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Introduction

The problem of safe and effective storage of hydrogen is dealt with by many researchers in different
countries [1-11]. The method of storing hydrogen in a chemically bound state in metal hydride accumulators has
a number of advantages in comparison with the storage methods in compressed or liquefied form [1, 3-5]. The
use of metal hydrides makes it possible to achieve high packing density of hydrogen, which today reaches from
0.09 to 0.19 g/cm’, and for intermetallic hydrides — up to 0.56 g/cm’. The high safety of hydrogen storage in
metal-hydride batteries should also be noted, which is especially important when using hydrogen in transport.

Magnesium hydride (MgH2) is one of the most promising chemical compounds for creating hydrogen
batteries. As is known, MgH?2 is a high-temperature metal hydride (hydrogen absorption and desorption can
only occur at elevated temperatures of 250-350 °C), which requires high energy costs for implementing the
hydrogen desorption process.

Analysis of publications

A metal hydride battery is a tubular body with a heat exchanger inside [1, 6, 7]. The metal hydride
powder is placed in the annular gap between the body walls and the heating element [1]. The use of heaters /
heat exchangers is both due to the need to supply heat to the metal hydride during hydrogen desorption and
the low thermal conductivity of a metalloid powder, on average up to 2 W-m/K [1].

The recommended thickness of the metal hydride layer is limited to 5-6 mm, and the amount of its
filling in the battery body should not exceed 40-50 % [1, 7]. If metal-hydride batteries are large, then heat-
conducting matrices of different configurations are used [1, 7].
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Taking into account the large coefficient of the metal hydride volumetric expansion (from 20 to 30 %)
during the absorption and desorption of hydrogen, such heat-conducting matrices should have sufficient me-
chanical strength and compensate for the expansion of the metal hydride during the operation [1, 10].

From the above review, it can be concluded that studying heat and mass exchange processes in metal hy-
dride accumulators, increasing the hydrogen packing density, improving the design and thermo-physical proper-
ties of heat-conducting matrices are important and promising directions in the development of hydrogen energy.
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Fig. 1. Metal= hydride battery design features:

1 — body; 2 and 6 — heating elements; 3 — elastic element; 4 — metal
hydride (MgH?2); 5 — heat-conducting matrix

Fig. 2. Metal hydride battery heat-conducting matrix
computational domain

Convection:
0=5 W/m*K
Lay=350 °C

t,,is wall temperature; Q is heat flux;
convection: z,,, is ambient temperature; o is heat exchange coefficient

Fig. 3. Diagram of setting the heat-exchange BCs on heat-
conducting matrix sections
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Purpose and objectives of the study

The aim of this paper is to estimate the
heat-stressed and deformed state of a metal-
hydride accumulator heat-conducting matrix dur-
ing the desorption of hydrogen.

The work had the following tasks:

— to conduct a literature review on mod-
ern technologies of hydrogen storage in metal
hydrides;

—to develop a design of a metal-hydride
battery heat-conducting matrix;

— to synthesize the computational domain
and mesh describing the heat-conducting matrix
configuration;

— to calculate the heat-conducting matrix
heat-stressed and deformed state for the hydrogen
desorption regime;

—to draw conclusions and recommenda-
tions on the use of a heat-conducting matrix to
intensify the heat and mass exchange processes in
a metal-hydride battery.

Figure 1 shows the construction of a
metal hydride battery fragment. Heat rejection
during hydrogen absorption can be realized by
blowing on the battery body outer surface. The
heat-conducting matrix is made of the AL25 alu-
minum alloy. The matrix is a cylindrical cellular
structure with a diameter of 150 mm and height of
28 mm. The cells are 6 by 6 mm in size and
25 mm in height.

The computational domain describing
the configuration of a heat-conducting matrix is
shown in figure 2. In the computational do-
main, fillet radii are taken into account.

The calculations of the heat-conducting
matrix heat-stressed and deformed state were
performed using the finite element method im-
plemented in open source software — the
Caelinux Salome Meca complex [12].

The scheme for specifying the boundary
conditions of heat exchange and the values of
the specified boundary conditions (BC) are
shown in figure 3. Both on the lateral surface of
the heat-conducting matrix and on the surface of
the hole under the heating element (at the place
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of installation of the heating elements 2 and 6), the first-order BCs were set — their temperature. On the sec-
tions of the heat-conducting matrix cellular structure, the BGs were set in the form of a heat flux (equivalent
to heat rejection during hydrogen desorption [1] — the software package capabilities make it possible to spec-
ify the heat flux or specific heat flux). On the heat-conducting matrix outer surface, the third-order BCs were
set, taking into account the recommendations in [1].

The heat-conducting matrix heat-stressed and deformed state is considered in a stationary three-
dimensional setting. The density of metal hydride saturation with hydrogen is taken equal to 0.11 g/cm’. The
hydrogen desorption process lasts for 900 s.

To calculate the heat-conducting matrix temperature field, the equations of stationary thermal con-
ductivity are used in the form

0 oT 0 oT 0 oT
—| A, — |[+—| A, — |[+—| A.— |+R-T =0.
ax[ * axj—i_ay( Y ayj-i_az( ¢ azj+ +0=0; )
T‘ST =T0 ; (2)
oT oT oT
q‘sq——(Kxanx+7»ya—yny+7»za—znzj, 3)
oT oT oT
acp(T—Tumb)‘Sa :—(kxgnx‘i'}\,ygny‘i‘?bza—zan, @

where T is the temperature; Q is the heat source density; R-T is the source component, proportional to the

temperature; ¢, is the ambient temperature; A, A, A, are the coefficients of thermal conductivity in the direc-
tion of the anisotropy axes, (in the case of isotropy A, = A, =,); n,, n,, n, are the direction cosines of the outer
normal; g is the heat flux at the outer boundary of S,.

The boundary conditions (4) correspond to the heat exchange with the external environment accord-
ing to the Newton-Richmann law. For the case of the third-order BCs, we find the solution by minimizing

the corresponding functional for the temperature field T(x1 , Xy, X3 ):

| T\ arY . (orY ), 1 ,
®(T) = w[x(a—xj ””{@J ”‘Z(a_zj JJHEISI o, (T ~T,, JTdS — min., (5)

The results of the numerical study of the field and specific heat flux in a metal hydride battery heat-
conducting matrix during hydrogen desorption are shown in figure 4. As can be seen from the results shown
in figure 4, a the temperature difference along the radius of the heat-conducting matrix between the heat sup-
ply and rejection zones is of the order of 40 °C, and the specific heat flux density distribution is of the order
of 1.1-1.82 W/mm® (Figure 4, b).

When describing the scheme of fixing a heat-conducting matrix in the areas of its contact with an ex-
ternal heating element (Fig. 1, item 2) and the matrix fasteners in a metal hydride battery body (not shown in
figure 1), efforts were made from the action of the elastic elements (figure 1, point 3).

The results of calculating the stress-strain state of a heat-conducting matrix, taking into account the
thermal load effect, are shown in figure 5. The radial thermal expansion of the heat-conducting matrix along
its outer surface reaches 0.56 mm (Fig. 5, a). The level of equivalent von Mises stresses varies from 10 to
60 MPa on the matrix cellular structure sections (Fig. 5, b).

The resulting values of stresses and deformations in a heat-conducting matrix that arise during the
desorption of hydrogen are consistent with the results obtained by other authors [13, 14].
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Fig. 4. Numerical simulation results:
a — is temperature distribution, °C; b — is specific heat flux distribution W/mm® in a metal-hydride accumulator heat-
conducting matrix during hydrogen desorption
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Fig. 5. Stress-strain state numerical simulation results:
a — heat-conducting matrix radial expansion, mm; b — level of equivalent von Mises stresses, MPa in a metal-hydride
accumulator heat-conducting matrix during hydrogen desorption

Conclusions

Based on the results of a literature review and a computational study, it has been established that:

— studying the intensification of heat and mass exchange processes and ways to improve the heat-
conducting matrices of high-temperature metal hydride accumulators is a promising direction in the devel-
opment of hydrogen energy;

— for a heat-conducting matrix with selected geometric and thermo-physical parameters, the maxi-
mum temperature difference in the radial direction during hydrogen desorption is about 40 °C;

— the maximum increase in the heat-conducting matrix outer diameter reaches 0.56 mm, which is not
critical for the reliable operation of a metal-hydride battery;

— the level of equivalent von Mises stresses varies within 10—60 MPa on the heat-conducting matrix
cellular structure sections, which does not exceed the level of the stress boundary values for the aluminum
alloy, i.e. for these matrix design parameters there is a reserve for increasing heat exchange intensity.

References
1. Tarasov, B. P., Lototskiy, M. V., & Yartys, V. A. (2006). Problema khraneniya vodoroda i perspektivy ispol-
zovaniya gidridov dlya akkumulirovaniya vodoroda [The problem of hydrogen storage and the prospects of using
hydrides for hydrogen storage]. Ros. Khim. Zhurn. — Russian Chemical Bulletin, no. 6, pp. 34—48 [in Russian].
2. Solovey, V.V., Obolenskiy, M.A., & Basteyev, A.V. (1993). Aktivatsiya vodoroda i vodorodsoderzhashchikh ener-
gonositeley [Activation of hydrogen and hydrogen-containing energy carriers]. Kiyev: Nauk. dumka, 168 p. [in Russian].

78 ISSN 0131-2928. Ipo6aemu mawunobydysanns, 2018, T. 21, Ne 3




NON-TRADITIONAL POWER ENGINEERING

3. Serzhantova, M. V., Kuzubov, A. A., Avramova, P. V., & Fedorov, A. S. (2009). Teoreticheskoye issledovaniye prot-
sessa sorbtsii vodoroda soyedineniyami magniya, modifitsirovannymi atomami [Theoretical study of hydrogen sorp-
tion process by magnesium compounds modified by atoms]. Zhurn. Sib. Federal. Un-ta. Khimiya — Journal of Sibe-
rian Federal University. Chemistry, vol. 2, no. 3, pp. 259-265 [in Russian].

4. Fedorov, A. S., Serzhantova, M. V., & Kuzubov, A. A. (2008). Issledovaniya adsorbtsii vodoroda vnutri i na
poverkhnosti magniyevykh nanochastits [Investigations of hydrogen adsorption inside and on the surface of magne-
sium nanoparticles]. Zhurn. Eksperiment. i Teoret. Fiziki — Journal of Experimental and Theoretical Physics, vol. 134,
iss. 1, pp. 156163 [in Russian].

5. Kuzubov, A. A., Popov, M. N., Fedorov, A. S., & Kozhevnikova, T. A. (2008). Teoreticheskoye izucheniye dissotsiativ-
noy khemosorbtsii vodoroda na uglerodnykh nanotrubakh [Theoretical study of dissociative chemisorption of hydrogen
on carbon nanotubes]. Zhurn. Fiz. Khimii — Journal of Physical Chemistry, vol. 82, no. 12, pp. 2117-2121 [in Russian].

6. Pranevicius, L., Darius, M., & Thomas, G. (2005). Plasma hydrogenation of Mg-based alloy films under high-flux,
low energy ion irradiation at elevated temperatures, pp. 611-616. doi: https://doi.org/10.1002/3527603565.ch97

7. Satyapal, S., Read, C., & Ordaz, G. et al. (2007). U.S. DOE Hydrogen Program. The Fourth U.S.-Korea Forum on
Nanotechnology: Sustainable  Energy,  Honolulu, HI, April  26-27, 19 p. Retrieved  from
https://pdfs.semanticscholar.org/presentation/0511/7f29c¢9491£370523114f1f8fd58645a61abf.pdf (accessed 20 August
2018)

8. Yartys, V. A, Lotosky, M. V., Veziroglu, N. N. et al. (2004). An Overview of hydrogen storage methods. Hydrogen
Materials Science and Chemistry of Carbon Nanomaterials. Kluwer Academic Publishers, pp. 75-104. doi:
https://doi.org/10.1007/1-4020-2669-2 7

9. Bulychev, B. M. (2004). Alumo- and borohydrides of metals: History, properties, technology, application. Hydrogen
Materials Science and Chemistry of Carbon Nanomaterials. Kluwer Academic Publishers, pp. 105-114. doi:
https://doi.org/10.1007/1-4020-2669-2 8

10. Graetz, J., Reilly, J.J., Yartis, V.A. et al. (2011) Aluminum hydride as a hydrogen and energy storage material: Past,
present and future. J. Alloys and Compounds. September, pp- 517-528. doi:
https://doi.org/10.1016/j.jallcom.2010.11.115

11. Glushkov, L. S., Kareev, Yu. A., Petrov, Yu. V. et al. (1999). Generation of hydrogen isotopes with an electric
pulse hydride injector. Intern. J Hydrogen Energy, vol. 24, pp. 105-109.

12. Software Complex 'Caelinux Salome-Meca'. Retrieved from http://caelinux.com/CMS/index.php (accessed 17 August 2018).

13. Puls, M. P. (1988). The influence of hydride size and matrix strength on fracture initiation at hydrides in zirconium
alloys. Metallurgical Transactions A., vol. 19, iss. 6, pp. 1507 — 1522. doi: https://doi.org/10.1007/BF02674025.

14. Xu, F., Holt, R. A., Daymond, M. R., Rogge, R. B., & Oliver, E. C. (2008). Development of internal strains in textured
Zircaloy-2 during uni-axial deformation. Materials Sci. and Eng.: A., vol. 488, iss. 1-2, pp. 172-185. doi:
https://doi.org/10.1016/j.msea.2007.11.018

Received 06 June 2018

YuceabHe MOACTIOBAHHSA TEIIOHANPYKEHOT0 i 1e()OPMOBAHOI0 CTaHY TEIUIONPOBiAHOI MaTpHI
MeTAJIOTIAPHAHOT0 AKYMYJISITOpA

ABpamenko A. M., JIestepoB A. M., I'maakora H. 1O.

'TacturyT npo6item MaumuoOyyBanus iM. A.M. ITizropaoro HAH Ykpaiuu,
61046, Ykpaina, M. Xapkis, Byin. [Toxxapcekoro, 2/10

TIpobremoro besneunoeco i egpekmusHozo 30epieants BOOHIO 3aUMATOMbCSL 6a2amo 00CTIOHUKIG 6 pisnux Kpainax. Cno-
cib 30epicants BOOHIO 8 XIMIUHO 36 S13AHOMY CIAHI 8 MEMATOLIOPUOHUX AKYMYISMOPAX MAE HU3KY nepedae NOPIBHAHO 3i CHOCO-
bamu 30epicantsn 8 CMUCHYMOMY i 3pioddceHoMy 6ueiidi. Bukopucmanns 2iopudie memanie 0036075€ 00MOSMUCS BUCOKOT WiTb-
HOCMI YRAKOBKU BOOHIO, SIKA HA cboeodHi csazac 6i0 0,09 0o 0,19 Z/CMS, a ons inmepmemanesux 2iopudie — 0o 0,56 oferi’. Taxoore
CTO 3a3HAUUMU BUCOKY De3NeKy 30epicantss BOOHIO 8 MEMAIOSIOPUOHUX AKYMYSMOPAX, WO 0COOIUBO BANCIUBO NIO YAC BUKO-
PDUCMAHHA 800HIO HA MPAHCNOPMI. 3 BUKOPUCAHHAM YUCETILHUX MEMO00i8 PO321A0A€MbCs MeNIOHANPYHCeHULl CIMAH menio-
NPOGIOHOT Mampuyi MemanociopuoH02o aKymyIsmopa YuiHOpuuHoi gopmu. Mampuysi 6UKOHAHA 3 ATIOMIHIEBO20 CHIABY | MAE
KOMIpKU NPSMOKYMHO20 Nepepizy, SKi 3an06HI0I0MbC Memanociopuoom y euensndi opionooucnepcrozo nopowky. Haepisanns
Mampuyi 30IUCHIOEMbCA 080MA eNeKMPOHASPIBATLHUMU eNeMEHMAMU: YEHMPATbHUM CIMPUIXCHEB020 Muny i nepughepitiHum y
euenadi yuninopa. Padianvhe i ocboee posuwupents mampuyi 8 KOpHyci 00MedNceHi NPYIHCHUMU eleMEHMAMU, BUKOHAHUMU 3
arcapocmitixoi cmavi. MoOentosanHsa menioHanpyi#ceHo20 ma 0epopMoBaHo20 CMaHy menionpogioHoi Mampuyi GUKOHYEMbCS
o5 pedcumy decopoyii 6oomro npomscom 900 ¢ 3a memnepamypu 350 °C. Hx memanoziopud ooparo 2iopuo maeniro (MgH?2).
Limsnicme ynaxosku 600mio 6 memanoziopudi dopisuioe 0,11 o/ear’. 3adaua pose’sizyemucs 6 deKapmMosux KOOPOUHAMAX Y
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MPUBUMIPHITI CMAYIOHAPHITE ROCMAHOBYL. B pezynemami po3paxyHKy eécmarnosneno, wo 6 npoyeci 0ecopoyii 600HIO MAKCUMATb-
HULl nepenao memnepamypu 6 padiaibHOMY HANPIMKY Menionpogionoi mampuyi cmarosums 6nuzerko 40 °C. Maxcumanvre
paodianbHe po3uuperHs menionposionoi mampuyi oocseae 0,56 mm, wo He € KpumudHuM 075t HAOIIHOL pobOMU Memano2iopuo-
Ho20 akymynsmopa. Pisenv exgisanenmuux nanpysicens 3a Mizecom sminoemocs 6 mexcax 10 — 60 MIla dinankamu komipuac-
MOi CMpyKmypu menionposioHoi Mampuyi, Wo He Nepesutyye pi6HsL SPAHUYHUX 3HAUEHb HANPYHCEHb OIS ATIOMIHIEB020 CNIABY,
moOmo 075t OGHUX KOHCIPYKMUBHUX NAPAMEMPI8 MAMpuyi € pe3epe NIOGUIEHHs. IHMEHCUBHOCME MeNI000MIHY.

Knrouogi cnosa: memanoziopud, 600etHsb, menionposiona Mampuysl, menioHanpylIceHull Cat, pieeHs memnepantyp.
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