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Abstract-The development and structure of the mixing and combustion process of sub- and supersonic 
hydrogen/air flames was investigated by means ofoptical measurement techniques. The experiments showed 
that the development of the mixing jet can be predicted with a new, given formula. The use of a rearward 
facing step enabled the stabilization of the flame under all operation conditions of the combustion chamber 
up to supersonic speed. A given model for the stabilization of high-speed hydrogen/air flames explains the 

influence of turbulent flow structures on the combustion process. 

1. INTRODUCTION 

COMBUSTION is still the most important way to provide 
thermal energy for application in power plants, heat- 

ing and propulsion systems. Not only the efficiency 
but also the environmental impact of these systems 
are linked to the efficiency of the combustion process. 
The most common type of flames used in technical 

combustion systems are diffusion flames, where fuel 
and oxidizer enter the combustion chamber separ- 
ately. They are mainly controlled by the mixing pro- 
cess of the utilized fuel and oxidizer (pure oxygen or 

air), as the time constant for mixing T,,,,, is 5-6 orders 
of magnitude higher than the time constant for the 

chemical reaction Q,_,,,~~,. This means that mixing is 
the leading control parameter for the efficiency of 
technical combustion processes. The mixing process 
itself is controlled by convective mass transfer and 
diffusion of the injected fuel and the surrounding air, 

and is influenced very much by turbulent structures 
in the flow field and the injector geometry. 

In the past a huge number of theoretical and exper- 
imental works were published dealing with the injec- 

tion and mixing of gaseous types of fuel into high 
speed air flows, focusing on high speed aircraft pro- 
pulsion system applications [lP17]. The purpose of 
these papers was to describe the mixing process due 
to the penetration of the mixing jet into the sur- 
rounding air flow and the concentration profile of 
the mixing jet using different injector geometries. The 

goal of these investigations was to predict the behav- 
iour of the upcoming flame for combustion chamber 
design. Figure 1 shows a sketch of a fuel/air mixing 
jet developing downstream of an injector geometry. 
The coordinate system is located in the centre of the 
injector nozzle with the x-axis in the direction of the 
initial air flow and the y-axis perpendicular to it. The 
former investigations showed that, in general, the 

spatial growth of the outer border of the mixing jet 
can be described by using a power law like 

where /I represents the growth rate of the mixing jet 

and the constant C is a function of the used injector 
geometry and the initial fuel and air flow parameters. 
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FIG. 1. Sketch of the mixing jet with cross flow in the vicinity 
of the fuel injection zone. 
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NOMENCLATURE 

c constant in equation (1) UH burning velocity in [m s ‘1 

d” diameter of the injector nozzle [mm] 111. local flow velocity in [m s ‘1 
F/A fuel/air mixing ratio .Y coordinate in the direction of the initial 
I specific momentum ratio of fuel and air, air flow field 

(PMl?)f,,,/(PW?),,, .1’ coordinate normal to the direction of the 

M, initial air Mach number initial air flow field. 
M,, Mach number of the helium jet at the exit 

cross-section of the injection nozzle 

P pressure [Pa] Greek symbols 

P,VCX,l static pressure of the air flow at the injection angle [ ] 
exit cross-section of the combustion ; growth exponent of the outer border of 

chamber [Pa] the mixing jet 

Pamh~ent static pressure of the ambient SlHe exponent of the specific helium mass flow 

atmosphere at the exit cross-section of rate in equations (2) and (5) 
the combustion chamber [Pa] ?M exponent of the initial air Mach number 

pouC stagnation pressure of the helium at the in equations (2) and (5) 
exit cross-section of the injector nozzle h’ isentropic exponent 

Pal (W)‘,,, specific mass flow rate of air 

PllC static pressure of the helium at the exit [kgm ‘s ‘1 

cross-section of the injector nozzle [Pa] (j~lr)~,~ specific mass flow rate of helium 
R He specific gas constant of helium [J kg K ‘1 [kgm ‘s ‘1 
T temperature [K] (P~'Lr,, critical specific mass flow rate of 

T 0. He stagnation temperature of the injected helium [kg m ’ s ‘1 defined by equation 
helium [K] (4) 

T,, initial air temperature in [K] (p~v),,~ specific mass flow rate of hydrogen 

Tu degree of turbulence [kgm Z s ‘1. 

The object of this paper is to demonstrate the effect The interchangeable injection block, which was linked 

of turbulence on the development of the mixing jet 

and on the stabilization of hydrogen/air flames in the 
vicinity of a rearward facing step. Thereby the initial 
air flow velocity was varied within a wide range up to 

supersonic speed and a number of different types of 
injector geometries were investigated. The major 
difference to other experimental investigations is the 

use of non-preheated air and the use of a rearward 

facing step as a turbulence promotor. Wall effects of 
a duct flow concerning the growth of the mixing jet 
and the flame stabilization are also taken into account. 

The mixing and combustion processes were visualized 
using non-intrusive diagnostic methods such as holo- 
graphic interferometry and OH self-fluorescence. 

2. EXPERIMENTAL SETUP AND 
MEASUREMENTTECHNIQUE 

The experimental investigations concerning the 
development and behaviour of the fuel/air mixing jets 
and of the combustion processes were performed in a 
combustion chamber sketched in Fig. 2. Pressurized 
air with a total temperature T, = 291 K was accel- 
erated in an asymmetric, two-dimensional LAVAL 
nozzle with an exit cross-section of 30 mm x 15 mm. 
Thereby the air flow velocity could be varied between 
25 m s ’ (M, = 0.07) and 445 m s-’ (M, = 1.3). 

to the gas supply system, was equipped with different 
injector geometries : single hole injectors with an injec- 

tion angle of 90, 45 and 0 , respectively, and a twin 
hole injector and a slot injector with an injection angle 
of 45”. A rearward facing step downstream of the 
injection block was used to induce turbulent flow 
structures and to generate a turbulent recirculation 

zone for the enhancement of the mixing process and 
the stabilization of the flame. The step height of the 
rearward facing step could be varied between 0 and 
IO mm. The side walls of the combustion chamber 
were equipped with quartz glass windows to receive 
transparency for optical measurement techniques in 
the visible and in the ultra-violet spectrum. The flame 

table downstream of the exit cross-section was, as well 
as the whole combustion chamber. not cooled and 
made of stainless steel. 

The experiments were subdivided into two parts. 
The first part was the investigation of the mixing pro- 
cess in the near field of the injector. These experiments 
were done without combustion (‘cold mixing’) using 
helium as a substitute for hydrogen. The second part 
dealt with the investigation of the combustion pro- 
cess concerning the stabilization and the behaviour of 
the hydrogen/air flames. 

The mixing processes of helium and air were inves- 
tigated by means of holographic interferometry using 
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FIG. 2. Sketch of the combustion chamber. 

the ‘finite fringe’ method. Thereby the deformation of 
a pattern of initially parallel fringes due to the injec- 
tion of helium into the air flow was a direct measure 
for the concentration distribution inside the mixing 

jet. This deformation could be observed in real time 
on a projection screen and was monitored using an 
intensified CCD camera with very short exposure time 
of only 100 ns, so even highly dynamic processes could 
be recorded. The interferograms were analysed 
with respect to the spatial growth, the penetration, 

the concentration profile and the temporal fluctuation 
of the mixing jet. More detailed information on the 
holographic interferometry technique is given in refs. 
[18-211. 

It can be seen that with an initial air Mach number 

of M, = 0.08, the parallel fringe pattern of the inter- 
ferogram downstream of the injector is un- 
deformed. This means that the whole combustion 

chamber is filled with a homogeneous mixture of 
helium and air. When increasing the air Mach number 

to M, = 0.25, the mixing jet penetrates deep into the 
air Ilow and is quickly deflected towards the air flow 

direction. It can be seen, that the outer border of the 
mixing jet is very ragged, which indicates the impact 
of macroscopic and microscopic vortices on this free 
mixing shear layer. A further increase of the air Mach 

number leads to a decrease of the penetration and to 
a stronger deflection of the mixing jet, as the specific 

momentum ratio of helium and air, I= (pw),,/(pw),,, 
decreases. This means, that the mixing jet becomes 

more and more slender, though the outer border stays 
very ragged. 

The combustion processes concerning the stabil- When reaching supersonic air velocity (M, = 
ization, the length and the structure of the high- 1 .l l), the mixing jet becomes very slender and unites 
speed hydrogen/air flames were investigated by means with the free shear layer in the wake of the rear- 
of OH self-fluorescence [ 19, 20, 221. In the course of ward-facing step. This presented case of supersonic 
the H,/02 reaction, the 21 single reaction steps can flow is an adapted nozzle how, which implies that 
be subdivided into two blocks of chemical reactions, the static pressure of the air flow at the exit cross-sec- 
endothermal and exothermal. The transition from the tion of the combustion chamber is identical with the 
endothermal into the exothermal block is char- static pressure of the ambient atmosphere (p.,,,,,, = 
acterized by the appearance of the OH radical. This pamhlcn,). The last interferogram of this series shows 
means that the OH radical indicates the actual reac- the mixing jet in an underexpanded nozzle flow 
tion front of the Ilame. In the course of this transition, (p,,,,,,,, > pamhlcn,). In this case, the mixing jet is very 
the OH radicals emit light in the near ultra-violet thin and collapses with the free shear layer in the wake 

spectrum within a wavelength band of 28G350 nm, 

with a strong band head at 306.7 nm. This phenom- 
enon of light emission is called chemoluminiscence 

or self-fluorescence [22-241. The spatial and tem- 
poral distribution of the reaction front in high-speed 
hydrogen/air flames were determined by recording 
the OH self-fluorescence using a UV-intensified CCD 
camera equipped with a small-banded interference 

filter with a centre wavelength of 308 nm. 

3. RESULTS AND DISCUSSION 

3.1. Development and behaviour qf the helium/air 
mixing jet 

The investigation of the development and behav- 

iour of the helium/air mixing jet was conducted with- 
out combustion by means of holographic inter- 

ferometry (see Section 1). Figure 3 shows a series of 
interferograms demonstrating the dependency of 
the helium/air mixing jet on the initial air Mach num- 

ber M,, which was determined immediately in front 

of the injector. The injection of the helium was realized 
with a single hole injector perpendicular to the air 
flow direction (r = 90”). The helium mass flow rate 

was 1.46 g s- ’ (specific mass flow rate : (~Iv)~~ = 116.2 

kg mm2 s- ‘) and constant for all air Mach numbers. 
The height of the rearward facing step was 10 mm, 

which is 25% of the total combustion chamber height. 
The air flow velocity varied between 27 m s-’ 
(M, = 0.08) and 354m SK’ (M, = 1.17). 
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of the rearward facing step, which is pushed towards 
Figure 3 shows in general the strong dcpendcncy of 

the bottom of the step due to a pressure gradient 
the penetration and the structure of the mixing jet on 

between the main air flow and the recirculation zone. 
the initial air Mach number 44, 

In addition tu that, the interferogram shows an 
Figure 4 shows a series of interferograms indi- 

expansion/recompression shock wave system, which 
C&IQ the dependency ot‘ the mixing jet structure on 

is gencratcd due to the deflection of the main air flow 
the injection angle IF using a single hofc injector. The 

field in rhe vicinity of the rearward facing step. 
initial air Mach number was SCI to M,. = 0.X and the 
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FG. 4. Influence of the injection angle a on the development of the mixing jet recorded by means of 
holographic interferometry (single hole injector, M, = 0.8, (pw),,. = 206.9 kg mm * sm ‘). 

injected helium mass flow rate was 2.6 g SC’ 

((Pw),,~ = 206.9 kg mm* SK’). It can be seen that the 
growth rate and the penetration of the mixing jet 

decreases with decreasing injection angle from t( = 90 
to 45”. On the other hand, the surface of the outer 
border is smoothed and the disturbance of the main 

flow field decreases with decreasing injection angle. 
Using a parallel injector (c( = 0”), the mixing jet does 
not penetrate into the main air flow field and the outer 

border of the jet is identical with the free shear layer, 
generated in the wake of the rearward facing step. 
Approximately 30 mm downstream of the injection 

zone, the mixing jet is broken up by the impact of 
vortices, and from there on the mixing process is 
enhanced by means of induced turbulent flow struc- 

tures. 
This series of interferograms shows that the 

structure and development of the mixing jet with 
respect to the penetration and growth rate is very 

much dependent on the injection angle a used. 
Figure 5 indicates the dependency of the employed 

geometry on the mixing jet development. The figure 
shows the comparison of the mixing jet when using a 
single hole injector, a twin hole injector and a slot 
injector, respectively. The initial air Mach number 

was set to M, = 0.8. The helium was injected with an 
injection angle of a = 45” with a mass flow rate of 
1.46 g s- ’ ((p~),,~ = 116.2 kg mm2 s- ‘). 

It can be seen that the single hole injector causes a 
higher penetration and a greater thickness of the mix- 
ing jet compared with the twin hole injector. The slot 
injector effects the lowest penetration and the smallest 
thickness. When using a single hole injector, the mix- 

ing jet is not in contact with the side walls of the 

combustion chamber. This causes a three-dimensional 
turbulent air flow structure around the mixing jet, 
generating a pair of large-scale vortices in the wake of 

the jet. These vortices deform the initially circular 

cross-section of the mixing jet into a kidney-shaped 
cross-section, and thereby enhances the mixing rate 
due to an increase of turbulence-induced convective 
mass transfer [ 151. When using a twin hole injector, 

this three-dimensional flow structure around the mix- 
ing jet is generated only within the first IO-15 mm 
downstream of the injection zone. Afterwards, the 

two single jets unite in the middle of the flow tield and 
are in contact with the combustion chamber side walls, 
respectively. This means that downstream of this 

point, the mixing jet acts as a dividing layer between 
the main air flow and the flow field in the wake of the 
rearward facing step, and that there is no further flow 

structure around the jet to enhance the mixing 
process, This leads to a strong decrease in the mixing 
rate and the penetration depth. 

When using a slot injector, the mixing jet is in con- 

tact with the side walls of the combustion chamber 
from the beginning of the mixing process, causing a 
permanent dividing layer between the main air flow 

and the flow field in the wake of the rearward facing 
step. This leads to a very poor mixing rate and small 
penetration of the mixing jet. These results concerning 
the influence of the injector geometry used on the 
development and behaviour of the mixing jet are also 
indicated when looking at the possibility of flame 
stabilization described in Section 3.2 below: the 
poorer the mixing rate in the jet and the poorer the 
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FIG. 5. Influence of the injector geometry (single hole, twin hole, slot) on the development of the mixing 

jet recorded by means of holographic interferometry (111, = 0.8. x = 45 , (pw),,, = 116.2 kg m ’ s ‘1. 

three-dimensional flow structure around the jet 
inducing turbulence to the combustible mixture, the 
poorer the possibility to stabilize the flame. 

As already mentioned in Section I. the growth of 
the outer border of the mixing can be described by a 
power law (equation (1)). In this equation the coor- 
dinates s and ,V are normalized with the injector diam- 

eter d,. When modifying this equation, the devel- 
opment of the outer border of the mixing jet for the 
perpendicular injection of helium into the air flow 
field (CZ = 90fi) can be described by the upcoming equa- 
tion (2) 

with M,, as the initial air Mach number and (per),+ 
as the specific mass flow rate of the injected helium 
(in kg m ~’ sm ‘). (,oM~)~~,~~,, is the critical specific mass 
flow rate of the injected helium, defined as the 
maximum specific mass flow rate (in kg mm’ s- ‘) 
which arises when the Mach number of the helium jet 
at the exit cross-section of the injection nozzle appears 
to be equal to unity for the first time (M,,, = 1). The 
critical specific mass flow rate (PW)~_,, can be cal- 
culated as follows. Knowing the static pressure pHe 
at the exit cross-section of the injection nozzle, the 

minimum stagnation pressure P,,,,,, for the critical 
flow conditions of the helium can be calculated by 

(3) 

Hence the isentropic exponent for helium is given by 
ti = I .63. The static pressure for the described exper- 
iments was pI,C = 0.9703 x IO” (Pa), so the stagnation 

pressure was calculated to be po.Hc = I .9706 x 10” (Pa). 
Using the well-known formula for the determination 

of the critical specific mass flow rate 

the critical specific mass flow rate of helium for the 
described experiments was calculated to be ((IH.)~,_~, 
= 182.68 (kg mm’ s- ‘). R,, was the specific gas 
constant of helium and T,,,, = 291 (K) was the stag- 
nation temperature of the injected helium. 

Equation (2) shows that the growth exponent fat 
the outer border of the mixing jet /I = 0.0866 is idcnt- 
ical with the one determined by Orth and Funk [23] 
for the normal injection of hydrogen into a high-speed 
air flow. The exponent of the specific mass flow rate 
of helium Y,,~ = 0.65 indicates the tendency of the 
mixing jet of penetrating deeper into the surrounding 
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FIG. 6. Development of the outer border of the mixing jet at differential initial air Mach numbers M, : 
comparison of experimental data with numerical simulation using equation (2) (LX = 90”, (~%a)“~ = 116.2 

kg m 2 s-- ‘1. 

air flow field with increasing helium mass flow 
rate. The exponent of the initial air Mach number 
yM = - 1.15 expresses the fact that the mixing jet was 
more and more compressed and the penetration depth 
decreases with an increasing air Mach number. 

In Fig. 6 the development of the outer border of 
the mixing jet with perpendicular helium injection 

is depicted. The figure shows the comparison of the 

received experimental data and the calculation using 
equation (2). It can be seen that the correspondence 
between experimental data and the calculation is very 
good over the whole range of the initial air Mach 

numbers. Equation (2) presumes adapted nozzle flow 
conditions for the air flow field, so the calculations 
did not fit with the under-expanded flow field shown 

in the last picture of Fig. 3. 
The evaluations of the experimental data for the 

single hole injection of helium using an injection angle 

of c( = 45 led to a similar equation but different 
exponents of the specific helium mass flow, the initial 
air Mach number and the growth rate of the mixing 

jet. 

0.2 
. M-0.78. 

r ( > f +0.01 (3 
0 

The growth exponent p = 0.2 is greater than the 
exponent for the perpendicular injection case. This 
indicates that using an injection angle of CC = 45”, the 
slope of the outer border of the mixing jet is flatter 

and that, compared with a 90” injector, the deflection 
of the jet due to the impact of the main air flow 
field occurs later downstream of the injection zone. 
Nevertheless it has to be taken into account that the 
smaller exponent for the specific mass flow rate of 
helium yHe = 0.25 and the greater exponent of the 
initial air Mach number yM = -0.78 affects a smaller 
overall penetration of the mixing jet compared with 

the perpendicular injection. Furthermore the numeri- 

cal values of these exponents indicate that the influ- 
ence of the specific mass flow rate of helium and of 

the initial air Mach number on the development of 
the mixing jet is smaller when using an injection angle 
of x = 45” compared with an injection angle of 90”. 

3.2. Structure of the sub- and supersonic HJair James 
Figure 7 shows the image of the reaction front dis- 

tribution of a high-speed hydrogen/air flame recorded 
by means of OH self-fluorescence (see Section I). The 

initial air Mach number was M, = 0.93. Hydrogen 
was injected with a single hole injector using an injec- 
tion angle of I = 45’ with a specific mass flow rate of 
(p~)n~ = 159.2 kg mm’ s- ‘. It can be seen that the 

flame was stabilized in the wake of the rearward 
facing step. Detailed investigations showed that the 

stabilization zone was located inside the turbulent 
free shear layer, separating the mixing jet and the 
recirculation zone in the wake of the rearward facing 

step. The highest reaction rate of the hydrogen/air 
flame could be observed downstream of the exit cross- 
section of the combustion chamber. Outside of the 

combustion chamber, the penetration of the flame 
into the air flow field increased as the influence of the 
combustion chamber walls disappeared. 

The OH self-fluorescence method is a measurement 
technique which integrates over the whole depth of 
the optical path, leading to a two-dimensional image 

of the flame. To investigate the three-dimensional 
structure of the flames it is necessary to have at least 

two images of the flame recorded simultaneously 
under different directions [22]. Figure 8 shows the 
top view and the side view of the reaction front 
distribution of two hydrogen/air flames recorded 
simultaneously under two perpendicular directions 
downstream of the exit cross-section of the com- 
bustion chamber. The hydrogen was injected with an 
injection angle of E = 45” using a single hole injector. 
The specific mass flow rate of the hydrogen was 
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FIG. 7. Image of the reaction front distribution of a high- 
speed hydrogen/air flame recorded by means of OH self- 
ll uorescence (A4, = 0.93. single hole injector. a = 45 , 

(pn,),,. = 159.2 kg mm’s_ ‘). 

(PM.)~,: = 109.0 kg m 2 s ‘, the initial air Mach num- 

bers were M, = 0.6 (A) and M, = 0.81 (B). 
When looking at the flame with M,, = 0.6, it can 

be seen that the region of high combustion intensity 
in the centre of the flame as indicated in the side 
view is not a closed area but a pair of stable vortices 
generated in the wake of the exit cross-section as 
depicted in the top view. When increasing the initial 

air Mach number to M, = 0.81, this pair of vortices 
unite in the centre of the flame. Furthermore, it can 
be seen that there is a flame lift-off with increasing air 
Mach number due to an insufficient mixing rate, and 
thereby an insufficient supply of oxygen in the mixing 

jet inside the combustion chamber. This corresponds 
to the results of the cold mixing experiments presented 
in the previous section of this article. Another inter- 
esting observation is the decrease of the flame length 
with increasing initial air Mach number and the 
appearance of a wavy structure on the surface of the 
flame shape. The nature of this wavy structure is up 
to now not fully understood, but it is supposed, that 
it is caused by resonant flame oscillations influenced 
by the acoustic waves generated inside the combustion 
chamber. 

The experiments have shown that the development 
and the behaviour of the high-speed hydrogen/air 
flames were, in general, very much influenced by the 

turbulent flow structure of the mixing jet and of the 
main air flow. Increasing turbulence led to an increase 
of the overall reaction rate and to a stirring-up of the 
combustion process. 

3.3. Conditions and paramrtrrs,for the stahikution of 

high-speed Hz/air flame 

Figure 9 shows the comparison of a helium/air mix- 
ing jet and a hydrogen/air flame, both recorded in the 

vicinity of the rearward facing step inside the com- 

bustion chamber. The adjusted flow conditions were 
identical, with an initial air Mach number M, = 0.8 
and an injected mass flow rate of (LI~v)~,~,~, = 79.2 kg 

m -Zs-i using a single hole injector (c( = 45 ). When 
comparing these two images, it can be seen that com- 
bustion appears for the first time inside the free shear 
layer which separates the mixing jet and the recir- 

culation zone in the wake of the rearward Pacing step. 
Downstream of that flame stabilization zone, where 
the flame is suspended, the reaction zone spreads 

towards the wake flow, where the interferogram 
predicts a combustible hydrogen/air mixture. 

Another interesting observation is that the flame does 

not move beyond the trajectory of the mixing jet into 

the main air flow. Therefore, the trajectory is defined as 
the line of the maximum local hydrogen concentration 
inside of the mixing jet [I 51. 

The experimental investigations of the sub- and 
supersonic hydrogen/air flames, executed with a huge 
variety of injection geometries, injection angles, 

heights of the rearward facing step and specific mass 
flow rates for hydrogen in a wide range of initial 
air Mach numbers. led to a model for predicting the 
possibility of stabilization of high-speed hydrogen/ail 

flames in the wake of rearward facing steps. Flame 

stabilization means that the burning velocity u,~ is 
identical with the local flow velocity Us 

U” = -U+. (6) 

The burning velocity uH is characterized as a func- 
tion of the fuel/air mixing ratio F/A with its maximum 

in the vicinity of stoichiometry and thermodynamic 
properties such as pressure p and temperature r, and 
is mainly controlled by the degree of turbulence Tu in 

the combustible mixture [25, 261 

U” = ,/‘(&A ; p; T; Tu). (7) 

Experiments have shown that turbulence is able to 

increase the burning velocity up to numbers IOO-times 
higher than the laminar burning velocity. 

Figure IO shows a sketch of the flow field in the 
vicinity of the fuel injector and the rearward facing 
step. The mixing jet and the recirculation zone in the 
wake of the rearward-facing step is separated by a 
turbulent free shear layer, which is characterized by 
the inner border of the mixing jet. Inside the free shear 
layer, the greatest gradients of the flow velocity and 
thereby the highest degrees of turbulence of the whole 
combustion chamber flow field occur. On the other 
hand, the inner border of the mixing jet is char- 
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FIG. 8. Top view and side view of the reaction front distribution of a hydrogen/air flame with an initial 
air Mach number of (A) M, = 0.6 and (B) M, = 0.81; the images were taken downstream of the exit 
cross-section of the combustion chamber, as illustrated in the right sketch (single hole injector. r = 45’, 

(pi),,, = 109.0 kg mm’ SC’). 
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He/air mixing jet H$air flame 
FIG. 9. Comparison of the helium:air mixing jet with the hydrogen/air tlame in the vicinity of the rearward 
facing step inside the combustion chamber (M, = 0.X. single hole injector, x = 45 . (p~~)~,~,,~, = 79.1 kg 

m ‘1s 1). 

acterized by a near-stoichiometric fuel/air mixture. 
This means that this free shear layer provides the 
best conditions for flame stabilization in the entire 
combustion chamber, as the flow velocities are rela- 
tively low and the burning velocities are high due to 
the high degree of turbulence. Therefore, the flame is 
predicted to be stabilized at the inner border of the 
mixing jet. All performed experiments proved this. 

Another region in the vicinity of the mixing jet 
where these conditions for flame s~bilization-apart 
from the low flow velocity-occur, is the outer border 

of the mixing jet. It could be observed that using low 
initial air Mach number of up to M, = 0.1, the flame 
was stabilized also within the outer free shear layer of 
the mixing jet. But when increasing the initial air Mach 
number, the flame was blown off at the outer border 
as the local flow velocity became greater than the 
burning velocity. 

All up-to-now presented images of sub- and super- 
sonic hydrogen/air Aames were recorded by means of 
OH self-~uore~nce using an exposure time of 1 ms 
for each image. When reducing the exposure time to 

combustion chamber 

\\\\\\\\\\\\\\\\\\\\\\\ 

air 
w mixing jet 

flow velocities degree of 
profile turbutence 

FIG. IO. Sketch of the flow field in the vicinity of the injection zone and rearward facing step 
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@ single hole injection 

t=Oms t=40ms t=80ms t=lZOms 

@ twin hole injection 

t=Oms t=40ms t=80ms t=120ms 
FIG. 11. Temporal behaviour of the flame oscillations in the vicinity of the rearward facing step inside the 
combustion chamber recorded in time steps of 40 ms using an exposure time of 5 ps; (A) single hole 

injector, (B) twin hole injector (M, = 0.2, M = 45”, (pw)“, = 55.7 kg m-* s-l). 
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only 5 /IS. stable fluctuations of the reaction front 
distribution could be observed inside the flames. Fig- 
ure I I shows these fluctuations recorded in the vicinity 
of the rearward facing step in time steps of 40 ms 
comparing a single hole injector and a twin hole injec- 

tor. The initial air Mach number was M, = 0.2 and 

the hydrogen was injected with an injection angle of 
CY = 45 with a specific mass flow rate of (pw),+ = 55.7 
kgm’s ‘. It can be seen that using a twin hole 
injector. the fluctuations or oscillations arc much 

greater compared with the single hole injector. This can 
be explained by the reduced impact of three-dimen- 

sional vortex structures on the mixing jet described 
earlier in this article (see Section 2.1). These vortices 

effect a homogenization of the local hydrogen/air 
mixing ratio inside the inner border of the mixing jet, 

where the flames are stabilized. This homogenization 
leads to a reduction of the flame oscillation by avoid- 
ing temporal fluctuations of the hydrogen/air mixing 
ratio. When looking at the images taken with the 
single hole injector, it can be seen that the flame 
oscillations are smaller compared with the twin hole 
injector. This is due to the great impact of three- 
dimensional vortex structures, as they are described 
in Section 2. I of this article. 

The presented work, which was sponsored by the 
German Research Society (DFG), will be continued 
with respect to a detailed investigation of the tcm- 
peraturc profile of the hydrogen/air flames. Thereby 
the influence of a multihole injection geometry in 

a cascade of rearward facing steps on the homo- 
genization of the flame temperature profile with 
respect to NO, will be investigated. 

I 

2 

3 

4 

The experiments showed that, in general. an 
increase of the initial air Mach number led to a strong 

reduction of these flame oscillations, whereas an 
increasing specific mass flow rate for hydrogen 
enhanced the oscillations. 

5 

6 

4. SUMMARY AND CONCLUDING REMARKS 

The experimental investigation of sub- and super- 
sonic hydrogen/air flames by means of optical 
measurement techniques showed that the mixing and 
combustion process was very much influenced by the 
type of injector used, the injection angle, the specific 

mass flow rate of fuel and the initial air Mach number. 
The growth and development of the mixing jet could 
be calculated by using the presented equations (2) and 
(5), which were in very good agreement with the exper- 
imental data. The application of a rearward facing 
step as a turbulence promotor enhanced the mixing 
process and contributed to avoid the blockage of the 
main air flow by compensating the additional mass 
flow rate of the injected fuel with an enlargement of 

the combustion chamber cross-section. Furthermore, 
the rearward facing step enabled the stabilization of 
the hydrogen/air flames inside the free shear layer 
separating the mixing jet and the recirculation zone 
generated in the wake of the rearward facing step. 
Without the use of the rearward facing step, the 
flames could only be stabilized up to initial air Mach 
numbers of M, = 0.1, which can be explained by the 
presented model for flame stabilization. The results 

of the ‘cold mixing experiments’ were in very good 
agreement with the ‘hot combustion experiments’, so 
that the combustion processes could be predicted by 
using the data received from the mixing experiments. 
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