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The relevance of the research is determined by the modern trend in the field of thermal power engineering and heat engineering for the
transition from traditional gaseous fuel (methane) to the use of hydrogen, methane-hydrogen mixtures, as well as thermochemical conver-
sion gases. Switching to new non-design fuel is justified by considerations of reducing the negative impact on the environment and in-
creasing the thermal efficiency of fuel combustion plants. In this case, the use of fuels with a composition different from the design one will
affect the heat transfer processes.

The main aim: carrying out a comparative analysis of indicators of the intensity of radiant and convective heat transfer of combustion
products of non-design fuels, such as hydrogen, methane-hydrogen mixture and thermochemical conversion gases. As an assumption in
the formulation of the problem and objectives of the study, the constancy of the heat release power in the apparatus due to changes in the
amount of fuel burned was taken.

Objects: heat exchange surface of a fire-tube hot water boiler.

Methods: carrying out numerical calculation using traditional approaches to determine the indicators of the intensity of heat transfer in the
system «combustion products — metal wall of the pipe of thermal power plants». We also used the relations tested earlier by other authors
to calculate the thermophysical parameters of gas mixtures.

Results. According to the results of the performed comparative calculations, we can conclude that the transition from the use of conven-
tional fuel (natural gas/methane) to its thermochemical conversion gases under the considered conditions has almost no effect on the inte-
gral heat transfer performance. To a greater extent, this transition is caused by changes in the intensity of heat transfer for products of
combustion of hydrogen and methane-hydrogen mixture, which will affect the operation of thermal power and heat technological installa-
tions. At the same time, it is necessary to conduct additional research on the combustion kinetics of thermochemical methane conversion
gases, their thermophysical properties, etc., because the hardware design, type of the catalyst used and operating parameters of the pro-
cess will affect the composition of obtained synthesis gas.
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Recently there have been a number of papers devoted
. . ) not so much to the regenerative use of thermal secondary
_ In Fodays realltlgs in the fl_eId of heat power and heat en- energy sources for heating air, and in some cases fuel [3],
gineering the question of environmental safety or even car- 45 to thermochemical regeneration. Its essence is to use
bon neutrality of production processes, as well as increasing e heat of waste flue gases for preliminary endothermic
their fuel efficiency in terms of reducing the cost of primary processing of the original fuel [4-8]. As a result of such
fuel for the output of finished products or services isacute.  conversion fuel gets a larger amount of chemically bound
_One of the directions to improve the environmental ef- gnerqy in the form of increased calorific value. Ethanol,
ficiency of fqel-usmg units is their conversion to hydr_o- methanol [9, 10] can be used as a feedstock for steam re-
gen combustion. This development vector of industrial forming, along with methane [11], and in some cases
thermal power engineering and thermal power plants IS eyen the possibility of pre-gasification of solid fuel by
reflected in moglern research _[1]. However, the work with  gtaa [12], obtained from the heat of flue gases, and a
pure hydrogen imposes certain features on the systems of steam-gas mixture, representing inherently combustion
safe storage, supply and end-use of hydrogen. At the  hroqycts, . e. using direct contact between the gasifying
same time, the transition to the use of pure hydrogen as agent and the feed fuel is considered. A similar approach
fuel will require a significant modernization of the entire i<’ onsidered in [13], where thermochemical heat recov-
gas transportation infrastructure in Russia. In papers of gy o the basis of methane steam conversion with addi-
domestlc_authors itis note_d that with hydrogen contentup  jon of flue gases, and in [14] the possibility of methane
to 40 % in the mixture with natural gas the existing sys-  reforming by products of complete combustion with ap-
tems of pipeline transport of such gas practically do not  pjication of nickel catalysts is evaluated on the basis of
require modernization [2]. experimental studies.

Introduction
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There have appeared works not only of a theoretical
nature on the study of the processes of thermochemical
heat recovery of waste combustion products [15, 16], but
also of an experimental plan [17-19]. Such works have
been carried out for internal combustion engines [20-22],
gas turbines [15, 23], industrial furnaces for various pur-
poses [16, 17, 24], and other fuel-using thermal power
and heat engineering installations. A variety of applica-
tion areas for the technology of thermochemical heat re-
covery of combustion products shows the promise of this
method of improving the energy efficiency of existing
and developed equipment.

The transition from combustion of the project fuel —
natural gas (methane), should affect the thermal regime of
heat power and thermo-technical equipment. Heat transfer
coefficients, temperatures of gases and heat exchange sur-
faces, their heat absorption, combustion processes, aerody-
namics of the gas-air duct and, of course, thermal efficien-
cy of the unit as a whole should be expected to change.

Methods

Based on the notion of high-temperature thermal sec-
ondary energy sources formation in the form of flue gases
and the highest priority of their use as a source of thermal
energy for the reactions of thermochemical conversion of
the original fuel and its subsequent combustion, we can
note the importance and need for a comparative analysis
of indicators of intensity of heat exchange of their com-
bustion products. Thus, it is necessary to select the fuels
that we will consider in the framework of this work. First
of all, these will be methane and methane-hydrogen mix-
ture (MHM), as well as pure hydrogen and thermochemi-
cal conversion gases, for which works on numerical and
experimental determination of combustion Kinetics were
performed [25].

The main thermotechnical characteristic of combus-
tion products of combustible gases that allow us to per-
form a comparative analysis is the intensity of heat trans-
fer, defined by the corresponding coefficients of radiant
and convective heat transfer.

By analogy with the works of professor Yu.Ya.
Pechenegov [26], as well as taking into account the ratios
presented in [27] for the case of intra-channel movement
of heat carriers with a slight change in physical properties
across the channel, the following parameters, W/(m*K)
are taken as indicators of heat transfer intensity:

o _ 5.67- ¢, - ((T /100)* —55.5)
" T -273

and

0.8
P, =§-0.023.(W—'dj P, @)
14

where & is the degree of blackness of the combustion
products; T is the design temperature, K; A is the heat
conductivity coefficient of the combustion products,
W/(mK); d is the determining size (for the case of
movement of combustion products inside the pipes, it is
taken equal to the inner diameter), m; w is the speed of
the combustion products, m/s; v is the kinematic viscosity
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coefficient of the combustion products, m?s; Pr is the cri-
terion of thermophysical properties of a mixture of gases
(Prandtl criterion); &_is the correction taking into account
the ratio of the length of the pipe L to its inner diameter d.

Similarly to the approach described in [26], the calcu-
lated temperature T can be defined as half of the adiabatic
combustion temperature of the fuel.

The expression for P, is an expression for calculating
the heat transfer coefficient by radiation obtained from
the Stefan-Boltzmann equation; P, is obtained on the ba-
sis of the well-known criterion relationship between the
Nusselt and Reynolds numbers under the assumption of a
turbulent gas flow regime, which makes it possible to cor-
rectly compare heat transfer from combustion products of
different composition to the heat exchange surface.

During calculations according to the additivity rule,
the molecular mass, density and volumetric heat capacity
of the products of combustion (mixture of gases) are de-
termined. The additivity rule cannot be fully extended to
multicomponent mixtures. For a binary mixture, the error
in determining the thermophysical properties by the addi-
tivity rule can reach 20-40 %, which is not in the meth-
ods offered in [28]. The dynamic viscosity coefficient of
a gas mixture consisting of n components at low pressure
(up to 1 MPa) is determined according to the Chapman-—
Enskog kinetic theory by the Sutherland-Thiesen formula
[28, 29], Pa's:

V
r .
Hi = Y @

v=l Z r, - (pvw
w=1
where r, and r,, are the molar fractions of the v-th and w-
th components; 4 is the dynamic viscosity of the pure v-
th component, Pa-s;

(1 )0 (M, IM) 0T
M B+ (M, /M°°

is the Wilke multiplier-function of the ratio of viscosities
4 and molecular masses M of the v-th component by all
other w-th components in the mixture.

The thermal conductivity coefficient of the gas mix-
ture can be determined by Vasilyeva formula [28, 29],
W/(mK):

\
P L ©)

where A, is the thermal conductivity coefficient of the
pure v-th component, W/(m-K);

B (A 1AM, IM,) T
M B+ (M IM)IP®

is the Mason-Sachsen multiplier-function of the ratio of
thermal conductivity and molecular masses of the v-th
component by all other w-th components in the mixture.

Numerical values of properties of individual compo-
nents in formulas (2), (3) are taken at the temperature for
which the corresponding property is determined.
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When calculating the indicator of the intensity of con-
vective heat transfer of combustion products P, according
to expression (1), the correction value g can be taken
equal to unity for pipe lengths greater than 50 pipe inner
diameters. This condition is satisfied for most gas-tube
hot water boilers, including the one considered later in
our work. The Prandtl number, taking into account the
recommendations of [28], in the framework of this work
is determined by the expression:

Pr= Com
1.204-c,,,, +6.155°

where ¢, is the heat capacity of combustion products per
1 kmol, kJ/(kmol‘K).

In general, the degree of emissivity of combustion
products depends on many factors: chemical composition
and combustion conditions of the fuel, design of the
burner, and other individual features, and most of them
are rather problematic to take into account theoretically.
It is known that only triatomic gases and gases of high at-
omicity have appreciable radiation. Therefore, the degree
of blackness of combustion products, provided that there
are no dust particles and black carbon in their composi-
tion, can be determined by the expression [30]

&g =éco, + B &n,0

where &co,, 1,0 is the degree of blackness of carbon di-
oxide and water vapor in the composition of the combus-
tion products, determined according to the recommenda-
tions [30] depending on the temperature of the combus-
tion products; £ is the correction factor for partial pres-
sure of water vapor.

When determining the average beam length in this
work, we used the dependence obtained for the radiation
of an equivalent gas hemisphere [30]

1=0,9-d.

The using parameters P, and P in the comparative
analysis of combustion products of nonproject fuels
makes it possible to identify those of them that provide
the greatest intensity of heat exchange of combustion
products, and allows establishing the possibility of their
use in standard power and heat engineering installations
without making significant changes in the design.

Results and discussion

When determining the conditional velocity of the
combustion products w for calculation Pg, it is necessary
to select the geometric and linear dimensions of the heat
exchange surface.

Based on the hypothesis of continuity (continuity),
taking into account their temperature, the velocity of
combustion products is calculated by the expression, m/s:

v-B T
W= .

f 213

where v the volume of combustion products determined
according to the method [30] based on the composition of
the initial fuel, m*m®; B is the fuel consumption, m%s; f
is the cross-sectional area provided for the passage of
combustion products, m’.

It is suggested to consider a flame and smoke tube
boiler of KSV-2.0, as a heat engineering installation in
which any of the considered fuels will be used. The nom-
inal heat output of the boiler is 2,0 MW, the boiler's in-
let/outlet water temperature is 70/115 °C, the maximum
operating water pressure is 0,6 MPa, boiler volume is
531m’,

In this paper the movement of combustion products is
considered on the example of chimney pipes with an in-
ternal diameter of 52 mm and the number of pipes of 36
pcs. In addition to the chosen geometry of the tube bundle,
which ensures the passage of combustion products, the
total thermal power of the boiler at the level of 2,0 MW,
provided by gaseous fuels of different calorific value, is
chosen as a constant value, which undoubtedly causes a
change in the volumetric flow rates of fuel and the result-
ing combustion products. In addition, in the calculations
it was accepted: 1=92,5 % is the boiler efficiency; qs=0,5 %
is the heat loss with chemical unburning; q,=0 % is the
heat loss with mechanical unburning; gs=0,5 % is the heat
loss to the environment.

The composition of thermochemical conversion gases
(TCG) is taken on the basis of experimental data present-
ed in [31] for reaction temperature 1200 K and composi-
tion CH4:H,0:C0,=1:1.3:0.7.

Initial data for calculating the combustion process of
fuels are as follows: the excess air ratio is 1,1; the oxygen
content in the air is 21 vol. %. Initial data on the composi-
tion of the initial fuel, the lower heat of combustion and
other calculation results are presented in Table.

The results of calculations to determine the parameters
P, and P are shown in Figure.

Analysis of Figure, a shows that the combustion prod-
ucts of the methane-hydrogen mixture are comparable to
the products of methane (natural gas) by the radiant heat
transfer intensity P,. Significantly different values P, for
hydrogen combustion products take place — below the
corresponding value for natural gas combustion products
by 21-22 %, and for thermochemical conversion gases —
higher by 38-39 %. The maximum value P, for flue gases
at combustion of thermochemical conversion gases can
be explained by the maximum value of the fraction of tri-
atomic gases capable of transferring thermal energy in the
form of radiation compared to the values characteristic of
methane and methane-hydrogen mixture. The explanation
for such small absolute numerical values P, can be the el-
ement of the boiler selected for consideration (the small
value of the thickness of the radiating layer, characteristic
of the movement of combustion products in the convec-
tive heating surfaces). At the same time, the obtained re-
sults can be used for a qualitative comparison of the in-
tensity of heat transfer by radiation of combustion prod-
ucts of different gaseous fuels.

When considering the indicator of the intensity of
convective heat transfer P, according to the data of calcu-
lations presented in Figure, b, the situation is slightly dif-
ferent. The maximum value P. corresponds to the com-
bustion products of natural gas and is 44 W/(m*K), then
in the ranking order there are thermochemical conversion
gases, hydrogen and the minimum value corresponds to
the use of methane-hydrogen mixture as a fuel.
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The value of the effective (total) heat transfer intensity
factor for methane combustion products is 50 W/(m*K).
The minimum deviation in comparison with the products
of natural gas combustion is in the products of combus-

tion of gases of thermochemical conversion +3,5 %,
while for the methane-hydrogen mixture the deviation is
—4,6 %, and for the products of hydrogen combustion it is
already -5,8 %.

Table. Initial data and calculation results
Tabnuua. Hcxoouvie OanHvie u pe3yrvmamvl pacyema
Fuel/Tomuso
Indicator Measurement unit methane-hydrogen thermochemical
Hoxasaterts Enunnna hydrogen | methane mixture (MXM) conversion gases (TCG)
H3MEPCHUA BOIOpPOS METaH METaHO-BOAOPOAHAA | Ta3bl TCpMOXPlMH'-IeCKOﬁ
cmeck (MBC) kousepcun(TXP)
Fuel composition/cocras Tomusa
H, 100,00 — 40,00 51,53
CH, o 0 — 100,00 60,00 0,01
co, vol. %/06. % - o o 556
co — — — 28,44
H.,0 — — — 14,46
Net calorific value/Husiuas reruiora cropasust KIIm®/x /v 10800 35820 25812 9164
Volume of combustion products YR YR
O0BEM MPOIYKTOB CrOpPaHHsI MM 3,160 11,641 7,849 2,728
Combustion products composition
CocraB NPOJYKTOB CrOpaHHUs
N, 0 0 65,44 71,06 73,78 60,63
0, vol- %/06. % | 5 1,73 1,79 1,47
CO, — 8,59 7,64 12,46
H,0O 32,97 18,62 16,79 25,44
Fuel consumption/Pacxox Torutusa m*/s/m*/c 0,200 0,060 0,083 0,236
Design temperature/PacuerHas temmeparypa K/K 1309 1212 1278 1251
Kinematic viscosity coefficient
of the combustion products mifsivile  |2183-10°| 169,3-10° 185,3-10° 181,6-10°
KoadduuueHT kuHeMaTnieckoit
BSI3KOCTH NPOJYKTOB CTOPAHUs
Thermal conductivity coefficient
of combustion products W/(mK)
KoaddumueHT TemionpoBoaHOCTH Br/(mK) 0,073 0,061 0,063 0,066
NPOJTYKTOB CTOPaHUs
Rate of combustion products mis/v/c 3987 | 40,80 40,12 38,22
CKOpOCTh NPOIYKTOB CrOPaHUs
Average beam length M/ 0,0468 | 0,0468 0,0468 0,0468
CpeaHss JulnHa Jiyya
Degree of blackness of combustion products . 0,032 0,048 0,041 0,061
CrereHb YCPHOTHI NPOAYKTOB CrOpaHUs
10 B, W/(m>K) P, W/(m?*K)
g 44
7 44
6 43 \
54— Ny 43 \
4 \ \ 42 +— Qi\—
ST _\ 42 ——\ \ \
T N R AN NN
0 1 41 '
1 2 3 4 1 2 3 4
type of fuel / Bux Tormea type of fuel / Bux Tormmea
a b
Figure. Dependence of the parameters of the radiant (a) and convective (b) heat exchange of the combustion products: 1 —

hydrogen; 2 — methane; 3 — methane-hydrogen mixture; 4 — thermochemical conversion gases

Pucynox. 3asucumocmos napamempos nyuucmozo () u kongexmusrozo (b) mennoobmena npodyxmos ceopanus: 1 — 6000-
pooa; 2 — memana, 3 — Memano-6000poOHol cmecu; 4 — cazoe TXP

Conclusions

On the basis of the performed assessment of the indi-
cators of the intensity of radiant and convective heat ex-
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change of the combustion products of various gaseous
fuels, it can be replaced that the transition to hydrogen or
a methane-hydrogen mixture in standard boiler units and
other heat engineering and heat power installations is
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complicated due to a change in the heat absorption of the
corresponding heating surfaces and requires the introduc-
tion constructive changes in them or performance degra-
dation. The closest in terms of the resulting heat transfer
coefficient are the products of combustion of the products
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AxkmyanbHocmb uccnedogaHusi 0bycragnugaemes COBPEMEHHbIM MpeHOOM 8 0b1acmu meno3Hep2emuKU U MensiomexHUKU no nepe-
x00y ¢ mpaduyuoHHO20 2a30006pa3H020 monnusa (Memana) Ha ucnonb3ogaHue 800opoda, MemaH0-8000P00HbIX CMecell, a makxe 2a-
308 MepMOXUMUYEeCKol KoHgepcuu. epegod Ha HOBOE HENPOEKMHOE MONIUBO 06OCHOBLIBAEMCS COOBPAXEHUAMU CHUXEHUS Heaamus-
H020 8030elicmeusi Ha OKpyXatowyto cpedy U nosbIweHuUss mennogoll 3¢hhekmugHOCMU MONUBOCKURAWUX ycmaHoeoK. [Tpu amom
UCNosb308aHUEe MONJIUG C COCMAagoM OMITUYHbIM OM NPOEKMHOZ0 NOBJILSEM Ha NPOUECCH! MenoobMeHa.

Lens: nposedeHue conocmasumenbHO20 aHanu3a nokasamesneli UHMEHCUBHOCMU JTy4UCMO20 U KOH8EKMUBHO20 mennoobmeHa npo-
OyKmo8 C20paHUsi HeNPOEKMHbIX MONJUG, Makux Kak 8000pod, MemaH0-8000pOOHasi CMECh U 2a3bl MepMOXUMUYEcKoll KoHgepcuu. B
kayecmee donywieHus1 npu nocmaroske 3adayu u yenel uccned0osaHUsi NPUHSAMO NOCMOSHCMBO MOWHOCMU Mensogbi0eneHus 8 anna-
pame 3a cyem U3MEHEHUS Konu4ecmea Cxuaaemozo monniusa.

06Bekm: mennoobMeHHasi NOBEPXHOCMb XapompybGHo20 80002peliHo20 kKomia.

MemodhI: npogedeHue YUCIEHHO20 pacyema ¢ npugneyeHueM mpaduyUoHHbIX N00X0008 No onpedeneHuo nokasamesnel UHMEHCUBHO-
cmu mennoobMeHa 8 cucmeme «nPodyKmbl C2opaHUsi — Memarniuyeckas cmeHka mpybbl menosHep2emuUYECKUX yCmaHo8ok». Takxke
ucnonb308aHbl anpobupogaHHbie paHee Opy2UMU asmopamu COOMHOWEHUs Ol pacyema mennoguauyeckux napamempog 2a3osbIx
cmecel.

Pesynsmambl. [1o pe3ynbmamam 8bINOIHEHHbIX CPABHUMESbHBIX PacYemos8 MOXHO 3aK/iYUmb, Ymo nepexod om Ucnosb308aHUS
mpaduyuoHHo020 monnusa (npupodHO20 2a3a/MemaHa) Kk 2a3aM €20 MePMOXUMUYECKOU KOHBEPCUU 8 PAaCCMOMPEHHBIX YCI08UAX NpakK-
MUYECKU HE 8Musem Ha UHmeaparbHble nokazamesnu mennoomoayu. B 6onbweli cmeneHu makol nepexod ebi3bieaem U3MEHEHUS UH-
meHcugHocmu mensioomodayu 05151 npodykmog ceopaHust 8000poda U MemaH0-8000p0OHOU cMecu, Ymo nosusiem Ha pabomy menso-
3Hep2eMUYECKUX U meniomexHoI02Uu4eckuUx ycmaHosoK. Bmecme ¢ mem Heobxodumo npogodums 0ononHUMenbHble uccnedogaHusi no
KUHEMUKe 20peHUST 22308 MEPMOXUMUYECKOL KOHBEPCUU MemaHa, UX menioghuaudeckum ceolicmeam U np., NOCKOMbKY annapamypHoe
0GhopMIIeHUE, MUN NPUMEHSEMO20 Kamasuzamopa u paboyue napamempsi npoyecca bydym okasbieams go3delicmeue Ha cocmag no-
JIy4aemMo20 CUHMe3-2a3a.

Knroyeenie crosa:
KoHgepcusi, 6000p0d, MemaH, mepMoXuMuyecKas peseHepayus, 80002peliHbIl komer,
Kamanusamop, CuUHme3-2a3, NpodyKmbI C2opaHus, memnepamypa.

Hccnedosanue svinonneno 3a cuem epanma Poccuticko2o Hayunozo goroa (npoexm Nel9-19-00327).
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