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Abstract: The gasdynamic structure of a detonation wave propagating against a supersonic flow in a duct with
boundary layers is studied using numerical simulation. The study is based on the classical experiments by J. C. Bellet
and G. Deshayes (1970) who showed that in the case of the formation of a structure with boundary layer separations
and with a detonation Mach stem, the velocity of the detonation wave with respect to the fresh fuel mixture
significantly exceeds the velocity of the one-dimensional Chapman–Jouguet detonation. The gasdynamic structure
of the detonation wave is analyzed and the mechanism of increasing the detonation velocity is revealed and
explained. The combined effect of the boundary layer separation zone and of the secondary detonation wave leads
to the formation of a gasdynamic Laval nozzle with flow chocking behind the detonation Mach stem. It is shown
that the considered flow can be attributed to the class of two-layer self-sustaining detonations. The influence of
heat fluxes, three-dimensional effects, and turbulence on the wave velocity is considered.
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Figure Captions

Figure 1 Schematic of Bellet & Deshayes test facility [10]

Figure 2 Geometry of the computational domain and the initial field of the longitudinal velocity u for the basic series of
calculations of the experiment by Bellet & Deshayes [10]. Scale in vertical direction is increased by a factor of 2. Dimensions
are in meters

Figure 3 Flow structure in the reference frame of the detonation wave: (a) field of temperature for the regime with ϕ = 0.3 and
Minlet = 3.5 with streamlines and sonic line (M = 1); and (b) gasdynamic scheme of the flow (1 — Mach stem with detonation
wave; 2 — oblique shock wave; 3 — recirculation zone; 4 — reflected shock wave; 5 — rarefaction wave; 6 — compression wave;
7 — streamline; 8 — sonic line; 9 — secondary detonation wave; 10 — region of heat release in the mixing layer; and 11 —
secondary recirculation zone near the moving wall)

Figure 4 Details of static pressure fields [Pa] in the reference frame of the detonation wave in the region of interaction with the
boundary layer, with streamlines and sonic lines (M = 1). Left picture — regime with ϕ = 0.3, Minlet = 1.7, right picture —
ϕ = 0.3,Minlet = 3.5

Figure 5 Dependences of the longitudinal coordinate of the detonation Mach stem upon time in three calculations for the
regime ϕ = 0.3 andMinlet = 3.5: 1 — RANS, burning between the layers of inert gas; 2 — RANS, burning in the whole channel;
and 3 — Euler, burning in the whole channel

Figure 6 Temperature fields at successive time moments during the propagation of detonation between layers of nonreacting gas
(regime ϕ = 0.3 andMinlet = 3.5): (a) t = 0.115 ms; (b) 0.159; (c) 0.217; and (d) t = 0.250 ms. The isolinesM = 1 and the
streamlines separating the nonreacting gas layers in the wave reference frame are also shown

Figure 7 Fields of Mach number ( “M) in the reference frame of the detonation wave obtained in LES and URANS calculations
of the regime with ϕ = 0.3 and Minlet = 3.5. (а) instantaneous field in LES calculation; (b) the same field, averaged over
100 cells in side direction; and (c) instantaneous field in URANS calculation. The isoline “M = 1 is also shown

Table Caption
Parameters of experiments and results of calculations for ϕ = 0.3

GORENIE I VZRYV (MOSKVA) — COMBUSTION AND EXPLOSION 2020 volume 13 number 4



Explanation of the velocity growth of self-sustained detonation during its upstream propagation along a duct with boundary layers

Acknowledgments
The work was supported by a grant from the Ministry of Education and Science of the Russian Federation
(Contract No. 14.G39.31.0001 dated 13.02.2017). The authors are grateful to F. A. Bykovsky (Lavrentiev Institute
of Hydrodynamics, SB RAS) who pointed out the works of V. V. Mitrofanov on two-layer flows and to S. M. Frolov
(N. N. Semenov Federal Research Center for Chemical Physics, RAS) who drew attention to the need for an
external energy source for accelerated motion of detonation.

References
1. Zeldovich, Ia. B., and A. S. Kompaneets. 1960. Theory of

detonation. New York, NY: Academic Press.
2. Fay, J. A. 1959. Two-dimensional gaseous detonations:

Velocity deficit. Phys. Fluids 2(3):283–289.
3. Soloukhin, R. I. 1963. Detonation waves in gases. Sov.

Phys. Uspekhi 6(4):523–541.
4. Voitsekhovskii, B. V., V. V. Mitrofanov, and M. E. Top-

chiyan. 1969. Structure of the detonation front in gases
(survey). Combust. Explo. Shock Waves 5(3):267–273.

5. Gelfand, B. E., S. M. Frolov, and M. A. Nettleton. 1991.
Gaseous detonations — a selective review. Prog. Energ.

Combust. 17(4):327–371.
6. Fickett, W., and W. C. Davis. 2000. Detonation: Theory

and experiment. Courier Corp. 386 p.
7. MacKenna, W. W. 1967. Interaction between detonation

waves and flowfields. AIAA J. 5:868–873.
8. Curtis, L. E., L. A. Hamilton, H. E. Wright, and W. C. El-

rod. 1970. An investigation of shock initiated detonation
waves in a flowing combustible mixture of hydrogen and
oxygen. Astronaut. Acta 15(5-6):453–463.

9. Vasil’ev, A., V. Zvegintsev, and D. Nalivaichenko. 2006.
Detonation waves in a reactive supersonic flow. Combust.

Explo. Shock Waves 42(5):568–581.
10. Bellet, J. C., and G. Deshayes. 1970. Structure and prop-

agation of detonations in gaseous mixtures in supersonic
flow. Astronaut. Acta 15:465–469.

11. Cai, X., J. Liang, R. Deiterding, Y. Mahmoudi, and
M. Sun. 2018. Experimental and numerical investiga-
tions on propagating modes of detonations: Detona-
tion wave/boundary layer interaction. Combust. Flame

190:201–215.
12. Menter, F. R., M. Kuntz, and R. Langtry. 2003. Ten years

of industrial experience with the SST turbulence model.
Turbulence Heat Mass Transfer 4:625–632.

13. Jachimowski, C. J. 1988. An analytical study of the
hydrogen-air reaction mechanism with application to
scramjet combustion. Hampton, VA: NASA, Langley Re-
search Center. NASA TP-2791. 16 p.

14. Babulin, A. A., S. M. Bosnyakov, V. V. Vlasenko, M. F. En-
gulatova, S. V. Matyash, and S. V. Mikhailov. 2016. Ex-
perience of validation and tuning of turbulence models

as applied to the problem of boundary layer separa-
tion on a finite-width wedge. Comp. Math. Math. Phys.

56(6):1020–1033.

15. Bosnyakov, S., I. Kursakov, A. Lysenkov, S. Matyash,
S. Mikhailov, V. Vlasenko, and J. Quest. 2008. Com-
putational tools for supporting the testing of civil air-
craft configurations in wind tunnels // Prog. Aerosp. Sci.
44(2):67–120.

16. Troshin, A., A. Shiryaeva, V. Vlasenko, and V. Sabelnikov.
2018. Large-eddy simulation of helium and argon su-
personic jets in supersonic air co-flow. iTi Conference on

Turbulence. Cham: Springer. 253–258.

17. Vlasenko, V. V. 2014. About different ways to determine
the heat effect and the combustion efficiency in a flow of
reactive gas. TsAGI Science J. 45(1):35–59.

18. Higgins, A. 2012. Steady one-dimensional detonations.
Detonation dynamics. Ed. F. Zhang. Shock wave science
and technology reference library book ser. Berlin, Heidel-
berg: Springer. 6:33–106.

19. Zverev, I. N., and N. N. Smirnov. 1987. Gazodinamika

goreniya [Gasdynamics of comiustion]. Moscow State
University. 307 p.

20. Mitrofanov, V. V. 1975. Ultrahigh-speed detonation in
charges with longitudinal channels. Combust. Explo. Shock

Waves 11(1):63–70.

21. Schelkin, K. I. 1970. Teoriya goreniya i detonatsii [Theory
of combustion and detonation]. Mekhanika v SSSR za

50 let [Mechanics in USSR within 50 years]. Eds. L. I. Se-
dov, Ya. B. Zel’dovich, A. YU. Ishlinsky, M. A. Lavrent’ev,
G. K. Mihaylov, N. I. Muskhelishvili, and G. G. Cherny.
Moscow: Nauka. 2:344–422.

22. Sabelnikov, V. A., V. V. Vlasenko, and S. S. Molev. 2020.
Analiz vzaimodeystviya dvizhushcheysya detonatsii s tur-
bulentnymi pogranichnymi sloyami v kanale na osnove
chislennogo modelirovaniya [Analysis of the moving deto-
nation interaction with turbulent boundary layers in a duct
on the basis of numerical simulation]. TsAGI Science J.

51(6):14–27.

23. Gritskevich, M. S., A. V. Garbaruk, J. Sch�utze, and
F. R. Menter. 2012. Development of DDES and IDDES
formulations for the k–ω shear stress transport model.
Flow Turbul. Combust. 88(3):431–449.

Received November 14, 2020

Contributors
Sabelnikov Vladimir A. (b. 1946) — Doctor of Science in physics and mathematics, professor, head of laboratory,
Central Aerohydrodynamic Institute named after Prof. N. E. Zhukovky (TsAGI), 1 Zhukovsky Str., Zhukovsky,
Moscow Region 140180, Russian Federation; sabelnikov@free.fr

GORENIE I VZRYV (MOSKVA) — COMBUSTION AND EXPLOSION 2020 volume 13 number 4



V. A. Sabelnikov, V. V. Vlasenko, S. S. Molev, et al.

Vlasenko Vladimir V. (b. 1969) — Doctor of Science in physics and mathematics, deputy head of laboratory,
Central Aerohydrodynamic Institute named after Prof. N. E. Zhukovky (TsAGI), 1 Zhukovsky Str., Zhukovsky,
Moscow Region 140180, Russian Federation; professor, Moscow Institute of Physics and Technology (MIPhT),
9 Institutskiy Per., Dolgoprudny, Moscow Region 141701, Russian Federation; vlasenko.vv@yandex.ru

Molev Sergey S. (b. 1990) — junior research scientist, Central Aerohydrodynamic Institute named after
Prof. N. E. Zhukovky (TsAGI), 1 Zhukovsky Str., Zhukovsky, Moscow Region 140180, Russian Federation;
molev@phystech.edu

Troshin Alexey I. (b. 1988) — Ph.D., senior research scientist, Central Aerohydrodynamic Institute named after
Prof. N. E. Zhukovky (TsAGI), 1 Zhukovsky Str., Zhukovsky, Moscow Region 140180, Russian Federation;
associate professor, Moscow Institute of Physics and Technology (MIPhT), 9 Institutskiy Per., Dolgoprudny,
Moscow Region 141701, Russian Federation; ai-troshin@yandex.ru

Bakhne Sergey V. (b. 1994) — engineer, Central Aerohydrodynamic Institute named after Prof. N. E. Zhukovky
(TsAGI), 1 Zhukovsky Str., Zhukovsky, Moscow Region 140180, Russian Federation; assistant, Moscow Institute of
Physics and Technology (MIPhT), 9 Institutskiy Per., Dolgoprudny, Moscow Region 141701, Russian Federation;
serega733377@yandex.ru

GORENIE I VZRYV (MOSKVA) — COMBUSTION AND EXPLOSION 2020 volume 13 number 4




