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Abstract

High density polyethylene (HDPE) piping systems ased extensively in both industrial and societal
infrastructure. However, their performance is some$ impacted due to leakage through flanges,
especially HDPE pipes with large diameters. Maroides affect leakage, including stress relaxation i
the HDPE material and ambient temperature effedince, this study investigates the effect of
temperature on the leakage of a HDPE flanged caiomewith steel backing rings. It incorporates the
effects of stress relaxation and temperature onHB®E material and assesses the degradation of
performance of the connection with time by meaninite element analysis (FEA). The temperature and
time dependent mechanical properties of the HDPEemah are determined experimentally through
tensile, compression and relaxation testing coredlicht various temperatures under isothermal
conditions. The constitutive behavior of the HDPEtenial is modeled using the nonlinear visco-edasti
plastic three network model (TNM), which predicte tmechanical behavior of HDPE markedly well.
The calibrated TNM is used in the FEA study to stigate the leakage performance of the HDPE
connection at various temperatures (23, 40, 6088nC) at isothermal conditions over a service tofie
one year. The FEA results reveal that the flangathection can experience leakage at all tempemature
due to insufficient bolt preload. It is also foutét leakage occurs prematurely as temperatureases.

To simulate a realistic scenario resembling an algpeund piping system, an annual temperaturelrofi
for a selected geographic location was prescribaddg model to simulate leakage over a one ye&wger
Based on the results, several bolt re-torqueinggeere explored and suggestions are made on sie be
bolt re-torqueing practice for preventing leakagerdhe service life of the HDPE connection.

Keywords: Bolted flange, HDPE, Three network model, Flangeshnection, FEA, Temperature,
Leakage, Torque.

1. Introduction

High density polyethylene (HDPE) pipes are commagans for fluid transportation both in

industrial and societal infrastructure, due to thever cost, high corrosion resistance and high
level of toughness. However, leakage is an ishae plastic pipes with large diameters can
suffer from, which in some cases can be difficalatleviate as these pipes are normally buried
underground or submerged in water. In general, soinlee major causes for leakage in plastic
pipe connections include exposure to high tempezatil], material stress relaxation [2, 3, 4, 5],
loss of bolt preload due to elastic interactions7p insufficient bolt preload and inappropriate
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gasket selection in the design [8]. In responseynmaethods are used to prevent and deal with
leakage which include retightening of bolts to lEgtorques and replacing the gasket altogether.
Although retightening can prevent leakage, excessetightening can lead to failure of the
connection, especially at high operating pressarestemperatures [1]. Over the years, bolted
flanges and their performance and tightness hage thee subject of many studies, experimental
and numerical ones.

Barsoum et al [1] conducted a finite element anslyfEA) to study the performance and
integrity of a HDPE stub-end bolted blind flangecection with a CNAF gasket. A temperature
dependent elastic-plastic model was used for th@EMaterial, whereas a non-linear through
thickness compression behavior was used for tloenpcessed non-asbestos fiber gasket. With
the FEA they could assess the integrity and peroce of the connection at different
temperatures, bolt preloads and operating presshresgh so called failure assessment charts
(FACs). They concluded that as temperature incegedbe window for safe operation becomes
smaller and vanishes at 80 °C.

Jacobsson et al [2] studied the tightness of HDIPE ftanges at ambient temperature with aid
of FEA, and utilized a creep model with potentiatdening to describe the constitutive behavior
of the HDPE material. Based on their findings thegort that most relaxation of bolt loads and,
consequently relaxation in contact stress, occtinerfirst thousand hours. This numerical study
was followed by an experimental investigation byaksson et al [3] to validate the FEA model.
It was concluded that the bolt forces are rath@venly distributed and the use of the simplified
bolt force relationship can be misleading. Morepwbe numerical analysis was found to be
unrepresentative of the experiments as the botefowere assumed to be uniform, and they
were much higher than that of the experimentssBaih et al [4, 5] studied the water tightness
of HDPE flange joints both numerically and expenmadly. The FEA model uses a linear
viscoelastic material definition for HDPE and a bgglastic with strain hardening creep material
definition for the rubber gasket. It is concludédttthe joints with rubber gaskets remain tight
for the simulated period of hundred years.

Many studies have assessed the leakage perfornmarsteel flanges. Estarda [9] studied the
leakage in bolted joints with an axisymmetric FEAdwal to investigate the evolution of contact
stress in a steel flange with a gasket. The FEAilteswvere compared with analytical
calculations, which predicted pressure penetratistance values in agreement with the FEA
results. Sawa et al [10] conducted a numericalystrdthe sealing performance of a steel box-
shape flange gasketed connection subjected taaitpressure. The leakage rate obtained from
the numerical results are compared to leakageolat@ned from experiments. It was concluded
that the sealing performance is maximized with mining gasket width and flange cover
thickness. Bu et al [11] analyzed numerically tbatact stress in a gasketed full-face stainless-
steel flange for hydrogen pipelines. The gasketlusas a ring-shaped stainless-steel gasket
with two conical faces on both sides, and found tha contact stress is concentered over a
narrow ring on the conical surface of the gasketv&et al [12] studied a stainless steel flange
connection with a spiral wound gasket under inteprassure numerically, analytically and
experimentally. A good agreement was reported batwibe analytically calculated contact
stress distribution and that of the numerical motalt et al [13] studied the effect of gasket
creep-relaxation on steel flange through FEA. &dinvisco-hyperelastic material definition was
used for the gasket material, whereas the flangem@deled as a linear elastic material. It was
concluded that the axisymmetric model over predinésreduction in contact pressure with time
in comparison to the full model used.

It is evident from the aforementioned studies thatmajority of previous work relate to metallic
flange. There seems to be a lack of studies orctmebined effect of temperature and time
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dependent behavior on the tightness of HDPE flamgatections. Hence, the aim of the current
work is to calibrate a material model to accounmttifie time and temperature dependent behavior
of HDPE. The model is used to describe the constgubehavior of the HDPE material to
predict the leakage performance over prolonged giroe a HDPE flange accounting for
temperature effects. The effect of bolt re-torqgenm tightness is also studied and re-torqueing
time intervals are deduced from the results atousritemperatures to avoid leakage due to the
effect of relaxation in the HDPE material.

2. HDPE material testing and modeling

The HDPE material used in this study is BorSafe #HBLS [14], commonly used in
pressurized HDPE plastic pipes. In the followingt®s, the mechanical testing conducted and
the constitutive model calibration based on theseixpental results are presented.

2.1. Experimental setup and results

Four sets of experiments were conducted in thidysta characterize the effect of temperature
on the mechanical properties of the HDPE matetias@hermal conditions and temperatures
ranging from 23 to 80 °C. The quasi-static tensifed compression short term tests were
conducted at loading rate 10 mm/min. In additiosthitensile and compression relaxation long
term tests were conducted at a constant stresisde¥® MPa. The stress level was reached in 3
min and was kept constant for 1 min, after whiah displacement was held constant for 8 hours
to measure the relaxation force during the tese @&kperimental setup for both the short and
long term tests is shown in Figure 1. Specimend dseng testing are shown in Figure 2.

SKEN ~ B MTS hydraulic
| load cell | teﬂlaghine

Hydraulic
control unit

) MTS
controller PC
Thermocouple [ MTS
DAQEPC controller

Figure 1: Experimental set up.
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Figure 2: Test specimens used for: (a) short termsile test, (b) short and long term compressist te
and (c) long term tensile test.

30 mm

All specimens were manufactured from a square s$ilg a CNC machine. For the short term
quasi-static tensile tests as shown in Figure ZAajnodified version of ISO 527 type BA

specimen [15, 16] with 20 mm gauge length, 5 mmtlwahd 3 mm thickness. The dimensions
of the short and long term compression test spasnsbown Figure 2(b), are based on ASTM
D695 [17] and are solid cylinders with nominal deter and height of 30 mm. The long term
tensile tests were conducted on ISO 527 type Atismn [15, 16], as shown in Figure 2(c),

having a gauge length of 80 mm, a width and thiskrad 10 mm.

The short term tensile tests were conducted at &swperature up to the yield strength, and the
short term compression tests were conducted up% frain. All tests were conducted in an
environmental chamber at isothermal conditions watmperatures 23, 60, 40 and 90 °C. The
short term tensile and compression stress-strawestare shown in Figure 4, whereas the stress
vs. time response for the long term compressiontansile stress relaxation tests are shown in
Figure 5.

2.2. Constitutive model calibration

The three network model (TNM) is an elastic-visesic model and is chosen to represent the
mechanical behavior of HDPE due to its versatil#gcuracy, and suitability for thermoplastics
in general [18, 19, 20], and HDPE in particular][2Zlhe TNM model is a further refinement of
the hybrid model developed by Bergstrom et al 23, for enhanced accuracy and numerical
efficiency. Three parallel branches or networks e bases of the TNM model, which are
rheologically represented in Figure 3.

=

Figure 3: Rheological representation of the thretevork model (TNM).



The total stress over the three networks is the glueach stress component experienced by each
network. The total deformation gradieliton the TNM model consists of a mechanical and a
thermal expansion component as follows

F = Fm) p(th) 1)

where F(™ is the mechanical component of the total deforomatjradient, and®® is the
thermal component. The mechanical component ofifiermation gradient of network A and B
can be decomposed into an elastic and a viscoplasnhponent

F(™ = Fe Fv (2)

where the subscript indicates either network A or B, is the elastic deformation gradient and
F? is the visco-plastic deformation gradient. The @gustress acting on network A and B can
be expressed by the temperature-dependent verkibe eight-chain model and is given in the
following form [24]:
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where J¢ = det(F%) , be* = (J¢) 3 FE(F&)T is a Cauchy-Green deformation tensaf; =
Jtr(b%)) /3 is the effective chain stretch afd!(x) is the inverse Langevin function where
L(x) = coth(x) — 1/x. The Cauchy stress acting on network C can bendiyvg24, 25]
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where] = det(F), b* = (J ) *F(F)T is a Cauchy-Green deformation tensbr= /tr(b*)/3
is the effective chain stretch. Since the threewasts are in parallel, they have equal
deformation gradients, and thus the total stresthersystems is the sum of each network stress.
For more details on the formulation of the threemoek model, the reader is referred to [19].
The calibrated three network parameters are showiable 1. All TNM parameters are
calibrated based on the experimental short and texmy results in Figure 4 and Figure 5, except
the thermal expansion coefficient)( the reference temperature for the thermal expan§,)
and the bulk modulus. The values &f anda are obtained from [1], while the bulk modulus
is obtained from [26].

The TNM model predictions of the short term tenaibel compression behavior at 23, 40, 70 and
80 °C are shown in Figure 4, showing markedly gagteement with the experimental results.
Similarly, the long term compression and tensilesst relaxation predictions using the TNM
constitutive model at 40 and 80 °C are presentdéigare 5 and compared to the experimental
relaxation curves. In general, the predictionsh& TNM model, both for short and long term
mechanical behavior, agree rather well with theeexpents, and can be used to represent the
time and temperature dependent constitutive behafiébiDPE confidently. The TNM model
will be used in a FEA model for predictions of lagk performance of a HDPE flange
accounting for both time and temperature effects.



Table 1 Calibrated parameters of the three network meesM).

Description Symbol | Units | Value
Shear modulus of network A Ua MPa | 160.91
Temperature factor ] K -95.77
Locking stretch AL . 8.09
Bulk modulus K MPa 2590
Flow resistance of network A Ty MPa 19.74
Pressure dependence of flow a - 0.31
Stress exponential of network A my = 6.45
Temperature exponential n - 38.55
Initial shear modulus of network B Upi MPa 72.71
Final shear modulus of network B Upf MPa 10.46
Evolution rate ofug; B - 5.21
Flow resistance of network B Tg MPa | 200.32
Stress exponential of network B mpg - 17.10
Shear modulus of network C Uc MPa 0.26
Thermal expansion coefficient a K* | 1.2x10°
Thermal expansion reference temperature 6, K 296
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Figure 4: Short term tensile and compression erging stress strain curves vs TNM predictions at
various temperatures.
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Figure 5: Comparison and tensile of long term rafiax test results with TNM predictions: (a)
compression at 40 °C, (b) compression at 80 °Qe(qile at 40 °C and (d) tensile at 80 °C.

3. FEA modd of the HDPE flange connection

The FEA model of the HDPE flange connection is tigwed in Abaqus/Standard [27]. A flat
face HDPE PE-100 flanged connection is considength a pipe size of 2000 mm in outer
diameter and wall thickness of 95 mm, as showniguré 6. The flange faces are joined with
steel backing rings using a total of 64 bolts vathominal diameter of 50.8 mm and a nut height
of 50.8 mm. Cyclic symmetry boundary conditions atiézed to simulate a 1/64 segment of the
entire flange connection to reduce computationat as shown in Figure. &he flange is
meshed with 51,100 eight-node linear brick elements with hybrid fotation (C3D8H),
whereas the steel backing rings and the steel dreltmeshed with eight-node linear brick
elements with reduced integration and hourglassrab{C3D8R).

The top and lower surfaces of the pipe sectiorcanstrained in the-direction to prevent rigid
body rotation. A general contact interaction idized with a friction coefficient of 0.2 [1]. All
steel components (e.g. backing rings, bolts and)rare modelled as elastic solids with elastic
modulus of 200 GPa, Poisson’s ratio of 0.33 andnthé expansion coefficient dfl.7 x
107% K~1. The HDPE material is modelled using the calilitat&lM model.



HDPE pipe

s

Steel backing rings

Steel bolts

Figure 6: FEA model of the HDPE fl'a'n'g'e- connection.

According to DVS 2210-1 [28], a torque of 660 Nmrequired to seal a 1800 mm HDPE
flanged connection with an EPDM gasket. Howevergeino gasket is considered in the current
analysis a slightly increased reference torque 9if Bim will be used in this study. For the
purpose of this study, the relationship betweeguerand bolt preload will be determined using
the following simplified expression

T = KFd (5)

whereT is the torqueK is the so called torque coefficierft,is the bolt preload, and is bolt
nominal diameter. Zinc platted bolts are assumetigistudy, which has a torque coefficient of
0.25 [29]. This resulted in an initial bolt forcé .3 kN. For the cases were re-torquing is
simulated, two re-torque bolt force values are usegl 54.3 kN and 108.6 kN corresponding to
a torque value of 690 Nm and 1380 Nm, respectively.

The applied internal pressuie) (on the pipe internal surface is 0.6 MPa, whichsed to define
the leakage criteria based on the average corttassf the flanged surface. According to [30],
no leakage occurs when there is no gap betweenl moetaetal flanges, even if the contact
stresses tend to zero. Moreover, according to [@9yorking pressure of 1.38 MPa would
require at least 4.34 MPa of average contact sfoessn HDPE gasketless flanged connection
with steel backing rings to maintain tightnesstéaperatures lower than 38 °C), which is about
3.14 times the working pressure. For the presawa bf 0.6 MPa used in this study, this would
correspond to a contact stress requirement of /B8, hence a minimum average contact stress
over the HDPE flange surfaces of 2 MPa are choserefresent the leakage criterion. This
implies that when the average contact stress isfdan 2 MPa, tightness is not guaranteed.

To simulate temperature effects on tightness, assumed that the initial tightening of bolts and
pressurization take place at room temperature @8g°C), and thereafter heating to higher
temperatures occurs linearly during the next efghirs. According to PPI guidelines [31] , the
surface temperature of HDPE can increase up toGWlien subjected to direct sunlight in
unshielded above ground piping systems. Thus, fef@rence cases are simulated with no re-
torqueing of bolts, which correspond to relaxatfoom the initial tightening of bolts at four
different temperatures at isothermal conditiong, 23, 40, 60 and 80 °C. In order to study the
effect of re-torqueing on relaxation, two casessamaulated with re-torqueing at 23 and 60 °C (8
hours heating).



In addition, to simulate a realistic scenario relsimg an above ground piping system, an annual
temperature profile for a selected geographic lonatepresenting the Arabian Gulf [32], shown

in Figure 7, was prescribed to the model to sineulaakage over a one year period. This
temperature profile will be used to simulate thefgrenance of the HDPE flange in both leakage
and yield. When the average contact stress drdpw/®MPa, re-torqueing will be initiated.

80
——— Applied Temp
Min Temp

60 |l=== Max Temp —
L
2
240 r e -<
s -7 i
) - N
Q. . N
= -t s
220 F--777

0 1 1 1 1 1

0 2 4 6 8 10 12

Month
Figure 7: Annual temperature cycle [32].

4. Results: without re-torqueing

In this section, the simulation results of the xat&on behavior of the flanged connection are
presented during one year of service. Moreoveryélalts are presented in terms of bolt load,
contact stresses over the flange surfaces andndafion contours of the von-Mises stress for the
cases with isothermal conditions without re-torggei

4.1. Bolt loads

The bolt forces relaxation with time for the fospoihermal cases with 23, 40, 60 and 80 °C are
shown in Figure 8, pertaining to relaxation at Magious temperatures after the pressurization
step. It can be noted that most of the bolt lodalxegion occurs in the first 1200 hours, which
agrees with the observation made by Jacobson ¢2,aB]. The thermal expansion has a
significant effect on the bolt force variation ¥sgne as evident from Figure 8(b), pertaining to
the first twelve hours of relaxation when thernwads are active. As thermal load is applied, the
bolt force increase due to the thermal expansiam@iMHDPE material, and this effect increases
with increase in the applied isothermal load (eegiperature). This is attributed primarily to the
thermal expansion of the HDPE, but also to the els® in stiffness of the HDPE material at
higher temperatures. However, as time elapsesatgtexin the HDPE starts to dominate the
mechanical response, which is manifested in a deer@ bolt force with time, e.g. after twelve
hours. Subsequently, the bolt force continues tup dfue to stress relaxation and reaches a
plateau value, which is similar to what was obseérethe stress relaxation experiments. It is
also worth noting that flange rotation becomes npm@minent as temperature increases as a
consequence of the applied internal constant pressod decrease in stiffness of the HDPE
material. The flange rotation manifest itself iniaoreased bolt load at higher temperatures, as
evident fromFigure 9 and hence the increase in the plateau valueeobdit force (e.g. after 1
year) with increase in temperature.
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Figure 8: Bolt loadK) relaxation for 23, 40, 60, and 80 °C: (a) up ®000 hours and (b) during the
first 12 hours.

4.2. Contour plots

In Figure 9 the von-Miserf,,) and the contact stress.J contour plots are shown for the initial
stage of bolting (e.d- = 54 kN) and pressurization (e@= 0.6 MPa), which are identical for
all cases, and the subsequent relaxation stage &dthermal temperatures 23, 60 and 80 °C.

After the bolting step, about 60% of the flangefate is compressed, whereas the remaining
part of the flange is not in contact as evideninfriooth thes,,,, anda, contours in Figure 9(a).
After the pressurization step, bath,, ando. change and the active contact area decreases to
about 30% of the total flange surface due to flanggtion. In the subsequent steps, the
relaxation stage of the analysis is activated aedHDPE material is allowed to relax. As shown
in Figure 9(b), the von-Mises stress, after 8 hours relaxation from pressurization &t B&s
decreased, which is also manifested in the deerieabe contact stregs. After 12 months, the
effect relaxation is more pronounced and accomplaoyea rotation of the flange and bulging of
the pipe section as a result of creep in the HDREenal due to the active applied internal
pressure. A similar trend can be observed for thé@and 80 °C cases in Figure 9(c) and (d),
respectively, which are also accompanied by thecefif thermal expansion. It can be noted that
relaxation is accelerated during the first 8 hagtemperature increases, and the rotation of the
flange and bulging of the pipe section is more ptorted due to the decrease in stiffness with
increase in temperature. For the case of 80 °Cigar& 9(d), the von-Mises stress,, has
decreased considerable after 12 months and theaatostresso, has almost diminished
potentially leading to leakage. Moreover, the egnesrotation of the flange due to creep creates
a gap between the flanges which further promotasalge.

10



Initial Stage

Relaxation Stage

[ &8

%

9

e -

5.0 1, .
45 l F
4.0 -
3.5 o
1 :

Ll .

.

9

Bolting Pressurization
(23 °C) (23 °C)

(a)

:, 1‘. [
.. {

12 months 8 hours 12 months 8 hours 12 months
(23 °C) (60 °C) (60 °C) (80 °C) (80 °C)

(b) (©) (d)

Figure 9: Contour plots of von-Mises stregg and average contact stressfor: (a) the bolting and pressurization steps3at@, and relaxation at (b) 23 °C, (c) 60
°C and (d) 80 °C after 8 hours and 12 months froesgurization.
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4.3. Contact stress

The contact stress is assessed along the normatiags along the surface of the flange, where
x = 0 corresponds to the inner surface of the flangeyasdl to the outer edge of the flange as
indicated in Figure 6. The variation of contacestio, vs. y is plotted for the initial stage (e.g.
bolting and pressurization) and the subsequenkagtm stage for all temperatures considered
(e.g. 23, 40, 60 and 80°C) at different time frarfeeg. 1, 6 and 12 months).

As can be seen from the Figure 10(a), only abo%6df the flange surfaces (edaj. > 0) are in
contact after bolting, which reduces to about 3@féér pressurization. The reduction in contact
area is attributed to the flange rotation after liappon of the pressure. After 8 hours of
relaxation, the contact surface areas (@.gz 0) at 60 and 80 °C are larger than at 23 °C¢chlwhi
can be explained by the fact that the flange at®® 80 °C has more rotation due to lower
stiffness. The drop in contact stress due to réilaxas most significant after 8 hours (c.f. Figure
10(b)) and decreases slightly after that. The chamgontact stress is not as significant between
6 months (c.f. Figure 10(c)) and 12 months (cduiré 10(d)).

8 8
F[= - -Bolting Initial stage F[—23°C 8 hours
¢ [l ——Pressurization (23 °C) 6 [ ——40°C
C C 60 °C
- < | —80°C
C o C
S 4 ) ¢ r
| 2 WZ/
0 0 L ) L L . 1 ) ) )
0 0 0.5 1
x ()
(b)
8 8
f |—23°C 6 months [ [—23°C 12 months
L |—40°C P |—40°C
6 : 60 °C 6 i 60 °C
)  |[—80°C = -
3 —380°C
S 4t S 4
Y e [
2 r 2 r
O : 1 1 L 1L | |_/4/ 1 0 : L 1 f L 1 1 //l
0 0.5 1 0 0.5 1
x () x ()
(c) (d)

Figure 10: Contact stress variation with normalized distangeafter initial stage (a) of bolting and
pressurization, and relaxation stage after: (bp@&# (c) 6 month, (d) 12 months.

The maximum contact stress{*¥) is always located gt = 1, which corresponds to the outer
edge of the flange and drops rapidly with tempeeatis expected, which is consistent with the
relaxation tests. Figure 14'%* vs. time is plotted, pertaining to the relaxat@mnhmaximum
contact stress and showing a significant effe¢cenfperature on relaxation.
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Figure 11: Maximum contact stresg’(**) variation vs. time for all temperatures.

The maximum contact stress, which occurs along dhter edge of the flange is not an
appropriate measure for assessing leakage [1]ciedigeas the magnitude and distribution of
contact stresses are highly dependent on temperafnl time. In order to assess the leak
tightness of the flange connection, the averagepcessive contact stress{’¢) evaluated along
the surfaces in contact is here used to assededggand is defined as

: (6)

1
o = 1= | o0 ax

X0

wherea,.(y) is the contact stress as a function of normaldisthnce (c.f. Figure 10), andg is

the normalized distance of the first non-zero congiress location. The average contact stress
o2 is then plotted in view of the minimum requirechtarct stress (e.g. 2 MPa) to guarantee
flange tightness. In Figure 12 average contactsswg’® is shown versus relaxation time
(logarithmic) and temperature along with the minimuequired contact stress, revealing that
temperature has a significant effect gfff®, and consequently on tightness. As the temperature
increases, a large drop #fV¢ occurs, especially at longer times, and henceestiyg tightness

at higher temperatures is much more difficult tiiaat at 23°C. This shows the significance of
accounting for temperature effects of flanges whrposed to elevated ambient temperatures
during service.

It is clear that for the current torque level (696) and operating pressure (0.6 MPa), tightness
cannot be guaranteed after one year of service d8'§ < 2 MPa) for any of the temperature
levels. Leakage occurs earlier at higher tempegattivan at 23C, which further emphasizes the
importance of the temperature effect on tightnétmce, the requirement for re-torqueing is
essential for maintaining tightness of the flangerection over its service time.
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Figure 12: 3D envelope of average contact stregatian with logarithmic time with leakage plane

5. Results: with re-torqueing

As was shown in previous section, the relaxatiagigsificant over time and is more pronounced
at increased temperature levels leading to leakbigace, in this section the effect of re-
torqgueing on the tightness of the connection owee is explored using the calibrated TNM and

developed FEA model.

In addition to the tightness requirement, here shéety factor against yielding the HDPE

material is defined as
SE, =S, | om* (7)

where oy is the maximum von-Mises stress in the flange pip& section, and,, is the
tensile yield strength as a function of temperatse@ined from the experimental results [33]

and is given by
S, = 30.689 —0.2539T (8)

To ensure tightness the average contact stresgusred to be larger than 2 MPa (ex§’® > 2)
and to ensure protection against yielding the gdéettor against yielding is required to be larger
than 2 (e.gSF, > 2). When both criteria are met, safe operation gerformance of the flange

connection is guaranteed.
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5.1. Constant temperature

Here the results for simulations with a constambgerature load over time are presented,
pertaining to the cases with 23 and 60 °C.

Two re-torqueing forces are considered, 54 kN spwading to the initial bolt force and 108 kN
corresponding to twice the initial bolt force. Reeueing is applied once the average contact
stress is below 2 MPa, eqf*® < 2.

The average contact stress plot and the safetyrfaghinst yielding over time for the 23 °C case
are shown in Figure 13, respectively. It can based-igure 13(a) that the contact stress relaxes
to 2 MPa after about one month, and one retightewith 54 kN is sufficient to ensure tightness
(c2¥¢ > 2 MPa) for one year of service. Hence, theradsneed to re-torque with the higher
value of 108 kN. The safety factor in Figure 13fbgreases at the instance of re-torqueing with
108 kN, but stays rather unchanged throughoutinhe. t
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0 2 4 6 8 10 12 14
——Temp 23 °C, 54 kN
- —Temp 23 °C, 108 kN
6 F re-torque
s |«
— L
-
s 4
o bt
N TN
O 1 1 U T T T 1 1 1 1 PR 1 1 i1 1 1 T 1 1 1
0 2000 4000 6000 8000 10000
Time (h)
(a)
Time (Months)
0 2 4 6 8 10 12 14
8 i ¥ ] L ] ' ] ' 1 L\ 1 \ 1 ¥
——Temp 23 °C, 54 kN
6 [ —Temp 23 °C, 108 kN
5 4
<— re-torque
D) P m = = === ———
O P 1 1 1 1 PR
0 2000 4000 6000 8000 10000
Time (h)
(b)

Figure 13: (a) average contact stre8%° and (b) safety factor against yieldi8g, for 23 °C
with 54 kN and 108 kN re-torqueing.
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In Figure 14,07 and SE, over time is shown for the case with 60 °C revepla rather
different behavior. As can be seen in Figure 14f#9, first re-torque with 54 kN takes place
after 8 hours, with subsequent re-torques aftdrd@afs, 1 month and 8 months. Hence, a total of
four re-torques are required at different time rviids to maintain tightness at 60 °C. Evidently,
when temperature increases the need for sevetatqees is hecessary to maintain tightness due
to the accelerated relaxation in the HDPE matendh increasing temperature. When re-
torqueing with 108 kN at 60 °C, only one re-torgsieequired after 8 hours. Figure 14(b) shows
SE, over time indicating that yielding criterion is tra all times.

In both scenarios re-torqueing with the higher gal®8 kN proves much more efficient since

only one re-torque is needed after one month &iC2and after 8 hours at 60 °C, and is thus a
better re-torque plan.
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0 [ 1 1 1 1 1 1 1 1 L 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
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o
E
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0 L 1 L 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
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Figure 14: (a) average contact stre8%° and (b) safety factor against yieldi§g, for 60 °C with 54
kN and 108 kN re-torqueing.
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5.2. Annual variation in temperature profile

To simulate a realistic scenario resembling an alground piping system exposed to sunlight
the annual temperature profile shown in Figure @gplied to the model, resembling one year
temperature cycle [32], with a minimum of 23 °C amdnaximum of 60 °C. Two re-torque
values are considered, 54 kN and 108 kN and thegponding average contact stress over time
is shown in Figure 15(a). As can be seen, one N&ktorque is sufficient to keep the flange
tight for the full service duration of one year, avbas five re-torques with 54 kN are required.

Moreover, the effect of temperature increasespWalig the temperature profile in Figure 6, is
manifested in the first 6 months in Figure 15(apakecrease af?¢ after re-torque with 54 kN.
Towards the end of the year, the average contaessstslightly increases, which can be
explained by the diminishing stress relaxationaffa addition to the decrease of contact area
due to thermal contraction.

The safety factor against yield over time is shawRigure 15(b), indicating some fluctuation in
the value due to the effect of temperature vamativer time. The change of temperature results
in yield strength as per Egn. (8) and change inMiges stress due to change in stiffness with
temperature, which is the reason to the fluctuatiofF,. However, the yielding criterion is met
throughout the year sin@, > 2.

It can also be concluded here that for the casle annhual variation in temperature profile, the
108 kN re-torque plan is the preferred one, sindg one re-torque is required over the year.
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Figure 15: (a) average contact stre8%° and (b) safety factor against yieldifg, for annual
variation in temperature profile with 54 kN and 108 re-torqueing

6. Conclusion

In the current study, the effect of temperaturetightness of a HDPE flange connection with
steel backing ring was investigated using finitengnt analysis (FEA) over a period of one
year. To accurately account for the mechanical \iehaf HDPE, the temperature and time
independent mechanical properties of HDPE wereraxpatally obtained using both short and
long term tensile, compression, and relaxatiorstest

The experimental test results were used to caébaat/isco-elastic plastic constitutive three
network model (TNM), which predicts both the shamtl long term behavior of HDPE markedly

well. The calibrated TNM model was used in an FEAdel to investigate the tightness in a
HDPE flange at various constant temperatures (236@ and 80 °C) over one year of service.
Through the FEA results, leakage was assessedamjiexg relaxation in the bolt forces and

average contact stress variation with time and &ratpre. It was found that the tightness of the
flanged connection is heavily dependent on tempezaivhere leakage occurs earlier with the
increase in temperature. To simulate a realistanago resembling an above ground piping
system exposed to sunlight, an annual temperatoféepwas applied to the FEA model. It was

found that due the significant relaxation in the FD material re-torqueing of the bolts is

necessary to guarantee tightness of the flangeection. Based on the FEA results, re-torquing
intervals over the service period could be deriatuhwing that a re-torque value of 108 kN is
more efficient since only one re-torque is required

The modeling approach presented herein can beadilto simulate tightness conditions for
similar HDPE assemblies of various dimensions dmdifeerent loadings to derive re-torqueing
plans to counteract the effect of temperature taxation in the HDPE material. Especially as
leakage due to temperature and relaxation is premim the HDPE pipe flange industry.
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Highlights

e The temperature effect on the short and long term response in tension and compression of
HDPE is investigated experimentally

* Experiments are used to calibrate the three network viscoelastic-plastic constitutive model
(TNM)

* The calibrated TNM model is used to simulate the time and temperature dependent behavior of
a bolted HDPE flange

e The numerical results show that temperature and time has a significant effect on leakage in the
HDPE flange, and the need for bolt re-torqueing can be necessary.
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