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Abstract

Rotating detonation engines (RDEs) are expected to have higher specific work and efficiency,
but the high-temperature transonic flow delivered by the combustor poses relevant design
and technological difficulties. This work proposes a 1D model for turbine internal cooling
design which can be used to explore multiple design options during the preliminary design
of the cooling system. Being based on an energy balance applied to an infinitesimal control
volume, the model is general and can be adapted to other applications. The model is
applied to design a cooling system for a pre-existing stator blade geometry. Both the inputs
and the outputs of the 1D simulation are in good agreement with the values found in the
literature. Subsequently, 1D results are compared to a full conjugate heat transfer (CHT)
simulation. The agreement on the internal heat transfer coefficient is excellent and is entirely
within the uncertainty of the correlation. Despite some criticality in finding agreement with
the thermal power distribution, the Mach number, the total pressure drop, and the coolant
temperature increase in the cooling channels are accurately predicted by the 1D code, thus
confirming its value as a preliminary design tool. To guarantee the integrity of the blade at
the extremities, a cooling solution with coolant injection at the leading and trailing edge
is studied. A finite element analysis of the cooled blade ensures the structural feasibility
of the cooling system. The computational economy of the 1D code is then exploited to
perform a global sensitivity analysis using a polynomial chaos expansion (PCE) surrogate
model to compute Sobol” indices.

Keywords: turbine cooling; rotating detonation engine; sensitivity analysis; heat transfer
coefficient; conjugate heat transfer; convective cooling

1. Introduction

In the current energy scenario, great emphasis is placed on the reduction in fossil fuel
consumption and on the increase in efficiency. Rotating detonation engines (RDEs) are
a promising technology in both respects: thanks to the pressure gain in the combustion
chamber, they are up to 15% more efficient than conventional gas turbines using Joule-
Bryton cycles [1,2]. The increase in efficiency and specific work makes it possible to build
smaller engines, thus reducing fuel consumption [3], and helps to speed up the dynamic
response of the engine, making it suitable for balancing the discontinuous energy supply
typical of renewable sources. Furthermore, the pressure gain combustion exploited in RDEs
is easily adaptable to hydrogen, making them suitable for carbon-free energy production [4].
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Despite these promising aspects, RDEs present both aerodynamic and thermal challenges:
the flow exiting the combustor is highly unsteady, supersonic, and reaches temperatures
up to 1600 °C [5]. While there is a growing body of literature on the design of these new
supersonic turbines [6—10], for which no solid design criteria are yet available, the topic
of cooling is still an open issue with almost no contributions in the open literature. In
recent years, ref. [11] studied how a jet of air at the leading edge could cool and control the
bow shock waves forming ahead of the blade. However, internal cooling applied to these
relatively new machines is still an open problem, and to the authors” knowledge, there are
no published design methodologies. The aim of this work is to develop a simple 1D thermal
model to study the thermal field inside the blade and to provide a first estimate of the
cooling flows required to cool down the blade. Conjugate heat transfer (CHT) simulations
are both computationally demanding and complex to set up; therefore, they are unsuitable
for preliminary design problems, as are design frameworks coupling different high-fidelity
tools [12]. Several cooling models are available in the literature, both 0D and 1D. The
0D models either fit experimental data [13] or treat the blade as a lumped parameter
object [14]. The 1D models, instead, consider variations of properties in spanwise [15,16] or
streamwise direction [17-19]. Following a hybrid approach, other codes iterate between a
0D and a 1D model in a predictor—corrector approach [20-22]. Thanks to its computational
economy, the 1D code proposed in this article could be extremely beneficial during the
first phases of the design, allowing the user to explore a vast design space in search of the
best configurations (to be later analysed in depth with sophisticated tools). Furthermore,
a fast 1D code can be used to study how the cooling system is influenced by uncertainties
in material properties, coolant inlet conditions, hot gas flow, etc. Lastly, the 1D code here
developed can be easily extended to suit the designer’s needs and, if available, in-house
correlations can be implemented to increase the accuracy of the results while retaining its
speed and ease of use.

2. One-Dimensional Cooling Model

The model developed in this work takes the start from Masci’s work [19] and pro-
poses extensions and improvements. With respect to the original work, in this model,
the knowledge of the heat transfer coefficient distributions is no longer required and the
kinetic energy component of the flow is not neglected. This last improvement is particu-
larly beneficial for high-speed flows, such as those entering the turbine stages of an RDE.
Furthermore, the present model uses a more accurate description of the reduction in blade
thickness due to the presence of the cooling channels.

Figure 1 shows the control volume over which the energy balances are applied, com-
prising the gas domain on both sides of the blade, a section of the blade, and a representative
cooling channel together with the system of reference and the position of the control volume
in the blade.

The heat power lost by an infinitesimal “slice” of gas is given by Equation (1).

di = ' dy = —in, [ 08 g 1
g =g dx = —rirg % ) dx M

Conservation of energy through gas, thermal barrier coating (TBC), and metallic blade,
considering the resulting composite wall as a series of thermal resistances, is expressed by
Equation (2).
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Figure 1. Infinitesimal control volume comprising the metallic blade with a representative cooling
channel and both the gas and coolant domains. The blue arrows represent the hot gas thermal powers,
whereas the red arrow represents the coolant thermal power. The position of the infinitesimal slice in
the bladed row is highlighted in green in the top right corner.

In Equation (2) only half of the composite wall is considered, therefore the factor 1/2
is used to scale the infinitesimal thermal power dg.

dg dx

7q = hext ( Tg,rec —Tw ) b cos a (2a)
o kTBC dx
- tTBC (Tw Tb,ext)b cos ay, (Zb)
o kb dx
- E ( Tb,ext Tb,mt ) b m (ZC)

In Equation (2), Tyy is the temperature at the gas—TBC interface, Ty, ¢y is the temperature
at the TBC-blade interface, and Tj, ;. is the temperature at the blade-coolant interface.
Integration of Equation (1) allows us to establish the amount of thermal power to be
absorbed by each cooling channel as in Equation (3).

. iy
Agj = / q dx ®)
X]',l
Finally, conservation of energy at the blade—cooling interface and inside the coolant is
expressed by Equation (4).
Aq] = hint,j Alat,j (Tb,int,j - Tcool,j) (43)

= mcool,j (Cp,cool,out,jTcool,out,j — Cp,cool,in,j Tcool,in,j ) (4b)



Int. ]. Turbomach. Propuls. Power 2025, 10, 37 40f21

In Equation (4a), Ty in is the average blade internal temperature in proximity of the j-th
cooling channel, computed as in Equation (5), where A; is the area of the blade portion
containing the channel.

= 1 1% bdx

Toim = 5 | Toimgen ©)
Equations (2) and (4), together with Chilton-Colburn [23] and Gnielinski [24] correlations for
gas and coolant convective heat transfer coefficients, form the core of the extended model
here developed. Solving the set of non-linear equations allows the streamwise temperature
profiles and the amount of coolant required per cooling channel to be calculated. The
feasibility of the solution found by solving Equations (2) and (4) is verified against the
coolant outlet Mach number and the pressure drop inside each cooling channel. The
pressure drop for each channel is obtained by modifying Ainley’s derivation [15] and is
given by Equation (6).

AP t,cool

2
1 > =—¢ KgEOKcool,typeKcool,condKth,b (6)
2Pg,outly out

In Equation (6), Kgeo depends on the geometry of the blade and cooling system, Kcool type
on the chosen coolant, K.l cond ON the thermodynamic conditions of the coolant and Ky, j,
on the blade thermal field. Their complete expressions are listed in Appendix A together
with the application limits of Equation (6). The model requires as input the streamwise
profiles of total enthalpy, total temperature, and static temperature, together with the static
pressure at the wall (average of pressure side and suction side). Optionally, the desired
wall temperature can be imposed, thus skipping the computation of the external heat
transfer coefficient and removing a source of uncertainty. The geometry of the blade is
fully described by the streamwise profiles of the blade height b, the blade angle &}, and the
thickness of the thermal barrier coating typc. Similarly, the cooling system is described
by the positions and hydraulic diameters of the cooling channels chosen by the designer.
During the design phase, these two parameters can be freely varied to take into account
the two major constraints acting on the system: mechanical resistance and the need to
dissipate heat. The presence of a cooling channel thins the blade and the resulting reduced
blade wall thickness #;, ,, must be verified against the stresses generated by the pressurised
coolant. By varying the position of the channels, it is possible to change the amount of heat
absorbed by each channel. This description provides the basis for a more detailed design
investigation to optimise the position of each cooling channel while being considerably
simpler than other low-order methods [25].

3. One-Dimensional Analysis
3.1. Case Setup

The potential of the 1D model is demonstrated in the following state-of-the-art ap-
plication: the design of the cooling system of the stator of a supersonic turbine for RDEs.
The base geometry has been designed with the method of characteristics [8] and the cooling
system is composed of 31 single-pass circular cooling channels with diameters ranging
from 1.2 mm to 2.0 mm, listed in Table 1. The blade and the TBC are made of Inconel 738
and 7YSZ (7% wt. yttria partially stabilised zirconia), respectively, which are standard
choices for high-temperature gas turbines. The average roughness R, of the channels
surface is 4 pm. The mass-averaged freestream input profiles for the 1D model are extracted
from a simulation performed with Ansys Fluent [26] with a constant wall temperature
Twai,crp = 1000 °C. The setup of the simulation is the same as that of Section 4.2, but only
the gas domain is solved. The coolant is air whose inlet conditions are 35bar and 400 K.
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Table 1. Coolant boundary conditions for the case under study.

D h mcool Tt,in,cool Pout,cool Iturb
Channel [mm] [g/s] K] [bar] [%]
1 1.2 3.89 400 27.46 5
2 1.2 5.63 400 19.24 5
3 1.2 4.69 400 23.80 5
4 1.2 4.52 400 24.57 5
5 2.0 7.60 400 33.09 5
6 2.0 8.69 400 32.51 5
7 2.0 13.8 400 29.64 5
8 2.0 11.2 400 31.18 5
9 2.0 8.47 400 32.62 5
10 2.0 7.77 400 32.95 5
11 2.0 6.31 400 33.60 5
12 2.0 7.21 400 33.20 5
13 2.0 8.78 400 3247 5
14 2.0 9.70 400 31.92 5
15 2.0 10.8 400 31.11 5
16 2.0 10.0 400 31.49 5
17 2.0 6.48 400 33.43 5
18 2.0 7.24 400 32.98 5
19 2.0 5.76 400 33.61 5
20 1.5 5.02 400 30.07 5
21 15 5.81 400 28.32 5
22 1.5 3.80 400 31.99 5
23 1.2 2.58 400 30.40 5
24 1.2 2.88 400 2891 5
25 1.2 2.58 400 30.18 5
26 1.2 3.19 400 27.58 5
27 1.2 2.68 400 29.73 5
28 1.2 2.45 400 30.47 5
29 1.2 3.19 400 27.41 5
30 1.2 2.69 400 29.53 5
31 1.2 2.08 400 31.73 5

3.2. Results

The streamwise temperature profiles are shown as solid lines in Figure 2, while the
maximum allowable blade temperature is shown as a dashed line. Despite the use of a
total-variation regularisation [27], the numerical differentiation of the total enthalpy profile
in Equation (1) introduces some noise in the linear thermal power 4’. As a result, the blade
external temperature profile shows some oscillations. The oscillations in the blade internal
temperature are instead due to two different phenomena: the numerical noise affecting
Ty ext and the presence of the cooling channels. The thickness reduction in the vicinity of a
cooling channel causes a decrease in the thermal resistance of the blade and thus an increase
in temperature. Due to the high heat flux of this application, the temperature variations
caused by the thickness reduction are larger than the numerical oscillations. Since they are
located close to the cooling channels, the peaks in Ty, i (Where the thickness is the lowest)
are aligned with the points of the Toy0) oyt profile, which mark the centres of the channels.
Consistently with the thickness distribution of the blade profile, the difference between
Tp,ext and Ty, i is larger in the central region and lower at the extremities. The sharp peaks
at the extremities of the blade are due to numerical differentiation but have no impact on
the final solution as they affect only the first and last points of the temperature profile.
While the prediction of the 1D model is less accurate at the extremities of the blade because
the flow in these regions cannot be accurately described as 1D, inaccuracies in these regions
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can affect the final solution depending on the extension of the blade section where they
occur. In the case of the numerical spikes just mentioned, they only occurred at two points
and therefore, they have virtually no effect. If the explicit estimation of the heat transfer
coefficient by correlations is introduced, the singularity of the heat transfer coefficient at the
leading edge (fext o x~#/% — co when x — 0) reduces considerably the thermal resistance
in that region and could lead to unrealistically high temperatures [28]. Since these high
temperatures would affect a more extended region than the numerical spikes mentioned
above, the final accuracy of the 1D prediction would be lower. For this reason, the external
heat transfer profile was not explicitly calculated in this run.

s e st e ps——
Thladeext === Twall,CFD
1200 t Thiade,int = * = Teoolout
=)
© 1000 +
2
5
(%)
= 800
3
600
400 : : : :
0 0.2 0.4 0.6 0.8 1

Axial coordinate z/cux [-]

Figure 2. Streamwise temperature distributions predicted by the 1D code. The coolant outlet
temperatures are defined only where the channels exist; here, they are joined with a dashed line
to appreciate their trend. The wall temperature imposed in the CFD simulation is shown as a
dash-dotted line.

For comparison, in Table 2 are gathered the main mass-averaged outputs of the 1D
code for the present cases and for a preliminary case with 15 circular channels. The total
coolant-to-gas mass flow ratio is in both cases consistent with values found in the literature
for convection-cooled blades. The outlet Mach number in the central part of the blade
(where the prediction of the 1D model is expected to be accurate) is within the low subsonic
region for the 31 channels case. For the 15-channel case, the non-dimensional pressure drop
APeool / Peool,in i Not accurate since Equation (6) holds only for low subsonic flows, but it
gives an idea of the unfeasibility of the 15-channel solution. It is interesting to notice that
the decrease in coolant mass flow, and therefore coolant Mach number, is accompanied by
an increase in the average coolant outlet temperature: given the same amount of thermal
power, for a reduced amount of coolant, the average temperature change must increase.

Table 2. Main outputs of the 1D code for the cases with 15 and 31 cooling channels. Results have
been averaged using a mass average over the central channels (4-10 for the 15-channel case and 8-19
for the 31-channel case).

Quantity Symbol Unit 15 ch. value 31 ch.
Palwdoms L n o
Cmosie g ws
Coolant percentage (A—p / Pin)eool % 37.0 7.53

pressure drop
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3.3. Sensitivity Analysis

One of the most attractive opportunities offered by the 1D code is the possibility of
performing sensitivity analyses to study the impact of uncertainties or variations of the
input parameters on the solution. After having verified that the majority of the relationships
(33 out of 42) are non-linear, a global sensitivity analysis is performed for the 31-channel
cooling system using a surrogate model generated with a polynomial chaos expansion
(PCE). This technique provides a computationally more economical alternative to Monte
Carlo simulations while maintaining acceptable accuracy [29]. To show how uncertainties
on hext affect the results of the 1D code, Ty, is calculated rather than imposed during this
analysis. The coefficients Kext and Kint simulating a prediction error of the heat transfer
correlations are modelled as Gaussian distributions with zero mean, whereas all the other
input parameters are modelled as uniform distributions. The variation ranges used are
listed in Table 3.

Table 3. Range of parameters investigated in the sensitivity analysis.

Quantity Unit Range Studied
tTBC pm 100-400
ky, W/(Km) 16-28
Kext % —25 to +25
King % —10 to +10
Ey - 1-3
Teool i K 400-550
Pcool i bar 25-40

To evaluate quantitatively the impact of the i-th input variable on the j-th output
variable, Sobol” indices are used. In Figure 3 are shown the total Sobol” indices defined by
Equation (7) in [30], where k = 1,...,n and k # i.

Var(E(Y;[Xk))

Stot,ij = 1—= Var(Y) (7)

Equation (7) represents the amount of variance of the j-th output variable Y; due to either
a variation of the i-th input variable X; or to an interaction between X; and other input
variables (so-called “higher order interaction”).

0.7 — .
7 ool ont
N | [
0.6 r
| |om
I Macool out
% 0.5 o0l
= (Ap/Pin)cool
T 04f
[=]
e}
Qo
@ 0.3 H
=
2]
H0.2
0.1

treC Ky Kext Kin Ey Teoolin Peoolin

Figure 3. Total Sobol’ indices. The impact that a variation in one of the 7 inputs on the horizontal
axis has on each of the 6 outputs is measured by the total Sobol” index of the corresponding colour.
With the exceptions of ¢y, all outputs are mass-averaged.

Both the surrogate model and the quantitative sensitivity analysis are performed
using UQLab, a MATLAB-based open-source uncertainty quantification framework [31].
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MATLAB R2024a is used for both analysis and postprocessing. The PCE used is of 6th order
with 1716 basis functions and an oversampling ratio of 3, as suggested by [32]. The order
of the expansion has been determined after a convergence analysis.

The coolant Mach number and pressure drop are very sensitive to input variations,
supporting the decision to use them as indicators of the feasibility of the solution found
by the 1D code (Figure 3). The impact of the blade conductivity is of minor importance,
thus justifying the use of a constant mean conductivity in the analysis performed here.
The high impact of the TBC is consistent with [17], who highlighted the importance of TBC
for reducing the blade temperatures.

Figure 3 also emphasises the non-negligible influence that heat transfer correlations
have on the solution of the problem: being notoriously inaccurate (£25% uncertainty on
hext and £10% on hiyt), the solution of the problem is bound to be partially inaccurate.
For this reason, the optimised configuration obtained with the 1D mode must be checked
against either experimental data or CHT simulations. Moreover, the high sensitivity of the
model to variations in /et rather than in hiy, justifies the decision in Section 3.2 to avoid
the explicit estimation of ext.

In Figure 3, 1.0 is the cooling efficiency Equation (8) as defined by [14].

Tcool,out,j - Tcool,in,j

®)

77cool,j =
Tw,j - Tcool,in,j

In Equation (8), Ty, is averaged using the same area averaged used in Equation (5).
The cooling efficiency is bounded between 0 and 1, where 0 corresponds to an infinite mass
flow of coolant that acts as a constant temperature heat sink, and 1 corresponds to the
coolant undergoing the maximum temperature rise.

The heat enhancement factor Ej, is defined by Equation (9), where / is the actual heat
transfer coefficient and /¢ is a reference coefficient, usually that of a smooth wall or that of
the system without turbulators (but with non-zero roughness).

h

Er =1 ©
Equation (9) is a simplified way of evaluating the increase in heat transfer due to a modified
geometry that enhances the turbulence of the flow. Its considerable impact on the coolant
outlet wall temperature suggests that it may be possible to improve the thermal perfor-
mance of the system by using turbulators within the cooling channels, such as internal
pins or grooves. However, turbulators increase the coolant pressure drop and there is a
trade-off between increased heat transfer and pressure loss [17]. With the current geometry,
the pressure drop is not negligible; therefore, turbulators are not considered in this analysis.

4. CHT Analysis
4.1. Validation

The CHT solver is validated on the NASA C3X vane experimentally studied by [33].
Similarly to [34], the setup considered is Hylton’s run 112 (transonic case). The computa-
tional domain is composed of one solid domain, the blade, and two fluid domains: the
external hot gas and the internal cooling channels. The hot gas domain is meshed in
Ansys TurboGrid [35] using 2.1 million cells, while the solid blade and the coolant domains
are meshed in Ansys Fluent [26] using 2.2 million elements overall. A boundary layer
refinement is added to guarantee y™ < 1 at the blade wall, thus ensuring that the external
boundary layer is properly solved. A grid convergence analysis has been performed and
the grid convergence indices (GCls) calculated on the volume-averaged blade temperature
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and on the thermal power absorbed by the coolant are 0.28% and 0.72%, respectively. The
turbulence model adopted is the k-cw SST model and the simulation is a steady Reynolds-
averaged Navier-Stokes (RANS). The vane material is the stainless steel AISI 310 and its
properties, extracted from [34], are listed in Table 4.

Table 4. AISI 310 material properties.

Density Specific Heat Thermal Conductivity
[kg/m3] [J/(kg K)] [W/(K m)]
7900 585.2 6.134-0.0182T

For this validation case only, both the hot gas and the coolant are modelled as air,
considering it as an ideal gas whose properties are listed in Table 5. The values of the
parameters used in Sutherland’s law are yp = 1.789 x 10~>Pa-s, Ty = 288K and S = 110K.
This modelling choice is made for consistency with Kumar’s simulations of the NASA
C3X vane.

Table 5. Air properties used for the validation case.

Quantity Unit Law
Molecular weight kg/kmol 28.96
Specific heat ]/ (kgK) 944.23 +0.189T
Thermal conductivity W/(Km) 0.00932 + 0.000058T
15
Dynamic viscosity Pa-s T To+S
Ho T, T+S

The boundary conditions at the inlets and outlets of the fluid domains, as assigned
by [34] and mimicking Hylton’s experimental setup, are listed in Tables 6 and 7.

Table 6. Hot gas boundary conditions for the validation case.

Quantity Unit Value
Inlet total pressure bar 3.22
Inlet total temperature K 783
Outlet static pressure bar 1.90
Turbulent intensity % 8.30
Turbulent length scale mm 0.782

Table 7. Coolant boundary conditions for the validation case.

Channel Diameter Mass Flow Rate  Inlet Total Temperature
[mm] [g/s] [K]
1 6.30 7.79 393.3
2 6.30 6.58 393.1
3 6.30 6.34 375.2
4 6.30 6.66 381.0
5 6.30 6.52 359.2
6 6.30 6.72 419.1
7 6.30 6.33 373.0
8 3.10 2.26 371.6
9 3.10 1.38 426.9
10 1.98 0.68 451.4
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The gas inlet Reynolds number is 5.3 x 10°. Each cooling channel is assigned the same
turbulent intensity I, = 5 %, the same viscosity ratio p,p /¢ = 10 and the same outlet
static pressure pooout = 101,325 Pa. The endwalls of both gas and blade domains are
adiabatic. Coupled walls are used to model the interface between the fluid domains and
the solid domain, thus ensuring a proper solution to the conjugate heat transfer problem.

The normalised static pressure p/p; rof and static temperature T/ T, at the wall ex-
tracted from the Fluent case are compared to Hylton’s experimental data in Figure 4.

1.00 : . . . 0.90
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©
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=
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0.85
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S
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Non-dimensional axial chord [-]

~
=
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Figure 4. Comparison of normalised pressure p/p;,e¢ and temperature T /T, distributions as
extracted from Fluent and experimentally measured by [33].

As in [34], the agreement on the normalised pressure is excellent on both pressure
side and suction side, with the exception of a few points in the rear portion of the suction
side. The decrease in accuracy on the pressure side when considering the normalised
temperature is a known problem in the literature [34,36]. Both studies underlined the
importance of the laminar-to-turbulent transition in predicting the wall temperature and
the external heat transfer coefficient. Ref. [34], in particular, showed that more sophisticated
models, such as the y-f transition SST, can improve the accuracy of the prediction but
still suffer from locally high errors. As the k-w SST is widely used and performs well
in a wide variety of applications, it is preferred to other models more geared towards
specific applications.

Despite these known problems, the agreement between CHT and experimental data is
satisfactory and the CHT solver is thus considered as validated.

4.2. Case Setup

A full CHT simulation is performed since no experimental data are available for this
RDE technology. The mesh for the hot gas domain is generated in Ansys TurboGrid using
4.7 million cells and ensuring a y*+ < 1 so that the boundary layer can be properly solved.
The solid blade and the coolant domains are meshed in Ansys Fluent using 4.3 million
elements overall. The turbulence model adopted is the k-« SST model. The solids are
modelled using constant properties, whereas the fluids use temperature-dependent proper-
ties. In particular, the specific heats are modelled using NASA polynomials, whereas both
dynamic viscosity and thermal conductivity are modelled using Sutherland’s law. Solid
properties are listed in Table 8, whereas fluid properties can be found in [37].

Table 8. TBC and blade material properties.

. Density Specific Heat Thermal Conductivity
Material [kg/m®] [J/(kg K] [W/(K m)]
Inconel 738 8110 650 225

7YSZ 6000 470 1.50
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Total pressure, total temperature, and static pressure are assigned at the inlet of the gas
domain and are representative of RDE applications, whereas no conditions are assigned at
the outlet since the flow is supersonic, as listed in Table 9.

Table 9. Hot gas boundary conditions for the case under study.

Quantity Unit Value
Inlet total pressure bar 15.0
Inlet total temperature K 2340
Inlet static pressure bar 1.94
Turbulent intensity Y% 5
Turbulent viscosity ratio - 5

A coupled wall, together with a thin wall resistance, is used to model the gas-TBC-
blade interface. The thickness of the TBC is 300 um. The endwalls of both gas and blade
domains are adiabatic. A coupled wall is used to model the interface between cooling
channels and the coolant domain. Mass flow rate and total temperature are assigned at the
inlet of the cooling channels, whereas static pressure is assigned at the outlets. Both the
mass flow rates and the static pressures are extracted from the results of the 1D code run
described in Section 3.2 and are listed in Table 1.

For the 15-channel case, a grid convergence analysis has been performed following [38]
and using 2 million, 4.9 million, and 9 million cells, monitoring both the blade external
temperature and the thermal power absorbed by the coolant. The grid convergence index
(GCI) for the 9 million cells grid is below 1.5 % when considering the absorbed thermal
power and below 0.5 % when considering the blade external temperature. Since the overall
dimension of the computational domain is unchanged in the 31-channel case, a grid with
approximately the same number of elements as the 15-channel fine grid is used for the
31-channel case.

4.3. Results

In this section, only the results of the 31-channel case are analysed, as it was shown in
Section 3.2 that the 15-channel solution has a lower performance. The hot gas Mach field
and the shock structures are visible in Figure 5.

O d & Ao D O Lo
S PF L PSP

Mach Number

Figure 5. Hot gas Mach field for the 31-channel case.
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In Figure 6 is shown the wall-function-based internal convective coefficient defined in
Equation (10), where T, is the temperature in the wall-adjacent cell as predicted by the
thermal wall function.

h=_—1 (10)
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Figure 6. Comparison between the internal convective heat transfer coefficient as predicted by the 1D

code and as extracted from the CHT simulation. The shaded area represents the uncertainty of the
Gnielinski correlation.

The choice of the wall-function-based coefficient is due to the necessity of keeping the
height of the first cell above the sand-grained roughness of the channel’s internal surface.
With the chosen average roughness, the non-dimensional wall distance of the first cell
would be well above 5; therefore, calculating the heat transfer coefficient using the temper-
ature of the first cell instead of Ty, would lead to an incorrect estimation of the convective
coefficient. Since the coolant flow at the wall is modelled rather than solved, choosing the
wall-function-based coefficient is the most consistent choice. The agreement between 1D
code and CHT simulation is excellent: the values extracted from the CHT simulation lie
entirely within the £10% uncertainty band of the correlation, with the average error being
2.85%. The area-averaged external heat transfer coefficient is 2630 W/ (K m?), whereas the
internal heat transfer coefficients mass-averaged over channels 8-19 is 15,570 W /(K m?).

In Figure 7, the coolant outlet temperature predicted by the 1D code is compared
to the total temperature at the outlet of the cooling channels as extracted from the CHT
simulation. Since the 1D code does not distinguish between total and static temperature,
total temperature is used because it is more intimately connected to an absorption of heat.
Again, the agreement is excellent: the average error is 1.40%.
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Figure 7. Comparison between the outlet coolant temperature as predicted by the 1D code and as
extracted from the CHT simulation. For consistency with the 1D code, which does not distinguish
between total and static coolant temperature, the temperature extracted from the CHT simulation is
the total one.

In Figure 8 is shown the coolant Mach number at the outlet of the cooling channels.
The outlet coolant Mach number depends on the coolant outlet pressure and, as mentioned
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in Section 2, the pressure drop Equation (6) can be inaccurate if the Mach is above 0.5.
For this reason, the average error is higher and reaches 5.14%, which is still considered to
be satisfactorily small.
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Figure 8. Comparison between the outlet coolant Mach number as predicted by the 1D code and as
extracted from the CHT simulation.

The striped wall temperature shown in Figure 9 is due to the presence of the cooling
channels, which reduce the temperature locally. It is worth noting that the temperature in
Figure 9 is not constant in the spanwise direction, contrary to what was assumed during
the development of the 1D model. However, considering that the variation is minor and
occurs mostly on the suction side, it is therefore reasonable for the 1D code to assume no
radial evolution of the temperature.

TE TE

; i

S & & S S S S
S & & EE L P

Temperature Kl
Figure 9. TBC superficial temperature extracted from the CHT simulation. The pressure side is on

the left and the suction side is on the right. The boundary conditions for the simulation have been
extracted from the 1D code.

At the extremities of the blade, the thickness is too small to allow for the presence of a
cooling channel, which leads to higher temperatures visible in Figure 10a. This suggests
that other more effective cooling methods are required in these regions, such as film
cooling or impingement cooling. As can be seen in Figure 10a, there are regions where
the normalised temperature T/ Tnax, with Tmax being the Inconel maximum sustainable
temperature for prolonged operation (1000 °C, whereas the maximum TBC temperature
is set to 1300 °C [39,40]), is close to or above 1. This condition prevents the prolonged
operation of the turbine, which is usually around 100,000 h or 15-20 years of discontinuous
operation for heavy-duty cycles [39].

As mentioned previously, it may be possible to increase the thermal performance
of the system and bring the blade temperature to an acceptable value by introducing
turbulators inside the cooling channels, thus increasing the internal heat transfer coefficient
while maintaining a convective cooling system. A possible solution may be the use of
helical grooves with a helix angle of 45°, which offers the best trade-off between increased
heat transfer coefficient and increased pressure drop (and consequent pumping power),
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as shown by [41]. In this scenario, the 1D model could be effectively used to study several
turbulator configurations.

o

N Q N © N Q N N
S N RS SR N N
Normalised temperature

(a) Convective cooling only.

L O & & & N O H
L PSS GRS

Normalised temperature

(b) Convective and film cooling.

Figure 10. Normalised temperature field T/ Tax inside the blade at midspan. Following [40], Timax is
set to 1000 °C. For the sake of comparison, in the convective cooling case, the contour plot is capped
to 1.30, as any value higher than this would be meaningless.

The 1D code can therefore be used successfully during the preliminary design of a
cooling system to verify which cooling system design operates in the low subsonic region
so that only those are analysed more in-depth with a full CHT simulation.

5. Film Cooling

The internal cooling system successfully reduced the central blade temperatures to
within the material’s safe operating limits. However, the leading and trailing edges remain
critically hot, as internal cooling alone is insufficient, even with cooling holes placed near
the extremities. To address these localised hotspots, an alternative strategy is required.
A viable solution to overcome this issue is to inject cooling flow at the leading and trailing
edges. The film-cooled blade has two additional channels for the injection of coolant:
one at the leading edge, with diameter 0.5mm and length 6 mm, and one at the trailing
edge, with diameter 0.3 mm and length 5mm. A total of 15 injection cooling channels
are considered for both the leading and trailing edges with a uniform distribution in the
spanwise direction. Since a finer mesh is required to capture the interaction between the
bow shock in front of the blade and the coolant jet, solving the flow around the entire blade
would be too computationally expensive. Hence, only the portion of the domain around
the injection cooling located at the midspan of the blade is simulated. The meshes are
created with Ansys Meshing for the gas domain and Ansys Fluent for the blade and coolant
domain, with 1.8 million and 2.3 million elements, respectively. The material properties
as well as the hot gas boundary conditions are the same as in Section 4.2. The coolant
boundary conditions for the internal channels are obtained from the results of Section 4.2,
assuming a linear variation of pressure and temperature in each channel. The injected
coolant mass flow rates are 0.50 g/s at the leading edge and 0.05 g/s at the trailing edge,
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both at a total temperature T; of 709 K and with a turbulent intensity of 5%. The total mass
flow rate of coolant injected at the leading and trailing edge is thus 0.388% and 0.033%
of the hot gas mass flow, respectively. The mass flow rates are chosen to minimise the
impact on the external hot gas flow field while ensuring a proper cooling action. The total
temperature is calculated assuming that air is compressed from ambient conditions to the
same total pressure of the hot gas and that the compressor has an isentropic efficiency
of 85%.

The temperature reductions at the leading and trailing edge are clearly visible in
Figure 10b compared to Figure 10a. The absence of hot regions at the leading and trailing
edge diminishes the heat conducted towards the central region of the blade, lowering the
temperature also there. The disturbance on the external flow field is evaluated in Figure 11
as a difference in Mach number with respect to the case with only convective cooling shown
in Figure 5. Since shocks are regions of high gradients, a small change in position creates
a great change in Mach number, as visible in Figure 11. Outside of the shocks and their
reflections, the Mach number field is almost unperturbed. The interaction between the two
opposite fluid streams causes a total pressure loss of 1.82%. Considering that the blade
is now able to withstand the high-temperature environment, this loss increase, while not
negligible, is acceptable. Overall, coolant injection at the leading and the trailing edge
is a possible successful strategy for the thermal control of a RDE blade, as it lowers the
temperature of the entire blade without producing excessive disturbances in the external
flow field and requiring a modest increase in the amount of coolant mass flow rate. To the
authors’” knowledge, this is the first contribution in the literature proposing a solution able
to cool down an RDE blade.

Absolute Delta Mach

Figure 11. Mach number difference between the case with convective and film cooling and the case
with only convective cooling. The difference is limited to 0.30 for ease of visualisation.

6. Feasibility Assessment
6.1. Finite Element Analysis

To assess the structural feasibility of the proposed geometry, a coupled static-thermal
analysis is performed in Abaqus 2024 [42]. Inconel 738 properties such as density, Young's
modulus, Poisson’s ratio, thermal conductivity, expansion ratio, and specific heat are
modelled as functions of temperature. Data are extracted from [43-45]. The pressures of
the hot gas and coolant are applied as external load, as well as the heat fluxes at the hot
gas—blade and blade—coolant interfaces. The blade is fixed at one endwall and no heat flux
is assigned at endwalls, consistently with the CHT setup. Linear coupled temperature-
displacement elements are used and, similarly to Section 4, a grid sensitivity analysis is
performed. Three grids with an element size of 1 mm, 0.75mm, and 0.5 mm are used and
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the GCI on the maximum displacement (local quantity) is 1.66%, whereas the GCI on the
total strain energy (integral quantity) is 3.79%. While higher than the GCI obtained for the
CHT case, it is still considered satisfactory, as the main objective of this study is the thermal
behaviour of the cooling system. The minimum safety factor is 4 in a small region near the
hub of the trailing edge and is probably affected by the fixed boundary condition, whereas
for the rest of the blade, the safety factor exceeds 8 and is thus compliant with the strictest
design methodologies for turbine static components.

6.2. Cooling Power Requirements

To comprehensively assess the cooling requirements, a preliminary evaluation of the
associated compression costs is presented. The current cooling strategy necessitates two
distinct pressure levels for coolant delivery: approximately 15 bar for film cooling and
35 bar for internal cooling passages. While this evaluation focuses primarily on the stator
cooling system, the methodology can be easily extended to include the rotor cascade. Two
cooling supply configurations are analysed:

e Option A, tailored for land-based turbine applications, involves the use of external
compressors dedicated to supplying the coolant flow to the stator.

*  Option B, suitable for both aeroengines and land-based applications, leverages the
existing Joule-Brayton cycle compressor. To accommodate the elevated pressures
required by the internal cooling flow, additional compression stages are introduced.
These stages compensate for the pressure gain occurring in the rotating detonation
combustor and ensure the coolant reaches the necessary high-pressure level required
for internal cooling.

In option A, a double-stage centrifugal compressor is employed to achieve the film
cooling pressure level of 15 bar. This is followed by an additional compressor stage
to increase the pressure to the 35 bar level required for internal cooling. A cooler is
installed between the second and third compressor stages, introducing a pressure loss of
approximately 0.5 bar. The key parameters and performance characteristics of all three
compressors are summarised in Table 10.

Table 10. Key parameters and performance indicators of the three compressors required in option A.

Stage 1 2 3
Mass flow rate kg/s 9.2 9.2 8.8
Inlet pressure bar 1 4.5 14.5
Inlet temperature K 300 502 300
Power MW 1.87 2.37 0.93
Rotation speed rpm 30,000 56,700 56,700
Outlet pressure bar 4.5 15 35
Outlet temperature K 502 757 400
Max diameter m 0.70 0.45 0.25
Isentropic efficiency % 80 81 81

This represents approximately 20% of the power output of the first stage. However, it
should be noted that a portion of this power can be recovered by re-injecting the coolant
flow back into the main gas path. The coolant mass flow for the stator accounts for roughly
10.5% of the total stage flow, with a corresponding power consumption of approximately
52MW. Assuming comparable cooling requirements for the rotor blades, the total power
needed to compress the coolant flow is estimated at around 10 MW.



Int. ]. Turbomach. Propuls. Power 2025, 10, 37 17 of 21

In option B, a single-stage centrifugal compressor is used to reach the film cooling
pressure level, complemented by an additional compressor for the internal cooling pressure
requirement. The characteristics of these compressors are detailed in Table 11. For this
configuration, a 10% pressure gain across the combustion process is assumed, and the axial
compressor efficiency is estimated at 85%. The second compressor stage, responsible for
increasing pressure to the internal cooling level, is consistent with that of option A.

Table 11. Key parameters and performance indicators of the two compressors required in option B.

Stage 1 2
Mass flow rate kg/s 9.2 8.8
Inlet pressure bar 13.6 14.5
Inlet temperature K 690 300
Power MW 0.21 0.93
Rotation speed rpm 14,800 56,700
Outlet pressure bar 15 35
Outlet temperature K 715 400
Max diameter m 0.50 0.25
Isentropic efficiency Y% 85 81

While numerous alternative configurations for the compression system exist, the present
analysis is intended to support the primary objective of this study: a feasibility assessment
of the cooling technology for a supersonic inlet axial turbine stage operating under the
extremely demanding conditions of a rotating detonation engine.

7. Conclusions

A 1D model able to predict the thermal field inside a turbine blade and the amount
of coolant required is developed. The model is based solely on physical basic principles
and is computationally efficient, which allows to run both a qualitative and quantitative
sensitivity analysis. The former confirms the non-linear nature of the thermal problem and
the latter shows that the coolant outlet Mach number is greatly influenced by variations in
the input parameters. Thanks to this sensibility, it is a parameter that should be monitored
during an initial exploratory design. The 1D code is used to design and improve an internal
cooling system for an RDE turbine, which is then studied through a full CHT analysis. No
previous attempts to design an internal cooling system for this new type of machine are
available in the literature; hence, the 1D code represents a valuable tool with the potential
to fill a gap in both literature and design methodologies. The values predicted by the 1D
code for the selected blade and cooling system geometry are in excellent agreement with
data available in the literature and with the CHT simulations, thus confirming the accuracy
of the tool.

For the supersonic inlet turbine, internal cooling successfully reduces the central
blade temperatures below the maximum threshold required for prolonged operation.
Additionally, injecting cooling air around the leading and trailing edges forms a protective
film to manage hotspot regions effectively. This work demonstrates that with a well-
designed internal cooling system and precise cooling strategies for the blade’s critical areas,
it is possible to keep the thin, aerodynamically efficient blades of a supersonic turbine
within the material’s safe operating temperature limits. To the authors’” knowledge, this is
the first study in the literature that suggest a solution able to cool a RDE blade.
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The true value of the 1D code here developed lies in the possibility of exploring a vast
design space during the preliminary design of a cooling system. Several cooling geometries
and configurations can be tested extensively as well as different cooling fluids, cooling inlet
conditions, and material properties. This is particularly interesting when input data are
uncertain and allows one to perform extensive sensitivity analysis to study the influence
of input parameters on the final solution. Moreover, the code can be easily extended
to include experimentally tuned correlations or other cooling methods. Few geometric
parameters are required to define the cooling system, allowing the designer to rapidly test
more configurations focusing only on the main quantities. This is strikingly different from
a full CHT analysis, which requires considerable time to set up and run.
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Nomenclature

Agout  blade channel outlet cross sectional area m?

Alat cooling channel lateral area m?

b blade height m

Cax axial chord m

cp specific heat at constant pressure ]/ (kgK)
Dy, hydraulic diameter m

Ey, turbulence heat transfer enhancement factor

f Darcy friction factor

h convective heat transfer coefficient W/(Km?)
h specific enthalpy J/kg

K error coefficient

k thermal conductivity W/(mK)
Ma Mach number

1 mass flow rate kg/s

Pr Prandtl number

p absolute pressure Pa

4q thermal power w

q" linear thermal power W/m

g’ heat flux W/m?
R specific gas constant ]/ (kgK)
Ra average surface roughness pm

S Sobol” index

St Stanton number

t thickness m
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T absolute temperature K
X axial coordinate m
YT non-dimensional wall distance

Greek Symbols

&,  blade metal angle

1 cooling efficiency

¢  coolant-to-gas mass flow ratio
u  dynamic viscosity

o  density

Subscripts

b blade

c cooling channel

cool coolant

ext  external (hot gas side)
g gas

int internal (coolant side)

rec recovery

t total quantity
w wall
Superscripts

() average value

Acronyms

CFD computational fluid dynamics
CHT  conjugate heat transfer

GCI grid convergence index

PCE polynomial chaos expansion
RANS Reynolds-averaged Navier-Stokes
RDE rotating detonation engine

TBC thermal barrier coating

Appendix A. Pressure Drop Estimation

The four terms in Equation (6) accounting for blade and cooling system geometry,
cooling fluid, coolant conditions, and blade thermal field are detailed in Equation (A1).
With respect to [15], the Chilton-Colburn analogy St = (f/8)Pr—2/3 is used in place
of the Reynolds analogy St = f/8, St being the Stanton number. Furthermore, since
the internal cooling arrangement studied in this work allows one to use coolants differ-
ent from air and to change freely the coolant boundary conditions, the simplification

(Kcool/ﬂ(g) <pg,OUf/pcool,in) ~ 1is not made.
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Agout\> b f
K — & _— Al
B ( Ach ) Dy 2 (Ala)
Kcool,type = R;{;Ol (Alb)
Pg,out Tcool
K = Alc
cool,cond Peoolin Tg,out ( )
Th _
Kinp = (Tfmz —~ 1>Prco20{3 +2 (Ald)
COO:

Equation (6) is derived under the assumption that the Mach number is small enough
that p; = p and T; = T, which strictly holds if Ma < 0.1 [15]. However, due to other
assumptions whose validity limits are not clearly studied in [15], it is difficult to precisely
set a validity limit for the pressure drop formula. For this reason, it is safe to assume that
this is always a preliminary estimate whenever Ma > 0.1.
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