2545 10 1] LIRS Vol.25 No.10
20214F10 H Journal of Ship Mechanics Oct. 2021

Article ID: 1007-7294(2021)10-1356-11

Crack Evaluation of an Ultra—High—Pressure Chamber Used for
Deep—Sea Environment Simulation

WU Mian', WANG Fang*3, LUO Rui—long 3, JIANG Zhe?, CUI Wei—cheng >*

(1. Jiangsu Provincial Key Laboratory of Advanced Manufacture and Process for Marine Mechanical Equipment, Jiangsu
University of Science and Technology, Zhenjiang 212003, China; 2. Shanghai Engineering Research Center of Ma-
rine Renewable Energy, College of Engineering Science and Technology, Shanghai Ocean University, Shanghai
201306, China; 3. Shanghai Engineering Research Center of Hadal Science and Technology, College of Marine Sci-
ences, Shanghai Ocean University, Shanghai 201306, China; 4. Westlake University, Hangzhou 310024, China)

Abstract: Ulira—high—pressure (UHP) thick chamber for simulating the underwater pressure environ-
ment bears high cyclic load and is prone to cracks caused by fatigue. Fatigue crack growth is an impor-
tant factor affecting their fracture. The objective of this paper is to analyze the behavior of semi—ellipti-
cal crack growth in an aged UHP chamber and to estimate the safety margin of the chamber. For this
purpose, crack growth properties of the material 20MnMoNb steel were experimentally investigated
first considering triangular and trapezoidal load history respectively. Two series of results were com-
pared to examine the sensitivity of the material on holding time. A three—dimensional finite element
(FE) model was used for fatigue crack growth calculation based on the unified crack growth rate model
and verified by comparing groups of numerical and experimental results on CT specimen. A series of
FE models for cracks with different initial size, aspect ratio and inclination level are presented and re-
sidual life of the chamber is obtained based on the allowable criterion depth of surface cracks on the
inner wall of the chamber. The analysis results will be used as a reference to evaluate the reliability of
the UHP chamber.
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0 Introduction

Deep sea exploration attracts human’ s attention in recent years, which has led to an upsurge
in research and development of deep—sea equipment. Pressure tests on the structure strength and
sealing performance are required for components of deep—sea equipment before they are applied in
deep—sea to ensure safety. These pressure tests will be carried out in ultra—high—pressure (UHP)

thick chambers for simulating the underwater pressure environment with its pressure—resistant
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structure, as shown in Fig.1 for illustration of a component pres- ‘ ‘
sured in the UHP chamber. A

Research has been done on the design and analysis of a vari-

ety of UHP chamber systems with the functions of pressure resis-

tance, water—tightness, detecting leaks, video transmission etc."'™.

The core problem of pressured hull design is to examine the ability

of the hull to resist deformation and damage under the action of

load®™®, that is, to guarantee its strength, stiffness and stability, and
to ensure the safety. UHP chambers used for deep—sea environ- Fig.1 Sketch of UHP chamber
ment simulation with the form of a typical cylindrical shell are of for deep—sea environment
normal temperature chambers. And the design internal medium simulation

pressure may be higher than hundred mega—pascals and much greater than the external pressure.
The failure form of a general internal pressure hull such as underwater pipelines includes leakage,
rupture and excessive deformation or even destruction”'”. Strength failure criteria with fatigue and

fracture failure included will be adopted to avoid leakage or structural loss stability.

However, micro—cracks as shown in Fig.2 are some- ~ T
times buried below the surface of shell which can expand a
under severe stress. Strict flaw detection should be per- =
formed before use. Undetected defects may grow to new —andl —
macro—cracks especially near the surface due to the inter- Fig.2 Sketch of the distributed micro—
action of more rigorous stress processes, which may propa- cracks inside the material

gate along the wall thickness direction. Fatigue crack growth properties must be taken into account.

Most of studies on crack growth in pressure vessels are carried out in pipe and nuclear indus-
tries. Margolin and Karzov!'" applied the fatigue crack propagation model based on the analysis of
material behavior in the local zones near the crack tip on nuclear pressure vessels made of
2CrMoNiV. Price and Ibrahim'* studied crack growth in aluminum cylinders with cracks initiating
at the neck shoulder of nuclear vessels. Meaningful results are obtained for damage tolerance analy-
sis. Tan et al'"” presented creep constraint and fracture parameter for axial semi—elliptical surface
cracks with high aspect ratio in pressurized pipes made of 25Cr2NiMolV steel, in which creep life
assessment method was provided. Various studies can be found in other literatures"*"". The re-
searchers of these studies have grasped some methods and laws of crack propagation in pressure
vessels from different levels, but they have not paid enough attention to ultra—high pressure thick—
walled vessels.

The UHP chambers equipped in the authors’ laboratory have been in use for more than five
years. In order to ensure the safety of the pressure chambers, it is necessary to evaluate their perfor-
mance in a comprehensive way. At present, it is difficult to detect the inner walls of the UHP cham-
bers totally. However, according to past experience, there will inevitably be some severe deforma-
tion and surface defects in the inner walls after cycles of high pressure. These surface defects can
be conservatively treated as surface cracks. The evaluation of the cyclic capacity of the cracked bod-

ies can be specified. 20MnMoNb steel is a material which is usually used for construction of such
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chambers. But the crack growth data are not enough. In this paper, the crack growth properties of
the material under two types of loading conditions are experimentally studied to examine the sensi-
tivity of the material on holding time. Then a numerical study on a certain UHP chamber with semi—
elliptical cracks in the internal side is established to evaluate its safety against fracture and fatigue

failure under acceptable crack size criterion.

1 Problem description

1.1 Structure and material
The analyzed UHP chamber has an inner diameter of 450 mm and an outer diameter of 890

mm, which was designed for simulating the full ocean depth

environment with a pressure of 115 MPa. Its configuration is

shown in Fig.3. It is a cylindrical thick—walled structure with a
flat cover.

The chamber is made of 20MnMoNDb steel. The chemical
composition ratio of the material is listed in Tab.1. Four tensile
samples tested to obtain the mechanical properties of the mate-

rial are listed in Tab.2, showing a satisfactory plasticity and

high strength.

) SO )
Tab.1 Chemical composition of material 20MnMoNb
steel (weight%)
C Mn Si S P Cr Ni Mo Cu  Nb Fig.3 Configuration of UHP
0.20 143 0.31 0.002 0.007 0.043 0.052 0.50 0.05 0.033 chamber
Tab.2 Material mechanical properties
Specimen No. &l% Z1% o, /MPa o, /MPa E/GPa
1# 24.76 73.17 586 687.9 210.8
2# 27.32 68.42 572 677.7 209.4
3# 27.48 69.53 566 672.5 210.7
4# 23.04 72.12 597 701.9 209.5
Average 25.65 70.81 580 685.0 210.1

Note: e—elongation; Z—area reduction; o —yield strength; o, —ultimate tensile strength; E—elastic modulus

1.2 Loading history

In the course of service, deep—sea equipment will bear the pressure of sea water, and the pres-
sure will change with the process of dive—operation—float for many times, that is to say, it will bear
the effect of cyclic load. Both the static strength and fatigue strength of the equipment need to meet
the requirements. In the process of strength checking and fatigue checking of these components by
means of a UHP chamber, the chamber itself is also affected by cyclic load. In addition, it is some-
times necessary to consider whether the retaining load during the operation in deep sea has an im-
pact on the component. Fig.4 records the pressure of the chamber analyzed in the present study dur-

ing a certain period of time. Retaining load exists in some loading cycles for several minutes or even
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hours. Generally, in fatigue analysis, the treatment of similar trapezoidal loads can be approximated
by linear superposition method. Crack propagates under the joint action of triangular cyclic load
and retaining load. The crack growth may be different under the two load sequences respectively, as
shown in Fig.5(a) and Fig.5(b). But the extent of difference also depends on the properties of the ma-
terial itself and the duration of magnitude of the sustaining load. Research on the dwell fatigue prop-
erties of several candidate high strength alloy materials used in deep sea equipment were conducted
by Wang et al"*". Dwell fatigue properties of the present material for UHP chambers 20MnMoNb
steel have not been reported yet. Fatigue life analysis based on fracture mechanics needs consider-
ing the effect of sustaining load on crack growth performance of the material which is presented in
the next section.
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Fig.4 Loading history of the ultra—high—pressure chamber (with an inner diameter of 450 mm)
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Fig.5 Sketch of two types of simplified loading histories

1.3 Crack growth properties by experiments

The crack propagation rate test was carried out on MTS810 fatigue testing machine. The stan-
dard compact tensile specimens (hereinafter referred to as CT specimens) with W=60 mm, B=15
mm and a,=12 mm are used to prefabricate cracks of 1-2 mm. The test was carried out in room
temperature, using sine wave loading mode with a loading frequency of 10 Hz and the maximum
load is 20 kN with a stress ratio of 0. The time of holding load determines the cost of test. To save
the test cost, the reference time of retaining load in the present study was set to 2 minutes.

The crack growth rate da/dN is obtained from the a—N curve. The magnitude of the stress in-

tensity factor AK is calculated as follows:

AF

AK = f (alW) 5 7os (1

2

2 3 4
(l886+—464((l)—-1332((1) + L¢72(") - 56(")
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where a is the crack length, W is the sample width, B is the sample thickness, and AF is the load

ﬂmm=@+;) )

magnitude.
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The experimental results of two a=N curves
under normal fatigue loading (triangular load histo-
ry) and dwell fatigue loading (trapezoidal load his-
tory) are shown in Fig. 6. The crack growth rate
curves (da/dN~AK curves) are shown in Fig.7. In
the stable growth stage, the two curves almost coin-
cide, and the crack growth is not affected by the
sustaining load.

A unified crack growth rate model (UCGRM)
proposed by Cui et al (2013) will be used for crack
growth calculation, which can be expressed by the

following equations,
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Fig.7 Crack growth rate curves (da/dN~AK curve) under normal fatigue loading (triangular

load history) and dwell fatigue loading (trapezoidal load history)
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where A is a material - and environmentally—sensitive constant of dimensions (MPa)™; m is a con-
stant representing the slope of the corresponding fatigue crack growth rate curve; n is the index indi-
cating the unstable fracture; K, is the plane strain fracture toughness of the material; K, is the frac-
ture toughness of the material under fatigue loading; r,is an empirical material constant of the inher-
ent flaw length of the order of 1 mm; a is the modified crack length which is equal to r, plus the ac-
tual crack length; o, is the maximum applied stress; o, is the minimum applied stress; Y(a) is a
geometrical factor; Y(r,) is a geometrical factor when a is equal to r; R is the stress ratio (=0, /0,...);

AK

th

AK,; AK,; is the effective range of the stress intensity factor; AK,, is the effective range of the

th?
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Fig.8 is the crack growth rate curve simulated by AK (MPam®)
UCGRM. All the model parameters are listed with the Fig.8 Crack growth rate curve simulated by
curve. The model will be used for calculating the crack UCGRM with model parameters

length in 3D simulation.
2 Theoretical and numerical analysis

2.1 Failure criteria

The failure form of a general internal pressure chamber includes leakage, rupture and exces-
sive deformation or even destruction. Failure criteria can be divided into strength failure criteria
and stiffness failure criteria. Strength failure criteria includes elastic failure, plastic failure, elastic—
plastic failure, fatigue failure, fracture failure and corrosion failure etc. and stiffness failure criteria
typically refer to those of leakage and structural loss stability. Sometimes, an acceptable critical di-
mension is artificially defined to limit the extent of defect expansion before ensuring that the struc-
ture does not break. The plasticity and toughness of this 20MnMoNb steel are very strong, especial-
ly the fracture toughness reaching more than 120 MPa*m"’. In the design stage, the deformation of
the structure will be checked and the excessive deformation damage of the cylinder will not occur
when the structure is used properly. In the stage of crack propagation, high fracture toughness pre-
vents the occurrence of unstable propagation. Therefore, in the service life calculation based on

fracture mechanics, the failure criterion proposed in this paper is the criterion of acceptable crack
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sizes.
2.2 Modelling approach
2.2.1 Simulation validation

A general finite element software Abaqus and a special analytical software for three—dimen-
sional crack propagation Franc3D were combined to simulate the fatigue crack growth of structure
for the present study. The accuracy of the stress intensity factors at the crack front determines the
accuracy of the simulation results. Therefore, the calculation results of stress intensity factor at
crack tip of standard CT specimens were compared with those from Franc3D software firstly.

Before the finite element calculation, the material properties of CT samples were defined ac-
cording to the experimental results of 20MnMoNb as listed in Tab.1 and the Poisson’ s ratio was
0.3. The surfaces of the two cylindrical holes contacted with the pins were coupled to their respec-
tive centers and loaded with a concentrated force of 20 kN at the two points of the coupling. The
loads were directed toward both sides of the specimen and the boundary conditions were applied on
the central line of the surface farther away from the circular hole. Fig.9 shows the comparison be-
tween the a—N curves by test and simulation. The calculated results of stress intensity factor at
crack tip of CT specimens obtained by Franc3D simulation were compared with those obtained by
formula, as shown in Fig.10. According to the comparison of the curves in the figure, it can be seen
that the calculated stress intensity factors of Franc3D software are in good agreement with those
from the formula except for some deviated points from unstable calculation. Then the model can be

used for numerical simulation of fatigue crack growth with satisfactory accuracy.

34 T T T T T T T T T T T T T 70 T T
32 4 .0 f 4
OX 604 2
E 304 —= Experimental data o ]
. - m
g —o— By Franc3D simulation o~ 50 1
S 284 - :iE
= - &
) 26 1 8y 404 1
5 ‘,F' =
P=20 kN bl
24 4 1
%5 /‘. <1 3p4 ]
8 22 -".
g . ° -
I"'J.’ Coupled ¢ i 20 o —a—PBy formula calculation
20 4E®" ] 1 © By Franc3D simulation|
18 T T T T T T T T T T T T T 10 T T T T T T T T T T T
0 10000 20000 30000 40000 50000 60000 70000 10 13 20 25 30 35 40
N (cycles) a (mm)
Fig.9 Comparison between the a—N curves by Fig.10 Comparison between the AK-a curves
test and simulation from test and simulation

2.2.2 3D simulation of surface cracks analysis

For a cylindrical internal pressure vessel, the stress on the inner wall of the vessel is the larg-
est, and the internal defects of the material are most likely to occur there. It is assumed that a semi—
elliptical macro—surface crack occurs on the inner wall of the chamber as shown in Fig.11 and the
semi—elliptical crack is also a simplified form of the general surface cracks. The crack will be calcu-
lated through the sub—model of the cylindrical structure after mesh refinement in Franc3D software.
a and ¢ are respectively the short and long half-axis lengths of a semi—elliptical shape, i.e. crack

depth and surface half-length. The initial size of the crack, ¢,=5 mm and ;=3 mm, is presumed for
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initial analysis. When the maximum value of
the cyclic internal pressure is 110 MPa, the
variation of crack dimensions with the num-
ber of loading cycles can be calculated, as ™
shown in Fig.12. When the number of cycles
is 150 000, the crack depth grows to 65 mm
and the length reaches 95 mm. The thickness
of the cylinder is 220 mm, that is to say, after
150 000 times, the assumed macroscopic
crack depth has reached 30% of the thick-
ness of the chamber.

If one tenth of the wall thickness is tak-
en as the acceptable crack depth, the loading
cycles are about 110 000 times. The ultimate strength
test frequency by using the present pressure cylinder
is about 400 times per year, or about 12 000 times in
30 years. If we consider cyclic loading tests of some
special components, the frequency of loading cycles
can be increased by 200 times a year according to
the current frequency records, then it is about 18 000
cycles in thirty years. Under the current criterion that
the crack depth is less than one tenth of the wall
thickness, the life requirement is satisfied. And ac-

cording to the analysis, the service life of the pres-
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Fig.11 FE global model and sub—model with

a surface crack
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Fig.12 Crack length versus cycles when ¢,=

5 mm and @,=3 mm respectively

sure cylinder in the design pressure state is about six times the safety margin.

2.2.3 Effect of initial aspect ratio and crack inclination on crack growth properties

Crack characteristics are one of the factors affecting life. The influences of aspect ratio of an
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1364 WA 712 52555 101

initial crack and angle of crack relative to the center axis of the pressure cylinder on life will be ana-
lyzed in this section. The acceptable crack size is still 1/10 of the cylinder wall thickness. Figs.13—
14 show the crack growth curves under different initial aspect ratios. Fig.10 presents the analysis of
the crack growth at different initial depths under the same initial crack half-length ¢, of 5 mm while
Fig.13 shows the crack growth with different initial lengths at the same initial crack depth a, of 3
mm. When the initial crack length was 5 mm, the crack growth at initial depths of 2 mm, 3 mm, 4
mm and 5 mm was investigated. The minimum residual life was 96 668 cycles. When the initial

crack depth was fixed to 3 mm, the crack growth was investigated when the initial length was 3 mm,
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Fig.15 Configuration of surface crack inclination in FE model

4 mm, 5 mm and 6 mm respectively. The minimum 80 - - - - -

residual life was 102 566 cycles. The remaining life
can meet the application requirement.

The effect of the crack inclination angle to the

a (mm)

cylinder axis was also studied under the condition of
a,=3 mm and ¢,=5 mm. The configuration of the sur-

face crack inclination in the FE model is shown in

Fig.15. The inclination angles of cracks are 0°, 5°,

T T T T T
10°, 20° and 30° respectively. Results in Fig.16 show 0 3000060000 90000 120000 150000 180000

. . . N (cycles)
that the angle of inclination retards crack growth.

) . Fig.16 Effects of inclination on crack growth
Then conservative calculation can be done by not

o in depth direction when a,=3 mm and
taking inclination into account.

¢,=5 mm

3 Conclusions

UHP chambers used to simulate deep—sea environment need to bear a pressure of more than



5103 WU Mian et al: Crack Evaluation of an Ultra-—High—Pressure --- 1365

110 MPa. After several years of use, the UHP chambers need to be checked in a comprehensive
way. The residual life of a certain aged UHP chamber under the condition of cracking was studied.
One tenth of the chamber’s wall thickness was defined as the allowable depth of surface cracks on
the inner wall. Based on this criterion, the residual life of the chamber was analyzed under the as-
sumption that there were macroscopic inner surface cracks.

The UHP chambers sometimes withstand trapezoidal load with holding time at peak stress in
service. Therefore, in this paper, the sensitivity of material to topographic load was studied experi-
mentally at first. The sustaining time of 2 min at peak stress was set for each cycle. The experimen-
tal results were compared with those under triangular fatigue load, which proves that the material is
not sensitive to holding time. The material parameters obtained from conventional fatigue crack
growth test can be used to evaluate the crack growth in UHP chambers.

Franc3D was used to calculate the crack growth, and its accuracy was verified by comparing
the computed results of CT test with the experimental results. The crack growth with different initial
sizes and depth to length ratios is analyzed, and the effect of the crack inclination angle to the cylin-
der axis was studied. Results show that the angle of inclination retards crack growth, and that, un-
der the current criterion, the crack depth is less than one tenth of the wall thickness, and the life re-
quirement is satisfied. According to the analysis, the service life of the pressure cylinder in the de-
sign pressure state is about six times the safety margin. The analysis results can be used as a refer-

ence for evaluation of the reliability of UHP chambers.
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