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ABSTRACT: The equations governing wind-induced internal pressure responses for a two-
compartment building are derived based on some reasonable assumptions when the roof re-
sponds in dynamic and quasi-static manners, respectively. The gain functions, power spectra,
and RMS values of internal pressure coefficients in both compartments are numerically ana-
lyzed. The results show that the dynamic model must be used to calculate the responses of inter-
nal pressure when the roof is flexible, while the simplified quasi-static model can be used for rig-
id roof. With increased roof natural frequency, all the three resonance frequencies of the
“internal pressures - roof” coupled system increase; the peak internal pressure response also in-
creases at the first two frequencies, but decreases at the third resonance frequency; the RMS in-
ternal pressure coefficients also increase, but their difference decreases.

KEYWORDS: building with internal partitioning and openings, wind-induced internal pressure,
roof flexibility, governing equations, gain functions, coupled system.

1 INTRODUCTION

The dominant openings might be created due to either impact of flying debris or failure of win-
dows and doors in severe wind storms. In the laminar uniform wind, an initial internal pressure
overshoot which is higher than the mean external pressure at the opening will be produced when
a sudden opening is created, then the response of internal pressure will exhibit damped oscilla-
tion, and it finally will keep constant with the external pressure. However, the overshoot phe-
nomenon existed in smooth flow is lost amidst fluctuating turbulent wind in real life [1]. The
steady-state internal pressure response for a building with a dominant opening can also be de-
scribed with the Helmholtz acoustic resonator model. The resonance phenomenon will be oc-
curred if there is sufficient energy at the Helmholtz frequency for the external pressure at the
opening. So it will have a profound effect on building safety.

The effect of structure flexibility on internal pressure has been studied a lot for the single-cell
building with a dominant opening. Vickery [2] treated the building deflections as quasi-static and
suggested an effective volume method to consider the effect of building flexibility. Sharma and
Richards [3] derived an equation governing the internal pressure for a building with a dominant
opening and flexible roof, but the effect of external pressure on the roof movement failed to be
considered. Yu et al [4] further considered the joint action of external and internal pressures on
roof, and presented a linear internal pressure model. Sharma [5] derived an equation governing
the response of internal pressure in any flexible building. Furthermore, a non-linear internal
pressure governing equation was presented when the roof structure responds in a quasi-static
manner, and the roof is under the joint action of external and internal pressures. Guha [6] derived
an equation governing the internal pressure for a building with a dominant opening and flexible
roof, however only considered the effect of internal pressure on roof. The studies of wind-
induced internal pressures for a two-compartment building are much less compared with the sin-
gle-cell building. Sharma [7] presented linearized equations governing the internal pressures for
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a rigid and non-leaky two-compartment building. Yu et al [8] developed non-linear governing
equations by considering the effect of background leakage. However, there are no theoretical and
experimental studies on the effect of roof flexibility.

In this paper, the equations governing wind-induced internal pressure responses for a two-
compartment building when the roof responds in dynamic and quasi-static manners is derived.
Then, the gain functions, roof displacement, power spectra and RMS values of internal pressures
are numerically analyzed.

2 GOVERNING EQUATIONS FOR A FLEXIBLE BUILDING

2.1 Basic assumptions

The object is a two-compartment building with flexible roof. There is an opening in the wind-
ward wall and an opening in the partition wall, and there are no background leakages. Besides,
some reasonable assumptions are made as follows:

(i) The wall is rigid, while the roof is flexible.

(if) The partition wall only plays a role of wind shield, but it doesn’t provide support to the roof.

(iii) The roof behaves linearly.

(iv) The roof will produce a tiny rotation angle in theory for the fluctuating internal pressure in
the compartment without an external opening is a little higher than that in the other one.
However, it can be ignored for the roof is large and the wall is rigid.

(v) Internal pressures are completely relevant in their own compartments. This is the precondi-
tion for the theory of the internal pressure response and has already been validated by ex-
periments [9].

(vi) The adiabatic law is applied for air in both compartments. It means the state equation gov
erning the variation of the internal air pressure and density becomes:

R/p/ =C @
where » is the specific heat ratio for adiabatic air and is generally equal to 1.4, C is a con-
stant, and P , p, are the internal air pressure and density, respectively. After differentiat-

ing both sides of equation (1) and simplifying it, then:
dP = il dp, (2)

where P, is the atmospheric pressure, which is the steady-state internal pressure.

2.2 Governing equations

The simplified model of internal pressures for a two-compartment building with flexible roof and
openings is shown in Fig. 1. R,,P, and P, are the transient wind pressures of windward wall,

compartment 1 and compartment 2, respectively. L, and L,, are the effective lengths of “air
slugs” inthe opening 1 and 2. A, and A,, are the areas of the opening1and 2. V,, and V,,
are the internal volumes of compartment 1 and 2, V,=V,, +V,. ¢, and c, are the flow coef-
ficients at the opening 1 and 2. ¢, and c_, are the loss coefficients at the opening 1 and 2.
m,,k, and ¢, are the mass, stiffness and damping ratio of the roof, respectively. A, and A,

1239



The Seventh International Colloquium on Bluff Body Aerodynamics and Applications (BBAA7) m _ﬁ’
Shanghai, China; September 2-6, 2012 -4

are the roof areas of compartment 1 and 2, A =A,+A,. X and x, are the displacements of
“air slugs” in the opening 1 and 2, x, is the displacement of flexible roof.
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Figure 1. Model of a two-compartment building with linearly flexible roof structure

According to the unsteady form of the Bernoulli equation [2], the relationship between the
airflow rate and the transient pressure drop for opening 1 is given by:

, 1 1
Pa Lelclpblxl +§paC1A\')1CL1 |X1| X = ClelqO (CPW _CPil) (3)

Similarly, the relationship between the airflow rate and the transient pressure drop for open-
ing 2 is given by:

o 1 .
Pa Lezcz Abzxz +§,03C2 AbZCLZ |X2| X, =G, A\)zqo (CPil - CPiZ) (4)
where C,,=P,/q, and C,,=P,/q, are the transient internal pressure coefficients of compart-
ment 1 and compartment 2, C,, =R, /q, is the transient external pressure coefficient on the

windward wall. p, is the air density, g, :% p,UZ is the reference dynamic pressure of the ap-

proaching flow.
The changes in volumes of both compartments are:

AV, =V, =V = A% —CAX +C,AX, (5)
AV, =V, =V, = AX —CALX, (6)
Then, according to the assumption (vi):
. AC, o dC, _ P @)
° AV dv v,
. . . . A X . X
Substation of equations (5) and (6) into equation (7), and let o :v—:1+ﬁ', u=ﬁ,
0

U =-—L, there are:
H
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Coip = qy%[clpblxi —C, A%, — A H (v _1)] (8)

P
Cri :ﬁ[conzxz_AzH(U_l)] 9)

where H is the ridge height of the building.
Simultaneously solving equations (8) and (9) results in:

_ 06Cpis Vo1 + 4oCriz Voo n AH(-1)

10
7P.C A, C A, (9
X, = GoCrin Voo " A,H(-1) (12)
7P.CA, CA,
Derivation of both sides of equations (10) and (11) leads to:
% = qOCPilvm + qocpizvoz " AHD (12)
7P.C A, G AL
%, = 96Cri2 Voo + A,HD (13)
7PCA,  CGA,
g o qOCPilvm + qoépizvoz " AHD (14)
7P.C A, G AL
%, = 96Criz Voo + A,HD (15)
7PCA,  GA,
Substation of equations (12~15) into equations (3~4) yields:
PaleVor = PabeaVor = PalaVs
Pil Pi2 v+
7P.CA, 7P.C A, C,AL, (16)
paClezoz |q0v01CPi1 +0,V02Coiz + D‘ [ 45V 0:Cois + %oV 02Cpic + Dj +Cpy =Coyy
Z(Clpbl) qo‘ 7Pavo 7Pav0
pIaDLez\Z:z ”Pi2 pal’-bzzvoz b+
yrC C A0
22 27240 (17)

2 3 3
paCLZVgZ |qOCPi2 +U‘( qOCPi2 +l)]+ Cpiz _CPil = 0
2(c,A;) | 7P, 7P,

Equations (16~17) are the general equations governing the internal pressure responses for a
two-compartment building with flexible roof.
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When the roof of the building is rigid, i.e.o=1, ©v=0 and =0, the equations (16~17)
can be simplified as follows:

. Voo
02

CPil + CPiZ

01

PalaVor = PalaVop paCquovmz
Pi Pi2
yP.C A, 7P.CA, 2(7PaC1A\)1)2

[Cpil +%¢Pi2} +Ceiy =Cpyy  (18)

01

<

L,V = C,,0, V0, | :
A Crip + P2t 022 ‘CPiZ‘ (Cpiz) +Cpi; —Cpy =0 (19)
7P.C, A, 2(yP,c,A;)

If the damping coefficients in equations (18) and (19) are linearized, they will become the in-
ternal pressure governing equations presented by Sharma [7]. Thus, the Sharma’s governing
equations [7] are a special case of the equations (16) and (17) derived in this paper.

2.2.1 Responses of internal pressure when the roof responds in a dynamic manner

In reality, many large span industrial building, their component structures, in particular the roof,
exhibit greater flexibility than the wall. So they will behave in a dynamics manner in strong
wind. As for a two-compartment building shown in Fig. 1, the response of the roof to the internal
pressures will be governed by:

mrxr + 2mré/ra)r Xr + mra)rzxr = AlqOCPil + A’ZqOCPiZ (20)
The non-dimensional form of the equation (20) is:

= qo (A\'lCPil + AZCPiZ)
m.H

-2¢,0,0- 0} (v-1) (21)

Equations (21) and (16~17) are the dynamic model of internal pressures for a two-
compartment building with flexible roof. The equation (21) can be solved simultaneously with
equations (16~17) to obtain the coupling responses of internal pressures and roof for specified
parameter conditions.

2.2.2 Responses of internal pressure when the roof responds in a quasi-static manner
The dynamics model (Equations (21) and (16~17)) is a second-order differential equations, and
it is hard to be solved for its complexity.

When the natural frequency of the roof is larger than the first expected Helmholtz frequency,
the internal pressure responses are dominated by average and background components, while the
resonance component can be ignored for its little contribution. Thus, the roof deflection is pro-
portional to the applied load at all times [2], i.e. a quasi-static manner [3].

+ qO(Cpil +Cpi2)
Ky

v=1 (22)
where k, =(27f,)*v,m, /A’ is the building bulk modulus defined as the ratio of increase in

pressure to volumetric strain.
Substitution of the time derivation of o into equations (16~17), and let b=yP,/k,,

yields:
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paLel(v01+bv0)c _ +paLel(V02+bV0) ol P:Cil .
rP.C A, " 7P.CA, " 2(yP, C1’Ab1)2 (23)
(Vo1 +D¥4 ) Cony + (Vo +DY5 ) Cop| [ (Vior +0¥) Copy + (Vo +b5) Ciiy |+ Ciiy = Cpy

LoV @4b) (= b «
%( F,i2+—Cpi1J+
YR.CA, 1+b (24)
P£.CL,0 Vo, (1+b)’ b b
2L(27(|J3(:2A() )? ) piz * 1+ bC Cp|2+1+bcpil -G +GCpi, =0
a’2" b2

Equations (23~24) are the quasi-static model of internal pressures for a two-compartment
building with flexible roof. It is actually an approximate model of the dynamic model when the
natural frequency of roof is considerably larger than the lower Helmholtz frequency.

3 NUMERICAL EXAMPLE

Take a two-compartment building as an example to analyze the dynamic and quasi-static re-
sponses of internal pressure. The two-compartment building is similar as the TTU test building,
whose basic parameter values are as follows:

v01=200m3 ’ v02:300m3 ’ Abl=2m2 ’ Ab2=2m2 ’ Le1:1'7z.l%l/4 ’ Le2=ﬂ7Z'A52/4 ’
=06, ¢,=06, C,=12, C,=12, U,=30m/s, y=14, P =101300Pa ,
p, =122kg/m*, A,=50m*, A,=75m’, H=4m, m =3500kg, ¢ =01, o =2xf,
f, =3Hz, 5Hz, 7Hz, 10Hz.

The time history of wind speed can be simulated by the superposition of the harmonic [10]
based on Davenport spectrum, and then the time history of external pressure coefficient at the
windward opening can be further obtained according to the quasi-steady theory. The responses
of internal pressure can be calculated by inputting the external pressure coefficient obtained in

last step into the governing equations derived in the present paper. The simulated wind speed and
its verification are shown in Fig. 2.
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Figure 2. (a) Simulated time-history wind speed and (b) its verification
The gain functions of internal pressures calculated from the dynamic and quasi-static models

for different roof flexibilities are shown in Fig. 3, in which Figs 3a,b,c,d are the results of com-
partment 1 and Figs 3e,f,g,h are the results of compartment 2. The two-compartment building
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with flexible roof and openings is similar to a coupled dynamic system which contains three
“mass-spring-damping” subsystems. It can be seen from Fig.3 that three resonance peaks are ev-
ident from dynamic analysis while only two resonance peaks are obtained from quasi-static anal-
ysis. Furthermore, the first two resonance frequencies obtained from dynamic analysis is the
same as that obtained from quasi-static analysis. Besides, the internal pressure response in com-
partment 2 is higher than that in compartment 1 calculated from both models. However, the third
resonance peak gradually disappears when the roof natural frequency gradually becomes larger,
and the gain function obtained from the dynamic model is gradually consistent with that from

quasi-static model.
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Fig 3. Gain function of internal pressure for dynamic and quasi-static analysis

The gain functions of internal pressures in both compartments, the roof displacement over ex-
ternal pressure at the windward opening calculated from dynamic model for different roof natu-
ral frequencies are shown in Fig.4. It is shown from Figs 4a,b that three resonance frequencies of
the “internal pressure - roof” coupled system increase with increased roof natural frequency. The
first two resonance peaks of internal pressure are also increase with increased roof natural fre-
quency, while the third resonance peak decreases and finally disappears. It is shown from Fig 4c
that the restoring force of the roof increases with increased roof natural frequency at the first two
resonance frequencies, and the restoring forces at the first resonance frequency are much larger
than these at the last two resonance frequencies.
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Figure 4. Gain function of (a) internal pressure for compartment 1 (b) internal pressure for compartment 2 and (c)
roof displacement over external pressure for different roof flexibilities

The power spectra of internal pressure coefficients in both compartments obtained from the
dynamic model for different roof flexibilities are shown in Fig.5. It is shown that the resonance
energy of internal pressure in compartment 2 at the first resonance frequency is higher than that
in compartment 1 for all kinds of roof flexibilities. The resonance energies of internal pressure in
both compartments at the third resonance frequency decrease with increased roof natural fre-
quency. This is in agreement with the analytical results of Fig.3.

The RMS internal pressure coefficients in both compartments and RMS roof displacement for
different roof flexibilities are list in Table 1. It is shown that the RMS internal pressure coeffi-
cient in compartment 2 is large than that in compartment 1. The RMS internal pressure coeffi-
cients obtained from both models increase with increased roof natural frequency, but their differ-
ence decreases. It is because with increased roof natural frequency, i.e. the roof flexibility
gradually decreases, the additional damping also decreases. Moreover, the RMS value of the roof
displacement decreases with increased roof natural frequency.
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Figure 5. Power spectra of internal pressure coefficients in both compartments

Table 1. RMS internal pressure coefficients in bot compartments and RMS roof displacement for different roof flex-
ibilities

Rouc;fnfcre- (fpi (Dynamic analysis) (fpi (Quasi-static analysis) % (Dynamic analysis)
q Y Compartmentl  Compartment2 Compartment 1 ~ Compartment 2

3Hz 0.236 0.250 0.233 0.248 0.0136

5Hz 0.243 0.262 0.242 0.261 0.0051

7Hz 0.247 0.269 0.246 0.269 0.0026

10 Hz 0.251 0.274 0.249 0.273 0.0013

4 CONCLUSIONS

As for a two-compartment building with flexible roof and openings, the equations governing
wind-induced internal pressure responses are derived based on some reasonable assumptions
when the roof responds in dynamic and quasi-static manners. The unsteady form of the Bernoulli
equation, the law of mass conservation, and adiabatic equation are used for the derivation. A
two-compartment building similar to the TTU test building is taken as an example to analyze the
characteristics of gain functions, power spectra and RMS values of the internal pressure coeffi-
cients and roof displacement. Some main conclusions are drawn:

(1) The governing equations derived in the present paper can be used to analyze the internal
pressure responses for a two-compartment building with flexible roof and openings. The dynam-
ic model must be used to calculate the responses of internal pressure when the roof is flexible,
otherwise, the simplified quasi-static model can be instead.
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(2) The first two resonance frequencies of the “internal pressure - roof” coupled system ob-
tained from the dynamic model is consistent with that obtained from the quasi-static model. The
internal pressure response in compartment 2 is larger than that in compartment 1. When the roof
natural frequency gradually becomes larger, the gain functions obtained from the dynamic model
are gradually in accord with these from the quasi-static model.

(3) With increased roof natural frequency, the three resonance frequencies increase, and the
first two resonance peaks of internal pressure are also increase, while the third resonance peak
decreases and finally disappears. Besides, the restoring forces of the roof at the first two reso-
nance frequencies also increase with increased roof natural frequency.

(4) The RMS internal pressure coefficient in compartment 2 is large than that in compartment
1. The RMS internal pressure coefficients obtained from both the dynamic and quasi-static mod-
els increase with increased roof natural frequency, but their difference decreases. Moreover, the
RMS value of the roof displacement also decreases with increased roof natural frequency.
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