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Abstract: This work investigates the effects of as-built surface roughness on the flashback propen-
sity in additively manufactured (AM) swirl-stabilized lean premixed (LPM) fuel injectors. Adoption
of AM for rapid prototyping and fabrication of complex fuel-flexible injector designs requires inves-
tigating surface roughness effects on the flow and flame stability characteristics of the combustor.
Wall roughness increases the near-wall shear, which could alter the boundary layer structure and
change the propensity for flame flashback. Accounting for the realistic as-built surface roughness
is crucial in carrying out computational modeling and experimental analysis to establish a feedback
loop for the precision designing of fuel-flexible injectors. The presented numerical analysis of as-
built AM injector is an essential consideration to optimize injector design for aerodynamics and
additive manufacturability.
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1. Introduction

Gas turbines face increasing demands for stringent emission performance and operational re-
silience necessitating innovative and often complex combustor designs that can accommodate dras-
tically differing thermochemical and transport properties of high-hydrogen fuels such as NH3 or
H2. Lean-premixed swirl injectors employed in modern gas turbines utilize vortex breakdown for
lean flame stabilization, but unsteady flow features can impact stability limits [1]. Precision en-
gineering of these injectors renders complex flow geometries, posing fabrication challenges using
traditional methods and impeding product validation and testing.

Laser powder bed fusion (L-PBF) is an advanced additive manufacturing method gaining pop-
ularity for rapid prototyping and cost-effective manufacturing of complex, end-use parts at a small
production volume High-temperature nickel-based superalloys, crucial to advanced gas turbine
components, are compatible with this technique [2]. However, a drawback of L-PBF is inferior
as-built surface quality compared to traditionally machined metal productionAM process parame-
ters can be optimized to improve as-built surface quality, as post-processing for complex features
can be logistically challenging [2]. Residual wall roughness in L-PBF parts can alter flow features
in injectors, affecting heat transfer and flame structures, potentially leading to increased flashback
propensity [3]. High as-built surface roughness alters the viscous sublayer within the turbulent
boundary layer. AS the logarithmic profile of the turbulent boundary layer wall functions is shifted
downwards, the viscous layer is fully destroyed, causing a consequential increase in wall shear
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stress and corresponding skin friction [3]. Prior studies have examined AM test coupons for rep-
resentative chacterization of flow and heat effects in cooling channels [4]. Additionally, a body of
literature has focused on effectively characterizing surface roughness, offering pertinent sand-grain
roughness scalings [4, 5]. Furthermore, efficacy of turbulence modeling in accurately capturing
roughness effects are explored, predominantly through generic flat plate analyses [6–8]. However,
there remains a gap in the literature regarding the accurate modeling of surface roughness in fuel
injectors, where surface roughness can affect flameholding. This work entails the establishment
of a realistic and selective roughness specification, which varies within the injector due to built
orientations.

2. CFD setup and modeling

A single-nozzle industrial swirl injector is assembled in an atmospheric combustor rig consisting
of a centerbody with a central jet for a pilot flame and a swirling main flow, as shown in Figure
1(a). The configuration is modeled in Simcenter STARCCM+, ver. 17.02.008. A preheated (523
K), fully premixed flow of 0.0632 kg/s enters the rig inlet; 5% of the flow goes into the pilot flow
and the rest flow through the main annulus of width, D = 0.027 m. The mixture density is 0.656
kg/m3 and the kinematic viscosity, ν is calculated from Sutterland’s equation for air temperature
of 523 K. The bulk velocity at the main annulus is sustained at 40 m/s. The wall temperatures are
defined as per Li et al. [9]. The fuel is a mixture of 40% by vol. H2 in CH4. The USC-II MECH
detailed chemistry is used to generate a flamelet-generated manifold (FGM) model based on a 1D
freely propagating constant-pressure reactor. The global equivalence ratio for both the main and
pilot flame is equal at 0.58.

Figure 1: (a) Schematic of swirl injector in the Atmospheric rig, and (b) Regions of the injector
with varying roughness [9].

An unstructured polyhedral mesh is auto-generated for the base cell size of 3 mm. The bound-
ary layer in the swirler geometry is resolved to a Y+

wall ∼1 using prism cells [7], with a growth rate
of 1.5 for a total thickness of 2 mm to capture the wall effects accurately. The rest of the mesh has
a Y+

wall ∼17.5 for the same growth rate and total thickness. A historical mesh convergence study
ascertains flame shape accuracy.

The arithmetic mean of surface roughness (Ra) of the as-built (L-PBF) swirl injector is quan-
tified and scaled to equivalent sand-grain roughness for Inconel 718 alloy using Ks = 10Ra [4].
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The as-built surface roughness values (Ra) are defined for each section of the injector as shown
in Figure 1(b). The downward-facing surface of the swirler vanes are the roughest (as defined in
Table 1) due to a staircasing effect, high powder-melt pool interaction, and unsupported overhangs
required to achieve the desired airfoil camber, while the upward facing regions show contour re-
melting and self-supporting orientations [2]. The vertical surface roughness is usually a function of
layer thickness and laser intensity. The surface is hydraulically smooth if the roughness Reynolds
number, K+

s = Ksuτ/ν , where uτ is friction velocity, is less than 2.25 and hydraulically rough if
it is greater than 90. These definitions modify the friction factor, f , that scales the offset in the
log-layer of the blended wall function.

The unsteady shear stress transport (SST) k-ω Reynolds-averaged Navier-Stokes turbulence
model is employed as it is better equipped to handle roughness effects than k-ε models [6]. All
Y+ wall treatment is applied since the boundary layer is refined only for the swirler regions. A
second-order temporally discretized implicit solver is used with a timestep of 5e-4 sec. and 10
inner iterations. The Turbulent Flame speed Closure (TFC) model is used for transport equation
closure. The rest of the modeling settings were maintained as default.

3. Results and Discussion

The simulations were independently run for two cases – case #1: smooth wall definition and case
#2: rough region definition – until mass, momentum, and turbulent residuals converged below
1e-6. Mass conservation was checked in an initial non-reacting simulation; the difference in mass
flowrates at the exit of the main annulus was less than 0.1% and corresponding change in exit
bulk flow rates were less than 0.2% between the smooth and rough cases. These are attributed to
numerical or precision errors.

First, the surface averaged wall shear stresses were compared for the three different regions
of the injector for smooth and rough region cases, as shown in Table 1. In fully turbulent flows,
wall velocity gradient, g = τwall/ρν , is typically a measure of flame flashback propensity [3]. A
39% increase in the rough case with respect to smooth case was noted in the downskin region and
the lowest of 14% in the centerbody tip. Figure 2 shows the velocity profile with non-dimensional
wall distance, comparing the profile in the rough case compared to smooth walls. The velocity
magnitude in the annular boundary layer volume, as shown in Figure 1, for smooth case was 62.02
m/s, which decreased by 7% to 57.70 m/s for the rough wall condition.

Table 1: Wall Shear Stress: Magnitude in (Pa) τwall
Regions Roughness (Ks) Smooth Rough % Increment in g w.r.t Smooth

R1 (Downskin of Vane) 150 µm 13.28 18.46 39%
R2 (Upskin of Vane) 50 µm 16.83 20.07 19%

R3 (Vertical Annulus) 100 µm 8.84 11.70 32%
R4 (Centerbody tip) 50 µm 0.77 0.89 14%

The flame location can be measured from the iso-contours of temperature or mole fractions
of intermediate radicals such as CH, OH, and CH2O. In Figure 3, the surface roughness effects
can be compared with the change in iso-contour of 1000 K flame temperature, where maximum
flame temperature for the fuel composition is ∼1835 K. The onset of the preheat zone is marked
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Figure 2: Law of the wall comparison for rough vs. smooth wall in the vertical region of the
injector.

Figure 3: (a) Temperature iso-contours of flame shape, and (b) 1000 K iso-contour represents
change in flame location due to roughness.

by 600 K. The flame location moves upstream by ∼ (0.087, 0.128) non-dimensional units in (x, z)
direction respectively due to wall roughness.

4. Conclusions and Future work

This study showed that surface roughness can change flame stabilization and thereby increase
flame flashback propensity compared to smooth walls. Realistic and selective definition of sur-
face quality must be considered during injector design and validation. The role of appropriate
sand-grain roughess scaling of absolute roughness is important for true surface quality evaluation.
However, further investigation is required at equivalence ratio and fuel composition sweeps to
characterize the overall operability performance affected from realistic surface roughness in the
injector modeling. The same must be studied using high-pedigree turbulence models for capturing
change in turbulence intensity due to rough walls. Roughness attributes of various post-processing
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technique such as abrasive flow machining [10] could be further explored to quantify critical wall
velocity gradient, gc in establishing AM tolerances in injector static stability limits.
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