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FINAL REPORT

Absolute Instability of Interacting Planar Mixing Layers and Wakes
P.1.: Beverley J. McKeon

California Institute of Technology

Executive Summary

This final report describes the Caltech part of the collaborative project with Universidade Federal
Fluminense (PI: Alves) to identify the previously unobserved absolute instability of an interacting
planar mixing layer and wake and to characterize the conditions for its occurrence. Mixing
layer/wake interactions are important in a range of mixing configurations, such as a coaxial
injection system, which was the motivation for this study. The Caltech tasks pertained to an
experimental campaign that extended a previous undergraduate project from several years ago
(Tian et al, 2012) which gave an inconclusive indication of this phenomenon (Quntanilha and
Alves, 2018), specifically rebuilding and improving the experiment and designing the
experimental diagnostics to match the expected frequency range for observation of instability.
Appropriate mean flow conditions with a velocity ratio across the two mixing layers of 0.5 were
successfully obtained. Targeted particle image velocimetry characterized the two incoming
boundary layers and the downstream wake, providing mean field and fluctuation statistics and
spectra. These were supplied to UFF for comparison with their computational results using the
experimental and analytical mean fields. Computational results and implications for the
characterization of the absolute instability will be reported in the following UFF final report.

Accomplishments

The experimental work was performed in the NOAH water channel in the Graduate Aerospace
Laboratories at the California Institute of Technology (Caltech) in cooperation with the
computational studies at the Universidade Federal Fluminense (UFF). The specific tasks were as
follows:

1. [Caltech and UFF] Finalize experimental test matrix.

2. [Caltech] Rebuild and improve the experimental apparatus of Tian et al. (2012), with a
target velocity ratio of 0.5. Incorporate the ability to increase the thickness of the test plate
in order to provide a second controlled approach to varying the ratio of boundary layer
momentum thickness to plate thickness.

3. [Caltech] Acquire temporally-resolved and preprocess 2D/2C velocity fields for the flow
conditions of interest.

4. [UFF] Construct two base flows based on the experimental data: 1) A filtered discrete
Fourier transformed solution and 2) a uniformly valid asymptotic solution.



5. [UFF] Perform linear and modal stability analysis of the base flows to definitively identify
the stability of interacting shear layers and wakes.
6. [UFF and Caltech] Report progress as appropriate.

Progress

Tasks 1-3 associated with Caltech were completed and joint reporting (Task 6) is ongoing. The
experimental matrix and the new apparatus as well as experimental results are described under
Technical Updates below.

Dissemination

We anticipate a submission of the results to an archival journal such as the Journal of Fluid
Mechanics and a relevant fluid mechanics conference in the coming months.

Impacts

The primary impact of the present work (reported here and in the final report from UFF) will be
in the principal discipline of fluid mechanics. The discovery and characterization of a region of
absolute instability in a flow previous thought to lead only to convective instability has importance
for a range of flows of practical relevance.

The Caltech graduate research assistant has gained valuable skills from building an running a flow
experiment, but perhaps more importantly with regards to interfacing with a collaborating group
with computational expertise.

Changes

There were no changes to the proposed research.

Technical Updates
Method

The experimental configuration assembled for this project is shown in Figure 1 below. A new
downstream section and (blunt) trailing edge of the splitter test plate was fabricated from acrylic
in order to aid laser illumination for the particle image velocimetry (PIV) measurements and
minimize reflections. Figure 2 shows the set-up deployed in the NOAH water channel and the
location of the PIV diagnostics. A target velocity ratio VR = <uz-/<u;>=0.5 was determined based
on the findings of the previous experiments by Tian et al and the analytical results associated with
the present work.



Upstream blockages on both the fast and slow stream side of the flow were created using a range
of materials, including honeycomb, mesh and linen. Obtaining the desired fast and slow side
boundary layer momentum thicknesses, 01 and 0., to transit through the region of absolute
instability while maintaining the VR was an iterative process.

Dual camera, planar PIV measurements were obtained in the plane normal to the splitter plate, as
shown in Figure 1, such that the incoming boundary layers on the fast and slow side of the plate
could be captured as well as the downstream wake area. The PIV field of view (FOV) was
designed in concert with the text matrix, taking into account the onboard camera memory capacity
and the required frame rates. The cameras were capable of operating at reduced resolution, thus
allowing longer samples, i.e. trading resolution in space for resolution in time.

Fast Blockage Condition

\
Wake Optical FOV

<
Slow Blockage Condition

Figure 1: Experimental schematic, showing the upstream blockage on both sides of the splitter
plate and boundary layer trips used to manipulate the VR and MR and the downstream PIV
field of view.

Test matrix

An iterative process was implemented to determine the experimental conditions and, in particular,
the measurement parameters to match the experiments to the analytical predications for similar
test conditions. After a first round of experiments, the test matrix was refined to traverse the
absolutely unstable region in parameter space. A summary of the two sets of operating conditions
is listed in Table 1 below.
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Figure 2: The splitter plate mounted in the NOAH water tunnel at Caltech. The location of the
PIV system components and optics are also shown.

Test Ret VR MR 02 (mm)
@ x/t=0.7

Al 15.0x 10° 0.58 0.68 --

A2 24.0x 10° 0.57 0.39 -

Bl 15.0x 10° 0.59 1.79 0.143
B2 24.0 x 10° 0.59 2.11 0.183
B3 15.0x 10° 0.58 2.24 0.164
B4 24.0x 10° 0.57 1.98 0.174
B5 15.0x 10° 0.57 1.85 0.158
B6 24.0x 10° 0.57 1.70 0.150

Table 1: Summary of run parameters considered in analytical study. A and B denote the first
and second experimental campaigns, respectively; VR is the velocity ratio, <u2>/<ul>, MR is
the momentum thickness ratio, 86 and 6 is the (dimensional) momentum thickness on the
slow side of the slitter plate.



Results

Sample PIV results are given for the two cases B1 and B3, both with a thickness and mean velocity-
based Reynolds number of around 15 x 10°. The latter case shows two distinct peaks in the power
spectra of both u and v fluctuations in the wake.

The mean velocity fields (streamwise, <u>, and cross-stream, <v>) for case B1 are shown in Figure
3. The effect of the VR on the downstream wake is reflected in the lack of top-bottom symmetry
in both velocity components and the slight “skew” of the recirculation bubble, more clearly seen
in the <v> field. This lack of symmetry is reflected in the rms velocities for this case in Figure 3.
These general features are not surprising in and of themselves; they are also observed for the other
cases examined (see also Figure 4).

Spectral analysis in the wake at the points shown in Figure 3 reveals a concentration of energy in
the 1.0-1.5 Hz range across the observation window. Activity at distinct frequencies is not clearly
distinguishable for this case.

For case B3, however, Figure 4 now reveals two distinct spectral peaks, around 1.2 and 1.7 Hz.
The changes in the associated mean fields are subtle at best, but the slow side momentum thickness,
02, 1s larger by 8% in the latter case.

The stability analyses associated with the experimental work will be described in the UFF final
report.

Summary

Experiments were conducted across a range of conditions that explored the VR and MR range
where analysis indicated absolute instability may be observed. The first campaign happened upon
a parameter range where any absolute instability exhibited zero or undetectable amplitude. The
second campaign spanned a more promising region. The companion report from UFF covers the
analytical component of the project.
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Figure 3: Mean velocity fields (top), rms fields (middle) and spectral
information (bottom) for case Bl in Table 1.
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Figure 3: Mean velocity fields (top), rms fields (middle) and spectral
information (bottom) for case B3 in Table 1.
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experimental and analytical mean fields. Computational results and implications for the
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Laboratories at the California Institute of Technology (Caltech) in cooperation with the
computational studies at the Universidade Federal Fluminense (UFF). The specific tasks were as
follows:

1. [Caltech and UFF] Finalize experimental test matrix.

2. [Caltech] Rebuild and improve the experimental apparatus of Tian et al. (2012), with a
target velocity ratio of 0.5. Incorporate the ability to increase the thickness of the test plate
in order to provide a second controlled approach to varying the ratio of boundary layer
momentum thickness to plate thickness.

3. [Caltech] Acquire temporally-resolved and preprocess 2D/2C velocity fields for the flow
conditions of interest.

4. [UFF] Construct two base flows based on the experimental data: 1) A filtered discrete
Fourier transformed solution and 2) a uniformly valid asymptotic solution.

DISTRIBUTION A: Distribution approved for public release.



5. [UFF] Perform linear and modal stability analysis of the base flows to definitively identify
the stability of interacting shear layers and wakes.
6. [UFF and Caltech] Report progress as appropriate.

Progress

Tasks 1-3 associated with Caltech were completed and joint reporting (Task 6) is ongoing. The
experimental matrix and the new apparatus as well as experimental results are described under
Technical Updates below.

Dissemination

We anticipate a submission of the results to an archival journal such as the Journal of Fluid
Mechanics and a relevant fluid mechanics conference in the coming months.

Impacts

The primary impact of the present work (reported here and in the final report from UFF) will be
in the principal discipline of fluid mechanics. The discovery and characterization of a region of
absolute instability in a flow previous thought to lead only to convective instability has importance
for a range of flows of practical relevance.

The Caltech graduate research assistant has gained valuable skills from building an running a flow
experiment, but perhaps more importantly with regards to interfacing with a collaborating group
with computational expertise.

Changes

There were no changes to the proposed research.

Technical Updates
Method

The experimental configuration assembled for this project is shown in Figure 1 below. A new
downstream section and (blunt) trailing edge of the splitter test plate was fabricated from acrylic
in order to aid laser illumination for the particle image velocimetry (PIV) measurements and
minimize reflections. Figure 2 shows the set-up deployed in the NOAH water channel and the
location of the PIV diagnostics. A target velocity ratio VR = <uz-/<u;>=0.5 was determined based
on the findings of the previous experiments by Tian et al and the analytical results associated with
the present work.



Upstream blockages on both the fast and slow stream side of the flow were created using a range
of materials, including honeycomb, mesh and linen. Obtaining the desired fast and slow side
boundary layer momentum thicknesses, 01 and 0., to transit through the region of absolute
instability while maintaining the VR was an iterative process.

Dual camera, planar PIV measurements were obtained in the plane normal to the splitter plate, as
shown in Figure 1, such that the incoming boundary layers on the fast and slow side of the plate
could be captured as well as the downstream wake area. The PIV field of view (FOV) was
designed in concert with the text matrix, taking into account the onboard camera memory capacity
and the required frame rates. The cameras were capable of operating at reduced resolution, thus
allowing longer samples, i.e. trading resolution in space for resolution in time.

Fast Blockage Condition

\
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<
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Figure 1: Experimental schematic, showing the upstream blockage on both sides of the splitter
plate and boundary layer trips used to manipulate the VR and MR and the downstream PIV
field of view.

Test matrix

An iterative process was implemented to determine the experimental conditions and, in particular,
the measurement parameters to match the experiments to the analytical predications for similar
test conditions. After a first round of experiments, the test matrix was refined to traverse the
absolutely unstable region in parameter space. A summary of the two sets of operating conditions
is listed in Table 1 below.
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Figure 2: The splitter plate mounted in the NOAH water tunnel at Caltech. The location of the
PIV system components and optics are also shown.
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Al 15.0x 10° 0.58 0.68 --

A2 24.0x 10° 0.57 0.39 -
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B2 24.0 x 10° 0.59 2.11 0.183
B3 15.0x 10° 0.58 2.24 0.164
B4 24.0x 10° 0.57 1.98 0.174
B5 15.0x 10° 0.57 1.85 0.158
B6 24.0x 10° 0.57 1.70 0.150

Table 1: Summary of run parameters considered in analytical study. A and B denote the first
and second experimental campaigns, respectively; VR is the velocity ratio, <u2>/<ul>, MR is
the momentum thickness ratio, 86 and 6 is the (dimensional) momentum thickness on the
slow side of the slitter plate.



Results

Sample PIV results are given for the two cases B1 and B3, both with a thickness and mean velocity-
based Reynolds number of around 15 x 10°. The latter case shows two distinct peaks in the power
spectra of both u and v fluctuations in the wake.

The mean velocity fields (streamwise, <u>, and cross-stream, <v>) for case B1 are shown in Figure
3. The effect of the VR on the downstream wake is reflected in the lack of top-bottom symmetry
in both velocity components and the slight “skew” of the recirculation bubble, more clearly seen
in the <v> field. This lack of symmetry is reflected in the rms velocities for this case in Figure 3.
These general features are not surprising in and of themselves; they are also observed for the other
cases examined (see also Figure 4).

Spectral analysis in the wake at the points shown in Figure 3 reveals a concentration of energy in
the 1.0-1.5 Hz range across the observation window. Activity at distinct frequencies is not clearly
distinguishable for this case.

For case B3, however, Figure 4 now reveals two distinct spectral peaks, around 1.2 and 1.7 Hz.
The changes in the associated mean fields are subtle at best, but the slow side momentum thickness,
02, 1s larger by 8% in the latter case.

The stability analyses associated with the experimental work will be described in the UFF final
report.

Summary

Experiments were conducted across a range of conditions that explored the VR and MR range
where analysis indicated absolute instability may be observed. The first campaign happened upon
a parameter range where any absolute instability exhibited zero or undetectable amplitude. The
second campaign spanned a more promising region. The companion report from UFF covers the
analytical component of the project.
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Figure 3: Mean velocity fields (top), rms fields (middle) and spectral
information (bottom) for case Bl in Table 1.
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Figure 3: Mean velocity fields (top), rms fields (middle) and spectral
information (bottom) for case B3 in Table 1.
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in order to provide a second controlled approach to varying the ratio of boundary layer
momentum thickness to plate thickness.
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5. [UFF] Perform linear and modal stability analysis of the base flows to definitively identify
the stability of interacting shear layers and wakes.
6. [UFF and Caltech] Report progress as appropriate.

Progress

Tasks 1-3 associated with Caltech were completed and joint reporting (Task 6) is ongoing. The
experimental matrix and the new apparatus as well as experimental results are described under
Technical Updates below.

Dissemination

We anticipate a submission of the results to an archival journal such as the Journal of Fluid
Mechanics and a relevant fluid mechanics conference in the coming months.

Impacts

The primary impact of the present work (reported here and in the final report from UFF) will be
in the principal discipline of fluid mechanics. The discovery and characterization of a region of
absolute instability in a flow previous thought to lead only to convective instability has importance
for a range of flows of practical relevance.

The Caltech graduate research assistant has gained valuable skills from building an running a flow
experiment, but perhaps more importantly with regards to interfacing with a collaborating group
with computational expertise.

Changes

There were no changes to the proposed research.

Technical Updates
Method

The experimental configuration assembled for this project is shown in Figure 1 below. A new
downstream section and (blunt) trailing edge of the splitter test plate was fabricated from acrylic
in order to aid laser illumination for the particle image velocimetry (PIV) measurements and
minimize reflections. Figure 2 shows the set-up deployed in the NOAH water channel and the
location of the PIV diagnostics. A target velocity ratio VR = <uz-/<u;>=0.5 was determined based
on the findings of the previous experiments by Tian et al and the analytical results associated with
the present work.
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Upstream blockages on both the fast and slow stream side of the flow were created using a range
of materials, including honeycomb, mesh and linen. Obtaining the desired fast and slow side
boundary layer momentum thicknesses, 01 and 0., to transit through the region of absolute
instability while maintaining the VR was an iterative process.

Dual camera, planar PIV measurements were obtained in the plane normal to the splitter plate, as
shown in Figure 1, such that the incoming boundary layers on the fast and slow side of the plate
could be captured as well as the downstream wake area. The PIV field of view (FOV) was
designed in concert with the text matrix, taking into account the onboard camera memory capacity
and the required frame rates. The cameras were capable of operating at reduced resolution, thus
allowing longer samples, i.e. trading resolution in space for resolution in time.

Fast Blockage Condition

\
Wake Optical FOV

<
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Figure 1: Experimental schematic, showing the upstream blockage on both sides of the splitter
plate and boundary layer trips used to manipulate the VR and MR and the downstream PIV
field of view.

Test matrix

An iterative process was implemented to determine the experimental conditions and, in particular,
the measurement parameters to match the experiments to the analytical predications for similar
test conditions. After a first round of experiments, the test matrix was refined to traverse the
absolutely unstable region in parameter space. A summary of the two sets of operating conditions
is listed in Table 1 below.
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Figure 2: The splitter plate mounted in the NOAH water tunnel at Caltech. The location of the
PIV system components and optics are also shown.

Test Ret VR MR 02 (mm)
@ x/t=0.7

Al 15.0x 10° 0.58 0.68 --

A2 24.0x 10° 0.57 0.39 -

Bl 15.0x 10° 0.59 1.79 0.143
B2 24.0 x 10° 0.59 2.11 0.183
B3 15.0x 10° 0.58 2.24 0.164
B4 24.0x 10° 0.57 1.98 0.174
B5 15.0x 10° 0.57 1.85 0.158
B6 24.0x 10° 0.57 1.70 0.150

Table 1: Summary of run parameters considered in analytical study. A and B denote the first
and second experimental campaigns, respectively; VR is the velocity ratio, <u2>/<ul>, MR is
the momentum thickness ratio, 86 and 6 is the (dimensional) momentum thickness on the
slow side of the slitter plate.



Results

Sample PIV results are given for the two cases B1 and B3, both with a thickness and mean velocity-
based Reynolds number of around 15 x 10°. The latter case shows two distinct peaks in the power
spectra of both u and v fluctuations in the wake.

The mean velocity fields (streamwise, <u>, and cross-stream, <v>) for case B1 are shown in Figure
3. The effect of the VR on the downstream wake is reflected in the lack of top-bottom symmetry
in both velocity components and the slight “skew” of the recirculation bubble, more clearly seen
in the <v> field. This lack of symmetry is reflected in the rms velocities for this case in Figure 3.
These general features are not surprising in and of themselves; they are also observed for the other
cases examined (see also Figure 4).

Spectral analysis in the wake at the points shown in Figure 3 reveals a concentration of energy in
the 1.0-1.5 Hz range across the observation window. Activity at distinct frequencies is not clearly
distinguishable for this case.

For case B3, however, Figure 4 now reveals two distinct spectral peaks, around 1.2 and 1.7 Hz.
The changes in the associated mean fields are subtle at best, but the slow side momentum thickness,
02, 1s larger by 8% in the latter case.

The stability analyses associated with the experimental work will be described in the UFF final
report.

Summary

Experiments were conducted across a range of conditions that explored the VR and MR range
where analysis indicated absolute instability may be observed. The first campaign happened upon
a parameter range where any absolute instability exhibited zero or undetectable amplitude. The
second campaign spanned a more promising region. The companion report from UFF covers the
analytical component of the project.
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Figure 3: Mean velocity fields (top), rms fields (middle) and spectral
information (bottom) for case Bl in Table 1.
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FINAL REPORT

Absolute Instability of Interacting Planar Mixing Layers and Wakes
P.1.: Beverley J. McKeon

California Institute of Technology

Executive Summary

This final report describes the Caltech part of the collaborative project with Universidade Federal
Fluminense (PI: Alves) to identify the previously unobserved absolute instability of an interacting
planar mixing layer and wake and to characterize the conditions for its occurrence. Mixing
layer/wake interactions are important in a range of mixing configurations, such as a coaxial
injection system, which was the motivation for this study. The Caltech tasks pertained to an
experimental campaign that extended a previous undergraduate project from several years ago
(Tian et al, 2012) which gave an inconclusive indication of this phenomenon (Quntanilha and
Alves, 2018), specifically rebuilding and improving the experiment and designing the
experimental diagnostics to match the expected frequency range for observation of instability.
Appropriate mean flow conditions with a velocity ratio across the two mixing layers of 0.5 were
successfully obtained. Targeted particle image velocimetry characterized the two incoming
boundary layers and the downstream wake, providing mean field and fluctuation statistics and
spectra. These were supplied to UFF for comparison with their computational results using the
experimental and analytical mean fields. Computational results and implications for the
characterization of the absolute instability will be reported in the following UFF final report.

Accomplishments

The experimental work was performed in the NOAH water channel in the Graduate Aerospace
Laboratories at the California Institute of Technology (Caltech) in cooperation with the
computational studies at the Universidade Federal Fluminense (UFF). The specific tasks were as
follows:

1. [Caltech and UFF] Finalize experimental test matrix.

2. [Caltech] Rebuild and improve the experimental apparatus of Tian et al. (2012), with a
target velocity ratio of 0.5. Incorporate the ability to increase the thickness of the test plate
in order to provide a second controlled approach to varying the ratio of boundary layer
momentum thickness to plate thickness.

3. [Caltech] Acquire temporally-resolved and preprocess 2D/2C velocity fields for the flow
conditions of interest.

4. [UFF] Construct two base flows based on the experimental data: 1) A filtered discrete
Fourier transformed solution and 2) a uniformly valid asymptotic solution.
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5. [UFF] Perform linear and modal stability analysis of the base flows to definitively identify
the stability of interacting shear layers and wakes.
6. [UFF and Caltech] Report progress as appropriate.

Progress

Tasks 1-3 associated with Caltech were completed and joint reporting (Task 6) is ongoing. The
experimental matrix and the new apparatus as well as experimental results are described under
Technical Updates below.

Dissemination

We anticipate a submission of the results to an archival journal such as the Journal of Fluid
Mechanics and a relevant fluid mechanics conference in the coming months.

Impacts

The primary impact of the present work (reported here and in the final report from UFF) will be
in the principal discipline of fluid mechanics. The discovery and characterization of a region of
absolute instability in a flow previous thought to lead only to convective instability has importance
for a range of flows of practical relevance.

The Caltech graduate research assistant has gained valuable skills from building an running a flow
experiment, but perhaps more importantly with regards to interfacing with a collaborating group
with computational expertise.

Changes

There were no changes to the proposed research.

Technical Updates
Method

The experimental configuration assembled for this project is shown in Figure 1 below. A new
downstream section and (blunt) trailing edge of the splitter test plate was fabricated from acrylic
in order to aid laser illumination for the particle image velocimetry (PIV) measurements and
minimize reflections. Figure 2 shows the set-up deployed in the NOAH water channel and the
location of the PIV diagnostics. A target velocity ratio VR = <uz-/<u;>=0.5 was determined based
on the findings of the previous experiments by Tian et al and the analytical results associated with
the present work.
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Upstream blockages on both the fast and slow stream side of the flow were created using a range
of materials, including honeycomb, mesh and linen. Obtaining the desired fast and slow side
boundary layer momentum thicknesses, 01 and 0., to transit through the region of absolute
instability while maintaining the VR was an iterative process.

Dual camera, planar PIV measurements were obtained in the plane normal to the splitter plate, as
shown in Figure 1, such that the incoming boundary layers on the fast and slow side of the plate
could be captured as well as the downstream wake area. The PIV field of view (FOV) was
designed in concert with the text matrix, taking into account the onboard camera memory capacity
and the required frame rates. The cameras were capable of operating at reduced resolution, thus
allowing longer samples, i.e. trading resolution in space for resolution in time.

Fast Blockage Condition

\
Wake Optical FOV

<
Slow Blockage Condition

Figure 1: Experimental schematic, showing the upstream blockage on both sides of the splitter
plate and boundary layer trips used to manipulate the VR and MR and the downstream PIV
field of view.

Test matrix

An iterative process was implemented to determine the experimental conditions and, in particular,
the measurement parameters to match the experiments to the analytical predications for similar
test conditions. After a first round of experiments, the test matrix was refined to traverse the
absolutely unstable region in parameter space. A summary of the two sets of operating conditions
is listed in Table 1 below.
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Figure 2: The splitter plate mounted in the NOAH water tunnel at Caltech. The location of the
PIV system components and optics are also shown.

Test Ret VR MR 02 (mm)
@ x/t=0.7

Al 15.0x 10° 0.58 0.68 --

A2 24.0x 10° 0.57 0.39 -

Bl 15.0x 10° 0.59 1.79 0.143
B2 24.0 x 10° 0.59 2.11 0.183
B3 15.0x 10° 0.58 2.24 0.164
B4 24.0x 10° 0.57 1.98 0.174
B5 15.0x 10° 0.57 1.85 0.158
B6 24.0x 10° 0.57 1.70 0.150

Table 1: Summary of run parameters considered in analytical study. A and B denote the first
and second experimental campaigns, respectively; VR is the velocity ratio, <u2>/<ul>, MR is
the momentum thickness ratio, 86 and 6 is the (dimensional) momentum thickness on the
slow side of the slitter plate.



Results

Sample PIV results are given for the two cases B1 and B3, both with a thickness and mean velocity-
based Reynolds number of around 15 x 10°. The latter case shows two distinct peaks in the power
spectra of both u and v fluctuations in the wake.

The mean velocity fields (streamwise, <u>, and cross-stream, <v>) for case B1 are shown in Figure
3. The effect of the VR on the downstream wake is reflected in the lack of top-bottom symmetry
in both velocity components and the slight “skew” of the recirculation bubble, more clearly seen
in the <v> field. This lack of symmetry is reflected in the rms velocities for this case in Figure 3.
These general features are not surprising in and of themselves; they are also observed for the other
cases examined (see also Figure 4).

Spectral analysis in the wake at the points shown in Figure 3 reveals a concentration of energy in
the 1.0-1.5 Hz range across the observation window. Activity at distinct frequencies is not clearly
distinguishable for this case.

For case B3, however, Figure 4 now reveals two distinct spectral peaks, around 1.2 and 1.7 Hz.
The changes in the associated mean fields are subtle at best, but the slow side momentum thickness,
02, 1s larger by 8% in the latter case.

The stability analyses associated with the experimental work will be described in the UFF final
report.

Summary

Experiments were conducted across a range of conditions that explored the VR and MR range
where analysis indicated absolute instability may be observed. The first campaign happened upon
a parameter range where any absolute instability exhibited zero or undetectable amplitude. The
second campaign spanned a more promising region. The companion report from UFF covers the
analytical component of the project.
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Figure 3: Mean velocity fields (top), rms fields (middle) and spectral
information (bottom) for case Bl in Table 1.
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FINAL REPORT

Absolute Instability of Interacting Planar Mixing Layers and Wakes
P.1.: Beverley J. McKeon

California Institute of Technology

Executive Summary

This final report describes the Caltech part of the collaborative project with Universidade Federal
Fluminense (PI: Alves) to identify the previously unobserved absolute instability of an interacting
planar mixing layer and wake and to characterize the conditions for its occurrence. Mixing
layer/wake interactions are important in a range of mixing configurations, such as a coaxial
injection system, which was the motivation for this study. The Caltech tasks pertained to an
experimental campaign that extended a previous undergraduate project from several years ago
(Tian et al, 2012) which gave an inconclusive indication of this phenomenon (Quntanilha and
Alves, 2018), specifically rebuilding and improving the experiment and designing the
experimental diagnostics to match the expected frequency range for observation of instability.
Appropriate mean flow conditions with a velocity ratio across the two mixing layers of 0.5 were
successfully obtained. Targeted particle image velocimetry characterized the two incoming
boundary layers and the downstream wake, providing mean field and fluctuation statistics and
spectra. These were supplied to UFF for comparison with their computational results using the
experimental and analytical mean fields. Computational results and implications for the
characterization of the absolute instability will be reported in the following UFF final report.

Accomplishments

The experimental work was performed in the NOAH water channel in the Graduate Aerospace
Laboratories at the California Institute of Technology (Caltech) in cooperation with the
computational studies at the Universidade Federal Fluminense (UFF). The specific tasks were as
follows:

1. [Caltech and UFF] Finalize experimental test matrix.

2. [Caltech] Rebuild and improve the experimental apparatus of Tian et al. (2012), with a
target velocity ratio of 0.5. Incorporate the ability to increase the thickness of the test plate
in order to provide a second controlled approach to varying the ratio of boundary layer
momentum thickness to plate thickness.

3. [Caltech] Acquire temporally-resolved and preprocess 2D/2C velocity fields for the flow
conditions of interest.

4. [UFF] Construct two base flows based on the experimental data: 1) A filtered discrete
Fourier transformed solution and 2) a uniformly valid asymptotic solution.
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5. [UFF] Perform linear and modal stability analysis of the base flows to definitively identify
the stability of interacting shear layers and wakes.
6. [UFF and Caltech] Report progress as appropriate.

Progress

Tasks 1-3 associated with Caltech were completed and joint reporting (Task 6) is ongoing. The
experimental matrix and the new apparatus as well as experimental results are described under
Technical Updates below.

Dissemination

We anticipate a submission of the results to an archival journal such as the Journal of Fluid
Mechanics and a relevant fluid mechanics conference in the coming months.

Impacts

The primary impact of the present work (reported here and in the final report from UFF) will be
in the principal discipline of fluid mechanics. The discovery and characterization of a region of
absolute instability in a flow previous thought to lead only to convective instability has importance
for a range of flows of practical relevance.

The Caltech graduate research assistant has gained valuable skills from building an running a flow
experiment, but perhaps more importantly with regards to interfacing with a collaborating group
with computational expertise.

Changes

There were no changes to the proposed research.

Technical Updates
Method

The experimental configuration assembled for this project is shown in Figure 1 below. A new
downstream section and (blunt) trailing edge of the splitter test plate was fabricated from acrylic
in order to aid laser illumination for the particle image velocimetry (PIV) measurements and
minimize reflections. Figure 2 shows the set-up deployed in the NOAH water channel and the
location of the PIV diagnostics. A target velocity ratio VR = <uz-/<u;>=0.5 was determined based
on the findings of the previous experiments by Tian et al and the analytical results associated with
the present work.
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Upstream blockages on both the fast and slow stream side of the flow were created using a range
of materials, including honeycomb, mesh and linen. Obtaining the desired fast and slow side
boundary layer momentum thicknesses, 01 and 0., to transit through the region of absolute
instability while maintaining the VR was an iterative process.

Dual camera, planar PIV measurements were obtained in the plane normal to the splitter plate, as
shown in Figure 1, such that the incoming boundary layers on the fast and slow side of the plate
could be captured as well as the downstream wake area. The PIV field of view (FOV) was
designed in concert with the text matrix, taking into account the onboard camera memory capacity
and the required frame rates. The cameras were capable of operating at reduced resolution, thus
allowing longer samples, i.e. trading resolution in space for resolution in time.

Fast Blockage Condition

\
Wake Optical FOV

<
Slow Blockage Condition

Figure 1: Experimental schematic, showing the upstream blockage on both sides of the splitter
plate and boundary layer trips used to manipulate the VR and MR and the downstream PIV
field of view.

Test matrix

An iterative process was implemented to determine the experimental conditions and, in particular,
the measurement parameters to match the experiments to the analytical predications for similar
test conditions. After a first round of experiments, the test matrix was refined to traverse the
absolutely unstable region in parameter space. A summary of the two sets of operating conditions
is listed in Table 1 below.
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Figure 2: The splitter plate mounted in the NOAH water tunnel at Caltech. The location of the
PIV system components and optics are also shown.

Test Ret VR MR 02 (mm)
@ x/t=0.7

Al 15.0x 10° 0.58 0.68 --

A2 24.0x 10° 0.57 0.39 -

Bl 15.0x 10° 0.59 1.79 0.143
B2 24.0 x 10° 0.59 2.11 0.183
B3 15.0x 10° 0.58 2.24 0.164
B4 24.0x 10° 0.57 1.98 0.174
B5 15.0x 10° 0.57 1.85 0.158
B6 24.0x 10° 0.57 1.70 0.150

Table 1: Summary of run parameters considered in analytical study. A and B denote the first
and second experimental campaigns, respectively; VR is the velocity ratio, <u2>/<ul>, MR is
the momentum thickness ratio, 86 and 6 is the (dimensional) momentum thickness on the
slow side of the slitter plate.
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Results

Sample PIV results are given for the two cases B1 and B3, both with a thickness and mean velocity-
based Reynolds number of around 15 x 10°. The latter case shows two distinct peaks in the power
spectra of both u and v fluctuations in the wake.

The mean velocity fields (streamwise, <u>, and cross-stream, <v>) for case B1 are shown in Figure
3. The effect of the VR on the downstream wake is reflected in the lack of top-bottom symmetry
in both velocity components and the slight “skew” of the recirculation bubble, more clearly seen
in the <v> field. This lack of symmetry is reflected in the rms velocities for this case in Figure 3.
These general features are not surprising in and of themselves; they are also observed for the other
cases examined (see also Figure 4).

Spectral analysis in the wake at the points shown in Figure 3 reveals a concentration of energy in
the 1.0-1.5 Hz range across the observation window. Activity at distinct frequencies is not clearly
distinguishable for this case.

For case B3, however, Figure 4 now reveals two distinct spectral peaks, around 1.2 and 1.7 Hz.
The changes in the associated mean fields are subtle at best, but the slow side momentum thickness,
02, 1s larger by 8% in the latter case.

The stability analyses associated with the experimental work will be described in the UFF final
report.

Summary

Experiments were conducted across a range of conditions that explored the VR and MR range
where analysis indicated absolute instability may be observed. The first campaign happened upon
a parameter range where any absolute instability exhibited zero or undetectable amplitude. The
second campaign spanned a more promising region. The companion report from UFF covers the
analytical component of the project.
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information (bottom) for case Bl in Table 1.
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FINAL REPORT
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Executive Summary

This final report describes the Caltech part of the collaborative project with Universidade Federal
Fluminense (PI: Alves) to identify the previously unobserved absolute instability of an interacting
planar mixing layer and wake and to characterize the conditions for its occurrence. Mixing
layer/wake interactions are important in a range of mixing configurations, such as a coaxial
injection system, which was the motivation for this study. The Caltech tasks pertained to an
experimental campaign that extended a previous undergraduate project from several years ago
(Tian et al, 2012) which gave an inconclusive indication of this phenomenon (Quntanilha and
Alves, 2018), specifically rebuilding and improving the experiment and designing the
experimental diagnostics to match the expected frequency range for observation of instability.
Appropriate mean flow conditions with a velocity ratio across the two mixing layers of 0.5 were
successfully obtained. Targeted particle image velocimetry characterized the two incoming
boundary layers and the downstream wake, providing mean field and fluctuation statistics and
spectra. These were supplied to UFF for comparison with their computational results using the
experimental and analytical mean fields. Computational results and implications for the
characterization of the absolute instability will be reported in the following UFF final report.

Accomplishments

The experimental work was performed in the NOAH water channel in the Graduate Aerospace
Laboratories at the California Institute of Technology (Caltech) in cooperation with the
computational studies at the Universidade Federal Fluminense (UFF). The specific tasks were as
follows:

1. [Caltech and UFF] Finalize experimental test matrix.

2. [Caltech] Rebuild and improve the experimental apparatus of Tian et al. (2012), with a
target velocity ratio of 0.5. Incorporate the ability to increase the thickness of the test plate
in order to provide a second controlled approach to varying the ratio of boundary layer
momentum thickness to plate thickness.

3. [Caltech] Acquire temporally-resolved and preprocess 2D/2C velocity fields for the flow
conditions of interest.

4. [UFF] Construct two base flows based on the experimental data: 1) A filtered discrete
Fourier transformed solution and 2) a uniformly valid asymptotic solution.
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5. [UFF] Perform linear and modal stability analysis of the base flows to definitively identify
the stability of interacting shear layers and wakes.
6. [UFF and Caltech] Report progress as appropriate.

Progress

Tasks 1-3 associated with Caltech were completed and joint reporting (Task 6) is ongoing. The
experimental matrix and the new apparatus as well as experimental results are described under
Technical Updates below.

Dissemination

We anticipate a submission of the results to an archival journal such as the Journal of Fluid
Mechanics and a relevant fluid mechanics conference in the coming months.

Impacts

The primary impact of the present work (reported here and in the final report from UFF) will be
in the principal discipline of fluid mechanics. The discovery and characterization of a region of
absolute instability in a flow previous thought to lead only to convective instability has importance
for a range of flows of practical relevance.

The Caltech graduate research assistant has gained valuable skills from building an running a flow
experiment, but perhaps more importantly with regards to interfacing with a collaborating group
with computational expertise.

Changes

There were no changes to the proposed research.

Technical Updates
Method

The experimental configuration assembled for this project is shown in Figure 1 below. A new
downstream section and (blunt) trailing edge of the splitter test plate was fabricated from acrylic
in order to aid laser illumination for the particle image velocimetry (PIV) measurements and
minimize reflections. Figure 2 shows the set-up deployed in the NOAH water channel and the
location of the PIV diagnostics. A target velocity ratio VR = <uz-/<u;>=0.5 was determined based
on the findings of the previous experiments by Tian et al and the analytical results associated with
the present work.
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Upstream blockages on both the fast and slow stream side of the flow were created using a range
of materials, including honeycomb, mesh and linen. Obtaining the desired fast and slow side
boundary layer momentum thicknesses, 01 and 0., to transit through the region of absolute
instability while maintaining the VR was an iterative process.

Dual camera, planar PIV measurements were obtained in the plane normal to the splitter plate, as
shown in Figure 1, such that the incoming boundary layers on the fast and slow side of the plate
could be captured as well as the downstream wake area. The PIV field of view (FOV) was
designed in concert with the text matrix, taking into account the onboard camera memory capacity
and the required frame rates. The cameras were capable of operating at reduced resolution, thus
allowing longer samples, i.e. trading resolution in space for resolution in time.

Fast Blockage Condition

\
Wake Optical FOV

<
Slow Blockage Condition

Figure 1: Experimental schematic, showing the upstream blockage on both sides of the splitter
plate and boundary layer trips used to manipulate the VR and MR and the downstream PIV
field of view.

Test matrix

An iterative process was implemented to determine the experimental conditions and, in particular,
the measurement parameters to match the experiments to the analytical predications for similar
test conditions. After a first round of experiments, the test matrix was refined to traverse the
absolutely unstable region in parameter space. A summary of the two sets of operating conditions
is listed in Table 1 below.
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Figure 2: The splitter plate mounted in the NOAH water tunnel at Caltech. The location of the
PIV system components and optics are also shown.

Test Ret VR MR 02 (mm)
@ x/t=0.7

Al 15.0x 10° 0.58 0.68 --

A2 24.0x 10° 0.57 0.39 -

Bl 15.0x 10° 0.59 1.79 0.143
B2 24.0 x 10° 0.59 2.11 0.183
B3 15.0x 10° 0.58 2.24 0.164
B4 24.0x 10° 0.57 1.98 0.174
B5 15.0x 10° 0.57 1.85 0.158
B6 24.0x 10° 0.57 1.70 0.150

Table 1: Summary of run parameters considered in analytical study. A and B denote the first
and second experimental campaigns, respectively; VR is the velocity ratio, <u2>/<ul>, MR is
the momentum thickness ratio, 86 and 6 is the (dimensional) momentum thickness on the
slow side of the slitter plate.
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Results

Sample PIV results are given for the two cases B1 and B3, both with a thickness and mean velocity-
based Reynolds number of around 15 x 10°. The latter case shows two distinct peaks in the power
spectra of both u and v fluctuations in the wake.

The mean velocity fields (streamwise, <u>, and cross-stream, <v>) for case B1 are shown in Figure
3. The effect of the VR on the downstream wake is reflected in the lack of top-bottom symmetry
in both velocity components and the slight “skew” of the recirculation bubble, more clearly seen
in the <v> field. This lack of symmetry is reflected in the rms velocities for this case in Figure 3.
These general features are not surprising in and of themselves; they are also observed for the other
cases examined (see also Figure 4).

Spectral analysis in the wake at the points shown in Figure 3 reveals a concentration of energy in
the 1.0-1.5 Hz range across the observation window. Activity at distinct frequencies is not clearly
distinguishable for this case.

For case B3, however, Figure 4 now reveals two distinct spectral peaks, around 1.2 and 1.7 Hz.
The changes in the associated mean fields are subtle at best, but the slow side momentum thickness,
02, 1s larger by 8% in the latter case.

The stability analyses associated with the experimental work will be described in the UFF final
report.

Summary

Experiments were conducted across a range of conditions that explored the VR and MR range
where analysis indicated absolute instability may be observed. The first campaign happened upon
a parameter range where any absolute instability exhibited zero or undetectable amplitude. The
second campaign spanned a more promising region. The companion report from UFF covers the
analytical component of the project.
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FINAL REPORT

Absolute Instability of Interacting Planar Mixing Layers and Wakes
P.1.: Beverley J. McKeon

California Institute of Technology

Executive Summary

This final report describes the Caltech part of the collaborative project with Universidade Federal
Fluminense (PI: Alves) to identify the previously unobserved absolute instability of an interacting
planar mixing layer and wake and to characterize the conditions for its occurrence. Mixing
layer/wake interactions are important in a range of mixing configurations, such as a coaxial
injection system, which was the motivation for this study. The Caltech tasks pertained to an
experimental campaign that extended a previous undergraduate project from several years ago
(Tian et al, 2012) which gave an inconclusive indication of this phenomenon (Quntanilha and
Alves, 2018), specifically rebuilding and improving the experiment and designing the
experimental diagnostics to match the expected frequency range for observation of instability.
Appropriate mean flow conditions with a velocity ratio across the two mixing layers of 0.5 were
successfully obtained. Targeted particle image velocimetry characterized the two incoming
boundary layers and the downstream wake, providing mean field and fluctuation statistics and
spectra. These were supplied to UFF for comparison with their computational results using the
experimental and analytical mean fields. Computational results and implications for the
characterization of the absolute instability will be reported in the following UFF final report.

Accomplishments

The experimental work was performed in the NOAH water channel in the Graduate Aerospace
Laboratories at the California Institute of Technology (Caltech) in cooperation with the
computational studies at the Universidade Federal Fluminense (UFF). The specific tasks were as
follows:

1. [Caltech and UFF] Finalize experimental test matrix.

2. [Caltech] Rebuild and improve the experimental apparatus of Tian et al. (2012), with a
target velocity ratio of 0.5. Incorporate the ability to increase the thickness of the test plate
in order to provide a second controlled approach to varying the ratio of boundary layer
momentum thickness to plate thickness.

3. [Caltech] Acquire temporally-resolved and preprocess 2D/2C velocity fields for the flow
conditions of interest.

4. [UFF] Construct two base flows based on the experimental data: 1) A filtered discrete
Fourier transformed solution and 2) a uniformly valid asymptotic solution.
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5. [UFF] Perform linear and modal stability analysis of the base flows to definitively identify
the stability of interacting shear layers and wakes.
6. [UFF and Caltech] Report progress as appropriate.

Progress

Tasks 1-3 associated with Caltech were completed and joint reporting (Task 6) is ongoing. The
experimental matrix and the new apparatus as well as experimental results are described under
Technical Updates below.

Dissemination

We anticipate a submission of the results to an archival journal such as the Journal of Fluid
Mechanics and a relevant fluid mechanics conference in the coming months.

Impacts

The primary impact of the present work (reported here and in the final report from UFF) will be
in the principal discipline of fluid mechanics. The discovery and characterization of a region of
absolute instability in a flow previous thought to lead only to convective instability has importance
for a range of flows of practical relevance.

The Caltech graduate research assistant has gained valuable skills from building an running a flow
experiment, but perhaps more importantly with regards to interfacing with a collaborating group
with computational expertise.

Changes

There were no changes to the proposed research.

Technical Updates
Method

The experimental configuration assembled for this project is shown in Figure 1 below. A new
downstream section and (blunt) trailing edge of the splitter test plate was fabricated from acrylic
in order to aid laser illumination for the particle image velocimetry (PIV) measurements and
minimize reflections. Figure 2 shows the set-up deployed in the NOAH water channel and the
location of the PIV diagnostics. A target velocity ratio VR = <uz-/<u;>=0.5 was determined based
on the findings of the previous experiments by Tian et al and the analytical results associated with
the present work.
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Upstream blockages on both the fast and slow stream side of the flow were created using a range
of materials, including honeycomb, mesh and linen. Obtaining the desired fast and slow side
boundary layer momentum thicknesses, 01 and 0., to transit through the region of absolute
instability while maintaining the VR was an iterative process.

Dual camera, planar PIV measurements were obtained in the plane normal to the splitter plate, as
shown in Figure 1, such that the incoming boundary layers on the fast and slow side of the plate
could be captured as well as the downstream wake area. The PIV field of view (FOV) was
designed in concert with the text matrix, taking into account the onboard camera memory capacity
and the required frame rates. The cameras were capable of operating at reduced resolution, thus
allowing longer samples, i.e. trading resolution in space for resolution in time.

Fast Blockage Condition

\
Wake Optical FOV

<
Slow Blockage Condition

Figure 1: Experimental schematic, showing the upstream blockage on both sides of the splitter
plate and boundary layer trips used to manipulate the VR and MR and the downstream PIV
field of view.

Test matrix

An iterative process was implemented to determine the experimental conditions and, in particular,
the measurement parameters to match the experiments to the analytical predications for similar
test conditions. After a first round of experiments, the test matrix was refined to traverse the
absolutely unstable region in parameter space. A summary of the two sets of operating conditions
is listed in Table 1 below.
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Figure 2: The splitter plate mounted in the NOAH water tunnel at Caltech. The location of the
PIV system components and optics are also shown.

Test Ret VR MR 02 (mm)
@ x/t=0.7

Al 15.0x 10° 0.58 0.68 --

A2 24.0x 10° 0.57 0.39 -

Bl 15.0x 10° 0.59 1.79 0.143
B2 24.0 x 10° 0.59 2.11 0.183
B3 15.0x 10° 0.58 2.24 0.164
B4 24.0x 10° 0.57 1.98 0.174
B5 15.0x 10° 0.57 1.85 0.158
B6 24.0x 10° 0.57 1.70 0.150

Table 1: Summary of run parameters considered in analytical study. A and B denote the first
and second experimental campaigns, respectively; VR is the velocity ratio, <u2>/<ul>, MR is
the momentum thickness ratio, 86 and 6 is the (dimensional) momentum thickness on the
slow side of the slitter plate.
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Results

Sample PIV results are given for the two cases B1 and B3, both with a thickness and mean velocity-
based Reynolds number of around 15 x 10°. The latter case shows two distinct peaks in the power
spectra of both u and v fluctuations in the wake.

The mean velocity fields (streamwise, <u>, and cross-stream, <v>) for case B1 are shown in Figure
3. The effect of the VR on the downstream wake is reflected in the lack of top-bottom symmetry
in both velocity components and the slight “skew” of the recirculation bubble, more clearly seen
in the <v> field. This lack of symmetry is reflected in the rms velocities for this case in Figure 3.
These general features are not surprising in and of themselves; they are also observed for the other
cases examined (see also Figure 4).

Spectral analysis in the wake at the points shown in Figure 3 reveals a concentration of energy in
the 1.0-1.5 Hz range across the observation window. Activity at distinct frequencies is not clearly
distinguishable for this case.

For case B3, however, Figure 4 now reveals two distinct spectral peaks, around 1.2 and 1.7 Hz.
The changes in the associated mean fields are subtle at best, but the slow side momentum thickness,
02, 1s larger by 8% in the latter case.

The stability analyses associated with the experimental work will be described in the UFF final
report.

Summary

Experiments were conducted across a range of conditions that explored the VR and MR range
where analysis indicated absolute instability may be observed. The first campaign happened upon
a parameter range where any absolute instability exhibited zero or undetectable amplitude. The
second campaign spanned a more promising region. The companion report from UFF covers the
analytical component of the project.
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Figure 3: Mean velocity fields (top), rms fields (middle) and spectral
information (bottom) for case Bl in Table 1.
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Figure 3: Mean velocity fields (top), rms fields (middle) and spectral
information (bottom) for case B3 in Table 1.
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FINAL REPORT

Absolute Instability of Interacting Planar Mixing Layers and Wakes
P.1.: Beverley J. McKeon

California Institute of Technology

Executive Summary

This final report describes the Caltech part of the collaborative project with Universidade Federal
Fluminense (PI: Alves) to identify the previously unobserved absolute instability of an interacting
planar mixing layer and wake and to characterize the conditions for its occurrence. Mixing
layer/wake interactions are important in a range of mixing configurations, such as a coaxial
injection system, which was the motivation for this study. The Caltech tasks pertained to an
experimental campaign that extended a previous undergraduate project from several years ago
(Tian et al, 2012) which gave an inconclusive indication of this phenomenon (Quntanilha and
Alves, 2018), specifically rebuilding and improving the experiment and designing the
experimental diagnostics to match the expected frequency range for observation of instability.
Appropriate mean flow conditions with a velocity ratio across the two mixing layers of 0.5 were
successfully obtained. Targeted particle image velocimetry characterized the two incoming
boundary layers and the downstream wake, providing mean field and fluctuation statistics and
spectra. These were supplied to UFF for comparison with their computational results using the
experimental and analytical mean fields. Computational results and implications for the
characterization of the absolute instability will be reported in the following UFF final report.

Accomplishments

The experimental work was performed in the NOAH water channel in the Graduate Aerospace
Laboratories at the California Institute of Technology (Caltech) in cooperation with the
computational studies at the Universidade Federal Fluminense (UFF). The specific tasks were as
follows:

1. [Caltech and UFF] Finalize experimental test matrix.

2. [Caltech] Rebuild and improve the experimental apparatus of Tian et al. (2012), with a
target velocity ratio of 0.5. Incorporate the ability to increase the thickness of the test plate
in order to provide a second controlled approach to varying the ratio of boundary layer
momentum thickness to plate thickness.

3. [Caltech] Acquire temporally-resolved and preprocess 2D/2C velocity fields for the flow
conditions of interest.

4. [UFF] Construct two base flows based on the experimental data: 1) A filtered discrete
Fourier transformed solution and 2) a uniformly valid asymptotic solution.
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5. [UFF] Perform linear and modal stability analysis of the base flows to definitively identify
the stability of interacting shear layers and wakes.
6. [UFF and Caltech] Report progress as appropriate.

Progress

Tasks 1-3 associated with Caltech were completed and joint reporting (Task 6) is ongoing. The
experimental matrix and the new apparatus as well as experimental results are described under
Technical Updates below.

Dissemination

We anticipate a submission of the results to an archival journal such as the Journal of Fluid
Mechanics and a relevant fluid mechanics conference in the coming months.

Impacts

The primary impact of the present work (reported here and in the final report from UFF) will be
in the principal discipline of fluid mechanics. The discovery and characterization of a region of
absolute instability in a flow previous thought to lead only to convective instability has importance
for a range of flows of practical relevance.

The Caltech graduate research assistant has gained valuable skills from building an running a flow
experiment, but perhaps more importantly with regards to interfacing with a collaborating group
with computational expertise.

Changes

There were no changes to the proposed research.

Technical Updates
Method

The experimental configuration assembled for this project is shown in Figure 1 below. A new
downstream section and (blunt) trailing edge of the splitter test plate was fabricated from acrylic
in order to aid laser illumination for the particle image velocimetry (PIV) measurements and
minimize reflections. Figure 2 shows the set-up deployed in the NOAH water channel and the
location of the PIV diagnostics. A target velocity ratio VR = <uz-/<u;>=0.5 was determined based
on the findings of the previous experiments by Tian et al and the analytical results associated with
the present work.
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Upstream blockages on both the fast and slow stream side of the flow were created using a range
of materials, including honeycomb, mesh and linen. Obtaining the desired fast and slow side
boundary layer momentum thicknesses, 01 and 0., to transit through the region of absolute
instability while maintaining the VR was an iterative process.

Dual camera, planar PIV measurements were obtained in the plane normal to the splitter plate, as
shown in Figure 1, such that the incoming boundary layers on the fast and slow side of the plate
could be captured as well as the downstream wake area. The PIV field of view (FOV) was
designed in concert with the text matrix, taking into account the onboard camera memory capacity
and the required frame rates. The cameras were capable of operating at reduced resolution, thus
allowing longer samples, i.e. trading resolution in space for resolution in time.

Fast Blockage Condition

\
Wake Optical FOV

<
Slow Blockage Condition

Figure 1: Experimental schematic, showing the upstream blockage on both sides of the splitter
plate and boundary layer trips used to manipulate the VR and MR and the downstream PIV
field of view.

Test matrix

An iterative process was implemented to determine the experimental conditions and, in particular,
the measurement parameters to match the experiments to the analytical predications for similar
test conditions. After a first round of experiments, the test matrix was refined to traverse the
absolutely unstable region in parameter space. A summary of the two sets of operating conditions
is listed in Table 1 below.
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Figure 2: The splitter plate mounted in the NOAH water tunnel at Caltech. The location of the
PIV system components and optics are also shown.

Test Ret VR MR 02 (mm)
@ x/t=0.7

Al 15.0x 10° 0.58 0.68 --

A2 24.0x 10° 0.57 0.39 -

Bl 15.0x 10° 0.59 1.79 0.143
B2 24.0 x 10° 0.59 2.11 0.183
B3 15.0x 10° 0.58 2.24 0.164
B4 24.0x 10° 0.57 1.98 0.174
B5 15.0x 10° 0.57 1.85 0.158
B6 24.0x 10° 0.57 1.70 0.150

Table 1: Summary of run parameters considered in analytical study. A and B denote the first
and second experimental campaigns, respectively; VR is the velocity ratio, <u2>/<ul>, MR is
the momentum thickness ratio, 86 and 6 is the (dimensional) momentum thickness on the
slow side of the slitter plate.
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Results

Sample PIV results are given for the two cases B1 and B3, both with a thickness and mean velocity-
based Reynolds number of around 15 x 10°. The latter case shows two distinct peaks in the power
spectra of both u and v fluctuations in the wake.

The mean velocity fields (streamwise, <u>, and cross-stream, <v>) for case B1 are shown in Figure
3. The effect of the VR on the downstream wake is reflected in the lack of top-bottom symmetry
in both velocity components and the slight “skew” of the recirculation bubble, more clearly seen
in the <v> field. This lack of symmetry is reflected in the rms velocities for this case in Figure 3.
These general features are not surprising in and of themselves; they are also observed for the other
cases examined (see also Figure 4).

Spectral analysis in the wake at the points shown in Figure 3 reveals a concentration of energy in
the 1.0-1.5 Hz range across the observation window. Activity at distinct frequencies is not clearly
distinguishable for this case.

For case B3, however, Figure 4 now reveals two distinct spectral peaks, around 1.2 and 1.7 Hz.
The changes in the associated mean fields are subtle at best, but the slow side momentum thickness,
02, 1s larger by 8% in the latter case.

The stability analyses associated with the experimental work will be described in the UFF final
report.

Summary

Experiments were conducted across a range of conditions that explored the VR and MR range
where analysis indicated absolute instability may be observed. The first campaign happened upon
a parameter range where any absolute instability exhibited zero or undetectable amplitude. The
second campaign spanned a more promising region. The companion report from UFF covers the
analytical component of the project.
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Figure 3: Mean velocity fields (top), rms fields (middle) and spectral
information (bottom) for case Bl in Table 1.
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Figure 3: Mean velocity fields (top), rms fields (middle) and spectral
information (bottom) for case B3 in Table 1.
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