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Numerical Modelling of Wind Loading on
a Film Clad Greenhouse
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The reliable prediction of wind loading on film clad gteenhouses is essential to their sufe and
economic design. In this paper the numerical modelling of wind louds on a semicircular greenhouse

is discussed. An outline of the numerical model and a detailed discusston of boundary and turbulence

modelling are given. Relevant turbulence constants for modelling atmospheric turbwlence as well
as a special grid generation technique are investigated. A parametric study of the effect of Reynolds

§ number on the wind loading is also presented. Predicted wind loads are successfully compared
with published full-scale measurements.

NOMENCLATURE

B constant
C, pressure coefficient
C,,Cy C . Cp  coefficients in turbulent transport ¢quations
div divergence
reference height (ridge height = 3.1 m)
turbulence intensity
turbulent kinetic energy (time averaged)
surface friction coefficient
length scale of turbulence
pressure
velocity (time averaged)
velocity at height /.
x-direction (horizontal)
y-direction (vertical)
- turbulence property
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Greek symbols
o ‘mean wind speed exponent
¢ dissipation rate of turbulent kinetic energy (time
i averaged) )

i effective viscosity (laminar plus turbulent viscosity)
p density

0.0, coefficients in approximated turbulent transport

equations

} Subscripts
i ref reference
t turbulent
X main flow direction
v perpendiculat to main flow, direction
: turbulerce property (k or ¢)

Other

del operator

substantial derivative ; lhut is; dlﬁerenliﬂllon fol-
lowing the motion of a fluid particle

vector quantily

v
D()/Dt
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1. INTRODUCTION

THE USE of plastic film as.cladding material for
horticultural and agricultural ‘greenhouses has rapidly
devéloped:over the'past 17 years [1]. Unfortunately, film
clad greenlduses are suscepuble to wind damage To
ensure not only a safe, but also an economical design.
the ‘wind loading on the proposed greenhouse must be
reliably predicted at the design stage.

Boundary layer wind tunnels are often employed to
acquire the necessary wind loading data. However. many
desigriers do not have access to such tunnels. These tests
are also laborious and expensive [2]. Itis fufthep difficult
to simulate the atmosphetic bourndary layer and tur-
bulence for complex terrains.

In' some cases it may be possible tg ‘heasure wind’

loading data on full-scale buildings. Hoxey and co-
workers [1, 3, 4] for example did extensive measure-
ments of wind léadmg on different types of fuil-scale
greenhouses. Unfortunately very few designers have
access to the sensitive and expetsive monitoring equip-
ment which are needed for such measurements.

Another possibility is to simuldate the wind flow and
the resulting 'wind loadings numcncally For many flow
cases the numetical solution of the flow equations cin
produce similar rcsults as the aforementioned pro-
cedures, without their disadvafitages [5]. It is also very
convenient to do parametric studies with computational
procedures, as the boundary conditions can easily be
changed.

Although numerical madclhng of wmd loads around
buildings could be a useful ool for buildihg designers.
relatively little work has been done in this ficld. Some
rescarchers as Frost. and co-workers [6, 7]. Yeung
and Kot [8] and ‘Wilson and co-workers ‘[2, 9-11]
have modcllcd flow flelds around buildings ot models
of buildings, But few: have solved the restiting wind
loadings. In spme ‘of ‘the papers by Wilson.and co-
workers (2, 10,11}, .predicted wind. loading data are
given: Only -buildings with sharp corners are however
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analysed. As wind loads are less dependent on Reynolds
number for buildings with sharp corners it was decided
to investigate the accuracy of numerically modelled wind
loads around a semicircular greenhouse, where loads are
dependent on Reynolds number. The modelling of atmo-
spheric turbulence in the proposed procedure is further
more accurate than the modelling procedurc used by
Wilson and co-workers. It is also the aim of this paper
to describe a grid gencration Lechnique that can be used
to generate a boundary fitting solution grid for a non-
rectangular obstruction like the greenhouse.

2. OUTLINE OF THE MODELLING
PROCEDURE

2.1. Governing differential equations

The partial differential equations that govern the
movement of a viscous fluid are the Navier-Stokes equa-
tions and the continuity cquation. In the case of incom-
pressible flow the Navier—Stokes equations in vector
notation arc given by [5],

-

DV =
e Sp—— P 2
’ Dt grad P+uV*V )]

while the continuity equation in vector notation is given by
divi=0 )

where D/Dt is the substantial derivative, V the velocity
vector, p the density, P the pressure and u the effective
viscosity.

For the simulation of turbulence in the flow, the k-¢
turbulent viscosity model is employed. The time-mean
partial differential equation for the transport of the tur-
bulence property z, where z can denote either k or &, is
given by [12],

p % = div [ﬁ» grad z}r [C, % (divV)? - BC, %] 3)
where p, = C,pk?/e is the turbulent viscosity. If the tur-
bulence property z in equation (3) is the kinetic energy k,
the value of C, will be equal to unity while the value of B
will equal 1/C,. By substituting the dissipation term ¢ into
equation (3) the transport equation for ¢ is found. The
value of B will then be unity. The values of the constants
0., 04 C,, Cy and C, depend on the particular flow being
investigated and may therefore vary for different flow
applications. The following set of turbulence constants for
the atmospheric boundary layer, proposed by Yeung and
Kot [8], was used for the purpose of this study:

6,=10, g,=10, C, =154 C,=20.

Numerical experiments by the authors further showed that
a value of 3x 107 for the constant C, should be used
for atmospheric turbulence.

2.2, Finite difference equations and solution procedure
The finite difference equations for the numerical pro-
cedure are derived by integrating the partial difTerential
cquations over control volumes surrounding a grid point
[5]. The proposed method is therefore often referred to as
a control volume method [10). The finite difference

equations are derived and solved in a special way. This
special procedure is referred to as the SIMPLE (Semi-
Implicit Mecthod for Pressure-Linked Equations)
procedure. Details of the SIMPLE procedure are widely
published [5, 14].

2.3. Boundary conditions

2.3.1. Upstream conditions. A power law velocity profile
is employed to model the approach atmospheric boundary
layer flow. The power law is given by [13]

VIV ier = (/heer)? “

where V() is the mcan horizontal wind speed component
at height y and V, is the mean horizontal wind speed at
the reference height h,... The exponent « is the mean wind
speed cxponent which is dependent on upstream terrain
roughness. Values of o for different terrains are widely
published [13].

The inflow length scale values for atmospheric longi-
tudinal turbulence L is approximated by the following
cmpirical equation [13]:

L(y) = 151(»/10)* 5)

where L(y) is the turbulence length scale in the flow
direction at height y. This upstream length scale dis-
tribution can be described in the numerical model via
inflow values for &(y). The relationship between &(y) and
L(y) is defined by the following equation [12]:

&(y) = [Copk(3)*VL(y) (6)

where C, is a constant, with value 0.07 for full-scale
atmospheric turbulence.

The turbulence intensity 7(y) of natural wind at height
y at inflow can also be approximated by an empirical
equation, which is given by [13]

I(y) = (6,7k)"*Vec [V () M

where V. and V(y) are the mean horizontal speeds at
heights 4. and y respectively and where &, is a surface
roughness parameter which is a measure of the surface
friction coefficient of the terrain [13]. As the value of
k(y) is a measure of turbulence intensity at height y,
the turbulence intensity can be simulated at inflow by
specifying appropriate values for k(). The relationship
between k(y) and /() is given by [5]

k(y) = 0.50(y) V(»1*. ®)

2.3.2. Down- and freestream conditions. If the free-
stream boundary is chosen far enough from the obstruc-
tion in the flow, it exerts little influence upon the flow
inside the solution domain. Carc was therefore taken
to ensurc that the choice of position of the [reestream
boundary did not influence the solutions. A zero gradicnt
boundary condition was employed for both the pressures
and the velocity components parallel to the boundary.
No flow was allowed to cross this boundary. At the
downstrcam end of the solution domain. a zero gradient
condition was used for all the variables.

2.3.3. Conditions at solid boundaries. Both normal
and tangential velocity values are set to zero at solid
boundarics. The boundary conditions for turbulence
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Fig. 1. Orthogonal grid systems. (a) Rectangular. (b) Boundary
fitting.

propertics near solid walls are, however, more difficult Lo
prescribe. The A-£ model is only valid for fully turbulent
flows. A problem therefore arises near a solid boundary
where the local Reynolds number becomes very small,
resulting in laminar flow. This cflcct is built into the
turbulence model by means of wall functions. The wall
functions give a better description of the shear stresses
near solid boundaries. resulting in more accurate values
for & and for tangential velocities near these boundaries

[12].

2.4. Construction of the orthogonal grid

An orthogonal grid svstem is nceded for the solution
of the finite differcnce equations. A rectangular grid sys-
tem is usually used (Fig. 1a). The main advantage of this
grid is thatitis casy to generate. However, the grid cannot
accurately describe the boundary of the greenhouse as is
shown in Fig. la. The orthogonal, boundary fitting grid
svstem given in Fig. 1b is therefore preferable.

A fairly simple procedure is used to generate the
boundary fitting grid. A transformed Laplace equation
for potential flow is solved in order to establish stream-
lines for non-viscous flow over the whole flow domain.
(The solution of the transformed Laplace equation was
described in detail in a previous article [15].) Per-
pendicular to these streamlines, equipotential lines are
calculated and constructed. The complete boundary fit-
ting orthogonal grid is shown in Fig. Ib. This grid is
more refined in the vicinily of the solid boundary to
ensure an accurate near-wall solution of the Navier-
Stokes equations.

Although the grid generation technique was applied to
a regular gcometry in this paper, it is also applicable to
geometries that are not regular. The technique was for
example used by the authors to investigate the flow fields
over various acronautical objects with non-regular
boundaries. For geometries with many sharp corners it
may, however, be better Lo use a reclangular grid system.
Although the authors have not extended the technique
to three dimensions, it should be possible to do so.

3. NUMERICAL RESULTS AND DISCUSSION

3.1. The example considered

A semicircular greenhouse was chosen to show the
boundary fitting orthogonal grid system as well as (o
illustrate the’numerical model's ability to predict the
cffect of Reynolds number on the wind loading. Another
important recason was that [(ull-scale wind loading
measurements were available against which the predicted
values could be compared [1]. The full-scale greenhouse
had a radius of 3.2 m and a length of 244 m. 1t was
slightly recessed into the ground. resulting in a span width
of 6.3 m measured at ground level. Measurements were

taken at mid-length for transverse flow, as this is usually
the more important case in structural design. Because
end effects arc small at mid-length for this cxample, a
two-dimensional computational approach was assumed
sufficient. 1t was further rcasoned that the time-inde-
pendent Navier Stokes equations would be applicable, as
the averaging time for measurements was long, namely
240 s [1].

3.2. Results _

A computer program bascd on the theory discussed
was developed and implemented on a HITACHI PS7/83
mainframe computer. All the solutions generaled by the
program were obtained with successive refinement of grid
size, that is reduction in spacing between grid nodes in
the x- and y-directions. When solutions were observed to
be unaflected by further refinements, they were presumed
to be grid independent. The grid was more refined in the
vicinity of the greenhouse (Fig. 1b). A grid independent
solution was found for a 36 x 40 grid. Typical calculation
times for such a grid were in the order of 500 CPU
scconds. The physical dimensions of the solution domain
were 60 x 64 m.

As full-scale measurements by Hoxey and Richardson
[1] were done in open country, corresponding boundary
layer profiles for velocity and turbulence properties were
simulated in the numerical procedure. Values of 0.15 and
3 x 107* were respectively used for o and k, in equations
(4), (5) and (7).

A parametric study of the influence of Reynolds num-
ber on wind loading was done. The reason for this study
was twofold. Firstly to illustrate the dependence of wind
loading on Reynolds number for the example considered
and secondly to show the versatility of the computational
technique. For this particular study, numerical pre-
dictions are more advantageous than wind tunnei testing,
as it is difficult to simulate full-scale Reynolds numbers
in a wind tunnel. Parametric studies of Reynolds number
are therefore not really a practical proposition in a wind
tunnel. Results of the computational parametric study
are shown in Fig. 2. It can be seen that at Reynolds
numbers higher than | x 10% the pressure coefficients,
therefore wind loading data are independent of Reynolds
number. An inflow velocity of more than 5 m/s, measured
at the reference height is therefore necessary to ensure
that wind loading is independent of Reynolds number.

The numerically predicted and mcasured [1] mean
pressure coefficient distribution for transverse flow and
for high Reynolds numbers are shown in Fig. 3. A good
agreement between measured and predicted values is
obscrved. Onc reason for the discrepancy between mea-
surcd and predicted coefficients at the back of the green-
housc is that it deforms to relieve the pressure forces
acting on it. This will ol course change the wind loading.
The cffect of deformation was not taken into account in
the computational procedure. However, the predicted
pressure cocflicients arc of suflicient accuracy for struc-
tural design purposcs. The data were [urther gencrated
at a [raction of the cost of full-scale data.

Flow separation wus predicted al a x/span-position ol
0.78 while the measured position was 0.67 (sce Fig. 3
where the slope of the pressure distribution approaches

W mﬁwz,m\'s. e
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Fig. 2. The influence of Reynolds number (based on V. and h,) on the wind loading around the
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Fig. 3. Measured and predicted pressure coefficient distributions around the greenhouse.
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Fig. 6. Predicted non-dimensionalized turbulence length scales (L/h,) at different positions in the flow
domain.

zero at the back of the greenhouse). The reason for this
discrepancy could also be the deformation in the exterior
profile of the greenhouse at high winds.

An important advantage of numerical modelling over
measurements is that complete information of all the
relevant variables are available over the whole flow
domain. In Figs 4-6 [or example, values for horizonlal
velocities. turbulence intensity and turbulence length
scales at different positions in the flow domain are shown.
Figure 4 clearly shows the extent of the greenhousc’s
influence on the surrounding flow field.

The work described in this paper could in future be
extended to compute the cffects of flow over parabolic
scctions through the greenhouse. This would give some

indication of the preferred orientation with respect to the
prevailing wind direction.

4. SUMMARY AND CONCLUSIONS

A brief outline of a computational procedure, which
was uscd to compule the wind loads on a film clad,
semicircular greenhouse, was presented. Some com-
putational results were discussed. The accuracy of com-
puted wind loading data was found to be sufficicnt for
structural design purposes. It is concluded that for many
flow situations, numerical modcls could offer an attract-
ive alternative to windtunnel or full-scale tests.
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