1°, + 1.5°, ±2°, ±2.5°and ±5°, 

are selected for the detailed study. 

Figure 3.5 shows the results of this investigation for increment ranges of+ 1 u and 

+ 5° for a k value of two. For the+ 1° increment range the error bounds are erratic since 

in several intervals there are few data points which are highly dispersed. The + 5° 

increment is smoother due to the larger number of data in the increment. Regardless of 

the increment range, used the error bounds developed using k = ±2 encompasses the valid 

data in almost all cases. 

To balance the need of sufficient data to have meaningful confidence intervals 

with the need to keep flow regimes reasonably separate an azimuth increment of+ 5 

degrees is used henceforth. One drawback to strictly using the k = ±2 error bounds to 

identify outliers is obvious from Figure 3.5. In some regions, e.g., around a 90 degree 

angle of attack, the lower error bound could encompass data that is obviously erroneous. 

For instance, at 90° the lower error bound extends into the region of positive values. 

Mean pressure coefficients from this angle of attack should not be positive. Therefore, 

lower bound values in these areas must be modified to address the physics of the 

problem 

Figure 3.6 superimposes the resuhs of the error bounds developed from the 

validated Mode 04, 15 and 28 on unvalidated data from Modes 38, 48, and 49. These 

figures clearly show the effects of the degree increment on the data included as good. 
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Data falling outside these bounds is quickly seen as well as the effects of the change in 

azimuth increment. 
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Figure 3.6 Unvalidated Mode 38, 48 and 49 data with error bounds developed from 
validated Mode 04, 15 and 28 with azimuth increments of+ 1° and +5° and k=2. 
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The Cp, nns values from each run can also be checked against error bounds to identify 

outliers. Plots ofCp, rms for the validated Mode 04, 15 and 28 data with error bounds 

established at an azimuth increment of +5° and the chi-square distribution for 

probabilities of(0.25, 0.75) and (0.001, 0.999 are shown in Figure 3.7. Use of chi-square 

distribution implies the underlying distrubtion of the time history data in the azimuth 

increment range is Gaussian. This is not true for pressure coefficeint data. Consequently, 

symmetrical error bounds as shown in Figures 3.5 and 3.6 will be used. 
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The error bounds to this point are developed using data from both stationary and 

nonstationary wind events. Error bounds are also developed using only stationary data. 

These error bounds for k = + 2 are shown plotted against all the validated Mode 04, 15 

and 28 data in Figure 3.8 for the Cp, mean and Figure 3.9 for the Cp, rms· Superimposed on 

this is the k = + 2 error bands developed using all the data. This shows there is little 

difference in the error bounds. Since data collected in the field will be both be from 

stationary and non-stationary events, error bounds developed encompasses both types are 

used to identify outliers. 
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Figure 3.8 Comparison of mean pressure stationary and all of reference data 
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Figure 3.9 Comparison of rms pressure stationary and all of reference data 

Since data will be automatically included or thrown out based on the error bounds 

used and it is imperative that bad data not be identified as good as well as good data 

being identified as bad, it is logical to adjust the error bands slightly. Three classes of 

data and the error bands associated with each class are chosen, see Table 3.4. 

Table 3.4 Classes of data with associated k-values and probabilities 

Class k Chebychev's Probability 

Good k =f ±1.414 0.50 
Uncertain ±1.414 ~ k =f ±4.5 0.45 

Bad k > ±4.5 0.05 
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Data that falls within + 1.414 standard deviations of the mean is considered good. Data 

falling outside of+ 4.5 standard deviations of the mean is an outlier and eliminated. Data 

between these values is considered to be uncertain and will be manually validated. 

3 .2 Test Run of the Procedure using Manually Validated Mode 04 Data 
and Uncensored Mode 15 Data 

Once both the angle of attack increment and k values were chosen, the procedure 

was tested using Mode 04 as the validated data and the uncensored Mode 15 data as the 

data to be validated. An excel spreadsheet was used to find bad Mode 15 data and 

remove it before combining the good Mode 15 data with the Mode 04 data. 

Mode 04 data was first put into each of the 36 sheets, then the mean and standard 

deviation were calculated. Once the mean and standard deviation were calculated, the 

Mode 15 data was then analyzed using the error bounds given in Table 3.4. Initially 

Mode 15 had 277 runs of data. Two runs were identified as outliers and removed (these 

two values were identified as good data based on the manual validation procedure) and 

10 runs were identified as uncertain leaving 265 usable runs. Once all of the bad data 

was thrown out for each of the 10 degree slices, the Mode 15 data was then combined 

with the Mode 04 data 

Using the combined Mode 04 and 15 data, the process was then completed on the 

Mode 28 data Mode 28 initially had 125 runs and 28 of these runs were removed based 

the comparison of the combination of the Mode 4 and 15 data and 17 runs were classified 

as uncertain. 
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3.3 Results from Tap 42206 

The error bounds given in Table 3.4 which were developed from the combination 

of Modes 04, 15, and 28 data are used to validate the data for Modes 38, 48, and 49. Tap 

42206 is used for this investigation. Using this combined data, the mean and standard 

deviation for each 10° azimuth increment is computed. The data from Mode 38, 48 and 

49 is compared to these error bounds to classify the data as good, bad or uncertain. Plots 

of the Cp, mean and Cp, rms values for Mode 38 data with these error bounds are shown in 

Figures 3.10 and 3.11. The results for Modes 48 and 49 are located in the Appendix. 
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Figure 3.10 Error bounds for Mode 38 mean pressure data for Tap 42206 
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Figure 3.11 Error bounds for Mode 38 rms pressure data for Tap 42206 

The data that falls between the two solid lines are considered to be good data. 

The data that falls outside the dotted lines are considered to be bad data and will be 

removed. The uncertain data falls between the solid and dotted line. This data will be 

manually validated in order determine if this uncertain data is considered to be good or 

bad. Whenever data is identifyed as an outlier from the mean or rms pressures, all the 

data (including the Cp,min and Cp,max) is then deleted from the database. 
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The Figures for the data suggest that this procedure works well in the elimination 

of obviously bad data. Table 3.5 gives information on the data before and after the 

validation process was performed for Modes 38, 48 and 49 for tap 42206. Figures do not 

show all of the bad data due to scaling. 

Table 3.5 Initiai removed and remaining runs for Tap 42206 

Mean Pressure Data RMS Pressure Data Final Classification 
Mode Initial data Good Uncertain bad Good Uncertain bad Good Uncertain bad 

38 526 343 102 81 312 104 110 256 129 141 
48 253 107 24 122 101 63 89 74 50 129 
49 164 50 38 76 119 39 7 43 41 80 

This table shows how many bad runs were deleted from each of the Modes tested 

for ooth the Cr, mean and Cp, nns pressures for this tap. In the remaining data, there is good, 

uncertain and bad data. If a run in either the Cp, mean or CP, nns pressure data is bad then 

the entire run is considered to be bad for the final classification. The worst case is used 

in this classification. One limitation with this process is there is not a way to statistically 

validate this uncertain data at this time. The only way at this time to validate the 

uncertain data is to manually validate it. 

Other limitations with this process include problems with sparse data areas. If 

there is only two or three pieces of reference data there can be a problem with how well 

the validation process performs. If there is not enough reference data, then good data can 

be considered to be bad. Another problem occurs if there is no data at all in a reference 

azimuth increment. When this occurs, then data from increments on each side of the 

increment without data is used to interpolate the mean and standard deviation for that 
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angle of attack range. The limitation to this is that the interpolated value may not give an 

accurate account for the reference data in this region. 

Based on the results of this trial tap, the proposed procedure is be expanded to 

other pressure taps in different flow regimes. Nine taps that have data for the Modes 

considered in study were investigated using the procedure detailed above. The results for 

these other nine taps are discussed in Chapter IV. 
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CHAPTER IV 

ANALYSIS AND RESULTS 

Extension of the concept and procedure presented in Chapter III to another wall 

tap and nine roof taps to ascertain the general usefulness of this procedure is presented 

below. The locations of the roof taps are selected to investigate wind-induced pressures 

in the separation bubble of the roof as well as areas underneath and adjacent to the 

conical vortex. This investigation will establish if the procedure discussed in this study 

will be implemented or not. Section 4.1 discusses the analysis and the results for wall tap 

42206. Results for four of the nine roof taps tested will be presented in section 4.2. 

4.1 Pressure Tap Number 22306 

Pressure tap number 22306 is located on the opposite wall to tap 42206, see 

Figure 2.16. Manually validated data was collected for this tap from Modes 4, 15 and 28. 

Initially Mode 04 had 85 records, Mode 15 had 234 records, and Mode 28 had 3 85 

records that were used to begin the procedure. Section 4.1.1 discusses the analysis of the 

data for this pressure tap. The discussion of the results based on the analysis performed 

is discussed in section 4.1.2. 

4.1.1 Analysis of Tap Number 22306 

Once the data for Modes 4, 25, and 28 were obtained from the Mode databases, the first 

step was to look at Mode 04. The Mode 04 data was first split into the 36 different 10° 
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increments so that the data for Mode 15 could be investigated for outliers. To accomplish 

the investigation the data for Mode 04 was put into different sheets of a spreadsheet and 

then the mean, standard deviations, and error bounds were determined for each azimuth 

increment. Data found outside the range ofk = +4.5 standard deviations from the mean 

were classified as bad data .. Four records were removed from the mean pressure and rms 

pressure data (218 records used) for this tap and 12 records were classified as uncertain. 

After these records were removed from the mean and rms pressure data it was then 

combined with the Mode 04 data. Once the Mode 04 and 15 data was combined the 

mean, standard deviation and error bounds for the mean and the rms pressures for each 

azimuth increment were recomputed. The process was then repeated for Mode 28 data 

and error bounds computed for the validation process for Modes 38, 48 and 49. The total 

number of runs that are available from the combination of Modes 4, 15, and 28 are 656 

records for the mean pressure and rms pressure data. 

4.1.2 Results for Tap Number 22306 

Now that the base historic data from Modes 04, 15, and 28 data is compiled, it can 

be used to validate the data for Modes 3 8, 48, and 49. The results for the Mode 3 8 data 

will be discussed in detail. The results for the Mode 48 and 49 data are discussed briefly. 

Figures 4.1 and 4.2 show plots of the initial unvalidated Mode 38 data with the error 

bands from the validated Mode 04, 15, 28 data superimposed. 
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Table 4.1 gives the number of runs for Modes 38, 48 and 49 which were classified as 

good, uncertain and bad. 
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Figure 4.1. Reference versus M38 raw mean pressure data for Tap 22306 

Unvalidated data vs Chebychev's Error Bounds 

0.6 
I. 

0.5 .. 
" 

0.4 . , . . • Raw M38 
en 0.3 E 
II... 0.2 a. 
t) 0.1 -- --- mean+ 4.5SD . . ......,, . '.• 0 ,..,,.. ~ . . . .. •· 'J .. -· ·· -· --mean - 4.5SD 

-0.1 ' 
. 

-0.2 
0 45 90 135 180 225 270 315 360 

AOA 

Figure 4.2. Reference versus M38 censored mean pressure data Tap 22306 

51 

. ' 
I 
I 



The procedure worked well for Mode 38 at tap 22306, as seen from Figures 4.1 and 4.2. 

It is clearly shown which data falls into one of the three classifications. A large amount 

of the Mode 38 data was considered to be good. The procedure also performed well on 

the Mode 48 and 49 data. The results for these two Modes are in the appendix. The raw 

data for these Modes appear to have a large number of bad data or data that is at the 

wrong angle of attack. 

Table 4.1 Initial, removed and remaining runs for Tap 22306 

Mean Pressure Data RMS Pressure Data Final Classification 

Mode Initial data Good Uncertain bad Good Uncertain bad Good Uncertain bad 

38 513 300 109 104 238 167 108 208 153 151 
48 250 105 65 80 123 55 72 75 76 99 
49 164 61 27 76 91 65 18 35 50 79 

4.2 Discussion of Roof Taps 

A total of nine roof taps were tested using the proposed validation procedure. In 

order to give a good idea of how well this procedure works on non-wall locations, four 

specific roof taps are investigated. Three of these taps in the comer area. These taps are 

taps 50501, 50505 and 50509. The last tap that will be discussed in this section is 50523, 

which is located under the separation bubble for certain wind directions. The analysis of 

each of these taps is presented in section 4.2.1. Section 4.2.2 discusses the results for 

these four roof taps. 
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4.2.1 Analysis of Roof Taps 

For these four roof taps, the reference data was established in the same manner as 

for the two wall taps. There is one difference in the reference data for the roof taps. The 

reference data for taps 50501, 50505, and 50509 only use Modes 4 and 15. Mode 28 is 

not used for the roof taps since there was parapet wall on the test building during this 

Mode. The reference data for tap 50523 uses only Mode 15. This tap was not 

instrumented when the Mode 04 data was collected. Table 4.2 shows the amount of data 

that is used from Mode 04. 

Table 4.2 Initial Mode 04 data for roof taps 

Tap Initial Mode 04 data 

50501 88 
50505 93 
50509 95 

This data is for both the mean and rms pressure values for Mode 04 for each of the above 

taps. Table 4.3 shows how much data is available from Mode 15 as well as the total 

number of Mode 04 and 15 runs available for the procedure. The amount of data 

available is determined from the comparison of Mode 15 with Mode 04 using the 

proposed procedure. 

Table 4.3 Mode 04 and Mode 15 data used for roof taps 

Mean and RMS Pressure Data 

Tap# Initial data Good Uncertain Bad 

50501 376 356 20 0 
50505 247 243 13 1 
50509 249 238 11 0 
50523 288 273 15 0 
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This table shows that only one run from the Mode 15 data for tap 50505 was 

removed after the comparison with the Mode 04 data for three roof taps. The other two 

roof taps did not have any of the Mode 15 data removed. 

4.2.2 Results for Roof Taps 

Figures 4.3 through 4.6 show the uncensored Mode 38 Cp, mean and Cp, nns 

pressure coefficients with the error bounds for k = + 1.414 and k = + 4.5 developed using 

the validated mode 04 and 15 data superimposed. The amount of data classified as good, 

uncertain, and bad for each mode and each tap is given in Table 4.4. Graphs of the 

validated Mode 04 and 15 data with the error bounds developed using this data is 

contained in the appendix. 
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Table 4.4 Results for each of the taps being investigated 

Mean Pressure Data RMS Pressure Data Final Classification 

Tap Mode Initial data Good Uncertain bad Good Uncertain bad Good Uncertain bad 

50501 38 494 68 188 238 168 180 146 42 189 263 

48 279 125 105 49 125 86 68 117 75 88 
49 165 91 37 37 91 35 39 76 50 39 

50505 38 520 100 186 234 144 211 165 51 148 321 
48 253 93 78 82 118 54 81 77 69 107 
49 164 70 62 32 71 76 17 41 85 38 

50509 38 517 76 183 258 137 192 191 45 149 323 
48 253 110 53 90 121 32 100 88 30 135 
49 164 60 78 26 85 56 23 47 32 85 

50523 38 532 231 160 141 225 180 127 132 202 198 
48 253 89 87 77 86 75 92 57 76 120 

49 164 17 95 52 12 105 47 32 47 85 

The procedure performed well on the corner region taps for modes 48 and 49. 

There is larger amount of good data compared to the results of Mode 38. The results for 

these modes are located in the appendix B. The procedure also performed very well for 

tap 50523. Both the mean and rms pressure validated values show that a large amount of 

bad data removed after the procedure was tested on this tap for mode 38. There are a few 

runs, which are in the range of uncertain data that could be considered bad. The results 

for the mode 48 and 49 are not as good as the mode 38 data. The procedure performed 

well for the mode 48 data. The procedure performed poorly on the mode 49 data. There 

is a large amount of obviously bad data that appears in the valid set of data. It appears 

that for tap 50523, a large amount of the raw data is bad. The procedure more than likely 

performed poorly for the mode 49 data due to the fact that most of this data was no good 

for this tap. The results for modes 48 and 49 are shown in the appendix. 
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CHAPTER V 

MODES 51 ANALYSIS AND RESULTS 

One very important aspiration of this study is to be able to validate data from 

pressure taps that have no historical data. It may be possible using historical data from 

adjacent taps to validate data for new tap locations. Limited studies of taps that are in the 

comer region on the building are considered. For data collection mode 51 several taps 

were added between taps 50501 and 50505 where there is validated historical data. 

These are taps 50501~ 50502 and 50502A and 50503. Figure 5.1 show the location of 

these new taps. As a first approximation, linear interpolation between the taps using 

reference data at taps 50501 and 50505 are used to investigate the accuracy of this 

procedure. Since these taps fall under the conical vortex for some angles of attack, large 

gradients of pressure coefficients exist, some inaccuracies for some angles of attack are 

expected. 
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5 .1 Analysis and Results for Mode 51 

The taps used in this investigation are taps 50501, 50501 ~ 50502, 50502A, 

50503 and 50505. There is reference data for taps 50501, 50505, and 50509 available 

from Modes 04 and 15. Development of the historical data and error bounds for taps 

50501, 50505, 50509 are discussed in section 5.1.1. Results for taps 50501, 50505 and 

50509 are presented in section 5.1.2. The analysis and results of taps 50501A, 50502, 

50502A, and 50503 are discussed in section 5 .1.3. 

5.1.1 Analysis Taps 50501, 50505, and 50509 

The first step in validating data at taps with no historic data is to develop the 

historic data from adjacent taps. Taps 50501, 50505 and 50509 have historical data from 

which to develop error bands for testing data from intermediate taps. The error bands are 

developed using the same procedure discussed in Chapters III and IV. The data used to 

develop the error bounds come from Modes 04, 15, 38, 48 and 49 and all fall within plus 

or minus 1.414 and 4.5 standard deviations of the mean. Azimuth increments of plus or 

minus 5 degrees are used as before. Based on the mean and standard deviation from the 

reference data, the data from mode 51 that fell outside of the mean plus or minus 4.5 

standard deviations was then eliminated from the data set. The uncertain data was also 

eliminated from the data set. The historical data used to validate data from intermediate 

locations (that have no historical data) with associated error bounds are shown in Figures 

5.2 through 5.4 for taps 50501, 50505 and 50509, respectively. 
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5 .1.2 Results for taps 5050 l, 50505 and 50509 

The initial data versus the error bounds established from the historical data for 

taps 50501 and 50505 suggests that there could be a problem with the mode 51 data. As 

shown in Figures 5.2 through 5.4, some groupings of data appear to be at the wrong angle 

of attack. There is also a large amount of data that appears to be at the correct angle of 

attack. This would suggest that the visible bad data is not necessarily at the wrong angle 

of attack. Table 5.1 shows the initial, removed, and remaining data for both the mean and 

rms pressures for taps 50501, 50505 and 50509. Not all of the bad data is shown in the 

Figures. 

Table 5.1 Initial, removed, and remaining data for Mode 51 

Mean Pressure Data RMS Pressure Data Final Classification 
Tap Initial data Good Uncertain Bad Good Uncertain Bad Good Uncertain Bad 

50501 405 101 142 167 162 133 132 87 132 195 
50505 483 122 213 148 269 102 112 97 200 186 
50509 483 166 122 117 201 58 146 85 203 195 

5.1.3 Analysis and results of taps 50501A, 50502, 50502A and 50503 

Identification of outlying data from taps 50501 A, 50502, 50502A, 50503 is done 

much differently than any of the previous data that was validated. The first step was to 

first obtain all of the values for the mean and standard deviations from the reference data 

for taps 50501 and 50505 at 10-degree azimuth increments. The error bounds for 

identifying outliers at the intermediate taps is established by linearly interpolating a mean 

and standard deviation from taps 50501and50505 for each azimuth increment. The 
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interpolation was performed using the y-coordinate of the tap being considered in 

conjunction with the mean and standard deviations from taps 50501 and 50505. Table 

5.2 shows they-coordinate for each of the taps. 

Table 5.2 Y-coordinates of taps considered 

Tap Y-coordinate (feet) 

50501 1.16 
50501A 1.65 
50502 2.16 

50502A 2.67 
50503 3.17 
50505 5.17 

Interpolated error bounds are established for each of the taps, using the interpolated mean 

and standard deviations for taps 50501 and 50505. Once the interpolated mean and 

standard deviation values were developed, the error bounds for taps 50501A, 50502, 

50502A and 50503 were developed using mean plus or minus 1.414 and 4.5 standard 

deviations for both the Cp, mean and Cp, nns values. 

Figures 5.5 through 5.8 present the interpolated error bounds from Taps 50501 

and 50505 superimposed on the unvalidated Mode 51 data for taps 50501A, 50502, 

50502A and 50503, respectively. These figures show that a large amount of the data for 

these intermediate taps may be at the wrong angle of attack. 
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The results suggest that there is potential for the proposed validation procedure 

for taps without historical data. As seen in the above Figures, the interpolated error 

bounds give a good idea of what the actual error bounds may look like. Based on the 

Mode 51 data there is a need for more work done to say how well this procedure works 

for these intermediate taps. Once more data is collected these interpolated error bounds 

can be checked with the error bounds developed from historical data to see how they 

compare. Comparing these error bounds will show if anything needs to be reworked to 

establish error bounds for intermediate taps. 
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CHAPTER VI 

CONCLUSIONS AND FURTHER RESEARCH 

The purpose of this study is to: ( 1) develop a validation procedure for full scale 

wind-induced pressure data from the WERFL facility based on historical validated data 

that (a) can be automated and (b) results in a significant reduction in the time required to 

validate the data to yield a high-quality data set and (2) lays the groundwork for near real 

time assessment of instrument performances using established quality assurance and 

quality control methods to determine when an instrument is out of control. 

6.1 Conclusions 

Based on the observations of the result in this study, the following conclusions are 

reached: 

1. A validation procedure is developed based on historical validated data. 

a. The use of+ 5 degree azimuth increment is appropriate for the use of validating 

new data based on the historic validated data. 

b. Data separated into good, uncertain and bad categories based on error bounds 

using k = 1.414 and 4.5 easily shows which data falls into one of these categories. 

c. This procedure shows the potential for validating data at tap locations where 

there is no historic data 

d. Error bounds for stationary data are approximately the same as the error bounds 

for the nonstationary data, thus all the data is validated at once. 
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2. A significant reduction in time for validation should be received 

a. For example, for Mode 38 data at tap 42206 there are 526 runs. The procedure 

indicated there are 256 good, 129 uncertain and 141 bad runs. Manual validation 

is required on the uncertain runs, thus 24.5% of the data must be manually 

validated. This is a significant reduction over the 100% by the current method. 

b. As the uncertain data is manually validated the error bounds will more accurately 

reflect the good and bad data ranges. k values can be adjusted so that the 

uncertain range is smaller, thus less manual validation would be required. 

3. This procedure lays the groundwork for near real time assessment by providing 

azimuth increments and k values for historic data for comparison. This can be 

incorporated into a new data processing system to quickly identify a malfunctioning 

instrument. 
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6.2 Future Work 

The following recommendations are made for future studies: 

1. When data is validated from new Mode experiments, it needs to be added to the 

historical data which will establish better error bounds. Refining the error bounds 

weill improve the effectiveness of the procedure. 

2. Data from tap locations which have no historical validated data need to be 

explored in more detail. The work performed in this study shows potential for the 

validation of this data. 

3. The development of a new data processing system, which automates checking 

with the error bounds, developed for specific taps using this procedure. This new 

system will decrease the time even further to validate data from new experiments. 
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developed from validated Mode 04, 15, and 28 
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APPENDIXB 

RE SUL TS FOR TAPS 22306, 50501, 50505, 50509 AND 50523 
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APPENDIXC 

TAP ERROR BOUND INFORMATION 
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Table C. l The number of the data observations data mean and data standard deviation 
' used to determine error bounds at specific azimuth increment ranges for the Cr, mean 

pressure data for Tap 42206 

Increment Range Number of 

I 
Mean ~ Standard Deviation 

I Observations 
0-10 29 0.2440 0.0391 
10-20 15 0.2535 0.0479 
20-30 12 0.1883 0.0452 
30-40 6 0.1902 0.0205 
40-50 13 0.2187 0.0510 
50-60 9 0.1552 0.0296 
60-70 17 0.1448 0.0443 
70-80 7 0.1254 0.0202 
80-90 3 0.1307 0.0205 

90-100 14 0.1016 0.0322 
110-120 6 0.1140 0.0406 
120-130 8 0.2114 0.0477 
130-140 4 0.1612 0.0308 
140-150 16 0.1684 0.0302 
150-160 20 0.1864 0.0488 
160-170 25 0.2260 0.0287 
170-180 26 0.2180 0.0432 
180-190 30 0.1840 0.0360 
190-200 32 0.1611 0.0432 
200-210 19 0.1511 0.0254 
210-220 15 0.1816 0.0244 
220-230 29 0.2252 0.0176 
230-240 18 0.2313 0.0135 
240-250 25 0.2534 0.0356 
250-260 24 0.3160 0.0520 
260-270 26 0.3379 0.0698 
270-280 32 0.3130 0.0757 
280-290 21 0.3540 0.1086 
290-300 17 0.2767 0.0321 
300-310 11 0.2565 0.0357 
310-320 15 0.2719 0.0604 
330-340 4 0.1705 0.0133 
340-350 2 0.1105 0.0219 
350-360 11 0.1835 0.0459 
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Table C.2 The number of the data observations data mean and data standard deviation 
' used to determine error bounds at specific azimuth increment ranges for the CP, rms 

pressure data for Tap 4 2206 

Increment Number of Mean 

I 
Standard Deviation 

I Range Observations 
0-10 29 0.2440 0.0391 

10-20 15 0.2535 0.0479 
20-30 12 0.1883 0.0452 
30-40 6 0.1902 0.0205 
40-50 13 0.2187 0.0510 
50-60 9 0.1552 0.0296 
60-70 17 0.1448 0.0443 
70-80 7 0.1254 0.0202 
80-90 3 0.1307 0.0205 
90-100 14 0.1016 0.0322 

110-120 6 0.1140 0.0406 
120-130 8 0.2114 0.0477 
130-140 4 0.1612 0.0308 
140-150 16 0.1684 0.0302 
150-160 20 0.1864 0.0488 
160-170 25 0.2260 0.0287 
170-180 26 0.2180 0.0432 
180-190 30 0.1840 0.0360 
190-200 32 0.1611 0.0432 
200-210 19 0.1511 0.0254 
210-220 15 0.1816 0.0244 
220-230 29 0.2252 0.0176 
230-240 18 0.2313 0.0135 
240-250 25 0.2534 0.0356 
250-260 24 0.3160 0.0520 
260-270 26 0.3379 0.0698 
270-280 32 0.3130 0.0757 
280-290 21 0.3540 0.1086 
290-300 17 0.2767 0.0321 
300-310 11 0.2565 0.0357 
310-320 15 0.2719 0.0604 
330-340 4 0.1705 0.0133 
340-350 2 0.1105 0.0219 
350-360 11 0.1835 0.0459 
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Table C.3 The number of the data observations, data mean and data standard deviation 
used to determine error bounds at specific azimuth increment ranges for the Cp, mean 

pressure data for Tap 22306 

Increment Number of Mean 

I 
Standard Deviation 

Range Observations 
0-10 27 -0.0811 0.0823 
10-20 17 0.0047 0.0639 
20-30 12 0.0897 0.0553 
30-40 11 0.1755 0.0409 
40-50 13 0.3038 0.0667 
50-60 17 0.3916 0.0488 
60-70 3 0.5060 0.0106 
70-80 20 0.4605 0.0685 
80-90 12 0.4567 0.0542 

90-100 27 0.4826 0.0861 
110-120 2 0.5450 0.0071 
120-130 9 0.3744 0.0838 
130-140 11 0.3335 0.0725 
140-150 31 0.1192 0.0600 
150-160 24 0.0813 0.0747 
160-170 13 0.0530 0.1046 
170-180 31 -0.0703 0.1576 
180-190 27 -0.2368 0.1153 
190-200 28 -0.4113 0.0830 
200-210 21 -0.5196 0.0563 
210-220 35 -0.5634 0.0620 
220-230 44 -0.5817 0.0409 
230-240 21 -0.5094 0.0846 
240-250 26 -0.3571 0.1070 
250-260 31 -0.2718 0.1046 
260-270 20 -0.2127 0.0977 
270-280 28 -0.1990 0.0822 
280-290 34 -0.1903 0.0688 
290-300 29 -0.1728 0.0456 
300-310 12 -0.4438 0.0995 
310-320 14 -0.5501 0.1017 
330-340 3 -0.6700 0.0300 
340-350 2 -0.4450 0.1202 
350-360 14 -0.3614 0.0859 
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Table C.4 The number of the data observations, data mean and data standard deviation 
used to determine error bounds at specific azimuth increment ranges for the Cr, rms 

pressure data for Tap 22306 

Increment Number of Mean Standard Deviation 
Range Observations 
0-10 27 0.1711 0.0439 
10-20 17 0.1515 0.0418 
20-30 12 0.1196 0.0202 
30-40 11 0.1682 0.0218 
40-50 13 0.2317 0.0392 
50-60 17 0.2335 0.0354 
60-70 3 0.2492 0.0198 
70-80 20 0.2952 0.0241 
80-90 12 0.2640 0.0453 

90-100 27 0.2697 0.0412 
110-120 2 0.2812 0.0173 
120-130 9 0.2157 0.0303 
130-140 11 0.1868 0.0236 
140-150 31 0.1578 0.0332 
150-160 24 0.1377 0.0259 
160-170 13 0.1244 0.0271 
170-180 31 0.1855 0.0521 
180-190 27 0.2132 0.0310 
190-200 28 0.2383 0.0279 
200-210 21 0.2213 0.0254 
210-220 35 0.1968 0.0203 
220-230 44 0.1906 0.0381 
230-240 21 0.1842 0.0351 
240-250 26 0.1478 0.0522 
250-260 31 0.1054 0.0311 
260-270 20 0.0990 0.0190 
270-280 28 0.0978 0.0237 
280-290 34 0.1081 0.0265 
290-300 29 0.1104 0.0318 
300-310 12 0.2087 0.0318 
310-320 14 0.1885 0.0354 
330-340 3 0.1947 0.0081 
340-350 2 0.2290 0.0679 
350-360 14 0.2400 0.0299 
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Table C.5 The number of the data observations, data mean and data standard deviation 
used to determine error bounds at specific azimuth increment ranges for the Cr. mean 

pressure data for Tap 50501 

Increment Number of Mean Standard Deviation 
Range Observations 
0-10 24 -0.1308 0.0864 

10-20 10 -0.1550 0.0562 
20-30 6 -0.1391 0.0682 
30-40 4 -0.2485 0.1236 
40-50 11 -0.3045 0.0716 
50-60 7 -0.2473 0.1102 
60-70 9 -0.2451 0.0279 
70-80 7 -0.2771 0.0834 
80-90 3 -0.2800 0.0954 
90-100 9 -0.2347 0.1171 

100-110 4 -0.3750 0.1500 
110-120 3 -0.5133 0.0306 
120-130 12 -0.7765 0.1408 
130-140 20 -0.8842 0.0847 
140-150 28 -0.8680 0.0950 
150-160 18 -0.8789 0.1248 
160-170 18 -0.9978 0.1259 
170-180 30 -1.1888 0.1567 
180-190 35 -1.4847 0.2232 
190-200 28 -1.9830 0.2805 
200-210 14 -2.5046 0.3149 
210-220 17 -2.4241 0.3967 
220-230 20 -2.0568 0.2704 
230-240 12 -1.4831 0.4557 
240-250 14 -0.7679 0.1432 
250-260 11 -0.7131 0.1222 
260-270 10 -0.8285 0.2522 
270-280 11 -0.7323 0.1214 
280-290 16 -0.7431 0.0791 
290-300 19 -0.6737 0.0982 
300-310 8 -0.5094 0.1552 
310-320 12 -0.4003 0.0693 
330-340 2 -0.3135 0.0035 
340-350 2 -0.2000 0.0566 
350-360 9 -0.1408 0.0634 
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Table C.6 The number of the data observations, data mean and data standard deviation 
used to determine error bounds at specific azimuth increment ranges for the Cr, nns 

pressure data for Tap 50501 

Increment Number of 

I 
Mean ! Standard Deviation 

Range Observations 
0-10 24 0.1192 0.0282 
10-20 10 0.1394 0.0425 
20-30 6 0.0837 0.0324 
30-40 4 0.1130 0.0278 
40-50 11 0.1439 0.0303 
50-60 7 0.1574 0.0398 
60-70 9 0.1453 0.0090 
70-80 7 0.1697 0.0242 
80-90 3 0.1870 0.0368 

90-100 9 0.2078 0.0604 
100-110 4 0.2468 0.0347 
110-120 3 0.2700 0.0168 
120-130 12 0.3493 0.0648 
130-140 20 0.3469 0.0448 
140-150 28 0.3183 0.0662 
150-160 18 0.3165 0.0847 
160-170 18 0.3811 0.0691 
170-180 30 0.5163 0.1472 
180-190 35 0.7212 0.2204 
190-200 28 0.9932 0.1905 
200-210 14 1.1451 0.1337 
210-220 17 1.2130 0.1681 
220-230 20 1.3481 0.1811 
230-240 12 1.1701 0.2876 
240-250 14 0.6782 0.2695 
250-260 11 0.5482 0.2200 
260-270 10 0.4555 0.0619 
270-280 11 0.3859 0.0426 
280-290 16 0.3808 0.0755 
290-300 19 0.3199 0.0607 
300-310 8 0.2749 0.0843 
310-320 12 0.2279 0.0624 
330-340 2 0.1550 0.0127 
340-350 2 0.1245 0.0106 
350-360 9 0.1183 0.0153 
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Table C. 7 The number of the data observations, data mean and data standard deviation 
used to determine error bounds at specific azimuth increment ranges for the Cr, mean 

pressure data for Tap 50505 

Increment Number of Mean 

I 
Standard Deviation 

Range Observations 
0-10 5 -0.0680 0.0277 

20-30 2 -0.1390 0.1146 
30-40 3 -0.1223 0.0586 
40-50 9 -0.2000 0.0725 
50-60 4 -0.1828 0.0335 
60-70 8 -0.2356 0.0302 
70-80 4 -0.2275 0.0340 

90-100 7 -0.1476 0.0125 
100-110 5 -0.2112 0.1111 
110-120 4 -0.3250 0.0574 
120-130 6 -0.7133 0.0747 
130-140 19 -0.8712 0.1198 
140-150 27 -0.7819 0.1709 
150-160 17 -0.6706 0.1736 
160-170 19 -0.8316 0.1424 
170-180 24 -0.9793 0.0893 
180-190 31 -0.8982 0.1184 
190-200 29 -0.6471 0.1413 
200-210 13 -0.4671 0.1467 
210-220 11 -0.3715 0.0331 
220-230 16 -0.3739 0.0853 
230-240 8 -0.4220 0.0849 
240-250 9 -0.4988 0.1667 
250-260 6 -0.8230 0.1793 
260-270 5 -1.4452 0.2685 
270-280 5 -1.0678 0.0996 
280-290 6 -0.7200 0.0636 
290-300 19 -0.6621 0.1336 
300-310 4 -0.5880 0.1681 
310-320 3 -0.5633 0.1476 
330-340 2 -0.4945 0.0021 
350-360 7 -0.0791 0.0458 
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Table C.8 The number of the data observations, data mean and data standard deviation 
used to determine error bounds at specific azimuth increment ranges for the CP, rms 

pressure data for Tap 50505 

Increment Number of Mean 

I 
Standard Deviation 

Range Observations 
0-10 5 0.0894 0.0447 
20-30 2 0.0710 0.0014 
30-40 3 0.1117 0.0202 
40-50 9 0.1142 0.0201 
50-60 4 0.1020 0.0264 
60-70 8 0.1346 0.0087 
70-80 4 0.1185 0.0225 

90-100 7 0.1077 0.0093 
100-110 5 0.1562 0.0700 
110-120 4 0.2663 0.0478 
120-130 6 0.4337 0.0735 
130-140 19 0.3871 0.0702 
140-150 27 0.2902 0.1037 
150-160 17 0.2294 0.0810 
160-170 19 0.3047 0.0953 
170-180 24 0.3864 0.0645 
180-190 31 0.4541 0.0805 
190-200 29 0.4705 0.0715 
200-210 13 0.3373 0.1067 
210-220 11 0.2203 0.1012 
220-230 16 0.2087 0.0799 
230-240 8 0.3009 0.0898 
240-250 9 0.4466 0.1460 
250-260 6 0.6082 0.1184 
260-270 5 0.5906 0.0708 
270-280 5 0.4484 0.0531 
280-290 6 0.2698 0.0418 
290-300 19 0.2581 0.0556 
300-310 4 0.2828 0.0264 
310-320 3 0.2837 0.0155 
330-340 2 0.2185 0.0148 
350-360 7 0.0729 0.0361 
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Table C.9 The number of the data observations data mean and data standard deviation 
' used to determine error bounds at specific azimuth increment ranges for the Cp_ mean 

pressure data for Tap 50509 

Increment Number of 

I 
Mean ~ 

Standard Deviation 
I Range Observations 

0-10 2 -0.1611 0.0787 
10-20 3 -0.1390 0.1146 
20-30 9 -0.1270 0.1032 
30-40 3 -0.2467 0.1537 
40-50 8 -0.3244 0.0600 
50-60 4 -0.2913 0.1035 
60-70 6 -0.2034 0.0277 
70-80 4 -0.2975 0.0818 

90-100 4 -0.1323 0.0121 
100-110 8 -0.1608 0.0733 
110-120 19 -0.2100 0.0200 
120-130 27 -0.3104 0.0837 
130-140 17 -0.4431 0.0696 
140-150 20 -0.6092 0.1066 
150-160 26 -0.7271 0.1296 
160-170 32 -0.7762 0.1435 
170-180 29 -0.7219 0.1280 
180-190 13 -0.5109 0.1042 
190-200 12 -0.3597 0.0711 
200-210 16 -0.3415 0.0836 
210-220 8 -0.3568 0.0574 
220-230 9 -0.4416 0.1446 
230-240 4 -0.6725 0.1685 
240-250 5 -0.8911 0.1910 
250-260 5 -1.1748 0.0790 
260-270 6 -1.4334 0.2412 
270-280 18 -1.0702 0.0966 
280-290 4 -0.9350 0.1003 
290-300 3 -0.8261 0.1240 
300-310 2 -0.6833 0.1646 
310-320 7 -0.6533 0.1717 
330-340 2 -0.5435 0.0064 
350-360 7 -0.2400 0.0825 
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Table C.10 The number of the data observations, data mean and data standard deviation 
used to determine error bounds at specific azimuth increment ranges for the CP. rms 

pressure data for Tap 50509 

Increment Number of 

I 
Mean I Standard Deviation 

Range Observations 
0-10 2 0.1222 0.0255 
10-20 3 0.1690 0.0806 
20-30 9 0.0685 0.0021 
30-40 3 0.1127 0.0295 
40-50 8 0.1313 0.0235 
50-60 4 0.1147 0.0291 
60-70 6 0.1271 0.0078 
70-80 4 0.1545 0.0201 

90-100 4 0.1138 0.0074 
100-110 8 0.1048 0.0156 
110-120 19 0.1137 0.0244 
120-130 27 0.2514 0.0839 
130-140 17 0.3098 0.0435 
140-150 20 0.3206 0.0471 
150-160 26 0.2920 0.0452 
160-170 32 0.3191 0.0278 
170-180 29 0.3337 0.0397 
180-190 13 0.3158 0.0473 
190-200 12 0.2345 0.0686 
200-210 16 0.1559 0.0372 
210-220 8 0.2381 0.0825 
220-230 9 0.4070 0.1461 
230-240 4 0.5586 0.0911 
240-250 5 0.6032 0.0938 
250-260 5 0.5778 0.0985 
260-270 6 0.5588 0.0853 
270-280 18 0.4520 0.0598 
280-290 4 0.3708 0.0498 
290-300 3 0.3306 0.0390 
300-310 2 0.2988 0.0198 
310-320 7 0.2900 0.0151 
330-340 2 0.2680 0.0184 
350-360 7 0.1477 0.0320 
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Table C.11 The number of the data observations, data mean and data standard deviation 
used to determine error bounds at specific azimuth increment ranges for the Cr, mean 

pressure data for Tap 50523 

Increment Number of Mean Standard Deviation 
Range Observations 
0-10 20 -0.1640 0.0614 
10-20 12 -0.2175 0.0536 
20-30 11 -0.2000 0.0402 
30-40 3 -0.3333 0.0404 
40-50 13 -0.3369 0.0651 
50-60 5 -0.2940 0.1021 
60-70 6 -0.1700 0.0551 
70-80 6 -0.1883 0.0813 
80-90 3 -0.2233 0.1380 

90-100 3 -0.2733 0.1793 
100-110 2 -0.2450 0.0919 
120-130 4 -0.3600 0.0356 
130-140 2 -0.2700 0.1414 
140-150 12 -0.2525 0.0400 
150-160 13 -0.2500 0.0252 
160-170 10 -0.2300 0.0660 
170-180 13 -0.2746 0.0900 
180-190 6 -0.2217 0.0531 
190-200 5 -0.3600 0.1155 
200-210 4 -0.2775 0.1234 
210-220 6 -0.5617 0.1044 
220-230 10 -0.9550 0.1296 
230-240 6 -1.0483 0.0595 
240-250 7 -1.1757 0.0294 
250-260 9 -1.0944 0.1024 
260-270 7 -1.0400 0.1133 
270-280 8 -0.9925 0.1495 
280-290 25 -1.0572 0.1098 
290-300 29 -1.0983 0.0781 
300-310 5 -1.0860 0.1873 
310-320 9 -0.8722 0.0814 
340-350 2 -0.2000 0.1273 
350-360 14 -0.2307 0.0790 
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Table C.12 The number of the data observations, data mean and data standard deviation 
used to determine error bounds at specific azimuth increment ranges for the CP. rms 

pressure data for Tap 50523 

Increment Number of 

I 
Mean 

II 

Standard Deviation 
Range Observations 
0-10 20 0.1903 0.0207 

10-20 12 0.1996 0.0392 
20-30 11 0.1362 0.0266 
30-40 3 0.1277 0.0081 
40-50 13 0.1293 0.0325 
50-60 5 0.1472 0.0944 
60-70 6 0.1232 0.0118 
70-80 6 0.1445 0.0237 
80-90 3 0.1547 0.0140 

90-100 3 0.2173 0.0780 
100-110 2 0.1295 0.0148 
120-130 4 0.0978 0.0090 
130-140 2 0.1305 0.0191 
140-150 12 0.0933 0.0162 
150-160 13 0.1206 0.0431 
160-170 10 0.1590 0.0296 
170-180 13 0.1698 0.0310 
180-190 6 0.1658 0.0442 
190-200 5 0.3050 0.1617 
200-210 4 0.3423 0.0586 
210-220 6 0.4232 0.0563 
220-230 10 0.4331 0.0298 
230-240 6 0.4130 0.0502 
240-250 7 0.4071 0.0497 
250-260 9 0.4482 0.0582 
260-270 7 0.5309 0.1195 
270-280 8 0.5766 0.1010 
280-290 25 0.4848 0.1258 
290-300 29 0.4004 0.0416 
300-310 5 0.4828 0.0734 
310-320 9 0.4481 0.0642 
340-350 2 0.1865 0.0148 
350-360 14 0.1741 0.0379 
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