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Project origin: Discussions with industry about issues related to combustion
operability and fuel injector manufacturing
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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 at
Industrial partners Solar Turbines

t LY WI Olj dzSt A y SoPh QuhaMgngghadydn CoPI: Yuan Xuan
Professor of ME Associate Professor of ME, IME Associate Professor of ME
Combustion/Gas Turbines HybridAdditive Manufacturing Combustion simulation

Solar Turbines

A Caterpillar Company



Technical approach uses an optimization framework for incorporating combus
and manufacturing constraints

Adjoint optimization for reducing flame flashback propensity Optimal &
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Highfidelity combustion simulation uses ST&RM+ to allow more rapid industry
adoption

T Large eddy simulation (LES) using $J@IR+

T Flamelet generated manifold (FGM) model \ o WYEE \-j__
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Project objectives center around four gaps in the fuel injector design process
Industry

T Integrate issues related to flame static and dynamic stability more seamles
Into the design process

T Incorporate the use of hydrodynamic stability analysis for prediction of dyn
stablility issues for efficient computational prediction

T Incorporate higHidelity, multiphysics modeling into optimization processes

T Link postprocessing steps of the AM component into the design optimizatic
process
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This year's work has focused on integrating the optimization for fuel flexibility
the AM constraints into one workflow

Fuel Flexibility AM Constraints
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Thedual objective functioms enabledhrough atwo-stageoptimizationthat runs
both withinStarCCM and outside it
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The adjoint shape optimization loop to minimize fuel flashback propensity was setupGiCBk#
using optimized mesh structure which allows for custom objective function definition
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Maximizing the volume averaged velocity magnitude on the user defined ann
region to minimize flame flashback propensity

Volume Averaged Velocity Magnitude (m/s) plot
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Trailing edge geometry is the most sensitive to increase flow speed downstre
the swirler vanes

The magnitude of surface sensitivity stabilizes with more iterations (optimal solution convergence) most of the seastivignitrated at the trailing edge

1500 3050 4600 17000

AN

Surface Sensitivity of Volume averaged velocity magnitude w.r.t. Position (/s)
1.72e-07 21.7 43.3
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Through user defined region selection for the objective function with custom meshing conti
can obtain a well resolved boundary layer and investigate the effects of a variety of starting

field on the resultant optimized shape
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Introducing the reverse engineered NURBS swirler vanes into the adjoint optimization loop
exchange information between thesPage optimization routines

Original flow domain CAD Surface discontinuities

reverse engineering ine

Swirler Vanes selected from Swirler Vanes deleted from
baseline flow domain baseline flow domain
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How can we ensure continuity of NURBS surfaces in an efficient manner while retaining a
transferable CAD file format (IGES)?

Accessing Type 128 (NURBS Surface) & Type 126 (NURBS boundary curves) provides control over the sha,
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Metal AM constraints for the metalRBF process include thin walls, overhang angle, and fea
reproducibility, and constraints can be adapted as the AM processing technology improves

Minimum wall thickness

min. = 0.73 mm min. = 0.70 mm min. = 0.68 mm

Overhang Angle All surfaces that violate the 8®verhang angle limit were identified
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Since we have many (54,400 x 3) design variables and a computationally efficient relations
(NURBS) between the design variables and the shapecan use Genetic Algorithm optimizat
to solve surface continuity and shape fitting problems
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The goal of this work Is the integration hydrodynamic instability constraints an
understand more about the hydrodynamic instability of these complex flows
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While previous work suggested that pilot flames help suppress instability thrc
a thermal mechanism, we know veloatyupling processes are important
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While previous work suggested that pilot flames help suppress instability thrc
a thermal mechanism, we know veloatyupling processes are important

%

Baseline

i —

Suppression by making the
flow less sensitive to input
perturbations

0 0.05 0.1 0.15

a = 0.1 kg/min,
fp”Ot = 07
24



The simulations are set up3tarCCM with four different pilot flow rates,
matching the cases studied in previous thermal mechanism work
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Fig. 1 ' The experimental apparatus showing: (a) the inlet section, (b) the plenum, (¢) the
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Changing theilot flow rate does not dramatically change the structure of the
main jet, but does change the centerline flow profile significantly
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Spectral proper orthogonal decomposition is used to understand the dynamic
the system, where all cases show significant oscillations in the shear layer
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