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Figure 4.5: Schlieren images of H2-O2 Flow with forcing at 885Hz
(a) 30vpp (b) 40vpp (¢) SOvpp (d) 60vpp

Similar to what was done previously, a case was run at velocities of 27/9/27

m/s to observe the effect of errors in velocity estimating on flow structure. In this
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case, forcing was provided at 885Hz and 60vpp. As shown in Figure 4.6, the higher

velocity greatly decreased the bending in the flow.

Figure 4.6: Schlieren image of H2-O2 flow at u= 27/9/27 m/s and forcing at
885Hz and 60vpp

4.2 Simulation Results

4.2.1 Steady State Simulation

The first step in simulating the cold flow problem in Loci-CHEM was to
generate an appropriate steady condition that could be used both as a point of
comparison and as an initial condition file for acoustically forced simulations. Room
temperature N, was used as the ambient condition for the combustor and plenum. A
steady-state RANS simulation was run with H, and O, inflow activated and the
numerical loudspeaker boundary set to a solid, viscous wall. Sufficient iterations
were run to allow the inflow gases to convect through the combustor chamber and
into the plenum and stabilize to a steady-state condition. Figure 4.7 shows the global

results of the steady-state simulation. Figure 4.8 shows a zoomed view of the density
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gradient in the near-injector region that shows the same region as the experimental

images for use as a direct comparison.

Figure 4.7: Baseline simulation for H2-O2 cold flow showing
mole fraction of H2

Figure 4.8: Zoomed view of near-injector field showing baseline density gradient
magnitude
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4.2.2 Acoustic Forcing at 405Hz

To apply acoustic forcing at 405Hz, the steady-state condition from the
previous simulation was used as the initial condition for the forced simulation. A
data file was supplied to the numerical loudspeaker boundary provided the specified
time-dependent mass-flow to generate forcing at 405Hz and a velocity amplitude of
uw’=15 m/s. At this frequency, symmetric vortices generation was seen in the near-
injector field. Figure 4.9 shows the density gradient in the near-injector field, and
qualitatively agrees closely with the experimental results.

From acoustic analysis of the chamber, 405Hz is estimated to be
approximately the 2™ harmonic of the longitudinal mode running through the oxygen
jet. Even though forcing is coming from only one direction, symmetric, in-phase
oscillation is seen in the flow field. Looking at the streamlines from the phase-locked
images in Figure 4.10, they strongly suggest that that the loudspeaker is being
amplified by a longitudinal mode, and that this mode is affecting the mixing behavior
in the near-injector region. Figure 4.11 shows pressure and velocity traces taken from
the exit of the speaker slit. Velocity stays constant as expected, while pressure grows,

further suggesting that acoustic resonance is occurring.
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Figure 4.9: Zoomed view of near-injector field showing density gradient
magnitude with forcing at 405Hz and u’=15 m/s
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Figure 4.10: Mole fraction of H, and streamlines for cold flow simulation with
forcing at 405Hz and velocity amplitude of 15 m/s
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Figure 4.11: Time trace of normalized pressure and velocity fluctuations,
forcing at 405Hz (a) P’/P fluctuations as function of number of forcing cycles,
(b) Velocity fluctuations as function of number of forcing cycles

4.2.3 Acoustic Forcing at 885Hz

In addition to the symmetric response, a strong asymmetric response was seen in the
higher frequency regime, and is believed to be associated with travelling, rather than
standing, waves. Similar to the lower frequency case, the steady-state results were
used as the initial condition before the time-dependent acoustic forcing at 885Hz was

applied. The initial case was applied at an amplitude of u’=15 m/s, and showed slight
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asymmetric interaction, with the flow bending towards the direction of forcing,
although not very strongly. Figure 4.12 shows the density gradient in the near-
injector field, which shows close similarity to the experimental result at the lower
amplitudes. Figure 4.13 shows the phase-locked global view with streamlines, and it
can be noticed that the far side of the flow field is largely unaffected by the forcing.
Looking at the pressure and velocity fluctuations in Figure 4.14 near the speaker inlet,
the velocity fluctuations once again remain constant, while the pressure fluctuation is

dominated by noise, and does not grow in amplitude.

Figure 4.12: Zoomed view of near-injector field showing density gradient
magnitude with forcing at 885Hz and u’=15 m/s
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(b)

Figure 4.13: Mole fraction of Hz and streamlines for cold flow simulation
with forcing at 885Hz and velocity amplitude of 15 m/s
(b) phase=0°, (b) phase=90°, (c) phase=180°, (d) phase=270°
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Figure 4.14: Time trace of normalized pressure and velocity
fluctuations, forcing at 886Hz (a) P’/P fluctuations as function of number
of forcing cycles, (b)Velocity fluctuations as function of number of forcing

cycles
Doubling the forcing amplitude to u’=30 m/s shows significantly increased
bending in the flow, as shown in Figures 4.15 and 4.16. This corresponds to the
experimental results, although there is a longer delay before the flow bends back to
the left than shown in the experiments. Additionally, at the higher amplitude much

stronger vortices are formed on the near-speaker side, and a noticeable phase-

dependence is seen in the global flow field, although the far side remains relatively
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unaffected. Figure 4.17 shows the pressure and velocity traces, which show the
increased amplitude in the velocity fluctuations with little change in the pressure

fluctuations.

Figure 4.15: Zoomed view of near-injector field showing density gradient
magnitude and forcing at 405Hz
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Figure 4.16: Mole fraction of Hz and streamlines for cold flow simulation
with forcing at 886Hz and velocity amplitude of 30m/s
(b) phase=0°, (b) phase=90°, (c) phase=180°, (d) phase=270°
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5. Reacting Flow Results

5.1 Experimental Results

Previous work by Ghosh [2008] demonstrated the effect of acoustic forcing on
flames in a model shear-coaxial injector. Similar to the cold flow results, two distinct
types of interactions were noticed, as shown in Figures 3.14 and 3.15. The low
frequency forcing at 300Hz demonstrated a symmetric interaction, very similar to the
cold flow interaction at 400Hz. However, at 1150Hz, instead of simply bending the
flow, a strong asymmetric reaction was seen in which the speaker-side flame
exhibited increased oscillatory behavior, while the far side flame remained stable.
Also noticed as part of the original experiments was that the heat release oscillations
were occurring at a frequency of around 97Hz, despite the initial forcing at 1150Hz.
This suggests that some mechanism is coupling the forcing being felt in the near-

injector field to the low frequency oscillations.
5.2 Simulation Results

5.2.1 Steady State Simulation

Similar to the process for the cold flow simulations, a reacting flow steady-
state simulation was created to use as an initial condition for the acoustic forcing
cases. Since the reacting flow simulations use a reacting H»-O, chemistry set that
does not contain nitrogen, it was decided to instead use room temperature H,O gas as
the ambient condition for the combustor chamber and plenum. Other boundary

conditions were kept identical to the cold flow simulations.
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In addition to the change in initial conditions, an ignition process also needed
to be developed for the reacting flow simulations. Loci-CHEM provides a method for
specifying an ignition source, although use of this feature for this case resulted in a
failure to achieve convergence. Instead, an alternative method was used to establish a
flame by increasing flow temperatures and then ramping back down to desired
operating conditions. H and O, inflow temperatures were set to 800K and allowed to
mix normally until two stable diffusion flames formed. Inflow temperatures were
then slowly ramped back down to 300K over several hundred iterations. As part of
this process, it was discovered that it was necessary to use the time-dependent solver
mode with a time step of less than 6 microseconds in order to maintain stability. For
similarity with the previous acoustically forced simulations, a time step of 5
microseconds was used. Once the flame was established, several thousand iterations
were required to allow the flow to convect through the combustion chamber and form
stable flames.

Since OH* chemi-luminescence was used for the experimental imaging, OH
mole fraction is displayed in the simulation results for comparison. Figure 5.1 shows
the steady state simulation OH mole fraction, and Figure 5.2 shows the temperature

plot for the steady state simulation.
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Figure 5.2: Temperature plot for baseline reacting flow simulation
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5.2.2 Acoustic Forcing at 300Hz

Experimental white noise forcing results from the work by Ghosh[2008] shown in
Figure 5.3 reveal that 300Hz corresponds to a peak in the spectral amplitude plot.
This peak is believed to be associated with the quarter wave mode of the oxygen post.
Ideally, a white noise simulation with reacting flow would have been run, similar to
the white noise with air only case, the exceedingly long run times required to generate
sufficient data made that option unfeasible. However, based on the previous
acoustics only and cold flow simulations it was expected that the simulated
combustor would display similar acoustic resonance characteristics with the reacting
flow field. Initially, forcing was provided to the simulation at an amplitude of u’=15
m/s, with the results shown in Figure 5.4. Some ripple effects are seen in both
flames, but not the strong oscillations seen in the experimental results. To help
understand these results, probe data was taken at three locations in the near-injector
field, as shown in Figure 5.5. Figures 5.6 and 5.7 show pressure and velocity traces
at each of these probe locations, and while the velocity amplitude is constant, as
expected, the pressure fluctuation is also at a constant amplitude, indicating that no
acoustic resonance is occurring. This is different than what was expected and what
was seen in the low frequency forcing for the cold flow results. Additionally, the
pressure and velocity traces are seen to be quite noisy, with the noise occurring at a
frequency of exactly 10kHz. Since the noise frequency is so clean, it is almost
certainly artificial induced as an artifact of the discretization or numerical methods,

however, the precise source has not yet been identified. Additionally, the noise
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appears to damp out from the pressure oscillations as the signal travels away from the

speaker, but shows inverse behavior in the velocity fluctuations.
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Figure 5.3: Experimental white noise forcing results for reacting H2-O2 flow
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Figure 5.4: OH mole fraction for reacting H2-O2 flow with acoustic forcing at
300Hz and u’=15 m/s
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Figure 5.5: Zoomed view of near-injector region showing probe locations
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Figure 5.6: Pressure trace showing pressure fluctuations for reacting flow with
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Figure 5.7: Velocity fluctuations for reacting flow with acoustic
forcing at 300Hz (a) Probe 1 (b) Probe 2 (c) Probe 3
Since no acoustic resonance is occurring in the simulation, it suggests that the
results will be amplitude dependent. A case was examined with the forcing amplitude
increased to u’30 m/s. In this case, shown in Figure 5.8, the oscillations of the flame
are stronger, although still not as well defined as the experimental results. Also, there
is a noticeable phase delay between the left and right flame oscillations, which is not

present in the symmetric oscillations seen in the experimental results.
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Figure 5.8: OH mole fraction for reacting H2-O2 flow with acoustic forcing at
300Hz and u’=30 m/s
5.2.3 Acoustic Forcing at 1150Hz
The high frequency forcing case displayed the most interesting characteristics

during the experimental testing, and also is the most relevant case to actual
combustion instability problems. However, when the 1150Hz forcing was applied to
the reacting flow simulation, very little interaction was seen, as shown in Figure 5.9.
Even as amplitude was greatly increased, no large-scale oscillations were seen. The
near-injector field does show some similarity to the experimental results, in that the
speaker-side flame shows a decrease in flame thickness, while the far side flame is
shown expanded slightly; however, the strong heat release oscillations are not
present. Figures5.10 and 5.11 show the pressure and velocity traces, which also a
similar 10kHz noise that follows the same damping and growth pattern seen in the

300Hz simulation.
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Figure 5.9: OH mole fraction for reacting H2-O2 flow with acoustic forcing at
1150Hz and u’=30 m/s
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Figure 5.10: Pressure trace showing pressure fluctuations for reacting flow with
acoustic forcing at 1150Hz (a) Probe 1 (b) Probe 2 (c¢) Probe 3
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Figure 5.11: Velocity fluctuations for reacting flow with acoustic
forcing at 1150Hz (a) Probe 1 (b) Probe 2 (c) Probe 3
In order to attempt to recreate the 97Hz large-scale oscillations seen in the
experiments, the oxygen post mass flow rate was varied by 30% at a frequency of
97Hz to provide a source of that frequency. The 1150Hz amplitude was also
increased by a factor of two, but this still failed to have a noticeable different effect

on the flow field, as seen in Figure 5.12.
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Figure 5.12: OH mole fraction for reacting H2-O2 flow with acoustic forcing at
1150Hz and u’=60 m/s and 30% O2 modulation at 97Hz
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6. Summary and Conclusions

6.1 Grid Development

Basic verification studies were performed in Loci-CHEM and demonstrated
the solver’s ability to accurately resolve acoustic waves and acoustic resonance
phenomena. A numerical loudspeaker boundary condition was developed to simulate
controlled acoustic forcing. A computational mesh was then designed to emulate the
physical model shear-coaxial injector. Grid refinement studies were conducted to
define appropriate grid spacing. As the result of air-only white noise forcing
simulations, the need to add a simulated plenum region was discovered, and an
unstructured plenum was then added to the grid. Appropriate boundary conditions

were selected to provide as optimal as possible simulation of the experimental setup.
6.2 Flow-Acoustic Interactions

Experimental results showed that there was strong frequency range
dependence on the development of vorticity and on whether the resulting velocity
interactions were symmetric or asymmetric. The simulation results from Loci-CHEM
showed a similar dependence, with strong symmetric interactions occurring at 405Hz,
and weak asymmetric interactions occurring at the higher frequency of 886Hz.
Additionally, the higher frequency interactions increased as the amplitude of forcing
was increased. By comparing numerical schlieren results to experimental schlieren
images, conclusions could be drawn from the cold flow simulations with a high
degree of confidence. Overall, Loci-CHEM demonstrated a good ability to simulate

flow-acoustic interactions, and showed good agreement to experimental data.
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6.3 Flame-Acoustic Interactions

Simulations of acoustically forced reacting flow did not show good agreement
with the experimental data, especially in regard to the asymmetric flame wrinkling
observed during the 1150Hz forcing conditions. Although some frequency
dependence was seen, the low frequency interaction was not as strong or symmetric
as expected, and no acoustic resonance was detected. At the higher frequency, the
large oscillatory behavior seen in the experiments was not replicated in the
simulations. It appears that the near-injector region shows the appropriate flow-
acoustic interaction, but no strong coupling with the flame and heat release is seen.

6.4 Contribution

The contributions from this computational and experimental study are:

* Verification of Loci-CHEM’s treatment of acoustics, and the development
of a numerical loudspeaker boundary condition. This can allow for
further validation and testing of Loci-CHEM.

* Development of a 3D grid modeling the experimental shear-coaxial
injector rig. This model allowed for validation studies to be conducted
and compared to the previously compiled experimental database

* Validation of Loci-CHEM with regards to flow-acoustic interactions with a
non-reacting Hz-O; flow field. It was demonstrated that Loci-CHEM
showed good qualitative agreement with experimental data, and
demonstrated the appropriate frequency and amplitude dependencies.
Additional experiments showing flow-acoustic interactions in a H2-0:

flow field were also conducted and added to the validation database.
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* Assessment of Loci-CHEM’s limitation on simulating flame-acoustic
interactions under non-resonant conditions. The 3-D hybrid RANS/LES
simulation, using the 6-species 8-reaction H2-02 mechanism and the SST
turbulence model, was unable to properly capture the asymmetric flame
wrinkling behavior observed under acoustic forcing at non-resonant
conditions. This is an ongoing work that requires further examination in

the future.

6.5 Future Work

The work presented here offers many options where future studies may be
directed. Primarily, continuing validation studies on reacting flow simulations in an
attempt to identify the main causes of the discrepancies observed, especially in regard
to the interaction between turbulent flames and traveling compression waves. More
quantitative data for the proper time-dependant boundary conditions would be
desirable from the experimental setup, particularly in the form of velocity,
temperature, or pressure data at the compression driver and the propellant inlets.
Additional validation of the combustor grid could be conducted for reacting flows
which will help to eliminate possible sources of uncertainty in the mesh design.
Additionally, for the reacting and cold flow simulations, if sufficient computational
power is available, white noise forcing simulations could be conducted and compared
to the existing experimental data, and help to identify differences in acoustic
resonance behavior between the combustor grid and experimental setup.

Alternatively, a wider rage of frequencies could be tested both experimentally and
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using Loci-CHEM. This would allow for more points of comparison and also aid in
identifying sources of error between the simulation results and experimental data. The
author suggests three possible avenues of further research to help identify the reason
for the discrepancies between the simulated and experimental reacting flow results:

* Computational grid resolution may need to be revisited for proper reacting
flow simulation. The Kolmogorov length scale associated with the simulated
flow conditions is around 100 microns, which is less than the grid spacing
used but compensated for by the use of the SST turbulence model. This
allows for a RANS/LES calculation to be performed rather than a direct
numerical simulation (DNS). For the reacting flow simulations the flame
thickness of the diffusion flame can be as small as 70 microns for simulated
conditions. To provide full DNS resolution of the concentration gradients
across the flame, a grid resolution of 10-15 microns would be required.. To
avoid the excessive computational costs this grid spacing would require, a
turbulent combustion model would need to be added to allow for proper flame
simulation using RANS/LES-based grid sizing.

* Incorrect modeling of the combustor geometry could lead to inconsistencies
between the simulation and experimental results. Although the grid was
validated for white noise and cold flow tests, the acoustic impact of variables
like inlet length and the effect of the exhaust duct may play a larger role in the
flame acoustic interactions than in the cold flow results. This could lead to a
shift in the frequencies where these phenomena are seen compared to the

frequencies used in the experimental tests.
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Since the primary difference between the cold and reacting flow tests is a
change in the chemistry model, the reacting flow model may not be
appropriate for simulating the desired effects. The reacting chemistry model
is a finite-rate chemistry model, and is optimal on DNS scaled grids. The
larger grid sizes used in these simulations, coupled with the lack of a turbulent
combustion model, may have led to the inability to simulate the oscillatory
flame behavior. Improving the resolution of the grid or altering the chemistry

model may reveal improved results for the reacting flow simulations.
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