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Time- and Length Scales of Combustion
in Liquid Rocket Thrust Chambers

B. Ivancic* and W. Mayer’
DLR, German Aerospace Research Center, D-74239 Lampoldshausen, Germany

This paper summarizes experimental and computational results of research on propellant mixing and com-
bustion in high-pressure LOX/GH2 rocket combustors. Hot-fire tests and numerical experiments are utilized to
get more detailed information about the physics of mixing and combustion under high-pressure (transcritical)
conditions. Time- and length scales of the reacting shear layer are identified by results from numerical simulation
and experiments. The comparison between numerical and experimental results show the same tendencies of the
distribution of length scales within the reactive shear layer. It was ascertained that the length scales are increasing
downstream of the injector face plate. Qualitative and quantitative data about the flowfield (morphology, velocity,
species distribution, etc.) at different boundary conditions are presented.

Nomenclature
D = diameter, thickness
Da = Damkohler number
1 = intensity
K = correlation factor
Ka = Karlovitznumber
k = turbulentkinetic energy
L, = length scale
m = mass flow
T = temperature
t = time
14 = velocity
X = axial position
Y = species mass fraction
e = turbulentdissipationrate
A = wave length
" = dynamic viscosity
0 = density
Subscripts
c = chamber
chem = chemical
exp = experimental
init = initialization
inj = injector
int = integral
kol = kolmogorov
P1,P2 = Pixell,Pixel 2
sim = simulation
w = window

Introduction

HE research during the last few years on liquid oxygen
(LOX)/gaseous hydrogen (GH,) injection, mixing, and com-
bustion has led to a more profound understanding of the processes
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in a cryogenic rocket engine combustion chamber.!~* Some basic
phenomenaof propellantinjection, mixing, and combustionare well
understood, though the knowledge is still not satisfactory in view
of quantitative assessment of part processes, for example, turbulent
mixing and combustionof the propellants.To investigatethe interac-
tion between the mixing and combustion process, the knowledge of
their time- and length scales is imperative. To study these processes
in hot-fire tests under representative conditions (real-gas effects at
supercritical conditions and high Reynolds numbers), numerical
simulations and experiments were performed, and the results are
compared.

Experimental Setup

Hot-fire tests in a subscale combustor with optical access (Fig. 1)
have been performed. The combustor has a modular design, which
makes it possible to change the axial position of the windows. Thus
the flow phenomena can be observed from the injector plane up to
430 mm downstream. This windowed combustor was constructed
for chamber pressures up to 10 Mpa. Earlier tests were done with a
single shear coaxial injector at chamber pressuresof 3 MPa (Ref. 1).
In this publication the results of the latest experiments with a cham-
ber pressure of 6 MPa are presented. In Fig. 2 and Table 1 the
geometrical and the injection boundary conditions are listed. The
windows are protected from the hot combustion gases by a circum-
ferential H, purge flow. This cooling film also has the function to
simulate the influence of neighboring injector elements. The win-
dows have a size of 100 x 25 mm.

Flow-visualizationtechniques such as single-shotshadowgraphs
(Fig. 3) and OH-/H,0-imaging (Fig. 4) were utilized to visualize
the flow and flame structure. The OH emission was detected in
a wavelength range of AA=300-310 nm (spectra of LOX/GH2
flames are published in Ref. 4), and the emission of the hot H,O
vapor was detected in a wavelengthrange of AX > 530 nm. The gate
of the charge-coupleddevice (CCD) camera was adjusted to 100 ns,
and the frequency of the single shots was 50 Hz.

Experimental Results

The shadowgraphsshown in Fig. 3 are subdivided in three parts,
each with a length of 30 mm. The shadowgraphs point out that
the jet is still intact at the end of the optical access, 100 mm down-
stream from the injector. The dense oxygen jet exhibitslarge surface
perturbations. The shadowgraphs reveal a flow phenomenology of
the LOX jet, which is similar to a fluid/fluid mixing process.>* No
ligament or droplet formation can be observed.

The chamber pressure of 6.0 MPa is higher than the critical pres-
sure of oxygen (5.04 MPa). The injection temperature (see Table 1)
is close to the critical mixing temperature of 152.6 K at 6.0 Mpa
for H,/O,-systems.>¢ The heat transfer of the flame to the oxygen
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jet increases the temperature to the critical mixing temperature at
the interface of the oxygen jet. This interface has a jagged surface
and high density gradients. The mixing takes place between a dense
(oxygen) and a light fluid (hydrogen and combustion gases) in a
turbulent reactive shear layer.

The OH and H20 emissions (Fig. 4) are a line-of-sightview. The
imagesreveal that the flame is attached at the LOX post.* The flame-
holdingmechanismin the wake of the LOX postis apparent.Because
of the very thinreactive shearlayerin the injectornearregion and the
broadening of the shear layer downstream, the emission intensities
of OH and H2O are rising with increasing distance from the face
plate. Starting at a distance of about 30 mm from face plate, the
mean intensities seem to remain constant.

Simulation

In addition to the experiments, numerical simulations were
performed by the computational fluid dynamics (CFD)-Code
Aeroshape 3D, which includes the standard k—& model for turbu-
lence. The combustion is modeled with the assumption of chemi-
cal equilibrium. Properties of oxygen are modeled using a real-gas
approximation. Aeroshape 3D is an explicit finite volume solver,
which works on quasi-unstructuredgrids.” The numerical mesh has
150,000 cells, and the grid is adaptive to the solution. The injection
conditions of the simulation are set to measured values from the
experiment (see Table 1). The inflow conditions of the turbulence
values (k, £) are assumed as fully develloped turbulent pipe flow
with a turbulence intensity of Tu = 10%.

The calculation was steady-state and two-dimensional. In these
computations the solution reached full convergence after 680,000,
iterations which includes some mesh-refinement loops. Figure 5
shows an example of the results of the numerical simulation.

The hydrogen jet and therefore the flame bends in the near-
injection zone. One can obviously see these effects as well as the
broadening of both the oxygen jet and the reactive shear layer
(Fig. 5). The velocity of the hydrogen jet decreases very rapidly,
whereas the oxygen jet velocity remains nearly constant over a dis-
tance of about 200 mm downstream.

Principal Analysis of Flow

The results of the numerical simulations were compared with the
experimental results to identify discrepancies. These discrepancies

Table1l Geometrical data and injection conditions

Geometrical data Injection conditions

D, 50 mm TiLox 127K PLOX 956.08 kg/m3

Drox 4 mm TH2, inj 125K PH2inj 11.68 kg/m®

Tmat 0.3 mm TH2, purge 293 K P H2,purge 5.00 kg/m?

Dinj 6.5 mm mLQX 0.30 kg/S VLOX 24.97 m/s

tw 1.0 mm n”le.inj 006kg/S VHZ.inj 310.2m/s

Dihroat 16.8 mm M2, purge 0.23kg/ls  Vh2 purge 300.07 m/s
Igniter

Window
H,—»

Y w

Fig. 2 Geometry of face plate. R
C

H, —»{t.
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Fig. 3 Shadowgraphs of injected oxygen jet in a hot-fire test at cham-
ber pressure of 6 MPa.

Fig. 4 OH-imaging single shot (upper picture) and H,O-imaging sin-
gle shot (bottom picture) at a chamber pressure of 6 MPa.
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Fig. 5 Mixture fraction Z (upper picture); velocity vector plot (bottom
picture).
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Fig. 1 Windowed single-injector model combustor.
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Fig. 6a Shadowgraph (upper picture); oxygen mass fraction (bottom
picture).
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Fig. 6b OH distribution (cross section 10 mm downstream).

identified weak points of the physical models in the CFD code.
Figure 6a shows the phenomenologicalcomparisonbetween a shad-
owgraph picture of the oxygen jet in the near-injectorregion (from
face plate up to 30 mm downstream) and the calculated oxygen
mass fraction in the same region. One can observe the expansion
of the oxygen jet. As the numerical simulation is steady-state, the
instationary surface perturbations, which are seen in the experi-
ment (for example, see shadowgrahs in Fig. 4), are not resolved.
These large-scale surface perturbations (no turbulence phenomena)
are caused by flow instability phenomenas, and their interaction to
the reactive shear layer can in principle not be resolved by turbulent
steady-state simulations. Figure 6b shows a comparison of the ra-
dial OH distributionat an axial position of 10 mm downstream from
injector. The experimental OH distribution is yielded by the Abel
transformed OH-imaging picture. The OH-emission intensity data
were deconvoluted using an Abel transformation to produce a two-
dimensionalcross section through the centerline of the OH-intensity
distribution. The Abel transformation assumes cylinder symmetry
of the flame. Because the single shots (see Figs. 3 and4) are nonsym-
metrical, 200 pictures were summed together, and a time-averaged
picture from these 200 single shots was calculated. These averaged
images are cylinder symmetrical, and the Abel transformation can
be applied. The OH regions, which are measured experimentally
and then transformed by the Abel procedure, represent the mean
OH distribution in a cross section averaged over all single shots.
Therefore the Abel-transformed OH intensities are influenced (that
is, broadened) by the large-scale instability and turbulence fluctua-
tions. The broadening caused by turbulence fluctuationis in princi-
ple resolved by the stationary solution of the numerical simulation
(k-e turbulence model). The difference is only that the average of
the experiments is taken over 200 single shots and a steady-state
simulation represent a theoretical average for  — 0o. The princi-
ple discrepancy in the comparison of a steady-state solution of a
numerical simulation and experimental results are large-scale flow
instability phenomena, which influence the instantaneous position
of the reactive shear layer. For this reason, the comparison of the
OH distribution in Fig. 6b is shown at an axial cross section of

10 mm downstream from injector. In this near-injector region it is
assumend that the large-scale instability effects can be neglected.
This assumption is supported by the shadowgrahs (for example, see
Fig. 4), where one can see that the large-scale fluctuations start after
approximately 20 mm downstream from the injector. In Fig. 6b the
leftY axis with the OH-mass fractionis only valid for the numerical
simulation. The experimental data are measured in gray levels (right
Y axis), and therefore it is only a qualitative OH distribution. Two
major discrepancies are visible in this diagram. The thickness of
the OH zones is not simulated correctly, and the radial distance of
the OH zones to the centerlineis different between calculation and
experiment. As just mentioned, one reason for these discrepanciesis
assumed to be the simplified steady-state, two-dimensional calcula-
tion, which cannot resolve correctly the transient three-dimensional
processes.®° But these effects are not dominantin the near-injector
region. Here the main reason for the discrepanciesis the very sim-
ple combustion model (infinite fast chemistry model = chemical
equilibrium), which does not take into accountinteractionsbetween
chemistry and turbulent mixing.

The intensities of the experimental OH distribution between the
centerline (R =0 mm) and the radial position of R =2 mm are
unrealistic because here the oxygen jet is existent. These intensities
are artifacts of the numerical instabilities of the mathematical Abel
procedure and the noise of the original single-shotimages.

Investigation of Timescales

To investigate the interactions between turbulence and combus-
tion, itis very importantto know the timescales at which the relevant
processesoccur. A characteristictime for turbulence should specify
the velocity of the turbulentmixing and a timescale of the chemistry,
characterizing the speed of the pure chemical kinetics. Comparing
these timescales, one can deduce various interaction mechanisms
between turbulence and chemistry (broading of flames, wrinkling,
etc.).!® Unfortunately, the reality is much more complicated. Both
the turbulent processes and the chemical processes do not have one
distincttimescale. There is a spectrum of timescales for the flow tur-
bulence and for the chemistry depending on local conditions. This
problem is discussed in the next two sections.

Turbulent Timescales

The turbulence theory assumes that the turbulent processes occur
over a wide range of length and timescales. Turbulence is produced
on large scales. In this context the integral turbulent timescale is
very important as it represents the scale of the turbulent structures
with the highest turbulent energy. This scale does not represent the
largest turbulent scale but is in the same order of magnitude. At the
bottom end of the turbulent cascade where the turbulent energy k
dissipates to heat, the Kolmogorov scales are relevant. The integral
tine and Kolmogorov ., timescale are defined as follows.

ot =/ 10/ (p - €)

Figure 7 shows these two turbulent timescales. Between these two
scales the most important turbulent processesare taking place. Both
scales are given at every local point by the results of the numerical
simulation. In the upper picture of Fig. 7, the near-injectorregion is
displayed. Here the influence of the shear layer is very strong.

Increasing the distance to the injector, the intensity of the shear
layer becomes weaker and finally disappears. The timescales are
decreasing very rapidly in the shear layer. In the regions where the
velocity gradient is very high, the timescale decreases very fast in
the direction of the high velocities. In the bottom picture (axial dis-
tance to the injectoris greaterthan 100 mm) a relaxationof the large
gradients takes place, and the timescales are almost constant over
the radius. One can see that the turbulentrange between the integral
and the Kolmogorov timescales comprises 1-2 orders of magnitude.
The smallest Kolmogorov timescales have the magnitude of 1 s in
the reactive shear layer. It is indispensable to compare these turbu-
lent timescales with the chemical timescales in order to investigate
the interaction mechanisms between turbulence and chemistry.

tint = k/&‘,
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Fig. 7 Radial distribution of turbulent timescales at different axial po-
sitions: top—near-injector region (X <50 mm: influence of shear layer
is visible); bottom—far downstream region (X >100 mm: influence of
shear layer has disappeared).

Chemical Timescales

In this section the pure chemical kinetic processes are discussed
separate from the turbulent flow. It is assumed that the combustion
process in rocket combustion chambers occurs under adiabatic and
isobaric conditions. Figure 8 shows exemplary the kinetic transients
of an adiabatic, isobaric combustion process with an initial temper-
ature of 2000 K and a system pressure of 6 Mpa (This high initial
temperature and pressure of the reactands H, and O, result in the
very high adiabatic flame temperature of approximately 4000 K.).

In this study the chemical equilibriumis defined when the system
temperature (adiabatic flame temperature) attains 99% of the equi-
librium adiabatic flame temperature. In Fig. 9 a parametric study
is presented for several different initial conditions (initial tempera-
ture, stoichiometric mixture). The time this system needs to reach
chemical equilibriumis calculated for various pressures.

The parametric study of the initial mixture ratio reveals a weak
dependency over a wide scope (ROF: 3-13) in view of the time
that the system requires to reach equilibrium. This statement is of
course not true when the difference of the initial mixture ratio to
the stoichiometric mixture ratio is too large (ignition conditions).
Figure 9 represents the chemical timescales for stoichiometric ini-
tial mixtures. Regarding the chemical timescales, it is evident that
the dependencyon the initial temperatureis very strong, particularly
for high pressure. Therefore it is necessary to explore the temper-
ature of the propellants in the reactive shear layer. Depending on
mixing temperatures of the propellants, the velocity of chemical
reaction is determined, and one can see for relevant temperatures
the turbulent and chemical timescales can be of the same order of
magnitude.
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Fig. 8 Detailed kinetic mechanism.
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Fig. 9 Chemical timescales for various system pressures.

Investigation of Length Scales

In addition to the timescales, another very important variable to
characterize turbulent combustion processes are the relevant length
scales. This experimental study can determine coherent structures
and their respective length scales. The OH-emission pictures in the
near-injector region are used to extract relevant turbulent length
scales. To accomplish this task, the following assumption must be
made: The visiblecoherentstructuresof the OH emissions are corre-
lated with the coherent structures of turbulent flow. The evaluation
procedure of theses length scales will be elucidated now more in
detail.

The experimentaldata set is comprised of OH intensitiesdetected
by an 8-bit CCD camera with an exposure time of 100 ns and a fre-
quency of 50 Hz. In these experiments the near-injector region is
detected with a heightened resolution. The detection area starts at
the injector plane and goes to 30 mm downstream. This range is
resolved by the CCD camera with 577 pixels (1 pixel = 0,04 mm).
The local resolution is within the turbulent spectrum. Of course,
one cannot resolve the smallest (Kolmogorov) but the larger turbu-
lent structures. In the original images (gray values) every pixel has
intensities between 0 (black) and 255 (white). These images repre-
senta projection of the three-dimensional OH intensitieson a plane
(line of sight).'! For this reason, the evaluation of the length scales
are calculated based on the intensities on the symmetry line. Only at
these pointsitis ensured that the detectiondirectionis perpendicular
to the reactive shear layer. Figure 10 illustrates this approach. This
graphical representation shows an example of an OH single shot
with its symmetry line. On the right-hand side a sketch is shown,
which represents a cross section at the axial position of A-A. The
intensities detected by the CCD camera at an arbitrary pixel on the
symmetry line represent a signal, which is the sum over the radial
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Fig. 10 OH single shot and phenomenological sketch of cross section at axial position A-A.
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Fig. 11 Comparison of axial OH distributions (symmetry line) and
Abel-transformed shear layer.

thickness of the OH zones (combustion zones) within the reactive
shear layer. In the near-injectorregion OH only exists within the re-
active shear layer. This can be proven by a comparison of the axial
intensity distribution of OH emissions on the symmetry line and the
OH emissions extracted from Abel transformationin the following
diagram.

The intensities of the Abel-transformed pictures (Fig. 11) rep-
resent the radial summation through the OH zones (averaged over
all single shots) in the reactive shear layer at various axial posi-
tions. Both the upper and the lower shear layer were calculated.
The curve that represents the intensities of the symmetry line is
averaged over all single shots, too. One can recognize obviously
that the OH intensities on the symmetry line correlate with the in-
tensities summed over the radial thickness of the Abel-transformed
OH emissions within the reactive shear layer. It is therefore obvious
that the detected OH emissions on the symmetry line in the near-
injector region come only from the OH radicals produced within the
combustion zone. Within these combustion zones the investigation
of coherent structures using the well-known two-point correlation
method is discussed now. Figure 12 shows the phenomenology un-
derlying this evaluation procedure. The coherent structures in this
model are considered vortices. They representthe turbulentcoherent
structures as well as the OH-emission structures. By the application
of the two-point correlation method, the length scales of these co-
herent structures are determined. The length scales extracted in this
manner represent an average over the OH thickness in the reactive
shear layer (see Fig. 12). Therefore, mean length scales of coherent
OH structures, which are correlated with turbulent structures, are
determined (averaged over the radial combustion zone thickness
within the shear layer).

For the evaluation procedure an intensity profile over all single
shots is ascertained for every pixel on the symmetry line. Because
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Fig. 12 Phenomenologicalsketch and OH-intensity distribution in the
reactive shear layer.

the images are detected with a frequency of 50 Hz, the single shots
are statistically independent. This frequency corresponds to an in-
terval of 0.02 s between two sequential single shots. Comparing this
interval with the numerically simulated timescales, one can recog-
nize the interval between the single shots is much larger than the
highest turbulent timescale. So every single shot can be regarded
as a statistically independent measurement. For two OH signals of
neighboring locations, the two-point correlation method is utilized
by calculating a correlation factor with the following formula:

’
IPI

Kpip2 = —
VI

'11/)2
VB

To determine this correlation factor for two neigboring points P1
and P2, one needs the rms values of the intensity fluctuations I’
at both points and also the average of the correlation I, * I5,. If
these data are measured, one knows all variables for calculating the
correlationfactor as shown in the equation. This factor describes the
degree of correlation between the two points. The correlation factor
has the maximum value of one. This is applied when the two mea-
suring points are identical (P 1= P2). In this case the signals are
fully correlated. Increasing the distance between these two points,
the correlation factor approaches zero. It is also possible that the
correlationfactorhas negative values, and in normal cases at certain
distances between two points the factor is negative (minimum value
is approximately —0, 2). When the distance between two points get
larger than the largest turbulent structures, then the two measured
intensities get fully uncorrelated (K ~ 0). The next step is to investi-
gate the dependency of the correlationfactor to the distance between
two points by producing a graph of the factor K over the distance.
With this graph it is possible to make predictions of the relevant
length scales in the reactive shear layer. In Fig. 13 a representative
theoretical correlation curve is shown. This curve makes it possible
to calculate various relevant length scales. One of the most popular
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Fig. 14 Turbulent energy cascade with relevant length scales.

is the length scale indicated in Fig. 13. The integral length scale is
calculated by the following equation:

Lint = / K(R) dR
0

Ly specifies the integral length scale and correspondsto equal areas
under the curve and the rectangle. In turbulence theory this scale
plays an important role because it is assumed the vortices with this
scale contain the most energy within the turbulent energy cascade
(see Fig. 14). The two turbulentlength scales bounding the inertial
range of turbulenceare the integraland the Kolmogorovlength scale,
which are defined as follows:
Lu=k[e  ha=@/pe)

In this study the length scale calculated by the integral over the cor-
relation factor K is not used because of the expensive numerical
effort to calculate this integral for every point on the symmetry line.
Here a length scale is utilized, which is very close to the integral
and very easy to calculate. It is the length scale when the correlation
factor K has the value of 0, 5. By means of some exemplary stud-
ies, it was ascertained that the difference between the integral length
scale and the length scale, which is used in this study, is smaller than
5%. So it is justifiable that the additional expenditure to calculate
the exact integral length scale does not remunerate. In this frame-
work a program was developed calculating the correlation factors
and length scales for every pixel on the symmetry line (taking into
account arbitrary numbers of single shots).

From this data set we can extract577 correlationcurves. Compar-
ing these curves, one can recognize they broaden downstream. This
shows the relevant length scales increase with increased distance
from the injector plane.

In Fig. 15 these length scales (defined as the distance when
K =0, 5) from the experimental data set are shown with the numer-
ically simulated length scales. The integral and Kolmogorov length
scales calculated by AS3D (see equations for Ly, and /) are dis-
played in Fig. 15 from the injector plane (X =0 mm) to 30 mm
downstream (X = 30 mm) as well. The radial location is where the
OH concentrationis maximum.

Comparing the numerically simulated length scales with the
length scales of the OH correlations, one can see the connection
between the OH-emission structures and structures of turbulent
flow. The experimental length scales lie between the integral and
the Kolmogorov length scale of simulation but closer to the integral
length scale.

As already mentioned, for the flame emission pictures the Abel
transformation was performed, and in Fig. 16a it is shown that this
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Fig. 15 Comparison between numerical simulated length scales and
the correlated length scales.
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Fig. 16b Thickness of averaged OH zones and length scales for OH
correlations.

makes it possible to measure the thickness of the OH zones over the
average of all of the single shots. It is assumed that this mean OH
zone represents the region where the reactive shearlayeroccurs as a
result of the turbulent fluctuation and in particular as a result of the
large-scale flow instability fluctuations. In Fig. 16a a shadowgraph
together with the deconvoluted OH regions is shown. In the upper
branch of the OH zones, the interfaces (blue lines) and the maximum
OH-intensity line (red line) are displayed (the interface lines are
defined as 5% of the maximum OH intensity). The reason why
the interface is not on the surface of the LOX jet at every position
is the shadowgraph is an instant picture, and the OH regions are
averaged over 200 single shots. The shadowgraphs show a very
intensive fluctuation of the LOX interface (caused by turbulence
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and flow instability fluctuations). The diagram in Fig. 16b exhibits
the thickness of the averaged OH zones computed in this manner
together with the correlated length scales.

The thicknessof the averaged OH zones is increasing very rapidly
after their formation at the LOX post. At 30 mm downstream from
injector, the OH zone has a thickness of approximately 4 mm, which
is four times higher than the measured length scales within the reac-
tive shearlayer. In this regard the instant shear- layer thickness plays
an importantrole. The shear-layer thicknessis comparable with the
pipe diameter in a pipe flow. This scale represents the largest pos-
sible length scale. The averaged OH zones represent the positions
where combustionoccurs. This zone is broadenedby averagingover
the single shots caused by turbulentand flow instability fluctuations.
It is obvious that the flow instability phenomena and the radial tur-
bulent fluctuations, which are responsible for the broadening of the
OH zones, are decreasing in the direction of the injector (for ex-
ample, see shadowgraphsin Fig. 3). Therefore, in the near-injector
region to approximately 20 mm downstream, the thickness of the
OH zone is comparable with the instant shear-layer thickness. At
these locations one can compare the correlated lengths scale, which
remains nearly constant in the first 10 mm downstream with the
evolution of shear-layer thickness, which is increasing right from
the injector.

Conclusions

The length scales of the turbulent flow are investigated experi-
mentally and numerically. The spectrum of length scales represents
the structures, which are determining the turbulent mixing process.
It was ascertained by numerical investigation that the Kolmogorov
length scale is in the magnitude of 1xm at the injector exit plane
and is increasing downstream. The integral turbulent length scale is
at every point almost two orders of magnitude higher. The experi-
mentally measured length scales are in the same order of magnitude
and show similar tendencies. These quantified length scales repre-
sent the sizes of the turbulent structures within the reactive shear
layer. The shear-layer thickness was quantified, too. In the injec-
tor plane the shear layer is established, and its thickness is from
roughly LOX-post thickness (thatis, 0, 3 mm) increasingto a value
of approximately4 mm at the axial position of 20 mm downstream.

To investigatethe interactionmechanism between turbulence and
chemistry in the reactive shear layer, it is, besides the length scales,
also important to quantify the timescales of the turbulentand chem-
ical processes. Comparing the speed of the mixing process with the
speed of the chemistry, one can deduce the turbulent combustion
regime at a local position. In this study timescales of turbulent mix-
ing and combustion processes are quantified; thereby, the smallest
turbulent mixing time (the Kolmogorov timescale) has the magni-
tude of 1 us in the reactive shear layer, very close to the injector.
The integral turbulent timescale at this location is approximately
20 ps. Because the velocity gradients at the reactive shear layer
are declining downstream, the turbulent timescales are increasing

within the reactive shear layer, and consequently the radial profile is
equalized. At 30 cm downstream the Kolmogorov and the integral
timescales are almost constantover the whole diameter of the com-
bustion chamber (fyo; & 20 us, fipe & 1 ms). Comparing the studied
flow and chemical timescales, one can derive that various interaction
mechanisms between flow turbulence and chemistry are possible.
It seems different combustion regimes (for example, see Borghi'®)
occur in the reactive shear layer of a coax injector flow.
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