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Abstract. The greenhouse type metal structures are increasingly used in modern construction of livestock
farms because they are less laborious to construct and they provide a more favorable microclimate for the
growth of animals compared to conventional livestock structures. A key stress factor for metal structures is the
wind. The external pressure coefficient (cpe) is used for the calculation of the wind effect on the
structures. A high pressure coefficient value leads to an increase of the construction weight and
subsequently to an increase in the construction cost. The EC1 in conjunction with EN 13031-1:2001,
which is specialized for greenhouses, gives values for this coefficient. This value must satisfy two
requirements: the safety of the structure and a reduced construction cost. In this paper, the Navier –
Stokes and continuity equations are solved numerically with the finite element method (Galerkin Method)
in order to simulate the two dimensional, incompressible, viscous air flow over the vaulted roofs of single
span and twin-span with eaves livestock greenhouses’ structures, with a height of 4.5 meters and with
length of span of 9.6 and 14 m. The simulation was carried out in a wind tunnel. The numerical results of
pressure coefficients, as well as, the distribution of them are presented and compared with data from
Eurocodes for wind actions (EC1, EN 13031-1:2001). The results of the numerical experiment were close
to the values given by the Eurocodes mainly on the leeward area of the roof while on the windward area
a further segmentation is suggested.
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1. Introduction

Livestock buildings are mainly heavy structures made by either concrete blocks or reinforced

concrete. Nowadays, due to the advantages of steel in building construction (easier formation of the

frame, better ventilation and lighting etc), more and more constructions that are destined for animal

housing have metal frame (Kotsopoulos and Martzopoulou 2007, Nikita-Martzopoulou 2007). These

structures because of their greenhouse frame are mentioned as Livestock Greenhouse Buildings

(LGBs).

With the recent rise in steel price and a probable further increase of it in the future (LME 2011)

significant proportion of the total construction cost is the expense for the steel. One of the main
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stress factors of the metal construction is the wind. For the calculation of the structures’ load by the

wind, the external wind pressure coefficient is used. The wind pressure coefficient is obtained from

the EC1 (CEN 2005) in conjunction with the EN 13031-1:2001 (CEN 2001), which is specialized

for greenhouses. The use of the Eurocodes is expected to become mandatory in 2011 by the EU

Member States (European Commission website on the Eurocodes). In Greece the use of the

Eurocodes is already obligatory by the ASCC*. A rise of the pressure coefficient value results in

increased construction costs, because the amount of steel that has to be used for reinforcing the

static integrity of the structure against the wind, will be higher. It has to be noted that many

greenhouse-type livestock buildings’ constructors complain about the implementation of Eurocodes

leads to heavy structures (personal communication with manufacturers in Greece).

The safety of the structures is of major importance but the cost of the construction must not be

overlooked, particularly as far as livestock buildings are concerned, as livestock farming is an agro-

business sector that faces financial problems. Therefore, a reliable experimental and/or a

computational approach for estimating the pressure coefficient is required, as well as, performing an

analysis of its distribution on the roof of the structure. It has to be noted that the greenhouse

structures belong to the general category of the low-rise buildings (Mistriotis and Briassoulis 2002).

The distribution of pressure coefficients for various geometrical low-rise buildings is obtained by

full-scale or wind-tunnel numerical simulations and experiments (Robertson et al. 2002, Ginger and

Holmes 2003, Tieleman 2003, Blackmore and Tsokri 2006, Guirguis et al. 2007, Lopes et al. 2010,

Kozmar 2011). The full-scale experiments as well as experiments using air-tunnels are more reliable

for the detection of the pressure distributions, however, their implementation cost is high and they

are not applicable to every structure. Alternatively, the pressure distribution can be estimated using

computational and numerical models. The numerical models have proven their value for the design

of livestock buildings (Norton et al. 2009). Up to now many researchers have studied the cp

distributions computationally. Reichrath and Davies (2002) have used the commercial CFD package

Fluent 5.3.18 in order to estimate the pressure distribution on a 7 span Venlo-type glasshouse.

Wright and Easom (2003) have used a non-linear k–e model to find the pressure coefficient on a

surface mounted cube. Shklyar and Arbel (2004) have used a standard k–e model and RSM model

to predict the pressure coefficient distribution on a pitched-roof greenhouse. 

Nevertheless, few works exist that compare pressure coefficients obtained either computationally

or experimentally, with the Eurocodes on low-rise buildings (Blackmore and Tsokri 2006, Mistriotis

and Briassoulis 2002, Robertson et al. 2002), although the use of Eurocodes will shortly be

mandatory for EU Member States.

Furthermore, to the author’s best knowledge up to now, there is no work outlining the cpe over the

vaulted roofs of single span and twin-span with eaves livestock greenhouses’ structures with length

of span 9.60 and 14 m although, usually, the span of greenhouse type livestock buildings ranges

between the above numbers, for functional reasons.

In the light of the above developments, pressure coefficients are calculated with a Computational

Fluid Dynamics (CFD) model developed and designed by the research team of ASCC. This model

simulates air flow inside an air-tunnel with the appropriate boundary conditions. The two

dimensional, incompressible, viscous air flow is simulated over the vaulted roofs of single span and

*Agricultural Structures Control Center (ASCC), in Thessaloniki is the official authority to provide certificate
of quality of greenhouse − type livestock buildings to the constructors and importers of these structures, in
Greece.
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twin-span with eaves livestock greenhouses’ structures with length of span 9.6 and 14 m and with a

height of 4.5 m. The calculated wind pressure coefficients are compared and discussed with the

corresponding values given by the Eurocodes. This paper looks through the discussion of the results

and the comparison with the data of the Eurocodes for the pressure coefficients (cp) to yield useful

conclusions which will help to gain a better understanding of the pressure distribution on livestock

buildings. In addition, streamlines and distributions of the speed components (contours of stream-

wise velocity and cross-wise velocity) over the computational flow field are presented in order to

provide a complete picture of the flow configuration which affects the pressure distribution. The

results of this study will be useful for agricultural engineers in the design of livestock buildings.

2. Materials and methods

2.1 Geometries of structures that have been used for the computational model

Vaulted roofs greenhouse with eaves buildings are widely used for housing livestock and therefore

such geometries were used in this computational study. According to the ASCC data, the length of

span of these structures range from 9.6 m to 14 m and their height comes up to 4.5 m (Greek

regulations). Typically, these structures are either single- or twin-span. The structures selected in this

study meet the above dimensions having 4.5 m height and length of span 9.6 to 14 m and they are

either single- or twin-span. Each case was defined as follows: (LGB1
9.6) (LGB1

14.0) (LGB2
9.6)

(LGB2
14.0), where the subscript indicates the span while the superscript indicates the number of spans.

In the present work, the air flow was simulated in a wind tunnel over scaled models of these

structures. The scaled models meet proportionally the dimensions of the livestock structures

mentioned above. The proportions of the models are described in detail in section 2.2.2.

2.2 The CFD model

The numerical simulation of the studied flow was based on the solution of the Navier - Stokes

and continuity equations and on the determination of the boundary conditions of the computational

flow field (wind tunnel). The finite element code used to solve the equations was developed by

using the programming language Fortran. 

The particular mathematical model has been used and validated against experimental data in the

study (Fragos et al. 1997) for flow simulation around a rectangular obstacle. Moreover, it has been

used and verified in the study (Psychoudaki et al. 2005) for flow simulation around a parabolic

obstacle and in the study (Dados et al. 2011) for flow simulation over two successive tunnel

greenhouses.

Details of the mathematical model and its solution are described in the following sections. 

2.2.1 Governing equations

The dimensionless Navier-Stokes (1) and continuity (2) equations are used to solve the two-

dimensional, viscous, incompressible, steady flow over four different greenhouse’s structures inside

a wind tunnel
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(1)

(2)

Where, U = (u,v) is the velocity vector of the fluid with u and v its components in the x and y

direction respectively, p is the pressure and Re is the Reynolds number. The governing equations have

been rendered dimensionless by using the following characteristic magnitudes (L,V, Po, Re), where L is

the length of the ridge above ground level (m), V is the uniform approaching velocity of the fluid

(inlet free stream velocity, ms-1), Po = ρV2 is the pressure intensity (Nm−2), ρ is the density of the fluid

(Ns2m-4), Re = VLv−1 is the Reynolds number and v is the kinematic viscosity of the fluid (m2s−1).

2.2.2 Computational domain - boundary conditions 

The wind tunnel and structures dimensions for all cases are presented in Table 1.  The boundary

conditions, as well as, the computational domain used in this work are shown in Fig. 1. 

A uniform free stream flow is used as boundary condition at the entrance of the computational

domain (John and Liakos 2006). The no-slip boundary conditions are imposed along the walls of

the wind tunnel and livestock greenhouse structure. At the outlet, free boundary condition has been

applied in order to let the fluid to leave the computational domain freely, without any distortion

(Malamataris 1991, Papanastasiou et al. 1992). 

2.2.3. Numerical solution of the mathematical model

2.2.3.1 Finite element formulation – spatial advancements

The standard Galerkin finite element method was used in order to solve the governing Eqs. (1)

and (2) along with the appropriate boundary conditions (Zienkiewicz et al. 2006). 

The pressure is formulated by a linear basis function, while the velocity by a quadratic one. The

U U∇ p
1

Re
------ U

2∇+∇–=

U∇ 0=

Table 1 Computational data of the scale structures and of the wind tunnel

LGB1
9.6 LGB1

14.0 LGB2
9.6 LGB2

14.0

Number of vaulted roofs 1 1 2 2

La 1L 1L 1L 1L

hb 0.555L 0.555L 0.555L 0.555L

fc 0.444L 0.444L 0.444L 0.444L

dd 2.133L 3.111L 2.133L 3.111L

hd-1 0.260 0.179 0.260 0.179

fd-1 0.208 0.143 0.208 0.143

Location of greenhouse 5L 5L 5L 5L

Length of wind tunnel 30L 30L 30L 30L

Height of wind tunnel 8L 8L 8L 8L
a length of the ridge above ground level. 
b length of column (between foundation and gutter).
c length between gutter and ridge.
d length of span.
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unknown velocities and pressure are expanded in Galerkin basis functions. Eqs. (1) and (2) are

weighted integrally with the basis functions. By applying the divergence theorem, the weighted

residuals  become

(3)

(4)

Where, I is the identity matrix;  is the stress tensor of the Newtonian fluid; Ψ i,

Φi are the linear and quadratic basis functions in Eqs. (3) and (4) respectively; V is the volume of

the element and S is the surface of it. The non linear system of Eqs. (3) and (4) is solved

numerically with the Newton-Raphson method. The essential (Dirichlet type) boundary conditions

(u = 0 or 1 and v = 0) are applied to all boundaries of the domain, except for the outflow. The

integral over the volume of the Eq. (4) is calculated to all nodes of the computational domain. At

the nodes of the domain exit, the free boundary condition is applied and all the integrals of the Eq. (4)

are calculated.

2.2.3.2 Computational meshes 

The computational mesh consisted from triangular and rectangular elements. The density of

meshes is checked because it is an important factor with respect to the accuracy of the solution and

the computational effort and time. Further densification of the mesh resulted in no significant

change in the solution. The computational meshes in the flow field are shown in Fig. 2, while the

details of them are given in Table 2.

Rc

i
, RM

i( )

Rc

1
U Ψi∇ Vd
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∫=
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Fig. 1 Computational domain and boundary conditions of the two-dimensional flow over the livestock
greenhouse structures.
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2.2.3.3 Finite element code 

The finite element code that had been used by Fragos et al. (1997), was properly modified with

respect to the configuration of the mesh in order to adjust it according to the geometries of the

structures examined in this work. At each node of the finite elements, the unknown variables of the

stream-wise (u) and the cross-wise (v) velocities are numerically calculated. Also, the pressure is

calculated at the edge nodes of the finite elements. The convergence criterion imposed on the

Newton–Raphson iteration was 106 for velocities and 5·104 for pressure. Gauss elimination is used

for the inversion of the Jacobian matrix, which is formed by differentiating the residuals  and

 with respect to the nodal unknowns u, v and p. The finite element code was executed for

Reynolds numbers (Re) of 10, 30, 50, 80, 100, 500, 1000, 1370 and 1500. Data of the CPU time

per iteration for all cases are presented in Table 2. 

2.3 Pressure coefficient calculation 

The determination of the external pressure coefficient on the roof of livestock buildings was based

on the pressure values that were calculated by solving the equations of the mathematical model (1-4).

The equation used to calculate the external pressure coefficient is the following

cpe = 2(p − po) (5)

Where, cpe is the external pressure coefficient, p is the pressure on the roof of the building,

calculated by the Finite element code and po is the reference value of pressure.

Rc

i

RM

i

Fig. 2 Computational meshes used in this work.

Table 2 Data of the computational meshes and the CPU time per iteration

LGB1
9.6 LGB1

14.0 LGB2
9.6 LGB2

14.0

Number of elements 27443 19320 27307 18312

Number of nodes 110577 77893 109077 73783

Number of unknowns 249023 175437 247682 166194

CPU time per iteration (min) 4.64 3.85 4.21 3.52
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3. Results – discussion

3.1 Streamlines – components of velocity

The streamlines and the components of velocity (u and v) are presented in order to provide a

complete picture of the configuration of the flow over the structures. They are presented for two

indicative numbers Re (100 and 1000) throughout their computational flow field. The streamlines

for the cases (LGB1
9.6) (LGB1

14.0) (LGB2
9.6) (LGB2

14.0) are illustrated in Fig. 3.

It has been noticed that the reattachment length, formed downstream, increases when the number

of Reynolds increases too. The same conclusion was reached by other researchers that studied

different obstacles geometries in steady flow conditions (Armaly et al. 1983, Boum et al. 1999,

Hong et al. 1991). In the present work, it is found that for the same Re number, the reattachment

length downstream the livestock buildings is reduced when the length of span of the structure

increases. The above finding agrees with Antoniou and Bergeles (1988) who showed experimentally

that by increasing the ratio of length to height the reattachment length is reduced.

Fig. 4 shows the distribution of the horizontal component of velocity for the cases (LGB1
9.6)

(LGB1
14.0) (LGB2

9.6) (LGB2
14.0). It is obvious that in the area downstream the structure the

horizontal component of velocity (u) takes negative values. The area of these negative values

coincides with the recirculation field in each case as shown in Fig. 3. In the rest calculating field the

values of the component (u) are always positive, with peak values appearing at the middle of the

flow field height (y = 4).

The distribution of the vertical component of velocity for the cases (LGB1
9.6) (LGB1

14.0) (LGB2
9.6)

(LGB2
14.0) is illustrated in Fig. 5. In the area downstream the structure the vertical component of

Fig. 3 Streamlines of the flow
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Fig. 4 Distributions of stream-wise velocities (u).

Fig. 5 Distributions of vertical component of the velocity (v)
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velocity (v) takes negative values. The negative values of the vertical velocity component appear

near the structure for lower Re numbers while they tend to move further from the structure for

higher Re numbers The maximum values of the vertical velocity component (v) appear at the gutter

area at the front of the livestock building and the values are even higher in cases where Re number

is 1000 as shown in Fig. 5.

3.2 External pressure coefficient (cpe) 

In Figs. 6 and 7 the aerodynamic pressure coefficients along the external surface of the livestock

greenhouse structures are presented. The values of cpe in each point of the roof and for Re numbers

up to 1500 are presented. In Figs. 6 and 7 it is observed that the distribution of the pressure

coefficient for Re = 1370 is identical with the one obtained for Re = 1500. It has to be noted that

execution of computations for Re > 1500 did not affect significantly the cpe values which remained

at the same values (Data not shown). 

It has to be noted that for twin-span constructions, the comparison is performed against EN

13031-1:2001 and not against EC1 because EC1 does not provide values for this type of

constructions.

In Fig. 6 the numerical results of LGB1
9.6 and LGB2

9.6 are compared against the cpe values given

by the European standards (EC1 and EN 13031-1:2001) for the same structure design and flow

conditions.  It is observed that the curves of the pressure coefficient (cpe) for every Re number take

positive values at the first part of the roof (for 0o ≤ θ ≤ 20o approximately) and negative values

throughout the rest (Fig. 6). This observation is in accordance with the suggested values from

European standards for all the situations under study. Specifically, it is confirmed that the curves of

Fig. 6 Distribution of the pressure coefficient cpe on the roof of a livestock greenhouse-type building in the
cases LGB1

9.6 and LGB2
9.6 and for indicative Re numbers from 10 to 1500
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the pressure coefficient that result from the mathematical model approximate the constant values of

region A of EC1 and the values of EN 13031-1:2001 for an angle of 0o ≤ θ ≤ 55o, while in region B,

for an angle of 55o ≤ θ ≤ 115o the values that the model provides are significantly lesser in absolute

value compared to the values that the European standard EC1 provides for high Re numbers, while

for lower Re numbers the values of the model approximate those provided by European standards.

In region C and for an angle of 115 ≤ θ ≤ 180o the values from the Eurocodes and the calculated

ones, coincide for Re > 500.

In the case of LGB2
9.6, and for higher Re numbers, the absolute values of the output of the model

for the second span are higher in the region 0 ≤ θ ≤ 80o while in the region 80o ≤ θ ≤ 100o they are

significantly lesser than those provided by EN 13031-1:2001. The values of EN 13031-1:2001 are

approximated better for low Re numbers (Re = 10). While, for the region 100o ≤ θ ≤ 180o one can

observe better approximation of the Eurocode values for higher Re numbers. 

Similar findings and useful conclusions can be derived, also, from the curves of pressure

coefficient, shown in Fig. 7, for roofs of greenhouse-type livestock structures for the cases of

LGB1
14.0 and LGB2

14.0.

In Fig. 7, in a similar fashion to Fig. 6, the curves of the pressure coefficients for each Re

number, assume positive values at the first part of the roof (0o ≤ θ ≤ 20o approximately) and

negative values in the remaining part of the roof. However, the values of the pressure coefficient

decrease in a smoother manner in comparison with LGB1
9.6, This decrease continues until the peak

of the first span, while after the peak we have an increase in the values of the pressure coefficient.

From Fig. 7 it can be easily seen that the values of the pressure coefficient that result from the

Fig. 7 Distribution of the pressure coefficient cpe on the roof of a livestock greenhouse-type building in the
cases LGB1

14.0 and LGB2
14.0 and for indicative Re numbers from 10 to 1500
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mathematical model approximate the value of region A of EC1 but differences are observed in the

regions 0o ≤ θ ≤ 35o and 35o ≤ θ ≤ 55o of EN 13031-1:2001. In region B, the values of the model are

lesser in terms of absolute value compared to the values of the Eurocodes, the largest deviation

manifests itself in the region 75o≤ θ ≤ 95o in comparison with the values provided by EN 13031-

1:2001. In region C and for angle values 115o ≤ θ ≤ 180o satisfactory coincidence exists between the

calculated values and the ones obtained from the European standards. 

In the case of LGB2
14.0 and for the roof of the second span some agreement is observed for angle

0o ≤ θ ≤ 85o of EN 13031-1:2001 compared with the results of the model, while for angle

85o ≤ θ ≤ 100o approximation is observed only for Re = 10, in the region 100o ≤ θ ≤ 180o the values

of the model approximate to a certain extend the values of EN 13031-1:2001. 

From the above observations one can deduce that the largest deviations of the model from the

values that are provided by the Eurocodes manifest themselves in region B while the highest

convergence takes place in the leeward area. In region B the values of the model are lesser in

absolute value from the ones that are provided by the Eurocodes. It can be considered that the

Eurocodes in this area provide conservative values, a similar conclusion was drawn by Blackmore

and Tsokri (2006). Additionally, it has been observed that the point in which the largest absolute

value of pressure coefficient (cpe) appears around the top of the roof. For small Re numbers the

maximum absolute value of the pressure coefficient increases and becomes displaced towards the

rear part of the roof. This observation has also been confirmed experimentally by Robertson et al.

(2002) in a wind tunnel with a structure of similar geometry with these in the present study.

Furthermore, from a comparison of the curves of Figs. 6 and 7 it can be deduced that as the width

of the structure is getting larger the maximum absolute value of the pressure coefficient reduces

correspondingly for all Reynolds numbers.

Fig. 8 shows a proposed segmentation of the roof of each unit in all four cases studied in the

present work and provides indicative values for the pressure coefficient for each segment. The

segmentation was based on the variation of the pressure coefficient's curve for the maximum

Reynolds number (Re = 1500) for each case. This specific value for the Reynolds number was

selected because as it has already been mentioned, the values of the pressure coefficient show only

slight variations for larger Re numbers. The suggested value for the pressure coefficient is the mean

value of the curve of the pressure coefficient (cpe) for Re = 1500 that belong to the respective part of

the roof. It is suggested that the proposed segmentation will be a significant aid for the designer-

Fig. 8 Suggested segmentation of the roof and indicative pressure coefficients (cpe) corresponding to cases
LGB1

9.6, LGB2
9.6, LGB1

14.0 και LGB2
14.0
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constructor towards the most economical design of a livestock building construction since the

pressure coefficient will be already available with relative accuracy for every section of the roof. 

It has to be mentioned that there is a need to investigate further the distribution of the air pressure

coefficient with the use of mathematical models of unstable flow in three dimensions, so that the

approximation of the air pressure coefficients can become more accurate. However, such a

numerical procedure requires large amounts of computational effort and computational time.

4. Conclusions

In the present work, the distributions of the air pressure coefficient on the roofs of livestock

buildings were calculated. The calculation was aided by the use of a mathematical model that

simulates the air flow inside an air-tunnel. The values that came out from the simulation were

compared with values provided by European standards (EC1, EN 13031-1:2001). The main

outcomes of this study are:

• The calculated values from the model follow in general the variations of the values of the pressure

distribution that are provided by the Eurocodes.

• The calculated values for cpe in the leeward area for all cases approximated well the values that

are provided by the European standards.

• The cpe values at the top of the roof that are provided by the European standards were higher in

terms of absolute value compared to those calculated by the used model in the case of high Re

numbers. However, for small Re numbers the approximation accuracy was satisfactory. Probably,

there is a need to review the values of the Eurocodes for this case, since for small Re numbers, the

air velocity is low and it does not stress the construction.

Based on the results, a segmentation of the roof was suggested for the cases studied and

indicatory values of the pressure coefficient were presented for every section, in order to help

agricultural engineers to better design livestock buildings.
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Nomenclature

Symbols

cpe  external pressure coefficient

d length, span

f length between gutter and ridge

h length of column (between foundation and gutter)

I identity matrix

p Pressure

po reference pressure

Po pressure intensity (Nm−2)

L  length of the ridge above ground level (m)

weighted residuals

Re Reynolds number

S surface of the element

T stress tensor of the Newtonian fluid

u velocity vector of the fluid  

u stream-wise velocity

v cross-wise velocity

V volume of the element

V         uniform approaching velocity of the fluid (ms-1)

x, y Cartesian coordinates

Greek letters

v kinematic viscosity of the fluid (m2s-1)

ρ density of the fluid (Ns2m-4)

Ψ i, Φi linear and quadratic basic functions

Rc

i
, RM

i




