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Abstract—The aim of this work is to apply threedimensional numerical simulation to determining the con
ditions of the stable operation of the rotatingdetonation chamber (RDC), the thermal state of the chamber
walls, as well as the most important parameters of the flow at the inlet and outlet, keeping in mind the possi
bility of placing the RDC between a compressor and a turbine in a prospective gas turbine installation. The
model is based on a system of threedimensional unsteady Reynoldsaveraged Navier–Stokes, energy, and
species conservation equations for a multicomponent reacting gas mixture supplemented by a turbulence
model. The system is solved using a combined algorithm based on the finitevolume and particle methods.
The capabilities of the computer program are demonstrated by the example of a circular RDC with inner and
outer walls 260 and 306 mm in diameter and with axial introduction of a hydrogen–air mixture through an
annular gap at the bottom of the chamber (with a relative area of 0.6). The detonation wave spun over the bot
tom at a frequency of ~126000 rpm. Calculations have shown that such an RDC can operate in a steady mode
with one detonation wave.
Keywords: rotatingdetonation chamber, numerical simulation, region of existence of detonation.
DOI: 10.1134/S1990793112010071

INTRODUCTION
A rotatingdetonation jet engine, first proposed by
Voitsekhovsky in 1959 [1], is considered one of the
most promising for further improving the aircraft pro
pulsion units and power plants, in particular, gas tur
bine installations (GTI).
To understand how the rotatingdetonation cham
ber (RDC) operates, consider an annular channel
formed by the walls of two coaxial cylinders of equal
length. Mounting a nozzle head at the bottom of the
cylinders to provide supply of fuel components into
the annular channel and a jet nozzle at the other end
of the channel makes an annular flow reactor. Com
bustion in such a reactor can be realized in different
ways: either as in an ordinary liquid rocket engine
(LRE) or according to Voitsekhovsky’s scheme, when
the mixture is burned in detonation waves traveling in
the same (tangential) direction along the bottom of the
annular channel. The detonation wave (DW) burns
fresh portions of fuel mixture injected into the com
bustion chamber in the tail of the head wave or during
its one revolution in the annular channel (in the case
of a single wave). The angular frequency of rotation of
the DW in a mediumsize chamber is of the order of
105 rpm and higher.
The oxidation of fuel in the DW occurs in the mode
of selfignition at high pressures and temperatures.
Therefore, the efficiency of the combustion process in

the RDC, ceteris paribus, will be higher than in the 1 2
LRE (the process occurs at higher pressures behind
the shock wave [2]). Use of the RDC promises great
benefits, at least theoretically, for the aerospace and
energy industries. In particular, because the fuel burns
in the RDC continuously, a turbine can be installed at
the nozzle exit, on a common shaft with the compres
sor driving air into the annular combustion chamber.
Given that the speed of the turbine is on the order of
104 rpm, during one revolution of the turbine, the DW
makes ten or more turns, i.e., the exhaust gas flow
through the crowns of the turbine can be considered
nearly steady with some pulsations. In this configura
tion, a gas turbine with an RDC is very similar to a
conventional gas turbine, but instead of continuous
combustion, a DW continuously circulates in the
RDC. Such a turbine, in conjunction with an electric
generator, can serve as an effective stationary power
plant.
To date, the greatest success in the implementation
of rotating detonation has been achieved by our col
leagues from the Lavrentyev Institute of Hydrody
namics of the Siberian Branch of the Russian Acad
emy of Sciences (LIH SB RAS, Novosibirsk),
F.I. Bykovsky, A.A. Vasiliev, E.F. Vedernikov, and
S.A. Zhdan; a considerable contribution to solving the
problem was made by deceased V.V. Mitrofanov. These
researchers have conducted systematic experimental
studies of continuously rotating detonation in annular
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and disk combustion flow chambers of various designs
with both fuel–oxygen and the fuel–air mixtures
(FAMs), with gaseous and liquid fuels (see, e.g., [3–6]).
Recently, these authors published the results of suc
cessful experiments on detonation combustion of
woodcoaldust–air mixtures [7]. Along with experi
ments, the scientists from the LIH SB RAS for the first
time performed numerical simulations of the opera
3 tion of the RDC, based on the equations of inviscid
flow in a planar formulation with periodic boundary
conditions at the ends of the interval [8]. Solving the
problem by the relaxation method, the authors of [8]
determined the region of existence of the detonation
mode in the RDC and estimated the thrust character
istics of a jet engine on its basis.
In the past decade, interest in the RDC concept
increased significantly: the works of French [9, 10],
Poland [11], American [12] and Japanese [13] and
Chinese [14] scientists have appeared. These papers
report the results of experimental and computational
theoretical studies of the process of operation of the
RDC. Experiments abroad are performed mainly with
hydrogencontaining gas mixtures. As regards compu
tationaltheoretical studies, as in [8], they all are based
3 on the equations of inviscid flow (Euler equations) for
homogeneous gas mixtures.
Despite these successes, the practical application
of the RDC is still discussed with great caution. The
fact is that the heat flux to the walls near the nozzle
head of the RDC, where detonation waves circulate,
reaches enormous values. An RDC, to sustain such
heating, should be made of ultrahightemperature
materials and additionally cooled. Not surprisingly
that the existing laboratory RDC specimens can oper
ate for only fractions of a second or, at best, a few sec
onds.
In addition to the problem of cooling, there are
many other problems associated with the organization
and control of the operation process. It suffices to
mention only a few related physicochemical phenom
ena to understand the complexity of the process. To
realize a stable (steady) DW circulation, it is necessary
that the state of the combustible mixture before the
DW front would remain unchanged or would change
so little as not to affect the velocity and structure of the
wave. This can be achieved only by ensuring (on the
average) steadystate conditions of supply and mixing
of the fuel and oxidizer, eliminating the possibility of
spontaneous ignition of the fresh mixture on the hot
lateral walls of the chamber near the nozzle head, and
minimizing the combustion of the mixture at the
developed contact boundary with the hot detonation
products behind the wave front. It should be borne in
mind that the tangential propagation of a DW in an
annular channel of finite curvature is accompanied by
diffraction effects on the outer and inner cylindrical
surfaces. This leads to the formation of induced trans
versewave structures interacting with the inherent
transverse waves of the detonation front. In places of
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collision of transverse waves belonging to different
structures, areas with abnormally high pressure (which
requires to substantially increase pressure in the supply
lines of the nozzle head) or with reduced pressure
arise. The first effect results in the penetration of the
detonation products into the nozzle head, whereas the
second, to the premature injection of the fuel compo
nents into the detonation products. The picture is
compounded by the fact that a complete molecular
mixing of the fuel components takes a finite time; i.e.,
a layer of mixture incapable of detonating is formed
near the nozzle head. This layer is compressed and
heated in an oblique shock front attached to the DW.
In addition, if we take into account that the flow
behind the DW is subject to a strong lateral expansion
(in the direction of nozzle), it becomes clear that the
flow pattern is in general unsteady and threedimen
sional.
The above considerations refer to the steadystate
operation of the RDC. In transient conditions, such as
startup, restart, etc., the situation is more compli
cated. Of course, to identify the determining factors in
this complex picture and to try to formulate practical
recommendations, it is necessary to rely on the most
advanced numerical methods for solving gas dynamics
problems.
As noted above, this problem has been treated only
on the basis of the inviscid flow equations. Virtually all 3
the studies conducted so far have ignored the effects of
curvature of the DW trajectory and the effects associ
ated with the finite rate of the turbulent and molecular
mixing of the fuel components with each other and
with the detonation products. In such formulation of
the problem, it is impossible to determine the heat
fluxes to the chamber wall and their spatial distribu
tion and to fully investigate the stability of the solution
to perturbations arising upstream and downstream
from the detonation region (after the compressor in
the lines of supply of the combustible mixture compo
nents, at the exit of the chamber before the turbine,
etc.). These effects and phenomena can become of key
importance in designing the RDC for advanced jet
engines and gas turbines. In particular, analysis of the
molecular and turbulent transport will allow laying
down requirements for the systems of supply of the
fuel components and for the intensity of their mixing
near the bottom of the RDC and determining the heat
flux to the chamber wall. Special attention should be
paid to modeling the flow near the bottom of the
RDC. In the existing models, steadystate boundary
conditions of consumption of the homogeneous com
bustible mixture are set: the consumption rate is deter
mined by the ratio of the mixture pressure in the reser
voir to the local instantaneous pressure at the bottom
(with account of blocking); a negative consumption is
not allowed. Obviously, in order to correctly model the
flow near the bottom, it is necessary to consider the
outflow of the fuel components from the correspond
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Fig. 1. Diagram of a gas turbine engine with RDC.

ing reservoirs through the openings into the combus
tion chamber.
The purpose of this study is to perform a three
dimensional numerical simulation of the operation of
the RDC in order to determine the conditions of exist
ence of detonation in the RDC, the thermal state of
the chamber walls, and the most important parameters
of the flow at the inlet and outlet of the RDC, bearing
in mind the possibility of its placement between the
compressor and the turbine in an advanced GTI.
GEOMETRY OF COMPUTATIONAL
DOMAIN
Consider the layout scheme of a RDCbased GTI
shown in Fig. 1. Such a gas turbine includes an intake
system, compressor, RDC, turbine, and nozzle. The
main element is an RDC in the form of a cylindrical
annular combustion chamber. The air passing through
the intake system and compressed in the compressor is
continuously fed into the RDC, where it mixes with
the fuel to form a FAM, which burns quickly in the
rotating DW. The detonation products expand first in
the turbine and then in the nozzle. Detonation in the
RDC is accompanied by perturbations of pressure,
propagating upstream and downstream. In order to
attenuate these disturbances (waves), it is necessary to
install gasdynamic isolation devices (IDs) at both
sides of the RDC. The corresponding IDs will be
referred to as inlet (from the side of the compressor)
and outlet ones (from the side of the turbine).
A diagram of an RDC with inlet and outlet IDs is
shown in Fig. 2a. We made the following simplifying
assumptions:
(1) the interaction of the flow in the RDC with the
compressor and turbine are excluded from consider
ation;
(2) the RDC with height Lc, diameter phase the
outer cylindrical wall dc, and annular gap width Δ
operates on a homogeneous FAM, which is fed into an
annular inlet ID of height Lui through the lower
boundary (Fig. 2b);
(3) the static pressure Pin and temperature Tin at the
lower boundary of the inlet ID are kept constant;
(4) FAM is fed into the RDC through an nozzle
head in the form of two concentric annular gaps of
width δ and height Ls;
(5) attached to the RDC is an annular outlet ID of
height Ldi;
(6) the static pressure Pout at upper boundary of the
outlet ID is determined by the ID volume, which is
initially filled with air at a pressure of Pout < Pin;

(7) the temperature of all solid surfaces is kept con
stant, Tw.
Thus, we considered an RDC in assembly with
simple annular IDs. It is understood that the level of
disturbances coming from the RDC to the lower and
upper boundaries of the computational domain makes
it possible to judge on the maximum expected load on
the compressor and turbine components, and that the
heat flux to the walls of the RDC and outlet ID char
acterizes the worst thermal state of the walls.
Detonation in the RDC is initiated by a strong
shock wave, generated in a special initiator (not shown
in Fig. 2). After initiation, the DW propagates along
the nozzle head, for example, counterclockwise
(Fig. 2a), burning fresh FAM, while the detonation
products flow from the RDC into the outlet ID and
then into the turbine, predominantly in the axial
direction.
The operation of the RDC under consideration is
possible if a number of requirements for the chemical
composition of the FAM, values of Pin and Tin, and
geometric dimensions of the chamber, the nozzle
head, inlet and outlet ID, material of the walls, and
cooling rate are met. Generally speaking, these
requirements are not known beforehand, and the
region of existence of detonation in the RDC should
be determined by solving the problem. Nevertheless,
as a starting point for selecting the dimensions and
operational parameters of the RDC, the known data
on the dynamic parameters of detonation (multifront 4
detonation cell size, critical diameter of detonation,
critical thickness of semiinfinite detonating layer,
etc.) and its concentration limits can be used.
MATHEMATICAL MODEL
The mathematical formulation of the problem is
described in detail in [15, 16]. Here, we limited our
selves to a brief summary of its main points.
The flow of a viscous compressible gas in the com
putational domain was described using the three
dimensional unsteady Reynoldsaveraged Navier–
Stokes, energy, and species conservation equations.
The turbulent fluxes of species, momentum, and
energy were modeled within the framework of the
standard k–ε turbulence model. Due to the above
characteristics of the operation of the RDC, the con
tribution from the frontal combustion to the chemical
sources in the equations of conservation of energy and
components of the mixture was neglected. The contri
butions of these reactions to the indicated bulk chem
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Fig. 2. (a) Rotatingdetonation chamber with attached inlet and outlet isolation devices; (b) basic geometric dimensions of the
chamber with longitudinal coordinate z.

ical sources were determined using the particle
method (PM) [15–18].
The most important advantage of the PM is its abil
ity to accurately determine the rates of chemical reac
tions in turbulent flow, without invoking any hypothe
ses about the influence of turbulent fluctuations on the
mean rate of the reaction. In the PM algorithm, the
instantaneous local states of a turbulent reacting flow
are represented as a set of interacting (Lagrangian)
particles. Each ith particle has its individual proper
ties: the position in space x ki , three velocity compo
nents uki (k = 1, 2, 3), volume Vi, density ρi, temperature
Ti, mass fractions of N chemical components
yli (l = 1,..., N ), and statistical weight wi, which is used
to determine the mean values of the variables over the
ensemble of particles. For each ith particle, we solve
the system of equations of conservation of mass of the
species, momentum, and energy; the flux (transfer)
terms are calculated using the classic models of linear
relaxation to the mean [17].
The equations of the model were closed by the
caloric and thermal equations of state of a mixture of
ideal gases with variable heat capacity, as well as by the
initial and boundary conditions. All the thermophysi
cal parameters of the gas were considered variable.
METHOD OF CALCULATION
AND BASIC PARAMETERS
Numerical solution of the governing equations of
the problem was carried out using the dual algorithm
“SIMPLE method [19]–Monte Carlo method”. The
chemical sources were calculated by an implicit
scheme with an internal time step of integration. The
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B

dual algorithm was previously used to simulate flame
acceleration and deflagrationtodetonation transi 5
tion in smooth tubes and in tubes with obstacles
[15, 16], as well as to solve the problems of shockini
tiated autoignition and preflame ignition in confined
spaces [20]. In all cases, satisfactory agreement
between the results of calculations and experiments
were observed.
In the present work, the FAM was a stoichiometric
hydrogen–air mixture. The oxidation of hydrogen was
described by a singlestep reaction scheme:
H2 + H2 + O2 → H2O + H2O.
(1)
 2] at elevated pres
The rate of hydrogen oxidation [H
sures P (5 to 40 atm) and temperatures T (1100–2000 K)
was presented by the formula
i
11 −1.15
2
−10 4 T
[H 2] = −8.0 ⋅ 10 P
[H 2] [O 2]e
(atm, mol, L, s).
This formula was obtained by fitting the depen
dences of the induction period on the pressure and
temperature obtained using expression (1) to those
calculated within the framework of an extensively
tested detailed kinetic mechanism of hydrogen oxida
tion [21].
The table shows the parameters for the five variants
of calculations discussed below. The values of the main
parameters (in mm) of the problem were as follows:
Lui

Ls

Lc

Ldi

dc

Δ

δ

200

50

100

450

306

23

6.9

The height of the RDC Lc was 100 mm, so that the
chamber could accommodate a layer of detonating
FAM of thickness approximately equal to the critical
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Parameters for five calculation variants

4

Variant

Pin, atm

Tin, K

Tw, K

kin, J/kg

εin, J/(kg s)

YH2,in

1
2
3
4
5

15
20
10
25
10

293
293
293
293
580

293
293
293
293
293

10–3
10–3
10–3
10–3
10–3

2 ⋅ 10–4
2 ⋅ 10–4
2 ⋅ 10–4
2 ⋅ 10–4
2 ⋅ 10–4

0.028
0.028
0.028
0.028
0.028

thickness [4] hm = (12 ± 5)λD, where λD is the multi
front detonation cell width at a typical pressure in the
chamber. Since the pressure in the chamber is not
known beforehand, the firstguess estimate was the
value of λD under normal initial conditions: λD ≈ 15 mm
for a stoichiometric hydrogenair mixture at 0.1 MPa
and 298 K. The values of geometric parameters dc and
Δ in the table were chosen using the experimental data
from [3]. According to [4], the parameters hm, dc, and
Δ define the total number nD of detonation waves
capable concurrently circulate in the RDC: nD =
πda/(7 ± 2)hm, where da = dc – Δ is the average diameter
of the chamber. It is seen that, under the selected val
ues of Lc ≈ hm, dc, and Δ, only one DW can propagate
in an RDC fed with a stoichiometric hydrogen–air
mixture, a result that greatly simplifies the analysis.
Note, however, that these estimates are used only as a
starting point for designing an RDC, whereas the
actual characteristics of operation of the RDC can
only be obtained by solving the problem.
The boundary conditions for the average flow
velocity, pressure P, temperature T, turbulent kinetic
energy k and its dissipation rate ε, and the concentra
tions of N chemical components Y1 (l = 1,…,N) on the
solid walls of the computational domain were set using
the formalism of wall functions on the assumption that
the walls are isothermal (T = Tw = const), impervious,
and noncatalytic, with noslip properties. At the open
boundary, from the side of the compressor, the inlet
boundary conditions were specified (index “in”) in the
form of fixed values of Pin, Tin, kin, εin, and
Yl,in (l = 1,..., N ). At the open boundary from the side
of the turbine (index “out”), a fixed value of Pout was
set or ∂Pout/∂z = 0. In both cases, to eliminate the
influence of perturbations reflected from this open
boundary on the operation of the RDC, an outlet ID
of relatively large volume was attached to the RDC. In
fact, the outlet ID was profiled so (Fig. 26) that the
boundary condition at the given open boundary had
no effect on the solution, i.e., the axial velocity com
ponent of the flow in the outlet ID would be super
sonic. The other variables (velocity, temperature, tur
bulent kinetic energy, and its dissipation rate, as well as
the concentration of the components) were extrapo
lated to this boundary of the computational domain.
The boundary conditions for particles (components of
the velocity vector and scalar variables) on the solid

walls and open boundary were formulated so that they
would be matched to the boundary conditions for the
average values of relevant variables. This matching was
continuously monitored by comparing the values of
the variables obtained by averaging over the ensemble
of particles in the computational cell with the average
values of these variables obtained by solving the aver
aged equations of flow [18].
It was assumed that, at the initial time, the RDC
and the inlet ID were filled with a quiescent FAM,
whereas the outlet ID, with air (Fig. 3a). To initiate
detonation in the RDC, we placed into the RDC a vol
ume of finite size filled with the products of combus
tion of stoichiometric hydrogen–air mixture (H2O
and N2) at elevated pressure and temperature, as
shown in Fig. 3.
The initial position of the particles in the computa
tional domain (coordinates x ki , k = 1, 2, 3) was
selected using a random number generator, which pro
vided an average uniform distribution over unit length.
At the initial time, each particle had preset values of
the variables uki , Vi, ρi, Ti, yli (l = 1,..., N ), and wi, con
sistent with the initial distributions of the correspond
ing mean values. The nominal number of particles per
computational cell Np was specified before simulation.
In the calculations discussed below, Np was set equal
to 10. Note that, in the course of computations, the
actual number of particles in the cell could vary (par
ticles moved over the computational domain). To keep
the number of particles fixed, special procedures of
cloning and clustering of particles were used [18].
To ensure the propagation of the DW in the
selected direction, for example, counterclockwise in
Fig. 2a, a layer of temporary inert particles was
included in the initial distribution of particles in the
RDC in a clockwise direction from the initiation area.
Immediately after the initiation of detonation, these
particles become active.
Generally speaking, the flow pattern in the RDC
depended on the chosen value of Np and on the com
putational grid. However, preliminary calculations
showed that, at Np > 10–15, the dependence of the
parameters of the flow on Np becomes weak. The cal
culations were performed on grids that produced no
influence on such integral characteristics as the region
of existence of detonation, the average static and total
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Fig. 3. Initial distributions of the (a) mass fraction of hydrogen, (b) total pressure, and (c) static temperature in the RDC with
inlet and outlet IDs.

pressure in the RDC, the average heat flux to the
chamber wall, and the pulsations of the flow parame
ters in the inlet and outlet IDs, as well as on the local
characteristics, such as the velocity, curvature, and
height of the DW front. As regards the internal struc
ture of the detonation front, the grids used did not
allow resolving it adequately. The last will be the sub
ject of further studies.
SIMULATION RESULTS
Figure 4 shows the calculated distribution of the
static temperature (a), total pressure (b), the mass frac
tion of hydrogen and heat flux to the outer wall (c) at
two points in time separated by an interval of Δt = 60 µs
for calculation variant 1, with Pin = 1.5 MPa. All the
distributions displayed in Fig. 4 correspond to the
solution in the immediate vicinity of the solid walls in
the computational domain. Variant 1 predicts that
only one DW circulates in the RDC, reaching the limit
cycle after 3 to 4 runs of the wave around the chamber,
i.e., 1–2 ms after the initiation of detonation. The rota
tional speed of the DW turned out to be 126000 rpm
(2.1 kHz). The height of the FAM layer directly ahead
of the DW (Figs. 4a, b) was ~70–80 mm, i.e., close to
the critical layer thickness hm, as estimated using the
empirical criterion from [4] (despite the fact that the
average static pressure in the RDC was higher than
0.1 MPa). Our attempts to simultaneously initiate two
or more DW in the RDC of selected geometry failed.
This result is consistent with the empirical criterion [4]
for the total number nD of DW that can simultaneously
propagate in the RDC. The shock waves generated by
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B

detonation propagate upstream and downstream
(Fig. 4b). The fuel burns out completely in the RDC:
a small amount of unburned hydrogen in the DW
(Fig. 4c) burns up in the outlet ID. Local heat fluxes to
the outer wall near the nozzle head of the RDC
(Fig. 4d) reach very high values, ~16 MW/m2. It is
interesting that, in one revolution of the DW, the det
onation products managed to only partially penetrate
into the annular gaps of the nozzle head and did not
penetrate into the inlet ID at all. Note that the contri
bution of the dynamic component of the total pressure
from the side of the compressor is relatively small (less
than 3% Pin).
Figure 5 displays the calculated time dependences
of the parameters of the process of operation of the
RDC for 12 consecutive revolutions of the DW, start
ing with the initiation of detonation. The dependences
are shown for the static pressure P (Fig. 5a) and the
static temperature T (Fig. 5b) at a point located at a
distance of z = 20 mm from the nozzle head at the cen
ter of the gap of width Δ. For comparison, Fig. 5 shows
two families of curves: for calculation variant 1 (solid
curves) and variant 2 (dashed lines). The horizontal
dotted lines in Fig. 5a correspond to the mean static
pressure, as obtained by averaging over the RDC vol
ume after the limit cycle was reached in both calcula
tion variants. As can be seen, the average static pres
sure in the RDC depends on Pin: the higher the Pin, the
greater the pressure in the RDC. The obtained values
of the mean static pressure (1.44 and 1.94 MPa) turned
out to be slightly lower (by 4% and 3%) than the cor
responding values of Pin. However, the values of total
pressure, obtained by averaging over the RDC volume
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Fig. 4. Calculated distributions of the (a) static temperature, (b) total pressure, (c) mass fraction of hydrogen, and (d) and heat
flux to the walls at times t = 5.75 ms (top) and 5.84 ms (bottom) for variant 1.
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Fig. 5. Calculated time dependences of the (a) static pressure and (b) static temperature in the RDC at a distance of z = 20 mm
from the nozzle head at the center of the gap for variants 1 (solid curves) and 2 (dashed). The dotted line shows the static pressure
obtained by averaging over the RDC volume upon the onset of limit cycle.

after reaching the limit cycle were higher than Pin, 1.71
and 2.35 MPa for variants 1 and 2, respectively. This
means that the total pressure in the RDC increases by
about 11% Pin and 14% Pin, respectively. The total pres
sure in the RDC increases despite the fact that the energy
release occurs in a relatively narrow (70–80 mm) layer of

FAM, limited by external and internal walls of the
chamber, partially limited (with a permeability of 0.6)
by the nozzle head, and is not limited whatsoever from
the side of the turbine. That is why the RDC is often
referred to as a combustion chamber with pressure
increase. In contrast to the static pressure, the static
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a distance of z = 20 mm from the nozzle for variant 3 with detonation failure.
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temperature is practically independent of Pin (Fig. 5b).
The mean detonation velocity in both variants was
~1850 m/s, which is 6% lower than the Chapman–
Jouguet detonation velocity for a stoichiometric
hydrogen–air mixture under normal initial conditions
(~1970 m/s).
Our attempts to obtain a stable operation at Pin <
1.3 MPa and Pin > 2.5 MPa, with the other conditions
corresponding to variants 1–3, were not successful.
For example, at Pin = 1.0 MPa, after initiation, deto
nation decayed (Fig. 6). At Pin > 2.5 MPa, detonation
failure was caused by a very large flow rate of FAM
through the nozzle head: the reaction zone was dis
placed from RDC. In addition, in these conditions,
due to the rapid mixing of fresh mixture with detona
tion products, ignition kernels arose, which violated
the homogeneity of the gas behind the DW. Thus, det
onation in the RDC of chosen geometry occurred only
within a range of 1.3 ≤ Pin ≤ 2.5 MPa.
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B

Figure 7 shows the variations of the boundary con
ditions from the side of the turbine (Fig. 7a) do not
affect the operation of the RDC. Indeed, the calcu
lated time dependences of the mean static pressure
(and the other averaged parameters of the flow) at any
point in the RDC remained unchanged regardless of
what boundary conditions were set at the upper
boundary of the outlet ID, be it Pout = 0.1 MPa or the
absence of the axial pressure gradient, ∂Pout/∂z = 0
(Fig. 7b).
Figure 8a shows another important feature of the
flow in the vicinity of the nozzle head of the RDC,
namely a difference between the maximum static pres
sure at the inner and outer cylindrical walls of the
chamber. The solid and dashed curves in Fig. 8a show
the calculated time evolution of the static pressure at
the inner and outer walls of the chamber for two oper
ation cycles. Due to the diffraction of the DW, the
maximum pressure at the outer wall is 20–25% higher
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Fig. 8. (a) Calculated time histories of the static pressure at the inner (solid line) and outer (dashed line) walls of the RDC in a
section located near the nozzle head for variant 1; (b) time histories of the total heat flux at the inner (dashed curves) and outer walls
(dashed) of the RDC and attached outlet ID for variants 1 (curves 1) and 2 (curves 2).
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Fig. 9. Calculated distribution of the (a) static temperature and (b) mass fraction of hydrogen in the RDC in section z = 5 mm
above the nozzle head in variant 4.

than at the inner wall, but otherwise, the curves are
practically identical.
Figure 8b displays the calculated dependence of the
total heat flux to the inner (solid lines) and outer
(dashed lines) walls of the RDC with the outlet ID
attached for variants 1 (curve 1) and 2 (curves 2). The
total heat flux was calculated as the average integral
value over the surface area of the interior or exterior
walls. It is seen that the heat flux to the inner wall is
higher than that to the outer. In calculation variant 1,
this difference amounted to 5%, whereas for variant 2,
to 10%. With increasing Pin, the heat flux to the walls
increased: in variants 1 and 2, the calculated average

values of the total heat flux to both the wall were ~3
and 2.0–3.5 MW/m2, respectively.
Figure 9 shows the calculated distributions of the
static temperature and mass fraction of hydrogen in a
section of the RDC located at a height of z = 5 mm
above the nozzle head for variant 4 with Pin = 2.5 MPa
(table). As can be seen, the mixture ahead of the DW
traveling in a counterclockwise direction is nonuni
form in temperature and composition. As a conse
quence, the detonation front becomes Wshaped, with
the leading points located at the inner and outer walls,
as well as at the center of the gap. Another important
feature of the flow is the formation of ignition kernels
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Fig. 10. Calculated time dependences of the static pressure at a point in the inlet ID at z = 150 mm for variants 1 (solid curves)
and 2 (dashed).

behind the DW. These kernels arise due to a rapid mix
ing of inflowing fresh mixture with hot detonation
products.
Of considerable practical interest are the flow char
acteristics in the inlet and outlet IDs, from side of the
compressor and turbine, respectively. Figure 10 shows
the calculated time dependences of the static pressure
in the inlet ID in a section with z = –450 mm for vari
ants 1 (solid line) and 2 (dashed line).
We see that the pressure pulsations in the inlet ID
reach (40÷45%) Pin. Such pulsations cause local
changes in the direction of flow (gas velocity at the
entrance to the ID becomes negative), a highly unde
sirable effect. Thus, to prevent the unstable operation
of the compressor, pressure pulsations should be
damped. Note that, in calculations, the particles in the
inlet ID were considered inert. This was done, firstly,
to prevent the penetration of detonation into the ID
and, secondly, to model an actual process with inde
pendent air supply (through the inlet ID) and hydro
gen (directly into the nozzle head).
Figure 11 presents the calculated time evolution of
the static pressure (Fig. 11a) and static temperature
(Fig. 11b) at a point in the outlet ID with z = 475 mm
for variants 1 (solid curves) and 2 (dashed curves). It is
seen that the annular outlet ID, which is a simple
extension of the RDC reduces the amplitude of pulsa
tions of the static pressure and static temperature as
compared to similar pulsations near the nozzle head
(Fig. 5). Nevertheless, the absolute values of pressure
fluctuations are sufficiently large: ±0.5 MPa at Pin =
1.5 MPa and ±0.7 MPa at Pin = 2.0 MPa, i.e., at a level
of (30÷35%) Pin. The corresponding macroscopic
(nonturbulent) fluctuations of static temperature
reach ±250 K at 2500 K, i.e., ~10%. Obviously, the
outlet ID must be designed in such a way as to damp
pressure and temperature pulsations. Moreover, the
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B

average temperature of detonation products (~2500 K)
is too high for the turbine. Therefore, to reduce the
temperature at the gas turbine inlet, the RDC should
operate on fuellean mixtures or the outlet ID should
be equipped with special holes for admixing relatively
cold secondary air.
Figure 12a illustrates a simple example with an out
let ID equipped with three radial holes 5 mm wide,
which connect the ID with an additional annular air
cooling circuit. As shown in Fig. 12a, air is driven
through the additional circuit. Figure 12b compares
the calculated time evolution of the static temperature
under conditions of variant 1 at the same point as in
Fig. 11 without (solid curve) and with (dashed line) air
cooling. It is seen that admixing of air to in the deto
nation products makes it possible to reduce the aver
age static temperature and the amplitude of its pulsa
tions in the outlet ID. By contrast, the average static
pressure in the RDC increases due to admixing sec
ondary air (Fig. 12c). This is consistent with the exper
imental observations reported in [3]. Note that
according to [3], admixing of air to detonation prod
ucts increases the specific impulse per fuel consumed
and, therefore, decreases specific fuel consumption.
However, this is beyond the scope of this article.
So far we have considered variants with supply of a
cold FAM into the RDC (Tin = 293 K). In reality, in
the inlet ID of a gas turbine, the air is heated due to
compression in the compressor to the pressure Pin.
Figure 13 shows the results of calculations for variant 5,
in which the temperature of the FAM at the entrance
to the computational domain was Tin = 580 K, with the
geometry of the computational domain being the same
as in Fig. 2. It displays the time dependences of the
static pressure (Fig. 13a) and total heat flux to the walls
of the RDC and attached outlet ID (Fig. 13b). In this
case, the operation of the RDC at Pin = 1.0 MPa was
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Fig. 11. Calculated time dependences of the (a) static pressure and (b) static temperature at a point in the outlet ID at z = 475 mm
for variants 1 (solid curves) and 2 (dashed).
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Fig. 12. (a) Diagram of an RDC with inlet and outlet IDs and with an additional annular aircooling circuit; calculated time
dependence of the (b) static temperature and (c) static pressure without (solid curves) and with (dashed curves) the cooling circuit
at Pin = 1.5 MPa.

stable, which was impossible at Tin = 293 K. The static
pressure obtained by averaging over the volume of the
RDC (0.93 MPa) and the amplitude of pressure peaks

(≈4 MPa) in the RDC was lower as compared with
those in variant 1. The total pressure averaged over the
RDC volume was also lower, 1.08 MPa. The total heat
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Fig. 13. Calculated time evolution of the (a) static pressure and (b) total heat flux to the inner (solid curve) and outer (dashed)
walls of the RDC and outlet ID for variant 5 (Pin = 1.0 MPa and Tin = 580 K). In case a, the dotted curve represents the static
pressure average over the RDC volume upon the onset of the limit cycle.

flux to the walls of the RDC and outlet ID decreased
approximately to 2.5 MW/m2. As for the amplitude of
pressure pulsations in the IDs, it remained at the same
level: (40÷45%) Pin for the inlet ID and (30÷35%) Pin
for the outlet ID.
CONCLUSIONS
Thus, we have developed a computer program that
makes it possible to perform fullscale threedimen
sional simulations of the operation of the rotatingdet
onation chamber. As an example, an annular combus
tion chamber operating on a stoichiometric hydro
gen–air mixture was considered.
It was shown that, for the chosen configuration of
the RDC, a steady operation is possible with one DW
rotating above the nozzle head at a frequency of
126000 rpm (2.1 kHz). The region of existence of det
onation in the RDC is limited to the range 1.3 ≤ Pin ≤
2.5 MPa (at Tin = 293). Since the temperature Tin
increases due to adiabatic compression in the com
pressor, the lower boundary of existence of detonation
in the RDC lowers to Pin ≈ 1.0 MPa. In all calculation
variants providing stable operation, the total pressure
in the RDC was higher than Pin, a result that confirms
the fact that the RDC is a combustion chamber with
pressure increase.
In the course of simulation, special attention was
paid to the characteristics of flow in the inlet and out
let IDs, which are supposed to communicate with the
compressor and turbine. We considered IDs of the
simplest annular shape. It was assumed the level of dis
turbances coming from the RDC to the lower and
upper boundaries of the computational domain will
allow evaluating the maximum expected load on the
compressor and turbine components, whereas the heat
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B

fluxes to the walls of the RDC and outlet ID will pro
vide information on the worst thermal state of the
walls. The temperature of the detonation products in
the outlet ID turned out to be ~2500 K. To reduce the
gas temperature before the turbine, we propose to
dilute detonation products with secondary cold air
coming into the outlet ID through radial openings. It
is shown that this method makes it possible to reduce
the mean static temperature and the amplitude of its
fluctuations in the outlet ID.
Calculations have shown that the amplitude of
pressure fluctuations in the inlet and outlet IDs can
reach very high values (40÷45%) Pin and (30÷35%)
Pin, respectively. The amplitude of pulsations of the
average static temperature in the outlet ID can reach
10% of the mean level. Thus, to eliminate unwanted
mechanical load on the compressor and turbine com
ponents and to exclude dangerous offnominal modes
of operation (such as compressor surge), it is necessary
to take special measures to dampen such pulsations.
The local and total heat fluxes to the wall of the
RDC and outlet ID were calculated. It was shown that
local heat fluxes near the nozzle head could be as high
as 16 MW/m2; however, the total heat flux, defined as
the integral average heat flux at the inner and outer
walls of the RDC and outlet ID, was at a level of 2.5–
3.5 MW/m2, depending on the pressure of FAM supply.
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