Investigation of finned tubes failure in the furnace of
dehydration unit at 10" Refinery of South Pars Gas
Complex

Abstract

Finned tubes are widely used in the convection sections of industrial furnaces t0 enhance
heat transfer efficiency. However, their service life can be limited by thermal, mechanical,
and chemical degradation mechanisms, particularly in high-temperature epvironments where
dissimilar materials are employed.

This paper focuses on the investigation of finned tube failures@@bserved jin the convection
section of the dehydration furnace (Unit 104). The tubes were manufactured from ASTM
A106 Grade B carbon steel and the fins from AISI 304sstainless Steel. To identify the root
causes of failure, several experimental technigues ‘weretwemployed, including optical
microscopy, Field emission scanning electron, microseopy (FE-SEM), X-ray diffraction
(XRD), X-ray fluorescence (XRF), and corrosion testing in accordance with ASTM A262-
15 (2021) Practice A.

Visual inspections revealed multiple cracks on both tube and fin surfaces. The analyses
indicated that sulfide formation ‘onfin" surfaces, welding imperfections at the fin—tube
interface, and differences ¥mheattransfer coefficients between the two materials contributed
to uneven thermal “distribution and crack initiation. Furthermore, microstructural
examination revealed chromium carbide precipitation and sensitization along grain
boundaries in the finematerial. The combined effects of these factors promoted crack

propagation fromithe fins into the tube wall, ultimately leading to leakage and fire hazards.

Keywords: Crack, Thermal transfer coefficient, Chromium carbide, FE-SEM, XRD,
Sulfidation

1. Introduction

Natural gas is an essential energy source and a natural fuel found in oil and gas fields along
with impurities with high heating value. Water in both liquid and vapor form is known to be
one of the most critical impurities in gas [1]. Vapor in natural gas can form hydrates, leading

to pipeline blockages. [2]. Reduced line capacity due to water accumulation in the line and



increased risk of damage to pipelines and equipment due to the corrosive effects of water are
other reasons for removing vapor from the natural gas stream [3]. Natural gas moisture must
be kept below a set threshold to meet water dew point limits before entering pipelines. [4,
5]. Gas dehydration involves removing vapor from the gas stream by reducing the
temperature of the water to its dew point and using adsorption beds. Molecular sieves are
used in adsorption beds, which are one of the most important materials used as drying agents

in natural gas dehydration [2, 4].

Figure'd.Wiew of Unit 104 of the 10th Refinery

The total capacity/ofthe onshore facilities of the 10" refinery of the South Pars gas complex
is 50 millionfcubicymeters per day, and its main part, the gas purification operation, is
carried out In four parallel gas rows. After being sweetened by amine, the gas entering the
gas rows,passes through the dehydration unit (Unit 104), where its dew point is lowered to
—95°C and the water content is reduced to approximately 0.1 ppm. The natural gas
dehydration system at the 10" South Pars refinery uses molecular sieve beds (with size 3—
5 mm at the bottom, 2—3 mm at the top) with activated alumina in the upper section. A
view of the process used in the dehydration unit of the 10th refinery is shown in Fig. 1. The
solid adsorption dehydration system has advantages over liquid adsorption, such as the
possibility of reaching very low dew points, low sensitivity to changes in temperature,

pressure, and gas flow rate, relative ease of operation and design of the units, and the



insignificance of corrosion and foaming issues in them [4]. In this system, two beds are
absorbing and the third bed is regenerating. The furnace is a very vital and effective piece of
equipment in the hot gas regeneration section [6, 7]. A view of the furnace of the dehydration

unit is shown in Fig. 2.
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The efficiency of the convection section of the second-row furnace of the 10" refinery was
about 34% at the beginning of commissioning in 2017, which has fallen below 20% over

time, as shown in Fig. 3.
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Figure 3.Declining trend in effieiency of the conmvection section of the boiler

Zeng et al.[8] conducted a conmiprehensive review of both open-source and proprietary
databases to enhance the mechanistieyunderstanding of corrosion processes in fuel gas
component materials used in existing,fuel combustion systems. Their work also aimed to
identify potential alloy candidates suitable for the construction of flue gas components in
high-pressure oxy-cambustionwtechnologies, thereby contributing to material selection
strategies for next-generation combustion plants. Rojacz et al.[9] examined the corrosive
atmosphere in high-temperature environments for various alloyed steels and reported that
even austenitic heat-resistant steels exhibit inadequate corrosion protection. This deficiency
was ‘attributedsto the formation of two distinct oxide scales—one enriched in Fe—Ni and the
other in Fe—Cr—which leads to reduced oxidation resistance and scale instability at elevated
temperatures. The formation of deposits on both the Radiation and Convection sections is
inevitable. The composition of deposits can vary depending on fuel type in the furnaces [10].
In the case of the furnaces of the 10" Refinery's dehydration unit, these deposits include FeS,
Fe203, Fes30s, polymers, refractory materials, dust and soot, compounds resulting from the
combustion of fuel, air, and sulfur. These deposits form on the outer walls of the process

pipes. These deposits can be very sticky, and if their thickness rises, the temperature of the



outer wall of the pipe must increase to keep the process fluid temperature constant. If the
thickness increases further, it is possible that the temperature will exceed the allowable
design limit of the pipe, which is about 475 °C for carbon steel, and the metal structure will
disintegrate and the pipe will burst. One of the most effective ways to enhance heat transfer
rate and heat transfer coefficient in a relatively small volume is the use of finned tubes, which
are manufactured in various types depending on the specific application. [4, 11]. Increasing
the number of fins along a given tube length improves efficiency. When two materials with
different heat transfer coefficients are used, heat tends to accumulate in the material'with the
lower coefficient. [10, 12]. Also, improper connection of the fin to the tube,causes impurities
to accumulate in the unconnected parts and heat transfer does not take placeyproperly and
uniformly [13]. As a result, due to cases mentioned above, the surface temperature of the fin
increases unintentionally [14, 15]. Excessive temperature rise,instainless steels leads to the
accumulation of carbon at the grain boundaries. This carbon“eombines with chromium
present at the boundaries to form chromium carbide,“resulting 1n a reduction of chromium
and initiating grain boundary corrosion. [14,@6]. Jelanietal. [17] examined a stainless-steel
tube from an industrial furnace and sevealed thatsthe formation of brittle compounds
significantly lowered the materialés impact,strength, thereby increasing its susceptibility to
brittle fracture under operational gstresses. Xiao et al. [18] investigated the failure of
convection section tubes in ansethylene cracking furnace and found that overheating led to
the cracking of the protective oxide film, with corrosion products composed mainly of metal
oxides and carbides. _High,tube temperatures and sulfide compounds in the feed can cause
sulfidation along grain beundaries, leading to tube and fin failure. Root cause analysis is an
effective method for.investigating such material failures. [19-21]. Despite extensive research
on high-temperature corrosion, the combined impact of deposit accumulation, thermal
conduetivitysmismatches, and fin-to-tube connection flaws on the long-term performance of
finneditubesin real industrial settings remains unexplored. This study shows that deposit
accumulation, thermal conductivity mismatches, and fin-to-tube connection defects are the
primary causes of localized overheating, grain boundary corrosion, and finned-tube failure
in natural gas dehydration furnaces, offering guidance for designing safer, higher-
performance industrial furnaces. In this study, it is assumed that the failure of finned tubes in gas
industry furnaces may occur due to several degradation mechanisms. These include overheating,

which can weaken the material under high furnace temperatures; erosion corrosion, caused by the

combined effect of high-velocity flue gases and corrosive components; corrosion fatigue, resulting



from cyclic thermal and mechanical loads in a corrosive environment; thermal fatigue, due to
repeated heating and cooling cycles of the tubes; and stress corrosion cracking, which may develop
under tensile stresses in the presence of corrosive species. These mechanisms are considered key
assumptions in evaluating the reliability and service life of finned tubes in industrial furnace
conditions. By examining all aspects, including material quality, design errors, manufacturing
errors, etc., similar failures can be prevented in the future. Due to using finned tubes (tubes
regarding to ASTM A106 Grade B and fins regarding to AISI 304) in the convection section
of the Unit 104 furnace to increase the temperature of the process gas inside the tubes
through the heat generated by combustion, and after about 6 years ‘'of operation of the
furnace and the occurrence of various thermal cycles with process gas leakageifrom the tubes
to the convection section, the furnace caught fire and was out of operationyBy organizing a
root cause investigation team to prevent a similar incident fromioccurring in other furnaces,
samples of the affected parts were prepared and sent to the, laboratery for tests such as FE-
SEM, XRF, optical microscope imaging, etc.

2. materials and methods

In order to investigate failure, one sample of the damaged finned tube was collected and sent
to the laboratory for analysis. Rirst, anyemission spectrometry test was performed in
accordance with the ASTM A751 standard to»determine the chemical composition of the
tube and fin. Also, hardnessganditensile tests were performed separately at ambient
temperature on the tube“and fin in accordance with the A370 standard. XRF tests were
performed in accordancewith'the ASTM E1621 standard and XRD tests were performed on
the deposits on thesinnerpart of the tube in accordance with the BS EN 13925-2 standard.
Using a 2% Nitel selution, glycyrrhizin, and oxalic acid, the microscopic surfaces of the tube
and fin inthe fracture area were examined, respectively. In order to investigate the sensitivity
of thetalloy:to grain boundary corrosion, in accordance with the ASTM A262-15 Practice
A standard, the sample was evaluated for 1.5 minutes in a 10% oxalic acid solution and under
a current’'of 1 A/cm2. Using a FESEM microscope, the fracture surfaces in the tube and fin

sections, as well as the existing deposits, were examined more closely using EDS testing.
3. Results and Discussion

3.1. Visual observations
Visual Evaluation of the tube was performed by determining four hypothetical positions 3,

6,9 and 12 o'clock on the tube. There are some colorful deposits on inner tube side. At the



hypothetical position 12-3 and 3-6 o'clock (Fig. 4. (a &b)) brown and black products are
clearly seen, also at the hypothetical position 6-9 o'clock (Fig. 4. (c)) only black products
are observed besides shallow holes, however only at the hypothetical position 6 o'clock,
radial cracks are observed in the fins along the tube (Fig. 4.). Also, the cracks in the tube and
the radial cracks in the fin section are connected to each other (Fig. 5.). Considering the
connection of the cracks in the fin and tube and their alignment, there is a possibility that the

origin of the crack initiation is the same in both.

Figure 4.Formation of deposits at (a) 12-3 o'cloek, (b)'3-6 o'clock, and (c) 6-12 o'clock hypothetical
positions
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Figure 5.(a) Radial cracks on the fin and (b) crack propagation in both the tube and the fin

3.2. Chemical analysis

3.2.1. Tube

By examining the chemical compositien of thewpipe using emission spectrometry (Table 1.),
the percentage of all elements_isawithin the permissible range of the ASTM A106 standard
for Grade B.

Table 1. The tube chemical composition

Element C Si Mn P S Cr Mo
Composition (Wt%) 0.16 0.21 0.72 0.016 <0.003 0.20 0.07
Element: Vv W Pb Sn B Zr Bi
Composition, (wt%) 0.002 <0.015 <0.01 0.006 <0.0008 <0.002 <0.01
Element Ni Al Co Cu Nb Ti
Composition (wt%) 0.09 0.013 0.01 0.16 0.005 <0.002
Element As Fe Cr+Cu+Ni+Mo+V CE

Composition (wt%) <0.004 Base 0.52 0.35




3.2.2. Fin
By examining the chemical composition of the fin by emission spectrometry (Table 2), the

percentage of all elements is within the permissible range of the ASTM A240 standard for

Grade 304.
Table Y. Chemical analysis results from Fin
Element C Si Mn P S Cr Mo Ni Al Co Cu
Composition
0.05 0.36 1.07 0.024 0.008 18.1 0.31 8.3 <0.005 0.26 0.27
(Wt%)
Element Nb Ti \Y W Pb Sn Zr Se N Fe
Composition
(wt%%) 0.012 0.012 0.07 0.04 Trace 0.007 <0.005 Trace 0.08 Base
0

3.3. Hardness test

the Brinell method as hardness test was performed_on the center of the pipe cross-section at
four different positions 3, 6, 9, and 12 o'clock; as well"asithe center of one of the fins welded
on the pipe. According to results obtained are withimthe acceptable range of the ASTM A106
standard for Grade B and the ASTMhA240 standard for Grade 304.

Table 3. The'tube hardness test results

Hardness'number at measured points

Row Hardness testing (HBW) Average hardness number
position - - - (HBW)
Point 1 Point 2 Point 3
1 3 O’clock 143 144 142 143
2 6 O’clock 146 142 144 144
3 9.0’clock 141 143 145 143
4 12 O’clock 140 141 145 142




Table 4. The fin hardness test results

. Hardness number at Average Hardness limit in
Hardness Applied .
) (HBW) measured points hardness terms of HBW based
testing force _ _ _
- Point Point Point number on A240 standard for
position (Kgf)
1 2 3 (HBW) Grade 304
Center of the
187.5 189 187 183 186 Max 201
sample
) Hardness number at Average Hardness limit in
Hardness Applied .
) (HBW) measured points hardness terms of HBW based
testing force _ _ _
o Point Point Point number; on‘A240'standard for
position (Kgf)
1 2 3 (HBW) Grade 304
Center of the
187.5 189 187 183 186 Max 201
sample

3.4. Tensile test at ambient temperature

According to the results of the tensile test at ambienttemperature on the pipe in two positions
6 and 12 (Table 5.) and a review of the numbers,in the ASTM A240 Grade B standard, the
pipe properties meet the allowable limits.ofithe ‘standard.

Table 5. Tensile test results of the tube,in two different positions at ambient temperature

. ) Cross- Yield Ultimate Relative
o Thickness*Width . )
Position section strength strength elongation
(mm*mm)
(mm?) Rt (MPa) Rt (MPa) %As0
12
12:45*7.4 92.13 330 505 33
O’clock
6
12.45%7.25 90.26 333 500 34
O’clock
Permissible limits according to ASTM A106 Grade B . . )
Min 240 Min 415 Min 21

standard

Emission spectrometry results indicate that the chemical composition of the fin and tube

material falls within the standard limits, confirming its satisfactory quality. Hardness and



tensile tests confirm that the fin and tube material meets standard specifications,

demonstrating acceptable mechanical and manufacturing quality.

3.5. XRF

The weight percentage of various compounds on the internal and external surfaces of the

pipe was determined by using XRF testing, and the results are presented in Tables 6 &7.

Also, due to the occurrence of the oxidation process and the presence of sulfide compounds

in the refinery input feed, the main compounds present on the inner surface are Fe>Os and

SO.+S, and the main compounds present on the outer surface are Fe2Oz and SQa.

Table 6. Compounds extracted by XRF on the tube external Side

Compound Na20 SOs Cr203 ZnO PbO MgO

Composition

(W19%) 0.5 344 1.6 <0.01 <0.01 08

Compound SrO La&Lu SiOz TiOz NiO

Composition (wWt%) <0.01 <0.02 8.0 0.3 <0.01

Compound K20 MnO2 As203 L.O. Al203 CaO Fe20s
Composition (wt%) 0.9 0:2 <0.01 7.5 2.7 24.3 18.8
Compound ZrO2 P20s V205 CuO BaO -

Composition (Wi%) <0.01 <0.01 <0.01 <0.01 <0.01 -




Table Y. XRF test result of the inner surface of the tube

Compound Na20 SO2+ S Cr203 ZnO PbO MgO K20
Composition
0.3 8.1 0.5 0.2 <0.01 0.5 0.2
(Wt%)
Compound SrO La&Lu SiO2 TiO2 NiO ZrOz P20s
Composition
<0.01 0 4.8 <0.01 <0.01 <0.01 <0.01
(Wt%)
Compound MnO2 As203 L.O.I Al20s CaO Fe203
Composition
0.5 <0.01 0 1.7 5.0 77.9
(Wt%)
Compound V205 CuO BaO
Composition
<0.01 0.3 <0.01
(Wt%)
3.6. XRD

XRD analysis of deposits on the inner and“euter pipe surfaces, conducted according to the

BS EN 13925-2 standard, identified,variousycompounds, including pyrrhotite, quartz and
hematite (Table 8).

Table 8. Deposits,obtained by XRD on the tube internal and external side
Internal surface deposits

External surface deposits

Chemical composition Chemical formula Chemical composition

Chemical formula
Pyrrhotite Fe43.06Ni4.00S40.00 Gypsum CaS04.2H:0
Iron sulfide FeS Anhydrite CaSO4

Hematite FesO4
Quiartz SiO2
Magnetite Fe203
Calcite CaCOs3
Annite (Minor) KFes(FeSis)O10(OH)2

According to the results obtained from XRF and XRD tests, presence of oxide products like
Fe203 and CaO confirms oxidation process these two compounds are prominent oxides based

on XRF results. Furthermore, sulfide products such as FeS, CaSOa, and SOs were formed



due to contact of fluid and tube. The sulfide compounds detected on the inner and outer
surfaces of the pipe likely resulted from H-S in the gas stream and from combustion gases.
(Tables 9&10). With regarding to Tables 6&7 on external side of the tube SO4 34.4 %wt,
Ca0 24.3 %wt, Fe,O3 18.8%wt, SiO2 8.0 %wt, and on inner side Fe>O3 77.9 %wt, SiO2 4.8
%wt, and SO2 + S 8.1 %wt are main products.

Element Fuel Gas (Summer) %mol Fuel Gas (Design) %emol Fuel Gas (Normal) %mol
CO2 0.68 0.68 0.83
N2 3.81 3.81 3.66
Methane 93.43 93.39 89.69
Ethane 2.01 2.04 5.73
Propane 0.058 0.061 0:.08
I-Butane 227 ¢3 2.3 ¢? 2.18 ¢3
N-Butane 1.68 ¢3 1.7 ¢3 1.61 ¢3
Cs+ 115 ¢* 1.13 ¢ 1.1¢*
Mercaptans 4.9 3 5.0 e 4.8 ¢
CoS 22¢° 2.3€" 1.15 ¥
H2S 1.17 ¢* 1.19 e 3.1¢*

Table 3. Chemical composition of combustion fuel in three states

Table ) +. Chemijeal,composition of the gas in the tube

Chemical composition % Molar Chemical composition % Molar
H20 0.1 ppm mol Ce cut 0.1367
N2 3.533 Benzene 100 ppm mol
COz 0.8004 cn 0.1325
Has 3 ppm mol COsS 4.2 ppm mol
Methane 86.5178 CH4S 24.1ppm mol
Ethane 5.5294 ETSH 144 ppm mol
Propane 2.0393 PRITHIOL 6.0 ppm mol
I-Butane 0.3763 BUTHIOL 1.8 ppm mol
Butane 0.5776 HXITHIOL 900 ng/Nm?®
I-Pentane 0.1768 MERCURY -
Pentane 0.1577 - -

The tube Internal surface deposit’s structure was investigated by XRD analysis. Fig. 6.
illustrates the XRD pattern of the tube Internal surface deposits. It can be seen in Fig. 6. two
reference codes were matched with the detected peaks in the XRD pattern. Reference code

JCPDS 969013705 for Fe-Ni-S compound (Fess.96Nis.00S49.00) named Pyrrhotite with



Monoclinic structure has seven detected peaks at diffraction angle 29.85°, 33.75°, 43.61°,
53.01°, 57.03°, 64.52°, 71.00° can be assigned to (025), (043), (046), (065), (228), (£45),
(086) crystallographic planes of the Fe-Ni-S compound respectively. Also, the peaks
detected by JCPDS 961504401 reference code is about FeS with Hexagonal structure at the
diffraction angle of 29.82°, 33.69°, 43.49°, 52.94°, 56.78°, 64.44°, 70.85° and 88.30° that
could be related to (100), (101), (102), (110), (103), (004), (202) and (114) crystallographic
planes. Based on the detected phases, it can be noted that the sulfide products havesmade on

inner surface tube.
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Figure 6. XRD patterns of tube internal surface deposits

3.7. Mierostructure evaluations

Microscopic examination of the tube cross-section reveals the presence of multiple parallel
cracks exhibiting both sharp and occasionally rounded (Fig. 7.) First, by etching the
boundary between the fin and the tube with 2% Nitrel solution, ferrite grains along with
pearlite rows were visible in the tube structure, and the cracks have grown intra-granularly
in this part (Fig. 8.). Also, microscopic defects were visible at the boundary of the fin-tube
connection (Fig. 9.). The heat-affected zone (HAZ) on the tube side predominantly

comprises a ferritic matrix with a dispersed distribution of carbides and localized pearlitic



regions. Microstructural analysis indicates that crack propagation occurred trans-granularly.
The observed features are attributed to the high thermal input during welding and the absence
of subsequent post-weld heat treatment (Table 11.), the microscopic structure in this area
has undergone some changes and has changed from a fine-grained state to a coarse-grained
state (Fig. 9.), which has caused residual stresses to remain in this part. The interaction
between residual stresses and operational thermal stresses arising from the continuous
exposure of these tubes to fluctuating thermal cycles can facilitate the detachment of the fin
from the tube. Also, the coarse-grained area is prone to the initiation or propagation‘ef other
cracks into the tube. Therefore, improper welding and residual stresses are among therreasons
for the presence of microscopic defects at the fin-tube junction. It should be“noted that the
defective fin-tube junction in some parts is likely to deposit corrosion produets. (Fig. 11.)

Regarding to post-heat treatment, attention should be paid tosthespessibility of sigma phase
formation in 304 stainless steels [22]. Therefore, performing, solution annealing at a
temperature above the sigma-phase formation range {890-870 °C) can inhibit sigma-phase

precipitation in the fin and promote microstructural refinement in the tube section from

coarse-grained to fine-grained
Weld Layer (s) 1
while Process High Frequency (HF)-Hot Forging Bond SimUItaneOUSIV
eliminating Filler Met NA sensitized grain
boundaries Dim meg NA within the fin
) Ampere (Range) 13-20
region. Kilo Volt (Range) 6.5-8.5
Frequency. (Ran)/KHz 210-320
Table V). Fin to Preheat NA body connection
process Other Post cooling by water specifications
PWHT NA

Current A.C.




Figure 8.Crack propagation intragranularly imithe tube internal side at scale (a) 100 um and (b) 50 um
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Figure 9.(a) Fin-tube separation at welding zone (b) welding defects along fin-tube connection line
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Figure 10.(a) and (b) coarse-grained structure near the weld line
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Figure 11.Faulty connection at fin-tube boundary

Due.to th<difN in the heat transfer coefficient of the materials used in the fin and the
a

I: ASTM A106 grade B, fin material: AISI 304), the presence of numerous

welding\defects, and the accumulation of impurities among these defects, heat transfer from

the fin surface to the tube has not taken place properly, and the fin surface has become the
location of heat concentration (the fin surface temperature, according to field surveys, was
in the range of 700 to 800 °C) [16]. This heat concentration in the fin brings some
difficulties such as; first, formation of chromium carbide (at temperatures above 500 °C, the
probability of chromium carbide formation increases greatly), which is a brittle compound,
at the grain boundaries. Then, afterwards Due to the mismatch in the coefficients of thermal



expansion and the localized heat distribution between the fin and tube, intergranular parallel
cracks propagated toward the tube surface. This phenomenon is further attributed to the
presence of chromium carbides within the fin region. These crack growths are because of
the coarse-grained structure in the weld area, which has weaker mechanical properties than
other parts of the tube. The aforementioned cracks continued until they reached the inner
surface of the tube, and then leakage from the tubes began and a fire occurred. By etching
the longitudinal section of the fin with glycyrrhizin solution and the transverse section of the
fin with oxalic acid, austenite grains with distribution of chromium carbide particles at the
grain boundaries can be seen (Fig. 12&13). Also, cracks in the fin sectionavere between the

grains, which indicates the sensitization of the steel (Fig. 14.).
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Figure 12.(a &b) Longitudinal section of the fin and (¢ &d) Fin cross-section after etching



Figure 13.Crack propagation in the fin sectionifrom the grain boundary at different scales

3.8. Grain boundary corrosion test
Fig. 14 shows that according to the ASTM A262-15 Practice A, the fin surface is dual in
structure and its grain boundariesdave Become sensitive and are no longer resistant to grain

boundary corrosion.

Figure 14.Dual fin microstructure



3.9. FE-SEM
Fig. 15. is a longitudinal cross-section of the fin after etching, in which the growth of cracks

between the grains can be seen.
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Sulfidation phenomenon, also called rosion, is corrosion that occurs due to the

lloy at high temperatures, which can cause

of the tube and the fin inner nergy Dispersive X-ray Spectroscopy (EDS test),
sulfide and oxide compo ion was quite evident. Presence of these compounds

prove sulfide corrosior xidation during crack propagation along the fin and tube

age of Sulfur (S) confirms sulfidation [25, 26]. (Fig. 16.). Based

surfaces, as well % :
on EDS extra% | element is observed. Because of high humidity and placing near

ion loride compounds could be possible. High concentrations of iron,

chro r, and the formation of a sulfide phase are displayed in EDS data Fig. 17.
The phenomenon of sulfidation on the fin surface indicates that the tube has been operating

in service conditions in environments containing S and H»S at high temperatures [27]. Fig.



17 demonstrates that the deposit layer has penetrated into the grain boundaries

beneath the fin surface and cracks have spread into the grain boundaries [28].
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Figure 16.FE-SEM image taken from inner surface of the tube (a) and EDS analyses of 3 random points
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Figure 17.FE-SEM image taken from inner surface of the fin surface and EDS analysis of a random point
(a & b) and cross section of the fin surface at two different scales (¢ & d)
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reasons for the failure of the finned tubes of the Convection section of the

4. Conclusio

dehydration furnace of Unit 104 of the 10" South Pars Refinery were investigated, and the
results are summarized below:

* Based on visual inspections, all cracks occurred at the hypothetical 6 o'clock position, and
the cracks in the fin and tube were not only aligned but also connected to each other.

« Based on the results of emission spectrometry, hardness measurements, and tensile testing

for both the tube and fin materials, and considering their conformity with the furnace



manufacturer’s material specifications, it can be concluded that the materials utilized in this
section meet the required quality and comply with the relevant standards.

« After checking the results of the XRF and XRD tests, as well as examining the chemical
composition of the fuel used in the furnace and the process gas inside the tube, there is a
possibility of high-temperature oxidation and sulfidation processes.

» By examining the microscopic structure of the tube, in addition to the appearance of intra-
grain crack growth, a coarse-grained HAZ structure is visible at the fin connection boundary.
« By evaluating the microscopic structure of the fin after etching, in addition,to the grain
boundary crack growth, the accumulation of chromium carbide at the grain boundary is also
evident.

« Grain boundary corrosion sensitivity testing revealed that the grain boundaries exhibited
insufficient resistance to intergranular corrosion.

* The results of the FESEM test show, besides the grain beundary€rack growth in the fin
section, there are some oxide and sulfide compounds ‘in thetinner part of the tube and on the
fin surface, which confirms the occurrencefef high-temperature oxidation and sulfidation
processes.

» Owing to the difference in the heat transfer ceefficient of the materials used in the fin and
the tube, and faulty heat transfer #rom the fin surface to the tube which results in heat
concentration and formation ofsehromium earbide at the grain boundaries, crack propagation
begins which is led to failure.

* In austenitic stainless steeljzhigh temperature (500 — 850 °C) and chromium carbide
deposition along grain boundaries result in Cr depleted and Cr rich zones at grain boundaries

which leads to'sensitization.
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