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Abstract

The influence of turbulent structures and shock pat-
terns on the mixing and combustion processes in
sub- and supersonic hydrogen/air flames was inve-
stigated in a multistep combustor with cascades of
rearward facing steps. The turbulent structures and
the concentration profiles in the mixing jet and in
the reaction zone of the flame was investigated by
means of non-intrusive optical measurement tech-
niques. The experiments showed that rearward fa-
cing steps and multistep fuel injection generate vor-
tices in the mixing jet which enhanced the mixing
and combustion processes. Due to this it was possi-
ble to achieve a higher penetration and a larger
thickness of the mixing jet compared with single-
step injection. Rearward facing steps and multistep
fuel injection were also used to stabilize the flames
and to shorten the flame length. The evaluation of
the experimental data led to new formulae which
predict the development and the concentration pro-
file of the mixing jet in sub- and supersonic hydro-
gen/air flames.

Nomenclature
A, entrance cross section of the combustion
chamber
C constant in equation (1)
Conax concentration of helium on the trajectory
Ce concentration of helium in the mixing jet
do diameter of the injection hole
K constant in equation (7)
m,, mass flow of the main air stream

117 mass flow of the fuel

my, mass flow of the helium
my, mass flow of the hydrogen
Ma,,  initial air Mach number

T, total temperature in the initial air stream

X - coordinate in the direction of the initial air
flow field

Nr coordinate of the maxima in the trajectory

—_—
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coordinate on the trajectory

X,  coordinate on the trajectory which indicates the
beginning degrease of concentration
coordinate normal to the direction of the initial
air flow field :

y  coordinate on the trajectory

Greek symbols

Ee ratio of specific mass flow rates of he-
lium calculated by equation (2)

(pw),. specific mass flow rate of air

(PW)g. specific mass flow rate of helium

(PWheert critical specific mass flow rate of
helium’

1. Introduction

The development of sub- and supersonic combustion
chambers for aircraft propulsion system is guided by
the demand of combustion chamber of limited length
together with high fuel efficiency. In the combustor
chemical reaction can only occur if the reactants are
molecularely mixed. In this context, one of the major

 topics is the optimation of the mixing process, because

of its keyrole for both development aims mentioned
above. The mixing process itself is influenced by
shocks and expansion waves and turbulent structures
in the flow field of the combustion chamber [1]. These
structures are originated by the injector geometry and

the injected fuel jet.

Figure 1 shows the supersonic flow (Ma_ =2.1) in the
vicinity of a backward facing step without fuel injection
monitored by means of shadowgraph. This picture de-
picts a Prandtl-Meyer expansion which is originated
due to the expansion after the attachment point of the
back step. A shear layer emanating from the separation
point of the rearward facing step and its reattaching on
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the chamber wall can be clearly seen. Because of the
change in the flow direction after the backward facing
step a recompression shock is travelling from the re-

attachment point of the shear layer.

Figure 2 shows the influence of the injected fuel on the
supersonic flow structure. Due to the penetration of the
injected fuel an oblique shock was generated in front of
the fuel jet. This oblique shock wave was reflected on
the upper chamber wall and touched the mixing shear
layer. Comparing figure 2 with figure 1 it can be seen
that the reattachment point of the shear layer and the

recompression
shock

free shear
layer

hws o - - —

Maair=2.1

Fig. 1: Flow structure of a supersonic flow over a re-
arward facing step at Ma_, = 2.1

shear layer

/

B | reflected
shock wave

| fuel jet
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| oblique shock
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S . —_—— o

Fig. 2: Supersonic flow field with fuel injection
Ma,, = 2.1; mg = 10,0 g/s)

recompression shock wave shifted downstream when
fuel was injected.

Numerous studies are concerned with the analysis of
mixing processes of fuel/air in high speed airflows
[1-17]. These papers discribe the influénce of shear
layers, expansion fan and shock waves on the mixing
process using different injector geometries. Oschwald
et al [2] analysed the flow field in a supersonic com-
bustor with H, -injection through a strut by using par-
ticle image displacement velocimetry (PIDV). Schetz
et al {18] investigated analytical the structure of ga-
seous jets which are injected through holes in the
combustion chamber wall into a supersonic stream.
These papers showed, that eddies, which are induced
by local velocity gradients in the flow field, are able
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to enhance the mixing process in supersonic combus-
tion chambers.

The intention of this contribution is to provide detai-
led data about the effect of cascades of rearward fa-
cing steps on the mixing and combustion processes.
Thereby the influence of flow characteristics like
shock patterns and expansion waves on the fuel/air
mixing are demonstrated. The influence of multistep
fuel injection on the development of mixing and the
turbulent structure of sub- and supersonic H, flames
were also investigated by using non-intrusive optical
measuremt techniques.
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2. Experimental Setup and Measurement Techniques

2.1 Experimental Setup

The investigation of the mixing processes and the fla-
me structure in sub- and supersonic flow field were
performed in a blow down wind tunnel using a single-
and multistep fuel injection system. This wind tunnel
consisted of a Laval-contour and a multistep combus-
tion chamber. The main airflow was accelerated in the
Laval-contour up to a maximum Mach number Ma,,
of 2.1. The total temperature T, of the airstream was
293 K and the maximum mass flow of the air m_, was
850 gf/s. After acceleration the airflow entered the
combustion chamber with a entrance cross section of



A, =25 x 25 mm. Three downstream rearward facing
steps were used in the multistep combustor to generate
large scale turbulent structures to receive fine-scale
mixing and conditions of flame stability. Due to the
height of the steps of 10 mm the exit cross section of
the combustor was 25 x 55 mm. Upstream of the steps
1 and 2 fuel was injected either through a single orifi-
ce or through a line of injection holes mounted in
steps 1-2. The mass flow of the injected fuel was va-
ried from 0 to 10 g/s. All chamber walls were equip-
ped with quartz glass windows to enable the access of
optical measurement techniques (i.e. Raman Spectro-
scopy, laser induced fluorescence, holographic interfe-
rometry and shadowgraph technique). Figure 3 shows

a sketch of the multistep combustor.

To examine the mixing effects without the influence
of chemical processes the fuel/air mixing was investi-
gated in experiments without combustion (‘cold mi-
xing') using helium as model gas instead of hydrogen
because of safety considerations.

In experiments with combustion the turbulent flame
structure und the flame stabilization were investigated
by injecting hydrogen.

2.2 Measurement techniques

Due to the demand of non-intrusivity for diagnostic
techniques in supersonic flows, laser based optical
measurement techniques were used to investigate the
mixing process and the flame structure in the combus-
tion chamber without perturbing the flow field.

Shadowgraph technique, Shadowgraph technique we-
re used to analyse qualitatively the structure of the
highly turbulent flow field. Because of its high sensiti-
vity to density gradients, the method was used to vi-
sualize the position of the shock-pattern, the expan-
sion zones, the shear layers and the turbulent fuel jet
(Figure 1). This technique is not able to provide infor-
mation about the concentrations of the species in the
mixing layer.

Holographic interferometrie. Holographic interfero-
metrie was employed to investigate the characteristics
of the turbulent mass transport in the mixing layer
and the structure of the flow field in the combustion
chamber by using the 'finite fringe' method. The infor-
mation about the concentration distribution inside the
mixing jet was taken from the deformation of a pat-
tern of originally parallel fringes which is caused due
to the injection of helium into the air flow. This pro-
cess was monitored by using an intensified CCD-
camera with a minimal exposure time of 100 ns. By
this highly turbulent structures in the mixing zone
could be observed.

Furthermore it was also used to measure quantitatively
the concentration profile of the mixing jet and the

density distribution in the flow field. Since this tech-
nique integrates along the path of light beam, three di-
mensional effects in the flow field cannot be observed.
This also leads to a limited spatial resolution compa-
red with scattering measurements like Raman spectro-
scopy or Laser-induced fluorescence. More informa-
tion on the holographic interferometrie is provided in
refs. [19-22].

Raman spectroscopy. To gain detailed data about the
influence of the shock waves, rearward facing steps
and multiple fuel injection on the mixing process, the
concentration of all major species at several single po-
ints in the mixing area were detected by Raman spec-
troscopy with high spatial resolution corresponding to
a small laser focus. Within the laser focus all molecu-
les are forced to change their rotational/vibrational
quantum state emitting scattering light at different
wave length which indicate the different species. The
concentration profile was received by a spectral analy-
sis of the scattering light with a polychromator and an
intensified diode array [23]. Since helium is not a mo-
lecule it provides no Ramansignal. Thereby the distri-
bution of helium in the mixing zone was determined
by measuring the concentration of the nitrogen. The
regarded measurement spots are chosen by consuiting
the measurements with holographic interferometrie
and shadowgraph technique.

Laser induced fluorescence. OH-radicals, which are
interim products of the chemical reaction of H, and
0,, indicate the location and extension of the reaction
zones. Using laser induced fluorescence (LIF) as
measurement technique these OH-radicals are electro-
nically excited due to a thin laser light sheet. After
excition the radicals emit a strong scattering light at
the same wave length. Due to the usage of a light
sheet it was possible to monitore two dimensional the
longitudinal section of the flame structure which is
chemically and mechanically frozen because of the

extremely short laser pulse width of about 17 ns [23].

3. Experimental Results and Discussion

3.1 Structure and behaviour of the helium/air mixing
jet

To study the mixing effects of fuel and oxidizer in
sub- and supersonic airflows without the influence of
chemical processes cold experiments using helium as
model gas instead of hydrogen were conducted. In or-
der to analyse the effect of multistep injection to the
behavior of the mixing jet, the mixing experiments in
the cold flow field were subdivided into two parts,
single- and multistep fuel injection.

The singlestep injection dealt with the dependency of
the fuel/air mixing process on different injector
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Maair =0.77

Maair =1.11

Fig. 4: Influence of the initial air Mach number on the development of the mixing jet monitored by means of holo-
graphic interferometry (single hole injector, my, = 1.46 g/s)

geometries: single hole injector and four hole injector
with an injection angle of 90°. This singlestep injec-
tion took place up stream of the first rearward facing
step. The Mach number of the air flow Ma,, was va-
ried between 0.25 and 2.1.

Multistep injection, meaning the simultaneous injec-
tion of fuel upstream of the first and second rearward
facing step, was used to gain a higher mixing rate and
a greater thickness of the mixing jet compared with
the singlestep injection due to additional vortices in
the wake of the jet.

Singlestep fuel injection. Figure 4 shows the effect of
the initial air Mach number on the development of the
mixing jet monitored by means of holographic interfe-
rometry. The fuel was injected perpendicular to the
main air flow direction through a single hole in front
of the first rearward facing step. The fuel mass flux
my, was 1.46 g/s. It can be seen that an increase of the
air Mach number causes a decrease of the penetration
and leads to a stronger deflection of the mixing jet,
because of the decreasing specific momentum of the
helium jet. In addition to this the mixing jet becomes
very slender. At Ma,, = 1.11 the fuel jet unites with
the free shear layer.
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Due to macroscopic and microscopic vortices at Ma,,
= (.25 the outer border of the mixing jet is very rag-
ged. In the supersonic case these eddies are smaller
caused by the higher intensity of turbulence. Thereby
at Ma_=1.11 the outer border of the mixing jet beco-
mes smoother.

Figure 5 depicts the concentration profile which is
gained by analysing the interferograms of figure 4. A
increase in the air Mach number, the trajectory, which
represents the line with the highest helium in the mi-
xing jet, is stronger deflected towards the recirculation
zone. Due to smaller eddies the mixing process is sup-
presed with increasing Mach number. By this the lines
with constant helium concentration went further down
stream and the mixing jet becomes thinner.

To describe the growth of the outer border and the pe-
netration of the mixing jet, a power law was develo-
ped. This law is identical with the one determined by
Orth and Funk [24]. The development of the outer
border of the mixing jet for the perpendicular helium
injection through a single hole is described by equa-
tion (1).
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The coordinates x,y are normalized with the injection
nozzle diameter d,. Ma,, is the initial air Mach num-
ber of the main air flow. §,, is calculated by equation
(2).

(PW)He j

SHe = ((PW) He;erit

@

Here (pw),,.. is the critical specific mass flow which
denotes the helium mass flow when the Mach number
in the injection nozzle is equal to unity. (pw),, is the
actual specific mass flow rate of the injected helium in
the experiment. Equation (1) shows that an increasing
helium mass flow rate leads to a deeper penetration of
the mixing jet into the air flow field. This is indicated
by the exponent 0.65 of the specific mass flow rate
.. The fact, that the mixing jet was compressed and
the penetration depth decreases with an increasing air
Mach number, is considered by the exponent -1.05 of
the initial air Mach number Ma,,

For a better understanding of the nomenclature used
in the equations figure 6 shows a sketch of a mixing
jet in the vicinity of the fuel injection zone with the
outer and inner border of the mixing jet and the coor-

dinate system located in the injector nozzle.

trajectory

Air flow field

inner border

T

-
£

Fig.6: Sketch of the mixing jet in the vicinity of
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The development of the trajectory can be divided into
two parts. Before reaching the point x; the trajectory
rises towards the centre of the air flow. After this po-

. ) X > XT;max 4
int it falls back towards the recirculation zone. The ri- (4)

sing part of the trajectory for single hole injection can ( _ 2
: : Py L\ - ~1.3 (x xT;max\ . YT;max
be described by the following equation: \do ) ; =-0.0065 - £, L " ] .
X £ XT;max with
(y) 0.72 \gaol ( x )% '
— =05-&5.° -May; e 3 . [x V009
\d ) He kd ) YTimax 072 -1.7 T;max
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The development of the trajectory after the maximum XT- R
can be described by equation (4). —3’:—35 =2.8-&%7 - Ma s ©)
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Fig. 7: Influence of shock waves and rearward facing steps on the concentration profile in the mixing jet (four ho-
le injector; Ma, =2.1; my =5 gfs)
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The concentration distribution in the mixing jet can proportionality factor ¢, represents the concentration

be described by using a power law like of Helium on the trajectory yielding the following
equation:
/7I\3
cH¢=cmxucxpl:—K-(z7) } @)
X Crmax = 100 - (<0.0653 - (log(4 - Ma%2%))~1.
/ 7710.7

where X and y are the axis of a coordinate system 11X ~Xp ) ®)
which is located in the centre of the trajectory. The x- do

axis is in the direction of the initial air flow and the
y-axis is perpendicular to the x-axis. The
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Fig. 8: Influence of multistep injection, shock waves and rearward facing steps on the concentration profile in the
mixing jet (four hole injector; Ma,,= 2.1; m,,.= 10 g/s)
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The coordinate xp' indicates the point on the trajectory
on which the concentration begins to decrease. This
point can be calculated by equation (9).

Xp 0.58 0.85
2= 1394 ‘tog (10 Mal3*) )

K indicates the gradient of the concentration in the
mixing jet perpendicular to the initial air flow. Equa-
tion (10) yields the factor for the case of single hole
injection.

2.06-£%93
K = 1425.£0;38 -Iog{IO-Ma SHe ] (10)

air

Figure 7 shows the concentration profile of the heli-
um/air mixing jet to demonstrate the influence of
shock pattern and cascades of rearward facing steps
on the mixing jet. Here the initial air Mach number
Ma,, was 2.1. The helium was injected perpendicular
to the air flow using a four hole injector. The helium
mass flow m,, was 5 g/s. The location of the shocks
was taken from shadowgraphs (see Fig. 2). The con-
centration profile of the mixing jet was measured by
means of Raman spectroscopy. It can be seen that the
helium/air mixing jet is strongly deformed by the in-
fluence of the oblique shock waves. The collision of
the reflected shock with the mixing jet leads to a com-
pression of the mixing jet at position 3. After the
collision point the helium/air mixing jet expanded ex-
tremely due to local gradients in the air flow which
are originated by the oblique shock wave. This means
that downstream of this point the mixing rate was ve-
ry high. Large scale vortices in the wake of the se-
cond recirculation zone which were induced by the
flow around the rearward facing step caused additio-
nal turbulent structures in the helium/air mixing jet.
This leads again to a strong increase in the mixing ra-
te and to a bigger mixing jet.

For the four hole injector system equation 7 is again
used to calculate the concentration distribution in the
mixing jet. Nevertheless the evaluations of the experi-
mental data led to different factors. The concentration
Crex ON the trajectory is given by equation (11).

-1
Cmax = 100+ exp (~0.15 - [mg (4.Ma§g‘)] .

0.7
(' -x,

L dng ) (11)

The coordinate x'P for the case of four hole injection
can be calculated by:

xl
a—& =7.6-£%5% - log (10-Ma2;,"‘) (12)

Multistep fuel injection. To gain higher mixing rates
and a higher penetration of the mixing jet a multistep
injection system was used to increase the turbulence-
induced convective mass transfer in the mixing jet.
Multistep injection means, that fuel is simultaneous
injected upstream of the first and of the second rear-
ward facing step. Figure 8 shows the concentration
distribution in the mixing jet which was originated
using multistep injection. The initial air Mach number
Ma,, was set to 2.1. The helium was injected perpen-
dicular to the air flow through a four hole injector
with a total mass flow rate m,, of 10 g/s. Similar to
the single step injection, the location of the shocks
was taken from shadowgrahs and the concentration
profile of the mixing jet was measured by means of
Raman spectroscopy. Comparing figure 8 with figure
7, it can be seen that the multistep injection causes a
higher penetration and a greater thickness of the mi-
xing jet in the wake of the second rearward facing
step. This was caused by large scale vortices and an
additional impact momentum perpendicular to the air
flow due to the second fuel injection. The influence of
shock patterns on the development of the mixing jet is
approximately the same as for the single step injec-
tion. Due to the collision of the reflected shock wave
with the fuel jet in the middle of the wake of the rear-
ward facing step the fuel jet became thinner. This in-
dicates that the increase of static pressure caused by
the oblique shock wave leads to a suppression of the
mixing jet in front and an expansion downstream of
the collision point. Due to this there was a increase in
the mixing rate down stream of the collision point.
Further downstream of this point a homogeneous and
large mixing jet with a combustible mixture was mea-
sured. This indicates, that the use of rearward facing
steps and multistep fuel injection induces turbulent
structures and local gradients in the flow field which
enhance mixing processes.

3.2 Dvnamic structure of supersonic hvdrogen/air
flames

In order to analyse the influence of multistep fuel in-
jection on the structure of supersonic hydrogen/air fla-
mes, the experiments concerning the combustion were
subdivided into two parts, single and multistep fuel
injection. As the concentration of OH-radicals indica-
te the intensity of chemical reaction in hydrogen/air
flames, the structure of the flames and the OH-
concentration in the flame front were monitored by
means of laser induced fluorescence. Due to the extre-
mely short laser pulse width of 17 ns these flame
fronts were chemically and mechanically frozen (see
chapter 2.2). This feature and the usage of a thin la-
ser light sheet enabled the two dimensional investiga-
tion of turbulent structures in the flame.
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Fig. 9: Turbulent flame structure in the wake of the first and second recirculation zone monitored by means of la-
ser induced fluorescence (Ma,,=2.1;m,,=5.0 g/s; single step injection, four holes)

Singlestep fuel injection. Figure 9 shows the turbu-
tent flame structure in the wake of the first and second
recirculation zone recorded by means of laser induced
fluorescence. Here, the initial air Mach number Ma,,
was 2.1. Hydrogen was injected upstream of the first
rearward facing step through a raw of four injection
holes with a mass flow rate my, of 5 g/s. This Figure
depicts that the stabiliziation zone of the flame is
located in the free shear layer which separates the mi-
xing jet and the wake of the first rearward facing step.
There are the greatest gradients of the velocity and
thus there are the highest degrees of turbulence in this
shear layer which enhance the mixing process and the
flame stabilization. The increasing OH-concentration
downstream of the first rearward facing step indicates
the increase of the reaction rate in the flame due to
turbulence induced mass transfer. Comparing the ou-
ter border of the flame with the inner border it can be
seen that on the supersonic side the flame was
influenced by fine scaled vortices whereas and on the
subsonic side in the wake of the recirculation zone the
flame was affected by large scale vortices. This means

that due to the higer intensity of turbulence on the su-
personic side of the flame these eddies were smaler
compared with the eddies on the subsonic side.

The second rearward facing step induced additional
turbulent structures in the mixing jet in the wake of
the second recirculation zone. This led to an increase
in the rate of chemical reaction indicated by the strong
increase of OH-concentration in the flame (fig. 9 bot-
tom). Figure 9 also shows that due to the additional
turbulence the flame penetrated deeper into the sur-
rounding air flow in the wake of the second rearward
facing step. The wavy structure of the flame in the wa-
ke of the second rearward facing step is caused by the
high intensity of turbulence in the mixing jet which
enhanced the combustion process. Here the outer bor-
der of the flame was again influenced by fine scaled
vortices and the subsonic side is influenced by large
scaled eddies.
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Fig. 10: Turbulent flame structure in the wake of the first and second recirculation zone monitored by means of
laser induced fluorescence (Ma,, =2.1; m,,= 10.0 g/s; multistep injection, four holes)

These results are in very good agreement with the re-
sults of the 'cold mixing experiments' shown in the
previous chapter.

Multistep fuel injection. To gain shorter flame length
and higher fuel efficiencies multistep fuel injection
was used to generate turbulence in the reaction zone
of the flame to increase the reaction rate and to
stiring-up the combustion process. Figure 10 shows
the structure of the flame and the OH-concentration
distribution in the reaction zone in the wake of the
first and second rearward facing step. The initial air
Mach number Ma,, was set to 2.1. The hydrogen was
injected perpendicular to the air flow through a four
hole injector upstream of the first and second rear-
ward facing step with a total mass flow rate my, of 10
g/s. It can be seen that in the wake of the first rear-
ward facing step the turbulent structure of the flame is
similar to the structure of the flame in the singlestep
fuel injection. The influence of the second injection on
the flame structure can be seen in the wake of the se-
cond rearward facing step. Due to large scaled vorti-
ces induced by the second injection the rate of chemi-
cal reaction has been increased. This was indicated by
the increase in OH-concentration in the reaction zone.
Comparing figure 10 with figure 9 it can be seen that
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the flame penetrated deeper into the surrounding air
flow in the wake of the second rearward facing step.
In the mixing jet the reaction zone was more broader
than in the singlestep injection experiments caused by
the higher intensity of turbulence. All experiments ha-
ve shown that multistep fuel injection in addition with
rearward facing steps provides excellent mixing rate
and an increase in the rate of chemical reaction. The-
reby it was possible to achieve a short flame length
and the conditions of flame stabiliziation.

4. Summary and Concluding Remarks

A multistep combustor with cascades of rearward fa-
cing steps and a multistep injection system was used
to investigate the influence of the injector system and
the rearward facing steps on the mixing and combus-
tion processes in sub- and supersonic air flames. The-
se experiments were conducted by means of non-
intrusive optical measurement techniques. The results
showed that oblique shock waves and turbulent struc-
tures in the flow field enhance the mixing and com-
bustion processes. The application of multistep injec-
tor and rearward facing steps which induces turbulent
structures in the reaction zone of the mixing jet led to
an increase in the mixing rate and to a stiring-up of

>

UOLRHUDIUOD-HO



the combustion process. Furthermore by the use of
multistep fuel injection it was possible to achieve short
flame length.

To describe the growth and the penetration of the mi-
xing jet a power law was developed. Equation (7) in
chapter 3.1 provides the capability to calculate the
concentration distribution in the mixing jet.

This work will be continued by detailed investigation
about the velocity distribution in the flow field and in
the wake of the recirculation zones using two beam la-
ser Doppler velocimetry. Furthermore it is planued to
measure the major species concentration in the flame
and in the exhaust to calculate the combustxon
efficiency.
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