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Wind Tunnel Investigation of Fluctuating Pressure inside Building

Kyoung-Hoon Rhee"

Abstract
The nature of fluctuating air pressure inside building was studied by testing a building model in a wind tunnel.
The model has a single room and a single window opening. Various opening conditions were tested in both laminar
uniform wind and rurbulent boundary-layer wind. The RMS and the spectra of the fluctuating internal pressure
were measured. The test results support a recent theory which predicts the behavior of internal pressure under

high wind based on aerodynamic analysis.

Introduction

The internal pressure of buildings, induced by high
wind, affects the safety of buildings almost as much
as the external pressure does. However, in contrast to
the external pressure, the internal pressure has been
traditionally neglected, and become a subject of
research only in recent years.

In 1970, Euteneuer.[l] analyzed the transient
response of the internal pressure caused by the sudden
failure of a window. Because he used an approach
that neglected the inertia effect of the air flow
entering the opening, the result does not reveal any
periodic oscillation of the internal pressure.

Stathopoulos et al. [2], in 1979, carried out a wind
tunnel investigation of the internal pressure of low-
rise buildings, The study showed the intensity of the
internal pressure fluctuations under various degrees of
building permeability and with various areas of
building openings. It did not report any spectral
measurement and did not mention whether their
internal pressure oscillated at any predominant
frequency.

In 1979, Homes [3] was the first to report that a
building with a single room and a single opening
behaves like a Helmholtz resonator in acoustics. Based
on the Helmholtz resonator model, he derived equation
to describe the oscillation of internal pressure induced
by wind. Later in 1981, Liu and saathoff [4] develop-
ed a more rigorous mathematical model to solve the
same problem by using the special form of Bernoulli
Equation. .

In the wind tunnel study presented herein, the
variation of the internal pressure was investigated to
verify the theoretical equations derived by Liu and
Saathoff [4] and to see if amplification or resonance
of the internal pressure occurs for different wind
conditions.

Theories for internal pressure oscillation

When a window or door is suddenly opened by or in
a strong winds, the internal pressure of building
changes rapidly and starts to oscillate within a short
time. This internal pressure oscillation can be ex-

plained as follows:

Following the sudden breakage of a windward
window or door by a strong wind, air rushes into the
building and the internal pressure rises rapidly. This
rise does not cease when the internal pressure, P
reaches the value of the external pressure, Dy The
inertia of the air causes p; to rise to a level higher than
Pe before the flow stops. Then, the higher pressure
inside the building causes air to move out of the
building and p; to decrease with time. The reverse
flow does not stop until p, becomes somewhat less
than p,. After the reverse how has stopped, air rushes
back into the building again as it did in the beginning
of the first cycle.

The internal pressure oscillating in this manner can
be predicted from the following equation derived
more than a century ago by Helmholtz:

A'* y/nRT
m=7m Y3y : )

where f, is the helmholtz frequency; 4 is the area of
the opening; » is the polytropic exponent {(equal to 1.4
for adiabatic air); R is the engineering gas constant for
air; T is the absolute temperature of the air and V is
the internal volume of the room.

The equation used by Holmes {3] to predict the
variation of internal pressure is

oLV . pqV?
Anp, P 2(knAp,)?

1CpilCpi + Coi = Cpe 2)

Where Cand Cpe are, respectively, the internal and
external Bressure coefficients; dot and double dot on
C,, represent, respectively, the first and second
dérivatives with respect to time, #, p and p_ are,
respectively, the density and pressure of the ambient
air; ¢ is the dynamic pressure (stagnation pressure);
k is the orifice coefficient of the opening and L is
the length of the air plug at the opening. For a
building or Helmholtz oscillator without neck
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. Ean. (2) was derived by assuming that a building
cavity behaves like a Helmholtz oscillator which in
turn is analogous to a mechanical vibration system.
The first, second, third and fourth terms in eqn.(2)
represent, respectively, the inertia, viscous damping,
e[astic and forcing-function terms. Without the
viscous-damping and forcing terms, solution of
eqn.(2) yields eqn.(1).

In 1981, Liu and Saathoff [4] derived an equation
for the variation of internal pressure by using the
unsteady form of the Bernoulli equation for isentro-
pic compressible flow. Assuming that the air density
variation is small, their result leads to

oLV oqV? . 4
kAnp, pi+2(knApa)’ ICpilCpi + Cpi = Cpe @

The only difference between eqns. (2) and (4) is the
presence of the orifice contraction coefficient, &, in
the first term of eqn.(4). By setting the damping and
force-function terms of eqn.(4) to be zero, the solu-
tion of equation yields :

AY4 1/knRT
fu= 7s!4 2V 5)

Comparing eqns.(1) and (5) shows that the two
equations differ by a factor k in the square-root sign.
The difference is due to the presence of k in the
coefficient of the first term of eqn.(4) which does not
exist in the first term of eqn.(2). The wind tunnel
data presented herein provided a check on the validity
of eqn.(5).

Experimental set-up

Wind tunnel

The tests were carried out in the Civil Engineering
Wind Tunnel of the University of Missouri-Columbia.
The tunnel had a test section of 910mm width x
910mm height x 3.05m length. It was an aerodynamic
tunnel. Without using artificial roughness and spires,
the wind through the tunnel has a uniform velocity
across the test section and a low intensity of less than
1% of the mean velocity. Such wind is hereafter
referred to as the "laminar uniform wind". ’

Tests were also conducted in a simulated atmosph-
eric boundary-layer wind obtained by using spires
and artificial roughness on the floor. The mean
velocity profile and turbulent intensity were measur-
ed with a pitot tube and a hot-wire anemometer (TSI
Model 1054a). The boundary layer thickness at the
location of test mode was 510mm. The longitudinal
component of turbulent wind, occurring near the
height of the window of the test model, was approxi-
mately 10% of the freestream mean velocity.

The maximum speed of the wind tunnel was 29.0
m/s. All the experiments were carried out at this
maximum wind speed because that Reynolds number
was expected to have negligible effect on the test
results.
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Building model

The building model was a block-type, flat-roofed,
single room building made of transparent acrylic
plates. The model had two window openings, each
4cmx4cm, one on the windward wall and the other on
the leeward wall. The window openings was simulating
the condition of a window broken or left open during
a wind storm. The two windows on both windward
and leeward side were not open at the same time.
When one was open, the other was closed. The area of
each opening could be reduced to 3cm x 3cm, 2cm x
2cm, lcm x lcm, Ocm x Ocm, simply by plugging the
opening of building model with a piece of acrylic
plate having smaller or no opening. The centers of the
openings were always located at the same place.

Four pressure transducers were used for measuring
external pressure: two were mounted on the windwa-
rd wall at 1cm above and below the 4cmx4cm open-
ings, and two were mounted near the leeward opening
at the same relative locations. Another two pressure
transducers were mounted inside the building model.
The use of two pressure transducers on each wall and
inside provided a check of the consistency or lack of
consistency of the data collected.

Signal measuring procedure

The pressure transducer signals were connected to
a set of amplifiers/ filters (ITHACO 4210). The
ITHACO could be used either as a band-pass filter, a
band-reject filter, or a DC-coupled low-pass filter.
For the pressure fluctuation intensity (RMS) and
power spectrum measurements, the low-pass filter
was set at 1 kHz and the high-pass filter was set at
0.01Hz. These settings were justified because the
resonance frequency of fluctuating pressure was
expected to be in the 50-200 Hz. For the measure-
ment of the temporal mean pressure, the instrument
was used as a DC-coupled low-pass filter which only
passed frequencies lower than 0.01 Hz.

The outputs of the amplifier/filters were connected
to a seven-channel magnetic tape recorder (AMPEX
SP300). The signal on the tape was analyzed on a
mini-computer (TEKTRONIX 4052 Graphic System).
A program was used to control the A/D converter and
the ROM pack. The subroutines stored in ROM pack
computed the spectra and the correlation functions.
Results of the computation were both displayed on a
terminal screen and plotted by the computer.

.Test results

Power spectra in laminar uniform wind

Power spectral analyses were made to determine the
frequency distributions of the wind-induced fluctuat-
ing pressures -- both internal and external. The
Helmholtz frequency indicated by the spectral peak of
each case were compared to the Helmholtz frequency
calculated from eqn.(5) using n =1.4 (adiabatic airg,
k=0.88, R=287 J kg't K}, T=293K and V'=0.00568m".
As will be shown later, k=0.88 is an average value that
yields best agreement between theory and experiment
for the model used in this study.

Figs.la-d gives the power spectra of the internal
pressure fluctuations for the four window size areas
with the window open on the windward side. Fig.la
shows that for the 10x10 mm opening, the theoretical
Helmholtz frequency was 72 Hz, whereas that indi-
cated by the spectrum was 68 Hz. This small dif-
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Fig.1. Power spectra of internal pressure fluctuations with windward opening in laminar uniform wind

ference is partially due to the influence of a 60 Hz
harmonic noise present in the measurement. Figs.1b-
d show that the measured Helmholtz frequency for
20x20, 30x30, 40x40 mm openings was, respectively,
95, 120, and 144 Hz. They are within 93% of predict-
ed value.

The spectra of the internal pressure fluctuations
caused by a leeward window opening of different sizes
are shown in Fig.2a-d. Much larger fluctuations of
internal pressure was detected in this case than in the
case of windward openings. The reason for this larger
fluctuation is that although the laminar-uniform-wind
upstream condition contained little turbulence and
hence little pressure fluctuation, the downstream
region of building model was affected by the
turbulent wake generated by the model. The large
fluctuations of the external pressure on the leeward
wall induced a large internal pressure when opening
existed on the leeward wall.

Power spectra in turbulent boundary-layer wind

The simulated boundary layer wind at the height of
window opening had [0% freestream turbulence
intensity. The same experiments carried out in the
uniform flow were performed in the simulated
boundary layer. Figs.3a-d give the spectra of the
internal pressure fluctuations caused by a windward
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opening of different sizes. As can be seen from the
spectra, large openings produce large Helmholtz peaks.
The measured peaks again agreed closely with those
predicted from eqn.(5).

When the opening was on the leeward wall, the
spectra of the internal pressure measured were given
in Figs.4a-d. The Helmholtz peak was evident for all
the openings greater than 10x10 mm.

Coefficients k, n

The value of k can be determined from eqn.(5) by
using the measured Helmholtz resonance frequency
and by assuming n=1.4 (adiabatic condition). This was
done by Rhee [5] for large number of spectral
measurements for different openings and wind
conditions. The range of best fit value of k in each
case was found to be between 0.75 and 0.99, with
average being 0.88. Thus, the average value k=0.88
and n=1.4 were used herein for the prediction of the
Helmholtz Oscillation frequency shown in the power
spectrum graph.

Instead of using eqn.(5), Rhee [5] also used eqn,(1)
to fit his data. He found that in this case n=1.23 gave
the best. Note that Holmes [3] also found that n=1.2
gave the best fit when eqn.(1) is used.

From the foregoing results, it appears that both
Helmholtz's equation, eqn.(1) and Liu's equation,
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Fig.2. Power spectra of internal pressure fluctuations with leedward opening in laminar uniform wind.
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eqn.(5), gave equally satisfactory results. However, to
use egn.(1) one must use an »n vatue in the neighbor-
hood of 1.2, in addition to using an empirical value
for k. On the other hand, if egn.(5) is used, n
remains 1.4 (adiabatic) while a contract coefficient, k,
the same as for that of a steady orifice flow, can be
used. Since the Helmholtz oscillation involves rapid
variation of pressure of relatively small amplitude, the
- process is expected to be adiabatic. Therefare, it
appears that eqn.(5) is more appropriate than eqn.(1).

Conclusions

1. Although both eqns.(1)and (5) yield satisfactory
results, the latter appears to be more appropriate
because it always uses n=].4, the adiabatic
exponent of air. Furthermore, the effect of
orifice geometry can be taken into account by
adjusting the value of k, the contract coefficient.
The average k values for in this study was 0.88.

2. The general validity of eqn.(5) has been verified
in this study by using different flows with
different velocity profile and turbulence charac-
teristics. These include a laminar uniform flow
with 1% free-streams turbulence and a boundary
layer flow with 10% free-stream turbulence.

3. Even inlaminar uniform wind only 1% of freestr-
eam turbulence, the internal pressure oscillates if
their is a large window opening.

4. When there is a large windward opening, the
higher intensity of turbulent flow increases the
internal pressure oscillation,

5. For building with a single large opening, the
intensity of the interna!l pressure fluctuation is
stronger than that of the external pressure fiuctua-
tions. This has interesting implications for
building safety in cases where a large door or
window is open during a wind storm.
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