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Abstract

Over the last decades, Computational Fluid Dynamics (CFD) has become a fundamental
tool for the design of gas turbine combustors, partly making up for the costs and duration
issues related to the experimental tests involving high-pressure reactive processes. Nev-
ertheless, high-fidelity simulations of reactive flows remain computationally expensive,
particularly for conjugate heat transfer (CHT) analyses aimed at predicting liner metal
temperatures and characterising wall heat losses. This work investigates the robustness
of a cost-effective numerical setup for CHT simulations, focusing on the prediction of
cold-side thermal loads in industrial combustor liners under realistic operating conditions.
The proposed approach is tested using both Reynolds-Averaged Navier–Stokes (RANS)
and unsteady Stress-Blended Eddy Simulation (SBES) turbulence models for the combustor
flame tube, coupled via a time desynchronisation strategy with transient heat conduction
in the solid domain. Cold-side heat transfer is modelled using a 1D correlation-based tool,
runtime coupled with the CHT simulation to account for cooling-induced thermal loads
without explicitly resolving complex cooling passages. The methodology is applied to a sin-
gle periodic sector of the NovaLTTM16 annular combustor, developed by Baker Hughes and
operating under high-pressure conditions with natural gas. Validation against experimental
data demonstrates the methodology’s ability to predict liner metal temperatures accurately,
account for modifications in cooling geometries, and support design-phase evaluations
efficiently. Overall, the proposed approach offers a robust trade-off between computational
cost and predictive accuracy, making it suitable for practical engineering applications.

Keywords: CHT; RANS; SBES; loosely coupled; industrial lean-premixed burner;
gas turbine

1. Introduction
The prediction of combustor liner metal temperatures is critical to the design, durabil-

ity, and operational reliability of gas turbine engines. These temperatures directly affect
material selection, structural integrity, and maintenance intervals, particularly under the
increasingly severe thermal loads associated with modern high-efficiency cycles [1,2]. Ris-
ing turbine inlet temperatures (TITs) and overall pressure ratios (OPRs) have pushed
combustor components to operate in extreme environments [3,4], necessitating the use
of advanced cooling technologies such as ribbed-channel convection, impingement, and
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effusion systems [5–7]. Although these cooling strategies offer effective thermal protection,
their detailed numerical representation—especially in early design phases—remains chal-
lenging [8]. The complex geometries and small-scale features involved require high spatial
resolution, making high-fidelity simulations computationally expensive. These difficulties
are amplified in conjugate heat transfer (CHT) simulations [9,10], which are essential for
accurately capturing the thermal interactions between fluid and solid domains, including
convective, conductive, and radiative heat transfer.

At the same time, accurate predictions of metal temperatures are vital to prevent degra-
dation, thermal fatigue, and mechanical failure. A reliable assessment of wall heat losses is
also necessary, as these affect flame stabilisation and the overall aerothermal behaviour of
the combustor [11,12]. To meet these requirements within realistic design timeframes, ro-
bust and efficient modelling frameworks are needed. Loosely coupled CHT strategies offer
a promising solution by decoupling thermal processes across domains and allowing each
mechanism to be solved with time discretisations appropriate to its characteristic temporal
scale [13,14]. This temporal desynchronisation improves computational efficiency while
maintaining thermal prediction fidelity. Several such frameworks have been successfully
developed and validated, particularly for aero-engine combustor applications [15–18].

Turbulence modelling is another critical factor influencing heat transfer accuracy. Key
phenomena such as flame anchoring, convective cooling, and pollutant formation are
strongly governed by turbulent transport [19]. While Reynolds-Averaged Navier–Stokes
(RANS) models are computationally affordable, they often fail to resolve the transient,
three-dimensional nature of turbulent structures. As a result, scale-resolving approaches,
including Large Eddy Simulation (LES) and hybrid methods such as Detached Eddy Simu-
lation (DES) [20] and Stress-Blended Eddy Simulation (SBES) [21], have gained traction [22].
These approaches provide more accurate representations of unsteady reactive flows but
come at significantly higher computational cost, especially in multiphysics contexts like
CHT. From here, it is clear that the adopted CHT methodology must balance conflicting
requirements. On one side, accurately resolving the reactive flow field necessitates un-
steady, scale-resolving CFD methods, which require loosely coupled strategies to manage
the large differences in characteristic time scales between heat conduction and turbulent
transport. On the other side, the complex cooling features commonly employed on the
combustor liner’s cold sides make fully-resolved simulations computationally expensive.
Uncertainties in cooling geometry and operating conditions further limit the practicality of
high-fidelity CFD for predicting cold-side heat transfer during the design phase.

In this work, a hybrid, multi-fidelity numerical strategy is proposed to address the
limitations of conventional CHT simulations during early design. The method combines
a loosely coupled CHT framework—leveraging ANSYS Fluent’s Solid Time-Step (STS)
feature [23,24]—with a correlation-based 1D model that accounts for thermal loads imposed
by external cooling systems. This setup reduces computational cost by avoiding explicit
resolution of cooling passages and minimising mesh size, while still capturing the essential
thermal behaviour of complex configurations such as ribbed or impingement channels.

The proposed framework is applied to a single periodic sector of the NovaLTTM16
annular combustor, developed by Baker Hughes and operating under high-pressure con-
ditions with natural gas. Both steady-state RANS and unsteady SBES simulations are
conducted to assess the robustness and performance of the methodology.

The following sections present the computational domain and outline the mathemati-
cal formulation of the 1D model used for runtime evaluation of cooling-induced thermal
loads. A comprehensive analysis of the results from both steady and unsteady simulations
under the selected operating conditions is also provided.
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2. Test Case and Investigated Operating Conditions
The numerical investigations are conducted on a single (periodic) sector of the No-

vaLT™16 annular combustor, manufactured by Baker Hughes (Figure 1). The burner
operates with standard air, pre-heated to temperatures ranging from 580 to 700 K based on
the operating point, along with natural gas featuring high C2+ content. The NovaLT™16
combustor introduces fuel into the primary zone through multiple injectors embedded
in a high-velocity airstream, promoting effective mixing between the fuel and oxidiser to
support efficient combustion. Fuel injection is carried out at ambient temperature. During
this study, two distinct operating conditions of the combustor are investigated:

1. Test Point A (TP A): a high-load operating condition at approximately 17 bar, charac-
terised by a uniform fuel distribution across the injectors.

2. Test Point B (TP B): a low-load operating condition at about 7 bar, featuring an
imbalanced fuel distribution among the injectors.

Figure 1. Computational domain: (a) single sector of the NovaLT™16 annular combustor; (b) schematic
of liner walls. Burner design details omitted.

The cooling system is designed to regulate peak wall temperatures and safeguard
components from degradation due to exposure to high-temperature gases within the
chamber. Specifically, liner cooling is achieved through convection, utilising two ribbed
channels (one inner and one outer), to promote turbulence and thereby enhance the external
heat transfer coefficient (HTC). Conversely, an impingement system with multiple rows
of cooling orifices is responsible for cooling the heat shield. Exhaust air from the ribbed
channels is reintroduced into the combustion chamber through multiple rows of holes
located at the nuggets. Along with the dilution holes, these contribute to shaping the
temperature profile at the combustor outlet. Additionally, Thermal Barrier Coating (TBC),
i.e., a thin layer of ceramic material with low thermal conductivity, is applied to the heat
shield’s internal surface and a portion of the liners’ hot side.

3. Computational Domain and Numerical Setup
The geometry configuration encompasses both fluid and solid components, including

the feeding plenum, the burner (including fuel supply lines), the combustion chamber, and
the ribbed channels for liner cooling, constituting the fluid domain. Meanwhile, the solid
domain comprises the liners and the metallic heat shield (HS).



Energies 2025, 18, 4877 4 of 25

Leveraging a correlation-based 1D model to compute the thermal loads associated
with the external cold flow enables the exclusion of this portion of the cooling system from
discretisation, thereby reducing the overall computational cost of the simulation. Further
details of this modelling strategy are provided in Section 4.

All simulations are performed using the commercial pressure-based solver ANSYS
Fluent® 2019 R1. The computational grid consists of a fully unstructured mesh comprising
approximately 39 million polyhedral cells, with 5 million cells allocated for the solid
domain. The grid features a general sizing of 2 mm, with local refinements applied to
discretise regions of complex flow fields, ensuring accurate capture of the local mixing
field. A 10-prism layer with a growth rate (GR) of 1.2 is generated for wall modelling, as
illustrated in Figure 2.

Figure 2. Computational grid on the x − y plane of symmetry of the burner, showcasing enhanced
mesh resolution in critical areas such as the primary zone, impingement jets, and dilution regions for
detailed characterisation of the mixing process. Fluid and solid regions are colour-coded for clarity.
Burner internals not shown for confidentiality.

Constant temperature and mass flow rate values of air and fuel are set at the respective
inlet patches based on available experimental data for all simulations. At the combustor
exit, a prescribed pressure outlet condition is applied, corresponding to the two different
operating conditions investigated. Walls not included in the CHT simulation, namely those
of the feeding plenum and burner, are treated as adiabatic. Each material assigned to these
walls and to the solid domain is characterised by three key thermophysical properties:
density, specific heat, and thermal conductivity. Material types are not disclosed due to
confidentiality constraints.

As previously mentioned, the two simulated operating points (TP A and TP B), besides
differing in load conditions, exhibit distinct distributions of fuel mass flow rates between
the injectors.

3.1. Turbulence Modelling

As for turbulence modelling, a k − ϵ realisable model [25] with Enhanced Wall Treat-
ment (EWT) [26] is used for the preliminary numerical campaign involving RANS sim-
ulations. For the subsequent scale-resolving simulations, an SBES (Stress-Blended Eddy
Simulation) strategy is employed [21]. The SBES model is a hybrid RANS-LES turbulence
approach that combines the robust formulation of the k − ω SST model [27] close to the
walls—which means that wall stresses are computed through a RANS approach—and the
ability of the LES model to resolve large structures in detached regions, i.e., subjected to
massive separations and unguided flows. A shielding function developed within the SDES
(Shielded Detached Eddy Simulation) framework [20] is extended to achieve a blending of
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the stress level between RANS and LES formulations [23]. In general terms, this affects the
turbulence stress tensor in the following way:

τSBES
ij = fS · τRANS

ij + (1 − fS)τ
LES
ij (1)

Here, τRANS
ij is the RANS portion and τLES

ij is the LES portion of the modelled stress tensor,
with fS indicating the shielding function. Further details on this turbulence-modelling
approach can be found in the literature [23]. In this study, the Dynamic Smagorinsky–Lilly
model [28] was used for sub-grid stress closure, in combination with a k − ω SST approach
for solving near-wall regions, essential for accurately modelling turbulence within regions
solved through a RANS approach.

Concerning numerical schemes, the Coupled algorithm [29] is utilised for pressure–
velocity coupling in RANS simulations, with a Courant number set to 50. Spatial discretisa-
tion employs second-order accuracy across all equations. For the SBES simulations, the SIM-
PLEC algorithm (Semi-Implicit Method for Pressure-Linked Equations—Consistent) [30] is
adopted for pressure–velocity coupling. Similar to the RANS setup, second-order spatial
discretisation is applied, while time integration is handled using a Bounded Second-Order
Implicit scheme, providing both accuracy and robustness for unsteady flow resolution.

Regarding the SBES campaign, the computational domain is initially simulated for a
time equivalent to three flow-through times (FTTs) before activating the averaging proce-
dure. To ensure statistically converged results, two additional FTTs are simulated.

3.2. Combustion Modelling

For turbulence combustion modelling, the Flamelet Generated Manifold (FGM) model
is chosen for its computational efficiency while retaining the ability to accurately capture
flame dynamics [31]. Within the FGM framework [32], thermodynamic quantities are
parameterised using two control variables: the mixture fraction (Z), expressed according
to Bilger’s formulation [33], and the unnormalised progress variable, typically defined
as c = YCO2 + YCO for methane combustion. A 64 × 32 points look-up table in the Z × c
control variables space is generated from the solution of diffusive flamelets using the GRI
3.0 detailed reaction mechanism, which encompasses 325 reactions and 53 species [34]. The
turbulence–chemistry interaction is addressed through the use of a joint mass-weighted
β-shaped Probability Density Function (PDF) of Z and c, requiring transport equations
for both mean values (Z̃, c̃) and variances (Z̃′′2, c̃′′2) of the two control variables. In LES,
however, the mixture fraction variance is modelled using an algebraic expression rather
than a dedicated transport equation. The generic turbulent quantity (ϕ̃) is then computed
and stored in a look-up table, utilising the following expression:

ϕ̃(Z, c) =
∫∫

ϕ(Z, c)P(Z, Z̃, Z̃′′2)P(c, c̃, c̃′′2) dZ dc (2)

Including the standard five governing equations, as well as the additional turbulence
model transport equations (e.g., k and ε for RANS or k and ω for SBES) and the FGM
transport equations, the total number of equations solved is 11 for RANS and 10 for LES.
The Turbulent Flame Speed Closure (TFSC) by Zimont [35,36] is employed to model the
mean progress variable source term, expressed as follows:

¯̇ωc = ρuSt|∇c̃| (3)

With ρu denoting the unburnt gas density. As per Zimont’s model, the turbulent flame
speed St is defined as

St = Au′3/4
∆ S1/2

l α−1/4lt1/4 (4)
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Here, u′
∆ is the modelled turbulent velocity fluctuations, lt is the turbulence length scale,

α is the thermal diffusivity of the unburnt gas, Sl is the unstrained laminar flame speed,
and A denotes Zimont’s model constant. In this study, A is set to 0.52 for RANS and 1.5
for SBES.

4. Conjugate Heat Transfer Modelling Approach
4.1. Cooling Flow: A Multi-Fidelity Approach

As previously indicated, the computational domain excluded the cooling ducts exter-
nal to the combustion chamber to minimise computational costs. To account for the impact
of the external cooling system, the heat flux extracted from the cold side of the liners is
modelled by imposing HTC profiles and freestream temperature (Tf ree) along the axial
coordinate of the machine. These profiles are dynamically computed using a 1D model
coupled with the CFD solver, solving an energy balance radially for each liner segment, as
schematically illustrated in Figure 3. The cooling channels are subdivided into numerous
axial portions, where the outlet Tf ree of each portion is calculated based on an input Tf ree

and an HTC obtained from correlation. Subsequently, this outlet Tf ree serves as the input
Tf ree for the subsequent portion, enabling the calculation of convective heat flux extracted
for each segment.

Figure 3. One-dimensional thermal exchange model for liners’ cold side

The boundary conditions for the 1D model comprise the imposed inlet temperature
and flow rate passing through the liner cooling passage, alongside parameters defining the
cooling system’s geometry, such as channel cross-sectional area and rib height. Correction
coefficients are also applied to adapt the HTC correlation to the specific cooling system
segment under analysis.

Specifically, the surfaces of the liners exposed to the external cold flow are divided into
four main zones, as depicted in Figure 4, each treated with a different numerical approach
for imposing the respective boundary conditions. Generally, non-adiabatic zones of the
liners are treated with a convective heat flux condition imposed. The HTC and freestream
temperature values are calculated at runtime using a correlation approach. These zone-
specific conditions are updated iteratively every 10 iterations for RANS simulations and
every 10 time-steps for scale-resolving simulations.
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Figure 4. Heat flux modelling approach for the cold side of combustor liners (top) and schematic
representation of the cooling system removed from the computational domain for clarity (bottom).

Delving deeper into the employed modelling approach, each main zone of the liners
is modelled as follows:

1. The first zone, distinguished by the presence of impingement holes, is treated with an
adiabatic boundary condition.

2. In the subsequent section, bridging the impingement zone and the onset of the ribbed
channel, the heat transfer coefficient is determined using the Colburn–Kreith short
ducts forced convection correlation for a fully developed turbulent flow:

Nu = 0.023
(

1 + 1.2
(

DH
l

))
Re0.8Pr0.333 (5)

HTC =
λ

DH
Nu (6)

Here, Nu is the Nusselt number, DH the hydraulic diameter, l is the characteristic
length, λ the thermal conductivity of the fluid, Re the Reynolds number, Pr the Prandtl
number, and HTC the convective heat transfer coefficient of the flow.

3. The convective heat transfer within the ribbed cooling channel is characterised using
a proprietary correlation for the Nusselt number, developed internally by Baker
Hughes. The formulation accounts for the primary geometrical and flow parameters
influencing heat transfer performance in ribbed passages and is expressed in the
general form

Nu = f
(

e
DH

,
p
e

,
b
w

, θ, Re,
T2

Tfilm
, Pr

)
(7)

Here, e, p, and w indicate the height, pitch, and width of the turbulator, respectively;
b is the height of the duct, and θ is the rib angle to the mean flow direction. The air
properties are evaluated at a mean temperature defined as

Tf ilm = (T1 + T2)/2 (8)

with T1 being the wall temperature and T2 the total temperature of air relative to
the surface.
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The specific form of the correlation, including coefficients and exponents, cannot be
disclosed due to its proprietary nature. However, it has been developed and validated
based on an extensive review of existing correlations in the literature [37–40].

4. For the nugget zone, the HTC is calculated using the previously mentioned Colburn–
Kreith correlation for short ducts. To provide a more accurate representation of the 3D
flow conditions encountered by the portions of the liners, the nugget region is further
partitioned into two distinct zones: one housing the first nugget (region 4a), and
the other encompassing the second and third nuggets (region 4b). This segregation
allows for the utilisation of distinct corrective coefficients for each zone, affording
finer control over the HTC profile within the region and, consequently, enhancing the
prediction of the cold-side liner metal temperature.

For modelling the Thermal Barrier Coating (TBC) positioned on the first part of the
liners and the hot side of the heat shield, an equivalent thermal resistance is used, the latter
computed based on the thickness and thermal conductivity of the material.

4.2. Loosely Coupled Conjugate Heat Transfer: Solid Time-Step

Concerning the loosely coupled CHT approach, the Solid Time-Step (STS) strategy
integrated into the ANSYS Fluent solver is utilised. This method allows for time desyn-
chronisation between the solid and fluid domains within the same simulation, enabling
the use of different time-step sizes, coherently with their respective physical time scales,
while maintaining consistent coupling at each global time increment. In this work, the fluid
domain is advanced with a time-step of 1.5 × 10−5 s. while a significantly larger time-step
of 1.5 × 10−2 s is employed for the solid domain, aligning with the characteristic timescales
of conductive heat transfer. This strategy allowed the fluid domain to be simulated for a
total duration of 70 ms and the solid domain for 70 s. Notably, this results in a considerable
reduction in computational costs compared to strongly coupled (direct) CHT simulations,
where both domains would necessitate simulation using the smallest time-step between
them. Importantly, fluid–solid coupling is performed at every fluid time-step. This means
that, although the fluid and solid domains advance using different time-step sizes, data
exchange (in terms of instantaneous quantities such as temperature and heat flux) occurs at
the frequency of the fluid solver (i.e., every 1.5 × 10−5 s in this case). The entire simulation
is executed within a single Fluent session, adopting a concurrent parallelisation strategy
where the fluid and solid solvers advance their respective time-steps simultaneously during
the simulation, rather than solving one domain first and then the other in a sequential (or
staggered) manner. A schematic representation of the STS loosely coupled approach is
provided in Figure 5.

The STS methodology has been extensively validated by Amerini et al. [24], demon-
strating its reliability and accuracy in aero-engine combustion applications. It thus rep-
resents a robust and scalable solution for high-fidelity CHT simulations in design and
development contexts.
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Figure 5. Schematic of the Solid Time-Step (STS) approach workflow.

5. Results and Discussion
In this section, the outcomes of the RANS and SBES simulation campaigns are pre-

sented. Initially, an evaluation of flow and temperature fields is provided to offer a compre-
hensive understanding of the combustion and flow dynamics within the burner. Subse-
quently, an assessment of the 1D model for computing the HTC profiles on the liners’ cold
side is conducted by comparing the predicted wall temperatures with experimental data
from thermocouples.

Before delving into the aerothermal fields, an evaluation of the mesh quality is pro-
vided to demonstrate its suitability for capturing near-wall and turbulent flow structures.
In particular, the y+ distribution along the walls for both RANS and SBES simulations is
presented in Figure 6. Overall, y+ remains below 8, with local values ranging between 0.5
and 3 in the regions of greatest interest. This indicates that the first grid point lies within
the viscous sublayer, allowing for accurate resolution of near-wall phenomena. It is worth
noting, however, that in ANSYS Fluent, all turbulence models based on the ω-equation
employ a y+-insensitive formulation, ensuring consistency and robustness even at higher
y+ values [23,41].

In addition, the quality of the mesh for scale-resolving simulations is assessed through
the shielding function and Pope Index, shown in Figure 7 for the SBES simulation. The
shielding function contour, which assigns a value of 0 to the LES solution and 1 to the
RANS solution, confirms the intended modelling strategy: the RANS approach, using the
k–ω SST turbulence model, is applied only in the near-wall regions. Meanwhile, the Pope
criterion assesses the fidelity of an LES (or SBES) simulation by evaluating the fraction of
resolved turbulent kinetic energy relative to the total turbulent energy, expressed as

PI =
kres

kres + ksgs
(9)

where

• kres = 0.5
(
u2

RMSE + v2
RMSE + w2

RMSE
)

• ksgs =
1

0.3

(
νt

Cs∆

)2
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The Pope Index (PI) contour illustrates the quality of the SBES solution, revealing that
the resolved fraction of turbulence in the combustion chamber exceeds 90%, indicating a
high degree of fidelity in the simulation.

Figure 6. y+ distribution along the walls for RANS (a) and SBES (b) simulations. No significant
differences are observed in the near-wall resolution, apart from the expected smoother, averaged
field in the RANS simulation compared to the more spatially resolved SBES counterpart.

Figure 7. Time-averaged Shielding function (top) and Pope Index (bottom) contour maps on a
longitudinal plane of the burner from TP A SBES simulation.

5.1. Test Point A
5.1.1. Aerothermal Fields

Figure 8 shows the time-averaged, normalised mixture fraction distribution on the
domain midplane obtained from the SBES simulation. The results highlight the effectiveness
of the mixing strategy, which facilitates rapid mixing of fuel and oxidiser immediately
downstream of the dome. A nearly uniform mixture at the target equivalence ratio is
achieved just beyond the heat shield and is maintained throughout the main combustion
chamber, thereby ensuring combustion stability. Further downstream, the injection of
external cooling air contributes to shaping the desired temperature profile at the inlet
of the turbine’s first stage. The mixture fraction field also reveals regions dominated by
pure air introduced through the cooling system, specifically, the impingement jets on the
heat shield and the dilution holes along the chamber wall. Notably, no substantial outer
recirculation zone develops near the dome, favouring a downstream shift in the location of
peak flame temperatures.
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Figure 8. Normalised time-averaged mixture fraction field on a longitudinal midplane of the burner
from the TP A SBES simulation. The solid domain is included to better illustrate the interaction
between cooling flows and the combustor walls.

Figure 9 compares instantaneous and time-averaged contours of static temperature
and axial velocity along the burner’s plane of symmetry, derived from the unsteady SBES
simulation and the steady RANS approach. The influence of the turbulence-modelling
strategy is readily apparent. The RANS simulation predicts coherent and penetrating jet
structures entering the chamber, with limited interaction between the high-momentum
streams and the surrounding fluid. In contrast, the SBES results exhibit intensified shear-
layer mixing, resulting in broader, more dispersed velocity and temperature fields and
reduced gradient magnitudes. This enhanced turbulence shortens the axial reach of the
high-velocity jets and alters both the shape and placement of the flame. The temperature
field from SBES indicates that the high-temperature region extends closer to the liners,
whereas in the RANS simulation, it remains confined to the central axis.

Figure 9. Normalised temperature and axial velocity fields on a longitudinal plane of the burner
from TP A RANS and SBES simulations. The SBES results include both instantaneous and time-
averaged data.

These distinctions are particularly relevant in the context of the present CHT analyses,
as the differing flame shapes and jet penetration between RANS and SBES directly influ-
ence the distribution of thermal loads on the combustor walls. In particular, the broader
and more dispersed flame predicted by SBES leads to greater thermal exposure of the
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liners, potentially affecting the accuracy of wall temperature predictions and, consequently,
thermal management strategies in the design phase.

5.1.2. Liner Wall Temperature Distributions

The first part of the numerical campaign focused on validating the applicability of the
coupled one-dimensional correlation-based approach integrated with 3D CFD simulations
for predicting the convective heat transfer along the cooling air channels supplying the
outer surfaces of the metallic liners. This preliminary activity represented a key milestone,
as it allowed verification of the modelling strategy adopted for the cooling system and
confirmed that the segmentation of the liners, as shown in Figure 4, is sufficient for properly
capturing the convective heat transfer occurring within the cooling ducts.

Figure 10 presents the normalised wall temperature distribution along the axial direc-
tion of the cold-side centerlines of both inner and outer liners, along with the corresponding
normalised heat transfer coefficients (HTCs, shown on the right-hand axis). The predicted
temperature profiles between the impingement system and the ribbed section show good
consistency with the thermocouple measurements acquired during the experimental cam-
paign conducted by Baker Hughes. These results confirm that the numerical approach,
despite relying on a one-dimensional treatment of the coolant side, provides a reliable
estimate of the metal temperatures when coupled with high-fidelity CFD.

Figure 10. Normalised wall temperature and HTC distribution along the centerline of the cold-side
walls for the inner liner (a) and outer liner (b).

Both the RANS and SBES simulations show satisfactory agreement with the exper-
imental measurements, particularly in the ribbed region, where the flow conditions are
relatively uniform and the correlation-based approach accurately captures the thermal
gradient and wall temperature distribution. However, in the nugget region, the predictions
diverge more significantly from the experimental data. This deviation is attributed to the
highly three-dimensional and complex flow behaviour in this area, where large variations
in cross-sectional area and interactions with dilution jets affect the local thermal field.

In the nugget region of the inner liner, the SBES simulation predicts lower wall temper-
atures than the RANS simulation for a given HTC. To match the same metal temperature,
the RANS approach requires a significantly higher HTC (Figure 10), suggesting an overesti-
mation of the thermal loads due to an inaccurate prediction of the jet dynamics and mixing
behaviour near the cooling slots. SBES, by resolving more of the turbulent structures,
captures the interaction between cooling and dilution jets more accurately (Figure 11). This
results in enhanced mixing, reduced peak temperatures, and more realistic heat transfer
rates, particularly in regions where coherent flow features are suppressed by turbulent
diffusion. Specifically, in the upper region of the inner liner, the SBES solution (b1) predicts
the formation of a more effective cooling film layer along the wall, resulting in lower metal
temperatures compared to the RANS case (a1). In the slot region of the outer liner, SBES
(b2) shows a more pronounced jet separation and recirculation, as visible in the mixing
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field. However, this behaviour has a negligible effect on wall temperatures, likely because
the recirculating flow interacts weakly with the surface cooling mechanisms.

Figure 11. Comparison of mixing field and liner metal temperature in the nugget region between
RANS (a) and SBES (b) simulations under TP A operating conditions.

These findings underscore the robustness of the correlation-based methodology when
coupled with CFD and support its application in early design stages of combustor cooling
systems, where full conjugate heat transfer (CHT) simulations may be prohibitively expensive.

To further improve agreement with experimental data, a second numerical campaign
was carried out using the TP A model, with the aim of identifying correction factors for the
HTC values used in the one-dimensional model. This tuning step was necessary due to the
high sensitivity of empirical correlations to local fluid-dynamic parameters, particularly
in geometrically complex regions like the nuggets. While in the ribbed region the flow
is well-guided, allowing for accurate Reynolds number estimation, in the nugget region,
flow passage areas vary significantly, making the definition of reference parameters for
correlation input ambiguous and error-prone.

To mitigate this, corrective coefficients were introduced for the HTC on the outer walls
of the liners. These coefficients were calibrated based on the thermocouple measurements
and are summarised in Table 1. It should be noted that the reported values of the tuning
coefficients have been uniformly scaled due to confidentiality constraints, and should
therefore be interpreted in a relative rather than an absolute sense. As expected, the
tuning factors for the nugget region are notably higher than those for the ribbed section,
underlining the critical role of accurate fluid-dynamic parameter estimation for reliable
application of empirical correlations. Interestingly, the corrective coefficients for the inner
liner in the nugget region show contrasting trends between the RANS and SBES simulations.
This confirms that the choice of turbulence-modelling approach significantly affects the
jet–flow interaction and heat transfer prediction, and that the SBES solution cannot be
simply tuned based on results from a RANS simulation.

Table 1. Scaled tuning coefficients for the HTC computation.

Ribbed Duct Nugget I Nuggets II–III
HTCtuned/HTCcorr HTCtuned/HTCcorr HTCtuned/HTCcorr

SBES Inner Liner 5.5 3.5 3.0
RANS Inner Liner 5.5 9.5 17.0
SBES Outer Liner 4.5 2.0 7.0
RANS Outer Liner 4.5 3.5 7.5



Energies 2025, 18, 4877 14 of 25

The impact of these tuning coefficients is illustrated in Figures 12 and 13, showing both
qualitative and quantitative improvements in predicted wall temperatures along the cold
side of the liners. The results confirm that after tuning, both RANS and SBES simulations
accurately reproduce the experimental temperature profiles. However, the magnitude of
the applied HTC corrections, particularly in the nugget region, highlights the inherent
overprediction of thermal loads by RANS due to its inability to capture the unsteady and
three-dimensional mixing processes. This reinforces the importance of adopting scale-
resolving approaches such as SBES when accurate thermal load prediction is required in
complex flow environments.

Figure 12. Normalised wall temperature and HTC distribution along the centerline of the cold-side
walls for the inner liner (a) and outer liner (b) following the tuning of the HTC correction factors
within the 1D model.

Figure 13. Comparison of wall temperature distribution on the cold side of the liner between RANS
and SBES simulations, before and after tuning the HTC correction factors in the 1D model. (a) RANS
without HTC correction; (b) RANS with HTC correction; (c) SBES without HTC correction; (d) SBES
with HTC correction. Zones A, B, and C correspond to the three main liner sections, as indicated in
Figure 1b.

5.1.3. Heat Shield Wall Temperature Distributions

The analysis of heat shield wall temperature is critical for optimising thermal manage-
ment in combustors. While the previous section focused on predicting liner wall tempera-
tures using a one-dimensional correlation-based model to estimate the external HTC, thus
avoiding the need to mesh and solve the full cooling flow domain, the heat shield presents
a different scenario. Fully immersed within the combustion chamber and surrounded by
a resolved flow, it does not require a dedicated thermal load model. Consequently, this
analysis is limited to a comparison between the RANS and SBES approaches. The goal is
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to highlight the impact of the turbulence-modelling strategy on thermal load prediction,
offering insights into the most effective approach during the preliminary design phase.

It is important to note that to ensure compatibility with the periodic boundary condi-
tions in the computational domain, the distribution of impingement jet holes was slightly
adjusted to avoid truncated holes at the periodic interfaces, while preserving the same
global cooling mass flow rate as in the test article. Although experimental thermocouple
measurements are reported for reference, these geometric differences limit the validity of
a direct, quantitative comparison. Therefore, the focus of this analysis should not be on
determining which modelling approach is “more accurate” against experimental data, but
rather on assessing the relative differences in flow and thermal predictions between the
RANS and SBES methodologies.

The predicted temperature distributions on the heat shield are shown in Figure 14,
which provides a qualitative comparison between RANS and SBES results. These contours
highlight the impact of the turbulence-modelling approach on the thermal field and its
interaction with the cooling flow. In particular, the SBES simulation reveals consistently
higher temperatures near the component ends, which can be attributed to the partial
recirculation of hot combustion gases into the impingement exhaust gap, a feature more
prominently captured by SBES due to its improved resolution of turbulent structures and
jet interactions (see also Figure 15). This limited backflow of hot gas is absent in the RANS
simulation, indicating a less diffused interaction between the core flow and the cooling jets.

Figure 14. Comparison of wall temperature distribution on the cold side of the heat shield between
RANS and SBES simulations under the TP A operating conditions.

Figure 15. Temperature field around the heat shield under TP A operating conditions: comparison
between RANS (a) and SBES (b) simulations. The SBES results clearly reveal an intermittent reverse
flow of hot gases at the ends of the heat shield, leading to increased thermal loading and higher
average wall temperatures compared to RANS. Distinct colourmaps are applied to the solid and fluid
domains to improve clarity.
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A more quantitative assessment is provided in Figure 16, which compares one-
dimensional wall temperature profiles along the curvilinear axis of the heat shield’s sym-
metry plane for both RANS and SBES simulations against experimental thermocouple data.
The SBES simulation predicts higher temperatures in the downstream region, consistent
with the hot gas residual backflow previously discussed. However, the absolute overpre-
diction relative to experimental measurements, particularly on the inner liner side, can
be attributed not only to the flow physics but also to slight differences in the geometry
between the experimental hardware and the simulated domain. As mentioned earlier,
the impingement hole distribution was modified in the CFD model to enable periodic
boundary conditions, deviating from the actual hardware configuration. As a result, a
strict pointwise comparison with experimental data is not feasible in this portion of the
domain. Instead, the focus should be placed on the relative performance of RANS and
SBES in capturing the aerothermal behaviour, rather than on determining which approach
best matches the experimental measurements.

Figure 16. Comparison of wall temperature distribution along the centerline of both the cold and hot
sides of the heat shield between RANS and SBES simulations under TP A operating conditions.

5.2. Test Point B

The objective of analysing a second operating point is to evaluate whether the numer-
ical model, originally fine-tuned for the previous condition (TP A), can reliably predict
cold-side thermal loads for different operating conditions using only updated boundary
conditions. In essence, the study investigates whether the correction factors defined for
one specific test point are transferable or if a dedicated tuning process is necessary for each
operating point to ensure accurate predictions with the one-dimensional correlation-based
model. To perform this assessment, the calibrated model from TP A is applied directly to a
new test point, TP B. This operating point is characterised by an overall lower thermal load
and a significantly unbalanced fuel distribution across the combustor burners. As a result,
strong thermal gradients arise within the combustion chamber, causing markedly different
thermal loads on the inner and outer liners. Both RANS and SBES simulations are carried
out for this configuration.
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5.2.1. Aerothermal Fields

In line with the previous analysis, a key characteristic of the TP B operating condition
is the significantly uneven fuel distribution among the burners, with a larger fraction of
the total fuel mass flow directed toward the outer injectors (see Figure 17). This imbalance
strongly influences the combustor’s thermal field, creating pronounced asymmetries in
heat release and thermal loading between the two liners.

Figure 18 illustrates the instantaneous and time-averaged distributions of normalised
temperature and axial velocity along the longitudinal burner plane for TP B, as predicted
by both RANS and SBES approaches. Compared to TP A, TP B exhibits a localised high-
temperature region concentrated near the outer liner, directly resulting from the skewed
fuel injection.

Figure 17. Normalised time-averaged mixture fraction field on a longitudinal midplane of the burner
from the TP B SBES simulation. The solid domain is included to better illustrate the interaction
between cooling flows and the combustor walls.

Figure 18. Normalised temperature and axial velocity fields on a longitudinal plane of the burner
from TP B RANS and SBES simulations. The SBES results include both instantaneous and time-
averaged data.

Despite these variations in fuel distribution and overall thermal input, the global
aerodynamic structure of the flow remains broadly consistent with TP A. However, the
non-uniform heat release leads to a markedly asymmetric temperature field within the
combustion chamber. As a result, thermal loading on the outer liner remains comparable to
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TP A, while the inner liner experiences a significantly reduced thermal load. This disparity
leads to substantial differences in predicted wall temperatures between the two liners.

More importantly, such extreme thermal asymmetry poses a critical test for the robust-
ness of the correlation-based model previously tuned for TP A. Since TP B represents the
most thermally unbalanced and operationally distinct case from TP A, it challenges the
validity of directly applying the same correction factors without further adjustments. The
model’s ability to maintain predictive accuracy under these conditions is therefore a strong
indicator of its generalisability and reliability.

5.2.2. Liner Wall Temperature Distributions

As previously highlighted, simulations on the new test point utilised a fine-tuned
1D model, calibrated with parameters from the TP A investigation (detailed in Table 1).
This setup enables evaluation of the model’s robustness when applied to significantly
different combustion scenarios, without re-tuning. The first result, presented in Figure 19,
compares the cold-side wall temperature distributions between TP A and TP B using the
SBES approach. As expected, the overall thermal loading on the combustor is lower under
TP B conditions, with minimal heat transfer on the inner liner, consistent with the skewed
combustion distribution toward the outer liner observed in Figure 18.

Figure 19. Comparison of wall temperature distribution on liners’ cold side between TP A and TP B
utilising an SBES approach: (A) perforated plain duct, (B) ribbed duct, (C) nugget region.

Further insight is provided in Figure 20, which compares the thermal powers absorbed
by the liners under the two operating conditions. These results demonstrate the model’s
ability to accurately capture the redistribution of thermal loads across the combustor, rein-
forcing its utility in predicting component-level thermal behaviour across different regimes.

Figure 20. Comparison of thermal powers between the two analysed operational conditions.



Energies 2025, 18, 4877 19 of 25

Figure 21 displays the normalised wall temperature and heat transfer coefficient
profiles along the cold-side centerlines of both liners, including results from both RANS
and SBES simulations, compared to thermocouple measurements. For this test point, the
model maintains good predictive accuracy, particularly on the outer liner, which bears the
majority of the thermal load. The underestimation observed in the ribbed region of the
outer liner may be attributed to the use of correction factors derived from TP A, which
reduce the HTC under lower coolant mass flow rates. This, in turn, leads to reduced
convective absorption and lower coolant temperatures, slightly lowering predicted metal
temperatures—an effect more evident in the RANS solution.

Figure 21. Normalised wall temperature and HTC distribution along the centerline of the cold-side
walls for the inner liner (a) and outer liner (b) following the tuning of the HTC correction factors
within the 1D model performed on TP A.

Despite these local discrepancies, the one-dimensional correlation-based model main-
tains robust predictive accuracy, with relative differences from experimental measurements
staying within the typical bounds of engineering tolerances. This confirms the model’s
capacity to extend beyond its initial calibration point and reliably predict wall temperatures
under varying boundary conditions.

Turning to the RANS vs. SBES comparison, the trends observed for TP A are largely
confirmed for TP B. SBES again shows enhanced ability to resolve turbulence-driven flow
structures, leading to more physically realistic heat transfer coefficients, particularly in
critical areas such as the nugget region. Here, SBES provides more reliable HTC values
for a given wall temperature, whereas RANS continues to exhibit greater sensitivity and
uncertainty, reinforcing the difficulty of determining accurate HTC values a priori with a
steady approach.

5.2.3. Heat Shield Wall Temperature Distributions

For the metal temperatures on the heat shield surfaces depicted in Figures 22 and 23,
a notable trend persists in the SBES simulations of this second operating cycle, showing an
increasing temperature gradient towards the heat shield’s trailing edge near the outer liner.
This is likely due to a localised residual backflow of hot gases into the gap. Conversely,
the RANS simulations exhibit a decreasing temperature gradient in the same region, likely
because of a more consistent flow exiting the gap and reduced thermal load on the inner
liner. This limits heat removal by the impinging air, resulting in lower temperatures near
the gap exit. Overall, the results for this operating condition show improvements over
those observed for TP A.
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Figure 22. Comparison of wall temperature distribution on the cold side of the heat shield between
RANS and SBES simulations under the TP B operating conditions.

Figure 23. Comparison of wall temperature distribution along the centerline of both the cold and hot
sides of the heat shield between RANS and SBES simulations under TP B operating conditions.

Consistent with the findings for TP A, the results obtained with the two fine-tuned
numerical approaches are nearly identical on the outer liner. However, significant thermal
differences are observed on the inner liner, likely due to the increased turbulent mixing
in the SBES simulation, which leads to greater transport of hot gases near the inner liner
compared to the RANS simulation.

However, despite using the numerical procedure specifically tuned with TP A param-
eters, the agreement between the numerically predicted temperatures and experimental
data is good, with maximum differences on the order of 40 K at the very end of the outer
liner ribbed duct.

6. Computational Costs
All numerical simulations presented in this study were carried out on a high-

performance computing (HPC) cluster composed of 20 nodes, each equipped with multi-
core Intel® Xeon® Gold 6248 processors. The scale-resolving SBES simulations, including
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the transient averaging phase required to extract statistically meaningful flow and thermal
fields, demanded a total computational effort of approximately 50,000 CPU hours. In
stark contrast, the steady-state RANS simulations achieved convergence with only around
10,000 CPU hours, underlining the substantial disparity in computational expense between
unsteady and steady modelling strategies.

This difference becomes particularly relevant when considering more comprehensive
configurations that also include the cold-side cooling flow domain, such as the ribbed
annular ducts and the plenum region above the nuggets, within a loosely coupled CHT
framework. Adding these internal fluid regions would introduce an estimated 10–15 million
additional polyhedral cells and at least one more fluid-solid interface requiring coupling.
Even under a loosely coupled scheme, this would significantly increase computational
demands, particularly in SBES, where accurate resolution of turbulent structures in the
internal cooling passages would require finer meshes and smaller time-steps. In this
scenario, the total cost of an SBES-based loosely coupled CHT simulation is estimated to
easily exceed 100,000 CPU hours. The RANS-based counterpart, although more affordable,
would still incur notable increases in runtime and memory usage. These considerations
reinforce the advantage of the proposed hybrid, multi-fidelity methodology, relying on
RANS/SBES simulations of the hot gas path coupled with a 1D correlation-based thermal
load model for the cold side, which offers a practical and efficient balance between fidelity
and cost. This makes it especially suitable for preliminary design phases and parametric
studies across multiple operating points.

7. Conclusions
In this work, numerical conjugate heat transfer analyses were conducted to determine

the metal temperatures of the NovaLT™16 combustor liners. The objective was to validate
a 1D correlational model for predicting cold-side thermal loads on the liners. A RANS
and SBES campaign was conducted for the TP A operating condition to calibrate the
1D model and adapt the one-dimensional correlational approach to the real 3D problem.
Subsequently, the calibrated 1D model was tested and validated through RANS and SBES
simulations for a different combustor operating condition (TP B), characterised by lower
thermal loads and a different fuel distribution through the injection system.

The results of the present activity show that, by appropriately defining the zones for
applying various correlations to different liner portions, the proposed numerical solution
is robust. The coupled model with CFD simulations accurately predicts the cold-side
thermal loads on the liners for both RANS and SBES approaches, even without tuning,
suggesting the possibility of its use during the initial stages of the cooling system design,
with significantly reduced computational cost compared to simulating the entire system.
The flexibility of this defined tool is confirmed by good agreement with experimental
results for varying operating conditions.

The primary challenges of the model are observed near the nugget regions, where
uncertainties arise, including the a priori definition of fluid-dynamic quantities for corre-
lation use. These uncertainties are influenced by the specific flow passages considered,
necessitating further detailed study to define them accurately and establish a standardised
procedure for their application.

In general terms, the 1D correlation-based model performs best when the cooling
sector geometries closely match the categories for which the correlations were developed.
Its accuracy increases when the flow exhibits predominantly two-dimensional behaviour.
Conversely, applying the model to highly custom geometries or strongly three-dimensional
flows is more challenging, as exemplified by the uncertainties observed in the nugget
regions. Nevertheless, it is important to emphasise that this tool is primarily intended for
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the design phase, where geometries are still in a building stage and detailed 3D resolution
is not yet required.

Regarding turbulence modelling, the RANS and SBES approaches exhibited broadly
similar performance across much of the domain, with meaningful differences emerging
in highly three-dimensional flow regions. In particular, within the nugget region, the
SBES approach provided more realistic heat transfer coefficient values for a given wall
temperature. This suggests that RANS may overestimate thermal loads in such complex
regions, making its HTC predictions more difficult to determine a priori.

Significant differences also appeared in the heat shield wall temperature distribution.
While RANS predictions showed closer agreement with experimental measurements in
certain regions, this cannot be interpreted as evidence of superior modelling accuracy. As
previously discussed, small geometric discrepancies, specifically in the impingement hole
layout introduced to enforce periodicity in the CFD model, limit the validity of direct com-
parisons with experimental data. These findings underscore that the differences between
RANS and SBES are driven by how each approach captures flow physics, particularly hot
gas unsteadiness, backflow, and jet interaction, rather than simple numerical accuracy.

Given its lower computational cost, RANS coupled with the 1D correlation-based
model remains a practical and valuable tool for early-stage design analysis, offering rea-
sonable wall temperature predictions across multiple operating conditions. However, care
must be taken when applying RANS to regions dominated by strong three-dimensional
flow features, where the improved physical fidelity of SBES may be necessary to avoid
misleading thermal predictions.
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Abbreviations
The following abbreviations are used in this manuscript:

Acronyms
CFD Computational Fluid Dynamics
CHT Conjugate Heat Transfer
FGM Flamelet Generated Manifold
FTT Flow-Through-Time
GR Growth Rate
GRI Gas Research Institute
HS Heat Shield
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HTC Heat Transfer Coefficient
LES Large Eddy Simulation
PDF Probability Density Function
PI Pope Index
RANS Reynolds-Averaged Navier–Stokes
RMSE Root Mean Squared Error
SBES Stress-Blended Eddy Simulation
SDES Shielded Detached Eddy Simulation
SIMPLEC Semi-Implicit Method for Pressure Linked Equations-Consistent
STS Solid Time-Step
TBC Thermal Barrier Coating
TFSC Turbulent Flame Speed Closure
TP Test Point
Symbols
A Zimont TFSC model constant
b Height of the duct [m]
c FGM unnormalised reaction progress variable [-]
Cs Smagorinsky constant [-]
DH Hydraulic diameter [m]
e Height of the turbulator [m]
fs Shielding function [-]
k Turbulent kinetic energy [m2 s−2]
l Characteristic length [m]
lt Turbulent length scale [m]
Nu Nusselt number [-]
p Pitch of the turbulator [m]
Pr Prandtl number [-]
Re Reynolds number [-]
S Laminar flame speed [m s−1]
S Turbulent flame speed [m s−1]
u Velocity [m s−1]
T Temperature [K]
w Width of the turbulator [m]
Z Mixture fraction [-]
Greek
α Thermal diffusivity of the unburnt gas [m2 s−1]
∆ Cell characteristic length [m]
ϵ Turbulent kinetic energy dissipation rate [m2 s−3]
θ Rib angle [rad]
λ Thermal conductivity [W m−1 K−1]
νt Eddy viscosity [m2 s−1]
ρ Density [kg m−3]
τij Modelled stress sensor
ϕ Generic thermodynamic state
ω Specific turbulent kinetic energy dissipation rate [s−1]
ω̇c Turbulent progress variable source term [1/s]
Subscripts
free Freestream quantity
RANS RANS modelled quantity
res Resolved quantity
SBES SBES modelled quantity
sgs Sub-grid scale modelled quantity
u Unburnt gas quantity
Superscripts
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∼ Favre averaged
’ Reynolds fluctuation
′′2 Variance
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