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A Comprehensive Study on Burst
Pressure Performance of
Aluminum Liner for Hydrogen
Storage Vessels

This paper presents a comparative study on the burst pressure performance of aluminum
(Al) liner for type-11l composite overwrapped pressure vessels (COPVs). In the analysis,
the vessels were loaded with increasing internal pressure up to the burst pressure level.
In the analytical part of the study, the burst pressure of the cylindrical part was predicted
based on the modified von Mises, Tresca, and average shear stress criterion (ASSC). In
the numerical analysis, a finite element (FE) model was established in order to predict
the behavior of the vessel as a function of increasing internal pressure and determine the
final burst. The Al pressure vessels made of Al-6061-T6 alloy with a capacity of 5 L were
designed. The manufacturing of the metallic vessels was purchased from a metal forming
company. The experimental study was conducted by pressurizing the Al vessels until the
burst failure occurred. The radial and axial strain behaviors were monitored at various
locations on the vessels during loading. The results obtained through analytical, numeri-
cal, and experimental work were compared. The average experimental burst pressure of
the vessels was found to be 279 bar. The experimental strain data were compared with
the results of the FE analysis. The results indicated that the FE analysis and ASSC-based
elastoplastic analytical approaches yielded the best predictions which are within 2.2% of
the experimental burst failure values. It was also found that the elastic analysis underesti-
mated the burst failure results; however, it was effective for determining the critical
regions over the vessel structure. The strain behavior of the vessels obtained through
experimental investigations was well correlated with those predicted through FE
analysis. [DOI: 10.1115/1.4049644]

Keywords: pressure vessel, burst, experimental, validation, analytical, finite element
method, metallic, liner

1 Introduction

High-pressure gaseous storage vessels have been used in vari-
ous fields such as gas plants, power plants, aerospace, and auto-
motive industry with increasing high energy demand. The
working pressure of the vessels is ranging from 200 to 1000 bar

2020; final manuscript received December 27, 2020; published online February 11, depending on the application area [1]. Pressure vessels are mainly
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classified into four categories based on their construction: type-I,
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full metal construction; type-II, metal liner with a partial compos-
ite overwrap; type-IIl, metal liner with a full-composite overwrap;
and type-IV, plastic liner with full-composite overwrap [2].
Among these, type-III and type-1V vessels provide the most prac-
tical solution for high-pressure storage vessel industry, especially
for mobile applications, due to their relatively lightweight nature.
Metallic liners used mainly for gas impermeability in type-III
storage vessels are the focus of this study. For that and weight
reduction purposes, the metallic liner wall thickness throughout
the geometry of the vessels generally does not exceed 5 mm, and
these can be considered as thin-walled structures. In the design of
type-III vessels, the geometry of the metallic liner has a significant
effect in terms of the layup of the composite layers. Improper
design and potential defects/flaws generated during the manufac-
turing of metallic liner may substantially affect the performance
of type-III vessels under high pressure [3]. Various metallic liners
for COPVs have been developed by the researchers to meet spe-
cific requirements such as low weight, high strength, high stiff-
ness, structural integrity, blockage of diffusion of gases with
smaller atomic size, such as hydrogen, impermeability, cost-
effectiveness, long service time, less environmental effects, and
ease of maintenance, compared to neat metal storage vessels [4-6].
As liner materials, metal alloys such as Al alloys providing rela-
tively higher specific strength and lower cost are generally pre-
ferred for on-mobile applications. It was shown that type-III
storage vessels having Al liner provided a significant weight reduc-
tion with 40% as compared to those of metal vessels (type-I) [5].
There are several analytical studies focused on metallic cylin-
drical vessels in the literature. The most recent works on Al ves-
sels have generally been published within the studies on type-III
COPVs. A number of studies have considered the mechanical
behavior of the liner material only in the elastic region to over-
come the complexity of nonlinearity of the plasticity [7]. Several
studies suggested that the plastic behavior of Al liner should be
considered for designing a more compliant type-III COPV to
achieve the maximum structural strength [4,5,8—10]. Robert and
Kaufman [4] concluded a small percentage of error between
experimental tests and the deformation theory of plasticity while
determining the structural instability pressure for an overwrapped
cylindrical pressure vessel with Al liner. Kabir [5] also studied the
Al liners, which were incorporated with a composite part for
mainly its load-sharing capabilities, and compared them with a
composite shell without a liner. According to their results, the
metallic liner remarkably reduced the principal on-axis stress in
both circumferential and helical wounded composite layers. In
addition to that, the application of variable liner thickness consid-
erably restricted the deformations of the structure. Zheng and Liu
[10] performed a study on the stress behavior and burst pressure
determination of cylindrical pressure vessel made of carbon fiber/
epoxy with Al liner. They conducted the elastoplastic analysis
consisting of the power hardening theory and the Hencky equation
in the plastic theory to determine the stress behavior of Al liner.
According to the plastic solutions, the radial and hoop stresses
were found slightly smaller than the elastic solutions in the liner.
Liu and Zheng [11] performed a study on the progressive failure
using continuum damage mechanics for type-III pressure vessels.
Al 6061-T6 alloy was used as a liner material for the COPVs,
which was considered to show isotropic and elastoplastic behav-
ior. The maximum shear stress was the failure criterion to monitor
the deformations in the liner. It was seen that some parts of the
liner exceeded the yield strength and were deformed plastically
under 400 bar. The burst pressure of the type-III vessels was found
to be within 1250-1260 bar. It can suggest that the burst pressure
of liner highly depends on the pressure causing the yielding of the
material. Therefore, the burst strength of a liner used for type-III
vessel and cylindrical Al only vessel significantly differs due to
the addition of a composite part carrying the main loads [10,11].
Since elastoplastic deformation behavior occurs in the event of
high-pressure tests due to the accumulation of stress through the
yield strength for metallic vessel structure, it is critical to include
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plastic deformation theory in the analysis. Here, the classic
strength-failure criteria, Tresca [12,13] and von Mises failure the-
ories [13], are used to predict whether a failure occurs or not.
However, these failure theories should be modified or accompa-
nied in the case of plastic deformation. Power-law hardening
theory [10,13,14] and Hencky equation [10] are some of the
approaches for this purpose.

Finite element (FE) analysis is an immensely powerful tool for
solving physical problems within several disciplines, including
structural mechanics [15]. A solution to a complex structural
problem may be only possible through FE analysis. Even though a
solution may be obtainable, nonlinearities in the physical prob-
lems, including material model and properties, geometry, and con-
tact, can enormously increase computational time. In order to
decrease computational time/power, some assumptions and sim-
plifications can be made and/or specific analytical approaches
may be implemented into the FE solution algorithm using a com-
mercial FE software package such as ANsYs.

In order to predict the burst pressure of a vessel, material prop-
erties and elastoplastic models must be determined via experimen-
tal validation if possible. Material models for the plastic region of
pressure vessel material gain great importance, especially after the
maximum load attained (postnecking). Several studies reported in
the literature involved different ductile metals. Ling [16] proposed
a postnecking plastic behavior model for various alloys and com-
pared it with the power-law using FE analysis. A similar approach
was followed by Yao et al. [17] for SAE 304 steel, and the
acquired model was applied to different alloys for successful pre-
diction of failure strains for a custom tensile test. The tensile
behavior of ductile steel (34CrMo4), which is a widely used mate-
rial for pressure vessels, was studied through tensile testing of
vessel material and FE analysis [18]. A geometric defect imple-
mented through the FE software and Gurson-Tvergaar—
Needleman (GTN) model was used for ductile fracture initiation
for 34CrMo4 steel. The experimental data were used for the eval-
uation of GTN model parameters, and a parametric study was per-
formed for geometric defect size. Geometrical imperfections
implemented through FE software for a circular casing were also
studied [19]. The reliability of the predicted burst pressures of the
circular casing was validated through a comparison with a series
of experimental burst test data. The postnecking tensile behavior
of steel was studied utilizing digital image correction (DIC)
experimental setup and the plastic model including the postneck-
ing region was correctly estimated for commercial ferritic steel
and dual-phase steel [20]. During metal forming and other proc-
esses involving large deformations, resulting metal may exhibit a
weak anisotropy. This phenomenon was studied through experi-
ments and FE analysis to obtain the proper material response of
Al-6061-T6 at larger strains [21]. With a DIC system that is capa-
ble of measuring local strains, tensile and disk compression test
data were used for the validation of several anisotropic yield mod-
els, and it is reported that the yield function acquired from Barlat
et al. [22] demonstrated the most proper behavior to the experi-
mental data. Korkolis et al. [23] performed FE simulations for
biaxially (internal pressure and axial) loaded Al 6061-T6 tubular
structures. Different yield functions, including von Mises, the
nonquadratic Horford, and both isotropic and anisotropic
Y1d2000-2D, were implemented into the FE code. Numerical sim-
ulations were experimentally validated, and it was found that the
Y1d2000 model, when suitably calibrated, can predict the strains
paths for most of the experiments. Xue et al. [24] estimated the
burst pressure and location of a cylindrical shell intersection by
static and nonlinear (both geometry of deformation and material
behavior) FE analysis. Three-dimensional (3D) solid 20 node ele-
ments were employed, and multilinear material properties of
A672 and A106 steel were input as tabulated data. The model
reduction was also performed with the use of two symmetric
planes. It is experimentally found that the developed FE model
predicted both burst pressure and location well. Brabin et al. [25]
compared several predictive equations for determining the burst

Transactions of the ASME



Table 1 Mechanical properties of the Al 6061-T6 [26]
Symbol Description Unit Value
E Young’s modulus GPa 67.29
Via Poisson’s ratio 0.33
ay Yield strength MPa 269.85
Oult, true True ultimate tensile strength MPa 325.79

pressure of different types of mild steel. Comparisons with experi-
mental findings were made, and it was found that Faupel formula
provided the best predictions for the test results. It was also noted
that no single failure criterion could predict accurately for differ-
ent types of materials and geometries.

As one can see, the burst pressure predictions for metal-based
pressure vessels were abundant in the literature. However, the
number of studies considering a comparison of experimental,
numerical, and analytical burst pressure and location of Al-6061-
T6 pressure vessels suitable for type-III composite overwrapped
high-pressure hydrogen gas storage systems is limited. In this
regard, this study aims at filling the gap in the literature and
revealing the potential for comparison of the methods. Neat Al-
6061-T6 pressure vessels were experimentally investigated
through both tensile and burst pressure testing. Calculations of
various analytical approaches have been carried out for the predic-
tion of burst pressure, and an FE model was established in order
to predict the behavior of the vessel while increasing the internal
pressure and final burst pressure. The main objective of this study

20 mm

is to compare the experimental, numerical, and analytical burst
pressure findings and observe the mechanical behavior while
internally pressurizing the Al vessel by FE analysis and experi-
mental testing.

2 Materials and Methods

The pressure vessels made of aluminum 6061-T6 with a
capacity of 5 L were designed. The tensile properties of aluminum
are given in the literature as in Table 1. The design and dimen-
sions of the manufactured vessels are represented in Fig. 1. The
manufacturing of the vessels was conducted by a metal forming
company (Sima Foreign Trade, Aluminum Industry Inc.) based in
Turkey. The aft dome was shaped with deep drawing while the
front dome of the vessel was given its final form with spinning.
The manufactured vessels were seamless. An example image of
the manufactured vessel is shown in Fig. 2.

2.1 The Mechanical Properties of the Pressure Vessel
Material. In order to determine the mechanical properties of the
Al vessel, tensile tests were performed according to ASTM E8/
E8M—16a standard [27]. For this purpose, tensile test specimens
were obtained from the cylindrical section of a manufactured Al
vessel using a water jet according to ASTM E8M (Fig. 3(a)).
Speed of testing was determined according to the ASTM E8M-
16a Control Method C. 2 mm/min crosshead speed was selected
which produces a rate of straining 0.033 mm/mm/min. The strain
measurements were obtained utilizing a video extensometer. Five
specimens were tested at room temperature. The tensile properties
that were obtained from testing were Young’s modulus, Poisson’s
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Fig.1 The design of Al-6061-T6 vessels developed within the research (dimensions are in mm)

with representative strain gauge positions

Fig.2 Photograph of the Al liner with mounted strain gages prepared for burst testing
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Fig. 3 (a) The dimensions of a tensile test specimen (b) photograph of a tensile test specimen
sectioned from the Al vessel, in accordance with ASTM E8/E8M—16a

ratio, yield strength, and ultimate tensile strength. Also, bilinear
isotropic hardening tangent modulus, fracture strength, fracture
strain, and strain hardening exponents were calculated from the
stress—strain behavior of the test specimens. The average values of
the results with corresponding standard deviations were reported.
The true stress—strain data after yielding is needed for determin-
ing the plastic behavior of Al 6061-T6 in ANsys software package.
For this reason, the experimental engineering stress—strain data
were converted into the true stress—strain data up to the necking
point, assuming that uniform deformation occurs until that point.

2.2 Burst Pressure Testing of the Al Vessel. The burst pres-
sure values of Al pressure vessels were measured by the hydro-
static pressure test. Internal hydrostatic pressure was applied to
the vessels up to burst failure. Moreover, during the burst pressure
test, the local strain values on the surface of the vessels were
measured using strain gages. Three strain gages were used to
determine radial and longitudinal strain values during burst pres-
sure tests. The strain gages at their exact locations are shown in
the technical drawing and test specimen (Figs. 1 and 2).

2.3 Analytical Approaches for Burst Pressure Prediction.
Stress analysis and burst pressure predictions of the Al vessel
were investigated analytically for the dome and the cylindrical
sections. Since it is not possible to perform analytical calculations
with a single formula throughout the pressure vessel, the burst
pressure calculations of the pressure vessel were done for the
dome and cylindrical sections, separately. For a considerably safer
design of the vessel, the burst failure is not expected at the dome
section of the vessel. Therefore, analytical calculations were per-
formed in two steps, namely: (i) elastic analysis of both dome and
cylindrical section and (ii) elastoplastic analysis of the cylindrical
section to determine failure initiation to obtain more accurate
results. This procedure was a common way to overcome the com-
plexity in the analytical studies [12,25,28-30]. In the elastic anal-
ysis, the prediction of the burst pressure was based only on the
elastic behavior of the material.

In the elastoplastic analysis, the plasticity of the vessel material
after the yielding was also considered in the calculation of the
burst pressure. The elastic and elastoplastic stress and failure anal-
ysis of the Al vessel have been carried out based on the theories
for thin-walled pressure vessels, modified Tresca and von Mises
solutions.

2.3.1 Elastic Analysis. In the analysis of elastic burst pressure
calculation of the Al vessel, the dome section of the vessel is con-
sidered to be ellipsoidal. The sections of the vessel, geometric
properties, and stress components used in the stress analysis of the
dome section are given in Fig. 4. The parameters (¢, R,D, R;, R,,,
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h, r, L, X) in Fig. 4 represent wall thickness, radius of the cylindri-
cal section, diameter, latitudinal radius of the curvature, meridio-
nal radius of the curvature, depth of head, knuckle radius, crown
radius, and the location of a point on the surface of the dome sec-
tion measured from the centerline, respectively. The
meridional, 6, and latitudinal stress, o4 components in terms of
internal pressure P, for both dome and cylindrical sections of the
vessel, were calculated by using the expressions given in Table 2
[31].

where

R. = /R*/R> +X2(1 —R*/h*), R, =R;H*/R* atanypointX

(1
R, =R, = R? /h atthe center of the dome 2)
R, =h/R, Ry =R atthetangentline 3)

2.3.2 Elastoplastic Analysis. The prediction of the burst pres-
sure of the metallic cylindrical vessel is of critical importance for
a safe design. Since, the burst pressure, also called as failure pres-
sure or limit load at plastic collapse, determines the maximum
load-bearing capacity of the vessel. Al 6061-T6 used as the vessel
material is a power-law hardening material, similar to the majority
of the common metals. Therefore, analytical approaches for pre-
dicting the plastic collapse of a metallic thin-walled vessel featur-
ing the plasticity of the material were taken into consideration
[28].

The theories predicting the burst pressure are (i) Tresca-based
approach, which provides a lower bound and (ii) von Mises-based
approach providing an upper bound to the burst pressure. More-
over, a new multi-axial yield criterion called average shear stress
criterion (ASSC), first proposed by Zhu and Leis [28], is likely to
predict the burst pressure more accurately than the theories based
on traditional ones. In the analysis, Tresca-based theory, von
Mises-based theory, Svensson’s simplified solution, Christopher’s
solution, and ASSC-based theory were carried out.

In the Tresca-based approach, the Tresca yield criterion is
applied to the plastic flow theory with the use of stress—strain con-
stitutive relation and Tresca equivalent strain. Thus, the burst
pressure based on Tresca criterion can be expressed as [28]

1" 4
Py, = (E) D—mUult

where D,, is the mean diameter, ¢ is the wall thickness, and 7 is
the strain hardening exponent for the power-hardening materials
expressed as [32]

“

Transactions of the ASME



——
Latitudinal (64)

Meridional (o)

(a)

(b)

Location of
ny Point

Center of the

Dome section

/|' angent Line

Cylindrical Section of the Pressure Vessel

Fig. 4 (a) Stress directions in the dome section [31], (b) dimensional parameters in the dome
section [31], and (c) the sections of the Al pressure vessel

Table 2 Stress components of the pressure vessel for
described locations

0y o4
At any point X PR /2t PR/t(1 —RL/2R,)
At the center of the head PR?/2th 0y =0y

At the tangent line PR/2t PR/ t(1 —R?/2i?)
At the cylindrical section PR/2t PR/t

63 0.2
]0g< f Sult
G‘ys
A Eano (5)

" 3log(500¢)

In Eq. (5), oy, 05 0ys, and & define the maximum tensile strength,
failure strength, yield strength, and failure strain, respectively.

Similarly, using the von Mises equivalent strain and the
stress—strain constitutive relation, the von Mises criterion is
applied to the plastic flow theory. The solution for the burst pres-
sure is then defined as [28]

1 n+l1 41
Py = (ﬁ) D—mGuh (6)

The burst pressure obtained with ASSC embeds a weighted average
of the stress based on Tresca and von Mises criteria. This new theory
is known to improve the burst pressure estimation of the flow
response from the elastic domain into and through elastic—plastic
response for thin-walled defect-free cylindrical pipes and vessels.

The burst pressure predicted based on ASSC can be expressed
as [28]

n+l1
2 3 4
Py = ( :f\Q P %

DVH
Another analytical solution to plastic instability for both thin- and
thick-walled cylindrical vessels based on von Mises yield criterion
is so-called Svensson’s simplified solution [30], expressed as

Journal of Pressure Vessel Technology

_ 0.25 e\". (Dy
Py = ouw (—n T 0'227) (E> In (E) )

where e is the Euler’s number, D is the outer diameter, and D; is
the inner diameter of the cylindrical vessel.

Christopher et al. [30] proposed a solution based on von Mises
yield criterion for specifically thin-walled cylindrical vessels. In
this approach, the expansion of cylindrical vessel in an axial direc-
tion is assumed to be negligible to its length, the material is
incompressible at the beginning of plastic instability, and the area
of the cross section remains the same before and after deforma-
tion. Following the definition of Christopher et al., the burst pres-
sure is estimated as

2 t
WEGHM

where R; is the inner radius of the cylindrical vessel.

P, =

©)

2.4 Finite Element Analysis—Validation of the FE Model.
A 3D model was created from the dimensions measured from the
water jet sectioned specimens for tensile testing. The grip regions
were removed to avoid unnecessary inclusion of contact regions
with universal testing machine grips and shear loading to the FE
analysis. A mesh was formed by using 20 node hexahedral ele-
ments with an average size of 3 mm. The resulting 3D mesh of the
tensile test specimen model is shown in Fig. 5. One end face on
x-direction was defined as a fixed region. 10 mm displacement on
x-direction was applied to the other end face on x-direction to
observe the postnecking behavior of the tensile specimen (Fig. 5).

Al 6061-T6 material was defined as an elastoplastic material in
ANSYs 17.2. Two different isotropic hardening models were uti-
lized for defining the plastic region of the material, the bilinear,
and multilinear isotropic hardening [33,34]. The true stress—true
strain behavior of Al 6061-T6 was acquired from the experimental
tensile testing of the material, and by converting the engineering
stress—strain curves up to the necking point calculated elastic

AUGUST 2021, Vol. 143 / 041503-5
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Fig.5 Tensile testing specimen FE solid model

Table 3 Mechanical properties of the Al 6061-T6 specimens used for FE simulations and analytical calculations

Symbol Description Unit Average value * standard deviation
E Young’s modulus MPa 57,548 = 1328

Vo Poisson’s ratio 0.33+0.01

oy Yield strength MPa 2403 +43

Ean Bilinear isotropic hardening tangent modulus MPa 975 + 37

Oult, true True ultimate tensile strength MPa 317.0*+7.2

Ofm Mean fracture strength MPa 298.3+£5.8

&m Mean fracture strain MPa 0.17 £0.01

n Strain hardening exponent — 0.0896 = 0.0048

5000

100.00 (mm)
asi |

25.00

75.00

Fig. 6 FE model of the Al vessel with load and boundary conditions

modulus, yield strength, and tangent modulus of the bilinear iso-
tropic model were tabulated in Table 3.

Large deformations were expected as it was intended to observe
the postyielding behavior of the materials, so large deformations
setting was enabled in the FE analysis software. The displacement
as the loading condition was applied linearly until the final time of
Is, which corresponds to 10mm of displacement in the
x-direction, with three different time-step regions. These time-step
regions defined as 0.008 s up to 0.35s, 0.001 s between 0.35s and
0.58s, and finally 0.0005s until the last converged time-step. It
was intended to gradually reduce the time-steps for improving the
convergence of the numerical analysis and higher resolution of
mechanical behavior through the loading.

2.5 Finite Element Analysis of Al Pressure Vessel. For
pressure vessel FE analysis, a solid mechanical model was formed

041503-6 / Vol. 143, AUGUST 2021

utilizing the aforementioned technical drawing (Fig. 1) and 20
node hexahedral elements (SOLIDI85 in Ansys). In order to
decrease computation time by taking advantage of axisymmetry, a
mesh convergence and a model reduction analysis were per-
formed. Therefore, the model was reduced to half, quarter, and
1/16 of the full 3D model and shown in Fig. 6.

Contact regions with testing apparatus were considered as fixed
boundaries and shown in Fig. 7(a). The reduced model’s both side
section boundaries were given as free movement through axial
and radial directions but restricted in an angular direction; thus, it
is assumed that no rotational motion occurs through the vessel
while internally pressurizing it (Fig. 7(b)). Finally, the pressure
was applied normal to internal surfaces of the pressure vessel
except the regions in contact with the testing apparatus.

The mesh convergence study was also performed on the 1/16
model of the vessel. Average element sizes of 2 to 7mm were

Transactions of the ASME
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Fig. 7 Boundary conditions for pressure vessel 3D FE model, (a) left-view and (b) front-view

selected. Below 2 mm element size, it was observed that the mesh
is not manageable to work within the ansys software. Similarly,
above 7mm element size, severe defeaturing of the model was
observed. Furthermore, element size larger than 7mm had a siz-
ably distorted aspect ratio, in order to ensure that at least three ele-
ments were present at the thickness direction, which adversely
affects the convergence of the FE analysis.

Analysis settings were configured for the burst pressure simula-
tions similar to the tensile testing numerical model, except the
loading was given as pressure instead of displacement, due to the
nature of the structural problem. Pressure as a load condition
ensures that the force was always applied normal to the surface
even in the expected cases of shape change of the surface. This
loading condition perfectly represents the case of pressurizing the
Al vessel. Loading was applied linearly up to the final calculation
time of 1s, which corresponds to 30 MPa, with four different
time-step regions, for improving the convergence of the analysis,
thus proper burst pressure calculations of the vessels. Timestep
regions were given as follows; 0.008 s up to 0.35s, 0.002 between
0.35s and 0.85s, and finally 0.0005 until last converged time-
step. All FE simulations were performed on a Dell Precision
WorkStation T7500 featuring 2x HexaCore Intel Xeon X5690 at
3600 MHz and 48 GB of DDR3-SDRAM.

Burst pressure was determined from the load versus deforma-
tion behavior of the vessel. Similar to the tensile testing, load ver-
sus strain behavior of bilinear and multilinear isotropic hardening

Journal of Pressure Vessel Technology

models was investigated. The double elastic slope and tangent
intersections of elastic and plastic region methods are the two of
the methods present in the literature to find the limit pressure. In
tangent intersection method, one tangent line drawn to the elastic
region and one tangent line drawn to the plastic region of the
curve and the burst pressure can be determined intersections of
these lines. In double elastic slope method, a straight collapse
limit line is drawn from the origin of the load versus deformation
curve with the twice slope of the initial elastic response line [35].

3 Results and Discussion

3.1 Experimental Findings

3.1.1 Mechanical Behavior of the Vessel Material. The aver-
age mechanical properties of the Al-6061-T6 specimens deter-
mined experimentally are given in Table 3. These results
measured were employed in further FE analysis and analytical
calculations. The engineering stress—strain behavior of the Al
specimens under tensile loading is shown in Fig. 8.

3.1.2  Burst Pressure Testing. The burst pressure testing of Al
vessels was carried out utilizing the experimental setup described
in Sec. 2.2, with strain measurements on three different regions of
the vessels. The average burst pressure of Al vessels was meas-
ured to be 279 bar. The typical burst failure mode of the vessel is

AUGUST 2021, Vol. 143 / 041503-7
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Fig.8 Stress versus strain curves of the Al-6061-T6 specimens
obtained based on tensile testing and FE analysis

visualized in Fig. 9. As seen in the image, the vessels were failed
with the final rupture along the cylindrical section, which is a safe
burst mode for those structures.

3.2 Analytical Approaches

3.2.1 Elastic Analysis. Based on von Mises yield criterion
and using the stress components for thin-walled Al vessel sub-
jected to internal loading (Table 2), the burst pressure was deter-
mined. The variation of burst pressure throughout the length of
vessel is given in Fig. 10. It can be seen from the figure that the
minimum burst pressure value in front dome was obtained as
269.3 at a point of transition from boss to dome region of the ves-
sel. In the front dome region, the limit load was increased to about
400 bar, followed by a sharp decrease to 224.5bar while
approaching to the cylindrical section. A similar pattern was
observed at the aft dome of the vessel. With the increasing wall

Front Dome Cylindrical Section Aft Dome

Vs
et

800

700 I
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Fig. 10 Analytical burst pressure variation throughout the
axial distance of Al vessel

thickness at the aft dome, limit loads reached to about 750 bar.
The limit load for the center of the aft dome was calculated as
682.4 bar. As a result of these elastic region only calculations, the
minimum burst pressure has been found to be 224.5bar at the
cylindrical section of the pressure vessel. From these results, it
can be concluded that the critical region is a cylindrical part in
terms of strength and it was considered that the burst would occur
in the cylindrical section of the vessel.

3.2.2 Elastoplastic Analysis. The cylindrical part of the Al
vessel also required elastoplastic analysis to determine the failure
initiation mentioned previously.

Table 4 summarizes the predictions obtained based on, more
generally, Tresca, ASSC, and Von Mises criteria. In this study,
estimation by formulae based on the Tresca criterion predicted

Fig.9 (a) Al pressure vessel after the burst pressure testing and (b) the fractured surface
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Table 4 Comparison of analytical, numerical, and experimental burst pressure

Burst pressure, Py, (bar)

Relative error (with respect to experimental result) (%)

Tresca-based

ASSC-based

von Mises-based

Christopher

Svensson’s simplified

FE analysis bi-linear (excessive strain/end of conversion)
FE analysis multilinear (excessive strain/end of conversion)
Experimental result

262.8 —5.8
285.1 22
307.5 10.2
321.6 153
300.0 7.5
298.55 7

257.72 —7.6
279.0 —

Table 5 Comparison of FE models developed for determining the burst pressure

Model size Average element size (mm) # of nodes # of elements CPU time (s) Burst pressure (bar)
Full 7 49,492 25,228 1731 257.72
Full 5 170,647 103,108 10,411 257.72
Half 5 34,489 7027 970 257.55
Quarter 5 29,480 5313 8425 257.55
1/8 5 15,385 2688 375.8 257.55
1/16 5 13,428 2492 354..6 257.55
burst pressure lower than experimental burst pressure. On the , ‘ . ' -
other side, the estimations based on von Mises criterion (von —m———— i
Mises-based, Christopher and Svensson’s Simplified) remained 181 | 2mm Radial i 1
above the experimental result. The solution based on ASSC esti- 16— Jmm Adal 1
mated the value between Tresca and von Mises criteria based the- F4L (Cgmm plal g
ories as expected [28]. ASSC provided the closest burst pressure E ol |——5mmAxal Aial deformaton behavior i i

o e . . c —-==5mm Radial (2.3.4.5,6,7 mm meshes overlap) {
prediction to the experimental burst pressure. Relative error was S | |—6mmAxa i |
significant in the estimation obtained by Christopher formulation, £ Sm Recial {

. . . . 5 08}F |7 7mm Axial i 4
specifically derived for thin-walled pressure vessels having wall S - 7mm Radial /
ratio (wall thickness/inner radius) around 1/20. However, the Sosf / ]
metallic vessel considered in this study has a wall ratio of 1/11. 04r @540 5 T~y .
This might have negatively affected the prediction. 02F T a y

00 50 100 150 200 250 300
3.3 FE Analysis—Tensile Testing. FE material model vali- Internal Pressurs (bar)

dated through simulation performed with different boundary con- Fig. 11 Radial and axial deformation comparison of FE models

ditions and hardening models. Figure 8 shows the comparisons
between experimental data and FE analysis. As one can clearly
see, the multilinear isotropic hardening model fits well with the
experimental results compared to bilinear isotropic hardening.

Two different loading conditions were also compared. Load
given as a displacement in x-direction fits well even beyond
Oeng, uts- Local deformation at the center of the specimen was also
observed in postprocessed results in ansys. On the contrary,
directly given forces on the same boundary result in convergence
problems in ANsys after ocn, urs. The load condition given in
force or pressure must monotonically increase equivalent stresses
in 3D elements in ANSYS. Up t0 Geng,uts both load conditions
showed nearly identical behavior. Unfortunately, it is not always
possible to give load conditions as displacements as such in the
case of internally pressurized vessels.

3.4 FE Analysis—Burst Pressure Testing. Numerical simu-
lations for determining the burst pressure of the Al vessels were
carried out for different models. Model specifications such as
average element size of meshing, number of nodes, and elements
with the corresponding computation time were compared in
Table 5.

It can be clearly seen from the burst pressure and mechanical
behavior that the structural problem does not have a mesh size
dependency at the modeled mesh size level. Moreover, when com-
pared to the full model, the boundary conditions introduced with
the model reduction did not affect the mechanical behavior of the
vessel. In Fig. 11, axial and radial deformation behaviors of the

Journal of Pressure Vessel Technology

with different average element size

vessels with different mesh sizes were compared, and it was found
that the deformation curves overlapped on each other seamlessly.

The strain behavior and the elongation of the bilinear and multi-
linear hardening models were significantly different after the
yielding of the vessel material. The FEA analysis convergence
could not be sustained after excessive deformation. The strain lev-
els at the end of the convergence were not suitable to apply the
double slope limit pressure method since the double slope line
doesn’t intersect the load deformation line. On the other hand, the
tangent intersection is not useful because the plastic region of
the multilinear curve is not mature whereas the plastic part of the
bilinear curve reaches to horizontal line. Therefore, the limit pres-
sure is taken to be the point of the end of the convergence.
Figure 12 compared the pressure versus strain curves obtained
through the FEA of the two material models.

To compare the multilinear isotropic hardening model strain
behavior with the experimental results, rosette type strain gages
were utilized to measure the local strains (axial and hoop) in the
above-mentioned positions (Fig. 1). The axial and hoop strains
obtained during the burst pressure tests were compared with the
FEA results. Figure 13 shows the comparison of experimental and
predicted strain values at the strain gages located at the front, cen-
tral, and aft section of the vessel, respectively. It was found that
the experimental and FEA results show good correlation. While
the hoop strain behavior of the back cylindrical section of the
pressure vessel was similar to the experimental results, there were

AUGUST 2021, Vol. 143 / 041503-9



350

300

250

200

Pressure(bar)

150

100

Multilinear FEA
50
——Bilinear FEA

0

0.00E+00  1.00E-03  2.00E-03 3.00E-03 4.00E-03 5.00E-03 6.00E-03 7.00E-03 8.00E-03

Radial Strain{mm/mm)

Fig. 12 Internal pressure versus radial strain for multilinear
and bilinear model

300

250

Pressure(bar)

AL

AL

| - - -AFEALL
;]

AT1L

AIT12

- = —AITIFEA

0 00005 0001 00015 0002 00025 0003 00035 0.004 00045 0005
Strain(mm/mm)

(@)

300

250

200

Pressure(bar)

100 AL21

AL22
- = —AIL2FEA

AT21

AT22

- = = AIT2FEA

0 00005 0001 00015 0002 00025 0003 00035 0004 00045 0005

Strain(mm/mm)

(b)

200

A3

AIL32

- = —AIL3FEA

AIT31

AIT32
- = = AIT3FEA

0 00005 0.001 00015 0002 00025 0003 00035 0.004 00045 0.005

Strain(mm/mm)

(c)

Fig. 13 A comparison of experimental and FEA prediction of
axial and hoop strain values of the Al pressure vessel at (a)
front, (b) central, and (c) back cylindrical section positions

still significant deviations in the strain values. This can be attrib-
uted to the local plastic deformation occurred at the back cylindri-
cal section of that specific vessel.

Table 4 summarizes all burst pressure results calculated from
different approaches. It should be noted that analytical results
assumed that burst occurs immediately after yielding. Similarly,

041503-10 / Vol. 143, AUGUST 2021

in FE analysis with the multilinear isotropic hardening material model,
postnecking plastic behavior was omitted because of convergence prob-
lems encountered in that plastic region of the ductile metal.

Among elastoplastic analytical approaches, the theory based on
the Tresca criterion underestimated the burst pressure while the
formulae based on the von Mises criterion (von Mises-based,
Svensson’s formula and Christopher’s approach) overestimated
the failure pressure. The new analytical approach ASSC obtained
the most accurate result compared to the experimental one. The
tendency of overestimation of the elastoplastic approaches can be
explained by the manufacturing flaws including the local forma-
tion of microcracks and thickness variations of vessels which are
not considered in the analytical approaches and numerical
simulations.

The FE analysis results underestimated the burst pressure with
multilinear model and overestimated with the bilinear model,
compared to experimental findings.

4 Concluding Remarks

In this paper, the mechanical response and burst pressure of Al-
6061-T6 pressure vessel were determined by the combined usage
of experimental, analytical, and numerical results. Analytical the-
ories considering the elastic and plastic deformation of the Al
liner were incorporated to predict the failure of cylindrical and
dome sections of the vessel. In the numerical simulations, two dif-
ferent isotropic hardening models were utilized for defining the
plastic region of the material, the bilinear, and multilinear iso-
tropic hardening. The following conclusions can be drawn;

e The burst pressure based on the elastic stress approach for
the cylindrical section was calculated as 224.5 bar with a rel-
ative error of —19.5% as compared to the experimental
result, which was 279 bar. Although the elastic approach
underestimated the burst failure, it correctly predicted the
burst location. The elastic analysis provides a good prelimi-
nary basis for the limit load analysis for the pressure vessels.

e The theories based on plastic instability analysis significantly
improved the burst pressure prediction so that there was a
good agreement by using the ASSC approach with a relative
error of only 2.2% and 285.1 bar with regard to the experi-
mental result. Instead of using elastic stress analysis, the the-
ories based on plastic instability should be used to determine
the burst pressure correctly.

e The solution of the developed FE model provided the best
burst failure prediction for the Al vessels. The solid model
developed for the FE was found to be insensitive to the ele-
ment mesh sizes.

e Two different approaches were utilized for determining the
burst pressure from the FE analysis results. The mechanical
behavior obtained from the tensile tests and supplied to the
FE software. The error of the FE model was below 10%.

e It was also observed that experimentally obtained mechani-
cal property input to the multilinear isotropic hardening
material model in the FE software improved the accuracy of
the strain behavior of the vessel with exception of postyield-
ing part since the analysis was pressure controlled, whereas
in the experiment with the increasing strains, the pressure
level stays constant at some sections of the experiment.
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