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Today, the most effective means of using the energy potential of the
secondary energy resources of industrial enterprises is the use of
cogeneration utilization systems. This makes it possible to concur-
rently obtain both heat and electrical energy, and significantly re-
duce heat losses. This paper proposes that sheet glass producing
enterprises use additional utilization systems for making use of heat
from glass furnace gases. The current state of hydrogen use during
glass production is analyzed. A scheme of energy technology com-
plex with a hydrogen turbine and a metal hydride system for the
combined production of heat and electric energy is developed. A
calculation and theoretical study has been conducted to determine
the main parameters of the hydrogen heat recovery system in the
range of furnace gas temperatures from 523 to 673 K, as well as
the efficiency of the system application. Using the developed
mathematical model of the processes of heat and mass transfer in

2 . metal hydrides, we obtained data regarding the operating parame-

Olha V. Kruhliakova ters of the thermosorption compressor, which allowed us to deter-
ORCID: 0000-0003-1113-826X mine the structural characteristics of the metal hydride system as a
2 Olha V. Dolobovska whole. As a result of the calculation, we obtained coolant charac-

teristics at hydrogen circuit key points, and determined the hydro-
gen turbine power. The electric energy produced in it can be used
for the electrolyzer of the hydrogen station of an enterprise. The
oxygen generated during the electrolysis process is added to the
combustion air, which will increase the combustion temperature of
the fuel mixture and increase glass furnace efficiency. Thus, a
complex of proposed measures for the utilization of the energy po-
tential of glass furnace gases will allow us to increase the energy
efficiency of sheet glass production and the competitiveness of
glass-producing enterprises.
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Introduction

Today, the most common way of utilizing the furnace gas thermal potential is to supplement the heat
technology schemes of high-temperature plants with additional utilization units. This makes it possible to
obtain, in addition to heated air, water steam, cold in absorption refrigeration units, electricity, or mechanical
energy [1, 2].

From the point of view of a fuller utilization of the fuel energy potential, the most efficient way is to
use cogeneration schemes. For closed cycles, thermodynamic efficiency depends to a large extent on the choice
of the working fluid. In this case, quite a promising way for cogeneration plants is the use of hydrogen turbines
[3]. Light gases have thermophysical properties that can minimize the mass and dimensions of the main ele-
ments of the process equipment included in power plants. This opens up prospects of creating high-efficiency
turbines that have a number of significant advantages over traditional gas or steam turbine installations.

The presence of a hydrogen station and the corresponding infrastructure at sheet glass producing en-
terprises opens up the prospect of using hydrogen as a working fluid in the recycling circuit of an energy
technology complex. Such enterprises use a float production method, where the process of forming a strip of
glass on a molten metal takes place in a bath containing a layer of molten tin and a protective atmosphere
consisting of nitrogen and a reducing gas, hydrogen. A typical float tank consumes an average of
1200-1500 Nm’/h of nitrogen and 60—100 Nm?/h of high purity hydrogen [4]. Hydrogen is produced by
electrolyzers, where both hydrogen and oxygen are released in the process of water electrolysis. The hydro-
gen is then purified from the oxygen, which is carried out with the help of a palladium catalyst in a catalytic
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reactor. In addition, the hydrogen undergoes deep drying as well as purification from other impurities. It is
then fed into gas holders and from there, into the melting bath.

Problem Formulation

One of the problems with the use of hydrogen in turbines is the considerable cost of compressing it [5].
Therefore, it is advisable to use metal hydride technology for the direct conversion of heat into the energy of
compressed hydrogen by means of a thermosorption compressor (TSC), with its principle of action based on
the properties of metal hydrides (MH) to absorb hydrogen and release it at increased pressure under conditions
of heat. The main advantage of the hydride hydrogen storage method is its compactness. With the same vol-
umes, there is more hydrogen in MHs than in the liquid hydrogen contained in a cryogenic tank, due to the
higher density of hydrogen in the solid phase compared to the liquid one. Thanks to this, a hydride battery can
be arbitrary in shape, making it easier to use in power and process installations. Depending on the type of the
hydride-forming material and external conditions, the sorption-desorption of hydrogen can be realized in ex-
tremely wide ranges of working pressures and temperatures, and significant thermal effects of the reaction lead
to the fact that the sorption is accompanied by a significant heat dissipation, while desorption, by the cooling of
the MH material. These circumstances are the basis of using MHs related to both energy transformation and
control of thermal cycles and processes.

Study Major Part Outline

A general scheme of the power engineering system for a glass-making furnace with a hydrogen stor-
age system and a turbo installation is shown in Figure.

The process of making glass is carried out in a recuperative glass making furnace (GMF) with a central
recuperator (CR). The furnace receives charge and fuel (natural gas) with temperatures #,, and #;, respectively.
The cullet (with temperature #,,;) enters an electrical filter-heater (EFH), in which, due to the heat of the fur-
nace gas, its temperature increases to f,,,;. Also, the gas is cleaned of the dust that settles on the cullet. Then the
heated cullet is mixed with other materials of the charge and with temperature #,,; is fed into the glass furnace.
The combustion air, heated in the CR, is fed to a burner device with temperature 7.

The output streams are glass mass and furnace gases having temperature #,,. The gases transfer some
of the heat to the cullet and combustion air, are sent to a heat exchanger (HE), where the hydrogen from the
metal hydride system (MHS), which includes a TSC, is heated from temperature #,, to temperature f,;. Also,
in this system, the process of cooling the furnace gas from temperature t,, to temperature 7,4 takes place.
Here, the hydrogen pressure increases to Py4, and the temperature, to 4. Thus, the hydrogen compression
process is carried out in the MHS, and the expansion process takes place in a hydrogen turbine (HT), where
the hydrogen pressure is reduced to Py;.
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Scheme of the glass production power engineering complex with a metal hydride system
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To obtain the hydrogen that will be used in the melting bath (MB), a hydrogen station with electro-
lyzers (E) and a purification system is used. The hydrogen also enters the utilizing part of the scheme con-
sisting of a hydrogen storage system and an HT. After separation from the hydrogen, the oxygen is added to
the combustion air to increase the combustion temperature in the glass-making furnace.

We performed calculations for a sheet glass-making furnace with a fuel consumption of 750 m’/h. The
amount of the furnace gas is 7.433 m’/h. Let us analyze the operation of the hydrogen power plant in the tem-
perature range of furnace gases 7,3 from 523 to 673 K with an increment of 50 K. The scheme uses a hydrogen
turbine unit and a metal hydride system with LaNisHg - hydride, whose phase transition heat is ¢,=15,500 kJ/kg.
The furnace gas temperature at the outlet after the MHS compressor, Tgs, is 393 K. At the maximum furnace
gas temperature 73, the temperature difference between them and the hydrogen AT =Ty—T,;:3=100 K, the hy-
drogen temperature at point 1 — Ty3=T,3—AT;. The temperature difference AT,=T,s—Ty,. Temperature Ty, is
equal to the sorption temperature at the corresponding hydrogen pressure.

The table below shows results for the case when the furnace gas temperatures at the MHS inlet
change, provided their flow consumption is constant.

Basic operating parameters of a power plant with a metal hydride system

Value

Parameter I 3 3 1
Furnace gas temperature at the MHS inlet 75, K 523 573 623 673
Hydrogen temperature Ty, K 273 273 273 273
Amount of heat transferred to the hydrogen circuit O, kW 434.1 | 604.5 | 776.8 | 951.8
Hydrogen pressure Py,, MPa 2 2 2 2
Hydrogen pressure Py;, MPa 0,78 0,48 0,29 0,2
Hydrogen temperature at the MHS inlet 7y4, K 323 311 297 293
Working fluid flow rate in the hydrogen circuit, kg/s 0.025 | 0.033 | 0.041 | 0.048
Hydrogen turbine capacity Nyr, kW 29.2 61.2 106.4 | 155.1

Further calculations were performed for the last variant of the scheme at T,;=673 K and the working
fluid flow rate 0.48 kg/s. This is due to the fact that the hydrogen turbine capacity in other variants is lower,
which negatively affects the efficiency of the cogeneration equipment.

The IPMash of the NAS of Ukraine has developed a mathematical model of the thermosorptional in-
teraction of hydrogen with a metal hydride. It was described by equations of heat and mass transfer for the
case of the viscous mode of hydrogen filtration through the dispersed layer of the metal hydride. Unlike pre-
viously described, this model takes into account:

— convective transfer contribution to the total heat flux;

— equilibrium relationships describing the relationship between pressure, temperature, and hydrogen
concentration in the metal hydride over the entire concentration range;

— chemical kinetics of sorption (desorption).

Such an approach best corresponds to the actual operating conditions of energy converting MH sys-
tems. At present, the model is implemented numerically as a Java-based application package for PC-
compatible personal computers working in the Windows environment [6, 7].

The mathematical model of the heat transfer process in a MH takes the following form:
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where awm is the hydride thermal conductivity coefficient; B is the correction factor; Cyy, is the hydrogen heat

capacity coefficient; c is the hydride heat capacity coefficient; p is the hydride density; J is the hydrogen flux
density; gy is the thermal effect of the reaction of the thermochemical interaction of the hydride with hydrogen;
A is the thermal conductivity coefficient; ® is the degree of filling the metal hydride matrix interstices with

hydrogen atoms; H. 1EG)) is the concentration dependence of the partial molar enthalpy of interaction between
hydrogen atoms; P is the metal hydride porosity; & is the gas compressibility coefficient; / is the filtration coef-
ficient; d,y, is the average equivalent diameter of a hydride particle; p is the dynamic viscosity coefficient; p,

is the desorption pressure; f,,.

is the specific surface area; ' is the chemical potential; A=AG,+RTIlnp isa
complex value; AGy is the Gibbs energy change; v is the volume; a, b are the viral coefficients.

The system of equations (1)—(7) is closed by the initial and boundary conditions of the third kind.

Performing thermal engineering calculations of MH systems presupposes not only thermosorptional,
but also thermophysical characteristics of the materials used. The available data on the thermophysical prop-
erties of metal hydrides are discontinuous and do not take into account a number of factors that are essential
for the heat transfer processes during the interaction between a metal hydride and hydrogen. The absence of
these data does not allow us to establish the dependence of thermophysical characteristics on the stage of the
process in the real range of change of mode parameters, which introduces a significant error in the calcula-
tion results of the design of metal hydride elements.

One of the most effective ways of identifying thermophysical characteristics is to use instruments of
inverse thermal conductivity problems, in particular, to determine the coefficients of effective thermal conduc-
tivity of metal hydrides and its dependence on the parameters of the process of interaction with hydrogen [8]. A
mathematical model of heat and mass transfer in a metal hydride in a nonlinear formulation is conditioned by
dependence of the MH thermophysical properties and structural characteristics on the parameters of the ther-
mosorption process. Thus, in view of the above, a mathematical model of the interaction between hydrogen and
metal hydrides is an effective tool to obtain data on the mode and design parameters of the MH system as part
of the energotechnological glass making complex.

Providing the sorbent generator operation cyclicity is taken into account, it becomes clear that it will
not be able to maintain the required hydrogen flow all the time [9]. The calculations performed showed that
during operation on an asymmetric cycle, it is necessary to use four generators concurrently. Below are the
basic design characteristics of the hydrogen storage system that were obtained using the methods of mathe-
matical modeling of complex heat transfer processes in metal hydrides.

MH mass, kg 3136
MH volume, m* 0.95
Sorber-generator body outer diameter , m 0.048
Sorber-generator body inner diameter, m 0.032
Overall length of sorber-generators, m 995
Length of a single sorber-generator, m 1.55
Total number of sorber-generators, pcs 656
Number of sorber-generator units (4 pcs in each), pcs. 164
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The electrical energy produced in the hydrogen turbine can be used in an electrolytic cell to produce
hydrogen that is used during the float process of sheet-glass making as a component of a protective atmos-
phere. The average specific energy consumption for the production of 1 m® of hydrogen in modern electroliz-
ers is 4.3 kWh [5]. Then, at the power of the hydrogen turbine Ngr=155.1 kW, the amount of hydrogen pro-
duced will be 36.1 m*/h, and that of oxygen, 18.05 m’/h.

In the process of electrolysis, I m’ of hydrogen receives 0.5 m’ of oxygen that can be used as an oxi-
dizer for natural gas in a glass-making furnace. The supply of pure oxygen makes it possible to increase the
combustion temperature of the fuel by reducing the supply of nitrogen, which is part of the combustion air.

Thus, there is a possibility of reducing fuel consumption or increasing the furnace capacity while
maintaining the consumption. Considering the first variant, there is a problem of infringing glass mass melt-
ing technology by reducing the amount of furnace gases in the furnace space. So let us consider the possibil-
ity of increasing the furnace glass-making capacity, while keeping the fuel consumption unchanged. For this
purpose it is necessary to calculate the combustion temperature of natural gas for cases of supplying both
atmospheric and oxygen-enriched air [10]. The amount of pure oxygen per 1m’ of natural gas is
0.024 m*/m’. The combustion temperature under the conditions of using atmospheric air is £,,=2,291 °C, and
that with the addition of oxygen is 7,=2,315 °C. The increase in the furnace glass-making capacity is
209 t/year (0.99%). Electricity savings through the use of a hydrogen turbine are 1 247 164 kWh/year.

Conclusions

To utilize the energy potential of the furnace gases of a glass-making furnace, it is proposed to use
an energy conversion complex with a hydrogen turbine and a metal hydride system. Using the methods of
mathematical modeling, a computational-theoretical study was conducted to determine the basic operating
parameters of the hydrogen heat recovery system in the range of furnace gas temperatures from 523 to
673 K. For the selected variant of the scheme, a calculation was performed to determine the efficiency of its
application. According to the calculation results, the maximum capacity of the hydrogen turbine was
155 kW, and the electricity saved was 1,247 MW-h/year. A scheme of the MH system with four sorber-
generators was selected, which provides a continuous supply of hydrogen in the amount of 0.048 kg/s. The
total number of sorber-generators is 656 pieces with a total hydride weight of 3,160 kg. The use of the oxy-
gen obtained during the electrolysis process, providing it is added to the combustion air, will increase the
furnace productivity by 209 tons/year by increasing the combustion temperature of the fuel. Thus, the appli-
cation of this scheme for the utilization of the potential of furnace gases will reduce the cost of glass produc-
tion, while increasing its production, which will increase the competitiveness of glass-making enterprises.
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Bukopucrannsi BoAHeBOI MeTAJIOTiIPUIHOI CUCTEMHU /IS MiABUIEHHS eHeproe)eKTHBHOCTI
CKJIOBAPHOT0 BUPOOHMIITBA
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'TacTuTyT Npo6nem MammHOGYAyBaHHs iM. A.M. ITizroproro HAH Ykpaiuu,
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* HarioHa bHHI TeXHIUHMI YHIBEpPCHTET «XapKiBCHKUIA MO TEXHIYHIIT IHCTHTYT»,
61002, Ykpaina, M. XapkiB, Byi. Kuprndosa, 2

? XapkiBchKuii HaiOHANBHMIT yHiBepcuTeT iMeni B. H. Kapasiua,
61022, Ykpaina, M. XapkiB, Maiizan Cobomau, 4

Haiibinvw eghexmusHum 3acob6om UKOPUCTNAHHS eHep2emUYHO20 NOMEHYIALY BMOPUHHUX eHepeopecypCie npomuc-
JI08UX NIONPUEMCIME CLO2OOHT BBANCAEMBCA 3ACMOCYBAHHA KO2EHEPayiliHuX ymunisayitinux cucmem. Lle dae smoey ompuma-
MU 0OHOYACHO MENI08y Ma eleKmMpUdHy eHepeito ma 3HAYHO 3IMEeHWUmMU meniosi mpamu. Y pobomi 3anponoHoéano ois
nionpuemMcmea 3 BUPOOHUYMEA UCIMOBO20 CKIA BUKOPUCIIAHHA 000amK080i YMUmi3ayitiHoi cucmemu 015 BUKOPUCMAHHS
menniomu OUMOBUX 2a3i8 CKI08ApHUX nedell. 1Ipoananizosano cyyacHuil Cman 8UKOPUCAHH 80O0HIO N0 4acC 8UPOOHUYMEA
cknomacu. Po3pobreno cxemy eHepeomexHon02iuHO20 KOMNIEKCY 3 800HE80I0 MYPOIHOI ma Memano2iopuoHo CUCEMOIO
07151 KOMOTHOBAHO20 BUPODIEHHS eleKMPUYHOi ma menioeoi enepeii. Ilposedeno po3paxynkoeo-meopemuytne 00CIONCEH S 3
Memoro BUHAYEHHs OCHOBHUX Napamempis pobomu 800He80i MenioymutizayitiHoi cucmemu 6 Olanazoui memnepamyp ou-
Mosux 2asie 6i0 523 do 673 K, a maxooic egpexmuenocmi it 3acmocysants. 3 GUKOPUCIAHHAM PO3POOIEHOT MamemMamuiHoi
MoOeni npoyecie MeniomMacoooMiHy 6 2iopudax Memanie OMPUMAaHi OaHi W00 PEICUMHUX NAPAMEMPI8 pobomu mepmocop-
OyitiHO20 KomMnpecopa, o 003680IUNU BUSHAUUINY KOHCMPYKMUBHI XAPAKMEPUCTHUKU MEMAanoiopuoHoi cucmemu 8 yitomy. B
pe3Vbmami npo8edeH020 PO3PAXYHK08020 O0CTIOHNCEHHA OMPUMAHI XAPAKMEPUCMUKU MENTOHOCIS 8 KII0HYO08UX MOYKAX 800-
He8020 KOHMYPY, BUSHAUEHO NOMYHCHICIb 800He801 MypOOYCmano8ku. Enekmpuyna enepeis, uwo upodIsemubca y Hitl, Modice
b6ymu suxkopucmana 0 enekmponisepa 600Hesoi cmanyii nionpuemcmsa. Kucenn, axuii ymeoproemucs nio uac npoyecy ene-
KMpOJi3y, 000aemvcsi 00 HOGIMPs 20PIHHS, WO 0ACHb 3MO2Y NIOBULUINY MeMRepamypy 20pPiHH NAAUGHOT CyMiui ma 30imb-
wumu nPOOYKMUBHICMb CKI08APHOI neyi. Takum YuHoM, KOMIAEKC 3anpONOHOBAHUX 3aX00i8 3 YMULizayii eHepeemuiHo2o
NomeHYiany OUMOBUX 2A3i8 CKIOBAPHUX Nedell 0acmb 3MO02y RIOBULUMU eHepoeheKMUBHICTINb BUPOOHUYMEBA TUCTNOBO20
CKIA Ma KOHKYPEHMOCHPOMONCHICIb CKI08APHUX NIONPUEMCNS.

Knrouosi cnosa: cxiosapre 6upoOHUYMB0, eHEPOMEXHONOSTUHUL KOMNIEKC, B00EHb, MEMAanociopuoHa cucmemd,
MenIoMaAco0OMIHHI NPOYeECU.
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