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Abstract

Cryogenic tanks are still considered the most efficient method of storing fluids. This is due to its resistance to much
damage caused by corrosion induced by low temperature and internal pressure. In this study, the finite element method is
used to analyze the repair performance by a composite wrap in a corroded tank. A parametric analysis was carried out in
order to highlight the effects of low temperature and pressure on the thermo-mechanical behavior of the corroded structure
and to predict the evolution of stresses in the vicinity of corrosion. An approach to this problem based on the notion of
material strength was necessary since it was essential to take both the size of the pre-existing defect and the amount of
mechanical stresses. The results obtained show the effect of thermal and mechanical loading to examine their impact on the
strength of the structure on the one hand, and on the other hand, the influence of the composite wrap repair in the different
corrosion lengths (Path 1, 2, 3) on the reinforcement of the tank. Finally, repairing damage (corrosion) using FRP composites
increases the durability of cryogenic tanks, which increases their efficiency their performance and increases their life,
although the rate of improvement depends largely on operating conditions, such as pressure and temperature.
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Nomenclature 1. Introduction

Rext

internal radius [mm]

Storage tanks have long been used in the industrial

Rint internal radius [mm] sector as the most cost-effective and safest method for
t thickness of tank [mm] storing and transporting gas. However, the incidence of
L tank length [mm] accidents has increased significantly as the number of
A corrosion depth [mm] people using them has increased [1-3].Reinforcement of
c ha]f'coqosmn ]eng.th (mm] composite wrap on damaged surfaces is a common local
P Compos'.te wrap thickness [mm] repair approach in the industry [4], to reduce stresses at the
Lp Composite wrap length [mm] ) - . -

ta thickness of adhesive [mm] corrosion tips and improve the life of the damaged
] stacking sequences [mm] structure [5]. . o .

E Young’s Modulus in X direction [GPa] On the _ba5|s of bibliographic resea_rch: Xugang Wang
Es Young’s Modulus in y direction [GPa] et al studied the fracture characterization of a 6061
Es Young’s Modulus in z direction [GPa] aluminum alloy tube to analyze the mechanism of
Vi2 Poisson Ratio in X-Y plan improvement of the cryogenic forming limit. However,
Vi3 Poisson Ratio in X-Z plan their study was limited to numerical analysis [6]. A study
V23 Poisson Ratio in Y-Z plan of the effects of surface corrosion damage on the fatigue
G2 Shear Modulus in X-Y plan [GPa] behavior of 6061 aluminum alloy extrusions was analyzed
Gi3 Shear Modulus in X-Z plan [GPa] by Matthew Weber et al [7]. In addition, a numerical study
G Shear Modulus in Y-Z plan [GPa] to analyze the transient temperature field and the residual
CTE coefficient of thermal expansion [°C] stress distribution caused by the thermal effect in a 6061
Pi internal pressure [MPa] aluminum alloy sheet was evaluated by Jianing Wang et al
Tin internal temperature [°C] [8]. Sohail et al investigated the behavior of a damaged
Text external temperature [°C]

* Corresponding author e-mail: lailabelkadour@gmail.com.

aluminum aircraft structure repaired with a composite
plate under traction using experimental tests and numerical
modeling. A parametric study was also conducted for such
a repaired cracked plate in order to observe the effect of



754 © 2022 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved - Volume 16, Number 5 (ISSN 1995-6665)

the orientation of the fibers and the influence of stress
intensity factor lengthening the life of the structure [9, 11].
M. Salem and Faycal Benyahiaa used numerical modeling
to study the behavior of a cracked aluminum plate. The
stress intensity factor was calculated for a plate with a
horizontal crack under thermo-mechanical loading. The
cracked plate was eventually repaired using a composite
material, and the effect of this material on fatigue life
stress was observed using the finite element method [12].
Mohamed Berrahou et al developed an extensive finite
element method to study the thermo-mechanical behavior
of a corroded aluminum plate that is repaired with a
composite wrap. The effects of patch repair use with
different corrosion lengths on stress intensity factor
reduction and distribution of damaged areas are also
investigated [13, 14]. A number of researchers have
evaluated the effectiveness of repair of a tube corroded
with a composite material. The uniformity of stress
transfer across the enclosed area is the main benefit of the
composite repair process, which increases the fatigue life
of the repaired structure [15, 17]. Jin-Ho Hong et al
conducted a numerical analysis to study corrosion repair
from a damaged hydrogen storage tank, determining the
effect of variation in winding angle on thermal and
mechanical properties [18]. hashin, Zhengyun Hu et al
studied the effect of patch type on stress reduction using
numerical analysis. They also sought to obtain the best
patch shape in a carbon fiber composite polymer when it
was glued to a damaged hydrogen storage tank at the
center. It has been found that this type of patch is more
effective in reducing stress concentration [19]. In his study
on a corroded cylindrical tank S.H. Dehghan Manshadi
and Mahmoud R. Maheri observed the behavior of fatigue
corrosion of a tank through experimental experiments. The
storage tank was finally repaired using a composite
glass/epoxy polymer patch as a repair procedure using the
finite element method [20]. Furthermore, Xiaohang Zhao
et al studied the mechanical and thermal behavior of a
hydrogen storage tank to determine the influence of the
stress distribution and displacement of the stacking
sequence [21]. D. Ouinas et al performed a three-
dimensional finite element analysis to compare the
performance of a carbon/epoxy patch and boron/epoxy
patch on a cracked aircraft structure. They demonstrated
that the mechanics of the two repair methods are
completely different and concluded that the boron/epoxy
patch is more efficient [22]. Benyahia et al analyzed the
effect of patch shape on stress intensity factor reduction by
three-dimensional finite element analysis. The patch
shapes considered were rectangular, trapezoidal, circular
and elliptical. It was observed that the elliptical shape is
more optimal and effective in reducing SIF[23].Several
researchers have performed three-dimensional numerical
finite element analysis to determine the best composite
patch shape for structural repair [24, 26]. M.Berrahou et al
studied the mechanical behavior of a structure damaged by
a crack and repaired by different types and forms of
patches in order to analyze the effectiveness of the repair.
The boron/epoxy patch is the best type used for successful
repair by experimental tests and extended finite element
method [27].While doing the library search, we found
many researchers who studied domestic hot water tanks,
and among these researchers are N. Beithou and M. Abu

Hilal [28-30], who research in this field for multiple goals,
such as studying the experimental energy of hot water
tanks and thermal analysis of discrete water supply in
domestic hot water storage tank. In addition to Ammar
Alkhalidi et al., who studied Improving Mixing in Water
Aeration Tanks Using Innovative Self-Powered Mixer and
Power Reclamation from Aeration Tank [31].

The purpose of this article is a method for
strengthening a hydrogen tank with a composite wrap to
reduce structural damage in the corroded part. The effect
of corrosion length on the variance of Von Mises stresses,
in addition to the effect of temperature and pressure on the
distribution Von Mises Stress, and finally the effect of
fiber orientations on the presence of oval corrosion in a
thermo-mechanical loading tank were all examined. This
paper is based on modeling and simulation methods to
address the risks and failures of a hydrogen storage tank.

2. Geometrical and FE models
2.1. Description of the model

The geometry of the corroded structure considered in
this study is shown in Figure 1. Consider the following
dimensions for a 6061-T6 aluminum tank see Figure 2: the
external radius Rext = 376 mm, the internal radius Rint =
364 mm, the thickness of the tank is t = 12 mm, tank
length is L = 1800 mm.

Figure 1. hydrogen tank

900 mm

376 mm

Figure 2. Dimensions of the structure

The longitudinal plan of the tank is used to model
corrosion of an ellipsoidal shape. These are defined by
their depth -corrosion depth- (a), and their length -half-
corrosion length- (c). In this repair, Composite wrap fiber
reinforced polymers FRPC has a lengthLp of 200mm and a
thickness tpof 6mm. The collage is assured by a thickness
of adhesive ta=0.2, in the Figure 3.

For this study, the corroded tank repaired by composite
wrap whose ply orientation is of the form [+45/90/0], the
plies in the wrap have unidirectional stacking where the
fibers are oriented along the length direction, parallel to
the load direction as shown in the following table 1
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Figure 3. composite wrap repair of ellipsoidal corrosion in a tank
Table 1. Different stacking sequences employed for the composite

(0], [90] [0/45] [0/90] s [+45/90/0];

The physical properties of the model (wrap, adhesive and liner) are shown in Table 2.

Table 2. Material properties of the tank repair [32-34]

Al 6061-T6 68 0.33
FRPC 13,94 62.25 94.5 0.2 0.2 0.33 5.415 10.71 4.286
FM73 2,55 0,3

The thermal properties of the materials are shown in Table 3

Table 3. Thermal properties of the tank materials [33]

2700 2.3x1075
1560 3.5%x1075 0.2

Table4. The elastic properties of tanks as a function of temperature
-200 -100 25 100 150 200
76500 72700 68900 65800 62700 57700

3. Numerical modeling

The analysis involves a three-dimensional finite
element method using the ABAQUS finite element code
[35]. Due to the symmetry of the geometry and the applied
loads, only a 1/4 model was used. As illustrated in Figure
4, first of all, to analyze the mechanical behavior of the
tank at internal pressure and temperature, solid elements
with higher order version of the hexahedral linear
displacement type were used coupled to temperature
C3D8RT, while the element used in the mesh of the
corroded part of the cylinder is the tetrahedral linear type
C3D4RT. Because this element tolerates irregular shapes
without loss of precision, plus the total number of elements
generated for this structure is 300888, see Figure 4, the
type of element used in the wrap and adhesive is quadratic Figure 4.Mesh of the structure and in the vicinity of the corrosion
tetrahedral C3D10. So we kept the same type of element to zone
maintain the precision of the numerical calculation
between the thicknesses of the structure. The generation of
the wrap band mesh is shown in Figure 5.
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Figure 5. Mesh of the wrap and adhesive

4. Boundary conditions

As a result of the geometric symmetry of the tank,
loading internal pressure and temperature and boundary
conditions; the model could be reduced to one quarter
(1/4) of the structure of symmetry, the longitudinal half
and the transverse half.

The reflective symmetry conditions are applied in the
longitudinal direction (Ux = 6y = 6z= 0) and in the
transverse direction (Uy = 6x = 6z =0) of one quarter of the
structure, see Figure 6.

Figure 7 shows the internal surface of the tank is
subjected to mechanical loading of the transported gases
under a variant internal pressure Pi = 35, 30,25and 20
MPa.

The existence of a thermal gradient due to the
difference in temperature of the internal surface in contact
with the stored gases Tint varying between 0 and -250°C
and the external surface exposed to the ambient
environment Text = 20°C, In Figure 8.

aJY= ex = ez =0)

(Ux= 6y = 62=0)

(@) (b)
Figure 6. Reflective symmetry conditions, (a) longitudinal
direction, (b) transverse direction

Figure 7. The tank under the internal pressure

(b)
Figure 8.The tank under thermal loading, (a) internal temperature,
(b) external temperature

5. Results and discussion

In this paper, the quality and durability of carbon/epoxy
patches with different fiber orientations are examined as
shown in Figure 9. The objective of this numerical study is
to show the evolution of the Von Mises stress distribution
as a function of corrosion length for the three paths and the
variation of the maximum Von Mises stresses compared
with pressure and temperature.

Yu-Qi Qin et al [33] analyze the failure of the
aluminum alloy lining of the vehicle's hydrogen storage
tank, which causes cracking during oil circulation, and
conduct experimental tests to discover the causes of
failure. Maxime Bertin et al [36] evaluated the influence of
temperature on the multi layer polymer/composite fatigue
behavior and showed the different stresses applied to a
hydrogen tank through experimental experiments.

The novelty in our work is the composite patch repair
of a corroded cryogenic tank under thermo-mechanical
loading to see the effect of temperature and pressure on the
distribution of Von stresses and the influence of fiber
orientations. All the papers that talk about cryogenic tanks
have studied fatigue or structural cracking, but in our
research the corrosion behavior has been studied.
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Figure 9. Corrosion length for different directions: (1) path3, (2) path2 and (3) path3

5.1. Effect of corrosion length on the variation of Von
Mises stresses for different pressures

Figure 10 shows the variation of Von Mises stress as a
function of the longitudinal length (pathl) of corrosion for
different internal pressures. The presence of pressures, as
seen in this figure, minimizes the VonMises stresses
exerted on the corrosion point.It can be stated that the
increase in longitudinal length generates a considerable
decrease in Von Mises stresses.Indeed, an increase in the
longitudinal length of the corrosion in the interval [0-13]
mm leads to an 80% reduction of the Von Mises
stress.This impact is less pronounced for lengths between
13 mm and 55 mm. The values of the Von Mises stress
recorded along the tip of the corrosion, for the 20 MPa
pressure, are the most inferior to those of the other
pressures.The highest value for von Mises stress is
recorded when the pressure value is high.In the
longitudinal plane, it is also interesting to note that the
repair technique used reduces the stress values around the
damaged area.

Figure 11 illustrates the influence of the transverse
length (Path 2) of corrosion on Von Mises stresses. The
increase in this length leads to a decrease in Von Mises
stress, until a minimum value of 122 MPA is reached,
which corresponds to a transverse length value of 13 mm.
We observed that the longitudinal length is influenced
more than the transverse length, with stresses being higher
than the other direction.

Figure 12 represents the evolution of the Von Mises
stresses for different transported gas pressures Pi = 20; 25;
30 and 35 MPa.The variation of Von Mises stresses
throughout circumferential corrosion reveals that the
highest stresses are located in the two corrosion peaks 0 =
0° and 180°.Then, according to this figure, it can be seen
that the Von Mises stresses away from the corrosion are
stable, while the stresses between the two corrosion peaks
are significantly reduced.

Therefore, it can be concluded that the length of the
corrosion is strongly affected by the pressure and much
more by the temperature at the damaged area.

5.2. Effect of corrosion length on the variation of Von
Mises stresses for different temperatures

Figure 13 illustrates the evolution of the Von Mises
stress for different temperatures. It shows that the
maximum value is recorded at the bottom of the
corrosion.It can be seen from this figure that the Von
Mises stresses decrease as the longitudinal length (pathl)
of the corrosion increases. The same behavior was
observed for all lengths. Moreover, this variation in stress
decreases by increasing the length of the damaged surface.
Indeed, the stress evolution for a temperature of 23 k is
significantly more important than for a temperature of 173
k, since the temperature of the corroded zone affects the
stress distribution.

The temperature effect is shown in Figure 14. The same
phenomenon is observed for the variation of VVonMises
stresses at different temperatures in the longitudinal
corrosion direction.VonMises stresses are more highly
concentrated at the bottom of the corroded zone, and these
stresses decrease as the transverse length (Path 2) of the
corrosion tip increases. In addition, the stresses reach
minimum values for different temperatures. Beyond this
threshold, the distribution tends to produce more or less
constant stress levels. It should also be noted that a
reduction in temperature reduces the resistance of the liner
to mechanical stress, which implies a high risk of
structural failure. Longitudinal length is more affected than
transverse length because the stresses are greater in one
direction than the other.

Figure 15 shows the effect of temperature on the repair
of VVon Mises stresses as a function of the circumferential
length (Path3) of the repaired corrosion. It is noted that the
distribution of the opening stress in the vicinity of the
corrosion point always has a maximum, after which it
gradually slows down to a stable value.
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Figure 10. Variation of Von Mises stresses compared to longitudinal corrosion length for different pressures in the case (a/t=0.5, a/c=0.7)
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Figure 11.Variation of VonMises stresses compared to the transverse length of the corrosion for different pressures in the case
(a/t=0.5,a/c=0.7)
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Figure 12. Effect of pressure on Von Mises stress distribution as a function of circumferential length of corrosion in the case (a/t=0.5;
a/c=0.5)
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Figure 13.Variation of Von Mises stresses compared to longitudinal length of the corrosion for different temperatures in the case
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Figure 15. Effect of temperature on the Von Mises stress distribution as a function of the circumferential length of the corrosion in the case

(a/t=0.5; a/c=0.5).
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5.3. Variation of the Von stress as a function of pressure
and temperature for the three Paths

The graphs in Figure 16 represent the evolution of the
maximum Von Mises stresses as a function of the pressure
for the different Paths.Von Mises stresses increases with
the increase in internal pressure. The Path 3 shows high
values of Von Mises stresses compared to other Paths. The

450

increase in internal pressure causes a decrease in the
concentration of Von Mises stress.

Figure 17 shows the variation of stress as a function of
temperature in the various paths. We note that the
constraint decreases much more in path2 compared to the
other two Path. Also, it can be seen that when the
temperature increases, the stress decreases. Thus, the effect
of repair is reduced in the transverse direction in relation to
the longitudinal and circumferential direction.

400 —
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Figure 16. The evolution of the maximum Von Mises stresses as a function of pressure in the case (a/t=0.5; a/c=0.5).
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Figure 17. The evolution of the maximum Von Mises stresses as a function of temperature in the case (a/t=0.5; a/c=0.5)
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5.4. The effect of fiber orientation on Von Mises stress
repair as a function of corrosion length

Figure 18 shows the effect of the orientation of the
fibers on the repair of the VonMises stresses as a function
of the longitudinal length of the corrosion. It can be see
that the distribution of Von Mises stresses at the bottom of
the defect always has a maximum.This figure also shows
that the Von stress decreases when the length increases in
the longitudinal direction, beyond the point of corrosion,
the variation of the stress will remain constant. It is
constant that the carbon/epoxy composite gives a higher
value of stress 633 MPa which orients to 0° and 90°, while
the values decrease from 600 MPa to 567 MPa for the
orientation of the plies is of the form [0/90] s and [0/45]s.
Thus, the stacking sequence with the lowest Von Mises
stress value is [45/ 90/0]s.

761

Figure 19 shows the effect of the orientation of the
fibers on the repair of VonMises stresses as a function of
the transverse length of corrosion. In this figure, we
observe that the Von Misesstress decreases by oscillation
according to the transverse length, beyond the point of
corrosion the variation of the stress will remain constant.
This same behavior was observed for all the different
orientations. As this figure shows, the increase in the
Congruence of Von Mises is up to the point of 571MPa
upon leaving the wrap of orientation 0° and 90°.while the
stresses increase from 540MPa to 507MPa for the
orientation of the fibers is of the form [0,45]s and [0,90]s.
Among the results obtained, the stacking sequence
[45/90/0] is the best since it gives the lowest value of the
stresses.
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Figure 18. Variation of VonMises stresses compared to longitudinal length of the corrosion for different orientations in the case
(a/t=0.5,a/c=0.7)
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Figure 19. Variation of Von Mises stresses compared to transverse length of the corrosion for different pressure orientations in the case
(a/t=0.5,a/c=0.7)
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6. Conclusion

This research was part of a broader effort to better
understand the corrosion behavior of 6061 aluminum alloy
tanks. The results are obtained using the finite element
method of a corroded tank repaired by a composite
material. The effects of mechanical and thermal loading on
the structural strength along with the impact of the length
of the corrosion in the three directions, in addition to the
influence of the composite wrap repair on the
reinforcement of the reservoir, and the effect of the
orientation of the fibers on the distribution of the Von
stresses all led to the following conclusions:

e As the pressure increases, the Von Mises stress
distribution at the bottom of the corrosion also
increases.

e The lowering of the temperature of the fluid inside the
structure significantly increases the evolution of Von
Mises stresses at the level of the corrosion crater.

e Maximum stresses are reached at the lowest
temperature, indicating a significant risk of structural
failure.

e By increasing the circumferential length of the
corrosion, a maximum increase of opening in the
vicinity of the corrosion point can be observed.

e The stress increases considerably in the case of
circumferential length (path3) compared to the
corrosion length for the other Paths of a tank.

e The stress concentration at the corrosion edge is
directly affected by the orientation of the wrap. This
impact is amplified at the corrosion point.

e wrap repair using fiber-reinforced polymer composites
extends the durability of cryogenic tanks, although the
rate of improvement is highly dependent on operating
conditions, such as pressure and temperature.
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