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Abstract: A high percentage of failure in pump elements originates from fatigue. This study focuses on the discharge section behavior, made of ductile iron, under dynamic load. An experimental protocol is established to collect the strain under pressurization and depressurization tests at specific locations. These experimental results are used to formulate the ultimate pressure expression function of the strain and the lateral surface of the discharge section and to validate finite element modeling. Fe-Safe is then used to assess the fatigue life cycle using different types of fatigue criteria (Coffin-Manson, Morrow, Goodman, and Soderberg). When the pressure is under 3000 PSI, pumps have an unlimited service life of 107 cycles, regardless of the criterion. However, for a pressure of 3555 PSI, only the Morrow criterion denotes a significant decrease in fatigue life cycles, as it considers the average stress. The topological optimization is then applied to the most critical pump model (with the lowest fatigue life cycle) to increase its fatigue life. Using the solid isotropic material with a penalization approach, the Abaqus Topology Optimization Module is employed. The goal is to reduce the strain energy density while keeping the volume within bounds. According to the findings, a 5% volume reduction causes the strain energy density to decrease from 1.06 to 0.66 106 J/m3. According to Morrow, the fatigue life cycle at 3,555 PSI is 782,425 longer than the initial 309,742 cycles.
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1  Introduction

Pumps are of great importance and have applications in various industries. All types of pumps have the same functional purpose: adding energy to the liquid to move it along the pipe and increasing the pressure to overcome the force of gravity. They are classified into two major groups: dynamic and positive displacement pumps. Dynamic pumps, such as centrifugal (axial flow, mixed flow, or peripheral) and special-effect (jet or electromagnetic), maintain a steady fluid flow. Positive displacement pumps, such as reciprocating (piston and plunger, or diaphragm) and rotary (single or multiple rotors), contain individual portions of fluid enclosed before moving along. Despite the high diversity of types of pumps, centrifugal pumps have far more applications than the other types. For instance, over 80% of petrochemical units are centrifugal [1]. They are widely used in many other industries, such as food and beverages, chemistry, pulps, slurry, agriculture and power generation [2]. They work far better and have a wider operating range than other pumps. Indeed, where centrifugal pumps are ineffective, such as when pumping biphasic or high-viscosity fluids, the other various types of pumps are then utilized [3,4]. By employing centrifugal force to accelerate the liquid, centrifugal pumps first create pressure before lowering it internally. Before passing through the impeller blades, the fluid first enters the suction nozzle, then flows towards the impeller eye. The impeller transfers energy to the fluid moving from the impeller’s eye through the vane channel in the direction of the impeller’s outer diameter as it rotates at a rate corresponding to the driver (electric motor, turbine, or diesel generator) of the pump. Various standards have been developed for centrifugal pumps, such as API 610, API 685, ANSI/ASME B 73.1, ANSI/ASME B 73.2, ISO 5199, DIN 24255... These standards are devoted to the design, selection, testing and operation conditions of centrifugal and other pumps.

Despite these standards and due to extreme and variable work conditions, some mechanical parts of pumps fail. Indeed, fatigue failure is part of industrial machinery, and pump parts are no exception [5]. Therefore, estimating the fatigue life in pump elements is essential to avoid unexpected failure. For these reasons, researchers have studied centrifugal pumps theoretically and experimentally, as well as through numerical simulation, and produced valuable research findings that have successfully aided in the advancement of centrifugal pumps technology and products [6–11]. Fatigue life prediction approaches have been continuously improved in response to the requirement for accurate structure life forecasts and the growing understanding of the fatigue phenomenon. These approaches can be categorized according to three major criteria [12]. The first ones are based on stress formulation, such as the models developed by Gerber (1874), Basquin (1910), Goodman (1930), Soderberg (1930), Morrow (1965), Walker (1970)... Stress criteria are applicable in high-cycle fatigue life prediction work. If the material enters the yield stage, the results predicted by the stress criteria tend to be conservative. The second ones are based on strain formulation, such as the models developed by Coffin and Manson (1954), Morrow (1969), Manson and Halford (1981)... The strain life criteria are classically used for low cycle fatigue when the stress level is high and the number of cycles to failure is low. The third ones are based on energetic formulations or stress/strain criteria such as SWT (1970), Lorenzo and Laird (1984), Golos (1987), Zhu (2012), Ince (2015), Correia (2017)... Energy criteria consider that the damage to the material is caused by the accumulation of strain energy in the material. When the critical value of energy is reached, the material fails.

Fatigue life assessment highlights the weak section of the part or structure that harmfully decreases its life cycle. Fortunately, alternatives exist to fix these shortcomings by oversizing the part, changing the body material, or optimizing the shape by topology optimization. Oversized parts are linked to more volume, weight, expense, and probably less performance. Swapping the part material is not an obvious decision because of manufacturing process constraints and mechanical and thermal property requirements. The actual efforts investigated by engineering are focused on topology optimization. In order to maximize defined system performance, a mathematical technique optimizes material placement inside a given design space for a particular combination of loads, boundary conditions, and constraints. In contrast to shape and sizing optimization, topology optimization deals with the design's ability to take on any shape within the design space rather than dealing with predefined configurations. There are different topology optimization methods in the literature, including the Solid Isotropic Material with Penalization (SIMP) method [13,14], the ground structure method [15,16], the bidirectional evolutionary structural optimization method [17,18], the level-set method using a shape derivative [19,20], the parameterized level-set method using radial basis functions [21,22], the topological derivative method [23,24] and the phase-field approaches [25,26]. With the help of these methods, some ‘on-demand’ mechanical properties (such as strength or deflection) can be improved concerning defined constraints (such as volume). Over the past decade, researchers have proposed different methodologies by adapting or combining some characteristics of these strategies [27]. Nonetheless, each of them still has some restrictions.

In this paper, we present our investigation work to improve the fatigue life of industrial centrifugal pumps. Our work focuses on a specific pump component, which is the discharge section of the pump, which is made of ductile iron. First, experimental measurements and numerical simulation allow us to formulate a generic expression of the limit pressure of the pump as a function of the pressure and the geometry of the discharge section. Then, the numerical modeling allows us to analyze the fatigue life of this discharge section according to different criteria. Finally, topological optimization is used to modify the geometry of the relief section in order to improve fatigue life.

2  Experimental Set-Up and Analysis Methodology

The industrial partner for this study is called Technosub (https://www.technosub.net). It is a benchmark company in Canada for pumping solutions. It has the expertise to design and fabricate parts and complete packages for the specific needs of its customers. Their products range from submersible pumps, engine-driven pumps, end-suction centrifugal pumps, vertical turbine pumps, submersible motors, booster pump systems, barges for pumps, water treatment systems, and multistage high-pressure pumps. In this work, we strive to improve the fatigue life cycle of the MH-series of multistage high-pressure pumps by defining an ultimate pressure model, investigating the fatigue life cycle under different criteria, and making a topological optimization.

This study focuses on three configurations of high-pressure multistage centrifugal pumps, referred to as MH80-125, MH100-150, and MH125-150 (Fig. 1). The first digits refer to the suction diameter, and the last refer to the discharge diameters. Table 1 resumes the working pressure and the maximal allowed pressure. As recommended by different standards, the factor of safety, i.e., the ratio of working pressure by maximal pressure, should be greater than 2.
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Figure 1: Sectional view of Technosub high-pressure multistage pump (MH series)
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The experimental, analytical and numerical methodologies are described in the following flowchart (Fig. 2). For each MH pump, we start with the definition of the design parameters. We identify the critical parts to be investigated (subject to fatigue crack or bursting) according to the company feedback. The selected components are subject to mechanical testing to collect their mechanical properties. As only the selected parts will be numerically simulated, we investigate the boundary and load equivalent conditions (pressure on bolts, assembly conditions, water pressure...). The first step concludes that the discharge module is to be investigated.

[image: images]

Figure 2: Investigation methodology flowchart

The discharge section is made of a ductile iron designed as grade 65-45-12 according to the ASTM A536 standard. Grade 65-45-12 is iron with nodular graphite and small amounts of pearlite. It has great machinability, good surface finishes, impact strength, and good fatigue properties. Tensile tests are performed to assess the mechanical properties according to the ASTM A370 standard (Mechanical Testing of Steel Products). The material properties are resumed in Table 2.
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The second step in our investigation protocol is to collect the experimental strain in some specific location to validate the finite element analysis later. For this purpose, critical zones on the discharge part body are identified. We then install rosettes and strain gauges to collect the experimental strain (Fig. 3). Finally, different pressurization and depressurization tests are made.

[image: images]

Figure 3: Strain gauge and rosette placement in discharge module

During the pressurization and depressurization tests, the experimental strain of the pumps in several directions and at different pressure conditions are determined from the pressure cycles imposed on its discharge sections. The pump is run under dynamic loads at a rotational speed of 1,800 rpm, a flow rate ranging from 151 to 3,785 liters per minute, and a pressure ranging from 1 to 19.45 MPa. The pressure starts at 1 MPa and is doubled plus 10% each next minute (Fig. 4). The depression follows a linear decrease at the end of the cycle. The choice of pressure cycle is based on the experimental protocol developed by combining many standards usually applied for the sizing of pumps, such as ANSI/API 610:1995, ASME B73.1:2001, ISO 9906:2012, and ISO 19688:2019.
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Figure 4: Pressurization and depressurization cycle

The third step is to prepare the finite element analysis by assessing the 3D draft of the discharge part body. Infrared scans are performed, and the corresponding STL files are converted to STP files. This extension is supported by Abaqus, and the process sometimes requires some manual correction to fix the surface generation problems that may occur.

The fourth step is to perform a finite element analysis and to compare the numerical results with the experimental ones (see Section 3). Once the numerical model is validated, three types of investigation are done. The first one is the ultimate pressure modeling (Section 4), the fatigue life analysis (Section 5), and the topological optimization (Section 6).

3  Finite Element Model

Instead of using the CAD files of the designed pump before manufacturing, an infrared scan of each pump part is used to have more accurate dimensions. Indeed, the casting process and some finishing operations slightly affect the initial dimensions of the pumps and induce some dimensional errors. The scan files (.STL) are converted to an STP format that can be used by Abaqus software. The boundary conditions (Fig. 5) are applied following the actual conditions in terms of pressure applied for closing the shaft cover, the tightening torque, the bolt torque... According to the literature [28] and numerical trials, the ten-node tetrahedral element with four integration points, C3D10, offers the best results (Fig. 6). The mesh sizes are 17, 18, and 22 mm for the MH80-125, MH100-150, and MH125-150 pumps, respectively.

[image: images]

Figure 5: Summary of boundary conditions
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Figure 6: MH80-125 meshing

In order to validate the finite element model, a comparison between the numerical strain and the experimental one at the strain gauge locations is performed. For example, Fig. 7 shows the equivalent location of one strain gauge used in experiments. The numerical results show a strain of 0.000579758 at 1,500 PSI (10.342 MPa), which perfectly matches the experimental value of 0.000579. The comparison of different data shows a good accordance between experiments and numerical results with an error of less than 2%.
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Figure 7: (a) Experimental location of the strain gauge (b) numerical results (pressure = 1500 PSI)

4  Ultimate Pressure Analysis

This section describes the ultimate pressure assessment using three different elastoplastic criteria: The Tresca yield, the equivalent plastic strain, and the strain energy density.

The Tresca yield criterion (Eq. (1)) is based on the maximum shear stress theory. It is also called the maximum shear stress criterion. This theory predicts the failure of a material to occur when the absolute maximum shear stress (τmax) reaches the stress that causes the material to yield in a simple tension test.

τ=12(σ1−σ3)(1)

where σ1 and σ3 are the maximal and minimal principal stresses, respectively. τ is the maximum shear stress.

σ1 and σ3 should respect the yield surface:

σ1−σ3≤σy(2)

Fig. 8 shows a 2D stress distribution in the discharge sections of the investigated pumps based on the Tresca criterion and the experimental results. The maximum values are 370.02 MPa at 24.5 MPa, 355.56 MPa at 21 MPa, and 339.97 MPa at 20 MPa for MH80-125, MH100-150, and MH125-150, respectively (Table 3). The hexagon represents the threshold stresses that can be reached at the beginning of the operation. These out-values can be explained by the plastic strain of the structure caused by both shear stresses and the motion of the planes of atoms. Similar observations were made by the previous author in [29].
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Figure 8: In-plane stress distribution according to Tresca yield criterion
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The equivalent plastic strain criterion [30,31] is based on the specific Hollomon plasticity model given by:

σ=K.εTn(3)

where σ is the true stress, εT is the true total strain, k is the strength coefficient, and n is the strain-hardening exponent.

Fig. 9 shows the equivalent plastic strain as a function of pressure for each pump model. The equivalent plastic strain, called PEEQ in Abaqus, defining the beginning of plasticity is chosen as equal to 0.001. A projection on the pressure axis for this limit allows us to determine the limit pressure using the PEEQ criterion (Table 4).

[image: images]

Figure 9: Evolution of pressure vs. PEEQ
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The Elastic Strain Energy Density (ESED) is an energetic local approach validated as a method to investigate both fractures in static conditions and fatigue failure [32,33]. The following expression gives the elastic strain energy density for a linear elastic isotropic material:

ESED=12E(σ112+σ222+σ332−2υ(σ11.σ22+σ11.σ33+σ22.σ33)+2(1+υ)σ122)(4)

where σij is the Cauchy stress tensor components.

The FEA investigation shows that the ESED limit, which defines the beginning of plasticity, is equal to 0.54 × 106 J/m3. Fig. 10 shows the ESED as a function of pressure for each pump model. The strain energy density, called SENER in Abaqus, that defines the beginning of plasticity is chosen as equal to 0.54 × 106 J/m3. A projection on the pressure axis for this limit allows us to determine the limit pressure using the ESED criterion (Table 5).
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Figure 10: Evolution of pressure vs. SENER
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Tables 3–5 give the ultimate pressures for the three investigated multistage high-pressure centrifugal pumps based on three criteria. The lowest values are given by the PEEQ criterion, so it is considered the most suitable one for formulating the limit pressure relationship. Based on these results, we plot the evolution of the experimental strain function of the pressure (Fig. 11). A sensitivity analysis shows that the strain expression is linearly dependent on the pressure and the discharge section. In other words, the strain can be expressed as:

εT=α0+α1.P+α2.S(5)

[image: images]

Figure 11: Experimental strain function of the pressure

where S is the lateral surface of the discharge section, as described in Table 6.
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The generalized reduced gradient is used to identify these constants (Table 7). This method is an extension of the reduced gradient method [34,35]. The comparisons between the experimental and analytical model curves are depicted in Fig. 12.
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Figure 12: Validation of the analytical model: (a) MH80-125, (b) MH100-150, (c) MH125-150

The analytical model (Eq. (5)) is now arranged to express the limit pressure that corresponds to a limit strain of 0.00186:

P=εT−(α0+α2.S)α1(6)

This formulation expresses the ultimate pressure for any pump, even that not included in this study, as a function of the strain and the lateral discharge surface.

5  Fatigue Life Analysis

There are numerous methods to estimate fatigue life. This section compares four fatigue life prediction approaches: two strain life criteria (Coffin–Manson and Morrow) and two stress life criteria (Goodman and Soderberg).

The Coffin–Manson formula is:

εa=σ′E(2Nf)b+εf′(2Nf)c(7)

where εa is the strain amplitude, σf′ is the fatigue strength coefficient, E is the modulus of elasticity, Nf is the number of cycles to failure, b is the fatigue strength exponent, εf′ is the fatigue ductility coefficient, and c is the fatigue ductility exponent.

The strain amplitude is computed according to the following formula:

εa=εmax−εmin2(8)

where εmax and εmin are the maximal and minimal strain during the fatigue cycle.

The 65-45-12 ductile iron coefficients for the Coffin-Manson formula are resumed in Table 8.
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Based on the experimental data, the life cycle can be analytically estimated according to Eq. (7), as shown in Table 9. The results show that the fatigue life of these discharge sections is in the unlimited life zone up to a cyclic pressure equal to 2000 PSI (Nf > 107 cycles).

[image: images]

As we cannot experimentally reach higher pressure, we use the FEA to define the pressure that generates a strain amplitude of 0.00186 for each pump (Table 10) to investigate fatigue life further. The value of 0.00186 corresponds to the beginning of plasticity for the discharge section. In this case, the fatigue life cycle is equal to 2.875 × 105 according to the Coffin–Manson criteria.

[image: images]

The fatigue life assessment is now performed using Fe-Safe software, which is directly interfaced with Abaqus. The finite element model, already validated, is used. The tested criteria are Morrow, Goodman, and Soderberg.

The Morrow criteria express the total strain amplitude and the fatigue life as:

εa=σ′−σmE(2Nf)b+εf′(2Nf)c(9)

where σm is the mean stress for a cycle.

Goodman and Soderberg models can be expressed using Marin’s equation:

SaSa0+kSmSu=1(10)

where Sa is the alternating stress for the targeted mean stress level and specific fatigue life, Sm is the mean stress, Sa0 corresponds to the zero-mean-stress alternating stress, and Su is the ultimate tensile strength. Actually, k is a constant defined as follows:

k={1 for GoodmanSuSy for Soderberg(11)

where Sy is the yield strength.

Figs. 13–16 represent the fatigue life ranges of the pump bodies. For the presentation of the results, an inverted rainbow spectrum is used (red represents the lowest fatigue strength). The values on the data range represent the number of times the cycle repeats. Therefore, to assess the number of cycles N, it is necessary to put the number of times the cycle is repeated as a power of 10.
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Figure 13: Fatigue life ranges of the MH80-125, Pressure 3,555 PSI: (a) Soderberg, (b) Goodman
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Figure 14: Fatigue life ranges of the MH100-150, Pressure 3,555 PSI: (a) Soderberg, (b) Goodman
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Figure 15: Fatigue life ranges of the MH125-150, Pressure 3,555 PSI: (a) Soderberg, (b) Goodman
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Figure 16: Fatigue life ranges using the Morrow criteria for a pressure of 3,555 PSI: (a) MH80-125, (b) MH100-150, (c) MH125-150

The numerical results show that for a pressure of 3,000 PSI (20.7 MPa), the three pumps are in their comfort zone (i.e., they have an unlimited service life of 107 cycles), whatever the used fatigue life criterion. Even at 3,555 PSI (24.5 MPa), the unlimited service life remains, except when using the Morrow criteria (Figs. 13–16). Indeed, it is noticed that it is the most critical fatigue model because it takes into account the average stress. Regarding the low-cycle fatigue zone, the MH125-150 and MH100-150 models are the first to be deformed plastically after the application of a pressure of 3555 PSI with a low number of cycles of 309,742 and 559,758, respectively, while for the MH80-125 model, the cycle number is 986,280 before breaking (Table 11).
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6  Topological Optimization

The fatigue life cycle study and the finite element analysis under dynamic solicitations show that MH125-150 represents the most critical case study with the lowest fatigue life cycle. The stress concentration areas for the pump are located at the back of the discharge section around the hub (Fig. 17). These areas represent the weakness section that negatively affects its life cycle. In order to improve the number of cycles, three approaches are available: oversizing the whole pump body, changing the body material, or optimizing the shape by topology optimization. Topological optimization will remove the superfluous material and guarantee proper functioning in specific working conditions.

[image: images]

Figure 17: Location of the critical areas defining the weakness section

The SIMP method is a popular topological optimization approach and is already implemented in Abaqus. It simply distributes the available material to the space depending on the finite element analysis results. Different studies suggest using the strain-energy-based criterion to develop a topology optimization algorithm [36,37]. Indeed, an element subjected to a load undergoes strains, sometimes irreversible. In this mechanism and for gradual loading, the work materialized by this load is converted into internal work, i.e., strain energy. Assuming there is no thermal energy loss, this energy is stored in the material, and the internal energy per unit volume is defined as the density of the strain energy. The FEA under different pressure shows that the elastic strain energy density (defined in Abaqus as SENER output) can reach a value of 1.06 × 106 J/m3 for the MH125-150 pump locally. The comfort zone, defined in the previous section, corresponds to a value of SENER less than 0.54 × 106 J/m3. For these reasons, the optimization objective will be the SENER output. The calculations are done using the Abaqus Topology Optimization Module (ATOM), which uses the SIMP algorithm with the strain energy density of the material. The objective function is to minimize the strain energy density subject to a volume constraint.

The optimization process converges after 14 iterations (Fig. 18). Fig. 19 depicts the gradual modification of the volume distribution among the iterations. The results show that the SENER declines from 1.06 × 106 J/m3 to 0.66 × 106 J/m3 with a reduction in the volume of 5%. According to Morrow, the fatigue life cycle at 3,555 PSI reaches 782,425 cycles instead of the initial 309,742 cycles.

[image: images]

Figure 18: Evolution of objective function and constraint (ATOM)
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Figure 19: Evolution of volume distribution after (a) 2 iterations, (b) 6 iterations, (c) 10 iterations, and (d) 14 iterations

7  Conclusion

The fatigue life assessment of centrifugal pump parts is a crucial research area to improve the life cycle of such a major machine for industry and to increase its performance. The literature has focused on parts such as the impeller, the fastener, the shaft and the runner. However, according to our industrial partner feedback, Technosub company, the discharge section represents the weak component of their high-pressure centrifugal pumps. Three models are investigated experimentally and numerically. Indeed, an experimental protocol is established to assess the strain at critical locations of the discharge section under dynamic loads. Finite element analysis using Abaqus and Fe-Safe is performed to improve our understanding of the discharge section behavior. Our investigation starts by modeling the ultimate pressure using three different elastoplastic criteria: The Tresca yield, the equivalent plastic strain and the strain energy density. Findings indicate that the equivalent plastic strain criteria are more suitable. A sensitivity analysis shows that the strain expression is linearly dependent on the pressure and discharge section. A general formulation is then established to express the ultimate pressure for each pump and any other pump not included in this study as a function of the strain and the lateral discharge surface. Fatigue life analysis is performed using the Fe-Safe suite. The Coffin–Manson, Morrow, Goodman and Soderberg criteria are used. The experimental pressure, which reaches 3000 PSI, shows that the pumps have an unlimited service life of 107 cycles. These results are in good accordance with numerical ones. However, for a pressure of 3,555 PSI, Morrow criteria denotes a decrease in fatigue life cycles equal to 309,742, 559,758 and 986,280 for MH125-150, MH100-150, and MH80-125, respectively. According to these findings, optimization topology is applied to the MH125-150 pump. The Abaqus Topology Optimization Module, which uses the solid isotropic material with a penalization method, is used: The objective function is to minimize the strain energy density subject to a volume constraint. The results show that the strain energy density declines from 1.06 × 106 J/m3 to 0.66 × 106 J/m3 with a reduction in the volume of 5%. According to Morrow, the fatigue life cycle at 3,555 PSI reaches 782,425 cycles instead of the initial 309,742 cycles.
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Table 3: Tresca criterion values

Model Pressure (MPa) Pressure (PSI) o, (MPa) oy (MPa)  Tresca criterion
(MPa)

MHS80-125 24 3,480 332.5 370.0 370.0

MH100-150 21 3,045 274.7 355.6 355.6

MH125-150 20 2,900 228.6 340.0 340.0
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Table 8: Coffin—-Manson coefficient for 65-45-12 ductile iron

Coefficient Symbol Value
Fatigue strength exponent b —0.0729
Fatigue ductility exponent c —0.6215
Fatigue strength coefficient o' 810 MPa
Fatigue ductility coefficient & 0.2651
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Table 4: Limit pressure at PEEQ limit equal to 0.001

Model Pressure (MPa)  Pressure (PSI)
MHS80-125 22.4 3,249
MH100-150 18.8 2,727
MH125-150 16.9 2,451






OEBPS/Images/CMES_30777-fig-10.png
-MH100-150

—~—MH125-150

—e—MHZ80-125
-

r
le)
o

T
(=3
(]

(edIN) omssaig

05 06 07 08 09

PEEQ

0.4






OEBPS/Images/table-9.png
Table 9: N; cycle computation

Model Pressure (PSI) Pressure (MPa) &, 2N,
1,000 6.89 0.00030159 3.25 x 10'
MHB80-125 1,500 10.34 0.00052165 1.77 x 10"
2,000 13.79 0.0007417 1.41 x 10"
1,000 6.89 0.00039842 7.14 x 10"
MH100-150 1,500 10.34 0.00061815 1.73 x 10"
2,000 13.79 0.00083784 2.66 x 10"
1,000 6.89 0.00040826 5.11 x 10"
MH125-150 1,500 10.34 0.00065036 8.6 x 10"
2,000 13.79 0.00089247 1.12 x 10%
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Table 7: Strain model parameters
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Table 11: Fatigue life cycle using Abaqus and Fe-Safe

Goodman Soderberg Morrow
3,000 PSI 3,555 PSI 3,000 PSI 3,555 PSI 3,000 PSI 3,555 PSI
MHS80-125 10’ 107 107 107 107 986,280
MH100-150 10’ 107 107 107 107 559,758

MHI125-150 10’ 107 107 107 107 309,742
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Table 1: Pressure specification for the different models

Model Working pressure  Maximal pressure Factor of safety
PSI MPa PSI MPa

MHS80-125 440 3.03 890 6.14 2.0

MH100-150 448 3.09 950 6.55 2.1

MHI125-150 455 3.14 1,100  7.58 24
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Table 6: Surface values

Model Surface (cm?)
MH&80-125 331.45
MH100-150 448.77
MH125-150 618.28
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Table 2: Mechanical properties of 65-45-12 ductile iron

Property Symbol Value
Density (kg.m™’) P 7,150
Ultimate tensile stress (MPa) o .. 490.6
Yield stress (MPa) o, 319
Young’s modulus (GPa) E 168
Poisson ratio v 0.29
Fracture strain A% 15%
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Table 10: Estimated pressure that generates an &, = 0.00186

Model Pressure (PSI) Pressure (MPa) 2N,
MHS80-125 4,540 31.3

MH100-150 4,300 29.6 5.75 x 10°
MH125-150 3,994 27.5
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Table 5: Limit pressure at SENER limit equal to 0.054 x 10° J/m~*

Model Pressure (MPa)  Pressure (PSI)
MHS80-125 23.85 3,459
MH100-150  20.7 3,002
MH125-150 16.95 2,458
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