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Abstract

Hydrogen energy forms an attractive solution for reducing greenhouse gas emissions from gas turbine systems.
Although hydrogen combustion has been widely studied for combustors, only a few studies have considered the com-
bustion effect downstream of the combustor. This study conducted an integral simulation of the combustion and flow of
a GE-E? aero-engine under hydrogen fuel and compared its performance with that of representative fossil fuels such as
Jet A in an aero-engine and methane in an industrial gas turbine. All simulations were conducted under a constant heat
input at the combustor and turbine inlet temperatures. During combustion simulation, the HyChem mechanism was
applied to evaluate the composition of the products in an equilibrium model. Specifically, Reynolds-averaged Navier—
Stokes steady simulation of a two-stage high-pressure gas turbine was conducted using the calculated boundary
condition from the combustion simulation and k — @ shear stress transport 7y turbulence model. The results revealed
the high velocity of the hydrogen combustion flue gas owing to its low density under a large pressure difference. Overall,
the power output, thermal efficiency, and fuel consumption were improved by hydrogen combustion. The thermal and
flow results of the simulation can be used to develop hydrogen gas turbines.
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economic and technological limitations.” Based on
these predictions, researchers have attempted to apply
hydrogen to gas turbines. Although the development of
hydrogen gas turbines is currently in its early stages,

Introduction

Greenhouse gas emissions from fossil fuels are one of
the primary causes of global warming, which is gradu-
ally affecting human life through climate change and
natural catastrophes. Currently, nonrenewable sources

such as coal, oil, and natural gas account for over 80%
of the global energy production.' Furthermore, with
the continually increasing global population and the
growing demand for fossil fuels, the cost of these fuels
is expected to increase rapidly. Thus, the development
of fossil-fuel alternatives for transportation and indus-
trial applications is essential, considering both the envi-
ronmental, and economic aspects.

As such, hydrogen is a promising alternative to fossil
fuels because of its abundant reserves and zero-carbon
emission characteristics.> Despite the demerits related
to its production, transportation, and storage,** hydro-
gen is perceived as a vital energy resource because
recent technological advancements have resolved these
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significant progress has been achieved in the past
decade. Recently, international gas turbine manufac-
turers have set the goal of developing a 100%
hydrogen-operated gas turbine by 2030 and are cur-
rently increasing the hydrogen capacity of their gas tur-
bine products.®’

Several studies have been conducted on hydrogen
combustion within gas turbine components. Chiesa
et al.® utilized natural gas mixed with hydrogen gas as
a fuel for gas turbines and reported an increase in the
combined power output, which eventually reduced the
compressor airflow. Cappelletti et al.” performed
experimental and numerical simulations to assess the
impact of a lean premixed burner fueled with pure
hydrogen on the performance of gas turbines. Their
findings indicated a higher outlet velocity of 80-130m/
s at the combustor outlet with a range of 5-17 ppm at
15% oxygen and an equivalence ratio of 0.25-0.34.
These studies analyzed the effects of variations in the
combustion environment on gas-turbine combustors.
However, most existing research focuses on the com-
bustor only, and only a handful of studies have evalu-
ated the downstream effects of hydrogen combustion in
gas turbine combustors.

In addition, several studies employed computational
fluid dynamics (CFD) to evaluate the internal charac-
teristics and performance of gas turbines in various
applications. Mai and Ryu'®!! estimated the aerody-
namics and heat-transfer effects of a damaged blade in
a 1.5-stage high-pressure gas turbine. Nguyen et al.'”
conducted a single-stage high-pressure gas turbine
simulation to compare the effects of chemical reactions
on the flow parameters. Although numerous studies
have explored the characteristics of gas turbines, most
of them assume air as the working fluid. The actual
composition of the combustion products is crucial for

Overall simulation progress for evaluating fuel effects in gas turbines.

understanding the internal characteristics of actual gas
turbines. Therefore, the simulation of an entire gas tur-
bine considering the combustion product as the work-
ing fluid is essential.

Thus, simulation of hydrogen applied gas turbine
using combustion product as working fluid is required
to precisely compare the internal characteristics and
performance with current gas turbine systems operating
with fossil fuels. This study analyzed the effects of
hydrogen combustion on the internal flow, heat transfer
characteristics, and performance of the high-pressure
gas turbine of an aero engine through combustion and
flow simulations in comparison with representative fos-
sil fuels such as Jet A in an aero engine and methane in
an industrial gas turbine. The methodology and results
of the simulation provide guideline for the future devel-
opment of hydrogen gas turbine.

Numerical method

Overall process and case classification

This study proposes a simulation process to investigate
the impact of various fuels, including hydrogen, on gas
turbine performance (Figure 1). In this regard, the GE-
E? is a dual-spool turbofan aeroengine that has been
utilized as a computational model for both combustion
and CFD simulations. A schematic of the dual-spool
turbofan aeroengine is illustrated in Figure 2.
Specifically, to predict the temperature and composi-
tion of the combustion products, an equilibrium model
was used in the combustion simulation, which com-
puted the expected composition of the combustion out-
put under specific combustion conditions using a
chemical reaction mechanism. Thereafter, the bound-
ary conditions for the flow simulation were derived
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) Table 2. Sea-level takeoff conditions for GE-E* combustor.
Ambient
1 2 o 8 Parameter Value
25 3 7 P3 3.03 MPa
T3 815K
mtotal 55.3 kg/S
Fan — m mf/ma 0.024
0.349

Core

Figure 2. Schematic of dual-spool turbofan aeroengine.

Table 1. Case classification for simulation.

Case ID Fuel Chemical Molecular  LHV
formula weight (MJ/kg)

(g/mol)

JetA JetA C| |'4H2|'7 158.6 43.12

(Reference)

CH4 Methane CH,4 16.04 50

H2 Hydrogen H, 2016 120

from the combustion simulation results and the flow
rates specified in the report. A computational domain
was generated to conduct a gas turbine flow simula-
tion, and the results were used to analyze the character-
istics, and performance of the gas turbine.

The simulation cases used to comparatively analyze
the effects of hydrogen combustion and those of the cur-
rent fuels, JetA and CH4 (Methane), representing the
aero gas turbine fuel and industrial gas turbine fuel,
respectively, along with the fundamental chemical prop-
erties of the fuels are listed in Table 1. JetA, also referred
to as A2 fuel,'” is a general distillate jet fuel for aeroen-
gines with an average molecular formula of Ci; 4H»; 7,
comprising 20% n-paraffin, 29.4% iso-paraffin, 31.9%
cycloparaffin, and 18.7% aromatics.'* In particular, the
lower heating values (LHVs) of the JetA, CH4, and H2
cases were 43.12, 50, and 120 MJ/kg, respectively.

Methods for combustion simulation

As the results vary with the constraints and conditions
of the simulation, determining reasonable constraints is
vital for conducting the simulation between multiple
fuels. As reported in previous studies, a constant heat
input is a common constraint for evaluating various
fuel compositions in gas turbine combustors.'>!¢
Accordingly, in this study, the simulation cases were
conducted assuming constant heat input in the combus-
tor, gas turbine inlet pressure, and temperature, similar
to the reference case.

The combustion simulations were performed to eval-
uate the concentrations of the combustion products at
the combustor outlet. To evaluate this composition, a
chemical equilibrium model was used in the commercial

program ANSYS ChemkinPro. In the chemical equili-
brium model analysis, the equilibrium condition was
determined by minimizing Gibb’s free energy.'’

In principle, the kinetic reaction mechanism is a
group of reaction equations used for calculating the
fractions of the combustion products. In various appli-
cations involving the kinetic reaction mechanism, it
varies with the number of reaction equations, reaction
rate, and other factors. Herein, the HyChem model'®!?
was employed in all cases. A baseline standard-day sea-
level take-off condition was applied for the combustion
simulation of each fuel in the GE-E* combustor.?’ The
flow parameters for the combustor of the GE-E* aero-
engine under sea-level takeoff conditions are listed in
Table 2. To perform an ideal premixed combustion
simulation of aeroengine under sea-level takeoff condi-
tion, the fuel-air mixture was assumed to experience
complete combustion under constant pressure and
enthalpy conditions, with a pressure of 3.03 MPa and a
temperature of 815 K.

Combustion simulation results and boundary
condition calculation

The major gas compositions of the combustion prod-
ucts of each fuel are depicted in Figure 3. As observed
from Figure 3(a), the H,O mass fraction increased in
the following order: Jet A, CH4, and H2, whereas the
CO, mass fraction decreased in the same order. The
mass fraction of CO, in the H2 case was not plotted in
Figure 3(a) because CO, was excluded from the hydro-
gen combustion process. Compared to the reference
case, the mass fraction of O, decreased in the CH4 case,
whereas it increased in the H2 case. As portrayed in
Figure 3(b), the N, mass fraction increased in both the
CH4 and H2 cases compared to the JetA case. As the
nitrogen mass fraction increased in the CH4 and H2
combustion products, the formation of nitrogen oxide
increased concomitantly. The equilibrium temperature
of each fuel with respect to the equivalence ratio is dis-
played in Figure 4, wherein the combustion tempera-
ture was sequentially higher for H2, JetA, and CH4 at
the same equivalence ratio. Thus, at a certain tempera-
ture, hydrogen combustion exhibits a lower equivalence
ratio compared to the other fuels.

According to the equivalence ratios listed in Table 2
and the relationship between the equivalence ratio and
temperature (Figure 4), the combustion temperature of
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Figure 3. Mass fractions of major combustion products of various fuels: (a) CO,, H,O, O,, and (b) N,.

CO,: carbon dioxide; H,O: water vapor; O,: oxygen gas; N2: nitrogen gas
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Figure 4. Equilibrium temperature with respect to equivalence
ratio.

JetA was estimated to be 1629 K. Based on the assump-
tion related to the fuels (equation (1)) and the definition
of their equivalence ratio (equation (2)), the mass flow
rate of the fuel and air required for attaining such a
temperature can be evaluated for the CFD simulation
of each fuel.

iy LHVy = Q = Const. (1)
— (W{;).ytoic
b = =5 2)

1ty
(*‘?f)

ni1y denotes the fuel mass flow rate, riz, indicates the
air mass flow rate, LHV; represents the lower heat
value of the fuel, O denotes the heat input rate in the

combustor, ® indicates the equivalence ratio, and

(%) ~ denotes the theoretical air—fuel ratio of the
E stoic

fuel.

Table 3. Mass flow rate calculation for entire gas turbine
under constant heat input from combustor and turbine inlet
temperature between cases.

Parameter JetA CH4 H2

P 0.349 0.359 0.295
my (kgls) 1.2961 1.1178 0.4657
mg (kgls) 54.0039 53.4279 54.1825
Myorar (Kgls) 55.3 54.5456 54.6482

The equivalence ratio for a combustion temperature
of 1629 K, fuel and air mass flow rate, and total mass
flow rate for various fuels are summarized in Table 3.
The equivalence ratio decreased in the order of CH4,
JetA, and H2. Under the same heat input in the com-
bustor, H2 exhibited the lowest mass flow rate, whereas
the mass flow rates of Jet A and CH, fuels were
approximately 2.78 and 2.4 times higher than that of
hydrogen, respectively. Compared to the JetA case, the
mass flow rate of air in the H2 case increased by
0.33%, whereas in the CH4 case, the mass flow rate
decreased by 1.06%. Under this assumption, the total
mass flow rates of CH4 and H2 decreased by 1.36%
and 1.17%, respectively. Owing to the periodic condi-
tions in the gas-turbine CFD simulations, the total
mass flow was divided by a factor of 38. The total pres-
sure and temperature at the turbine inlet can be calcu-
lated using the flow properties and mass flow rate of
the flow information.

Computational domain

As depicted in Figures 5 and 6, the GE-E® high-pressure
gas turbine model served as the computational domain
in the CFD simulations. The first two stages of the
model originally comprised 46 stators and 76 rotors in
the first stage, and 48 stators, and 70 rotors in the



Kim et al.

517

4 (Inlet) s1 RI S2 R2 5 (Outlet)

Figure 5. Computational domain for gas turbine simulation.

Figure 6. Overall geometry of GE-E* two-stage high-pressure
gas turbine.

Figure 7. Hexahedra GE-E> two-stage high pressure gas
turbine.

second stage.”! To minimize the numerical errors in gas
turbine flow simulations, the ratio of stator vanes to
rotor blades should be equal to small integers (1/1, 1/2,
2/3, 3/4, etc.). Therefore, the domain-scaling method*?
was employed to adjust the number of blades and vanes
without modifying the airfoil shape according to the
chord length of the first stator. Consequently, the num-
ber of stator vanes and rotor blades selected herein was
38 and 76, respectively. The detailed mesh of the com-
putational domain comprising an unstructured hexahe-
dral mesh type with 11,208,866 nodes is displayed in

Figure 7. The number of nodes was maintained similar
to that in the previous study and accuracy was ensured
by considering a y + value below 0.5 at the blade sur-
face and 1 for the walls. The grid-independence test for
the mesh has been performed in a previous study.?

Governing equation and numerical method for gas
turbine flow simulations

In particular, three governing equations—the continu-
ity, momentum, and energy equations—were used to
analyze the fluid flow for steady and compressible flow
in a three-dimensional gas turbine. The equations are
stated as follows:

ap ad
- T - (pu;) =0, 3
ar o ) (3)
E(pu[)+wzy+iﬂ%+%_z ij%
ot 0x; ox;  0x; ox;  ox; 3 TOxg
)
axj
(4)
a d a aT d
—(pE) + — (u(pE + P)) = — |(kesp)—| + —
dt (p ) an (u](p )) ij |:( ﬂ) 3Xj:| an
ou; 811/ 2 . Oug
| — + —L 28—,
ul“‘ﬂ(iixj ax; 3 7o
(5)

i, j, k=1,2,3

In equation (3), p denotes density and u indicates
velocity. In Equation 4, P denotes pressure, u indicates
dynamic viscosity. In equation (5), £ symbolizes the
specific internal energy, k. denotes the effective ther-
mal conductivity, and u,, indicates the effective
dynamic viscosity. The commercial software ANSYS
CFX was used to solve the governing equations for the
gas turbine region.

The selection of a method for the turbulence model
is essential to obtain reliable CFD simulation results at
an appropriate cost. As such, direct numerical simula-
tion (DNS), Ilarge-eddy simulations (LES), and
Reynolds-averaged Navier—Stokes (RANS) models are
the common turbulence models used in CFD simula-
tions. Although DNS and LES provide a detailed
structure of the turbulence, they typically incur a high
computational cost.>*?® In contrast, RANS involves
low computational cost with overall reliable results in
the turbomachinery.’’?* Moreover, Choi and Ryu
compared various turbulence models under the RANS
turbulence model for high-pressure turbulent flows in a
three-dimensional gas turbine.”® They confirmed that
the simulation results corresponded well with the
experimental data’® in k —w shear stress transport
(SST) ry-turbulence model. Therefore, we employed
the RANS simulation with k — @ SST +y-turbulence
model to predict the flow and performance of the gas
turbine.
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Table 4. Boundary and operating conditions.

Location Parameter JetA CH4 H2

Inlet Total pressure (MPa) 3.0324 3.03243 3.03260
Total temperature (K) 1631.63 1631.61 1631.69

Outlet Mass flow rate (kg/s) 1.4452 1.4354 1.4381

R1, R2 Rotor speed (RPM) 13,410.76 13,410.76 13,410.76

Wall Heat transfer for Adiabatic simulation Adiabatic Adiabatic Adiabatic
Blade heat transfer for Isothermal simulation (K) 1142 1142 1142

Table 5. Working fluid properties.

JetA CH4 H2
Mass fraction CO, 0.0728 0.056321 -
H,O 0.0298 0.046087 0.076674
O, 0.147088 0.145228 0.161725
N, 0.748417 0.750483 0.758599
NO 0.00182 0.001792 0.001895
¢ (K)/kg K) 1.03939 1.05965 I.1001
w (Pas) 1.74684E-5  1.73045E-5 1.73762E-5
ke (Wim K) 0.0249707  0.0250493  0.0255004

The boundary conditions applied in the simulation
are listed in Table 4, which were derived from the com-
bustion simulation results. Accordingly, the total pres-
sure and temperature were applied at the turbine inlet,
whereas the outlet was subjected to a mass flow rate.
The rotor speed was set to 13,410.76 RPM. Both adia-
batic and isothermal wall simulations were conducted
to present the flow characteristics, performance, and
the heat transfer characteristics of the gas turbine blade,
respectively. For the isothermal simulation, the tem-
perature of the blade wall was 1142K. In the gas tur-
bine, the working fluid comprises an ideal gas mixture
of combustion products (Table 5). The composition of
these gases is derived from the results of the combustion
simulation (Figure 3). Additionally, we calculated other
properties of the working fluid, including heat capacity,
dynamic viscosity, and thermal conductivity, using the
ideal mixture approach.

Results and discussions
Numerical model validation

NASA'’s internally film-cooled C3X vane was used to
determine the reliability of the suggested process and
simulation strategy (Figure 8). Experimental data no.
34145 from Hylton et al.’!' were compared with the
simulation results of the C3X model. The main stream
and coolant conditions for the C3X model simulations
are listed in Tables 6 and 7, respectively.

The surface pressure, temperature, and heat transfer
coefficient (HTC) at the midspan of the C3X vane are
comparatively presented in Figure 9. As the experimen-
tal data ranged from —25 < X/Ca < 25, the simula-
tion data were compared with other ranges of the

Radial channel

Thermal barrier

SS plenums
and film holes.#

PS plenums and film holes

>

\"_LE plenums and film holes

Figure 8. Geometric model of C3X vane.*'

Table 6. Mainstream conditions of C3X vane.

Parameters No. 34145
Py 306,350
To 703K
Inlet Tu 6.5%

Peic 212,934Pa
Ma,ic 0.74

Table 7. Coolant conditions at cavity inlet for film cooling of
C3X vane.

Parameters Pressure side Leading edge Suction side

film cooling  film cooling  film cooling
No. Po (Pa) 336,985 321,361 336,066
34145 T, (K) 478.04 513.19 456.95
me (g/s) 1.6 7.36 16.9

experimental data. As portrayed in Figure 9(a), the
pressure values computed from the simulation results
using k—w SST y — 6 turbulence model corresponded
well with the experimental data, especially on the pres-
sure side. As depicted in Figure 9(b), the simulation
data followed the trend of the experimental data. As
observed in Figure 9(c), the HTC in the simulation data
were consistent with the experimental data over most
of the range, despite the over-prediction of the HTC in
the range of 50 < X/Ca < 75. This phenomenon was
caused by the coolant from the suction-side cooling
hole. Overall, the maximum deviations in the pressure
and temperature were less than 5%, and the mean error



Kim et al.

519

Sim
®  Exp 34145

08|

06

PIP,

04

0.95

Sim
& Exp34145

09

hrh,

02}
065
0 2 . 0.6 g 5 &
-100 -50 0 50 100 -100 -50 0 50 100
PS X/Ca S§ PS X/Ca SS
(a) (b)
1.5
Sim
13 B Exp 34145

-0.5 3
-100 -50
PS

0 50 100
XiCa SS
(c)

Figure 9. Comparison of predicted (a) pressure, (b) temperature, and (c) HTC on C3X vane surface with those of Case 34,145

from experimental data.

of the HTC calculations was ~22%. Thus, the reliabil-
ity of the simulation process and strategy was con-
firmed, similar to a validation reported by Vo.*>3

Flow characteristics

The various flow parameters (a) pressure, (b) density,
(c) velocity, (d) temperature at the blade midspan are
depicted in Figure 10. As confirmed from Figure 10(a),
the pressure distribution remained similar throughout
the first stage for all types of fuel. However, a pressure
reduction was observed in the second stage with H2,
specifically near the trailing edge of the S2 and R2
regions. Moreover, in Figure 10(b), the H2 flow at the
turbine inlet exhibited a lower density than the JetA
and CH4 flows. Unlike other fuels, the combustion
products of hydrogen composed of water vapor with-
out any carbon dioxide emissions. The low-density dis-
tribution of the flow after the hydrogen combustion
was maintained while passing through the gas turbine.
The high-pressure gradient and low density in the H2
case created a high-velocity region (Figure 10(c)), espe-
cially at the downstream of the stators of each stage.
As observed in Figure 10(d), a temperature difference

was created in the R2 region, CH,4 exhibited the highest
outlet temperature among the fuels, whereas H2 has
the lowest temperature. The low-temperature region in
the H2 case was caused by the reduction of pressure
under a similar specific heat ratio.

The vortex structures of various fuels obtained with a
lambda two criterion of —1.4635 X 10"s 2 colored by
turbulent kinetic energy are depicted in Figure 11,
wherein the H2 case generated smaller vortices on the
leading edges of S2 and tip of R2 than other fuels.
Overall, the structures in the JetA and CH4 cases were
similar. Moreover, we observe a reduction in the turbu-
lent kinetic energy of the H2 case in the same region.
Thus, when subjected to identical heat input, pressure,
and temperature conditions, hydrogen combustion results
in an augmented velocity field and reduced turbulence in
the proximity of the blade, as compared to other fuels.
These alterations in flow characteristics significantly
impact both heat transfer properties and turbine perfor-
mance, which will be further discussed below.

Heat transfer characteristics

The 2-stage flow parameter distribution including the
pressure and temperature on all two-stage blade
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Figure 10. Two-stage flow parameter distribution on blade midspan and maximum, average, minimum values: (a) pressure
distribution, (b) density distribution, (c) velocity distribution, and (d) temperature distribution

midspan is illustrated in Figure 12. In Figure 12(a), a
pressure reduction was observed in the H2 case in the
tip region of the R1 and R2 suction sides, whereas it
increased in the CH4 case in the same region.
Additionally, the overall pressure distribution was
lower for the H2 second-stage blades. In Figure 12(b),
a high-temperature region was detected on the suction
side near the R1, S2, and R2 tip regions for all the fuel
types. In both stages, the JetA and CH4 cases exhibited
a high-temperature zone on the tips of the rotors; how-
ever, this zone diminished in the H2 case. Under con-
stant heat input rate at the combustor and turbine inlet
temperature conditions, the gas turbine blades in the
gas turbine section following hydrogen combustion
were exposed to a low-temperature flow, which reduced
the likelihood of fatigue damage compared to other
fuels.

The maximum and arca-averaged blade tempera-
tures for each blade are presented in Figure 13, indicat-
ing that the maximum temperature of the blade
decreased from ~1630K at S1 to ~1500K at S2, fol-
lowed by an increase to ~1540 K for both the JetA and
CH4 cases, and a similar temperature at S2 for the H2
case. Although the average temperature of the blades
decreased rapidly from SI to R1, the temperature var-
ied less after the downstream of R1 across all the fuel
types. The average temperature at S1 was similar across
all fuels at 1613K, but for H2, the slope of the
temperature reduction was greater than that of JetA,

implying an average temperature reduction of ~26K
at R2. Conversely, for CH4, the average temperature
increased by ~7 K.

The heat flux distributions for all the blades are dis-
played in Figure 14. The heat flux of the 1st stage (S1,
R1) was higher than that of the second stage (S2, R2)
for all fuels. In particular, the H2 case exhibited a high
heat flux in the leading-edge hub region in R1, which
diminished at S2. The area-averaged heat flux at each
blade location is plotted in Figure 15. In the first stage,
the flow temperature distribution near the blade
appears similar across all cases, making the difference
in thermal conductivity the dominant factor.
Specifically, the combustion product of the H2 case
exhibits the highest thermal conductivity, leading to a
notably elevated average heat flux in this stage.
However, as we progress to the second stage, we
observe diverging temperature distributions among the
fuels, where the temperature difference takes prece-
dence over the effect of thermal conductivity. In this
context, the H2 case displays a lower fluid temperature,
resulting in a comparatively reduced heat flux com-
pared to the other cases.

To quantitatively represent the heat transfer charac-
teristics, the average heat transfer coefficient was evalu-
ated using the following equation:

1

I S (6)

HTC =
Ti,w - Ta,w



Kim et al.

521

Figure 11. Gas turbine 2nd stage vortex structure of gas turbines for various fuels (Color denotes the turbulence kinetic energy):

(a) S2 suction side, R2 pressure side and (b) S2 suction side, R2.

where HTC denotes the heat transfer coefficient, ¢” rep-
resents the heat flux estimated in the isothermal simula-
tion, 7;_,, indicates the temperature of the blade surface
in the isothermal simulation, and 7,_,, represents the
temperature of the blade in the adiabatic simulation.

The heat transfer coefficient for each blade is depicted
in Figure 16, ranging from 2500 to 4200 W/m’K for all
blades. For all fuel types, the heat transfer coefficient
increased from S1 to R1 and subsequently decreased
downstream. Despite exhibiting a high heat transfer
coefficient at S1, R1, and S2, the H2 case experienced a
reversal at R2 and yielded the lowest heat transfer coeffi-
cient. This effect is due to decrease of H2 T, ,, on each
blade as the flow proceeds to the downstream (Figure
13) and heat flux distribution (Figure 15). In S1, R1, and
R2, ¢” difference between the fuels is larger than the dif-
ference in T,_,,. However, in S2, 7,_,, of H2 case is larger
than ¢” difference between the fuels. The high heat flux
and heat transfer coefficient observed in the first stage
signify the requirement of an improved cooling solution
in these regions to safely incorporate hydrogen combus-
tion in gas turbines.

Turbine performance

Furthermore, we calculated the power output and ther-
mal efficiency to examine the effects of various fuels on

the gas turbine performance. The parameters were
evaluated using the following equation:

PW,.: = To, (7)
T®

= — 8

iy LHV; )

In equation (7), PW,,, denotes the power output of
the turbine, 7 indicates torque, w represents angular
velocity. In equation (8), n denotes thermal efficiency,
iy represents mass flow rate of the fuel, LHV indicates
the LHV of the fuel. The work of the compressor and
additional components was neglected while calculating
the thermal efficiency.

The power output and thermal efficiencies of the
high-pressure gas turbine for each fuel type are pre-
sented in Figure 17, which displayed similar tendencies
because of assuming constant heat input for the fuels.
The power output and efficiency in the H2 case
increased by 25.8% and 30.7% compared to those in
the JetA and CH4 cases, respectively.

The cyclic performances were estimated using various
fuels in the GE-E* engine. The ambient conditions and
pressure ratios for each component of the entire GE-E?
aeroengine are listed in Table 8. Using the isentropic pro-
cess relation for each component, the total pressure, and
temperature can be derived for all the components. The
high-pressure spool connects a high-pressure compressor
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Figure 12. Two-stage flow parameter distribution on blade midspan: (a) pressure distribution and (b) temperature distribution.

(HPT) to a high-pressure turbine (HPT), which is subse-
quently connected to the fan, low-pressure compressor
(LPC), and low-pressure turbine (LPT). Therefore, an
equal amount of work was required to connect the
spools. Moreover, the critical pressure in the nozzle was
evaluated to determine the choked state, and the exit
velocity was derived to calculate the thrust of the entire

system. The detailed procedure and equations are listed
in a previous study.*

For each type of fuel, the thrust of the bypass, engine
core, and total engine, including the specific thrust of
the core and total engine are summarized in Table 9. As
observed, the thrust in the core of the system improved
the hydrogen combustion system by 3-4% compared to
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Figure 13. Maximum and area-averaged blade temperatures
for each blade.

JetA and CH4, thereby increasing the total thrust by
1.23% and 3.17%, respectively. The specific thrust in
the H2 core increased by 3-5%, such that the specific
thrust of the engine increased in the H2 case by 1.09%
and 3.62% compared to the JetA and CH4 cases.

The engine performance was evaluated using fuel
consumption parameters, for example, thrust-specific
fuel consumption (TSFC), and brake-specific fuel con-
sumption (BSFC). The TSFC and BSFC of the engine
for various fuels are plotted in Figure 18, which exhib-
ited similar trends. The TSFC of H2 was 0.011kg/s N,
corresponding to a reduction of 64.1% and 58.5% com-
pared to that of Jet A and CH4, respectively. Similarly,
the BSFC of H2 was 76.1 g/kW h, corresponding to a

reduction of 71.4% and 68.1% compared to that of Jet
A and CH4, respectively. Overall, the improved fuel
consumption per unit of thrust and power in case of
using H2 as a fuel confirmed that the current gas tur-
bine system could more efficiently utilize the H2 fuel.
Therefore, hydrogen applied gas turbine system can
enhance operational efficiency, increasing both opera-
tion time, and power output for a given fuel storage
capacity. Thus, hydrogen-based operating systems
require reduced storage volumes when compared to
other fuel alternatives.

Conclusions

In this study, we performed combustion and gas tur-
bine flow simulations to investigate the effect of hydro-
gen combustion on the GE-E* two-stage gas turbine
flow, heat transfer characteristics, and performance.
Hydrogen combustion was compared with JetA (refer-
ence fuel) and CH4 combustion under constant heat
input rate at the combustor, turbine inlet pressure, and
temperatures. An equilibrium model based on the
HyChem kinetic mechanism was employed to evaluate
the combustion product composition of each fuel.
Furthermore, the flow characteristics were examined
using the k—w SST 7y-turbulence model.

The present results of the hydrogen combustion
simulation are summarized as follows:

(1) Under a larger pressure gradient between the stage
and low-density flow, the velocity of the H, flow
increased and its temperature decreased compared
with those of JetA and CHy.

CH4 JetA

Figure 14. Two-stage blade heat flux distribution.
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Figure 17. Power output and thermal efficiency of gas turbine.

Table 8. Ambient conditions and pressure ratio at sea level
takeoff.
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Figure 16. Two-stage blade heat transfer coefficients.

(2) The average heat flux in the H, case increased in
the first stage, whereas it decreased rapidly in the
second stage compared to JetA and CHy.

(3) The turbine performance improved in H, combus-
tion, such that the power output and efficiency
increased by 25.8% and 30.7% compared to JetA
and CHy, respectively.

(4) The TSFC and BSFC in the H; case improved by
64.5% and 71.4%, respectively, compared with
JetA fuel, and by 58.5% and 68.1%, respectively,
compared with CHy.

In conclusion, hydrogen combustion offers not only
environmental benefits but also enhances the perfor-
mance of gas turbine systems. However, the results
indicate an increase in heat transfer during the first
stage of the gas turbine. Consequently, prior to the
development of hydrogen gas turbine systems, it is
essential to prioritize the development of an efficient
cooling system for the first stage. The findings and
simulations presented in this study can provide

Condition Value
Altitude Sea level
Mach number Static
Ambient temperature 28.9°C
Overall pressure ratio 30.2

Bypass ratio 7.0

Fan outer diameter pressure ratio 1.57
Fan inner diameter & LPC pressure ratio 2.36
HPC Pressure ratio 12.8

Table 9. Thrust, specific thrust, and percentage difference
from the reference case. (Fyypass denotes the bypass thrust; Feore
represents the core thrust; Fy,q denotes the total thrust;

Feore /Mcore indicates the specific thrust of core; Fig/Miotal
indicates the specific thrust of total engine.).

Parameter JetA CH4 H2

Foypass (kN) 109.19 108.02 109.55
Feore (kN) 39.58 39.79 41.05
Frotal (kN) 148.77 147.82 150.60
Feore /Mcore (N s/kg) 715.70 72951 751.21
Frotal /Miotar (N s/kg) 34331 33493 347.07

Reference thrust value: 182.89 kN.

valuable insights for such advancements. Moreover,
the study demonstrates the significant influence of
external flow from various combustion products on the
turbine blade. This, in turn, impacts the structural
characteristics of the blade, ultimately affecting its fati-
gue life. Consequently, future investigations will focus
on evaluating the effect of hydrogen combustion in gas
turbines through structural analysis and life estimation.
These endeavors will help ensure the safe and reliable
implementation of hydrogen in gas turbine technology.

Limitation

In an actual combustor, a pressure drop occurs and
combustion products from incomplete combustion may
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Figure 18. Thrust-specific fuel consumption (TSFC) and brake-
specific fuel consumption (BSFC) for various fuels.

be present. In addition, the distribution of the tempera-
ture and product concentration profiles differed from
the present simulation results. The applied simulation
method and the considered assumptions may have
affected the flow properties, which induced variations
in the result from the actual flow. Moreover, as the
cooling structure in the blades was not modeled, the
effect of cooling on the turbine was not considered.
Despite the limitations regarding the assumptions in
the simulation process, this study provided quantitative
performance and flow data for various fuels. These
data can be used to predict blade fatigue life and aid
engineers to design new blade cooling solutions for net
zero-emission gas turbines.
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Appendix
Notation

1-8
ity
i,

[:HVf

) stoic

0
P

g
n'1/

Station number

Fuel mass flow rate (kg/s)

Air mass flow rate (kg/s)

Lower heat value of fuel (MJ/kg)
Heat input rate (W)

Equivalence ratio

Theorical air—fuel ratio of fuel

Myotal Mass flow rate of air—fuel mixture (kg/s)

y + Normalized distance from the solid wall

p Density (kg/m?)

u Velocity (m/s)

P Pressure (Pa)

I Dynamic viscosity (Pa-s)

E Specific internal energy (J)

gy Effective dynamic viscosity (Pa-s)

kefy Effective thermal conductivity (W/m-K)

¢ Specific heat on constant pressure
(kJ/kg-K)

kr Fluid thermal conductivity (W/m-K)

X Axial distance (m)

Ca Axial chord length (m)

P, Total pressure (Pa)

Ty Total temperature (K)

Tu Turbulence intensity

Peyit Exit pressure (Pa)

M ey Exit mach number

m, Coolant mass flow rate (g/s)

HTC Average heat transfer coefficient (W/
m?>K)

q" Heat flux (W/m?)

Ti . Temperature of blade in isothermal
simulation (K)

Ty Temperature of blade in adiabatic
simulation (K)

PW . Power output (kW)

T Torque (N-m)

1) Angular velocity (rad/s)

] Total-to-total efficiency

Fypass Bypass thrust (kN)

Fooe Core thrust (kN)

Frow Total thrust (kN)

Feore/Meore  Specific thrust of core

Fiowt/ Mo Specific thrust of total engine

(N's/kg)



