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Modern high-speed unmanned aerial vehicles are powered with smallsize turbojets or ramjets. It is known that the e©ciency of small-size
turbojets during the §ight at a speed exceeding the speed of sound
decreases sharply. Thus, one of the most important characteristics
of the e©ciency of turbojets, the fuel-based speci¦c impulse which
is equal to the ratio of thrust to the rate of fuel consumption, is
approximately 1300 s at a §ight Mach number of 1 and decreases to
∼800 s at a §ight Mach number of 1.25.
Existing ramjets operating on a thermodynamic cycle with the
de§agrative combustion of fuel at constant pressure are e©cient at
§ight Mach numbers ranging approximately from 2 to 6. One of
the most important characteristics of a ramjet-powered aircraft is
the minimum Mach number (start-up Mach number) at which an
autonomous §ight of an aircraft becomes possible after a launch boost
provided by auxiliary boosters such as rocket engines. The start-up
Mach number for existing ramjet-powered aircraft is approximately 2.
The rocket boosters have relatively low speci¦c thrust which leads to
a considerable increase in the starting mass and dimensions of the
aircraft. Thus, there is a need in reducing the ramjet start-up Mach
number.
The thrust performances of ramjets have reached the upper limit
and their further improvements are problematic. Therefore, to obtain
a signi¦cant increase in the ramjet e©ciency, the possibility of utilizing a thermodynamic cycle with continuous detonative combustion of
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fuel in an annular combustor (Zel£dovich cycle) is considered (see, for
example, [1]). As compared with de§agrative combustion, continuous
detonative combustion of a fuel has a number of advantages. Firstly,
the Zel£dovich cycle has a higher e©ciency [2]. Secondly, during continuous detonative combustion, energy is released in a narrow reaction
zone in a single or several detonation waves continuously circulating
in the annular combustor, thus creating only a localized backpressure
to the incoming air §ow, rather than in the entire cross section of
the combustor, thus creating a bulk backpressure to the incoming air
§ow and leading to the unstart of the air intake. Thirdly, it allows
organizing the operation process with high combustion e©ciency in
a combustor of a relatively small longitudinal size corresponding to
the height of the self-sustaining detonation wave, thus reducing the
loss of total pressure in the engine duct. In view of all these advantages, the ramjet start-up Mach number could be reduced if de§agrative combustion is replaced by detonative combustion. The objective
of the work presented in this paper is to explore the possibility of
such a reduction.
Figure 1a shows the three-dimensional (3D) model of a hydrogenfueled ramjet with an annular detonative combustor located in the
rare of the engine. The diameter of the outer combustor wall
is 120 mm. This con¦guration has been chosen based on the multivariant parametric 3D numerical simulations ful¦lled at the ICP
using the computational technology reported elsewhere [3]. Figure 1b
shows the photograph of the ramjet model manufactured for test ¦res
in a wind tunnel. The ramjet is designed for the approaching air §ow
Mach number M = 2 at the sea level and is currently under preparation for testing in the wind tunnel at M = 1 . . . 2.5.
Figure 2 shows the calculated dependencies of the e¨ective thrust
and fuel-based speci¦c impulse of the hydrogen-fueled ramjet in the
range of the approaching §ow Mach number M = 1.12.7 at the sea
level conditions. The e¨ective thrust is determined as the integral of
pressure and friction forces over all solid surfaces of the model, i. e.,
it includes the aerodynamic drag of the model. The speci¦c impulse
is determined as the ratio of the total thrust to the rate of fuel consumption. In all simulations, for the sake of simplicity, the ramjet
was placed in the supersonic §ow of the homogeneous stoichiometric
hydrogenair mixture and mixture reactivity was arti¦cially deacti62
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Figure 1 Hydrogen-fueled ramjet with an annular detonative combustor:
(a) 3D-model; and (b) the photograph of the experimental sample

vated upstream from the entrance to the annular combustor. This
way, the formation of fuelair mixture was avoided from consideration. In these conditions, the operation mode with a single rotating
detonation wave was always obtained after the forced ignition of the
reactive mixture in the combustor.
It is seen from Fig. 2 that the start-up Mach number of the ramjet
with detonative combustion is as low as M = 1.3 when the e¨ective
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Figure 2 Calculated dependencies of the e¨ective thrust (a) and fuelbased speci¦c impulse (b) on the §ight Mach number

thrust becomes positive. This result will be further veri¦ed by numerical simulations with separate delivery of air and hydrogen in the
combustor as well as by test ¦res of the experimental sample of Fig. 1b
in the wind tunnel.
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