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ABSTRACT

In a shell and tube heat exchanger, the failure of tube-to-tubesheet welds results in high-pressure water
jet which erodes the refractory in front of the tubesheet. Finite element method was employed to simulate
the welding process and post weld heat treatment (PWHT) to find the factors affecting the failure in
tube-to-tubesheet weldments. Residual stresses in two different geometries of tube-to-tubesheet
weldment were calculated through uncoupled thermal-structural analysis. The results showed that the
values of residual stresses are higher in heat exchanger of site 1 than site 2 due to more weld passes and
geometry of connection. Also, the maximum stress in site 1 occurs at the shellside face of tubesheet
while it is on the weld toe in site 2. High tensile residual stresses, especially in Site 1, reduce the tubesheet
life. Therefore, performing an efficient PWHT is vital. The PWHT simulation indicated that the process
designed is effective for both sites by reducing the residual stress significantly. In addition, the effect of
stress concentration was examined on both sites. Moreover, the stress concentration factor in site 1 is as

twice as in site 2 and it is the main reason for more failures in site 1.

doi: 10.5829/ije.2019.32.01a.15

1. INTRODUCTION

The present study aimed to examine two types of tube-
to-tubesheet welding joint in two different shell and tube
twin heat exchangers which are used to retrieve energy
from reformed gas in a petrochemical unit. In this
process, gas inlet temperature and absolute pressure are
975°C and 35 bar, respectively. Saturated water with
326°C temperature and 123 bars absolute pressure was
passing around the tubes. The hot gas is cooled down to
465°C while passing the tubes and the ratio of steam to
water is increased, while the water pressure and
temperature remain constant. In the inlet of the heat
exchanger, there are layers of refractory to cover the
inner surface of tubeside front shell. These layers act as
thermal insulators and prevent the heat exchanger body
exposure to hot gas. The body temperature would be 150-
180°C due to the insulation effect. Thermal insulation
layers protect the front tubesheet from the inlet high
temperature gas. Ferrules are used at the front of the
tubes, which are in contact with hot gas. A layer of
ceramic blanket fills the gap between the ferrule and tube.

*Corresponding Author Email: farrahi@sharif.edu (G. H. Farrahi)

This type of insulation is used to protect the head of the
tube against hot gas and consequent metal dusting. Figure
1 illustrates the structure of the heat exchanger of site 1.
Heat exchanger of site 2 is similar to heat exchanger
of site 1 in most of operational parameters. 438 tubes with
length of 11.33 m and thickness of 8 mm and 376 tubes
with length of 11.75 m and thickness of 6 mm are used in
heat exchanger sitesl and 2, respectively. In addition in
the center of each tubesheet, a bypass pipe with the same
lengths of the tubes, equipped with a control valve is
installed in order to adjust the outlet temperature of heat
exchanger constant to 465°C. Also, two different
methods are employed to weld the tubesheet and tubes.
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Figure 1. Overall structure of the heat exchanger of site 1
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Figure 2 shows tube-to-tubesheet weldment of sites 1 and
2.

A few researches have been conducted in the field of
failure of tube-to-tubesheet weldment. Xu et al. [1] used
finite element method to determine the thermo-
mechanical stress in tube-to-tubesheet joint for the SCC
failure analysis and found that high tensile stress in the
tube-to-tubesheet region is the main factor in SCC
phenomenon.

The mechanisms of the tubesheet cracking in slurry
oil steam generators have been investigated by Zhu et al.
[2] using optical and scanning electron microscopy. They
observed that the cracks always occurred in the shortest
tube—tube ligaments. Mao et al. [3] used a continuum
damage mechanics model to calculate the multiaxial
fatigue damage of tubesheet of a heat exchanger in steady
and transient state and showed that the fatigue damage
evolution was significantly accelerated by multiaxial
factor. Wei and Ling [4] investigated the effects of four
types of tube-to-tubesheet welded structures on
mechanical properties and found that extension welded
structure have the largest pullout force and fatigue life.
Guo et al. [5] showed that intergranular stress corrosion
cracking was the main reason for failure of welded
0Cr13Al tube bundle in a heat exchanger. Liu at al. [6]
carried out a failure analysis on a tube-to-tubesheet
welded joint of a shell and tube heat exchanger and found
that this failure was induced by fatigue fracture. Also the
causes of cracking in the closing circumferential tube-to-
tubesheet welds of five cracked heat exchangers in a
petrochemical plant were investigated by Otegui and
Fazzini [7]. Luo et al. [8] were studied the effects of
repair welding on residual stress in tube to tubesheet
connections by finite element method and neutron
diffraction measurement and found that repair opposite
to the original welding direction minimizes the residual
stresses. Also the effects of heat input and welding
sequence on residual stresses of tube to tubesheet were
studied by Wan et al. [9]. In some other research [10, 11],
the failure in tube-to-tubesheet weldment of a heat
exchanger is investigated but none of them, has
considered the effect of residual stress in failure of tube-
to-tubesheet weld. To the best of authors’ knowledge, it
is the first research that focuses on the effects of residual
stress and stress concentration factor in failure of tube-to-
tubesheet weldment.

Site 2
Figure 2. Tube-to-tubesheet weldment of sites 1 and 2

Site 1

In order to find the factors affecting the tube-to-
tubesheet joint failure, the welding process and post weld
heat treatment were simulated through thermal-structural
analysis in sites 1 and 2. In addition, residual stresses
were calculated and compared. Given the different
failures in sites 1 and 2, the geometry of both joints was
examined to select the optimal design after comparing the
residual stresses and stress concentration factors. Since
the measurment of residual stresses needs special tools,
are expensive and time-consuming [12,13], the residual
stresses in two heat exchangers were calculated and
compared with failures occurred in sites 1 and 2.

2. PROBLEM SPECIFICATION

The weld passes of tube-to-tubesheet of both sites are
shown in Figure 3. For the joint of site 1 the gap between
the tube and tubesheet is filled by multi-pass welding. In
the joint of site 2, there is smaller contact area and less
passes than site 1. The details of each pass are listed in
Table 1, including welding method, speed, voltage, and
thickness.

In an overhaul that took place after five years since
the start of the operation, after discharging the leaked
water in the channels of the heat exchanger, inspections
of the tubesheet showed that the welding connection of 6
tubes had been ruptured and, consequently, the hot water
had penetrated as a jet into the channel, resulting in the
erosion of the tubesheet refractories. Then the tubesheet
would be exposed to hot gas at a temperature higher than
900°C and this will cause more damages in the tubesheet.
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Figure 3. Geometry of tube-to-tubesheet welding in site 1 and
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TABLE 1. Information of welding process in sites 1 and 2
Site 1 Site 1 Site 1 Site2  Site2

Pass Passl Pass2-7 Pass8-9  Passl Pass2-4
Process GTAW GMAW SMAW GTAW GTAW
Current (A) | 150 200 160 1575 185
Voltage (V) | 15 25 25 105 13
?rf]enfg) 5 3 5 113 92
Size (mm) 3 3.58 4 11 25

The detached tubes and peripheral cracks on the welding
joint are shown in Figusre 4. It should be noted that
cracks partly extended to adjacent tubes.

Damage of tube-to-tubesheet resulted in failure of
tubesheet refractory and as a consequence, failure of
tubesheet. Also, damage of welding joint in site 2 is much
lower than site 2. Therefore, it is possible that residual
stress or stress concentration are the cause of tube-to-
tubesheet failures.

3. SIMULATION of WELDING AND PWHT

3. 1. Welding Simulation Welding geometries of
sites 1 and 2 were modeled in order to compare the tube-
to-tubesheet joints. The distances between adjacent tubes
in sites 1 and 2 are 80 and 78.75 mm, respectively.
Regarding these distances and for reducing the
computational time, just one tube was simulated in both
sites.

Ly A
Figure 4. Damages of the tubesheet
service

after five years of

The overall geometry was chosen in such a way that the
results of both sites could be compared. The length of
tubes, thickness of tubesheet and the edge length in both
sites were 300 mm, 30 mm and 300 mm, respectively.
The differences between two models were the thickness
of tubes, the geometry of welds, and material of
tubesheets, which were extracted from technical
documents. Half views of the modeled geometries in both
sites are presented in Figure 5. In order to simulate the
welding process, Abaqus [14] finite element software
was utilized.

8-node linear element was used for thermal and
structural analysis. The cross sections of the meshing of
sites 1 and 2 are shown in Figure 6. Element birth and
death technique was used for the modeling of passes. The
tubes of both sites were made from the same material, SA
213. The tubesheet of sites 1 and 2 were made from SA
387 and SA 508, respectively.

An elastic-plastic material model with bilinear
kinematic as the hardening rule was implemented in
structural analysis. All the material constants were
defined as to be temperature dependent. Creep model was
used in the simulation of PWHT process. The power law
applied here is presented in the form of Equation (1)
where £ is the creep strain rate, ¢ is the uniaxial
equivalent deviatoric stress, t is the total time and A, m,
n are user defined material dependent properties. Creep-
deflection curves are necessary for the calibration of the
constants. Krompholz and Kalkhof [15] studied the creep
behaviour of SA 508 in 700, 800 and 900 °C. The PWHT
has been applied at 650°C. Therefore, the curves have
been interpolated to find the power law constants of SA
508 at 650°C. Kimura et al. [16] investigated the creep
behavior of SA 213 in 550°C and presented the creep-
deflection diagrams. Yagi et al. [17] suggested that the
creep behavior of SA 213 and SA 387 are similar.
Therefore, similar constants needed to be applied. The
calculated constants of power law for different materials
are presented in Table 2. The units were calibrated
according to Pa for stress and second for time.

Convection boundary condition was applied at the
boundaries of the model. For this purpose, we supposed
ambient temperature of 25°C and convection coefficient
of 10W/m2K for air. According to welding procedure
specification (WPS), both sites needs preheat treatment,
which was applied by electrical resistance method.

Site 2 Site 1
Figure 5. Simulation of welding junction of tube-to-
tubesheet in sites 1 and 2
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Preheat temperatures are 100 and 150°C for sites 1 and 2,
respectively. This condition was also applied in the
simulation. In order to apply the heat source in the
simulation, user defined subroutine DFlux was
employed. In this subroutine, the heat source could be
defined as a function of position and time. The heat
source used in the welding simulation was the Goldak
model [18]. This model is a combination of two ellipses:
one in the front quadrant of the heat source and the other
in the rear quadrant. The heat source should be moved
according to the welding speed. This process needs to be
consistent with the birth of elements.

&Y =Ac"t" €h)

3. 2. Pwht Simulation PWHT is required for tube-
to-tubesheet welds. The process of PWHT was
documented for the welding in both sites. According to
the WPS of tube-to-tubesheet welds, heat treatment was
not needed to perform immediately after the welding.
Therefore, it is possible to reduce the temperature of parts
using air convection for a period of 1000 s and the PWHT
was then performed on the tube-to-tubesheet welds. In
Table 3, the rate of heating, hold time and temperature
and rate of cooling extracted from the WPS are presented
for both sites.

site 2 - site 1
Figure 6. Cross section of the meshed models for site 1 and
2

TABLE 2. Power law constants for different materials

Material A n m Ref.

SA 213 Gr.T11
SA 508 Gr.22 CI.3
SA 387 Gr.11Cl.2

2789x10% 37813 075  [17]
6.2766 x 10 13916 -0.2808  [15]
2789x10% 37813 075  [17]

TABLE 3. PWHT properties of sites 1 and 2

Site 1 Site 2
Heating rate (°C/h) 186 80
Holding time (h) 15 1
Temperature (°C) 630 650
Cooling rate (°C/h) 220 60

4. RESULT AND DISCUSSIONS

4. 1. Residual Stress Effect Temperature
distributions in filling process of the welding groove and
the motion of thermal flux in site 1 are shown in Figure
7. The maximum temperature in thermal analysis was
around 1380°C. Front and rear ellipsoidals of Goldak
model are evident in this figure.

Stress distribution on different paths is investigated
which is shown in Figure 8. Path 1 is defined on the
shellside face of tubesheet, exposed to water, path 2 in
the middle of the tubesheet, path 3 on the tubeside face
of the tubesheet that is in contact with the refractory, path
4 on the inner surface of the tube, and path 5 on the outer
surface of the tube. These five paths are selected in such
a way to completely define the distribution of residual
stress on the tube-to-tubesheet joint, as the surfaces of the
tubesheet and its thickness were defined using path 1, 2,
and 3. In addition, the stress distribution on the outer and
inner surfaces of the tubes could also be examined using
path 4 and 5.

Figure 7. Temperature distribution in filling process of the
welding groove in site 1

0DB: Mechanical.odb  Abaqus/Standar P7 13:00:20 Paafic Standard Time 2014

Step: Coolingd
Increment  30: Step Time = S0

Figure 8. Defined paths for invstigation of residual stress
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Residual stresses are named according to the coordinate
system presented in Figure 8. Subscripts 11, 22, and 33
represent x, y, and z directions, respectively. Von Misses
stress is also included in the results. It should be noted
that the S22 is perpendicular to the shear plane and
represents the hoop stress. Paths 4 and 5 in site 2 start
from the weld toe while the same paths start on the
tubesheet in site 1. For this reason, the results for path 4
and 5 in site 2 are shifted so that they could be compared
regarding the tubesheet surface

The distribution of Von Misses stress on the five
paths is shown in Figure 9. As expected, the residual
stresses reduce with the increasing distance from the
weld toe, and converge to zero. On path 2 and 3, the
residual stress of site 2 is much lower than of site 1, while
the results on path 1 are closer and have a shift in respect
to weld toe, because path 1 is closer to the welding toe in
site 2. Paths 4 and 5 in site 2 start from the weld toe and
continue throughout the tube. Farther away from the weld
toe, the stress significantly decreases due to the material
change in the tube. A focus on the stresses on path 4 and
5 indicated that the stress on the weld toe in site 2 is much
higher than in site 1, and it decreases sharply as it
approaches the tube.

Also, the rate of reduction of residual stress along the
tubes is similar for both sites due to the fact that the tube
materials are similar. In the graphs of site 1 and on path
1-3, a jump is seen, that is related to the change of the
material, since the yield stress of the tubesheet is more
than the tubes. As shown in Figure 9, the residual stress
decreased significantly with performing heat treatment,
and the stress decreased over all the directions. An
important result seen in these graphs is the uniform stress
distribution after the heat treatment.

In Figure 10, the distribution of residual stress in the
x direction is compared in different paths for heat
exchangers of sites 1 and 2. The stress on paths 4 and 5
is low for both sites. On path 3, this stress component is
much lower than site 1 similar to the other stress
components on path 3. There are some jumps seen on the
different paths. As mentioned before, the jumps are
generally created due to material changes from tube-to-
tubesheet. Since the yield stress of the tubesheet is higher,
the stress increases and then decreases by moving along
the tube.

The S22 stress component, which is perpendicular to
the shear plane, is compared for sites 1 and 2 in Figure
11. This component decreases as the distance increases
from the welding area, and it is significant near the
welding toe. On paths 2 and 3, S22 is less in site 2 than
site 1, while the S22 on path 1 are closer to each other.
On the paths 4 and 5, which include the inner and outer
surface of the tubes, the distribution of S22 is similar. The
residual stress component of the S33 is similar in both
sites and is much lower than the other stress components.
Therefore, it is not necessary to report them.
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Figure 9. Von Misses stress in sites 1 and 2 on paths 1-5
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In all diagrams, stress components tend to a low value
after the distance of 50 mm. Since the distance between
two tubes is 80 mm in site 1 and 78.75 mm in site 2, the
stresses on a tube weld do not affect the stress of the
adjacent tubes. In other words, considering only one tube
in the welding process simulation resulted in enough
accuracy for examining the residual stress. There are also
tensile stresses in the welding area, which makes the tube
and tubesheet highly wvulnerable to stress corrosion
cracking.

In site 1, the tubesheet is wholly affected by high
temperature gradients causing a high residual stress on
paths 1, 2 and 3. In contrast, the different passes are such
in site 2 that only one small part of the tubesheet is
affected by high gradient temperature. Hence, the
residual stresses on paths 2 and 3 are much lower in site
2 and maximum stress in path 1 in site 1 are higher than
site 2. In site 1, 30 mm of the tube is placed inside the
tubesheet. Paths 4 and 5 represent the stress distribution
in this region. The stress is constant through this length
and tends to zero after that. In site 2, the stress on the
weld toe is high but decreases rapidly. In both sites, the
rate of residual stress reduction is similar when further
from weld toe. This is due to the fact that the material
used for the tubes is similar in both heat exchangers.
Residual stresses after PWHT could be considered as the
main factor in failure of tube-to-tubesheet weldment. As
shown in Figures 9-11 in all paths, after PWHT, residual
stresses in site 2 are lower than site 1.

4. 2. The Effect of Stress Concentration in Welds
In order to examine the strength of the welds, the effect
of stress concentration needs to be investigated. In this
analysis, a tension force was applied on tube and the
maximum stress was calculated. Figure 12 illustrates the
stress concentration areas in sites 1 and 2. The area with
maximum stress is marked in red. According to Figure
12, the maximum stress in site 1 is on the tubesheet, while
it is on the weld toe near the tubesheet in site 2.

As shown in Figures 9 and 11, maximum stresses on
Path 1 in site 1 were occurred near the intersection of
outer surface of tubes with tubesheet. In this location
stress concentration and residual stress is high and could
resulted in crack initiation and growth. Different tensile
stresses were applied to the tubes and maximum stresses
corresponding to these stresses were calculated. In Figure
13, the maximum stress versus applied stress is drawn.
The slope of the curves represents the stress
concentration factor, which is equal to 3.132 for site 1
and 1.71 for site 2. Therefore, the effect of stress
concentration in site 1 is larger than site 2.

5. CONCLUSION

The present study examined two different heat
exchangers in a petrochemical unit. Using Goldak model
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as the heat source, temperatures of tube-to-tubesheet
connections were calculated and temperature history was
used in mechanical analysis. Residual stresses were
compared on five paths in tube-to-tubesheet weldment. It
is found that the residual stresses in heat exchanger of site
1 were higher than site 2 due to more number of the
welding passes applied in site 1 and geometry of weld
toe. Residual stress distribution on the surface of tubeside
face of tubesheet in site 2 was lower than of site 1.
Residual stresses of site 1 on this area are tensile, which
will accelerate the cracking process. It is clear that the
residual stresses in sites 1 and 2 are of the same range on
path 1while the residual stress in site 2 is very low on
paths 2 and 3. Where paths 1, 2 and 3 are shellside face
of tubesheet, middle of tubesheet and tubeside face of
tubesheet respectively. An overall comparison indicates
that the welding process of site 1 will create higher tensile
residual stresses on the tubesheet and tubes.

Given the high tensile residual stresses, the PWHT
seemed to be necessary. The PWHT simulation revealed
that the PWHT designed for both sites reduced the
residual stresses significantly. This process also reduced
the tensile stresses of site 2 on the weld toe. Also, we
found that creep has an important effect on relieving of
residual stress in PWHT. Comparing residual stresses
before and after PWHT, it is found that PWHT must be
done precisely and any kind of negligence in performing
PWHT will result in harmful consequences.

The examination of the stress concentration effect
showed that the maximum stress of site 1 occurred on the
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shellside of the tubesheet, while it occurred on the weld
toe in site 2. It was also found that the stress
concentration was more in site 1 than site 2.

In tube-to-tubesheet joint of site 1, whole thickness of
tubesheet is affected by weld passes and since the number
of weld passes in site 1 is more than site 2, the possibility
of creating defects in weldment of site 1 is more than site
2. Also residual stresses after PWHT in site 2 is more
effective than site 1 and value of stresses is much lower.
Moreover, stress concentration factor of site 1 is twice of
site 2. All of these factors contributed to the less failure
in tube-to-tubesheet weldment of site 2 in respect to site
1.
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