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CHAPTER I 

INTRODUCTION 

Wind is the movement of air; it induces pressures on building 

surfaces. As wind travels around and over the building, it ac

celerates and creates outward-acting pressures across all surfaces 

except the windward surface. Moreover, the air flow streamlines 

separate at the sharp comers such as wall comers, eaves, roof 

ridges, and roof comers. Relatively low pressures occur downstream 

of these streamline separation points, causing locally severe, 

outward-acting pressures. 

Every year a significant amount of damage to buildings is caused 

by wind-induced pressures. Estimated economic loss of wind-induced 

building damage in this country may reach eight billion dollars (1978 

dollars) by the year 2000 (Wiggins, 1978). It is also recognized 

that most of the damage to the structures and most of the injuries to 

people occur in low-rise ordinary buildings. Hence, understanding 

the nature of wind-induced pressures on buildings will help civil 

engineers to design safer as well as more economical buildings. 

Assessment of wind-induced pressures on building surfaces is 

generally obtained through wind tunnel tests. Although wind tunnel 

results contribute significant information, they depend on simulation 

of wind and use of small-scale models of buildings. It is difficult 

to simulate the wind profile for a low-rise building in wind tunnel 

because the building model is very close to the bottom boundairy 



layer. In view of the uncertainties of wind tunnel results, field 

measurement of wind-induced pressures on building surfaces are 

needed. Field measured results can provide base line data for wind 

tunnel simulation, and may help to advance the wind tunnel 

technology. 

Recently a project is undeirtaken at Texas Tech University to 

acquire wind data and building surface pressure data in the field. 

The major objective of this project is to obtain a reliable data base 

for external pressures on building surfaces. The anticipated wind-

induced pressures are in the range of ±.10 psf. However, pressures as 

high as +20 psf may occur in a strong windstorm. 

A 30 X 45 X 13 ft test building for pressure measurement and a 

160 ft high meteorological tower for wind data are seen in Figure 

1. 1. Figure 1.2 shows a map of the field site and the surrounding 

area. The field site for the test building is located in a flat open 

terrain. Low-rise residential areas are at least one-half mile from 

the test building to the south and to the west. 

The test building is constructed on a concrete pad. It is a 

commercially available metal building sitting on a rigid fraras 

undercarriage. Four wheels, one at each comer, are part of the 

undercarriage. The wheels rest on an embedded circular track that is 

flush with the surface of the concrete pad. Hydraulic jacks can 

raise the building to support it on four wheels. The building 
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Figure 1. 1 30 x 45 x 13 ft Test Building and tl>5 
160 ft High Meteorological Tower 



Figure 1.2 Map of Area Surrounding Test Building 



can be rotated on track to obtain desired angle of attack of wind. 

This unique feature of the building permits data to be collected from 

any wind-approach angle. 

The test building has smooth exterior skin. Self tapping 

screws, at 1 ft on center, hold the exterior flat stock to the 

corrugated steel panels. The heads of the screws protrude about 3/8 

in. from the surface. Except for these protrusions, the exterior 

surface of the building is smooth. A rubber gasket skirt is attached 

to the bottom of the building to provide a seal between the building 

and the concrete pad. The roof of the building is essentially flat; 

it has a slope of 2 in. in 10 ft for drainage. 

The meteorological tower is located approximately 150 ft west of 

the building. The tower is guyed at heights of 70 and 130 ft. Wind 

speed measuring instruments (anemometers) are placed at four levels: 

160, 70, 33, and 13 ft. Wind direction, temperature, barometric 

pressure and relative humidity measuring instruments are also placed 

on the tower. 

A fixed 12 X 12 X 8 ft data acquisition room is located on 

concrete pad inside the test building. This room is constructed of 

reinforced concrete masonry walls and a cast-in-place concrete roof. 

The roof of the room has a 12 in. diameter hole. Data signal cables 

and tubing of the pressure instruments can go through the hole into 

the room. 



Wind-induced pressures on the test building surfaces are 

measured through pressure tapping holes using differential pressure 

transducers. The differential pressure transducer essentially 

measures pressure difference between two pressure sources. Hence, 

each pressure transducer needs a reference pressure. 

The components of pressure measuring system include pressure tap 

assembly, tubes, valves, differential pressure transducer, and 

electronic data acquisition system. These components are readily 

available, however the pressure measuring system is not available 

conmercially. The system has to be custom assembled and its perfor

mance has to be verified. In addition, the reference pressure system 

has to be designed specially for this project. 

In view of the custom assembly of the pressure measuring system 

and low magnitude of pressures to be measured (in the range of 10 

psf), it is necessary to conduct experiments to provide confidence in 

measured pressures. Specific experiments need to be conducted for 

assessing fluctuation in reference pressure, checking dynamic 

response of pressure transmitting system and evaluating sensitivity 

of pressure transducers to the environmental temperature encountered 

in the field. The thrust of this research is to custom assemble the 

pressure measuring system and to verify its perfomnnce. 

Qb.iectiygs 

The general objective of this study is to investigate the 

accuracy and sensitivity of the building surface pressure measuring 
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system. Specific objectives of this study include the following: 

(1) To assemble the pressure measuring system including the 

pressure tap, pressure transmitting lines, differential 

pressure transducer, reference pressure system, and the data 

acquisition system. 

(2) To perform static calibration of the pressure measuring 

system. 

(3) To perform dynamic calibration for frequency'response of the 

pressure transmitting system. 

(4) To assess the fluctuations in the reference pressure. 

(5) To evaluate the sensitivity of the pressure transducers to 

the environmental temperatures encountered in the field. 

These objectives are achieved through assembly of the pressure 

measuring system on the test building and through specific experi

ments in the laboratory and in the field as appropriate. The 

procedures developed and the results obtained in this study are valid 

for any building surface pressure measuring system in the field. 

Previous full scale measurements of wind pressure are studied in 

order to gain information for the present project. Experiments that 

measured building or structure surface pressures are briefly reviewed 

in chapter II. The project facility and special feature of the 

pressure measuring system for the test building are presented in 

chapter III. CJalibration and sensitivity assessment are accomplished 

through a series of experiments. Details of the experiments setup 
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and results are provided in chapter IV. CJhapter V contains the con

clusion of this study and reconroendations for future development of 

the field work. 



CHAPTER II 

REVIEW OF PREVIOUS EXPERIMENTS 

A number of full scale experiments in the field have been 

conducted to measure wind effects on a variety of structures. The 

structures in the experiments include solar collectors, agricultural 

buildings, chimneys, tall buildings, bridges, and transmission line 

systems. Among these experiments, some used differential pressure 

transducejTs to measure wind-induced pressures on structure surfaces. 

A review of major aspects of the instrumentation used in these 

experiments is presented below. These aspects include the pressure 

measuring instrument, pressure transmitting setup, reference pressure 

provision, and calibration of the transducer. 

Avlesburv Experiment 

Among different projects on full scale measurement of wind-

induced pressures, perhaps the best known is the project of an 

experimental building at Aylesbury in the U.K. (Eaton and Mayne, 

1974). The project involved measurement of wind and wind-induced 

pressures on surfaces of a two-stoiy residential building in the 

field. 

The pressure transducers used to measure surface pressures were 

developed at the Building Research Station in England. The sensitive 

part of these transducers was a 4 in. diameter pressure plate mounted 

flush with the external surface of the building. Underneath the 
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pressure plate were three cantilever bars on which resistance strain 

gages were mounted. The interior of the transducer was vented to a 

reference pressure via a nozzle on the back of the transducer body. 

Wind-induced pressures were detennined from strain gage measurements 

(Eaton and Mayne, 1971). Since it is an external pressure plate, 

neither a pressure tapping hole nor tubing is required to transmit 

the wind-induced pressures to the transducer. The project did not 

have any transducer to measure internal pressure of the building. 

Reference pressure for the transducer was provided by running 

venting tubes of 0.2 in. bore from the transducers to a reference 

pressure manhole. The distance between the manhole and the building 

is not given in the reference. The manhole was sealed by a lid 

except for a 1 in. diameter hole in the center. The manhole lid was 

flush with the ground; grass nearby was kept short so that the 

pressure inside the manhole represented static atmospheric pressure. 

Fluctuations in the reference pressure are not mentioned in the 

reference. It is not known whether there were any experiments 

conducted to assess the fluctuations in the reference pressure. 

Static calibration of each transducer was obtained by applying a 

known dead weight to each transducer and adjusting the gain of the 

signal conditioning equipment to maintain a standard voltage level at 

the input to the recorders. The frequency response of the transducer 

was checked up to about 200 Hz. The lowest resonant frequency was 

found to be 70 Hz (Eaton and Mayne, 1971). At the beginning of each 

record, a solenoid valve connected a zeroing port located besides 
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each transducer to the back of the transducer. The concept was to 

connect the active side and passive side of the transducer together 

so that the differential pressure would be zerx3. Then the recorded 

voltage would be the zero offset which could be subtracted from the 

recorded voltages during analysis of the test data. 

In the master's thesis by Vickery (1984) on analysis of the 

Aylesbury data, it was concluded that there were significant problems 

associated with apparent shifts in the reference static pressure. 

Tbs author inferred that on some of the wall locations the common 

backing tubes which supplied the reference pressure to each pressure 

transducer were themselves leaking to the inside of the building. 

Mobile Home ExTPeriment 

Full scale wind pressure measurements were collected on a mobile 

home located on the campus of National Bureau of Standards (NES) in 

Gaithesburg, Maryland (Marshall, 1977). Pressures on the exterior 

surfaces of the mobile home and the internal pressure were measured 

by Validyne variable reluctance differential pressure transducers. 

The pressure tap hole on the surface of the building was 3/8 in. 

diameter. The flexible tubing that connected the pressure tap with 

the pressure transducer was 1/8 in. inside diameter and 4 in. long. 

Although the pressure taps were designed to operate under wind-driven 

rain conditions, on occasion, a meniscus formed in the pressure lir.e 

causing a pronounced shift in the pressure transducer recordings. 
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Reference pressure was provided through a manifold system of 

3/16 in. inside diameter flexible tubing connecting the pressure 

transducer to an ambient pressure probe which was mounted on a mast 

at the height of 33 ft. This prcbe was developed at the NES. The 

probe registered true ambient pressure for all wind directions in the 

horizontal and accoranodated vertical angles of attack up to ±.10 

degrees. Estimated from a site plan, the distance between the probe 

and the mobile home was 80 ft. 

Details of static calibration are not provided in the reference. 

E)ynamic calibration of the tap-tube-transducer arrangement indicated 

a good response up to 40 Hz. A solenoid valve was placed with each 

transducer. The valve normally transmitted the reference pressure tc. 

the passive side of the pressure transducers. When actuated, the 

solenoid valve connected the passive side of the pressure transducers 

to the active pressure lines. This arrangement provided the pressure 

transducer electrical offset voltage for a zero pressure differen

tial. 

Single-storv Houses Experiment 

Full scale measurements of building surface pressures on single 

story houses were collected in Philippines (Marshall, 1977). 

Pressures were measured with flush-diaphragm differential pressure 

transducers developed at the Building Research Station in England. 

These transducers were similar to the ones used in the Aylesbury 

project (Eaton and Mayne, 1974). Hence, the setup and the calibra-
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tion procedures were the same as in the Aylesbury project. The 

transducers were referenced to an ambient pressure probe which was 

similar to the one used in the mobile home project by Marshall 

(1977). The probe was mounted next to a propeller-vane anemometer at 

the 33 ft (10 m) level on a tower. Literature did not provide 

details on calibration and zero offset control. The problem of bats 

biting the pressure transmitting tubing has been mentioned during 

personal discussions with Dr. Majrshall. The collection of data was 

affected because of bat damage to the tubing. 

Solar Collector Experiment 

An investigation of wind loads on solar collector was conducted 

in the field in Virginia (Tieleman, 1980). In this study Validyne 

reluctance differential pressure transducers were used to measure 

pressures on the solar collector surfaces. The literature did not 

provide the dimensions of the pressure taps. The tubing used in the 

test was 0.2 in. diameter. 

Reference pressure for the differential pressure transducers was 

obtained from an ambient pressure probe mounted on a mast at the 

height of 37 ft. The probe was similar to the one used in the mobile 

home project (Marshall, 1977). 

Each pressure transducer was subjected to both a static and a 

dynamic calibration. For static calibration, a water manometer was 

used to apply a static pressure to the system and adjustments were 

made to the amplifier-demodulator associated with the transducer to 
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provide an output of +10 volts for ±0. 1 pei. The dynamic calibration 

was carried out using a calibration rig provided by the NES. No 

resonance was found below 50 Hz in the tubing with 0.2 in. diameter. 

Each pressure transducer was fitted with a solenoid valve in the 

reference pressure line similar to the arrangement used in the mobile 

home project (Marshall, 1977). 

Agricultural and Horticultural Buildings 

Experiment 

Full scale study of wind pressures on surfaces of agricultural 

buildings is conducted by Hoxey (1983) in England. Pressure trans

ducers used in this project were differential pressure transducer of 

capacitance bridge micromanometer type. Surface pressures were 

transmitted from a 0.38 in. diameter tapping hole via 0.27 in. inside 

diameter tube to the transducer at a central measurement and record

ing station. Tube lengths ranged up to 98 ft. 

The free stream atmospheric static pressure was used as a 

reference pressure for transducers. In the initial stages of the 

project, reference pressui^ was derived from the pressure within a 

container with a perforated top, sunk flush into level ground ap

proximately 50 ft from the building. For later measurements an 

ambient pressure probe based on the NBS design was used. The ambient 

pressure probe was mounted on a mast upwind at building height. The 

reference pressure was transmitted to the transducers via 0. 27 in. 

inside diameter plastic tubing that was 132 ft long. 
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Static calibration of the transducers was performed regularly in 

the laboratory by applying a constant pressure to the transducer 

using a Betz manometer. The dynamic response of the tube system was 

limited by the use of long tubing. The natural frequency of the tube 

system induced an amplitude gain above unity due to pneumatic 

resonance. To reduce this gain to unity a pneumatic filter, consist

ing of a flow restrictor (small bore stainless steel tube) and a 

volume of air, was installed between the pressure tap and the 

transducer. The dimensions of the restrictor tube and the volume of 

air used in the system are not mentioned in the literature. 

A zero pressure signal was generated for a few seconds at the 

beginning and end of each four minute recording duration to obtain a 

zero drift record of the transducers, amplifier or data acquisition 

tape recorder. The zero drift signal was obtained by connecting the 

two sides of the transducer diaphragm chamber by means of solenoid 

valves that could be energized automatically by the control unit. 

The review of these field experiments published in the litera

ture gives insight to the installation and the use of pressure 

measuring instruments. This insight also assisted in assembling the 

building surface pressure measuring system. In addition, it helped 

in planning the experiments to verify and check sensitivity of the 

pressure measuring system used in the current project. 



CHAPTER III 

PRESSURE MEASURING SYSTEM 

The present project requires measurement of building surface 

pressures at as many as 20 points without unduly altering the smooth 

surface of the building. This pressure measurement is accomplished 

by using 3/8 in. diameter holes in the metal skin and measuring 

pressures with differential pressure transducers. The magnitude of 

the pressure to be measured is relatively small, in the range of ±10 

psf for wind speeds of 50 raph. According to the manufacturer's 

specifications, the transducers have an accuracy of +0.25% of the 

full scale. For the transducers with +0.2 psi capacity, the accuracy 

is +0. 14 psf; for the transducers with +0.32 psi capacity, the 

accuracy is +0.23 psf. Based on the accuracy of the transducers and 

the anticipated wind pressure range of ±10 psf, the desirable 

accuracy of the system is ±.0.5 psf. 

In addition, it is desired to measure instantaneous fluctuations 

in pressures. To assure measurement of instantaneous fluctuations, 

the measurements must be taken at a sampling rate of 10 Hz or higher. 

This low magnitude of pressures and high sampling rate govern the 

assembly of pressure measuring system. Several components make up 

the pressure measuring system; these components include pressure 

transducers, pressure tap, flexible tubing, reference pressure and 

16 
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data acquisition system. This chapter describes the assembly and 

specifications of these components. A typical pressure measuring 

system assembly is shown in Figure 3. 1. 

Pressure Tr;^n5^Hnnf^r 

Two types of differential pressure transducers are used in the 

project, Validyne variable reluctance transducers and Omega transduc

ers. In initial stages, thirteen Validyne transducers are used; this 

report relates only to these Validjme transducers. Nine transducers 

have the capacity of +0.2 psi (model DP103-22N-7S4H) and the other 

four transducers have the capacity of +0.32 psi (model DP103-24N-

7S4H). The heart of the pressure transducer is a diaphragm clamped by 

two inductance coils. This diaphragm can be replaced with different 

capacity diaphragms, thus changing the transducer capacity. Under 

wind pressure, the diaphragm deflects and changes the inductance of 

the coils. A corresponding AC voltage signal is sent to a demodula

tor to be rectified and filtered into ±IC voltage which represents 

the pressure polarity and magnitude. The transducer output is ±.5 

volts for ±0.2 psi and +8 volts for +0.32 psi. 

Pressure Tap 

Pressure on the wall or the roof surfaces are measured through a 

3/8 in. diameter hole. The hole and the copper tube assembly is 

termed pressure tap. This dimension of 3/8 in. diameter prevents 

rain water from forming a meniscus across the hole and the copper 
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Cable to Data Acquisition 
System 

Figure 3.1 Pressure Measuring System 
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tube. The copper tube is connected to a flexible tubing which runs 

to the pressure transducer (see Figure 3. 1). In designing the 

pressure tap, several different ideas were considered. In the early 

stages, soldering was used to connect the copper tubing to the 

building surface to act as a pressure tap. However, due to the 

significant temperature change in the field, the solder failed after 

few days. Attempts to attach copper pressure tap assembly to the 

building skin with epoxy were unsuccessful. 

The final design of the pressure tap consists of a brass 

compression connector (3/8 x 1/4 Pipe Thread) connected to a 3/8 in. 

diameter copper tubing. The pressure tap assembly is shown in Figure 

3.2. Installation of the pressure tap is accomplished by creating a 

recessed indentation in the exterior cladding skin where the pressure 

tap is to be located. The brass fitting is fastened to the building 

surface with two 1/8 in. thick nuts, one on each side of the metal 

building skin. The outside nut seats in the recessed indentation 

which make it essentially flush with the outside building surface. 

The dent is filled with automobile body-repair putty and sanded 

smooth. The two nuts provide a positive connection to the building 

skin and the putty prevents leakage around the hole as well as 

maintains a smooth exterior surface. 

Pressure Transmitting System 

A sketch of the pressure transmitting system is shown in Figuî e 

3.3. Approximately 4 in. of 3/8 in. inside diameter flexible plastic 
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Figure 
3.2 Pressure Tap Assembly 
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Figure 3.3 Pressure Transmitting System 



tubing extends from the pressure tap to the three-way valve. About 

10 in. of 3/16 in. inside diameter flexible plastic tubing is 

connected from the three-way valve to the transducer. Choice of the 

dimensions of 4 in. and 10 in. is arbitrary. These lengths of tubes 

provide sufficient room to assemble the system. Approximately 35 ft 

of 3/16 in. inside diameter flexible plastic pressure tubing is used 

to connect the transducer to the reference pressure. Under normal 

operating condition, the three-way valve separates the active line 

and reference line for the transducer as shown in Figure 3.4. During 

the zero drift test, the function of the three-way valve is to 

connect reference pressure to both sides of the transducer as shown 

in Figure 3.5. Three-way valve is operated manually. When the 

three-way valve connects reference pressure to both sides of the 

pressure transducer, it will have a zero pressure difference, thus 

yield a zero drift. The drift of the transducer voltage may be due 

to the temperature variance or electrical power drift in data 

acquisition system. 

Owing to the fact that the ends of the pressure taps are exposed 

to rain, water may collect in the tubing. To eliminate this pos

sibility, the roof pressure transmitting system has a "reservoir" as 

shown in Figure 3.6. The water collected in the reservoir can be 

removed by opening the drain plug. The flexible plastic tubing 

connected to taps on the wall surfaces is tilted about 20 degree 

upwai'd to prevent water from collecting in the active pressLire line. 
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Figure 3.6 "Reservoir" for Collecting Water in 
Pressure Tubing 



The pressure transmitting tubing and connections are checked for 

leakage. The system was pressurized with a hand pump. Soapy water 

was applied to the connections to indicate leakage. No visible 

leakage was observed. 

Reference Pressure 

Reference pressure is obtained from an underground wooden box, 

located 50 ft west of the test building. Figure 3.7 shows the 

picture of the box and a schematic drawing of the reference pressure 

system. The box is 4 x 5 x 3 ft deep and is covered by an 8 x 8 ft 

plywood lid with a 1/2 in. diameter hole at the center. The lid is 

flush with the ground level. Soil around the box has been graded to 

provide a relatively smooth surrounding so that the turbulence which 

would affect the pressure inside the reference pressure box is 

minimized. 

The reference pressure is transmitted through an 8 in. diameter 

PVC pipe. The pipe is buried 2 ft below ground in a trench. The end 

of the pipe inside the box is covered by a perforated cap. The pipe 

runs underneath the concrete pad and enters the data acquisition room 

through the floor. The end of the PVC pipe in the data acquisition 

room is sealed with a cap. Three sixteenth inch inside dianeter 

flexible plastic tubes run from the cap of the pipe to the reference 

side of each transducer. The flexible plastic tubes vary in length 

up to 35 ft. 
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Figure 3.7 Reference Pressure Box 
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Data Acquisition System 

Components of the data acquisition system include carrier 

demodulators, expansion multiplexers (EXP-16) and a microcomputer 

with an analog to digital (A/D) converter (DAS-8). The carrier 

demodulator is unique to pressure data acquisition; other components 

are also part of wind data acquisition system. Figure 3.8 shows the 

a schematic of the instrument connection. 

The microcomputer used is an IBM PC XT with an internal 20 

megabyte hard drive and full color graphics capabilities, enhanced 

with a 12 MHz 80286 main processor and a 80287 math coprocessor 

supplied by Personal Computer Support Group. Analog voltages from 

the instruments are converted to digital form by a MetraByte DAS-8 

12-bit A/D converter. Although the DAS-8 has only 8 input channels, 

the unit is expanded to handle 64 input channels through MetraBjrte 

EXP-16 expansion mltiplexers. The DAS-8 has an input range of ±5 

volts. 

Wires from the transducer pass through an opening in the roof of 

the data acquisition room and are connected to the module case. The 

module case houses 13 carrier demodulators, one for each pressure 

transducer. The module case provides a power supply for the trans

ducer while the demodulator acts as a signal conditioning unit t̂^ the 

transducer. A switch-selectable active low pass filter on each 

carrier demodulator can be set at 1, 5, 10, 50, 200 and 1000 Hz. A 

potentiometer on each carrier demodulator is used during the static 

calibration of each transducer to relate voltages to pressures. Ail 
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the instruments and the computer are connected to a common ground 

source in order to eliminate potential differences which might induce 

erroneous output voltages. 



CHAPTER IV 

VERIFICATION AND SENSITIVTTY OF 

PRESSURE MEASURING SYSTEM 

Four experiments have been conducted to accomplish the verifica

tion and the sensitivity assessment of the pressure measuring system. 

The first three experiments included static calibration, dynamic 

calibration, and examination of reference pressure fluctuation. The 

last experiment focused on the sensitivity assessment of the tempera

ture effect on transducers. This chapter presents experimental 

procedures and the results of each of these experiments. 

Static Calibration 

The purpose of the static calibration is to relate pressure 

experienced by the transducer to the voltage output. The data 

acquisition system records the voltage output of the transducer. The 

calibration is accomplished by using an Omega portable calibration 

kit (Model PCL200C) which consists of a hand pump and a built-in 

digital meter. Pressure applied through the hand pump is registered 

by the digital meter. Figure 4. 1 shows the calibration kit. 

(Calibration is accomplished at the field site on a calm day 

(wind speed of less than 15 mph) to minimize pressure fluctuations 

inside the test building. After installing the transducer at ap

propriate location in the test building, the calibration kit is 

connected to the active side of the transducer. The reference 

30 
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Figure 4.1 Static Calibration Kit 



pressure for the transducer is the pressure inside the building. 

Through the hand pump of the calibration kit, a selected pressure is 

applied to the transducer. The digital meter of the kit registers 

the applied pressure. The potentiometer on the carrier demodulator 

corresponding to the transducer being calibrated is adjusted to a 

voltage output related to the pressure. The procedure is repeated 

several times to obtain a desired voltage. The voltage output is set 

at +5 V for +0.2 psi and +8 V for +0.32 psi for the transducers with 

respective capacities. This static calibration should be checked 

periodically to guarantee proper operation of the transducers and 

respective potentiometers should be adjusted as appropriate. 

Dynamic Calibration 

The purpose of the dynamic calibration is to assess distortions 

in measured pressures due to fluid wave resonance or friction between 

the air and the tube wall. The pressure at the pressure tap may be 

amplified or attenuated after going through the pressure transmitting 

system of tubes and the three-way valve. The length of the tubes can 

distort the pressure measured by the transducers. If feasible, it is 

desirable to place the transducer in the data acquisition room under 

a temperature controlled condition. On the other hand, the distor

tions in the measured pressure is the least with short length of 

tubes. In order to verify the feasibility of putting transducer in 

the data acquisition room, dynamic calibration with tube lengths :f 

25 ft and 50 ft long tubing are conducted. The dynamic calibraticri 
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requires application of pressure pulses at several different frequen

cies. Pressures are measured with two transducers, one is a refer

ence transducers with short tube length and the other is a calibrat

ing transducer with desired tube length. (̂ Dmparison of the recorded 

pressures by the two transducers provide information on the distor

tions, if any, in the measured pressures. 

The calibration kit (TriTec Model AT31A) shown in Figure 4.2 has 

the ability to provide pressure pulses at rates of up to 200 Hz. The 

kit is driven by an electrical signal generator. Pressure source for 

the kit comes from an air tank connected to the calibration kit. By 

adjusting the electrical signal generator, the frequency of the 

pressure pulses is controlled. The pressure pulses are sent in a 

sinusoidal form. Magnitude of the pressure pulses can be adjusted by 

the pressure regulator on the air tank, though it's value is not 

critical to the test. 

Figure 4.3 shows the experimental setup. A pressure transducer 

is connected to the calibration kit with a short tube. This trans

ducer is termed reference transducer; it is assumed that the refer

ence transducer records the pressure without distortion. The trans

ducer at the other end of the pressure transmitting system is termed 

calibrating transducer. The differences in the measured pressures 

from the two transducers indicate the influence of the length of the 

tubing and the three-way valve. 

Six calibration tests are conducted. Tests 1 and 2 use the wall 

and roof setups as they are built with short tubes (see Figures 3. 1 



To Air Tank 

To Electrical Signal 
Generator 

•-. r"'-'-

\ 
To Pressure 
Transducer 

Figure 4.2 Dynamic Calibration Kit 
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and 3.6). Tests 3 and 4 are related to 25 ft long tubes, and Tests 5 

and 6 are with 50 ft long tubes. Connections and dimensions of 

tubing for these six tests are shown in Figure 4.4 for wall setup and 

Figure 4.5 for roof setup. The reference side of the reference 

transducer and the calibrating transducer are exposed to the interior 

of the test building. Since the experiments are conducted on calm 

days, the pressure inside the test building are expected to be 

constant. At the beginning of each test, the air is allowed to flow 

through the system for a 4-minute duration to attain a stable condi

tion. The voltage outputs of the reference transducer and the 

calibrating transducer are recorded for 15 second duration. Each 

test includes collection of data at several pressure pulse frequen

cies. Different transducers have been used to check the repeatabil

ity of the experiment. They show similar results. 

Table 4. 1 shows the pressure pulse frequencies, data collecting 

frequencies and low pass filter frequencies for each test. The data 

collecting frequency is at least four times the pressure pulse 

frequency with a minimum of 120 Hz. In each test, the mean and 

standard deviation values of records from both the reference trans

ducer and the calibrating transducer are obtained. Ratios of these 

values of calibrating transducer to reference transducer are deter

mined. These ratios provide the information on distortion of the 

measured values. If the ratio is unity, both transducers measure the 

same pressure. If the ratio is less than unity, the signal is 

attenuated through the pressure transmitting system. If the ratio is 
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To Dynamic Calibration Kit 
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Figure 4.5 Dynamic Calibration of Roof Transducer 
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TABLE 4.1 

Information of Dynamic Calibration 

Experiment Tubing Pressure Pulse Data CkDllecting Low Pass Filter 
Number Length Frequency Frequency Frequency 

(Hz) (Hz) (Hz) 

1 4 in. 1 120 50 
10 120 50 
30 120 50 
40 160 50 
50 200 200 
60 240 200 
100 400 200 

2 4 in . 1 120 10 
5 120 10 

10 120 50 
30 120 50 
60 240 200 
70 280 200 

100 400 200 

3 and 4 25 f t 1 120 10 
3 120 10 
5 120 10 
6 120 10 
7 120 10 
8 120 10 

10 120 50 
30 120 50 
60 240 200 

100 400 200 

5 and 6 50 f t 1 120 10 
3 120 10 
5 120 10 

10 120 50 
20 120 50 
30 120 50 
60 240 200 

100 400 200 
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greater than one, the pressure is amplified by resonance in the 

pressure transmitting system. Plots of these ratios are presented in 

Figures 4.6 to 4.11 for each of the test. 

The ratios of mean values for all experiments (short tube, 25 ft 

and 50 ft) remain one. This indicates that the mean values of 

pressure are neither attenuated nor amplified because of the tube 

length. However, fluctuations of pressures are affected as evidenced 

by the ratios of standard deviation (see Figures 4.6 through 4.11). 

When the tube lengths are short (Tests 1 and 2), the ratios of 

standard deviation values for wall and roof setups are more than one 

for frequencies higher than 20 Hz (see Figures 4.6 and 4.7). The 

setup of a three-way valve with short tube length apparently genera

tes secondary waves at frequency in the neighborhood of 30 Hz to 

increase standard deviation (see Figures 4.6 and 4.7) values recorded 

by the calibrating transducer. This suggests that reliable measure

ments can be obtained with this setup for frequencies up to 20 Hz. 

It gives confidence to the pressure data recorded at the sampling 

rate of less than 20 PIz in the field. 

For tube length of 25 ft (Tests 3 and 4), the ratios of standard 

deviation are significantly amplified in frequency range of 3 to 10 

Hz (see Figures 4.8 and 4.9). Beyond frequency of 10 Hz, the 

measured signals are attenuated. The tube length of 25 ft can prov

ide reliable results only if data is recorded at rate of 2 Hz or 

less. 
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The tube length of 50 ft (Tests 5 and 6) attenuate signal for 

frequencies above 5 Hz (see Figures 4. 10 and 4. 11). This tube length 

can be used only if mean pressures are desired. Measured values of 

fluctuating pressures are undependable with 50 ft tubing. 

In conclusion, the regular wall and roof setups with short tube 

show an undistorted dynamic response up to frequency of 20 Hz. Above 

20 Hz, the pressure is either amplified or attenuated. In the case 

of 25 ft and 50 ft long tubing, the results show a significant 

amplification or attenuation at frequencies above 3 Hz. Hence, the 

idea of putting transducer in the data acquisition room by using long 

tubing to connect the pressure tap to the transducer is not feasible. 

Examination of Reference Pressure Fluctuation 

The purpose of the examination of reference pressure fluctuation 

is to ascertain the extent of fluctuation in the reference pressure 

during a period of time. As described in chapter III, the reference 

pressure is obtained from an underground box located approximately 50 

ft from the test building. Ideally, the reference pressure should be 

steady and without fluctuations for the duration of recording period. 

Fluctuation in reference pressure could be due to electrical noise in 

the data acquisition system and because of turbulence in the box 

caused by strong winds. Fluctuations in the reference pressure due 

to these causes are ascertained through specific tests. 

The test setup consists of a transducer, a constant pressure 

source and the data acquisition system. A constant static pressure 
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is applied to the transducer through a Dwyer inclined manometer. The 

experimental setup is shown in Figure 4.12. The inclined manometer 

has two openings A and B (see Figure 4. 12). At first, a hand pump is 

connected to opening A and is used to apply pressure to the side A of 

the manometer. Then the opening B is closed. The hand pump is 

disconnected and the transducer is connected to the side A. Opening 

B is released so that the higher level of liquid on side B is the 

pressure exerted on the transducer. The transducer is connected to 

the manometer on one side and the reference pressure PVC pipe located 

in the data acquisition room on the other side. After all the 

connections are made, the opening B of the manometer is closed to 

prevent possible fluctuation in pressure inside the data acquisition 

room from affecting the constant pressure. It was noted during 

initial tests that the constant pressure source was very sensitive to 

temperature change. Touching the manometer or flexible tubing by 

hand caused a drift in the pressure recording. To prevent this 

drift, a larger volume of air was provided by using 100 ft long 

tubing between the manometer and the transducer. In addition, heat 

sources in the data acquisition room are minimized by turning off the 

lights and evacuating the room. Extra precautions were taken to keep 

temiperature in the room as stable as possible during the tests. 

The first test was conducted to ascertain electrical noise in 

the data acquisition system. In this test both sides of the trans

ducer were connected to two tubes from the PVC reference pressure 

pipe; manometer was not used. Since the reference pressiure was 



Tube Length of 
About 35 ft 

u 
Transducer 

Tube Length of 
TOO f t 

Inclined Manometer 

Reference Pressure 
Pipe 

Figure 4. 12 Setup for Assessn^nt cf Reference Pressure Fluctuati-.^n 
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acting on both sides of the differential transducer, the pressure 

recording should be zero. A time history of pressure data recorded 

at the rate of 10 Hz for 10 minute duration on a calm day is shown in 

Figure 4. 13. Even though the figure indicates a lot of fluctuation, 

the peek-to-peak value is 0.2 psf. It is felt that fluctuations of 

this magnitude can be attributed to noise in data acquisition system. 

It may be possible to reduce this noise level by determining the 

frequencies of the noise and by providing appropriate filters. No 

attempt was made to determine specific frequencies of electrical 

noise. This test, however, does indicate that electrical noise 

fluctuations in pressure data are less than 0. 2 psf. 

To ascertain fluctuations in reference pressure during strong 

winds three sets of data, each 10-minute duration, were recorded over 

a period of time. For each data set a constant pressure is applied 

to the transducer through the manometer. Time histories of wind 

speed measured at 13 ft and the reference pressure measured by the 

transducer are shown in Figures 4. 14, 4. 15 and 4. 16. The data was 

recorded at the rate of 10 Hz. As indicated in the figures, the gust 

wind speed varied from 18 mph to 50 mph during the recording periods. 

Two questions are raised with regard to reference pressure 

fluctuations: (1) does mean value of reference pressure vary with 

mean wind speed? and (2) are the fluctuations in reference pressure 

related to wind speed? To respond to these two questions, several 

segments of 50 second duration records are selected from the three 

sets of data such that a range of mean wind speeds are obtained. 



51 

o 
o 
so 

o o 

CM 

O 

^ 
Q 

«n 
o 
o 

(O 
o 
d 

•* 
o 
d 

<N 

o 
(J 

CV4 
O 

O 
1 

• ^ 

o 
o 
1 

\o 
o 
o 
1 

i n 

o 
o 
1 

^ 
o 
1 

f N 

""̂  6 
1 

2 

(0 

o 
- o 

CM 

_,_̂  
o 

in 

£ 
t— 

a§ 
-H 

(D +J 

3 ^ 

S<3 
£ <u 
d) 3 

^ en 
^ 8 
0 fi 

k (0 

m
e 

H
is

tc
 

ff
e
re

n
ti

 
E-H Q 

CO 

1X4 

( > $ d ) d j n s s d J d 



C O 

a.4 

Reference Pressure 
ril«-rW18 

Wind speed at 13 ft 

c «. 

Figure 4.14 Time Histories of Reference 
Pressure and Wind Speed 
(Data Set 1) 
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Pressure and Wind Speed 
(Data Set 2) 
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Four segments are selected from each data set; the mean and the 

standard deviation of wind speeds as well as accompanying pressures 

are calculated. These values are shown in Table 4.2. The mean wind 

speeds of these segments vary from 21 mph to 38 raph. The constant 

pressure for each data set was fixed independently, hence the data of 

three sets cannot be compared directly. Admittedly, there is a 

paucity of data. However, from the data shown in Table 4.2, no 

specific trend is evident between mean reference pressure and mean 

wind speed. 

Mean wind speed versus s1:andard deviation of reference pressure 

for all segments are shown in Figure 4. 17. The data is largely 

scattered. Figure 4. 17 shows that there may be a trend; as mean wind 

speed increases, the standard deviation of pressure also increases. 

This suggests that there may be larger fluctuations in reference 

pressure as wind speed increases. 

Dr. Richard Marshall (1988) of the National Bureau of Standards, 

after reviewing Figures 4. 14 to 4. 16 and the reference pressure 

measurement procedure, suggests that most of the fluctuations in the 

reference pressure may be due to use of captive air for the constant 

applied pressure. He feels that slightest variation in pressure and 

temperature surrounding the captive air (100 ft of flexible tubin.g 

and the manometer) would record fluctuations indicated in Figures 

4. 14 to 4. 16. He reconinends additional tests using damping device 

such as yam of 3 to 4 in. length inside the flexible tuoe. Actual 
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Data Set 

1 

» 

2 

3 

Analysis of 

TABLE 4.2 

Reference Pressure Data 

Se lec ted Segment 
(sec) 

50-100 

110-160 

250-300 

400-450 

50-100 

300-350 

320-370 

500-550 

50-100 

150-200 

300-350 

500-550 

Wind Speed(mph) 

Mean Std.dev. 

27.95 

33.96 

21.09 

36.37 

33.51 

32.27 

27.76 

37.68 

28.63 

29.35 

35.76 

28.86 

6.40 

4.69 

2.09 

5.29 

6 .31 

4.42 

4.99 

5.03 

4.57 

5.32 

5.46 

4.75 

Pressure (psf) 

Mean Std. dev. 

7 .81 

7.71 

7.93 

7.84 

8. 16 

8.19 

8.26 

8. 16 

8.53 

8.63 

8.37 

8.51 

0.10 

0. 11 

0.07 

0.19 

0. 13 

0. 14 

0.09 

0. 13 

0. 12 

0. 11 

0. 10 

0. 10 
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length and type of yam will have to be determined by trial and error 

procedure. 

In conclusion, time histories of reference pressure in Figures 

4. 14, 4. 15 and 4. 16 show that peak-to-peak variation of reference 

pressure in 10 minute duration is as high as 1. 0 psf. Magnitude of 

the fluctuation is higher than desirable for wind induced pressure 

measurement. A portion of the fluctuation (0.2 psf) can be at

tributed to electrical noise in dai:a acquisition system. The 

remaining variation could be due to turbulence in the reference 

pressure box or due to use of captive air for the constant pressure. 

Based on these observations, the reference pressure system needs 

additional tests and a possible damping device. 

Temperature Effect on Transducer 

The purpose of examining the temperature effect on transducer is 

to assess whether the temperature would affect the output of a trans

ducer, and to what extent. The data on temperature effect provides a 

measure of sensitivity of pressure measuring system. Five trans

ducers are selected randomly among thirteen transducers for the 

experiment, three transducers with the capacity of ±0.2 psi and two 

transducers with the capacity of ±0.32 psi. These transducers are 

calibrated for static pressure at 30 C and are tested at four other 

temperatures: -lOOC, 400C, 500C, and 600C. To achieve 400C tc 600C, 

the transducers are put in an oven and t̂ stad. For -lOOC, the 

transducers are placed in a freezer and t̂ stad. By -jsing the t.>iT>̂g3 
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calibration kit mentioned earlier, static pressure is applied to the 

transducer and the output voltage is recorded. Data is obtained at 

several pressures from +20 psf to -20 psf during each temperature 

test. At the beginning and the end of each test, the voltage at zero 

differential pressure is recorded. The average voltage of these two 

zero differential pressure is subtracted from the voltage recorded to 

yield the adjusted voltage. Analysis is based on the adjusted 

voltage. 

Linear regression analysis is performed on the data of each 

temperature test. The results show a very good degree of linearity 

with a correlation coefficient above 99%. Deviations occurring at 

different pressures for each specific temperature are obtained by 

calculating the differences between the linear regression prediction 

and the expected output. The expected output is based on the linear 

relationship of pressure to voltage in static calibration such as 5 V 

to 0.2 psi. 

Deviations recording in psf for the full range of pressures of 

-20 psf to +20 psf at the four temperatures for one of the transduc

ers are shown in Figure 4.18. The figure shows a consistent linear 

relationship between deviation and pressure. The closer to the 

maximum capacity of the transducer, the higher the deviation. The 

same observation is found in other tests. Figures 4. 19 .and 4.20 show 

the deviation as percentage of full scale occurring at different 

pressures for the three transducers with ±0.2 psi capacity. In the 

graph, the negative pressures have a higher percentage deviation than 
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the positive pressures. This higher deviation for negative pressures 

may be due to the fact that the static calibration at 300C is done 

for positive pressure only. 

In conclusion, the deviation of positive pressure due to 

temperature variance is less than 0.2% of full scale in the range of 

0 to +10 psf. This deviation is within the manufacturer's specific

ation of 0.25% of full scale. For negative pressure up to -10 psf, 

the percentage deviation is as high as 0. 65% of full scale which is 

equal to 0. 37 psf. The deviation of negative pressure of 0.37 psf is 

within the desired accuracy of the pressure measurement which is 0. 5 

psf. Figures 4. 19 and 4.20 do not shown any consistent trend of the 

percentage deviation at a specific temperature. The two transducers 

of 0.32 psi capacity show similar trend in temperature effect as the 

ones with 0.2 psi capacity. These observations indicate that the 

pressure measurements are not drastically affected in the temperature 

at -lOOC to 600C when recorded pressure values are less than 10 psf. 

If recorded pressures exceed 10 psf, correction may be desired 

through calibration of individual transducer. 



CHAPTER V 

CONCLUSIONS AND RECOMMENDATIONS 

Three aspects about a building surface pressure measuring system 

for wind-induced pressure measurements in the field are presented in 

this thesis. These aspects are the assembly, the verification, and 

the sensitivity assessment of the pressure measuring system. The 

verification and the sensitivity assessment are accomplished through 

a series of experiments. The assembly of the pressure measuring 

system include installation of the pressure tap and construction of 

the reference pressure system and assembly of the valve and flexible 

tubing. 

Conclusions 

The conclusions of the experiments are as follow. 

1. The leakage check using soapy water indicate that the 

flexible tubing provides leak proof assembly of the pressure 

measuring system. 

2. Static calibration of each transducer with the accuracy of 

+0.25% of full scale, as specified by the manufacturer, is 

achieved using the Omega calibration kit and the poten

tiometer of the data acquisition system. 

3 The pressure transmitting system including pressure tap, 

flexible plastic tubing of short length and three-way valve, 

has an undistorted dynamic response of frequency up to 20 Hz. 

This gives the confidence to the pressure data to be 
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collected in the project at the rate of 10 Hz. However, the 

use of 25 ft and 50 ft long tubing to connect the pressure 

tap with the transducer shows a significant amplification and 

attenuation in fluctuating pressures at frequencies above 3 

Hz. This suggests that the idea of using long tubes so that 

the transducer can be placed in the data acquisition room 

should be abandoned, f̂ean pressures do not show amplifica

tion or attenuation for tube length up to 50 ft. 

4. The reference pressure experiment show fluctuations of upto 

1.0 psf (peak to peak) in 10-minute duration of strong winds. 

Of this value, 0.2 psf is attributed to the electrical noise 

in the data acquisition system. It is possible that captive 

air used to apply constant pressure has aggravated fluctua

tions higher than desired value of 0.5 psf; additional 

experiments for reference pressure are necessary. 

5. Environmental temperature range of -lOOC to 600C show devia

tions in pressure measurement to be less than 0.2% of full 

scale on postive pressure up to 10 psf. This is within the 

manufacturer's specification of 0.25% of full scale. On the 

other hand the deviation is 0.65% of full scale, which is 

equal to 0.37 psf, for negtive pressure up to -10 psf. This 

deviation occurring in the negative pressure is within the 

desired accuracy of 0.5 psf of the pressure measurement. 

Hence, pressure measurements are not drastically affect^ 

when recorded pressure values are less than 10 psf. For 
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recorded pressures exceeding 10 psf, correcrtion may be 

desired through calibration of individual transducer. 

BgconiDendatdQDS. 

The reconnmedations for future development are presented below. 

1. It is desirable to further reduce the reference pressure 

fluctuations as much as possible. This may be accomplished 

by including different devic^es in the system such as restric

tor, damper or long tubing. More experiments have to be 

conducted to find a right combination of these devices. 

2. Periodic static calibration of the transducer is recommended 

to ensure the accuracy of the transducer. The temperature 

inside the building should be noted every time the static 

c^alibration is conducted. 

3. Since the temperature has some effect on the transducer be

havior, a temperature sensor is recornnended to be installed 

to record the temperature inside the metal building at the 

time the pressure data is collected. 

4. To eliminate the amplification of the pressure data obtained 

from a proposed system using 25 ft or 50 ft long plastic 

tubing, pneumatic filters such as restrictor and volimie of 

air may be installed in the pressure transmitting system. 

Additional frequency response calibration experiments will be 

necessary to assess accuracy of the recordings using long 

tubes. 
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5. The zero drift test of the transducer is accomplished by 

manually switching a three way valve to connect the reference 

pressure to both sides of the transducer. To eliminate this 

inconvenience and inefficiency of the procedure, an automatic 

electrically controlled solenoid valve should be used. 
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