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Abstract: Liquid storage, particularly oil and petrochemical products which are considered hazardous liquid, are an important part of the oil industry. Thin-walled vertical cylindrical steel storage tanks are widely used in recent years. Due to high sensitivity of these structures in an earthquake and other external excitations may lead to catastrophic consequences. For instance, huge economic losses, environmental damages, and casualities, many studies have been done about these structures. past studies showed that liquid storage tanks, equipped with a floating roof, are potentially vulnerable while subjected to seismic loads and earthquake has been considered as one of the most destructive natural hazards. The reason is that such tanks are made of two separated parts (shell and roof) which each may have its own responses; sometimes causing resonance phenomenon and so that, roof movements, roof-fluid interaction, roof-shell interaction, and also the way they are attached should still be investigated. Experimental tests of floating roof’s vertical fluctuation was performed in a full-scale reservoir tank and assessing of the results demonstrated that presence of a seal between floating roof and shell plate can significantly increase damping ratio in liquid sloshing and also suppress the roof`s vertical displacements. In other words, seal can control a floating roof and make it stop moving vertically over few cycles.
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1  Introduction

In the oil and petrochemical industries around the world, thin-walled tanks are used to store petroleum products, which are mainly made of steel and concrete. Concrete and steel tanks have special use based on their mechanical characteristics, which due to the potentials of steel reservoir tanks, this type of tank are more widely applicable than others. In the oil and gas industry, tanks are often made of steel and are geometrically vertical cylinder. Steel tanks were highly regarded for simpler way for the operation, acceptable resistance to external forces and internal hydro-static forces, as well as the possibility of use in various environmental conditions. In natural disasters such as earthquakes, tsunamies, and floods, various and significant damages are caused to the reservoirs, which mainly lead to severe human and financial losses and costs. The importance of oil reservoirs has led researchers to pay special attention to the study of reservoirs and provide solutions to prevent damage to them. There are different types of steel tanks, each with its own application, steel tanks are classified in terms of the type of bracing system, foundation, roof, and H/R Slimming ratio. The most important factor in distinguishing steel tanks is the type of roof. These tanks are divided into three categories according to the type of roof, tanks with fixed roofs, floating roofs, and double roofs. Tanks with floating roofs have two configuration of single-deck and double-deck roofs.

Tanks with floating roofs are structurally composed into two different parts, the tank wall, and the roof. In case of force applied to this type of tank, the wall and the roof give two different and separate responses to the applied force, which are different from the tanks with an integrated roof in this respect. In tanks with a floating roof, the roof is buoyant on the surface of the fluid and has no connection to the wall. In fact, the only interface between the wall and the roof is the seal (Fig. 1). The seal is a structural element that is installed around the roof to fill the gap between the wall and the roof and prevent the roof from wall from collision. The reason is that the diameter of the roof in tanks with a floating roof is less than the diameter of the tank is operational purposes, the free movement of the roof in the vertical direction, as well as preventing the roof and wall from colliding and the possibility of sparks. The seal also prevents gases and fluid vapors from escaping from the tank. There are various types of seals, each with a different function. A seal can be made of steel, rubber, Styrofoam, or other various materials. Duo to the importance of oil reservoir structures, in order to prevent accidents in these structures, it is necessary to study and research the causes of harmful phenomenons and methods to prevent them.
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Figure 1: (a) Schematic view of a double deck tank (b) Schematic view of deck, seal and shell detail

Failure in various components of the floating roof causes damage to the roof and eventually the tank (Fig. 2). Seals lose their efficiency over time due to various reasons such as frequent filling and evacuation of the tank, deformation of the wall, and roof impacts to the wall. Seals, as a substantial member of the reservoir, play a very important role in preventing explosions and fire. In case of inefficiency of the seal, by escaping the gases out of the tank and accumulating a significant amount of gas on the roof, combustion conditions and accidents will be easily created (Fig. 2a). Another factor is the malfunction of the roof is damage development in pontoon. Pontoon is another floating roof component that has the task of keeping the roof afloat on the fluid surface. A pontoon is a collection of air-tight boxes that form a ring on the roof, with damage to the pontoon and the penetration of petroleum products into it, the roof becomes heavy and sink (Fig. 2b). Opentop fires and ring fires in general are other types of accidents that may occur due to improper seal operation in oil tanks (Figs. 2c and 2d).
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Figure 2: (a) Formation of vapors on the tank due to improper seal operation (b) The roof of the tank sank due to a break in the pontoon (c) Opentop fire in Tokachi-Oki earthquake (d) Ring fire in the tank due to seal failure

As an example for a catastrophic incident due to seal failure, in the summer of 2016, in the Bistoon Petrochemical Complex in Kermanshah, Iran, the storage tank No. 504 of the light end product, which is a light petroleum product with high vapors, exploded. This tank, which was a cylindrical tank with a double-deck roof system, imploded due to the lack of proper seal operation and collected oil vapors into the enclosed space between the two decks and the presence of static electricity as an ignition initiative, which caused the fixed roof to be displaced and thrown to 130 m farther than the tank, while the fluid level inside the tank was only 300 mm. Fortunately, there were no human injuries in this incident, but severe financial damage was inflicted on the complex. The vital role of the seal in the occurrence of this accident is quite obvious. The poor performance of the seal caused petroleum vapors to pass through the seal between the roof and the wall and leaks into between two decks, creating the potential for an explosion. According to officials, the cause of the explosion was electricity (Fig. 3).
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Figure 3: (a) The exploded tank of Bistoon petrochemical complex in 2016 (b) The roof of the tank thrown away after the explosion

Due to the high importance of oil reservoirs, many types of investigations in this field have been done from different perspectives, some of which are mentioned below:

After the 1960 Chile earthquake that severely damaged water reservoirs, considering the movements of the fluid relative to the tank and also the reaction of the reservoir to the movements of the earth, dynamic analyzes were executed by Housner et al. [1]. As a result of which, equations were proposed to determine the relationship between the dynamic characteristics of the reservoir and the free water surface. In this study, a simplified equation was presented to determine the seismic response of elevated water tanks. Nishi et al. [2] examined the proper performance of the floating roof in seismic turbulence in an experimental study. They concluded that the larger the diameter of the tank, the longer the sloshing period, and the higher fluid height will cause a shorter sloshing period. Also, with the occurrence of resonance between fluid and ground displacements, there is a possibility of roof collapse. In this study, they also presented Eqs. (1) and (2) to investigate the sloshing period and wave height based on velocity potential theory, in which D is the reservoir diameter, H is the fluid depth, G is the gravitational acceleration of the earth, and Sv is the velocity response spectrum.


[Ts1=2πD3.68g.coth(3.68HD)]
(1)


ηmax(1)=D2g×0.837×(2πTs1)×Sυ
(2)

Nishi et al. [3] also examined a full-sized floating roof tank in an experimental study. The aim of this study was to assess the fluid sloshing behavior relations in nonlinear state and to assess the strain developed in the pontoon of the floating roof. Based on the experimental tests, both formulas had accurate answers and the damping coefficient of viscous fluid sloshing in single-deck roofs was derived less than 0.5%. In 2011, Hosseini et al. [4] conducted a numerical study on the behavior of a floating roof tank. By presenting a finite element model and assuming that the sloshing fluid has been suppressed, they investigated the performance of the seal as a radial compressive pre-compressed element in the radial direction of the tank. They concluded that if the maximum distance between the floating roof and the tank wall exceeded the initial length of the compressive pre-compressed spring, the tank is considered damaged. Zama et al. [5] investigated the damage to oil storage tanks during the 2011 Tokyo earthquake. In this study, storage tank damage was classified into three types based on external forces: Tsunami, long-period ground motions, and strong short-period ground motion. In 2017, Hosseini et al. [6] proposed a new method for controlling the seismic movements of a floating roof in floating roof tanks by a suspended ring baffle. SAB (Suspended Annular Baffle) baffles, consists of a ring (with different materials) that is hung on the ceiling by a string. They concluded that the presence of SAB significantly controls the vertical movements of the roof following the sloshing of the fluid and that SAB reduces the maximum height of seismic waves by about 40%.

In studies on petroleum fluid reservoirs in recent years, various researches have been done to evaluate and investigate existing structures failure factors. Various types of damage in petroleum reservoirs, identification of the most common types of failure in reservoirs, the effect of storms on reservoirs and assessing methods using intensifying the dynamic load combination were the items evaluated in the studies. Many reservoir tanks have been tested and studied to conduct experimental assessments on these structures to identify failure modes and seismic responses. The results of these studies showed that flood is the most critical load scenario among dynamic loads for petroleum structures. Evaluation of failure types in petroleum structures indicated that low-amplitude excitation reduces the hydrodynamic response in reservoirs [7–11]. In an experimental study, the “boilover” phenomenon, which is one of the most dangerous types of combustion in oil storage tanks, was investigated. Two tanks with diameters of 2.4 and 4.5 m were evaluated to determine the fire parameters in these structures. Estimation of hot zone growth rate, time required to convert fire to “boilover” phenomenon, and estimation of heat generation amount were investigated [12].

To more accurately evaluate fluid storage tanks, researchers have used different modeling approaches. Important researches include the following: numerical study using finite element model on annular and hydrodynamic stresses and elephant foot buckling, measurement of reservoir settlement with sand foundation, effects of base rotation in high reservoirs, seismic risk against fluid displacement in reservoirs with floating roof, Investigation Seismic behavior of a new finite element model in a storage tank, as well as a multi-level numerical analysis method for coupled systems that can be effectively used to ensure the safety of vertical cylindrical storage tanks for petroleum products. This research showed that it is very difficult to measure the reservoir settlement with a sand foundation during operation. Therefore, numerical analyzes for settlement and vertical displacement appears to be subsidence has a significant effect on the radial deformation of the reservoir wall. It was also found that the percentage reduction in the natural frequency of the impulsive mode remains constant in cases where the conical tank with a slope angle of 30 degrees and 45 degrees, while for tanks with a slope angle of 50 degrees is less. Passive control techniques for seismic protection of chemical plans were investigated in another study which offered applicability of PCT as mitigation strategy [13–17]. In another study, two full-size reservoirs for buckling behavior under general and local differential settlement were investigated using the FEM software model with non-linear geometric algorithm. In these reservoirs, it was proved that local buckling occurs under general differential settlement in the wind girder and continues with a post-buckling behavior [18].

In a study by Spritzer et al. [19] compared the API 650 standard, an American standard for the design of surface tanks, to other well-known design standards, including the Japanese and New Zealand codes. Regulations were examined for several different height ratios for a reservoir matched in terms of geometry and seismic parameters. Hasheminejad et al. [20] investigated the effects of an anti-slosh baffle on the free vibration of a fluid in a relatively filled horizontal cylindrical tank. This study showed that the effects of different baffles on vibration characteristics at various depths are very different from each other. Shabani et al. [21] examined floating roofs under earthquake load using large deflection analysis. They found that the frequency range in which deflection has a suppressing effect is when the earth’s motion is riched in frequency content. Goudarzi et al. [22] investigated hydrodynamic damping in the presence of upper mounted baffle (UMB) in real-size tanks in a numerical research. They checked the accuracy of their analyzed model, investigated the effects of UMB to reduce sloshing waves, and finally proposed a seismic design method for investigating UMB and its effect on suppressing fluid waves.

In recent years, more research has been conducted on the behavior of floating roofs of oil storage tanks. A numerical study was conducted on the effect of oil temperature field in long-term storage in storage tanks with floating roofs. In this study, the effect of floating roof type, insulation layer thickness, and solar radiation was investigated [23]. Also, presenting computational methods for numerical modeling of evaporation of petroleum products and vapor diffusion in an unsteady operating state, investigation of dynamic response of polyuria coated steel tanks under blast loading, assessment of seismic performance of floating roofs without connection in oil storage tanks, and evaluation of fire effect full-scale gasoline tanks with floating roofs have been assessed in more recent research [24–26].

Due to the importance of reservoir structures, so far many studies have been performed on storage tanks with floating roofs, including the study of sloshing behavior, fluid interaction with the structure, fluid interaction with the roof, fluid interaction with the wall, and other researches. In previous studies, seals have been mainly evaluated in terms of exploitation, and the role of the seal as a structural member has not been studied in detail. It seems important to investigate the role of the seal as an interface in the interaction of the roof and the structure. Since the effects of seal on the interaction of the fluid with the roof and wall of the reservoir as well as the overall behavior of the tank under external excitations is an important issue. In this study, experimental studies of seal behavior under external excitements have been investigated. To investigate the effect of seal on the vertical movements of the floating roof, a series of dynamic experiments were performed on a tank with a floating roof with real-sized dimensions. In these studies, by applying excitation to the floating roof and creating free vibration in the roof and fluid, the seal behavior in vertical roof movements was researched, and also the effects of this type of seal were determined in the free vibration graph of the roof. Also in a separate experiment, a sample of seal sheets used in the tested tank was tested under a Quasi-static compressive condition, taking into account the mode of operation in the tank. As a result of these experiments, the amount of damping, due to the presence of the seal in controlling the vibration of the floating roof as well as the nonlinear stiffness of the seal against horizontal shifts of the roof has been obtained. In the following, by providing a definition of the experiments and assessing the results, the effect of the presence of seal on the damping rate and other parameters is investigated.

2  Experimental Program and Setup

An experimental program was prepared in which experiments were executed on a full scale tank at the Kermanshah-Iran oil refinery to investigate the effect of seal on vertical roof vibrations. Also, to investigate the effect of seal on horizontal vibration, a quasi-static experiment was performed on the plate used in the seal in the Structural Research Laboratory of Azad University-Kermanshah Branch. In the reservoir experiments, by fluctuating the floating roof in the vertical direction, free vibration was created in the fluid inside the tank, based on which the vertical displacements of the floating roof as well as the seal demeanor were investigated. In these experiments, by making an initial displacement in the floating roof in the vertical direction and releasing it, the fluid inside the tank starts to vibrate under the force applied by the roof and the roof also vibrates accordingly due to be floating on the fluid. Although the presence of a roof has a significant effect on fluid vibration, in any case, the displacements of the roof are a function of the movements of the fluid. The effect of the seal can be evaluated by evaluating the results of vertical oscillation in the roof. Also, since the seal acts only as a compressive member in the horizontal movements of the roof, the seal subjected to compressive force in a separate quasi-static test in order to obtain a more accurate interpretation of the seal effect in the roof displacements by evaluating the test results and examining the mechanical characteristics.

The tank tested at the Kermanshah Oil Refinery was a Light Straight Run Gasoline (L.S.R.G) with a very light and volatile fluid and high flammability. This tank has a vertical cylindrical geometry with a double-deck type floating roof and a capacity of 450,000 liters with dimensions of 9150 mm in diameter and 7150 mm in height. The roof weight of this tank is about 10 tons and the wall of this tank is made of carbon steel sheets with an average thickness of 4 mm. The seal used in the tank is of seal-master type, which is made of different components with different materials. This type of seal is made of thin steel sheets that fill the space between the roof and the wall in an arc shape, and its arc geometry has a spring-like function. These types of seals have a better efficiency than the other types and in addition to stability in serviceability conditions to prevent the release of gases, they have a good performance against the movements of the roof. Each of the seal components has a specific application that is more related to its serviceability conditions. The secondary seal, which is made of full hard 301-stainless steel with a thickness of 0.7 mm, has a structural function. Fig. 4 shows the tank and its details.
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Figure 4: (a) Tested tank in Kermanshah refinery (b) Floating roof of the tank (c) Seal from the inside of the tank (d) Seal from above of the roof

In the tank tests, a crane was used to oscillate the roof, so that a point in the radial perimeter of the roof was connected to the crane hook, and in each test, it was pulled up as much as desired and then released. To investigate the effect of fluid height on the vibration of fluid and the roof as well as seal performance, tests were performed on the tank at three height levels of 3285, 4545 and 5820 mm, which are equivalent to 50%, 67%, and 80% of the tank height, respectively. A crane with a capacity of 392 kN and the possibility of free fall was used to create the excitation. Two LPTs (Linear Potentiometer Transducer) with a range of 450 mm and a measurement accuracy of 0.05 mm were used to calculate the displacement values of the roof rise and its vibration. One of the LPTs was mounted to the tank wall at the point where the roof was raised by a crane and the other was installed on the inverse side of the roof in a radial direction to ensure the accuracy of data collection. A 28-channel Data Logger was used to record the test data, which was used to obtain a roof vibration diagram with appropriate accuracy. Fig. 5 shows the instruments used for this test. Prior to the test, in order to ensure the safety of the work, the gasoline contained in the tank was completely drained and the tank was wiped by High-Pressure Steam for 72 h. The steam out operation was also performed to remove vapors from the upper valve of the tank. To fill the tank, water was used as a fluid in the tank to execute the test, which was due to the specificity of water characteristics and safety considerations.
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Figure 5: (a) The crane (b) Data logger (c) LPT (d) LPT installation close-up image

To evaluate the seal behavior in horizontal displacements of the roof, a piece of seal plate was tested quasi-statically in the structural laboratory of Kermanshah Azad University. In this experiment, the specimen was made of Stainless Steel-full Hard 301, which is exactly the material of the seal master used in the vertical vibration test. This element with a thickness of 0.7 mm was installed in the form of an arch quite similar to the installation conditions in the tank (Fig. 6). As mentioned, the seal only had a compressive reaction, and for this reason, the experimental test on the seal sheet was executed monotonically. A hydraulic actuator with a capacity of 1500 kN and a course of 600 mm was used for loading in this test. An LPT with a course size of 450 mm and a measurement accuracy of ±0.05 mm was used to measure displacement in the test. 28-channel Data Logger was used to record the amount of force and displacement. The details of the tests and how the fluid and the roof fluctuate, as well as the quasi-static test of the seal in the laboratory are presented below.
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Figure 6: Schematic representation of the quasi-static seal test setup in the laboratory

3  Experimental Tests

3.1 Tank Roof Vertical Vibration Tests

To investigate the effect of seal on the vertical movement of the tank roof, experiments were executed on a tank with real dimensions. Due to the relation between sloshing period and fluid depth (Eq. (1)), experiments were performed at three different height levels on the reservoir to consider the effect of fluid depth in this study. To this aim, in height codes 3285 mm, equivalent to 50% of the total height of the tank, depth 4545 mm, equivalent to 67% of the total height of the tank and 5820 mm, equivalent to 85% of the total height of the tank, the test was performed (Table 1). As previously stated, the LPTs were installed on opposite sides of the roof perimeter and completely attached to the tank wall and were motionless due to the stillness of the tank wall during the test. In these tests, a crane with the possibility of free fall was used to lift and release the floating roof so that the conditions of roof drop and fluctuation in the fluid are close to the real vibration conditions. Also, the tests were repeated twice in each of the altitude codes in order to ensure the accuracy of the test by comparing the vibrating response of the roof. The following are the tests report and their output.

[image: images]

To perform the first level A test, the tank roof was connected to the crane hook at the location where the LPT was installed. After attaching the crane, it raised the roof by 127 mm in the vertical direction, which was read by the data logger from both installed LPTs. It should be noted that the values of up-lifting the roof in the tests were selected based on avoiding plastic deformation in the roof so as not to damage the use of the tank roof. After ensuring the stability of the fluid inside the tank and the roof, the crane executed a free-fall operation and released roof caused fluctuation in the fluid and the roof. This fluctuation ceased moving somewhat after two complete cycles of vibration. In the second test, which was performed in level A, the roof was raised 112 mm and then released. The reason for the difference in the amount of roof lifts in tests of one level is that the amplitude of the free vibration displacements has no significant effect on the sloshing period. In the second test, the fluctuations of the roof were almost similar to the vibrations of the first test at the same level, and after about 8 seconds, the oscillations in the roof and fluid stopped. Time-displacement diagrams for level A tests is shown in Fig. 7.
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Figure 7: (a) Tank roof at height level A (b) Vertical roof vibration diagram in tests performed in level A

After executing the first stage tests at level A, water was re-injected into the tank until the fluid level reached level B, equivalent to a height of 4545 mm. At this stage, by re-installing the measuring equipments similar to the previous stage, two tests were performed. For the first time, the roof was lifted 154 mm using of the crane and then released. The roof vibration graph shows that at this level it is damped after one cycle and the system stops fluctuating. In the second test at the same level, the roof was pulled up again until 148 mm and then released. Evaluation of the B-level test diagram shows the similarity of the roof vibration in the tests of this level (Fig. 8). The vibration stops after about 6 s.
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Figure 8: (a) Tank roof at elevation B (b) Time–displacement diagram for level B tests

In the last stage of the vertical vibration tests of the tank roof, to reach the elevation code C, by injecting water into the tank, the fluid height reached to 5820 mm. Level C vertical tests were executed twice as in the previous levels. By installing measuring instrument at this level, in the first stage, the roof was lifted up until 148 mm and released and its vibration with time was recorded. In the second case, the roof began to fluctuate with a change of 135 mm at the initial moment and its release, which according to the test time-displacement of this height level (Fig. 9a) can be said to be acceptable compliance in the experiments. This alignment can be seen and the roof stopped to flactuate in both tests after about 8 s.
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Figure 9: (a) Tank roof in elevation code C (b) Time–displacement diagrams of tests performed at elevation level C

3.2 Experimental Test of Mechanical Properties of Seal

The mechanical behavior of the seal in lateral displacement of the roof was evaluated by a monotonic quasi-static test. The seal used in the tank in which the vertical vibration tests were taken was made of stainless steel 301-full hard sheet with a thickness of 0.7 mm. Seals are made of 700 mm × 300 mm sheets that are fixed to the roof by bolts and on the other side, are in contact with the tank wall, but move freely up and down. To simulate this element behavior in the laboratory, a part of the seal used in the tested tank was evaluated. The quasi-static test setup was designed so that the test element would be loaded precisely like the geometric position of the seal in the tank (Fig. 6). As mentioned, the seal has a completely compressive role due to its geometry around the roof of the tank and also due to the materials used in it and does not act as a tensional component. Therefore, the seal element was subjected to monotonic compressive loading. The test was performed quasi-statically to avoid the dynamic effects of loading on the test diagram. In this experiment, it was assumed that the roof was attached to the tank wall on one side and moved to the opposite side of the tank wall. Due to the fact that the distance between the roof and the wall in the tank tested in the refinery was 200 mm in all directions, the seal was tested in a 400 mm opening. Due to the stated hypotheses, the seal sheet test was performed in the laboratory, the different steps of which are shown in Fig. 10.
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Figure 10: (a) Seal test general setup (b) Seal to hydraulic jack connection using a cap (c) The moment the seal hits the wall and the test is completed (d) Plastic deformation of the seal sheet after the test

The process of testing and loading steps was monitored and performed by the data logger and loading steps were performed based on the displacements stated by the LPT. At the beginning of the test, due to the geometric shape of the seal and the elastic-springy nature of its material, up to 360 mm displacement, almost no resistance was monitored from the sample and the loading practically changed the geometric shape of seal. This change in geometric shape continued until a displacement of 360 mm and then led to growth in force in the sample by applying more displacement by the actuator. From about 360 mm displacement, the value of force increased and as shown in the force-displacement diagram of the sample (Fig. 11), by entering the sample into the plastic phase and creating stable deformations in it, the force required to apply the displacement increased drastically. It withstood a force equivalent to 9.08 kN at a displacement of 400 mm. Based on the use of the seal in the tank and the expectation from the seal in the horizontal movement of the roof, the plastic deformation in the seal can be contemplated the failure point of this element.

[image: images]

Figure 11: Force–Displacement diagram of the seal sheet experimental test

4  Result Assessment

According to the experiments executed to investigate the vertical vibration of the tank roof, it is possible to obtain a more accurate evaluation of the test results by calculating parameters such as the first period of sloshing and also the damping rate of sloshing in the tank. To this goal, the values of the first sloshing period were calculated for each elevation of the vertical vibration test on the reservoir tank. Also, the values of this parameter were calculated based on Eq. (1) for the corresponding height of each test in order to make a better comparison between the experimental results and Eq. (1) output. In Table 2, the values of the first sloshing period are given based on experimental and numerical results. It can be concluded, the values of the first sloshing period at different elevations of the fluid surface have slight differences, which can be justified given that the amount of the sloshing period is related to the fluid depth.
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As shown in Table 2, the experimental values of the first sloshing period and the values calculated based on Eq. (1) are different from each other, which according to former researches [6], this disagreement is due to the roof in the tank and its presence effect on the value of the period. Experimental values are obtained from the graphs derived from the test.

The sloshing damping factor in the reservoir is one of the important factors on which many studies have been done and is one of the sensitive parameters in the design and analysis of reservoirs. In previous studies [2], the sloshing damping on the floating roof without the presence of the seal is about 0.5%. Comparing the results of the present study with the previous studies results can express the effect of the presence of seal more accurately. According to the diagrams obtained from experimental tests, it can be seen that the roof vibration dampens rapidly and the roof vibrates with one to two cycles. Sloshing damping calculations were performed based on the damping relationship (Eq. (3)), where Ui and Ui + 1 are the displacement of a point at moment i and moment i + 1 in two consecutive fluctuation cycles, respectively. Sloshing damping calculations in the reservoir are performed on the assumption that the structural system is a single degree of freedom.


D=12π(Ln Ui/Ui+1)
(3)

As a result of the damping calculations given in Table 3, it is inferred that although in previous studies [2], it was stated that the sloshing damping in a tank with a floating roof without the seal is about 0.5%, in experiments executed with The presence of seal in the roof, damping is estimated about 12% to 14%. This comparison shows that the presence of a seal can cause much higher damping in the tank structural system with a floating roof.
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In the experimental test of lateral displacements of the roof according to the output diagram of the seal test, the maximum force that the seal has endured is equal to 9.08 kN, which was equivalent to 400 mm in displacement. The stiffness of the steel sheet is calculated from Eq. (4) where in this equation F is force, K is hardness and U is displacement.


F=KU
(4)

The maximum stiffness value Kmax is calculated based on the value of the displacement in which the specimen has withstood the maximum force. In the quasi-static test of the seal sheet, this displacement point was equal to 400 mm, according to which the maximum stiffness value is equal to 22.07 kN/m. Considering the 300 mm width of the sheet used in the quasi-static monotonic test of the seal sheet and the stiffness calculations of the sheet, it can be said that the presence of the seal in the floating roof system can be modeled with springs with compressive stiffness of 75.6 kN/m in each meter of the floating roof perimeter. Fig. 12 shows this type of proposed model in which the springs will be activated only under compressive forces.
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Figure 12: Schematic view of the tank roof and equivalent springs system

According to the experimental test result of the seal sheet, it is possible to determine a multi-linear equivalent diagram based on the force-displacement diagram of this test in which the stiffness in the sheet is classified into different intervals. Fig. 13 and Table 4 shows the multi-linear equivalent graph and the stiffness values in each of these intervals. Based on the results, the seal stiffness in the range of 0 mm to about 360 mm is so small that it can be ignored, while the maximum value of stiffness in displacement is between 394 to 400 mm, based on which, this interval can be considered as the seal hardening stage vs. external excitements.
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Figure 13: Multi-linear graph for seal sheet experimental results
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There are different methods for numerical modeling of seal performance. based on the finite element method, it is possible to assume the rigidity of the roof and wall by using S4R element and also by using adaptive meshing systems for modeling the fluid containing the tank, roof and fluid movements and interaction. To model the stiffness of the seal and their resistance to external loads, the seals are modeled as purely compressive springs with a certain stiffness obtained from the seal performance test. This can determine the value of seal’s compressive strength in various earthquakes and other loads.

5  Conclusions

The dynamic behavior of steel storage tanks with floating roofs under seismic loads have always been studied regarding their high importance and based on past accidents that happened to this type of storage tanks due to natural disasters particularly earthquakes. In this study, experimental tests were performed to investigate the effects of Seal-master on the vertical free-vibration of the floating roof of a full-size tank. Also, in a quasi-static test, the horizontal displacement of the roof and seal performance were examined and the mechanical properties of the seal were evaluated.

Seal-master seismic performance was evaluated in both vertical and horizontal directions. The presence of the seal-master has a very significant effect on suppressing the fluctuations and horizontal impact movements caused by interactions between the tank’s roof and shell. By comparing the results of this study with previous studies, it is obvious that the seal-master systems have a significant effect on suppressing the fluctuations and impact displacements of the floating roof to shell plate. In this study, it was observed that seal-master severely damps the vibration of the roof and the roof stops moving during two complete vibrational cycles. In the case of lateral displacements and roof’s impact on the wall, the seal-master reacts like a system of compressive springs with a certain stiffness, located all around the roof in a radial direction that Resists the relocation of the roof. An important point is that assumed springs should be considered as only compression element. Thus, the tensional performance of seal-master should not be taken into account. Regarding tank’s cylindrical geometry in every applied acceleration direction, seal-master can resist and for every two opposite points in the radial direction there is at least one that is standing against lateral forces at any moment.

In vertical free fluctuation tests, the friction of the seal with the wall caused the roof to completely damp and stops to flactuate after one or two cycles of vibration. This mode of operation can be considered a useful feature in controlling floating roof displacements and subsequently suppressing the motions of impounded liquid, which may reduce the damage risk for the roof and tank. The first period of sloshing was calculated as a determining parameter in the vibration displacements of the roof for the experiments performed, which was in a good agreement with the previous studies that calculated this factor (Eq. (1)). In the vertical vibration test, it was shown that unlike the low damping of a floating roof system without seal, floating roof tanks with the seal-master system have far higher damping ratio up to 14% (approximately 30 times higher) which can be the most important factor of superiority in using seal-master in tanks with a floating roof.

The quasi-static test of the horizontal displacement of the roof in the laboratory showed the spring-like behavior of the seal in lateral movements of the roof could resist roofs hitting motions in radial directions. In this test, it was showed that the seal as a compressive spring maintains the distance between the floating roof and the tank shell, which stiffness coefficient increases while the roof’s approaching the wall. At the moment that the seal changes shape and does not return to its previous geometry seal-master is considered to be vulnerable.
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Table 1: Roof height levels tested and tank filling percentage

Elevation code Roof height level (mm) Tank filling percentage

A 3285 50
B 4545 68
C 5820 85
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Table 3: Reservoir tank sloshing damping values for experimental tests performed at different fluid elevations

Fluid elevation (mm) Damping (%)
3285 13

4545 12.8

5820 12.6
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Table 4: Seal stiffness based on equivalent multi-linear diagram at different displacement intervals

Graph section Section’s final Section’s final Section’s
displacement (mm) force (kN) stiffness (kN/mm)

First section 360.56 0.633726 0.001758

Second section 393.98 2.112093 0.044236

Third section 400.53 9.080136 1.063823
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Table 2: The values of the first sloshing period based on Eq. (1) and experimental tests for each elevation

Elevation code Experimental Eq. (1)
A 3.28 3.4

B 3.18 3.25

C 3.12 3.2
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