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ABSTRACT - .

The use 'of.pneumatic tubings .for the préssure sFudy in
wind eﬂéineering projects is an unavoidable element vﬁich
introduces the problem of distorting the ‘measured
fluctuating pressuré\,signals. ~In order td regulate this
distortion, it is necessary to obtain a-near unity aﬁblitude
transfer functign apd a linear phase ‘transfer functipn with
frequenfy betwe%b the pressure at ‘the model taps .and the

. 5 .

pressure\gsiigpéd by the remote transducer.

Methods for measuring and correcting the " transfer

-

function have been discussed in detail in Part T of this
study. A new technigque has been dgveloped at the NAE/NRCC
involving an eéuipmént to correct the signal digitally using
the known transfer function 6f the tubing. This technique
is used in this study to correct the transfer functions of
standard pvc tubes of various lengths and the experimental
results have been checked with existing theoty. Also a
parametric analysis for a single pressure measuring system
is presented to demonstrate the influence of wvarious
parameters on the transfer function. The technique is found
to be effective in eliminating the resonant peaks in the
transfer functions for tubes of -various lengths. Also the
theory is found to prEdict the transfer function with a high

degree of accuracy.



-

In Part IL of this study, a 1:1000 scaled model of the
CAARC standard-tali building. was tested in a simulated
boundéry iayer vind flow. .The tests were carried out along
the specification of the Commonweﬁlth Aavisory Aeronautical
Research Council (CAARCT&\ Measurements of the fluctuéting
pressure have been takenfat‘sixty pressure _tap for various
wind directions. The pressure speﬁtra ﬂave been detected at
various pressure taps locations. The influence of wind
direction on the préssure disgribution.haé been discussed in
" detail and results have beern compared with those obtained .
from variousjother establishments that undertook similar
testing on the CAARC model. The degree of agreement of:the
results from this study with the 'othe;nresqlts was good and
within the range of reasonable experimentalvaccurécy.- Thé
close agreement in the results giQes us confidence 1in the
technique established in the simulation of the natural wind
in the wind tunnel and in the experimenéal aata obtained on
the dynamic behaviour of the modelled structufes.k'hlso from
a comparison of the results with the NBC wind code shows
that the code is conservative in estimating the wind induced

response of tall buildings.

]
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Chapter 1
-INTRODUCTION

The common practice in measuring fluctuating pressure on

building models in wind tunnels is to connect the/pressyre
taps of the models with pneumatic tubing to a canivalge,
which consists of .a pressure transducer and a

/
switching system. In this manner pressure can be measured

at any point on the model witﬁ only one} transduéer.
However, the use of pneumatic tubing systemé\\iiipoduces
amﬁlitude and phase distortion in fluctuating pressure
signals. It 1is known that the frequency respon;e of the
single QBPe-transducer system 1is not flat; i.e., the
amplitude of the pressure signal is amplified and the phase
ig distortéd. For the exact measurement of dynamic pressure
fluctuation, it is desirable to obtain a transmitted
pressure signal having a freguency response curve close to
unity 4nd with a phase-lag function varying linearly with
increasing freguency.

It. has also been shown that the dynamic response of the
system for very shogt tubes is virtually flat up to moderatg
frequencies (109 Hz at approximatly 5% accuracy for single,

1,35 mm diameter tubes) [l1]. But for practical reasons most

experiments require longer tubes to be used to connhect the



'pressure taps to pressure transducers. Thus, it would be
difficult to maintain. the amplitude and phase conditions
properly as the tube lengths become long and correction
methods become essential. Formulae and technigues to
correct the response of a pressure measuring system have
" been considered by many authors. - The brief summary of them
follows. |

Iberall, A. S. derived a the&retical formula to obtain
the dynapic response of pressure fluctuations through
insﬁrument‘liﬁes considering the fundamental flow equations
{2]. A more detailed theoretical and experimental
investigation, based on the earlier work by Iberall was
developed by Bergh, H. and Tijdeman, H. [3], from which the
dynamic response through a series connection of N tubes and
N volume elements can be found. Another metﬁgf/proposed by
both Irwih, H.P.A.H., and Cooper, K.R. [4], and Surry, D.
and Stathopoulos, T. (1], _whiEh involves the use of
correcting restrictors in the tubes, is an éttempt to
eliminate the acoustic resonance errors. They showed that an
optimally flat response curve can be obtained by the proper
choice of size and position of restrictors in pneudgtic
‘tubes. Recently Irwin, H.P.A.H., and Cooper, K.R. [4], also
developed a method in which fluctuating pressure signal is
corrected digitally for amplitude distortion and phase-lag
using the inverse transfer function of the tubing system.

Y

The inverse transfer function (I.T.F.) has been proven to be



very efficient in correcting the transfer function of the

pressure measuring system for - various tube lengths.

tly Gumley s.3. [e] applieé(/the formulae developed by
Bérgh and T}jdeman to wind engineering instruments and in a
-later work. f] he extended these theories to tubing networks
comprising several tubes in parallel for measuring
fluctuating averaged!prqssures. _. .

Int the the I.T.F. method has been
implemented fluctuating pressure signals

measured in

ssure study\ on the CAARC standard tall

building model. Furtﬁermore, eXperimental investigation was

carried out to determine the traphfer function for standard

1.35 mm diameter pol}lvinyl oride (pvc) tubes of various
lengths and their frequencyr{fgponse has been corrected
digitally. Also comparison of the results has been made
with those obtained using the theory of Bergh and Tijdeman
[3] and the effect of varying the parameters for a siIngle

préssure measuring system has been theoretically

investigated.

]
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THEORETICAL DEVELOPMENT

Chapter 11

f

2.1 'DYNAMIC RESPONSE OF THE PRESSURE MEASURING SYSTEM

-

For a simple system consisting of a single tube which

transmits the 1inlet pressure at one end to a pressure

) tranéducer at the other end, Fig. 1, the frequency response

curve of the .system is not flat and the magnitude and phase
of the signal are distorted. If the system is characterized
by the tube length, its internal diameter , and the-
transducer s'internal volume, then the transfer function can
simply be represented as the ratio of the fluctuating ;utput

pressure to the fluctuating input at each frequency as

follows:
in which
P.T.F. = pressure transfer function,
P oyt = fluctuating output pressure,
P in = fluctuating input pressure, and ,
w = circular frequency.
Neglecting the effect of viscosity, heat conductivity,

and the internal volume of the pressure transducer, which is



presumably much less than the volume inside the tube, the
above equation can be represented, for sinusiodally

fluctuating pressure, by

Pout{w) / Pinle) = 1/COS(uL/a,) (2)

vhere
L = tube length, and
a = speed of sound. ‘

Eq. (2) is the eguation for a simple organ pipe
resonance, and for small air velocity in the tube compared
to the speed of sound ao[8]. ~ However , the simple organ
pipe theory cannot be used since the output pressure is
amplified drastically and tends to be infinity at resonance.
Also, it neglects the viscosity ,heat conductivity, and the

transducer inner volume.

Transducer
Tube “Volume

/ T e
) Po Sin(wt)

Z Inlet Pressure

Pi Sinfwt) [

H_

Figure 1: Tube-Pressure Sensitive System



Iberall [2] derived an'elementery'theo:etical formula for
the attengation and phasé—lag for a tube-pressure sensitive
system., Assuming that the fluid is incompressible and thaﬁ
the sinusoidal distu;baﬁces of the pressure at the tube
.entrance are of sma}l.amplitude compared to their mean, the
theory was derived from the fundamental flow eqhations, i.e.

Navier-Stokes equations, the equation of continuity, the

energy equation and the equation of' state . He found that,

the amplitude of the pressure excess, (p - PB)' at the g;d

of the tube to that at the inlet is given By :

1 ' P
- — . 3
P e —— ~ (3)
¥y 1 +1
)
‘-‘"‘ [ 4
where \
A X = Yol
o L2 V '
Ao =325 (57 ap

P = pressure,
= mean pressure at the entrance,

maximum amplitude of the pressure excess at the

_J“'du
"

instrument side,

E°= amplitude of the fractional préssure excess
( ap/p,) at the origin ( x=0 ),

w = circular frequency,

Yo = mean fluid dynamic viscosity,

A = crdss sectional area of the tube,

D = inside diameter of tube,

. - 6 -



’;
L = tube length,
V = instrument voiume, and

1 =/-1 imaginary unit

Thé real part of the above equation is the attenuation in
amplitude of the pressure excess, whereas the imaginary part
'is the phase-lag. Laker, Iberall modified the -elemantery
theory to take into account | the effect of . fluid
compressibility, the finite pressure excess, the fluid
acceleration, the .finite length 'of tubing, and . heat
conduction. The detailed theory can be found in the
reference [2].

Based on the theoretical work of 1berall, Bergh .and
TijQ?man generalized the theoryvfor calculating the transfer
function for pneumatic tubing system. In their derivation

they have assumed that: ‘

1. the flow is laminar in the tube,

2. the length-to-diameter ratio of the tube was lirge,

3. the tube wall has very high heat conductivity, and -

4. magnitude ?f the fluc£ua£ing pressures_is very small

about their absolute mean. o

For a series connections 6f N-tubes and N-volumes (Figq.
2), following recursion formula has been obtained that
relates the sinusoidal pressure in successive nodal volumes
by the approp;iate transfer function Jffor thg tubing between

-
- - :

them.
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in which I
g Jo(uj) sy
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3 aoj Jz(uj) nJ.
‘o W
a. = i3/2R./—5——
J J - H
. nf‘\= [1 . Y‘I Jz(uJ\/ Pl')]‘] .\-
j Y Jo(c: TPr)

e
n

tube length,

Al

=
fl

a polytropic index for expansion in volume element,

Q
]

a dimensionless increase in transducer volume
due to diaphragm deflection,

w = circular frequency,

ao=, - mean velocity of sound,

Pg

mean pressure,

Pg= amplitude of pressure disturbance,
Fa
\
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p = mean density,

Yy = cp/cv = specific heat ratio,
R = inner tube radius,

Pr=J§;7i = Prandtl number, -
¥ = absolute fluid viscosity,

A= therq;l conductivity,

V.= inside volume of the tube,

'vv= inside volume of the pressure transducer, and

J = th; ith“order Bessel function of first kind.

The above formula can be used to fiqd the dynamic
response of a system where abruEt change of the diameter
occurs. ‘

. .Also, Jin a later investigation [9]), the authors found
that equation (4). should be modified for the cross flow
velocity of the main stream acrosg the tapping entrance.

For a single pressure system consisting of a tube
~connected to a transducer at one end, the dynamic response
function would be obtained by setting = n = 1 in the
general formula. ‘

Thus,

-

i "
5-:: = [cosh(q'bL) + V—t— (o + ]E)nqu.sinh(ch)}-] +(5)
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Figure 2: Series Connections of Tubes and Volumes

2.2 REDUCTION AND CORRECTION OF THE TRANSFER FUNCTION

Methods using restrictor devices to reduce the amplitude
of a distorted signal for a single tubing system have been
thoroughly examined by both Irwin et al [4] and Surry and
Stathopoulos [1]. The method requires the introduction of
restrictors ( small tube conneétors of significantly reduced
area ) which act as dampers iﬁ the system and eliminate the
acoustic resonance errors, They have shown that an optimum
condition can be obpained by proper combinations of tube
length-restrictor pﬁsition. Fig. 3 shows the dynamic
_response that can be achieved by using the optimum position
of restrictors in tubes ranging in length up to 5 ft. The
same figurelalso shows that the amplitude deviation of the
response function can. be reduced to less then 5 % of unity
over the frequency range of 0 - 100 Hz. Very long tubing {

5 ft.) has been found not to néed any restrictors since the

._10 -
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damping exceeds the required damping to suppress the first
resonant peak.

Also, it has been found that the restrictor method does
‘not correct the phase-lag, but in fact even exaggerate it.
However, the problem of phase distortion is not very
essential in most of the wind engineering experiments
conducted on models using short pneumatic tubing systems.

Anéther method was introduced by Irwin and Cooper to
correct .the_ transfer function digitally using the Fast
Fourier Transform - technique. The methéd simply works by
recording the distorted pressure signal and correcting it

digitally using the response function of the system which is

assumed known, .

Let the inlet oscillating pressure be given by

Pin () -: z Ay .exp(inwt) {6)

and similarly the oscillating pressure at the transducer

as

Poutlt) iiz Bp.exp{inwt) . (7)

where Al and B are the complex Fourier coefficients,
i= Y -1 (imaginary unit), and v = circular frequency.

For a known transfer function T, , it can be written
B, =T X A A - (8)

...11_



from which the complex Fourier coefficient of the inlet

pressure can be evaluated as follows :

.An=Bn/Tn ’ (9)
The Fourier transform B _of the distorted signal can be
measured first, and from equation (9) Ag can be determined
if the transfer function of the system is known. Finally
the undistorted pressure signal P, (t) would be dbtained by
computing the inverse Fourier transform of A, . |
This method has been found very effectiive 1in correcting

the amplitude and phase-lag of the transfer function for

tubes of various lengths.-

...12_



Chapter III
" EXPERIMENTAL INVESTIGATION

3.1 MEASUREMENT OF THE TRANSFER FUNCTION

In the present work, the transfer function of various
tube lengths has been measured using the fast Fourier
transform‘technique and the following procedures gxplgin the
experimental steps that have been performed.

In order to obtain a sinusiodally fluctuating pressure
signal, a static pressure supply of preset magnitude is fed
to a fluidic signal generator which in turn receives a white
noise voltage signal. The oscillating pressure signals have
the same form as the input voltage signal. The fluctuating
pressure signals ww¥re transmitted to a differential pressure
transducer (Setra System-Inc. Model 237, * 0.1 psi} through
a very short tube. " The same signals were transmitted to
anoth;r transducer of the same type and properties, through
a 1.35 mm (0.053 in.) diameter standard pvc tube of
preselected length. The fluctuating pressure signals
;eceived by both transducers were fed to a Hewelt Packard
5452A Fourier Analyzer . The signals were digitized at a
rate of 500 points ber second and stored in blocks of 524

poifits., Then, the transfer function of the system was

computed and displayed on the CRT display of the Fourier

..13_



Analyzer. Fig. 4 shows a block diagram of the instruments
used in the experiment. As it is expected the measured
transfer function has a resonaﬁt peak and the signal shows
no similarity -to the original signal which has a flat
response curve. ]

This procesé has been repeated and the transfer functions
of various tube length have been measured. Figs. 5 - 10
show the measured transfer functions for tube 1lengths

ranging from 1/2 ft. (0.15 m) to 5.0 ft. (1.52 m).

3.2  CORRECTION OF THE MEASURED TRANSFER FUNCTION

Using the technigque developed by Irwin and Cooper to
correct the transfer function digitally,. an additional
. apparatus 1is added to the system described 1in the previous.
section. The apparatus, which is called the "TRANSDUCER
RESPONSE EQUALIZER" (TRE), receives the distorted pressure
signals from the pressure tran;ducer, then corrects the
amplitude and .the phase-lag using the inverse transfer
function. The pressure signals are transmitted to' the
Fourier Analyzer, where the transfer function is being
computed and displayed on the CRT display of the Analyzer.
Path B in Fig. 4 shows the assemblage of the apparatus to
correct the transfer function,

Figs.' 5 -~ 10 show the corrected transfer functions for
the same tubing system'used in the previous experiment, As

expected, the overall magnitudes of the corrected response

_14_

4



functions are within unity over the range of frequencies of

our interest,

3.3 MEASUREMENT OF THE T.R.E. INVERSE TRANSFER JFUNCTION

Path C of Fig. 4 shows the apparatus assenblage .for this
experiment. The white noise voltage sfgnals were directly
fed to the "TRANSDUCER RESPONSE EQUALIZER'.- The signals
were transmitted to the Fourier Analyzer, where the inverse
transfer functﬁon of the presele;ted tube length had been

computed and displayed.’

3.4  DISCUSSION OF THE RESULTS

3.4.1 EXPERIMENTAL

Figs. 5 - 10 show the freguency response function for a
single pressure measuring system for several tubing lengths.
All the tubes tested had a standard 1.35 mm (0.053 in.}
diaheter and ranged in length from 1/2 ft. (0.15 m) to 5.0
ft. (1.52 m}. Curve A shows the uncorrected transfer
function for each tube over a frequency range of 0 Hz - 400
Hz, As expected, the measured transfer functions gre not a
faithful representation of the original input{ and the
magnitude of the signal has been distorted. Comparison
between these curves shows that for longer tube length the
peak resonance occurs at lower excitation frequencies and
the peak'magnitude of the signal reduces significaﬁtly. It

is also noted that for tube lengths over 5 ft. (1.52 m), the
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resonance peak is totally eliminated. The reason of this
observati&ﬁ can be explained by the excess damping provided
by the longer tubes, which eliminates the resonant peaks in
the response function. ‘
Furthermore, it was noted that for very short tube length
(“the order of 1/2 ft.) the response function was almost
flat and near unity uﬁ to a frequency of approximately 100
Hz. For a 1.35 mm diameter , 1/2 ft. (.15 m) long standard
pvc tube, the magnitude of the transfer function at
frequency £ = 75 Hz is 6 % over unity. Since most of the
experiménts on buildings are tested typically over a
frequehcy range of up to 100 Hz, short tubing length can be
used for pressure measurement with satisfactory results.
Curve B in Figs. 5 - 10 represents the transfer function
after correction by the TRE, Comparison of curves A and B ,
for eacH tubing system, shows that the first resonant peak
which cj\ses the most significant error reading is flattened

and the overall magnitude of the fluctuating éignal is

E=

within unity. For 2 ft. (.61 m) tube, the first resonant
peak magnitude of 2.7 is reduced-‘to 1.05 at resonant
frequency £ = 95 Hz and fhe maximum deviation from unity is
the order of 8 %.

In order to obtain a flat response function of unity
amplitude, the transfer function obtained -from the TRE
itself should be the inverse of the amplitude corrected

transfer function for the various tube lengths. The

_16..
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frequency response function of the TRE of preselected tube
lengths is presented by curves C in Figs. 5 - 10. As
mentioned above, the transfer functfbn represented by curve
C is found to be approximately the inverse function of curve
B. The agreement is fairly good for short tube lengths.
The slight shift in the transfer function is a result of -the

phase-lag,

3.5 COMPARISON WITH THEORETICAL FORMULA

It 1is wuseful to check the validity of experimental
" results by comparing with theoretical derivation. The
transfer function of a single tube pressure measuring system
derived by Bergh and Tijdeman [3] has been used to compare
the experimental results, I
Figures 11 - 16 show good agreement in results obtained
from both methods. Specific assumptibns have been made in
deriving the theory, and violation of these assumptions
could lead to discrepancy in the results. The theoretical
formula assumes an ideal tube with constant inner diameter.
Also the 1internal volume of the transducer is aSéumed
constant for all cases and not to be changed by the
deflection of the diaphragm. In reality, the internal
diameter of tubes is not necessarily constant because of the
local deviations of material and its flexibility, and the
changes in the inner volume of pressure transducer may not

-

be as exact as specified by the manufacturer. Furthermore,

....1‘7....



the. degree of discrepancy was higher for tubes of short
length (1/2 ft.). This may be the result of violating the
assumption 2 of section 2.1 which assumed that the
length-to-diametér ratio of the tube was'large. The maximum
amplitude déviation detected was the order of 5% for the
tube length of 1 ft. (0.30 m). |

Both methods have been prﬁven to be reliable and good
results may be obtained Hith a careful measurement and

estimation of the system parameters.

3.6 RESULTS OF- CHANGE IN THE PARAMETERS

It has been shown earlier, in the mathematical model
derived by Bergh and Tijdeman, that the transfer function
for a single tubing system varies as a function of the
following parameters:

-the tube length and diameter,

-the transducer cavity volume,

-the increase in fransducer volume due to diaphragm
deflection,

-the polytropic constant for the pressure expansion in
the transducer volume, and

-fluid properties:

Changing one of the ab