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Preface

A large international conference on Advances in Engineering Technologies and Phys-
ical Science was held in San Francisco, California, USA, October 2224, 2019, under
the auspices of World Congress on Engineering and Computer Science (WCECS
2019). WCECS 2019 is organized by the International Association of Engineers
(IAENG). IAENG, originally founded in 1968, is a non-profit international associa-
tion for engineers and computer scientists. The WCECS Congress serves as an excel-
lent platform for the members of the engineering community to meet and exchange
ideas. The Congress in its long history has found the right balance between theoret-
ical and application development, which has attracted a diverse group of researchers,
leading its rapid expansion. The conference committees have been formed with
over two hundred members including research center heads, deans, department
heads/chairs, professors, and research scientists from over 30 countries. The full
committee list is available at the congress’ website: www.iaeng.org/WCECS2019/
committee.html. WCECS conference is truly an international meeting with a high
level of participation from many countries. The response to the WCECS 2019 confer-
ence call for papers was outstanding, with more than three hundred manuscript
submissions. All papers went through a rigorous peer-review process and the overall
acceptance rate was 51%.

This volume contains 14 revised and extended research articles, written by promi-
nent researchers, participating in the congress. Topics include chemical engineering,
electrical engineering, computer science, manufacture engineering, and industrial
applications. This book offers the state of the art of tremendous advances in engi-
neering technologies and physical science and applications; it also serves as an excep-
tional source of reference for researchers and graduate students working with/on
engineering technologies and physical science and applications.

Hong Kong, Hong Kong Sio-Iong Ao
Daegu, Korea (Republic of) Haeng-Kon Kim
New Orleans, USA Mahyar A. Amouzegar
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A Simplified Analytical Approach )
on the Dynamic Pressures in Cylindrical L
Vertical Tanks

Frank Otremba, Robert Hildebrand, José A. Romero Navarrete,
and Christian Sklorz

Abstract A simplified methodology is proposed to estimate the dynamic pres-
sures developed within partially filled cylindrical vertical tanks when subjected to
earthquake-related horizontal accelerations. The total pressure at the bottom of the
tank is calculated as the superposition of vertical and horizontal pressures. While the
magnitude of the vertical pressure depends on the free surface height of the liquid, the
horizontal pressure depends on the magnitude of the horizontal acceleration and on
the diameter of the tank. The liquid free surface oscillation angle is simulated based
upon the principles of the simple pendulum analogy for sloshing. The length of the
pendulum, however, is set on the basis of a methodology to calculate the free sloshing
frequency of partially filled containers. Such a methodology is experimentally veri-
fied in this work. The outputs of the model for full-scale situations suggest that
the lateral perturbation—sloshing phenomenon (earthquake effect) can generate an
increase in the total pressure of 56% above the no lateral perturbation situation, further
suggesting that such an overpressure should be taken into account when designing
tanks that could be potentially subjected to earthquake-related perturbations.

Keywords Experimental approach + Hazmat - Pendulum analogy *+ Sloshing -
Transition matrix approach « Vertical cylindrical tanks
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1 Introduction

Sloshing in tanks is the result of perturbations associated to normal or extraordinary
operating conditions [1]. The consequences of such a motion of the liquid depend on
the type of container involved, whether it is a transport container or a fixed container
[2]. In the case of a road transport container, for example, the different maneuvers
and the pavement roughness are the sources of perturbation for the liquid cargo [3]. In
the case of fixed containers, the sloshing sources derive from environmental factors,
such as the wind conditions [4], or from soil movements [5, 6]. Sloshing in such
fixed facilities can originate spill issues as well as potential overpressures on the
tank material due to the combination of dynamic pressures [7, 8]. In this respect,
the low frequency of the earthquake-related oscillations can be in the range of the
natural sloshing frequencies of such facilities [9]. However, to assess the potential
effect of the earthquake motion on the stresses developed within the tank wall’s
material, it is necessary to analyze the magnitude and frequency of the perturbation.
That is, to analyze the dynamic response of the contained liquid to the perturbation
accelerations. In this paper, a simplified methodology is proposed to estimate the
potential effect of the earthquake accelerations on the dynamic pressures developed
at the bottom of full-scale tanks, as a function of both the diameter of the tank and
its fill level. This paper is based upon a WCECS 2019 Conference paper [10].

2 Theoretical Modelling Fundamentals

For rectangular containers, there is a validated formulation to predict the free sloshing
frequencies of the contained liquids, which is based upon the principles of gravity
waves, according to the following formulation [11]:

A (%) = \/<% tanh(%”h,)) (1)

where /4, is the depth of the rectangular container; w is the angular sloshing frequency;
and A is the wavelength = 2 L, where L is the liquid’s free surface length. The
relationship between the natural sloshing frequency f in Hertz, and w (rad/s) is
given by w = 2xf. However, this formula has been validated for nonrectangular
tank shapes, by considering an equivalent height 4, for an equivalent rectangular
container. This is illustrated in Fig. 1, in the case of a half-filled circular cross-
section tank. The validation for circular and elliptical shapes has been reported in
[12]. In the case of the illustration in this figure, the half circular area of diameter D
is substituted by a rectangular shape having the same area and the same free length,
but with a depth that is calculated for having the same area, that is:
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Fig. 1 Equivalent liquid depth for the calculation of the natural sloshing frequency with Eq. (2)
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In the case of a vertical cylindrical tank, there would be several possibilities to
choose a significant diameter representing the free length L of the liquid. For example,
it could be an average diameter, or the maximum diameter. That is, there would an
unlimited number of possibilities to choose such a length, as it varies from zero at
the container’s wall, to a maximum length at the diameter.

3 Experimental Setup

The aim with the testing rig was to verify the natural sloshing frequency formulation
(Eq. (1)). For that purpose, three container shapes were considered: rectangular,
conical, and cylindrical. In the case of the conical and circular tank shapes, there was
the prominent interest of identifying a significant diameter for such formulation.
Concerning the horizontal perturbation of the partially filled tanks, several
methods were possible, including a horizontal shaking table on which the tank were
set, or a horizontally impacted wheeled vehicle on which the tank was set. Because
of an existing instrumented testing device, the second perturbation possibility was
considered, which was instrumented with strain gages at the position of each of the
four vehicle’s wheels. For moving the vehicle toward the moderate impact surface,
there were also different operational principles to select, including the use of a tilted
surface on which the vehicle would move due to gravity, or to pull the vehicle through
a string attached to a falling mass. The second possibility was chosen for moving
the vehicle with the tank, as the tilt table would affect the free sloshing length due
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Open container

Impact body

Force transducers

Rail

300 mm

Pulling mass

Fig. 2 Experimental setup to horizontally perturb a partially filled container

to the associated slope, which would interfere with the free sloshing of the liquid in
the tanks. Different falling masses were considered so as to keep a moderate impact
condition on the vehicle-tank system. Figure 2 illustrates the layout of the testing
facility, which was instrumented with strain gages, adhered to the supporting rails
that guided the vehicle. The working fluid was tap water.

4 Formulation Verification Data

Figure 3 illustrates the three shapes that, under the perspective of the testing rig
described in the previous section, were tested for verification of the gravity wave
formulation of Eq. (1). In the case of the rectangular container, the perturbation
was along the longitudinal axis, involving a free surface length of 185 mm. For the
tanks of circular cross-section, preliminary tests revealed that the significant length
for applying Eq. (1) was the diameter of the liquid’s free surface. Such an output
is attributed to the larger freedom to move of the liquid at such larger dimension.
Furthermore, in the case of the conical tank, two diameters were considered for
verification. One was an average diameter for the full height of the liquid, and the
other one, the maximum diameter for that full height of the liquid.

As an example of the data obtained for analysis, Fig. 4 illustrates the time history
for a selected strain-gaged force transducer, in terms of the strain, in the case of the
rectangular tank with a liquid height of 142 mm. It can be observed in these data that
the signals correspond to the approaching of the car to the obstacle, the consequential
impact; the rebound of the vehicle from the impact, and the residual sloshing once the
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Fig. 3 Three tank shapes for assessing the gravity waves formulation of Eq. (1)
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Fig. 4 Strain signal for the rectangular tank at 142 mm liquid’s height

vehicle wheels stabilize in their position. The analysis for checking the validity of the
gravity waves approach will thus consider the signals acquired during the residual
sloshing time segment. Figure 5 depicts the theoretical and experimental results for
the free sloshing frequencies, as a function of the tank’s shape and liquid’s height.
As it was mentioned above, for the conical tank (part (b) of this figure), two different
diameters were considered: the average (avr) and the maximum (max) for the consid-
ered height of the liquid. For these data, Table 1 lists the discrepancy in percentage,
between the theoretical and the experimental data, suggesting certain influence of
both the tank shape and the tank level, on the magnitude of such discrepancy, ranging
from 0.03% (Conical Avr), to a maximum of 10.34% (Conical Max). The bottom row
of this table lists the average values for the discrepancies, revealing that the ranking of
validation from the best to the worst is as follows: rectangular tank, average conical,
cylindrical and maximum conical. These results are considered acceptable in general
terms, so that the gravity waves formulation will be used to simulate the sloshing in
full-size tanks.
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Fig. 5 Theoretical and experimental values for the free sloshing frequency as a function of the fill

height and tank shape

Table 1 Difference between the experimental and the theoretical data (%)

Height Conical Conical Avr Height Rectangular Height Cylindrical
(mm) Max (mm) (mm)
232 5.00 0.03 142 —0.69 131 5.83
192 4.50 0.24 117 —0.21 117 4.66
149 5.57 1.85 97 —-0.97 104 4.93
106 7.41 424 77 0.71 89 6.52
64 10.34 7.92 60 —0.92 72.5 6.97
6.56 2.85 —0.41 5.78
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5 Simulation Approach and Results

The gravity waves formulation will be used to simulate the dynamic pressure at the
bottom of a partially filled full-size tank, throughout the incorporation of a simple
pendulum to describe the first mode liquid’s sloshing [9], where the length of such
simple pendulum will be based upon the natural sloshing frequencies obtained from
the gravity waves approach. According to such simplified approach, the slope of the
free surface will correspond to the swing angle of the simple pendulum. Figure 6
describes this situation, where the lateral acceleration a; due to an earthquake, is
illustrated. The parameters considered for the simple pendulum motion include its
length L, and its mass m,,.

The dynamic response of the simple pendulum is obtained through the Transi-
tion Matrix Approach, involving a Taylor’s expansion for the free response, and a
Convolution Integral for the particular response, as described in [13]. The pressure at
the bottom of the tank is thus calculated as the superposition of the vertical pressure
p, due to gravity, as a function of liquid density p and height %, and the horizontal
pressure py, as a function of the length L of the vessel (diameter D), the acceleration
ar, and of the liquid density p, as follows:

pv=p8gh 3)

pr=par D 4

Sixteen different commercial vertical cylindrical tanks are considered to simu-
late the potential effect of earthquake-related accelerations on the magnitude of the
pressure at the bottom of such tanks, partially filled at 75, 50 and 37.5%. The tank’s
full height H and the diameter of such commercial tanks are described in Fig. 7 [14],
involving a wide variation of dimensional characteristics, with capacities ranging
from 100 to 50,000 m?; diameters ranging from 4.73 to 60.7 m; while the total
height of the tanks ranges from 6 m in the case of the smaller tank, to 18 m in the

2] ar — L

mpar

| D | mp g
! |

Fig. 6 Analogy approach between the free surface of the liquid and the swing angle of a simple
pendulum. g is the gravity acceleration (9.81 m/s?)
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Fig. 7 Information of diameter and full height of commercial tanks. Own, with data from [14]

case of the largest one. Considering the 3 fill levels of interest, a total of 48 simulation
conditions exist, covering a full range of tank’s operational and design situations.
Such conditions are listed in Table 2, including the initial height A, for the liquid and
the resulting pendulum length L, for the selected partial fill levels. In these data and
in general terms, the length of the pendulum increases when the fill level decreases,
thus involving lower natural sloshing frequencies. On the other hand, increasing the

Table 2 Simulation conditions, including the initial liquid height Ay and the simple pendulum
length L, as a function of the tank diameter D

D (m) ho ho ho L, L, L,
75% 50% 37.5% 75% 50% 37.5%
(m) (m) (m) (m) (m) (m)
4.73 4.50 3.00 2.25 1.51 1.56 1.66
6.63 4.50 3.00 2.25 2.17 2.37 2.68
7.58 5.63 3.75 2.81 2.46 2.64 2.93
8.45 6.94 4.63 3.47 2.72 2.87 3.13
8.53 5.63 3.75 2.81 2.80 3.08 3.50
10.43 6.75 9.00 4.50 343 3.35 3.79
10.43 6.00 3.38 4.50 3.50 4.32 3.79
15.18 9.00 6.00 4.50 5.07 5.71 6.61
18.98 9.00 6.00 4.50 6.69 7.96 9.56
20.9 11.25 7.50 5.63 7.12 8.21 9.66
22.8 9.00 6.00 4.50 8.58 10.69 13.17
28.5 13.43 8.95 6.71 10.06 12.00 14.42
342 9.00 6.00 4.50 16.04 21.71 27.82
39.9 13.35 8.90 6.68 16.23 21.00 26.35
45.6 13.50 9.00 6.75 19.86 26.33 33.43
60.7 13.50 9.00 6.75 32.01 44.43 57.54
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Fig. 8 Free response of the liquid surface sloshing for a 6.63 m diameter tank, at 75% fill level

diameter of the tank produces larger pendulum lengths, with the consequential reduc-
tion in the values of the natural sloshing frequencies. The working fluid in this case
will be considered a hazardous material, which is a common commodity in these
cases, with a density of 748.9 kg/m? (gasoline).

The outputs of the model will be presented in the following four stages:

(i) asample of the free response of the sloshing phenomenon.

(i) asample of the time histories for a given simulation condition, of the sloshing
angle variations and the respective pressure at the bottom of the tank when it
is subjected to a horizontal earthquake-related acceleration.

(iii) the overall time response of the full set of testing conditions in order to analyze
the effect of the different parameters, on the maximum pressures attained at
the bottom of the respective tanks.

(iv) the outputs for the higher fill level considered, aiming at analyzing the absolute
increase in the pressure at the bottom of the tank, due to the liquid sloshing-
lateral perturbation phenomena.

Figure 8 illustrates a sample time variation of the sloshing angle for a specific
tank shape and fill level, where a very low damping constant was considered for the
pendulum, in view of the experimental measurements illustrated in Fig. 4.

The time variation of the horizontal acceleration due to an earthquake during a
five-second time span, is illustrated in Fig. 9, suggesting a range of low excitation
frequencies having a maximum magnitude of 1.3 m/s?.

Figure 10 illustrates a sample of the sloshing angle and the developed pressures
at the bottom of the tank referred in Fig. 8, when it is subjected to the horizontal
acceleration pattern described in Fig. 9. According to these results, a maximum slosh
angle of 2° is attained. On the other hand, the vertical pressure exhibits a very small
variation, when it is compared with the horizontal component counterpart.

To identify the potential relationships between the tank properties/operating
conditions and the magnitude of the pressure attained at the bottom of such tank
when subjected to the 5-second accelerations illustrated in Fig. 9, the 48 simulating
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Fig. 9 Earthquake-related horizontal acceleration time variation. Source Own, with selected data
from [15]
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Fig. 10 Time histories for the free surface angle and the different pressures at the bottom of a
6.63 m diameter tank, at 75% fill level, when subjected to the horizontal acceleration in Fig. 9

conditions listed in Table 2 were sequenced, and the results put together in the respec-
tive graphs, in terms of simulation instants, 0.03-second apart. The different parts of
Figs. 11 and 12 illustrate such outputs, including the slosh angle, the different pres-
sures, as well as the earthquake effect (EE), calculated as the ratio of the maximum
value of the dynamic pressure and the static pressure (in %). These outputs suggest
the following:

— The maximum slosh angles occur for the smaller tank diameters, attaining a
maximum magnitude of 2.5° (part (a), Fig. 11).
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Fig. 11 Sequence of simulation outputs for the full set of conditions

— The horizontal, earthquake-related pressure, is a fraction of the total pressure
(parts (b) and (c), Fig. 11).

— There is a wide variation of the earthquake effect (EE), with a maximum value of
112%, attained in the case of the larger diameter and smaller heights 4 (parts of
Fig. 12).

However, a complementary analysis of the earthquake effect on the magnitude of
the pressures at the bottom of the tank is necessary, in order to estimate the effect of
the liquid sloshing on the integrity of the tank’s material. That s, the 112% earthquake
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Fig. 12 Simulation outputs as a sequence of the 5 s response to perturbation

effect obtained above for the full combination of simulating conditions, would not
necessarily involve a damage to the tank’s material, as the situation involved low
fill levels. An analysis is thus necessary, contemplating only the higher fill levels.
Figure 13 illustrates the earthquake effect for the 75% fill level condition. In this case,
the maximum value for the earthquake effect is 56.65%, also for the 67.5 m—diameter
tank, but loaded at such fill level. This effect would be greater that considering the
fully loaded conditions for this tank. Such magnitude for the earthquake effect has
been also found when the overpressure is considered in the static analysis of the
stresses in the tank’s shell. Figure 14 describes the von Misses stresses in a half
filled 10.43 m-diameter tank having a 10 mm thickness, when subjected to a lateral
acceleration of 1.2 m/s%.

6 Conclusions

A simplified approach for calculating the vertical and the horizontal pressures devel-
oped at the bottom of a cylindrical vertical tank when subjected to horizontal
earthquake-related accelerations has been proposed in this paper. The core of the
formulation consists of using the simple pendulum concept to simulate the sloshing
angle of the liquid, where the length of the pendulum is set according to a validated
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Fig. 13 Simulation outputs as a sequence of the 5 s response to perturbation, for the 75% fill level

methodology, which is described and experimentally verified in this research. The
resulting total pressure thus depends on the following: liquid’s density, the instan-
taneous vertical height of the liquid free surface, the tank’s diameter, the gravity
acceleration and the input horizontal acceleration. Estimations made for the pres-
sures developed at the bottom of partially filled full-scale tanks, suggest a combined
effect of about 50% above the nominal pressure. Such increase should be consid-
ered when designing tanks of large diameter (about 50 m) that could be potentially
subjected to earthquake-related horizontal accelerations.
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(a) Pressure distribution

(b) Stress analysis.

Fig. 14 FEM calculations for a 10 mm thickness, 10.43 m-diameter tank, when subjected to a
lateral acceleration of 1.2 m/s?
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