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Project origin: Discussions with industry about issues related
to combustion operability and fuel injector manufacturing

“Why do fuel injectors have to look
like fuel injectors?”



Current fuel injector designs do well at flame stabilization for a
moderate range of fuel compositions, operating conditions

Off-design operation

DOE University Turbine Systems Research
Program, Mark Freeman (contract monitor), >
Grant DE-FE0025495










Recent work by Pl and collaborators has showed that a stable
flow can be “designed” using hydrodynamic stability analysis

Time-averaged flow
4, 000 018 038 056 079 1.05

il / W
/ /I o i
I A
if / il
|
i i
| [ / L
| ‘ il
o Sl
: I\
| I
i/ | N
2 A I | A |

>/ ] | o Ly = Sonis. .}
5-1-050051 15-15-1-05005115-15-1-05005115-15-1-05005115-15-1-050 051 15-1.5-1-050 05 1 1.5
r/D r/D r/D r/D r/D r/D

-1.

Coherent response

15 105 0 05 1 15 15 105 0 05 1 15 15 -1 05 0 U5 I 15 -5 -1 05 U 05 1 15 1 U5 U U5 1 15 SI13 =l cus u us
D /D vD D D r/D

Flow parameter variation




Fuel injectors are notoriously difficult to manufacture and can
be comprised of dozens of components, assembled by hand

/ Complex aerodynamic surfaces

Small orifices with specified
surface finish

Internal flow passages



Goal of this project is to create a design optimization paradigm
that marries combustion physics and manufacturing

Dynamic flame
stability

Fuel flexibility Manufacturability



The team is comprised of three Pls and two grad students
from Penn State and industrial partners Solar Turbines

Pl: Jacqueline O’Connor Co-Pl: Guha Manogharan Co-Pl: Yuan Xuan
Associate Professor of ME Assistant Professor of ME Assistant Professor of ME
Combustion/Gas Turbines  Design +Hybrid-Additive Manufacturing ~ Combustion simulation
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Technical approach uses an optimization framework for
incorporating combustion and manufacturing constraints

Re-design objectives and constraints

Define design Design Detailed LHSA for
. L . CFD for flow s
objectives, optimization design for eneration | stability
constraints tool manufacture & analysis
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Flame dynamic stability through flow response modeling
Flame static stability through computational fluid dynamics
Fuel flexibility through computational fluid dynamics

Additive manufacturing considerations for laser powder bed fusion
Surface finishing considerations for abrasive flow machining
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Parametric design-process planning advanced manufacturing
approach is proposed for fuel-injector applications
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Project objectives center around four gaps in the fuel injector
design process to help industry

— Integrate issues related to flame static and dynamic
stability more seamlessly into the design process

— Incorporate the use of hydrodynamic stability analysis for
prediction of dynamic stability issues for efficient
computational prediction

— Incorporate high-fidelity, multi-physics modeling into
optimization processes

— Link post-processing steps of the AM component into the
design optimization process



An initial proof of concept exercise showed that hydrodynamic
stability + CFD could be used for optimization

Step 1: CFD captures experimental trends Step 2: LHSA results from CFD and
experiment match
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Project objectives center around four gaps in the fuel injector
design process to help industry

—Task 1: Project management and planning

—Task 2: Establish baseline

—Task 3: Develop design optimization tool

—Task 4: Implement optimization process on baseline configuration
—Task 5: Design process improvement

—Task 6: Integration of improved design process

—Task 7: Final process testing and technology transfer
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Novel contribution: Design optimization tool that will
incorporate physics-based constraints

Combustion physics

Flow stability
l Re-design objectives and constraints
Deflr\e c?esngn [_)esflgn_ De'Falled CED for flow LHSA for
objectives, optimization design for . —  stability
: generation .
constraints tool manufacture analysis
Z@ TEST PART [« PRINTPART
Post-processing

opportunities

AM constraints
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Novel contribution: Integrated Desigh-AM-Post Processing
Framework
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Parametric design-process planning advanced manufacturing
approach is proposed for fuel-injector applications
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Novel contribution: NURBS based design approach

* Non-Uniform Rational Basis Splines
e Super set of all curves

|
I
|
I
 Advantages :
. Can approximate most curves and 1
surfaces mathematically :

Flexibility I
Computational efficiency :
Local propagation (segments) :
Maintains continuity requirements I
I

P,e
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Project impact stems from multi-disciplinary team and
technology transfer to industry partner for future designs

e Combustor design
e Manufacturing at scale
* Process integration
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Questions?
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%ombustion dynamics is one of the most expensive problems
in the gas turbine industry

— Damages expensive hardware
— Reduces operability

— Increases emissions (NO,, CO)

25

Goy et al., in Combustion instabilities in gas turbine engines: operational experience, fundamental mechanisms, and modeling,
T. Lieuwen an d V. Yang, Editors. 2005. p. 163-175.


Presenter
Presentation Notes
Combustion instability is one of the most significant issues in power generation gas turbines because of their potential to cause catastrophic damage.
Mostly, combustion instabilities “reduces operability,” making it more difficult for power plant operators to operate gas turbines and balance demands on power generation, efficiency, and emissions.
In the extreme, it can cause large-scale damage to the hardware of the engine – these pictures are required viewing for all first-time observers of combustion instability.
There used to be a dome plate on this combustor, but instead of burning fuel, instabilities drove a flashback event and then they just burnt metal instead – same with the turbine downstream


%ombustion dynamics is a coupling between combustor
acoustics and flame heat release rate fluctuations
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Presenter
Presentation Notes
So what causes this crazy problem? Combustion instabilities were first predicted by Lord Rayleigh in the 1860s, but were not really seen as a problem until the Apollo era – 3500 fired F1 tests, 2000 of which were “guessing and checking” to get rid of combustion instabilities.
The issue is caused by a feedback loop between flame heat release rate oscillations and combustor acoustics
This process can actually be well understood by anyone who has taken intro thermodynamics – this is a PdV work problem


%itially, some perturbation in heat release rate causes gas
expansion from the flame
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Presenter
Presentation Notes
Imagine you have some disturbance in the flame (turbulence, fuel line hiccup, whatever) and it causes a perturbation in the heat release rate
That fluctuation in heat release causes gas expansion due to increasing temperature and decreasing density – a volume increase, or PdV work


Ef&he gas expansion does compression work, locally adding
energy to the acoustic field (a pressure anti-node)

j PdV
a” i N—



Presenter
Presentation Notes
That expansion from the flame can add energy to the acoustic field through a PdV work interaction
This only happens when the flame is located near a pressure anti-node, or somewhere in the acoustic mode where the pressure fluctuations are large
Given the acoustic boundary conditions in gas turbines, though, this happens pretty often


Ef&he energized acoustic field then produces a disturbance,

which can excite further heat release rate oscillations
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Presenter
Presentation Notes
Once you’ve added energy to the acoustic field via this PdV work interaction, now you excite an acoustic fluctuation, that can then excite further heat release rate oscillations
You can see how if the phasing between these processes is correct, then a feedback cycle can be established and now you have a very loud acoustic oscillation driven by the flame.
Imagine blowing over a coke bottle – your breadth adds the energy to the bottle’s acoustic field that produces sound. And now imagine using a flame with 100s of MW of power adding the energy – you can see how things would get loud.


%ombustion instability is a phenomena better heard or “felt”
than analyzed for better understanding
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Presenter
Presentation Notes
We can make this happen in the lab pretty easily – combustors are fantastic resonators.
I feel like combustion instability is less an idea and more of an experience, and unfortunately this video doesn’t do it justice. This is our five-nozzle can combustor at Penn State undergoing an instability (and then suppressing it). It’s about 130 dB in the room when this thing is unstable
You will notice that the instability is tonal, because we’re only feeding energy into a single acoustic mode in this system.
You’ll also notice we do a pretty good job at suppressing the instability, and I’ll talk about that in a bit.





@w real devices the feedback from acoustics to the flame
typically includes a “coupling mechanism”
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Presenter
Presentation Notes
The explanation I gave you before was the 1860’s version of the story – this is p’ q’ feedback is what Lord Rayleigh predicted.
Today, we know that there is typically a coupling mechanism in between the acoustics and the heat release rate that plays an important role in the instability


@elocity coupling: acoustic fluctuations produce vortex roll-up
in the flowfield, resulting in flame disturbances
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Presenter
Presentation Notes
My work almost exclusively focuses on velocity coupling, mostly because I’m a big fan of fluid mechanics, but also because it’s an extremely important issue in power gen gas turbines
Here, the acoustic field excites velocity fluctuations in the flowfield that in turn drive the flame fluctuations


@elocity coupling: acoustic fluctuations produce vortex roll-up
in the flowfield, resulting in flame disturbances
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Presenter
Presentation Notes
The most common velocity fluctuation is vortex roll-up, which you can see in this high-speed PIV image. 
Here, we have three bluff-body stabilized flames and we’re hitting them with acoustic forcing from below. The flame is the region between the dark and the light, where the density of the seeding particles decreases significantly across the flame
Along each shear layer you can see absolutely gorgeous vortices being formed in time with the acoustic mode. Every time there’s a “push” from the acoustic field, you get a vortex, and a “pull” causes the braid between the vortices. This is a prototypical example of velocity coupling.


@elocity coupling: acoustic fluctuations produce vortex roll-up
in the flowfield, resulting in flame disturbances

()

Samarasinghe, J., Culler, W., Quay, B., Santavicca, D. A., O’Connor, J. (2017) “The effect of fuel staging on the structure and
instability characteristics of swirl-stabilized flames in a lean premixed multi-nozzle can combustor.” Journal of Engineering for 34
Gas Turbines and Power, 139(12), 121504.


Presenter
Presentation Notes
The flame I showed you before was very weakly turbulent – this happens even when there are very high levels of turbulence
This is a high-speed video of that five-nozzle flame you saw before undergoing a combustion instability. You can see the big wrinkles on the flame as they pulse up and down – those wrinkles are driven by vortex shedding at the base of the flame.





@Vhat if we could stop the feedback loop not by changing the
flame or acoustics, but changing the flow?
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Presenter
Presentation Notes
So if these vortices are SO important to combustion instability, what if we could stop them from forming? What if we could stop the feedback loop not by changing the flame or the acoustics, but the flow response?


@Vhat if we could stop the feedback loop not by changing the
flame or acoustics, but changing the flow?
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Presenter
Presentation Notes
The technical term for this is reducing the “shear layer receptivity”
We happened on this issue rather accidentally, and it’s showing real promise, so I want to share this with you today
First let’s talk about shear layer receptivity and how one might go about quantifying it (quantifying things is important if you want to be able to predict them or model them)


@wirling flows are hydrodynamically unstable and susceptible
to acoustic forcing in different ways throughout the flow

37
Billantet al., JFM, 1998, Huang et al., AIAA J., 2006


Presenter
Presentation Notes
Our idea relies on the structure of the flowfield that supports the flame – in gas turbines for both power gen and aircraft applications, these are swirling flows
Swirling flows are incredibly complicated and incredibly beautiful – they are definitely my first love in research and I will probably study them to the end of time, just for fun. I highly encourage grad students to find their research love and keep at it – it makes your career so rewarding.
Swirling flows have a few features you can see in these experiments and simulations – large vortices and central recirculation


@tructure of swirling flows change significantly with swirl
number, inducing vortex breakdown and PVC
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Presenter
Presentation Notes
What I’m showing here is time-averaged flow profiles of a swirling flow at a bunch of different swirl numbers, which is the ratio of swirling momentum to axial momentum. S=0 is no swirl (a round jet), and S=1.43 is a big number in our community.
The top row shows the axial and radial velocity streamlines, the bottom row is the swirling velocity, and the line shows where that “cut” is taken
You’ll notice that as I crank up the swirl, which we do using a continuously variable angle, radial-entry swirler, the flow structure changes a lot. You first see spreading, then divergence, then breakdown and recirculation. This is the VB process I mentioned before


@Iarmonic reconstruction of forced response indicates variation
in shear layer receptivity with swirl number, frequency
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Presenter
Presentation Notes
So those are the things that we normalize by in the describing function, but let’s now look at the coherent part. I measure the acoustic fluctuations using two microphones, but I measure the vorticity fluctuations with high-speed PIV
What I’m showing here is the coherent part of the vorticity fluctuations (at the forcing frequency) for a bunch of swirl numbers, two frequencies, and two amplitudes at 1800 Hz.
You can see really nice vortex rollup at low swirl numbers, and honestly we sort of just expected this across the board
But you can see that it gets really messy at high swirl numbers, and it did this for a whole bunch of frequencies, not just the ones I’m showing you here. We were somewhat confused and thought our data was bad, but it kept happening.


@coustic to vortical transfer function shows significant
amplification of disturbances except at high swirl number
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Presenter
Presentation Notes
This was actually a super exciting result – because no coherent vorticity is being created at the high swirl numbers, you couldn’t have velocity coupling!
Where you get really nice coherent vortices, like at the low swirl numbers, combustion instability could set up a velocity-coupling process
But something is not letting that happen at the high swirl numbers, and now we know what it is


@VC is present in the flowfield at the three highest swirl
numbers; PVC is has significant turbulent kinetic energy
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Presenter
Presentation Notes
The feature impeding the shear layer vortex rollup is this thing called a precessing vortex core, or PVC for short
These are all the rage in swirling flows, and the source of much debate
A PVC is a global instability in the flowfield – self excited, there all by itself, but EXTREMELY  powerful
That whistling sound is not combustion instability, it’s the PVC.





Stable design through flow design — use of hydrodynamic
instability tools to tune flowfield receptivity

Weakly non-linear stability calculation
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LES results of turbulent swirling flows

Comparison with measurements Other simulation results with
forS=0.56 higher Swirl numbers
S=0.76

$=0.81
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Hydrodynamic stability analysis — proof of concept
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