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Abstract

The use of additive manufacturing (AM) has seen increased utilization over the last decade,
thanks to well-documented advantages such as lower startup costs, reduced wastage, and
the ability to rapidly prototype. The poor surface finish of unprocessed AM components
is one of the major drawbacks of this technology, with the research literature suggesting
a measurable impact on flow characteristics and burner operability. For instance, surface
roughness has been shown to potentially increase resistance to boundary layer flashback—
an area of high concern, particularly when utilizing fuels with high hydrogen content. A
more detailed understanding of the underlying thermophysical mechanisms is, therefore,
required. Computational fluid dynamics can help elucidate the impact of these roughness
effects by enabling detailed data interrogation in locations not easily accessible experimen-
tally. In this study, roughness effects on a generic gas turbine swirler were numerically
modeled using a low-y+ detached eddy simulation (DES) approach. Three DES mod-
els were investigated utilizing a smooth reference case and two rough cases, the latter
employing a literature-based and novel equivalent sand-grain roughness (ks) correlation
developed for this work. Existing experimental isothermal and CH4 data were used to
validate the numerical simulations. Detailed investigations into the effects of roughness
on flow characteristics, such as swirl number and recirculation zone position, were subse-
quently performed. The results show that literature-based ks correlations are unsuitable for
the current application. The novel correlation yields more promising outcomes, though
its effectiveness depends on the chosen turbulence model. Moreover, it was demonstrated
that, for identical ks values, while trends remained consistent, the extent to which they
manifested differed under reacting and isothermal conditions.

Keywords: additive manufacturing; surface roughness; computational fluid dynamics

1. Introduction
The use of additive manufacturing (AM) is gaining more widespread adoption in

energy conversion technologies due to its well-documented advantages, including weight
and part count reduction, increased design freedom, and accelerated development cycles
[1–3]. AM has been investigated by many gas turbine manufacturers and, as a result, is
being used both to manufacture critical components [4,5] and to extend the life of those in
service [6].

The poor surface quality of AM components is one of the primary limitations of this
technology. Careful consideration must be given to parameters such as machine settings [7],
powder size [8], and build orientation [9] to minimize surface roughness. Even with
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appropriate parameter selection, additional post-processing steps, such as grit blasting,
large-area electron beam irradiation [10], or chemical polishing [11], may still be required,
each adding time and expense.

Gas turbine burner swirlers are well suited for production via AM, offering enhanced
design freedom for improved performance. However, studies [12,13] show that the rough
AM surface finish impacts pressure drop, axial velocities, heat release, NOx emissions, and
operability. Careful consideration of surface roughness must, therefore, be taken, starting
with the design stage through to post-processing.

Understanding the effects of roughness on boundary layer flashback (BLF) is of prime
interest. The need for lean-premixed burners able to accommodate high-hydrogen-content
fuels has meant operating at conditions with significantly increased flashback risk [14]. Both
numerical simulations (two-dimensional) [15] and experimental studies [16] have shown
surface roughness and micro-surfaces to have the potential to enhance BLF resistance.
Computational fluid dynamics (CFD) can provide deeper insights into these roughness
effects by enabling detailed data analysis in areas that are challenging to access through
experimental methods.

When it comes to adding roughness effects to a CFD model, three main approaches
exist, listed below in order of increasing computational cost [17]:

1. Modeling roughness via empirical correlations, converting measured roughness (e.g.,
Ra, Rq, and Rz) into an “equivalent sand-grain” roughness (ks) [18,19];

2. Utilizing a “discrete element model” (DEM) to account for roughness blockage, heat
transfer, and obstruction drag [20,21];

3. Fully resolving the roughness features [22,23].

Method (1) is available in the majority of CFD solvers and is relatively straightfor-
ward to implement, though the reliance on ks is a major limiting factor [17,24]. Approaches
(2) and (3) have the advantage of not relying on a ks correlation, though the much higher
computational costs make implementation in intricate turbomachinery geometries impractical.

Research Scope

The current study aims to model roughness effects via a ks correlation (method 1) in
conjunction with a high-physical-resolution low-y+ approach. This roughness modeling
approach cannot be readily applied in Large Eddy Simulations (LES). Given that LES is
increasingly employed in turbomachinery studies, this represents a notable limitation. DES,
however, provides a closer approximation to LES than RANS while retaining the ability to
incorporate modeled roughness effects, thereby motivating its investigation in this context.

Conventionally, high-y+ meshes are needed to attain physically meaningful rough-
ness effects, as the roughness height must be smaller than the height of the wall-adjacent
cell (k+s < y+) [19,25]. However, the necessity of employing a modeled boundary layer
(with relatively large near-wall cells) compromises boundary layer resolution. Both the
elliptic blending (EB) and K-Omega turbulence models, however, use specific modifica-
tions to their formulation that enable roughness effects to still be captured even when
k+s > y+ [25], thereby theoretically permitting roughness effects to be modeled within a
resolved boundary layer.

Rough and smooth EB and K-Omega detached eddy simulations (DESs) of flows
inside the well-documented second-generation high-pressure generic swirl burner (HPGSB-
2) [26,27] will be performed and validated against experimental data [13].

The results of this study aim to provide a guide to setting up low-y+ simulations with
roughness sensitivity, including the choice of an appropriate ks correlation for swirling
flows. Analysis of the CFD simulations will enable a better understanding of the roughness-
induced effects on the boundary layer and other flow characteristics, including changes
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in the swirl number and recirculation zone, allowing the industry to understand the
roughness-induced effects of AM components on gas turbine performance and operability
limits, as well as avoiding costly empirical test campaigns.

2. Materials and Methods
Previous experimental work performed by Runyon et al. [13] was used to validate the

CFD simulations conducted in the current study, in particular, a fully premixed methane–air
case at φ = 0.55 and an equivalent total mass flow isothermal air case. The experiments
were performed using the HPGSB-2, shown in Figure 1, in conjunction with a high-pressure
optical chamber (HPOC) [26,27]. STAR CCM+ 2302 was used as the CFD solver.

Figure 1. Section view of HPGSB-2 with Sg = 0.8 radial/tangential swirler and quartz tube installed
(flow from left to right).

2.1. Reference Experimental Data

The experimental data was previously collected by Runyon et al. [13] for three swirlers
with a geometric swirl number (Sg) of 0.8. One was conventionally manufactured (“8M”),
while the other two were produced via SLM. Of the latter two, one received no post-
processing (“8R”), and the other was grit-blasted (“8G”) [13]. The 8R swirler presented
the highest roughness and the biggest changes in the flow field when compared with the
smooth reference 8M. Data collected for these latter two swirlers, shown in Figure 2, was
used to validate the current study. Average measured surface roughness values for the 8R
swirler are collected in Table 1.

Figure 2. Swirler inserts: (A) 8R, (B) 8M, and (C) CAD model with critical dimensions.

Table 1. Average surface roughness measurements for the 8R swirler.

Measurement Ra (µm) Rq (µm) Rz (µm)

Nozzle Inner 8.88 10.97 53.61

Swirler Base 11.09 14.92 78.11

Swirler Curve 8.31 10.29 50.01

Swirler Flat Length 8.59 10.64 54.06
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The numerically adjusted experimental axial velocities for the isothermal air flow
conditions at an equivalent total mass flow of φ = 0.55 are shown in Figure 3. These Laser
Doppler Anemometry (LDA) measurements were taken 5 mm downstream of the burner
exit nozzle, starting from the centerline (r = 0) and ending just outside the burner nozzle.
All the isothermal flow measurements were conducted with the quartz confinement tube
removed from the HPGSB-2 [13]. The peak negative velocities are located at r = 0, thus
suggesting the flow field is symmetric, as shown in several publications [28–30].

Figure 3. Axial velocity profiles at equivalent air flow to φ = 0.55. Dotted horizontal line indicating
0 velocity.

Abel-transformed OH* chemiluminescence images for 8R and 8M are shown in
Figure 4. More information on the capture system can be found in Runyon et al. [13].

 

Figure 4. φ = 0.55: Abel-transformed OH* chemiluminescence images for (A) 8R and (B) 8M.

2.2. Roughness Parameter Selection

The function responsible for modeling roughness effects takes on different forms
depending on the value of the roughness parameter, or so-called “Roughness Reynolds
number”, k+s , defined in Equation (1) [31].

k+s =
ksρu∗

µ
, (1)

The flow is considered smooth for k+s < 2.25, fully rough for k+s ≥ 90, and transitional
for 2.25 ≤ k+s < 90 [32]. Given that density, velocity, and viscosity values will not change
drastically between a smooth and rough simulation, ks is the main factor influencing the
rough flow regime.

Many correlations for calculating ks can be found in the literature, often being defined
for specific surface types and conditions. Furthermore, these correlations can be found to
vary by over an order of magnitude for the same measured roughness values, as demon-
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strated in Figure 5. This graph was achieved by applying the measured “nozzle inner”
roughness values of the 8R swirler (Table 1) to the correlations compiled by Bons [17] and
proposed by Adams et al. [33]. Selecting an appropriate ks correlation is, therefore, mostly
a matter of trial and error.

Figure 5. Comparison of different ks correlations for the same measured roughness value [17,33].

To optimize the chance of capturing roughness effects, it was decided to utilize the
correlation that yielded the largest ks value. Equation (2), presented by Bons [17] and
seemingly taken as an average of the values proposed by Barlow and Kim [34], was
chosen. These ks values, utilized in the R1 simulations, should lead to transitional rough
flow conditions.

ks ≈ 16Ra, (2)

Simulations with a ks value theoretically high enough to reach the fully rough regime
(k+s ≥ 90) were also performed (R2). To achieve this, a novel ks was derived following the
procedure reported below. To find the appropriate roughness height for this condition, the
equation defining k+s (Equation (1)) was rearranged to solve for ks, with k+s subsequently
set to 90, as demonstrated in Equation (3).

ks =
k+s µ

ρu∗ → k90
s =

90 ∗ µ

ρu∗ , (3)

Equation (3) was then applied to preliminary RANS simulations, performed utilizing
the realizable K-Epsilon two-layer model (R2L), and surface averages of the various swirler
faces were taken. To maintain the relative differences in roughness, a multiplication factor
was found by dividing the estimated k90

s by the respective measured roughness. The largest
multiplication factor was applied to all measured roughness values, ensuring all surfaces
satisfy k+s ≥ 90. The resulting correlation is

ks = 156Ra, (4)

It is crucial to emphasize that the above correlation was developed specifically us-
ing the geometry and flow conditions outlined in this study. As a result, Equation (4)
may not yield satisfactory results when applied to different domains, flowrates, or fuel
types. Instead, the methodology employed to derive this novel correlation, particularly the
approach in Equation (3), may offer greater potential for broader applicability.

It is important to note that, when Equation (4) is applied to the measured roughness val-
ues of the 8M swirler [13], the ks values increased on average by only ~3.5% when compared
with R2. If this user-defined correlation, therefore, accurately captures roughness effects, it
can be said that the R1 simulations are representative of the 8M experimental conditions.
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These ks values—obtained by applying Equation (4) to the 8M measured roughness
(R2-8M), together with those utilized in the transitionally rough (R1) and fully rough (R2)
simulations—are collected in Table 2.

Table 2. R2-8M ks values, together with ks values utilized in the R1 and R2 rough simulations, with
the figure highlighting the swirler faces to which each roughness height was applied.

R1 (mm) R2 (mm) R2-8M (mm)

 

Nozzle
inner

0.143 1.38 0.217

Swirler base 0.177 1.73 0.274

Swirler curve 0.133 1.30 0.104

Swirler flat
length

0.137 1.34 0.196

2.3. CFD Domains

Separate domains were created for the reacting and isothermal cases. The quartz
tube was removed for the isothermal measurements; thus, an expansion of approximately
8× would have been experienced going from the nozzle outlet (40 mm Ø) to the HPOC
walls (315 mm). The combustion chamber was, therefore, given a diameter of 200 mm, and
all of its walls were set as pressure outlets. For the reacting cases, the quartz tube was not
removed; thus, a combustion chamber with a 100 mm diameter was utilized. Downstream
features were implemented to aid convergence, consistent with other works [35]. For both
domains, the length of the plenum (0.245 m) was set to allow the flow to develop before
reaching the swirler vanes. To reduce computing time, the plenum was shortened by 75%
for all isothermal DES cases.

To ensure the creation of properly refined DES meshes, the integral length scale (L0),
shown in Equation (5), was applied to the preliminary RANS R2L simulations [36].

L0 = k3/2/ε, (5)

Suitable cell sizes were found via Equation (6), while Equation (7) was used to highlight
areas that needed further refinement.

Aprox cell size = L0/5, (6)

Q = L0/cell volume1/3, (7)

If Q < 5, the mesh should be refined further.
Prism layers were applied to surfaces of interest, with the first cell height being varied

across the different faces to achieve an average y+ ≈ 1. The total height and number of
prism layers were adjusted to ensure a smooth transition to the core mesh. The final DES
meshes comprised ~12.4 million elements for the isothermal case and ~11 million elements
for the reacting case. Both meshes are shown in Figure 6.
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Figure 6. Cross-section of CFD domain showing the mesh for the (A) isothermal and (B) reacting
DES cases (flow from left to right).

2.4. DES Setup

The following DES variants are available within STAR CCM+: DDES and IDDES.
DDES combines RANS in the boundary layer with Scale-Resolving Simulation (SRS) in
core flow regions. IDDES is a slightly modified version of DDES introduced to provide
some WMLES (Wall-modeled LES) capabilities [37,38]. EB can only be run with DDES,
while SST K-Omega can be run with both. Three different DES setups were, therefore,
investigated: EB DDES, SST K-Omega DDES, and SST K-Omega IDDES. Smooth and rough
simulations were performed for each setup, providing a total of nine isothermal and nine
reacting simulations.

To find a suitable estimate for the timestep (∆t), the Courant Number condition (Co)
was utilized.

Co =
U∆t
∆x

→ ∆t =
∆xCo

U
, (8)

As a Co value close to unity is needed in the domain of interest, Equation (8), therefore,
becomes a ratio of cell size over velocity:

∆t =
∆x
U

≈ cell volume1/3

U
, (9)

The flow-through time (ftt) was estimated via the preliminary RANS simulations by
performing a surface average of Ux in the XY plane and dividing it by the total geometry
length. The shortened plenum enabled a flow-through time reduction of ∼10% for the
isothermal cases. The final time steps and ftts utilized are collected in Table 3.

Table 3. Time steps and flow-through times for DES cases.

∆t (s) ftt (s)

Isothermal 1 × 10−5 0.0834

Reacting 1.25 × 10−5 0.069

To achieve efficient convergence, 10 inner iterations were performed for each ∆t.
Furthermore, the SIMPLEC implicit scheme was utilized as part of the segregated flow
solver [25]. All DES simulations utilized data from the preliminary RANS simulations to
initialize the flow field. To eliminate the effects of the initial conditions, a minimum of 3 ftts
were run before time-averaging. Time-averaging was performed for a minimum of 5 ftts.
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2.5. Physics Setup

The isothermal cases were initiated as follows. The segregated flow isothermal model
was utilized, and the temperature was set to 573 K. The reference pressure was set to
atmospheric (0.101 MPa), and the default STAR CCM+ material properties for air were left
unchanged. For the preliminary RANS case, a mass flow inlet set to 16.1 g/s was used,
while for the DES cases, this mass flow inlet was replaced with a velocity inlet, reading
data from the reference RANS simulation. The reference inlet conditions for the CH4 cases
are collected in Table 4.

Table 4. Summary of experimental conditions for φ = 0.55.

P (MPa) T1 (K) ṁ CH4 (g/s) ṁ Air (g/s)

0.11 573 0.5 15.6

The GRI-Mech 3.0 [39] reaction mechanism was utilized with the addition of
OH* [40,41], similar to other works in the literature [42]. Segregated flow enthalpy was
selected in conjunction with the thickened flame model. The latter was chosen as a less
computationally intense yet reliable alternative to complex chemistry [35,43].

3. Results and Discussion
3.1. Velocity Profiles

Given that the swirler assembly is made up of nine blades, a certain degree of asym-
metry is imparted on the flow. For the sake of consistency, velocity and OH* data were
taken from the same side across all simulations. Analysis of the various simulation results
was started by investigating changes in the velocity flow fields. Axial velocity profiles for
all simulations were taken 5 mm downstream of the burner nozzle exit, consistent with the
experimental data. Figure 7 presents the roughness-induced velocity profile changes for
each turbulence model, together with a comparison of all smooth, R1, and R2 simulated
velocity profiles compared with the corresponding 8M and 8R experimental data.

 

Figure 7. Comparison of simulated isothermal axial velocity profiles against experimental data (a,c,e).
Roughness effects on simulated isothermal axial velocity profiles for EB (b), DDES (d), and IDDES
(f) cases. Dotted horizontal line indicating 0 velocity.
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The smooth reference RANS simulation (Figure 7a) performed with the R2L model
presents a high degree of agreement, with the numerical data deviating by ~1% in the
core flow (10 mm ≤ r ≤ 20 mm) compared with the 8M experimental data. All smooth
DES cases present similar velocity profiles, with their overall shape deviating by an av-
erage of ~8% compared to the reference 8M data. This indicates the choice of turbulence
model has a minor influence on the isothermal flow field. Experimentally, axial velocity
profiles were found to shift radially inward, with peak velocities decreasing with increasing
roughness [13]. For the R1 simulations (Figure 7c), no such trend was found. Rather, all R1
velocity profiles presented little to no deviation from their smooth counterparts. Minimal
changes were also found when comparing EB simulations (Figure 7e). However, the EB R2
case appeared to be shifted more radially inward than the other two R2 cases, though no
significant reduction in maximum velocity was detected. Overall, it can, therefore, be said
that, while none of the isothermal rough simulations adequately captured the changes in
axial velocity, the EB R2 case presented the greatest numerical shift.

Regardless of the DES model utilized, all simulations are shifted radially outward
compared to the reference experimental data. Given that the roughness-induced shifts
were not captured numerically, direct comparisons of the R1 and R2 cases cannot be
undertaken. For the smooth cases, however, this outward radial shift appears to be roughly
2 mm. Observations made by Pereira et al. [44,45] help explain this unexpected shift.
Their investigation of flows around cylinders found that simulation methods with higher
physical resolutions, such as DES, produce larger and often overestimated recirculation
regions [44,45].

When comparing the isothermal RANS R2L axial velocity flow field with that gener-
ated by the DES cases, as shown in Figure 8, similar conclusions can be drawn.

 

Figure 8. Isothermal velocity flow field comparison: time-averaged DDES (right) and RANS
R2L (left).

The DDES flow field shown in Figure 8 presents a much wider recirculation zone
than that generated by the RANS simulation. Consequently, the flow exiting the nozzle is
pushed outward, leading to a shift in the velocity profiles, as observed in Figure 7a. Having
extracted the central recirculation zones from the respective zero-velocity iso-surfaces, all
smooth DES simulations were found to have a ~29% wider and ~12% larger recirculation
zone compared to the reference RANS simulation.
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While experimental LDA data was not available for the fully premixed methane–
air cases, axial velocity profiles were still collected for all simulations and plotted in
Figure 9. Consistent with the results for the isothermal cases, minimal roughness effects
were captured in all R1 cases. Furthermore, all velocity profiles captured with the IDDES
and DDES models presented negligible radial shifts or reductions in maximum velocity with
increasing roughness. Roughness effects were, however, captured in the EB R2 simulation.
In this case, similar to what was observed in the reference experimental data [13], the
maximum velocity was reduced by ~6.6% and shifted radially inward by 0.73 mm. It can
also be seen that, for this latter case, a shift in magnitude and location not only occurred
for the maximum positive velocity, but also for the maximum negative velocity, indicating
significant changes in the strength of the recirculation zone and, thus, swirl number. This,
therefore, suggests that the switch to reacting physics and, hence, the introduction of
temperature gradients, density variations, and chemical interactions can have measurable
effects on roughness sensitivity.

Figure 9. Reacting axial velocity profiles for all DES turbulence models and roughness heights.
Dotted horizontal line indicating 0 velocity.

3.2. Swirl Numbers and Recirculation Zones

Investigations into the effect of the roughness on swirl number (SN) were then per-
formed. To calculate swirl numbers in the numerical flow fields, Equation (10) was used [46].
Because the formulation for Sconv differs from that used to calculate swirl numbers geomet-
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rically, values obtained via Equation (10) are expected to deviate slightly. Vignat et al. [46],
for instance, found that Sconv underpredicted Sg by ~20%.

Sconv =

∫ Rlim
0 ρUθUxr2dr

Rnozzle
∫ Rlim

0 ρU2
xr dr

, (10)

Increased roughness on the nozzle walls has the potential to dampen tangential
momentum; therefore, when looking at axial changes in SN within the burner nozzle,
values for rough cases are expected to be lower than their smooth counterparts. To assess
these changes in SN, line probes spaced 5 mm apart were placed across the burner nozzle,
as shown in Figure 10.

 

Figure 10. XY-plane cross-section of nozzle showing line probe location for SN analysis.

For the line probes spanning the entire width of the burner nozzle (L0–L10), SN values
were found to change substantially depending on the radial coordinates, as shown in
Figure 11.

 

Figure 11. Isothermal DDES axial velocity with overlay of Sconv taken at L0. White line defines the
inner recirculation zone.

As can be seen from Figure 11, stable swirl numbers are achieved in the outer quarters
of the burner nozzle corresponding to the flow exit. Values rapidly increase in the shear
layer, reaching a peak at the zero-velocity iso-surface, delimiting the inner recirculation
zone due to rapidly decelerated axial momentum. Within the inner recirculation zone,
SN values drop to near zero. Taking these factors into consideration, axial changes in SN
were measured by averaging values for each line probe between ±0.009 ≤ r (m) ≤ ±0.02.
Results for all isothermal and reacting simulations are collected in Figure 12.

Regardless of the model and roughness used, SN values can be seen to decrease as
they reach the nozzle exit. SN values for the smooth cases were found to be consistent
across the isothermal and reacting conditions, averaging a value of 0.688 at the nozzle exit.
Similar to the isothermal velocity profiles, noticeable changes in SN are only observable
for the EB R2 case, being 4% lower at the nozzle exit than the smooth counterpart. In
the reacting simulations, negligible differences were found for the IDDES cases, while for
both the EB and DDES cases, SN values can be seen to decrease with increasing roughness.
This roughness-induced reduction in SN at the nozzle exit aligns with trends observed in
previous isothermal simulations by Al-Ajmi et al. [47].
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Figure 12. Changes in SN within burner nozzle. Isothermal (a–c); reacting (d–f). Dotted horizontal
line indicating SN = 0.8.

Changes in the inner recirculation zone were assessed via zero-velocity iso-surfaces.
A visual representation of roughness-induced differences was achieved by overlaying
recirculation zones attained with the same turbulence model, as shown in Figure 13.

 

Figure 13. Overlayed isothermal [top] and reacting [bottom] inner recirculation zone boundaries for
all DES cases.
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The central recirculation zone can be seen to significantly reduce with increasing
roughness for the isothermal EB cases. When comparing both the isothermal DDES and
IDDES cases, on the other hand, no axial shifts are present, with differences only observable
far away from the nozzle exit. For the reacting cases (Figure 13, bottom), two different
behaviors are noted. The recirculation zone of the EB cases narrows radially with in-
creasing roughness but does not shorten axially. For the DDES and IDDES cases, radial
narrowing does not occur, but the recirculation zone can be seen to shrink axially with
increasing roughness.

3.3. Effective k+s and Wall Shear Stress

Effective k+s and wall shear stress (τ) values were collected for the relevant swirler
faces of each simulation. Faces were grouped based on the ks value utilized and surface
averages performed. The k+s and τ results are presented in Figures 14 and 15, respectively.

 

Figure 14. Average k+s values of swirler surfaces for isothermal (a) and reacting (b) simulations.

 

Figure 15. Average τ values of swirler surfaces for isothermal (a) and reacting (b) simulations.

From Figure 14, k+s values can be seen to increase linearly with increasing ks. The
choice of turbulence model was found to have negligible effects on the k+s values of the R1
simulations, with deviations being limited to a maximum of 7%. The average k+s value of
the R1 simulations was found to be 12.66, meaning all R1 simulations were on the lower
end of the rough transitional regime. Conversely, turbulence models had a measured effect
on the R2 cases, with both the DDES and IDDES simulations presenting average k+s values,
respectively, 24% and 28% lower than the EB ones. This being said, all R2 simulations were
found to be in the fully rough regime, presenting a minimum average k+s > 100.

Values of τ can be seen to increase with increasing roughness, though the rate at which
this occurs is strongly dependent on the turbulence model used, as shown in Figure 15. For
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the EB cases, the R1 simulations presented very marginal increases in τ, with significant
increases only seen for the R2 simulations. All IDDES cases presented marginal increases
in τ with increasing roughness, with R1 and R2 cases increasing on average by 4% and 8%,
respectively. The DDES cases presented double the percentage increase of the respective
IDDES cases, though these changes are still marginal.

3.4. Flame Location and Characteristics

Previous experimental work has indicated that surface roughness could have a mea-
surable effect on flame position, heat release, and emissions [13]. Assessments of changes
in flame shape and position were undertaken using a single iso-surface of the OH* mass
fraction, time-averaged over 0.44 s and applied to the XZ plane of each reacting simulation.
The resulting iso-surfaces were both superimposed based on the turbulence model utilized
and overlayed onto the respective experimental OH* Abel transform chemiluminescence
images averaged over 0.5 s. Areas covered by the rough OH* iso-surfaces were normalized
against their smooth counterparts to highlight percentile changes (Figure 16).

 

Figure 16. Comparison of OH* profiles for each DES modeling approach with % area change relative
to the respective smooth profiles (left). Comparison of simulated R2 (A) and smooth (B) OH* profiles
with experimental OH* Abel-transformed chemiluminescence data.

The results from Figure 16 show that all smooth simulations generated similar flame
shapes with overall width, length, and positioning comparable to that of the experimental
data. With regard to the rough cases, both DDES and IDDES simulations present minimal
positioning and area deviations from the smooth references. Roughness effects were,
however, captured with the EB turbulence model. The R2 flame presented a ~20% area
increase and appeared to be wider and straighter than its smooth counterpart.

Centroids of each OH* iso-surface were calculated to visualize any radial and axial
shifts in the flame position. Values calculated for the right side of the flame are collected in
Figure 17.
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Figure 17. OH* centroid shift for all reacting cases with angles relative to burner centerline. Smooth
(8M) and rough (8R) experimental values for reference.

The experimental centroid location was found to shift radially inward toward the
nozzle ID (r = 20 mm) with increasing roughness, while its angle relative to the burner
centerline was found to decrease with increasing surface roughness [13]. All smooth
simulations present a good degree of similarity to the 8M centroid location. The IDDES
smooth case matches the 8M reference best in the axial direction (deviation of ~1.5%) and
the EB smooth case best in the radial direction (deviation of ~3%). Roughness effects
were negligible for the IDDES cases, the roughly ± 0.02 mm radial shifts likely being
due to unavoidable small variations between simulations. The rough DDES simulations
also present minimal axial and radial shifts, but interestingly, the latter are ~10% of their
respective EB values. The EB results (Figure 17) show the flame centroid shifts radially
outward for the R1 case and radially inward for the R2 case. The radial position of the
EB R2 centroid shows strong alignment with that of the 8R flame, with a deviation of
approximately 1.5%. Furthermore, similar to what was found experimentally, the EB R2
case is ~1.5◦ closer to the burner centerline than the respective smooth case. While the
outward shift was not expected, the radial location of the R1 case can be seen to deviate
only by ~0.6% compared to the 8M flame, indicating a closer match than the smooth EB
case. Given significant shifts were only seen in the EB R2 simulations and, as mentioned
earlier in Section 2.2, the R1 ks values are in the same order of magnitude as the 8M-R2
ones, the small roughness effects captured by the R1 EB case are, therefore, representative
of the 8M conditions (Figure 17).

The wider flame generated by the EB R2 (Figure 16) case suggests that, as was found
in the previous experimental work, an increase in heat release with increasing roughness
was captured numerically. To better verify this, the time-averaged OH* values of each
simulation were normalized against the respective maximum OH* readings found in a
constrained plane section covering the first 80 mm of the combustion chamber downstream
of the burner exit nozzle. Results for all DES simulations are collected in Figure 18.

Once again, Figure 18 shows that negligible roughness effects are captured with the
IDDES model, with significant effects only seen for the EB R2 case. The rough DDES cases
present a marginally higher percentage of OH* in the flame body, with the R1 case showing
higher values than the R2 case.
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Figure 18. Normalized mass fraction of OH* for all DES simulations.

With regard to NOx emissions, while numerical simulations captured the observed
reduction trends, it is difficult to make a statistically significant conclusion when the
measured value falls within the uncertainty range of about 2 ppmV, considering the un-
certainties related to analyzer linearization, span gas specifications, and the drift in the
measurements.

4. Conclusions
The feasibility of modeling surface roughness effects using a high-fidelity, low-y+

approach on a generic swirl burner was evaluated under both isothermal and reacting con-
ditions. Smooth reference cases were compared against rough simulations, where ks values
were obtained from both literature-based and user-defined correlations. Three different
DES variants were applied, and the results were validated against experimental data, with
further analysis of roughness impacts on SN and central recirculation zone location per-
formed. The choice of turbulence model and DES variant was found to influence sensitivity
to roughness, with the EB–DDES combination producing the largest roughness-induced
variations in k+s and τ. In the isothermal cases, numerical shifts in axial velocity profiles
were consistently smaller than experimental measurements, regardless of correlation. In the
reacting cases, however, roughness-induced shifts in velocity profiles and flame centroid
location were observed, with the novel correlation (R2) demonstrating strong agreement
with the experimental data. Both the central recirculation zone size and SN were found to
decrease with increasing roughness.

The key findings of this work are as follows:

• Of the three DES models investigated, EB exhibited the highest sensitivity to roughness
in both isothermal and reacting conditions. This turbulence model should, therefore,
be prioritized when employing a low-y+ mesh to capture roughness effects.

• Literature-based ks correlations proved inadequate when coupled with a low-y+ ap-
proach. All reacting and isothermal simulations failed to capture meaningful rough-
ness effects. Significant effects were captured only when applying the novel correlation
developed in this work (k+s > 90).

• For identical ks values, roughness effects were more pronounced under reacting
conditions, suggesting that correlations may need to be fluid and chemistry-specific.
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Although the novel correlation demonstrated promising predictive capability, par-
ticularly under reacting conditions, its validity beyond the current test matrix remains
uncertain. Application to alternative geometries, flow conditions, or fuels may not yield
comparable accuracy. Nonetheless, the methodology used to derive this correlation offers
potential for broader applicability.

Author Contributions: R.V.: Visualization, Writing—Original Draft, Writing—Review and Editing,
Formal analysis, Methodology, Conceptualization, and Investigation. D.P.: Supervision, Writing—
Review and Editing, and Conceptualization. B.G.: Writing—Review and Editing. P.J.B.: Funding
Acquisition, Writing—Review and Editing. All authors have read and agreed to the published version
of the manuscript.

Funding: This work was supported by the Engineering and Physical Sciences Research Coun-
cil (EPSRC), Cardiff School of Engineering, and Siemens Energy through the Centre for Doctoral
Training in Resilient Decarbonized Fuel Energy Systems [Grant Number EP/S022996/1]; the UKRI
Industrial Decarbonizations Research and Innovation Centre (IDRIC); and the Supercomputing
Wales project, which is partly funded by the European Regional Development Fund (ERDF) via the
Welsh Government.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations
The following abbreviations are used in this manuscript:

ε Energy Dissipation Rate
∆t Time Step
∆x Distance Across a Cell
µ Dynamic Viscosity
8G Grit-Blasted ALM Swirler, Sg = 0.8
8M Machined Swirler, Sg = 0.8
8R “Raw” ALM Swirler, Sg = 0.8
AM Additive Manufacturing
BLF Boundary Layer Flashback
CFD Computational Fluid Dynamics
Co Courant Number
DDES Delayed Detached Eddy Simulation
DES Detached Eddy Simulation
EB Elliptic Blending
ftt Flow-Through Time
HPGSB-2 High-Pressure Generic Swirl Burner (Mk. II)
HPOC High-Pressure Optical Chamber
IDDES Improved Delayed Detached Eddy Simulation
k Turbulent Kinetic Energy
ks Equivalent Sand-Grain Roughness
L0 Integral Length Scale
LDA Laser Doppler Anemometry
ṁ Mass Flowrate
P Burner Ambient Pressure
Q Mesh Quality Indicator for DES
r Radial Coordinate
k+s Roughness Parameter
Ra Arithmetic Average Surface Roughness
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RANS Reynolds-Averaged Navier–Stokes Equations
Rnozzle Swirler Nozzle Radius (20 mm)
Rq RMS Surface Roughness
Rz Ten-Point Mean Surface Roughness
R1 Transitionally Rough Simulations
R2 Fully Rough Simulations
Sconv Conventional Swirl Number
Sg Geometric Swirl Number
SLM Selective Laser Melting
SN Swirl Number
SRS Scale Resolving Simulation
T1 Inlet Temperature
ū Mean Nozzle Exit Axial Velocity
U Velocity Magnitude
u* Velocity Scale
Ux Axial Velocity
Uθ Tangential Velocity
ρ Density
φ Equivalence Ratio
y Axial Coordinate
τ Wall Shear Stress
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