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Abstract: - Computer aided design of new effective and clean hydrogen engines needs
mathematical tools for supercomputer modeling of hydrogen — oxygen components mixing and
combustion in rocket or aviation engines.

The paper presents the results of developing verification and validation of mathematical model
making it possible to simulate unsteady processes of ignition and combustion in RAM or pulse detonation
engines.

One of peculiarities of hydrogen-oxygen rocket engine is the following. On injecting liquid
components fuel (hydrogen) having must lower critical temperature comes pre-evaporated and pre-heated
in combustion chamber, while oxygen could be liquid then evaporating inside the chamber. Thus contrary
to most types of engines hydrogen engine has an inverse mixture entering combustion chamber, in which
fuel is gaseous and oxidant is liquid.

Onset of detonation being very dangerous for classical RAM engines could, however, serve the
basis for creating new generation of engines - pulse detonating engines (PDE). For this issue the problems
of detonation onset and deflagration to detonation transition should be simulated quite accurately, because
these processes strongly depend on inlet conditions, mixture composition and geometrical characteristics
of combustion chamber.
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1 Introduction’

Rocket engines using hydrogen-oxygen
mixture have the following peculiarity. On injecting
liguid components fuel (hydrogen) having much
lower critical temperature comes pre-evaporated and
pre-heated in combustion chamber, while oxygen
could be liquid then evaporating inside the chamber.
Thus contrary to most types of engines hydrogen
engine has an inverse mixture entering combustion
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chamber, in which fuel is gaseous and oxidant is
liqguid. However, taking into account rather low
critical temperatures for both components estimates
based on models developed in [1-3] show, that phase
transition will take place in an order of magnitude
faster then for hydrocarbon fuels. That provides the
reason to use one phase model as a first order of
approximation. Onset of detonation being very
dangerous for classical RAM engines could, however,
serve the basis for creating new generation of engines
- pulse detonating engines (PDE) [4]. For this issue
the problems of flame stabilization [5] and detonation
onset, decay and deflagration to detonation transition
should be simulated quite accurately, because these
processes strongly depend on inlet conditions,
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mixture composition and geometrical characteristics
of combustion chamber [6-8].

Hydrogen chemistry modeling is rather
complicated because regular kinetic mechanisms have
hundreds stages. Many reduced kinetic mechanisms
were developed. However, peculiarities of hydrogen
combustion Kinetics, the presence of zones of inverse
dependence of reaction rate on pressure, makes
developing reduced mechanisms a very difficult task,
which was studied by many researchers [9-13]. In the
present paper Kkinetic models developed based on
methodology [15] will be used. The validation of
these models will be performed based on
experimental investigations of ignition delay times
being functions of pressure, temperature and mixture
composition [16].

Combustion in terrestrial conditions is strongly
affected by thermogravitational instability, which
provides additional very effective mixing of the
components and formation of combustible mixture in
the vicinity of each droplet. On the contrary, this
mechanism does not work under low gravity
conditions. Only diffusion contributes to mixing,
which makes ignition and combustion conditions less
favorable.

It should be mentioned, that thermo-convective
effect on droplet evaporation manifest as long as
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droplet could evaluated as

be
3
gro hy
Mar =t t =
evap/ conv Dcpe (Te _TW)
microgravity conditions Mar number tends to zero
and thermo-convective mixing is not essential for all
sizes of droplets. Thus ignition and combustion under
microgravity needs  special accounting  for
microgravity diffusive combustion modes [14, 17].

[3] Under

2 Mathematical model

Numerical investigations of the DDT processes
were performed using the system of equations for the
gaseous phase obtained by Favre averaging of the
system of equations for multicomponent multiphase
media. The modified k-epsilon model was used. To
model temperature fluctuations the third equation was
added to the k-epsilon model to determine the mean
squared deviate of temperature [7, 8]. The production
and Kinetic terms were modeled using the Gaussian
techniques [18, 19].

The gaseous phase was supposed to contain
the following set of species:

{H,0,0H,H,0,HO,,H,0,;0,,H,,N,}.
The following brutto reactions between the

Mar  number  is  larger  then unity species were considered:
Mar :tevap/tconv >1. This number for evaporating
N, Reaction Reaction rate coefficient kP
1 0,+H < O0H O 2.00-10" -exp[-70.3/R,T]
2. H,+O<OH H 5.06-10" - T> -exp[-26.3/R,T]
3. H,+OH < H,0r H 1.00-10° - T**-exp[-13.8/R.T]
4. OH +OH & H,0+ O 1.50-10° - T***-exp[-0.4/R.T]
5. H+H+M o H+ M 1.80-10%® .7+
6. +0+M <0+ M 2.90-10" . T
7. H+OH+M < H,0r M 2.20-10%.T 2%
8. H+0,+M & HG M 2.30-10% . T
9. HO, +H < OH OH 1.50-10" -exp[-4.2/R.T]
10. HO, +H & H#+ O, 2.50-10" -exp[-2.9/R,T|
11, HO,+H & H,©0 O 3.00-10% -exp[-7.2/R,T|
12 HO,+0 < OH O, 1.80-10" -exp[+1.7/R.T]
13. HO, +OH < H,0+ O, 6.00-10"
14, HO, + HO, & H,0#+ O, 2.50-10" -exp[+ 5.2/R.T]
15. OH+OH+M & H,06 M | 3.25.10%2.T 2%
16. H,0,+H o H+ HO, 1.70-10% -exp[-15.7/R,T]
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17. H,0,+H < H,©6 OH 1.00-10" -exp[-15.0/R,T|
18. H,0,+0 < OH HO, 2.80-10" -exp[—26.8/R.T]
19. H,0,+OH & H,0f HO, | 5.40-10” exp[-4.2/R.T]

Table 1. Kinetic mechanism [12]

In table 1 reactions 1 — 4 correspond to reaction
exchanges involving “light” radicals O, H, OH ,
reactions 5 — 7 are responsible for recombination of
“light” radicals, in reactions 8 — 13 “heavy” radical
HO, is involved as well, the rest of reactions 14 — 19

are characterized by the presence of another “heavy”
radical H,0, .

Mechanism [12] assumes the effect of third body in
recombination reactions to be described by one and
the same coefficient for all reactions. The coefficients
are present in the table 2. For all other components
not present in the table Chaperon coefficients are
assumed to be unity.

H2 | O2 | H20 | N2
Y« 10|04 |65 |04
Table 2. Chaperon coefficients for
reduced reaction mechanism presented in
table 1.

3 Combustion chamber with coaxial
injection of oxygen and hydrogen

Diffusion combustion onset in a model
combustion chamber [5] was simulated numerically
using Logos code [19, 35]. Oxygen was delivered
through the inner nozzle, hydrogen was delivered
through the ring surrounding nozzle.

P, Pa
?.009'0-005
2.80e+005
2.40e+005
2.00e+005
1.60e+005
| 1.20e+005
1.00e+005

<

t=0.1 ms

P,Pa
.00e+005
2.80e+005
2.40e+005
2.00e+005
1.60e+005

£ 1.20e+005
1.00e+005

k=<4l
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Simulations were performed for the following model
parameters.

Unsteady-state simulation regime incorporating 10
iterations per time step. Explicit scheme with constant
Courant number 0.15. Turbulence model SA (Spalart
— Allmaras). Scheme TVD is used for solving gas
dynamic equations. Computational domain has an
axial symmetry. The model chamber is initially filled

in with nitrogen, pressure P, . =1 6ap, temperature

T.. =300 K, velocity equals to zero. Through

central inlet nozzle (surface IN1) cool oxygen is
delivered. Through peripheric ring inlet (surface IN2)
heated hydrogen is delivered. Inlet velocity is parallel
to axis of symmetry. The inlet data values are present
in the table 3. The outlet condition on the right hand

side is constant pressure P =1 bar. No slip
conditions were placed on all walls.

IN1 IN2
Pstat ! Ptot ! Ttot ! Pstat ! Ptot ! Ttot !
6ap 6ap | K 6ap 6ap | K
2.5 2.7 250 | 3.0 3.2 1300
Table 3. Inlet conditions. P, -static

stat
pressure, P, -total pressure (static+dynamic), T,

stagnation temperature.

The chamber was initially filled in with
nitrogen. Fig. 1 shows successive stages of chamber
flow until it reaches stable combustion regime.

ot ~

Ux, m/s

'2000.

i

1000.

0.

-200.
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P, Pa

2.80e+005
$2.40e+005
2.00e+005
-1.60e+005
|1.20e+005
1.00e+005

= St

P, Pa

2.80e+005
$2.40e+005
2.00e+005
-1.60e+005
|1.20e+005
1.00e+005

P, Pa

2.80e+005
$2.40e+005
2.00e+005
-1.60e+005
|1.20e+005
1.00e+005

=

Fig. 1. Dynamics of pressure (left) and axial velocity (right) stabilization after launching the combustion

chamber.
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t=0.2 ms
Ux, m/s
" 1000.
l_ 0.
t=0.3 ms
Ux, m/s
100, L
i_ 0 SIS
t=0.4 ms
Ux, m/s
. -
i o B ——
t=0.5ms

OH
.00e-004
1.00e-004

- 1.00e-005
1.00e-006
1.00e-007

2.00e-008

t=0.8 ms

foo?-iooa
1.00e-004

- 1.00e-005
1.00e-006
1.00e-007

2.00e-008

t=1.0 ms
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H20 OH
0.50 f,oue-ooa
b odo 1.00e-004
’ 1.00e-005 [
0.20 1.00e-006 5
| 100607 M
0.00 2.00e-008
t=1.2 ms
H20 OH
0.50 f,oue-ooa
b odo 1.00e-004
’ I — 1.00e-005 [
020 M 1000006 ———--
i
| 100607 M
0.00 2.00e-008
t=1.4ms
H20 OH
' 040 s
_— 1.000.005 [
020 NG 1.000-006 I —
[ —
| 1000007
0.00 2.00e-008
t=1.6 ms
H20 OH
0.50 fnua-ona
b oio 1.00e-004
’ [ 1.00e-005 T
020 I 1000006  NERS——
R —
| 100e.0o7
0.00 2.00e-008
t=1.8 ms
H20 OH
0.50 f,oue-ooa
b oio 1.00e-004
’ I— 1.00e-005 [T
020 1.000-006 I
.
| 1000.007
0.00 2.00e-008
t=2.0 ms

Fig. 2. Dynamics of water vapor concentration (reaction product, left) OH radical (right) stabilization after

launching the combustion chamber.

As it is seen from Figs. 1 and 2 before establishing
steady-state combustion regime in the chamber strong
pressure and velocity oscillations take place caused
by shock waves propagation both in longitudinal and

E-ISSN: 2224-347X

transverse directions. But stabilization of gas dynamic
parameters (pressure and velocity) comes faster then
stabilization of reaction zone. In stable regime
pressure monotonously decreases from inlet to the
outlet. Axial velocity increases. Dynamics of OH
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radical concentration helps us to trace the flame zone,
because peculiarity of hydrogen combustion
mechanism makes this radical formation and death
take place within the flame zone. It is an intermediate
product. (Fig. 2). Analysis of species concentrations
distribution shows that diffusion combustion regime
was established near the nozzle. Narrow zone of OH
radical presence testifies that. Diffusion combustion
regime is characterized by wvery fast chemical
reactions surpassing the rate of diffusion transport of
species to reaction zone. Under these conditions
reagents are unable to penetrate deep through the
mixing zone not entering into chemical reaction. The
zone of reaction conversion is very narrow, and the
process is governed by diffusion rather than
chemistry. However, on moving away from the
nozzle the mixing zone becomes wider and
concentration gradients decrease. But along with this
decrease of reagent concentration takes place, which
brings to a decrease of chemical reaction rate and
increase of induction time. Thus chemical reaction
becomes limiting factor and reaction rate begins to
play important role as compared with diffusion.
Under this condition reaction zone becomes wider
and occupies the whole chamber. But reaction
intensity is much lower, which is shown by the
decrease of OH radical concentration. The situation is
due to mixture being enriched: the system runs out of
oxygen earlier than hydrogen is consumed thus
coming to long ignition delay times. The reaction
product — water vapor — distribution in Fig. 2 shows,
that conversion of hydrogen was not complete,
because there are no reaction products found near the
wall. The conclusion, which one could drive out of
this model simulation, should be that initial inlet
parameters were sufficient for establishing stable
combustion in the chamber, but not optimal to
guarantee maximal conversion of reagents within the
combustion chamber domain. The developed
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numerical tool makes it possible to perform
optimization studies for hydrogen - oxygen
combustion chambers.

Fig. 3 illustrates an experimental one-injector
chamber of SSME type [http://ntrs.nasa.gov/] and

numerical grid used in simulations by Logos code
[35].

Fig.3. Experimental combustion chamber and grid details.

Results of numerical simulations are present in Fig. 4
in the form of maps of different flow parameters in
the axial cross-section.

T *
750.000 1.250e+003 1.750e+003  2.000e+003 2.250e+003  2.750e+003  3.250e+003
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0.275 0.350 0.400

CK 02 *
0.470

0.150 0.300

0.705 0.825
=
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d

Fig. 4. Flow parameters maps in axial cross-section of model combustion chamber: a — tempersture, b — OH radical mass
concentration, ¢ — hydrogen mass concentration, d — oxygen mass concentration.

4 Detonation decay and re-initiation on
entering wider chamber

The control of detonation onset in large chambers
is of major importance in pulse detonating devices.
The advantages of detonation mode of energy
conversion over constant pressure combustion bring
to the necessity of promoting the onset of detonation
and shortening the pre-detonation length. The onset
of detonation in large chambers could be promoted in
two ways.

First way is promoting DDT in the whole chamber
using different turbulizing elements, such as Schelkin
spiral, orifice plates, or wider cavities [4]. The
method is very effective, mostly using wider cavities
[5], but the predetonation length turns to be big for
wide chambers [8].

Second way is promoting onset of detonation in
narrow chambers, which needs much shorter pre-
detonation length, and then transmitting the
detonation to a wider chamber. The method is
effective in terms of shortening the predetonation
length, but there is a great probability the
transmission of detonation could fail under certain
conditions.

Detonation wave can be transmitted in a wider
chamber from a narrow peripheric coaxial gap. On
entering wider chamber decay of detonation wave
begins due to divergence and decay of transverse
waves. But cumulative effect on converging waves
the center of the cylinder makes leading shock wave
stronger, which promotes re-initiation of detonation.
Of course, all scenarios are strongly dependent on
reaction rate, which means on mixture composition
and mixture temperature. Below Figs. 5 illustrate
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transmission of a detonation wave from a narrow gap
20 mm width into a big cylindrical chamber 200 mm
diameter. The upper part of each figure illustrates
pressure fields in a cross-section, the lower part
illustrates temperature fields, as the model problem
was assumed to have axial symmetry.
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1.344e4005 .008e¢005 10674006 15344006 2.000e+006

g
l*l
2.000e#002 .500e¢002 110064003 155064003 2.000e+003 h

Fig. 5. Transmitting detonation wave from narrow
gap to cylindrical chamber :

ab-H,:0,:N,=15:1:5;¢d- H,:0,:N,=2:1:7;
ef- H,:0,:N,=2:1:5; mapping scales for pressure
(9) and temperature (h).
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As it is seen from the figures, transmission of
detonation finally succeeds in all cases, but the fastest
process takes place in a stoicheometric hydrogen — air
mixture (Fig. 5), which is coherent to theoretical
models, because stoicheometric hydrogen - air
mixtures have the shortest ignition delay time (Fig. 3),
which means faster reaction rate and smaller
detonation cell size. However, for lean mixture (Fig.
3) and diluted stoicheometric mixture (Fig. 4)
transmission of detonation is also successful for the
present configuration, while direct transmission from
20 mm diameter tube into 200 mm diameter tube fails
for both lean and diluted mixture. As it is seen from
Figs. 13 and 14, on entering wider chamber from a
narrow gap reaction front lags behind the leading
shock due to the effect of front stretch. Transverse
waves travel only in the direction of expansion,
because there are no reflected waves traveling from
that side. It can be clearly traced from temperature
maps, because temperature behind the transverse
detonation wave increases close to its equilibrium
value. Then convergence of shock waves to the axis
of symmetry of the cylinder brings to an increase of
its intensity and reinitiation of detonation upon
reflection from the axis. Fig. 6 illustrates more stages
of transmission of a detonation wave in diluted
stoicheometric mixture, which makes it possible to
trace the mechanism of degeneration and
reestablishing of detonation wave.

" [0}

f) pressure temperature

Fig. 6. Transmitting detonation wave from narrow gap to cylindrical chamber H,:0,:N, =2:1:6. Times: a -

0.2448 ms, b - 0.2629 ms, ¢ — 0.2707 ms, d - 0.2855 ms, e - 0.2978 ms, f - mapping scales for pressure and
temperature.

The result drives us to conclusions, that the suggested
configuration is optimal for transmission detonation
from narrow to wide chambers, and that developed

E-ISSN: 2224-347X

numerical tool makes it possible to perform
optimization studies of hydrogen — oxygen detonation
engine design.
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5 Deflagration to detonation transition
(DDT)

Among all the phenomena relative to
combustion processes deflagration to detonation
transition is, undoubtedly, the most intriguing one.
Deflagration to detonation transition (DDT) in gases
is relevant to gas and vapor explosion safety issues.
Knowing mechanisms of detonation onset control is
of major importance for creating effective mitigation
measures addressing the two major goals: to prevent
the DDT in case of mixture ignition, or to arrest the
detonation wave in case it was initiated. The new
impetus to the increase of interest in deflagration to
detonation transition (DDT) processes was given by
the recent development of pulse detonation devices.
The probable application of these principles to
creating the new generation of engines put the
problem of pulse detonating devices (PDD)
effectiveness on top of current research needs. The
effectiveness of the PDD cycle turned to be the key
factor characterizing the Pulse Detonation Engine
(PDE), which operation modes were shown to be
closely related to periodical onset and degeneration of
a detonation wave. Those unsteady-state regimes
should be self-sustained to guarantee a reliable
operation of devices using the detonation mode of
burning fuels as a constitutive part of their working
cycle. Thus deflagration to detonation transition
processes are of major importance for the issue.
Minimizing the pre-detonation length and ensuring
stability of the onset of detonation enables to increase
effectiveness of PDD. The DDT turned to be the key
factor characterizing the PDE operating cycle. Thus,
the problem of DDT control in gaseous fuel-air
mixtures became very acute.

The study of DDT in hydrogen-air mixtures,[20-
23] and then in hydrocarbon-air mixtures[24, 25]
have shown that there are numerous DDT scenarios.
Different mechanisms of the detonation initiation
depend on a particular flow structure generated by the
accelerating flame, and for this reason, all details of
the DDT process cannot be reproduced in
experiments. Currently, there are different viewpoints
on the DDT mechanism: “explosion in an explosion™
by Oppenheim [20] and gradient mechanism of
"spontaneous combustion" by Zeldovich [26].
Oppenheim observed spontaneous local explosions
that were primary sources of the unburned gas layers
compression, so that they “exploded” subsequently.
Zeldovich suggested the “spontaneous” mechanism
according to which combustion wave velocity is
determined by gradient of ignition induction time due
to non-uniform heating of different unburned gas
layers.

A subsequent theoretical analysis showed that a
microscale increase in nonuniformity of the

E-ISSN: 2224-347X
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temperature  distribution and an increase in
concentration gradient near local exothermal centers
("hot spots") ahead of the flame front may turn out to
be sufficient for an individual hot spot to develop
either into a normal combustion wave, or to a
detonation wave [27-30]. Oppenheim thought one
needed a stochastic modeling of isolated hot spots
because their origination and evolution was not
understood at the time. However, subsequent
modelers used entirely deterministic methods to
identify the properties of hot spots and reasons for
their origination. An analysis of theoretical and
experimental results shows that self-ignition at one or
several hot spots ahead of the accelerating flame with
subsequent development of combustion or detonation
wave from each local exothermal center is
responsible for the existence of numerous DDT
scenarios [5]. Shock waves arise owing to initiation
and influence of the flame as an accelerating
spherical piston. Reflection of compression waves
from the container walls or from interfaces between
gas mixtures of different densities leads to circulation
of waves whose amplitude may increase owing to
interaction with the flame. The common feature of all
these scenarios is the formation of local exothermal
centers by Oppenheim’s stochastic mechanism with
the subsequent development of detonation at the
microscale according to Zeldovich’s spontaneous
mechanism [5, 32]. The DDT study in the case of
interaction of a reflected shock wave with the laminar
flame [31, 32] also shows that the deflagration-to-
detonation transition at the hot spots follows the
gradient mechanism, whereas the interaction between
the shock wave and the combustion wave, as well as
local inhomogeneities of the flow, create conditions
for the emergence of hot spots themselves. Other
investigators explain the detonation wave onset not
by spontaneous flame acceleration within a single
exothermic center, but rather restructuring of flow
being the result of flame interaction with the zone of
elevated temperature ahead, which leads in the long
run to ignition delay gradients formation sufficient for
spontaneous detonation onset [33]. There is no
experimental evidence by nowadays that DDT could
take place in an open space without any obstacles and
wave reflections, nor has anybody obtained such a
DDT in numerical simulations [34].

The present study was aimed at adjusting the code
for numerical simulation of the whole problem of
mild ignition, slow flame onset, flame acceleration
and turbulization, and finally deflagration to
detonation transition [36-41].

Fig. 7 illustrates the successive stages of the
detonation onset in a tube 600 mm long and 20 mm
diameter after mild ignition in the left hand side. The
upper part of the tube is used for illustrating pressure
maps, the lower part (below axis) shows temperature

Volume 9, 2014



WSEAS TRANSACTIONS on FLUID MECHANICS

maps. The mapping colours for pressure and
temperature are present in the bottom of Fig. 7 as
well. The characteristic times, for which the plots are
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shown, are depicted in the right hand side of the
figure in seconds.
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Fig. 7. Successive stages of the detonation onset in a tube 600 mm long and 20 mm diameter after mild ignition in
the left hand side in hydrogen — air mixture H,:0,:N, =2:1:4. The upper part of the tube is used for illustrating

pressure maps, the lower part (below axis) shows temperature maps.

The tube being relatively long the maps are shown in
Fig. 8 in a different scale for the 100 mm sections of
the tube for different times. Mapping colors arethe
same as shown in Fig. 7.As it is seen from Figure 17,
flame propagation begins from the left hand side,
which is testified by temperature increase up to the
highest value corresponding to the equilibrium state
of reaction products. The pressure increase is very
small, however, it could be trace on the upper parts of
figures for early time moments. For time 0.27 and
0.41 s shock wave in the gas propagates far ahead of
the flame front. Then turbulization of the mixture
brings to an increase of flame propagation velocity,
and the distance between flame zone and leading
disturbance shortens. Temperature maps illustrate
strong non-uniformity of temperature distribution
along tube radius. It is seen that flame propagates
faster in the vicinity of the wall, where turbulence is
stronger. Finally at t=0.55 s convergence of shock
waves brings to pressure increase in the wall zone,
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which in the long run brings to formation of
detonation and retonation waves propagating in the
opposite directions. The DDT scenario and the maps
are qualitatively similar to those obtained in
experiments [20]. The onset of detonation wave in the
wall boundary layer zone coincides with theoretical
conclusions [27, 28]. More detailed examination of
detonation onset zone (Fig. 8 ¢, d, ) shows that there
exist strong transverse shock waves in this zone.
Retonation wave propagates backward both in heated
reaction products in periphery and cool combustible
mixture, however, shock wave in heated products
overtakes detonation in cool combustible mixture. On
reaching the detonation wave self-sustaining regime
in its propagation in right hand side direction (Fig. 8,
f) strong transverse waves degenerate into low
amplitude oscillations of leading detonation front,
which corresponds to cellular structure detected in
experiments.
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a) tube section 0 — 100 mm,;

e) tube section 200 — 300 mm, time 0.6017 s;

-<

f) tube section 300 — 400 mm, time 0.6017 s.

Fig. 8. Exposition of 100 mm length zones of the tube for different times. Mapping scale corresponds to that
provided in Fig. 7.

hand side of the figure. The first two curves illustrate
slow pressure increase in a weak shock wave
overtaking flame zone. Then exothermal center (hot
spot) appears which brings to an increase of pressure

Axial pressure profiles for successive stages of DDT
process are shown in Fig. 9. The corresponding time
moments for each curve are shown in the upper left
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behind leading shock wave. Fourth curve illustrates
formation of an overdriven detonation, which on
overtaking the leading shock enters cool combustible
mixture (curves 5 and 6). Overdriven detonation
gradually slows down to Chapman-Jouget mode.
Both detonation and retonation waves have triangular
profiles. Pressure in the zone of first explosion
gradually decreases on detonation and retonation
waves leaving the zone. On moving backward
retonation wave has similar intensity as the
detonation wave until it moves within the zone,
wherein combustible mixture is still present near the
axis (fifth curve in Fig 19). On entering reaction
products occupying whole tube retonation wave
degenerates in a shock wave, slows down and loses
its intensity (sixth curve in Fig. 9).

25

—0.2762

04144
20} 05496
—0.5763
—0.6017 \

|[——0.6504

Pressure, bar

04 05

Fig. 9. Axial pressure profiles for successive time in
DDT for hydrogen-air mixture H,:0,:N, =2:1:4.

6 Conclusions

Predictive modeling 3-D code was developed
making it possible to simulate chemically reacting
turbulent pre-mixed and not pre-mixed flows. The
code resolves hydrogen combustion chemistry in a
sufficient way to model anomalous behavior of
ignition delay times versus pressure. Within one and
the same solver it was made possible to model
establishing slow diffusion and kinetic combustion
modes, as well as onset of detonation modes, and
resolve deflagration to detonation transition
nmechanisms. Verification and validation of the code
were carried out.

In combustion chambers unsteady-state regime
of establishing stable combustion was simulated:
reagents burning process begins more like a diffusion
flame near the injector nozzle, but more deep in the
chamber chemical reaction becomes limiting factor
and reaction rate begins to play important role as
compared with diffusion. Under this condition
reaction zone becomes wider and occupies the whole
chamber.
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Detonation degeneration and reestablishing on
being transmitted from thin gap to a wide chamber
was studied being relevant to pulse detonation engine
functioning. It was demonstrated that on transmitting
detonation from a narrow coaxial gap to a wide
cylindrical chamber detonation wave degenerates but
then could be reestablished due to cumulative energy
effect in converging shock waves. While on
transmitting expanding detonation waves from a
narrow tube into a wide tube detonation wave has
much more chances to degenerate for the same
mixture compositions.

Deflagration to detonation transition process in
hydrogen — air mixtures was simulated. After mild
ignition shock wave in the gas is very weak in the
beginning propagates far ahead of the slow flame
front. Then turbulization of the mixture brings to an
increase of flame propagation velocity, and the
distance between flame zone and leading disturbance
shortens. Flame propagates faster in the vicinity of
the wall, where turbulence is stronger. Convergence
of shock waves brings to pressure increase in the wall
zone, which in the long run brings to formation of
detonation and retonation waves propagating in the
opposite directions. An overdriven detonation is
formed, which on overtaking the leading shock enters
cool combustible mixture. Overdriven detonation
gradually slows down to Chapman-Jouget mode.
Both detonation and retonation waves have triangular
profiles. Pressure in the zone of first explosion
gradually decreases on detonation and retonation
waves leaving the zone. On moving backward
retonation wave has similar intensity as the
detonation wave until it moves within the zone,
wherein combustible mixture is still present near the
axis. On entering reaction products occupying whole
tube retonation wave degenerates in a shock wave,
slows down and loses its intensity.

Thus developed code makes it possible to
simulate combustion phenomena relevant to
propulsion applications and to study its peculiarities.
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