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This paper aims at investigating the use of high frequency resistance welding (HFRW) to deploy energy
saving technology in power plants industry. The new approach of dissimilar welds A240TP409 finned and 2%
Cr-1 Mo seamless tube under various conditions of high frequency resistance welding (HFRW) are found in
power plant boilers and reducing energy costs is possible through the use of finned tubes. HFRW have accom-
plished on samples by changing multiple parameters including current of welding, electric potential, travel
speed and fin pitch. Microstructural evolution in weld bond, hardness and tensile strength tests revealed that
metallurgical bonding more than 90 % was measured at the weld interface and the average of tensile strengths
were more than 275MPa, with setting on appropriate welding parameters and optimum pressure. Since the
pitch and fin thickness can be severely reduced, the output transfer surface treatment in final process can be
dramatically diminished. Lastly, a well-engineered approach to the design of the best conditions of finned tube
welding bond is discussed in modern combined cycle power plant (CCPP).
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1 Introduction

Dissimilar metal welds (DMWs) between ferritic
steel grades are found extensively in the construction of
thermal power plants. The potential combinations and ap-
proaches for joining dissimilar ferritic steels are nearly
limitless as stated by P. Mayr et al. [1]. Juliermes CP et
al. [2] explained that Cr-Mo steels are materials that op-
erate at high pressures and high temperatures, mainly in
the petrochemical industries and in the power generation
area, this is due to their good corrosion resistance, me-
chanical strength, and high temper ability, make them ef-
fective for working under critical conditions. 2.25Cr-
1Mo steels have a stable microstructure with fine car-
bides that prevent the movement of grain contour disa-
greements, thus increasing their mechanical strength. D.
J. Benton [3] mentioned that these heat exchangers are
designed to recover the heat from a gas turbine exhaust
and convert this to steam, which drives a turbine and ul-
timately a second generator. Heat recovery steam gener-
ator (HRSG) can be complex to analyse and difficult to
effectively test and prove their performance. Y. Wang et
al. [4], investigated that the current development in the
power generation industry is of increasing demand for
combined cycles with improved efficiency and reduced
delivery time. Improved efficiency reduces the fuel re-
lated cost and, at the same time, contributes to the reso-
lution of the greenhouse effect. Finned tubes position of
harp modules in HRSG are key components in the com-
bined cycle. A block of modern combined cycle power
plant (CCPP) is demonstrated in (Fig. 1). Increase the
rate of heat exchange in the HRSG tubes, the surface area
on the outside of the tubes is extended by finning [5].
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Finned tubes of headers are routinely used in high tem-
perature applications in which HRSGs are an integral part
of any modern CCPP [6]. In the finned tube welding pro-
cess rolled steel strip is continuously welded in spiral
form on the outside diameter of a tube. This type of weld
is comprised of a fusion between two portions of parent
metal without the introduction of a filler material [7]. The
weld is simply produced by heating the interfaces to be
joined to a plastic state and applying pressure. Current
frequency range normally used for high-frequency weld-
ing 400 kHz. [8]. Increase the rate of heat exchange in the
HRSG tubes, the surface area on the outside of the tubes
is extended by finning. It can be used as: heaters, econo-
mizers, or super heaters [9].

Manufacturing process of finned tube is illustrated
in (Fig. 2) by HFRW technology. There are several tech-
nologies of making finned tubes and J. Adamiec et al.
[10, 11] studied that the laser welded joints of fin tubes
made of alloy Inconel 625 are resistant electrochemical
and pitting corrosion in the base material. High-fre-
quency welding is a solid resistance heat energy. The use
of high-frequency current welding resistance heat gener-
ated within the work piece so that the work piece surface
is heated to melt the weld zone or close to a plastic state,
then applied (or not applied) upsetting force to achieve
binding metal [12]. It is a solid-phase resistance welding
methods, with this technique, the fin is wound on edge
around the tube spirally and a continuous weld is ob-
tained [13]. The high frequency resistance welding pro-
cess produces a strong metallurgical bond between the fin
and the tube while minimizing the heat affected zone
(HAZ) in the tube as stated [14].
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Fig. 1 A block of modern combined cycle power plant (CCPP)

Fig. 2 Manufacturing process of finned tube by HFRW
technology

The fins greatly enhance the heat transfer surfaces,
allowing the full optimization of heating surfaces of the
boiler, which is achieved by reducing the dimensions of
the boiler, and thus reducing its weight [15]. As shown in
Kushima H. et al. [16] metallographic atlas for 2% Cr-1
Mo steels and degradation due to long-term service at el-
evated temperatures. King B. [17] performed that Weld-
ing 2% Cr-Mo steel is to use preheat and post welding
heat treatment (PWHT) to improve weldability. Wagner
Ferreira L. et al. [18] indicated that microstructure evo-
lution and creep properties of 2% Cr-1 Mo carried out.
The observations of the ferrite-bainite steel show a more
stable behaviour at the ageing temperatures and time con-
sidered and creep tests revealed that the ferrite-pearlite
microstructure possesses a better rupture time perfor-
mance. Zuback S. et al. [19] demonstrated that dissimilar
joints between 2% Cr-1 Mo steel to austenitic alloy has
been studied. Ornek C. [20] observed the position of
A240T409 finned the lowest chromium content of all
stainless steels in Schaeffler diagram.

2 Experimental part
2.1 Samples

Compared to other conventional welding processes,
HFRW finned tube technology uses a significant energy
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saving in which the absence of flux or cover gas makes
the process environmentally safe. Chemical composition
A240TP409 is titanium stabilized ferritic stainless steel
(FSS) cold rolled of coil strips containing about 11 %
chromium shown in Table 1.

Table 2 presents the chemical composition of the 2%
Cr-1 Mo material used in this study by an optical emis-
sion spectrometer. Serrated finned tubes and solid finned
tubes are two types of spiral wrapped finned tubes used
HF as illustrated in (Fig. 3).

Table 1 Chemical composition (% wt.) of the FSS

Steel C Mn P S Si Cr Ni Ti
Finned

FSS 0.06 0.29 0.020 0.015 0.57 11.14 0.14 0.19

Table 2 Chemical composition (% wt.) of the 2% Cr-1
Mo boiler seamless tube

Boilerseam- C Mn P S Si Cr Mo
less tube
2% Cr-1 Mo 0.12 0.40 0.013 0.003 0.23 2.15 0.93

Fig. 3 Type of finned tubes HFRW process (a) Solid
finned tubes (b) Serrated finned tubes
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2.2 Welding parameters

Serrated and solid fins are widely used solutions for
improving heat transfer in fired heaters. The important
fact that designers often overlook while selecting the fins
is that serrated fins can provide larger surface area and
significantly higher fin efficiency compared with solid
fins. Sample preparation of finned tubes welding include
sample of weld bond tests, tensile strength and hardness
tests were prepared as illustrated in (Fig. 4).

Fig. 4 Sample tests preparation of 2% Cr-1 Mo seamless
tube and A240TP409 finned tubes

Table 3 HFRW Welding parameters of sample test

In this research 4 essential welding parameters in-
cluding welding speed (travel speed), current electric po-
tential, and pitch were assumed as variables and 10 sim-
ples were selected by Taguchi method and welding pro-
cess was performed according to the conditions men-
tioned in Table 3 by “HANSUNG HFS-9488pu” HFRW
machine.

2.3 Metallography and Mechanical test

Metallography for welding bond was done by
Olympus DMI3000M optic microscope which was
equipped with Image Analyzer. The dimension of 2% Cr-
1 Mo steel tube for welding experiments 38.1x2.9 mm
were selected. According to ASTM E340-20, 8 samples
were prepared for metallography test. Tensile strength
(1 mm/min) was done by SANTAM-STM-60. The
quantity of test piece is 6 per 1 tube. The minimum value
of tensile strength is 275 MPa for weld applied accord-
ing to ASTM A370-20. Hardness test was done by
DRMC-250. The weight was 500 gram-force and the
time was 15s in 4 connecting positions. Alloy steel and
stainless steel samples require Micro hardness HV1
(Vickers diamond 136° indenter). The hardness test was
carried out at 3 points (Fin, HAZ, and Tube) per each
sample. Hardness at heat affected zone (HAZ) shall be
under 150Hyv for fin tube according to ASTM E384-20.

Sample  A213T22 Tube Fﬁﬁ:gtxpfiﬁix Travel Speed 58;?3;:3 Electric Cur- _ Pitch
No. O.D. x Thickness Thickness (RPM) V) rent (A) (Fins/Meter)
1 38.1x2.9 17x1.2 560 10.8 12.9 126
2 38.1x2.9 17x1.0 540 10.5 12.3 126
3 38.1x2.9 17x1.2 520 11.2 13.4 180
4 38.1x2.9 17x1.0 520 11.0 13.1 180
5 38.1x2.9 17x1.2 500 115 13.9 240
6 38.1x2.9 17x1.0 500 11.4 13.8 240
7 38.1x2.9 17x1.2 480 11.7 14.0 276
8 38.1x2.9 17x1.2 480 11.8 14.2 276
9 38.1x2.9 17x1.0 430 121 145 305
10 38.1x2.9 17x1.0 460 12.3 15.1 305

3 Results and Discussion

The microstructure for A213T22 (2% Cr-1 Mo)
Seamless Tube is shown on (Fig. 5a). The microstructure
consists of ferrite (light etching constituent) and a small
amount of pearlite (dark etching constituent). As well as
the microstructure of ferritic grade of type 409 stainless
steel finned is illustrated that (Fig.5b).

A straight chromium steel in which the carbon is de-
liberately kept as low as to have a negligible hardening
effect is classified as ferritic. The chromium content is
usually above 11 weight-percent with low carbon and no
nickel, these alloys are permanently ferritic. It is shown
the ferritic structure with smaller grain size for the stain-
less steel 409. In the case of grade 22, the formation of
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ferrite is partially displaced by the introduction of a
bainitic phase transformation, according to continuous
cooling transformation (CCT) diagram for 2% Cr-1 Mo
steel is shown in (Fig.6) according to Schaeffler diagram,
in this case, the amount of chromium and nickel equiva-
lent is display in (Fig.7). The examined specimen’s steel
had ferrite type.

The microstructure is shown that (Fig.8a) finned to
tube joints relevant to sample 100 % welding bond. The
average width of the weld bond between finned and tube
shall be a minimum of 90 percent, according to standard
specification for HFRW finned tubes. The microstructure
of rejected sample is demonstrated in (Fig.8b) uncom-
pleted welding 81 %.
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. . Fig. 8 The microstructure of A213T22(2% Cr-1 Mo)
Fig. 5 The microstructure of base metal (a) A213T22 Seamless Tube to A240TP409 ferritic finned (a) Ac-
(2% Cr-1 Mo) seamless tube (b) A240TP409 finned cepted specimen: 100 % weld bond (b) Rejected speci-

. 0
1000 — Normalized: 930°C (1706°F)/20 min men: 81 % weld bond

1 Prior Austenite Grain Size: ASTM 7

j A" Furthermore, the result of Table 4 is shown that on

800 - 10 average welding specimens, the diffusion zone indi-
A- cating metallurgical bonding more than 90 % was meas-

600 ] ured at the weld interface all of the tests, with applying

. optimum welding parameters, fin-tip and tube-tip posi-
T Y < 1 tion and setting on squeeze rollers with hydraulic pres-

1.

400 - B-.a in; - -:. sure jack (air pressure of fin tip holder is 0~4 kg/cm2 and
1 . s : 2 air pressure of tube tip holder 0~5 kg/cm2) and fin pitch.
= Yt B 3 The arithmetic average width of the weld bond as evi-
200 T X & i : : denced by the white metal exposed will no less than 90
319 ;-073 9 onp 151 136 percent of the measured fin thickness in the fractured sur-
0 N — face of the fin-to-tube weld.
1E+02 1E+03 1E+04 1E+05
Time (seconds) Table 4 Average of welding bond sample
Fig. 6 CCT diagram for A213T22 (2% Cr-1Mo) seam- No. Fin to tube weld bond Result
less tube finned tubes 1 100 % Accepted
. 2 100 % Accepted
?ﬁé 3 96 % Accepted
2 4 100 % Accepted
& 5 97 % Accepted
< 6 98 % Accepted
* 7 100 % Accepted
g 8 100 % Accepted
*'é 9 100 % Accepted
z 10 100 % Accepted
E Schematic fin weld width and penetration demon-
Cr Equivalent =%Cr + %Mo + 1.5(%50) + 0.5(%Nb) + 2(%Ti) strated in (Fig. 9). Tensile strength curves of 6 fin joints
Fig. 7 The position of A240TP409 ferritic finned in to tube illustrated that (Fig. 10a) rejected sample and

Schaeffler diagram
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(Fig. 10b) accepted sample. As well as the result of ten-
sile strength is displayed in Table 5 rejected specimens

and Table 6 accepted specimens.
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Fig. 9 Schematic fin weld width and penetration
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Fig. 10 Tensile strength tests of tube to fins according to
ASTM A370-20 (a) rejected specimens (b) accepted

specimen

Table 5 Result of tensile test (6 fin joint to tube) re-
jected specimens

Rejec- Thic-  Sec. Location
tedJspe- kness  Area Total uTsS of
cimens (mm) (mm?) load (N) ~ (MPa) failure
T1 1.2 28.692 6739.27 24427 Weld
T2 12 25392 9863.14 9248  Weld
T3 12 27.612 5817.53 5058.28 Weld
T4 12 26.712 9188.7 5236.09 Weld
T5 12  27.84 7176.63 6289.64 Weld
T6 12 2628 726,55 8576.6 Weld
Result REJECTED
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Table 6 Result of tensile test (6 fin joint to tube) ac-

cepted specimens

Accep_ted Thic-  Sec. Total load UTS Location
speci- kness Area of
mens  (mm) (mm?) (N) (MPa) failure
Tl 1.2 26.292 125241 476.35 Fin
T2 1.2 26.868 12838.84 477.85 Fin
T3 1.2 26.298 11862.95 440.54  Fin
T4 1.2 26.772 12653.88 472.65 Fin
T5 1.2 2748 12193.01 443.70  Fin
T6 1.2 2791 12317.68 44150 Fin
Result ACCEPTED

Table 7 is shown that result of tensile strength (6 fin
joints to tube) in 10 average welding specimens. Further-
more, all tests were accepted because the average of ten-
sile strengths were more than 275MPa.

Table 7 Average UTS of welding specimens

No. UTS (MPa) Result
1 440.36 Accept
2 378.39 Accept
3 375.34 Accept
4 377.85 Accept
5 400.32 Accept
6 381.15 Accept
7 380.17 Accept
8 458.76 Accept
9 375.61 Accept
10 379.73 Accept

Table 8 is shown the hardness of the specimens ac-
cording to the conditions indicated in table 3 at various
zones. The results of hardness test in Table 8 show that
the highest hardness in HAZ alloy steel tube 272 HV was
related to specimens No.8 and the lowest hardness in al-
loy steel tube 251 HV was related to specimen No.4.

Table 8 Hardness results of various specimens (HV)

Hardness va- Hardness vari-

Fin

No. riation of fin ation of tube

HAZ to fin HAZ HAZ to tube HAZ
1 174 151 252 168
2 162 164 270 166
3 165 156 263 163
4 170 149 251 167
5 166 160 264 165
6 171 150 267 168
7 169 148 265 164
8 161 162 272 165
9 172 159 262 162
10 164 161 258 164
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As well as the highest hardness in HAZ St-St finned
174 HV was related to specimen No. 1 and the lowest
hardness in HAZ St-St finned 161 HV related to speci-
men No. 8. The most hardness variation between HAZ
fin to fin 164 HV related to specimen No. 2 and the most
hardness variation between HAZ tube to tube 168 HV re-
lated to specimen No. 1. The result of hardness test that
according to ASTM E384-020 standard all of the hard-
ness specimens were in acceptance criteria, as well as in
Table 9, one rejected specimen was provided just to be
compared with accepted specimens.

Table 9 Hardness result of rejected specimens

Hardness (HV)
No. . Hardness varia- Hardness varia-
Fin .. . . Tube .
HAZ tion of fin to fin HAZ tion of tube to
HAZ tube HAZ
1 201 186 275 175

Serrated and solid types of fin tube produced by
HFRW depend on fin height, fin thickness and tube O.D.
The result of analyzes show that as the lower pitch and
fin thickness are selected, the higher quality of fin tube
welding bond is achieved. On the other hand, as the pitch
and fin thickness can be severely reduced, the output
transfer surface treatment in final process can be dramat-
ically diminished. Since increasing performance in the
aspect of process design and welding engineering, the
range can be set on optimum the current electric welding,
potential welding and travel speed of welding. Further-
more, selecting suitable finned include 1 mm fin thick-
ness, 15 mm fin high and 276 per meter of fin pitch has
been achieved.

4 Conclusions

HRSG is obviously a very desirable energy source,
since the product is available almost operating cost-free
and increases the efficiency of the cycle in which it is
placed. Increasing thermal efficiency while reducing en-
ergy costs is possible through the use of finned tubes for
heat exchangers by high frequency resistance welding. In
this investigation, the energy saving technology in power
plants industry by high frequency resistance welding
(HFRW) finned tube need to manufacture power plants
industry. The following conclusions can be drawn from
this work:

e Compared to other conventional welding processes,
HFRW finned tube technology uses a significant
energy saving in which the absence of flux or cover
gas makes the process environmentally safe.

o Metallurgical bonding more than 90 % was measured
at the weld interface, with setting on appropriate wel-
ding parameters and optimum pressure.

o Water spray lead to the grain size in microstructure
and HAZ limited in section welding so that the
average of tensile strength more than 275 MPa.
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e The key factor produced HFRW depend on fin high,
fin thickness and tube O.D. in solid and serrated types
of spiral finned tube.

e The best conditions of finned tube welding bond is
achieved by 276 per meter of fin pitch, over 15 mm
fin high and 1 mm fin thickness.

Acknowledgements

The authors wish to acknowledge to the MAPNA
Boiler & Equipment Engineering & Manufacturing Co.

References

1. P. Mayr, C. Schlacher, J. A. Siefert & J. D. Parker,
Microstructural features, mechanical properties and
high temperature failures of ferritic to ferritic dis-
similar welds, International Materials Reviews,
2019, p.1-27, DOI:10.1080/09506608.2017.1410943

2. Juliermes CP, Vitor LS, Ayrton SB, Luis PMS, Re-
nata B, et al., Microstructural and Mechanical Char-
acterization of Steel 2.25Cr-1Mo Treated by
Quenching Process. International Journal of Metal-
lurgy and Metal Physics,2019, 64(1), p. 1-11

3. D.J. Benton., Heat Recovery Steam Generators:
Thermal Design &Testing, Independently Published,
Kindle Edition (2019).

4. Y.Wang, S. Adumene., Heat Recovery Steam Gen-
erator Technology, Scitus Academics LLc, (2019).

5. Mitrovic J., Heat Exchanger and Condenser Tubes,
Tube Types Materials Attributes Machining, Publico
Publications, 2004, p.19.

6. Eriksen V., Heat recovery steam generator technol-
ogy, Woodhead publishing, 2017.

7. Breeze P., Raising steam plant efficiency — Pushing
the steam cycle boundaries. PEI Magazine 20, 2012.

8. Dziemidowicz Z., Szyszka P., Krupa I.: Power units
on the horizon. The technical requirements of new
generation units at PGE power plant opole S.A. elec-
tric heat and vocational education, 11, 2011.

9. Deng D., Kiyoshima S., Serizawa H., Murakawa H.
and Horii Y., Numerical investigation on welding re-
sidual stress in 2.25Cr-1Mo steel pipes, transactions
of JWRI, Vol.36, 2007, No.1, p.73-90.

10. Kocurek R., Adamiec J., Manufacturing Technolo-
gies of Finned Tubes, Advances in Materials Sci-
ence, Vol. 13, No. 3 (37), 2013, p.26-35.

11. Adamiec J., Wigcek M., Technology for Laser
Welding of Ribbed Pipes Made of Inconel 625
Nickel Nickel Alloy, Biuletyn Institute Spawalnic-
twa, No. 5, 2014, p.41-48.

12. Pis’mennyi E., Georgiy P, Ignacio C., Florencio S.,
Pioro I. Handbook for transversely finned tube Heat
exchanger design academic press, 2016. [6]. Erling
N, Experimental investigation of heat transfer and
pressure drop in serrated-fin tube, Applied Thermal
Engineering 30, 2010, p.1531-1537.

13. Mcilwain S.R., A comparison of heat transfer
around a single serrated, IJRRAS 2 (2), 2010, 88-94.


https://www.amazon.com/D-James-Benton/e/B019RX31RE/ref=dp_byline_cont_ebooks_1

PALIVA 14 (2022), 3, p. 117-123 Energy saving technology in power plants industry by HFRW

14. Noordermeer J., Eng P., IAGT Symposium, Training
Sessions, Banff Alberta, 2013.

15. Huseman R.: Advanced (700°C) PF Power Plant. A
Clean Coal European Technology. Advanced Mate-
rial for AD700 Boilers, Cesi Auditorium, Milano,
2010.

16. Kushima H, Watanabe T, Murata M, Kamihira K,
Tanaka H, Kimura K. Metallographic Atlas for
2.25Cr-1Mo Steels and Degradation due to Long-
term Service at Elevated Temperatures. OMMI;
4(1):, 2007, p.1-13.

17.King B., Welding and Post Weld Heat Treatment of
2.25%Cr-1%Mo Steel, M. Eng thesis, Faculty of En-
gineering, University of Wollongong Australia,
2005, p.13.

18. Wagner F. L., Glaucio R., Heloisa C, Furtadoa M.,
Barreto L., Luiz Henrique de A., Microstructure
Evolution and Creep Properties of 2.25Cr-1Mo Fer-
rite-Pearlite and Ferrite-bainite Steels After Expo-
sure to Elevated Temperatures, Materials Research,
Vol.10, 2017, No. 1590, p. 0596-0601.

19. Zuback J. S., Mukherjee T., Palmer T. A. and
DebRoy T., Novel dissimilar joints between 2.25Cr-
1Mo steel and alloy 800H through additive manufac-
turing, [in]Pennsylvania State University, AWS
FABTECH Conference, Las Vegas NV, 2016, p.1-
19.

20.0rnek C., Performance characterisation of duplex
stainless steel in nuclear waste storage environment,
PhD [Dissertation], Manchester University, Man-
chester, 2015, p.25.

DOI: 10.35933/paliva.2022.03.02 123



