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Abstract: A physical and mathematical model and a computer program has been developed for three-dimensional
calculation of premixed combustion of gaseous fuel–air mixture in a volume above the free surface of water. To test
the predictive capability of the model, a laboratory setup was designed and manufactured, including a transparent
cylindrical tube with one closed end, a water pool with an optical access, as well as power, ignition, control,
and data acquisition systems. A series of experiments on combustion of a stoichiometric propane–air mixture in
a volume above a free surface of water is carried out at the setup. The experimental conditions are reproduced in
the calculations. The calculation results are compared with the experiment in terms of the shape and position of the
flame front and the interphase boundary at different time instants, time histories of pressure in the volume above
the free surface of water and the propulsive force acting on the closed end of the tube, the dynamics of displacement
of the interphase boundary, and the dependence of the apparent flame velocity on time. In all cases, satisfactory
qualitative and quantitative agreement has been obtained between calculations and measurements. The model is
further planned to be adapted to the tasks of designing a gas cavity with combustion under the bottom of the boat.

Keywords: gas combustion above a free surface of water; fuel–air mixture; semiconfined volume; mathematical
model; experiment; buoyancy force; motion of the phase boundary; gas cavity with combustion under the bottom
of the boat

DOI: 10.30826/CE19120307

Acknowledgments

This work was supported by the subsidy given to the N. N. Semenov Federal Research Center for Chemical
Physics of the Russian Academy of Sciences to implement the state assignment on the topic No. 0082-2016-
0011 “Fundamental studies of conversion processes of energetic materials and development of scientific grounds
of controlling these processes” (Registration No. АААА-А17-117040610346-5) and to the Scientific Research
Institute for System Analysis to implement the state assignment on the topic No. 0065-2019-0005 “Mathematical
modeling of dynamic processes in deformed and reactive media using multiprocessor computational systems”
(Registration No. AAAA-A19-119011590092-6). The work was also supported by the Russian Foundation for Basic
Research (project 16-29-01065ofi-m).

References
1. Frolov, S. M., S. V. Platonov, K. A. Avdeev, V. S. Aksenov,

V. S. Ivanov, A. E. Zangiev, A. S. Koval’, and F. S. Frol-
ov. 2016. Gorenie toplivno-vozdushnoy smesi v gazovoy
kaverne pod dnishchem skorostnogo sudna [Combustion
of fuel–air mixture in gas cavity under the bottom of the
high-speed vessel]. Goren. Vzryv (Mosk.) — Combustion

and Explosion 9(4):12–21.

2. Frolov, S. M., and S. V. Platonov. 11.05.2018. Sposob
snizheniya gidrodinamicheskogo soprotivleniya dvizhe-
niyu sudna [Method of hydrodynamic vessel movement

resistance reduction and the device for its implementa-
tion]. Patent of Russian Federation RU 2653664.

3. Medvedev, R. N., A. P. Drozhzhin, and V. S. Teslenko.
2016. Thrust generation by pulse combustion of gas in
a submerged chamber. Int. J. Multiphas. Flow 83:232–238.

4. Frolov, S. M., S. V. Platonov, K. A. Avdeev, V. S. Aksenov,
A. E. Zangiev, I. A. Sadykov, and I. O. Shamshin. 2018.
Chislennoe i experimental’noe issledovanie pod’emnoy
sily, sozdavaemoy iskusstvennoy gazovoy kavernoy pod
dnishchem katera [Numerical and experimental inves-
tigation of the lift force created by an artificial gas

GORENIE I VZRYV (MOSKVA) — COMBUSTION AND EXPLOSION 2019 volume 12 number 3



Combustion of the fuel–air mixture in the volume over the free water surface

cavity under the bottom of the boat]. Goren. Vzryv

(Mosk.) — Combustion and Explosion 11(3):60–73. doi:
10.30826/CE18110308.

5. Teslenko, V. S., A. P, Drozhzhin, and R. N. Medvedev.
2017. In-water gas combustion for thrust produc-
tion. Thermophys. Aeromech. 24:583–591. doi: 10.1134/
S0869864317040102.

6. Nigmatulin, R. I. 1990. Dynamics of multiphase media.
New York, NY: Hemisphere. Vol. 1. 532 p.

7. Frolov, S. M., K. A. Avdeev, V. S. Aksenov, A. A. Borisov,
F. S. Frolov, I. O. Shamshin, R. R. Tukhvatullina,
B. Basara, W. Edelbauer, and K. Pachler. 2017. Exper-
imental and computational studies of shock wave-to-
bubbly water momentum transfer. Int. J. Multiphase Flow

92:20–38. doi: 10.1016/j.ijmultiphaseflow.2017.01.016.

8. Sapko, M. J., A. L. Furmo, and J. M. Kuchita. 1977.
Quenching methane–air ignitions with water sprays. U.S.
Bureau of Mines. Investigation Report 8214.

9. Launder, B. E., and D. B. Spalding. 1974. The numerical
computation of turbulent flows. Comput. Method. Appl. M.

3(2):269–289. doi: 10.1016/0045-7825(74)90029-2.

10. Frolov, S. M., V. S. Ivanov, B. Basara, and M. Suffa. 2013.
Numerical simulation of flame propagation and localized
preflame autoignition in enclosures. J. Loss Prevent. Proc.

26:302–309. doi: 10.1016/j.jlp.2011.09.007.

11. Belyaev, A. A., V. Ya. Basevich, F. S. Frolov, S. M. Frolov,
B. Basara, and M. Suffa. 2010. Baza dannykh dlya kharak-
teristik laminarnogo goreniya n-geptana [Database for
the characteristics of laminar combustion of n-heptane].

Goren. Vzryv (Mosk.) — Combustion and Explosion 3:30–
37.

12. Ivanov, V. S., and S. M. Frolov. 2010. Matematiche-
skoe modelirovanie rasprostraneniya plameni v gladkikh
trubakh i trubakh s regulyarnymi prepyatstviyami [Math-
ematical modeling of flame spread in plain tubes and in
tubes with regular hindrances]. Pozharovzryvobezopasnost’

[Fire and Explosion Safety] 19(1):14–19.

13. Belyaev, A. A., V. Ya. Basevich, S. M. Frolov, and
F. S. Frolov. 2012. Baza dannykh dlya kharakteristik lami-
narnogo goreniya vozdushnykh smesey metana i vodor-
oda v prisutstvii parov vody [Database for characteristics
of laminar combustion of methane– and hydrogen–air
mixtures in presence of steam]. Goren. Vzryv (Mosk.) —

Combustion and Explosion 5:3–10.

14. Belyaev, A. A., V. Ya. Basevich, and S. M. Frolov. 2015.
Baza dannykh dlya rascheta laminarnogo i turbulentno-
go goreniya vosdushnykh smesey aviatsionnogo kerosina
[Database for calculating laminar and turbulent com-
bustion of aviation kerosene–air mixtures]. Goren. Vzryv

(Mosk.) — Combustion and Explosion 8(1):29–36.

15. Patankar, S. V., and D. B. Spalding. 1972. A calcula-
tion procedure for heat, mass and momentum transfer
in three-dimensional parabolic flows. Int. J. Heat Mass

Tran. 15(1):1510–1520.

16. Barth, T. J. 1992. Aspects of unstructured grids and finite-
volume solvers for the Euler and Navier–Stokes equations.
Special course on unstructured grid methods for advection

dominated flows. AGARD. 61 p.

Received October 28, 2019

Contributors

Frolov Sergey M. (b. 1959) — Doctor of Science in physics and mathematics, head of department, head
of laboratory, N. N. Semenov Federal Research Center for Chemical Physics, Russian Academy of Sciences,
4 Kosygin Str., Moscow 119991, Russian Federation; professor, National Research Nuclear University MEPhI
(Moscow Engineering Physics Institute), 31 Kashirskoe Sh., Moscow 115409, Russian Federation; senior research
scientist, Scientific Research Institute for System Analysis, Russian Academy of Sciences, 36-1 Nakhimovskii
Prosp., Moscow 117218, Russian Federation; smfrol@chph.ras.ru

Platonov Sergey V. (b. 1971) — Candidate of Science in technology, chief designer, “Almaz” Central Marine Design
Bureau, 50 Warshavskaya Str., St. Petersburg 196128, Russian Federation; platsv@yandex.ru

Avdeev Konstantin A. (b. 1971) — Candidate of Science in technology, leading research scientist, N. N. Semenov
Federal Research Center for Chemical Physics, Russian Academy of Sciences, 4 Kosygin Str., Moscow 119991,
Russian Federation; kaavdeev@mail.ru

Aksenov Victor S. (b. 1952) — Candidate of Science in physics and mathematics, senior research scientist,
N. N. Semenov Federal Research Center for Chemical Physics, Russian Academy of Sciences, 4 Kosygin Str.,
Moscow 119991, Russian Federation; associate professor, National Research Nuclear University MEPhI (Moscow
Engineering Physics Institute), 31 Kashirskoe Sh., Moscow 115409, Russian Federation; v.aksenov@mail.ru

Ivanov Vladislav S. (b. 1986) — Doctor of Science in physics and mathematics, senior research scientist,
N. N. Semenov Federal Research Center for Chemical Physics, Russian Academy of Sciences, 4 Kosygin Str.,
Moscow 119991, Russian Federation; research scientist, Scientific Research Institute for System Analysis, Russian
Academy of Sciences, 36-1 Nakhimovskii Prosp., Moscow 117218, Russian Federation; ivanov.vls@gmail.com

GORENIE I VZRYV (MOSKVA) — COMBUSTION AND EXPLOSION 2019 volume 12 number 3



S. M. Frolov, S. V. Platonov, K. A. Avdeev, et al.

Sadykov Ilyas A. (b. 1993) — junior research scientist, N. N. Semenov Federal Research Center for Chemical Physics,
Russian Academy of Sciences, 4 Kosygin Str., Moscow 119991, Russian Federation; churus1314@rambler.ru

Tukhvatullina Ruzana R. (b. 1988) — Candidate of Science in physics and mathematics, research scientist,
N. N. Semenov Federal Research Center for Chemical Physics, Russian Academy of Sciences, 4 Kosygin Str.,
Moscow 119991, Russian Federation; tukhvatullinarr@gmail.com

Frolov Fedor S. (b. 1981) — Candidate of Science in physics and mathematics, senior research scientist,
N. N. Semenov Federal Research Center for Chemical Physics, Russian Academy of Sciences, 4 Kosygin Str.,
Moscow 119991, Russian Federation; research scientist, Scientific Research Institute for System Studies, Russian
Academy of Sciences, 36-1 Nakhimovskii Prosp., Moscow 117218, Russian Federation; f.frolov@chph.ru

Shamshin Igor O. (b. 1975) — Candidate of Science in physics and mathematics, senior research scientist,
N. N. Semenov Federal Research Center for Chemical Physics, Russian Academy of Sciences, 4 Kosygin Str.,
Moscow 119991, Russian Federation; research scientist, Scientific Research Institute for System Analysis, Russian
Academy of Sciences, 36-1 Nakhimovskii Prosp., Moscow 117218, Russian Federation; igor shamshin@mail.ru

GORENIE I VZRYV (MOSKVA) — COMBUSTION AND EXPLOSION 2019 volume 12 number 3




