
Unsteady Flame and Flow Field Interaction of a

Premixed Model Gas Turbine Burner

K.-U. Schildmacher1, A. Hoffmann2, L. Selle3,

R. Koch4, C. Schulz5, H.-J. Bauer4, T. Poinsot6

1Siemens Power Generation, Muelheim, Germany
2PCI, University of Heidelberg, Germany

3California Institute of Technology, Pasadena, California, USA
4Institute of Thermal Turbomachinery, University of Karlsruhe, Germany

5IVG, University of Duisburg-Essen, Germany
6CERFACS, Toulouse, France

Abstract

In recent years, the NOx emissions of heavy duty gas turbines have been significantly reduced by introducing lean

premixed combustion. However, these flames are known to be prone to combustion instabilities, which became

the key issue of modern gas turbine combustion research. In this paper, investigations of a single model gas

turbine burner are presented with special focus on thermo-acoustic eigenmodes of the combustor and the resulting

interaction between periodic flow field oscillations and flame front fluctuations.

A numerical analysis of the eigenmodes of the combustor rig was preformed and compared to pressure probe

measurements. By the numerical analysis Helmholtz mode pressure oscillations were predicted to be present in

the air plenum upstream the burner as well as in the combustion chamber. These oscillation modes could well be

confirmed by the analysis of the pressure signals taken at different position within the combustor rig.

By these pressure oscillations thermo-acoustic flame instabilities are triggered. Due to a phase lag between the

pressure oscillations in the air plenum and those in the combustion chamber, fluctuations of air flow through the

burner are induced, which in turn cause fluctuations of the equivalence ratio at the burner exit plane. As result,

fluctuations of the heat release rate within the flame are established, which interfere with the acoustics of the

rig and, thus, unstable combustion is maintained. The dynamics of the flow field and of the flame was studied

experimentally by phase-locked LDA and OH-LIF diagnostics. The experimental results give an excellent insight

into the chain of processes that are responsible for the thermo-acoustic instabilities. Interestingly, two different

oscillation modes could be identified depending on the amplitude of the oscillations. At low oscillation levels only

weak and locally confined velocity fluctuations in the main reaction zone were observed which do not have any

significant impact on the flame. By increasing the equivalence ratio, the transition from low to high oscillation

levels can be triggered. Under high oscillation levels, a pumping motion of the flow field in axial direction could

be identified which causes strong periodic disturbances of the flame.
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1. Introduction

Strong limitations of NOx emissions forced the gas
turbine industry to adopt premixed lean combustors
which lead to a significant decrease of emissions [3].
However, one drawback of this combustion mode is
the high probability of thermo-acoustic instabilities.
In recent years, different mechanisms have been iden-
tified that cause these instabilities, such as feedback
loops between pressure and heat release fluctuations
[5], flow instabilities and unsteady air-fuel mixing
[12]. All these instabilities can have a major impact
on combustion leading to flame front disturbances and
fluctuations of the heat release [2, 8] and may signifi-
cantly compromise the NOx emissions [7].

The objective of the present study was to identify
the mechanisms that are responsible for the thermo-
acoustic instabilities of modern heavy duty gas tur-
bines. A transparent test rig with a single model
burner of a heavy-duty gas turbine burner was set up.
The rig enables detailed experimental investigations
at atmospheric pressure.

For non-reacting conditions, a Precessing Vortex
Core (PVC) was predicted by LES calculations which
is a typical instability of swirling flows [16]. The
presence as well the frequency (262 Hz) of the PVC
could be confirmed experimentally by HWA measure-
ments in the non-reacting flow in a previous study
[13].

Further experimental investigations under reacting
conditions revealed the presence of thermo-acoustic
instabilities which are by coincidence at almost the
same frequency. However, a PVC could not be ob-
served in the reacting flow. In order to clarify the
mechanisms of the combustion oscillations, a numer-
ical acoustic eigenmode analysis was performed and
the interaction between flame and flow field was in-
vestigated experimentally by phase resolved measure-
ments of the flow field by LDA and the flame front by
LIF.

2. Nomenclature

A burner area

c speed of sound

D burner outlet diameter

fH Helmholtz resonator frequency

HWA Hot Wire Anemometer

L, l length

LDA Laser Doppler Anemometer

LES Large Eddy Simulation

LIF Laser-Induced Fluorescence

l, m, n mode order in each direction

p pressure perturbation

p̄, p0 mean pressure

p̃ period. fluctuation pressure component

p̂ pressure amplitude

PVC Precessing Vortex Core

max maximum value

r radius

T temperature

u (axial) velocity

ū mean axial velocity component

ũ periodical axial velocity component

V volume

w circumferential velocity

x, y, z Karthesian co-ordinate axis

γ local ratio of heat capacities

ϕ phase angle

Φ equivalence ratio

ω̇T local unsteady heat release

3. Burner, Test Rig and Operating Conditions

3.1. Burner

For the present study a single burner (Fig. 1) which
mimics a typical design of a heavy duty gas turbine
burner was used. It was fired by natural gas. The
burner can be operated with either non-premixed or
premixed mode gas injection. In addition, the burner
is equipped with a pilot gas nozzle which is used to
stabilize the premixed flame. The air passage con-
sists of two concentric annular air swirlers. The inner
one is equipped with nozzles for pilot gas and non-
premixed gas injection. In case of non-premixed op-
eration, the natural gas is injected through the non-
premixing nozzles. In premixed mode operation, the
premixing gas nozzles and optionally to a minor part
the pilot nozzles are used. In both modes, the air is
fed through the axial as well as the diagonal swirling
ducts with the same flow split. The Reynolds number
at the burner outlet is 105 and the thermal power can
be adjusted from 420 kW at Φ = 0.5 to 770 kW at
Φ = 0.83.

3.2. Test Rig

The burner was implemented into a single burner
test rig operating at atmospheric pressure. The com-
bustor housing provided access for optical diagnostics
such as LIF imaging and LDA. Fig. 2 shows a sketch
of the combustor. The combustion chamber has a
square cross-section with a truncated pyramidal shape
at the outlet. If the diameter of the burner outlet is D
(Fig. 1), the overall length of the combustor is 5.5D
and the width of the square cross-section is 2.9D. All
results of the experimental investigations reported in
this paper are based on the co-ordinate system given
in Fig. 2 where the burner axis corresponds to the
x-axis. In addition, the LIF and LDA measurement
planes are shown. The calculations of the acoustic
eigenmodes were based on the same geometry.

3.3. Operating Conditions

In premixed mode two different operating points
where combustion oscillations are present were inves-
tigated: First, a strongly oscillating flow at Φ = 0.83



and, second, a weakly oscillating flow at Φ = 0.71.
In both cases, the air volume flow was identical and
set to that of a burner in the engine under typical pres-
surized operating conditions in order to ensure Mach
number similarity. In addition, the combustion air
was preheated to 673 K which corresponds to a typi-
cal burner inlet temperature. In the gas turbine, the
burner is operated in premixed mode with pilot gas
injection for better flame stability. In order to prevent
any disturbance of the premixed flame by the pilot
burner under test rig conditions, no pilot gas flow was
used during all investigations.

4. Numerical analysis of the acoustic eigenmodes
A useful step for understanding the flame/com-

bustion interaction with acoustic pressure oscillations
is to compute the eigenmodes of the full combustor.
By linearizing the reactive Navier-Stokes equations
around a mean state (index 0), the general Helmholtz
equation for acoustic perturbations in a turbulent and
reacting flow [4, 10] is obtained:

∇·
(

c2∇p
)

− ∂2p

∂t2
= −(γ−1)

∂ω̇T

∂t
−γp0∇~u : ∇~u

(1)
where p is the pressure perturbation, ω̇T is the lo-

cal unsteady heat release, p0 is the average pressure
and γ and c are the local ratio of heat capacities and
speed of sound, respectively. Eq. 1 is derived under
the following assumptions:

• low Mach number flow,

• no volume forces,

• small perturbations (i.e. linear acoustics)

• and homogeneous mean pressure.

A detailed presentation of the solver used for
Eq. 1 in the frequency domain (assuming harmonic
pressure-fluctuations) can be found in [1]. This tool
is referred to as the Helmholtz solver.

In reacting flows both γ and c may undergo dras-
tic spatial variations due to changes in composition
and temperature. Three-dimensional (3D) fields of c
and γ are the input for the Helmholtz solver, which
then provides the 3D shape of the mode as well as its
frequency and amplification/attenuation rate. For the
present study, the 3D fields of c and γ correspond to
the averaged fields of a validated Large-Eddy Simula-
tion [15, 16] that duplicates the experiment running in
premixed mode at an equivalence ratio Φ = 0.5. The
domain for which the eigenmodes are sought consists
in the combustion chamber together with the burner
and the intake plenum. By the acoustic boundary con-
ditions zero pressure fluctuations are imposed at the
chamber outlet (p = 0) and zero velocity fluctuations
(u = 0) at the inlet of the air-box plenum and on
all walls. When combustion instabilities occur, tur-
bulence generated noise (∇~u : ∇~u = 0) can be ne-
glected. The active effects of the flame were also ne-

glected in this work (
∂ω̇T

∂t
= 0) so that the stability

of a given mode can not be predicted. The Helmholtz
solver provides all possible acoustic modes but does
not indicate which one will actually be excited.

The frequencies of the eigenmodes predicted by
the Helmholtz solver are listed in Tab. 1. As stan-
dard notations for single-duct acoustic-modes (that is
(l, m, n) where l, m and n are the order of the mode
in each direction) can hardly be used for multiple
ducts, the modes are simply numbered according to
their frequency magnitude. The detailed discussion
on the structure of all modes is postponed to a further
study as the focus is set on the mode which matches
the experimentally unstable frequency: mode number
2. The modulus and phase of p are presented in Fig. 3.
This mode is characterized by high pressure fluctua-
tion levels in the plenum and somewhat lower levels
in the combustion chamber, as well as a phase shift
of π at the burner exit. These characteristics are to
be compared with measurements on the experimen-
tal setup. Also these characteristics show that mode
number 2 corresponds to an oscillating mode between
the plenum and the chamber with higher pressure
fluctuations in the plenum: it can be compared to a
Helmholtz resonator with the plenum being the con-
tainer and the burner being the neck.

The Helmholtz frequency fH of the plenum and
the attached burner [1] is given as

fH =
c

2π

√

A

L · V (2)

where A is the area of the burner, L its corrected
length of the burner and V the volume of the plenum.
The corrected length [10] is set to L = l + r, l being
the actual neck length and r its radius. For this config-
uration, Eq. 2 gives a frequency of fH = 247.9 Hz.
Consequently, the conjecture of the unstable fre-
quency as being the Helmholtz resonator frequency
of the plenum is supported by three facts:

• it is close to fH ,

• it varies as the square root of the plenum tem-
perature consistently with Eq. 2

• and it does not depend on Φ and the temperature
in the combustion chamber [14].

5. Verification of Acoustic Eigenmode by Pressure

Measurements

For the both combustion oscillation modes to be
discussed in the next section, the dominant frequency
was found to be at 251-255 Hz which is almost identi-
cal to the predicted eigenmode number 2 at 249.7 Hz.
The corresponding Helmholtz resonator mode was
verified experimentally by pressure probe measure-
ments. The signals of two pressure transducers were
recorded simultaneously. One was equipped with an
infinite coil probe [9] and consecutively mounted at
different axial and angular positions of the combustor
wall (Fig. 4). The other transducer was located in the



air plenum and its signal was used as reference signal
for phase angle matching.

The pressure fluctuations recorded at different ax-
ial and angular positions are plotted versus the phase
angle in Fig. 5 for the strong oscillation mode and
and in Fig. 9 for the weak oscillation mode. From
the pressure signals two conclusions can be drawn:
First, the pressure signals from all circumferential po-
sitions at constant axial position are in phase, which
is a clear indication that no PVC is present under re-
acting conditions. This was also confirmed by phase-
locked LDA measurements at different angular posi-
tions. Second, no phase lag was found between the
pressure signals at different axial position which con-
firms the predicted Helmholtz mode within the com-
bustor. The observation of nearly identical pressure
amplitudes at different axial positions excludes the
presence of a quarter-wave mode.

Additionally, also the fluctuation of the pressure
difference between the plenum and the burner which
actually is the fluctuating pressure difference across
the burner is shown in Figs. 5 and 9. As both,
the pressure inside the air plenum as well as the
pressure inside the combustor are normalized to the
corresponding mean value, the pressure fluctuation
across the burner becomes negative for some phase
angle regimes. In contrast the eigenmode calcula-
tions, where a phase lag of ∆ϕ = 180◦ (Fig. 3)
across the burner was predicted, the experiment gives
a phase lag of 77.5◦ for the strong oscillation mode
and ∆ϕ = 57◦ for the weak oscillation mode. The
discrepancy between experiment and prediction may
be attributed to the fact that the damping within the
neck, i.e. friction losses within the burner were ne-
glected, and also the presence of the flame was not
accounted for in the calculations. The wiggles with
a frequency of about 10 kHz in the pressure records
taken inside the combustor (Fig. 5) are caused by sig-
nal processing. However, Fourier transforms of all
pressure signals did not reveal a pronounced peak at
this frequency.

In order to verify that the Helmholtz resonator
where the air plenum acts as resonator and the burner
as neck is relevant oscillator, additional experimental
investigations where performed: The resonance fre-
quency of this Helmholtz resonator is linearly pro-
portional to the speed of sound inside the air plenum
and, therefore, to

√
TPlenum . A variation of temper-

ature of the air supplied to the air plenum between
573 K and 673 K revealed oscillation frequencies
from 231 Hz to 252 Hz [13] which complies exactly to
what is predicted by Eq. 2. On the other hand, a vari-
ation of the temperature and, thus the speed of sound
inside the combustion chamber by changing the fuel
flow at constant air flow and constant air inlet tem-
perature did have no effect on the frequency of the
oscillations. This is prove that the combustion cham-
ber does not act as resonator for the present eigen-
mode. Thus, there is clear evidence that the predicted
Helmholtz resonator mode triggers the observed com-
bustion oscillations.

6. Flow Field - Flame Interaction

When operating the test rig under conditions typi-
cal for gas turbines, the flame does not pulsate. How-
ever, by increasing the equivalence ratio beyond the
typical operation range, the stability limit is exceeded
and the flame starts to oscillate. Because of the higher
wall temperatures in the test rig which is not equipped
with film cooled walls, and also because of the mis-
sing interaction with the adjacent burners, the com-
bustion rig acts sightly different in terms of stability
limits compared to the gas turbine.

When the equivalence ratio is increased beyond the
stability limit, the amplitudes of the dynamic pressure
fluctuations start to grow steadily. First audible insta-
bilities are established at Φ ≥ 0.71 (p̃/p̄ ≈ 0.0008).
Inbetween Φ = 0.75 and Φ = 0.80 a transient regime
was found where the pressure amplitudes jump be-
tween high and low over time, even for constant
operation condition settings. Beyond an equivalence
ratio of Φ = 0.80 only high amplitude pressure oscil-
lations are present. It should be noted that both types
of oscillations have the same frequency.

Both instability modes are governed by a common
basic mechanism: Due to the phase lag between the
pressure fluctuations in the air plenum and combus-
tor, an alternating acceleration and deceleration of the
air flow through the burner in induced. The fuel is in-
jected into this air flow with high subsonic speed. The
fuel injection nozzle is nearly choked and, therefore,
the fuel flow is approximately constant. As conse-
quence, fuel rich and fuel lean pockets are generated
in the premixing passage of the burner. When these
pockets are convected downstream into the combus-
tor and finally reach the flame, fluctuations of the heat
release and flow pulsations are induced which in turn
trigger the combustion oscillations. However, the re-
sulting flow instabilities and their interaction with the
flame are significantly different for the two instability
modes. The flow - flame interaction of both modes
will be discussed in detail subsequently.

6.1. High Oscillation Amplitudes

For analyzing the mechanism at high oscillation
amplitudes, an operation point at Φ = 0.83 was se-
lected, where pressure fluctuations at 254 Hz with an
amplitude of p̃/p̄ = 0.015 are found in the combustor
[14].

The reacting flow was investigated by LDA and
OH LIF. Similarly to the previously described pres-
sure fluctuation measurements, the signal of the pres-
sure sensor in the air plenum (Fig. 4) was used as
reference for synchronizing the LDA burst spectrum
analyzers [14] and the LIF system. Thus, all phase
angles are referenced to the pressure signal in the
plenum (Fig. 5).

The phase-locked axial velocity is plotted in Fig. 6
for four different phase angles, normalized by the
maximum of the mean axial velocity ūmax. At



ϕ = 276◦ regions of high positive axial veloci-
ties (u/ū = 1.14) are generated in the main flow
(x/D = 0.4, y/D = 0.6). Then these accelerated
flow pattern move downstream (ϕ = 6◦, 96◦) and fi-
nally are dissipated (ϕ = 186◦). Velocity fluctuations
can also be found in the recirculation zone which are
in phase to those of the main flow. Therefore, the un-
steady flow field can be described as a pumping mo-
tion in axial direction.

Fig. 7 shows OH LIF intensities which are phase
averaged over 400 single exposures. The flame front
may be assumed to be located close to the steepest
OH gradient [6]. The LIF images are superimposed
by phase-averaged axial velocities (ū + ũ) plots. The
LIF data show that the flame is located inbetween the
recirculation zone and the main flow close to the zero
velocity iso-line which is indicated by the dashed line
in the plots. In this region high velocity gradients
and strong velocity fluctuations prevail and, thus, the
flame is very sensitive to changes of the flow field.
It is obvious from the plots that the flame strongly
fluctuates during one period of oscillation. At phase
angles of ϕ = 2◦ and 92◦ the flame is nearly undis-
turbed. At phase angles of ϕ = 182◦ and 272◦ we
have a strongly disturbed flame, where no OH gra-
dients are present indicating the absence of a well-
defined flame front.

In order to elucidate the interaction of the pres-
sure fluctuations and the oscillations of the velocity
field with the flame, we first focus on the phase angle
regime ϕ = 182◦ − 272◦ where the flame is strongly
perturbed. Obviously, the disturbed flame causes are
significant reduction of the heat release, and as con-
sequence the local density increases and the axial ve-
locity within the flame zone decreases. Due to the re-
duced axial momentum flux, the swirl number within
the flame region (x/D = 0.633) starts to increase as
shown in Fig. 8 [11, 14]. Therefore, deteriorated mix-
ing within the shear layer because of reduced axial
velocity gradients and a significant reduction in axial
velocity which in tendency causes the flame to pro-
pagate upstream, may be the reasons why there is no
well-defined flame front.

On the other hand, the pressure difference across
the burner is less than the temporal mean value star-
ting from ϕ ≈ 210◦. Thus, a fuel richer mix-
ture is generated in the burner premixing passage.
When these fuel rich pockets reach the flame zone at
ϕ ≈ 300◦, the flame recovers. As consequence, the
heat release increases and the pressure in the combus-
tor rises (Fig. 5). Due to the enhanced heat release, the
local density decreases and the axial velocity within
the flame zone rises, which cause the flame to be de-
flected slightly downstream. Thus, in the strong os-
cillation mode, we have a strong disturbance of the
flame associated with slight deflection of the flame in
axial direction.

6.2. Low Oscillation Amplitudes

As described previously, weak oscillations with

approximately 20 times lower pressure oscillation
amplitudes were present between Φ = 0.71 and
Φ = 0.75. The flow field - flame interaction of those
oscillations were investigated at Φ = 0.71 with an air
flow and air inlet temperature identical to that of the
strongly oscillating flow. Similarly as for strong oscil-
lations, a phase shift between the pressure fluctuations
in the plenum and the combustor was observed but
with a smaller phase lag of ∆ϕ = 57◦ (Fig. 9). The
minimum pressure difference and, hence, the lowest
velocity through the burner was found at ϕ = 310◦.
At this phase angle fuel rich bubbles are generated in-
side the burner diagonal swirler blades [13], which are
convected downstream and emerge from the burner
outlet (Fig. 1) at ϕ = 439◦ (ϕ = 79◦).

The normalized mean axial velocity together with
the superimposed time lag distribution (shown as iso-
lines) is plotted in Fig. 10. The velocities were cap-
tured by LDA, and from the velocity field the lo-
cal time lag was calculated which is referenced to a
zero value at the burner outlet. The time lag field
reveals that fuel inhomogeneities emerging from the
burner mouth will arrive approximately 2 ms later at
the main reaction zone. This delay corresponds to
∆ϕ ≈ 180◦ for oscillations at 251 Hz. Thus, at
ϕ = 79◦ +180◦ = 259◦ the heat release in the flame
reaches its maximum.

The velocity fluctuation have been extracted from
the LDA measurements and plotted in Fig. 11 for
two phase angles: ϕ = 268◦ which represents ap-
proximately the phase angle at maximum heat release
within the flame zone, whereas ϕ = 88◦ corresponds
to approximately minimum heat release. The con-
tours represent the amplitude of the periodical axial
velocity fluctuation ũ/ūmax, the iso-lines the mean
value of the axial velocity ū/ūmax. It is evident from
the plots that the fluctuations are locally confined to
the main reaction zone at x/D = 0.6, y/D = 0.5.
For ϕ = 268◦ strong velocity fluctuations are present
in the reaction zone , whereas for ϕ = 88◦ only mini-
mal velocity fluctuations are found. Thus, the velocity
fluctuations inside the flame zone are almost in phase
with heat release.

As the fluctuations of the velocity are comparably
small there is just a minor impact on the flame, which
is confirmed by the OH-LIF intensity plots in Fig. 12.
The flame is still sufficiently stabilized by the swirl
[14] and the flame position as well as the shape does
not vary.

7. Conclusion

The mechanisms leading the thermo-acoustic os-
cillation of the single premixed, swirl stabilized gas
turbine model combustor were studied by extensive
experimental investigations. By an accompanying nu-
merical study of the acoustic eigenmodes of the test
rig, an Helmholtz mode where the air plenum acts as
resonator and the burner air passage as neck could be
identified as relevant eigenmode.



This Helmholtz mode could be confirmed in the
experiment by investigating the pressure oscillations
at different position inside the combustion chamber,
as well as by analyzing the velocity fluctuations by
LDA and the flame perturbation by LIF inside. Fur-
thermore, by varying the temperature either inside the
air plenum or inside the combustion chamber, the air
plenum could be proven to be the resonator of the sys-
tem.

Depending on the setting of the equivalence ratio at
otherwise identical operation conditions, two differ-
ent modes of oscillation at the same frequency could
be discriminated in the experiments. The two oscil-
lation modes differ mainly in the amplitude of the
associated pressure fluctuations. For both oscillation
modes, the Helmholtz resonator mode could be iden-
tified as the driving acoustic feedback mechanism. As
consequence of the phase shift of the pressure fluctu-
ations across the burner, velocity fluctuations through
the air passage of the burner are induced, by which in
turn fluctuations of the equivalence ratio of the flow
emerging from the burner are generated. When the al-
ternating patterns of fuel rich and lean pockets reach
the flame zone, the heat release starts to fluctuate, and
fluctuations of density as well as the axial velocity
within the flame zone are established.

In the case of low oscillation amplitudes, the phase
lag across the burner was ∆ϕ = 57◦. Minor fluctua-
tions of the axial velocity inside the flame zone could
be identified in the experiment. But the LIF data re-
vealed that the flame itself was nearly undisturbed by
the velocity field fluctuations.

In the case of strong oscillations, the phase lag
across the burner was higher (∆ϕ = 77.5◦). Strong
fluctuations of the axial velocity inside the flame zone
were found which cause a periodic disturbance of the
flame and a local break down of the nominal swirl
number within the flame zone [13]. As consequence,
the flame nearly seems to extinguish over a phase an-
gle range of almost ∆ϕ ≈ 90◦.
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Table 1: List of eigen-frequencies as computed by the

Helmholtz solver

Frequency [Hz] Mode number

134.7 1

249.7 2

763.2 3

936.1 4

936.1 5

982.3 6

1186.8 7

1186.9 8

a i r

f u e l

p r e m i x i n g  g a s  n o z z l e
d i a g o n a l  s w i r l e r
p i l o t  g a s  n o z z l e
n o n - p r e m i x i n g  g a s  n o z z l e
a x i a l  s w i r l e r

f u e l
a i r

bu
rne

r d
iam

ete
r D

Figure 1: Sketch of the burner

y

b u r n e r
c o m b u s t o r

z

y

x
c o m b u s t o r

p l e n u m

a i r  c o o l e d  d u c t a i r  c o o l e d  d u c t

L D A

L I F xz
e x h a u s t
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Figure 5: Phase-locked pressure distribution in the plenum

and combustor (Φ = 0.83)
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Figure 6: Phase-locked axial velocity field (Φ = 0.83)
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Figure 7: Phase-locked OH-LIF intensities with superim-

posed axial velocity isolines (Φ = 0.83)
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Figure 9: Phase-locked pressure distribution in the plenum

and combustor (Φ = 0.71)
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Figure 10: Mean axial velocity with superimposed time lag

isolines in sec. (Φ = 0.71)
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Figure 11: Periodical axial velocity fluctuations and super-

imposed mean axial velocity field (Φ = 0.71)
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Figure 12: Phase-locked OH-LIF intensities with superim-

posed axial velocity isolines (Φ = 0.71)


