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Rainfall is often accompanied by strong winds. .e large-span roof structure has a low height, its surrounding turbulence is high,
and the wind speed changes greatly. .e effects of coaction of wind and rain on the roofs cannot be ignored. Wind-driven rain
(WDR) is an oblique movement phenomenon of raindrops generated by wind flow. Four types of hyperbolic roofs, that is, square,
rectangular, circular, and elliptical, are selected as the objective to study the wind-driven rain by CFD simulation. Effects of wind
direction, wind speed, and rainfall intensity on the WDR are analyzed. Pressure distribution of four types of hyperbolic roofs
under coaction of wind and rain is obtained. .e results are compared with those from the wind action only. .e roofs are
partitioned to obtain the coaction of wind and rain pressure of the four large-span hyperbolic roofs with different shapes under the
most unfavorable working conditions. .e results show that the average pressure coefficient of the roof surface increases with the
increase of wind speed and rainfall intensity. .e reference value of the average pressure coefficient of wind-driven rain on the
surface of the roof is given, which provides a reference basis for the design of wind-driven rain on similar hyperbolic roofs.

1. Introduction

Rainfall is often accompanied by strong wind. When rain-
drops fall, they are affected not only by their own gravity, but
also by the wind speed. .erefore, the raindrops do not hit
the wall and roof of the building vertically but fall at an angle.
A wind-driven rain effect is generated, which usually results
in an increase in the amount of rain and rain pressure load
on the walls and roof of the building. .e structure of the
long-span hyperbolic roof is novel and widely used. Due to its
low height, the surroundings have high turbulence and large
changes in wind speed. .erefore, the effect of wind-driven
rain on long-span hyperbolic roofs cannot be ignored. It is
also of great theoretical significance and engineering value to
study the pressure distribution characteristics caused by
wind-driven rain in long-span hyperbolic roofs. At present,
the main methods of studying structural wind load are

numerical simulation [1, 2], wind tunnel test [3, 4], and field
measurement [5, 6]. Each method has its own advantages and
disadvantages. .e wind tunnel test technology is mature and
relatively time-saving and labor-saving. Whereas the wind
tunnel test simplifies the actual flow field and building shape
to a certain extent, there are certain limitations, such as the
reduced scale effect of the wind tunnel test. Field measure-
ment is the most direct and basic research method, and its
results are often regarded as the standard for testing other
research methods. However, field measurement requires high
investment and long cycle; especially it is difficult to artificially
control and change the meteorological conditions and terrain
conditions during field measurement. Compared with the
other two methods, the numerical simulation method has the
advantages of short cycle, low cost, and convenient control
and can be simulated repeatedly. CFD is a new method
developed in the past 40 years. Based on theoretical fluid
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mechanics and experimental fluid mechanics, CFD can
simulate the flow field of different fluids well and has been
widely used in the numerical simulation of various engi-
neering flow fields.

At present, there are few studies on wind-driven rain in
complex roof structures. Scholars have carried out some
research on wind-driven rain in building structures and
achieved some beneficial results. Choi [7–12] first inserted
the rain field in the 3D wind field to calculate the raindrop
trace and the WDR distribution of the windward side of the
building in the 3D wind field. Sankaran [13] used CFD
software for the first time to obtain the distribution of the
partial pressure of the windward surface of the building in
the three-dimensional wind field. After comparing with the
actual model wind tunnel test data, it was found that the
model values were in good agreement. Wu [14] used CFD to
analyze the general distribution and overall trend of wind-
driven rain load on the windward side of low-rise buildings
in 2D wind field and 3D wind field under different wind
speed, wind direction angle, and rainfall intensity. He found
that the additional load of raindrops can reach more than
30% of the strength of the windward surface of the building
due to the combination of wind and rain. .e application of
the Euler-Euler frame to the study of wind-driven rain was
recognized by scholars in the early twenty-first century.
Kubilay [15, 16], Pettersson [17], and Wang [18, 19] et al.
applied the CFD numerical simulation method that intro-
duced the Euler multiphase flow model to the field of
building WDR research and compared it with the existing
measured data. .e results show that the numerical simu-
lation results are in good agreement with the field mea-
surements. Compared with the Euler-Lagrange method, the
Euler-Euler method regards the rain phase as continuous,
and it is suitable for the mass conservation equation, the
momentum conservation equation, and the energy con-
servation equation similar to the continuous wind phase.
.e Euler-Lagrange method requires a stable wind field to be
used to define the rain phase when studying wind-driven
rain. Unlike the Euler-Lagrange method, the Euler-Euler
method can define the rain phase boundary conditions by
different rain phase velocity and rain phase volume fraction
when defining the wind phase boundary, which greatly
reduces the calculation amount and workload, and can
obtain various field maps in the wind and rain joint field.

In this paper, the Euler-Euler method is used to nu-
merically simulate the four hyperbolic roofs of square,
rectangular, circular, and elliptical shapes, and the influence
of wind speed, wind direction angle, and rain intensity on
the surface pressure of the four hyperbolic roofs is studied.
In Section 2, we introduce the settings of wind and rain-
related parameters and their theories. In Section 3, we
conduct numerical simulations on the four hyperbolic roofs
under different parameters and analyze the influence of the
wind-driven rain surface pressure. In Sections 4, the hy-
perbolic roof is partitioned, and reasonable recommended
values are proposed. Finally, Sections 5 and 6 provide a
general discussion and conclusion, respectively.

2. Methodology

2.1. Euler-Eulerian Control Equations

(1) Wind phase governing equation:
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where ρa is the air density, k is the turbulent flow
energy, ε is the turbulent dissipation rate, σk and σε
are the turbulent Prandtl numbers of k and ε, re-
spectively, μ is the aerodynamic viscosity coefficient,
τij is Reynolds stress, μt is turbulent viscosity, and
the constant C1ε � 1.44, C2ε � 1.92, Cμ � 0.09.

(2) Rain phase governing equation:
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where ρw is the rainwater density, Cd is the drag
coefficient of rain, ui is the wind velocity component
in the i direction, uki is the absolute velocity com-
ponent of the i-th raindrop, μ is the aerodynamic
viscosity coefficient, ReR

is the relative Reynolds
number of wind and rain, and the formula is as
follows:
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�
ρad

μ
u
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�→

. (3)

2.2. Boundary Conditions of Wind Field. .e boundary
conditions are set as follows:

(1) Inlet conditions
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Inlet speed setting: the inlet adopts the exponential
rate wind speed section boundary condition, and the
equation is as follows:

VZ � VG

Z

ZG

 

α

, (4)

where VG � 16.7m/s is the average wind speed at the
reference height, ZG � 10m is the reference height,
and α is the ground roughness exponent, α � 0.16.
Inlet turbulence parameter setting: take the Japanese
code [20] for the definition of turbulence intensity,
and the equation is as follows:
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In the equation, α � 0.16, zb � 5m, zg � 450m.
.e turbulent kinetic energy k and the turbulent
dissipation rate ε are, respectively, as follows:

k(z) � 1.5[I(z)u(z)]
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where u(z) is the average wind speed at the wind-
ward, Lu is the length scale of turbulence at the
windward, Cμ � 0.09, and κ � 0.4.

(2) Outlet conditions: complete outflow boundary
conditions.

(3) Wall boundary conditions: both sides and top sur-
face of the domain adopt slip boundary conditions,
and the surface of the building surface adopts no slip
boundary conditions.

2.3. Settings of Rain Field. At present, the main problems in
the numerical simulation of the rain field are as follows: the
end velocity of raindrops, the distribution law of raindrops
with different particle sizes, etc. .is paper is to carry out
research work on a certain basis and cannot be applied to all
regions.

(1) Rain intensity
.e rainfall intensity is the amount of rainfall per
unit time. Table 1 shows the classification of rainfall
levels.

(2) Raindrop diameter distribution
.is paper uses the modified Λ distributed raindrop
spectrum function, and the formula is as follows [21]:

N(D, R) � N0D
α exp(−ΛD),

N0(R) � 1.98 × 107R− 0.384
,

Λ(R) � 5.38R
− 0.186

,

(7)

where N(D, R) represents the number of raindrops
in the range of unit volume size difference dD, the
constant α � 2.93, and N and Λ are functions of rain
intensity R.

(3) Terminal velocity of raindrops
Without interference from surrounding buildings,
the formula for the terminal velocity of raindrops is
as follows [22]:

Vt(D) �

0; D≤ 0.03mm,

4.323(D − 0.03); 0.03<D≤ 0.6mm,

9.65 − 10.3 exp(−0.6D); D> 0.6mm.
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(8)

(4) Rain phase boundary conditions
.e boundary condition of the rain phase windward
is to first define the rain phase volume fraction of
raindrops of different diameters and then set the
parameters of the raindrop velocity and turbulence
intensity at the entrance boundary of the watershed
field. In order to take into account different raindrop
diameters, this paper introduces the volume fraction
of rain phases with different diameters according to
reference [23], and the formula is as follows:
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where ak is the volume fraction, fh(D, Rh) is the raindrop
flow fraction with diameter D, Rh is the horizontal rainfall
intensity, and N(D, Rh) is the number of raindrops within
the unit volume size difference dD.

.is paper uses Euler-Euler multiphase flow to study the
effect of wind and rain on large-span roof structures. In the
numerical simulation of the continuous medium rain field,
raindrops are regarded as continuous phases rather than
discrete phases, which is also beneficial to obtain various
cloud images. .erefore, to define the rain load, the formula
is as follows:

prain � 
∞

0
ρlaD(D) Vn(D)



2dD, (10)

where Vn(D) is the normal velocity when raindrops hit a
large-span roof structure, and ρl is the density of liquid
water.
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3. Numerical Simulation of Wind-Driven Rain

3.1. Model. .is paper takes the large-span hyperbolic roof
structure as the calculation model, as shown in Figure 1 (see
Table 2 for details). An experimental scale model [24–26]
was established in Gambit. .e length of the building is L2,
the width of the building is L1, and the maximum height of
the building is Hmax. After many calculations and com-
parisons, the size of the calculation domain is taken as
L1 × L2 × H � 8m × 16m × 2.133m. .e calculation model
meets the requirement that the maximum blocking rate is
less than 3%, which is at the third of the windward side of the
calculation domain. In this paper, the measurement direc-
tions 1, 2 are selected. Direction 1 is the convex parabola of
the roof centerline, and direction 2 is the parabola of the roof
centerline concave direction.

.e turbulence model in this paper selects the Euler-Euler
model in the rain phase and the standard k-ε model in the
wind phase, which simplifies the calculation process. After
selecting the calculation model and the size of the calculation
domain, this paper adopts a hybrid meshing method con-
sidering the accuracy and convergence of the numerical
simulation..e core area of the calculation basin is divided by
a well-adapted irregular tetrahedral mesh, and the noncore
area is divided by a hexahedral mesh (see Figure 2)..e grid is
encrypted in the building area, and grids are gradually sparse
apart from building, the minimum grid size is 0.05m, and the
number of grids is about 1.3 million.

.e standard wall functions are selected for the calcu-
lation model near the wall, the SIMPLE algorithm is selected
in the solution method, the gradient Green-Gauss Cell Based
is selected, and the momentum, turbulent kinetic energy,
and turbulent energy dissipation rate are selected as the
second-order upwind difference format to monitor resid-
uals. .e difference and static pressure interfaces are, re-
spectively, set at the entrance and exit of the calculation
domain based on the area-weighted average. When the
average weighted pressure curve on the interface changes
regularly, the calculation is converged. Numerical simula-
tion calculation can be performed after the above parameter
setting is completed.

.e numerical simulation result is expressed by the av-
erage pressure coefficient Cp, and the positive and negative
values of Cp are determined by the pressure. And when the
pressure direction is downward, the pressure value is positive,
and the upward value is negative. .e formula is as follows:

Cp �
Pi − P0

qm

�
Pi − P0

1/2ρv
2
m

,

(11)

where Pi is the pressure at point i on the building surface, P0
is the static pressure of the free flow, qm is the average
dynamic pressure of the free flow, ρ is the air density, and vm

is the average speed of the free flow.
Before the numerical simulation of the large-span hy-

perbolic roof structure under wind-driven rain, the nu-
merical simulation was carried out when the wind speed was
16.7m/s, and the wind direction angles were 0°, 45°, and 90°.
And the results of the numerical simulation were compared
with the wind tunnel test results of Fabio Rizzo et al. [25]. As
shown in Figure 3, the simulation results are in good
agreement with the wind tunnel test results, which proves
the accuracy of the simulation.

3.2. 9e Influence of Wind Direction Angle on the Pressure
Distribution of Hyperbolic Roofs. .is section first simulates
the pressure situation when the rainfall intensity is 32mm/h,
the wind speed is 16.7m/s, and the square hyperbolic roof
(M1) under different wind direction (0°, 45°, 90°). .e wind-
driven rain pressure is compared with the pressure when the
wind acts alone. .e details are shown in Figure 4.

(1) It can be seen from Figure 4(a):
At 0° wind direction, the simulated average pressure
coefficient Cps and the experimental average pres-
sure coefficient Cptest are both negative, and the
simulated average pressure coefficient is larger than
the experimental average pressure coefficient. .e
simulation curve begins to decrease and then sta-
bilizes..emaximum value of Cps/Cptest is about 2.2,
and the minimum value is about 1.36..emaximum
value of the simulated average pressure coefficient
appears at the front part of the curve, indicating that
the front part of the roof is under greater force.

(2) It can be seen from Figures 4(b) and 4(c):
In the direction 2 (45°-wind direction), the value of
Cps/Cptest is relatively large. .e largest ratio appears
at the front of the roof, about 2.54, and the smallest
ratio appears at the end of the curve, about 1.33. In
the direction 1(45°-wind direction), the value of
Cps/Cptest is about 1.5–2.6. .e simulation curves in
both directions first decrease, change quickly, and
then become stable. At the wind direction of 45°, the
maximum average pressure coefficient under wind-
driven rain is at the front part of the roof.

(3) It can be seen from Figure 4(d):
At a wind direction of 90°, the simulation curve
resembles an upward opening parabola, and the
maximum average pressure coefficient appears in the
middle of the curve. At the front part of the simu-
lation curve, Cps is slightly smaller than Cptest,

Table 1: .e practical application of rainfall classification.

Grade Flurry Middle flurry Drencher Rainstorm
Heavy rainstorm

Weak Middle Strong Extremum
Rainfall (mm/h) 2.5 8 16 32 64 100 200 709.2
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because the rain pressure is larger than the wind
suction; after that, Cps is larger than Cptest, and the
maximum value of Cps/Cptest is about 10, indicating
that the middle of the roof is strongly affected.

It can be concluded from Figure 4 that the average
pressure coefficient of the square hyperbolic roof surface
under wind-driven rain is larger than that of the wind alone,
and the combined effect of wind and rain on the hyperbolic
roof cannot be ignored. Under wind-driven rain, the square
hyperbolic roof is mainly subjected to suction. At 0°, 45°, and
90° wind direction angles, the average pressure coefficient
trends of the square hyperbolic roof surface under wind-
driven rain are different.

.en, the calculation models M1, M2, M3, and M4 are
selected. .e calculation conditions are shown in Table 3.
.e numerical simulation of wind-driven rain on the
surfaces of four hyperbolic roofs is performed under
different wind direction angles. Figure 5 is a schematic
diagram of the wind direction angle. .e average pres-
sure coefficient distribution diagrams are shown in
Figure 6–9.

(1) It can be seen from Figure 6:

At a wind direction angle of 0°, the square roof
surface is distributed in a uniform gradient shape.
Due to the separation and reattachment of the air-
flow in the windward concave surface, the average
pressure coefficient of the front end of the roof
windward surface is large, and the gradient changes
greatly, showing a peak of −2.6. .e surface of the
roof all shows a high negative pressure distribution,
so that the entire roof structure is subjected to a large
suction force. At 30°, 45° and 60° wind direction
angles, the average pressure coefficient of the front
edge of the roof on the windward surface is relatively
large, and the average pressure on the surface of the
roof is generally conical, and the average pressure
coefficient gradually decreases along the gradient. At
a 90° wind direction angle, the windward surface of
the roof is convex, the airflow is reduced, and the
average pressure coefficient is also reduced. At [0°,
45°], the average pressure coefficient increases with
increasing angle, then decreases, and then increases
again. At [45°, 90°], the average pressure coefficient
decreases with increasing the angle.
Under different wind direction angles, the average
pressure coefficient of the surface of the square
hyperbolic roof is negative, and its surface is affected
by suction. .e maximum value appears at the front
edge of the surface of the square hyperbolic roof, and
the most unfavorable wind direction angle for the
square hyperbolic roof structure is 0°.

(2) It can be seen from Figure 7:
At an angle of 0° wind direction, the average pressure
on the surface of the rectangular roof has a gradient
distribution, and the average pressure coefficient at
the front end of the roof surface is large, and the
gradient changes greatly. At a wind direction angle of

(a) (b) (c) (d)

L1

L2

Hb

H

f1
f2

(e)

Figure 1: Calculation model of four different shapes of large-span hyperbolic roof structures [24]. (a) M1. (b) M2. (c) M3. (d) M4. (e) Parameter
definition.

Table 2: .e raindrop number density.

Model L1/m L2/m δ Hb/m ρ H/m f1/m f2/m Hmax/m
Square hyperbolic roof M1 0.8 0.8 1/6 0.1333 1/10 0.08 0.0267 0.0533 0.2133
Rectangular hyperbolic roof M2 0.4 0.8 1/6 0.1333 1/10 0.08 0.0267 0.0533 0.2133
Circular hyperbolic roof M3 0.8 0.8 1/6 0.1333 1/10 0.08 0.0267 0.0533 0.2133
Elliptical hyperbolic roof M4 0.4 0.8 1/6 0.1333 1/10 0.08 0.0267 0.0533 0.2133
Note: ρ � H/Lmax, δ � Hb/Lmax.Lmax � 0.8m

Figure 2: .e diagram of flow field mesh.
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30°, the average pressure coefficient at the front edge
and right side of the roof of the windward surface is
larger, and the distribution is more uniform, and
then the average pressure coefficient gradually de-
creases along the wind flow direction. At 45°, the
airflow separates at the corners and acts extremely
strongly at the attachments, making the average
pressure on the front edges of both sides of the roof
facing the wind larger and the gradient change large,
with a peak value of −1.9. At 60°, the average pressure
coefficient at the front edge of the roof is larger, and
the average pressure coefficient decreases in se-
quence along the direction of the airflow, and the
average pressure coefficient on the roof surface is
unevenly distributed. At 90°, both sides of the front
edge of the roof surface of the windward surface are
distributed in small columns, and the average

pressure coefficient first increases to reach the peak
value of −1.7 and then decreases. In the range of [0°,
90°], the average pressure coefficient does not de-
crease with the increase of the angle, and there is no
obvious law with the change of the angle. .e airflow
separation at the front end of the roof facing the wind
is the most serious, where the average pressure co-
efficients are large and peak.
.e average pressure coefficient of the surface of the
rectangular hyperbolic roof all shows a large negative
value, indicating that the roof surface is under
suction. .e average pressure coefficient of the air
flow to the front edge of the rectangular hyperbolic
roof is large and appears extreme. .e average
pressure coefficient of the surface of the rectangular
hyperbolic roof varies with angle without obvious
rules.

Wind tunnel test
Simulation

-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2
Cp

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.80.0
L2 (m)

(a)

Wind tunnel test
Simulation

-1.6

-1.4

-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

Cp

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.80.0
L2 (m)

(b)

-0.8

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

Cp

Wind tunnel test
Simulation

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.80.0
L1 (m)

(c)

-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0
Cp

Wind tunnel test
Simulation

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.80.0
L2 (m)

(d)

Figure 3: Comparison of simulation data andwind tunnel data results. (a) 0°direction 1. (b) 45°direction 1. (c) 45°direction 2. (d) 90°direction 1.
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(3) It can be seen from Figure 8:
At 0° and 30° wind direction angles, the average
pressure coefficient of the circular roof first decreases
and then increases, the average pressure coefficient at
the front end of the roof is larger, and the gradient
changes greatly. At 45° and 60°, the roof surface is

distributed like inverted cone and positive cone. .e
average pressure coefficient of the roof surface has
positive and negative values, indicating that, under

-2.5

-2.0

-1.5

-1.0

-0.5

0.0
Cp

Test
Simulation

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.80.0
L2 (m)

(a)

-1.6

-1.4

-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

Cp

Test
Simulation

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.80.0
L1 (m)

(b)

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

Cp

Test
Simulation

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.80.0
L2 (m)

(c)

-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0
Cp

Test
Simulation

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.80.0
L1 (m)

(d)

Figure 4: .e averageCp ofmeasured points on the central axis of the roof. (a) 0°direction 1. (b) 45°direction 2. (c) 45°direction 1. (d) 90°direction 2.

Table 3: Simulation conditions.

Condition Wind direction angle Wind speed Rainfall intensity
a 0°

10m/s 32mm/h
b 30°
c 45°
d 60°
e 90°

x

y0°

30°
45°

60°
90°

Figure 5: .e schematic diagram of wind direction.
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Cp: -2.6 -2.4 -2.2 -2 -1.8 -1.6 -1.4 -1.2 -1 -0.9 -0.8 -0.7 -0.6

(a)

Cp: -1.8 -1.7 -1.6 -1.5 -1.4 -1.3 -1.2 -1.1 -1 -0.97 -0.95 -0.93 -0.9 -0.85 -0.8-1.9

(b)

Cp: -1.9 -1.8 -1.7 -1.6 -1.5 -1.4 -1.3 -1.2 -1.1 -1 -0.95-0.92 -0.9 -0.87-0.85 -0.8-2

(c)

Cp: -1.9 -1.8 -1.7 -1.6 -1.5 -1.4 -1.3 -1.2 -1.1 -1 -0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.35 -0.3

(d)

Cp: -1 -0.95 -0.9 -0.88 -0.85 -0.82 -0.8 -0.75 -0.7 -0.65 -0.6 -0.55 -0.5 -0.45 -0.4

(e)

Figure 6: .e distribution of Cp on the surface of the square hyperbolic roof. (a) 0°, (b) 30°. (c) 45°. (d) 60°. (e) 90°.

Cp: -1.3 -1.2 -1.1 -1 -0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3-0.35 -0.25 -0.2 -0.1 -0.05

(a)

Cp: -1.4 -1.3 -1.2 -1.1 -1 -0.9 -0.85 -0.82 -0.8 -0.75 -0.7-1.5 -0.6

(b)

Cp: -2 -1.9 -1.8 -1.7 -1.6 -1.5 -1.4 -1.3 -1.2 -1.1 -1 -0.9 -0.85 -0.82 -0.8

(c)

Cp: -2 -1.9 -1.8 -1.7 -1.6 -1.5 -1.4 -1.3 -1.2 -1.1 -1 -0.9 -0.8 -0.7 -0.6 -0.55-2.1

(d)

Cp: -1.7 -1.65 -1.6 -1.55 -1.5 -1.45 -1.4 -1.35 -1.25 -1.15 -1.1 -1.05 -1-1.2-1.3-1.75

(e)

Figure 7: .e distribution of Cp on the surface of the rectangular hyperbolic roof. (a) 0°. (b) 30°. (c) 45°. (d) 60°. (e) 90°.
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Cp: -1.2-1.1 -1 -0.9-0.8-0.7-0.6-0.5-0.4-0.3-0.2-0.1 0 0.020.05 0.1 0.2 0.3 0.4 0.5 0.6 0.7

(a)

Cp: -1.2 -1.1 -1 -0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0 0.020.05 0.1 0.2 0.3 0.4-1.3

(b)

Cp: -1.3 -1.2 -1.1 -1 -0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0 0.05 0.1 0.15 0.2 0.3 0.4-1.4

(c)

Cp: -1.1 -1 -0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4

(d)

Cp: -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.45 0.5

(e)

Figure 8: .e distribution of Cp on the surface of the circular hyperbolic roof. (a) 0°. (b) 30°. (c) 45°. (d) 60°. (e) 90°.

Cp:-1.1 -1 -0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0 0.020.040.050.07 0.1 0.2 0.3 0.4 0.5

(a)

Cp: -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 -0.05 0 0.02 0.03 0.05 0.1 0.15

(b)

Cp: -1.3 -1.2 -1.1 -1 -0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4

(c)

Cp: -0.75 -0.7 -0.65 -0.6 -0.55 -0.5 -0.45 -0.4 -0.35 -0.25 -0.2 -0.15 -0.1 -0.05 0 0.05 0.1-0.3

(d)

Cp: -0.3 -0.2 -0.1 0 0.1 0.2 0.25 0.3 0.35 0.4 0.5 0.6

(e)

Figure 9: .e distribution of Cp on the surface of the elliptical hyperbolic roof. (a) 0°. (b) 30°. (c) 45°. (d) 60°. (e) 90°.
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the combined action of wind and rain, wind suction
and rain pressure may also be possible. It is caused by
a series of complex effects of wind pressure; the
average pressure coefficient at the middle of the roof
surface is zero, and the location is safe. At 90°, the
roof surface is more evenly distributed, and the
average pressure coefficient first increases to the
extreme value, then decreases to 0, and then slowly
increases..e average pressure coefficient of the roof
surface is 0 in the middle, positive and negative value
offset.
.e average pressure coefficient of the surface of the
circular hyperbolic roof is no longer negative, and
both positive and negative values exist. .e roof
surface is affected by wind suction, rain pressure, and
wind pressure. Under different wind direction an-
gles, the average pressure coefficient at the front end
of the surface is larger, and the average pressure
coefficient at the middle of the roof surface is about
zero.

(4) It can be seen from Figure 9:
At a wind direction angle of 0°, the front end of the
roof has a gradient distribution, and the average
pressure coefficient decreases. Most of the distri-
bution in the middle has no obvious rules..e end of
the roof has a gradient distribution and changes
greatly, and the average pressure coefficient in-
creases. .e average pressure coefficient of the roof
surface is mainly positive, and the maximum average
pressure coefficient of the roof surface appears at the
end of the roof. At 30°, the average pressure coef-
ficient of the roof surface first decreases and then
increases. .e average pressure coefficient at the
front end of the roof surface is large, ladder-shaped,
and the gradient changes rapidly, and the end of the
roof changes slowly. At 45° and 60°, the roof surface
is distributed like inverted cone and regular cone,
and the average pressure coefficient at the front end
of the roof is larger. At 90°, there is no obvious
regular distribution on the roof surface.

.e elliptical hyperbolic roofs are subject to wind suc-
tion, rain pressure, and wind pressure. .e average pressure
coefficient of the surface of the elliptical hyperbolic roof does
not increase with increasing angle, but the average pressure
coefficient at the front end of the roof surface is larger.

3.3.9e Influence ofWind Speed on the Pressure Distribution
of Hyperbolic Roofs. In this section, the calculation models
M1, M2, M3, and M4 are selected. .e calculation condi-
tions are shown in Table 4. .e numerical simulation of
wind-driven rain on the surfaces of four hyperbolic roofs is
performed under different wind speeds, and the average
pressure coefficient distribution diagrams are shown in
Figures 10–13.

It can be seen from Figures 10–13:

(1) Under different wind speeds, the change law and
trend of the average pressure coefficient curve on
the surface of square and rectangular hyperbolic
roofs are similar. Direction 1: the average pressure
coefficient of the roof surface increases with the
increase of wind speed, but the change range is
small; the average pressure coefficient at the front
edge of the roof surface is the largest and gradually
decreases along the longitudinal direction of the
roof. Direction 2: the curve is a parabola with an
upward opening, and the average pressure coeffi-
cient of the roof surface of the windward surface
increases with the increase of wind speed; the
maximum average pressure coefficient appears in
the middle of the roof, and the average pressure
coefficient increases first and then decreases. It is
the parabola of the airflow along the center line and
the opening upwards. .e airflow is separated at a
low height, and the attachment is strong. When the
wind speed is 20m/s, the average pressure coeffi-
cient is much larger than the average pressure
coefficient at other speeds.

(2) Under different wind speeds, the change law and
trend of the surface average pressure coefficient
curve of the circular and elliptical hyperbolic roofs in
direction 1 are similar. .e average pressure coef-
ficient decreases rapidly first, then stabilizes, and
finally increases. .e maximum value is at the end of
the roof..e average pressure coefficient of the curve
has not only negative values, but also more positive
values, which means that the roof surface is also
affected by pressure in addition to suction. It is also
subject to pressure; the greater the wind speed, the
larger the average pressure curve. .e main reason is
that the wind speed is greater, the kinetic energy of
the raindrops is greater, and the more the raindrops
on the roof, the greater the pressure. In direction 2,
the average pressure distribution of the circular
hyperbolic roof has no obvious rules, indicating that
the effect of wind-driven rain is more complicated.
.e maximum average pressure coefficient is also at
the roof end.

(3) Under different wind speeds, the average pressure
coefficient of the hyperbolic roof with the same
projection shape has the same change trend, and its
tendency is almost not affected by the wind speed.
.e greater the wind speed, the greater the average
pressure coefficient, the greater the force applied to
the roof surface, and the higher the risk of damage.

Table 4: Simulation conditions.

Condition Wind speed Wind direction angle Rainfall intensity
a 10m/s

0° 22mm/hb 15m/s
c 20m/s
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3.4. 9e Influence of Rainfall Intensity on the Pressure Dis-
tribution of Hyperbolic Roofs. In this section, the calculation
models M1, M2, M3, and M4 are selected. .e calculation
conditions are shown in Table 5. .e numerical simulation
of wind-driven rain on the surfaces of four hyperbolic roofs
is performed under different rainfall intensity, and the av-
erage pressure coefficient distribution diagrams are shown in
Figures 14–17.

It can be seen from Figures 14–17:

(1) Direction 1: .e average pressure coefficient curves
of the roof surface under different rainfall intensities

tend to be approximately the same, and the curve
decreases first, then stabilizes, then increases finally.
.e greater the rainfall intensity, the greater the
average pressure coefficient curve..is is because the
greater the rainfall intensity, the larger the number of
raindrops, the greater the kinetic energy of the
raindrops, and the greater the force of raindrops
hitting the roof surface. .e average pressure coef-
ficient is the largest at the surface end of the roof..e
main reason is that the airflow has a strong sepa-
ration effect at the roof end. .e average pressure
coefficient changes from negative value to positive

10 m/s
15 m/s
20 m/s

-2.5

-2.0

-1.5

-1.0

-0.5

Cp

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.80.0
L2 (m)

(a)

10 m/s
15 m/s
20 m/s

-1.05

-1.00

-0.95

-0.90

-0.85

-0.80

Cp

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.80.0
L1 (m)

(b)

Figure 10: Contrast curve of Cp on the surface of the square hyperbolic roof. (a) Direction 1. (b) Direction 2.
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-1.6
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-1.2

-1.0

-0.8

-0.6

-0.4
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0.0

0.2

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.80.0
L2 (m)

(a)

Cp

10 m/s
15 m/s
20 m/s

-0.40

-0.38

-0.36

-0.34

-0.32

-0.30

-0.28

0.1 0.2 0.3 0.40.0
L1 (m)

(b)

Figure 11: Contrast curve of Cp on the surface of the rectangular hyperbolic roof. (a) Direction 1. (b) Direction 2.
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value, because the roof surface is affected by wind
suction, rain pressure, and possibly wind pressure.

(2) Direction 2: .e average pressure coefficient curve
trend is roughly the same under different rainfall

intensity. .e average pressure coefficient of the
square and rectangular roof surface decreases as the
rainfall intensity decreases. .e parabolic curve first
increases to the maximum value and then gradually
decreases. .e reason is that the airflow has a strong
separation effect in the middle, and the average
pressure coefficient reaches the maximum value. .e
average pressure coefficient curve of the circular roof
under different rainfall intensities increases and
decreases, and the average pressure coefficient at the
surface end of the elliptical roof is the largest, which
is positive, indicating that there is more pressure.

Cp

10 m/s
15 m/s
20 m/s

-1.0

-0.5

0.0

0.5

1.0

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.80.0
L2 (m)

(a)

Cp

10 m/s
15 m/s
20 m/s

-0.02

0.00

0.02

0.04

0.06

0.08

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.80.0
L1 (m)

(b)

Figure 12: Contrast curve of Cp on the surface of the circular hyperbolic roof. (a) Direction 1. (b) Direction 2.
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-1.2
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-0.8
-0.6
-0.4
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0.2
0.4
0.6
0.8

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.80.0
L2 (m)

(a)

Cp

10 m/s
15 m/s
20 m/s

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.1 0.2 0.3 0.40.0
L1 (m)

(b)

Figure 13: Contrast curve of Cp on the surface of the elliptical hyperbolic roof. (a) Direction 1. (b) Direction 2.

Table 5: Simulation conditions.

Condition Rainfall intensity Wind direction angle Wind speed
a 32mm/h

0° 10m/sb 64mm/h
c 100mm/h
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4. The Recommended Values of the Average
Pressure Coefficient of the Large-Span
Hyperbolic Roof

In this section, the calculation models M1, M2, M3, and M4
are selected..e calculation conditions are shown in Table 6.
.e roof is evenly divided into five columns along the l
direction as a, b, c, d, and e. .e detailed layout of the
measuring points is shown in Figure 18 below. Since the
airflow direction is the central axis of the roof, and the roof
surface is symmetrical along the center line, the average
pressure coefficient curves of columns a and e are the same,

and the average pressure coefficient curves of columns b and
d are the same, as shown in Figure 19.

It can be seen from Figure 19:
(1) Square and rectangular hyperbolic roofs:.e average

pressure coefficients of columns a/e, b/d, and c are all
negative, indicating that they are subjected to wind
suction. .e average pressure coefficient at the front
end of the a/e, b/d, and c rows of the windward
surface is the largest, and then the average pressure
coefficient of the a/e, b/d, and c rows gradually de-
creases with the direction of the airflow, and the
separation and reattachment of the airflow at the end

32 mm/h
64 mm/h
100 mm/h
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-3.0

-2.5
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-1.0
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Figure 14: Contrast curve of Cp on the surface of the square hyperbolic roof. (a) Direction 1. (b) Direction 2.
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Figure 15: Contrast curve of Cp on the surface of the rectangular hyperbolic roof. (a) Direction 1. (b) Direction 2.

Shock and Vibration 13



of the roof have a great effect. .e average pressure
coefficient at the end a/e of the roof is larger than that
of the other columns, because the airflow flows down

the parabola of the opening, the height of the roof at
the end of the roof is low, and the separation effect of
the airflow is strong.

(2) Circular and elliptical roofs: V/e maintains a gen-
erally stable trend: the trend of the curves in columns
b/d and c is approximately the same. .e curves
decrease first to 0, then tend to a stable state, and
finally increase. .e maximum average pressure
coefficient is at the end of the curve, and the airflow
plays a greater role at the end. .e curve in column c
is larger than the average pressure coefficient curve
in columns a/e and b/d. .e main reason is that the

32 mm/h
64 mm/h
100 mm/h
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-0.5
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0.5

1.0
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Figure 16: Contrast curve of Cp on the surface of the circular hyperbolic roof. (a) Direction 1. (b) Direction 2.
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Figure 17: Contrast curve of Cp on the surface of the elliptical hyperbolic roof. (a) Direction 1. (b) Direction 2.

Table 6: Simulation conditions.

Condition Model Wind direction
angle

Wind
speed Rainfall intensity

a M1

0° 20m/s 100mm/hb M2
c M3
d M4
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Figure 18: .e distribution of measuring points on hyperbolic roofs. (a) Square hyperbolic roof (M1). (b) Rectangular hyperbolic roof
(M2). (c) Circular hyperbolic roof (M3). (d) Elliptical hyperbolic roof (M4).
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Figure 19: Continued.
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Figure 20: Continued.
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Figure 19: .e graph of average pressure coefficient on hyperbolic roofs. (a) Square hyperbolic roof (M1). (b) Rectangular hyperbolic roof
(M2). (c) Circular hyperbolic roof (M3). (d) Elliptical hyperbolic roof (M4).
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airflow flows along the centerline of the roof, and c is
listed on the centerline, and the airflow has a strong
airflow separation effect at a low height.

.rough Figures 18 and 19, the hyperbolic roof is
partitioned according to the specifications, and the average
pressure coefficient is drawn into a graph to provide a
reference for the design of weather resistance. .e basis for
the selection of numerical values: the two adjacent columns
of data take large values, and their safety has been guar-
anteed. .e recommended partition value of the average
pressure coefficient of the surface of the hyperbolic roof
given in Figure 20 is not constrained by the size. .e height
of the large-span hyperbolic roof is suitable for the design of
20–40m weather resistance.

5. Discussion

In this section, some limitations of this study and sugges-
tions for further research will be presented. .e proposed
partition value of the average pressure coefficient of the roof
surface proposed in this paper is suitable for large-span
hyperbolic roofs of about 20∼40m, but it does not represent
all large-span hyperbolic roof structures. So, in the future, we
can study the hyperbolic roof structure of other heights to
improve the data of this kind of roof structure. In addition,
the wind speed of the long-span hyperbolic roof structure
adopted in this paper is constant, not pulsating wind, and it
is derived from the average pressure distribution. In reality,
the wind speed changes with time, so it is very meaningful to
study the pressure distribution of the large-span hyperbolic
roof structure under the action of pulsating wind. Finally,
limited by the conditions, this article uses numerical

simulation to study the long-span hyperbolic roof structure
under the action of wind-driven rain, without actual mea-
surement and wind tunnel test. .erefore, in the future, we
can actively carry out field survey work and wind tunnel test
of large-span hyperbolic roof structures under the action of
wind-driven rain, combine numerical simulation methods
to make comparative analysis, propose more accurate rec-
ommendations, and provide a more accurate reference for
the design of large-span hyperbolic roof structures against
wind and rain.

6. Conclusions

.is paper adopts the common square, rectangular, circular,
and elliptical large-span hyperbolic roofs in engineering to
study the average pressure distribution. .e influence of
different parameters on the average pressure distribution of
large-span hyperbolic roofs is studied, and some laws and
conclusions are analyzed and summarized. .e reasonable
zoning recommended values of the roofs are proposed to
provide a reference for future actual projects. .e specific
conclusions are as follows:

(1) Under different wind direction angles, the average
pressure coefficients of the surfaces of square and
rectangular hyperbolic roofs are all negative, and
their surfaces are subjected to suction. .e most
unfavorable wind direction angle for the square
hyperbolic roof structure is 0°, while the average
pressure coefficient of the rectangular hyperbolic
roof varies with wind direction angle without ob-
vious rules. .e average pressure coefficient of cir-
cular and elliptical hyperbolic roofs has both
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Figure 20: .e recommended value of the average pressure coefficient on hyperbolic roofs. (a) Square hyperbolic roof. (b) Rectangular
hyperbolic roof. (c) Circular hyperbolic roof. (d) Elliptical hyperbolic roof.
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negative and positive values. .e roof is affected by
wind suction, rain pressure, and wind pressure.

(2) Under different wind speeds and rainfall intensities,
the average pressure coefficient of the hyperbolic
roof with the same shape has the same change trend,
and the wind speed and rainfall intensity have little
effect on the change trend. .e greater the wind
speed or rainfall intensity, the greater the average
pressure coefficient of the hyperbolic roof, and the
greater the force on the roof surface, the higher the
risk of damage.

(3) .e recommended values for the partition of the
average pressure coefficient of wind-driven rain of a
large-span hyperbolic roof are given, which provide a
reference basis for the design of the reference for the
design of wind-driven rain on similar hyperbolic
roofs.
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