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Abstract: This paper presents the results of numerical simulations of heat transfer in a tube with a
protective chromium layer on the inner surface made of steel, with different shrinkage temperatures.
Shrinkage in the steel is an unfavorable phenomenon because it causes cracks in the chrome coating.
The cracks contribute to the peeling of the protective material on the inner surface of the tube. Wear
and damage to the chrome layer significantly shortens the tube’s service life. The influence of the
type of steel with medium carbon content on heat transfer for a sequence of ten, thirty, and sixty
heat impulses was examined. Simulations were carried out for two selected steels with clearly
different shrinkage temperatures, i.e., 30HN2MFA and X37CrMoV5-1 (1.2343). In 30HN2MFA steel,
the shrinkage effect occurred at a temperature of approx. 750 °C, while in X37CrMoV5-1 steel it
occurred at a temperature of approx. 870 °C. In the computational model, 30 cross-sections of the
three-meter-long tube were analyzed. A time-dependent heat transfer coefficient was calculated in
each zone. Heat transfer simulations were carried out using COMSOL version 6.1 software. This
paper shows that for X37CrMoV5-1 steel, the shrinkage temperature on the inner surface of the
tube was reached after approx. 60 heat impulses, while for 30HN2MFA steel, it was reached after
approx. 30. The greatest differences in the number of impulses occurred for a pipe with a 200 um
thick chrome layer.

Keywords: heat transfer; temperature field; protective coating; shrinkage of the steel; modeling

1. Introduction

The durability of tube bores in which gas flows at high pressure (of the order of
hundreds of MPa) and high temperature (of the order of thousands of Kelvin) is influenced
by mechanical erosion and changes in the thermophysical properties of steel. Papers [1,2]
discuss the mechanism related to the mechanical and thermal erosion of internal tubes.
These papers describe several causes of erosion. They indicate that one of the causes
of the cracking of chrome layers is the change in the volume of the substrate under the
influence of high temperatures. This mechanism involves pressing the steel substrate on
the chrome layer when it is heated to 730 °C. The pressure on the chrome layer is caused
by the thermal expansion of the steel substrate. In papers [1,2], the issue of crack formation
due to phase transformation in steel is only mentioned. A zone under the influence of
high temperatures are called “heat-affected zone” [1-3]. Direct indications that the ferrite-
austenite phase transformation causes the formation of cracks on the inner surface of the
tube can be found in papers [4-6]. These works determined that this phenomenon occurs
at temperatures above 750 °C. The cyclic heating and cooling of the tube cause volume
changes that lead to subsurface stresses, resulting in the formation of cracks. The resulting
cracks in the steel layer also cause the cracking of the chrome layer [5]. Similar effects
are shown in [7]. In this study, a chromium layer was annealed on a 416 stainless steel
substrate. The authors of publication [7] examined the appearance of cracks in the chrome
layer by heating it to 600 °C and 800 °C, respectively. At a temperature of 600 °C, no cracks
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were observed, while at the second temperature, cracks in the chrome layer were visible.
According to the authors of work [7], this effect is related to the different values of the
thermal expansion coefficient for the chrome layer and steel 416. It should be noted that the
authors of work [7] performed measurements at temperatures 50 °C lower and higher than
the phase transformation temperature presented in works [4-6]. Based on the chemical
composition of 416 stainless steel [7] and steel of similar composition and properties [8], it
can be assumed that the phase transformation for this steel also occurs in the temperature
range of 600-800 °C. The shrinkage effect caused by the allotropic transformation was
observed in the steels described in works [9,10]. In the case of alloy steels, the shrinkage
temperature causing cracking can range from 750 °C to 870 °C [10-12]. For example, the
depth of cracks in a 30HN2MFA steel tube can be up to 0.3 mm [13].

Shrinkage in the wall of the tube is an unfavorable phenomenon because the cracks
contribute to the peeling of the protective coating (e.g., chromium or nitride layer) on the
inner channel. Wear and damage to the chrome layer significantly shortens the tube’s ser-
vice life. An analysis of permissible thermal load cycles is presented in [14,15]. These works
indicate the need to use breaks between subsequent series of thermal loads. Sufficiently
long breaks can prevent the steel from reaching the shrinkage temperature. However,
in works [16-18], the length of the series of thermal impulses that causes the shrinkage
temperature to be reached was determined. The analyzes were performed for various
steel grades.

Taking the above into account, it seems advisable to investigate the effect of shrinkage
temperature on the permissible length of a series of thermal impulses. Such analysis can be
carried out through heat transfer calculations [19-25]. Only after simulating dozens of heat
impulses is the shrinkage temperature of the material reached.

2. Materials and Methods

In this paper, the heat transfer in a pipe without a chrome layer and with a protective
coating of chromium on its inner surface with a thickness of 30 pm and 200 um, was solved
for the sequence of ten, thirty, and sixty heat impulses. Calculations were performed for
the two selected steels with clearly different shrinkage temperatures, i.e., 30HHN2MFA and
X37CrMoV5-1 (1.2343). In 30HN2MFA steel, the shrinkage effect occurred at a temperature
of approx. 750 °C, while in X37CrMoV5-1 steel, it occurred at a temperature of approx.
870 °C. The model of the tube with an overall length of 3150 mm and 35 mm inner channel
is presented in Figure 1. The gas temperature, T¢(t), and the heat transfer coefficient, /;(t),
were determined for 30 cross-sections (P1 to P30—see Table 1), using the method described
in [17,18]. The results of the calculations for cross-section P; are applicable to the entire
length of the S; zone. For the calculations, the parameters of selected steels and galvanic
chromium (Cr) as functions of temperature from [10,26-29] were assumed. As part of this
investigation, for each selected steel, the number of heat impulses necessary to reach the
shrinkage temperature was calculated. To sum up, the more heat impulses are needed
for the steel to reach the shrinkage temperature, the later the formation and propagation
of cracks on the inner surface of the pipe, and, consequently, cracks and damage to the
chrome coating will occur.
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Figure 1. Geometry and division of the tube into zones.
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Table 1. Geometrical parameters of the tube zones: PS;—zone boundaries; R, ps,—outer radius in
zone boundary i; z;—distance from the bottom of the tube to the cross-section P; in the middle of
zone Si. Data from [18].

Number of Zone i S1 S2 S3 S4 S5 S6 S7 S8 S9 S10
PS; [mm] 216.0 313.8 411.6 509.4 607.2 705.0 802.8 900.6 998.4 1096.2
Rout,ps; [mm] 55.00 55.00 55.35 55.66 57.52 58.23 58.94 59.24 57.94 56.72
z; [mm] 264.9 362.7 460.5 558.3 656.1 753.9 851.7 949.5 1047.3 1145.1
Number of Zone i S11 S12 S13 S14 S15 S16 S17 S18 S19 S20
PS; [mm] 1194.0 1291.8 1389.6 1487.4 1585.2 1683.0 1780.8 1878.6 1976.4 2074.2
Ryt ps; [mm] 55.47 54.21 52.93 51.70 50.44 49.18 47.93 46.67 4541 44.16
z; [mm] 1242.9 1340.7 1438.5 1536.3 1634.1 1731.9 1829.7 1927.5 2025.3 2123.1
Number of Zone i S21 S22 S23 S24 S25 S26 S27 S28 S29 S30
PS; [mm] 2172.0 2269.8 2367.6 2465.4 2563.2 2661.0 2758.8 2856.6 2954.4 3052.2
Rout,ps, [mm] 42.75 41.33 39.90 38.48 37.06 35.64 34.22 32.79 31.37 31.00
z; [mm] 2220.9 2318.7 2416.5 2514.3 2612.1 2709.9 2807.7 2905.5 3003.3 3101.1
PS31 [mm)] 3150

In devices of this type, heat is transferred mainly through convection from the gas of
the heat impulse. The heat flux density on the inner surface of the tube reaches hundreds
of millions of W/m? at the moment of a heat impulse [17]. Due to the very short impulse
duration, we ignore the heat transfer through radiation between the gas and the inner
surface of the tube [17]. The ;(t) and T,(t) data are taken from [18]. An example of the
calculation results of h;(t) and Tg(t) in the selected cross-sections PSy, PSyo, PSy6, PSyy,
PSys, and PSg is presented in Figure 2. A detailed method of calculating /;(t) and Tg(t) is
presented in [18].
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Figure 2. Results of the calculation of #; and Ty in the chosen zones (i—number of zone). Data
from [18].

It should be emphasized that the subject of the analysis in this paper was not the
solution of the initial boundary value problem in a tube with a chrome coating on its inner
surface, because this problem for a maximum of 7 thermal impulses was presented by
the authors in [18]. The same boundary conditions, the same time step, and the same
mesh were used in this work. However, two steels with extremely different shrinkage
temperatures were selected, i.e., 30HN2MFA and X37CrMoV5-1, and calculations were
made for such a number of impulses that the shrinkage temperature was exceeded in both
steels. The calculation time for 60 heat impulses increased to 6 h. However, qualitatively
new results were obtained, which illustrated the influence of the number of impulses on
the thermal load of the tube related to the shrinkage temperature.
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The thickness of the chromium layer on the inner surface of the tube, i.e., 30 um and
200 um, was selected to take into account the possible thermal contact resistance between
the chromium layer and the steel substrate. For such a case, M.M. Yovanovich suggests
that the chromium layer must be thicker than 100 pm [30]. Initial numerical simulations of
heat transfer, taking into account thermal contact resistance according to the Yovanovitch
model, led to overestimating the results of temperature calculations on the inner surface of
the tube; therefore, thermal contact resistance was ultimately not taken into account.

Thermophysical Properties of Selected Steels with Medium Carbon Content

The temperature-dependent thermal conductivity ks, specific heat cs, and density
ps of selected steels with medium carbon content, i.e., 30HN2MFA, X37CrMoV5-1, and
galvanic chromium, i.e., Cr (Figures 3-5), were adopted as the input data to the heat
transfer simulation. The chromium thermophysical properties (kc,, ccy, and pc,) were
taken from [26-28].
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Figure 3. Thermophysical properties of 30HN2MFA steel. Data from [10].
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Figure 5. Thermophysical properties of Chromium. Data from [26-28].

The above-mentioned properties of both steels, i.e., high strength steel 30HN2MFA
and hot-work tool steel X37CrMoV5-1, were measured by the authors and presented
in [10,29]. In our opinion, the shrinkage temperature of the steel depends on the chromium
content. According to [29], X37CrMoV5-1 steel with 5.52% chromium content has the
highest shrinkage temperature at 870 °C among the tested steels, while 30HN2MFA steel
with 0.65% chromium content has the lowest shrinkage temperature at 750 °C. More details
on the composition of these steels can be found in Table 2.

Table 2. X37CrMoV5-1 and 30HN2MFA steel—composition. Data from [10,29].

Steel

Composition, (wt. %)

Fe C Si Mn Cr Mo Ni A%
30HN2MFA 96.42 0.29 0.26 0.36 0.65 0.24 2.21 0.23
X37CrMoV5-1 90.71 0.39 0.84 0.36 5.52 1.30 0.40 0.45

In our research described in [10,29], it was shown that for 30HN2MFA steel, at a
temperature of about 750 °C, and for X37CrMoV5-1 steel, at 870 °C, a ferrite-austenite
phase transition occurs which is responsible for the material shrinkage—Figures 3 and 4.
The energy associated with the phase transition was included in the thermal conductivity
and density of the tested steel. The specific heat of this energy was disregarded. This issue
was thoroughly discussed by the authors in [29].

3. Numerical Calculations

The numerical calculations of transient heat transfer in the tube were carried out for
the sequence of ten, thirty, and sixty heat impulses. The same numerical method and model
was used by the authors in [17,18]. The inner radius r;,, the interface radius r,,, and the
outer radius r,,;+ were defined as shown in Figure 6.
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Figure 6. Model of a tube. Data from [18].

The parameters of the steels (30HN2MFA or X37CrMoV5-1) (ks, ¢s, ps) and chromium
(kcy, ccr, and pc,) were used. Calculations were carried out for the initial tempera-
ture of the model Ty = 20 °C and the heat transfer coefficient on the outer surface of
hout =92 W/ (mz-K). According to [17,18], the thermal resistance of the steel-chromium
interface was omitted. The main equations of considered heat transfer problem with initial
and boundary conditions are as follows:

PCr(T)CCr(T)aa% - rar <kCr( ) BT) Jz (kCr( )%T) } (1)

Tin <V <Tm,0<z<ly t>0

_kCr(T)aa% q;(t,r =T1i, 2)

q (t ¥ ="Yinz ) 1(t) ( (t Tin, Z ) Tg(t T,‘n,Z)) )

i=1,..., 30 (i — a zone number)

oT oT

_kCr(T)g = —ks(T) 5 Ter=Ts, r =1y 3)
ps(T)eo(T) % = 12 (k(T)r3E) + £ (k(T) L) @

T <t <Tout, 0 <z <lp, t>0
) —ks(T )W = Qout } (5)

Qout = hout ( (t Yout, 2 ) TD)

T(0,7,2) =Ty, tin <t <Tout, 0 <z <ly (6)

where T is the gas temperature, r;;, = % mm, 7,,4+—Table 1, and [, is the tube length (see
Figure 1).

The numerical model mesh and its validation were performed according to publica-
tion [18]. Sensitivity tests of the model mesh were carried out in the same way as in the
above publication. The mesh size in the form of quad on the inner surface of the tube
had no significant impact on the calculation results. The smallest mesh size used for the
calculations was 0.1 um. Calculations for the same pipe were previously carried out by
another team at our university. Validation was performed by comparing the calculation
results of the temperature increase on the outer surface of the pipe in zone 26 under the
same conditions [18]. The temperature of the inner surface versus time for a single heat
impulse is presented in Figure 7.
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Figure 7. The temperature of the inner surface of the tube versus time for a single heat impulse. Data
from [18].

3.1. Temperature Distribution in the S0HN2MFA Tube for a Series of Ten, Thirty, and Sixty
Heat Impulses
The thermophysical properties of steels 30HN2MFA and X37CrMoV5-1 were obtained
by extrapolating experimental data in the range 1000 °C to 1300 °C. The temperature values
Ti(t,1,z) inside the wall of the tube for different chromium layers, i.e., 0, 30, and 200 pum, at
zone S30 for the sequence of sixty heat impulses are presented in Figure 8. The temperature
of phase transition (750 °C) appears for the tube with different chromium layer thicknesses
at different times, the fastest for the barrel with 200 um Cr. After 2.7 s, i.e., after 27 heat
impulses, zone S30 of the tube reaches the phase transition temperature—Figure 8.
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Figure 8. Temperature change T;(t, 7, z) in the S30 zone for a series of 60 heat impulses for different
depths from the inner surface of the tube, for 30HN2MFA steel. The coloured lines indicate the depth
from the inner surface of the tube according to the graph legend.

The envelopes of the lowest peak temperatures (the bottom curves in each drawing)
and the highest peak temperatures (the top curves in each drawing) of the inner surface
with different thicknesses of Cr (0, 30, and 200 um) at the chosen six zones, i.e., S4, S10,
516, 521, 525, and S30, for 60 heat impulses are shown in Figure 9. The selection of zones
takes into account the change in the outer diameter of the tube along its length. In zones 4,
10, and 16, the highest peak temperatures are similar, and after 60 heat impulses, they are
a little higher than 1300 °C, when the temperature in zones 21, 25, and 30 is little below

1300 °C. However, for the lowest peak temperatures, in all zones, after 60 heat impulses,
the temperatures are close to 850 °C.

1400 30HN2MFA, P,=558.3 mm

: 2333833338888
1200 - 9 00:33’:3:3"3“'3'3’53553.0000000000001
3 0000'833330’:'. .oooooo"°"°...
©1000 - .O=:=:"..:00.ooooo0°°.
5 1 .... ....
Fao et geet PSRRI a1 Lo AL LA
g Je 4 gg%%'@%‘%g’g
£ 600 gIIINY
s geeeIy 335 39542
° ] gggg 3s 9s42s
400 ¥ I [
] 6939 1 L
2004 ¥ PEAK: e OumCr,P, ® 30umCr,P, @ 200umCr, P,
B 1v VALLEY: ¢ OumCr,P, ¥ 30umCr,P, ¥ 200umCr, P,
T T T T T T e e
0 0.5 1 1.5 2 25 3 ) 4 4.5 5 5.5 6
Time, s
1400_: 30HN2MFA, P,,=1145.1 mm ‘
] sssssssssssss
1200 3333'.".'.l"'.'!!!::!!!!::!!:!!ooooo'.oooooﬂ
T X A
©1000 .3i==g”:::o-=eooo."'.
g Jeo® eo?
2 800 __,.' .o‘. g.gwg%_%@%wWWWWWWW§
FF Chlu——— vt lidacaiesd ettt
£ 600 — wgg%% | 1 1
o ] g@& 27s 33s 3.7s
400 W§¥3 I | |
] g¥ 1 | 1
2003 oY PEAK: ® OumCr,P,, ® 30umCr,P,, ® 200umCr, P,
1v ALLEY: ¥ OumCr,P,, ¥ 30um Cr, Py, ¥ 200um Cr, P,
0 Frrr T e T e e
0 0.5 1 1.5 2 25 3 ) 4 4.5 5 5.5 6

Time, s

Figure 9. Cont.



Energies 2024, 17, 702

9 0f 18
1400 J 30HNZNIFA, P,;=T731.9 mm
3 83888881
1200 + ..."."...l"!!!!!!!s!!!!!!!!!!!!oooooou
] gsss ecsoosooeoes
©1000 . g8 ceeos®
g 1 080 oo® phdiad A g
=1 Jee L] ’ ¥
§ 800 e <7 %%gg_gg%gggg§§§§§§_§§_§§§§%§ - - -
geo0q® gggggg%%% ' [ :
2 ] 883% 26s 32s 36s
400 3 ¥
] 9 ] 1 1
200 _ -] PEAK: ® O0umCr,P,; ® 30umCr, P,z ® 200um Cr, P,g
¥ VALLEY: ¥ OumCr,P,; ¥ 30umCr, P,y ¥ 200um Cr, P,
01— T TTfrrrrrtrrtrrrrrr T
0 0.5 1 1.5 2 25 3 3.5 4 4.5 5 55 6

Time, s

20009884
3] .....0000003333233::!!!::::::::gggggggo-ooou
©1000 .... .»I:..:. cseooeoee
o 1 { ] °®
Saodgtlgesstt IR e e e 1 OLMALALAM
R P 9y
553 g%%gsgggggg 265 '335'36
400 g9 ! b
vvs 1 ==
2003 ¥ PEAK: ® O0umCr,P,, ® 30umCr, P,, ® 200um Cr, Py,
17 VALLEY: ¥ OumCr, P,, ¥ 30umCr, Py, ¥ 200um Cr, Py,
L e L I L L L L L A L
0 0.5 1 15 2 25 3 3.5 4 45 5 5.5 6

Time, s

000000088009928888888]
] 0.0000!""""'!3..............-
©1000 3 . '.l::::::::20000.oo.o.o.oooo
g ] 9009 geee? 3
oY e _ _ _ _ __ _ gggg%%%%%535@%3}%_%%%?%_%% 9
2 600 32 g%%ggggg%—% A
IR ¢ 338388 265 '34s 'a8s
400 58353 ! I I
] ¥ 1 1 1
200 Vv PEAK: @ 0umCr,P,;; @ 30umCr, Py; @ 200um Cr, Py
17 VALLEY: ¥ OumCr,Py, v 30umCr,P, ¥ 200um Cr, Py
L B B B L N B BN BB BN B B LR B
0 0.5 1 15 2 25 3 3.5 4 45 5 55 6

Time, s

1400 3 30HN2MFA, P;,=3101.1 mm

1200 0000000000000800888080008¢
: e l00"'2!!22!!!!!!2!!!!23!............o-o-o---o
©1000 1 eseess
_ E s eo®®
@ 1 .88 o® 5
£ 5003 a®
goodnteen’ _______ pSRREaEtaeat M AIAM AL s
N 23393ITIINTIVEY
007 ggggngwv 27 '355 '39
2 ] ggg Ts 5s 39s
4004 g ! I 1
E 1 1 1
200 Vvv PEAK: @ 0umCr,P;, @ 30umCr, Py, @ 200um Cr, Py,
1/ VALLEY: ¥ OumCr,Py, ¥ 30um Cr, Py, ¥ 200um Cr, Py,
o ¥ e e e
0 05 1 15 2 25 3 35 4 4.5 5 55 6

Time, s

Figure 9. Envelopes of the lowest peak base temperatures (VALLEY) and the highest peak tempera-
tures (PEAK) of the inner surface for 60 heat impulses.

The highest peak temperatures and the lowest peak base temperatures for the consid-
ered cross-sections after 10, 30, and 60 heat impulses are presented in Figures 10-12. After
10 heat impulses, the maximum of the lowest peak base temperature is in the 527-530 zones
(Figure 10). After 30 heat impulses, the lowest peak base temperature reaches a maximum
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in zones S14-522 (Figure 11), and after 60 heat impulses, it reaches a maximum in zones

58-514 (Figure 12).
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Figure 12. The highest peak temperatures (upper figure) and the lowest peak base temperatures
(lower figure) for the considered cross-sections for 60 heat impulses.

3.2. Temperature Distribution in the X37CrMoV5-1 Tube for a Series of Ten, Thirty, and Sixty
Heat Impulses

The temperature values T;(t, 7, z) along the wall thickness of the tube for X37CrMoV5-1
steel with different chromium layer thicknesses, i.e., 0, 30, and 200 pm, at zone S30 for the
sequence of sixty heat impulses are presented in Figure 13. In the case of X37CrMoV5-1
steel, material shrinkage occurs at a temperature of 870 °C. This temperature is exceeded to
a depth of up to 0.5 mm at different times, depending on the thickness of the chromium
layer on the inner surface of the tube. The fastest exceedance of the phase transformation
temperature for a tube made of X37CrMoV5-1 steel will occur for the variant with a
chromium layer of 200 pum. This means that the tube with 200 um Cr will be exposed to
the highest wear. After 4.9 s, i.e., after 49 heat impulses, zone S30 will exceed the phase
transition temperature—Figure 13.
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Figure 13. Temperature change T;(t,*,z) in the S30 zone for a series of 60 heat impulses for different
depths from the inner surface of the tube, for X37CrMoV5-1 steel. The colored lines indicate the

depth from the inner surface of the tube according to the graph legend.

The envelopes of the lowest peak base temperatures (the bottom curves in each

drawing) and the highest peak temperatures (the top curves in each drawing)

of the inner

surface of the tube with different thicknesses of Cr (0, 30, and 200 um) at the chosen six
zones, i.e., 54, S10, 516, S21, 525, and S30, for 60 heat impulses are shown in Figure 14. In
zones 4, 10, and 16, the highest peak temperatures are similar, and after 60 heat impulses,
they are a little higher than 1300 °C, when the temperatures in zones 21, 25, and 30 are little
below 1300 °C. However, for the lowest peak base temperatures, in all zones, after 60 heat

impulses, the temperatures are close to 850 °C.
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Figure 14. Envelopes of the lowest peak base temperatures (VALLEY) and the highest peak tempera-
tures (PEAK) of the inner surface for 60 heat impulses.

The highest peak temperatures and the lowest peak base temperatures along the tube
length with different chromium layers after 10, 30, and 60 heat impulses are presented in
Figures 15-17. After 10 heat impulses, the maximum of the lowest peak base temperature is
in the 527-530 zones (Figure 15). After 30 heat impulses, the lowest peak base temperatures
reach a maximum in zones 514-522 (Figure 16), and after 60 heat impulses, they reach a
maximum in zones S8-514 (Figure 17).
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Figure 15. The highest peak temperatures (upper figure) and the lowest peak base temperatures
(lower figure) for the considered cross-sections for 10 heat impulses.
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Figure 17. The highest peak temperatures (upper figure) and the lowest peak base temperatures
(lower figure) for the considered cross-sections for 60 heat impulses.
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4. Discussion

In this study, the influence of the type of steel with different shrinkage temperatures
on heat transfer in the steel tube wall was examined. Calculations were carried out for
two selected steels with clearly different shrinkage temperatures, i.e., 30HN2MFA and
XCrMoV5-1. In 30HN2MEFA steel, the shrinkage effect occurred at a temperature of approx.
750 °C, while in X37CrMoV5-1 steel, it occurred at a temperature of approx. 860 °C.

The number of thermal impulses necessary to obtain the shrinkage temperature on
the inner surface of the tube, in the chosen zones 4, 10, 16, 21, 25, and 30, for both steels is
summarized in Table 3 and presented in Figures 9 and 14. Regardless of the chromium layer
thickness, for X37CrMoV5-1 steel, the number of thermal impulses necessary to obtain
the shrinkage temperature is on average 20 thermal impulses higher than for 30HN2MFA
steel. In the case of both steels, the inner surface without the chrome coating heats up to the
shrinkage temperature the slowest, i.e., for 30HN2MFA steel, after 3.9 s (Figure 8), and for
X37CrMoV5-1 steel, after 5.9 s (Figure 13). The shrinkage temperature is reached the fastest
by a tube with a 200 um thick chrome layer, i.e., for 30HN2MFA steel, after 2.7 s (Figure 8),
and for X37CrMoV5-1 steel, after 4.9 s (Figure 13). Such a tube wears out the fastest. The
thickness of the chromium layer also affects the highest peak temperatures on the inner
surface of the pipe. As the layer thickness increases, the highest peak temperatures decrease
and the lowest peak base temperatures increase—Figures 8, 9, 13 and 14.

Table 3. The number of heat impulses needed to obtain the shrinkage temperature on the inner
surface of the tube in zones 4, 10, 16, 21, 25, and 30.

Temperature of Number of Heat Impulses for Different Chromium Layers
Zone Steel Grade Shrinkage 0 um Cr 30 um Cr 200 um Cr
30HN2MFA 741 °C 42 39 33
54 X37CrMoV5-1 860.9 °C 59 57 51
30HN2MFA 741 °C 37 33 27
510 X37CrMoV5-1 860.9 °C 53 51 45
30HN2MFA 741 °C 36 32 23
516 X37CrMoV5-1 860.9 °C 53 51 45
30HN2MFA 741 °C 36 33 26
521 X37CrMoV5-1 860.9 °C 55 52 46
30HN2MFA 741 °C 38 34 26
525 X37CrMoV5-1 860.9 °C 57 54 47
30HN2MFA 741 °C 39 35 27
530 X37CrMoV5-1 860.9 °C 59 57 49

As the number of successive thermal impulses increases, the maximum temperature of
the inner surface moves from the end of the tube, i.e., from the tube outlet, to its beginning—
Figures 10-12 and 15-17 (lower figures). For both steels, the maximum temperatures of the
inner surface occur in the same zones, i.e., for 10 thermal impulses, in zones S27-S30, for
30 thermal impulses, in zones 514-522, and for 60 thermal impulses, in zones S8-514.

5. Conclusions

Simulations were conducted to study heat transfer in a tube with a chrome layer on its
inner surface. The simulations took into account temperature-dependent thermophysical
parameters for both types of steel and chrome. To calculate the temperature as a function
of time along the entire length of the tube, it was divided into 30 parts. The calculations
were completed in a relatively short time, i.e., for 60 thermal impulses, in about 6 h. The
following is a summary of the results obtained from a numerical simulation of heat transfer
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in a tube with varying thicknesses of chrome layer (0 um, 30 um, and 200 um) on its
inner surface:

(1) Repeatedly exceeding the shrinkage temperature during the operation of the device is
an unfavorable phenomenon because it causes cracks in the steel on the inner surface
of the tube and, as a result, the peeling of the chrome layer.

(2) When the pipe is operated with successive thermal impulses, it can be seen that as
the thickness of the chrome layer increases, the temperature of the inner surface of
the pipe increases. This is due to the high thermal conductivity of chromium. The
number of thermal impulses needed to obtain the shrinkage temperature on the inner
surface of the pipe is the largest for a pipe without a chrome coating.

(3) A steel tube with a higher shrinkage temperature wears out more slowly because
more heat impulses are needed to reach this temperature. In the case of a pipe made
of X37CrMoV5-1 steel, regardless of the zone, the number of thermal impulses needed
to reach the shrinkage temperature is significantly higher compared to a tube made
of 30HHN2MFA steel, i.e., by approx. 20 heat impulses. It is usually recommended
that the number of heat impulses for the continuous operation of the tube should not
exceed 30 heat impulses.

(4) The smaller the thickness of the chromium layer on the inner surface, the greater
the number of heat impulses needed to reach the shrinkage temperature of the steel.
This is particularly important for a 30HN2MFA steel tube, for which the shrinkage
temperature is reached after approx. 30 heat impulses.

(5) As the number of successive thermal impulses increases, the maximum temperature
of the inner surface of the tube, i.e., the lowest peak base temperature, moves from the
end of the tube, i.e., from the tube outlet, to its beginning. This is due to the greater
thickness of the tube wall in its initial part, which results in heat accumulation for a
large number of thermal impulses.
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