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Abstract: Pressure gain combustors (PGCs) have demonstrated significant advantages over con-
ventional combustors in gas turbine engines by increasing the thermal efficiency and reducing the
pollution emission level. PGCs use shock waves to transfer energy which contributes to the increase
in outlet total pressure. One of the major obstacles in the actual implementation of PGCs in the
gas turbine cycle is the exploitation of the highly unsteady flow of the combustor outlet with the
downstream turbine. Because of the higher outlet temperature from the PGCs, the turbine blade
cooling becomes essential. Due to the highly fluctuating unsteady flow of PGCs, 3D CFD simulation
of turbines becomes very expensive. In this work, an alternative approach of using a 1D unsteady
Euler model for the turbine is proposed. One of the novel aspects of this paper is to implement the
turbine blade cooling in the unsteady 1D Euler model. The main parameters required for the turbine
blade cooling are the cooling air mass flow rate, temperature, and pressure. Due to the introduction
of coolant flow, the blades are no longer adiabatic and the mass flow rate across the turbine is not
constant. Comparing the 1D Euler results against zero-dimensional calculation and 3D CFD approach
showed a very good match for both steady and unsteady simulations confirming the applicability of
the 1D method.

Keywords: pressure gain combustor; turbomachinery; unsteady interaction; film cooling; Euler
equations; computational fluid dynamics

1. Introduction

As global warming and pollutant emissions are the primary concerns in today’s
world, numerous studies and a lot of research are being conducted to reduce emissions.
The transportation system is a major source of pollution and greenhouse gas emissions.
Meanwhile, the use of the air transportation system is increasing on a yearly basis [1]. The
International Civil Aviation Organization predicts an increase by 2.2 times in the next twenty
years. Thus, reduction in emissions from air transportation is vital. Gas turbine engines
are already approaching the efficiency limit imposed by the underlying thermodynamic
cycle. One of the approaches to achieve an increase in propulsive efficiency is to modify the
existing gas turbine cycles with new ideas. In the recent years, pressure gain combustors
have attained a lot of attention for propulsive applications. Researchers provide conclusive
results that the PGCs can improve the thermal efficiency of the gas turbine cycle. PGCs are
a type of combustion in which there is an increase in total pressure in the combustor [2,3].
Of all the PGCs, the two promising combustors are Rotating Detonation Combustion (RDC)
and Pulse Detonation Combustion (PDC). PDC consists of one or more tubes filled with
fuel oxidizer and then ignited from one end, which develops into detonation. Across
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the world, several studies have been conducted for combining PGC with both PDC [4,5]
and RDC [6,7] to the existing gas turbine cycles. Stathopoulos [8] also conducted a cycle
analysis with PGC for thermodynamic and performance calculations. The practical use of
PGC concept does, however, have technical challenges. One of the major challenges is the
turbine integration into the outlet of the combustor due to its highly unsteady flow and
high temperature at the PGC outlet.

Still, the increase in the thermal efficiency of the engine depends on the entry tem-
perature of the turbine. Around the year 1950, the turbine inlet temperature was kept
around 1000 K and no blade cooling was considered. Different cooling methods were
implemented to the blades, and in modern engines, turbine inlet temperature of around
1700 K [9] can be achieved. In PGCs, the temperature of the exhaust flow is roughly around
1500–2500 K, which is above the material-specific permissible limits, making turbine blade
cooling unavoidable. The blades must be cooled to a temperature that allows for reasonable
resistance to creep, as well as thermal fatigue and oxidation. A sufficiently low blade
material temperature can only be achieved by combining thermal barrier coatings, alloys
that are temperature-resistant, and external and internal convective cooling. As a result,
typical impingement cooling or film cooling is an vital part of the cooling strategy. The
arrangement of cooling air jets in terms of impingement distance, nozzle diameter, nozzle
separation, and convective cross-flow schemes has a significant influence on convective heat
transfer [10,11]. The interaction between the vortex and the blade surface appears to be a
driving factor in improving cooling efficiency. To apply this fundamental approach to more
realistic turbine cooling configurations, experimental studies on heat transfer enhancement
on a flat plate induced by forced impingement jet arrays have been carried out [12]. The
turbine cooling flow efficiency and the effect of cooling air injection have been studied
numerically. Gaunter [13] developed a code to calculate the turbine cooling flows and
the effects of cooling air injection on the turbine isentropic efficiency. Young et al. [14,15]
described the thermodynamics of turbine cooling along with the associated losses. They
also described different cycle layouts for the cooling. Horlock et al. [16] described several
zero-dimensional cooling modeling approaches. They also provided an alternate formula
for calculating the cooling mass flow rate and thermal efficiencies. Neumann et al. [17]
studied pulsed impingement cooling for gas turbines and described their influence on
thermal efficiency. Gao et al. [18] conducted experiments with several injection hole config-
urations such as compound, axial, cylindrical, and laid-back hole; they also used pressure
sensitivity paint to capture the effectiveness of film cooling. They experimentally inferred
that axial angled laid-back fan-shaped holes were able to distribute the coolant air uni-
formly and widely across the surface of the blade. Wilhelm et al. [19] studied film cooling
at the rotor tip of the axial turbine. The film cooling effectiveness was determined with the
pressure sensitivity paint. The researchers concluded that there exists a saturation point
beyond which the cooling effectiveness remains unaffected when the cooling air mass flow
is increased and also the film cooling effectiveness decreases with swirling inflows.

The turbine blade cooling air requirement has a higher impact on the turbine isentropic
efficiency. As the PGC is the combustor used in this work, there is a slight increase in
the combustor outlet pressure when compared with the exit of the compressor pressure.
Therefore, for the initial blade row of the turbine, the cooling air requires more compression,
which leads to an additional compressor. Moreover, the working fluid must be expanded
over a higher pressure ratio, thus making the turbine isentropic efficiencies even more
important. This can be achieved by having a secondary compressor that further compresses
the cooling air to a pressure higher than the pressure of the PGC exhaust. The different
cycle layouts are described in the later section of the paper.

In this work, as stated before, an unsteady 1D Euler solver is used for turbine sim-
ulations. Although 3D CFD modeling has proven useful in researching PGC-Turbine
integration over the years, the unsteady nature of the PGC exhaust flow increases computa-
tional cost and time. To overcome this complexity, the reduced-order model is used instead.
As an unsteady method, 1D Euler methodology is given high importance as it provides



Energies 2024, 17, 1312 3 of 20

a fast and reliable way to assess the performance of turbomachinery coupled with PGC.
Asli et al. [20,21] studied the turbine interaction with PDC using the 1D unsteady Euler
model and the coupled mean line analysis. The unsteady 1D Euler solver showed a good
agreement when compared with unsteady 3D CFD, implying the use of a 1D solver for
further turbine analysis with low computation effort. One of the unique aspects of this
paper is to implement the cooling of turbine blades in the 1D unsteady Euler model and
compare it with the 0D turbine blade cooling model and the unsteady 3D CFD model. For
these simulations, the boundary conditions are provided by the existing in-house PDC
unsteady 1D Euler model [20]. To the best of the authors’ knowledge, this paper is the first
to use film cooling in the unsteady 1D Euler turbine model.

2. Materials and Methods

The current paper focuses on the axial turbine blade cooling coupled with PDC tubes.
The methodology incorporates the simulation of PDC tubes, their connection to the plenum
at the exit, and the turbine module. The turbine uses an unsteady inviscid 1D Euler
model with appropriate source terms, which are computed using the mean line approach.
The pulsed detonation combustor is also modeled using a similar 1D Euler solver with
few modifications.

This paper applies an unsteady 1D Euler solver. The used methods are shown in
Figure 1. The mean line analysis is used for generating the turbine characteristic map, blade
force and work source terms which are utilized by the 1D Euler solver. The validation of the
mean line analysis is performed with experimental results. The PDC tubes are simulated
using the in-house PDC Euler solver. Then, the unsteady boundary condition at the turbine
inlet is provided by the PDC model. For the 0D models, the averaged boundary condition
from the PDC model is used, and for 1D and 3D unsteady simulations, the PDC outlet
boundary condition is used. In the following sections, each model is detailed. Finally, the
turbine is simulated using the 0D method, the 1D Euler model and 3D CFD.

Figure 1. Flow chart depicting the integration and comparison of different models.
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2.1. Axial Turbine Reference Case

The Energy-Efficient Engine’s (E3) high-pressure turbine [22] is used for the present
activity because of the full availability of the geometry of two cooled stages whose per-
formance is studied in terms of mean values between blade rows [22]. A summary of the
aerodynamic parameters for the baseline configuration is listed in Table 1.

Table 1. NASA E3 HPT design point parameters.

Parameters Value

Reduced mass flow rate (kg
√

K/s-kPa) 0.892
Reduced rotational speed (rad/s

√
K) 33.19

Total-to-total pressure ratio 5.010
Efficiency 0.925

2.2. Mean Line Method

Mean line analysis is a reliable methodology for steady-state performance prediction.
In mean line analysis, a single streamline at the mid-span connecting the inlet and outlet
represents the 3D flow field of a turbomachine.

A mean line solver is developed, which includes total pressure loss correlations from
Aungier [23]. The mean line solver is provided with blade geometry such as chord, height,
radius, etc. At the inlet, the total pressure and total temperature are specified, and at
the outlet, static pressure is given. From these input data, the program calculates the
thermodynamic properties at the inlet and outlet of the module and the corresponding
velocity triangles. The model used in this paper is similar to the Ainley and Mathieson
method [24] with a few changes such as using empirical relationships instead of graph
values. First, the air angle and the Mach number at the outlet of the blade row are assumed.
Then, the co-efficient of the total pressure loss is evaluated. Finally, the exit flow parameters
such as pressure, temperature, and velocity of the module are calculated. The convergence
criteria are shown in Equation (1) and are similar to [24].

∆α =

∣∣∣∣αout,assumed − αout,actual

αout,assumed

∣∣∣∣ < 0.1%

∆M =

∣∣∣∣ Mout,assumed − Mout,actual

Mout,assumed

∣∣∣∣ < 0.1%
(1)

If the criteria are satisfied, then the code progresses to the next blade row. If not, it
assumes a different outlet air angle and outlet Mach number, and the procedure is repeated
until the convergence criteria are satisfied. The source terms of the unsteady 1D Euler
solver which are the force and work terms are computed with the mean line method. The
source terms are the function of the pressure, the absolute velocity and the temperature of
each blade row. Thus, predicting the flow parameters accurately is important to reduce the
errors in simulating the 1D solver. The detailed procedure of mean line analysis and the
turbine characteristic map generated using mean line analysis is shown in Appendix A.

2.3. 1D Euler Model

Various studies have been conducted for solving the unsteady Euler equations for
turbomachinery components like compressors and turbines. However, what distinguishes
this study from others is the novel approach to integrate film cooling into the unsteady
1D Euler solver for turbines. In this work, two additional source terms such as coolant
mass flow rate and total enthalpy (generated by the coolant flow) are added in the mass
and energy equations, respectively. The coolant flow parameters are evenly distributed
along the mesh cell in the bladed region, and coolant hole blockage is also considered as a
function of pressure.

The unsteady 1D Euler model is used in the current work. This approach was evalu-
ated for the turbine by Asli et al. [20]. As stated before, this work is a further extension of
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the turbine model which includes turbine blade cooling by adding two new source terms
for coolant flow. The governing equations are described in Equation (2).

∂

∂t

 ρA
ρVx A
ρEA

+
∂

∂x

 ρVx A
ρV2

x A + PA
Vx A(ρE + P)

 =
∂

∂x

 ṁcl
Fx + PA

W + ṁclht,cl

 (2)

The source terms corresponding to the coolant flow are explained in Section 2.4. The
blade force term represents the blades and the wall force term considers the force due to
area change; these are the source terms in the momentum equation. The velocity of the
coolant flow is neglected in the momentum equation. The various forces acting on the
blade are shown in Figure 2b. The net force of the blade is a function of the momentum
change between inlet and outlet Equation (3) .

∑ Fi = ∆(ṁVx). (3)

The net force acting on the blade is defined in Equation (4):

∑ Fi = Fin − Fout + Fendwall + Fx (4)

(a) (b)

Figure 2. View of sample turbine blades. (a) Velocity triangle used in the mean line method. (b) Blade
forces on the turbine blade.

From Equation (4), the terms Fin and Fout are computed by mean line analysis.
The end-wall force due to the area change is solved within the solver. Combining
Equations (3) and (4) and solving for Fx, Equation (5) is obtained, in which Fin = Pin Ain and
Fout = Pout Aout.

Fx = −Fin + Fout − Fendwall + ∆(ṁVx) (5)

In the energy equation, the work term considers the shaft work of the rotor blades as
the source term. The shaft work is calculated using Equation (6).

W = (ṁht)out − (ṁht)in (6)

The mean line method generates source terms for several operating conditions de-
pending on the inlet boundary condition from the combustor. A look-up table is generated
with the following parameters: axial location, area and mean radius of all blade rows, force
source term of all blade rows, work source term of all rotor blades, static pressure, axial
velocity, static temperature at entry and exit of all blade rows, rotational speed and inlet
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total temperature. Depending on the inlet and exit pressure of the blade, the 1D Euler
solver interpolates the respective data from the look-up table. A parabolic distribution
for the source term is selected to increase numerical stability as shown in Figure 2b. The
inlet boundary condition is the time-dependent total temperature and pressure from the
PDC model and the outlet boundary is fixed with a static pressure of 3.63 bar. The mesh
size of ∆x = 0.5 mm is chosen for the domain, which is the same as in [20], for which the
validation of the unsteady Euler solver was conducted by comparing it with unsteady 3D
CFD. As the length of the domain is L = 0.36 m, the entire domain is divided into 721 cells.

2.4. Turbine Blade Cooling Methodology in 1D Euler Solver

To include cooling flow effects in 1D unsteady methodology, certain assumptions
are considered:

1. The cooling air enters the domain with a negligible velocity and there is no disruption
to the main flow due to the coolant. Therefore, no formation of wakes or the boundary
layer and also no change in the momentum are taken into account [25].

2. The coolant mass flow is evenly distributed along the computational cells including
the blade. The Euler solver is aware of the location of the bladed regions and the
non-bladed regions as the axial locations of the blades are specified.

The schematic diagram of cooling in a turbine blade used in the 1D model is shown in
Figure 3. In this work, no cooling flows are taken into account in the non-bladed regions.

Figure 3. Schematic diagram of a cooled turbine blade in the 1D Euler solver.

To model the turbine blade cooling, three coolant parameters need to be specified:

1. The coolant mass flow rate, ṁcl . From Figure 3, we could see that the coolant
mass flow is evenly distributed along each cell of the blade. For example, the
stator-1 blade has 72 cells for which the cooling air mass flow rate is 1.5 kg/s; then,
the coolant mass flow at each cell is 0.0208 kg/s.

2. The coolant temperature Tcl . It is needed for the calculation of the energy source term,
ht,cl , which is given by Equation (7).

ht,cl = (cp,mTm − cp,clTcl) +
C2

2
(7)

3. The coolant pressure Pt,cl . It is needed for the bleed blockage effect, that is, the coolant
enters the domain when the pressure of the cooling air is higher than the pressure of
the main flow at the corresponding region. The bleed blockage condition is given by
Equation (8).

ṁcl,cell =

{
0 if Pt,cl < Pt,m
ṁcl
n if Pt,cl > Pt,m

(8)

4. As the cooling air is introduced into the main flow, we need to consider the mixing
losses. The mixing loss coefficient is given by Hartsel [26].

Ymixing =
ṁclγM2

m
2ṁm

[
1 +

Tcl
Tm

− 2
Ccl
Cm

cosϕ

]
(9)
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As the coolant flow enters at several location around the blade, Equation (9) has
to be integrated along the profile. The equation was integrated and simplified by
Horlock [16], and Equation (9) became

Ymixing = 0.07
ṁcl
ṁm

(10)

The mixing loss, along with other turbine losses, is incorporated to the mean
line method.

2.5. Cycle Layout

In this paper, two gas turbine cycle layouts with PGCs are discussed. The first cycle,
shown in Figure 4a, is similar to the Joule cycle. When this layout is used, the issue arises for
the turbine blade cooling. As the compressor (C1) provides the cooling air for the turbine
(T1), the pressure of the coolant is lower than the pressure of the combustor exit at least for
some time during the period of the combustion chamber exhaust gases, since the pressure
is expected to increase through the PGC. For this case, the leading edge of the first blade
row cannot be cooled down due to the bleed blockage as mentioned in Equation (8). To
solve the issue, a secondary compressor (C2) can be added, which further compresses the
air from the primary compressor (C1) a little more than the exhaust of the PGC, depicted
in Figure 4b. The cooling air for the initial blade row of the turbine can be used from the
secondary compressor to ensure no bleed blockage occurs. Also, the air from the secondary
compressor can be used for PGC cooling and also as the dilution air in the ejector, if needed.
For the later stages of the turbine, the coolant can be bled from the primary compressor.
Also, for the whole cycle simulation [8], Layout 2 showed better performance than Layout 1.

(a) (b)

Figure 4. Different cycle layout types. (a) Layout 1. (b) Layout 2.

2.6. Pulsed Detonation Combustor Model

The PDC model is simulated with the in-house 1D solver. The equation used for the
modeling of PDC tubes is shown in Equation (11). The 1D PDC tube modeling and the
configuration are explained in detail by Asli et al. [20].

∂

∂t


ρ

ρVx
ρE

ρwsp

+
∂

∂x


ρVx

ρV2
x + P

Vx(ρE + P)
ρVxwsp

 =


0
0
0

ρẇsp,chem

 (11)

As chemical composition changes, a new equation is added for each species mass
fraction wsp. The only source term in the PDC model is ẇsp,chem, which takes into account
the change in chemical composition for the H2–air mixture [27]. For the turbine simulations,
a five-tube PDC configuration is used. The PDC–turbine integration is shown in Figure 5.
The individual PDC tubes are of 1 m length and operate at 20 Hz, giving the turbine plenum
an overall frequency of 100 Hz as it is a five-PDC-tube configuration.
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Figure 5. PDC setup.

2.7. 0D Blade Cooling Methodology

Film cooling [28] is performed as

W+ =
ϵo − ϵ f (1 − ηc)− ϵoϵ f ηc

ηc(1 − ϵo)
(12)

where the overall cooling effectiveness, ϵo, is given a constant,

ϵo =
Tg,in − Tb

Tg,in − Tcl,in
(13)

With W+, we can calculate the cooling air to main mass flow rate ratio ξ for the
blade row,

ξ =
ṁcl

ṁg,in
= KW+ (14)

The film cooling effectiveness, ϵ f , cooling efficiency ηc and the cooling flow factor, K,
can be taken as constants as shown in Table 2. The constant values are taken from [8,17].

Table 2. Cooling parameters for 0D models.

Parameters Value Parameters Value

ϵ f 0.4 ηc 70%
K 0.045 Tb 1100 K

With the calculation of coolant mass flow and the temperature difference ratio, the
total temperature difference can be evaluated using the energy equation [26] as shown in
Equation (15).

ṁg,inht,g,in + ṁclht,cl = ṁg,outht,g,out = (ṁin + ṁcl)ht,g,out

ṁg,incp,inTt,g,in + ṁclcp,clTt,cl = (ṁg,in + ṁcl)cp,outTt,g,out
(15)

The exit stagnation temperature can be calculated using an iterative loop of
Equation (15). The various values of cp are computed using the Shock and Detonational
toolbox [29].

2.8. Pulsating Boundary Conditions from PDC

Here, in this paper, a five-PDC-tube configuration was used. It combines a zero-
dimensional compressor plenum upstream of the five PDC tubes and a zero-dimensional
turbine plenum downstream to the combustor followed by a turbine model. The numerical
setup is shown in Figure 5. A detailed explanation for the PDC model and the zero-
dimensional plenum was explained in [20].

Figure 6 shows the inlet unsteady total pressure and total temperature for the turbine
which is generated by the PDC-turbine plenum model.
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Figure 6. Time-dependent total pressure and total temperature in the turbine plenum.

2.9. Setup of the 3D CFD Simulations

Steady and unsteady simulations of the Energy-Efficient Engine (E3) two-stage con-
figuration are performed using commercial ANSYS-CFX 2022R2 with an implicit finite
volume solver. A fully second-order accurate approach is selected for the present activity.
Turbulence is modeled using the k − ω SST model. All solid walls are considered adiabatic.

In steady simulations, RANS equations are evaluated considering the following bound-
ary conditions: Pt,in = 21.25 bar, Tt,in = 1350 K, and Ps,out = 3.63 bar. To model the interface
between the two blade rows, the mixing plane approach is utilized. This approach imple-
ments a circumferential average of the flow characteristic quantities. The validity of this
approach is supported by the fact that fluctuations due to PDC are purely axial and that
this method has been used in numerous cases similar to those in this study [30,31].

Steady-state simulation results are used as the initialization for the unsteady simula-
tions. In the unsteady simulations, URANS equations are solved. The time discretization is
implicit, using a second-order inverted Euler scheme. Profile transformation [32] is chosen
to simulate a blade number of 1:2:1:2 without geometric scaling. This approach allows for
simulating a non-uniform number of blades by imposing periodic boundary conditions
and scaling the solutions at the interface, thus introducing an approximation as large as
the difference between the pitches. This methodology is similar to the [33] domain scaling
approach but has the advantage of not changing the geometries.

The unsteady simulation uses the input boundary conditions of the unsteady 1D
Euler model of a pulsed detonation combustor; see Figure 6. The static output pressure
is the same as in the steady-state simulations: Ps,out = 3.63 bar. The time step chosen for
the unsteady simulations is 6.025 · 10−6 s, in line with the time step dependency analysis
conducted by Asli et al. [20]. It represents 1/10th of the time step between the first blade and
the first vane. To reach unsteady convergence, 100 periods are simulated, of which 10 are
used to calculate flow statistics for comparison. A complete overview of the performed
simulations is reported in Table 3.

The computational domain mesh is the same as that described by Asli [20], where a
grid sensitivity study is shown considering four meshes with grids varying from 122 k to
3000 k nodes to verify the degree of dependence of the solution with respect to the number
of elements. The Grid Convergence Index (GCI) values for the domain with 1132 k grids
are 0.15% for pressure ratio and 0.2% for mass flow rate, respectively, which indicates that
the mesh size of 1132 k nodes can be used and no further mesh refinement is needed.

Vane cooling is modeled through the use of mass source terms placed on the vane
surface, thus reproducing the logic of the 1D Euler approach. The source terms involve the
introduction of an additional term in the continuity equation representing the flow of the
coolant within the vane control volume, as given in Equation (16).

∂ρ/∂t + ∂(ρuj)/∂t = SM (16)
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Table 3. 3D CFD test matrix.

Simulation Time Step Cooled Vane Boundary Condition

Steady
Steady

- No Pt,in/Ps,out = 5.854
Tt,in = 1350 K

Steady
Source term Steady

- ṁcl = 1.5 kg/s Pt,in/Ps,out = 5.854
Tt,cl = 600 K Tt,in = 1350 K

Unsteady
Steady

6.025 × 10−6 s No Pt,in/Ps,out = 5.854
Tt,in = 1350 K

Unsteady
Source term Steady

6.025 × 10−6 s ṁcl = 1.5 kg/s Pt,in/Ps,out = 5.854
Tt,cl = 600 K Tt,in = 1350 K

Unsteady
Source term

6.025 × 10−6 s ṁcl = 1.5 kg/s Pulsed [20]
Tt,cl = 600 K (see Section 2.8)

The physical values specified for each source term are the mass flow rate, the temper-
ature of the coolant flow, and three velocity components. First, simulations with steady
inlet boundary conditions are conducted to retrieve time-averaged mass-weighted total
temperature values at the interfaces that are compared with results from the 0D and the
1D Euler models. Then, simulations with pulsating boundary conditions are carried out to
evaluate the impact of combustor/turbine coupling and validate the unsteady 1D Euler
solver. Therefore, no direct comparison with the available E3 experimental data is possible.
However, the aim of the activity is to demonstrate that the reduced model is able to provide
results in line with 3D CFD, which is treated as a reference case.

3. Results
3.1. Steady-State Simulation
Coolant at Stator 1

Figure 7a shows the mass flow variation of the steady 1D Euler solver and steady 3D
CFD. Figure 7b offers the total temperature variations determined by the 0D model, the
steady 1D Euler solver and the steady 3D CFD. According to the results, the mass flow rate
across the stator remains constant and the stagnation temperature across the stator is also
constant for the case without cooling, showing that the blades are adiabatic.

In the steady-state simulation, cooling is considered for the first stator. The boundary
conditions for the steady-state simulation are the same as those specified for 3D CFD. The
parameters used for the cooling are ṁcl,v1 = 1.5 kg/s, Tcl,v1 = 600 K, Pt,cl,v1 = 23 bar. By
using the same parameter for the coolant flow, the exit total temperature by the 0D cooling
method is calculated using Equation (15).

The mass flow rate is increased due to the addition of the coolant mass flow and
the stagnation temperature is decreased across the stator blade row as the blades are no
longer adiabatic as a result of turbine cooling. The total temperature variation along the
turbine is shown in Figure 7b. A difference of less than 2 K is seen between 0D and 1D
Euler models and around 1.5 K difference between the 1D Euler model and the 3D CFD
model; see Table 4. Another remarkable point on Figure 7a is that the turbine mass flow
reduces slightly at the inlet of the domain when the cooling air is added for both 1D and
3D simulations. This reduction in mass flow rate is due to the turbine being constrained at
both inlet and outlet with respective boundary conditions. Thus, by adding the cooling air
inside the domain, both the 1D Euler solver and the 3D CFD compromise the inlet mass
flow rate.
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(a) (b)

Figure 7. Results of steady-state simulation. (a) Mass flow rate variation along the turbine with
cooling air at Stator 1 using the steady 1D Euler solver and the steady 3D CFD. (b) Total temperature
variation along the turbine with cooling air at Stator 1 using the steady 1D Euler solver, the 0D model
and the steady 3D CFD.

3.2. Unsteady Simulation
3.2.1. Cooling at Stator 1

The unsteady simulation uses the boundary condition from the unsteady 1D Euler
Pulsed Detonation Combustor model. The time-dependent inlet stagnation pressure and
temperature are given to the unsteady 1D Euler turbine model and the source terms for
various operating points are put in a look-up table and fed to the solver. For the 0D cooling
model, the averaged inlet boundary conditions are used. The parameters used for the
cooling are ṁcl,v1 = 1.5 kg/s and Tcl,v1 = 600 K, the same as in the steady-state simulation.

When the cooling flow is added, the stagnation temperature Figure 8b and the mass
flow rate in Figure 8a are no longer constant and behave the same as those of steady-
state simulation. The total temperature difference across Stator 1 for steady and unsteady
simulation for all models is tabulated in Table 4. We can see from Table 4 that there is a
small stagnation temperature difference between the models. The 0D model shows the
highest difference due to its simplified approach without considering any losses by solving
only the energy conservation equation as seen in Equation (15). In the 1D Euler solver, the
mixing loss and two new source terms in mass and energy equations are added, but it is
assumed that the cooling air enters with negligible velocity and no formation of wakes or
no change in the axial momentum. The results from the 1D model are between those of
the 0D and 3D models. For the 3D CFD, the cooling air is distributed in various locations
on the pressure and suction side of the blade row. The stagnation temperature difference
is lower for the 3D model when compared with those of 0D and 1D models because it
considers the three-dimensional effect of the turbine and its losses. In general, the higher
the order of simulation, the greater the accuracy due to the detailed modeling, and this
trend can be seen in Table 4.

(a) (b)

Figure 8. Unsteady-state simulation results. (a) Mass flow rate variation along the turbine with
cooling air at Stator 1 using the unsteady 1D Euler solver. (b) Total temperature variation along the
turbine with cooling air at Stator 1 using the unsteady 1D Euler solver, the 0D model and the steady
3D CFD.
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Table 4. Total temperature difference across Stator 1 with film cooling.

Simulation 0D 1D 3D

Steady 22.90 K 21.62 K 20.49 K
Unsteady 23.72 K 22.76 K 21.22 K

3.2.2. Effect of Pulsating Conditions on Vane and Blade Loads and Overall Cycle Efficiency

Following the validation of the 1D code, 3D CFD simulations are used to quantify
the impact of the pulsed conditions of inlet total temperature and pressure on the blade
load of NASA E3 HPT. Non-dimensional static pressure distributions for the four blades
at a 50% span are reported in Figures 9 and 10. For each time step, static pressure values
are normalized with the highest pressure value (occurring at the stagnation point) for
the corresponding stator/rotor and time step. That procedure allows for discussing the
obtained results as if isentropic Mach number distributions are showed for each time step.
The orange region corresponds to the envelope of the load curves over a periodicity, while
the black line represents the time-averaged static pressure distribution. Local values of
pressure along the surfaces can vary considerably, thus modifying local flow velocity and
ultimately blade load. That is particularly true on rotors that suffer by the fluctuation of
boundary conditions more than stators.

The first stator is only impacted on the suction side, where non-negligible variations
of pressure are found. However, that outcome suggests that a film cooling system designed
for steady inflow conditions may work properly also in a pulsating case, at least from an
aerodynamic point of view. The two rotors show higher variability and the local Mach
number is highly time-dependent, thus generating harmful conditions that may impact the
residual lifetime of the component. The second vane appears to have greater variability
than the first one, but the fluctuations are much lower than those associated with rotors,
and a major problem associated with a negative incidence is found. This problem is not
caused by the pulsating conditions but by the different expansion ratio used with respect
to the nominal one of the machine, coherently with 1D Euler calculations.

In this section, the turbine vane cooling effect on cycle efficiency is also provided.
The use of advanced blade cooling technologies and innovative materials capable of with-
standing high temperatures from the combustor has become vital. In the case of this
paper, the presence of the PDC enhances that necessity since the turbine is subject to a
pulsating flow with high turbine inlet temperatures. In the baseline (steady) configuration,
this high-pressure vane is cooled by using 1.5 kg/s of air tapped by the compressor that
is sufficient to achieve the desired film coverage of the vanes [22]. However, it must be
considered that the presence of cooling implies a drop in the value of cycle efficiency.
Wilcock et al. [34] evaluated this impact by proposing a formulation that quantifies the
difference in cycle efficiency ∆η between the uncooled and cooled cases. This formulation
considers the difference between the work required to compress the coolant versus that
obtained from its expansion after mixing with the main flow while not considering the
pressure losses in the combustor and the dissipation of kinetic energy during the mixing
process between the coolant and the main flow. However, it can be considered a reliable
estimation of the drop in efficiency caused by the presence of the coolant. In the present
case, a ∆η value of 1.6% is evaluated based on the mixing pressure obtained from 3D
simulations, thus taking into consideration pulsating boundary conditions. This outcome
is in line with Wilcock et al. [34].
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(a) (b)

Figure 9. Distribution of static pressure of the first stage at mid-span using 3D CFD. (a) Static pressure
distribution for V1 at mid-span. (b) R1 static pressure distribution at mid-span.

(a) (b)

Figure 10. Distribution of static pressure of the second stage at mid-span using 3D CFD. (a) Static
pressure distribution for V2 at mid-span. (b) R1 static pressure distribution at mid-span.

3.2.3. Effect of Bleed Blockage

The PDC tubes are connected with a NASA E3 high-pressure compressor upstream.
The compressor has the outlet total pressure of around 21 bar and an outlet total temperature
of around 700 K which is fed as the inlet condition to PDC tubes. As the PDC tubes are
pressure gain combustors, at certain time steps, the PDC exit total pressure is higher than
the compressor’s outlet total pressure, which leads to bleed blockage effects.

Figure 11 shows a zoomed-in view of the total temperature variation in order to
demonstrate the effect of the bleed blockage which is given by Equation (8). At the be-
ginning of the stator, the total temperature is constant even after applying the coolant
flow. As mentioned before, this is due to the fact that the combustor is a pressure gain
combustor, that is, the inlet total pressure to the turbine is greater than, or at least equal to,
that of the exit of the compressor. For the turbine cooling, the coolant air is considered to
be bled from the later stage of the compressor. Thus, in certain time steps, there are some
blockages in the bleed holes. In Figure 11, with the Pti = 22.7 bar and the Pt,cl,v1 = 21 bar,
we can observe that the coolant flow enters the domain only when the pressure of
the main flow falls below the specified cooling air pressure, which verifies the bleed
blockage calculation.



Energies 2024, 17, 1312 14 of 20

Figure 11. Total temperature variation along the turbine at a time step of Tti = 1430 K, Pti = 22.7 bar,
Pt,cl,v1 = 21 bar using the unsteady 1D Euler solver for Layout 1.

The main limitations of this layout are as follows: (1) as the cooling is blocked at the
initial part of the blade, the leading edge of the blade is exposed to a very high temperature,
probably greater than the allowable limit. This may damage the blades as the cooling is not
effective there. (2) Because of the lower pressure inside the blade rows, there might be a
possibility that the high pressure flow could enter into the cooling holes and rupture the
blade row.

To overcome this, we consider a secondary compressor that further compresses the air
from the primary compressor a little more than the PGC exhaust as shown in Figure 4b.

3.2.4. Layout Comparison

For Layout 2, the coolant mass flow rate and temperature are kept constant; as for
Layout 1, only the cooling air pressure is increased to Pt,cl,v1 = 23.5 bar as shown in Table 5.
All parts of the turbine can be cooled now as the exit pressure of the secondary compressor
is higher than the inlet pressure of the turbine, which can be seen in Figure 12a. From the
figure, the difference between the two layouts can be seen. A small additional secondary
compressor after the primary compressor proves effective for the turbine blade cooling,
providing continuous cooling air flow to the blade which can keep the blade temperature
below the maximum allowable limits. In Figure 12b, we can see a higher mass flow rate
at the exit of Stator 1 for Layout 2 when compared with Layout 1. This higher mass flow
rate at the exit indicates that the full coolant mass flow is utilized and there is no presence
of bleed blockage for Layout 2. Also, for the whole cycle simulation [8], Layout 2 shows
better performance than Layout 1.

(a) (b)

Figure 12. Layout comparison. (a) Total temperature variation along the turbine comparing two
layouts at a time step of Tti = 1430 K, Pti = 22.7 bar using the unsteady 1D Euler solver. (b) Mass flow
rate variation along the turbine comparing two layouts at a time step of Tti = 1430 K, Pti = 22.7 bar
using the unsteady 1D Euler solver.
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Table 5. Coolant parameters for layout comparison.

Parameters Layout 1 Layout 2

ṁcl,v1 (kg/s) 1.5 1.5
Tcl,v1 (K) 700 700
Pt,cl,v1 (bar) 21 23.5

3.2.5. Cooling for All Blade Rows

In this section, the cooling of all four blade rows is evaluated using Layout 2. The
cooling flow parameters are given in Table 6. All these values are taken arbitrarily as the
second compressor has not been modeled yet.

Table 6. Cooling flow parameters for Layout 2.

Parameters V1 R1 V2 R2

ṁcl (kg/s) 1.5 1.5 1 1
Tcl (K) 700 700 600 600
Pt,cl (bar) 23.5 15.5 10.5 7.5

Figure 13a shows the mass flow rate variation along the turbine without and with
cooling using Layout 2. As observed before, we can see that there is an increase in the
mass flow rate across the blade rows, indicating the additional cooling air mass flow rate.
The reduction in total temperature when the cooling flow is considered is depicted in
Figure 13b. We can see a decrease across the stator rows indicating that the blades are no
longer adiabatic. Almost 75 K of total temperature reduction can be seen when the cooling
is considered for all blade rows.

(a) (b)

Figure 13. Cooling of all blade rows. (a) Mass flow rate variation along the cooled turbine using
the unsteady 1D Euler solver. (b) Total temperature variation along the cooled turbine using the
unsteady 1D Euler solver.

4. Conclusions

The integration of a PGC turbine leads to high turbine inlet temperature exceeding
the material limits. The main motive of this work was to incorporate the film cooling in the
unsteady 1D Euler solver and validate the result with high-fidelity simulations. From the
comparison plots between 0D and 3D, the 1D Euler solver showed a great match for both
steady and unsteady simulations.

Although the unsteady 1D Euler solver is not a new topic to discover, a unique
approach to integrate the film cooling for the turbine blades was evaluated in the existing
unsteady 1D Euler model and validated with high-fidelity simulation. In the case of
unsteady 1D Euler simulation, the turbine blade cooling was considered by adding two
new source terms, the cooling air mass flow rate in the mass equation and the total enthalpy
due to cooling air in the energy equation. The implementation of coolant mass flow, coolant
temperature, and bleed blockage was discussed in detail. For the 3D CFD, the turbine



Energies 2024, 17, 1312 16 of 20

blade cooling was simulated using ANSYS CFX, where the source terms were modeled
and the coolant mass flow rate, the coolant temperature, and three velocity components
were specified. Using the 0D approach, film cooling was examined, the cooling air mass
flow rate was obtained, and the total exit temperature calculations were performed. The
film cooling results of different approaches were compared, showing a very good match.
The mass flow rate variation of the uncooled turbine remained constant, and for the cooled
turbine, we were able to see an increase in the overall mass flow rate due to the addition of
the cooling flow. Also, as the turbine was constrained at both inlet and exit, by adding the
coolant flow inside the domain, both 1D Euler and 3D CFD compromised the inlet mass
flow rate. The total temperature comparison showed a less than 2 K difference between the
1D and 3D models for both steady and unsteady simulations. Concerning the 3D CFD, the
obtained results allowed for validating the 1D model and shed some light on the effect of
pulsating conditions on the blade load of the NASA E3 HPT designed for a steady inflow,
thus hinting at possible high-cycle fatigue problems generated by highly fluctuating loads.

In this work, a modified overall gas turbine layout with a secondary compressor was
discussed. A small additional compressor can be added after the primary compressor,
which compresses the air further than that of the PGC’s exhaust pressure. The advantage of
this layout over the conventional one is preventing the coolant flow blockage. In addition,
an estimation of the overall cycle efficiency penalty, due to turbine vane cooling, under
pulsating boundary conditions was carried out.
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Nomenclature

A Area
C Absolute velocity
Cax Axial chord
cp Specific heat at constant pressure
E Internal energy
F Force
h Enthalpy
M Mach number
n Number of mesh cells
P Pressure
T Temperature
V Velocity
W Shaft work
wsp Species mass fraction
W+ Temperature difference fraction
Y Total pressure loss coefficient
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Greek Symbols
α Air angle
ϕ Cooling air injection angle
ξ Cooling air ratio
ϵ Cooling effectiveness
ρ Density
η Efficiency
ṁ Mass flow rate
γ Specific heat ratio
Abbreviations
CFD Computational Fluid Dynamics
E3 Energy-Efficient Engine
HPT High Pressure Turbine
MLA Mean Line Analysis
PGC Pressure Gain Combustion
PDC Pulsed Detonation Combustor
RANS Reynolds Averaged Navier Stokes
RDC Rotating Detonation Combustor
U1D Unsteady One-Dimensional
U3D Unsteady Three-Dimensional
Subscripts
b Blade
cl Cooling flow
c Cooling
f Film cooling
g Gas
in Inlet
m Main flow
o Overall
out Outlet
R1 Rotor 1
R2 Rotor 2
t Total quantities
s Static quantities
V1 Stator 1
V2 Stator 2
x Axial direction

Appendix A. Mean line Analysis Procedure

The flow chart of the mean line analysis is shown in Figure A1. The total pressure
loss correlations used for the mean line analysis are obtained from Aungier [23], which
includes various losses like profile, tip clearance, secondary, shock, trailing edge, friction
and mixing loss. The procedure for the mean line analysis is similar with that of the Ainley
and Mathieson method [24], but correlations were used instead of the graphical values.
For the mean line analysis, (1) the boundary conditions at the inlet were specified such
as stagnation temperature, the corrected mass flow rate, the reduced rotational speed,
the exit static pressure along with the geometrical data of each blade rows. (2) If there
are no guide vanes, the inlet air angle is set of zero, the inlet Mach number is calculated
using the inlet mass flow rate, as well as pressure, temperature, area and other inlet flow
parameters. (3) The exit air angle (αout,a) and the exit Mach number (Mout,a) are assumed.
(4) For the stator, as there is no cooling, is considered in the mean line analysis; the inlet
and the outlet total temperature are the same. (5) With the geometrical data, ithe nlet flow
parameters, the coefficient of the total pressure loss is evaluated. (6) With non-dimensional
mass flow rate and pressure loss coefficient, the exit total pressure can be calculated. (7) As
the mass flow rate is constant throughout, the exit axial velocity can be determined using
the relationship between the exit mass flow rate, the exit area and density. (8) Exit absolute
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velocity of the stator row can be determined using exit axial velocity and exit air angle.
(9) Exit static temperature functions as an aspect of outlet stagnation temperature and
outlet absolute velocity. (10) With isentropic relations, the outlet static pressure and the
outlet Mach number are calculated. (11) As the Mach number at the outlet is calculated, the
outlet air angle can be calculated depending on whether is flow is subsonic or supersonic.
(12) Finally, the convergence is checked as in Equation (1). (13) Once the criteria are satisfied,
the relative parameters are calculated from absolute parameters or vice versa, depending
on the stator or rotor blade rows. (14) Then, with the exit parameter of the blade row, the
next blade row is calculated using the same procedure.

Figure A1. Mean line analysis flow chart.

The turbine characteristic generated from the mean line analysis for three different
corrected rotational speed is shown in Figure A2.

Figure A2. Turbine characteristic map from mean line analysis.
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