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Abstract  The influence of topography on wind 

pressures acting on structures has been of interest to 
the civil engineering community for some time; how-
ever, because of the complexity of the problem, only 
few cases have been solved. The evaluation of pres-
sures in tanks located in hills is one of those complex 
problems and has not been addressed in the litera-
ture. This paper presents a computational fluid dy-
namics simulation of the problem, in which the do-
main including the hill and the tank is discretized us-
ing finite elements. The results show that the actual 
location of the tank with respect to a hill has a signif-
icant influence on the pressures, so that tanks locat-
ed at the top of a hill undergo severe increases in 
pressure coefficients and also changes in pressure 
distributions around the tank. 

Keywords CFD, finite elements, tanks, topo-
graphic effects, wind pressures 

I. INTRODUCTION 
This paper addresses the computational modeling of 
wind pressures acting on the cylindrical part and on the 
roof of storage tanks, which are placed at different loca-
tions with respect to a hill. Wind pressures on above 
ground steel storage tanks may be evaluated by means 
of boundary layer wind tunnel (BLWT) simulations, or 
by computational techniques using computational fluid 
dynamics (CFD). Both methodologies have experiment-
ed considerable improvements over the past few years, 
so that advances in computing power, electronic instru-
mentation and computer-based rapid prototyping have 
improved the efficiency of BLWT simulations, whereas 
CFD models have benefited from computing power and 
improved software. There are still several advantages in 
using BLWT over CFD simulations, especially whenev-
er the flow is dominated by turbulence, as in the present 
case. However, BLWT facilities are not available in 
most academic laboratories (even less so in developing 
countries) and those that have the facilities tend to be 
overloaded. Thus, CFD models are a useful tool to ob-
tain estimates of pressures in structural configurations 
with reasonable costs. This paper addresses such situa-
tion, in which the influence of topographic effects on 
wind loaded tanks is of interest. 

The importance of taking into account the influence 
of topography to estimate wind pressures has been rec-
ognized for some time in the context of civil engineer-
ing structures. Current codes of practice, such as the 

ASCE 7 (2006) provisions, include factors to account 
for the location of a structure with respect to hills and 
escarpments. Topographic factors relate wind velocities 
in open terrain with velocities at specific locations in a 
geographic accident (Jackson and Hunt, 1975; Lemelin 
et al., 1988); however, considering the way in which 
they are formulated, those factors appear to be inde-
pendent of the specific structure under study. For more 
complex situations, the ASCE document recommends 
the use of engineering judgment, expert advice, or wind 
tunnel studies. This work explores an alternative in 
which a computer simulation of the problem is carried 
out using computational fluid dynamics and the finite 
element method. 

There are several CFD and wind tunnel studies per-
formed on different hill types as well as on isolated 
tanks, but not the two taken in conjunction. Regarding 
wind loads on tanks, the most important reference 
known to the authors is the study in three parts reported 
by Macdonald et al. (1988, 1990a, 1990b), in which 
wind tunnel measurements were carried out for isolated 
tanks, and also for groups of tanks.  Macdonald and co-
workers also discussed the problems faced in represent-
ing Reynolds numbers using similitude theory for low-
rise structures. Another class of open top tanks was ad-
dressed in the literature by Holroyd (1983). The flow 
over hills has been studied by several researchers using 
CFD, including Bergeles (1985), Taylor (1998), Kim et 
al. (2000), Lun et al. (2003) and Bitsuamlak et al. 
(2006).  Most researchers model a two dimensional do-
main; however, a three-dimensional volume is needed in 
the present case because the presence of the tank in the 
hill destroys the plane condition. 

Section II in this work contains the general fluid dy-
namics formulation of the problem. The computational 
model to simulate the air flow around a structure which 
is located in a hill, based on a general-purpose finite el-
ement code, is explained in Section III. The model is 
validated in Section IV by comparison with the results 
of two benchmarks originally solved by other authors. 
Results of the flow for an isolated tank located on a hor-
izontal plane are given in Section V; whereas Section 
VI reports new results that include both a hill and the 
structure. 

II.  BASIC FLUID DYNAMICS FORMULATION 
The planetary boundary layer near ground is simulated 
in this paper under the assumptions of stationary mean 
flow, viscous, incompressible, isothermal, and turbulent 
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flow. The problem is governed by four sets of condi-
tions: First, the continuity equation may be written in 
the form Brun et al. (1959) 

                            0
  

  
  
U V W

x y z
                         (1) 

where U, V, W are the velocity components, and ρ is the 
density of the fluid. Second, the Reynolds equations are: 
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where μ is viscosity; t is the turbulent viscosity, gx, gy, 
gz are the gravity components and P is the pressure. 

Third, the conditions arising from the Boussinesq 
hypothesis should be satisfied, in which the turbulent 
viscosity t  is related to the turbulent kinetic energy K 

and its dissipation : 

                                  
2

t μ
K
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                            (3) 

where Cμ is an empirical parameter. 
Fourth, the classical K- turbulent flow model pro-

vides the conditions of conservation and dissipation of 
turbulent kinetic energy in the form: 
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where C1, C2, Cµ, K and  are experimental parame-
ters. Values of C1 = 1.44, C2 = 1.92, Cµ =0.09, K = 1 
and  = 1.3 have been used in this paper, as suggested 
in the literature (CFDesign, 1999). 

III.  COMPUTATIONAL MODEL 
The fluid dynamics computations required to model at-
mospheric flows around hills and tanks were carried out 
in this research using the general purpose finite element 
package NASTRAN CFDesign (1999). However, sev-
eral features of the model need to be calibrated before it 
can be employed with confidence in the field of tanks. 

A.  On the computational modeling of atmospheric 
flows 
Any wind flow model in the planetary boundary layer 
(either computational or wind tunnel model) faces the 
need for a strategy to stabilize the evolution of the ve-
locity profile which is considered to be adequate for the 
specific problem under study. In wind tunnel experi-
ments, good results have been obtained by imposing a 
controlled roughness on the floor of the tunnel (Maher, 
1966; Macdonald et al., 1998; Portela and Godoy 
2005a). This has also been effective in some computa-
tional models; however, the specific software used in 
this research can only apply the same roughness condi-
tions to all surfaces with a boundary condition involving 
zero velocity. This means that a roughness condition 
imposed on the floor would also be imposed on the 
walls of the tank. Furthermore, the value of the geomet-
ric parameter required to get a stable evolution of the 
velocity profile is of comparable magnitude to a charac-
teristic length of the problem, i.e. the actual diameter of 
the tank, so that the computed pressure field would be 
significantly affected, leading to incorrect predictions of 
the results (Cheung and Melbourne 1983). 

There is an alternative way in which the atmospheric 
velocity profile can be stabilized, in which the size of 
the first row of elements (adjacent to the floor) is taken 
as a stabilizing parameter. This technique attempts to 
modify the shear stresses between the external flow and 
the floor (and thus modify the velocity profile) by 
means of a different turbulent model, which imposes a 
wall law in the first row of elements. Such strategy was 
previously explored and used by the authors (Falcinelli 
et al., 2003) and provided excellent results with respect 
to known values obtained from the literature. 

In the k- turbulence model that is used in the com-
puter code CFDesign, the velocity within the lower lay-
ers in the boundary layer is not computed during the 
analysis, but it is imposed according with a given law. 
This “wall law” models the velocity using a logarithmic 
profile and is prescribed on the first row of finite ele-
ments adjacent to the solid boundary. Thus, the size 
given to the first element in the vertical direction be-
comes important, because it is related with the size of 
the lower layers. It is not simple to fix the size of the 
first row of elements a priori (i.e. before performing the 
computations), so that an a posteriori approach has been 
carried out in this work, in which the quality of the solu-
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tion is assessed for several element sizes in the first row. 
Thus, the atmospheric flow is modeled as an external 
flow and the stability in the velocity profile is reached 
by modifying the shear stress on the floor surface 
through the modification of the size of the first element 
adjacent to the boundary. 

B.  Problems related with the presence of high Reyn-
olds numbers 
The relative height of the boundary layer may have a 
strong dependence on the Reynolds number, so that an 
increase in the latter is associated with a decrease in the 
former. The consequence of this interdependence for the 
computational model is that those elements used to 
model viscous zones should be smaller in size with re-
spect to the characteristic length of the flow for large 
Reynolds numbers, and vice versa. But the ratio of max-
imum distortion of the elements is limited by computa-
tional constraints, so that a decrease in height should al-
so be accompanied by a decrease in the other dimen-
sions. Thus, an increase in the Reynolds number leads 
to an increase in the number of elements required to car-
ry out the discretization of the solid surfaces, and con-
sequently leads to an increase in the size of the element 
meshes. A consequence of the above is that the compu-
tational resources available to perform the present com-
putations are a constraint on the values of the Reynolds 
numbers that can be modeled. 

For the tanks and wind conditions of interest, typical 
Reynolds numbers are 1.28×108; however, the use of 
personal computers (as in this research), limits the max-
imum Reynolds number that can be modeled to about 
1/10 of that value (approximately 1.28×107). Because of 
that, several authors (Mulhearn et al., 1976; Finnigan 
and Longstaff, 1982; Cheung and Melbourne, 1983; 
Macdonald et al., 1998) use the hypothesis that “the 
wall pressure distribution may be assumed to be inde-
pendent of the Reynolds number if the test Reynolds 
number exceeds 1×105 ” (Macdonald et al., 1998). 

Several cases were modeled in this research, using 
Reynolds numbers of 1/20, 1/30, and 1/40 of the ex-
pected full scale value, and it was found that the pres-
sure fields do not show significant differences neither 
qualitative nor quantitative (differences were lower than 
3%) (Falcinelli et al., 2003). The conclusion is that the 
present results are expected to be reasonably accurate 
even though there are differences between the expected 
and assumed Reynolds numbers. 

C.  K-Model 
The turbulence model known as K-see Eq. 4), which 
is available in CFDesign, has been adopted in this work. 
The model has been incorporated in the CFDesign code 
for some time and has gone through a number of tests, 
so that one may be confident in the robustness of the 
turbulent model implementations to solve engineering 
problems involving turbulent flows (CFDesign, 1999). 
Notice that the present research is limited to the evalua-
tion of pressure distributions acting on tanks in different 
topographic locations and is not concerned with the 
evaluation of the various available models for the simu-

lation of atmospheric turbulence. Validation of the 
model has been made using two different benchmarks.  

D.  Parameters adopted for the analyses 
The parameters needed to reach a stable atmospheric 
boundary layer were defined during the process of the 
research. This was first done for a two-dimensional do-
main and it was later extended to three dimensions. The 
results obtained from 2D models were compared with 
those given by ASCE 7 (2006) using the parameters 
identified to obtain a stable velocity profile. Then, 3D 
models were investigated, in which a tank was placed at 
different locations with respect to a hill. 

The physical control volumes used are large do-
mains, with the consequence that a large number of fi-
nite elements is necessary to simulate the flow inside 
the control volume. Because of the symmetry assumed 
in the problem, it was only necessary to consider half of 
the domain, with element meshes covering 1,100m in 
elevation, 800m in width, and 1,000m before and after 
the top of the hill. At the entrance to the control volume, 
a logarithmic velocity profile was imposed following 
ASCE 7, in the form 

                                 
0
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z
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where u is the velocity component in the direction of in-
cidence of the flow; vh is a reference velocity (needed to 
adjust the intensity of the incident flow); z is the eleva-
tion with respect to ground level; and z0 is a constant 
used to normalize the elevation. In the present problem, 
values of zm = 0.002059m and vk = 7.6378m/s were used 
to fit the 2D data of the ASCE provisions. The density 
of the fluid was assumed as  = 1.2047Kg/m3, whereas 
the dynamic viscosity was adopted as  = 
0.00035N.s/m2. This choice of dynamic viscosity was 
made in order to avoid problems related with high 
Reynolds numbers (see Section 3.2). 

The boundary conditions for the 3D model (illustrat-
ed in Fig. 1) were prescribed velocity on the front and 
top surfaces of the control volume following Eq. (5); 
prescribed pressure on the back surface (reference pres-
sure); zero velocity at the bottom and at the body sur-
face; and a condition of no penetration was applied on 
both lateral planes to account for symmetry.  

The values of turbulent kinetic energy are prescribed 
at the entrance of the control volume. In the CFDesign 
code, the kinetic energy is computed as 

   2 2 2K 0.5 ( u v w ) , where 2u , 2v  and 2w  are the 

mean square of the turbulent perturbation associated 
with the velocities in the x, y, z directions. The mean 
value of the velocity intensity is computed as a factor of 
turbulence intensity multiplied by the mean value of the 

velocity in each direction UuI /2  Vv /2  

Ww /2 . The factor of turbulence intensity adopted in 

this work was 1%.  
The boundary conditions imposed on the turbulent 

kinetic energy and its dissipation  are a zero gradient  
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Figure 1. Boundary conditions. Front and top surfaces: prescribed ve-
locity using Eq. (5). Bottom surface: zero velocity. Back: prescribed 
pressure. Lateral: symmetric conditions. 

 
Figure 2. Topographic accident modeled in this work. 

 
Figure 3. Wind velocity profiles computed in this work and as speci-
fied by ASCE 7. 

in the direction perpendicular to the surface at the exit 
of the control volume and on the symmetry planes. At 
the entrance to the control volume, a value 

  1.5
SC K /  is specified, where C  is the constant 

used in Eq. 4.b, and s is the mix length, which was as-
sumed as 0.1m in this work. On the solid boundaries 
there are no constraints on the kinetic energy and its dis-
sipation, since the wall law is specified. A sensitivity 
study was performed on the turbulence intensity factor 
and it was found that the variable did not lead to signifi-
cant changes in the results (Falcinelli et al., 2002; Fal-
cinelli, 2004). 

The results are presented in non-dimensional form. 
Notice that for this type of flow, there is no characteris-
tic velocity which could be used to obtain non-
dimensional quantities, because the velocity is a func-
tion of elevation. The pressures computed are relative 
values since the reference pressure may be different 

from one model to another. However, because the flow 
is incompressible, a change in the reference pressure 
can be made whenever the results need to be compared. 

E.  Calibration of element size 
It was necessary to identify the size of the first element 
adjacent to the ground in order to obtain velocity pro-
files similar to those given by ASCE on a hill. The 
comparison between the present model and the ASCE 
values gave rise to the problem that ASCE considers the 
perturbation produced by a generic topographic object 
with a given ratio height/length, but it does not specify 
other details regarding the shape of the topographic ob-
ject. The results of a CFD simulation, on the other hand, 
show that there is sensitivity with respect to the shape of 
the topographic object. Furthermore, the specific geom-
etry of the hills of interest in this work falls outside the 
range of values tabulated by ASCE. A procedure is ex-
plained in ASCE to compute a velocity profile with val-
ues of height/length outside the table, but the results are 
the same as those obtained using a geometry with a 
larger base (and with a very different ratio 
height/length). Thus, the results given by ASCE may 
only serve as an indication of an order of magnitude and 
not as an accurate value to be expected at a given eleva-
tion. 

Several hill profiles were studied using the present 
CFD discretization. For a given height/length ratio, the 
velocity profiles depend on the parameters used to char-
acterize the hill. The specific geometry considered in 
this investigation is defined by a 50m horizontal length 
for the top plateau of the hill, a 30º slope, and radius of 
curvature of 50m, as shown in Fig. 2. The resulting ve-
locity profile is shown in Fig. 3, and it may be seen that 
the ASCE curve yields lower velocities, with a maxi-
mum difference of about 20%. For other geometries, the 
computed differences were of 5%. Thus, it seems that 
the present CFD model is capable of performing an ad-
equate representation to the flow around a hill. 

The velocity profile for a point located at the top of 
the hill (100m from the base of the hill) is plotted in Fig. 
3.  The size of the first row of elements adjacent to the 
floor in the finite element mesh was taken as 1.4m in all 
simulations; such element size was necessary to obtain a 
stable boundary layer in flat terrain and without pertur-
bations.  

F.  Non-dimensional form of pressures 
A non-dimensional form of pressures is usually defined 
by a pressure coefficient Cp, given by 

                                 
21

2





 

ref

ref

p p
Cp

v

                           (6) 

where pref  is the static reference pressure; and the de-
nominator is the dynamic reference pressure, given by 
the reference velocity vref. Both reference values (pres-
sure and velocity) are extremely important in the nor-
malization of the CFD results. 

The conservation of energy of a particle may be con-
sidered by neglecting the change in gravitational poten-
tial energy (i.e., small changes in elevation), the internal 
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energy (assumption of isothermal flow), the compressi-
bility effects (assumption of incompressible flow), and 
the work done by viscous stresses (assumption of low 
viscosity). Under those assumptions, the maximum 
pressure that may be attained by a particle which origi-
nally had (pref, vref) is the stagnation pressure p0, given 
by 

                             2
0

1

2
   ref refp p v                        (7) 

Such energy should remain constant along a stream 
line and measures the energy per unit volume of the par-
ticle. For each particle with velocity v the stagnation 
pressure may be computed in the form 

               2 2
0 0

1 1

2 2
         p p v p p v            (8) 

so that the original pressure p may be evaluated using 
equation (8). This can be used to obtain pressures p of 
particles for which the pressure distribution p0 at stagna-
tion points are given. 

In a cylindrical tank under wind flow, stagnation oc-
curs at the windward meridian of the tank, so that the 
pressures can be obtained by means of equation (8). 
However, the assumption is required that a particle that 
reached the point of maximum pressure traveled at the 
same elevation (i.e., did not have vertical displace-
ments). 

Under this assumption, consider the stagnation pres-
sure of a point located at an elevation z; then, the veloci-
ty of the particle before reaching the tank may be com-
puted using the velocity profile imposed as a boundary 
condition: 

                    7 6378
0 002059
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                (9) 

The stagnation pressure is thus given by 
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where p  is the pressure that a particle would have at 

the elevation z if a tank was not present, and is given by 

         
2

0
1

7 6378
2 0 002059

           

m z
p p . ln

s . m
    (11) 

In this research, the pressure p  has been taken as a 

static reference pressure, i.e. 
refpp  . The elevation  z  

is taken as the elevation for which the maximum stagna-
tion pressure was obtained. 

The hypothesis about the horizontal traveling of a 
particle that reached the maximum pressure would per-
haps be questionable for tanks located on a hill and 
some adjustments are in order. Thus, for an isolated 
tank it was necessary to identify the point for which the 
static pressure was the same as pref, and the resulting 
coordinates were at an elevation equal to 0.7 of the tank 
height and at a circumferential angle of 38º measured 
from the windward meridian. Finally, for each different 
location of a tank on a hill, the reference pressure pref  
was assumed as the static pressure at this point. 

 
Figure 4. Element mesh employed in this work to compute the flow 
around a sphere.  

The reference velocity employed in Eq. (6) is that 
obtained for a velocity profile without any topographic 
perturbation (Eq. 5) at 10m from ground level:    

                  
10

7 6378
0 002059

    
 

ref

m m
v . ln

s . m
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IV. VALIDATION OF THE COMPUTATIONAL 
MODEL  

The methodology presented in the previous sections was 
validated by means of several studies of external flow to 
an object and for which known solutions were available. 
The first case presented in this section is the flow on a 
sphere in post-critical range (Re > 300,000), for which 
detached flow occurs. The second case is the flow 
around a tank in an atmospheric boundary layer investi-
gated in wind tunnel experiments by Macdonald et al. 
(1998). 
A.  Post-critical flow around a sphere  
A sphere with 1m diameter was considered under Re = 
450,000; this is an axi-symmetric flow, so that two di-
mensional models can be employed. The plane investi-
gated is shown in Fig. 4, and is at the intersection of the 
control volume and the axis of revolution of the sphere.  
The control volume is a cylinder in three dimensions; 
however, the domain investigated is only rectangular in 
2D, with dimensions of 14.3 times the radius of the 
sphere in front of the object, 27.3 times behind the ob-
ject, and 15.6 times in height. The finite element mesh 
contains 897 triangular elements and 503 nodes. The 
boundary conditions assumed are constant velocity at 
the entrance and at the top of the control volume; as-
sumed pressure at the flow exit; symmetry at the side 
occupied by the sphere; and non-sliding condition on 
the sphere.  

The distribution of Cp as a function of the angle (β) 
measured from the stagnation point is shown in Fig. 5, 
using both the present CFDesing and experiments re-
ported by Brun et al. (1959). The results of pressures 
along the zone of detachment of the flow was modeled 
with only 30 elements on the sphere and showed very 
good agreement with the experimental values. Similar 
agreement was found in the zone of peak suctions and in 
the stagnation zone. The main differences are found in 
the position of the peak suctions (of about 8°). Note that 
this is a course mesh, and the actual location of the peak 
is corrected by a mesh refinement; however, good re-
sults of extreme (maximum and minimum) pressures are 
obtained even with a small number of elements. This 
case serves as an indication of the mesh refinement re-
quired to obtain meaningful values of Cp.   
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Figure 5. Computational and experimental pressure coefficients for 
the flow around a sphere. Experimental data from Brun et al. (1959).  
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Figure 6. Error in the velocity profile computed at the exit of the con-
trol volume. 

B.  Simulation of the wind tunnel flow around a 
small scale silo 
The second case considered is a wind tunnel test on a 
small scale silo immersed in an atmospheric flow, re-
ported by Macdonald et al. (1998). The structure is sim-
ilar to the structures of interest in this research, but it is 
located in a flat terrain. The velocity profile obtained in 
the tests is similar to that described by Eq. (5), with v = 
w = 0, in which v, w are the mean velocity components 
in the coordinate directions. The flow parameters in this 
case were vh=2.54m/s and z0=0.0002m.. The structure 
itself has 0.20m diameter and 0.20m height, with a coni-
cal roof slope of 25º. 

The flow was first analyzed in a wind tunnel without 
the silo in order to calibrate the dimensions of the first 
layer of elements. Figure 6 shows the error at the exit of 
the computational domain considered, measured with 
respect to the profile imposed at the entrance. The re-
sults show that elements with 1.664mm in this case were 
able to produce a small distortion in the velocity profile, 
with errors of only 3.6%. 

Using a stabilized velocity profile as described 
above, the next step was to generate a finite element 
mesh to model the flow around the silo. The control 
volume had to be meshed in such a way as to reproduce 
the external surface of the structure, shown in Fig. 7. 
The mesh shown in Fig. 8 has 213,630 elements and 
38,370 nodes. The boundary conditions are specified 
velocity (according to Eq. 5) in all nodes of the front of 
the external surface of the control volume; specified 
pressure in the nodes of the back; free displacement in 

the plane of symmetry and no-slip on the floor and on 
the external surface of the silo.  

The main results are presented in Figs. 9 and 10, 
with very good agreement with the experimental values 
reported in the literature (Macdonald et al. 1999). This 
case represents a useful validation of the stabilization 
procedure for the boundary layer employed in this pa-
per. 
V. WIND PRESSURES ON AN ISOLATED TANK 

A theme tank, illustrated in Fig. 11, is used in this sec-
tion to illustrate the pressure patterns in an isolated tank 
and the influence of a hill is considered in the next sec-
tion. This geometry was previously used to carry out a 
comprehensive structural analysis under wind in several 
works (Godoy et al., 2004; Portela and Godoy, 2005b; 
Sosa and Godoy, 2005). There is no full scale wind 
pressure data for this tank, or previous experimental or 
computational results of the influence of the topography  
 

 
Figure 7. Dimensions of the small scale silo used as a benchmark 

 
Figure 8. Mesh employed for the model of Fig. 7, in which the veloci-
ty profile is stabilized by means of the height of the elements adjacent 
to the floor. The dimensions are in meters. 

 
Figure 9. Pressure coefficients on silo walls calculated via CFD. 
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Figure 10. Pressure coefficients on the roof of a silo computed using 
CFD. 

 
Figure 11 Geometry of the tank modeled. 

 

Figure 12. Fluid domain investigated, including hill and tank. 

on wind pressures for tanks. The present model was 
built using tetrahedral elements, with a total of 28,320 
elements and 29,088 nodes to discretize the fluid do-
main, as shown in Fig. 12. Studies were performed un-
der different Reynolds numbers, and based on the nu-
merical experiments it was decided to use a height of 
first element adjacent to the floor of 1.4m. 

The pressures computed on the roof and on the cyl-
inder of an isolated tank are shown in Fig. 13. The pres-
sures were originally computed in Pa, but because this 
is an incompressible flow, the most important infor-
mation is the change in pressures, so that the values can 
be normalized with respect to a reference pressure. In 
civil engineering applications, the pressures are normal-
ized with respect to a value outside the structure itself. 

On the leeward side of the tank, the results show low 
pressures under the junction between the cylinder and 
the roof; they are due to a vortex shedding as two flows 

cross, one which flows on the roof and another one is 
the detached flow on the leeward area. 

The area covered by such low pressures is very 
small and can only be computed using a dense mesh of 
finite elements to capture the high pressure gradients in-
duced. For this case, the pressures are qualitatively simi-
lar to those obtained by Macdonald et al. (1998), with 
some differences because the present model is shorter 
with respect to its diameter than the case studied by 
Macdonald and collaborators. Furthermore, the slope of 
the roof is different, with a larger slope in the case of 
Macdonald et al. (1998), so that vortex shedding is not 
present as in the present research. Another reference 
pressure distribution was obtained by Purdy et al. 
(1967) and they are similar to those shown in Fig. 13, 
but not completely comparable because the velocity 
profiles adopted are very different. 

VI.  WIND PRESSURES ON A TANK LOCATED 
ON A HILL 

The results in this work are used to understand the in-
fluence of topographic features on the wind pressures in 
tanks. This study was motivated by a specific interest in 
which a new tank had to be located in a hill with ap-
proximate dimensions as those reported in the paper, 
and no useful information was found by the authors in 
the literature. Three-dimensional finite elements models 
were built, in which the tank was located in three places,  
 

 

 
Figure 13. Cp distribution on the roof (a) and on the cylindrical walls 
(b) of an isolated tank . 

 
Figure 14 Locations of tanks in the hill investigated in this work. 
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Table 1: Summary of results for a tank in a hill. 
Location of the tank Range of pressure variation [kPa] 

Top of the hill 26.72 
Mid height 5.24 

Bottom of the hill 2.70 
Isolated 7.53 

 
Figure 15a. Finite element mesh for a tank located at mid-height of the 
hill. The dimensions are in meters. 

 
Figure15b. Detail of finite element mesh for a tank located at mid-
height of the hill. 

as shown in Fig. 14: (a) on flat terrain at the bottom of 
the hill; (b) on the slope at mid height of the hill; (c) at 
the top of the hill. 

The most complex configuration to model was the 
second one, because it was necessary to define a flat 
surface on the slope of the hill, so that the tank could be 
realistically located. The circular plane used for the base 
had to be compatible with the slope in three dimensions. 
The angle for the local slope is 30º with respect to the 
vertical direction. 

The finite element mesh adopted for the mid-height 
of the hill is shown in Fig. 15a, together with details of 
the discretization close to the hill and close to the tank 
(Fig. 15b). The finite element mesh was built using tet-
rahedral elements, with a total number of 47,689 ele-
ments and 22,065 nodes for case (a); 59,781 elements 
and 17,935 nodes for case (b); and 71,938 elements and 
30,445 nodes for case (c). 

The pressure distributions for the three locations 
with respect to the hill are shown in Figs. 16-18. In all 
cases, the same wind profile was imposed at the en-
trance of the control volume. To be able to compare the 
pressure patterns, the difference between maximum and 
minimum pressures are obtained, but the regions of vor-
tex shedding were not considered for those computa-
tions. This range of pressure variation is important and 
independent of Reynolds number. The results are sum-
marized in Table 1. 

 

  
Figure 16. Cp distribution on the roof (a) and on the cylindrical walls 
(b) of a tank located at the base of the hill. 

As expected, the worse location is the top of the hill, 
whereas the most favorable location is the base of the 
hill. An interesting behavior is obtained for the flow 
around the tank located at mid-height of the hill; here 
the flow separates at the entrance of the roof and does 
not go back to the tank, as it does in tanks at other loca-
tions with respect to the hill. The stream lines for this 
case are shown in Fig. 19. 

The flows around tanks located either in isolated ter-
rain or in different positions in a hill, computed in this 
paper, all have a common feature. The incident flow 
that impacts on the windward meridian of the tank 
leaves that zone in part by ascending and in part by sur-
rounding the structure. 

The flow that surrounds the tank is similar to what is 
expected in an infinitely long vertical cylinder: the flow 
remains attached to the surface up to half the circumfer-
ence of the tank and then it breaks apart to induce a low 
energy flow on the leeward region of the structure. The 
part of the flow that ascends breaks apart from the struc-
ture at the intersection between the cylinder and the 
roof, and returns to the surface of the structure just at a 
small distance inside the roof, and remains attached to 
the roof all the way to the back of the tank roof. This is 
hown in Figures 13, 16, and 18. In the leeward zone, at 
the intersection between the roof and the cylindrical 
shell, two flows are superimposed: one coming from the 
roof and another one with low energy that surrounds the 
cylinder. This gives rise to the formation of highly lo-
calized vortex structures with low pressures. 

The flow of the tank located at mid-height along the 
hill (Fig. 17) is different, because the flow that impacts 
and ascends on the windward zone breaks apart at the 
junction between the cylinder and the roof and never re-
turns to the roof. This occurs because the flow in which 
the tank is immersed runs parallel to the surface of the 
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Figure 17. Cp distribution on the roof (a) and on the cylindrical 
walls(b) of a tank located at mid-height of the hill. 

 

 
Figure 18. Cp distribution on the roof (a) and  on the cylindrical walls 
(b) of a tank located at the top of the hill.  

 
Figure 19. Stream lines at the plane of symmetry of a tank located at 
mid-height of the hill. 

hill, so that the tank has a relative angle of 30º with re-
spect to the direction of the flow. Furthermore, flow in-
teraction does not occur at the back of the tank (as it 
does in tanks located at other places in a hill), and the 
leeward zone is characterized by low energy. 

VII. CONCLUSIONS 
Pressures in cylindrical tanks with a conical roof due to 
wind have been investigated in this paper using CFD. 
The tanks were assumed to be rigid, and the specific 
features of interest were the influence of topography on 
pressures. Such information if crucial to proceed with 
the structural analysis and design of tanks, and has been 
investigated in this paper because there are severe limi-
tations in the information provided by wind-load provi-
sions. From the results presented in the paper, several 
conclusions can be made: 

(1) A hill obstructing the flow has a strong influence 
on the pressure profile affecting structures located in the 
hill. This was also predicted by the ASCE provisions; 
however, it was found in this work that the pressures 
depend on the specific geometry of the hill, including 
the dimensions and radius of curvature of the top flat 
part of the hill, and not just on the slope and height of 
the hill. Furthermore, the current provisions do not rep-
resent an upper bound to the pressures, so that it is sug-
gested that a careful design of tanks may require a de-
tailed study taking the local topography into account. 

(2) The actual location of the tank with respect to the 
hill has a large influence on the pressures acting on the 
tank. For the case considered in this paper, a tank locat-
ed on top of a hill would have pressure coefficients of 
the order of three times those acting on an isolated tank 
in flat terrain. 

(3) For other locations at the base and mid-height of 
the hill, a decrease in pressure coefficients is observed 
with respect to the isolated tank. The reason for this is 
that the flow on the sides of the tank at mid-height of 
the hill has much less energy than in the isolated tank, 
because of the shielding effect produced by the flat sur-
face on which the tank is supported. However, the max-
imum pressures in the windward meridian in the struc-
ture located at mid-height in the hill (Cp = 0.94) are 
larger than those in the isolated tank (Cp = 0.75), as 
shown in Figures 13b and 17b, because there is no 
shielding for that part of the tank. 

(4) Not just the values but the pressure distributions 
depend on the location. This shows that the results can-
not be easily extrapolated for other topographic condi-
tions, tank locations and sizes. 

(5) From the comparison of dynamic pressures, it is 
found that the values obtained in this research are 
somehow higher than those given by the ASCE provi-
sions, with differences in the order of 5%.  
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